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§0. Introduction.

Mackey’s induced representation is one of the most fundamental concepts of
unitary representation theory of groups and has played a significant role also in
the recent development of representation theory of discrete groups. The author
[13], constructed new irreducible representations of the infinite symmetric
group by means of induced representations and discussed a relation to inde-
composable central characters or factor representations of type Il. Hirai [6],
has made a systematic approach to representations induced from infinite-dimen-
sional ones and obtained a fairly big family of irreducible representations of
infinite wreath products and the infinite symmetric group. Although the central
interest lies in the infinite symmetric group in those works mentioned above,
the basic idea of constructing irreducible representations established there covers
a large part of discrete groups.

The main purpose of this paper is to develop a study of induced repre-
sentations of an amalgam of discrete abelian groups. We shall construct irre-
ducible representations induced from maximal abelian subgroups and discuss
irreducible decompositions of the regular representation. Our discussion contains
a classical result on free groups due to Yoshizawa and its generalization
by Kawakami [9]. Moreover, analogous results for SL(2, Z) due to Saito
are fully reproduced within our framework. While, there have been consider-
able interests in harmonic analysis of free groups, free products and amalgams,
see [1], [2], [3], [5], [16], etc. Their discussions, being based on spectral
theory of random walks on graphs and spherical functions on groups, seem to
be independent of induced representations.

Let G=x,G; be an amalgam of discrete abelian groups G,, :=I, with the
commom subgroup Z being amalgamated. Note that Z bzcomes the center of
G. We assume that each free factor G, satisfies the condition
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Throughout a central role will be played by the set M.(G) of maximal abelian
subgroups H of G such that |H|=co. The following two properties of M..(G)
are essential to our goal:
(C) M.(G) is closed under conjugation;
(P) If H, K=M.(G) satisfy the condition that |H: HN\K| <o and |K: HNK]
< co, then H=K.
For each maximal abelian subgroup H=M..(G) we have:
(1) H is either conjugate to a free factor or a direct product of the center
Z and an infinite cyclic group;
(2) |Ne(H): H| <2, where Ng(H) stands for the normalizer of H;
(3) If H is conjugate to a free factor, then Ng(H)=H.
Accordingly, M..(G) is divided into two subclasses:

M G) = MEAG)UML(G) ,
where
MEG) = {H=EMA(G); Ne(H)=H},
MA(G) = {HEMLAG); | Ne(H): H| =2}.
Let HeMz(G) and put H=Zx<h). Then there exists an element z,=Z such

that ghg ‘=z, for all g&Ng(H)—H. We then come to the main results (see
also Theorems and B.9).

THEOREM A. Let G=x,G; be an amalgam of discrete abelian groups G,
i=1, satisfying (A). Let X and ¢ be one-dimensional representations of H=M.(G)
and KEM.(G), respectively. Then:

(1) Ind$X and Ind%¢ are mutually equivalent or disjoint. They are mutually
equivalent if and only if H=K? and X=¢?* for some g=G, where ¢* is a repre-
sentation of K#=g 'Kg defined as ¢*(g~'kg)=¢(k), RS K.

(2) If HEWML(G), then IndgX is irreducible.

(3) Assume HEWMZ(G) and put H=ZX<{h). Then Ind%X is irreducible if
and only if X(h)?*s=X(z,). If X(h)?*=X(z,), then Ind%X is decomposed into a direct
sum of two irreducible representations which are not mutually equivalent.

THEOREM B. Let G=x,G; be an amalgam of discrete abelian groups G,
i1, satisfying (A). For each HEM(G) we have

(regular representation of G) = S;?Ind,%%d%,

where IndGX is irreducible for almost all 1= H with respect to the Haar measure
dX. Moreover, if two maximal abelian subgroups in M(G) are not conjugate in
G, the corresponding irreducible decompositions are completely different.

A particularly interesting example of amalgams of discrete abelian groups
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is the group SL(2, Z) of 2X2 matrices of integers with determinant one. In
fact, SL(2, Z)=(Z/AZ )xz2/22(Z/6Z) is a classical result (see, e.g., Serre [18]).
In Saito dealt with representations of SL(2, Z). His construction of irre-
ducible representations is based on induced representations from Cartan sub-
groups and his motivation bears some resembrance to representation theory of
linear algebraic groups. However, it will turn out that Saito’s results are simple
consequences of our theorems. In other words, the fact that SL(2, Z) is an
amalgam of discrete abelian groups is essential to our goal. As a result, the
Cartan subgroups of SL(2, Z) are in coincidence with M..(SL(2, Z)).

The paper is organized as follows. In Section 1 we establish a general
criterion for irreducibility and mutual equivalence of induced representations of
discrete groups. We then derive some practical criteria and mention relationship
between known results and ours. In Section 2 we study structure of maximal
abelian subgroups of a free product of discrete groups. In Section 3 we give a
complete description of maximal abelian subgroups of an amalgam of discrete
abelian groups and prove the main theorems. In Section 4 the case of SL(2, Z)
is discussed. We determine all maximal abelian subgroups in terms of matrices
and see that Saito’s results are fully covered with our argument.

ACKNOWLEDGEMENTS. [ would like to express my gratitude to Prof. T.
Hirai for his numerous remarks which considerably improved this paper. I have
profited also from interesting conversation with Prof. K. Aomoto.

§1. Induced representations of discrete groups in general.

In this section we assemble and establish general results on induced repre-
sentations of discrete groups. Let G be a discrete group and simply by a repre-
sentation of ¢ we always mean a unitary representation on a Hilbert space. A
representation (z, W) of a subgroup H of G is denoted by (x; H)=(x, W; H).
Let ® be a family of irreducible representations of subgroups of G. We say
that H is a underlving subgroup of R if it contains a representation of H. The
main purpose of this section is to establish criteria for irreducibility and mutual
equivalence of representations in R={Ind%x; (z; H)=R} in terms of K.

To this end we need an intertwining number theorem. The conjugate of a
representation (z, W; H) by g=G, denoted by (x%, W; H#), is a representation
of H¢#—=g 'Hg defined as =n%(g ‘hg)==n(h), h=H. For two representations
(my, Wyi; H) and (zm,, W,; K) we denote by J(z,, ,; H, K) the space of bounded
operators L= B(W,, W,) satisfying the following three conditions:

(1) L € Hompgx(m,, ), i.e., Lw,(h) = n,(h)L for all he HN\K;
(X2) there exists a constant M >0 such that
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2 Lmhwlky, = Mllwly,, weW.;

heHNK\H

(33) there exists a constant M >0 such that

> KHL*m(k)vllfvléMHvll%Vz, veW,.

ke KNH\

With these notations we can state the following intertwining number theorem.

THEOREM 1.1. For any pair of representations (z,; H) and (my; K) it holds
that

dim Homg(Ind% =y, Indéz.) = > dim Xz, =f; H, K9).
gEKN\G/H

This useful formula is direct from known results, see Mackey and
Hirai [6, §1]. As usual, the normalizer of H is defined as N(H)=N(H)=
{g=G; H=H?}.

THEOREM 1.2. Let R be a family of irreducible representations of subgroups
of a discrete group G. Suppose that R satisfles the following tiwo hypotheses:

(H1) $R is closed under conjugation, i.e., if (x; H)Y=R and g=G, then (n¢; H®)
=R
H2) NXMmy, =y H, K)={0} for any pair (w,; H)ER, (r,; K)=R with H+ K.
Then :
(1) For any pair (x,; HY=HR and (z,; K)ER,
dim Home(Ind§x,, Ind%z,) = #{g=K\G/H; H=K%, =m,=x$}.

(2)  Any two representations in R are mutually equivalent ov disjoint.

(3) Let (zy; HYeR and (my; K)ER., Then Ind$m,=Ind%xz, if and only if
(my: H) and (m,; K) are conjugate, i.e., H=K?* and =,=n§ for some g=G.

(4) For any (z; H)ER,

dim Homg(Ind$z, Ind$n) = #{geNg(H)/H; n=x¢}.
In particular, Ind§r is irreducible if and only if @ and =% are not equivalent for

any g= Ng(H)—H.

PrROOF. (1) Let g=G satisfies the condition that dim (=, =§; H, K&)>0.
Then H=K?# by the hypotheses (H1) and (H2). Moreover, in view of the de-
finition of J(=,, w&; H, K#), we have

Sz, wf; H, K¢) = Homg.ge(m,, 7§) = Hompy(z,, 7§).

Since both =, and =¢ are irreducible representations of H, we see that
dim3(rx,, 74; H, K4)=1 and =, ==f. It then follows from that
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dim Homg(Ind§ xy, Ind%n,) = 3 dim Sz, of; H, K¢)
EEK\G/H

= #{geK\G/H; dmJI(x,, n§; H, K#)>0}
= #{geK\G/H; H=K¢?, 7,=nrf}.

(2) Let (m,; H)Ye% and (z,; K)ER, and assume that Ind$z, and Ind$%x, are
not disjoint. Then, dim Homg(Ind% =, Ind%x,)>0. By (1) there exists some g=G
such that H=K¢ and =,~r§, and therefore Ind%r,=Ind%x.,.

(3) Suppose that Ind§ 7, =Ind%z,. Then, in particular, they are not dis-
joint. In view of the argument of (2) we conclude that H=K#¢ and =n,=nxf for

some g<G. The converse assertion is obvious.
(4) Immediate from (1). Q.E.D.

REMARK ON THEOREM 1.2(4). If dim Homg(Ind% =, Ind%r)<<co, we have a
more presice result, namely, the intertwining algebra Homg(Ind%r, Ind§x) is
isomorphic to the group algebra C[W(x)/H], where W(m)={g=Ns(H); n=x%}.

Noticeably, is quite useful in constructing irreducible repre-
sentations of discrete groups. For example, Hirai’s somewhat complex argu-
ment in the first half of can be clarified with our result. Moreover, as is
seen below, many practical criteria for irreducibility and mutual equivalence of

induced representations are derived from [Theorem 1.2
For two subgroups H and K of G we write HA~K if |H: HNK|<c and

|K: HNK|<co. This becomes an equivalence relation among subgroups. For
a subgroup H of G put

QUH) = Que(H) = {g=eG; H~H*}.
Then Q¢(H) bscomes a subgroup of G satisfying HCNg(H)ZTQs(H). Following
Corwin [4] we call Q(H) the quasi-normalizer of H. For two subgroups H and
K of G we put

(K\G/H); = {g=K\G/H; H~K*}.

Clearly, (H\G/H);=H\Q(H)/H.

REMARK. In some literature (e.g., Shimura [19, Chap. 3]) two subgroups
H and K with H~K are called commensurable and Q(H) the commensurator of
H. The purpose is, however, quite different from ours.

PROPOSITION 1.3. If two representations (m,; H) and (m,; K) satisfy the

condition
(P Xz, =¢; H, K¢) = {0} for any g G such that H* K,

then it holds that

dim Hom¢(Ind$, 7., Ind%z.) = > dim Hom g~ xe(m,, w8).
EE(KN\G/H) ¢
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Conversely, if this identity holds and is fintie, the condition (F) holds.

PRrROOF. It follows from that
dim Homgs(Ind$ 7y, Ind$z) = 2 dim Nz, z§; H, K9).
g=K\G/H

By assumption (F) the sum is taken over the subset of g K\G/H such that
H~KZ#, namely,

dim Homg(Ind% 7y, Ind$x,) = S dim3(z,, 7§ H, K9).
8E(K\G/H) f
We then need only to show that (=, 7€ ; H, K¢)=Hompy~xe(z,, 7%) for;all g=

(K\G/H);. Now suppose g=(K\G/H), and L=Hompg~ge(m,;, #§). Then,
2 | Lz(Wwlliy, = |H: HNKE[|[LIP|w]f, — weW,.

heHNK 8\I

This proves that L satisfies (JI2). Similarly L satisfies (J3), and therefore L&
My, 743 H, K#). The converse assertion is already clear. Q.E.D.

The importance of the condition (F) is illustrated by the next fact (cf.

Kleppner [10]).

LEMMA 1.4, Any pair of finite dimensional representations (z,, W,; H) and
(rs, Wo; K) satisfies the condition (F).

PROOF. Suppose that L=J(ry, ©§; H, K4), L+0. It suffices to show that
H~Kz#. By virtue of (J2) there exists a constant M >0 such that

2 Lxmwli, = Mlwlk,  weW,.

helINK8\H -

Making w run over a complete orthonormal basis for W,, we take the sum of
both sides to get
> Lm(Wghs = MdimW,.

heHNK 8\H

Hence,
|H: HNKé||L| s <= MdimW, < oo .

Similarly, using (J3), we get
|Ke: HNK?8|||L*|4s < M dimW, < oo .
Since L+0 we have H~K?2, Q.E.D.

Thus, irreducibility and mutual equivalence of representations induced from
finite dimensional ones may be discussed fully within our framework. In this

connection, see also [4], [10], [11], [14], etc.

We are now going back to a discussion about R. Let & be a family of
subgroups of G and consider the following two properties:
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(C) & is closed under conjugation of G ;

(P) for any two subgroups H and K in &, H~K & H=K.
As is seen in Section 3, these are concerned with irreducible decompositions of
the regular representation of G. The following two facts are easily verified.

LEMMA 1.5. If & satisfies (C) and (P), then Q(H)=N(H) for all H=®.

LEMMA 1.6. If every H=G satisfies the condition that Q(H)=H, then &
satisfies (P).

With these preparations we can derive a useful criterion for irreducibility
and mutual equivalence of representations in R={Ind%r; (z; H)=R}.

THEOREM 1.7. Let R be a family of irreducible representations of subgroups
of G. Assume that any two representations in R satisfy (F) and that the under-

lying subgroups satisfy (C) and (P). Then the same assertions as in Theorem 1.2
()-(4) hold.

ProoF. It can be proved, with no difficulty, that R*={(z%; H?);(z; H)
=R, g=G} satisfies the hypotheses (H1) and (H2). Q.E.D.

REMARK. The idea of dealing with a family of representations of subgroups
is due to Saito [17]. Recently, Hirai [6, §1] has modified Saito’s argument to
get a criterion covering a wider class of induced representations. Their results
are, however, simple consequences of Theorem 1.7.

§2. Maximal abelian subgroups of free products.

Given a family of discrete groups G, 7<1, let G=xG,; denote their free
product. Recall that each G; is called a free factor of G. We always assume
that G;+# {e} for all ;/=I. Each element g&<(G, g+#¢, may be written uniquely
in reduced expression, namely, as a product g=g, - g, where g,€G;,, g.+e,
inFla41. In that case r is called the length of g. By definition the length of
the unit element ¢ is zero. In this section we shall devote ourselves to a study
of maximal abelian subgroups of G=xG; where G,;, i1, is a discrete group.

We denote by M(A) the set of maximal abelian subgroups of a group A and
by M.(A) the subset of HEM(A) with | H|=oc0. Obviously, M.(G) satisfies (C),
namely, is closed under the conjugation of G. In this section we shall prove
the following three results.

THEOREM 2.1. Let H be an abelian subgroup of G=xG,;, H#*{e}. Then one
of the following two possibilities occurs:

(1) HNGI+{e} for some pair i1, y=G. In this case HCGY;

(i) HNGi={e} for all i=I and y=G. In this case H is an infinite cyclic
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group generated by an element which does not belong to any conjugate of any
free factor.

THEOREM 2.2. If every M(G;) satisfies the condition (P), so does M(G)=
M (xGy).

Obviously, if A is a finite group or an abelian group, M..(A) satisfies (P).

THEOREM 2.3. (1) If H=EMJ(G) is in a conjugate of a free facior, say,
HCGY, then Ne(H)=Ngr (H).

(2) If HEMG) s not in any conjugate of any free factor, ithen g®=e for
all geNg(H)—H and |Ng(H): H| <2.

We first recall the following

LEMMA 2.4 ([12, Corollary 4.1.6]). Let g, heG=xG; satisfy gh=hg. Then
etther both g and h are in the same conjugate of a free factov, or g and h are
both powers of the same element of G.

An element g=G is called cyclically reduced if its reduced expression is
given as g=g, - g», ¥=2, where g, and g, are from different free factors.
The next fact is useful.

LEMMA 2.5 ([12, Theorem 4.21). Every element g=G=xG, is conjugate to
an element of a free factor or a cyclically reduced element.

LEMMA 2.6. Let g and h be cyclically reduced elements of G=xG; with
reduced expressions g=g, -+ g,, h=h, - hs, r, s=2. Suppose that gP=h? with
b, q=1. Let d be the greatest common divisor of v and s. Then, pr=gys, d=2
and g, ga=h, - hq. Moreover, g=(g,--ga)"'* and h=(h,--- h,)*<.

PrROOF. By assumption, both sides of
p times g times
(v @) (gaee gr) = (ko ) o (B )

are reduced expressions, and hence pr=gs. Without loss of generality we may
assume that r=<s. Suppose 1=<7, j<r. Then, g;,=g; if there is an integer m
such that ;=mr4; (mods). For, in that case g;=h;,=g;. On the other hand,
if 7—/=0(mod d), we may find two integers m,, m, such that m,r+m,s=—i—j.
Then i=m,r4;5 (mods) and we get g;,~=g,. This proves that g=(g,--- go)"'%
Therefore g, --- gg=h, - hy and h=(h, --- hg)*<. Q.E.D.

The centralizer of g=G is denoted by Z(g)={h=G; gh=hg}.

LEMMA 2.7. Let g€G=xG; and g+e. Then:
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(1) If g=G;, then Z(g)CG,.

(2) If g is a cyclically reduced element, then Z(g)=<w), where w is a cycli-
cally reduced element of the smallest length such that g=w? for some p=1. This
w 1s uniquely determined.

(3) Z(g) is a subgroup of a conjugate of a free factor or is an infinite cyclic
group.

Proor. (1) is immediate by reduced expression. For (2) it suffices to show
the inclusion Z(g)c<{w). Let w—=w, - w,, r=2, be the reduced expression of
w and assume that g=w? with p=1. Take heZ(g), h+e. In view of
2.4, g and /i are powers of the same element, say, g=v%, h=1¥. We may
assume that ¢=1. Let v=v,--- v, be the reduced expression. Since g is a
cyclically reduced element, so is v. We now note that w?=g=v% With the
help of Lemma 2.6, taking the greatest common divisor d of » and s, we see
that w=(w, - w)"¢, v=>w, - ve)"¢ and w, --- wg=v, - v4. But it follows from
the assumption on w that d—=r. Hence, vedw) and h=1v7 €{w).

(3) follows directly from and the above results. Q.E.D.

LEMMA 2.8. Let reG=xG,. Then GN\Gi={e} unless i=j and y<G,.
PrROOF. Immediate by reduced expression. Q.E.D.
LEMMA 2.9, Let geG=xG,. If g'+e and g"<=G; for some n, then g=G,.

Proor. It follows from that Z(g")CG;. On the other hand,
geZ(g") is obvious. Hence g=G,. Q.E.D.

ProproOSITION 2.10. Let geG=xG; and g+e. Then one of the following two
possibilities occurs:

(1) Z(gNGi#{e} for some pair icl, yeG. In this case Z(g)ZGE.

(i) Z(gNGi={e} for all icl and y=G. In this case Z(g) is an infinite
cyclic group generated by an element which does not belong to any conjugate of
any free factor.

PROOF. Suppose that Z(g) is not a subgroup of any conjugate of any free
factor. It then follows from that Z(g) is an infinite cyclic group,
say, Z(g)=<{c>, ceG. Then by we have Z(g)NGi=/{e} for all ;=]
and y=G. In this case, ¢ is not in any conjugates of free factors. Q.E.D.

ProorF oF THEOREM 2.1. Take geH, g+e, and note that HC Z(g) since H

is abelian. We then need only to apply Proposition 2.10 to get the results.
Q.E.D.

LEMMA 2.11. Let g, heG=xG;. Assume that g is not in any conjugate of
any free factor. If g"=h" with some n+0, then g=h.
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PrROOF. By we may assume that g is a cyclically reduced ele-
ment. It then follows from Lemma 2.7 that Z(g)=<w) and g=w? with a
cyclically reduced element w. Obviously, Z(h")=Z(g")=Z(g)=<w). Hence

helw), say, h=w? Since wP"-=g"=h"=w?, we have p=¢g and therefore
g="h. Q.E.D.

We are now in a position to give the

PROOF OF THEOREM 2.2. We put G=xG,. Suppose that H, K M..(G) satisfy
the condition H~K. It is sufficient to show that H=K. Note that HNK+ {e},
for |H: HNK|<co and |H|=co. According to we consider two
cases for H.

(Case 1) Suppose that HCG?Y for some ;=] and yeG. Then {e}+=HNKC
GiNK. 1t follows from that KCGI. Thus both H and K are
maximal abelian subgroups of G! with the property H~K. By assumption
M.(G,) satisfies (P) and therefore H=K,

(Case 2) Assume that HNGi={e} for all 7=l and y=G and put H=<{c).
Since HNK+#{e}, K is not a subgroup of any conjugate of any free factor.
Therefore, K is also an infinite cyclic group and we put K=<{d). Since HNK
+{e}, we may write HNK={c?»={d?) with some p=1, g>=1. Then ¢?=d*%
Moreover,

? = d'd*d = d'¢Pd = (d'ed)? .

Since ¢ does not belong to any conjugate of any free factor, in view of Lemma
2.11 we have c¢=d '¢d. Consequently, {c, d> is an abelian group containing
both H and K. Since H and K are maximal, H=<{¢, d>=K. We have thus
proved (P) for M(G). Q.E.D.

PrROOF OF THEOREM 2.3. (1) For any g Ng(H) we have H¥#=HCGJ] and
HCGIe'N\Gr. In particular, G 'NGI={e}. It follows from that
g<GY, namely, Ng(H)CG}. In other words, NG(H):A/"Gg(Hl

(2) It follows from that H# is an infinite cyclic group, say,
H={c). For any g NsH) we have {¢)=H=H#¢={g 'cg>. Hence c=g'cg or
c=g 'c'g. In the former case {c¢, g> is an abelian group containing /. Then
g€ H, for H is a maximal abelian subgroup of G. In the latter case, observing
that

~-1,-1

c=g7cTlg =g g eg)g = g7veg’,
we have g?=c? for some p. Suppose first that p#0. Then,
¢? =gt =ggtgTt = gePgT = (geg ).

Recalling that ¢ is not in any conjugate of any free factor, we see from Lemma
2.11 that ¢=gcg~'. This implies contradiction, for ¢ '=gcg '=c¢. Hence g’=e.
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The action of Ng(H) on H induces a homomorphism a: Ng(H)—Aut(H).
Since H is a maximal abelian subgroup of G, we see that « induces an injective
homomorphism Ng(H)/H-Aut(H). On the other hand, it is evident that
[Aut(H)|=2. Consequently, |Ng(H): H| <2. Q.E.D.

For structure of each maximal abelian subgroup of free products we only
mention the following result.

PROPOSITION 2.12. Let G=xG; be a free product of abelian groups G;, i<l
If H is a maximal abelian subgroup of G, then H=Z(g) for any g€ H with g+e.
In particular, the maximal abelian subgroup of G containing g=G, g+e, is uni-
que and given by Z(g).

PRrROOF. Suppose HeM(G) and take g H, g+e¢. Obviously, HCZ(g). Then
we need only to show that Z{g) is abelian. But this is immediate from Prop-
osition 2.10 and the assumption that each free factor is abelian. Q.E.D.

COROLLARY 2.13. Let G be the same as in Proposition 2.12. For a maximal
abelian subgroup H of G one of the following lwo possibilities occurs:

(i) H s conjugate to a free factor G;;

(i) HNGi=A{e} for any i=l and y=G. In this case H is an infinite cyclic
group genevated by an element which does not belong to any conjugate of any
free factor.

§3. Induced representations of amalgams of discrete abelian groups.

Given discrete groups G;, i=I, we denote by G=x,G; their free product
with the common subgroup Z amalgamated. To avoid inessential argument we
always assume that G;Z for all i=l. We call such a group G an amalgam
for short. As in the case of free products, each G; is called a free factor of G.

Throughout this section we assume that every free factor G, is abelian.
(Later on we add one more assumption called (A).) Then, Z becomes the center
of G and there is a canonical isomorphism between G/Z and the free product
x(Gi/Z). Let 7 be the canonical projection from G onto G/Z.

We begin with the following

PROPOSITION 3.1. For a maximal abelian subgroup H of G=x,G; one of the
following two possibilities occurs:

(1) H s conjugate to a free factor;

(i) HNGI=Z for all i<l and y=G. In this case there exists an element
weH of infinite order such that H=ZX<w).
In any case H/Z is a maximal abelian subgroup of G/Z.
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PROOF. Since Z is the center of G, ZCH and therefore n(H)=H/Z =+ {=(e)}
is an abelian subgroup of G/Z=x(G;/Z). According to we con-
sider two possibilities for H/Z.

(Case 1) Suppose that H/ZC(G/Z)*"=G}/Z for some y=G and i<l
Then, HCG.. Since H is a maximal abelian subgroup, we have H=Gj. In
this case, obviously, H/Z is a maximal abelian subgroup of G/Z=x(G./Z).

(Case 2) Suppose that H/ZN\Gi/Z={xz(e)} for all i€l and 7=G, and put
H/Z={z(w)>. Obviously, H=z"YH/Z)=7Z\/<w). Since H is a maximal abelian
subgroup, w&Z. Moreover, ZN<w)y=/{e}. In fact, w?=Z implies that z(w)?
=7(e¢) and p=0. Therefore H admits a direct product decomposition H=2 X <{w>.
We next show that {z(w)> is a maximal abelian subgroup of G/Z. Since w(w)
does not belong to anv conjugate of any free factor of G/Z, an abelian group
containing {z(w)) should be an infinite cyclic group, say, {z(v)y. Then we have
ZXw>CTZ x> G. Since ZX<{w)y is a maximal abelian subgroup of G, it
coincides with Z x <> and hence <{z(v))=<m(w)). Q.E.D.

For structure of each maximal abelian subgroup of G=x,G; we only men-
tion the following fact. The proof is easy from [Proposition 2.12

PrROPOSITION 3.2. If H is a maximal abelian subgroup of G=x,G,, then
H=Z(g) for any g H—Z.

LEMMA 3.3. GN\Gi=Z unless i=j and 7=G,.
PrROOF. Immediate from Cemma 2.9 Q.E.D.

From now on we impose one more assumption on the amalgam G=x,G; of
discrete abelian groups. Let us assume

(AY |G Z| =0 if |G;|=0co.

For instance, an amalgam of finite abelian groups satisfies this condition. The
following two results are very important to our goal.

LEMMA 3.4. M(G) satisfies (C) and (P).

Proor. (C) is obvious. We shall prove (P). Let HEM.(G) and K=M(G)
satisfy the condition H~K. In view of [Proposition 3.1l we consider three cases:

(Case 1) Suppose that both H and K are conjugate to some free factors,
say, H=G} and K=Gj. By assumption, we have |G;: GyN\G¥ '|<c and
|G;: G,NGP [ <eo. Then we see from (A) that G:N\G¥ '#Z. Hence by
we have i=j and 07y 'eG,. Therefore, H=K.

(Case 2) Suppose that H is conjugate to a free factor, say, H=G?, and that
KNG}=Z forall jeland 6€G. Then HNK=Z and |G;: Z|=|H: HNK| < co.
But this is impossible due to the assumption (A).
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(Case 3) Suppose that HNGI=KNGi=Z for all 7€l and y=G. In view of
Proposition 3.1l we have H/Z~K/Z in G/Z. On the other hand, note that
M(G:/Z) satisfies (P) because G,/Z is abelian. It follows from
that M.(x(G;/Z)=M(G/Z) satisfies (P). Since both H/Z and K/Z are in
M.(G/Z) by [Proposition 3.1, we see that H/Z=K/Z, and therefore H=K. Q.E.D.

LEMMA 3.50. |NgH): H £2 for all HEM.(G).

PROOF. Suppose that HeM.(G). Then, by Proposition 3.1 and assumption
(A) we see that H/ZeWM(G/Z)=M(x(G;/Z)). It then follows from
2.3(2) that |Ng,,(H/Z): H/Z|<2. On the other hand, we have an obvious iso-
morphism

Ne(H)/H = N¢,2(H/2)/(H/Z) .

The assertion is then immediate. Q.E.D.

According to we put

MHG) = {HEM.(G); Ne(H)=H}
and
Mo(G) = {HEM(G); |Ne(H): H|=2}.

Then M(G)=MLH(G)UMZ(G). It follows from that if HeM(G) is
conjugate to a free factor, it belongs to ML(G). Suppose that HeMZ(G) and
put H=Zx<{h>. We see from that there exists an element z,&Z2
such that ghg '=z,h"! for all geNs(H)—H. This z, depends upon the choice
of i in the direct product decomposition of H.

THEOREM 3.6. Let G=x,G; be an amalgam of discrete abelian groups G,
satisfying (A). Let R be the collection of all irreducible representations of sub-
groups in M(G). Then:

(1) Any two representations in R={IndGx; X; H)eN} are mutually equi-
valent or disjoint.

(2) Let X; H)e® and (¢; K)eR. ThenIndGX=Ind%¢ if and only if H=K?*
and X=¢* for some g=G.

B) If HEME(G), then Ind%X is irreducible.

(4) Assume HEMZ(G) and put H=Z X<{h>. Then Ind§X is irreducible if and
only if X(h?=#X(z,). If X(h)?=X(z,), then Ind%X is decomposed into a direct sum
of two irreducible representations which are not mutually equivalent.

PrROOF. Note that only one-dimensional representations are irreducible ones
of subgroups in M.(G). Hence by virtue of Lemma 3.4, we see that % satisfies
all the conditions of Theorem 1.7. Therefore (1)-(2) follow directly from Theo-
rem 1.7 (2)-(3). Furthermore (3) follows from Theorem 1.7(4) because Q(H)=
N(H)=H for all HeML(G). We now prove (4). Suppose HeMz(G), namely,
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IN(H): H{=2. It follows from Theorem 1.7 (4) that Ind%X is reducible if and
only if dim Homg(Ind$X, Ind$X)=2. In this case, Ind%X is a direct sum of two
irreducible representations which are not mutually equivalent. On the other
hand, Ind§X is irreducible if and only if X¢+#X for all ge N(H)—H. Recall that
ghg™'=z,h~' for geN(H)—H. Then Xé(h)=X(ghg \)=X(z,)X(h~'). Hence X=X
if and only if X(h)*=X(z,). This completes the proof. Q.E.D.

Irreducible representations obtained in[Theorem 3.6 are relevant to irreduci-
ble decompositions of the regular representation of G. We first note the fol-
lowing

LEMMA 3.7. Let G be an arbitrary discrete group and H an abelian sub-
group of G. Then,

&2}

(regular representation of G) = g IndgXdx ,

o>

where H denotes the dual of H and dX the Haar measure of H. If Q(H)=H, the
above direct integral gives an irreducible decomposition. Moreover, two irre-
ducible decompositions obtained from such abelian subgroups are completely different
if and only if the abelian subgroups are not conjugate.

PrROOF. The first assertion is well known and easy to see by Fourier
transform on H. Note that H is a maximal abelian subgroup of G if Q(H)=H.

Then the statements on irreducible decompositions are direct from Theorem 1.7.
Q.E.D.

THEOREM 3.8. Let G=x,G; be an amalgam of discrete abelian groups G;
satisfying (A). For each HEWM.(G) we have

(regular representation of G) = SZInd%XdX ,

where Ind%X is irreducible for almost all XeH with respect to the Haar measure
dX. Movreover, if two maximal abelian subgroups in M.(G) are not conjugate, the
corresponding irreducible decompositions are completely different.

Proor. If HeML(G), the assertion is immediate from (2)(3)
and Cemma 3.7. Actually, in this case every IndgX is irreducible. If HeMz(G),
then Ind%X can be reducible for some X=H. But such ¥’s form a null set of
H with respect to the Haar measure dX. Q.E.D.

REMARK. In case of G being a free group the above result was shown by
Kawakami [9], see also Kajiwara [8]. In that case we have M(G)=M.(G)=
ME(G). While, using particular maximal abelian subgroup of a free group,
Yoshizawa showed this kind of diversity of irreducible decompositions of
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the regular representation in the initial stage of unitary representation theory.

§4. An example SL(2, Z).

One of the most interesting examples of amalgams of discrete groups is,
with no doubt, the group SL(2, Z) of all 22 matrices of integers with deter-
minant one. We put

0 1 11 1
":(—1 o>’ T:<—1 0/ é’:(o ?)

Then, Z/AZ={o), Z/6Z={rt> and Z/2Z={+e}. With these isomorphisms we
come to a classical result:

SL2, Z) = (Z/4Z )z,.2(Z/6Z) .

We therefore have the assertions in Theorems B.6 and for G=SL2, Z).
Moreover, the statement of [Theorem 3.6 (4) is equivalent to the following

(4’) Assume that HEMZ(G). Then Ind$X is irreducible if and only if X+1.
If X=X, then Ind$X is decomposed into a dirvect sum of two irreducible repre-
sentations which are not mutually equivalent.

We give a brief account of this fact. Recall that each H=ML(G) admits a direct
product decomposition H=Z x<h) and that there exists an element z,&Z such
that ghg '=2z,h"* for all g&Ns(H)—H. But we have z,=e due to the fact that
Tr(h)=Tr(h™?). The assertion (4’) is then immediate.

We shall investigate structure of a maximal abelian subgroup of G=SL(2, Z)
in terms of matrices. With the help of Jordan’s canonical form and
3.2 one may prove the following assertion easily.

LEMMA 4.1. Let g=G, g++e. Then a maximal abelian subgroup of G
containing g is unique and given by Z(g). Moreover, Z(g)=(Qg+Qe)N\SL(2, Z).

Given integers n,, ---, n,=Z, we denote by ((n,, ---, n;)) their greatest com-
mon divisor, namely, the integer d=0 such that n,Z4 - +n,Z=dZ.

b

. a
PROPOSITION 4.2. Given g:(c J

)EG, g te, we put

. a—d . g= b . —c

“{a—d, b0y PT{a=d, b oy T la=d, b, o)
D= Da, B, 7)=a>—487 .

[24

Then

r={(PT, B N RsE

Proor. Note first that
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A

and ((a—d, b, ¢)=z1. Changing parameters 4, #=@Q with p, ¢=Q by the formula:
{ P = (a+d)A+2p
q=~a—d, b, )4,
we obtain Qg-+®Qe={n(p, q); p, ¢=Q}, where

" _ ((p+aq)/2 Bq
k0= ("0 o eg)

In view of Lemma 4.1 we have Z(g)={h(p, q); p, ¢=Q}N\SL(2, Z). First sup-
pose that A(p, q)=SL(2, Z), p, q=Q. Then (p+aq)/2, Bq, —rg=Z, and therefore
», = Z since ((«, B8, 7))=1. Moreover, since
p*— Dy

4 )
(p, ¢) is an integral solution of the equation p*— Dg*=A4.

Conversely, suppose (p, ¢) to be an integral solution of the equation p*—Dg*
=4, 'Then, we have

(p+agp—aq) = p*—Dq*—4Byrq* = 41— Brq®) .
Since p+ag=p—aqg(mod 2), we conclude that h(p, ¢)=SL(2, Z). Q.E.D.

1 =deth(p, ¢) =

CoroLLARY 4.3. (1) If Tr(g)=0, then Z(g) is conjugate to {o).
(2) If |Trig)\=1, then Z(g) is conjugate to {r).

Proor. With the same notations as in [Proposition 4.2 we have
_ (a—d)*+4bc (a+d)X—4

~((a—d, b, o) (a—d, b, o))"

Hence |Tr(g)i=la+d|<2 if and only if D<0. In that case, Z(g) is a finite
group by [Proposition 4.2, On the other hand, it follows from Lemma 4.1 that
Z(g) is a maximal abelian group and from [Proposition 3.1 that it is conjugate

to a free factor. Consequently, Z(g) is conjugate to {¢)> or {z) according as
Tr(g)=0 or |Tr(g)|=1. Q.E.D.

D= a*—4py

We now give a parametrization of M, (G). Let H=M.(G) and take g=H,
g#+e. Then, by Lemma 4.1 we have H=Z(g). We keep to the same nota-
tion as in [Proposition 4.2, Note that D=D(a, 8, 7)=a*—4Br=0, otherwise H
becomes a finite group. Note also that D=0 or 1(mod4). Moreover, it is not
difficult to see that D can not be a positive square. Accordingly, we put

d={0sZ; 6=0, =0, 1 (mod 4)} —{12, 2, 3?, ---}

and
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- . (B )=1
/1 — {(a) 18’ T)CZ ’ az—-4ﬁr€A }
For (a, B8, 1)1 we put
(p+aq)/2 Bq P, qEZ \
Hla, B, 71)= ; .
@ 81 {( —7q (p—aq>/2> P*—Dla, B, r>42=4j

Then, H=Z(g)=H(a, B8, 1) by [Proposition 4.2 Conversely, note that H(a, 8, 7)
eM.(G) for all (a, B, 1)=A. In fact, the theory of Pell’s equation guarantees
the existence of a non-trivial integral solution of p*-—D(a, B, 1)¢*=4, see e.g.,
[20, § 33]. More precisely, let (py, q;) be its integral solution such that p,>0
and ¢,>0 are the smallest among the solutions. Let g,=h(p,, ¢q,) be the corre-
sponding matrix. Then, H(a, B8, 1)=2(g,)={=*e¢} x<g,>. In particular, H(a, §3,7)
=M.(G). The following assertion is now easy to see.

PROPOSITION 4.4. Let HEWM(G). Then, one of the following three possibilities
OCCUrs:

(1) |H|=4 and H is conjugate to {o);

(i) |H|{=6 and H is conjugate to {t);

(ili) |H|=c0 and H=H(a, B, 1) for some (a, B, 1)EA. In this case H={+e}
xX<g> for some g<=G.
Furthermore, WMo(G)={H(a, B8, 7); (a, B, VEA} and H(a, B, 7)=Ha', B, 7") if
and only if (a, B8, N)==(a', B', 1").

We have not obtained a brief description of conjugacy classes of M.(G).
Here we only mention a relation between M.(G) and quadratic forms (or real
quadratic number fields). For (a, 8, 7)1 we put

F 1= (o aﬁ/Z)'

Then by a direct calculation we have
LEMMA 4.5. H(a, B, 7) = {g€G;'gF(a, B, Ng=F(a, B, )}.

We say that F(a, B,7) and F(a’, B/, 1’) are equivalent if F(a’, B, 7")=
‘uF(a, B, 7)u for some u=G. The following result is then immediate.

PROPOSITION 4.6. H(a, 8, 1) and H(a’, B, 7') are conjugate in G if and only
if Fla, B8,7) and F(a’, B', ') are equivalent. In that case D(a, B, 7)=D(a’, B',7").

Given 64, we put

Aﬁ = {(a’ ﬂ; T)EA ’ D(Cl, ‘81 T):a}

Then, as is easily verified, 4;# @ and A=U;s=p4;. We therefore see from Prop-
osition 4.6 that there are countably infinite number of conjugacy classes of
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maximal abelian subgroups in MM.(G). Furthermore, it is noteworthy that the
number of conjugacy classes of maximal abelian subgroups H(a, j, 7), where
(a, B, 1) runs over A; >0, is equal to the class number of Q(+/3).

For ME(G) we only mention the following result. The proof is easy and
omitted.

PROPOSITION 4.7. Given H=H(a, B, 1)EM(G), consider

© (errrpe=s
xi+yz=—1.
Then:
(1) (E) admits no integral solution if and only if HEWML(G).
(2) (E) admits an integral solution (x, vy, z)EZ* if and only if HEMZG).

In this case NG(H):HU(;C y)H.
) If (a, B, V=, ie., a®*—4Br=0, then H(a, B, 1)=IMLG).

REMARK. In Saito determined all Cartan subgroups of SL(2, Z) with
a direct calculation of matrices. Comparing his discussion with [Proposition 4.4,
we see that the Cartan subgroups of SL(2, Z) are in coincidence with M. (SL(2, Z)).

It therefore turns out that the results of Theorems 8.6 and for G=SL(2, Z)
are equivalent to Saito’s ones [17, Theorems 4-77.
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