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Abstract. Two degenerate principal series of irreducible unitary representations
of an arbitrary non-compact unitary group U(p, q) are derived. These series are
determined by the eigenvalues of the first and second-order invariant operators,
which are shown to possess a discrete spectrum. The explicit form of the correspond-
ing harmonic functions is derived and the properties of the discrete representations
are discussed in detail. Moreover, in the Appendix, we derive the properties of the
corresponding degenerate representations of an arbitrary compact U (p) group.

1. Introduction

Irreducible unitary representations of semi-simple Lie groups can be
constructed in the Hilbert spaces# (X,) of the functions defined in a
domain X;, which is some homogeneous space of the type

X, =66, (L.L)

G; being a closed subgroup of G. In the case of the non-compact uni-
modular unitary groups S U (p, ¢) we can construct two classes of homo-
geneous spaces having a compact and non-compact stability group,
respectively. The first class contains the following symmetric Cartan
spaces (see [1], Chap. IX):

Table
X rank dimension of X
SU(n)/SO(n) n—1 %(n——l) (n + 2)
SU(2n)/Sp(n) n—1 (n—1)2n +1)
SU(p+ q)/SIU(p)xU(g)] min(p,q) 2pg
SU(p, 9/S[U(P)x U] min(p,q)  2pg

* On leave of absence from Institute of Nuclear Research, Warsaw, Poland.
** On leave of absence from Institute of Physics of the Czechoslovak Academy
of Sciences, Prague, Czechoslovakia.
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The spaces of the second class have been classified by RoSENFELD [2]
and FEpyENKO [3]. For our purposes the following spaces of this class
are important:

X s =SU(p, QISIUK, s) x Ulp—k,g—3)] p=k=0 (1.2)
g=s=0.

The key theorem, which relates the geometry of a homogeneous
space X to the properties of representations in the Hilbert space J# (X),
is the Gel'fand theorem [4]. It states that the number of invariant
differential operators whose eigenvalues determine the irreducible
unitary representations realized in 5 (X) is equal to the rank of the sym-
metric space X (independently of the magnitude of the rank of the
group)®. If the rank of the space X is one, then the ring of invariant

operators in the enveloping algebra is generated by the so-called Laplace-
Beltrami operator?

A(X) = 5 0.6°(X) V17 % (13)
where g,5(X) is the metric tensor on the space X and § = det{g,s}. This
operator is equal to the second-order Casimir operator @, = g;,Z¢Z*
(Z; being the generators of ¢) of the group G with the condition that the
Riemannian metric tensor g, 4(X) on X is induced by the Cartan metric
tensor g, in the Lie algebra R of the group G (see [1] Chap. X, § 7).

In the present paper we consider the properties of the discrete
degenerate representations of an arbitrary non-compact unitary group
U (p, ) which are determined by the eigenvalues of the first and second-

order invariant operators J7 and A (X), where
»+a

M=} z, (1.4)
i=1

Z¢ being the generators of a Cartan subgroup of U (p,q). These represen-
tations are realized in the Hilbert spaces # (X2,") of functions defined in
the domains X%:¢ or X?:¢,

X2i=U(p,q)/U(p—1,9), X2=Ulp,9/U(p,q—1), (L5)
the dimension of the spaces X%:? being equal to 2 (p + ¢) — 1. It has been
shown by RosENFELD ([5], p. 621) that the group U (p, ¢) acts transitively
on these manifolds.

The full problem of the construction of the degenerate representations
of an arbitrary U (p, q) group is solved by the following steps:

(i) The construction of a convenient co-ordinate system on X, in
which the metric tensor g,5(X) is diagonal.

1 The rank of a symmetric space X is the number of independent invariants
of any pair of points z, y € X with respect to the action of ¢ on X.

2 If no other indication is given we shall employ the Einstein summation
convention.
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(i) The solution of the eigenvalue problem for the invariant operators:
A(X)Pi = AP (1.6)
n¥y = MPs . (1.7)

(iii) The proof of the irreducibility and unitarity of the representa-
tions related to the set of harmonic functions ¥¥;.

The properties of the discrete series of degenerate representations of
the non-compact U (p, ¢) groups are rather different if p = ¢ > 1 or if
p>gqg=1orp=q=1.1In Section 2 we give the solution of the problem
for p = ¢ >1, ie., the explicit form of harmonic functions and the
character of the spectra of 1 and M. The cases p >¢=1landp=¢=1
are studied in the same manner in Section 3. In Section 4 we give the
proof of irreducibility and unitarity of the representations so obtained,
while in Section 5 we discuss some of their more general properties.
Finally, the Appendix contains the derivation and discussion of the
properties of the corresponding degenerate irreducible unitary re-
presentations of an arbitrary compact U (p) group.

In a series of papers we shall give the solution of the following
problems:

I. The construction of the discrete degenerate representations of the
U(p, q) groups;

II. The construction of the continuous degenerate representations
of the U (p, ¢q) groups;

ITI. The derivation of the Gel’fand-Graev transforms [6] which are
related to the irreducible unitary representations of the U (p, q) groups;

IV. The decomposition of the direct product of two degenerate
representations of the U (p, ¢) group into irreducible components;

V. The construction of other series of degenerate irreducible repre-
sentations of the U (p, q) groups3.

Finally, let us mention that in the present paper we talk about a
representation of the U(p,q) group in a Hilbert space s# (X) although,
strictly speaking, we deal with a local representation determined on a
dense set in o7 (X). However, we shall show in Part IIT that from the
local irreducibility and unitarity the global irreducibility and unitarity
follow.

2. Discrete degenerate representations of the U(p, q) group (p = q > 1)

The set of harmonic functions which creates a basis for the representa-
tions under consideration is given by the set of simultaneous solutions of

3 In the present paper we consider the degenerate irreducible representations
of U (p, q) determined by two invariant numbers only. In Part V, we shall consider
degenerate representations of U(p, q) determined by more than two invariant
numbers.

17+
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the equations (1.6) and (1.7). To obtain an explicit solution of these
equations it is necessary to introduce a convenient model of the spaces
X?:9 and X%9, ie., a manifold which has the same dimension and the
same stability group as X%:¢ and on which the group U(p, q) acts
transitively.

The model of X%:2 can be realized by the hypersurface in the (p + g)-
dimensional complex space C?+¢ which is determined by the equation

PFL A4 22F2 4 v PR — P HIEPHl e _pptagpta— 4], (2.1)

Besides the space C?+¢ we shall also consider the flat Minkowski space
M2?7,24¢ defined by the relations

a?k~1 = Rezk 2k € OP+9; g2k~1 2% C 22,24

22k =Imz*r k=1,2,...p+q. 22)

The solution of the eigenvalue problem is considerably facilitated if a
system of co-ordinates is chosen such that the metric tensor g,5(X%:9)
on the hypersurface X?%:? induced by the metric tensor g,,(M?%?.29) on
M?7.2¢ jg diagonal. As it was shown in a previous paper [7], the so-called
biharmonic co-ordinate system turns out to be especially convenient for
this purpose. We shall construct it with the help of a recursion prescrip-
tion: first we construct the coordinate system for the compact sub-
manifold satisfying the equation

AZL 4 - 2P27 =1 (2.3)
which is a homogeneous manifold with respect to the action of the com-
pact subgroup U (p) of U(p, q). If we suppose that we have constructed
the coordinate system for 2", . . . 2"!, I < p, then the co-ordinate system
for the variables 2", . . . 2"+ is given by

Zi=2"sind't 0 ¢t 2 ¢=1,2,...1

2l = P gog P+l () < P g%, j=,2,...1. (24)

Therefore, putting 2! =e!#* for p =1 and applying successively the

procedure (2.4) we obtain the co-ordinate system for the manifold

determined by Eq. (2.3) for an arbitrary p =1, 2, ... . We shall denote
the corresponding set of angles by w = {¢!, ... ¢?, 92, ... 9%}

In the same way, the co-ordinate system for the variables

2P+l .. ., 2P %7 satisfying the equation
ZPHIZPHL oo g pptazpta — ] (2.5)
is also constructed. The corresponding set of angles will be denoted by
&={¢ ..., ¢, 52, ... ﬁq}. Finally, the complete co-ordinate system
on X% is created by
Z=z2'tchf) 1=1,2,...p

Z=2tsh l=p+1,...p+¢q 0=8<eo. (2-6)



Discrete Degenerate Representations of Non-Compact Unitary Groups 237

The metric tensor g,5(X?:9) on the space X%:7is given by

2(p+

Gup (X229 klZ y/cz(M“"“)a @Ot o, f=1,2,...2(p+q)—1. (2.7)

where 0,, x =1,2,...2(p + q¢) — 1 denotes partial differentiation with
respect to the angles ¢, @% ..., @2, @, ..., §% 92, ..., 97, 52, ..., 00
Consider first the equations (1.6) and (1.7) on the homogeneous space
X742, Using formulae (1.3) and (1.4) we find that the invariant operators
A(X2:7) and J (X?:9) can be expressed in terms of the biharmonic co-
ordinates in the following Way
1
ch2?-10 gh?¢-10 66
AX?)  AX9)
ch?0 sh?0

A(Xx_»#q)= ch2r-10 gh2e— 16—+

(2.8)

+

- = A .0
M, ,=M,+ M, M,,s—zké_\jl 5o _zzga—ﬁ’ (2.9)
where A(X?), M, and A(X9), i . are the invariant operators of the
compact unitary group U (p) and U (¢) respectively and X¢ = X9, The
eigenfunctions of the operators A(X?) and M, for an arbitrary U (p)
group are given explicitly in the Appendix.

If we represent the simultaneous eigenfunctions of the operators (2.8)
and (2.9) as a product of eigenfunctions of 4 (X?) and J, times eigen-
functions of A(X?) and M . times an unknown function v} 7 (6), we
obtain the following equation for v} 7 (0)

1
- e g b Ok

Jp(J +2P—2) Jq(Jq+2g_2) ~
- pchze + sh26 _}”] 517'“:0
where —J,(J, + 2p—2) and —J(J, + 2¢ — 2) are eigenvalues of the
operators A (X?) and A (X9) respectlvely, with J, and J, being certain
non-negative integers for p, ¢ > 1 (see Appendix).
The left-invariant Riemannian measure du(X?%:9) on the manifold
X% is given by
du(X79) = /§(X%:9) do dd do
= du(X?)d 5(X9) ch??-10 sh?2¢-16 df

(2.10)

(2.11)
where

dp(X?) = Hsmz" 399 cos 9° d9° I]d(p@

e=1

(X = Hsin20—35° cosd° dd° Hd¢e.

c=2 o=1

(2.12)
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As the eigenfunctions of the compact operators A (X?), M, and A (X9), Jig B
are square integrable with respect to the measure du(X?) and d i (X9),
respectively, the problem of finding discrete series of the degenerate
representations reduces to that of finding such solutions of equation (2.10)
which are square integrable with respect to the measure

dp(0) = ch??—10 sh?e-10 d6 (2.13)
which is induced by the measure (2.11).
The solution of (2.10) which is regular at § = 0 is given by
yh 5, (0) = th72f ch==0 x
~ i (2.14)

X o (W_ P+ 1}-% : jq +q; th20)

where a=p+g—1+)(p+¢—12—1>0. We obtain a square
integrable solution regular at 6 — oo if we impose the following condition
on the parameters of ,F;

1

o= Jp+a—2p+2)=—n (2.15)
where » is an arbitrary non-negative integer. From this condition we can
find that the discrete spectrum A of the operator A (X?%:9) is of the form
A=—L(L+2p+29—2) L=—({p+q¢+2,—(p+q +3,...(2.16)

where
L=Jp——..7q—2q—2n. (2.17)

Finally, the complete set of orthonormal square integrable functions
related to definite values of invariant numbers L and M is given by the
following formula

§ /7% AU N SR Toreod
Yoo i i, 0,0)= VT, 5 0) Yo (@Y E (@) (2.18)

where V}p, 7,(0) are solutions of equation (2.10) given by
Vf}p,fq(e) = ——V%—thf«e ch-(L+2p+20-2) 0 %

Jo—Jp+ L J,+J,+ L
2 2

>

v I (g Wy =T D—g+1) U, + O T (3 (=T + 1)+ 3)

20+ p+g— T30+ T+ D) +p+0—1) (0, +7,—1)

(see [8]). For definite L, condition (2.17) imposes now the following
restriction on J, and J,

Jy—J,=L+2¢+2n n=0,1,2,.... (2.20)
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The functions

Vo0 (@) = i I ém# [ sint- FoEd2
? =1 k=2

TR 2oy (2.21)

1

l
=M= My 1=1,2,.,p—1 = M

D

1
“kz—_(Mlc—Mk—1+Jk~1+k—2) k=2?"‘p
(2.22)
ﬂk—‘—Mlc My y—Jp1—k+2) Ji=M

»
N,= @) p I (J,+k—1)"*
k=2

are simultaneous eigenfunctions of the invariant operators A (Xi’) ,

and their form is derived in the Appendix. (The functions Y ]é M,, 9)
are obtained, naturally, only by an appropriate change of the cor-
responding symbols.) The integers M;, +=1,2,...p and the non-
negative integers J,, k=2,3,...p are restricted by the following
conditions:

1
[ My — My| + |My| = Ty — 2m, ny=0,1,...,5( (Jo— | M)
| My — M| + Ty = Jy— 2, ng=0,1,. % Jo— |My)) (2.23)
1
| My— Mg+ Jy3=J,—2n, ny=0,1,...,5 (J,— |M,])
' L
\My— My |+ Jpy=Jp—2n, n,=0,1,..., 2 — [ M,)) .

Analogous relations among the integers M, i = 1,2, . .. q and the non-
negative integers J,, k=2,3,...q are obtained from (2.23) by re-
placing M,, J,, n, and p by II,, J,, #, and q respectively.

As it is explained in the Appendix, it is sometimes convenient to pass
from the sets w, @ of angles to new sets Q, £ defined by

Q={f ¢ ... 47,9 ..., 0%

i Q= (B .. 0 (2.24)
where
¢ = gt — @i+ 1=1,2,...p—1
¢p= (P1+ (pz_’_ ceeogr (2.25)
$§=¢9’_¢5+1 1=12,...q—1

$q=¢1+¢2+...+q§q.
The general solution (2.18), (2.21) has already been written in terms
of these new variables.
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The closed linear envelope of functions (2.18) creates the Hilbert
space#’ Y (X2:9) of functions f(X) with the scalar product determined by
the measure (2.11):

(@, 2) = [ ¢(@) 7(x) dpu(X%7) . (2.26)

The space # § (X7:9) creates the represen’oa’mon space for the group
U (p, q) because for any generator Z, belonging to the Lie algebra of
U (p, ¢) and for any function ¢ € #% (X?:9) we have

4,Z)p=0, [M,Z]p=0. (2.27)

In Section 4 we prove that the representation related to the set of
harmonic functions (2.18) is irreducible and unitary. We shall denote
this series of representations by D% (X?:9) or briefly by D% (X,).

In a similar way, we obtain the corresponding series D (X2:9) of
discrete degenerate representations related to the homogeneous space
X?%:¢ given by expression (1.3). The corresponding set of harmonic
functions is obtained from (2.18) simply by replacing VL 3 (0) on the
right-hand side of (2.18) by V T, (0). Simultaneously the Yole of the
numbers J,, p and J,, ¢ is 1n'oerchanged in the formulae (2.11), (2.13) to
(2.17), (2.19) and (2.20). The representations D¥ (X?%:9) and D} (X2:9)
are non-equivalent, except for the case p=q, when both Hilbert spaces
coincide.

The structure of the Hilbert spaces 5% (X?:9) is very simple. As it
follows from the form of the harmonic functions (2.18), the whole Hilbert
space #4 can be represented as a direct sum of the form

o hod Iy *70

HHEX)= ¥ X b3 Y e
Jg=0 Jp=L+Jdg+2¢ Mp=—Jp My=—J,
(Jp—J¢—L even) (My + Jp even) (ﬂ, + J~,1 even) (2'28)
oA JPJ« (X.)0 y
M,My,+ My

Where%”LJpjﬂ (X ) is a subspace of H#% (X ) in which the irreducible

unitary represen’ca’olon of the maximal compact subgroup U( ) x Ulq)
determined by the invariant numbers J,, M, and J,, M, acts. The
formula (2.28) represents in fact the decompos1t10n of the representation
of the U (p, q) group determined by L and M with respect to the re-
presentations of its maximal compact subgroup. A similar formula holds
also for the decomposition of % (X_).

The structure of the Hilbert spaces#%; (X%:9) can be represented with
the help of a three-dimensional net with the co-ordinates J,, J, and M,
say (M,= M — M,), in which every knot represents one subspace

%LJ;;’« (X2:9) of % (X2:9). To construct the net in the case of the
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representation D} (X?:9) we use the following relations

Jp—J,=L+2¢+2n n=0,1,2,... (a)
M,=J,,J,—2,...,—J, (b) (2.29)
M= MMy = Jy—2, .. =, (©)

which follow from (2.20) and (2.23). These relations determine the set
of all possible values of J,, J, and M, for the given representation
D% (X7:9). An example can be seen in Fig. 1, which represents a section
through the three-dimensional net with M, = const.

%

Lt2g

g
Fig. 1. An M, = const section through the three-dimensional net representing admissible values of
Jps Jg and My in a given representation D3 (X%, p = ¢ > 1

In a similar way, also, the structure of the Hilbert space % (X7:9)
which corresponds to the representation D% (X?:9), can be represented.
The only difference lies in the fact that relation (2.29) (a) has to be
replaced by

Jo—J,=L+2p+2n n=01,2,.... (2.29) (a)
An example is given in Fig. 2, which represents a section through the
corresponding net with M, = const.

3. Discrete degenerate representations of the U (p, 1) group

In this case the homogeneous spaces creating the domains X%! of the
Hilbert spaces #%; (X?:1) have the form

X7t=U(p,)/Up—1,1) and X2l=U(p,1)/U(p) (3.1)

and can, again, be realized as the corresponding hypersurfaces given by
equation (2.1) for ¢ = 1. The co-ordinate systems on these manifolds are
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introduced in the same way as in Section 2 and also the invariant
operators A (X#1) and M, ,, are obtained from those defined in Section 2
simply by putting ¢ = 1.

Fig. 2. An M, = const section through the three-dimensional net representing admissible values of
Jp» Jg and M, in a given representation Di7(X2%, p = ¢ > 1

The Laplace-Beltrami operator A(X%?'), p > 1 has now the form
A =

_ 1 K2 A7 1 @ (32)
= T ch2*-19sho 20 ch?§ ~ sh*0 (9¢)®

The essential difference from the previous case lies in the fact that the

ch2r-16 sh@% +

2
invariant second-order operator-(aaw of the U (1) subgroup has eigen-

values — I3 with J7, an arbitrary integer. The set of differential equa-
tions for the representations on the manifold X2:! is obtained from the
set of equations (1.6), (1.7) by using (3.2) and

M, =1, —i % .
By the same procedure as before we reduce the eigenvalue problem of the
operator (3.2) to the problem of finding the solution of the following
equation

1 d _ d  JJ,+2p—2) M
(“ d1gshg @6 7 0shl G5 — oh*d T 6 “’1) 3.3)
X Y11, (0) = 0.
The solution of (3.3) which is square integrable in the interval
0 € (0, co) with respect to the measure

du(6) = ch2r-16 sh0 d0







