Summer School: Large N limits

L’étang de Hasselfurth

August 2008

Finite and infinite dimensional spherical analysis
Jacques Faraut

Chapter I

GELFAND PAIRS

I.1 Gelfand pairs. — Let G be a locally compact group, K a
compact subgroup, and let C.(K\G/K) denote the space of K-biinvariant
continuous functions with compact support. It is a convution algebra.
The pair (G, K) is said to be a Gelfand pair if the convolution algebra
C.(K\G/K) is commutative.

Examples

a) Let V be a finite dimensional real vector space: V ~ R"™ and K a
compact subgroup of GL(V). Put G = K x V. Then (G, K) is a Gelfand
pair. In fact, as convolutions algebras, C.(K\G/K) ~ C.(K\V), the space
of K-invariant continuous functions on V' with compact support.

b) Let U be a compact group, and put
G=UxU, K=A{(z,2)|zeU}~U.

Then (G,K) is a Gelfand pair. In fact, as convolution algebras,
C(K\G/K) ~ Cecentral(U), the space of central functions on U.

c) Let G be a locally compact group, K a compact subgroup. Assume
that there is a continuous involutive automorphism 6 such that

Vre G, 27 € KO(z)K.

Then (G, K) is a Gelfand pair. For instance, if (G, K) is a Riemannian
symmetric pair: G is a connected Lie group, K a compact group, and
there is a continuous involutive automorphism 6 such that

(G%)y c K C GY,
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where GY denote the subgroup of G consisting of f-fixed elements, and
(G%)o the identity component of GY. In fact G admits a Cartan decom-

position: G = KAK, where A is a Cartan subgroup whose elements a

satisty 0(a) = a™ 1.

I.2 Spherical functions. — Assume that (G, K) is a Gelfand pair.

A spherical functions is a continuous function ¢ on G, K-biinvariant, with
(e) = 1, which satisfies the following functional equation

/K p(xky)a(dk) = o(z)p(y),

where o denotes the normalized Haar measure on K.

ProrosiTiON 1.1. —  Let ¢ be a continuous function on G, K-
biinvariant, with p(e) = 1. Then ¢ is a spherical function if and only
if the linear functional

x(f) = /G f(@)p(@)m(dz),

where m is a Haar measure of G, is a character of the convolution algebra
C.(K\G/K).
One shows that, if (G, K) is a gelfand pair, then G is unimodular.

Proof. For a function f € C.(G), we put

fi(z) = /K Jaka)a(din)o(dks).

and

B(f) = /G f(@)p(x)m(dz).

For two functions f and g in C.(G),

O(f*+ g*) — B(f*)(g")
= [ (pta) = c(@)eln) F@)g mld)m(ds)

= [ ([ etakmadn) - c@iw) s@owmidz)m().

The proposition follows from these equalities. []
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The characters of the commutative Banach algebra L'(K\G/K) are of
the form

(N = [ s@e@mids)
where ¢ is a bounded spherical function.

Ezxamples

a) G = K x V, where V is a finite dimensional real vector space. A
K-biinvariant function on G can be seen as a K-invariant function on V.
Then the functional equation for the spherical functions becomes:

/K (o + k- y)a(dk) = p(2)p(y).

The bounded spherical functions are Fourier transforms of orbital mea-
sures. For a in V*, the function ¢, defined on V by

pla) = [ erDaan)
K

is spherical, and every bounded spherical function is obtained in that way.

b) U is a compact group,
G=UxU, K={(xz)|zeU}.

A K-biinvariant function on G can be seen as a central function on U.
Then the functional equation for the spherical functions becomes

/ p(uyu)a(du) = o(z)p(y),
U

where « is the normalized Haar measure on U.

Let U be the set of equivalence classes of irreducible representations of
U. For A\ € U, let (mx, HA) be a representation of U in the class \. It
character is the function x, defined on U by

Xa(u) = tI’(ﬂ')\(u)).
Then xx(e) = dy := dim H,. It satisfies the following functional equation
1 1
X (zuyu™ ) a(du) = d—XA(x)X/\(y)'
U A

3



Hence, the normalized character

1
varphi(A; u) = KX)\(U);

is a spherical function. One can show that all spherical functions are
obtained in that way.

1.3 Gelfand-Naimark-Segal construction. — A function ¢ defined
on a group G is said to be of positive type if

N
> ela; wy)eeg > 0,
ij=1

for z1,...,zny € G, ¢1,---,cy € C. A function of positive type satisfies
the Hermitian symmetry:

p(z™h) = (),
Furthermore
o(@)] < ple).
If 7 is a unitary representation of G on a Hilbert space H, for u € H, the
function
p(x) = (ulr(z)u)

is of positive type. In fact

N N N
> ola taet = Y (rl@ulr(z)u)eg = | Y cim(z)ul* > 0.
1,7=1 1,7=1 =1

Every function of positive type can be written in that way. This is the
Gelfand-Naimark-Segal construction we will describe below.

If G is a topological group, we will always assume a unitary represen-
tation (m,’H) of G to be continuous: for every v € H, the map

z— 7m(x)v, G—H,

is continuous.

A vector u € H is said to be cyclic if the subspace of ‘H generated by
the vectors 7(z)u for x € G is dense in H.

In this section G will be a topological group, and K a closed subgroup.

PROPOSITION 1.2 (GELFAND-NAIMARK-SEGAL CONSTRUCTION). —
a) Let ¢ be a continuous function on G of positive type, K-biinvariant.
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Then there exists a unitary representation (w,H) of G with a cyclic K-
invariant vector u such that

p(x) = (ulr(x)u).

b) The triple (m,H,u) is unique up to isomorphism. Precisely, if

(7', H',u) is another triple with

p(a) = (W' (x)u),
u' cyclic and K-invariant, then there is a unitary isomorphism

A:H—H,
such that
An(z) =7'(2)A, Au=1u'.

Proof.
Let H{ be the space of functions on G of the form

N
fla) =Y eiplr o),

with ¢1,...,98 € G, c1,...,cy € C. Clearly, Hg) is the subspace of
C(G/K), the space of right K-invariant continuous functions on G.
The norm of such a function f is defined by

N

A2 =D olg " g)eics.

1,j=1
Since ¢ is of positive type, this number is > 0. Writing

N

f=pxep, with up= Zciégi,
i=1

we obtain

1] = /G (1% 0) (@) u(dm).

By the Schwarz inequality, with v = Zf\il dibg,,

2 N 2
fw(d)| = > (g g5)eid;
G Q=1
N N
<> wlg e Y ele; gy did;,
1,7=1 1,7=1



Therefore, if ||f||> = 0, then f = 0. Observe that in general the
representation

of a function f is not unique. The above inequality shows that ||f||? only
depends on f, and not on the chosen representation. Hence || f|| is indeed
a norm on Hy, and Hg is a preHilbert space, with the inner product, for

x) = ch(gfw% fl(x) = Zc;w((gﬁ)‘lx),

defined by
N N’

(F1F) =D wlg g))eic;.

1=1 j=1

Define the representation 7% of G on Hg by the left action

(m?()f)(x) = flg"x), feMH, gzed.

Then 7¥ is unitary. In fact, if

|
(1=

o

2

i=1
then
( ZCZ g.gl 1'1" 7
and hence
N
=) fII> = o((99:) " (995))eits
ijfl

Z 9] CiCj = 1£11%.

Let H? be the Hilbert completion of H{. Since, for f € H?, |f(z)| <
|| 1| (by letting v = 4§, ), the Hilbert space H¥ can be realized as a subspace
of Cp(G/K), the space of bounded continuous functions in C(G/K). By
definition of HY, the vector ¢ € H? is cyclic, K-invariant, and satisfies

©(9) = (p|T?(9)¢)-
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Let (7%, H¥,u?) be the triple obtained via the Gelfand-Naimark-Segal
construction, and (m,H, u) be a triple with a K-invariant and cyclic unit
vector u in H such that

©(g) = (ulm(g)u).

Let us define the map A : H¥ — H, for

N
fla) =Y el ).

N
Af =) cim(giu.
i=1

Then
N

1AfI3 = D eici(m(gi)ulm(g;)u)

4,j=1

N
— -1 2
= > agele;9) = I1IP,
i,j=1
Since u is cyclic, the range of A: A(H¥) is dense in ‘H. It follows that A
extends as an isometric isomorphism from H?¥ onto H. Furthermore

Ar?(g) = m(g9)A, Au¥ = u. [

We will need below the following irreducibility criterium. If (7, H) is a
unitary representation of G, we will denote by H* the subspace of K-fixed
vectors in H:

HE ={uecH|m(k)u=u (ke K)}

PROPOSITION 1.3. — Let (m, H) be a unitary representation of G with
a cyclic K-invariant vector u. If dimH® = 1, then the representation
is irreducible.
Proof. Let Y be a closed invariant subspace in ‘H, and P the orthogonal
projection onto ). The vector v = Pu is K-invariant, hence v = Au, with
A e C. If A =0, then v =0, and w is orthogonal to ). Since ) is invariant,
then, for all € G, m(x)u is orthogonal to Y. It follows that Y = {0},
since wu is cyclic. If XA # 0, then )V = H since u is cyclic. []
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1.4 Extremality and irreducibility. — As in the previous section
G is a topological group, and K a closed subgroup. Let P(K\G/K)
denote the convex cone of continuous functions of positive type on G,
K-biinvariant, and P;(K\G/K) be the convex set of functions ¢ €
P(K\G/K) with ¢(e) = 1.

PROPOSITION 1.4. —  For ¢ € P1(K\G/K), let (m,H) be the uni-
tary representation obtained by the Gelfand-Naimark-Segal construction
(Proposition 1.2). The following properties are equivalent.

(i) ¢ is extremal in the convezr set Py (K\G/K).

(ii) The unitary representation (7, H) is irreducible.

Proof.

(i) = (ii). Assume ¢ extremal and let u € H be a K-invariant cyclic
unit vector. Suppose that H decomposes as the sum H = H, & Ho of
two orthogonal closed invariant subspaces. The vector u decomposes as
u =} +ub, (ui € H;). Put a = [|u)|*>. Then 0 < a < 1 since

L= Jlufl® = [luf |* + Jlus]l*.

If either & = 0 or @ = 1, then we have either v} = u or u5 = u. Since
u is cyclic, either H = H; or ‘H = Ho, which means that H is irreducible.
Assume now that 0 < a < 1, and put

Uy = ’ Ug =

Bl

1l -«
v1(9) = (u1|m(g)u1),  p2(g) = (ualm(g)uz).

Then ¢ = ap; + (1 — a)p2. Since ¢ is extremal, ¢ = 1 = py. Observing
that

(wilm(g)us) = (uilm(g)u) (i=1,2),
we get
(|7 (g)u) = (uz2lm(g)u),

and, since u is cyclic, u; = ug: a contradiction. We have proven that 7 is
irreducible.

(i) = (i). Assume 7 irreducible and that ¢ is expressed as ¢ =
apr + (1 — a)ps for some @1,y € P1(K\G/K), and 0 < o < 1. For
f € Hy, expressed as



put
N

H(f)=a Y ¢i(g; gi)eics.

1,7=1

This defines an invariant Hermitian form on Hy. Furthermore, since

N
a Z w197 gp)ei; < Y ela; ' gp)eid,
1,j=1 i,5=1

we get
0< H(f) < IIfI

hence H extends as a continuous invariant Hermitian form on H. This
form can be written H(f) = (Af|f), where A is a selfadjoint operator
on H, 0 < A < I, which commutes with the representation m: Aw(g) =
m(g)A. By Schur’s Lemma, A = A, with 0 < A < 1. It follows that
ap; = Ap. Since p(e) = ¢p1(e) = 1, we get A = «, and p; = . This
means that ¢ is extremal. []

1.5 Spherical functions and irreducibility. — We assume in this
section that (G, K) is a Gelfand pair.

ProOPOSITION 1.5. —  If the unitary representation (w,H) is irre-
ducible, then
dimH* < 1.

Proof. Let P be the orthogonal projection onto H¥. Observe that, for
v EH,

Py = / m(k)va(dk)
K
(v is the normalized Haar measure of K), or P = 7(a).

Since (G, K) is a Gelfand pair, the algebra L' (K\G/K) is commutative,
and the algebra M®(K\G/K) of bounded K-biinvariant measures on G is
commutative as well. In particular, for z,y € G,

Qk Og ¥k Oy ¥ 0 = Quk Oy % % O %
and, since P = 7(«),

Pr(x)Pn(y)P = Pn(y)Pn(z)P.

Let A denote the closed algebra (for the operator norm) generated the
the operators Pm(z)P, for z € G. By the equality above, the algebra A
is commutative. The space HX is invariant under A. Since an irreducible
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representation of a commutative Banach algebra is commutative, it is
sufficient to prove that H¥ is irreducible under A.

Assume that HE = H; @ Ho, where H; and Hs are two A-invariant
orthogonal subspaces of HX. Let u; € Hy (u; # 0). For any us € Hy
and r € G, (P7r(m)Pu1|u2) = 0. Since Pu; = uy, Pus = ug, this means
that (m(z)u;|uz) = 0. We use now the fact that the representation 7 is
irreducible, and hence that any non zero vector is cyclic. In particular u;
is cyclic. This implies ug = 0, and Hy = {0}. []

PROPOSITION 1.6. —  For ¢ € Pi(K\G/K) the following properties
are equivalent:

(i) The function ¢ is spherical.

(ii) The unitary representation (mw, H) associated to ¢ via the Gelfand-
Naimark-Segal construction is irreducible.

Proof. Recall that ¢(z) = (u | m(z)u), where u is a cyclic vector in H,
and ||u|| = 1 since ¢(e) = 1.
(i) = (ii). Assume the function ¢ to be spherical: for z,y € G,

| (intakyatdn) = e()sto).
This can be written

(m(z="ulPr(y)u) = ¢(y) (m(z™ ulu),

or, since u is cyclic,
Pr(y)u = o(y)u.

It follows that H¥ = Cu, and, by Proposition 1.3 that the representation
(m,H) is irreducible.

(ii) = (i). Assume the representation (m,H) to be irreducible. By
Proposition 1.5, dimH% = 1, hence H¥ = Cu, and, for v € H,

Pv = (v|u)u.
Therefore, for y € G,
(vIP(y)Pu) = (v]uw) (ulr(y)u) = ¢(y)(v]uw),

and, since u is cyclic,
Pr(y)Pu = ¢(y)u.

Taking the inner product of both sides with 7(z~1)u, one obtains
(ulm(z) P (y)u) = (z)e(y),
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or

/K p(ky)aldk) = o(x)p(y). 0

1.6 Multiplicity free representations. — Let (7, H) be a unitary
representation of a compact group U. It decomposes as

= @m)\ﬂ)\,
\eU
~ mx
M~ P H.

AeU

The numbers my € N are the multiplicities. Let A denote the commutant
of the representation:

A={A€L(H)|Vz € G, Ar(z)=r(z)A}.

Then
A~ @ M(m)\,C)

AeU

Since, for m > 2, the algebra M (m, C) is not commutative, the commutant
A is a commutative algebra if and only if, for all A € U,my=0or1l In
such a case, one says that the representation 7 is multiplicity free.

In the general case, this property is taken as a definition: one says
that a representation 7 is multiplicity free if the commutant A of 7 is
commmutative.

THEOREM 1.7. —  Assume that (G, K) is a Gelfand pair. Let (7, H)
be a unitary representation of G, with a cyclic K-invariant vector. Then
the representation (7, H) is multiplicity free.

Proof.
Let u be a unit cyclic K-invariant vector.

a) We define first a conjugation on HX. One starts from the observation
that, for f € L'(K\G/K),

[ (F)ull = |7 (f*)ull,
with
(@) = flz=h).
In fact, since w(f) and 7 (f*) commute,

lw(f)ull* = (x(f)m(fulu) = (w(£)m(f*)ulu) = |x(f)ul?.
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Since the set {w(f)u | f € LY(K\G/K)} is dense in HX the map

m(flu = 7 (f)u)
extends as an antilinear isometry v — © of H®. This map is characterized
by
Vf € LNE\G/K), (vln(f")u) = (x(fulv).
In fact, for v = w(h)u, v = w(h*)u,

(m(hulm(f*)u) = (7 (f)m(R*)ulu) = (7 (h7)m(fulu) = (7(f)ulz(h)v).

b) Let A be a bounded operator on H¥, commuting with the operators
7(f), for f € LY(K\G/K). Let us show that

Au = A*u.
In fact
(A*ulr(f*)u) = (7(f)A ulu) = (A7 (f)ulu) = (7(f)u|Au).

It follows that, if
Au = lim n(f,)u,

for a sequence f, € L'(K\G/K), then

A*u = lim 7(f))u.

n
n—oo

c) Let A denote the commutant of the representation of L'(K\G/K)
on HE:

Ao ={A € L") |Vf € LYK\G/K), An(f) =n(f)A}.

The algebra Ay is selfadjoint. We will prove that A is commutative. Let
A, B € Ay. Observe that, for f,h € LY(K\G/K),

(AB7(f)ulm(h)u) = (Br(f)ulA*r(h)u).
Therefore, to prove the commutativity of Ay amounts to showing:
(7(f)Bulr(h)A*u) = (x(f)Au|r(h)B*u).
There are sequences {¢,} and {¢,} in L'(K\G/K) such that
Au = lim 7(¢p)u,
Bu = lim 7(¢)u,

q—00
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and, by b),
A*u = lim 7(¢p)u,

p—o0

B*u = lim 7(¢q)u.cr
g—00

Hence it is enough to prove that, for f,h, ¢, € L}'(K\G/K),

(m(H)m(@)ula(h)m (¢ )u) = (7 (f)m(@)ulm(h)m (v )u),

which can be checked.

d) If A commutes with the representation m of G, then A commutes with
the orthogonal projection P = 7(a) onto H¥, and hence A(H¥) c HE.
Let us consider the map

AHAO; -/4_>-’40a

where Ajg is the restriction of A to H¥. This is an algebra morphism. It
is injective. In fact, if Au = 0, then, for all x € G,

and this implies that A = 0 since u is cyclic. This proves that A is
commutative. []

ProrosITION 1.8. —  Let G be a locally compact group, and K a
compact subgroup. If the quasiregular representation of G on L?*(G/K) is
multiplicity free, then (G, K) is a Gelfand pair.

Proof.

To f € LY(K\G/K), one associates the bounded orpertor R(f) on

L?*(G/K) by

R(f)h =hxf.
The operator R(f) commutes withs the quasiregular representation of
G on L*(G/K): R(f) belongs to the commutant A of the quasiregular

representation, and the map f +— R(f) is an injective algebra morphism.
Therefore L'(K\G/K) is commutative: (G, K) is a Gelfand pair. 0

Conclusion

Let (G, K) be a Gelfand pair. For a function ¢ € P(K\G/K), we have
seen that the following three properties are equivalent:

-  is spherical,

- ¢ is extremal in the convex set Py (K\G/K),
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- the representation associated to ¢ by the Gelfand-Naimark-Segal
construction is irreducible. (One says that ¢ is pure.)

An irreducible representation (7, H) of G with dim H¥ = 1 is said to be
spherical, and the set €2 of equivalence classes of spherical representations
will be called the spherical dual of the Gelfand pair (G, K). Equivalently

- Q is the set of spherical functions of positive type,

- Q is the set of extremal points in the convex set Py (K\G/K).

In numerous cases a set of parameters for €2 is known. That is why we
will write ¢(w;x) for a spherical function of positive type, with x € G,
w € (), thought of as a parameter.

Basic questions in harmonic analysis for a Gelfand pair (G, K) are:

- Determine the spherical dual Q of (G, K).

- For a spherical function of positive type ¢ describe a realization (7, H)
of the spherical representation associated to ¢.
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Chapter IT

BOCHNER-GODEMENT THEOREM

THEOREM II.1 (BOCHNER-GODEMENT). — Let (G, K) be a Gelfand
pair, and ) its spherical dual. For ¢ € P(K\G/K), there exists a unique
bounded positive measure on 2 such that

o(z) = /Q o (w; ) dw).

We will give a proof of this theorem by using integral representation
theory. The idea to use integral representation theory for proving Bochner
Theorem can be found in a paper of Cartan and Godement:

H. CARrRTAN, R. GODEMENT (1947). Théorie de la dualité et analyse
harmonique dans les groupes abéliens localement compacts, Ann. Sci.
E.N.S., 64, 79-99.

This method is used by van Dijk for Bochner-Godement Theorem:

G. vAN DK (1969). Spherical functions on the p-adic group PGL(2),
Indagationes Math., 31, 213-241.

1.1 Basic theorems about integral representation theory. — Let
@ be a convex subset in a locally convex toppological vector space V. A
point p € @ is said to be extremal when the folowing holds: if
p=api+ (1 - a)ps,

with p1,p2 € @, 0 < a < 1, then p = p; = po. Let £(Q) denote the set of
extremal points in Q).

THEOREM II1.2 (KREIN-MILMAN,1940). — Assume @ compact. Then
Q is the convex hull of £(Q): the finite convex combinations of extremal
points are dense in Q.

It follows that, if furthermore £(Q) is closed (hence compact), then, for
every p € @, there is a probability measure p on £(Q) such that

p= / qu(dq).
£(Q)

The point p is said to be the barycentre of the measure p. It means that,
for every continuous linear form ¢ on V,

tp) = L o)
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THEOREM I1.3 (CHOQUET, 1960). — If @ is compact and metrizable,
then £(Q) is a G5 (countable intersection of open sets), hence a Borel
set. Every p € @ is the barycentre of a probability measure p which is
concentrated on £(Q).

This means that p is a probability measure on () such that
n(@Q\E(@)) =0.
THEOREM I1I.4 (CHOQUET-MEYER, 1963). —  The measure  is
unique if and only if Q) is a simplex.
Define
Q={(,1)|peQ}CV xR,
and let I' be the convex cone generated by Q. Then Q is a simplex ifand

only if the ordered set I' is a lattice, i.e., for any pair p,q € T', there is a
least upper bound p V gq.

I1.2 Proof of Bochner-Godement Theorem. — We apply the
theorems of Section 1 to the convex set

Q =P (K\G/K) = {p e P(K\G/K) | ¢(e) < 1}.

We will assume that G is separable. It follows that L!(G) is separable.
By Propositions .4 and 1.6,

£(Q) = QU {0}.

1) We will consider on @ a topology for which @ is compact and
metrizable. We will consider @) as a subset of the unit ball in L>°(G),
and see that it is closed for the *-weak topology o(L>, L), and hence
compact since, for that topology, the unit ball in L*°(G) is compact.

To a function ¢ € P(K\G/K), we associate the continuous linear form
® on L'(G) given by

B(f) = /G F (@) ym(dz).

Then

B(f* ) = / oz y) f (&) Fg)m(dz)m(dy) > 0.

GxG

We will say that a linear form L on L!(G) is positive if
Vf e LYG), L(f**[f) >0,
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THEOREM II.5 (GELFAND-RAIKOV). — Let L be a continuous positive
linear form on LY(G), and K -biinvariant:

Vf e LY(G), L(f) = L(fY.
Then there is a function ¢ € P(K\G/K) such that

L) = [ F@yela™ m{do)
Furthermore
L]l = ¢(e).

Proof.
Let B be the positive sesquibilinear form defined on L(G) by

B(f,g) = L(g" = [).

By the Schwarz inequality,

|B(f,9)]> < B(f, f)B(g,9),

and furthermore

B(f, ) < IILIIIfIIF-
We get a preHilbert structure on the quotient L!'(G) /N, with
N ={feLYG)| B(f.f) =0},

and, by completion, a Hilbert space H. We get also a unitary representa-
tion by letting
(7(@)f)(y) = fla™"y).

For every neighborhood of the identy e of G, let hy be a positive
continuous function with integral equal to one, and with support in U.
The system {hy} is an identity approximation:

Vfe LYG), lim oy  f =1lim f = hy = f,
where U is filter of the neiborhoods of e. By the Schwarz inequality
|L(h;} * f)’2 < B(f? f)B(hU7hU)7

and, since

B(hy,hv) < L] = IL],
lim L(hj; * /) = L(f),
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it follows that
[L(NHP <ILIB(f, f)-

By Riesz representation Theorem, there exists u € H such that

L(f) = (flu),

where f is the image of f by the map L'(G) — L'(G)/N C H. The
vector u is unique and K-invariant. From the equalities

9lf) = B(g, f) = L(f* * g) = (7(f*)glv) = (glm(f)u),

it follows that 7(f)u = f, and this shows that the vector u is cyclic. The
function ¢ defined on G by

p(z) = (ulr(z)u)

is continous, K-biinvariant, of positive type, and

L(f) = (n(f)ulu) = /G f(@)p(zYym(dz).

Since [p(z)| < ¢(e),
IL(H)I < el fllr-

Furthermore
lim L(hy) = ().
therefore : |L|| = ¢(e). []
COROLLARY I1.6. — The set P<1(K\G/K), seen as a part of L>(G),

topological dual of L*(G), is compact for the x-weak topology o(L>°, L1).
Proof. Since the unit ball of L*°(G) is compact for the x-weak topology, it

amounts to showing that P« (K\G/K) is closed. Let {¢,} be a sequence
in P<1(K\G/K) such that, for every f € L'(G), the limit

L(f)= lim [ f(z)pn(z~")m(dz)
G

exists. Then L is a positive continuous linear form on L!(G) with || L|| < 1,
and, by Theorem IL.5, there is a function ¢ € P(K\G/K) such that, for
feLi(@),

L) = | f@)el m(da)
This means that ¢,, converges to ¢ for the x-weak topology. []
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Since L'(G) is separable, the closed unit ball in L>°(G) is metrizable
for the *-weak topology. Hence P<;(K\G/K) is metrizable.

2) For the uniqueness we will give two proofs. The first one is very
simple. The second one, which is more elaborated, has the advantage to
rely the uniqueness to the multiplicity freedom, and will be used in a more
general setting.

We define first the spherical Fourier transform of a function f €
LY(K\G/K). 1t is the function f defined on Q by

fw) = /G f(@)p(w; z)m(dz).

As the classical Fourier transformation does, the spherical Fourier trans-
formation carries the convolution product onto the ordinary one: for

f,9 € LN(K\G/K),
Observe also that

with ¢, (2) = p(w; ).

a) Ist proof. We show that, if the measure p exists, it is unique.

For f € L'(K\G/K), by Fubini theorem
2)p(z " Vm(dz) = Flw)p(w).
| @eta™ mido) = [ flwjutw)

Uniqueness follows since the space {f | f € LY(K\G/K)} is dense in
Co(€2) by Stone-Weierstrass Theorem.

b) 2nd proof. By Theorem II.3 it amounts to showing that the cone
P(K\G/K) is a lattice.

Let G be a topological group, and K a closed subgroup. For ¢ €
P(K\G/K), define the face

Po(K\G/K) ={y e P(K\G/K) | 3Xx >0, ¥ < \p}.

(1 < A\p means that Ay — 9 is of positive type.)

THEOREM I1.7. — The face P,(K\G/K) is a lattice if and only if the
representation associated to ¢ by the Gelfand-Naimark-Segal construction
1s multiplicity free.

Proof.
We will give only one way of the proof. We will prove that, if the
representation (7, H) is multiplicity free, then the face P,(K\G/K) is a
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lattice. One observes first that the face P, (/K \G/K) is linearly isomorphic
to the cone
At ={Ac A|Yv e H, (Avlv) > 0}.

See the second part of the proof of Proposition 1.4.

The algebra A is a commutative C'*- algebra, hence isomorphic to the
space C(S) of continuous functions on the spectrum S of A, which is
compact: A ~ C(S). Furthermore the cone AT is linearly isomorphic to
the cone C(S)™ of positive functions in C(S), and C(S)" is a lattice.  []

I1.4 Plancherel-Godement Theorem. — By the Bochner-Godement]j
theorem, for ¢ € P(K\G/K), there is a unique measure p, on the spher-
ical dual €2 such that

o(z) = / (w2 ().

For f € LN(K\G/K),

fxo(x / f o(w; x) ph (dw).
Hence, if p,9 € P(K\G/K) N L'(G), then

B (W) (dw) = 1h(w)pry (dw).
It follows that there is a measure o on €2 such that, for ¢ € P(K\G/K)N
LY(G),
1 () = G(w)o(dw).
The measure o is called the Plancherel measure.

THEOREM II.8 (PLANCHEREL-GODEMENT). — (i) If f € P(K\G/K)
is integrable, then f is integrable with respect to the Plancherel measure

o, and
0= [ f)piaolds).

(i) If f € L' N L*(K\G/K), then f is square integrable with respect to
the Plancherel measure o, and

/G (@) Pm(dz) = /Q 1 (@)Po(dw).

(iii) The spherical Fourier transformation, as a map from L' N
L*(K\G/K) into L*(Q,0), extends as an isometric isomorphism from
L?*(K\G/K) onto L*(Q,0).
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Proof.
Statement (i) follows directly from the definition of the Plancherel
measure o.

For f € L' N L2(K\G/K), put h = f % f*:
h(x) = /G f () F@)m(dy),
he) = /G F@)Pmdy).

The function A is continuous, of positive type, and h(w) = | f(w)[2. By (i),
with = = e,

he) = /Q @) Po(dw).

This gives (ii).
For (iii) it is sufficient to prove that the space

{f1feL' nL*(K\G/K)}

is dense in L?(Q,0). Let F be a continuous function on { with compact
support. Since the space {f |€ L'(K\G/K)} is dense in Co(f2), there
exists a continuous function g on G, with compact support and K-
biinvariant such that g(w) > 0 on the support of F', and a continuous
function F’ on Q with compact support such that

Vw € Q, F(w) = g(w)F'(w).

For € > 0, there exists a continuous function h on G, with compact support
and K-biinvariant, such that for all w € Q

|F'(w) — h(w)] <,
and

[F(w) = g% h(w)] = |F(w) = §@)h(@)] = [§(@)] |F'(@) = b(w)| < |g)].

Na)Y

Therefore
[ 1F@) = grh@)Potdo) < 2 [ [50)Po(d). 0
Q Q
COROLLARY 11.9 (INVERSION FORMULA). — If, for f € C.(K\G/K),
[ If@lotde) < o

21



then, for x € G,

mwzéﬂwﬂwwdwy

Proof.
For h € C.(K\G/K), by Theorem 1.8,

f*mwzéﬂmewmmdm>

If (hy) is the approximation of the identity we considered in the proof of
Theorem II1.5,

li\r}nf x hy(z) = f(x).

Furthermore - -
|hy (w)| <1, li\l;nhv(w) = 1.

Therefore, by the dominated convergence theorem,

HyAﬂWM@MWMw@®=Aﬂ@ﬂM@dW) 0

I1.5 Decomposition of representations into irreducible ones.
In this section (G, K) is a Gelfand pair. We will describe the decompo-
sition of a unitary representation (7, H) with a K-invariant cyclic vector.
as a direct integral of spherical representations.

Let u be a K-invariant cyclic vector, and define:

p(z) = (ulr(2)u).

Tthe function ¢ belongs tp P(K\G/K). By Theorem II.1 ¢ admits an
integral representation:

mmzéwmwmmx

where p is a bounded positive measure on the spherical dual €.

THEOREM I1.10. —  The unitary representation (7w, H) associated to
@ by the Gelfand-Naimark-Segal construction decomposes as

= /® T (dw),

Q

H = /Q@ Hou(dw).

22



One can say that p is the spectral measure of the representation (7, H).

Proof. We will denote by || - || the norm in H, and || - ||, the norm in H,,.
For f € L'(G), f * ¢ belongs to H, and

1 *oll? = /G () f () F)m(dz)m(dy).

Similarly, f * ¢, € H, (with ¢, (2) = p(w;z)), and

1 % oullo = /G o(w; 7) (@) FG)m(de)m(dy).

By using Fubini Theorem, we obtain

1 * ol = /Q 1 * ol (o).

It follows that the map Ty
frp— /Qf*sowu(dw),
®
LYG) * ¢ H/ Heopt(dw),
Q

extends as an isometry T’

@
H—>/ Hep(dw).
Q

It remains to show that the isometry 7' is surjective, or that the image
of the map Tj is dense. Let (&,) be a vector field such that, for every
feLiG),

/ (f * ) p(dw) = 0.
Q

Replace f by f xh with h € L}(K\G/K). Then

f*h*gow:ﬁ(w)f*gow,

hence

/Q R(w) (f * o) u(dw) = 0.
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By the density of the space {h | h € L*(K\/K)} in Cy(Q), it follows that

(f *pules) =0 pac.

Since ¢, is cyclic in H,,, and that L!(G) is separable, it follows that &, = 0
i a.e. []

One proves also that an operator A in the commutant of the represen-
tation (7, H) is diagonal: if £ = (&,) is a vector field, then A& = (Y (w)Ey),
with ¢ € L®(Q, u): A~ L>°(Q, ).

A basic question in harmonic analysis for Gelfand pairs is, given a
representation (m,H) with a K-invariant cyclic vector, to determine the
spectral measure p on the spherical dual €.

I1.5 Example. — Let V = Herm(n,F) (H=R,Cor H), K = U(n,F)
acting on V' by the transformations x +— kxk*, and G = K x V. The
spherical dual € is the set of K-orbits in V: € = K\V. By the
classical spectral theorem, every x € V has real eigenvalues, and can
be diagonalized in an orthonormal basis. It follows that K\V can be
parametrized by real diagonal matrices

0~ 6,\R".

If a is a real diagonal matrix, the corresponding spherical function is the
Fourier transform of the normalized invariant orbital measure supported
by the orbit kak*:

pla) = [ e agap),
K

where « is the normalized Haar measure on K. It is a generalized Bessel
function.

Let M be a K-invariant bounded positive measure on V, and 'H =
L?(V,M). The group G acts on H by, if g~t.y = kyk* + v,

m(9)f(y) = ') f(kyk*) (ke K, veV).

We obtain a unitary representation. The vector fy = 1 is K-invariant and
cyclic. The associated spherical function ¢ is given by

w@ﬁwmwmm:/?Wmew

\%

It only depends on v: ¢(g) = ¢(v), and is the Fourier transform of M.

24



In the present case the Bochner-Godement theorem says that there is
a bounded positive measure p on Q ~ &,,\R" such that

o) = | plao(da)
In particular, consider the case

M (dy) = q(y)m(dy),

where ¢ is a K-invariant positive integrable function on v. Then ¢(kak™) =
Q(a), where @ is a symmetric function on R™. By the Weil integration
formula

i(da) = Zig(a)w(anﬁdal . day,

where V' is the Vandermonde polynomial

B = dimgF = 1,2 or 4, and
Zn = Q(a)|V(a)|5da1 ..day,.
Rn

The formula for ¢ can also be written as a desintegration of the measure
M. Let M, be the orbital measure associated to the diagonal measure a:

/ F(y)Ma(dy) = / f (kak*)a(dk).
Vv K

Then
| s = [ ([ ) udo.

Define H, = L?(V,M,). The unitary representation of G on H, is
irreducible. It is the spherical representation associated to a € ). In
fact by the Gelfand-Naimark-Segal construction, the representation m,
associated to ¢(a;-) is realized on F(L*(V,M,)), and the one associated
to ¢ on F(L*(V,M)). By Theorem IL7,

@D
H= [ Ha plda).

Rn
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Chapter III

OLSHANSKI SPHERICAL PAIRS

ITI.1. Definitions. — Let (G(n), K(n)),>1 be an increasing sequence
of Gelfand pairs: G(n) is a closed subgroup of G(n+1), K(n) of K(n+1),
and K(n) = G(n)N K(n+1). Define

G=|JGmn), K=JKMm).

We consider on G the inductive limit topology. Then K is a closed
subgroup of GG. But in general G is not locally compact, and K is not
compact. We say that the pair (G, K) is an Olshanski spherical pair.

Let us give a simple example of such a sequence (G(n), K(n)).

Example
Let K(n) = O(n) be the orthogonal group and let G(n) = O(n) x R”
the motion group. The product in G(n) is given by:
(91,61) - (92,&2) = (9192, 61 + 91&2),

(91,92 € O(n), &,& € R™). Then
K =0(c0) = [ O(n),
n=1

the infinite dimensional orthogonal group. An element k = (k;;); j>1 in
O(oo) satisfies k;; = d;; for i and j large enough. Define R(*) by

R = | JR".
n=1
A vector ¢ € R(*™) is a sequence & = (£1,£3,...) of real numbers with

& = 0 for ¢ large enough.
The group O(oc) naturally acts on R(>), and G = O(oc0) x R(%),

Let (G, K) be an Olshanski spherical pair, inductive limit of an increas-
ing sequence of Gelfand pairs (G(n), K(n)). A K-biinvariant continuous
function ¢ on G is said to be spherical if, for z,y € G,

lim o(zky)an(dk) = e(x)p(y),

n—oo K('I’L)
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where «,, is the normalized Haar measure on the compact group K(n).

II1.2 Spherical functions and irreducibility. — Let G be a
topological group, and (K(n)),>1 an increasing sequence of compact
subgroups of G. Put K = J.; K(n). For a unitary representation (m, H)
of G, the orthogonal projection P, onto the space H* (™) of K (n)-invariant
vectors is given by

Py = /K | T @ en),

where v, is the normalized Haar measure of K(n). The sequence of the
subspaces HX (™) is decreasing, and the projections P, strongly converge
to the projection P onto

HE = ﬁ HE™,
n=1

It follows that, if ) C H is an invariant closed subspace, then P(Y) C ).

ProposiTION III.1. —  Let (w,’H) be a unitary representation of
G with a K-invariant cyclic vector u € H. If dimHX = 1, then 7 is
irreducible.

Proof.

Let Y be a closed G-invariant subspace of ‘H. We will show that either
Y = {0} or Y = H. If P(Y) = {0}, then Y is orthogonal to u € HX.
Since u is cyclic, it follows that Y = {0}. If P(}) # {0}, then HE C ),
and Y = H since v € HX is cyclic. Thus, we have proven that the
representation 7 is irreducible. []

We assume now that (G, K) is an Olshanski spherical pair, inductive
limit of an increasing sequence (G(n), K (n)) of Gelfand pairs.

PropoSITION I11.2. —  Let (G, K) be an Olshanski spherical pair.

For any irreducible unitary representation (v, H) of G,

dimH¥ < 1.

Proof

Assume H® # {0}. Since (G(n),K(n)) is a Gelfand pair, the con-
volution algebra L*(K(n)\G(n)/K(n)) is commutative, and the algebra
M?(K(n)\G(n)/K(n)) of K-biinvariant bounded measures is commuta-
tive as well. In particular, for z,y € G(n),

Oty % O % Oy % Oy * Qipy = Qi ¥ Oy * Qi % O % Oty
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and, since P, = m(ay,),
Pnﬂ'(x)Pnﬂ'(y)Pn - Pnﬂ'(y)Pnﬂ-(x)Pn-
Observing that P,y = P, P,11 = P,11P,, we obtain, for m,m’ > 0,

Py () PT(y) Pogmy = Prymm(y) P(2) Py -

As m,m’ — oo, and then n — oo, we obtain
Pr(x)Pr(y)P = Prn(y)Pn(z)P,

since P,, strongly converges to P.

Let A be the closed algebra (for the operator norm) generated by
the operators Pm(x)P, for z € G. As proven above, the algebra A is
commutative. The space HX is invariant under A. Since an irreducible
representation of a commutative Banach algebra is one dimensional, it is
sufficient to prove that HX is irreducible under A.

Assume that HE = H; @ Hs, where H; and Hy are two A-invariant
orthogonal subspaces of HX. Let u; € Hy (u; # 0). For any us € Hy
and z € G, (Pw(x)Pu1|uQ) = 0. Since Pui = uq, Pus = usg, this means
that (m(x)uijug) = 0. We use now the fact that the representation 7 is
irreducible, and hence that any non zero vector is cyclic, in particular u;
is cyclic. This implies us = 0, and Ho = {0}. 0

THEOREM II1.3. —  Let (G, K) be an Olshanski spherical pair. For
v € P1(K\G/K), the following properties are equivalent:

(i) ¢ is spherical.

(ii) The representation (w,H) associated to ¢ by the Gelfand-Naimark-
Segal construction is irreducible.

Proof.
Recall that ¢(g) = (u|m(g)u), where u is a cyclic unit vector in H*.

(ii) = (i). Assume the representation (m,H) irreducible. By Proposi-
tion I11.2 we know that dim H¥ = 1. Therefore the orthogonal projection
P onto HE can be written

Pv = (v|u)u.
For y € G, and any v € 'H,

(vIPr(y)Pu) = (Pul(y)u) = (v|u) (ulm(y)u) = ¢(y)(v]w).
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Therefore Pr(y)Pu = ¢(y)u. Hence, for z € G,

Pr(x) Pre(y)Pu = ¢(y)Pr(z) Pu = p(x)p(y)u,

and
(ulm(z) Pr(y)u) = @(z)e(y).

Since the projections P,, strongly converge to P, we get

p(@)e(y) = lim (ulr(z)Pym(y)u)

n—oo

= lim (u|m(xky)u) o, (dk)

= lim o(zky)an(dk),

which means that ¢ is spherical.

(i) = (ii). Assume ¢ spherical. We will show that, for ¢ € G,
Pr(g)u = ©(g)u. If this holds, then the subspace H¥ is one dimensional:
HX = Cu. Therefore, by Proposition III.1, the representation 7 is
irreducible. By assumption, for xz,y € G,

p(r)p(y) = lim o(rky)an (dk)

n—oo K(’I’L)

= ILH;O(U|7T(I')PR7T(:U)U) = (u|n(z)Pr(y)u).

n

This can be written as
(m(z™ulPr(y)u) = ¢(y) (m(z™ ulu).
Since u is cyclic, we obtain Pr(y)u = ¢(y)u. []

I11.3 Examples. — Let us give two simple examples of Olshanski
spherical pairs.

Example 1

We come back to the example of Section 1.2. Let G(n) = O(n) x R
and K(n) = O(n). Then G = O(c0) x R(*®) and K = O(cc). For
an element z = (¢,£) € G, we denote by |z| the radius of & ||z|| =

€] = /E + €2 +--- for € = (€1,&2,...,0,0,...) € R Let ¢ be a K-
biinvariant function of G. Then, for any g1, g, g € O(c0) and & € R(*°),

©(9,6) = ¢((91,0) - (9,€) - (92,0)) = »(91992, 91)-
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Therefore ¢(g,£) only depends on the radius [[£]|, i.e., there exists a
function ® on R>( such that

p(z) = (|l]*).

Assume ¢ spherical:

lim e(zky)an(dk) = o(z)e(y),  z,y€G.

By classical harmonic analysis,
/ o(zky)an(dk) = ¢, / ®(a® + b* + 2abcosh) sin™ ! Odb.
K(n) 0

where a = ||z|| and b = ||y||. Note that the constant ¢,, is given by

r(=)
VAT (3)

One shows easily that, if f is a continuous function on [0, 7],

Cp —

|3

lim ¢, /W F(6)sin™ " 0d6 = £(3).
0

Therefore we obtain the following functional equation
®(a? + b?) = &(a?)D(V?).

This equation implies that ®(a) = e~ % for some A € C. Hence the
spherical functions ¢ for the Olshanski spherical pair (G, K) are given by

o(x) = e~ A=l reC.

Furthermore ¢ is of positive type if and only if A > 0. Thus, the spherical
dual © can be identifed with [0, 00[. Observe that a spherical function,
which is essentially a function on R(>), extends as a continuous function
on

eZ(N): (‘517527-") ‘£k€R7 Z££<OO

k>1

Example 2
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Let G(n) = O(n + 1) and K(n) = O(n). Here K(n) is seen as a
subgroup of G(n) as follows:

O(n) > u (g (1’) € O(n +1).

Let {eg,e1,...,enr1} be the canonical basis of R**1. A K-biinvariant
continuous function ¢ on G can be written as

©(g) = ®((geoleo)),

where ® is a continuous function on [—1,1]. We get
/ o(zky)o, (dk) = ¢, / ®(cosacosb+ sinasinbcosf) sin™ ' §db
K(n) 0

where cosa = (zeg|eg) and cosb = (yepleg) (¢, is the same constant as in
Example 1). If ¢ is spherical, then

®(cosacosh) = P(cosa)P(cosh).

Finally, the spherical functions ¢ of the spherical pair (G, K) are the
following;:

©(g) = (geoleo)™, (m € N).

They are of positive type Thus the spherical dual €2 can be identified with
N.

I11.4 Harmonic analysis on Olshanski spherical pairs, more or

less recent results. — Given an Olshanski spherical apir (G, K), one
of the first tasks is to determine the spherical dual (2.
For

G =U(x) X Herm(oo,C), K =U(o0),

the spherical dual has been determined by Pickrell, Olshanski and Vershik.
It is remarkable that the problem is related to the classical notion of total
positivity.

D. PICcKREL (1991). Mackey analysis of infinite classical motion groups,
Pacific J. Math., 150, 139-166.
G. OLSHANSKI, A. VERSHIK (1996). Ergodic unitarily invariant measures

on the space of infinite Hermitian matrices, in Comtemporary Mathe-
matical Physics (eds. R.L. Dobroshin, R.A. Minlos, M.A. Shubin, A.M.
Vershik), Amer. Math. Soc. Translations, 175, 137-175.
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For the infinite symmetric group,
G=U(x)xU(x), K=U(x),

the spherical dual has been determined by Voiculescu, completed by Boyer,
Kerov and Vershik. In that case also, the problem is related to total
positivity.

D. VoicuLEscU (1976). Représentations factorielles de type 117 de U(o0),
J. Math. Pures Appl., 55, 1-20.

A. VERsHIK, S. KEROV (1982). Characters and factor representations of
the infinite unitary group, Soviet Math. Dokl., 26, 570-574.

R.P. BOYER (1983). Infinite traces of AF-algebras and characters of
U(o0), J. Operator Theory, 9, 205-236.

For
G=6, X6y, K=06,,

see

E. THoMA (1964). Die unzerlegbaren, positiv-definiten Klassenfunktionen
der abzahlbaar unendlichen, symmetrischen Gruppe, Math. Z., 85,
40-61.

A. VERSHIK, S. KEROV (1981). Asymptotic theory of characters of a
symmetric group, Funct. Anal. Appl., 15, 246-255.

S. KEROV (2003). Asymptotic Representation Theory of the Symmetric
Group and its Applications in Analysis. Translations of Mathematical
Monographs, A.M.S..

See also

T. Hiral, E. Hirar (2005). Positive definite class functions on a
topological group and characters of factor representations, J. Math.
Kyoto Univ., 45, 355-379.

T. Hiral, E. HirAT (2005). Characters of wreath products of finite groups
with the infinite symmetric group, J. Math. Kyoto Univ., 45, 547-597.

A natural question arises: is it possible to obtain the spherical functions
for the Olshanski spherical pair (G, K) as limits of spherical functions of
(G(n),K(n)) 7 So far I know, there is no general answer. Important
special cases have been investigated by Olshanski and Vershik, by Okunkov
and Olshanski. We will present their results in next talks.

G. OLSHANSKI, A. VERSHIK (1996). Ergodic unitarily invariant measures

on the space of infinite Hermitian matrices, in Comtemporary Mathe-
matical Physics (eds. R.L. Dobroshin, R.A. Minlos, M.A. Shubin, A.M.
Vershik), Amer. Math. Soc. Translations, 175, 137-175.

32



A. OKUNKOV, G. OLSHANSKI (1998). Asymptotics of Jack polynomials as
the number of variables goes to infinity, Internat. Math. Res. Notices,
13, 641-682.

A. OkuNKOV, G. OLSHANSKI (2006). Limits of BC-type orthogonal

polynomials as the number of variables goes to infinity, Contemporary
Mathematics, 417, 281-318.

See also

Bouavri, M. (2007). Application des théoremes de Minlos et Poincaré a
I’étude asymptotique d’une intégrale orbitale, Ann. Fac. Sci. Toulouse,
Math (6), 16, 49-70.

Consider now, for an Olshanski spherical pair (G, K), a unitary rep-
resentation (m,’H) with a cyclic K-invariant vector. The problem is to
determine the spectrral measure p. This problem has been investigated

by Borodin and Olshanski.
In the case of

G =U(x) X Herm(oo,C), K =U(o0),

such a representation can be realized in the space L?(Hu., M), where M
is a bounded positive measure on the space H,, of infinite dimensional
Hermitian matrices. Borodin and Olshanski solved the problem in the
case of the Hua-Pickrell measure. It amounts to describing a probability
measure on the space of point configurations on the real line.

Their work is closely related to Random Matrix Theory, where one uses
the analysis of orthogonal polynomials.

A. BORODIN, G. OLSHANSKI (2001). Infinite random matrices and
ergodic measures, Comm. Math. Phys., 223, 87-123.

In the case of
G = U(o0) x U(oo), K = U(o0),
Borodin and Olshanski consider isometric linear maps
L*(G(n)/K(n)) — L*(G(n+ 1)/K(n + 1)),
and the inductive limit

H = L*(G/K) = lim L*(G(n)/K(n)).

Here also their work is related to the methods used in Random Matrix
Theory.
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G. OLSHANSKI (2003). The problem of harmonic analysis on the infinite-
dimensional unitary group, J. Funct. Anal., 205, 464-524.
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