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ABSTRACT. We answer various questions concerning the distribution of extensions of a given central
simple algebra K over a number field. Specifically, we give asymptotics for the count of inner
Galois extensions L/K of fixed degree and center with bounded discriminant. We also relate the
distribution of outer extensions of K to the distribution of field extensions of its center Z(K). This
paper generalizes the study of asymptotics of field extensions to the noncommutative case in an
analogous manner to the program initiated by Deschamps and Legrand to extend inverse Galois
theory to division algebras.
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1. INTRODUCTION

1.1. Context

The study of statistics of field extensions turns inverse Galois theory into a quantitative problem,
replacing the question of the existence of extensions with a given Galois group by the question of their
asymptotic distribution. The main conjecture in this area was introduced by Malle in [Mal02, Mal04]
as a proposed generalization of results of Maki and Wright for abelian extensions of number fields
[Mak85, Wri89]. This conjecture has received a lot of attention and has been studied using various
methods: for some recent articles, see for example [Wan21, Kli22, ETW23, ESZB23, KP23, Mot23].
Another active area concerns the distribution of extensions of fixed degree without specifying a Galois
group, see [Coh54, DH71, Bha05, Bhal0] for small degrees and [Sch95, EV06, Cou20, BSW22, LT22]
for all degrees.

Noncommutative Galois theory was developed in [Jac40, Jacd7, Card7]. We will define the notions
we need, but readers wanting to learn more may refer to [Coh95, Jac56] or to the introductory
sections of [Des18, Des23]. In [DL20], a program was initiated! to extend inverse Galois theory to
division rings. Since then, this question has been vastly explored, and fundamental results were
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obtained in the articles [ALP20, Beh21, Des21, BDL22, Leg22a, Leg22b, Leg24]. This article aims,
in a similar manner, to study the quantitative aspects of extensions of noncommutative algebras.

1.2. Focus of this work

Our objects of study are (finite-dimensional) simple Q-algebras. If K is such an algebra, its cen-
ter Z(K) is a number field.

Definition 1.1. An extension of a simple Q-algebra K is a simple Q-algebra L equipped with an
injective Q-algebra homomorphism K < L. We usually think of K as a subalgebra of L via this
embedding. An isomorphism between extensions L1 and Lo of K with embeddings e; : K < L1 and
es : K < Lo is a Q-algebra isomorphism i : L1 = Ly such that es =i o e;.

Let L/K be an extension of simple Q-algebras. We denote by Aut(L/K) the automorphism
group of L/K, i.e., the set of Q-algebra automorphisms of L which act trivially on K. The degree is

defined as [L : K] := g:rfg((?) If K is a division algebra, the degree agrees with the dimension of L
both as a left K-vector space and as a right K-vector space. In Subsection 1.4, we define a quantity
d(L/K) € Qs0, which we treat as “(the absolute value of) the norm of the relative discriminant

of L/K”. One may then ask the following question:

Question 1.2. Let K be a simple Q-algebra and n > 2. How many isomorphism classes of exten-
sions L/ K of degree n are there which satisfy the bound d(L/K) < X, asymptotically as X — 400?

Question 1.2 is very general. For instance, the extensions Question 1.2 aims to count include
field extensions of number fields, which are notoriously hard to parametrize. Instead of studying
this general problem, we address two more specific questions, focusing only on certain types of
extensions. More precisely, we study the asymptotics of “inner Galois extensions” and of “outer
extensions”, defined below. The former question turns out to admit a complete answer which we give
in Theorem 2.16, whereas the latter reduces to well-studied questions concerning the distribution
of commutative field extensions, as we explain in Section 3. These two types of extensions are
representative of all extensions of K, as by Theorem 4.2 every extension L/K of simple algebras
splits “naturally” into a tower L/L'/K where L/L’ is inner Galois and L'/K is outer. (Here, L’
is the double-centralizer of K in L.) This fact could be used to address more general variants of
Question 1.2, as we briefly discuss in Section 4.

Throughout the article, we make a special effort to include simple algebras which are not division
algebras in all discussions, but we also systematically prove the corresponding statements focusing
exclusively on division algebras.

1.2.1. Inner Galois extensions. In Section 2, we restrict our attention to inner Galois extensions
of a simple Q-algebra K, where an extension L/K is:

o inner if all of its automorphisms are inner, i.e., given by conjugation by an element of L*;
e Galois if K equals the algebra LAYE/K) .= [y € [|Vo € Aut(L/K),0(x) = z}.

As we explain in Lemma 2.3, an extension L/K is inner Galois if and only if Z(L) C Z(K).

In Theorem 2.16, we give asymptotics for the number of inner Galois extensions L/K with given
degree m and given center Z = Z(L) that satisfy the discriminant bound d(L/Z) < X. These
asymptotics take the form C XY (log X)¥~! for explicitly given constants a and b, and for a real
number C which is positive unless no inner Galois extension of K of degree n with center Z exists.

Fixing the center lets us reduce the problem to a question about central simple Z-algebras. The
count of all inner Galois extensions of K of degree n (with any center) can in principle be obtained
by summing the resulting asymptotics over the finitely many subfields Z of Z(K).



In the case K = Z(K) = Z, the extensions we are counting are exactly the central simple Z-
algebras of degree n satisfying the discriminant bound d(L/Z) < X. This special case of Theorem 2.16
was already established in [LMPT18, Theorem 1.5 and Lemma 3.2].

Previous work on this question also includes [FKS81, Corollary 4], where (combined with [Stacks,
Theorem 074Z]) the authors prove that infinitely many central simple Z-algebras L contain a given
commutative field extension K = Z(K) of Z as a maximal subfield (i.e., [L : Z] = [K : Z]?). The
definition of the main exponent 1/a in our final asymptotics relies on a group-theoretical lemma they
prove to this end (Lemma 2.8).

Our proof strategy is similar to that of [LMPT18]: we reduce the problem to counting central
simple Z-algebras satisfying certain local conditions, we parametrize these algebras by elements of
the Brauer group Br(Z), and we set up a Dirichlet series counting them. The local-global principle
for Brauer groups lets us write the Dirichlet series as a sum of finitely many Euler products. Finally,
we determine its rightmost “pole” by comparison with Artin L-functions and apply a Tauberian
theorem to prove Theorem 2.16. Additional computations ensure that the leading coefficients of our
asymptotics are positive when there is at least one such extension. We also give the asymptotics
when K is a division algebra and we count only extensions which are division algebras.

We also prove Theorem 2.20, which is a variant of Theorem 2.16 in which discriminants are
replaced by products of ramified primes. The proof strategy is identical.

1.2.2. Outer extensions. An extension L of K is outer if it has no nontrivial inner automorphisms.
In Section 3, we prove Theorem 3.3, which shows that outer extensions L/K are exactly those
of the form L = F’ ®zk) K for a field extension F " of Z(K). This generalizes a theorem of
Deschamps and Legrand [DL20, Corollaire 2]. A consequence of this theorem is that the problem of
counting outer extensions of K reduces to the notoriously difficult problem of counting field extensions
of Z(K). Additional computations let us characterize extensions which are division algebras and
compute discriminants in terms of invariants of the extension F’/Z(K) (Theorem 3.6). We give a
few applications of these ideas in Subsection 3.3.

1.2.3. General extensions. In Section 4, we briefly discuss the possibility of adapting the methods
of Sections 2 and 3 in order to count more general extensions L/K by decomposing them into inner
and outer extensions. We highlight a few helpful facts, but also analytic difficulties specific to this
problem.

1.3. Preliminaries and notation

1.3.1. Brauer groups of local and global fields.

Central simple algebras. In this article, simple algebras are systematically assumed to be finite-
dimensional over their center. If F' is a field and K is a central simple F-algebra, we denote by
[K] € Br(F) the class of K in the Brauer group of F'. The indez of K is the integer ind(K) such
that K is isomorphic to a matrix algebra over a central division F-algebra of dimension ind(K)?.
Note that K is a division algebra if and only if [K : F] = ind(K)2 The exponent of K is the
order of [K] in Br(F'). When F is a global or local field, which is systematically true in this article,
the exponent of K equals its index [Rei03, (31.4), (32.19)] (see [DesInd] for counterexamples in the
general case).

Brauer groups of local fields. Brauer groups of local fields admit explicit descriptions:

o The Brauer group of C is trivial. We identify it with the trivial subgroup of Q/Z via the trivial
group homomorphism inv : Br(C) — Q/Z.
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o The Brauer group of R is isomorphic to Z/27Z, generated by the class of the algebra of Hamilton
quaternions over R. We identify it with the subgroup {0, %} of Q/Z via the group homomor-
phism inv : Br(R) — Q/Z mapping the nontrivial element to %

o If F is a non-archimedean local field, then there is an isomorphism inv : Br(F) = Q/Z [Rei03,
(31.8)].

The Hasse invariant of a central simple algebra over a local field is the image in Q/Z of its class.

Brauer groups of global fields. Assume that F' is a global field. If K is a central simple F-
algebra and v is a place of F', we denote by F; the completion of F' at v and by K, := K ®p F}, the
completion of K at v, which is a central simple algebra over the local field F,,. We call the element
inv(K,) € Q/Z the local invariant of K at v.

Let P be the set of all places of F'. The local-global principle for Brauer groups of global fields
(the Albert-Brauer-Hasse-Noether theorem) is summed up by the exact sequence [Rei03, (32.13)]:

1— Br(F) » @ Br(F,) — Q/Z—1 (1.1)

inv
vEP v v

where Y inv, is the sum in Q/Z of the Hasse invariants of the coordinates of an element of
@,cp Br(F,). In particular, a central simple F-algebra is uniquely determined (up to isomorphism)
by its dimension M? and by the collection of its local invariants in Q/Z (indexed by places of F),
on which the only constraints are the following;:

o all local invariants have order dividing M in Q/Z;

all but finitely many local invariants are trivial;

the local invariants at complex places are trivial,

the local invariants at real places are either trivial or equal to %;

the sum of the local invariants over all places of F' is trivial.

1.3.2. Terminology and notation. If S is a finite set, we denote by |S| its cardinality. We denote
by e : C — C the function z — exp(2miz). If R is a ring, we denote by 9, (R) the algebra of n x n
matrices over R and by Endr(A) the algebra of endomorphisms of a (left or right) R-module A. We
denote by |p| the norm of a prime p of a number field F'.

For n € N, we see Z/nZ as a subgroup of Q/Z, namely that of elements whose order divides n:
if a € Z/nZ, we denote by % the corresponding element of Q/Z. When speaking about elements of
Z/nZ, the phrases “a divides b”, “a is the greatest common divisor (resp. the least common multiple)
of b and ¢” and “b and ¢ are coprime” must be interpreted as statements about the corresponding
principal ideals, identified with positive divisors of n. For instance, the greatest common divisor of b
and c¢ is the unique positive divisor of n generating the same ideal of Z/nZ as b and ¢ together, i.e.,
ged (E, c, n) where 5, ¢ € N are arbitrary representatives of b, c.

If L is a Q-algebra and K is a subalgebra of L, we use the following notation:

o The centralizer Centr,(K) is the subalgebra of L consisting of those elements that commute
with all elements of K;

o Inn(L/K) is the normal subgroup of Aut(L/K) consisting of inner automorphisms, i.e., those
corresponding to conjugation by an element of Centr (K)*.

Two elements of Centr(K)* induce the same inner automorphism if and only if they differ by an
element of the center of L. Therefore, Inn(L/K) ~ Centr,(K)*/Z(L)*.



1.4. Discriminants

We associate to an extension L/K of simple Q-algebras a number d(L/K), which we use as a
substitute for the absolute value of the norm of the relative discriminant of L over K. When L/K
is an extension of number fields, d(L/K) has precisely that meaning.

1.4.1. The case K C Z(L). Assume that K is contained in the center of L. In this case, there is
a well-defined notion of discriminant: the number field K has a unique maximal Z-order, namely its
ring of integers Ok, and one can choose a maximal Og-order A in L [Rei03, (10.4)]. Although A is
not unique in general, the discriminant of A/Ogk does not depend on the choice of A [Rei03, (25.3)].
Therefore, we simply denote by d(L/K) the integer obtained as the absolute value of the norm of
the discriminant of A/Op, for any choice of maximal order A in L.

First, consider the case K = Z(L). Then, L is a central simple K-algebra of some dimension m?.

For each prime p of K, let A, € Z/mZ be such that inv(L,) = % The local index m, = ind(Ly)

is the reduced denominator of this fraction, i.e., m, = —+2~—. By comparing dimensions, we see
? » P ged(m, Ap) ’
that L, is an algebra of k, X kp-matrices over a central division K,-algebra of dimension m?, for

tip = 7o+ A formula for the norm of the relative discriminant of L /Z (L) follows directly from [Rei03,
(25.10)]:

d(L/Z(L (H Jp] "D )

where the product is taken over primes p of Z(L). This can be rewritten in the following ways:

d(L/Z(L Hupn (- lp)=H\\p||m<mgcd<mM>. (1.2)

When K is a subfield of Z(L), the computation of d(L/K) reduces to the central case using the
following “relative discriminant formula”, which is a special case of [Rei03, Exercise 25.1a]:

d(L/K) = d(L/Z(L)) - d(Z(L)/2(K)) "4, (1.3)

1.4.2. A general definition. To measure the “size” of a general extension of simple QQ-algebras,
we use the following quantity, which is both natural (cf. Proposition 1.4) and mysterious (cf. Re-
mark 1.5):

Definition 1.3. Let L/K be an extension of simple Q-algebras. We denote by d(L/K) the following
positive rational number:
d(L/Q)

A(K Q)T

Proposition 1.4. Definition 1.3 is the only possible definition of a height d(L/K) which coincides
with the norm of the relative discriminant when K C Z (L), and which satisfies the relative discrim-
inant formula d(M/K) = d(M/L)d(L/K)M:L for every tower of extensions M/L/K.

d(L/K) =

Proof. The uniqueness follows from the case K = Q of the relative discriminant formula for an
arbitrary extension M/L. The relative discriminant formula for a tower M/L/K of extensions
follows formally from the “usual” relative discriminant formula for commutative fields combined
with Equation (1.3). O

Remark 1.5. The number d(L/K) is in general not an integer. For example, no prime but 2 is
ramified in the Q-algebra L = Q(i, 7, k) of Hamilton quaternions, so d(L/Q) is a power of 2, but L
contains the commutative subfield K = Q(i+j + k) ~ Q(v/—3) in which 3 is ramified, so 3 | d(K/Q).
Hence, the denominator of d(L/K) is divisible by 3
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2. INNER GALOIS EXTENSIONS

In this section, we state and prove Theorem 2.16, which gives asymptotics for the distribution of
inner Galois extensions of a given (finite-dimensional) simple Q-algebra, of fixed degree and center.

Subsection 2.1 contains useful lemmas concerning inner Galois extensions. In Subsection 2.2, we
fix some notation and state the main theorem, Theorem 2.16.

The proof of Theorem 2.16 is divided into Subsections 2.3 to 2.7: in Subsection 2.3, we rephrase
the problem in combinatorial terms; in Subsection 2.4, we set up the Dirichlet series for this counting
problem; in Subsection 2.5, we describe analytic properties of the Dirichlet series and apply a Taube-
rian theorem; in Subsection 2.6, we check that the leading coefficient in our estimates is positive
under the assumption that an extension exists (this proves the main statement Theorem 2.16 (i));
finally, in Subsection 2.7, we establish Theorem 2.16 (ii), which is the result when one excludes
extensions which are not division algebras.

In Subsection 2.8, we explain how to adapt the proof in order to prove Theorem 2.20, a variant
of Theorem 2.16 where the height by which we count is the product of ramified primes. Finally, in
Subsection 2.9, we give criteria for the existence of an extension as in Theorem 2.16.

2.1. General facts about inner Galois extensions

In this subsection, we establish general properties of inner (Galois extensions. We begin with a

characterization (Lemma 2.3), explain why inner Galois extensions of a simple algebra K with

center Z can be identified with central simple Z-algebras in which K embeds (Proposition 2.4), and

prove a criterion to decide whether there is an embedding between two simple algebras (Lemma 2.5).
We first prove the two following lemmas, which are not specific to inner Galois extensions:

Lemma 2.1. Let K be a (finite-dimensional) algebra over an infinite field F. For every z € K,
there is a A € F' such that x — X is invertible.

Proof. Embedding K into an algebra of matrices over F' lets one see = as a square matrix with
coefficients in F. Since its characteristic polynomial has finitely many roots and F' is infinite, there
is an element A € F' such that x — A is invertible. O

Lemma 2.2. Let L/K be an extension of simple Q-algebras. Then L™ L/K) = Centy(Centr (K)).

Proof. Elements of Inn(L/K) are given by conjugation by elements of Centy (K)*. Thus, L™(E/K) —
Centy (Centr(K)*). In particular, Centy,(Centy(K)) C L'™L/K) - Conversely, if 2 € L™ (E/K) and
y € Centy(K), use Lemma 2.1 to pick a A € Q such that y — Al € Centr(K)*; since x belongs to
LML/ K) — Centp,(Centr,(K)*), it commutes with y — Al and thus with y. O

The following lemma characterizes inner Galois extensions in a simple manner:
Lemma 2.3. An extension L/K of simple Q-algebras is inner Galois if and only if Z(L) C Z(K).

Proof.
(=) Since L/K is inner Galois, we have K = L(L/K) Lem.2.2 Centr,(Centy(K)). Hence:

Z(L) C Centp(K)NCenty(Centr(K)) = Centy(K)NK = Z(K).



(<) By the Skolem-Noether theorem, the extension L/Z(L) is inner. Since K contains Z(K) and
thus Z(L), this implies that L/K is also inner. Proving that L/K is Galois then amounts to
proving that the Z(L)-algebra K equals L™(X/K) which is Cent(Centy(K)) by Lemma 2.2.
The equality K = Centr(Centr(K)) follows from the centralizer theorem [Stacks, Theo-
rem 074T]. O

Proposition 2.4. The map sending an isomorphism class of inner Galois extensions L/K with
center Z (as defined in Definition 1.1) to the isomorphism class of L as a Z-algebra (forgetting about
the embedding K — L) is injective.

Proof. Let Ly, Lo be central simple Z-algebras, isomorphic via an isomorphism ¢ : L1 = L9, and in
which K embeds respectively via embeddings e; and es. By the form of the Skolem—Noether theorem
given in [Stacks, Theorem 074Q)], there is an (inner) automorphism « of Ly such that coioe; = es.
Hence, (L1, e1) and (Lg, e2) are isomorphic extensions of K in the sense of Definition 1.1. O

A consequence of Proposition 2.4 is that the problem of counting inner Galois extensions of K with
center Z can be equivalently rephrased as counting central simple Z-algebras in which K embeds.
This rephrasing is especially useful when combined with the following criterion, which lets one decide
whether a simple Z-algebra K embeds into a central simple Z-algebra L:

Lemma 2.5. Let F/Z be a field extension of degree d. Let L be a central simple Z-algebra of
dimension M? and K be a central simple F-algebra of dimension m?. The following are equivalent:
(i) There is an embedding K — L of Z-algebras.

(ii) The number j = % is an integer, and there is a central simple F-algebra R of dimension j°

such that [L @z F| = [K]| + [R] in the Brauer group of F.
The degree of L over K is then n := dj2. The situation is summed up by the following diagram:

L
N n:dj2

\

K
M?2=(dmj)* ‘mz
F

/4

Z
Proof of Lemma 2.5.

(i) = (ii) Assume that K embeds in L and see K as a subring of L via this embedding. Let
R = Centr(K). By the centralizer theorem [Stacks, Theorem 074T], R is a simple Z-algebra

of dimension M—Qg whose centralizer Centr,(R) is K. In particular:

dm
Z(R) =RnNCentr(R) =Cent(K)NK =Z(K) = F.

So R is a central simple F-algebra of dimension dév[—wiz = j2. In particular, j is an integer. See L

as a right (K°? ®; L)-module via the action induced by the formula X.(a @ ') = aA\ for
AN € Land a € K. An endomorphism ¢ of the right (K°? ® 7 L)-module L is determined
by the element ¢(1). This lets us identify Endgerg, (L) with a subset of L. We let the
reader check that this subset is precisely Centr(K) = R. By [Stacks, Lemma 074F], the Z-
algebra K°P ® L is simple because both K and L are simple and Z(L) = Z. By [Stacks,
Lemma 074E (5)], the equality Endgopg, (L) = R then implies that Endgr(L) = KP ® 7 L =
K°°®p (F®yzL). Moreover, Endg(L) is a matrix algebra over R by [Stacks, Lemma 074E (6)].
Therefore, the classes of K°° @p (F ®z L) and of R coincide in the Brauer group of F', which
implies [F' ®z L] — [K] = [R] and finally (ii).
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(ii) = (i) Let K’ .= K ®p R. By assumption, we have [L ® 7 F| = [K'] in the Brauer group of F.
Since dimp(L®z F) = dimyz(L) = M? = (dmj)? and dimp(K') = dimp(K)-dimp(R) = (mj)?,
this implies that L @ z F' ~ My(K').

Consider the central simple Z-algebra Endz(K') ~ Mgim, (x1)(Z). There are embeddings
K’ — Endz(K') and (K')°? < Endz(K’) coming from the respective actions of K’ on itself

via left and right multiplication. The images of these two embeddings commute as K’ is
associative.

Let A =Endz(K') @7z 9M4(Z). The embedding K’ < Endz(K’) induces the following embed-
ding of L in A:

L—L®zF ~ S)JTd(K’) ~ K’ Rz E)Jtd(Z) — Endz(K,) Rz Sﬁd(Z) = A.

We see L as a subalgebra of A via this embedding. Let C' := Cent4(L). As L and A are central
simple Z-algebras, we have L ® 7 C' ~ A by [Stacks, Lemma 074U]. Since A ~ Myim , (x7).a(Z),
it follows that [L] = [C°P] in the Brauer group of Z. We have dimz(L) = M? = (dmj)? and:

_ dimz(A4) dimz(K')? - d? B (dm?j2)? - d2

dimz(C) =dimz(O) = 5 @) = @2~ ([@dmy?

= (dmj)*,

Therefore, there is an isomorphism L ~ C°P.

The inclusions L — K' ®z My(Z) — A imply that C = Centa(L) contains Cents(K' @z
My(Z)). Elements in the image of the embedding (K')°P — Endz(K’) — A commute with
elements of K’ ®y7 9My(Z) because they come from right multiplication by elements of K.
Therefore, these elements belong to C'. This defines an embedding (K')°? — C, from which
we finally obtain an embedding K — K ®p R = K’ = ((K')°P)*® < C° ~ L as claimed. [

Remark 2.6. Several cases of Lemma 2.5 are classical:

e A commutative field extension F' of Z of degree M is contained in a central simple Z-algebra L of
dimension M? (as a maximal subfield) if and only if it is a splitting field, i.e., L&z F ~ My (F).
This is the case m = j = 1. Our proof of Lemma 2.5 draws inspiration from the proof of this
special case given in [Stacks, Theorem 0747Z)].

« Two central simple Z-algebras L and K of the same dimension M? are isomorphic if and only
if [L] = [K] in the Brauer group of Z. This is the case d = j = 1.

o When ' = Z (i.e.,d = 1), Lemma 2.5 specializes to a criterion for the inclusion of a central sim-
ple Z-algebra into another. This criterion appears in [Des23, Section 5] (cf. the definition and
description of what Deschamps calls the Brauer group Br(K) of a central simple Z-algebra K):

Corollary 2.7 (Deschamps). Let Z be a field, let L be a central simple Z-algebra of dimen-
sion M? containing a central simple Z-algebra K of dimension m?. Then, there is a central

2
simple Z-algebra R of dimension (%) such that L ~ R®z K, namely R = Centr,(K).

2.2. Notation and main theorem

In this subsection, after introducing the necessary terminology and notation, we state our main
theorem, Theorem 2.16. The notations we fix here are in effect throughout all of Section 2.
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2.2.1. The centers. We fix an extension F'/Z of number fields and we let d = [F' : Z]. We denote
the set of places of Z by P. For every place w of F, lying above a place v of Z, the local degree
of F/Z at w is the integer d, == [Fy : Zy).

We let G be the Galois group of the Galois closure Fof F /Z. The transitive action of G on the d
embeddings of F' into F lets us see G as a transitive subgroup of &4. For an unramified prime p of Z,
we let Frob(p) be the conjugacy class of G consisting of the Frobenius automorphisms for primes
of I above p.

For an element g € G, we denote by cycged(g) the greatest common divisor of the sizes of all
the orbits of the action of g on {1,...,d}. Note that cycged(g) divides d, the sum of the sizes of all
orbits. Since cycged(g) only depends on the conjugacy class of g, we use the same notation when g
is a conjugacy class of G. Finally, we let:

=1 d(q).
U lem cycge (9)

Lemma 2.8. We have U > 2, unless F' = Z.

Proof. Assume that F # Z, i.e., d > 2. By a theorem of Fein, Kantor and Schacher? [FKS81,
Theorem 1], the transitive subgroup G of &, contains a fixed-point-free element g whose order is a
prime power p¥. Its orbits all have sizes divisible by p, so p | cycged(g) | U. O]

We describe U explicitly in two special cases:
Lemma 2.9. If F/Z is Galois, then cycged(g) = ord(g) for all g € G, and U is the exponent of G.

Proof. We have d = |G| and G — &, is the regular embedding. The orbits of g € G all have
size ord(g) and thus cycged(g) = ord(g). Finally, U = lemgyeq ord(g) is the exponent of G. O

Lemma 2.10. If d = p"* is a prime power with k > 1, then U = p* for some 1 < k' < k.

Proof. By Lemma 2.8, we have U > 2. On the other hand, U is by definition a divisor of d. O

2.2.2. The central simple algebra. We fix a central simple F-algebra K of dimension m?. For
every place w of F', we denote by k,, the element of Z/mZ such that the local invariant inv(K,,) € Q/Z
of K at wis 7.

Definition 2.11. We say that a place v of Z is exceptional if it is archimedean, or ramified in F', or
if ky # 0 for some place w|v of F. We denote by P* the finite set of exceptional places of Z.

2.2.3. The degree. We fix an integer j > 1. We let n = dj? and M = dmj. In the rest of Section 2,
our goal is to count inner Galois extensions L/K of degree n with center Z(L) = Z. If n = 1, then
d = j = 1 and there is exactly one such extension, namely the trivial extension L = K. From now
on, we exclude this case, and we assume that n > 2. Since n = dj? > 2, we have j > 2 or d > 2. By
Lemma 2.8, it follows that Uj > 2. Hence, the following definition makes sense:

Definition 2.12. We denote by u the smallest prime number dividing U}.
Definition 2.13. We define the rational number 8 € (0, 1] as follows:

1 1 if ulj,

f= @ ' Hg €@ ’ u divides j - cycgcd(g)}‘ - { ﬁ . Hg eqd ’ u divides cycgcd(g)}‘ otherwise.

2Thanks to Michael Giudici for pointing this theorem to us. Note that the proof of Fein, Kantor and Schacher
relies on the classification of finite simple groups.



Note that u divides j - cycged(g) = m if and only if Cycggé(g) divides % Hence:
1 dm M
Bz-‘{geG dividesH. 2.1
@ cyeaed(g) u 2

The following remarks help understand the constants u and f:

Remark 2.14. If F//Z is a Galois extension or d is a prime power, then w is the smallest prime factor
of dj by Lemmas 2.9 and 2.10. Moreover, if F'/Z is Galois and u does not divide j, then g is the
proportion of elements of G whose order is divisible by w.

Remark 2.15. In the non-Galois case, the number u is not necessarily the smallest prime factor of dj.
For instance, take j = 1, Z = Q, and any number field F' of degree 6 whose Galois closure has Galois
group <(1 4)(25),(135)(24 6)> C B¢, which is the transitive permutation group 6T4 in GAP

notation and is isomorphic to A4. This group contains no permutations whose cycles all have even
sizes, i.e., u # 2. Instead, we have u = 3 as there are elements consisting of two 3-cycles.

2.2.4. Statement of the main theorem. Using the notation introduced above, we state the main
result of this section:

Theorem 2.16.

(i) There is a real number C' > 0 such that the number N(X) of inner Galois extensions L/K of
degree n = dj? with center Z and with d(L/Z) < X satisfies

N(X) ~ CXY%logX)"!

X—o00

where a = M? (1 - %) and b= (u—1)8. When C =0, this is taken to mean that there is no
such extension for any X.

(i) The same holds if we restrict to inner Galois extensions L/ K which are division algebras (with
a possibly smaller constant C').

Remark 2.17. The relative discriminants d(L/K) and d(L/Z) differ by a constant factor that only
depends on K and Z (cf. Subsection 1.4):

d(L)Z) = d(K)Z)" - d(L/K).

Hence, Theorem 2.16 continues to hold, with a different constant C, if we replace the condition
d(L/Z) < X by d(L/K) < X.

Proving Theorem 2.16 is the focus of Subsections 2.3 to 2.7. In Subsection 2.9, we give additional
criteria to check the existence of an extension, in order to determine whether the leading coefficient C
in Theorem 2.16 is positive.

Remark 2.18. We obtain a finer version of Theorem 2.16 where we constrain the behavior of L at
finitely many places. Let S be a finite set of places of Z and let £ : S — Z/MZ be a map. Then,
Theorem 2.16 holds (with possibly smaller constants C) if one restricts to extensions whose local

invariants at the places v € S are given by %})

Remark 2.19. Our methods yield expressions for the leading coefficient C' in Theorem 2.16, see
Equation (2.10) and Equation (2.11). These expressions involve an infinite product over all primes
of Z and the values at s = 1 (resp. the residue, for the trivial character) of the Artin L-functions
of the irreducible characters of G = Gal(F/Z) (cf. the proof of Lemma 2.31). In Remark 2.35,
we remark that in certain cases, including the case F' = Z, only the residue of the Dedekind zeta
function of Z at 1 (which is given by the class number formula) is needed.
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2.2.5. Counting by the product of ramified primes. In [Wool0], Wood popularized the ques-
tion of counting number fields not by discriminant, but by the product of ramified primes, which
in her language is a fair counting function for abelian extensions. For any simple Q-algebra L with
center Z, we define:

ram(L) =[] Ipl-

p prime of Z
ramified in L

In Subsection 2.8, we explain how to adapt the proof of Theorem 2.16 to count inner Galois extensions
by the product of their ramified primes. This leads to the following result:

Theorem 2.20.

(i) There is a real number C > 0 such that the number N(X) of inner Galois extensions L/K of
degree n = dj? with center Z(L) = Z and with ram(L) < X satisfies

N(X) ~ CX(logX)" ™!

where b* = j (|—Cl;| > geG cycgcd(g)) — 1. When C = 0, this is taken to mean that there is no
such extension for any X.

(i) The same holds if we restrict to inner Galois extensions L/K that are division algebras (with
a possibly smaller constant C').

Remark 2.21. We have b* > 0 because we have assumed that j > 2 or d > 2, which by Lemma 2.8
implies cycged(g) > 2 for some g € G.

2.3. Combinatorial formulation of the counting problem

In this subsection, we rephrase the counting problem combinatorially with the help of the Albert—
Brauer—-Hasse—-Noether theorem. First, we specialize the criterion from Lemma 2.5 to the case of
number fields:

Lemma 2.22. Let L be a central simple Z-algebra of dimension M?. For every place v of Z, let A,
be the element of Z/MZ such that inv(L,) = ’\ﬁ Then, the following are equivalent:

(i) There is an embedding K — L of Z-algebras.
(ii) For each place w of F, lying above a place v of Z, we have dm | dyAy, — djky in Z/MZ.

Proof. By Lemma 2.5, K embeds in L if and only if there is a central simple F-algebra R of di-
mension j2 such that [L ®z F] = [K] + [R] in Br(F). This amounts to the condition that the
index of [L ®z F| — [K] divide j. Since index and exponent coincide, and by the exact sequence
of Equation (1.1), this means that for every place w of F, we have j - ([L ®z F,| — [Ky]) = 0 in
Br(F,). By [Rei03, (31.9)], if w is place of F' lying above a place v of Z, then inv(L ®z Fy,) = [Fy, :
Zy) -inv(L,) = dw/\ﬁ. Recall also that inv(Ky) = %=. We finally obtain that K embeds in L if and
only if, for each place w of F, lying above a place v of Z, the following equality holds in Q/Z:

. A Ry
0= (437 =)
_ dwrv _ JEw
- dm m
This equality amounts to the divisibility dm | dyA, — djky, in Z/M7Z. O]

We now give a combinatorial description of inner Galois extensions of K of degree n with center Z:

11



Definition 2.23. Let A be the set of maps A\ : P — Z/M7Z with finite support (i.e., identically zero
outside a finite set) satisfying the following conditions:

(I) for all complex places v € P, we have A(v) = 0.

(I) for all real places v € P, we have A\(v) € {0, 4} (necessarily, A(v) = 0 if M is odd).
(III) for all places v € P and all places w|v of F, we have dm | dyA(v) — djky in Z/MZ.
(IV) > pep A(v) =0 in Z/MZ.

Let A’ C A be the set of maps that additionally satisfy:

(V) ged, A(v) =1 1in Z/M7Z.

Theorem 2.24. There is a bijection between the set of isomorphism classes of inner Galois exten-
sions L/K of degree n = dj* with center Z(L) = Z and the set A. Let L be such an extension
and X € A be the corresponding map. Then, L is a division algebra if and only if \ lies in A’.
Moreover, the norm d(L/Z) of the relative discriminant of L over its center Z equals the following
quantity d(\), computed in terms of the map A alone:

= [ " ene)

p prime of Z

Proof. By Proposition 2.4, isomorphism classes of inner Galois extensions of K of degree n with
center Z are in bijection with equivalence classes of central simple Z-algebras of dimension M?
in which K embeds. By the characterizations of Paragraph 1.3.1, specifying a central simple Z-
algebra L of dimension M? is the same as giving a map \ : P — Z/MZ with finite support satisfying
conditions (I), (II) and (IV) of Definition 2.23. The local invariant of L at a place v of Z is then
given by %U) € Q/Z. By Lemma 2.22, the existence of an embedding of K into L is equivalent to
condition (III).

The central simple algebra L is a division algebra if and only if it has index M. Since index and
exponent coincide for central simple algebras over number fields, this is equivalent to the condition
that the invariants inv(L,) have least common denominator M, which is in turn equivalent to (V).

The formula for the discriminant follows from Paragraph 1.4.1. O

For non-exceptional places, the condition (III) of Definition 2.23 takes a much simpler form:

Lemma 2.25. Let v € P\ P*. Then, condition (III) of Definition 2.23 holds for all w|v if and
only if Cycgcd‘(l#(v)) divides \(v).

Proof. Since the prime v is not exceptional, we have k,, = 0 for primes w|v of F. Thus, con-
dition (IIT) amounts to A(v) being a multiple of m for all w|v. This means that \(v) is
d d . .

gcd(d%’dw) = edy, gcg”(dm’dw). Since ged,y), dw divides 2, dw = d, we have

wlo 8ed(dm, dyy) = ged,yy, dw. To conclude, it remains to show that ged,,|, dw = cycged(Frob(v)).
Since the prime v is non-exceptional, it is unramified in F'. Pick a representative g € G of the
conjugacy class Frob(v). Orbits of the action of g on {1,...,d} correspond bijectively to primes w|v
of F', and the size of an orbit is the corresponding local degree d,,. Hence, ged,,|, dy is the greatest
common divisor of the sizes of the orbits of g. By definition, this is cycged(Frob(v)). O

a multiple of lem,,, wlv

ged
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2.4. Setting up the Dirichlet series

In this subsection, we set up a Dirichlet series for the counting problem and rewrite it as a sum of
Euler products.

We fix a divisor 7 of M, which is used in Subsection 2.7 to sieve out extensions which are not
division algebras. (For proving just part (i) of Theorem 2.16, one can take 7 = 1.)

Let S be a finite set of places of Z containing P®*. Let £ be a map S — Z/MZ satistying
conditions (I)—(III) of Definition 2.23 for all v € S, and such that 7 divides £(v) for all v € S. Define

o¢ = Z £(v)
vES

and let d(£) denote the contribution of places in S to the discriminant:

(e = T 1" Lt

pES

Let Ager C A be the set of maps A : P — Z/MZ in A whose restriction to S is { and such that 7
divides A(v) for all places v € P. Via the bijection of Theorem 2.24, elements of Ag¢ , correspond to
isomorphism classes of central simple Z-algebras of dimension M? in which K embeds, whose local
invariants at places v € S are given by %Z), and whose index divides % Moreover, if A € Agg -
and L/K is the corresponding extension, then d(L/Z) = d(\). We are thus led to count maps
A € Age - with d(A) < X. For this, we introduce the Dirichlet series:

fser(s)= > dN)*

)\GAsyg’T

To specify a map A € Ag¢ -, we only need to specify its restriction to P \ S. Unraveling definitions
and using Lemma 2.25, this lets us write:

s —sM M—gcd(M,)\(p)
fser(s) =d(§) > II I»l ( )) (2.2)
(see below) peP\S
Alp)#0

where the sum is taken over finitely supported maps A : P\ S — Z/MZ such that:
(i) o¢ + >_peP\S AMp)=0in Z/MZ
(ii) for all primes p € P\ S, both 7 and ol divide A(p)

We encode condition (i) by the character sum

AZMle(]@ (aﬁ ) A@))) :&Mle(";\?) I e(’f?\(f)).

k=0 peP\S k=0 peEP\S
A(p)#0
which equals 1 if (i) holds and 0 otherwise. We also let 7., = lcm(m, 7), so that

condition (ii) rewrites as 77 p|A(p). Plugging this into Equation (2.2) lets us write the Dirichlet series
as a finite sum of Euler products:

(€)= S| [ oe RAN | i—sM(M—ged(M,2))
fser(s) = el =7 el =7 |l S (2.3)
o M I;) < M >p€l7_3[\S )\GZX/;\/IZ (M>

Nr,plA

13



We give a name to the Euler factor:

BN (e
fraals) = Y o7 Il imetan),
\EZ/MZ

Nr,p|A

Equation (2.3) then rewrites as:

fser(s

%_: (kg§> IT £rknls) (2.4)

pEP\S
Split up the sum defining £ ,(s), grouping values of A according to the greatest common divisor

g = ged(M, ), which must satisfy 7, | g and g | M, and writing A = g\ with X' € (Z/%Z) . We
have:

kg\ s B
SRCEIND YD MR € [ R

g>1 such that , M\ X
n7,plg and g|M ve(z/ 9 z)

_ kg™ | i—shi(M—g)
“1e Y > o) -

1<g<M such that M 7\ %
Ne(Z/=Z
Nr,plg and g|M (2/57)

() 3, A

Ne(z/ M)

Finally, for g|M, define

so that

M —S
faa() =14 g5 )1, 25)

1<g<M such that
nrplg and g|M

Remark 2.26. The multiplicative function gj takes the following value at an arbitrary % dividing M:

M
9’“(1\;) - 90(:c1((22,)1\4)) '”(gcdéé M))'

For instance, the function gy is Euler’s totient function ¢, and ¢, is the Mobius function p.

2.5. Analytic properties of the Dirichlet series

All notations are as in the previous subsection. We define a = M (M — %) as in Theorem 2.16. Our

goal is to describe the behavior of the Euler products [[,cp\g frkp(s) in the half-plane {%(s) > 11
We first show that the most significant term in each Euler factor f; ,(s) is determined by the
Frobenius automorphism associated to p (Lemma 2.27). We later use this information to relate the
analytic properties of ], f- 1 p(s) to those of a product of powers of the Artin L-functions associated
to the field extension F/Z (Lemma 2.29 and Lemma 2.31). We then obtain asymptotics for the
distribution of inner Galois extensions of L/K with degree n and center Z using Delange’s Tauberian
theorem (Corollary 2.34). This establishes most of Theorem 2.16 (i), the only missing point being
that the leading coefficient is positive when such an extension exists.
Let ¢, : G — C be the following class function:

brilg) = {gk(u) if lcm(m, 7') divides *, 20

0 otherwise.

We use 9, to approximate the Euler factor £, ,(s) as follows:

14



Lemma 2.27. There is a constant € > 0 such that, for R(s) > L.

£-4p(s) = 1+ ¥ (Frob(p)) [p] = + O(|Jp|~0+9),

where both € and the implied constant in the O-term are independent of p and s.

Proof. Consider the expression of £, ,,(s) given in Equation (2.5). If a proper divisor g of M occurs
for a summand in f; ; ,,(s), then % divides 17% which divides 7— /Cycgé\g(Frob( 5= cycged(Frob(p)),
which divides jU. By definition, the smallest divisor of jU besides 1 is u. Hence, the largest occurring
proper divisor g of M is at most 2. The corresponding summand, if it occurs, is gy (u)|p| 2. It

follows that, for some ¢ > O:

TR LR Jpl=e + O(Ipl~(+9e%) it ey, | U
Tk 1+ (’)<||p|\_(1+5)“5> otherwise

=1+ ¢ (Frob(p)) [p|~** + O(|p|~+9*). O

An analytic lemma. We now prove Lemma 2.29, in which we approximate “Frobenian” Eu-
ler products using products of Artin L-functions. (See [FLN22, Section 2] for an introduction to
Frobenian functions.) This is used later to analyze the behavior of [, frxp(s)-

Definition 2.28. When z is a complex number, we define the holomorphic non-vanishing function
s — (s —1)® on the open half-plane {R(s) > 1} as s — exp(zlog(s — 1)), where log is the unique
determination of the complex logarithm on the open half-plane {R(s) > 0} taking real values on the
positive real half-line.

Consider any irreducible representation p of G and let x : G — C be the corresponding character.
It is well-known that the Artin L-function L(p, s) is holomorphic non-vanishing for R(s) > 1, except
for a simple pole at s = 1 when p is the trivial representation. (See [Hei67, p. 225].) For every
place p € P, let h, ,,(s) be the Euler factor at p in the Euler product defining the L-function L(p, s)
(cf. [Neul3, Chap. VII, (10.1)]), so that L(p,s) = [[,cp hyp(s). By definition, the Euler factors
h, ,(s) are holomorphic and non-vanishing for $(s) > 0, and the product [],cp hy p(s) is absolutely
convergent when $(s) > 1. When p € P is an unramified prime, the Euler factor is given by

-1
by (s) = det (1 = p(Frob(p)) |p| )

Expanding the characteristic polynomial, we obtain the following estimate for R(s) > %:

Byp(s) = (1= tr(p(Frob(p) o~ + O(1p| ™))
= 1+ tx(p(Frob(p))) Ip]~* + O(|p] )
= 1+ x(Frob(p))[p| ™ + O(Ip| ).

We now consider an arbitrary class function ¢ : G — C. We define its average as its inner product
with the trivial character:
avg(y) = »(g
|G| >

geG

Recall that i) decomposes as a sum over the finitely many irreducible characters x of G:

b= (¥, x)x

15



We extend the definition of hy,, to class functions 1) which are not irreducible characters, by setting
by, = [[ {0
X

in which the power is interpreted as follows: for every irreducible character x, the function h, , is holo-

morphic non-vanishing on the open simply connected subset {R(s) > 0}, and thus admits a logarithm

log h, ,; note that h, ,(s) — 1 and choose the logarithm specifically so that logh, ,(s) — 0,
S—00 S5—00

which uniquely determines it; now set h§m§x> = exp((¥, x) logh, ;).
Lemma 2.29. Let ¢ be a class function G — C. Then:
(1) hy 4, is holomorphic non-vanishing on the open half-plane {R(s) > 0} for all places p € P.

(i) For R(s) > , and all unramified primes p € P,

hyp(s) = 1+ 1 (Frob(p) o]~ + Oy (Ip] ")
where the implied constant in the O-term is independent of both p and s.

(iii) The product (s — 1)2V&®) [Lyep hyp(s), which is absolutely convergent for R(s) > 1, extends to
a holomorphic non-vanishing function hy on the closed half-plane {R(s) > 1} with

hy(1) = (Ress—1(z(s))™ve®) H Lx, 1),
x#1

Proof. We have shown these properties for irreducible characters ¢» = x above. Now, consider an
arbitrary class function ¢ = > (¢, x)x. Point (i) follows immediately from the definition. For (ii),
we compute

hyp(s) = H (1+ x(Frob(p))lp|~* + O (Il 2s>)<w,x>
'”+Zwv )x(Frob(p))p]~* + O (lp] )

=1+ ¢(Fr0b(p))||p|| *+O(lpl~*).

For (iii), note that

(s — 125 IT hyp(s) = (s = D@V T [0 (s) = hiv . I niv.

pEP pEP X x#1

Each of the finitely many factors extends to a holomorphic non-vanishing function on the closed
half-plane {#(s) > 1} as shown above. This establishes (iii) with h, =[], h&w’w. O

Remark 2.30. A very similar result can be found in [FLN22, Proposition 2.3], with essentially the
same proof. The main difference is that they use Euler factors of the form 1+ (Frob(p))|p| %, which
(as they point out in their Remark 2.4) can vanish for small primes. They therefore need to exclude
all primes p with |p| < maxgeq [¢(g)|, which would be somewhat inconvenient for us. Moreover,
our expression for hy (1) is a finite product, whereas the expression in [FLN22, Equation (2.5)] is an
infinite product that is only conditionally convergent.
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Application. Denote by hy,_, the function associated as in Lemma 2.29 (iii) to the class func-
tion 1, j, from Equation (2.6).

Lemma 2.31. The function
~ S
Fors(s) = (s = 1200 T £, (2) 27
a
peP\S

extends to a non-vanishing holomorphic function on the closed half-plane {R(s) > 1}, given by the
expression:

fS,T,k( hi/)ﬂg (thfkp ) ( H ka,p( )h¢rk7p( )" 1)- (2.8)
peES peEP\S

in which the infinite product is absolutely convergent on the closed half-plane {R(s) > 1}.

Proof. For R(s) > 1, the expression for fs,1(s) in Equation (2.8) follows directly from unfolding
the definition of hy,_, (Lemma 2.29 (iii)). The first factor hy_, is holomorphic non-vanishing on the
closed half-plane {f(s) > 1} by Lemma 2.29 (iii). The second factor (the product over primes in 5)
is holomorphic non-vanishing on the open half-plane {R(s) > 0} as a finite product of such functions,
cf. Lemma 2.29 (i). We now check that the third factor, which is an infinite product, is absolutely
convergent on the closed half-plane {R(s) > 1}. To this end, we describe the asymptotic behavior of
its factors as |p| — oo. By Lemma 2.27, we have:

frkp(s) = 1+ 9k (Frob(p))|p|~* + O(|lp|~(+9)=).

Any prime not in S is unramified, thus by Lemma 2.29 (ii), we have:

By, 4p(5) = 1+ (Frob(p)) Ip| = + O(Ip] 7).
Therefore:

fT'“”’( )hm,p( )7t = 14+ O(lp| T ).

Hence, the infinite product in Equation (2.8) is absolutely convergent on the open half-plane {R(s) >
1
min(2, 1+€) I O

Remark 2.32. Lemma 2.31 can be interpreted as saying that [],cp\ g frx,p(s) has its rightmost “pole”
at s = a, and that the “order” of this “pole” is the rational number avg(t; ). However, a is often
not an actual pole as the infinite product is not meromorphic on the closed half-plane when avg(v- i)
is not an integer.

Since w is a prime number, the number gx(u) is easy to compute:
kN kN u—1 ifulk
ge(u) = > e<u> - ( 2 e(u) -1 _{ —1  otherwise. (2.9)
Ne(Z/uZ)> N€eL/uL
Lemma 2.33. Let k € {0,...,M —1}. For T =1, we have:
(u=1)8 if ulk,

-5 otherwise

avg(P1k) = {

and, for any T | M, we have avg(vr 1) < (u—1)5.
Proof. By Equation (2.6) we have

gr(u) ' { dm M
avg(Yr k) Yri(g) = g €G|lem | ————, 7| divides — }|.
e g;; !GI cycged(g) u
The claims follow using Equation (2.9) and Equation (2.1). O
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Application of Delange’s Tauberian theorem. We have the following expression for the Dirich-
let series fg¢ r counting elements of Ag¢ by discriminant:

foen(s) = L& le kag IT ¢ by Equation (2.4)
ser(s) = S (5 y Equation (2.
k=0 peP\S
s M—1 _
_ d(]f\; g::o e<k]\?>fs,r,k(a5)(a5 —1)7ave(¥rk) by Equation (2.7).

This already implies a weak form of Theorem 2.16 (i):
Corollary 2.34. We have the asymptotic estimate:

A € Ager[d(N) < X} = Ce - X log(X) 7081 4 o XY/ log(x)D91)

where

_ L d(g)~te ko
User = qanat. T((u—1)p) M 0§k§41 e( T )fSTk( )- (2.10)

avg(Yrk)=(u—1)8
Proof. We apply Delange’s Tauberian theorem [Del54, Théoreme I1I] as follows: Let
a(t) =X € Asgr [ d(N) < €'},
so that the function f(s) in Delange’s notation is

f(s) = / Tetadt = s Y AT = 57 fsen(s)

AE€As e -

M-1 _
—S k avg wT k)
Z a”v8(Wrk)e ( Ug)ngk (as) (s — ) .

By Lemma 2.33, the largest value taken by avg(t, k) is (v — 1)p. Hence in Delange’s notation,
w = (u—1)B, and the function g(s) in front of the factor (s — 1)=(=D# is obtained by summing
over values of k at which this maximal average is reached:

g(s) = Sla(ul)ﬁd(fw)_s Z e(k]\‘z )fsfk(as)

0<k<M-—1
avg(Yrk)=(u—1)8

Then, Delange’s theorem implies:

HA € Ager | d(N) < X}

= a(log X)
= L%) 0 1/a o (u—1)8—1
) (F((u—1)5)+ “)>X o)
1 d(g)~1e koe . 1
T | Q@I (w—1)8) M 0<k§471 e(M)fsTk( )+ 0(1) | XYelog(x)B-1,

avg(Yrk)=(u—1)8

(Technically, Delange only states the asymptotic equivalence a(logX) ~ CX'/@log(X)u—DA-1,
assuming that the resulting constant C'is nonzero. However, one can check that the claim a(log X') =
(C + 0(1)) XY log(X) 1B follows in the same way, even when C' = 0. Alternatively, one can
apply Delange’s theorem to two functions fi(s) and fa(s) with f(s) = fi1(s)— f2(s) and such that fa(s)
has a positive constant Co, and then subtract the resulting asymptotic statements. There are many
sources of such functions fi(s), fa(s): for example one can take fa(s) = [[,ep\s f1,0,5(5).) O
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The real number Cg¢ , is nonnegative because of its combinatorial interpretation. However, at
this point, we have not established that Cg¢ ; is nonzero: proving this fact (under the assumption
that an extension indeed exists) is the focus of Subsection 2.6, and is the only piece of Theorem 2.16 (i)
that is still missing.

Note that Equation (2.8) gives an expression for fgmk(l) which can be used to compute Cg¢ -

Fsrk(1) = hy, , (1) (H th,k,p(l)_l) (

peES

T ;) ‘th,k,pu)-l) S e

peEP\S

The value of hy,_, (1) can itself be computed from the values (resp. residue for the trivial character)
at s = 1 of the Artin L-functions associated to the irreducible characters of G, cf. Lemma 2.29 (iii).

Remark 2.35. An interesting special case arises when 1, = avg(1; ;) € Cis a constant class function
(i.e., a multiple of the trivial character) — this is in particular always the case if F' = Z. In that case,
we can use the expression for the residue Ress—1(z(s) of the Dedekind zeta function of Z at s =1
given by the class number formula (for instance, it is 1 if Z = Q) to get a more concrete expression

for fsrx(1) (and hence for the leading coefficient Cg¢ -):
1 1\ Yk
fofz) () )
] frer a Ipl

bk
Foatt = (1o T (1 7))
peEP\S

peES

2.6. Positivity of the leading coefficient

All notations are as in the previous subsection, and moreover we fix 7 = 1. We also assume that there
exists an inner Galois extension L/ K of degree n with Z(L) = Z whose local invariants at places v € S
are given by %, and we denote by Ao the finitely supported map P — Z/MZ corresponding to
this extension. (We refer to Theorem 2.37 for criteria to check whether such an extension exists.)
Our strategy to prove that the leading coefficient Cg¢ 1 in Corollary 2.34 is nonzero relies on the

following lemma:

Lemma 2.36. If S’ is a finite set of places containing S, and &' : S" — Z/MZ is a map extending &,
then Cgr¢r1 < Cge 1. In particular, if Csr ¢ 1 is nonzero, then Cge 1 is nonzero.

Proof. When we extend S and &, we are putting more constraints on the extensions we are counting
and therefore there are fewer of them, i.e., Ag/ ¢/ 1 € Age 1. This implies that:

A € Asrgra [d(N) < X} < [{A € Agea | dN) < X}
and thus Cg ¢/ 1 < Cge 1 by Corollary 2.34. O

Instead of defining a new set S’ and a map &' : 8" — Z/MZ, we use the notational shortcut of
repeatedly adding places to S and extending &, until we can ensure that Cg¢ ;1 is positive. Recall
from Equation (2.10) and Lemma 2.33 that:

_ 1 d(e)~\/e koe\ :
861 = T (- np) M ZM(M) Fo14(l)
i

Note also that, as soon as ulk, the class function 1);  defined in Equation (2.6) does not depend
on k. For this reason, we simply let ¢ := 1)1 9. By Equation (2.8), we have for u|k:

Fsaal1) = hy(1) (H hw,pu)—l) ( T i) .hw,pu)—l) .

pES eP\S

19



Since the infinite product converges absolutely (Lemma 2.31), we have:

1 _
H <f1,k,p<) -hw’p(l) 1> — 1.
a K—»00
peP\S
Ipl>r

Fix any € € (0,1), and choose  such that, for all 0 < k < M — 1 with u | k, we have:

1 _
1= T () w07 <=

peP\S
Ipl>r

Add to S all the primes p with |p| <  which are not already in S, extending & by setting £(p) = Ao(p).
Now, define the following nonzero number:

¢ = hy(1) (H hw,p(l)_l)
peES

so that, for some complex numbers &}, of absolute value at most ¢, we have f571,k(1) =c-(1+¢&) for
all k divisible by u. We also let

AT
aw=1B=1.T((u —1)B)
so that N L
c o¢ _
Cse1=— Z e()(1+sk).
M 0<k<M M

ulk

Add to S the finitely many primes p € P\ S for which A\o(p) is nonzero, extending £ by setting &(p) =
Ao(p). Since Ao satisfies condition (IV) of Definition 2.23, we have o¢ = 3, c5&(v) = Y5 Ao(v) =0

in Z/MZ. Then,
ct koe ct M ct
c LA N
> e(M> M u u

0<k<M
ulk
We now have:
ct ct koe ct koe ct M ct
Csen— —|=|=— Z e()’gk < — Z e()gkg..gzg
‘ u M 42y \ M M52yl \ M M u u

Since € was chosen strictly smaller than 1, it follows that Cg¢ 1 is nonzero. This concludes the proof
of Theorem 2.16 (i).

2.7. Restriction to division algebras

All notations are as in Subsection 2.4. Recall that elements of Ag¢ ; correspond to extensions whose
local invariants are all divisible by 7. Let Af% = A N Agg be the set of maps corresponding to
central simple Z-algebras of dimension M? in which K embeds, whose local invariants at places v € S
are given by Lj\i), and which are division algebras. Note that (cf. condition (V) in Definition 2.23):

Afgf =Agen\ U Ase

T|M
T>1
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By the Mobius inversion formula, we get:

{3 e Nge|dO) < X} =37 u(r) Hx € Age-[d0) < X

T|M
By Corollary 2.34, this implies:
H)\ € A/S7§ ‘ d()) < X}‘ = Cfg7§X1/a 10g(X)(u—1)/3—1 + 0(X1/a log(X)(“_1)5_1>

where
Cfg’g = Z w(t)Cse 7.
T|M

All that is left is to show that Cfs*,g is positive when an extension exists. We assume that A’57£ is
not empty, and we fix an element Ay € A/S,g (see Theorem 2.37 to see what this hypothesis means in
terms of S and &). Extend S by adding to it the finitely many primes p of Z not in S at which Ay(p)
is nonzero, and set £(p) = Ao(p) at these primes. Since \g € A’, we now have ged,cq&(v) = 1.
Therefore, all central simple algebras associated to maps agreeing with £ on S are division algebras.
This ensures that for all divisors 7 of M besides 1, we have Cg¢, = 0, and thus C”S,5 = Cggn-
Combined with Subsection 2.6, this implies the positivity of Cg{ (and this holds for the original
“non-extended” S and £ by a straightforward variant of Lemma 2.36).

We have now proved Theorem 2.16 (ii), completing the proof of Theorem 2.16.

2.8. Counting by product of ramified primes

We now explain how to adapt the proof of Theorem 2.16 in order to show Theorem 2.20. If L/K
is an inner Galois extension of K with center Z corresponding to an element A € A, then the
product ram(L) of the primes of Z ramified in L equals the following quantity ram(\), computed in
terms of the map A alone:

am() =[] Inl

p prime of Z
A(p)#0

Now, consider the following Dirichlet series:

Foenls)= Y ram(\).

A€Ase,r

Like in Subsection 2.4, we rewrite the Dirichlet series as:

fogr(s) =ram()™ > II o=

(as in Eq. (2.2)) peP\S
A(p)#0

ram(§)* ML

SRLIL Ze(’j\}‘ﬁ T £4,(9):

k=0 pEP\S
where we have defined:
* kX —s
=14 5 o)l
0ANEZ/MZ
WTVP‘)‘

The Euler factor 7, (s) also equals 1+ 17 (Frob(p))|p|~*, where the class function 7, : G — Z
is defined as follows:

W (g) = gcd(j - cycged(g), %) -1 if gcd(j - cycged(g), %) divides k
= otherwise.
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The average of 97 is largest for T =1, k = 0, where it equals:

avg(@bf,o( ) (!G| chcgcd ) =b".

The rest of the proof of Theorem 2.20 goes through exactly as in Subsections 2.5 to 2.7. In the
argument, one uses the fact that b* > 0 (shown in Remark 2.21) in order to see that fg¢ -(s) has a
pole of positive order.

2.9. Criteria for existence of an extension

By Theorem 2.24, the existence of an inner Galois extension L/K of degree n = dj? with center
Z(L) = Z is equivalent to the existence of a map A : P — Z/MZ in A, and the existence of such an
extension which is a division algebra amounts to the existence of a map A € A’. The following lemma
shows (when S is taken to be the empty set) that these conditions can be checked by considering
only the finite set P* of exceptional primes, and the finitely many maps P — Z/MZ:

Theorem 2.37. Let S be a finite set of places of Z and & be a map S — Z/MZ satisfying conditions
(I)~(III) of Definition 2.23. The existence of an inner Galois extension L/K of degree n = dj* with
center Z(L) = Z and whose local invariants at places v € S are given by % is equivalent to the
existence of a map \ : P — Z/MZ coinciding with & on S NP, satisfying conditions (I)-(III) of
Definition 2.23, and such that the following condition holds:

(IV?) 92 | 3 cpex A(V).

The existence of an extension as above which is also a division algebra is equivalent to the existence
of a map X : P — Z/MZ as above which moreover satisfies:

(V) gcd( ,gedyepex A(v)) = 1.
Proof.

(=) We first assume that there is an inner Galois extension L/K as above. By Theorem 2.24, it
corresponds to a map A : P — Z/MZ in A, coinciding with £ on S. Its restriction to P
clearly still satisfies (I)—(III) at places v € P, and coincides with £ on S NP,

Let v € P\ P®*. By definition of U, d—m) divides

lemg e cycged(yg

divides A(v) by Lemma 2.25. Hence, 7 divides 30 cp\pex A(v).

By condition (IV) of Definition 2.23, we have 3°,cp A(v) = 0. It follows that 22 | = pex A(v),
so the restriction of A to P satisfies (IV’).

If L is a division algebra, then A € A’, so by condition (V) of Definition 2.23, we have
gedyep A(v) = 1. Since 42 | A(v) for v € P\ P, it follows that ged (22, ged,epex A(v)) = 1,
so the restriction of A to P satisfies (V).

dm . .
m, Wthh in turn

(<) Conversely, assume that we have a map A : P — Z/MZ as above, satisfying (I)—(III) and
(IV?) and coinciding with & on S NP**. We explain how to extend it to a map A : P — Z/MZ
satisfying (IV) and coinciding with ¢ on S. First, by Cebotarev’s density theorem, the equality

d dm CO
T = gcdgeq yoaed(e) implies:

dm dm
— = gcd 2.12
U pgsupex cycged(Frob(p)) (2.12)

By hypothesis, dﬁm divides 3, cpex A(v). Moreover, dﬁm divides &(v) for every v € S\ P
because ¢ satisfies (III). Extend A to a map S U P — Z/MZ by putting A\(v) = &(v) if
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v e S\ P. Then, dﬁm divides Y, cqupex A(v). By Equation (2.12) and Bézout’s identity, there

is a finite set S; of primes p ¢ S U P and integers X(p) for each p € Sp, such that X(p) is
divisible by and such that:

ST AW+ Y Aw) =0. (2.13)

veSUpex vES]

dm
cycged(Frob(p))

Extend \ to P by letting A(p) = A(p) if p € S1, and A(v) = 0 for places v ¢ (S UP™) LS.
We have extended A into a map A : P — Z/MZ coinciding with £ on S; by Lemma 2.25 and
Equation (2.13), this map satisfies conditions (I)-(IV) and hence lies in A. This gives us an
inner Galois extension L/K as needed.

Now assume also that the original map A : P — Z/MZ satisfies (V). It follows from Equa-
tion (2.12) that there is a finite set So of places p ¢ SUP* such that dﬁm = gedeg, m.

Add these places to S and extend £ by letting £(p) = m if p € S. Now, use the
procedure from the previous paragraph to extend A to a map P — Z/MZ coinciding with £
on S and satisfying (I)-(IV). Then ged,cp A(v) divides ged(ged,epex A(v), ged,yeg, A(v)) =
ged(ged,epex A(v), Cycgcdc(l#(p))) = ged(ged,epex A(v), 22), which is 1 by hypothesis (V).
This shows that the map A : P — Z/MZ satisfies (V). By Theorem 2.24, the corresponding
extension L/K is therefore a division algebra as required. O

Remark 2.38. There are indeed situations where a map A like in Theorem 2.37 does not exist, even
when S is empty. For instance, assume that F'/Z is a nontrivial Galois extension and that m does
not divide j. Let v be a prime of Z completely split in F', so that condition (III) rewrites as “for
all places w|v of F, A(v) = djky, mod dm”. It is then possible to construct the central simple F-
algebra K of dimension m? so that the values of &, for different primes w above v force A(v) to take
contradictory values modulo dm. For example, choose k,, to be 0 for some place w|v, and 1 for some
other place w|v. Then, A(v) must be congruent to both 0 and dj modulo dm, which is impossible
as m does not divide j.

Note also the following corollary:

Corollary 2.39. If there is an inner Galois extension of K of degree n with center Z which is a
division algebra, then m and j are coprime.

Proof. By Theorem 2.37, the hypothesis implies the existence of a map A\ : P — Z/MZ satisfy-
ing conditions (I)—(III) of Definition 2.23 as well as condition (V’). The integer dgcd(m,j) divides
both dm and dj. Since A satisfies condition (III) of Definition 2.23, this implies that dgcd(m, j)
divides dyA(v) for all places w of F' lying above a place v € P®*. Summing over all places w above a
fixed place v € P, we get dged(m, j) | dA(v), i.e., ged(m, j) | A(v). This holds for all places v € P
and thus ged(m, j) divides ged,cpex A(v). On the other hand, ged(m, j) | m | dﬁm. Hence, ged(m, j

divides gcd(dﬁm, ged, e pex )\(v)), which equals 1 by condition (V’). We conclude that ged(m, j) =
as claimed.

[ —

3. OUTER EXTENSIONS

In this section, we study the distribution of outer extensions L of a given (finite-dimensional) simple
Q-algebra K. We also discuss more specific questions, considering the case of outer Galois extensions
with a given finite Galois group or restricting our attention to division algebras. In all cases, our
main results relate these problems to questions concerning the distribution of ordinary commutative
field extensions. Those questions are open in most cases.

In Subsection 3.1, we prove general facts concerning outer extensions, notably Theorem 3.3
which states that every outer extension of K is the tensor product of K with a field extension of its

23



center Z(K). In Subsection 3.2, we give criteria for such a tensor product to be a division algebra
and express d(L/K) in terms of the relative discriminant of the field extension Z(L)/Z(K). Finally,
in Subsection 3.3, we use these descriptions to relate the problem of counting outer extensions of K
with that of counting field extensions of Z(K).

3.1. General facts about outer extensions

3.1.1. Groups of inner automorphisms are either trivial or infinite. We first prove Propo-
sition 3.1 and Corollary 3.2, which imply that every extension whose automorphism group is finite is
an outer extension, assuming that its center is infinite. For division algebras, this is well-known (see
[Des18, Théoreme|). Proposition 3.1 is also used in our proof of the characterization Theorem 3.3.

Proposition 3.1. Let A be a finite-dimensional algebra over an infinite field F'. If the group A* /F*
is finite, then A = F.

Proof. Write A* = a1 F*U---Ua,F*. Then, A is covered by the subsets A\ A* and a1 F,...,a,F.
Each of these is an algebraic subset of the F-vector space A: The set A\ A* is defined by the equation
Nmy/p(7) = 0, which is polynomial in the coordinates of z, and the sets a1 F,...,a,F are linear
subspaces. If A # F, then the F-vector space A is at least two-dimensional, so A\ A*, a1 F,...,a,F
are properly contained in A. However, it is well-known that a finite-dimensional vector space over an
infinite field cannot be covered by finitely many algebraic proper subsets. (See [Coh03, p. 228].) O

Corollary 3.2. Let L/K be an extension of simple algebras. Assume that the inner automorphism
group of L/K is finite and that the field Z(L) is infinite. Then, L/K is an outer extension.

Proof. By Proposition 3.1, the finiteness of Inn(L/K) ~ Cent(K)*/Z(L)* implies that Centr,(K) =
Z(L) and thus Inn(L/K) = 1. Therefore, the extension L/K is outer. O

(The assumption that Z(L) be infinite is crucial, as the example L = M,y (F,), K = F, shows.)

3.1.2. The Deschamps-Legrand descent theorem. We state and prove a generalized version
of a theorem of Deschamps and Legrand [DL20, Corollaire 2], which is an “outer equivalent” of
Corollary 2.7. The original result does not deal with the non-Galois case, and only treats the case
of division algebras. This theorem gives a concrete description of extensions of K, allowing to
parametrize them in terms of field extensions of Z(K) (see Corollary 3.4).

Theorem 3.3. Let L/K be an extension of simple Q-algebras. The following are equivalent:
(i) L/K is outer;
(ii) Centr(K) = Z(L);

(iii) Z(K) is contained in Z(L), and L is generated by K and Z(L);

(iv) Z(K) is contained in Z(L), and L is isomorphic to the tensor product Z(L) ®z(x) K as an
extension of K;

(v) Z(K) is contained in Z (L), and the restriction map Aut(L/K) — Aut(Z(L)/Z(K)) is bijective.
Proof.

(i) = (ii) Since L/K is outer, the group Inn(L/K) ~ Centr,(K)*/Z(L)* is trivial and thus Centr,(K)* =
Z(L)*. Now, Proposition 3.1 directly implies that Centr,(K) = Z(L).
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(ii) = (iii) We have Z(K) = K N Centr,(K) Wk n Z(L), so Z(K) is contained in Z(L). Let L® be the

subalgebra of L generated jointly by Z(L) and K. We have:

= Centp, (CentL (LA)) by [Stacks, Theorem 074T (3)]
= Centy, (CentL )N CentL(K)) because L2 is generated by Z(L) and K
= Centy, (L N Centr, (K )

_ Cent,(2(L)) by (i)
= L.

Therefore, L is generated jointly by Z(L) and K.

(iii) = (iv) By (iii), the algebras Z(L) and K generate L, and thus the tensor product Z(L) ®zx) K
surjects onto L via z ® y + xy. Since L # 1 and the algebra Z(L) ®(x) K is simple by
[Stacks, Lemma 074F], this surjection is an isomorphism. Therefore, L ~ Z(L) @) K as
claimed.

(iv) = (v) The restriction map is well-defined because automorphisms of L preserve the center. By functo-
riality of the tensor product, we obtain a map Aut(Z(L)/Z(K)) — Aut(Z(L) ®zx) K/K) W
Aut(L/K). That map is an inverse of the restriction map, proving its bijectivity.

(v) = (i) By (v), automorphisms of L/K are determined by their restriction to Z(L). However, inner
automorphisms of L act trivially on Z(L). Therefore, the extension L/K has no nontrivial
inner automorphisms and thus is outer. O

We rephrase Theorem 3.3 to emphasize its importance for parametrizing outer extensions of K:

Corollary 3.4. Let F' be a number field and let K be a central simple F-algebra.
There is a bijective correspondence:

{outer extensions L/K} /= <+~ {field extensions F'/F} | =
given by:

L - Z()
FlepK <+ F
Moreover, via this correspondence:
[L:K] = [F':F]
Aw(L/K) =~  Auwt(F'/F)
L/K is Galois <  F'/F is Galois.

Proof. Everything follows directly from Theorem 3.3 apart from the last equivalence. By Theorem 3.3
[(i) = (iv), (v)], we have:

LAut(L/K) — (Z(L) ®Z(K) K)AUt(Z(L)/Z(K))
where Aut(Z(L)/Z(K)) only acts on the factor Z(L), so that:

LAut(L/K) — Z(L)Aut(Z(L)/Z(K)) ®Z(K) K. (31)
Thus, LA/ K) = K is equivalent to Z(L)AZ(L)/Z(K) — 7(K). O

Remark 3.5. Corollary 3.4 implies a “noncommutative Hilbert 90 theorem” like in [Des23, Proposi-
tion 26.2]. Indeed, consider an outer Galois extension L/K of simple algebras. Combining Corol-
lary 3.4 with the result of [Ser62, Chap. X, §10, Exercise 2|, we obtain:

HY(Gal(L/K), L*) = H'(Gal(Z(L)/Z(K)), (K ©z(x) Z(L))") = 1.
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3.2. Computing relative discriminants of outer extensions

Let F be a number field and K be a central division F-algebra of dimension m?. If v is a place of F,
let k, be the element of Z/mZ such that the local invariant of K at v is given by “*. We denote
by S the finite set of places v of F' for which x, # 0.

In this section, we take a closer look at tensor products of K with field extensions F’/F, which
by Corollary 3.4 are all the outer extensions of K. The main result is Theorem 3.6, which relates the
“generalized relative discriminant” d(L/K) when L = K @ F’ to the relative discriminant d(F’/F),
and characterizes situations where L is a division algebra.

Let d € N. We introduce the set &; of tuples (E(v))yes where E(v) is an étale F,-algebra of
dimension d for all v € S. This set &, is finite.® To each field extension F’/F of degree d corresponds
a tuple (F' @ Fy)pes € Eq. For E € &;, we define:

sE)y= 1[I IpI™® (3.2)
prigfssof F
where
0p(E) == md(m — ged(m, Kkp)) —m Z f(E'JF,)(m — ged(m, [E: Fylk,)). (3.3)
field £’

factor of E(p)

We also define the following subset of &£4:

the elements ([E’ : Fv]“v)ves generate Z/mZ} :
E’ factor of E(v)

&y = {(E(U))ves € &

Theorem 3.6. Let F'/F be a field extension of degree d and let L/ K be an outer extension, associated
to each other via the bijection of Corollary 3.4 (i.e., F' = Z(L) and L = F' @p K). Let E =
(F’ QF Fv)ves € &;. Then:

(i) The number d(L/K) introduced in Definition 1.3 satisfies d(L/K) = §(E)~' - d(F'JF)™";
(it) L is a division algebra if and only if E € &).

Proof. By [Rei03, (31.9)], the local invariant of L at a place w of F’, lying above a place v of F, is

given by: .
inv(Ly) = inv((K @ F')y) = [F,, : F] - inv(K,) = [wmv]l% (3.4)

(i) We have:

dLFy = ] 11 ||q||’”(’”_g6d(m’[Fq:F”“”)) by Equations (1.2) and (3.4)

p prime of F' g|p prime of F”

m(alp) (m—gedm, 757y 1p) )
= Il
p prigof F qlp prilr;{ of F'
SO g S (m—geatm, (773l

peES
prime of F'

3Here, complications arise if the base field is a function field over a finite field instead of a number field, as its
completions may have infinitely many extensions of a given degree and thus the naive analogue of &£; is not always
finite. Then, when taking cardinalities in Equation (3.5), the sum on the right is not finite.
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md| m—ged(m,kp) | —0p(E
= H Il ( e )) w by Equation (3.3)

peS
prime of F

= d(K/F)* 6(E)~ by Equations (1.2) and (3.2)
Finally, using Proposition 1.4:

L/F')-d(F'/F)™ - ') pym?
d(K/F)d =SB AP

/i) = 4

(ii) By definition, L is a division algebra if and only if its index is m. Since index and exponent

coincide for central simple algebras over number fields, this is equivalent to the condition that
the invariants inv(L,,) = W have least common denominator m, which amounts to the
numerators [F), : F,]k, generating Z/mZ. The places v ¢ S, with s, = 0, do not contribute.
For v € S, the fields F), with w | v are exactly the factors E’ of F(v) = F' @ F,. Thus, L is

a division algebra if and only if E € &). O
Remark 3.7. The number 6(E) is the m-th power of an integer and divides d(K/F)%. Indeed, for all

primes p € S, we have:

p(E)=m Y fEF)[e(E/F)(m—ged(m, k) — (m — ged(m, [E': F]ky))]

’

e
factor of E(p)

>m Y, f(E/F)[e(E/F)(m— ged(m, £p)) — (m — ged(m, rp))]

field B/
factor of E(p)

=m > [(E/F)(e(E/F,)—1)(m - ged(m, ry))
field E’
factor of E(p)

>0

and thus 6(F) is an integer. Since the integers 0,(E) are multiples of m, §(E) is an m-th power.
Finally, 6,(E) < md(m — ged(m, ,)) so §(E) divides d(K/F)? (compare with Equation (1.2)).
Remark 3.8. Assume that K is a division algebra and that d is coprime to m. Then, & = &) (i.e.,
K ®p F' is a division algebra for all field extensions F'/F of degree d). Indeed, consider an element
E € &. For each place v € S, gedpy factor of B(w)[E 1 Fo] divides 35/ tactor of Bw) B+ Fo] = [E(v) :
F,] = d. Since d and m are coprime, this implies ged,eg 8cd g/ tactor of Ew)[E * Folkv = gedyeg Fv,
which equals 1 because K is a division algebra unramified outside S. We have shown E € &.

3.3. Counting outer extensions.

All notations are as in Subsection 3.2. By Theorem 3.6, the bijection of Corollary 3.4 restricts to a
bijection:

isomorphism classes of

field extensions F'/F
such that d(F'/F) < (§(E)X)Y/™*
and I @p F, ~ E(v) for allv € S

isomorphism classes of
outer extensions L/K  <— |_|
such that d(L/K) < X Ee€

(3.5)

This bijection can be restricted to outer extensions which are division algebras by considering only
tuples E € &) on the right-hand side. We can therefore relate the counting function for outer
extensions of K to a finite sum of counting functions for field extensions of F with fixed local
behaviors above S.

For example, the results of [Woo010, Sections 2.4 and 2.5] on Malle’s conjecture for abelian groups
imply:
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Corollary 3.9. Let G be a finite abelian group. Let u be the smallest prime divisor of |G| and let r
be the number of elements of order u in G.

(i) There is a real number C' > 0 such that the number N(X) of isomorphism classes of Galois
extensions L/K with Galois group isomorphic to G (necessarily outer by Corollary 3.2) and
d(L/K) < X satisfies

N(X) ~ CXY%logX)"!

X—o00

where a = m? |G| (1~ 1) and b = ey

(i) Assuming that K is a division algebra, the same holds if we restrict to extensions L/K which
are division algebras (with a possibly smaller constant C').

Similarly, [BSW15, Theorem 3] implies:
Corollary 3.10. Letn € {2,3,4,5}.

(i) There is a real number C > 0 such that the number N(X) of isomorphism classes of outer
extensions L/ K of degree n with d(L/K) < X satisfies

N(X) ~ CcXxVm*

X—o00

(ii) Assuming that K is a division algebra, the same holds if we restrict to extensions L/K which
are division algebras (with a possibly smaller constant C').

4. GENERAL EXTENSIONS

In this section, we briefly discuss the possibility of combining the methods of Section 3 with the
methods of Section 2 in order to parametrize or count general extensions which are neither inner
nor outer. We focus exclusively on extensions L/K which are division algebras. The main result
is Theorem 4.2, which explains how to uniquely decompose such an extension L/K into an outer
extension F' ®p K/K and an inner Galois extension L/F’ @p K. This decomposition can be used
“backwards” to parametrize extensions L/K. Moreover, we relate the outer automorphism group
of L/K and the Galois group of F’'/F.

In the proof of Theorem 4.2, we make use of Lemma 4.1 below, which lets one extend automor-
phisms of a field into automorphisms of simple central algebras over that field. A proof is given in
[Han06, Proposition 5.8], where the result is attributed to Deuring.

Lemma 4.1. Let Z be a number field and let L be a central simple Z-algebra. Then, an automorphism
o € Aut(Z) extends into an automorphism ¢ € Aut(L) if and only if inv(L,) = inv (LJ(U)> for every
place v of L. We say that an automorphism of Z preserves L if it satisfies that property.

Finally, we state and prove Theorem 4.2:

Theorem 4.2. Let K be a division Q-algebra with center F.

(i) We have a bijection between the set of isomorphism classes of extensions L/K that are division
algebras and the set of equivalence classes of triples (F', Z, L), where:

o F'/F is a finite field extension,
o Z is a subfield of F' satisfying F' = Z - F,

o L is an extension with center Z of the central simple F'-algebra F' @ K such that L is
a division algebra. By Lemma 2.3, such an extension in inner Galois.
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Here, two triples (Fy, Z1, L1) and (Fy, Zo, Ly) are considered equivalent if there is an F-algebra
isomorphism [ : F|{ — Fy with f(Z1) = Z2 and a ring isomorphism g : L1 — Lo such that
gz ®y)=f(x)®y for allx € F{ and y € K.

Moreover, if an extension L/K corresponds to a triple (F', Z, L) via this bijection, then:

(i) The outer automorphism group Out(L/K) = Aut(L/K)/Inn(L/K) of L/K is isomorphic to
the group of automorphisms of F'/F sending Z to Z and whose restriction to Z preserves L.

(iii) The extension L/K is Galois if and only if the field extension F'/F is Galois and every auto-
morphism of F'/F restricts to a well-defined automorphism of Z preserving L.

I

F/®FK

I

K

L

AN

Proof. Any triple (F',Z, L) as above naturally gives rise to an extension L/K which is a division
algebra, as L is an extension of F’ @ K and hence of K. Equivalent triples by definition give rise
to isomorphic extensions of K.

Conversely, consider any extension L/K that is a division algebra. To construct the triple
(F',Z,L), we first let Z = Z(L), and we let F’ := Z - F be the smallest subring of L contain-
ing Z and F. As a commutative finite-dimensional Q-algebra without zero divisors, F” is a field.
Since elements of F’ commute with those of K, we have a Z-algebra homomorphism F’ ®@p K — L
sending f ®k to fk, which is injective since F' @y K is a simple ring by [Stacks, Lemma 074F]. Using
this embedding, we can interpret L as an extension of F’ @ K. This concludes the construction of
(F',Z,L).

Consider any isomorphism g : L1 — Lo between extensions of K which are division algebras. It
restricts to an isomorphism Z(L;) — Z(Lg) and fixes F' C K. Hence, it restricts to an isomorphism
f:Z(L1)-F — Z(Lo) - F with f(Z(L1)) = Z(Lz2). Moreover, g(xy) = f(z)y for all x € Z(L) - F
and y € K. This implies that isomorphic extensions give rise to equivalent tuples, completing the
proof of (i). We leave it to the reader to verify that the maps are inverse to each other.

Let (F',Z, L) be a triple as above. Reasoning as in the previous paragraph, we see that we have
a group homomorphism:

Z

¢ Aut(L/K) — {o € Aut(F'/F) \ o(2) = 2}.
Any element of the kernel of ¢ is an automorphism of L/Z and hence an inner automorphism by
the Skolem—Noether theorem. Conversely, any inner automorphism of L/K fixes all elements of

Z = Z(L) and of F C K and hence fixes all elements of F’. Therefore, the group homomorphism ¢
has kernel Inn(L/K) and thus induces an injective homomorphism:

7 : Out(L/K) = {o € Aut(F'/F) \ o(2) =2},
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Finally, Lemma 4.1 lets us describe the image of that map, proving (ii):

o(2)=2 }

Out(L/K) ~ H = {0‘ € Aut(F'/F) ol preserves L

It remains to prove (iii). We have seen that the restrictions to F’ of automorphisms of L/K
are exactly the elements of H C Aut(F'/F). If F'/F is not a Galois extension or if H is a proper
subgroup of Aut(F’/F), then F'# O F. But then LAY/ K) D (F' @p K)AME/K) — prH @ K D K,
so L/K is not Galois.

Conversely, if F'/F is Galois extension and every automorphism of F’'/F belongs to H, then
Fri = prGal(F’/F) — P Hence, (F' @p K)AW/K) = p'H @p K = Fop K = K. According
to Lemma 2.3, the extension L/F’ @ K is Galois, so in particular LAWE/K) ¢ pAut(L/F'@rK) —
F' ®p K. Together, we conclude that LAL/K) — [ g0 L/K is Galois. O

Remark 4.3. Without the assumption that L is a division algebra, the compositum F’ = Z - F' might
not be a field. For example, let L = M2(Q(¢)) and let K C L be the Q-algebra generated by the
rotation matrix M = (% }), whose minimal polynomial is X? + 1. Note that K is a commutative
algebra, abstractly isomorphic to Q[ X]/(X2+1) ~ Q(i). Wehave Z = Z(L) = Q(i) and F = Z(K) =
K. The compositum F’ = Z - F = Q(i)[M] is then isomorphic to Q(i)[X]/(X? + 1) = Q(i) x Q(3)
which is not a field.

Remark 4.4. In the proof of Theorem 4.2, we constructed an embedding of F’ ®p K into L. Since
F' = Z - F, the image A of this embedding is the compositum Z - K. In particular, Z- K = F' @p K
is a simple Z-algebra. By [Stacks, Theorem 074T], we have Z- K = Centr,(Centr(Z - K)). Moreover,
Centr(Z - K) = Centp(K). Thus, the image A can also be constructed as the double centralizer
Centr,(Centr(K)), and the field F’ as the center of A ~ F' @p K.

In principle, Theorem 4.2 suggests an approach for enumerating or counting extensions L/K:
parametrize number fields F’'/F (say, with fixed Galois group G), subfields Z of F”, and then inner
Galois extensions L/F’ @ K. An enumeration of inner Galois extensions L/F’ @p K is obtained
by adapting the methods of Section 2 to account for the condition that certain local invariants must
coincide (see Lemma 4.1 and points (ii), (iii) of Theorem 4.2). The question of the enumeration
of number fields F'/F is essentially Malle’s conjecture [Mal02, Mal04]. However, even in situations
where Malle’s conjecture has a known answer (for example the case G = Z/27 where F'/F is a
quadratic extension), one is left with nontrivial analytic problems (uniformity estimates in constant
factors and error terms) that require future research.
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