SPLITTING FIELDS OF CHARACTERISTIC POLYNOMIALS OF RANDOM
ELEMENTS IN ARITHMETIC GROUPS

F. JOUVE, E. KOWALSKI, AND DAVID ZYWINA

ABSTRACT. We discuss rather systematically the principle, implicit in earlier works, that for a
“random” element in an arithmetic subgroup of a (split, say) reductive algebraic group over a
number field, the splitting field of the characteristic polynomial, computed using any faitfhful
representation, has Galois group isomorphic to the Weyl group of the underlying algebraic group.
Besides tools such as the large sieve, which we had already used, we introduce some probabilistic
ideas (large deviation estimates for finite Markov chains) and the general case involves a more precise
understanding of the way Frobenius conjugacy classes are computed for such splitting fields (which
is related to a map between regular elements of a finite group of Lie type and conjugacy classes in
the Weyl group which had been considered earlier by Carter and Fulman for other purposes; we
show in particular that the values of this map are equidistributed).

1. INTRODUCTION

In earlier works, in particular [ ], we have considered particular cases of the following “princi-
ple”: if g is a “random” rational element in a connected split reductive group G over Q, embedded
in some GL(m), then the splitting field of the characteristic polynomial of ¢g should have Galois
group isomorphic to the Weyl group of G.

In this paper, we consider this question in much greater generality than previously. We are thus
led to replace somewhat ad hoc arguments with more intrinsic constructions, in particular in two
areas: (1) in characterizing the splitting field of the polynomials we construct, which we relate to
splitting fields of tori; (2) in the understanding of the situation over finite fields, which is required
for the sieve argument we use to obtain strong bounds on the probability of having a Galois group
smaller than expected. Moreover, to handle the reduction to simply-connected groups, we need
as input some ideas from Markov chains (in particular, some large deviation estimates for finite
Markov chains).

Let k£ be a number field and denote by Zj its ring of integers. Let G be a connected linear
algebraic group defined over k. We may view it as a matrix group by fixing a faithful embedding
p: G — GL(m) defined over k. For each g € G(k), let k; be the splitting field over k of the
characteristic polynomial det(T" — p(g)) € k[T]. The goal of this paper is to describe the Galois
group Gal(ky/k) for a “random” g in terms of the geometry of G.

We will only consider those g belonging to a fixed arithmetic subgroup I' of G. Recall that an
arithmetic subgroup of G is a subgroup I' of G(k) for which p(I") is commensurable with p(G(k))N
GL(m, Zy); this definition is independent of p. We shall assume that our arithmetic group I is
Zariski dense in G (otherwise the structure of the Galois groups Gal(ky/k) should be governed by
a smaller algebraic group).

Our notion of “random” in this paper is to view I' as the vertices of a Cayley graph and perform
a long random walk on this graph. First choose a finite set .S that generates the group I' (arithmetic
groups are finitely generated, see [’R, Th. 4.17 (2)]), such that S is symmetric, i.e., S = S~1.
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We then have a Cayley graph associated to the pair (I', S): the vertices are the elements of I" and
there is an edge connecting the vertices g; and go € I' if and only if gi1gy ! belongs to S (note we
allow 1 € S, in which case the graph has self-loops at each vertex). This graph is regular of degree
|S|. Starting at the vertex 1 € T" of our graph, we take a random walk by repeatedly following
one of the |S| edges emanating from the current vertex with equal probability. More precisely, for
each n > 1, we will choose a random element s, of S (with uniform distribution); this gives a walk
Xo = 1, X1 = S1, X2 = S189, X3 = 518283, X4 — 51828354, ....

Theorem 1.1. Let G be a reductive group defined over a number field k, and fix a faithful rep-
resentation p: G — GL(m) defined over k. Let I' C G(k) be an arithmetic subgroup of G and
assume that it is Zariski dense in G. Let S be a finite symmetric set of generators for I' such that
1€ S. Foranyw = (81,...,5,) € S™, let ky/k be the splitting field of the characteristic polynomial

det(T — p(s1---sn)) € k[T

over k. Then there is a finite group II(G) which contains the Weyl group W(G) as a normal
subgroup such that the following hold:

(i) The Galois group Gal(k,/k) is always isomorphic to a subquotient of TI(G).

(ii) We have

[{w = (51,...,8,) € 5" : Gal(ky/k) = TI(G)}|

lim =1
i 2
(iii) If G is semisimple, then there exists a constant ¢ > 1 such that
= (81,...,8,) € S™ : Gal(ky/k)
= (o) €57 Gollbu /) =G|
5™
for alln > 1.

(iv) Let k be an algebraic closure of k and let kg be the intersection of all the extensions K C k
of k for which G is split. There exists a constant ¢ > 1 such that

H{w = (s1,...,50) € S : Gal(kgkw/ka) = W(G)}|
|57

=140(c™

for alln > 1.

The constants ¢ and the implied constants depend only on G and the set S.

We shall explicitly describe the group II(G) in §2. If we assume that G is split, then kg = k and
II(G) = W(G). See Theorem 6.1 for a more general version where we allow different distributions
of the steps s, and a general connected linear algebraic group G over k.

Example 1.2. Here are some illustrations of our theorem.

(1) Let G be either SL(n) or Sp(2g) where n > 2 and g > 1. We may identify G as a matrix group
via the natural representation into GL(n) or GL(2g), respectively. Let k = Q and take for I" the
arithmetic subgroup SL(n,Z) or Sp(2g,Z) of G, respectively. The Weyl groups are, respectively,
the symmetric group on n letters and the group of signed permutations on g letters. In those cases
(where kg = Q and II(G) = W(G)), Theorem 1.1 was proved in [IX, Th. 7.12] when k = Q.

(2) For an example with II(G) # W(G), let us take for G a non-split form of the special
orthogonal group SO(4) over Q. Say, the group corresponds to the positive isometries of the
four-dimensional space endowed with the nondegenerate indefinite quadratic form Q(x1,...,z4) =
23 + 23 — 23 — 23. Of course G is split over Q(4).

The Weyl group of SO(4) is isomorphic to the Klein four group. Indeed this group corresponds
to the Weyl group of the root system of type Ds. However, a “generic” g € SO(4,Z) should have
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a characteristic polynomial whose splitting field £, over Q has Galois group sitting in the exact
sequence

1 — W(SO(4)) — Gal(k,/Q) — Gal(Q(i)/Q) — 1.

Therefore the “right” maximal Galois group is an extension of Z/2Z by W (SO(4)), and it is in fact
the Weyl group of the root system of type Cj.

(3) Parts (ii) and (iv) involve a subtlety that we overlooked in the first version of this paper, and
which was pointed out by L. Rosenzweig: if G is reductive, and not semisimple, then in general
we can not claim that the convergence in (ii) occurs exponentially fast (in contrast with (iii)). For
instance, consider & = Q, and take a hyperbolic element gp in SL(2,Z). Let G be the Zariski-
closure of the infinite cyclic subgroup gOZ generated by go, so that G is a non-split torus. Take
also I' = g € G(Q) and S = {go, 1,951}. Then for w = (s1,...,8,) € S™, ky can be either the
quadratic field generated by the eigenvalues of gg, or Q itself, the second case happening exactly
when s ---s, = 1. But if s; = gg" with m; € {—1,0,1}, the condition becomes my +---+m, =0,
which occurs with probability approximately n~1/2 (by the Stirling formula).

In the semisimple case our theorem provides exponential decay, in terms of the “length” of the
random walk, of the probability that the Galois group is “small”. In the general reductive case, one
can very likely also derive a general quantitative bound, though only with polynomial decay, and
it should be possible to characterize those groups G for which one can recover exponential decay.

Remark 1.3. (1) There are some interesting connections between our results and ideas introduced
by Prasad and Rapinchuk [ , 83] to study the relation of “weak commensurability” in arithmetic
groups.

(2) There are other ways to try to describe “random” elements in an arithmetic group; we
comment on these in Section 7, and indicate in particular some interesting natural questions which
arise from the probabilistic construction we have chosen.

The plan of the paper is as follows. In Section 2 we analyze, in general, splitting fields of
the type considered and relate them with splitting fields of maximal tori in G, which are more
intrinsic; this leads to a very general form of the a priori inclusion which is part (i) of the theorem
above. Section 3 is also of a preliminary nature and discusses fairly standard facts on reduction of
arithmetic groups modulo primes. In Section 4, we show that the general construction, in this case,
is closely related to earlier results of Fulman [I'] and Carter [('a2], and we prove an equidistribution
statement that will be useful for setting up the sieve (and which is of independent interest). In
Section 5, we prove a general sieve result for arithmetic subgroups of semisimple groups — again,
a result of independent interest, where other deep ingredients come into play, coming both from
algebra (strong approximation results for arithmetic groups) and from harmonic analysis (Property
(7). Finally, in Section 6, we combine the algebraic information with the sieve result and some
additional reduction steps in order to obtain the general conclusion. In Section 7, we compare our
approach with two other natural ways of quantifying the idea that “random” elements have the
Weyl groups as Galois group.

Notation. As usual, | X| denotes the cardinality of a set. For any integer n > 1, &,, is the group
of permutations on n letters. For any group G, we denote by G* the set of conjugacy classes of G.
We denote by Fy a field with ¢ elements. “Connected” will mean “geometrically connected” for all
algebraic groups considered. By the type of a connected reductive algebraic group G defined over
a field k (or a subring of k), we mean the isomorphism type of its root datum over an algebraic
closure of k (see, e.g., [Sp, §9.4]).

By the Galois group of a polynomial, we mean the Galois group of its splitting field. For a
number field k, we denote by Zj, the ring of integers, and for p a prime ideal of Zj, we write F, for
the residue field Zy /pZy.
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For a scheme X defined over a ring A and a ring homomorphism A — B, we will denote the
base extension X Xgpec 4 Spec B by Xp.

Acknowledgements. Thanks to the referee for a thorough reading, and thanks especially to
L. Rosenzweig for both interesting discussions related to this topic and for pointing out a serious
mistake in an earlier version.

2. SPLITTING FIELDS OF TORI AND ELEMENTS OF ALGEBRAIC GROUPS

In this section, we consider the Galois theory of splitting fields of tori and elements in linear
algebraic groups. Throughout, let G be a connected linear algebraic group defined over a perfect
field k.

2.1. Tori. An algebraic group T over k is a torus if T}, is isomorphic to G} for an integer r > 0.

Fix a torus T defined over k. We say that T is split if it is isomorphic over k£ to GJ,. Denote
by X(T) the group of characters a: T, — G,,, 5> which is a free abelian group of rank equal to
the dimension of T. There is a natural action of Gal(k/k) on X (T) given by a(x(t)) = “x(c(t))
for o € Gal(k/k), x € X(T) and t € T(k). Let kt C k be the minimal extension of k for which
Gal(k/kr) acts trivially on X (T); it is a finite Galois extension of k that we call the splitting field
of T. The field kt is also the minimal extension K C k of k for which Ty is split.

Let pp: Gal(k/k) — Aut(X(T)) be the representation describing the Galois action on X (T);
we have or(o)xy = %x for all ¢ € Gal(k/k) and x € X(T). It factors through an injective
homomorphism Gal(kr/k) — Aut(X(T)).

2.2. Maximal tori. Assume that G is reductive. Let T be a maximal torus of G, defined over k
(we always consider maximal tori defined over the base field).

In this section, we shall describe a finite subgroup II(G) of Aut(X(T)) that contains the image
of o and whose isomorphism class depends only on G.

Let Zg(T) and Ng(T) be the centralizer and normalizer, respectively, of T in G. The Weyl group
of G with respect to T, denoted W (G, T), is defined to be the k-valued points of Ng(T)/Zg(T).
The group W (G, T) is finite.

Conjugation induces an action of W(G,T) on T; for w € W(G, T) represented by an element
n € Ng(T)(k), we have w - t := ntn~!. This action is faithful since Zg(T) = T [Bo, 13.17
Corollary 2]. The Weyl group W(G, T) also acts faithfully on X(T); for x € X(T), w - x is the
character of T defined by t — x(n~'tn). Using this last action, we may identify W (G, T) with a
subgroup of Aut(X(T)).

We define II(G, T) to be the subgroup of Aut(X(T)) generated by W (G, T) and ¢ (Gal(k/k)).
Trivially, we have o1 (Gal(k/k)) C II(G, T), so we may rewrite our representation as

or: Gal(k/k) — II(G, T).

We will now show that the group II(G, T), up to isomorphism, is independent of T.
Let T¢ be a fixed maximal torus of G defined over k. Since all maximal tori of G are conjugate
over k, there is an element € G(k) such that Ty = 2T zz . This gives isomorphisms f: Tp =

Tyzte r Mz and F: X(T) = X(To), x— xo f L

Proposition 2.1. With notation as above, the following hold:
(i) The Weyl group W (G,T) is a normal subgroup of II(G,T).
(ii) The map
Aut(X(T)) = Aut(X(Ty)) v+ Foyo F!
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is an isomorphism which induces isomorphisms
(G, T) = II(G, To), W(G,T) = W(G,Ty).

A different choice of x gives the same isomorphisms up to composition by an inner auto-
morphism arising from an element of the Weyl group.

(iii) Take o € Gal(k/k) and let w, be the element of W(G,T) represented by z 'o(z) €
Ng(T)(k). Then

Fopr(o)o F~! = 1w, 0pry(0).
(iv) If K C k is an extension of k for which G is split, then o1 (Gal(k/K)) C W(G,T).
Proof. (i) For o € Gal(k/k) and w € W(G, T), we need to show that ¢ (o) ow o (o)~ belongs
to W(G,T). For a character y € X(T), we have

(pr(0) owopr(o) Hx="Tw 7 x) =o(w)-x

where we are using the natural Galois action on the Weyl group. Therefore, o (o) owo (o)™t =

o(w) which does indeed belong to W (G, T).

(ii) The isomorphism of Weyl groups is easy to check; if w € W(G, T) has representative n €
Ng(T)(k), then F ow o F~! belongs to W(G, T) with representative 2~ 'nz. To verify that we
have an isomorphism ITI(G,T) = II(G, Ty), it suffices to show that F o o(c) o F~! belongs to
II(G, Ty) for all o € Gal(k/k). For x € X(Ty),

(2.1) (Fopr(o)o F )y ="xof)of ' =% (fof)y=%0(fo%f )"

The automorphism fo?f~! of Tz maps an element ¢ € T(k) to z~'o(z)t (z'o(x))~! which equals

w, - t where w, is the element of W (G, T) represented by z~!o(x) € Ng(T)(k) (indeed, since T
and Tg are both defined over k, the element 2~ 'o(x) normalizes T). From (2.1), we deduce that
Foor(o)o F~! = w, o pp, (o) which certainly belongs to II(G, Ty). We have also proved (iii).

For (iv), we may assume that Ty was chosen such that kt, C K. For o € Gal(k/K), part (iii)
implies that ¢ (o) = F~! ow, o F which is an element of W (G, T) by (ii). O

The groups W(G,T) and II(G,T) are, up to isomorphism, independent of T (by Proposi-
tion 2.1(ii)). We shall denote the abstract groups simply by W(G) and II(G), respectively, when
the choice of torus is unimportant. The isomorphisms II(G,T) — II(G,Ty) and W(G,T) =
W (G, Ty) of Proposition 2.1 are unique up to composition with an inner automorphism by an
element of the Weyl group; hence they induce canonical bijections W (G, T)* = W (G, Tp)* and
(G, T)* = II(G, To)* of conjugacy classes. The set W (G)# and II(G)* are thus completely un-
ambiguous.

We define the splitting field of G to be the field kg := [y kr where the intersection is over all
maximal tori T of G. In other words, kg is the largest extension of k that is contained in any
K C k for which G is split.

Lemma 2.2. For every mazimal torus T of G, we have o1 (Gal(k/kg)) € W(G). In particular,
Gal(kr/kg) is isomorphic to a subgroup of W(G).

Proof. Let K C k be the minimal extension of k for which ¢ (Gal(k/K)) C W(G,T) (this is
well-defined since W(G) is a normal subgroup of II(G)). For a maximal torus Ty of G, Proposi-
tion 2.1(iv) implies that K C kr,. Since T was arbitrary, we deduce that K C kg. O
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2.3. Galois groups for elements. Choose a faithful representation p: G — GL(m) defined over
k. For g € G(k), we define k4 to be the splitting field over k of det(T — p(g)).

Recall that each g € G(k) equals gsg,, for unique commuting elements gs, g, € G(k) where g, is
semisimple and g,, is unipotent. Since det(T — p(g)) = det(T — p(g)s) = det(T — p(gs)), we have
kg = kq,. The unipotent radical R,(G) of G is the maximal connected unipotent normal subgroup
of G. The quotient G/R,(G) is reductive and defined over k.

Lemma 2.3.

(i) The field kg does not depend on the choice of p.
(ii) Define the reductive group G' := G/R,(G) and let m7: G — G’ be the quotient homomor-
phism. Then kg = ky(g) for all g € G(k).

Proof. Let D be the algebraic subgroup of G generated by gs. The group D is diagonalizable, i.e.,
D, is isomorphic to a subgroup of some torus G:n T Let K be the splitting field of D, that is, the

smallest extension K C k of k for which D is isomorphic to a subgroup of a split torus G, k- By
[Bo, §8.4], we find that K is also the smallest extension of k such that a GL(m, K)-conjugate of
p(Dy) is contained in the diagonal subgroup of GL(m). Equivalently, K is the smallest extension
of k for which p(gs) = p(g)s is GL(m, K)-conjugate to a diagonal matrix. Therefore, K = k, and
part (i) follows since our description of K does not depend on p.

Let D’ be the algebraic subgroup of G’ generated by 7(g)s = 7(gs). We have DN R, (G) = 1
since the only semisimple and unipotent element is 1. Therefore, m|p: D — D’ is an isomorphism

of algebraic groups. Since D and D’ are isomorphic, we must have k; = kx(g)- O

Recall that a semisimple g € G(k) is regular in G if it is contained in a unique maximal torus;
we shall denote this maximal torus by T,. For a semisimple and regular g € G(k), we define

¢g: Gal(k/k) — II(G)

to be the representation denoted by ¢, in the previous section. The representation ¢, is uniquely
defined up to an inner automorphism by an element of W(QG).
We will now relate the fields k4 to the Galois extensions arising from maximal tori of G.

Lemma 2.4. Assume that G is reductive.
(i) For all g € G(k), Gal(kg/k) is isomorphic to a subquotient of II(G) and Gal(kgky/kg) is
isomorphic to a subquotient of W(G).
(ii) For g € G(k), the field kq is the extension of k generated by the set {x(gs) : x € X(T)}
where T is a mazimal torus of G containing gs.
(iii) There is a closed subvariety Y C G that is stable under conjugation by G such that if
g € G(k) =Y (k), then g is semisimple and reqular in G and ky, = kt,.

Proof. We start with (ii). Take g € G(k). Since k; = ky,, we may assume that g is semisimple.
Fix a maximal torus T containing g, and let & C X(T) be the set of weights arising from the
representation p|t: T < GL(m). There are positive integers m, such that

det(T — p(t)) = [ (T = x(t)™
XEN
for all t € T(k), and in particular, {x(g) : x € Q} is the set of roots of det(T — p(g)) in k. The
set Q generates the group X (T) since the representation p|p: T — GL(m) is faithful. Therefore,
we see that the extension of k generated by {x(g) : x € X(T)} is equal to kg = k({x(9) : x € }),
which completes the proof of (ii).
Now we prove (i). For o € Gal(k/k), we have

(2.2) a(x(9)) = x(e(9)) = "x(9)
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for all x € Q. In particular, o(x(g)) = x(g) for all ¢ € Gal(k/kT). Since k, is generated over k by
{x(9) : x € Q}, we deduce that kt D k4. Part (i) follows, since in §2.2 we saw that Gal(kr/k) was
isomorphic to a subgroup of II(G) and Gal(kt/kg) was isomorphic to a subgroup of W(G).

Now for (iii). First of all, there is a closed subvariety Y7 C G such that h € G(k) does not
belong to Y1 (k) if and only if h is semisimple and regular in Gy, see [St1, 2.14] (the proof is given
there only for semisimple groups, but the reductive case follows easily from the semisimple case by
considering the morphism from G to G/R,(G)).

Now fix a maximal torus Ty C G, and let €2y be the set of weights of Ty with respect to p, as

above. The set
V ={te Ty | the x(t) are distinct for x € Qo}

is an open dense subset of Ty. Arguing as in [St1, 2.14], it follows that the set Y> of those h € G
where g, is conjugate in G to an element in To — V' is a proper subvariety of G. Moreover, it is
clearly invariant under conjugation.

Now we define the proper closed subvariety Y = Y; UY5 of G, which is stable under conjugation,
and we claim that (iii) holds. Indeed, let ¢ € G(k) — Y (k). Since g ¢ Yi(k), it is a regular
semisimple element of G. Let T, be the unique maximal torus containing g, £ the set of weights
with respect to Ty. Since g ¢ Ya(k) and Q is obtained from €2y by conjugation, it follows that the
values x(g), x € €2, are all distinct.

But now, take any o € Gal(k/ky). By (2.2), we have x(g) = x(g) for all x € Q, and therefore
we must have in fact x = x for all x € Q. Since Q generates the group X(T,), we find that o
acts trivially on X (T,), and since o was an arbitrary element of Gal(k/ky), we deduce finally that
kg 2 kr,. O

3. REDUCTIONS OF ARITHMETIC GROUPS AND TORI OVER FINITE FIELDS

Let G be a connected semisimple group defined over a number field k. To consider reductions,
we will need to choose a model of G. This means that we take a group scheme G over a ring
Z.[R~'] whose generic fiber G}, is isomorphic to G, where R is a finite set of maximal ideals of Zj.
We identify G with the generic fiber of G. Any two such models will agree after possibly inverting
more primes. From now on, p will denote a maximal ideal of Zj;. Let k, be the completion of % at
the prime p and let Op be the corresponding valuation ring. The ring O, is a discrete valuation
ring with residue field F.

After possibly increasing R, we may assume that G is semisimple and that all of its fibers have
the same type. For background on general reductive groups, see [D]; recall that G is semisimple if
it is affine and smooth over Zy[R™'] and if the generic fiber G; and special fibers Gg, (p ¢ R) are
semisimple in the usual sense.

Choose a maximal torus 7y of G. Let P be the set of maximal ideals p ¢ R of Zj such that the
tori 7o, and 7o, are both split.

Lemma 3.1. Let Ny be the normalizer of Ty in G. For each p € P, there is a unique bijection
W (G, )" < W (Gr, )"
such that for n € No(Op) the image of n in I/V(g;%,’ZELkp)ti and W(QFP,’ZZ)VFp)ﬁ correspond.

Proof. The homomorphism

(3.1) No(Op)/To(Op) — No(kp)/To(kp) = W(Gr, To, )
is injective; the identification with the Weyl group uses that 7q, is split. The normalizer Ny is
a closed and smooth subscheme of G (for smoothness, cf. | , XXII Corollaire 5.3.10]). The
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homomorphisms Ny(Oyp) — No(Fy) and Zo(O,) — To(Fy) are surjective by Hensel’s lemma. We
thus have a surjective homomorphism

(3.2) No(Op)/To(Op) — No(Fp)/Top, (Fy) = W(Gr,, Top, )

where the equality uses that 7o, is split. The Weyl groups W(Gy,, Zok,) and W(Gr,,ToF,)
are isomorphic since Gi, and G, have the same type. Since (3.1) and (3.2) are injective and
surjective, respectively, we deduce that they are both isomorphisms. By combining them, we get
an isomorphism

W(Gk,, Tok,) — W(Gr,, ToF,)-
The desired bijection of conjugacy classes is induced from this isomorphism. The uniqueness is
a consequence of the surjectivity of (3.2). O

Fix a maximal ideal p € P and choose an embedding ¢: k — k:T3 that is the identity on k. Using ¢,
we can make an identification W(G, 7o x) = W (G, , Zo,k,). Combining with the map of Lemma 3.1,
we obtain a bijection

(3.3) W(G)! < W (Gr,)*

that we will also use as an identification. For an element g € G(F,) that is semisimple and regular
in Gg,, we have a homomorphism

pg: Gal(Fy/Fp) — W(G)

by using that 7o r, is split. Let Froby, be the Frobenius automorphism x 2N of F, where N(p)
is the cardinality of Fy,. The representation ¢, (up to inner automorphism) is determined by the
conjugacy class ¢q4(Froby) of W(G).

The following crucial proposition shows that the local and global images of Frobenius automor-
phisms coincide.

Proposition 3.2 (Local and global Frobenius). Let p € P be a prime ideal. Let g € G(Zx[R™1])
be an element such that g is semisimple and regular in G = G, and g := gmod p € G(Fy) is
semisimple and regular in Gg,. Let C be the conjugacy class of W(G) containing pg(Froby). Then
the representation ¢, is unramified at p, and if op € Gal(k/k) denotes a Frobenius element at p,
we have

pq(op) € C.

This is intuitively very natural, but the proof requires some care in our generality, in particular
to show that the representation is unramified. In previous works, this issue did not come up, since
one could explicitly control factorizations of the reduction of the characteristic polynomial to ensure
it was squarefree in suitable conditions.

Because of this proposition, we will, from now on, also denote by Frob, any representative of the
Frobenius automorphism in Gal(k/k).

Proof. Let ky" denote the maximal unramified extension of &y in an algebraic closure kp. Let op"
be the valuation ring of £3"; its residue field is F,. We have an isomorphism
Gal(ky" /ky) = Gal(Fy/Fy),
which allows us to view Froby, as an automorphism of k;™. We will also denote by Frob, any
extension of the Frobenius automorphism to the field &,
We now need to compare maximal tori in Go, and Gr, . First, we have the tori 70, (which we
will still denote 7g for simplicity) and its reduction 7y, modulo p. Further, because we assume

that g (as element of G(ky), i.e., of the generic fiber of Gp,) and g (as section of Gp, over the special
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fiber) are regular semisimple, there exists a unique maximal torus 7 of Go, containing g (this is a
special case of | , XIII, Cor. 3.2]).
The transporter Transpg(Zo, 7 ), defined as an Op-scheme by

Transpg (7o, T)(A) = {g € G(A) : gTo.ag™" = Ta},
is a closed and smooth group scheme in G, (for smoothness, cf. | , XXII Corollaire 5.3.10]).

Now we can choose an element T € Transpg (7,7 )(F}). Since Transpg(7Zo,7) is smooth and
Op" is a Henselian ring, there is an x € Transpg (7o, 7 )(Op™) which lifts Z.

Finally, by Proposition 2.1(iii), the conjugacy class of 7, (Froby) in W (Gr, ) = W (G, Tox, )
is represented by z~!Froby(z) € Ng,, (To, ). Similarly, the conjugacy class of ¢g(Froby) =
©Ty, (Froby) in W(Gr,)* = W(Gr,,ToF,)" is represented by T~ ! Frob,(z) € Ngg, (Tor, ). These
conjugacy correspond under the bijection of Lemma 3.1. In particular, i (Froby) does not de-
pend on the choice of extension Froby; i.e., o1, I8 unramified at p. The choice of ¢ gives an
inclusion ¢*: Gal(ky/ky) — Gal(k/k). The representation ¢1;,, 1s equal to «* composed with ¢q.
The proposition now follows immediately. O

To show that ¢, is often surjective, we will exploit the well-known lemma of Jordan accord-
ing to which, in a finite group, no proper subgroup contains elements of all conjugacy classes.
Proposition 3.2 will be used to produce conjugacy classes of W (G) that intersect g4 (Gal(k/kg)).

4. SEMISIMPLE ELEMENTS AND CONJUGACY CLASSES IN THE WEYL GROUP OVER FINITE FIELDS

In this section, which can be read independently of the rest of the paper, we consider a finite
field k£ = F, with ¢ elements and a connected split semisimple group G defined over F,. In §2, we
defined a homomorphism

¢t Gal(Fy/Fy) — W(G,T)
for each maximal torus T of G (the image lies in W (G, T') by Proposition 2.1(iv)). The represen-
tation o is determined by its value on the Frobenius automorphism F': z +— 29, and o (F') gives
a well-defined conjugacy class in W (G, T)f = W(G)* that we shall denote by 6(T).

Now if g € G(F) is a semisimple regular element of G, then it is contained in a unique maximal
torus Ty of G, and we will study here the map

0: { G(Fq)sr — W(G),
g = 0(Ty) = [px,(F)]
where G(F)s, is the set of regular and semisimple elements of G(F,). From Proposition 2.1(iii),
it follows that this can be described concretely as follows: we fix a split maximal torus To C G,
and then, given g € G(F;)s, let T be the unique maximal torus containing g. Take y € G(F,
such that

T = yToy .
Then 6(g) is the class of y~'F(y) in W(G, To)* = W(G)*.
Our goal is to prove that the values of this map are asymptotically equidistributed, with respect

to the natural measure on the conjugacy classes of W(G), when ¢ goes to infinity (and the type of
G is fixed).

Proposition 4.1. For each C € W(G)¥, we have

{9€ GEFyr:0(9)=C}| _ |C]
|G(Fy)| W(G)]
where the implicit constant depends only on the type of G.
9
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Remark 4.2. If G is a simple and simply-connected group, Theorem 1 of [Cal] describes precisely
the number of semisimple conjugacy classes of G(F,) mapping to C under # in terms of the
geometry of the action of the so-called affine Weyl group on the cocharacter group of a maximal
torus of G. A proof of Proposition 4.1 can then be derived fairly easily by a lattice-point counting
technique, the well-known formula for the volume of the fundamental domain of the affine Weyl
group, and some equidistribution of semisimple conjugacy classes. Our proof is different; it requires
less precise information (and works for arbitrary connected semisimple groups), exploiting the fact
that we only look for asymptotic information for large q.

Remark 4.3. This map has already been considered by Fulman [I'] and Carter [C'a2] in the context
of finite groups of Lie type. As they remark, it takes a very classical and concrete form when
G = SL(m). In that case, the Weyl group is the symmetric group &,,, and its conjugacy classes
correspond naturally to partitions of the integer m. Now, consider an element g € SL(m,F,)
which is regular and has distinct eigenvalues in Fq; in that case its characteristic polynomial
det(T — g) € F4[T] is monic, squarefree and of degree m. We may factor it as a product of distinct
irreducible factors
det(T'—g) =my - 7g

and the degrees d; = deg(m;) form a partition A of m (with as many cycles of length 7, for 1 < 7 < m,
as there are factors of degree d; equal to j); then one can check that 6(g) is the conjugacy class in
&, corresponding precisely to this partition.

4.1. Proof of Proposition 4.1. We will first need a few lemmas. The notation in this section is
the same as before.

Lemma 4.4. The map T — 0(T) defines a bijection between the maximal tori of G up to conju-
gation by G(F,) and the conjugacy classes W (G ).

Proof. This is [Cal, Prop. 3.3.3] though stated a little differently. First, fix a split maximal torus

Ty of G. The action of F' on W(G, Ty) is trivial since Ty is split, so F-conjugacy classes of

W(G, Tp) in [Cal] are the same as usual conjugacy classes. The equivalence of our statement and

Carter’s then follows using W (G, T) = W(G, Ty)* and Proposition 2.1(iii). O
We also recall that for any connected reductive group G/F,, we have

(4.1) (= 1)¥"C <|G(Fy)| < (¢ + 1) E,

as follows from the formula of Steinberg for |G(F,)| (see, e.g., [Cal, p. 75, Prop. 3.3.5]).

The next lemma is well-known, and essentially follows from Lang-Weil estimates in our applica-
tion, but since we think of this as a fact about finite groups of Lie type, and not about reductions
of groups over numbers fields, we give the details (the argument is, in any case, more elementary
than the use of the Lang-Weil bounds).

Lemma 4.5. With notation as above, we have
IG(Fy)sr| = |G(F)I(L+O(g71)),
where the implicit constant depends only on the type of G.

Proof. As already observed, any element in G(F,),, lies in a unique maximal torus of G. Hence
we have

(4.2) ‘G(Fq)sr’ = Z ‘T(Fq) N G(Fq)sr’
TeT

where 7 is the set of (F-stable) maximal tori in G.
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Now fix a maximal torus T € 7, and let & = &(G,T) be the set of roots of G with respect to
T. Fix an element € T(F,) that is not regular in G. Then there exists a root o € ® such that
a(z) =1 [Bo, II1.12.2]. So let A be the (non-empty) set of roots a € ® for which a(z) = 1, and
define the algebraic subgroup

Dy = ﬂ ker o
acA

of T. Since A is F-stable, the group D4 is defined over F, and « € D 4(F;). We thus have

{z € T(Fy) : z is not regular in G}| < Z Da(Fy)l,
A
where the sum is over all non-empty F-stable subsets A C ®. For any such subset A C ®, we claim
that [D4(F,)| = O(¢"~!) where r is the dimension of T and the implied constant depends only on
the type of G. Assuming this for now, we have

{z € T(F,) : z is not regular in G}| < Zq“l <q !
A

where the implied constant again depends only on the type of G, and hence |T(F,) N G(F)q| =
|T(F,)| +O(¢"1). Applying (4.1) to T, we get

IT(Fq) N G(Fy)sr| = ¢+ O(d").

We now return to (4.2). According to a theorem of Steinberg [('a1, Th. 3.4.1], we have |7 | = ¢*V
where N is the number of positive roots of G, so

IG(Fg)sr| = Z IT(Fg) NG(Fg)sr| = ‘T‘(qr + O(qril)) =Nt 4 O(qZNJrT*l)
TeT
where the implied constant depends only on the type of G. The desired estimate for |G(F)s|
follows by noting that 2N + r = dim G and applying (4.1) to G.

It remains to show that for a fixed maximal torus T and a non-empty F-stable set A of roots
of G relative to T, we have |D4(F,)| = O(¢""!) where the implied constant depends only on the
type of G. Since the connected component of the identity of a diagonalizable group is a torus such
that

ID%(Fo)| < (g + TP < (g + 1)

it is enough to show that the number of (geometric) connected components of D 4 is bounded in
terms of the type of G only (note that dimDy4 < dim T, since A is non-empty). From the exact
sequence

1 - ker(a) = T - G, — 1,
for a € @, and the dual exact sequence

0—-2Z— X(T) - X(ker(a)) — 0

of abelian groups of finite rank (see [Bo, I11.8.12]), we find that the character group of X(Dy) is
(4.3) X(Dy) ~X(T)/{Za | a € A).

The fundamental structure theory of reductive groups shows that the subgroup ¥ of X(T)
generated by the roots ® together with a basis of the characters of the center of G is of bounded
index in X (T), the bound depending only on the type of G (see, e.g., [Cal, 1.11]). Thus the size
of the torsion subgroup of X (D,) differs from that of

Uy =V/(Za | a € A),
only by a bound depending only on the type of G. Moreover, W 4 is defined purely in terms of the

root datum, and therefore only depends on the type of G. Thus, the result follows. O
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Proof of Proposition 4.1. Fix a conjugacy class C € W(G)* and let .7 be the set of maximal tori
T of G for which #(T) = C. Since a regular semisimple element of G lies in a unique maximal
torus, we have

Hg € G(FQ)ST : 9( C}| Z |T F )m G( )Sr|
|G(Fy)] |G(Fy)|

TeIc

- TR IGE,) — Gy,
= 2 ey O awmyr )
o TE)

= 2 G, o)

where the last line uses Lemma 4.5 and the implicit constant depends only on the type of G. It
thus suffices to show that
- wW(G)|

Te?

By Lemma 4.4, any two tori in 7 are G( q¢)-conjugate. So after fixing a Ty € ¢ (that T # 0
is part of Lemma 4.4), we have

|G(Fy)|
| Te| =
[Na(T1)(Fg)
(the denominator being the order of the stabilizer of Ty under G(F,)-conjugation) and hence
[T1(F)|
E |T( | Te||IT1(Fq)| = -
| % ( a)l T INa(T1)(Fy)]
By Proposition 3.3.6 of [Cal], we have [Ng(T1)(Fy)/T1(F,)| = |Cw (g 1y)(w)| where T is a split

maximal torus of G, w € W(G,Tp) lies in C € W(G,Ty)! = W(G)*, and Cw(g,mo)(w) is the
centralizer of w in W(G,Ty) (the action of F' on W(G,Ty) is trivial since Ty is split, so the
F-centralizers in [('a1] are the same as standard centralizers). Since |[W(G)| = |C| - |Cy (g 1y)(w)];
the desired formula follows.

It will be important for our application to have uniform bounds and have estimates for those
elements lying in certain special cosets in G(Fy). Let ¢: G* — G be the universal cover of G (as
an algebraic group), the group and morphism are also defined over F,;. The semisimple group G*¢
is simply connected and the kernel m; of ¢ is a finite group scheme contained in the center of G*¢.
Our refined equidistribution result is the following.

Proposition 4.6. Let G be a split semisimple group over Fy. Let k be a coset of o(G*“(Fy)) in
G(F,). Then for each C € W(G)*, we have

HgE/iﬂG(Fq)ST:H(g):CH _ |C|
|5 W(G)|
where the implicit constant depends only on the type of G.

(1+0@™)

We start with another simple lemma.

Lemma 4.7. Let k be a coset of o(G**(Fy)) in G(F,). Then for any mazimal torus T of G, we
have
['T(Fq) N _ [T(Fg)|
|| |G(Fy)|
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Proof. The short exact sequence 1 — m — G*¢ 4G -1 gives the following long exact sequence
in Galois cohomology,

L= m(Fy) = G*(F,) % G(F,) % H' (Fg.m) — 1,
since H'(F,,G%) = 1 by Steinberg’s theorem [St1, 1.9]. Thus there exists an element ko €
HY(F,,m) such that g € G(F,) lies in & if and only if §(g) = ko. Since 7 is contained in the
center of G*¢, there is a maximal torus T¢ of G*¢ giving an exact sequence 1 — m; — T*¢ LT -1
and a long exact sequence

1 m(F,) - T(F,) & T(F,) & H'(Fy,m) - 1.

The homomorphism ¢’ agrees with the homomorphism ¢ when restricted to T(F). Therefore,

T(E) N [t TEY 5 ()=o)l _ 1
IT(Fg)| IT(Fq)| [H'(Fg, )|
and
Kl He€GE):0(t)=ro}| 1
|G(Fg)| |G(Fy)| |H' (Fg, )|

0

Proof of Proposition 4.6. Fix a conjugacy class C' € W(G)* and let .7 be the set of maximal tori
T of G for which #(T) = C. Since a regular semisimple element of G lies in a unique maximal
torus, we have

H{g € skNG(Fy)s : 0(g) = C}| _ Z lkNT(Fg) N G(Fg)sr|

] & ]
T(F G(F,) — G(F,)s
_ Z | NT(Fg)| —i—O(‘ (Fy) (Fq) ’)
W W
NT(F
_ Z "‘f ( Q>‘ —i—O(q_l)
TeIx ‘H|

where the last line uses Lemma 4.5 and |G(F,)|/|x| = O(1) (the implicit constants depend only on
the type of G). By Lemma 4.7, we have

‘{ge HQG(FQ)ST:H(Q) :C}| ‘ 1 Z |T |—|—O( —1)

‘H‘ TeIx

This completes the proof since we have already proved that

F)l™' ) IT(Fy)| = C1/IW(G)|

TeI¢:
in the course of the proof of Proposition 4.6. O

5. SIEVE FOR RANDOM WALKS ON SEMISIMPLE ALGEBRAIC GROUPS

To prove our main results in the next section, we will use sieve methods. We first consider in
this section the problem of obtaining a general (upper-bound) sieve result for “random” elements
of an arithmetic group in a semisimple group over a number field.

To give a meaning to “random” elements in G, we use random walks, as in [, Ch. 7] (but
see Section 7 for comments on other possibilities). This involves a fair amount of notation, but is
otherwise quite convenient.

In all this section, we therefore consider to have fixed the following data:

13



A number field k;
A connected semisimple algebraic group G/k (not necessarily split);
e An arithmetic subgroup I' C G(k) of G, as defined in the introduction, e.g.,

I = p(G(k)) N GL(N, Zy)

for some faithful representation p : G < GL(N) over k.

e A finite symmetric (i.e., s € S implies s7! € S) generating S set of I' (the group I is finitely
generated! by a theorem of Borel, see e.g. [P, Th. 4.17 (2)]); we will always assume that
the pair (I',S) is balanced, by which we mean that either (i) 1 € S, or (ii) there exists no
non-trivial homomorphism I' — Z/2Z (this is in order to avoid possible issues with bipartite
Cayley graphs, see [I<, §7.4] for a discussion of this point; we thank the referee for having
reminded us of this issue);

e A sequence (§,) of independent, identically distributed, random variables, defined on some
probability space (2,3, P), taking values in S:

&t Q= 5,
such that p(s) = P(£, = s) > 0 for all s € S, and p(s) = p(s~ 1) for all s.

Example 5.1. Readers not familiar with the general theory may take:

The field k = Q;

The group G = SL(N), N > 2, with p the inclusion in GL(N);

The arithmetic group I' = SL(N, Z);

The system of generators S of elementary matrices Id + E; ; for distinct ¢,5 € {1,...,n}
where E;; has zero in all entries except for the (i, j)-th where it is one; for N = 2, we
add 1 to S in order for (I',S) to be balanced (when N > 3, there is no non-trivial map
SL(N,Z) — Z/2Z);

e The probability space Q = {(sp)n>1 | sn € S}, with the product uniform normalized
counting measure, &, (w) = s, for w = (sp)n>1 € Q, so that p(s) = 1/[S| for all s.

This is a setting already considered in [IX, §7]. Note however that in that case G is simply
connected, so much of the work needed below to deal with the general case is unnecessary. For a
non-simply connected example, one may take G = SO(N, N) for N > 2, and I' = SO(NV, N)(Z).

To have a meaningful asymptotic problem, the discrete group I' must be “big enough”. It seems
that the right way to quantify this in our setting is simply to assume that I' is Zariski-dense in
G. By the Borel Density Theorem (see, e.g., [P, Th. 4.10]), this assumption on the arithmetic
group ' can be formulated purely in terms of the semisimple group G: it means that for any
simple component of G, say H, and any real or complex completion K of k, the group H(K) is
noncompact for the real or complex topology. In particular, this holds whenever G is split.

We then define

Xo=1¢€T, Xn+1 = Xn&n+1,

so that the sequence (X,,) is a random walk on T

To perform the sieve, we require independence properties of reductions modulo primes of arith-
metic groups. This independence is only valid for simply connected groups, and to reduce to this
case we use ideas already found in [J] with some new tools.

Let ¢ : G*¢ — G be the simply connected covering of G (as an algebraic group). Both G*¢ and
 are defined over k, so we can define

¢ = (™' (1) NG*(k)) C T

L1p fact, finitely presented, which is a quite deeper property which we do not need.
14



It follows from basic facts about arithmetic groups (see, e.g., [PR, Theorem 4.1]) that I'* is an
arithmetic subgroup of G. In fact, since I'*¢ C I, it follows that I'*¢ has finite index in I

As recalled in Section 3, there exists a finite set Ry of prime ideals of Zj, such that G has a model
defined over the ring Zx[1/Ry], and such that any two such models are isomorphic after possibly
inverting finitely many more primes. By abuse of notation, we will also denote the fixed model by
G. After possibly increasing Ry, we may assume that I' C G(Zg[1/Ro]). In particular, for p ¢ Ry,
we obtain a well-defined reduction map

mp 1 I' = G(Fy),
and similarly for the simply connected cover G*¢, and we have homomorphisms
pp : G¥(Fp) — G(Fyp).
The following deep result, called the “Strong Approximation Property”, explains why we need

to use I'*¢: the statement is false, in general, if I'*¢ is replaced with I" itself.

Proposition 5.2. Let (k,G,T) be as given, in particular such that T is Zariski-dense in G, and
let G*¢, T'*¢ be as defined above. Let
[y = mp(I*),
where Ty, is the reduction map defined above for almost all prime ideals of Zj.
Then there exists a finite subset R O Ry of prime ideals, depending only on (k,G,T', Ry), such
that for any p ¢ R, we have

ngc = ‘Pp(GSC(Fp))y
the image of the group of Fy-rational points of the simply connected covering of G, and moreover
the product maps

rse Tp XMy! IS¢ % Ts¢
p p
for p #p’, both not in R, are surjective.

Proof. Results of this type, in varying generality, have been proved by many people, using a wide

variety of techniques; see, e.g., the papers of Nori [No, Th. 5.1], Matthews, Vaserstein and Weis-
feiler [ , Th., p. 515], Weisfeiler [\, §9], Hrushovski and Pillay [[H]’, Prop. 7.3] (see also the
comments in [PR, §7.5]). Precisely, we first apply [\W, Th. 9.1.1] with data

(kv G7 F) = (k7 GSC? 9071(F))

to deduce that ¢ ~1(I) surjects to G*¢(Zy/I) for all integral ideals I # 0 coprime with some finite set
of primes in Z. Taking I = p and composing with ¢ and ¢y, respectively, we derive I')® = m,(I'*¢)
for p ¢ R.

Then, since
G*(Zi/pp) = G™(Z/p) x G*(Zy/¥')
if p # p’ are both prime ideals not in R (by a straightforward Chinese Remainder Theorem), it also

follows that ¢~ (') surjects onto G*“(Fy) x G*(Fy) for p and p’ both outside R, and the final
conclusion is obtained by applying again the map ¢. g

Remark 5.3. Here is an illustration of failure of this result when the group is not simply connected:
let @ be a nondegenerate indefinite quadratic form over Z and G = SO(Q), which is defined over
Z. 1t is a standard fact that the spinor norm of an element in the group of integral points SO(Q, Z)
is £1 (modulo the non zero squares of Q*). Thus for any prime p congruent to 1 modulo 4 (i.e.
for a subset of primes of density 1/2), the image of SO(Q,Z) by reduction modulo p equals the
spinorial kernel Q(n,F,) which means that for any p congruent to 1 modulo 4, the morphism of
reduction modulo p fails to be surjective onto SO(Q, F)p) and its image has index 2.
15



Since I'*¢ is of finite index in I', the idea is now to use random walks on the cosets of I'*¢ in
I" in order to perform the sieve. Of course, the original walk we wish to consider is not of this
type. One could, as in [J, Section 1.1] decide that it is good enough to deal with each fixed coset
separately (using random variables of the type Y;, = vX,, for a fixed v and a random walk (X,,) on
I'*¢), provided we obtain the “same” result, independently of v. However, we want to do better.
For this, the idea is also suggested by the (easy) case of [I{, Prop. 7.11], where random walks on
Sp(4, Z) were studied by reducing to auxiliary random walks (namely Y,, = Xo, and Z,, = Xo,+1)
on the two cosets in Sp(4,Z)/[Sp(4,Z),Sp(4,Z)], when the original walk had the property that
every other step was in the non-identity coset.

We do something similar; we don’t know exactly when the finitely many cosets v € I'*“\I" are
reached, but we can use probabilistic results to show that every coset is covered essentially equally
often. Note that readers not familiar with the basic properties of Markov chains (with countable
state space) may wish to assume that I'*° = T" and skip directly to Corollary 5.7, reading the latter
with this assumption in mind.”

Let C = I'*“\I" be the finite set of cosets; we write g = v to state that g € I' is in the coset v € C
(instead of g € v). Fix representatives 4 in I' of all v € C.

Let now (7,) be the random walk on the finite set C = I'**\I" induced from the walk (X,,) on I.
In probabilistic terms, (v;) is a finite Markov chain with Markov kernel

K(v,y)= Y_ pls).
SES, ys=v'

This Markov chain is irreducible, because the possible steps S of (X,,) have positive probability
and generate I', and reversible because the probabilities p(s) satisfy p(s) = p(s~!). The (unique)
stationary distribution associated with () is the uniform distribution on C, i.e., we have

1 1
o2 K1) =
e 20 =

for any ' € C. (For basic facts and terminology, we refer to [Sa, §2] or [BW, Ch. II].)
For any v € C, we define recursively the following sequence of random times

ty; : 2 —{0,1,2...,} Uoo,
which indicate for which successive indices the walk falls in : first
tyo=min{n >0 | X, =~},

and for j > 0, we have

b +o0 ift,; =400
7+ min{n >t,; | X, =v}, otherwise.

We then define auxiliary random walks by

o Xt’w' ey if vy, < +00
7 Y EY otherwise,

where (as we will see immediately) the second case is only present for definiteness.
These random walks are then quite similar to the original ones, but (by definition) lie in a single
coset of I'*¢.

2 This assumption holds in a number of cases, such as SL(m) or Sp(2g).
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Lemma 5.4. With notation as above, we have the following properties:

(1) Almost surely, all the t ; are finite.

(2) For any v € C, the sequence (Y, ;)j>0 is a random walk on the coset v, given by the initial
v-valued random variable Y, o, and with steps

ﬁ%] 'y] 1Y

which are I'*“-valued, independent and identically distributed; their distribution is given by the rule

(5.1) P(8y; =9) E Z p(s1) -+~ p(sk), for g € T*.

k>1 S1+-Sp=4g
$1-8m@l%¢, m<k

Moreover, we have P(B3,; = g) =P (B, =g~ ') for any g € I'*°.

Proof. Part (1) is a well-known property of finite irreducible Markov chains (it is possible to go
from any coset to the other), see, e.g., [BW, Prop. 11.8.1].

Part (2): from (1), we know that the random walk (Y, ;) is well-defined. Its initial state is Y5 g
by definition. Therefore, it remains to show that the steps

ﬁ%] ’yj 1Y Xt;1 Xy

J—1

forj>1

537

are distributed according to (5.1), are independent, and independent of the initial step Y o. This
is intuitively natural, and is a fairly standard fact in probability, but we give a certain amount of
details for completeness for those readers who have not seen this type of arguments before (see,
e.g., [BW, II, Th. 4.1] for similar reasoning).

Of course, 3, ; is I'*“-valued by construction. We will show that the distribution is the one
claimed. For g € I'*¢, we have

P(/@’Y:J = g) = P(Xt'y,j = Xt-y,jflg)
= ZP(t’YJ =tyj-1+k, and Xt«,,j—1+k = Xt-y,j—lg)

k>1
=> Y Pltyj=tyatkand & ym=sm, for 1<m<k)

k=1 (81,...,Sk)65k
g=51""5k

(5.2) = Z Z P&, ;1 +m = 8m, for 1 <m < k)

k>1 g=s1--Sk
$1-8mél%¢, m<k

since the condition that ¢ ; = t, ;1 +k means, by definition of ¢, ; and the fact that X, , , €I
that none of the intermediate elements
é‘t’y’jfl-i-l e gt%j,l—i-m =3S81""Sm,

are in I' for 1 <m < k.

Now we can invoke the strong Markov property of the original random walk [ , Th. 11.4.1],
which implies that the random walk defined by
(53) Zm = Xt%jfl—‘rma for m > 0

is itself a random walk on I' with steps which are independent and distributed like the original
steps of (X,). Note that this would be obvious if ¢, ;1 were constant,® but is false for a general
random time: imagine for instance looking at Z,, = Xr4,, where the time T is defined to be the
least index n such that &, 1 = s (for some fixed s € S). The suitable property which holds for the

3 In which case it is the Markov property.
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random time ¢, ;_; is that it is a stopping time for the standard filtration associated with (X,,),
meaning that the events
{tyj-1 =k}
for any k& > 0, are measurable for the o-field o(X1,..., X)) (which is obvious since determining
whether ¢, ;_1 = k can be done by looking at the first k steps of the original walk).
From this, it follows that

P&, ;1+m = 8m, for 1 <m < k) = P(§n = sm, for 1 <m < k)
=p(s1) -+ plsk);

and the distribution property (5.1) then follows from (5.2). The symmetry property of the distri-
bution is obvious.

The independence of the steps (3, ; is also a consequence of the strong Markov property and
computations very similar to the previous one, except for notational complications. O

Note that in these auxiliary walks, the initial distribution depends on v, not the steps of the
walk (though, C being finite, such a dependency would not affect the remainder of the argument).
A further difference with the original walk (X,,) is the feature that the steps 3, ; are supported on
the whole of the discrete group I'*¢; instead of the original finite set S. This is, however, still a
symmetric generating set of I'*¢. It turns out that random walks involving infinite generating sets
were also already considered in [J, Introduction and Section 1.2], so we can build on this.

The following general sieve result follows quite simply from the theory developed in [I<, §7] and
the adjustments in [J].

Proposition 5.5. Let (k, G,T") be given as before, and define I'*¢, C, Iy, mp + I — I'§° as above.

Let (Y;), 7 = 0, be a random walk on a fived coset v € C of I'*°, with initial step Yo and with
independent, identically distributed steps (5;), j > 1, such that the support of the law of the B; is
a generating set of I'*, and

P(B;j=g)=P(B;=g"), forj =1, g e,

Assume that (I'°¢,S) is a balanced pair: either P(3; = 1) > 0, or there is no surjection I'*° —
Z/27.

There exists a finite set R of prime ideals in Zy, depending only on I, and constants ¢ > 0 and
A >0, depending only on k, I' and the distribution of the steps (5;) such that the following holds:
for any choice of subsets

Qp C ALY,
invariant under G(Fy)-conjugation, with Q, = 0 if p € R, we have
P(mp(Y}) ¢ Qp for Np < L) < (14 LA~y ~1
for any L > 2, where

2,
V= Z Tse|”
Np<L P
Proof. The main ingredient, beside Proposition 5.2, is the following;:

[Property (7)] The group I'*¢ has Property (7) (in the sense of Lubotzky) with respect to the
family of its congruence subgroups, and in particular with respect to the family of subgroups of the
type

(ker(mp X my))
where p and p’ run over all prime ideals not in R. This conjecture of Lubotzky and Zimmer was

proved by Clozel [C]].
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We then apply the general methods in [IX, Ch. 3, Ch. 7] (compare with [J, Section 1]). More
precisely, we first note that, from Property (7), there exists a finite subset (say S’) of I'*¢ with

inP(B; =s5)>0
min P(6; = s)

and § > 0 with the following property: for any finite-dimensional unitary representation
r* 2, U(N,C)

that factors through some product of “prime” congruence groups, i.e., p is given by

%€ — I/ ker(mp x my) 2, U(N,C),
we have

min{lp(s)v — o]} > dell,  ve Y

seSs’

provided there is no vector v # 0 which is invariant under p.
With this, one can follow the proof of [K, Prop. 7.2], or [J, Prop. 5] to obtain the large sieve
bound. 0

If we use this technique to control a random walk on T itself by splitting into auxiliary walks, this
proposition requires one extra piece of information to be useful: namely, the estimate in terms of j
must be transformed into information in terms of the parameter n of the original walk. Intuitively,
since there are |C| different cosets, and the random walk on C mixes very quickly (it is a finite
irreducible Markov chain), converging to the stationary uniform distribution on C (all cosets being
equally likely), we expect that X, is, roughly, the j-th step of the auxiliary random walk Y, ; for
an index j close to n/|C|.The following result makes this precise:

Lemma 5.6. Let (k,G,T,S,(X;)) be given as before, and let (G*¢,C, (), (ty,j)v.j> (Y.,5)) be de-
fined as above.
Forn >0, let v, be the random index such that

Xn =Yy, in-
Then we have
1n+1
P(Ln < §v> < exp(—cn),

for alln > 0 and some constant ¢ > 0, depending only on C and the distribution of the steps of the
Markov chain vy, as does the implied constant.

Proof. We can express ¢, concisely by

. . _ ln 1
Ln:|{7“ ‘ 0<i<mn, Xz:Xn}’7 S0 nt1 :n+1 Z 1{'yn}(’72)
0isn

Now fix v € C instead, and consider the deterministic variant

1
fon = = > 14(0),

0<isn

From basic properties of Markov chains, we know that

: 1
(5.4) nll)l_’I_looP(’yn =)= m,
by equidistribution of the random walk (7,,) on the finite set C (in particular, this does not depend
on 7). Noting that
E(1,(vi)) = P(vi =),
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we may expect by results like the law of large numbers that x,, is usually “close” to ﬁ, which
makes it clear intuitively why the probability we look for should be small.

However, because the random variables 1,(v;) are not independent, we can not simply apply
the standard results about sums of independent random variables. But because the convergence to
equidistribution (5.4) is exponentially fast, fairly classical works in probability theory have extended
the basic convergence results (weak and strong law of large numbers, central limit theorem, large
deviations results) to this context.

We precisely need a large deviation result, which in the simplest (classical) context is the Chernov
bound. Here we quote for concreteness from the explicit result in [I], though general bounds go
back to Miller, Gillman, Donsker and Varadhan (and Lezaud’s result has been improved in some
contexts by Leén and Perron).

From [I,, Th. 1.1, Remark 3|, we obtain

In+1 B(n+1)
Pl < 528) <D
K/’)ﬂn 9 |C| € | ‘ €xp 19. (2|CD2
where (3 > 0 is the spectral gap of the Markov chain (vy,) (precisely, apply [, Remark 3] with the
data given by

(G, X;,m) = (C,7it+1, the uniform distribution on C)
so that IV, in loc. cit. is bounded by 4/|C|, and the function f is given by

flg) = |Cl| “1,(g), forgec,

while the constant denoted v in loc. cit. is (2|C|)™!). Note the upper bound we derived does not
depend on v € C.
Finally, to come back to the actual index ¢,, we simply write

P(Ln 1n|—ci-|1> ZP<K7n< |—Ci_\1 andfyn:7>

eC
+1)
< B2 (_ B(n )
e (g ey
Cleaning up the constants, this clearly implies the result as stated (and is in fact much more
precise). O

This lemma means that, except for exceptions occurring with exponentially decaying probability,
the sieve statement for the auxiliary walks leads to a sieve statement for the original one, where
the dependency on the lenght behaves as expected.

Corollary 5.7. Let k, Zi, G, I', I'*°, mp, T'y%, C be as above, in particular I' is Zariski-dense in
G.

Let (X,), n = 0, be a random walk on T starting at the origin with independent, identically
distributed steps €,, n = 1, supported on a finite symmetric generating set S of I' with

P(¢=5) =P =5") >0, forn>1, se,

and such that (T, S) is balanced in the sense described at the beginning of Section 5
There exists a finite set R of prime ideals in Zy, depending only on I', and constants ¢ > 0 and
A >0, B >0, depending only on k, T' and the distribution of the steps (&,) such that the following
holds: for any choice of subsets
Qp, CT'y = mp(T),
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invariant under I'y-conjugation, with Qp, = 0 if p € R, we have

(5.5) P(mp(Xn) & Qp for Np < L) < Be™™ +n(1+ L") Z v
yeC
for any L > 2, where
1Qp N AT
Vy = _

Proof. With the notation for the auxiliary walks (Y, ;) previously introduced, and writing
Q»},’p - Qp ﬂ ’YF;C,
the event considered is the disjoint union, over v € C and j > 0, of the events

Syi = {tn = Jj and my(Yy 5) & Qqp for Np < L}

We have ¢, < n and hence S, ; = 0 for all j > n. Moreover, by Lemma 5.6, the probability of

L n is at most

the union of all S, ; with j < 3707

1
P(Ln < 5’%) < exp(—ecn),

for some constant ¢; > 0. For others values of j, we have
120

sc|

P(S,;) < P(mp(Y, ;) ¢ Qypfor Np <L) <(1 +L4 exp(—caj) ( Z
Np<L

by Proposition 5.5, and this is

< (1o ptem(-g)) (X )

Np<L

for some constant ¢y > 0.
Summing over the values of j and v, we obtain the desired statement, with the constant ¢ given
by min(cy, c2/(2|C|)). O

Remark 5.8. This result is slightly weaker than the sieve bound for the simply connected case, but
it is very close in applications. The intervention of the cosets + in the sieve bound can not be
dispensed with in general (i.e., Proposition 5.5 fails if I'* is replaced with I'): suppose, say, that
|C| = 2 with I';¢ also of index 2 in T'y; then, if € is the non-trivial coset of Iy, we have

P(my(X,,) ¢ Q for Np < L) > P(X,, € T*)

which typically converges to % as n — 400, while an hypothetical estimate like

(1+1A exp(—cn))( Z \’gZD_l = 2(1 + L exp(—cn))m(L) ™"
Np<L

with ¢ > 0 for this probability would show it to go to zero exponentially fast as n — 400, after
selecting L = exp(en/A). (On the other hand, in Corollary 5.7, the term involving the non-trivial

coset I' — I'*¢ is the inverse of
12 N (T — T5°)|

P —_
Z ’I\;c| - 07

Np<L

so the proposition does work in this context.)
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Remark 5.9. We are considering semisimple groups here because sieving in all arithmetic subgroups
of reductive groups is problematic for well-known reasons: if there is a non-trivial central torus T C
Z(G), sieving questions might involve unknown issues like the existence of infinitely many Mersenne
primes. Moreover, although it is tempting to try to apply once more the strategy described in the
discussion following Proposition 5.2, the subgroup Z(G) does not necessarily have finite index in
G (say if G = GL(n) and k is a real quadratic field, so that there are infinitely many units), and
usually the random walk will not come back infinitely often to each coset.

Remark 5.10. It is very likely that what we have done in this section is valid when I is simply
a finitely generated Zariski-dense subgroup of G(Zg), but not necessarily of finite index (due to
recent breakthroughs by Helfgott [He], Bourgain—-Gamburd [B(], Breuillard—Green—Tao | ] and
Pyber-Szabé [PS] playing a key role in the proof by Salehi-Golsefidy—Varji ([SaV]) that Zariski-
dense subgroups of arithmetic groups have Property (7) with respect to congruence subgroups.)

6. SPLITTINGS FIELDS OF ELEMENTS OF REDUCTIVE GROUPS

In this section, we will prove our main theorem which generalizes Theorem 1.1. Let G be a
connected linear algebraic group defined over a number field k. Let I' C G(k) be an arithmetic
subgroup of G and let S be a finite symmetric set of generators, such that (I",S) is balanced (in
the sense of the beginning of Section 5). Assume that I' is Zariski-dense in G.

Let p: G — GL(m) be a faithful representation of G defined over k. For each element g € G(k),
the field k, is defined as the splitting over k of the polynomial det(T' — p(g)) € E[T]. From
Lemma 2.3(i), we know that k; does not depend on the choice of p.

As in §5, let (&) be a sequence of independent, identically distributed, random variables taking
values in S such that P(§, = s) = P(§, = s7!) > 0 for all s € S. The sequence (X,,) defined
recursively by

Xo=1¢€ F, Xn+1 = Xn{n—{—ly
gives a random walk on I'.

For a reductive group G, we defined in §2.2 an extension kg /k and groups W(G) and II(G).

When G is not reductive, we set kg = kg/pg,(g) and make the ad hoc definitions W(G) :=
W(G/R,(G)) and II(G) :=II(G/R,(G)), where R,(G) is the unipotent radical of G.

Theorem 6.1. Fiz notation and assumptions as above.

(i) We have
nangOP(Gal(an/k) ~1(G)) = 1.

(ii) If G is semisimple, then there exists a constant ¢ > 1 such that
P(Gal(kx,/k) ZI(G)) =1+ O0(c™)
for alln > 1.
(iii) There exists a constant ¢ > 1 such that
P(Gal(kgkx,/kc) =W (G)) =1+0(c™")
for alln > 1.

The constants ¢ and the implicit constants depend only on the group G, the generating set S,
and the distribution of the &,.

Theorem 1.1(i) is a consequence of Lemma 2.4(i). We obtain the remaining parts of Theorem 1.1
from Theorem 6.1 by taking p(s) = |S|™! for all s € S, which then implies by definition that

1
P(Xn € 4) = rgrl{w = (51,00 50) €8 | 51+ sn € A}
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for any set A C T.
Our first lemma, is a version, in our context, of a “non-concentration” estimate on subvarieties.

Lemma 6.2. Keep the set-up as above and let Y C G be a closed subvariety that is stable under
conjugation by G.

(i) We have lim, . P(X, € Y(k)) =0.

(ii) If G is semisimple, then there exists a constant ¢ > 1 such that

P(X, € Y(k) =0(c™).

The constant ¢ and the implicit constant depend only on the group G, the generating set S,
the distribution of the &,, and Y .

Proof. We start with the proof of (ii), which is more precise. Choose a model G over Z;[R™!] of G
where R is a finite set of maximal ideals of Zj. Since I' is finitely generated, we can choose R so
that I' C G(Zg[R™']). For p ¢ R, let my: I' — G(F}) be the reduction modulo p map. Let ) be the
Zariski closure of Y in G, and for each p ¢ R, define the set

Qp =G(Fy) — V(Fy).

Our assumption that Y is stable under conjugation by G implies that €2, is stable under conjugation
by G(Fy). If X,, € I" belongs to Y (k), then mp(X,,) ¢ Q, for all p ¢ R. Thus for any L > 2, we have

P(Xn € Y(k)) < P(wp(Xn) ¢ Qy for all p ¢ R with Np < L).
We are now in a position to apply (5.5) to derive the upper bound
1
P(X, € Y(k)) < Be™™ +n(l+ L% ")) T
yeC v

where A > 0, B > 0 and ¢ > 0 are constants depending only on k, C = I'**\T", and

v, = Z ’QPHVFﬂ _ Z (1_ \y(Fp)ﬂ'ny,c\).

IT5°] I
Np<L Np<L
pER p¢R
Since Y has smaller dimension that G, the Lang-Weil bounds (see, e.g., [I[<a, p. 628]) imply that

[V (Ep)|/IG(Fp)| = O(1/N(p)).
This, together with [G(Fy) : T')°] < 1, gives

v, Y (1 + O(N(p)_1)> > L/log L,
Np<L
pER

where the last inequality holds for all L sufficiently large. Thus

n(1+ LAe™cm)
L

for L sufficiently large. Setting L = exp(nc;/A) with ¢; < ¢ a positive number, gives

P(Xn e Y(k)) < e _{_nQe*Cln/A +n26*(0*61)n6*01n/14

for n large enough. So there is a ¢z > 0 such that P(X, € Y (k)) < e~" = (e=)" for all n > 1.
Now we come to (i). Let Gi be the derived group of G, T the connected component of the
center of G, so that we have a surjective product map

G1><T—>G
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with finite fibers. We are going to reduce the question to one on Gy x T. For this, we observe that
there exists a fixed number field kg/k and elements (x5, z5) € (G x T)(kg) for all s € S such that

S = TsZs

for all s. We can then write X,, = Zan with random variables

Xn = &g, -+ Tg,,, In = Zgy - %

n

taking values in (G1 x T)(kg), which form random walks on (subgroups of) Gi(ks) and T(kg).
Now let Y be the inverse image of Y in Gy x T. If the projection of Y on G is not dense,
say it is contained in a proper (conjugacy-invariant) subvariety Y1 C G, the condition X,, € Y (k)
implies X,, € Y;(kg), which occurs with probability tending to 0 by applying (ii) (with & replaced
by kg). Otherwise, the projection of Y on the torus T must be contained in a proper subvariety,
say Y2, and the condition X,, € Y (k) implies Z,, € Ya(kg). In fact, Z, lies in the finite rank abelian
group generated by the zs in T (in fact, T(kg) is itself of finite rank, by the generalized Dirichlet
unit theorem, see, e.g., [PR, Cor. 1, p. 209]), and we are therefore reduced to a question that can
be handled by more classical sieve methods, for instance by the large sieve on Z", as described
in [I{, §4.2]. Using reductions modulo primes (of kg) and the Lang-Weil estimate for Y5 to estimate
the number of permitted residue classes for Ya2(kg), we obtain the qualitative estimate (i). O

Remark 6.3. We used the sieve result of the previous section, but one could also deal with this by
selecting a single well-chosen prime ideal. We also see clearly that (i) could be replaced, with some
work, by an estimate of quantitative decay, which would however only be of the type n~¢ for some
fixed ¢ > 0.

The following proposition, which is given for semisimple groups, will be key in the proof of
Theorem 6.1. The proof follows the same basic principle as earlier works using the large sieve to
study probabilistic Galois theory: the sieve implies that Frobenius elements in Gal(kx, /k) can
be found (with very high probability) that map to any given conjugacy class of W(G) under
the injective homomorphism of Section 4, and we can then use the well-known lemma of Jordan
according to which, in a finite group, no proper subgroup contains elements of all conjugacy classes.

Proposition 6.4. Fix notation and assumptions as above, and assume that G is semisimple. Let
K C k be a finite extension of kg. Then there exists a constant ¢ > 1 such that

P(Gal(Kkx,/K)=W(G)) =1+0(c™).

The constant ¢ and the implicit constant depend only on the group G, the generating set S, the
distribution of the &,, and the field K.

Proof. Fix a maximal torus Ty of G. By Lemma 2.4, the group Gal(kgkx, /kg) is isomorphic
to a subquotient of W(G). So without loss of generality, we may extend K so that Ty g is split.
Choose a semisimple group scheme G over Z;[R~'] whose generic fiber is G where R is a finite set
of maximal ideals of Zj;. Let 7y be the Zariski closure of Ty in G. By taking R large enough, we
may assume that 7y is a maximal torus of G and T' C G(Zx[R™']). For p ¢ R, let mp: I' — G(Fy)
be the homomorphism of reduction modulo p.

Let P be the set of maximal ideals p ¢ R of Zj that split completely in K. For p € P, the
tori 7o, and Tor, are split. The set P has positive natural density, by the Chebotarev density
theorem (see, e.g., [[K, p. 143].) For each p € P, fix an embedding k < k, which is the identity
map on k. Let W(G)* < W(Gr, )? be the bijection (3.3); we will use it as an identification.

For p € P, we can define a map

Op: G(Fp)sr — W(Gr, )" = W(G)*
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as in §4. Fix a conjugacy class C' € W(G)!. For p € P, define the set

Let G(k)s- be the set of g € G(k) that are semisimple and regular in G. For X,, € G(k)., we
have defined a representation x, : Gal(k/k) — II(G) that is uniquely defined up to conjugation
by an element of W(G). Fix a prime p € P such that m,(X,) € Q. By Proposition 3.2, ¢x,
is unramified at p and the conjugacy class of the Frobenius automorphism Froby, at p is C, i.e.,
¢x, (Froby) = C.

Since p splits completely in K, we deduce that

¢x, (Gal(k/K)) N C # 0,
and therefore, we have an upper bound
(6.1) P (X, € G(k)s and ¢x, (Gal(k/K))NC = 0)
< P(mp(Xy) ¢ Qp for all p € P with Np < L),

where the last probability is amenable to sieve. Specifically, applying (5.5), we derive the upper
bound

1
P(Wp(Xn) ¢ Q) for all p € P with Np < L) < Be ™ 4+ n(1+ LAe—cn) Z =
~vec Y

where A > 0, B > 0 and ¢ > 0 are constants depending only on k, C = I'*“\I', and

€2 N AT
K P
Np<L
peP
By Proposition 4.6, we have
€2 AT | 1
= O(N(p)~

DR

for all v € C and p € P, where the implicit constant does not depend on p. This implies that

V> Z (|W|(C(|})‘ —l—O(N(p)’l)) > L/log L
Np<L

peP

where the last inequality holds for all L sufficiently large (since P has positive density). Therefore,

n(l 4 LAC_Cn)
L
for all L sufficiently large. As at the end of the proof of Lemma 6.2, we obtain

P(mp(X,) ¢ Qp for all p € P with Np < L) < e + (log L).
P(mp(X,) ¢ Qpforallpe P with Np< L) <c ™

for some ¢ > 1.
So from (6.1), we find that

P (X, € G(k)s and px, (Gal(k/K))NC =0) <"
25



for some constant ¢ > 1, which we may assume holds for all C' € W(G)*. By Jordan’s lemma, no
proper subgroup of W(G) intersects every conjugacy class of W(G). Therefore,

P (X, € G(k)s and ¢x, (Gal(k/K)) # W(G)) <

> P(Xn € G(k)sr and ¢x, (Gal(k/K))NC =) < ¢
CeW (G)!

Now let Y be the subvariety of G from Lemma 2.4(iii). By Lemma 6.2, we have
P(X, e Y(k)) <c™,

(after possibly increasing ¢ > 1). If X,, ¢ Y (k) and ¢x, (Gal(k/K)) = W(G), then X,, is regular
and semisimple in G and Gal(Kkx, /K) = W(G). Therefore,

P(Gal(Kkx,/K) 2 W(G)) <c ™"
for some constant ¢ > 1. O

6.1. Proof of Theorem 6.1. We first consider the case where G is reductive. Let R(G) be the
radical of G. Since G is reductive, R(G) is the connected component of the center of G. The
quotient G’ := G/R(G) is defined over k and is semisimple. Let 7: G — G’ be the quotient
homomorphism.

We now consider IV C G/(k), the image of T' under 7, and the generating set S’ which is the
image of S. The pair (I",5’) is still balanced. The group I" is Zariski dense in G’ since T is Zariski
dense in G and 7 is surjective; again because 7 is surjective, and I' is arithmetic, we find that T
is an arithmetic subgroup of G’.

To the random walk (X,,) on I', we can associate the random walk (X ) on I'" where X, = 7(X,,).
It is a left-invariant random walk defined by the sequence of steps (&],) where &, = w(&,). Each &,
takes values in the symmetric generating system S’ of IV and has distribution

P& =)= > pls)
seS, mw(s)=s'
for s € §’. We have P(¢], = ') = P(&), = (s/)71) > 0 for all ' € S’, and the random variables (£/,)
are independent and identically distributed.

Lemma 6.5. We have kx; C kx,, .

Proof. More generally, we claim that k. C k, for all g € G(k). Without loss of generality, we
may assume that g, and hence 7(g), is semisimple. Let T be a maximal torus of G containing g.
The torus T” := T/R(G) is then a maximal torus of G’ which contains 7(g). The homomorphism
X(T") — X(T), X' = X' o, gives an inclusion

X' (7(9)) : X € X(T")} € {x(9) : x € X(T)}.

By Lemma 2.4(ii), we deduce that k4 C k. O

Fix a finite extension K of k that contains kg and kg/. Suppose that Gal(Kkx, /K) = W(G').
By Lemma 6.5, we have | Gal(Kkx,/K)| > |[W(G')|. Since G and G’ have isomorphic Weyl
groups, we have | Gal(Kkx, /K)| > |W(G)|. By Lemma 2.4(i), Gal(Kkx, /K) is isomorphic to a
subquotient of W(G), so by cardinality considerations we find that Gal(Kky, /K) = W(G).

Therefore,

P(Gal(Kkx; /K) = W(G")) < P(Gal(Kky, /K) = W(G))

Since G’ is semisimple, Proposition 6.4 implies that

P(Gal(Kkx; /K)=W(G') =1+0(c™)
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for some constant ¢ > 1, and therefore
P(Gal(Kkx,/K)=W(G)) =1+0(c™).
Since Gal(kgkx, /kc) is always isomorphic to a subquotient of W(G) by Lemma 2.4(i), we
deduce that
P(Gal(kgkx,/ka) = W(G)) =1+ 0(c™),
and this completes the proof of (iii) in the reductive case.
Let Y be the subvariety of G from Lemma 2.4(iii). Fix g € G(k) — Y (k) such that
Gal(kgky/ka) = W(G).

We claim that Gal(ky/k) = II(G). Since g ¢ Y (k), g is contained in a unique maximal torus T
of G and k4 = k. It thus suffices to show that Gal(kt/k) = II(G). The homomorphism

Gal(kr/k) <5 TI(G) — I(G)/W(G)

is surjective and pr(Gal(kr/kg)) € W(G), so it suffices to show that Gal(kr/kg) = W(G). But
since kt 2 kg, we have Gal(kr/kg) = Gal(kgky/kg) = W(G) as desired. Therefore

P(Gal(kx, /k) 2 11(G)) < P(Gal(kgkx, /ka) Z2 W(G)) + P(X,, € Y(k)).
By part (iii), which we have already proved, we have
P(Gal(kx,/k) 211(G)) < ¢ "+ P(X, € Y(k))

for some constant ¢ > 1. Part (i) and (ii) in the reductive case then follow immediately from
Lemma 6.2.

Finally, we consider the case where G is not reductive. The quotient G’ := G/R,(QG) is defined
over k and is reductive. Let m: G — G’ be the quotient homomorphism. As above, we can
consider the arithmetic subgroup IV := 7(T") of G/(k) and the related random walk (X]) on I"
where X, = 7(X,). By Lemma 2.3, we have kx, = kx;. The non reductive case then follows
directly from the reductive case.

7. COMMENTS ON OTHER APPROACHES

One may wonder about our use of random walks to quantify the maximality principle for splitting
fields, and it is natural to see why it is interesting, and what other approaches to “random” elements
are possible.

These are essentially of two kinds: one could try to prove upper bounds for the density

HgeT | [|«(g)]| <X and det(T — ¢(g)) has “small” Galois group}|
HgeT [ gl < X} ’

as X grows, where ¢ denotes a fixed faithful representation of G into some GL(n) and | g|| is (say)
the Hilbert-Schmidt norm on GL(n, C). Or one could still use the system of generators S but try
to bound

Hg el | s(g) < X and det(T — ¢(g)) has “small” Galois group}|

{gel | ls(g) < X} ’
where £g(g) is the combinatorial distance on I' defined by S. The sieve techniques can potentially
extend to these situations, but one needs to know good equidistribution properties for reduction
modulo primes in these two types of balls, uniformly and quantitatively. The uniformity will
ultimately depend on the spectral gap property of I" (i.e., on Property (7)), but due to the relations
in the group, it is not so easy to derive from it the required equidistribution, in the combinatorial
case (one would need to do it in each coset of I'*¢, of course). In the archimedean case, this has
very recently been implemented along these lines by Gorodnik and Nevo | |, using their deep
ergodic-theoretic equidistribution results [GN2].
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Moreover, in comparison with these two other approaches, random walks have one interesting
feature: they lend themselves readily to concrete computations, and in this respect can be pretty
efficient. This is illustrated, in the earlier paper | ], by the fairly small size of the polynomial
P with Galois group W (Eg) that we obtained, especially if the corresponding element of Eg(Q) is
expressed as a product of standard Steinberg generators x1, ..., xg: we have simply

P =det(T — Ad(wy ---zsy ' 25 1) /(T — 1)° € Z[T).

In other words, the complexity of the polynomial (if not of the splitting field, in terms of usual
algebraic invariants such as the discriminant of the ring of integers, which is difficult to control) is
fairly directly related to the length of the walk.

Another point is that random walks enable us to state some corollaries, and ask some questions,
which do not make sense for other meanings of “random” elements. For instance, given the random
walk (X)) as in Theorem 6.1, it follows (in the semisimple case) from the Borel-Cantelli Lemma
that, almost surely, there are only finitely many n for which Gal(kx, /k) is not isomorphic to W(G).
We can then ask how the random variables

7=min{n > 1 | Gal(kx,/k) = W(G)},
" =max{n > 1 | Gal(kx, /k) # W(G)}

are distributed?
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