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Introduction.

Let G be the real special linear group of second order. G consists of all
real matrices, such that,

g= (¢ Z) ad—bc=1.

The purpose of the present paper is to characterize G as a “ dual group”
of the space of its irreducible unitary representations. This space is given a
law according to which the Kronecker product of any two representations is
decomposed into irreducible components. This duality may be considered as
an analogue of the Tannaka duality theorem for compact groups and of
Pontrjagin duality theorem for locally compact abelian groups.

If A is a locally compact abelian group, there is the duality of Pontrjagin
[1]. This duality is as follows. Any irreducible unitary representation of A
is one-dimensional, i.e., a homomorphism of A into one-dimensional torus.
This homomorphism is called a unitary character of A. In this case the Kro-
necker product of two irreducible representations is nothing but the ordinary
product of characters as functions. Denote by A the totality of unitary charac-
ters yx, then A is an abelian group with the mentioned product. Moreover
introducing the topology defined by uniform convergence on any compact set,
A becomes a localAly compact group.

We consider A theA group of the unitary characters on A in the same way,
that is, an element of A is a function %(x) on A, whose absolute value is unity.
And we have

I =1x) A 22 €A
This implies that 7 commutes with the operation of product in A, that is, the

operation of Kronecker product of representations of A. When an element a
of A is fixed, clearly the equality

ai) =@
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defines an element of A. Hence A is imbedded in A. The Pontrjagin duality
theorem affirms that A coincides with A as a locally compact abelian group.
This fact means that A is characterized as a “ dual group” of the space of its
irreducible unitary representations.

When a compact group K is given, Tannaka gave a similar duality
theorem. Consider the set X of all irreducible unitary representations of K.
Let p, 0 be two elements in X. From the general representation theory of
compact groups, the Kronecker product p®o is decomposed into a finite direct
sum v, P7,P --- Pr, of irreducible representations. While an element %k of K
determines an operator field over X, which consists of unitary matrices p(k)
in each representation space, corresponding to the representation p. An im-
portant property of this operator field is that it commutes with the operation
of the Kronecker product. More precisely, in above decomposition of Kronecker
product, if u®v is decomposed into the sum w,Qw,® - Dw,, then p(kR)u
Ra(k)v is decomposed into the sum z,(A)w, P r,(Aw,D --- B (Pw,, where u,
v, w; are vectors in the spaces of representations p, ¢, t; respectively.

Conversely, we consider an operator field {T(p)} over X, such that each
T(p) is a unitary matrix in the representation space of p, and (T(0w)
R (T(o)v) corresponds to T(t)w, DT )w,d - BT (tm)wn for any u and v.
Because this operator field consists of unitary operators and commutes with
the operation of the Kronecker product, we may consider it as an analogue
of a unitary character over X. Finally, we consider the totality X of these
operator fields over X, and induce the weakest topology in X which makes all
the matrix elements {T(p)u, v) continuous. The product TS of two elements
T and S in X is defined as (TS)(p) =T (p)S(p). With this topology and product
operation, X becomes a compact group.

The duality theorem says that X is isomorphic to K under the mapping
which maps k to the operator field {p(k)}, i.e. K is characterized as a ** dual
group” of the space X of its irreducible unitary representations.

For a non-compact non-abelian case, there is a study of Harish-Chandra
[3]. This work treats a connected semi-simple Lie group L and finite-dimen-
sional representations of L. His result is described in the same way as in the
case of compact group, with only the difference of changing the unitarity in
p by finite-dimensionality. In this result, the totality of operator fields is not
isomorphic to L, but the factor group L/N(L), in which N(L) is the intersection
of the kernels of all finite-dimensional representations L.

In the present paper, we consider the group G=SL(2, R), which is non-
compact and non-abelian, and its irreducible unitary (hence in general infinite-
dimensional) representations.

Let 2 be the set of all equivalence classes of irreducible unitary represen-
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tations of G. To each element w of £, a unitary representation o= {U (o),
H(w)} of G is fixed as a representative of w. Denote by T={T(w)} an
operator field over £, T(w) being a bounded operator in $(w). We consider
the Kronecker product {U(p)® U, (0), H(p) X H(0)} in the usual way, and its
decomposition, into irreducible components. In this decomposition, let

u@v= [ w@)dp (),

where u, v, and w(w) are vectors in $(p), H(v), and H(w) respectively, and p, »
is a measure on £ depending only on p, o.

Now, we call a given operator field T admissible if for arbitrary u in £(p)
and v in (o),

T @ Tlow= [ _(T@w(@)dpm @),

i.e., shortly T commutes with the operation of the Kronecker product. 7T is
called unitary if T(w) are unitary operators for all w. A unitary admissible
operator field is an analogue of a unitary character over £2.

For any element g in G, an operator field U, is defined by the equality

U,={U/w)},

then U, is a unitary admissible operator field.
The totality ® of admissible unitary operator fields becomes a group with
the multiplication defined by

(TS)(w) = T(®)S (@)

for two operator fields T={T(w)} and S={S(w)}. And the mapping g— U,
gives an homomorphism from G into R.

Our result is stated as follows.

THEOREM. The mapping g— U, is an isomorphism from G onto R. And
in this correspondence the mnatural topology in G coincides with the weakest
topology, which makes all the matrix elements (Ujfw)u,v) (o, u, v fixed) con-
tinuous.

This theorem admits us to identify G with the totality of unitary admis-
sible operator fields with the “ weak ” topology, that is, to consider as a “dual
group” of the space Q.

The idea of the proof of this theorem is as follows.

There are four series of irreducible unitary representations of G, as we
state in §1. At first we restrict our attention to the discrete series, especially
positive one. A representation in the positive discrete series is parametrized
by a positive half-integer or integer m, so we denote this representation by
D, and its representation space by 9,. A useful property of this series is
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that the restriction of D; to the compact subgroup of G, which consists of
orthogonal matrices

<cos 0/2), —sin (0/2))
sin (6/2), cos (0/2)

1s decomposed into the sum

(—2r <6< 2m),

2 P pn) (n=m, n+m: integer),

where we denote the one-dimensional representation {exp (v —1 n6), C} of this
subgroup by p(n). Since the multiplicity of p(n), especially of p(m) is one, the
vector in 9,, corresponding to p(m) is determined up to a constant factor. We
fix one of normalized vectors of such a kind, and call it the lowest vector and
denote by {(m).

It is shown in §2 that the Kronecker product D;; & D; is decomposed to
the discrete direct sum of irreducible components, as

2®D}, (p=n+m, p+n+m: integer),

and in this decomposition, the product {(m)&®{(n) of lowest vectors corresponds
to c{(m+n) in 9,4, ¢ being a constant of absolute value one.

Now we define fundamental vector v in £,, as a normalized vector such
that v@v belongs to 9, in the irreducile decomposition of £,,®H,.. Clearly,
the lowest vector {(1/2) in ©,,, is fundamental; moreover, for any unitary ad-
missible operator field T'={T(w)}, T(D{){(1/2) is also fundamental. In §4,
we prove that the vectors {U(Di,){(1/2)} simply covers the set of all funda-
mental vectors, that is to say, for given unitary admissible operator field 7,
we can find unique element g in G satisfying the equation,

T(DiE/2)= Uy(Dij)E1/2).
And in the same §, it is shown that there is a one-to-one correspondence be-
tween the set of vectors {UgD{»){(1/2)} and G, and the initial topology of G
coincides with the weak topology of the set of these vectors in ©,,. The
topological assertion in the theorem follows from this fact immediately.

Lastly in §5, we show that any unitary admissible operator field T= {T(w)}
is completely determined by the vector T'(D3#,){(1/2). Combinig the fact with
the results in §4, we get T(w)=U,(w), for any w in £.

In §1, we state certain elementary knowledges on irreducible unitary
representations of G. And in §2, we give propositions about the Clebsch-
Gordan coefficients of these representations, which is necessary in the following
(Propositions 1 and 2). §3 is devoted to construct our duality theorem, and
the proof of this theorem is devided into two steps, each steps of proof are
given in §4, §5 respectively, as mentioned above.

The author wishes to thank Professors H. Yoshizawa and M. Sugiura for
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their kind advices.
A short summary of this result has been published in [7].

§ 1. Preliminaries.

Now we quote from the works of V. Bargmann [4] and L. Pukanszky [5]".
a) Consider in G following one-parameter subgroups:

cos(0/2), —sin (0/2)

R={r@=( @/,  cos (0/2)): —2n <0 =2},

D={ai)y=(-1y(FP /D R )i —eo<l<oo, j=0,1},

i — ;/cosh (¢/2), sinh (t/2)\ . .
L={rw=1(gny {12, cosh (/) <1< i=0,1}.

Let the generators of these subgroups in the Lie algebra of G be Yg, by, 01
respectively, then there are operators Hgp(w), Hp(w), Hr(w) of given represen-
tation o corresponding to these generators. That is, each operator has a dense
domain in the space of representation w and is defined by

Hy(w)y =w—1im [(U,q—1)/01v,

etc., where v is a vector in the domain.
b) All irreducible unitary representations of G are exhausted by following
series.
1) Principal series,
i) integral (non-spinor) representation, C{ (1/4=<1< o),
ii) half-integral (spinor) representation, C/* (1/4 <1< o0),
2) Supplementary series, C? (=E;) 0<I<1/4).
3) Discrete series,
i) positive non-spinor representation, D} (n=1, 2, ---),
il) positive spinor representation, D; (n=1/2,3/2, --),
iii) negative non-spinor representation, D, (n=1, 2, --+),
iv) negative spinor representation, D; (n=1/2,3/2, ---).
4) Identity representation, I.
These representations except 4) are constructed on the space of functions
over a factor space of G, which is homeomorphic to one-dimensional euclidean
space R in 1) 2), or to a half plane of complex numbers € in 3). Spinor

representation is a representation in which ~—e:<_(1)’ _(1)) in G corresponds

1) We make minor modifications in the notations in these papers, but the follow-
ing results are deduced by simple calculation.
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to —I, where I is the identity operator in the representation space. The non-
spinor representation can be considered as a representation of the three-
dimensional Lorentz group, which is the factor group of G by its centre
{e, —e}.

The operator of representation is extension of a linear transformation over
the representation space which carries a function f(z) to f(az+c/bz+d)(bz+d)*
|bz+4-d|f, where ze R in 1), 2), and z= C and Imz >0 in 3).

We don’t need the precise form of the representation operator, but only

the properties given in following section, so we don’t state the details about
representations.

¢) Since the subgroup R is abelian and compact, so the restriction of each
irreducible representation @ of G to R is decomposed into direct sum of multi-

ples of one-dimensional representations p;={exp (v —1 k), Hy(w)}. In this
case the index k runs as follows, and the multiplicities are one for any k:

For 1)—i) and 2), k=0, £1, £2, --- .
For 1)—ii), k=x(1/2), £@/2), - .
For 3)—i) and ii), k=n,n+1,n+2, .
For 3)—iii) and iv), k= -—n, —n—1, —n—2, ---.
For 4), kE=0.
d) Now we define operators F*(w) and F~(w) by
F*(w)= Hp(w)—v —1 Hy(w),
F~(0) = Hp(@)+~v —1 Hy(w) .

For an irreducible representation w, F*(w) (resp. F~(w)) maps Hi(w) onto
Hyp(w) (resp. He—(w)), when the former is not {0}. Moreover we can select
a normalized vector {(w) in Hy(w), satisfying conditions:

FHo) (@)= k(k+1)—q(@) {er(@), LD
F(o)(@)= — v k(kt—1)~q(@) {ims(®) , 1.2

where ¢g(w) is a constant depending on w (equal to the eigenvalue of the
Laplacian operator), and is given as follows:

For the representations of 1) and 2), q(w)=—1
For the representations of 3), qg(w)=nn—1) 1.3
For the representation of 4), q()=0

And the system {{(w)} constitutes a complete orthonormal basis in £(w),
and ¢, (w) is an eigenvector of U, (w) corresponding to the eigenvalue
exp (v/—1 k), consequently, of Hz(w) corresponding to v —1&.
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e) Especially, when o is a representation of positive discrete series D},
the following equation is valid for the vector £.(D}),

F=(D3)¢u(D7)=0. 14

So we call the vector {,(D;) the lowest vector in (D). It is easy to see that
the equation determines {,(D}) up to a constant factor.

Hereafter we denote briefly {u(D;) by {(n, k) and {,(D;) by {(n), and the
operators F*(w), F~(w) by F*, F-, if there is no danger of confusion.

f) For a given unitary representation w,={U2, 9,} of G, let the irreducible
decomposition of w, be,

(UL B0} = [ @ (Uyw), D(@)} du(w). (15)

And let the decomposition of the restriction of w, to the abelian compact group
R be,

(U, Do} = 22D {exp V' —1k0), HY} .

This gives also the eigen expansion with respect to Hgz(w,). By reason of ¢)
and d), the vector v in HY such that

F-v=0, 1.6)

must belong to the space $(Di) of an irreducible component in the decom-
position which is equivalent to the representation D;. This situation
admits us to find discrete components of the decomposition and Clebsch-
Gordan coefficients of these representations in §2. (Cf. L. Pukanszky Th.
1, Cor. A and Cor. B))

g) About definitions and elementary properties of Kronecker products of
two unitary representations, we refer the reader to J. Dixmier’s book [6].
And here we remark only a certain property, which is used in the following §.

Denote by H(w) one of the operators Hp(w), Hy(w) and Hy(w) for a unitary
representation w. Then the following equality is valid for any u in $(w,) and
v in H(w,):

H(w, @ 0,)(uQ@v) = (Hw)u) Qv+u @ Hw,)v) . 1.7
From the bilinearity of Kronecker product, the same equality is true, when
we substitute H by F* or F~.

§2. Clebsch-Gordan Coeflicients.

In this §, we prove two propositions (Prop. 1 and Prop. 2) about the
Clebsch-Gordan coefficients for the representations of G which are useful in
the following.

Let w,={U}, 9,}, w,={U} 9.} be two given irreducible representations of



320 N. TaTtsuuma

G. We take the complete orthonormal systems: {{{} = {{lw)}, {{F} = {{wy)},
in §,, 9, respectively, satisfying [(1.1) and [(1.Z) as in §1 d).

Let o, Qo,=w,={UQ $}. In Z)O, {Ck®C } constructs a complete ortho-
normal system, and from §1 g) and [(1.1)[1.2), -

I (o) (CE R EF)

=V EkE+D)—q(@,) L @ +ViG+D— (@) LR, 2.1)
F=~(wo) G QL)

= —Vk(k—D)—q(@) s @7 —Vi(G—D—q(@,) LLRLL - 2.2)

By virtue of §1 f), we decompose the space §, to the eigenspace H? of Hg(w,)
corresponding to the eigenvalue v/ —1's, and find the vector v, in H? such as
F-v,=0, then the vector v, is a lowest vector ¢, in $(D;) which is an irre-
ducible component of w, equivalent to the representation Dy in the irreducible
decomposition of w,.

Since the system {{;RC{ .}i is a complete orthonormal system in H;, we
can obtain the vector v, by determining coefficients a(s, k) in the equation

F(2als, QL) = 23

where £ runs over some set depending on w; and w,.

From and [(2.3),
2 als, B [—v k(k—1)—q(@)Ci-1 @ Lix

—V (=R (s—k—1)—g(0){ R {ie-11=0, 24

1.e.
— 2 Lals, r+DV(k+Dk—q(w,)

+a(s, V(=) (s—k—1)—q(w) 1@ LiLs-1=0. (25)

By the linear independency of {{iX{/ ..}, all the coefficients of left hand
must vanish, that is,

als, b+ (k+1Dk—q(@+as, OV (s—E)(s—k—1)—g(w,)=0. 2:6)

Under these notations, we get the following proposition.

PROPOSITION 1. [If w, is a representation D) of positive discrete series
and w,+ I, then non-zero vector v=c,) is determined up to constant c, for
) szm+tn (w,=D7), 2 m—nz=s>1/2) (@.=Dy), @) s>1/2) (w,=C) or
CM, and

a(s, k) =c(s, B)<{Ls, Lim, YR LLe> # 0, @2.7)
for any admissible k and s, for which the corresponding vectors {(m, k), {x
exist.
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Proor. We prove the proposition separately in each cases.
1) When w,= Dj, then the admissible pair. (%, s) must satisfy conditions:

k=m, and s—kz=n (k—m, s—k—n: integer) ,
i.e, in (24), k runs over the range:
s—n=zk=m, (k—m, s—m—n: integer) .
On the other hand, from (1.3), and (2.6),
a(s, k+1DvV k—m+1) (k+m)+als, )V (s—k—n)(s—k+n—1)=0. 2.8

At the end points of range of k, where k=m—1 or k=s—n, the coefficients
of a(s, m) and a(s, s—n) vanish, that is, (2.5) gives no condition. When % satis-
fies the inequalities s—n >k =m, the both coefficients of a(s, k), a(s, k+1) in
(2.8) are different from zero. This fact implies that if we give a non-zero
value of a(s, m), then all admissible a(s, k)’s, and therefore, the vectors vy's
are uniquely determined and are different from zero. So v, is determined up
to a constant factor. Therefore D;,®D;} contains D as an irreducible com-
ponent with multiplicity one, for the value of s such that

s=mtn (s—m—n: integer).
2) When w,=D,. The conditions for admissible pair (%, s) are that:
kE=m and s—k< —n (k—m, s—k-+n: integer),
i.e., in (24), k runs over the range:
k = Max (m, s-+n) (k—m, s—m-n: integer).

The equation to determine a(s, k) is the same as (2.8),

a(s, B+ DV (E—m+1D)(E+m)+a(s, )V (s—k—n)(s—k+n—1)=0. (2.9

When we consider the only end point of range of %, there are two cases.
a). If Max(m, s-+n)=s+n, and #m. For k=s+n—1, the coefficient of
Cim, s+n—1)RL%, in (25) is

—a(s, s+n)W(s+n—m)(s+n+m—1).

The condition to vanish this coefficient is evidently, that a(s, s+n)=0. And
for the case that k=s-4n, the coefficients of a(s, k+1) in (2.9) are not zero,
then all a(s, k) must be zero. This deduction results that if s>m—n, there
is no vector v, except zero, and D; don’t appear as a discrete summand of
D& Dy

b) If Max (m,s+n)=m (s—m-n:integer). When k=m—1, the coefficient
of the term a(s, m){(m, m—1)QR /., vanishes. So this term in (2.5) gives no
condition for the coefficient a(s,m). Since the coefficients of a(s, k) and
a(s, k+1) in (2.9) don’t vanish when 2=m (k—m: integer), we can determine
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all non-zero a(s, k) from arbitrary given non-zero a(s, m) inductively.
The Raabe’s test for convergence assures that the series

2 a(s, B)C(m, QT (als, m)+0),

gives a vector in H? only when
1/2<s=m—n (s—m-n: integer). (2.10)

That is to say, when s satisfles [(2.10), v; is determined, and Dy is contained as
a discrete summand of D}, & D, with multiplicity one.

3) When w,=C! (¢t=0 or 1/2), i.e.,, a representation of the continuous
series.

The only restriction for the index j in {{/} is that ¢—j is an integer.
Then the admissible pair (&, s) is obtained under the conditions, k=m (k—m,
s—k—t: integer). From the same reason as in the case of 2) b), any condition
for a(s, m) doesn’t rise from the end term of [2.5). It is easy to see that if we
give arbitrary value to a(s, m), then the other a(s, k)’s are uniquely determined,
and if a(s, m)+#0, then a(s, £)+#0 for (%, s) as above. We have to check the
convergence of the series

3 as, Bm, D@L

Raabe’s test shows that this summation converges for
s>1/2 (s—m—t: integer).
Then, for above s, v; is determined up to a constant factor, i.e., Dj is a com-
ponent with multiplicity one of Dj Qw,. q.e.d.
As it is shown in the proof of proposition 1, case 1), D}, & D;, contains
Dt as an irreducible component with multiplicity one. Hence we calculate
Clebsh-Gordan coefficients,

b(s, ) =<LA, 9, £A/2, k+Q1/2)QLA/2, s—k—(1/2))) .

And we obtain the following.
PROPOSITION 2.

(s, 0) _ <5, 9), 80/ UDRLA/2, s—(1/2)> _ 4 21D
bs, 1) T KEE, 9, L/2,3/D®LA/2, 5@y '

PROOF. Repeated applications of (1.1) lead us to the equality
(FHy=1E@) :HZIItZl Vit+1) ¢, s). (2.12)

On the other hand the calculation of eigenvalue with respect to Hz(w,) shows,
D= (CA/2REA/2), (2.13)

where ¢, is a constant with absolute value one. From (1.1),
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(FCA/)QLA/2)
= 3 smG(FDCA/H QU *1L/2)

s—1Zk=

= 2 Gl I NV (IA+A/2) A+G/2)+A/D) (2.14)

s—1Zk=

IV

x( 11 0\/(h+(1/2))(h+(3/2))+(1/4)) £QA/2, k+(1/2))

§—k—2ZhZ
RLA/2, s—k—(1/2)),
where k takes the integers.
2.12)~(2.14) give,

b(s, = T_~IFD e, mC T _~UH1/2) (+G/D)+A/5)

s—1ZtZ1

x(_ TV hF1/2) h+G/2)+ /) # 0, (2.15)
(S—‘-l g k g 0) ’

especially,

bs,0) _ v G—/2)G—G/2)+ A/ _
b(s, 1) s—1 ’

g.e.d.

§3. The main theorem.

Now we give some definitions and state our duality theorem.

Let £ be the totality of equivalence classes @ of irreducible unitary
representations of real unimodular group G of second order, and we choose a
fixed concrete representation w = {U,(w), D(w)} as a representative of the class
&. We consider the Kronecker products of these representations and its de-
composition into irreducible components. In other words, if w,, w, are two
irreducible unitary representations of G, then for any vectors u, v in $(w,),
H(w,) respectively, there is a measure g,,,,, on £ and a vector valued function
v(w) whose value at w is in $(w), such that

U @v= [ v@)dtta;,0,(@). @.1)
And for any g in G, the following equation has meaning and is valid:
U@ Ugnv = Uf@)v(@)dtto, ofw). 3.2)

We consider an operator field 7= {T(w)} over £, in which T(w) is a
bounded operator in H(w).

DEFINITION 1. An operator field T={T(w)} is called unitary if the all
T(w) are unitary.
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DEFINITION 2. An operator field T ={T(w)} is called admissible if the
following equality has meaning and is valid:

T @T(@v= | T(@)w(®) dfto,0(®), (33)

for arbitrary vectors u, v in w,), H(w,) respectively and the decomposition (3.1}
It is clear from that the operator field

U, ={U/w)} G4

is unitary and admissible for any fixed g in G.

Our main purpose in the paper is to prove the converse, i.e., let &t be the
totality of all admissible unitary operator fields, we define the product of two
elements T={T(®w)} and S={S(w)} in R, and the weakest topology in R
which makes (T(w)u,v) continuous for all w, u, v. Then the mapping ¢:
g— U, gives a homomorphism from G into R, and,

THEOREM. ¢ is an isomorphism onto R, i.e., we can identify G with R by
this mapping.

We prove this theorem in the following two steps I) and II).

I) At first we show that for given unitary admissible operator field
T={T(w)}, there is a unique element g in G such that

T(D})L(1/2) = U (Di)¢(1/2), (3.6)
where £(1/2) is the lowest vector in the space on which the irreducible repre-
sentation Dy, operates. (§4).

II) Secondary, in §5, we see if is satisfied then for any w in £ and
vector v in H(w),
T(w)yv = U, w)v. 3D

In the proof of I), it is shown that the topology of G coincides with the
weak topology of {U(D#){(1/2)} as a set of vectors in the space $(Df»).

§4. Fundamental vector. (The step 1)

In this section we treat the representations Dj, and D; only. So we denote
Dj ={U/D}), §(D)} by w;=1{Uf 9} simply.

DEFINITION 3. A normalized vector v in £, is called fundamental if v Qv
n 9, QD belongs to D, in the decomposition (3.1).

The lowest vector £(1/2) in £, is fundamental by (2.13). Moreover, for
any unitary admissible operator field T'={T(w)}, T(,){(1/2) is also a funda-
mental vector. In fact, from (2.13) and (3.3),

2) We can characterize the representations of discrete series using the law of
decomposition (3.1}, but we don’t state it here.
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T (@) A/2) Q@ T (0,:){1/2) = ¢ T (@){A) .
Since T'(w,;) makes the space 9, invariant in the decomposition [3.1), the right-
hand side of the above equality belongs to 9,.
Now we deduce a necessary condition that a vector v is fundamental. Let
v be a vector in 9,,, then v is expanded by the complete orthonomal system
{€1/2, k+(1/2)} of weight vectors in 9,,, as follows:
LEmmA 1. If

v= ,;()a’“C(I/Z’ k+(1/2), (k: integers)

is fundamental, then a, satisfies

c($)b(s, k) = ayas-y—y 4.1
for some c(s).
PrOOF. We have

vQv =2 aall/2, k+1/2)QL/2, I+1/2)
=2( 2 lsmaC1/2, k+A/2)QCA/2, s—k—(1/2)) .

8

This equality gives the decomposition of v&v to the sum of the eigenvectors

of Hp corresponding to the eigen value v/ —1s. Furthermore suppose v be
fundamental, then each components of v@v must belong to 9,, i.e.:

2 s C(/2, k+A/2)QCA/2, s—k—A/2) € D; .

s—12k=

Since the only eigenvector of Hy corresponding to v —1s in §, is of the form
()¢, s), we have

2 Gls-i-iCA/2, k+1/2)QCA/2, s—k—(1/2) = c(s)((, 3) -

s—1Zkz

On the other hand we have from (2.15),
c($HEA, s)= C(S)s‘l‘:‘kzob(s’ RLA/2, k+(1/2)QLA/2, s—k—(1/2)) .

And because of the linear independency, the corresponding coefficients in the
above equalities must be equal, that is,

c(s)b(s, k) = a,Qg—s—y , (b(s, B)=0). g.e.d.

Now we show the followings:

LEMMA 2. Let {a,}iz0o be a sequence of complex numbers satisfying the
next condition (C).

© If a4ya5-5,=0 for some Ry, then ayas_,=0 for any admissible k.

Under this assumption if a pair (hy, h,) such that a,, =0, and a,,# 0 exists,
then for all l=h,—h,, a;,=0.
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Proor. For s=hy, ap,a5-1, =0, the assumption gives aa,-,=0 for these
s and admissible 2. On the other hand a,,+0, so a,=0 for s—k=h,, i.e., for
b=s—hy,=h;—h,. q.e.d.

LEMMA 3. Under the same assumption as in lemma 2, if there is a term
ay, =0, then a,=0 for k=1.

Proor. If {a;}={0}, it is trivial, so we suppose for some h,, a,,#0. Let
h,=Min. {h: a, =0}, then from lemma 1, q,=0 for any 2= h,—h,. But by the
definition of A,, h,=0 follows. That is a,=0 for 2=1. q.e.d.

Now we apply these lemmas to the coefficients a, of a non-zero fundamental
vector :

V= kgoakC(l/z’ k+(1/2)) ’

then there are only two possibilities, one of which is

a,=0 for k=1,
and the other is
a,#0 for all k.
In the first case we have v =a,{(1/2).
In the latter case c(s) in (4.1) is not zero for all s, and this implies _that:
b(s, k—1)/b(s, k) = @41054/ Q105 4—y (52 k),
especially,

1=10(s, 0)/b(s, 1)=a,a,-,/a,05—,,
i.e,

as=1(a,/ay)’a,.

Therefore in this case we have the equality

v=a, 3 (a,/a)"C(1/2, k+(1/2)) .

k=20
Condition for convergence of this vector is
lay/a,l <1.
Denote
z=(a,/ay,),
then this condition can be written as follows:

lz|<1. 4.2)
And the equality

I=|viP=lal ZlzP*=]a,PA—|zP™,
k20
implies
la,| =A—]z ). “.3)
Conversely if we give a pair (a,, z) of complex numbers satisfying the

conditions [(4.2) and then
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v= aok‘éosz(l/Z, k-+(1/2))

is a fundamental vector. Consequently, all fundamental vectors correspond in

one-to-one way to a pair (a,, z) satisfying [(4.2), [4.3). It is evident that weak

topology of {v} in $ is stronger than the natural topology of {(a,, 2)} in CxC.
From the definition of a,

a(): <U) C(1/2)> 1
z=(a,/a0) =<, {(1/2,3/2)>/<v,L1/2)> .
In the remaining part of this paragraph, we show that arbitrary funda-
mental vector v is the form of U}?¢(1/2) for some g in G. For this purpose

it is sufficient to show that any pair (a,, z) satisfying [4.2) and is given
by a certain g in G as follows:

a,= a(g) = U1/2), £1/2)>, @4
z=z(g)=ULLA/2), L1/2,3/2)) /<ULLA/2), LA/2)) . 4.5)

This fact is verified by the calculations of the matrix elements of the operator

U}*. That is, the element g is written in the form 7(0)d°(t)r(¢), and in this
decomposition,

a(8) =< UrpyUasin UypnC(1/2), L1/2)>
=exp (V =1 (04+¢)/2) (Uanal1/2), 1/2)> ,

(UrpyUsonUre€(1/2), £A/2, 3/2))
(UripUnayUrC(1/2), £Q1/2)7

e (Unel/2), £0/2,3/2))
=exp (VL0 gt e DS

z2(g)=

where
2 <O L2, —n<p="m, 0<t<o0,

In this formula we can determine 6, ¢, ¢t independently. So if we show that
the values |z(d°(?))| cover the interval [0, 1), then [4.4), are proved. And
by reason of [(4.3), it is equivalent to show the range of |a4(d’(¥))| covers the
interval (0,1]. Now we shall calculate the matrix element

al(@) = UFA/2), LQA/2, k+1/2))) .
Clearly

a(r(@)gr(p)) =exp (v =1 (1+2k)0+¢)/2)a:i(g) . 4.6)

Considering the definition of Hp, H;, F~ and the relation F-(w,,){(1/2)=0,
we get

0=<KU*F~L1/2), L1/2, k+Q1/2)))
= U¥Hp+~ =1 H){(1/2), LA/2, k-+1/2))>
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= lim /DU WU o, —DEA/2), CQA/2, k+(1/2))
+v -1 hm Q78 <UL, —DEA/2), CA/2, k+(1/2)))

= (d/dD(U 35 ,5(1/2), EA/2, k+(1/2))3) i
+v —1(d/dE) (UL, LA/2), LA/2, BH-1/2))) |e= -
Put
F~(f(g)=(d/dt)(f (gd° ) |0+~ —1 (d/dE)(F(ZI°EN) lg=0 » @7

then the above equation is
F-(al(g)=0. 4.8

We solve the equations and [(4.8). From [4.6), it is enough to solve
the equation when g=4d°t,). Under this restriction, the first term in the
right-hand side of is ordinary derivation with respect to ¢. For the cal-
culation of the second term, decompose the element d°(¢,)[°(&) in G, as follows:

At =r(@d*Dr(p), (—r<o=mn).

In this decomposition, &, ¢, ¢ can be regarded as functions of £&. Differentiating
both sides with respect to &, we get

d*(to)(d/d&)(I°(§)) = ((d/ d&)r () d°(B)r ()

+1(0)(d/d§)d°W)r(p)+r(0)d° @) ((d/d)r(y))
Put £ =0, then 7(0)=r(p)=identity, and d°()=d°(,), so

@)1y To0)=@0/de)|_ (195 T de
ra/ad)| (M ) +aerad)|,_ w1y T
i.e.,
(12 o)=toran)| =ty ~1g%)aw
+arag)| (P ) +awran) (9, )
“4.9)
~@/39)|,_ (expryz %0 %)
+aad|_ (0 _yJ)+aeran (9 )
(4.9) means

(dt/d&)|e=e=0, (dO/d&)|e-q=1/sinht, (d¢/d&)|s-o= —coshi/sinhi.
By means of these equalities and [(4.6), reduces to



Duality theorem for the real unimodular group 329

F-(a(d°®))) = (d/dt)a(d’ @)+~ —1 {—(/—1 /2)(cosh #/sinh 1)

4/ =1 ((14-2k)/2 sinh £)}a,(d°(®)) = (d/dt)a(d(1))

+{(cosh t—(1-2k))/2 sinh ¢} a,(d*@®))=0.
That is, a,(d°(f)) must be equal to c;(cosh (¢/2))*!(sinh (¢/2))*, where ¢, is a
non-zero constant.

When £=0, put t=0, then ¢,=a,(d0)=|LA/2)|>*=1. If ¢ increases to

infinity, then a,(d°(?)) decreases to zero. So by the connectedness of {d°(#)} and
continuity of a,(d°(?)), the range of a,(d°(t)) covers the interval (0,1]. This

proves the existence of g in G corresponding to a fundamental vector v.
Next we consider the case 2=1. In this case,

a,(d*(#)) = c, (cosh (¢/2))* (sinh (¢/2)) ,
z(d°(})) = a,(d°(®))/ a,(d*(¥)) = ¢, sinh t/(cosh t+1),
i.e,
a,(8) = ay(r@)d"(Or(p) = exp (vV =1 (0+¢)/2)(1+cosh £)™2, (4.10)
2(8) = z(r(@)d*()r(p)) = exp (W —1 6) (1 4-cosh £)~1¢, sinh £ . 4.11)
The classical theory of non-euclidean space shows that and (4.11)
gives a homeomorphism between G and the set of pairs (a,(g), z(g)) in CxC.
That is, the topology of G is weaker than the weak topology of {UY((1/2)}
in 9,,. But it is evident from the continuity of the representation that the

latter topology is weaker than the former. Then the both topologies must
coincide.

§5. Determination of admissible operator field. (The step II.)

Now we proceed to the second step of the proof (cf. §3).
First we study the representations of positive discrete series.
LEMMA 4. Let T={T(w)} be a given unitary admissible operator field
and g in G, satisfying the relation
T(Dfi)l(/2) = UDi)C(1/2) , (6.1)
then for any n=m
T(D:)E(m, n)=Uy(D;){(m, n) . (%.2)
PrOOF. 1) Since the lowest vector in Dj}, & D;; is unique up to a constant
factor of absolute value one, we have

LA/ RQL0m) = c,'Cim~+-1/2)),  lenl=1.
By the induction on m, we get
T DMy =T (D) (Cmeanl(1/2) QL(m—1/2))
= Co—a1x{ T (DF2)EL/2) Q T (D312 (m—(1/2)) (5.3
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= Cm—t/(U(D3i2)E(1/2) @ U  Dieay2)E(m—(1/2))
= Uy (D:)E(m),
for all m. Therefore [(5.2) is true in the case of m =n.
ii) We define the subspace V, of $(D;) as follows:
Vi={v: UDi{)1/2) Qv € D(Drvam)} - 6.4
And for £ >1, we define inductively

Vi={v: U D)X/ Qv € 2 dDhss-am) vV for k>s=1}.  (5.5)

Then the dimension of V, is one for any k, and the vectors in V, are of the
form
v=c(R)UDHL(m, m+k—1), (5.6)

where ¢(k) is a complex number.
In fact, let the expansion of a vector v in V, be
v=3 a,UDRm, m+5),
in which {U,(D;){(m, m+j)}; is a complete orthonormal system in £(D.).
Then,
U (D) /2) Qv :j§ a; U (D) (/2 Q@ U (D)L (m, m+7j),

so the component of this vector in U, (D, Q@ Di)Hprsrays 18
U (Dii)C(1/2) @ (asU (D7)E(m, m+-s))
= a;Uy(Di, ® D7) (€A/2) QL(m, m+5)) .
Here, H,.s.15 1S the eigenspace of Hy corresponding to the eigenvalue

v =1 (m+s+(1/2) in H(Dy, QD) (cf. §1 and §2).
From the results of §2, the component of the vector U,(Df, R D)X (1/2)
R L(m, m+s)) in the space D(D;ssrqe) 1S

LA/ QE(m, m+-s), Lim-+s+A/2) > U (Dyrseam)em—+s+Q1/2)) # 0.
By the orthogonal relation of {U/(D;})H,}, we see that the vector U(D{,){(1/2)
Qv belongs to 222 @ Drs—am if and only if a;=0 for j =k, i.e,
kZs=1
v= 3 UDpE(m, m+s).

kE—1Zs20
By putting k=1, (5.6) is shown for V,.

On the other hand, from the last condition of (6.5), V; must be orthogonal
to all V, for k= s=1. The induction on % leads us to and this is equiv-
alent to the condition

dim V,=1.

It is easy to see that both T'(D}){(m, m+Ek) and Uy D;){(m, m-+Ek) belong
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to Vi and the induction on % leads us to the equality
T(Dy)E(m, n)=c(m, ULD)C(m, n), (nzm),

where ¢(m, n) is a non-zero constant depending on m and n. But this constant
is equal to one. In fact, we consider the vector

U (Dii)l1/2) QT (Da)l(m, n) =T (Di;)l(1/2) QT (Dm)l(m, 1)

=TWD{QDHEA/2)QLm, n), (6.7
where
L@, m=_ 3 <LA/DRLm, m), s, n+(L/2))
x{(s, n+(1/2)), (cf. §2).
Then

T D1, Q@ Dr) (/2 QL(m, n)
= 2 LW/DRLm, n), s, n+A/2)> T(DHL(, n+1/2) .

s=n v 1/2)
The left hand of is
U (D3)C(1/2) @ T(D7)E(m, n)
= c(m, MU (D3){(1/2) @ U (D)E(m, n)
= c(m, MU (Dyj, @ D) (CA/2) QL(m, n))
= c(m, n)sémﬁ(l/z) €A/ QL(m, n), L(s, n+(1/2))) Uy(D5)

X (s, n+(1/2)) .
By [(2.7), the comparison of coefficients of the term T(D},q)l(n+(1/2)),
which is equal to U,(D;,qwe)l(n+(1/2)) (cf. [5.3)), leads to

cim,n)=1, for all m and n. qg.e.d.

LEMMA 5. For a given unitary admissible operator field T = {T(w)} and
some g in G, suppose
TDHm, n)=UDpc(m, n),  for all m and n.
Then for any irreducible unitary representation w, we have

T(w)=U,/(w). (5.8)
I e,
T=U,. (5.9)
PrOOF. Any v in (w) can be expanded by the orthogonal basis {{,(w)}
of weight vectors, that is,

v= % arli(w) .
Consider the Kronecker product D;&Q w, then
Llm, W) @v = SaLm, MR L)
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The results of §2 show that for sufficiently large m, D;; Q® contains D; as a
discrete irreducible component and

(E(), Elm, Mm@ = 2@ (), L0m, M) QLilw)>

=5 <C(S>: C(m’ n) ®Cs-—n(w>> .
As ¢;=<L(s), {m, ) @Ls—n(@)) is not zero, so

s = (€)™ <L), Em, MV ) .
Putting
v="T(w)v,,
in this equality, we have
As—n= (€)™ CL(S), Lm, M) QT (@),
= ()™ L), T, @) (T (D7) *E(m, ) Qvo)>
= ()™ (T D)), (T (D) 1E(m, ) @ve) )
= (€)™ CUg=(DHECS), (Ug=1(DRE(m, 1) Qvo))
= ()™ L(S), Up(D, @ ) (Up—1(D)C(m, ) @vo) >
- (Cs)—l <C<S): C(Wl, T’L) ® Ug(w)vo> ’

from the assumption of admissibility of the operator field T. The right hand
of (5.10) is equal to the coefficient of U,(w)v,, that is to say,

T(@)v, = % arli(w) = U w)v, .
This proves and [(5.9). g.e.d.

The main theorem follows immediately from the results of §4 and lemmas
4 and 5.

(5.10)

Kyoto University
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