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Chapter 0O

Preface

We introduce in this thesis Ramanujan regular hypergraphs, generalizing
the definition of Ramanujan graphs introduced by Lubotzky, Philips, Sar-
nak [33]. Ramanujan graphs are regular graphs, whose adjacency matrices,
(or equivalently their Laplacians), have eigenvalues satisfying some natural
upper bounds. Graphs satisfying such bounds have many interesting proper-
ties. For example they are very powerful expander graphs, which make them
interesting objects for many applications from communication networks to
computer science. The interesting situation here, is that on the one hand it
is known and easy to see that almost all regular graphs in a precise sense are
Ramanujan graphs. On the other hand it is difficult to show for an explicitly
given regular graph that it is a Ramanujan graph. It is therefore quite sur-
prising and has lot of interest, that some very explicit graphs coming from
number theory can be shown to be Ramanujan graphs. These graphs are
constructed using unit groups of quaternion algebra and their action on the
associated symmetric spaces, which in these examples just are the trees in
the sense of [55] or [61]. The quotients of these trees by the action of the
unit groups mentioned above give already the Ramanujan graphs we are dis-
cussing. To show the Ramanujan property requires deep tools from the the-
ory of automorphic representations. In fact it turns out that the Ramanujan
property of these graphs is equivalent to the fact, that the associated rep-
resentations satisfy the Ramanujan-Petersson conjecture. This is not very
difficult to prove because one sees rather directly that the adjacency opera-
tors of the quotient graph above is more or less nothing else than the Hecke
operator of the corresponding prime. The first examples given where working
with quaternion algebras over the rational numbers and were using Deligne’s
proof of the Ramanujan-Petersson conjecture plus the Jaquet-Langlands cor-
respondence between automorphic representations of quaternion algebras and
cuspidal automorphic representations of GL(2,Q) of an appropriate type. A



later variant of this by M.Morgenstern [10] was using instead quaternion
algebras over the rational function field F,(¢) and corresponding results of
Drinfeld [21] for the associated automorphic representations. It is this class
of examples of Morgenstern, which we will generalize to higher dimensions.
This is made possible by the observation, that the quaternion algebras in
Morgenstern’s examples are nothing else than the quotient (skew) fields of
skew polynomial rings which are well known in the theory of Drinfeld mod-
ules. So we consider the skew polynomial ring F {7} over the field F  of
q? elements, where the indeterminate 7 satisfies the rule 7- A = X - 7 for
A E [qu.

The center of this ring is the polynomial ring F,[¢], the (skew) quotient field
F,(7) is a division algebra of dimension d? over the center F,(¢), the field of
rational functions over [F,.

This division algebra is ramified exactly at the primes ¢t = 0 and ¢t = oo.
We consider the localization [qu{T}[%] at a prime p = p(t) of F,[t] different
from ¢. The unit group associated with this maximal order over the cen-

ter [, [t][%] is acting on the Bruhat-Tits building at the prime p, which is a

building of type A4_;. The quotients by the unit groups we define, will be
simplicial complexes of dimension (d — 1). It is these simplicial complexes
and their adjacency matrices, we are studying in this thesis. In this thesis,
we partly work in the category of simplicial complexes and more specialized
buildings and partly in the category of hypergraphs. The procedure to be
followed now, is quite similar to the case of graphs. It consists in identi-
fying the adjacency operator of these quotient complexes with some Hecke
operator acting on certain corresponding spaces of automorphic forms and
then making use of the relevant results about automorphic representations
in this context. The main result we are relying on here, is Lafforgue’s recent
proof of the Langlands conjecture for GL(n) over a function field and in par-
ticular the Ramanujan-Petersson conjecture for these cuspidal automorphic
forms. What causes difficulties, is that here the Jacquet-Langlands corre-
spondence between automorphic representations for GL(n) and automorphic
representations for the division algebra is not effective enough. Using this
correspondence, it is possible that noncuspidal automorphic representations
come up. Lafforgue’s result however requires the automorphic representation
to be cuspidal.

Nevertheless, using additionally a result of Arthur and Clozel [, Weak Lift-
ing theorem, 4.2] it is possible to concude the Ramanujan property at least
for the d a prime from Lafforgue’s result.

It should be metioned also, that after this thesis was (more or less) finished,
preprints of W.-C. Winnie Li [65] and Lubotzky, Samuels and Vishne [35],



[36] become avilable to us. In particular W. Lie using a trick of L.Clozel,
reduce the the Ramanujan property of the automorphic representation to the
Ramanujan property of the moduli scheme of D elliptic sheaves [32].

Let us add at this point, that there is another treatment of higher dimensional
situations in the literature, namely [21] B.W.Jordan and R.Livne. These
results work again with unit groups of quaternion algebras, but allow de-
nominators at more than one prime. Correspondingly, their unit groups are
acting on a product of trees. As this is again the GL(2)-case, the Ramanujan-
Petersson property holds. Also C.Ballantine [2] has given a hypergraph for
d = 3 related to the Bruhat-Tits building associted to PGL(3;Q,).

We end this introduction with a description of the content of the different
chapters of this thesis.

Chapter 1 gives basic material on locally compact fields, Haar measures and
division algebras.

Chapter 2 describes buildings of type A, and various concepts related to this.
In chapter 3 we describe our examples in general. We indicate some of of the
concepts from the theory of automorphic representations. In particular we
describe the relationship between adjacency operators and Hecke operators.
Finally we discuss in this chapter, what would be needed additionally from
the theory of automorphic representations, in particular regarding the work
of L.Lafforgue. In the final chapter 4 we specialize our situation to the case
of skew polynomial rings and the related quotient (skew) fields. Here we are
able to compute explicity the quotient of the building by the action of the
discrete groups of units we have chosen.
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very thankful to Prof. Dr. Larry Smith for his careful reading of this thesis.






Chapter 1

Some basic material

1.1 Introduction:

After a short review about local fields and Haar measure we give a survey of
skew polynomial rings. In the category of rings, the ”good” objects are the
rings in which we have not only additive inverse elements, but also there exist
multiplicative inverses of nonzero elements. These are called division rings,
or skew fields. Fields are special examples of division rings. All division rings
may be broadly classified into two types, according to whether they are finite
dimensional (as vector spaces) over their center or not. The objects we study
here are usually finite dimensional central division algebras (rings).

1.2 Local Fields and Basics

A general reference for local fields is chapter I of Andre Weil’s book [6].

Definition 1. A local field is a locally compact topological field, which is not
discrete.

Theorem 2. A local field is isomorphic as a topological field either to

i) R or C, the field of real resp. complex numbers, or to

it) a finite algebraic extension of the fields Q, of p-adic numbers, p a prime
or to

iii) a field of Laurent series

Fo((t)) = {i a;t’ | a;€l,, NecZ}

where g is a finite field of q elements.
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Remark. i) As usual the field of p-adic numbers Q, is obtained from the field
Q of rational numbers by completing with respect to the p-adic valuation |.|,
of @, which on Z satisfies

‘a’p = piUP(a) ,
where a = p*(Ya’ such that p and @ are prime to each other.
i1) A basis for the topology of [, ((¢)) is given by the complete open subgroups
t'F,[[t]] in the ring of formal power series in ¢ over the finite field of g elements

F,, i€Z.

We consider now the field of rational functions F,(¢) over the finite field
[, of ¢ elements, By a theorem of Ostrowski we know all discrete valuations
of F,(t) up to equivalence. [?, page 80], [0, III, Theorem 2].

Theorem 3. Any discrete nontrivial valuation of F,((t)) is given up to equiv-
alence as either
1) The valuation corresponding to an irreducible polynomial p = p(t) € F,[t],
such that

lal, == vap(a) )

fora=a(t) € F,lt], 0 <c, <1 is areal number and a = p**Da’ such that p
and a' are prime to each other in F,[t]. Given |a|, in the way above on [ [t],
it extends uniquely to discrete valuation of Fy(t).

2) There is additionally the degree valuation at 0o, such that

|a(t)] oo := 8@ , with 0<c<1 (fired.
for a =a(t) € F,[t]. Again,

_ (deg(a)—deg(b)

Remark. To obtain the product formula below, it is useful to normalize the
valuations given above as follows:

Choose ¢ € R, 0 < ¢ < 1 once and for all, then choose ¢, = c1eg(®) for the
valuation corresponding to an irreducible prime p = p(t) € F,[t]. One obtains
immediately the

Product formula: For a € F,(t)(a # 0) has

H lal, =1

veX

Here X denotes the set of all valuations of F,(¢) normalized as above.
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Definition 4. For a valuation v € X, F, denotes the completion of F = F ,(t)
at v. O, denotes the corresponding ring of integer, that is:

O, ={zxeF, | |X],<1}

Definition 5. Associated with the field F' = F,(t) of rational functions over
the finite field &, of g elements is the locally compact topological ring of adeles
over F,
A(F) = 1] (£, 0,),
veX
where

[1(F,0.) ={(zvlv € X)|z, € F,, for almost all ve X z,€0,}.

veX

Remark. Denote for S C X, a finite subset;

AS(F) =[] F < I] 0.,
ves VS
equipped with the product topology. By Tychonoff’s theorem A®(F) is a
locally compact topological ring. Furthermore

A(F) = lim A°(F)
(%)
obtains the induced topology. A(F') is a locally compact topological ring also.
(see [64, chapter V], for details). Besides the locally compact topological
ring of adeles we use its group of units, the so called group of ideles. This is
given as
1(F) =l I5(F),
(%)

°(F) = [ F* < J] 07,

vesS vegS

where

with the product topology. I(F') is a locally compact topological group, see
(64, IV,3, TV 4], for details.

Finally suppose, F, is locally compact topological field, v the related valua-
tion, D is a finite dimensional central skew field over F,, .

See [?] for the following theorem:

Theorem 6. The valuation | |, of F, can be prolongated to a valuation of
D by the formula:

1
|a|u = W|N£(0)|u

where N}% : D — F, is the norm of D over F,.
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1.3 Haar measures

This subsection will be short. We remind the reader of the basic facts about
Haar measures which are well known (see [29]). Any locally compact topolog-
ical group has a left invariant positive measure, that is a measure p satisfying
the following proposition:

Proposition 7. i) u(A) > 0 for any measurable subset A C G.
i1) p(gA) = pu(A) for any measurable subset A and g € G.

In particular gA is measurable again. One has associated with the measure
i the corresponding Haar integral

/G f(g)du(g)

for any f: G — R, f continuous with compact support. For A measurable
as above, one has

plA) = [ Xalg)dity)

xalz) = {0 for z¢ A

where x4 : G — R,

1 for z€ A

is the characteristic function. This measure resp. its associated integral is
unique up to a positive scalar. Similarly one has right invariant Haar mea-
sures with their associated integrals.

In general, right and left invariant Haar measure are not the same. How-
ever for compact topological groups or more generally for topological groups
generated by compact open topological subgroups it is true, that one has a
bi-invariant Haar measure.

1.4 A review of finite dimensional algebras

In this section we remind the reader of some fundamental facts about central
simple algebras A over a field F'. In the first part of this section the field F'
will be arbitrary. Later on we consider the cases of F' a finite field resp. a
local field in the sense of number theory. Finally we describe the classification
for the case that F'is a global field. Quite generally we have

Theorem 8. (Wedderburn) Any central simple algebra A over a field F is
isomorphic to a matriz ring M(r, D), where D is a central division algebra
over F'. v and D are uniquely determined by A.
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For a proof see [27].
The classification of central simple algebras is therefore reduced to the clas-
sification of central division algebras over F'.

Definition 9. A splitting field F' — Fy for a central simple algebra A over
F' has the property, that the tensor product of A with Fy satisfies

A®FF1 = M(R,Fl)

Remark. :
i) A splitting field F' — F} of A is also a splitting field for the unique division
algebra D over F\, A = M(r, D). Conversely any splitting field F' < F} of D
is also a splitting field of A.
i1) We have :

(AF) = (A@FFlFl) :TZ2.

Therefore it follows, that
r*(D:F)=(A:F)=n?
and in particular
n
(D:F) = (2.

r

% is a natural number.

i1i) Splitting fields for A always exist. For example, any maximal com-
mutative subfield F' C 1 C D, where (Fy : F') = 2, is a splitting field. Such
fields F} always exist, I} can be even chosen to be a separable field extension

of F.
Splitting fields Fy, F' — F}, can be used to define the reduced norm of A
over F', which is a multiplicative map

m : A— F.

This can be defined as follows:
We have the sequence of ring homomorphisms

pZA‘—>A®FF1 = M(H,Fl)
Combining this with the determinant map
det : M(n,F1> —>F1,

det-p @ A— F
is a multiplicative map and it turns out that in fact Im(det - p) C F.
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Therefore we have the multiplicative map
(1.1) rn:=det-p : A—F

It turns out, that rn is independent of the choice of the splitting field F' — F},
see for all of this [27]. This map is called the reduced norm of A over F.
There is a slightly different more direct construction of the reduced norm,
which is as follows:

Suppose F' — Fj is a maximal commutative subfield of D, that is:

(Fy: F)?*=(D:F).
We consider D as a Fj-vector space of dimension (D : F}) = (D : F)/?
where F) is acting on D from right. Then for a € D,

L,: D — D

r — ax
is a Fy-linear map of the Fj-vector space D/F;. One has
rn(a) = det (L)

where L, is considered as Fij-linear map. The proof of this fact is easy by
using the splitting D @ F; — M(n, F}) and using the first description of
the reduced norm.

A special class of central simple algebras are cyclic algebras over F', which
can be described as follows:

Suppose, F; D F is a cyclic Galios extension of F';, Gal(F,/F) =< o >, where
o is a specified generator of the cyclic Galios group Gal(Fy/F) of order n.
Furthermore « is an additional element, such that

n—1
A= @ al -, with the rule
i=0

for x € F}. Additionally, the relation
a" =a€ F* holds.

It is well known, that such an algebra A is a central algebra of dimension n?
over F'.
It is called a cyclic algebra over F' and is denoted by (F)/F;o;a) where
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F\/F,0,a are as above. Not all central simple algebras A over an arbitrary
field I are cyclic. This, however is true, if F' is a local or global field from
number theory. For a general commutative field F', the classification of the
central simple algebras resp. skew fields over F' is not known. However, for
the restricted class of fields related F' to number theory, a classification is
available.

A) Suppose first, F' is finite field.

Theorem 10. ( Wedderburn) Any finite dimensional central division algebra
D over F s trivial, that is, it is isomorphic to F.

B) Next, we assume that F' is a local field in the sense of number theory
(defined in the section 1.2). Then, any division algebra D of F', of dimension
(D : F) =n?is a cyclic algebra, which can be described as follows:

i) If FF = C, the field of complex numbers, then again D = C is the only
division algebra over C up to isomorphism.

i1) If F' = R, the field of real numbers, the only possibilities, by a theorem of
Frobenius, are :

D=R or D = H,

[a¥)

the Hamiltonian quaternions. D = H is a cyclic algebra over R = F' with
invariant (see iii) below) inv(D/F) = 3.

i1i) Suppose now, F' is a local nonarchimedean field, so we have a discrete
valuation on F. As already mentioned, F' is either a finite extension of Q,,
the field of p-adic numbers, or F' = F,((t)), the field of Laurent series over the
finite field F,. The valuation of F' extends uniquely to D. One hase = f =n
for ramification index e and residue field extension degree f. D is a cyclic
algebra, which can be described as follows:

D contains an extension F; of F', (F} : F') = n, which is unramified. Fj is
unique up to conjugation. It is a cyclic Galois extension of F' with canonical
generator the Frobenius automorphism Frob : Fy — F}, which is a lift of the
Frobenius automorphism of the corresponding cyclic residue field extension
fiof f.

By Skolem-Noether one has d € D*, such that:

dxd™ = Frob(z) for x € Fy.
It is immediate to see, that d" € F'*.

We consider the valuations vg, vg,, and vp related to F', F}y D. These are
taken as additive valuations and we have normalized vp, such that vp(7) = 1,
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for m a uniformizing element of F. Then :

vp(d) = :LUDM") _ iUF(dn) cQ/Z
=i/n in Q/Z.

We denote
i/n=:inv(D/F)

the invariant of D over F'. We have the classical :

Theorem 11. Two division algebras Dy,Ds over F are isomorphic iff
inv(Dy/F) = inv(Dy/ F).

All invariants i/n € Q/Z occur, the corresponding division algebra D/F is
of dimension n® ( where (i,n) = 1).

(') Finally, we assume, that F'is a global field, X denotes the set of valuations
of F' up to equivalence. Then one has the

Theorem 12. (Hasse - Brauer - Noether)
i) Two division algebras Dy1,Dy over F are isomorphic iff for allv € X,

inv(Dy ®p F,/F,) = inv(Ds Qp F,) holds.

i1) Any subset of invariants {\, € Q/Z | v € X} can be realized by a
division algebras D/F iff 1,2),3) below hold :

1)almost all X\, = 0.
1
2)\, € {0, 5} for the archimedean valuations v € X,

A=0 for veX, F,=C.
3)Y A, =0 in the abelian group Q/Z.

veX

For references concerning all this, see [64], in particular chapters IX,X, XI.
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Chapter 2

Buildings of type Ad—l

2.1 Introduction

A building is a geometrica-combinatorical objectB. uildings were introduced
by Jacques Tits in the 1960’s. They have been studied intensively from that
time to present. In general there are three types of buildings. Spherical Build-
ings, characterized by their finite apartments, have much in common with
compact symmetric spaces. Affine buildings, characterized by apartments
shaped like real affine space, can be compared to non-compact symmetric
spaces. Hyperbolic buildings have no such classical analogue. This note deals
almost exclusively with affine buildings. One example of non-compact sym-
metric spaces are the symmetric spaces SL(n, R)/SO(n, R), upon which space
the group SL(n,R) acts. What happens if we wish to replace R by a local
field F' 7 Nothing prevents us from forming and studing SL(n, F')/SO(n, F),
but the global shape of the resulting object differs greatly from that of sym-
metric space. One reason for this difference is that SO(n, F') is not a maximal
compact subgroup of SL(n, F), nor indeed, is it compact at all. For many
purposes the correct analogue of the symmetric space is something completely
different, namely the affine building of SL(n, F'). This building is acted upon
by GL(n, F'), and if K is any maximal compact subgroup of GL(n, F), then
the building contains a copy of GL(n, F')/K. It is stretching things only a
little to say that affine buildings were invented in order to play the role of
symmetric spaces for semi-simple matrix groups over nonarchimedean local
fields . The definition of affine building is strictly combinatorial, and there
do exist affine buildings which do not correspond to any semi-simple matrix
group. Nonetheless, understanding the relation to matrix groups is one of
the keys to understanding affine buildings. In particular, unless an affine
building is of dimension 1 or 2, or unless it is a Cartesian product and has a
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factor of dimension 1 or 2, it will be the affine building of some semi-simple
matrix group. In this chapter we discuss the affine buildings associated to
the matrix groups PGL(d,F).

The aim of this chapter is to give a very brief introduction, largely self-
contained and as elementary as possible to the subject of buildings of type
Ad,l related to non-archimeadian local fields. Let us mention also that there
are three main books devoted to buildings: ”Buildings” by K.S.Brown [9],
and ”Lectures on buildings”, by Mark Ronan [16] and the book of J. Garret.
There are also extensive survey articles by Mark Ronan [15]. These contain
long lists of references to earlier work, especially that of J. Tits.

2.2 Affine Buildings

In this section F' denotes a local non archimedean field with valuation ring
O, (m) is the maximal ideal with specified uniformizing element © € O.
F denotes the d-dimensional vector space over F'.

Definition 13. i) A lattice in F? is a O-submodule of F', for which there
exists a basis {by,...,bs} of F? such that L = X%, Ob; holds.

(ii) Two lattices L, L' C F¢ are similar iff there exists X\ € F*, such that
L' = \L. In this situation we denote L ~ L.

Remark. (i) If L is a finitely generated torsion free O-submodule of F?
satisfying F'- L = F'%, then L is a lattice in the sense of the definition above.
(1) Of course a similar definition as above can be made for arbitrary abstract
vector spaces V over F' of finite dimension.

The group GL(d, F) of F-linear isomorphisms of the vector space F'¢ acts on
the set of lattices by

gL ={9(Dll € L}
for g € GL(d, F) = Autp(F?¢), L C F4 an O-lattice.

Lemma 14. The action of GL(d, F) is transitive on L where L is the set of
all lattices.

Proof. Denote Ly := @2, Oe; the standard lattice O C F¢ {ey, ..., e4} the
standard basis of F¢.

It is sufficient to show, that for an arbitrary lattice L € L there exists
g€ GL(d,F),g.Lo = L.

By definition, there exists a basis {by, ..., bq} of F?, such that L = >¢ | Ob;.
Define g € GL(d, F) by g(e;) = b; for t = 1,...,d. Obviously g.Ly = L
holds. O
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Lemma 15. The action of GL(d, F) on L induces a corresponding action
on L] ~, which is again transitive.

Proof. Tt is enough to remark , that L ~ L' implies g.L ~ g¢.L’ for any
element g € GL(d, F). O

Definition 16. A simplicial complex X, is given as

(1) a set Xy (the set of vertices of the simplicial complex X.)

(17) For any natural number d > 0, the set of d-simplexes X4 where X4 C
P(Xo), the power set of Xo and for Y € X4 one has |Y|= d + 1 for the
cardinality |Y| of Y.

(tit) If Y € Xg andY' CY,Y' £ &, thenY' € Xy, d < d, where d +1 =
Y]

Remark. (a) (iii) says the following:

If Y is a d-simplex, any nonempty subset Y’ of (d' 4+ 1)-elements is a d'-
simplex of X .

(b) There are various concepts related to the concept of a simplicial complex
as ordered simplicial complex and simplicial set. To all of these, one can as-
sociate functorially a topological space | X,| (the so called realization of X,)
and X, gives in a certain sense a combinatorial description of the topological
space | X,|. For all of these materials see [10, chapter §].

We define now the so called affine building associated with the group GL(d, F')
(or if one prefers, the projective linear group PGL(d, F')). It will be a sim-
plicial complex of dimension (d — 1).

Definition 17. The affine building X, = X.(F?%) (associated to the group
PGL(d, F)) is a simplicial complex given as follows:
(1) the set of vertices X is L] ~, the set of lattices up to similarity in F<.
(i) If

LoD L D...L,Drly
is a flag of (r + 1) different lattices in F?, then < Lo, Ly,...,L, > is a r-
simplex in X, that is < Ly, L1, ..., L, >€ X,.. Any simplex of X, is obtained
in this way.

Remark. (i) As dimy (Lo/mLy) = d, where k = O/7O is the residue field,
it follows:

dim (X,) = d—1, that is, the maximum dimension of a simplex in X is d—1.
(ii) There is an obvious action of GL(d, F') on X,, given by:

g<L0,L1,...,L7« >= gLo,ng,...,gLT >

for g € GL(d, F), < Lo, L1, ..., L. >€ X,. This action induces an action of
PGL(d, F'), because the center of GL(d, F') acts trivially on X,.
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(iii) In the language of buildings the (d — 1)-dimensional simplices are called
chambers of X,. They are given as complete flags:

LoD LiD...Ly_1 D7l

of length (d —1). As is shown in [9], X, is a building in the sense of [J].
In particular, the apartments of X, (F¢) are given as follows: if F'¢ = @&, W,
is a direct decomposition of F'¢ into one-dimensional linear subspaces,

<L>ecAWy,...,W,) iff L=aL (W,NnL)

for a lattice L. A(Wy,...,W,) is the full sub complex of X,(F?) generated
by these vertices. In more concrete terms one can give the following de-
scription of the set of A(Wy,...,Wy). Suppose W; = Fuw;, (i = 1,...,d),
such that {wi,...,wq} is a basis of F4. Then < L >& A(W,,...,W,) iff
L = ®%_,Onlw; for a system of appropriate ny,...,nq € Z.

simplicial complex X, (F?) is simplicially contractible.

(i) The associated topological space | X, (F?)| is contractible.

Proof. (i) Fix the vertex < Ly >=< O% >. We will describe a contraction
of X (F?) towards the vertex < O >. Suppose < L > is an arbitrary vertex
of X (F%). We can assume (up to change by a scalar factor) Ly C L C 7™Lg
and m is maximal with this property. Then we define the map

L—T(L):=L+a""Ly if 1<m.

If m =0, we define T(L) = Ly, as L = Ly exactly holds. One can check the
following points easily:

1) T induces a well defined map Ty : Xo(F9) — X(F?) on the vertices of
X (F9).

2) Ty induces a simplicial morphism

T: X (FY) — X (F%.

3) T is homotopic to the identity morphism.
For a proof of these facts see [16]. This shows 7) in the proposition, i7) is an
immediate consequence. O

Fixing a vertex < L > in the building X, (F¢), we consider the link lkx, (L)
of the vertex < L > in X,(F?). This is the simplicial complex, given by all
simplices A € X, (F?), such that A does not contain < L > as a vertex, but
AU L is a simplex in X, (F?).

Proposition 18. The simplicial complex lkx, (L) is isomorphic to the Tits
building X.(V') associated to the vector space V := L/mL = k4
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Proof. The vertices of the Tits building associated to the vector space V = k¢
are given as < W >, where 0 ; W ; V' are the proper linear subspaces of
V. A r-simplex is given as < Wy, Wh,..., W, >, where Wy 2 Wi... 2 W,
and the < W; > are vertices. It is then immediate to see that the morphism

lkx, (L) — X, (V)

< Lo,..., L, >—< Lo/mL,L,/7L,..., L./ >

(where L D Ly D ... D L, D wL holds) is in fact an isomorphisms of
simplicial complexes. O

Corollary 19. i) The Tits building of V' resp. lkx, (L) is a labeled simplicial
complez or building in the sense of [I] by the map < W >+— dim(W) for
< W >€ X, (k?). The set of labels is {1,...,dim(V) — 1}.

ii) lkx, (L) is a labeled simplicial complex or even a building.

Proof. 1) is clear, ii) follows from i) and the above proposition. O

Remark. Of course the labeling in ii) depends on the choice of the lattice
L or the vertex < L >. It does not correspond to a global labeling of the
whole building X, (F).

On the other hand there is the possibility to give a labeling to X, (F¢).This
is only SL(d, F')-invariant, not GL(d, F')-invariant.It is obtained by fixing a
Haar measure p on the commutative locally compact abelian group F'¢ such
that x(O%) = 1. For any lattice L € £ there is a lattice L' ~ L, such that

1> u(l) > —
_M( )_|]{Z|d

holds. This follows immediately from the formula

L) = kfmduw)

Furthermore , one has |u(L')| = |k|7¢, 0 < d < d—1. To a neighboring
vertex L' to L one can define a labeling A : X,(F4) — {0,1,...,d — 1},
ML) :=d'.

Remark. This global labeling of X (F9) is different from the local labeling
considered before.

Suppose now, Ay, Ay € X (F9) are two simplices of the building.
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Definition 20. A gallery in the building X (F?) is a sequence of chambers
[Co, ..., C,], such that C;,Ciyq are neighboring chambers in X (F9) for i =
0,...,7m—1.

Definition 21. The combinatorial distance between A1, Ay € X (F9) is given
as:

min{(r —1) e NU{0} | I agalery [Cy,...,C], Ay CCyAyCC}

Proposition 22. A, Ay € X (F?) are given as above, A is any apartment,
such that A1, Ay € A. Then any shortest gallery [Co, ..., C,| as in the defi-
nition above satisfying Co, C,. € A, is contained completely in A.

Proof. see [9, IV.4.Prop., p.8§| O
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2.3 Some More Facts About Affine Buildings

(a). Volumes of Lattices :

Discrete lattices in R? have Lebesgue measure zero in R, but lattices over
local fields have positive Haar measure (or volume). The standard lattice
has measure

pa(Lo) = 1a(Oh) = pg(O x O x ... 0) =1

for the d-fold product measure jig = ppa on F?. It follows from elementary
matrix theory arguments that

(2.1) pa(g(L)) = |det (g)|p pa(L)

for L € £ and g € GL(d, F'). In particular

(2.2) pa(g(0?)) = |det(g)|

(2.3) pa(aL) = |det(al)| pa(L) = |alg pa(L),  a € F.

(b).  Simultaneous diagonalization of lattices :
Let F,O,G = GL(d,F), and K = GL(d,O) be as before and 7 a uni-

formizer. The purpose of this subsection is to prove the following theorem:

Theorem 23. Let Ly, L, be any pair of lattices in F%. Then, there exists a
unique d-tuple of integers

—00 <np <ng < ... <ng < oo and a(non-unique) basis {vi,vs, ..., vq} in
F¢ such that

(2.4) Ly = Ovy + Ouvy + ... + Ouy and
(25) L2 = Oﬂ'mvl + Oﬂ'nQUQ + ...+ Oﬂ"dvd

Proof. Let for any m € Z define m~ as follows:
_ { 0 ifm>0
—-m if m <O0.
Consider now the quotient groups
S(j) == (L1 + 7 Ly) /Ly for —00 < J < o0.

Now the number of elements in S(j) is n(j) = [I%, ¢+ where ¢ =
card(O/mO) as before. The function n(j) determines the integers n; as
claimed in the theorem, up to their order. This implies the uniqueness of the
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expressions 2.4 and2.5. It remains to prove that, for every g € GG, there exists
a diagonal d x d matrix D = diag(7™, 7%, ... 7") such that KgK = KDK.
First note that, if g € G, then KgK = K¢, K where g, is derived from g by
one of the following operations (by elementary divisor theory):

() transposing two rows or two columns,

(77) multiplying a row or column by a constant in O*

(7i) subtracting an O-multiple of row from another row, or an O—multiple
of a column from another column.

Since each of these operation is equivalent to either pre- or post-multiplying
g by a matrix in K, the proof now proceeds by induction. The matrix entries
gi; of g of maximal norm can be moved to the (1,1) position by operations
of type (i). The matrix entries can be changed into p™ for some integer
ny by (ii). Then the remainder of the first row of the matrix, and also the
remainder of the first column, can be set equal zero by (iii). We now proceed
inductively on the lower block by first moving an element of maximal norm
to (2,2) position, etc. This completes the proof of Theorem 23. O

(c). The underlying graph of a building X, (F?)

Associated with the building X, (F?) is its underlying graph, consisting only
the set of vertices Xo(F¢) and the set of edges (1-simplices) X;(F9). One
has the usual distance function d of a graph. In particular, for neighboring
vertices x,y € Xo(F?) one has d(z,y) = 1. One has the :

Proposition 24. : A set {zq,..., 25} C Xo(F9) is an s-simplex in X, (F?)
iff d(xi, x;) = 1 holds for all i,j € {0,...,s}, i#j.

Proof. If {x,...,xs} is an s-simplex in X,(F?), d(z;,z; = 1 for the z;,x;
above obviously holds. We show the converse: We can choose lattices L; D
F? such that < L; >=x; for j € {0,..., s} and additionally

Ly D Lj D 7wl

holds for j € {0,...,s}. Upon reordering indices, we can additionally as-
sume, that
1(Lo) = p(La) ... = p(Ls) = p(mLo)

holds. Considering arbitrary L;, L; for ¢ < j, we can find a € F'*, such that

Li 2 aLj 2 ’/TLZ'

holds. We obtain for the volumes
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and
LZ Lz —
1 < :u( ) — |a‘—d M( ) < ‘71" d
1(L;) (aL;)
that is:
L;
|a|d < N( ) < |g|d
1(L;) T
and alltogether
7t < ot < mT
But then it follows, that a € O, that is:
Li 2 Lj 2 7TL1‘
and alltogether in particular
LoD LiD...D> Ly D7ly,
that is, < Lg, L1, ..., L, > is a simplex in X, (F%). O

(d). Description of a standard appartment:

We want to give an explicit numerical description of an appartment A(W7, ..., W),
where the W; C F? are one-dimensional linear spaces and @&, W; = F? is a
direct sum decomposition. It suffices to assume for this purpose, that W; =

Fe;, {eq,...,eq} the standard basis of F4. A vertex < L >€ A(Wy,..., W,)

in this case iff

L= (LNW;) = (On™e, @ ... 0 Or"ey).

Therfore L is given by the vector v(L) = (ny,...,nq) € Z%, a vertex < L >
is uniquely given by the residue class of (ny,...,ng) € Z%/Z(1,...,1).

we are going to give a description of the chambers < Lg,..., Ly > in the
appartment A(W7, ..., Wy). Denote

v(< Ly >) =@, nd) mod zZ(1,...,1)

Fixing the lexiographical order on the abelian group Z¢, we can denote rep-
resentatives L; €< L; >, such that, upon reordering indices j € {0,...,d},
we can assume that

v(Lo) <v(Lly) <...<wv(Llg) <v(lo)+(1,...,1)
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holds. This is equivalent to
LoD LiD...<LygDnly.

Finally, if we went to fix types, such that u(Ly) = p(O%), the standard
lattice, we have a unique choice of j € {0,...,d}, such that

log, p(Lj) =0 mod (d)

Upon replacing L; by an appropriate representative 7%L;, we can assume,
that
p(rLy) = p(O%) = 1.

We obtain the simplices
< 7TaLj, ’7TaLj+1, .., %Ly, 7'('0‘4_1.[/07 .. ,7Ta+1Lj_1, .. )
satisfying

Z) 7TaLj D) 7TaLj+1 c...D 7Ta+1Lj,1 D) 7Ta+1Lj
iu(r°L,) = 1

and correspondingly for the other volumes.

2.4 Combinatorics and definition of Ramanu-
jan Hypergraph

Introduction

For a finite regular graph, the eigenvalue A\ of the adjacency matrix which
has the second largest absolute value is of particular importance in esti-
mating different invariants of the graph such as girth, independence number
and expansion coefficient. A large expansion coefficient is determined by
a small X\ as shown in [33]. Lubotzky, Philips and Sarnak, in [33], have
constructed a family of expander graphs called Ramanujan graphs. Asymp-
totically, their graphs have the smallest possible A. They have called these
expanders Ramanujan graphs, because all eigenvalues, except the largest (of
course in absolute value), satisfy Ramanujan’s conjecture (or more precisely
Ramanujan-Petersson conjecture).

We shall give at first the definition of regular Ramanujan hypergraphs. These
hypergraphs are a natural generalization of Ramanujan graphs. The eigen-
values of the adjacency operators satisfy inequalities associated of a higher
dimensional version of Ramanujan-Perterson conjecture. In order to obtain a
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natural and simple definition of Ramanujan hypergraphs, first we need some
combinatorial definitions and concepts. Our main references here are [1] and

[].

Definition 25. A graph is a pair of sets (Vx, Ex) such that:

Ex C {{z,y}|{{z,y} C Vx} and Vx # @.

The set Vx s the set of vertices of X and Ex is the set of edges of X. The
vertices x and y are said to be adjacent if {x,y} is an edge. The number of
vertices adjacent to x is denoted by d(z) and is said to be the degree of x. If
every vertex of X has degree s, then x is said to be s-reqular.

Definition 26. iIf X is a graph with a finite number of vertices {xy,xa, ..., Tp},
The adjacency matriz A = [a;;] of X is the n x n matriz with entries a;; equal
1 if x; is adjacent to x; and 0 otherwise.

i1) Denoting L*(Vx) (or L?(X)) the space of functions f : Vx — C with the
usual L*-norm and with standard basis the set of delta functions 6,, v € Vx,
the adjacency matriz induces an operator

A L*(Vyx) — L*(Vx)
with respect to the basis {0,|v € Vx}.

Definition 27. A hypergraph X is a set V' together with a family ¥ of
subsets of V.. The elements of V and X are called vertices and faces of
the hypergraph. If S € X, the rank of S is the cardinality |S| of S and the
dimension of S is given by |S| — 1.

We have seen the definition of labeled simplicial complex, and chamber com-
plex in chapter one. So we are ready to give the definition of labelable
hypergraph.

Definition 28. A chamber complex is a set A, whose elements are called
chambers, together with a set {~, :i € I} of equivalence relations on A. Call
¢, € A i-adjacent if c~;c'. In this situation we refer to A as a chamber
complex over I

Definition 29. Suppose that ¢ and ¢’ are in A, and that co = ¢, ¢1,...,cs =
15 a finite sequence of chambers such that ¢,y is adjacent to and distinct from
e, for each k € {1,2,...,s}. Then (co,c1,...,¢s) is called a gallery from c
to d. If cy_1~ cx for each k € {1,2,... s}, then we say that the gallery

is of type (i1,19,...,1s)
Very occasionally we need to consider slightly more general galleries, where

the requirement that c¢;_; # ¢ for each k is dropped. Such things will be
called stutter-galleries.
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Definition 30. A simplicial complex is a set X together with a set S
of subsets of X such that

1. each singleton subset {z} of X belongsto S.
2. if Se8 andif ACS,thenAe€S;

The sets S € S are called stmplexes or ssmplces. If S €S and A C S,
the simplex A is called a face of S. If s is a simplex and S is not a proper
subset of any simplex S’, we call S a maximal simplex, or a chamber.

Definition 31. A simplicial complex X s called labeled, if there is a set
I of 7labels” or "types”, so that each vertex v has a type t(v) € I, and
such that each chamber has exactly one vertex of each type. In other words,
t: X — I is map such that for each chamber C, the restriction b, of t to C
is a bijection C'— 1. This implies that each chamber has exactly Card(l)
vertices.

Under suitable conditions one can obtain labeled simplicial complex from a
chamber complex and vice versa. (see [10] and [45]) for more detail.

Remark. Specially our building X, (F?) has satisfies all conditions in view
of above correspondence between chamber and labeled simplicial complex.

Definition 32. A hypergraph X is labelable if it is a chamber complex and
there exist a set I and a function which assigns to each vertex of X an element
of I in such a way that the vertices of every chamber are mapped bijectively
onto 1.

Definition 33. Let X be a labelable hypergraph X with the label set I =
{0,1,..., s}, if every vertex x € X has exactly nyg, number of neighbor of type
k, then X is called a (ny,na, ..., ng)-reqular hypergraph. In this situation

we can associate to any verter x of X a function b, defined by t.(y) :=
t(z) — t(y) mod d. where b is the label map defined as the definition (31).

denoted by X.

Definition 34. Let X be a (nq,na,...,ng)-reqular hypergraph. We define
for every k € {0,1,...,5s} the k™ adjacency matriz A®) as follows : denote
for every k € {0,1,...,s} and for any two vertices x,y

(2.6) e® (1, ) = {1 if t(y) = k

0 otherwise

now A® (i, j) = e® (z;,2;)A(i,j) where A(i,j) is the ij'"* entries of the
adjacency matriz of underlying graph X.
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We are ready now to give our main definition in this thesis, namely the def-
inition of a Ramanujan hypergraph.

Definition 35. A (nq,na,...,nq_1)-reqular hypergraph X is called a Ra-
manugjan hypergraph with the bound (¢, cay ..., Cq—1) where for all

ke {1,2,...,d—1}, ¢, are positive real number, if every eigenvalue X* of
the k™ adjacency matriz A®) of X is either A = ny, or |AF)| < ¢

As we will see in the next chapter the structure I'\ Xo(F?) will be a finite
regular hypergraph. These quotients would be our main object of study in
the next chapters.
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Chapter 3

Representation Theory and
Hypergraphs

3.1 Introduction

In this section we describe our candidates for Ramanujan hypergraphs in gen-
eral. The main point to be explained is the relation between the different ad-
jacency operators in a hypergraph and the corresponding Hecke operators for
certain automorphic representations, which are related. To really conclude
the Ramanujan property, one has to use the relevant results for automorphic
representations. Here the case d = 2 is easier than the case of general d,
because only in this case there is a fully worked out Jacquet-Langlands cor-
respondence between automorphic representations of unit groups of division
algebras and general linear groups over, which should allow to relate the situ-
ation to automorphic representations of the general linear group and thereby
to the recent results of Lafforgue, Instead we use a result of W.Li resp. L.
Clozel, which work with the theory of D-elliptic sheaves and does not make
use of the Jacquet-Langlands correspondence.

In section 2.1. we explain our situation, 2.2. gives a short review of some
fundamental facts concerning automorphic representations. In particular the
Hecke algebra and the standard generators of the local Hecke algebras will
be explained. 2.3. identifies the adjacency operators of the quotient complex
resp. quotient hypergraph with the corresponding Hecke operators of the
automorphic situation. Finally the Ramanujan property is discussed in this
section.
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3.2 Quotient hypergraphs, the general situa-
tion

F = T,(t) is again a rational function field over Fy. {p,,...,p } is a set of
places of F, such that p,, = 0o, p is a prime of degree one of F, such that

PEAD-- P,

p = p(t) is an irreducible polynomial, such that p = (p(t)). We have the
orders [, [t][%] as well as

O = (s e [qu;] | un(z) > 0}

D is a central division algebra over F' of dimension d?, which is ramified
exactly at {p,...,p }. For simplicity we assume, that D is totally rami-
fied in oo, such that there exists a unique valuation v,, of D extending the
corresponding valuation of F'. Op is a maximal order of D over F,[t]. Then

1

1
Op| -
p

5] = Fy[t][=] ®¢,1m Op

is a maximal order in D over [, [t][%], similarly

&

oW .= {z € 0p p] | Do(z) = 0}

(where v is standard extension of v into D) is a maximal order in D over
o

Definition 36.

o) = (OD[;])X/Z,

where Z is the center of the group Op| ]X, the unit group of the maximal

1
p
order OD[I%]

We are considering in the following congruence subgroups I' of I'(1). We
have the embedding

I['(1) — Dg/Z = GL(d,F,(t),)/Z

as obtained earlier and the corresponding action of the different groups on
the Bruhat-Tits building X, (F,(t),%).
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We consider now only congruence subgroups I' C I'(1), which are torsion
free. In particular their action on X,(F,(t),?) is fixpoint free. Again the
quotient complex (or quotient hypergraph, if preferred) is a locally labeled
complex resp. locally labeled hypergraph. We have quite generally :

Theorem 37. The quotient complex
d
X (Fy(t),)
is a finite complez.
Proof. This follows from Godement’s criterion. [

Remark. Of course here one can argue also directly, because the class num-
ber of a maximal order Op (and all the variants above) is finite. We consider
the C-vector space of C-valued cochains:

COD\X..(F,(£),") =t C°(T\X.) = Map(I\ Xo; ).

Because X, is a locally labeled simplicial complex, and the action of I" is
compatible with the local labeling, also I'\X,(F,(t),?) is a locally labeled
simplicial complex.

Definition 38. For eachi,1 <1 < d—1, we have the i-th adjacency operator

AD OO\ X,) — C°(T\X,)
fr— AV(f)

where

Remark. We remind, that #(y; x) = ¢ means:
y € '\ Xy, suchthat <uz,y>el\Xy,

that is, x and y are neighbors resp. there is a one-simplex joining them and
furthermore the type of the vertex y with respect to x is .
Next, we give an adelic description of the set I'\ X, above and similarly of
the associated space of C-valued functions. Denote Ap the adeles over F|,
similarly

D*(ap) = [ (D*(F.); D*(0))

veE|F|
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the adeles of the multiplicative group of D, D*. Z denotes in this context
again the center of D*(A), we have ( in the sense of algebraic groups)

(D*/Z)(hr) = D*(Ar)/Z

The order Op defines local orders Op, C D, for all primes r # co. We have
identified earlier
D, — M(d,F,)

and thereby Op, ,/Z with the stabilizer of the standard lattice
Ly =08 = (F,[t],)* C F.

Definition 39.
i) We have
&0 = [ (03,/7) x DL/Z

r7#00,p

an open subgroup of (D*(Ag)/Z.
1) Any congruence subgroup I' C T'(1) of finite index defines in a natural
way a congruence subgroup & C K of finite index.

Proposition 40. There is a natural bijection
N\Xo(Fy()d) == D*\D*(Ap)/Z.8.D*(O,)
Proof. We can identify
Xo(Fy(t)y) = D*(F,)/D*(0y).2.
Therefore we obtain a mapping

Xo(F,()Y) — D*(Ar)/Z.8.D*(O,)

p
This mapping induces a map

N\Xo(Fq(t)g) — D*\D*(Ap)/Z.R8.D*(Op).

We construct now an inverse map. Suppose, given an adele (z,) € D*(Ap),
and thereby the doubled class

D*(2,)(Z.8.D*(0,)).

Using strong approximation theorem and also,that the class number of F,[¢]
is one, we can find v € D*, such that

D~ (/yxv)vE|F|(ZRDX (OQ))v
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is of the form

D™ (y,)(Z.8.D"(O,)),
where
1 forall v#p
Yo = Yp € DX(FB) at p

We construct the inverse map then as
Dx(vxv)U(Z.ﬁ.DX(OE)) — F.(yg).Z.DX((’)B)) € F\DX(FB)/DX(OB).Z.

It is immediate to see, that this gives a well defined map, where one has to
take into regard additionally, that we have, considering D* (FB) as a subgroup
of D*(Ar)

(3.1) D*(F,)N&=T

and

Xo(F,()%) — D*(F,)/D*(0y)Z.

p

We have therefore immediately

Corollary 41. There is a canonical identification
C(F\XO([Fq(t)g);C) —  C(D*\D*(Ar)/Z.8.D*(0,);C).

In particular the Hecke-algebra of biinvariant functions H(D* (Ap)//R.D*(Op))

is acting on C’(F\Xo([Fq(t)I‘f); C), by convolution. As a subalgebra the spheri-

cal Hecke algebra H(D*(F,)//D*(O,)) is acting on C(T\Xo(F,(t)7);C).

Proof. The identification of the space of functions follows immediately from
Proposition 40. The assertions concerning the action of the Hecke algebra
are also obvious, but there will be some discussion in 3.3. O

3.3 Adjacency operators and Hecke opera-
tors

In the last section we had identified the set of vertices

T\ Xo(Fy)
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of the quotient hypergraph associated to the discrete group I' C D*(F},)/Z
with the set of adelic double classes

D*(F)\D*(hr)/Z.8.D*(O,).
Correspondingly we have an identification of the spaces of functions
C’(F\XO([Fq(t)Z);(E) — C(D*(F)\D*(Ar)/Z.8.D*(0,);C).

The Hecke algebra associated to 8.D*(0,) in D*(Ap) is acting and in par-

ticular the local spherical Hecke algebra
H(D*(Fy); Z.D"(Op)).

For the convenience of the reader we remind at this point about some basic
concepts of the theory of automorphic representations in connection with the
situation above. So,

C(D*(F)\(Ap)/Z.8.D*(0Oy); C)

is a finite dimensional subspace of the space of functions
Co(D*(F)\D*(Ar)/Z;C)

On this infinite dimensional C-vector space there is an obvious smooth action
R of the locally compact topological group D*(Ar) by

R(z)(f)(g) = f(g7),

where g € D*(F)\D*(Ar)/Z,x € D*(Ar) resp. (D*/Z)(Ar) (as wanted)
and f € C®(D*(F)\D*(Ar)/Z;C) the space of locally constant functions
on D*(F)\D*(Ar)/Z, with compact support. We have the identification of
the subspace of 8.D*(O,)-invariants:

C.(D*(F)\D*(Ar)/Z;C)*P %) =  C(D*(F)\D*(Ap)/Z.8.D*(0,);C).

There remains the action of the Hecke algebra of biinvariant functions
H(D*(Ap)//R.D*(Op))
= (Qrpoc H(D™ (Fy)//Z(Ry)) @ H(D™(F,)/ /D™ (O))

where

f=([I &) x D*(F.) x D*(0,).
T#P,00
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The (local) spherical Hecke algebra
H(D*(F,)//2.D*(0,)) = H(GL(d; F,,)/ /Z.GL(d; Op))
has as C-vector space the generators
GL(d; O0,) diag(p™, ... ,p"") GL(d; 0,).Z/Z
where we have
(ni,...,nq) €247 -(1,...,1), ny<ny <...<ng
We denote the set
Ay i={(ny,...,ng) €247 -(1,...,1) | ni<na<...<ng}
Proposition 42. As a C-vector space
H(D*(Fy)/Z.D*(0,)) =

D (H(DX((’)p)) diag(p™,...,p"") H(D*(O,)) * Z/Z)

The different Hecke algebras form, as the word indicates, algebras under the
convolution of functions, that is

s f)@) = [ ey d) faly)ly)

D*(Fp)/Z

where dp denotes the Haar measure on D*(F,)/Z, In particular, we have the
double classes -

D*(0,)) diag(1,...,1,p,....p) D*(0,) * Z/Z

(i-times 1 above, at least one p occurring) and the associated characteristic
functions x,,;.

Definition 43. The Hecke operator 1,,; is gien as the convolution operator
C’(DX(F)\DX(AF)/Z.RDX((’)B);C) —
C(D*(F)\D*(Ar)/Z.R.D*(0,); C)
J o fx Xpi = Tg,i(f)‘
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We will now identify the Hecke operators 7},; with the corresponding adja-
cency operators. The Hecke operators T),; can be seen best using the isomor-
phism

C(D*(F)\D*(Ar)/Z.8.D*(0p);C) — C(I\D*(F,)/Z.D*(0,);C)

As the Hecke operators T),; are acting by convolution from the right side,
they will be commute with the action of I' from the left side. It is therefore
enough to compute the action of the Hecke operators 7,; on the space of
functions -

C(D*(F,)/Z.D*(0,);C) resp. C™(D*(F,)/Z.D*(0,);C).

As it will turn out, the Hecke operators will be defined locally and act there-
fore on both spaces. We have the identification

D*(F,)/2.D*(0,) = GL(d;F,)/GL(d:0,) * Z
= Xo(Ep).

Therefore, the action of the Hecke algebra H(D*(F},)//Z + D*(O,)) can be
seen also on the space of functions C(Xo(FY); C) as well as C(Xo(F2); C).

Theorem 44. i) The Hecke operator T,; equals the adjacency operator A®
foreacht=1,...,d—1. -

it) The Hecke algebra at p and the algebra generated by the adjacency opera-
tors AW (i=1,...,d—1) act equally.

iii) The action of both algebras commutes with the action of

GL(d; F,)) = D*(F,).

Proof. iii) is obvious. For the case of adjacency operators it follows directly
from the formulas for the A%, acting on the space of functions C'(Xo(F?);C).

For the case of the Hecke algebra it follows, because GL(d; F,,) = D*(F,,) is
acting from the left side, where as the Hecke operators are given by convo-
lution with biinvariant functions from the right.

i) As a GL(d; F,) = D*(F,)-module, C¢(Xo(F?); C) is generated by the char-

acteristic function
XD*(0p)*Z/Z = XLo>

under the identification above. But
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XD*(0,).2/2 * Tp,i
= XDx(0,).7/2 * Xpx(0,)diag(1, ..., 1,p, ..., p)Xpx(0,).2/2
= Xpxoydiag(l,...,1,p,....p) Xpx(0,).2/2

= Z XL/

type(L;L")=i

= AU (XL)

Here we have used, that xpx(0,).z/z is the unit element of the Hecke algebra

H(D*(Fy,)//Z.D*(Op)). This altogether shows 7).
i1) is an immediate consequence of i), as both algebras of operators are
generated by the Hecke operators T),; resp. the AW (i=1,...,d—1). O

3.4 The Ramanujan Property

As is well known, one can decompose the representation space
Co(D*(F)\D*(Ar)/Z;C) = DVx

into a direct sum of irreducible automorphic representations, (Vy, 7) of D*(Af).
The subspace

C(D*(F)\D*(Ar)/Z.R.D*(0,);C) C C(D*(F)\D*(Ar)/Z;C)
can be written then in the form
C(D*(F)\D*(Ar)/Z.8.D*(0,);C)

= (V)P (Br)/ /28D (Op)

x (AP D*(O
@ H(D* (AL)//2.8) (Vp ( g))
decomposing the representation
Vea=(Vee®V,)

and correspondingly
(Vﬂ)H(DX (AF)//Z.8D*(Op))
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x (A (P)
i~ (V:E()D (Ag )//Zﬁ)> ® (V

D*(Op)

).
Therefore, only those representations 7 occur in the decomposition, for which
If this is the case, V}, is a spherical representation. As the local Hecke algebra
H(D*(F,)//D*(0,)) is commutative, it follows that VBD ©2) 125 t0 be one-
dimensional. The action of

H(D*(F,)//D™(Oy)),
is then given by a character ( ring homomorphism )

Xr, : HID™(F},)//D™(Op)) — C

into the field of complex numbers. In particular,

Xﬂg <Tg’i) eC

and the Ramanujan property of the automorphic representation at p deals
with these. We have to make one further remark:
Obviously in

Co(D*(F)\D"(AF)/Z;C),

we have the subrepresentations given by characters
X : D*(F)\D*(Ap)/Z — C*.

In particular the trivial character, corresponding to the subspace of constant
functions, occurs as D* (A p)-invariant subspace.

Definition 45. i) An irreducible automorphic representation 7, such that m,
is a spherical representation, is said to satisfy the Ramanujan property at p,
iff the eigenvalues xx,(T},:) satisfy

d\ -
T3l < (D)0 S oten 0
where 21,...,24 € C are complex numbers with absolute value |z;| = 1 for
j=1,...,d and 0i(z1,...,2q) i-th elementary symmetric polynomial.

it) The Ramanujan property at the prime p holds for the representation
C=(D*(F)\D*(AFr)/Z;C),

if it holds in the sense above for all automorphic representations m comple-
mentary to the invariant subspaces, generated by the multiplicative charac-
ters.
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Theorem 46. (W.Li.) The Ramanugjan property at p holds in the sense of
Definition 45 (i).

Corollary 47. The quotient hypergraphs F\XO(Fg) are Ramanujan hyper-
graphs (simplicial complezes) in the sense of Definition 45 in Chapter 2.

Remark. In the case d = 2, the Ramanujan property can be shown by using
the so called Jacquet- Langlands correspondence between automorphic repre-
sentations of D*(Ap) (then D is a quaternion algebra) and automorphic rep-
resentations of GL(2; Ar), not given by multiplicative characters. For these,
the Ramanujan property is a consequence of results of Drinfeld [21]. Though
in our situation one has now the recent results of L.Lafforgue, showing the
Langlands correspondence for GL(d; Ar) for arbitrary d and in particular the
Ramanujan property for cuspidal automorphic representations, one can not
conclude immediately here the Ramanujan property. What is missing, is a
completely worked out Jacquet- Langland correspondence as above for d = 2.
Nevertheless, due to a trick from L.Clozel, one can conclude the Ramanujan
property by working with the moduli scheme of D-elliptic modules [32], in-
stead of working with the moduli scheme of shtukas. Concerning this, then
reader has to consult [65]. We close this chapter indicating another method
to show the Ramanujan property. We use a theorem of Arthur and Clozel
[, Theorem 4.2.], which gives the Jacquet-Langlands correspondence for the
case d a prime number. After that we can use the recent result of Lafforgue
to conclude the Ramanujan property for this case. It might be mentioned
that we found this approch at a time, when the preprints [65] and [30], [35]
avilable to us.

Assume d is a prime number, f is an irreducible element of Fy[t] with (f) #
(p) and different from all other primes in which D = F(7) is ramified . The
canonical homomorphism

1 1 1
F,ltl-] — Opl-]/fF,[t][-],
q[]p] D[p]/f q[][p]
induces following homomorphism :

1 1 1
Op|-] — Op|-]/fOp|-],
nl] p[ )/ O[]

where as before Op = F{7}. So we obtain group homomorphism

1 X
N

Recall that (1) = (Op[;])*/Z. We define Fgcp) = kera;p). So Fgcp) is a
normal subgroup of I'(1) of finite index and we have:

o T(1) — (OD[;]/fOD
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Theorem 48. (Main Abstract Theorem)
(1) F;p)\X*([Fq(t)g) is a finite (ny, ..., nq_1)-reqular graph with

n; = number of i-dimensional subspaces of b5 where ¢ = qiesr,
fori=1,...,d—1, more precisely

_ (d) g (@ = 1)
n;, = i = - — .
t) = m—1(@™ —1)

q

(2) Fgcp)\X*([Fq(t)g) is a Ramanugjan hypergraph in the sense of Definition

45 from Chapter 2,i.e. It is Ramanujan with the bound (ci,...,cq—1) where

7

Proof. By Theorem 37 the quotient complex (hypergraph) Fgcp )\X*([Fq(t)g) is
a finite. the expression about regularity is inherited from the structure of the
Bruhat-Tits Building X, (F,(¢)). So (1) is done. Following isomorphisms are
known from Chapter 3:

C(D*\D*(Ap)/Z.8.D*(0,);C) = C(I'\D*(F,)/Z.D*(0,);C)
C(GL(d; F,)/GL(d; F4[t],).Z; C) — C(PGL(d; F},)/PGL(d; F4[t],); C)
—  C(X(F});C).

which hold for all congruence subgroups of I'(1). in particular for Fgcp ). Thus
we define first associated to f the congruence subgroup

Jf = ker (OBJ/Z — (OD,f/fODJ)X/Z)’
and we define

R = 7éH f((’)f)?z/Z).DX/Z(FB).DX/Z(FOO).Jf,

and let M := D*/Z.R

Remark. For any group G here, we use notation G for the subgroup of G
of elements with reduced norm 1.

Applying Strong approximation Theorem two times sequentially, we see that
D*/Z(A).Fy (Fy, diagonal embedding of F' in A) is a finite index subgroup
of M. This plus

|D*/Z(A)/D” | Z(A).F| < o0,
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shows |D* /Z(A).Fy /M| < co. Also
[D*/Z\D*JZ(A)/& : D*JZ\IN/A] < oo .
But as we have seen by 3.1
'Y = D*(F,) N &.
So DX/Z\M/K = T'P\D% /ZD*(F,)/Z and finally
[D*/Z\D* |Z(A)/&: T"\DX /Z.D*(F,)/Z] < oo .

Let T ® m, be an irreducible representation of the right regular represen-
tation of D*/Z(F,)/2.D* /Z(F,) in C(T'P\D* /Z(F,)/Z.D* | Z(F,). There
is an irreducible subrepresentation of D*/Z(A)r) in @ = ®,7, such that
%B = Tp and Moo = TMoo. N

. D*/Z(0
Suppose m, does not occur in V, £

A (,i.e. It is not one-dimensional). So
T occurs in C(D* /Z\D*/Z(Ar);C). Since d is assumed a prime number, we
can apply the Weak Lifting Theorem [I, Theorem 4.2.], and obtain a cuspi-
dal subrepresentation p., ® p, of C(PGL(d; F,,)/PGL(d; F,[t],); C), which is

cuspidal and pp = mp. By recent reslt of L. Lafforgue [20] we have

d\ -

where 21, ..., 25 € C are complex numbers with absolute value |2}| = |q(dfﬁ| =
1for j =1,...,d and o4(2],..., 2}) i-th elementary symmetric polynomial.
Choose suitable z; as in Lafforgue’s expression of Ramanujan-Peterson con-
jecture ,i.e. the proof of 2 is complete. [
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Chapter 4

Explicit Constructions

4.1 Introduction

To give explicit examples of Ramanujan regular hypergraphs, we specialize
the situation of section 3 even further. So our examples of division algebras,
we consider, Ore skew polynomial rings over finite fields or more precisely
their quotient fields. These are unramified outside the primes zero and infin-
ity. The arithmetic groups, we consider here are obtained again by allowing
denominators at a prime p = p(t) different from zero and infinity. The
properties of those arithmetic groups can be described to a large extent by
divisibility properties of the skew polynomial ring F,«{7}.

In section 4.2 we consider the main properties of skew polynomial rings
F,a{7} and some related rings. Section 4.3 describes the arithmetic groups
we want to study. Sections 4.4 gives the explicit construction of the Ramanu-
jan hypergraphs, our simplicial complexes we are introduced in. Again these
will be described in terms of Cayley graphs of various groups.

4.2 The Skew polynomial ring [qu{T}

In this section we collect various well known fundamental facts concerning
skew polynomial rings. These rings are well known in the theory of non
commutative rings and many of the facts we note below hold in greater
generality. However we have written up the relevant properties in the form
we will need later on. For more details see [13],[14],[15],[11],[10],[12] and [12],
41].

We consider the finite field [, of ¢ = [ elements of characteristic . [ is a
finite extension of [, of degree d.

We will construct now the skew polynomial ring Fa{7}. As a set this is
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given by
D ar n>0, a;€Fu}
=0
Addition is defined by
Z Cl,ﬂ'i + Z bﬂ'i = Z(al + bZ)TZ
i=0 i=0 i=0

For F {7} one obtains the structure of an infinite dimensional vector space
over [ .
Regarding the multiplication, the fundamental rule is

TA = N1

for X\ € Fa. There is a unique multiplication on the ring F,«{7} satisfying
this rule.

Proposition 49. The center of the ring Fa{7} is given as Fy[77].

Proof. Tt is obvious, that F,[79] is contained in the center Z(F {r}). On the
other hand, if ¢ = ¥ ; a;7" is a central element in F,a{7}, it has to commute
with all elements A € F . This forces the a; for ¢ # 0( mod d) to be zero.
Therefore c is of the form

c= Z CLZ'(Td))d/ ‘
: =0 mod (d)
0<i<n
Because 7¢ = cr, it follows additionally, that the a; occurring are elements
in [g. O
Remark. It is immediate, that
{a'7? | 0<i,j<d—1}
where
[l'_qd = [Fq(a)
is a basis of the left (-right) modules F {7} over F,[79).

We denote 7¢ =: t. The center F[t] is of course the polynomial ring in the
indeterminate ¢ over the finite field F,. The following proposition is due to
Ore, see [12], [11].

Proposition 50. The skew polynomial ring F{T} is a left resp. right Eu-
clidean ring.
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Proof. One has to show the following property: given polynomials f(7), g(7) €
F,a{7}, there are polynomials s(7) and r(7) such that

f(r) =s(m)g(7) +r(r) such thatdeg_ (r(7)) < deg, (g(7))

for the 7-degrees of the polynomials above in the obvious sense. This would
show that F {7} is a left Euclidean ring. But of course this can be seen by
the usual division procedure of polynomials taking only into consideration,
that one can write A7 = 7AY9 because Py — Fga, u — u?is a bijection.
The property, that the ring F {7} is right Euclidean means, one can find in
the situation above elements s'(7) and 7/(7) such that

f(r)=g(r)s'(t) +r'(t) wheredeg. (r'(1)) < deg,(g(7)) holds.
This is shown in the same way. ]

Remark. Of course, all of this can be found in the literature ( as given above)
even for more general skew polynomial rings k{7}, where k is commutative
field with automorphism o : & — k, such that the rule

TA=0(AN)T
holds for A € k.

Corollary 51. i) Any left ideal I in F {7} is a principal ideal of the form
I =F{7}.a, with a € I appropriate.
it) Similarly any right ideal J in F {7} is a principal ideal of the form
J =0.F {7} with b € J appropriate.

Proof. Given I, choose g(7) € I of minimal degree, if I # (0). Otherwise we
are ready. Suppose, f(7) is an arbitrary element of /. We can find s(7) and
r(7) such that

f(r) =s(m)g(r) + r(7) wheredeg (r(7)) < deg,(g(T)).

Because f(7),g(t) € I, it follows that r(7) € I, because I is a left ideal.
But then r(7) = 0, because otherwise we would have a contradiction to the
choice of g(7) as nonzero element of I with deg,(g(7)) minimal. Therefore
we have /(1) = 5(7)(r),

This implies that I = F,a{7}g(7) and therefore I is a principal left ideal.
i1) is shown in the same way. O

Remark. The generating elements as ¢g(7) above in i) are uniquely deter-
mined up to multiplication by an element of [F;d from the left side.
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We have the following well known structure theorem for finitely generated
F,a{7}-modules (left or right modules). It corresponds to similar results for
finitely generated modules over commutative principal ideal domains:

Theorem 52. i) Any finitely generated left | a{7}-module M is the direct
sum of cyclic left F a{7}-modules:

M = @ [qu{T}/[qu{T}fi(T>
i=1
where we can assume additionally

AL (i fo (1),

Here a|;b means left-divisibility, i.e. there isr € Fa{T} satisfying r.a =b.
it) If M is a finitely generated torsion free left T a{7}-module, then M is a
free Fa{T}-module, that is, the f;(T) above are all zero.

Proof. see [13] or take any proof for the corresponding statement in the
commutative situation. [

Proposition 53. i) The ring Fua(7) = Foa{7} Q¢ 1y Fq(t) , obtained by
extension of the center F,[t] of F a{7}, is as a left(right) module free of rank
d? over the rational field F(t).

it) The center of F,a(7) is Fo(t) under the canonical embedding of F4(t) into
Foa(T).

ii1) Fua(7) is a division algebra. In particular F(7) is a central simple
algebra of dimension d* over the rational function field F,(t).

Proof. i) is clear, because F {7} is a free module of rank d* over F,[t].

it) If u € Z(F (7)), then there exists a nonzero polynomial f(t) € [F,[t] such
that f(t).u € Z(Fa{r}) = F[t].

Conversely, F,(t), canonically embedded, is in the center of F a(7),

it11) To show, that F,(7) is a division algebra, consider the canonical homo-
morphism of algebras

Faa(7) @ Fo((t) — Fua((7))
Fq(t)
with f®g— f.g

Here we are using following notations:

F (1) = {fj ait’ | NeZ a;€l,}
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is the field of Laurent series (at the place ¢ = 0 of the field Fy(t)), Fa((7)) is
given as the skew field of Laurent series

[Fq((T)):{iaiTi | NeZ a;€Fu}

where we have again the communication rule
TA = N1

for A € Fa. It is immediate to see that F,((7)) is a skew field. It is a
d-dimensional vector space over the field F,((¢)) of Laurent series over [F,.
Now, as vector space over [((t)) both Fou(7) ®g, ) F4((t)) and Fa((7)) are
d?-dimensional. Furthermore, the canonical homomorphism

¢ Fa(r) @ Fo(()) — Fal(7))
Fq(t)

is surjective, as the image contains the elements {a‘7? | 0<i,j <d—1},
where Fa = Fy() as above, which form a basis of the vector space F¥((7))
over [ a((t)). Then, as a surjective homomorphism between vector spaces of
equal dimension, ¢ is an isomorphism. Furthermore, ¢ is compatible with
the multiplicative structure, therefore ¢ is even an isomorphism of algebras.
Because Fga((7)) is a skew field, the algebra Fa(7) g, ) Fy((t)) is a skew
field as well. So the algebra [ (7) ( as a sub algebra ) has no zero divisors.
Furthermore it is a finite dimensional algebra over its center F,(¢), which is
a field. Then [ a(7) is a skew field itself. This shows i) O

Remark. i)t follows from the considerations above, that the division alge-
bra Fa(7) over its center F,(t), where ¢t = 7%, is ramified at the place t = 0
with completion the skew field of Laurent series F,a((7)),

i1) Similarly at the place t = 0o, the place corresponding to the degree valu-
ation of F4(t), Fa(7) is totally ramified.

We will show now, that these places are the only places of F (1) over Fy(t),
which are ramified.
The skew field F(7) can be described as a cyclic algebra over its center
Fq(t) in the following way. First we have the cyclic Galois extension [ (%)
of Fy(t) with canonical embedding Fa(t) < Fa(7) by mapping ¢ — ¢ = 4.
Of course

Gal(Fa(t)/Fq(t)) = Gal(Fu/Fy) =<7 >

where 7 : Fya — Fpa, u~— u?is given by the Frobenius automorphism.
F,a(t) is an unramified field extension of F,(¢) at all places of F4(t). As it
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can be compute the invariants of the skew field F (1) over Fy() at all places
of F4(t) in the sense of the classical theory. The element 7 € F¢(7) satisfies
the rule 7A = M7 and 7¢ = t. But for all places p = p(t) # 0,00 we have
vp(t) = 0, which implies that the central cyclic algebra F¥(7) is unramified
at all places p # 0,00. On the other hand, computing the invariants at the
places t = 0, 00 we obtain for the invariants

invo(FY(r) (1) = -
1

invse (FA(T) [F (1) = —

We have obtained

Theorem 54. :

F,a(T) is up to isomorphism the unique central algebra over [F,(t) with the
following properties:

i) Fua(7) is unramified at all places p = p(t) # 0,00 of F4(t).

i1) It has invariants é, —é att =0 resp. t = oo.

Proof. All the properties have been shown, the uniqueness statement is a part
of the theorem of Hasse - Brauer - Noether see [0/, chapter XIII,3.Theorem
2 and 6. theorem 4] O

Lemma 55. F {7} is a mazimal Fy[t]-order in F (7).

Proof. We have to check only the maximality. Assume that R is an order
with Fa{7} € R. By definition of the concept of order, R is finite over
F4[t], so there exist a nonzero element f € Fy[t] such that Rf C Fa{7}. As
F,a{7} is a PID (left and right), there exists an element p in F, {7} with
R =Fa{r}p. Thus Rf = Fa{r}uf~". Now since R is a domain the proof
is complete. O

Finally we give another description of the skew polynomial ring F {7}

Consider an algebraic closure F, of F,. [, is a vector space over the field
F, and we have the ring of vector space endomorphisms Endg (F,). As
mentioned above, there is also the skew polynomial ring F, {7}, satisfying in

particular again the rule 7A = X7 for A € F,,. We choose an embedding

Fa{r} = Fofr}
by choosing a homomorphism F . — F,.
With any polynomial f(7) =37 a7, f(7) € F,{r} we associate the poly-
nomial endomorphism

(4.1) or Fy—TFy x> aa?
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Proposition 56. (i) o:F{r} — Endg, (F,)

fr) = aim" — o5

1=0

as above, is an injective homomorphism.
i1) keror ={z €F,: ps(x) =3I ax? =0}

is an [ 4-vector subspace of F,. One has:
dimg, ker () <n

i11) w5 1s wnjective, iff [ is purely inseparable as a polynomial, that is,
f(7) is of the form ct™ with ¢ # 0.
i) If f(1) # 0, s is surjective.

Proof. i) i) and iii) are evident, iv) follows immediately, because the poly-
nomial equations

Z aimqi =c
i=0
have solutions for all ¢ € F, iff f(7) # 0. O

Proposition 57. Given a finite dimensional F,-vector space V. C F,, there
is a polynomial f(1) € F {7}, unique up to a scalar from [_qu, such that

i) f(7) is not divisible by T (left or right would be equivalent for this).

i) ker(p) =V CF,,

ii) f(T) moreover can be chosen to be in Fu{r} iff V. C F, satisfies
vra(V) =V, that is, the map

v 2t = (x)
maps V' bijectively onto itself.

Proof. Given V C [, a finite dimensional vector space over [, we define the

polynomial
p(x) = [ (= —v)
veV

By induction with respect to the dimension dimg (V'), it is easy to show
that p(r) is a Fy-linear (in particular additive) polynomial function, which
therefore is of the form p(x) = ¢y(z) for a skew polynomial f(7) € F,{7}.
If there would be another such element g(7) € F {7} satisfying ker o, =V,
then the additive polynomial functions ¢;, ¢, : F, — F, would have the



52

same zeros in F,, furthermore they have the same degree. Therefore there
exists a ¢ € [, satisfying co; = .

i) If V C F, satisfies ¢,a(V) = V, that is, the map F, — F,, z — 29" =
©-(z) maps V bijectively onto itself, then ¢, as constructed above, satisfies

d

praps(e) = (I] (z —v)’

= [T @ — o)
veV

=M@ —v) (as 4V)=V)
veV

= @(pra(x))

for all x € F,. This implies immediately

flr) = Zaﬁi where a; € F .

]

Proposition 58. If f(7), g(r) € F, {7} satisfy ker (¢;) = ker (¢,) and if
f(7) is not divisible by T, then there is m € N, such that

g(r) =" f(7)

Proof. Given ¢(7), one can find m maximal, such that g(7) = 7 f(7) but
then ©F is a separable polynomial function satisfying ker (<pf~) = ker (¢,)
and therefore also ker (g0f~) = ker (¢y), furthermore ©7, ¢y are separable
polynomial functions, which we can assume to have highest coefficient 1.
Therefore we obtain f = f and therefore also

g(r) =7"f(7)
[l

Proposition 59. i) Suppose fi(7), f(1) € F {7}, are separable polynomials.
Then there is a separable polynomial fo(T) satisfying

fa(m) fi(m) = f(1) iff ker(py) C ker(py) as F,-subspaces.
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it) If f1(7), f(7) € F {7}, are separable polynomials, then there is

fa(T) € Fpa{r}

satisfying
() fi(r) = f(7)

Proof. (=) This direction is trivial.
Conversely, suppose that, ker (¢, ) C ker (¢7). Consider the separable poly-
nomial

op g — Iy

and denote for
Vi=ker(ps), op(V)=VCEF,

Obviously V is given as F,-subspace in F, and we can find accordingly fa(T) €
F,{7}, such that ¢y, is separable and ker py, = V. Then

A Fq

has kernel V' and is again separable with highest coefficient 1, Therefore we
obtain ¢ = ¢y,¢y,, which implies immediately f = fofi. This shows 7).
i1) is an immediate consequence of 7). O

Corollary 60. Suppose, f(1) € Fpa{r} is not divisible by T, that is, the
corresponding polynomial function gy is separable.
Decompositions of the form

f(r)= fi(r) ... fr(7)

in Fa{r} are in bijective correspondence with t = 7¢

linear subspaces,

-invariant flags of -
ocwW,c...cW,=V
where W,_; =ker (py, ... ¢y,) forg=1,...,r.

Proof. We can assume in the corollary, that f(7) and all of the f; for j =
1,...,r have highest coefficient 1. We then have the map above associating
with a decomposition

f(r) = H(T) - fol7)

the corresponding flag of subspaces

ocw,c...cW,=V
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where V' = ker ¢ and W; = ker (f,—j1(7)) ... fr(7)).
Conversely, suppose that, the flag of t-invariant subspaces

oOocw,c...cw,=V

is given. We find f(7) € F, {7}, separable, with highest coefficient 1, such
that kerpy = V holds. f(7) € Fg{7} is an element in F {7}, because
V = ker ¢, is invariant under ¢ = 7¢ (not elementwise however).

Similary we find f;(7) € F,a{7}, such that ker ((p/;;) = W;, By repeated
application of Proposition.59, we can conclude:

fo(r) = fulr) . fo(T)
fra(r) = i) frma(7)

fl(T) = fr(T)

where the f;(7) € Fa{7}. This shows the Corollary. O

4.3 Arithmetic groups associated to the divi-
sion algebra [ q(7)

We consider again the division algebra of skew polynomials D = F ,«(7) with
center [F,(t) as in the last section.

Associated with this algebra are the algebraic groups D*, D) and D*/Z
given as group functors on the category of F,(t)-algebras R (that is, there is
a homomorphism of commutative algebras with unit elements

F,(t) — R) given by :

(4.2) D*(R) := ([l'_qd(T) OF 4 (¢) R)*
the group of units, and similarly
(4.3) DW(R) := (F (1) ®F, (1) R)Y = {z € (F (1) @F,) R)V|nr(z) = 1}

where nr : D*(R) — R* is the reduced norm of the central simple algebra
F,a(7) over Fy(t), seen as a polynomial map and extended by R.

Finally we have the group functor:

R (D*/Z)(R) = D*(R)/Z(R*)
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Remark. Other notation for these groups are GL(1, D), SL(1, D) and PGL(1, D).
For a proof, that these group functors are in fact representable by algebraic
groups see [0].

Besides these algebraic groups, we have the corresponding group schemes
D*, DY and D* /Z over the ring [, [t] respectively. Over its spectrum space
F,[t], given similarly by the group valued functors :

F,lt] — Alg — groups

From the category of commutative [F,[t]-algebras to the category of groups,
given by
R D*(R) = (D 9, B)*

The arithmetical groups we are considering here can be described as follows.
Suppose p(t) € F4[t] is an irreducible polynomial. Denote by O := [Fq[t][ﬁlt)]

the localization of the polynomial ring [,[¢t] with respect to the multiplicative
system S := {p(t)"|n = 0,...}, that is, one considers the rational functions

in F,(¢), whose denominators are powers of p(t).

The basic arithmetic groups in our situation are then D*(0),D"(0),(D* /Z)(0),

which are given explicitly as

D*(0) =(Fg{} &, 0)*

1 X
:([FZ{T} ®r,1 Fqlt] [m]) -
Furthermore
(4.4) DY(O) ={zx € D*(0) | nr(x)=1}

and D*/Z)(O) = D*(0)/O*.
We study these groups in the usual way by their operation on the product of
the Bruhat-Tits building of the algebraic group D* (respectively, D), D> /Z)
at the primes missing, which in this case are (p(t)) and oo of F,(1).
As the division algebra [F(7) is totally ramified at oo, the corresponding
Bruhat-Tits building is just a point. It is therefore sufficient to consider the
Bruhat-Tits building at the prime (p(¢)). This is the building associated to
the algebraic group D* ®f, ) Fy(t)p@)), where Fo(t) ) is the completion of
F,(t) at the prime p(t) := p. (and similarly for the groups DY, D* /7).
Because D is unramified at (p(t)) = (p), it follows, that, we have an isomor-
phism

D @, Folt)y — M(d;Fy(t)y)-
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Therefore, we have an induced isomorphism
(D ®@r,0) Fq(t)p) —= GL(d;Fy(t),).

We also have an induced embedding

1 X
= ([qu{T}[th)])
1 X
= (Fge{7} ®r 10 Folt]l o0 t)])

= (Fp(7) @rn Fo(8)p)" = GL(d; Fy(t)y)

and using this, an action of I' and its subgroups on the Bruhat-Tits building
corresponding to p = p(t) respectively also for For GL(d;F,(t),) and the
related subgroups SL(d; F,(t),) for DY and PGL(d;F,(t),) for D*/Z. As
described in section 2.2, that is the building X (p) := X (F,(£),%), associated
to the vector space [Fq(t)pd over the locally compact topological field F,(t),.
The problem we have is to understand the quotient I'\ X (p) for the group I
under consideration. To be able to do this we add some further considera-
tions.

First, because F {7} is a maximal order over F[t] in F(7) = D, we can
choose the isomorphism above in such away that it induces an isomorphism
of the corresponding local orders

[qu{T} QF (1) Foltl, — M(d;Fyt]p),

where as before F,[t], is the valuation ring of F,(¢),.

We denote Ly := F,[t],?, the standard lattice. For any lattice L C Fy(),"
over [,[t],, we consider Homg_ g, (L, Lo).

This is in an obvious way a left module over the ring

Endg, g, (Lo) = Foa{7} ®r, ) Foltly

Proposition 61. There is a bijective correspondence between lattices
L C Fy(t)," overFt], and F,a{7}-left modules M equipped additionally with
an 1somorphism

6T, [p(lt)} @r M = [qu{f}[p(lt)

which are free of rank 1 over Fa{1}, = Fy[t], ®F g Fpa{r}

]
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Proof. Given a pair (M, ¢), we have to reconstruct the lattice L C F(t),"

over [,[t],. Denoting ¢, the obvious extension of ¢ to
G Fo(t)p @r, 0 M — Fpa(T)y
and the qu as the following composition of maps:
Fo@p @p,y M = Foa(r)y = M(d;Fy(t)y)

where the first map is ¢,, and the second is the isomorphism fixed above.
We consider the restriction map

Q§p| t M, = [Fq[t]p Qr, g M — M(d; Fy(t)p)

The image is a free module of rank one over End(F,[¢]?). It is immediate to
see that there exists a unique local lattice L C [Fq(t)pd, such that

p|(M,,) = Home,, (L, Lo)

holds, where Ly = [Fq[t]pd. This is a version of the Morita- equivalence.
Conversely, given the lattice L, we obtain an F«{7}-module M in obvious
way from the
Pl sl @ M = Flr)l
e 0

[l'_q [i]p ®[Fq[t] M= Hom[pq[t]p (L, LO)

] and

with the canonical identification. It is immediate to see, that these two
constructions are inverse to each other. 0

Proposition 62. The group I' = ([qu{T}[ﬁ])X acts transitively on the set
of lattices L C Fy(t)," over F,[t],.
Proof. Consider the F{7}-module M given by the pair
1
M® .= ([qu{T}[I—)},Hom(L,LO))
(in the sense of the discussion above). Now any such module (as a left

Fa{7}-module ) is isomorphic to Fa{7}. Such an isomorphism a induces
an isomorphism a® of F,{7},-modules

M9 = F ()] — Fu{r)]
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Any such isomorphism is given as right multiplication by a unit

L
p(t)

As « induces also an isomorphisms of [qu{T}p—modules

X

g € Fpa{r}]

M, = Hom[pq[t]p(L, Ly)— End[pqmp (Lo),
it is immediate to see that this is equivalent to the fact, that
9(L) = Lo
But this shows the transitivity of the action of I' on the set of lattices. [

Corollary 63. The group D*(0)*/Z = (H‘_q{T}[%DX/Z acts transitively on
the set of vertices Xo(F4(t),") of the building X (F,(t),").

Proof. We have Z = (F, [t][%])x, which acts by scalar multiplication on the
set of lattices. Therefore the group ([qu{T}[%])X/Z induces an action on

X (F,(t),"), which is transitive on the set of the vertices Xo(F,(t),") by
proposition 62. ]

Corollary 64. For any subgroup I" of finite index in I'(1) = (F d{T}[ )</Z
the quotient T\X (F,(t),%) is a finite simplicial complex.

Proof. This is an immediate consequence of Corollary 63. O

Remark. In fact this is a very special case of Godement’s compactness the-
orem mentioned earlier, but in our situation it can be shown in a direct way
as above.

We consider in the group I'(1) = (F d{T}[ 1)*/Z the following subgroup
I'(7). We consider the composition of group homomorphisms

(45)  T(r)=ker(I(1) — Fu{{r}}/2) — FL/E}

where the first homomorphisms corresponds to the embedding to the place

= 0 considered easier and the second homomorphism is the evaluation
homomorphism for 7 = 0. I'(7) is the kernel of the composition of these
homomorphisms.

Proposition 65. Let I'(T) be as 4.5, then

i) I'(7) is a torsion free group,

ii) T(7) acts fized point free on the simplicial complex X (F,(t),") and also
on its realization | X (Fy(t),")]. In particular no simplex is mapped to itself
in a nontrivial way under the action of T'(7).
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Proof. i) We consider the embedding

1
([qu{T}[];])X/Z — Fa{{r}}7"/Z
Any element g € I'(7) g # 1 is mapped to a power series in 7 of the form
(1 4+ a;7" + higher terms in  7), where a; € Fua, a; # 0. It is immediate to
see that (14 a;7° +higher terms in7)" # 1 if (n, Char(F,) = 1. On the other
hand for any j > 1

J

(14 a;7" + higher terms in = 7)” = (14 ;7" (1 4 by +...))?
=1+ (a;)” +...

Thus the lowest term in 7 is (ai)pj, which obviously is not zero. This shows
i).

i1) If g € I'(7) g # 1, stabilizes a simplex, it would have a fixed point in the
realization X (F,(t),"). As the stabilizer is discrete ( as a subgroup of T'(7))
and compact ( being a closed subset in the compact stabilizer of a point of the
building X (F,(t),")), it follows, that such a stabilizer group is finite. This
implies immediately that g has a finite order, which is a contradiction.  [J

Proposition 66. I'(7) is transitive on the set of the vertices of the building
d

X (Fq(t)p"))-

Proof. We have seen above, that the group I' = ([Fq{T}[I%])X is transitive on

the set of vertices Xo(F,(t),%)). Therfore, given a vertex < L >€ Xo(F,(t),")),
we find g € T(7), gL = Ly, where Ly = F,[t],%. If there is another ¢’ € I'(7)
with ¢'L = Ly, then we have g71¢’Ly = Ly. It follows immediately from
Proposition 65 (i) that g7 '¢’ = 1 and so g = ¢’. This completes the proof of
the corollary. m

Corollary 67. I'(1) acts simply transitive on the building X (F,(t),").

Proof. Immediately obtained from the above propositions. ]

4.4 Explicit description of some arithmetic
quotients

In 4.3 we have introduced the arithmetic group I'(7)

I(r) CT(1) = ([qu{f}[;]) )z
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which acts simply transitive on the building X (F,(¢)?) and also on its topo-

logical realization | X (F4(t)7)].

We consider now arbitrary linear polynomials p(t) = (t—\) for A € F,, A # 0.
Associated to the polynomial p(t) =t — X is the F,-linear homomorphism

pp:Fg— Ty x— (qu — Az)
Denote V :=ker (p,) = {z € F, | 29—z =0}
Of course, V' = V() is explicitly given as ([qu. qd_&/X), a one-dimensional

F ,a-sub-vector space in F,. B
In particular for the case A = 1 we have V(A = 1) = Fa« C F,. We apply
Corollary 60 from 4.2. to this situation :

Proposition 68. There is a bijective correspondence between decompositions
p(t) = fi(r) ... fa(7)
into T-linear factors f;(7) € Fua{r}, j=1,...,d, and arbitrary full flags
ocWwWicC...cWy=V

of Fy-linear subspaces W; C V' (such that dim (W;) = j. This correspondence
s given as in corollary 60, section 4.3.

Proof. We only have to check that an arbitrary full flag
ocw,c...cWy=V

is t = 7%invariant. But on V the relation 7¢ = X resp. 29" = Az holds.

Therefore the action z — z7" on V is exactly the homothety V — V., x —
Az with A € F,. Because \.W; = W;, as the W; are [ ,-vector-spaces in V,
the result follows. []

We fix now again the standard lattice Lo := (Fga{7})* C Fua(7)% as well as
the associated vertex < Ly >. By Proposition 18 from Chapter 2 we have
the isomorphism of simplicial complexes

Ik << Lo >;X.([Fq(t>§f))

and the Tits building associated to the F,-vector-space (Ly/mLg). We remind
the reader again of the following situation. We have fixed an isomorphism

Foa{ T} —=M(d; Fylt])
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of the corresponding completions at p = p(¢). Upon doing this we get a
corresponding standard lattice F,[t]? = Lo, which is acted upon by F {7}
resp. M(d;F,[t],) by the standard action. We have the quotient (Lg/7Lo),
where 7 = p(t), isomorphic to (F[t]/(p(t))* as F,[t]/(p(t) = F,~vector space.
Furthermore we have V' = V(p(t)) = ker (y,) C F,, which is also an [ -vector
space of dimension d. Both (Lg/mL¢) and V are naturally simple modules

over

Foa{7}/p(O)F {7} = M(d; Fo[t]/ (p(1)).
An isomorphism between these two modules, so compatible with the action
F,a{7}/(p(t)) on both sides, by Schur’s lemma will be unique up to a central
nonzero element of F,[t]/(p(t) = F,, that is, up to a scalar, # 0. This implies
in particular a unique isomorphism between the simplicial complexes

Ik << Lo >; X_([Fq(t)g)>
and the Tits building of the F,-vector space V = V(p(t)) = ker (¢,) C Fy,

X
compatible with the action of ([qu{r}/(p(t))> :

In particular, to any neighboring vertex < L >€& Xo(F,[t]¢), such that
< Lo, Ly >€ X1(Fy[t]%) (1-simplices), there is, unique element v, € I'(7),
because I'(7) acts simply transitive on the set of vertices.

We can also obtain explicit descriptions of the elements ~;, using the canon-
ical isomorphisms above.

So, suppose we have a neighboring vertex < L > of < Ly >, so we assume
the situation

We have v, < Ly >=< L > upon multiplying by an appropriate power of
p(t), we can even assume, that v (Lg) = L.

In particular, we obtain then . (Ly) C Lo and therefore, because 7y, is free
of all other primes, we obtain v, € F,«{7}. But then we obtain the induced
equality

(Tl = Lm0 ),

That is, in term of the vector space V =V (p(t)) CF, : v..V =W(L) C V.
The divisor of p(t) corresponding to 7y, will be therefore given by the equality
above. We have proved

Theorem 69. There is canonical bijection between the sets

p

{'YL | yr € Fga{r},7(Lo) = L,  such that < Lo, L >€ Xl([Fq[t]d)}
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and
{f(T) cFpa{r} | f(r) s a nontrivial divisor of p(t)},

YL = f(7),

given by the equation
vr.(Lo)/p(t) Lo = f(7).V

with respect to the canonical identification
Lo/p(t) Ly — V =ker(p,).

We consider now the Cayley graph of I'(7) with respect to the set of gener-
ators

{’yL | vp € Fa{r},v(Lo) = L, such that < Ly, L >¢€ Xl([Fq[t]d)},

p

We denote Cayley(I'(7); {v.}) the associated graph.

Theorem 70. There is a canonical isomorphism of graphs

Cayley(T(r)i {ni}) = r@(x.(m)@),

where T <X_([Fq(t);l)> is the graph underlying the simplicial complex X (F,(t)%).

This isomorphism is given by the map

Cayley(D(7); {1} =T(1)  —  Xo(F,(t)}),
vy < Ly>.

Proof. The map above on the 0-level is a bijection, because I'(7) is simply
transitive on Xo(Fg(t)%). Two vertices < v > and < o' >, where 7,7 € T'(7)
define a 1-simplex < v,4" > in the Cayley graph Cayley(I'(7); {71 }), iff there
is vy, € T'(7), satisfying vy, = +'. But then

<yyL(Lo),vLo >= v < vr(Lo), Lo >,

which obviously is a one-simplex in X (F,(t)%), because < ~v.(Lo), Lo > is
a one-simplex in X (Fy(t)¢) by definition.Furthermore, this isomorphism is
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label-preserving and induces an isomorphism of the corresponding hyper-
graphs resp. simplicial complexes. The converse is equally clear, furthermore
it is clear, that our isomorphism will preserve labels, which can be introduced
via the set of generating elements {v,}. By proposition 24 from Chapter 2
the graph structure in our situation induces in a unique way a simplicial
structure resp. the structure of a hypergraph. Obviously, our isomorphism
induces an isomorphism of this structure. O

Theorem 71. Suppose, I' C I'(7) is a normal subgroup of finite index, 7, :=
proj(), where
proj:I(r) — T(r)/T

18 the canonical projection. Then the isomorphism of Theorem 70 induces an
isomorphism of the graph

Cayley(U()/T: {72}) = — 71« (P\X.([Fq(t)ﬁ)>

This isomorphism of graphs is again label-preserving and induces an isomor-
phism of the corresponding hypergraphs resp. simplicial complezes.

Proof. This follows immediately from Theorem 70. ]

4.5 Explicit construction

In this section we fix p(t) = 1 — ¢ where as before t = 7. Our goal is a

suitable linear factorization of p(t) in F,a{7}. More precisely we hvae:

Theorem 72. There are 1,...,24-1,2q € Fpa (provided x4 = 1) such that
(a) For any i € {0,...,d — 1} there exist the linearly indepndent set {yc(l]_)l}
(provided yc(lo) = 1) with

ker oy amapzen = D vl
_ S

(b) The following linear factorization of p(t) in Fa{7} holds:
(4.6) pt)=1—t=00—-7)1 -z %7)...(1 -z 7).

Recall that the F,-linear map ¢ is defined by 4.1.
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Proof. Let 1 = 0 then ker p1_ry = F4 -1 s0 y((io) 1. Assume (Inductive

assumption) now, {y .} is defined for 1 < j <4 < k such that (1) holds.

We must determine x4 and ker ng (1—z1=97)"
i=0 d—j

z € ker =
LT (aaltr) & P
by inductive assumption

i
=z — xil:%zq € @ F,- yc(l])l )

=0
Let
y(J)
L= {u e By | Trrr, (M) =0, 0<j < k1)

and choose a nonzero element x4, € Vk . We have for any ¢ < k

()

B — o 1-q _q _ — (4) — Z . z q _ Yd—i q
901796;_?(2) z =T 2" =y (fEd—k) Ty r PR
By Theorem Hilbert 90, (see [28, page 215 |), we can find for 0 < j < k

Qd 5, (provided 9((10_)k = 1) such that

() () v,
0, — (057,)" = (1)1,
Td—k
)

let v’ = xd,kefj_)k. Then yc(l]_)k € ker (PHk—l(l_xl—q
1=0

d—j
Cliam : The set {ygi)k, yéi)k, . ,ygi)k} is linearly independent.

Proof. Of cliam:

)"

7=0
Kk y(j)
— Z Cj d=k 0
§=0 Td—k
k k 4
— 89, =0 = ZCJQ =0= ) ¢ 69.) =0
=0 =0 =0
- (9) (4)
— Z Cj(ed{k —(671)) =0
=0
k yc(ly kl)1 "
- Zﬁxd: =0 = chydjk—i-l 0

7j=1

<.
I
—



65

Now by inductive assumption we know that the set {y(go_)kﬂ, yfll_)kﬂ, s y&k__,;zl

is a linearly independent set over [,. So
cp=...c,=0=cy=0.
[

We have by definition dim VjL =d—j. Sowefind zg =1,241,...,2; and a
linearly indepndence set {ygo) =11, y%l), o ,y%d_l)} such that :
d—1 "
_ j

ker P2 aatn) = % Fy- i’
This proves (1).
In order to prove (2), we see that the map ¢ on the both side of 4.6 has the
same kernel (in this case, the kernel is [ a).
Clearly ker ¢y = Fq, and also by (1) we have :

ker Pli—r)(1—2l=9r)..(1—at %) = F g

Thus by Proposition 58 there is a non-negative integer m such that

d-1
(4.7) L—t=7"(1+> o 7)1 -y ir)...(1— 2 7):

i=1
From the following lemma, all factors in the left side of (4.6) have reduced

norm equal to 1 —¢. Take the reduced norm from both sides of (4.7). Then
we must have ¢™ = 1, so m = 0. Thus the proof of (2) is complete. O

Lemma 73. For any x, € [F:d we have:

rn(l —a2'797) =1 —t.
where rn is the reduced norm defined by 1.1 in Chapter 1, Section 4.
Proof. We have

1 —zl L 0
0 1 —zr?
(1 — z'797) = det : : . :
0 0 0 ... —pte!
g 0o ... 1
=14 (1) (—1) % Xicola ey

=1-1t.
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Definition 74. For anyi1=0,...,d — 1 let F; be the set of all

J=0

where xg = 1 and z; € Fpa j = d —14,...,d — 1 such that there exists
(xd—i—l—la ce ,{['1) with

1-t
(ill'l, e Lgy it 1y - - - ,%dfl) S Bq,d :

We define the fundamental domain of p(t) = 1 —t as the disjoint union of
F;’s and we denote it by FUND,_,.

Corollary 75. There is a bijective correspondence between Fjs in the above
definition and Gri(Fy) (the Grassmanian of [ over Fg).

Proof. The discussion in the Proof of Theorem 72 makes this bijective cor-
respondence clear. O

Now we return to I'(7) as 4.5.

Definition 76. If in (4.5) p(t) = 1—t, then we denote instead T'(7), T*7(7),

that 1s:

(7)) := ker <F1_t(1) — [Fq{{T}}X/Z)
where
(4.9 D(1) = (Fp () /(2 = )

Remark. From now on, we shall be working with groups modulo their cen-
ters. However, our calculations are made in the groups themselves (by taking
arbitrary liftings).

Proposition 77. Let T'7!(7) as definition (70). Then we have:

i) T174(7) is a torsion free group.

it) T17H(7) is a finitely generated group which is generated by the setFUND; ;.
i1i) The Cayley graph of TY=4(7) with respect to the generator set FUND;_,
is isomorphic with the vertex set of Building X (F,(t){_,), i.e.Xo(F,(t){_, =
PGL(d,F,(t)1-+/PGL(d, F,[t]1-¢).
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Proof. We can see directly that any element of T'~!(7) can be written as
1 + 7%p in which g is not divisible by 7. Thus the group I''*(7) has torsion
elements iff there are positive integers N and m respectively such that:

(4.9) 1+ =1 -t)™
Thus we have :
1+ N+ 7m5umsu+ ... =1—mt +m(m—1)/2t> — . ...

Now if s # d we obtain a contradiction, since pu is not divisible by 7 and
neither is the coefficient of ¢ in the right-hand side of above equation.
So the only possibility is that s = d. That is (1 4+ 7°x) must be in

rt=9¢):={a el *(r) | a=1 modt}

which is by [20, Chapter 5], an analytic torsion free group. This proves ).
We have p € T'74(7) <= rn(p) = (1 —t)™ for some positive integer m.
Suppose that s is the maximal power of (1—t) dividing u; then v = p/(1—1)*
is not divisible by 1—¢. But nr(y) = (1—#)™~%, and on the other hand, since
Foa{r} is a (left) PID, there exists an element 6 € [ a{7} which generates
the ideal (v,1 —t). So v = af, and using associativity ( multiplication by a
unit on the left ) 6 can be chosen uniquely. Also since 6 divides 1 —t , nr(0)
divides (1 —¢)™, which shows that rn(0) = (1—t)’ for some i = 1,...,m, and

g must have the same kernel as some PIT . (1=l n) (again since 6 divide
i=0\ " Ta—j

1 — ¢ and using Proposition 57 ii)). This shows that by Proposition 58
there exists a non-negative integer n such that 6 = 7" [[j_q(1 — x}ligr). Take
reduced norm of both sides to see n must be 0. Now we can repeat this
discussion with v/ = «. This completes the proof of ii).

i1i) is obtained immediately from Corollary 67. O

Definition 78. Let f € [ ,[t] be an irreducible element, different from t and
1 —t. Then we define:

Ly '(r):={pel"(r) | p=1 mod f}
We are now ready to present our main results of this Chapter.

Theorem 79. (Main Explicit Theorem)

Let f € F,[t] be an irreducible element, different from t and 1 —t. Then the
Cayley graph of Fl_t(T)/F}’t(T) with respect to the FUND,_,

(the image of FUNDi_y in the quotient group T'7'(r)/T; (7)), is a Ra-
manugan (ny,na, ..., ng_1)-reqular hypergraph, where n; is the number of all
i-dimensional sub-vector spaces of F,a with the bound (ci,...,cq4-1) where
= (?)q(dfl)/2 fori=1,2,...,d—1.
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Proof. We can consider the quotient group
D7) /T ()

as Ty '(7)\I'""!(). By above Proposition 77 iii) I'' (1) can be identified
with Xo(F,(t)¢_,), so the hyper graph properties come from the building
structure on X (F,(¢)4_,), and finiteness from Corollary 64. The Ramanujan
property is an immediate consequence of Theorem 48 if d is a prime number,

and Corollary 47 in the Chapter 3. O]

Notation :

We denote the hypergraph in Theorem 79 with Hyps(1 —t). Our goal is, to
give a very simple form of Hyp(1 —t).

In order to the simplify calculations, we assume that deg f = dn for some
positive integer n. We define now the isomorphism :

(4.10) Y T4(7) — PGL(d,F jaear)
by
) folary) olo) e ... olacs)
q/)([z o)) = [ to*(aa-1)  to?(ap) o?(c) ... o0?(ag_9)
fad—‘l(ozl) fO'd_i<Oég> fad—i(ag) : m

where [0 ;7771 is the image Y% a7~ in I';_4(7), and
[t ] Folt]/(f) = Facecsr) is the natural map (which extended simply
over constant field ). We have

ker i) = F}_t(T)

Thus the Cayley graph Hyp;(1—1t) is exactly isomorphic to the Cayley graph
of ¥(I'1_4+(7)) with respect to the following generators:

%

(4.11) H(J1( = 2ldr Hz/) (1— g ir

=0
where for any i=1,...,d—1
1 ! 0
0 1 —a
V() = 5 : : : ;
0 0 0 ... -2t
gd—1—qd d—i
2?77 0o ... 1

for all elements (z1,...,7q4-1) € B "
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Definition 80. Motivated by the classical Legendre symbol, we define here
an extended Legendre symbols for arbitrary d and A, B € F,[t] (or in Z) by:

(4.12)

A1 if X4=A mod B has a solution
B),

-1 otherwise

Theorem 81. Let g be a an odd prime power and f(t) be irreducible of degree
equal to dn for some positive integer n, and let b be as (4.10). Then:

PSL d [F eg ) ﬁ — ].
fmage(y) = { P Fare) A (f@)d

PGL(d,F ) otherwise

Proof. Set

U =DV, tlx) [I JI'™(7)
h#t,1—t

where D) given by 4.3 and

Jy = ker (Dm(mm) — D(”([Fq[t]h/fﬂ[t]f)>

and
Jn = DW(F,[t]y) if h#f
and finally
PO ke (Pl — D),
Define

U — PGL(d,F aesr)
as composition Projymod; where
(COCM'"?Cf?"-) — Cfv

By Theorem 54 we know that D = F«(7) is unramified at f. Thus we have
an isomorphism Dy = D®g, ) F4(t); = M(d, F,4(t) ) which takes the maximal
order [ {7} ®f,i Fqlt]s to the maximal order M(d, Fy[t];). So

Foa{7} ®r, 0 Foltly/fTq[tlr = M(d, Folt]y/ fT[t]f)
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and this induces an isomorphism :

(Foa{7} ®r 0 Foltls/[F[t];)/Z = PGL(d, Fyltly/ fFq[t]y)
>~ PGL(d, F s s)

Thus 1; acts as projection on the f*' component and after reduction modulo
f sends this component, under the above isomorphism (which can be exactly
our v) to the element defined by (4.11). Again applying Theorem 54 we see
that

D(l)(Fq[t]l—t) = SL(d7 [Fq[t]l—t)>
and so from Strong approximation Theorem, it follows immediately that
DW(F[t) DY (Fy[t]i-)

is dense in DM (A), i.e, for the open set U (and for all open sets) of D™ (A)/DM(F,[t], ),
DW(F,[t]) NU must be dense in U.

Now since v is a continuous function over & with a finite range, we must

have :

P(DW(F,[t) NU) = (W),

We can see directly that
DO NU={pelD(r) | p=1 mod f}.
So this shows that

HDWIHr)) = (DT () 20({ne '™ (r) | p=1 mod f}

— PSL(d, F jaee s )0 ().

since

det X
X E PSL d, I]'_ deg lff — 1
@) 0 ()
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It is an immediate result of the following diagram:

1 1 1
v 4 T — l’d v

1 - Uy - k" - 4 -1
' ' det '

|~ SL(d: k) —— GL(d; k) — "+ | ‘1

1 —— PSL(d; k) — PGL(d; k) —— E* /K™ ——~ 1

Y Y Y

1 1 1

where k = Fyaees and Uy := {u € k | u? = 1}. Exactness of columns
and rows and commutativity of the diagram (for arbitrary k) is well known.
We see by assumption that any generator of T'*(7) is in PSL(d, F jaees) iff

<]10(_t§> = 1. The other case will be handled exactly as the known case for
d

d =2, see [10, Theorem 4.13]. O
Corollary 82. Associated to any element (z1,...,x4-1) € B;;lt are the ma-
trices:

d—1
(4.13) M. 1:=1]Q

7j=1

where for any j=1,...,d—1

o a—¢
0 1 Ty
Qj = : :
0 0 0 —af
g1 —gd
tTq_; 0 0 1

Then Hypg(1—t) is exactly isomorphic to the Cayley graph of PSL(d,F jace )
with respect to the generators 4.135.
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i) I <1f(_t>t>d:_1

Then Hyps(1—t) is exactly isomorphic to the Cayley graph of PGL(d, F jace 1)
with respect to the generators 4.15.

Proof. This follows immediately from the above Theorem. O
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