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Introduction

0-1. Let G be PSL(2, R) and let I" (CG) be a Fuchsian group of the
first kind. In [Sel], a zetafunction Z.(s) was introduced and proved to
have many important properties which resemble those of usual L-functions,
such as Euler product, functional equation, and analogue of Riemann
Hypothesis. This function, now called with the name of Selberg, is gener-
alized to any discrete subgroup I” of a semi-simple Lie group of R-rank
one, when G/I" is compact by Gangolli [Gan], and later by Gangolli-
Warner [G-W] to the case when G/I" has a finite volume. Meanwhile,
an analogue of Z.(s) was introduced by Ihara [I-1], for a cocompact
torsion-free discrete subgroup I" of PSL(2, K) or PL(2, K), where K is a
p-adic field. Especially it was shown that Thara’s zeta function Z (u) is a
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rational function of the indeterminate u. This result is based on a remark-
able structure theorem of such I', which in particular asserts that it is a
free group with explicitly constructible basis (i.e. minimal set of generators).

0-2. In this paper, we shall extend Ihara’s results to the case when
G is a semi-simple algebraic group over a p-adic field K-and I is a discrete
subgroup of G such that G/I" is compact, under the assumption that G has
K-rank one, and that it has an affine Tits system (G, B, N, S). In this case,
S consists of two elements, say, s;, 5,, and Bruhat-Tits’ building X at-
tached to (G, B, N, S) is a tree with two distinct kinds of vertices ([T-1, 2]).
It is known that I” acts on X freely and that I” is again a free group ([Ser-1]).
As in Thara [I-1], our zetafunction Z(u; p) is defined, for an n-dimensional
unitary representation p of I”, by the infinite (formal) product

0.1) Z(u; p):= (H det{Z, — p(rutestrir}~

rir
where the product is taken over the set of “primitive hyperbolic” I'-con-
jugacy classes {r}r, and its degree is defined as follows. Recall that U,=
BU Bs,B, U,=BU Bs,B are the subgroups of G which contain B properly
and which represent the G-conjugacy classes of the maximal (open) com-
pact subgroups. We define the length function /: G—NU {0} by

0.2) l(@)=mé&=g e G,:=Us;sy"U,,
and put
(0.3) deg{r},:=Min /(x~'rx).

z€G

0-3. To state our main result, put
q;:=4#(B\Bs;B) and h,:=4(U\G/T) (i=1,2).

It follows from our assumption on the compactness of G/I" that 4, (the
class number of I" with respect to U,) is finite. Let 5#(G, U,) be the Hecke
algebra of the pair (G, U,), and let 4, , be the following matrix given by
the Brandt representation of (G, U,) attached to p:

(0.4) A, ,:=(a,;) e M(nh,, C), with a,,=3", p(7),
7
where the last sum is taken over the set I' N x;'Gyx;, {x, (1<i<h,)} being

a complete set of representatives of U\G/I". See the text (§ 7) for another
interpretation of 4, ,. The purpose of this paper is to prove the following:

Theorem (0.5). Let the notation and assumptions be as above. Then
I is a free group of rank r=q.h,—h,+1 (=q,h,—h,+1), and we have
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(06) Zr(u; p)',l,_—_( _u)”('f—l)(l_l__qzu)n(ha—hl)
Xdet{ ﬂhl—(Al,p—q2+1)u'+q1q2u2}'

Let p=1 be the trivial representation, and put Z(u)=Z(u; 1). Combining
the above result and that of Garland [Gar] (see also [Cas]), we get an
information on the spectral decomposition of L*G/I"), which was first
found by Ihara [I-1] for G=PSL,(K):

Corollary (0.7). We have the following equality

— Res _d— log Z {u)=r = the multiplicity of the Steinberg
1 du representation in L*(G/I").

There are at least three different ways to prove the above theorem.
The first, which is based on the combinatorial argument on the structure
of I, is a reformulation of the ideas of Ihara [I-1] in terms of the Tits
system. We shall describe this proof in some detail. The second proof,
which uses the graph-theoretic interpretation of the I'-conjugacy classes,
will be sketched briefly. The third method, which uses the Selberg’s
original idea of trace formula, is not complete yet. It would be an inter-
esting problem to give an interpretation of our results and some questions
arising therefrom, in terms of the spectral decomposition of L%G/I"). This
will be treated in the subsequent paper [Ha].

0-4. As a matter of fact, our zetafunction Z(u; p) can be defined for
subgropus I” of a much wider class of groups G; and the above theorem
holds in such general setting. In the Appendix, we shall study the class
of groups for which the whole procedure of the evaluation of Z (u; p)
developed in this paper can be applied without any change of notation.

Throughout the following, for any set .S, #(S) will denote its cardinal
number. For any ring 4 and a positive integer n, M (n, A) will denote the
ring of all n by n matrices whose entries are elements of A. The symbol
[x] (x e R) will be the largest integer n such that n<x.

§1. Groups with axiom (G, [, I), (G, [, II)
Let G be an abstract group. Assume that we are given a map
[:G—> NU{0}

called the length, satisfying the following conditions (G, /, I), (G, /, 1I),
where G, denotes the set of all elements of G with length / (/=0,1,2, . ..)
and U:=G,.
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(G,1,I) For any I, G, is non-empty, U is a subgroup of G, and
Gi'=G,, UG,U=G, #(U\G,)<oo.

According to this condition we can define the Hecke algebra s(G, U) with
respect to the pair (G, U) as in Shimura [Sh]. Since each G, is a union of
finite number of U-double cosets, it can be considered as an element of
H(G, U) (by taking formal sum instead of disjoint union).

(G, LII) There exist two natural numbers q,, q, such that

1.1 Gi=G,+(q,— 1) G, +q,(q,+ 1)U
1.2) GG ,=G,,,+(¢,—1)G,+49.9.G,., 2L,

where the products G2, G,G, are taken in #(G, U).

From this it follows immediately that

(1.3) BU\G)=(99)' "a:(q,+1)  for 1L

The class of groups satisfying our axiom (G, /, I), (G, /, II) has been
studied in Appendix. Here we collect some of the results. The proofs are
given in Appendix. Let Q:={w,; 1<j<t:=¢,(1+4¢,)} be a complete set
of representatives of U\G,. Then one has the following

Lemma (1.4).

(i) For each v e Q, there is a unique p e 2 such that pow e U.
(ii) Foreachwe R, #{peQ2; pwe G}=qg,—1.

(iii) For all other p e 2, one has pw € G,.

Lemma (1.5). Any element g e G is expressed as a product
E=UW; Wy, - - Wy, e, By =05 Wy, € 2),

for which one has 1(g)<1, with equality if and only if g ¢ G,. Moreover, the
last condition is equivalent to

(%) 0;,0;,,.,€G  forn=1,2,-.., -1
Lemma (1.6). Suppose that x,y, z € G,.
(i) IfxyeG,andyze G, then xyze G, (i=0, 1, 2).

(i) IfxyeG,and yze G, then xyz e G,,, (i=0, 1, 2).

Corollary (1.7). Suppose that x=x,x,-+-%x, € G,, and y=y,y,- -+
V. € G, are (free) products of x,, + -+, X, € G, V1, + -+, ¥, € G, respectively.
If x,,y, € G, then one has I(xy)=m-+n—1, and vice versa.
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These results have simple interpretations in terms of trees (cf. Ap-
pendix). We now describe it briefly. Recall first the following:

Definition (1.8). Let g,, g, be two positive integers. By a semi-
regular bipartite tree of valency (g,41, g,41), we mean a connected
tree X(q,, ¢,)=(V,, V;; E) whose set of vertices is a disjoint union of two
subsets V;, V,, and each vertex Pe V, (resp. Q e V) is adjacent exactly
to g,+1 (resp. g,-+-1) vertices of V, (resp. V) (see Fig. 1 in §2).

Let V, be the coset space U\G, on which G acts by the right multipli-
cation. For each P=Uxe V,, the set V(P;2) consisting of the points
Q= Uy such that /(xy~")=1 has the cardinality #=g,(1 +¢,)(=independent
of P), as one sees immediately from (G, /, I) and (1.3).

Lemma (1.9). The set V(P; 2) is divided into a disjoint union of q,+1
subset E(P) (0< j<gq,); and for any two distinct points Q="Uy, R="Uz of
E(P), one has I(yz~")=1.

Proof. See Appendix Lemma (10.9).

Now we consider the (disjoint) union E* of all pairs (P, E,(P)),
PeV;:

)

(1.10) Ex:= | UJ(P, E(P))

PeVyj

il

One can regard E* as a fibre space over V,, whose fibre over the point P
is a set of g,+1 subsets E,(P). This fibre space structure is compatible
with the action of G. On the other hand one can introduce an equivalence
relation on E*:

(L11) (P, E(P)=(Q, ELDN< E(P)U{P}=E(Q)U{Q}.

One can denote the equivalence class of (P, E,(P)) by the g,+1 points set
E(P)U{P}. Note that each set E,(P)U{P} also has the same property
as in the Lemma (1.9). Call V, the set of equivalence classes: V,:=E*/~.
Now we define a bipartite graph X, whose set of vertices consists of the
disjoint union of ¥, and V;; and we require that two vertices P e V, and
E, e V, are ajacent (i.e., joined by an edge e=[P, E|]) iff P ¢ E,. Itis not
difficult to see that X is a semi-regular bipartite tree of valency (g,4-1,
g,+1). Moreover, the action of G is naturally extended to X, in such
a way that is transitive on ¥,. This gives the first half of the following:
(cf. Theorem (11.10))

Theorem (1.12). Let q,, q, be the given positive integers. There exists
a bijection between the following objects :
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(i) The group G with length function which satisfy the axiom (G, I, 1),
(G, L, 1I).

(ii) The groups G which acts on the semiregular bipartite tree X(q,, q,),
of valency (q,+1, q,+1), whose action is transitive on the first
set V, of its vertices.

Moreover, one can identify the coset space U\G and the set V,; the length
Sfunction I on U\G is then equal to the half of the distance dy defined by the
tree X(q,, q,): [(Ux, Uy)=dx(Ux, Uy)/2.

Note that we are assuming that G acts on X(gq,, ¢,) from the right, so
that on ¥;~U\G, the action of G is that of the right multiplication. Let
P, ¢ V, be the distinguished point which is corresponding to U. Then one
has

(1.13) g€ G, & dy(Py, Pg)=2l.

§2. Tits system and building

The most important class of groups G and the length function /, which
satisfy the conditions (G, I), (G,[,II) in the preceding paragraph, is
supplied by the socalled Tits system, or B-N pair. We shall review the
definition and some of the basic facts on Tits system that we need for our
study. Recall that a Tits system is a quadruplet (G, B, N, S) consisting of
a group G, subgroups B, N of G, and a subset S of W:=N/(BN N) which
satisfy the following conditions:

(T.1) BUN generates G and BN N is a normal subgroup of N.

(T.2) S consists of a finite number of elements of order 2, and W is

generated by them.

(T.3) sBwCBwBUBswB(se S, we W).

(T.4) For any s e S, we have sBsZ B.

In (T. 3) and (T. 4), expressions like sBw, BwB make sense since s, w are
defined modulo T:=NNBCB. The group W is called the Weyl group
of the Tits system.

Fact (2.1). (W, S) is a Coxeter system.

Fact (2.2). G=BWB, and the mapping w—BwB is a bijection of W
onto B\G/B (Bruhat decomposition).

For XCS, let W, be the subgroup of W generated by X. Put
Gy:=BW,B.

Fact (2.3). Gy is a subgroup of G and is generated by (_J,. y BsB.
Moreover, the assignment X—G is a bijection between the power set
of S and the set of subgroups of G containing B.
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Fact (2.4). Let (X)), is a family of subset of X; if X=(7), X, then
Gy=(); Gy, And we have Gy, CGy,if and only if X,CX.

We call Gy the standard parabolic subgroup of type X. It is known
that any subgroup containing B is of this type.
Now we assume, throughout this paper, that

(2.5 (i) S consists of two elements, say, s,, ,.
(ii) s.s, is of infinite order.

Then W={s,, 5,; si=s3==1> is isomorphic to the infinite dihedral group.
Let U,, U, be the standard parabolic subgroups corresponding to the sub-
sets {s,}, {s,} of S respectively:

(2.6) U,:=BU Bs,B, U,:=BU Bs,B.

Moreover, we assume that the cardinalities

@7 ¢i:=4(B\Bs,B) (i=1,2)
are finite. Then it follows immediately that
(2.8) 4B\U)=1+q, (i=1,2).

Let 5#(G, B) be the Hecke algebra of (G, B). By a result of Iwahori-
Matsumoto [I-M], we have

(2.9) H(G, B)y=Z|T,, T}],,
(non-commutative ring generated by T}, T)

with Bs,B—T,, Bs,B—T,, and with the fundamental relations

(2.10) T'=(q,—DTi+q, (i=1,2).

We have also the Hecke algebras s#(G, U,) for which we have
2.11) (G, U)y~Z[T] (i=1,2), with U;ss,U—>T.

Now we recover the length function /: G—>NU {0} as follows. First
we define /(w)(w e W) to be the number of s, in the reduced expression
of w. Then we put

(2.12) I(g)=1(w), if g € BwB.

It is immediate to see that the condition (G, /, I) is satisfied. Notice that
U=I!-'(0)=U,. 'We shall show that it also satisfy (G, [, ID).
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Lemma (2.13). Let w=ww,. . -w, (W, € S) be the reduced expression
of we W. Then one has

ﬁ(B\BwB):i[zII #(B\Bw,B).

Proof. See [I-M], and [Mac], Proposition (3.1.7). Q.E.D.
Lemma (2.14). As an element of #(G, B), we have
Gl =(1 + T1)T2(T1T2)l_l(1 + Tx) (l._>_ 1)~

The relations (1.1), (1.2) now follow easily from this and (2.10). Thus
we see that a Tits system of affine type of rank two, together with a choice
of one of its two generators in S, gives a group G satisfying (G, [, I),
(G, I, 10).

Next we review the Bruhat-Tits building X attached to the Tits
system (G, B, N, S) of affine type of rank two. By this assumption on the
rank, it is a tree described as follows. The set V of its vertices is a disjoint
union of ¥, and V,, each of which is in one-to-one correspondence with
U\G and U,\G respectively. The set E of its edges is in one-to-one cor-
respondence with B\G. Let ¢, : B\G—U,G be the natural projection (i=
1,2). Then two vertices P, Q are joined by a (non-oriented) edge e if and
only if P=g,(e), Q=g,(e), where we regard P, Q, e as elements of U,\G,
U\G, and B\G respectively.

One can describe it also as follows. First notice that the normalizer
of any parabolic subgroup of G coincides with itself. So one can identify
the cosets U,g in U,\G (resp. Bg in B\G) with the set of conjugates g-'U,g
(resp. g~'Bg) of the parabolic subgroups of each type. Then the two
vertices are adjacent (i.e., joined by an edge) if and only if the intersection
of the corresponding parabolic subgroups is a conjugate of B.

(2.15) Example. Py<«—> U, Q,«—U, e,«<—>B

=4, ¢=2

In the figure below, black vertices {@} and whife ones {0} correspond to
the conjugates {gU,g~'} and {gU,g~"} respectively. Each black vertex has
14-¢q, adjacent (white) vertices, and each white one has 1--¢g, adjacent
(black) vertices.

Let P, and Q, be, as in Fig-1, the adjacent pair of vertices corres-
ponding to U,, U, respectively. For the sake of simplicity, we identify ¥,
with U,\G, E with B\G, and denote them simply by V,, E respectively
(i=1,2).
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(Figure-1)

§ 3. P-adic algebraic groups

179

Let G be a semi-simple algebraic group defined over a local field K,
and assume that G has K-rank one and has an affine Tits system (G, B, N,
S). Note that the last condition is satisfied if G is simply connected. In
this case B is called the Iwahori subgroup. Let W be the (affine) Weyl
group of our Tits system. The assumption on the K-rank implies that our
Tits system has rank two, so that, writing S={s,, 5.}, all the conditions of

the preceding paragraph are satisfied.

3 Type simply connected groups d,, d,)
(1) 4, SL(2, K) 1,1
(2) C-BC, SU(S, L/K);|L:K]=2, L/K=ramified (0
(3) <%4,,., SL(2,D); D=K-simple div. algebra {d, d)

@z2 [D: K]=d"
(4) 24y SU(4, L/K); [L: K]1=2, L/K=unramified (3,3
(5) 24} SU(3, L/K); [L : K]=2, L/K=unramified (CAN))
(6) °C, Sp(3)=U(3, D); D=div. quaternion/K (3,2
(7)) G Sp(2)=U(2, D); D=div. quaternion/K (1,2)
(8) *C-B, SUg,,4, D/K);[L:K]=2, L/K=ramified 3,2
(9) *C-B, SU,,.,(3,D/K);|[L:K]=2, L/K=ramified 1,2
(10) *D, SUgew(4, D/K); [L : K]=2, L/K=unramified (1, 4)
(11) *D, SUgew(5, DIK); L=K®K 3, 4)

In (8)-(11), SUgkew(r, D/K) denotes the special unitary group of a quaternion
skew-hermitian form g(x) of rank r, with Witt index=1, and L denotes the center

of the even Clifford algebra of g(x).
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Fact (3.1). The two subgroups U,:=BU Bs,B (i=1, 2) form a re-
presentatives of the G-conjugacy classes of the maximal open compact
subgroups of G. .

Let g denote the cardinal number of the res1due field of K, i.e. O/p
~F,.

Fact (3.2). There are two positive integers d,, d, such that #(B\Bs,B)
=q% (=gq,, say, fori=1, 2).

According to the classification of Tits [T-2], there are 11 types of
simple and semi-simple groups over a local field K, up to the central iso-
geny, which have K-rank one. They are listed in the above table.

§4 Structure of the discrete subgroups I”

Let G be a group with a length function /: G—N U {0} satisfying the
axiom (G, L1I), (G,,II) in §1. And let I" be a subgroup of G which
satisfies:

,D I is torsion free, and I' N x~'Ux={1} for any x ¢ G.

7, 1D $(U\G/IN) < 0.
We put h:=#(U\G/I"), and denote by {x,, - - -, x,} a complete set of re-
presentatives in U\G/I", which is fixed once and for all. Thus we have
@.1) G=U) Ux,I" (disjoint).

j=1

Also put, for each /=1,2, --.:
4.2) SO:=I'Nx;'Gx; (1<i, j<h).

Note that (17, I), (I', II) imply that S$ are all finite set. One can easily
show, as in [I-1], that the mapping G ,—->(S D) defines a ring homomorphism
¢0: Z[G,;1=0,1,2, - - .]->M(h, Z[I']), where we identify the set S and
the formal sum of its elements in the group ring Z[I']. And one can show

h

4.3) 2 (8= Z#(S“)
= #(U\Gz)=(q1qz)“‘qz(1 +q) (=)

We shall denote S{} simply by S;;. From the assumption (G, /, II) and
the above remark, it follows that I‘ is generated by Ui jS“ More
precisely, one has : o

Lemma (4.4). Leti,j(1<i,j<h) be given. Then
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(i) T=UJS® (disjoint).
1=0

(ii) Each element 7 € S has a following expression

( *) V=04,04,4," *Oiy_y4 (0'¢k~;k+1 € S’lk'hﬁ_l; iy=1, i;=J).
with

2
(**) gik_likgikik+1 € S%]c)_xtk.g.l (k: 1: 29 Tty l'— 1)'

(iii) In the above expression, the indices (i,, iy, - - -, i,_,) and the ele-
ments o,,,,,, (0<k<I—1) are uniquely determined by v and (i, ).

Proof. (i) This follows trivially from G=x;'Gx;={J;,x7'G,x,
(disjoint). (ii) Let 7 be any element of S{¥. Then one sees that x,7x;' e
G,, so that from Lemma (1.5), there exists a unique expression of x,rx;*
of the following form:

XX =uw; 0, -0, @We U, 0;, -+, 0,;, e ),
with C @;,05,,,€G  forn=1,2, ..., 11
Put 8o =UW Wy - Wy X,
81i= 05,0y, -0y Xy,
gii=X,.
There exists a unique index 7, , such that g,_, e Ux,, I"; writing g, ;=

@ X, =V, 3%y, _04_y; (Vi1 € Uy 05,_,;€I'), one sees that o,,_; €S, ;.
Next let i,_, be the unique index such that g, _,a,, ;€ Ux,, ,I'; and write

g1 =0 0 X =V, Xy 0uy oy 10iy_y; Uia€ U0y yy 1),

One sees immediately that ¢;,_,;,_, € S;,_,;,_,- Repeating this procedure,
one gets an expression (x) of 7 as asserted. The condition (xx) follows
from the corresponding condition w;,0;,,, € G,, since one has

e y—1 -1 -1
Gik—likoikikﬂ"xik—1(vk—le1cwjlc+ka+1)xi7a+1 € F n xilc-—lexik+1'

(iii) The uniqueness follows easily from the above arguments.
Q.E.D.
Note that S;,=S;}. Let S be a subset of US,,—{1} such that US;;=

SUS-U{l}.

Corollary (4.5). The subgroup I' of G satisfying (I, 1), (I',11) is a
free group with free generators S.
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Proof. The fact that I" is a free group is proved in Appendix,
Corollary (10.12). Therefore our assertion follows immediately from
Lemm (4.4). Q.E.D.

However, in general, it is difficult to determine the set S explicitly, as
has been done in [I-1]. This is partly because the same element ¢ can
belong to many of the subsets §,.

Remark (4.6). Using the action of G on the tree X(q,, q,), the above
Lemma (4.4) can be interpreted as follows. We first note that

“.7 SP={rel;dy(Px,, Px)=2l} (P,=UeU\G),
and that, if we put P;:=Pyx, (1< j<h), then we have
4.8) Vi=J {P;; 1< j<h}r (disjoint).

ver

In particular, each point P ¢ ¥, determines uniquely the index i (1 <i<{h)
and 7 € I" such that P=Px,7.
Now for each 7e SH=I"Nx;'G,x,, one has dy(P,x,;, Pyx,1)=2l
Put Ry:=Pyx,I, R;:=Pyx,, and let
C(R07 R)=[Ry, Oy, R, @, Ry, - -+, Oy Rz]

be the geodesic path from R, to R, in X(q,, g,). Then each R, e V, de-
termines an index 7, (1<<i,<<h) and an element 7, € I". Now it is easy to
see that

T =0 _.p

Tz—z:Giz—ziz—laiz—lj’

10=04,000," * *Ogy_ypr

Lemma (4.9). For any element ¢ of S;; (1<i, j<h), one has

1 ...1=0
h
EZ=1 #{TGSM;TUGS,(CL} = qz._l P l:_—l
9q, - I=2.

Proof. Notethato e S;; (resp. ¢ € Sy,) is equivalent to dx(Pyx,0, Pyx,)
=2 (resp. dx(Pyx;, Pyx;v)=2). Now the set B:={R e V,; dy(Pyx,, R)=2}
is divided, according to its distance from P,x,0~*, into three disjoint sub-
sets: B=B,U B, U B,, with
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B,={ReV,; dx(R, Poxjg—l):ﬂ} (1=0,1,2).

From the above remark, it follows that if R e B, then R is expressed as
R=Px,c with 1<k<h, r e S{. Now the assertion follows from Lemma
(1.4). Q.E.D.

Figure-2

Finally we shall make the following observation.

Lemma (4.10). Let I' be a subgroup of G satisfying the conditions
(I',1), (I, II). Then one has:

(i) hy:=3q)h/(14+q,) is an integer.

(ii) The free rank r of I' is given by r=q.h—h,+1.

Proof. Consider the quotient graph Y= X(g,, ¢,)/I", for which one
has $(V.Y)=4#(V,/I)=h. Putting h,=4(V,Y)=4(V,/I"), one sees that
the number of edges in Y is (g, +1)A=(g,+1)h,, hence (i). To prove (ii),
one notes that the Euler characteristic of Y is

(4.11) 2(Y)=(h+h)—(q:+1)h
—dim H(I", R)—dim H'(T", R)

Remark (4.12). It would be interesting to interprete 4, and prove the
equality (i) combinatorially, without using the graph Y. In fact, using the
notation of (1.10), 4, is seen to be the number of the equivalence classes
E(P)U{P} modulo I'; and (i) can be proved by counting the cardinality
of E*/I" in two different ways.
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§5. I'-conjugacy classes of given degree

In this and the next sections, the notation and the assumptions will
be the same as in the previous sections. We begin with the same defini-
tion as in [I-1]:

Definition (5.1) For any /’-conjugacy class {1}, (v e I"), we put
deg{r}r:=Min I(x~'7x),
ZEG .

and call it the degree of {1}, or of 7.
Note that, from G=1J?_, Ux,I’, one has
(5.2) deg{r}pzsllgiﬁ {I; 6 S, & is I'-conjugate to 7}.
Now let 7 be an elen;ent of’S 4 and let |
T=010010" * G st @igigrr € Siyigers =0 =10).

be the expression as in Lemma (4.4). For the sake of simplicity, put ¢,,
=04 _yu, M=1,2, ---,1). Let k (1<k<{l/2]) be such that

i,=i,_, and g0,=1,
hh=i,_, and ¢, ,0,=1,

(53) MR
=14 and 01-110:=1,

leo1F 0 _goy O Gy 305,71,

Lemma (5.4). Let 7 e S satisfy the above condition. Then one has
(1 ) lfal—kak+1 € Sg)—k~1’lk+1 then deg{T}f—_—l—zk
(i) 0,100,688, iy, then deg{t},=I1—-2k—1.

Proof. By the condition (5.3) one sees that
}’:0'10-2. . 'ok(0k+1' . 'Uz-k)G;ZI' . .0'1“1’

so that 7 is [’-conjugate to 7':=g,,,- - -0,_,. Again by (5.3) one sees that
eSE.  Also from i,_,=1i,, one has ¢, ;0,,, € S{™, ..., Withm=1
or 2. Consider the element 1"/ :=0;1,7"04,1=04.3" * *0;-£-101-x0%.1» Which
is I'-conjugate to 7. Since the condition (%) of Lemma (4.4) is satisfied
with only possible exception for m=1 in the last factor, we see from (1.7)
that 7”7 e SE%+2-™  Thus we have deg{r},>/—2k+2—m. Now let
deI’ be such that 677’6 e §¢?, and suppose that n<I—2k+4+2—m.
Using Lemma (4.4), one finds s>>1 such that § e §¢,,;, so that § is ex-
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pressed as
5:Ti7c+1f17"f1f2' *Tfeoar (ffzf;+1 € Sftft+1)’

with the similar condition as (xx) of Lemma (4.4). We may assume that

0 has been so chosen that s(>>1) is minimal among such elements. Sup-

pose first that m=2. If we have
eS®

-1
Tigr1 710tk 1tn+2 Srig+1

use®, or

F1tg+2®

(2) (1)
OigigrrTinsrsa € Silcf1 U Sikfl’

then using Lemma (1.4) it follows easily that n=1(6""7"6)>1—2k +2s—2
>1—2k, which contradicts to our assumption. Thus we have either
Tinrrss =0t r1iss, N fi=1I, 5, OF 7, . =07i,, and fi=i.,,. Replacing
" by v’ or by 6,_404.." - *0;-1-,, this reduces the problem to the case of
& with s—1, which contradicts to the minimality of s. The case m==1 can
be treated similarly, if we regard the product ¢,_,0,,, as a single element
of S® Q.E.D.

i —k—1tk+1"

The geometric interpretation of this result is quite simple and helpful to
understand the situation. We first note that for 7 ¢ S{, the expression

(%) T=0:,051," * "Ci;_yi Cigiyry € Sigigrrs h=0=10),
with

2 —_—
(**) aik_1ikaikik+1 € S7§k)_.1ik+1 (k—' 13 2! DR} l'— 1)

corresponds to the geodesic path C (i.e., the path without backtracking) in
the tree X(q,, ¢,), joining P,x, and Pyx,y. Now, if we project C to the
quotient graph X(q,, ¢,)/I", we get a closed path C in X(q,,q)/I". In

(Figure-3)
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general, however, C has a backtracking at the origin=terminal, as is
illustrated in the above figures.
From the proof of Lemma (5.4) and the above interpretation, we

immediately have the following
Lemma (5.5). Let 7 e SP and let

=00, -0, (okzaikik+1 € Sikik.H; y=1i,=1)

be the expression as in Lemma (4.4). Moreover, suppose that ¢,0, € S_;..

Then

(i) Theelements7;:=0,,,0;,, - 0,0, - -0,(0< j<I—1) are exactly
those which are I'-conjugate to 1 and which are contained in some S,
(<m<h; lis fixed).

(ii) The above I elements 1, (0< j<I—1) are not necessarily distinct.
If exactly d of them are mutually distinct, then each one belongs to exactly
d different S{)’s; i.e., ${m;7,e SO} =d.

§ 6. Zeta function Z (u; p)

Let 7 (1) be an element of I'. Since I is a free group of finite rank,
the centralizer C (1) of 7 in " is an infinite cyclic group. We call 7 or, the
conjugacy class {7}, to be primitive, if C.(7) is generated by 7.

Definition. Let p: ['—U(n) be an n-dimensional unitary represen-
tation of I". Then the zeta function Z(u; p) of I" attached to p is defined
by an infinite product

(6.1) Z(u; p):= ] det(I,—p(N)ueerir)-1,
(ﬂ[‘

Let G=|J!_, Ux,I" be a decomposition of G into disjoint union whose set
of representatives is fixed throughout the following. Consider the Brandt
representation of #/(G, U) attached to p:
(6.2) 0, : #(G, Uy—>M(nh, C)=M(h, C)®M(n, C)

UyU—( Z .0(7) )1si,jsn-

rerNz; WyUx;
We put
(6.3) A,,:=9,(G;) for [=0,1,2, .-

Also put h,:=h, éé::(ql+l)h1/(q2+l); recall that h, is an integer, and
that the rank of [' is equal to hg,—h,-+1=hq,—h,+1 (cf. Lemma
(4.10)).
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Now our main result of this paper is the following

Theorem (6.4). The zeta function Z (u; p) is a rational function of u
which has the following expression:

Z (u; p)—1=(l_u)n(r—l)(1_I_qzu)n(hg_hl)
x det{I,,, —(4,,,— g+ Du+q,q,u}.

We shall prove this theorem. Taking the logarithmic derivative of
(6.1), one gets

(6.5) u-% log Z,u; 0)=31 N, ',
du =0
with
(6.6) Nl’,,:=2 d > tr p(5“")
dajt P={sr

where the second sym in (6.6) is extended over the set of primitive /-
conjugacy classes P such that deg P=d. Suppose that e S(@ is a re-
presentative of P. Then by Lemma (5.4) we see that y=¢"¢ e S, and
that, if we express 7 as in Lemma (5.5) then by the primitiveness of P=
{6}r, there are exactly d mutually different ones among the / expressions
7, (0<j<I-1). It follows that each of them is contained in exactly d
distinct S&,.’s (1<m<h). Thus we have

h

6.7) N,,=>" tr p(7).
Jj=1 res;g)
deg{rir=t

For each I>1, k (0<k<[(I—1)/2]), and i (1<i<h), put

SERD =17 € SP; (5.3) With 0,400, € SE, iy}
SEE = {1 € SP, (5.3) with 0,40, 11 € SP, i,

T —k—1k+1

where we use the abbreviated notation as in Lemma (5.4), and k is de-
termined by (5.3). Then one has for each i (1<i<h) and I>1,

[a-1/2 [a-2/2] .
(6.3) SO="1J SEe"U | S&*= (disjoint).
k=0

k=0

Lemma (6.9). (i) For k>1, the mapping

h h
(610) ¢+ : ZZ:=1 S%,k,n ;jZJlS;'L;%,O’H
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-1 -1 .
T=010y - 0x(Opy1* " 01-1) 0%+ 07 D04 10k s2" * *Oro

is (¢ —1)g(9:9)" ~*-t0-one.
(ii) For k=0, the mapping

h n
(6.11) NN Z S%’k’_)—>Z S%‘Zk"l’o’*)
i=1 =1
T=00; 00141 cOpn)OF T >0 O kO

is (g, —1)(q:¢.)*-to-one.

Proof. We first prove (i). Suppose we are given 7’ =o0y,,*+ 0,1 €
S§=#), and consider the number of choices for gy, - - -, 0. We first show

that there are (¢, — 1)g, choices for ¢,. Indeed, ¢, should be chosen under
the following conditions:

2 : -1 _
Ox0is1 € Sy, 16, dy(Poxy,, 05t PoXyy_ ,00)=2

-1 2 : —
01-x0; € Sil)_,,_li,,;_l Le., dX(Poxik_Ioka Pyx;,_, 0,-0)=2

2 . -1 _
C1-10rs1 € S§;)_k_1¢k+1 1.e., dX(Pox1k+10'k+1a Pﬁxiz_k_lgl—lc)_z'

Noting that the index i, has been given, we see that to choose o, is equiva-
lent to choose the vertex Pyx,, .o, € V;, which is at the distance 4 from
the (given) vertices Pyx,,, ,05i1, Pox;,_,_,0,-x. Now it is easy to see from
Lemma (4.9) that there exactly (g,— 1)g, such vertices (see also Figure 2).
Next for each choice of ¢,, one can show by Lemma (4.9) that there are
4.9, choices for ¢,_,. Similarly for each choice of ¢, 6_s, - - -, 0,4, there
are q,q, choices for ¢, This proves (i). To prove (ii), it suffices to note
that, for given oy,,, - - -, 0,4, there are exactly ¢,— 1 choices of ¢, such
that ¥'=0y,s * +0;-10%,1 € SL%7D which follows easily from Lemma

1k +10k+17

(4.9). Then one can proceed as in the case (i). Q.E.D.

Let f be a class function on I'. For a finite subset S of I', we
denote by f(S) the sum of f(7),7 e S.

Corollary (6.12). For any class function f on I', one has
2/ (SE5 )=~ Daq.3)" ' Zf(S“ TR0,
f(S” * )= (g, — 1)(q:4)" Z]f(S” L),

u[_\/_l; ||M=-

Proof. Let X be the character of p, i.e., X(7)=tr p(v) (+ € I'). Then
we have
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tr(4,,,)= }: X(S¥P

[e=n/21 n [@-=2)/21 n
— kZ‘_(‘) Zx(s(zlc+))+ kz_(:) ;x(s%.k,—))

3 00,4 [(-1/21 ot I et
=1:Z=IX(S“’, )+(€I1——l)q2 kz__‘; (qlqz) ;X(S“_ ,0, )
[(=2)/2] . n —_
H@=1) 3 (@@) D USEH00)

Thus from (6.7), we obtain

[(=1)/2]
(6.13) tr(Al,p)=Nl,p+(q1—1)q2 Z (%%)k_lNz—m,p
2)/2]
+(‘Iz—1) Z (9:9:)* N, g 1,0° Q.E.D.

Lemma (6.14).
N, =tr(At,p)_(qz— l)tr(Al—l,p)
-2
-2 {(‘]z—l)“"(qx'—qz)%
%=1

1-2—-k
2.

m=0

(="}t (ds,).

Proof. We prove this by induction on /. Note first that the asser-
tion for /=1 follows from (6.13). Suppose that it is true for /=1,2, - - -,
p—1. Using (6.13) for /=p, and the induction hypothesis, we have an
equality:

(6.15) N,,=tr(4, ,,)——(qz-—l)tr(Ap »)

[(r=
—(g:— g Z (‘Il%)k ‘tr(Ap 2kt,p)

Fa—D@-Da 3 @ar TS )

. [(p=D)/21 et p—2k-2 p—2k—2—-j .
+@—Da—wa 2 (09 ]Z.zl 2 (—q)mte(d,,)

[(p=2)/2] %
—(g.—1) ’; (219, tr(Ap—Zk—l,p)

. [(p=2)/2] " p-2k-2
+(g,—1) l;;) (2.92) Zl tr(Aj,p)

j=

[(p=2)/2] . Pp=2k—3 p—2k—~3—7
+(G— D@ — 999 ,;; (9:92) gl ij (—gq)"tr(4;,,).

Now a direct calculation shows that the total sum of the right hand side
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of (6.15) is equal to that of (6.14) for I=p. Q.E.D.
Using (6.5) and (6.14), we have

6.16) u-Llog Z,(u; p) =3 tr(4, )
du =1 ’

(@) 5 (A (g D) 2 T (e

b

1-2-k

RTINS GV AR,

~{1-@-D T —@-a)e. 5 3~} e, )

—J1_ (¢.—Du _ — G g1t* >
—{1 1—u (1-—u)(1+q2u) }Ztr(Al )

1—q,q.1° :
= T N Ttr(A4 .
(—w)(1+ g2 2, el

Applying the Brandt representation ¢, to the both sides of (1.1), (1.2), we
have

(6'17) A?,p:AZ,p +(q2_I)Al,p+q2(ql+1)A0,p>

(6.18) As,,41,=A10,, H@— DA, + 0924, -1, (=2).

It is easy to see that these equalities are equivalent to the following one in
the ring Z[A4,,,; 1>0] [[u]] of formal power series.

i 1—u)(1+qy0)
(6.19) > Ay ut= ( :
=0 be I—(Al,p—(12+1)u+%%”2

Taking the trace of both sides of (6.19), we have

d
u——1log Z(u; P): (1— ‘hqzuz)tr{l _(Al,p —q,+1Du +q1‘I2u2}_1
(6.20)  du
. 1 —giqs* .
(1—w)(1+gsu)

Now the following equality is easily proved:

tr{l—-(AM-—q2+l)u+q1qzu2}'1=4u——z
(621) 1—‘]1%“
d 27 1 nh
><7logdet{l—(Al,p—qurl)quqlqzu} T
u — g4
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Combining (6.20) and (6.21) together with Z(0; p)= 1, we get the following
expression of Z.(u; p):

Z(u; ) = (1 — ) @8- Dnh/ @+ D(] 4 go)(@1-annh/(aatD)
X det{l,,, — (4, , — g+ Du+q,q.u%}.
Note that, by Lemma (4.10), we have

(9:9:— Dh — q(q;+1)h, . (g:+Dh, =q,hy—hy=r—1,
g,+1 q,+1 g+1

(. —g)h _ (¢, +Dh _ (g:+DMy —h,—h,.
g:+1 q,+1 g.+1

This completes the proof of the theorem (6.4).

§7. Remarks
Finally we shall give some remarks on our results.

7-1. First, we shall give a graph-theoretic interpretation of our
results. The basic ideas have been suggested by [Ser-1] (see also [Su]).
Let Y denote the finite quotient graph X(q,, ¢,)/I". Then the group I’
can be identified with the fundamental group of ¥, or its realization as a
CW-complex, with respect to a (fixed) point. And there is a bijective
correspondence between the set of I'-conjugacy classes and the set of
geodesic cycles. Note that, by definition, a geodesic cycle is a closed path
in Y without backtracking, modulo the equivalence induced by shifting
the origin. A cycle is called primitive, if it is not a power of another
cycle. This corresponds to the primitive I'-conjugacy classes. Thus, de-
noting by | P| the length of the geodesic cycle P in Y, we get

7.1 Zu;p)= [ det(Zl,—p((PY)u'T1?),

P:primitive
where the product is extended over all primitive cycles P of ¥, and {(P)
denotes the corresponding conjugacy class of I'. Taking the logarithmic
derivative of (7.1), we get

(7.2) Ni,y=2.%KCED),

where C runs through the set of geodesic path in Y of length 2/, with
origin a vertex belonging to V,Y (=image of V,). In this context, the
matrix 4, , has the following interpretation. Let S,(I") be the C-vector
space
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(7.3)  S,(I):={f: V,\—>C"; f(P1)=f(P)p(r) for any 7 e I'}.

Since I” acts on X(q,, g,) without fixed point, it follows that S,(I") is of
finite dimension with dim S,(I")=n$#(V,Y)=nh. Note that S,(I") is re-
garded as a space of C"-valued functions on U\G, on which one can
define the representation of the Hecke algebra (G, U) by the convolu-
tion. It is immediate to see that the resulting representation is equivalent
to the Brandt representation ¢, defined by (6.2); and 4,,, corresponds to
the following linear operator on S,(I"):

(7.4 A, HP):= 25 F(D)

Let V¥={P,; 1<k< h} be a complete set of representatives of V,/['=V,Y,
and let ¢,;:=(0, ---,0, 1,0, - - -, 0) (1< j<n) be the standard unit vectors
of C*. Then the functions f, ; (1<k<h, 1<j<n) of S,(I") which are
determined by the condition f;, ,(P.)=e;, f,(P.)=0 (m=k) from a basis
of S,(I"). Using this basis, it is easy to show

(1.5) tr(4,,)= > 2(Q7).

7€, PeV*
dx(P,Py)=21

Using these interpretations, one can simplify the proofs of the results in

§6.

7-2. Suppose that (G, [) is obtained from a Tits system (G, B, N, S).
Then one can proceed the same calculation of Z(u; p), with U, instead of
U,. Thus one gets a second formula for Z,(u; p):

(7.6) Zp(u; p) =1 — )" D1 4 gyue)r =
X det{l,n,—(41,, — ¢+ Du-+q,9:4}.

where A , is defined similarly as 4, ,. Note that, while the zeta function
Z(u; p) defined by (7.1) is independent of the choice between U, and U,,
the final results (6.4) and (7.6) are not symmetric in ¢,, ¢, and A,, h,. It is,
therefore, an interesting problem to explain this difference in the two ex-
pressions. It is also an important problem to ask the possible relation
between our results on Z,(u; p) and the spectral decomposition of L*(G/I").
We shall study these problems in the subsequent paper [Ha]. Here we
content ourselves with the following observation.

Suppose that G is an algebraic group over a local field K satisfying
the conditions of § 3. Suppose moreover, that p=1, the trivial represent-
ation, and put 4,=4,,. Then, by the same argument as in [I-1], we see
that A, has the eigenvalue ¢,(14¢,) with multiplicity one. It follows that
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Z(u; 1)~ has the factor (1 —u) with multiplicity r==dim H*(I", R). This,
combined with a result of [Car], [Gas], implies the following result which
generalizes that of Ihara [I-1]:

Proposition (7.7). We have the following equality

——Res 4 log Z (u)=r=the multiplicity of the Steinberg
du representation in L(G/T").

We shall give a different proof of this in [Ha], which is mdependent
of [Gar], [Cas].

Appendix. Bipartite trees, Hecke algebras, and flowers of groups
(by Ki-ichiro Hashimoto)

Contents

§ 8.  Introduction

§9. Groups with axioms (G, /, 1), (G, [, I)
§ 10. Construction of the tree X(q,, 4,)

§ 11. Graph of groups over a flower

§ 12. Tits system and the Hecke algebra

§ 8. Introduction

In [I-1], Ihara studied the discrete subgroups of SL(2, K) over a p-
adic field K. There he established, among others, a remarkable structure
theorem which states that any discrete torsion free subgroup I" of SL(2, K)
is a free group, whose free basis can be constructed in an explicit way. In
fact what he did is more; such structure theorem was proved for subgroups
of more general groups G satisfying certain axioms, and a zeta function for
such I" has been introduced and studied with a number of applications.
The proofs are based on somewhat mysterious combinatorial arguments,
as was written in the introduction of [Ser-1]. Later Serre [Ser-1] gave a
graph-theoretic interpretation of the first result, generalizing it to much
more general class of groups G. In one of the main theorems (Th. 13 in
§ 1.5.4), he established a structure theorem of groups acting on a tree X. G
is then recovered as the fundamental group =,(G, Y, T) of the graph of
groups (G, Y) at a maximal tree T (<CY), where Y is the quotient graph
X/G. Ihara’s structure theorem is generalized to subgroups I" of such G.

Here we note that, according to a philosophy of Tits, the tree attached
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to G=SL(2, K) is regarded as the analogue of the upper half-plane for
SL(2, R). Based on this idea, a theory of harmonic analysis on trees has
been constructed (cf. [Car]). Thara’s main result in [I-1] on the zeta func-
tion of I' (CSL(2, K)) is partliculary interesting if viewed from this point.

However, in such full generality, it seems difficult to extend the results
of [I-1] on zeta functions, or to get a deep result on the arithmetic of a sub-
group I" of G.

We note here that in [I-1], an essential role has been played by the
relations (G, /, IT) (cf. (11.12)) of Hecke operators (a p-adic analogue of the
Laplacian), which have been given in [Ser-1] a simple interpretation in
terms of graph theory, or trees. It is, therefore, natural to study the class
of groups acting on trees, which are not necessarily homogeneous, for which
one can expect a nice relation for elements of its Hecke algebra, that will
lead us to the evaluation of zeta functions for its (discrete) subgroups I,
as well as its application to the spectral decomposition of LXG/I"). We
require that the Hecke operators satisfy, instead of the relations (G, /, II)
of [I-1], one of those which appear in the theory of Iwahori-Matsumoto
[I-M] (see (1.1), (1.2)).

The purpose of this note is to prove the equivalence between the
following classes of objects consisting of groups and some extra data:

(8.1) Groups G satisfying similar axioms (G, L, 1), (G, I, I} as in [I-1],
the latter describing a structure of the Hecke algebra (G, U) of G with
respect to a subgroup U (cf. (1.1), (1.2)).

(8.2) Groups G with an action on a semi-regular bipartite tree X(q,, ¢,)
=V, V2; E) of valency (q,+1, q,-+1), which is transitive on V,, one of its
two kinds of vertices.

(8.3) Fundamental groups n(G, F, T') of the “flowers F”, of groups
with certain regularity condition (cf. (11.4) (11.5)); here a flower is a finite
graph described as in the following:

Fig. (8.4)
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The equivalence of (8.2) and (8.3) follows as a special case of Serre’s
description of the groups acting on a tree, mentioned above. We included
it in our main result, not only because of its beautiful characterization of
our class, but also because it shows very well the range of it. As a
simplest case, our class contains the groups which have the Tits system
(G, B, N, S), where S consists of two elements generating the infinite
dihedral group, and the flower reduces to @——0. This is the case for
any simply connected groups over the local fields K with K-rank one. In
fact our motivation has been to extend the results of [I-1] to such groups.
However, (8.3) shows that our class covers much more wide class of groups
which in general fail to have a Tits system.

Notation. For a finite set S, #(S) denotes its cardinality. By a
graph, we mean, unless otherwise stated, a non-oriented one. If X is a
graph, we denote VX (resp. £X) the set of its vertices (resp. edges). If X
is a tree, dy: VXX VX—NU{0} denotes the distance on X. For a vertex
Pe VX and /e NU{0}, we put VX(P;1):={0Q e VX; d(P, Q)=I}.

§9. Groups with axioms (G, /, I), (G, /, II)

We shall prove the results described in §1. Let (G, /) be as in § 1.
We begin with the following remark. Our axioms (G, /, I, II) can be
viewed as a generalization of those of Ihara [I-1], in two ways. First, if
we put ¢,=¢,=¢, then we see that our axioms can be derived from those
of [I-1], by considering only G,;’s (see Remark (11.14)). This is what we
obtain by replacing PL,(K) by PSL,(K) in [I-1]. On the other hand, axioms
of [I-1] is recovered also by putting g,=1 in our axioms. In terms of
trees, this corresponds to considering the barycentric subdivision of the
homogeneous tree attached to PL,(K) (see § 10).

Proof of Lemma (1.4). Since (i) is trivial, and (iii) follows from (i),
(i) and (1.1), we only need to show (ii). From the definition of the
product G, -G, in (G, U), we have

G1=Zz Uo,—> GE=Z¢,1 Uwiwj9

where the formal sum is taken with multiplicities (cf. [Sh], Chap. 3).
Comparing this with (1.1), we see that, for any & € G,,

qy— 1= #{(’)J), Uwimj= U€}= #{]: wal € Z'L Uwi=G1}'
The assertion (ii) follows from this by taking é=w~'e Gi'=G,. Q.E.D.
It follows from (1.1) and Lemma (1.4), (i) that we have t=4§(U\G,)
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=¢,(q,-+1); and the induction using (1.2) shows

(1.3) ﬁ(U\Gz):(ql%)l_I%(%“‘1) for I>1.

Proof of Lemma (1.5). Repeated application of the argument as
above shows that

(96) Gi= Z ijlez' ) '(D”,

J1,Jaeeendt
with multiplicity taking into account. On the other hand, we see from
(G, D), (G, [, I) and the induction on / that

Gl=G,+c¢,G_+- -+ U (c;e NU{O}).

Comparing these two expressions for G?, we get the assertions except for
the equivalence; /(g)=/&(x). To prove this, we note that this assertion
is equivalent to the identity

.7 G= 29 Uw,w, -0,

FEEWETRAREN A

where X' is the partial sum of (9.6) of those which satisfy the condition
(¥). From what we have seen, it follows that G, is contained in the sum
2 On the other hand, from Lemma (1.4) we see that the number of
U-cosets in this sum is (g,4,)"~'g.(g, -+ 1), which is equal to #(U\G,) (cf.
(1.3)). This proves our asssertion. Q.E.D.

We remark that, under the condition (G, [, I), (G, /, II) is equivalent
to the statements in Lemmas (1.4) and (1.5).

Following [I-1], we call a product xy (x, y € G) free, if I(xy)=1(x)4+
I(y). The free product of n elements x,- - .x, is defined similarly. It is
easy to see from the above lemma that, if xy, yz are free products and
y ¢ U, then xyz is free. In particular for x,, x,, - - -, x; € G}, we have

9.8) xy -x)=1 &= I(x,x,,)=2 (i=1,2, ---,1-1).
The following is also an easy consequence of Lemma (1.5).

Lemma (9.9). If the product xy is free and xy=uw,v,, - -0, is its
unique expression as in Lemma (1.5), then one can find v e U such that x=
Uw ;@ ' 'a)ij andy:v_lem-uijwrz' Wy (m:l(x))

1%

Now we give a

Proof of Lemma (1.6). The assertions for /=0 are trivial, since
UG,U=G,. Also the assertions for i=2 follow from the remark preceding
Lemma (9.9). So we prove them for i=1.
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Let Gi=3,Uw,; and G,=3 %, Uw, 0,, be the decompositions into
U-cosets as above. Then the product G,G, in (G, U) is expressed as

G.G,=2, 2" V00,0,
J 1,2
= 2P Vw0;,0,+2 " U(0;0;)0,+ 2 "U(0,0,) 0,

Jat1,02
where > @ is the sum of Uw,w,,0,, such that w0, e G, (i=0,1). From
(9.7), we have > % =G, Also from Lemma (1.4), (i) and (iii), it follows
that > “=gq,q,G,, Now comparing theabove expression for G,G, with
that of (1.2), /=2, we 'get > "=(g,—1)G,, from which it follows that
@ ;04,0 € G,

Thus we have proved the assertion (i) for /=1, in the case x=w,,

y=uw,, Z=0,, € 2. The general case is easily reduced to this and Lemma
(9.9), since 2 is an arbitrary set of representatives of U\G,. (ii) follows

from (i), by taking inverse (G;'=G,). Q.E.D.

§10. Construction of a tree X(g;, g,)

A tree of complete graphs.

Let (G, I) be a pair of a group and a function / on G taking values in
non-negative integers, which satisfy (G, /, I). Following an idea of Serre
[Ser-1], we define a graph Z=Z(qg,, ¢;) on which G acts. Let VZ:=U\G
be the homogeneous space of G consisting of the (left) U-cosets. We de-
fine a function d,: VZX VZ—N U{0} by

(10.1) d,(Ux, Uy):=Il(xy~") (x,yeG).

Then it follows immediately from (G, , I) that d, satisfies the following
properties.

(10.2) d; is symmetric and G-invariant.

(10.3) d (P, R)=0&=P=R(P,Re VZ).

(10.4) For any PeVZ, and le NU{0}, the cardinality t, of the set
{R e VZ;d,(P, R)=I} is finite, and it is independent of P.

Then we define two points P, R € VZ to be adjacent (or joined by an edge),
if d,(P, R)=1. This gives us a combinatorial graph Z on which G acts,
having VZ as its set of vertices. Recall that a combinatorial graph is a
graph which does not contain any circuit of length n<2.

Now we assume that G satisfies the second axiom (G, [, II). Then
from (1.3), we have t,=(q,4,)''t, t=1,=¢,(q,+1). Call a circuit of length
3 a triangle. Lemma (1.4), (ii) implies that, if g,>>1 then the graph Z
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contains a triangle; in fact C:=[U, Uw, Upw, U] (o, p, po € G,) is such a
triangle. If, on the other hand, ¢,=1, then our axioms reduce to that of
[I-1], in which case (G, /, IT) is equivalent to the assertion that Z is a tree
(see [Ser-1], p. 117, ex. 2).

We call a circuit C,=[P,, P,, - - -, P,=P,]in a graph Z to be minimal,
if the only pairs of vertices in {P,, P,, - - -, P,_,} adjacent in Z are {P,, P,,,}
(i=0,1, - - -, n—1); or equivalently, if no proper subset of this is the set
of vertices of a circuit in Z.

Lemma (10.5). The graph Z(q,, q,) contains no minimal circuit of
length n>>4.

Proof. Suppose on the contrary that Z contains a minimal circuit
Cc,=[P, P, ---,P,=P]oflength n>>4. Since the action of G on the set
of vertices of Z is transitive, we may assume that P,=U, and write P,=
Ux,, P,=Uxyx, -+, P,_,=Ux,_,- - - X,x,, Where x,, - - -, x,_, € G;. Now
the assumptions that n2>>4 and that C, is minimal, imply that x,x, ., € G,
fori=1, ..., n—2. By(9.8), this implies that /(x,_,- - - x,x))=d,(Py, P,_,)
=n—1>1, a contradiction. Q.E.D.

Lemma (10.6). If two distinct triangles {P,, Py, Pi}, {Py, Py, Ry} in Z
share an edge [P,, P,|, then the remaining two vertices are adjacent:
d(Py, R))=1.

Proof. Again we may write P,= U, P,= Uw, P;= Upow, and R,= Uro,
where o, p, po, t,rw € G,. Suppose, on the contrary, that d (P, Ry)=
I(pr~")=2. Then applying Lemma (1.6), (i) for x=p, y=1"", z=70, one
gets /[(xyz)=1[(pw)=2, a contradiction. Q.E.D.

Now it is easy to see how our graph Z(q,, ¢,) looks like. The follow-
ing Lemma shows that it is a ‘tree of complete graphs K(q,-+1)’; recall that
a complete graph K(#n) is a combinatorial graph consisting of »n vertices,
any two of which are adjacent. Namely, each vertex P in Z is a common
vertex of ¢,+1 distinct complete graphs isomorphic to K(g,+1). Call a
complete graph isomorphic to K(4) a tetrahedron (cf. Fig. (10.7)).

pINN

K

K(3): triangle K(4): tetrahedron K(n): n=6
Fig. (10.7)
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Z(gs 0,): q1=1, ¢,=3 ? ;g X/

Fig. (10.8)

We say that two (not necessarily distinct) edges to be related, if they
belong to a tetrahedron in Z (or a triangle if ¢,=2, or identical if ¢,=1).

Lemma (10.9). (1) The above relation is an equivalence relation in
the set EZ of edges of Z, which is compatible with the G-action.

(ii) For any vertex P e VZ, it induces an equivalence relation in the
set Z(P) of vertices of Z adjacent to P, each equivalence class consisting of
q, vertices.

Proof. (i) is easily proved by an application of Lemma (10.6). Two
vertices R,, R, e Z(P) are equivalent if and only if the edges [P, R/], [P, R;]
are related. To prove (ii), we may assume that P=P,=U. Writing R,
=Uw,, R,=Uw; (0, w; € ), -we see that this is the case if and only if
ww;* e UUG,. For each R,, the number of such R, ¢ Z(P) is seen from
Lemma (1.4) to be 1 +(g,—1)=g¢,. ' Q.E.D.

Tree X (g 4,)-

We now construct a tree X(gq,, ¢,) from Z(q,, ¢,), which is of bipartite
type of valency (g,+1, ¢,+1), and which is acted upon by our group G.
Let Z*(q,, ¢,) be the barycentric subdivision of the graph Z=Z(q,, ¢,).
This means that we add new vertex @ at the middle point of each edge
[P, R] of Z, and call it to be adjacent to P, R. The set of added vertices
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is denoted by V,Z*, and the rest is denoted by V,Z*. Thus one has

VZ*=V,Z* UV,Z* (disjoint), V,Z*~VZ, V,Z*~EZ.

Clealy the action of G on Z is induced on Z*, and so is the equivalence
relation on V,Z*~ EZ, in such a way that it is compatible with G-action.
Therefore one obtains a quotient graph

X(q1> 9.):=Z*(q,, 9,)/(equivalence).

Namely we identify the vertices in V,Z* which are equivalent; and if two
such vertices Q,, Q, are adjacent to a common vertex P e V,Z*, we also
identify two edges [P, Q,], [P Q,] (see Fig. (10.10)). Notice, among others,
that by this process of making quotient, no two vertices of V,Z* (~VZ)
are identified, as one sees immediately from Lemma (10.9).

As a result, we get a graph X(q,, ¢,)=(V,, V3; E) of bipartite type,
which is semi-regular of valency (¢,+1, ¢,+1), whose set of vertices are
divided into two disjoint parts V;:=V,Z* and V,:=V,Z*/(equivalence),
and each edge y=[P, Q] € E joins a vertex Pe V, and a vertex Qe V,.
Now the following properties (i), (ii), (iii) are easily proved by what we
have seen (cf. Fig. (10.10)).

/ \
AY
/

Fig. (10.10)

Theorem (10.11). Let the notation be as above.

(i) The graph X(q,, )=V, Vy; E) is a connected tree of semi-
regular bipartite type with valency (q,41, g,+1): i.e., it is a tree where
each vertex Pe V, is adjacent to q,+1 vertices in V,, and each Qe V, is
adjacent to q,41 vertices in V.

(i) The distance on V,~VZ which is induced from that of the tree
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X(q., q,), coincides with 2d (P, P’).

(iii) The group G acts on X(q,, g,) in such a way that it has no in-
version and that it is transitive on V.

Conversely, suppose that a group G and its action on the connected
semi-regular bipartite tree X=(V,, V,, E) of valency (q,-1, q,+ 1), satisfy-
ing the condition (iii) above, are given. Then the mapping 1: G—N U{0}
given by 1(g)=(1/2)dx(P, Pg) (P e V)) satisfies (G, I, 1), (G, [, 1I).

Proof. We prove the last assertion. By the assumption we can
identify ¥, with U\G, where U:=Stab(P,), P,=U. The properties (G, /, I)
for the mapping / is immediately seen. To show (G, /, IT), we note that
H#(G, U) is regarded as a subring of End(Z[V,]), where Z[V,] is the free
Z-module over V,. Namely, a U-double coset UxU=|_J,; Ux, maps P=
Uz (e V)) to the formal sum >, Ux,;z. Then one sees that G,: P—3 0,
the sum taken over the set of vertices such that dy(P, Q)=2l The as-
sertion follows easily from this. Q.E.D.

Corollary (10.12). Let G be as above.

(i) If I' is a torsion free subgroup of G such that I' N x~'Ux={1}
for any x € G. Then I is a free group.

(i1) If, moreover, I' satisfies $(U\G/I")< oo, then it has a finite basis
of rank rpo=nhq,—h,+1 (=hqg,—h,+1), where h,=4(U\G/ =4V /"),
hy=4§(V,/I") are the number of I"-orbits in V,, V,, respectively.

Proof. This follows from [Ser-1], 1.3.3, Theorem 4.4/, together with
the relation (g, 1), =(q,+1)h,. In fact the assumptions in (i) imply that
the (restricted) action of I" on the tree X(q, q,) is a free action. To see
this, suppose, on the contrary, that ¥ e I" (1) has a fixed point Q ¢ V,.
Then it induces a permutation on the finite set of vertices adjacent to Q.
Hence some power 7™ of 7 has a fixed point P=Ux e V,. This implies
that 7 e "N x~'Ux, a contradiction. Q.E.D.

Notice that the assumption on the torsion-freeness of I" can be
weakened to the one that /" has no torsion element ¥ ==1 such that y*=1

for n=(g,+ 1)

§ 11. Graph of groups over a flower

Now we consider the quotient graph F:=X(q,, ¢,)/G. Thus we as-
sume that G is a group acting on X(g,, g,) as described in (10.11). Then
it is clear that F is a finite graph; in fact the image of the vectices of V,
(resp. V,) consists of a single (resp. at most 14-g,) points. Denote them
by V,F={P}and V,F={Q,, - - -, 0,}. Also denote the image of E by EF.
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[
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o,
Fig. (11.1)

From its shape, we shall call F a flower, and each of its subgraphs con-
sisting of F®:={P, Q,, all edges y, , (1< j<t,) connecting them}, a petal
of the flower F (1<i<r).

Let P,=P,e V;, and let Q, , e V, be the vertex such that the edge
[P;, O;,;] project to y; ; (1< j<t,). We denote by U(Q;,,) the stabilizer
in G of Q, ;. Similarly, let Q, e V,, and let P, ;e V, be the vertex such
that the edge [Q;, P, ;] project to 7, ; (1< j<t,). We denote by U(P,,;) the
stabilizer in G of P, ;. Note that UN U(Q,,,) (resp. U(Q,)N U(P,,,) is
the stabilizer of the edge [P, O, ] (resp. [Q;, P; ;]). Since the two edges
[P;. O, ;] and [P, ;, Q;] have the same image y; ; in F, one finds g, ;€ G
such that [P;, Q; 1g:,,=[P:,; Qi ie., Pg,, =P, 08;=0:, It
follows that

(11.2) U@INUP;, =g ;(UNU(Q:, )&,
We refer to the following equalities (11.4), (11.5) as the regularity condition.

Proposition (11.3). Let the notation be as above.

(1) The number of petals in F=r=4#(V,/G).

(ii) The number of edges in a petal F,=t,=#(V(Q,; D/U(Q,)), and
one has

AL S[U©Q): UQIN U =g +1 (I<i<r)
(iii) One has similarly

(11.5) 3 3B 10): UP)N U@, )=
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Proof. (i) is clear. To prove (ii), one notes first that for two vertices
0, 0’ e V(P;; 1), the edges [P;, O], [P;, Q'] have the same image in F if
and only if there exists g ¢ G such that P,g=P, and Qg=0’, i.e., if and
only if they belong to the same U(P,)-orbit. The equality ¢,=#(V(P,; 1)/
U(P,)) follows from this, and counting the vertices in V(P;; 1) in two
ways, one gets (11.4). (iii) is proved similarly. Q.E.D.

Recall that a graph of groups (G, Y) is a connected graph Y together
with an assignment G: Y—>{groups} which assigns to each vertex P e VY
(resp. oriented edge y=[P, Q] € EY) a group G(P) (resp. G(y)). More-
over, it is required that G([P, Q))=G([Q, P]), and there are monomor-
phisms

aLe G([Pﬁ o) —>G(Q), a—a’
' G(0, P]) —> G(P), a—d (cf. [Ser-1]).

Suppose that a group G acts on a graph X, and Y:=X/G be its quotient
graph. Then one gets.in the natural way a graph of groups (G, Y), called
the associated graph of groups. This is exactly what we described above;
namely G(P)= U(P)=the stabilizer of P in G, and G(P, Q)=G(P)N
G(Q) (note the compatibility condition (11.2)).

A maximal tree T in a graph Y is a subgraph which is a tree, and
which is maximal (i.e., containing all vertices of Y). In [Ser-1] the funda-
mental group (G, Y, T) of (G, Y) at T is defined. It is a group with
generators G(P) (P e VY) and g,(y € EY) with the relations

(11.7) g;ta'g,=a’, g;=g;" (ye EY, aecG(y)),
and g,=1 if ye ET (=edges of T).

Then the following fundamental results have been proved in [Ser-1]:

Theorem (11.8) (Serre). Let (G, Y) be a graph of groups and T a
maximal subtree of Y.

(1) There exists a tree X(G, Y, T) on which =(G, Y, T) acts in such
a way that X(G, Y, T)/z(G, Y, T)=Y.

(2) X(G,Y,T)and z(G, Y, T) are universal; i.e., for any group G
and a connected graph X on which G acts in such a way that X|G~Y, and
that the associated graph of groups is isomorphic to (G, Y), there are
natural surjective morphisms: ¢ : ©(G,Y, T)—G, X@G, v, T)—X.

Theorem (11.9) (Serre). Suppose that a group G acts on a connected
non-empty graph X, and let (G, Y) be its associated graph of groups, where
Y=X/G. Then the following properties are equivalent:

(a) Xisatree.
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(b) : X(G, Y, T)V—>X is an isomorphism.
(¢) ¢ n(G, Y, T)—>G is an isomorphism.

Now it is not difficult to show, by using the explicit construction of
X(G, Y, T) described in [Ser-1], § 1.5.3, that, if we start from a graph of
groups (G, F) over our flower F which satisfies the regularity condition
(11.4), (11,5), then X(G, F, T) is isomorphic to X(g,, ¢,). In fact using
(11.4) (resp. (11.5)), one can show that any vertex Q (resp. P) lying over a
white one Q, € V,F (resp. black one P, ¢ V,F) has g,4-1 edges (resp. ¢, -1
edges).

Summing up, we have shown the equivalence of the following classes
of groups (with extra structures).

Theorem (11.10) (Main result). The following three classes of groups
with extra data are mutually equivalent :

(1) The groups G with a length function 1: G—N U{0}, satisfying
axioms (G, [, I, (G, I, II).

(2) The groups G which act on a semi-regular bipartite tree X(q,, q,)
=V, Va3 E) in such a way that the action is transitive on V,.

(3) The fundamental groups r (G, F, T) of flowers of groups (G, F)
with regularity condition (11.4), (11.5).

Example (11.11). Let G* be a free group with n generators «,, - - -,
o,. Denote by /*(x) the length of the reduced word of x ¢ G*. Define
G to be the subgroup of G* consisting of x such that /*(x)=0 (mod 2),
and put /(x):=(1/2){*(x). It is well known that G is again a free group,
and by Schreier’s index theorem, the rank of G is rg=(m—1)[G*: G]4-1
=2n--1. Itis immediately seen that (G, /) satisfies (G, [, I) with U={1}.
To see the second axiom (G, /, IT), we note first that (G*, [ *) satisfies the
corresponding axioms of [I-1], and that G,=G for any /e NU{0}.
Namely one has in #(G*, U*)=Z[G*] (=the group ring of G*),

(1L12)  (GFY=GF+(q+DU*, GF-GF=G,,,+4qGF, (=2),

with g=2n—1. Our axiom (G, /, I) with ¢;=¢,=2n—1 easily follows
from these equalities. Let Z=Z(q,, ¢,) be the graph associated with (G, /)
(cf. § 10), and let P,=U=1 be the origin of Z. It is also easy to see that
two vertices R, R’ e Z are related as in Lemma (10.9), (i) if and only if
their reduced words coincide after the first words. From this it follows
that the action of G on the set ¥, of new vertices of X(q,, ;) is transitive,
On the other hand, since U={1}, no two edges adjacent to P, are G-
equivalent. We have shown that the quotient graph X(q,, ¢,)/G looks
like a petal as in the following:
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N
Y2

Vs . }:q+l=2n edges

Fig. (11.13)

This example can also be constructed from the graph of groups, associated
to the above petal where to both vertices attaches the trivial group (cf.
[Ser-1]).

Remark (11.14). As described above, the results of Thara [I-1] are
reproduced if we put ¢,=¢,=q, and G,= G, where (G*, [*) satisfies the
axioms of [I-1]. This explains the relation for PGL(2, K) and PSL(2, K).

§ 12. Tits system and the Hecke algebra

In the rest of this paper, we shall study the steps in which our group
G comes to have properties which appear in the theory of Tits system.
Thus we assume that G is a group with the conditions described in
Theorem (11.10).

Notation being as in § 1, we put P,:=U e V,, and choose, once and
for all, a vertex Q, e ¥, which is adajcent to P,. Also put, V:=V,UV,,
and for any point P e V, call U(P) the stabilizer of P in G. The action of
G on X(q,, ¢,) induces the action of U(P) on each V(P;[). Notice that
U(P,)=U, and we have the natural bijection V(P,; 2])/U=~U\G,/U.

Lemma (12.1). We have the following inequalities:
(/O EV(Py: DIV (P /U)K - - - <EV (P DIT)K - - -

Proof. For any vertex Q ¢ V,, take a vertex P e ¥, which is adjacent
to Q. If we write P=Ux (x € G), then we have Qx~' e V(P,; 1). This
shows that any G-orbit in ¥, is represented by a vertex in V(P,; 1), hence
the first inequality. The rest follows from the fact that, by mapping the
adjacent vertex near to the origin P,, one has the inverse system

(12.2) V(Py; 01—V (Py; De—V(Py; 2=+ + - <=V (Py; D—- - -
where each map is surjective, and U-equivariant. Q.E.D.

Proposition (12 3). The following conditions are equivalent.
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(a) G acts transitively on E (=the set of edges of X(q,, ¢,))
(b) $(V(Py; D/U)=1, i.e., V(Py; )=0,- U.
(¢) G=Ux,U, (product with amalgamated subgroup B), where
U:=U, U,:=U(Q,), and B:=U,N U,.
Moreover, it follows under these conditions that the action of U, on
V(Q,; 1) is transitive: $(V(Q,; 1)/U)=1.

Proof. The equivalence (a)&(c) is nothing but Theorems 6, 7 of
[Ser-1], § 1.4.1. Other part is easily proved as in the above Lemma. (See
also the proof of Proposition (12.4)). Q.E.D.

Proposition (12.4). Suppose that the conditions of the above propo-
sition are satisfied. Then one has the following assertions.

(i) $U\G/U)=1&4(B\U/B)=2&=>4(V(Qy; 1)/B)=2.

(ii) Under these conditions, one has s; € B for any s, € U,— B. Similar
assertions hold for U,, s, e U,—B.

Proof. (i) Note first that, in general one has the inequalities
(12.5) [U: BI<1+4q,, [U:BI<1+q,

where both equalities hold if and only if G acts transitively on E. In fact
the index [U,: B] is equal to the number of vertices of the U,-orbit Q,- U,
in V(P,; 1), the latter having 1-+g¢, vertices. And similarly for [U,: B].
Now suppose that G is transitive on £, so that U, is transitive on V(P,; 1).
Let w e G, be such that the vertex P, lies in the same component of
X—{P} as Q,, i.e., dx(Q,, P,)=1. Then one has

FU\G)>$(U\ U U)=¢(U\U-0Us™)
=£(UNoUo " NoUo™)
—[U: BI-[B: UN o~ 'Ual.

From this and the equality in (12.5), one sees that
(%) G,=UoU <= [B: UN o 'Vo]=¢,

To prove the last equivalence, we notice again that our assumption implies
that U, is transitive on V(Q,; 1). Since the stabilizer in U, of the vertex
P, is B, we see that B\U,/B is in one-to-one correspondence with the orbit
space V(Q,; 1)/B, Moreover, since UNw~'Uw is the stabilizer of P, ¢
V(Q,: 1), we see that the right hand side of (x) is equivalent to the
condition that ¥ (Q,; 1)—{P,} is a single B-orbit, i.e., #(B\U;/B)=2.

(ii) is an immediate consequence of what we have seen, since s, in-
duces the transposition of the two B-orbits in V(Q,; 1). Q.E.D.
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We note that the element s, above belongs to G,. The following
Lemma is easily proved by the above arguments and (9.8).

Lemma (12.6). Suppose that the conditions stated in (12.4) are satis-
fied. Then one has (s,5,)", (5,5,)" ¢ G, for any l € N.

Now we suppose that the conditions in (12.4) are satisfied, and con-
sider the Hecke algebra s#(G, B). Call T, the element Bs,B (i=1, 2), and
I, the unit element of (G, B).

Propesition (12.7). Ti=(q,— DT, +q, 0, (i=1,2).

Proof. By our assumption, the set E of the edges of X(g,, ¢) is identi-
fied with B\G, and ##(G, B) can be regarded as a subring of End(Z[E]),
where Z[E] denotes the free Z-module over the set E. Regarding Q, as
the origin, one can identify E with V'—{Q,}, by assigning each edge to its
end vertex lying on the other side of Q,. Let E(Q,; 1) be the set of edges
corresponding to V(Q,; 1). Then from what we have seen in the proof of
Proposition (12.4), it follows that E(Q,; 1) consists of two B-orbits, cor-
responding to the decomposition B\U,/B=BU Bs,B. This implies that as
an element of End(Z[E]), T, maps each edge ¢ to the formal sum of the
g, edges which share the same vertex Q e V, with e. The identity for T,
follows immediately from this fact. The one for T is proved similarly.

Q.E.D.

Notice that 777, T7,T,. It follows from the above proof that the
monomials IB9 TIT’Z’ ];ﬂ, Tt TilT'z'Z Tt Til (imiierl’ m= 1: Y [— 1) arc
pairwise disjoint, hence they are linearly independent. Also it is easy to
prove:

Corollary (12.8). As elements of #(G, B), one has
G=(1+T)T(T\T,)'(A+T) (=D.

Theorem (12.9). Notation being as above, suppose that q,, 4,>>2, and
that the conditions in (12.4) are satisfied. Then the following assertions are
all equivalent.

(1) Ifi, ---,i;e{l,2}andi, =i, (n=1,2, -..,[—1), then T,,T,,
-« - T, consists of a single B-double coset.

(ii) +#(G, By=Z[T,, T,].

(i) #(U\G/U)=1 foranyle N.

(iv) U acts transitively on V(P,; ) for any [ € N.

(v) U, acts transitively on V(Q,; 1) for any I ¢ N.

(v) There exist a subgroup N of G and a set S such that (G, B, N, S)
is a Tits system.
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Proof. (i)=>(ii): This follows immediately from (12.8).
(ii)=(1i): This follows from the obvious relation

Bs,$;,- - -8, B&(Bs;B)- - -(Bs;,B)=T,,---T,,

since the left hand side is expressed as a polymomial of T;, Ty.
(i) =(iii): From (12.8), we see that (i) is equivalent to

(12.10) G, = Bsy(5,5,)" "' B U B(s,5,)'BU B(s,5,)' B U B(s,5,)"s,B.

From this and the fact that U= B U Bs, B, it follows that G, = U(s;s,)' U.
(iii))& (iv): This is immediate from the remark preceding (12.1).
(iv)=(i): We shall show that (iv) implies (12.10).

First note that, for any /e N, the set V(P,; 2/) is decomposed ac-

cording to the distance from Q,:

(12.11) V(Py; 2D)=(V(Py; 2N V(Qy; 2I—1)) UV (Py; 21)

where both of these components are stable under B. It is easy to see that
5;( € U— B) induces the transposition of them. Since U is assumed to be
transitive on V' (P,; 21), this implies that B acts on each components transi-
tively, i.e., #(V (P, 21)/B)=2, or equivalently #(U\G,/B)=2. From Lemma
(12.6) it follows that

(12.12) G,= U(s,5,)'B U U(s,5,)*5,B.

Next let EV(P,; 2]) be the set of all edges of X(g,, ¢,) which have as their
one of end points the vertices of V(P,; 2/). From our assumption, it is
easy to see that EV(P,; 2]) consists of two U-orbits:

EV*(Py; 21):={e e EV(P,;2l); the other end point € V(Q,; 2/+1)}.
Taking P, as the origin of X(g,, ¢;), we can naturally identify E with
V—{P,}, in such a way that the identification is compatible with U-action.
It then follows from (12.3) that one has a commutative diagram

E ~ B\G
(12.13) U U (eN),
EV(P,; 2l) = B\G,
which is compatible with U-action. We then see from (12.12) that
EV*(P,; 21)~B(s,s,)"'U, EV-(P,; 2])~=Bs;(s,s,)U.

Now it is easy to describe the B-orbits decomposition of EV*(P,; 2]).
Namely, as in (12.11), each of them is divided into two V-orbits according
to the distance between their end points in ¥, and Q. Thus we have
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4(B\B(5,5)"'U/B) = (B\U(s.5,)'B/ B)=2,
#(B\Bs*(5,5,)"'UJB)=4(B\Us,(s,5,)' B/B) =2,

hence #(B\G,/B)=4. Now we see from (12.8) that

(12.14) (I, 1)) =B(s,5,)'B, T(T,T,)'=Bs(s,5,)'B,
(T;T.)'T,=B(s,5)""'5,B, (T, T;)'=B(s:5,)'B,

for any / e N, hence (12.10).

We have established the equivalence (i) & (i) & (iii)) & (iv).  Since the
conditions (i), (ii) are symmetric in g,, g,, one sees that (iv)& (ivy.

(iv), (ivy & (v): This has been pointed out in [Ser-1], IL.1 ex. How-
ever, we sketch briefly how one finds N and S, under the assumptions of
(iv), (ivy. Let Li:=(Py, Oy, P1, Oy, - - ) € lim V (P,; I) an infinite half line
(path) starting from P,, and let Ly :=(Q,, P, @_, Py, ---) e im V(Q,, )
be a similar one starting from Q,. Put L,:=L; UL,. From the assump-
tions (iv), (iv), one finds element s, € U, (resp. s, € U,) which induces on
L, the reflection at P, (resp. Q). Call N the subgroup of G consisting of
elements which keep L stable, and put T7:=BN N. Then it is easy to see
that T'| L=={id.}, and T is a normal subgroup of N, and that N/T=Aut(L)
={8y, 5| s;=s3=1d.>. Putting S={s,, 5, (mod T}, it is not difficult to
check the axioms of Tits system (or, BN-pair; see [Bou], [Ser-1}, [T-2]. In
fact, the only non-trivial part is to show (T-4), which follows from the
property (12.14) above. Conversely, if (G, B, N, S) is a Tits system, then
it is easy to see that the associated Tits building is isomorphic to our tree
X(q., q,) with the same action of G. Therefore the assertion reduces to
the well known properties of the Tits system. This completes the proof
of Theorem (12.9). Q.E.D.
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