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Abstract

We give a new method for counting extensions of a number field asymptotically by discriminant,
which we employ to prove many new cases of Malle’s Conjecture and counterexamples to Malle’s
Conjecture. We consider families of extensions whose Galois closure is a fixed permutation group G.
Our method relies on having asymptotic counts for T-extensions for some normal subgroup T of G,
uniform bounds for the number of such T-extensions, and possibly weak bounds on the asymptotic
number of G/T-extensions. Our new results use T either abelian or S%*, though our framework is
general.

1. INTRODUCTION

Let k be a number field, k a fixed choice of its algebraic closure, and G a permutation
group of degree n (i.e. transitive subgroup of the symmetric group S,). We call a field
extension L/k a G-extension if the Galois closure L of L over k has Galois group Gal(L/k)

which, acting on the embeddings L — Z, is isomorphic to G as a permutation group. Define
a set of field extensions

FurlG: X)=#{L/k: LCk, [L:k]=n, Gal(L/k) =G, |disc(L/k)| < X},

where 2 denotes isomorphism as permutation groups and | - | denotes the norm down to Q.
The subscript n is redundant since G is a permutation group, but we include it because the
degree is often a convenient reminder of which permutation representation we are considering
for a particular abstract group.

Number fields are “counted” by studying the asymptotic growth of #F, x(G; X) as X —
oo. Malle [Mal02, Mal04] was the first to make general predictions for this rate of growth,
leading to the following conjecture.

Conjecture 1 (Number Field Counting Conjecture). Let k be a number field and G a
transitive permutation group of degree m. Then there exist positive constants a,b,c > 0
depending on k and G such that

#Fn k(G X) ~ ch/“(log X)b’1
as X — 00.

In this paper we prove many new cases of Conjecture [1] for a class of permutation groups
we call concentrated. We say a transitive permutation group G is concentrated in a proper
normal subgroup NV if N contains all minimum index elements of G, and we say that G is con-
centrated if this holds for some proper normal subgroup N. Equivalently, G is concentrated
if

(9 € G:ind(g) = a(G)) # G,
where ind: S,, — Z is the index function defined by ind(g) = n — #{orbits of g} and a(G) =
mingee— 1y ind(g). While we do not prove Conjecture for any non-concentrated groups, our
1
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methods are able to improve the known upper bounds for many non-concentrated groups as
well.

Our strategy requires, as input, fairly weak information about the number of G/N-
extensions, at the expense of requiring “uniform” information about relative N-extensions of
number fields. We specifically show how this strategy may be executed when N is abelian
(where the uniformity required is closely related to the sizes of torsion subgroups of class
groups) and, in many cases, when N = S% for some r > 1. This leads to a proof of Con-
jecture [1] for many new, infinite families of transitive groups. Additionally, almost all recent
progress toward Conjecture [ has been for concentrated groups, and our work provides a uni-
fied framework for viewing all such results. See Section [I.4] for a discussion on how previous
work fits into this framework.

Our main results are Theorem and Theorem [I.11] These theorems take as input
upper bounds on the number of GG/N-extensions and on the average size of certain torsion
subgroups of the class group of such extensions. We convert these bounds into an upper
bound for #F, 1(G; X), and if these “input bounds” are sufficiently small, then we are able
to prove Conjecture |1| for #F, »(G; X) with explicit expressions for a and b. The inductive
nature of these results means that each time we prove Conjecture [1| (or even obtain an
improved upper bound) for one group G, we can take that and use it as input in our main
theorems to prove further cases of Conjecture [l This has a compounding effect on the
number of new results we are able to prove.

In all cases where we prove Conjecture [1| (and in all other cases where it is known), the
constant a agrees with Malle’s predicted value, which is a(G) [Mal02]. The correctness of
this value is referred to as the Weak Form of Malle’s Conjecture, usually expressed in the
softer form

X 1/a(@) Lo #Fn k(G X) < X Val@)e,

Malle also proposed a value for b in [Mal04], which he denotes b(k, G). This number is
given by the number of orbits of minimal index elements in GG under the cyclotomic action, i.e.
the Galois action z.g = ¢X® ™" for y: Gx — Z the cyclotomic character. Conjecture [1| with
the values a = a(G) and b = b(k, G) is referred to as the Strong Form of Malle’s Conjecture.
While the strong form is known to be true in a number of cases, Kliners [Kli05a] gave a
counterexample by proving that

#Fs0(C31Cy; X) > X2 log X

despite the fact that b(Q,C3Cy) = 1. Our results include proofs of Conjecture [1| for
infinitely many groups where b = b(k, G) agrees with Malle’s prediction (thus proving the
strong form of his conjecture in these cases), and infinitely many groups where b # b(k, G)
contradicts Malle’s prediction. See Corollary where we verify Conjecture [1| for infinitely
many specific counter examples to Malle’s prediction as proposed by Kliiners. However, in
general the expression we give for b can be difficult to evaluate and depends on the existence
of solutions to certain embedding problems.

Remark 1.1. Tiirkelli has proposed a corrected value of b [Tiirl5] in Malle’s Conjecture.
Wang [Wan24| has evaluated the expression for the correct b proved in this paper for a
certain infinite family of examples to show that Tiirkelli’s modified prediction is incorrect.

Authors” Comment. Wang will post the paper referenced in the above remark to their website
concurrently with this paper.
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1.1. Example Corollaries. It is not feasible to provide an exhaustive list of the types of
groups for which we prove Conjecture [T because our results are flexible enough to be applied
in many different situations. Thus, before we state our main technical results, we present
several representative cases and families of groups for which our main results give a proof of
Conjecture [I] These results will be proved in Section [7}

Theorem 1.2. There are 39770 concentrated groups of degree < 31, out of a total of 40238
transitive groups of degree < 31.

Congecture |1 holds for at least 1568 of these groups. It also holds for at least 2,685,340 of
the 2,801,324 transitive groups of degree 32.

Authors” Comment. Currently, Theorem lists only the number of nilpotent transitive
groups for which we prove Conjecture [1} following from Corollary below. There are
only 1758 nilpotent transitive groups of degree < 31, so the 1568 nilpotent transitive groups
covered by Theorem [[.2] are fairly close to the total number of such groups.

We are preparing Magma code to provide a list of non-nilpotent transitive groups for which
we prove Conjecture [, Theorem will be updated accordingly prior to this paper ap-
pearing on the arXiv, and the code will be posted publicly. As a baseline, of the 3606
transitive permutation groups of degree up to 19, we prove the field counting conjecture for
1320 nilpotent groups and at least 209 non-nilpotent groups.

Theorem follows from a computation in Magma [BCP97| that checks which groups
satisfy the hypotheses of our main results. To the best of our knowledge, previous methods
for proving Conjecture [1| are amenable for at most 749 of the groups of degree up to 31 and
at most 1974 of the groups of degree 32.

We now provide several important families of groups for which we prove Conjecture [I]

Corollary 1.3. Let G be a finite nilpotent transitive permtuation group for which (g €
G — {1} : ind(g) = a(G)) is abelian, i.e. all the elements of minimal index commute with

each other.
Then Conjecture [1] holds for G over any number field.

Previously, the most far reaching result proving Conjecture[I]in this direction was the work
of Koymans and Pagano [KP21, Theorem 1.1|, which proves Conjecture[l]when G is nilpotent
in the regular representation with (g € G—{1} : ind(g) = a(G)) contained in the center of G.
We allow any permutation representation and even in the regular representation case have
a weaker hypothesis on the minimal index elements. For example, we now know Conjecture
for the holomorph group Hol(D4) = D4 x Aut(Dy) in its degree 8 affine transformation
action on the elements of D,.

When GG and H are permutation groups, we write GtH for their wreath product. We always
take G ! H to be a permutation group in the wreath representation. For a positive integer
n, we write C,, for the cyclic group of order n in its regular permutation representation.

Corollary 1.4. Let n be a positive integer, { be the smallest prime dividing n, B a transitive
permutation group of degree m, and k a number field. If there exists at least one B-extension

of k and
#Fmi(B; X) <), X2HTT70
for some § > 0, then Conjecture[1] holds for G = C,, ! B over k.
In particular, Congecture 1| holds for C,, ! B in each of the following situations:
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e B is in its reqular permutation representation, with |B| > 2 if n is odd, and there is
at least one B-extension of k;

e B is a nilpotent group, not containing a transposition if n is odd; or

e B is a finite simple group of Lie type over F, with rank r with ¢ > qo(r) for some
absolute constant qo(r) depending only on r, B occurs as a Galois group over k, and
B is in any primitive permutation representation of non-minimal degree, other than
PSUg(F,) in its non-minimal action on the parabolic subgroup Pij.

In the case G = (5! B, this strengthens Kliiners’ result that Conjecture (1| is true for G
under the assumption that 1 < #F,, x(B; X) <, X't [KIil2, Corollary 5.10]. For wreath
products C,, ! B with n > 2, these are the first results of this form.

By taking advantage of the inductive nature of our results, we can iterate these examples
to prove the following:

Corollary 1.5. Let k be a number field, let ny,...,n, > 2 be integers, and let G = Cy,
Ch, U+ 00, . Suppose that any one of the following holds:
(a) ny > 2,
(b) ni,ng,...,n, are all powers of 2,
(¢c) ny = 2% and ny = 2, and if r > 3 we also have 1 < d < 6 — 4/n3,
(d) ny =293 and ny = 2, and if r > 3 we also have 0 < d < 13/3 — 4/ns.
Then Conjecture 1] holds for G over k.
In particular, this includes all the Sylow p-subgroups C" of Syr as well as Klimers’ [KIii05a]
original counterexample to Malle’s Conjecture, C3 1 Cy in degree 6.

The family of wreath products of two cyclic groups is rich with important behavior. The
above result contains the first groups for which Conjecture [I| has been proven with an as-
ymptotic that disagrees with Malle’s prediction, including Kliiners’ counterexample C'3 ¢ Cs.
Kliiners proposed a larger family of wreath products for which his arguments show that
Malle’s conjecture is incorrect [KIii05al, Page 413|, many of which fall under Corollary [L.5}

Corollary 1.6 (Kliiners’ counterexamples). Let G = CplCy ford | {—1 and kNQ(() = Q.
If d > 2 then Conjecture |1} is true for G over k, but b # b(k,G) disagrees with Malle’s
prediction.

We similarly prove results for wreath products with S5 in place of a cyclic group.

Corollary 1.7. Let G = S3 1 B be the wreath product of S3 in degree 3 with a transitive
permutation group B of degree m. Let k be a number field for which there exists at least one
B-extension of k.

(i) Suppose that
5 1
#Fmr(B; X) <5, Xstetea—?
or some 6 > 0. Then Conjecture (1] holds for G over k.
f 0 > 0. Then Conj [1] holds for G k
(ii) Furthermore, if B is primitive and
#Fmi(B; X) <5, X3t om0
or some 0 > 0, then Conjecture olds for G over k.
f 0 > 0, then Conj [1] holds for G k

In particular, Conjecture |1 holds for S3 ! B over any number field when B is any of the
examples in the bulleted list of Corollary[1.4. Conjecture[] also holds for the iterated wreath
products SY in degree 3".
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Conjecture [I] was not previously known for any groups in this family except the trivial
case S311 = Ss.

Besides wreath products, our results also allow us to access many other groups expressible
as semidirect products such as the following:

Corollary 1.8. Let k be a number field, let B be a transitive permutation group of degree m,
let p be a prime, and let W <" be the trace 0 subspace. Let G = W x B, where B acts on
W by means of its degree m permutation representation. If there is at least one B-extension
of k, and there is some § > 0 so that

#Fk(B; X) <pom Xﬁ%’

then Congecture |1 holds for G in its degree pm permutation representation on the cosets of
Wi x B, where Wi < W is the subspace with first coordinate 0.
In particular, Conjecture[1] holds for G when B is:
e in its reqular representation, and |B| > 38 - (p — 1)%; or
e nilpotent, with a(B) < ﬁ.

e B is a finite simple group of Lie type over F, with rank r with ¢ > q,(r,p) for some
absolute constant q,(r,p) depending only on r and p, B occurs as a Galois group over
k, and B is in any primitive permutation representation of non-minimal degree, other
than PSUg(F,) in its non-minimal action on the parabolic subgroup Ps.

1.2. Main Results. We state first our result for wreath products of the form S3? B.

Theorem 1.9. Let k be a number field, let B be a transitive permutation group of degree m
such that there is at least one B extension of k, and let G = S31 B.
Suppose 8 > 0 s such that

(1.1) > [CERP < X7
FEF 1(B;X)
Then the following hold:
(1) If 0 < 2 then there exists a positive constant c(k,G) > 0 such that
#HF3mip(G; X) ~ c(k,G)X.
(i1) If 0 > 2 then
H Fymi (G X) e X5 1
For n > 2, we have a(S, ! B) = 1 and b(k,S, ! B) = 1 [Mal04, Lemma 2.2|. Hence,
Theorem (1) proves cases of the Strong Form of Malle’s Conjecture.

In practice, the bound X? in (1.1 is often proven as a hybrid bound # = 3 + t where
£ > 0 is such that

(1.2) #Fmp(B; X) mp X7,
and where ¢ > 0 is such that
| CLp[2]]*? oo | disc(F/Q)]!
for each B extension F'/k. For example, the first part of Corollary will follow from the

1

bound | Clp[2]| < | diSC(F/Q)ﬁ_?[F:@J T [BSTF20]. It is often possible to do better bounding
t on average, for example [LOS24, Corollary 1.14| gives a bound for the average size of
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| C1p[2]| when varying F' over primitive extensions. This is used to prove the second part of
Corollary [I.7]

The groups S3! B are examples of imprimitive groups. An imprimitive extension of fields
is one that has some intermediate subfield. In the case of S3! B, any L € Fs,, (S350 B; X) is
necessarily a cubic extension of some F' € F,, ;(B; X). In general, an imprimitive group G
can always be realized as a subgroup of H ! B for some permutation groups H, B where the
projection of H™ N GG onto each coordinate of H™ is surjective and G surjects onto B. In
the language of field extensions, any L € F,,,,(G; X) is a tower of field extensions L/F/k for
Le F,r(H;X) and F € F,,x(B; X). Given an imprimitive group G realized in this way,
we say that (H, B) is a tower type for G, as defined in |[Lem23, page 12|.

The majority of new cases we prove for Conjecture [I] follow from Theorem below,
which applies when G has an abelian normal subgroup. This theorem is structured similarly
to Theorem [1.9] but with the added benefit that it does not require G to have a certain im-
primitive structure. The statement of Theorem [1.11|requires us to develop some terminology.
To give the reader an idea of what to expect, we state a corollary for some imprimitive per-
mutation groups. We will prove that Corollary [1.10|follows from Theorem in Subsection
. Let a(U) = mingey_g1y ind(g) for any subset U of a permutation group.

Corollary 1.10. Let k be a number field and G be an imprimitive transitive permutation
group with tower type (A, B) for which A is a finite abelian group and B is a transitive
permutation group of degree m such that there is at least one B extension of k.

Suppose 0 > 0 is such that

(1.3) > |Hom(Cly, A)| Kpjapr X7
FEFm k(B;X)
Then the following hold:

(i) If 0 < AlflmG then there exists a positive constant c(k,G) > 0 such that

B Fra 1G5 X) ~ ek, G)XVoA"0D (1og X )01,
where b > 0 is some integer (given explicitly in Theorem m
(ii) If 0 > AI;?'mG then,
HF i 10(G5 X)) Ko a e XA

Equation ([1.3)) is very similar to ((1.1)). Indeed, if the abelian group is given by

11 f[ 70",

£ prime =0
it follows that

|Hom(Clp, A)| < ] H|01F e < T | Clp[f] =0 mes.

¢ prime =0 ¢ prime

In order to move away from imprimitive structures for the full statement of Theorem [1.11],
it is convenient to structure the result as counting elements of the set of continuous surjective
group homomorphisms

Sur(Gy, G; X) = {m € Sur(Gy, G) : | discg(m)| < X},
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where G, is the absolute Galois group of k, and disc(7) is the relative discriminant disc(F/k),
and F is the field fixed by 7~!(Stabg(1)). The Galois correspondence implies that the size
of this set is #F,, 1(G; X) times a constant depending only on G. We make this precise in
Lemma [2.3] below.

Our method of proof will involve partitioning the set of G-extensions by the subfield of
the Galois closure fixed by a particular normal subgroup 7' < G. This is very naturally
described in terms of the surjections. If 7" < G has canonical quotient map ¢: G — G/T,
we consider the pushforward

¢« Sur(Gg, G) — Sur(Gg, G/T).

The elements of the image ¢, Sur(Gy, G) C Sur(G, G/T) correspond via Galois theory to
Galois G /T-extensions M /k for which there exists a G-extension F'/k whose Galois closure
F has fixed field F7 = M. The elements of a fiber of g« correspond to such G-extensions F'.
Even though G is a permutation group, we are forgetting this structure when we take the
quotient G/T', which we consider as a permutation group in its regular representation.

Our main results take counting results for certain GG/T-extensions, which we express as
counting elements of the set

¢ Sur(Gy, G; X) = {m € Sur(Gy,G/T) : 7 = qo 7 for some 7 € Sur(Gy,G; X)},

as an input towards counting G-extensions. In particular, the elements of ¢, Sur(Gy, G; X) C
Sur(Gy, G/T) correspond to Galois G/T-extensions which are equal to the fixed field FT of
the Galois closure F' of some G-extension F/k with | disc(F/k)| < X.

In order to state the explicit values for a and b in our proven cases of Conjecture [I}, we
give the definitions for certain invariants appearing in the Twisted Malle Conjecture [AIb21],
Conjecture 3.10], stated as Conjecture [2| below without explicit values for a,b,c. Let T G
be a normal subgroup of a finite transitive permutation group.

(i) When 7: G, — G is a continuous homomorphism, we define T'(7) to be the group
T together with the Galois action z.t = w(z)tm(z)~'. When T is abelian, the Galois
module T'(w) depends only on the pushforward g,m. For this reason, we often abuse
notation and write 7'(g,m) for T'() in this case.

(ii) The cohomology group H} (k,T(m)) is the subgroup of unramified classes,

H,,(k,T(r)) = {f € H'(k,T(r)) : ¥p, resy,(f) =0},

where p ranges over all finite and infinite places of &, and I, is the inertia group of k
at each finite place p and the decomposition group at each infinite place.

(ili) o(T) = mir{l }ind(t) is the minimum index of elements in 7', where T is viewed as a
teT—{1

subset of the permutation group G, and

(iv) b(k,T(m)) is the number of orbits of elements {¢ € T : ind(¢) = a(7")} of minimal index
under the Galois action z: ¢t — (m(a)tm(z) )X '@ for y : G — Z* the cyclotomic
character. This is the action induced from 7 twisted by the cyclotomic character
x: Gk — 7%

These invariants occur naturally in our method of proof.

Theorem 1.11. Let k be a number field and G a finite transitive permutation group of
degree n for which there exists at least one G-extension of k. Suppose that T' < G is a proper
normal subgroup and that T is abelian.
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Suppose 0 > 0 is such that

(1.4) > |Hoyp(k, T(m))| e X°.
TEQs Sur(Gy,G;X)

Then the following hold:
(1) If 0 < 1/a(T) then there exists a positive constant ¢(K,G) > 0 such that

#Fn k(G X) ~ c(k, G)Xl/a(T)(logX)maxﬁ b(k,T(7r))_17

where the maximum is taken over m € q, Sur(Gy, G).
(i) If 0 > 1/a(T) then
#Fuk(G: X) ppe X0

Theorem m<1) proves Conjecture |1l when the hypotheses apply, and is the source of the
majority of our examples in the introduction.

Remark 1.12. Corollary is the case of Theorem where G C A B is an imprimitive
group with tower type (A, B) for some abelian group A and for which we specifically take
T = A"NG. As we will see in Section [7], different choices for 7' can provide different quality
results even for imprimitive groups. In this sense, Theorem [I.11]is significantly more flexible
that Corollary [[.I0] For example, the full strength of Theorem is required to prove

Corollary [1.3]

The constants a, b from Conjecture [1| are made explicit in Theorem M(i), and c is made
explicit in the proof of Theorem It is not guaranteed that these constants agree with
Malle’s predictions. However, often they do.

In all cases in which we apply Theorem we have 6 > 1/a(G\ T) := mingee\r ind(g).
Indeed, a generalized version of Malle’s weak lower bound predicts that #¢, Sur(Gy, G; X) >
X1/a(G\T)=¢  There are no known counter examples to this prediction. Clearly 1/a(G\T) <
1/a(T) implies that a(7") = a(G), and hence all current applications, as well as predicted
future applications, of Theorem mm prove Conjecture (1| with the a-value as predicted by
Malle.

The value for ¢ will be expressed as a convergent sum of Euler products. This is reminiscent
of the leading coefficient for #F, o(D4; X) [CYDOO02], and in fact occurs for the same reason.
All cases of Conjecture [I] that we are able to prove with Theorem have an accumulating
subfield, that is a nontrivial extension L/k that lies inside a positive proportion of (the Galois
closures of) G-extensions of k. Accumulating subfields are widely expected to prevent the
leading coefficient from being equal to an arithmetically significant Euler product in the spirit
of Bhargava’s predictions for S, [Bhal0], and are known to cause a failure of independence
when counting with restricted local conditions. See [Woo09, [ASVW17, [ST22] [ATb23] for
further examples and discussion of this phenomenon.

As in Theorem , the bound X? is often computed as a hybrid bound 6 = 3 + t. Here,
£ > 0 is such that

#q. Sur(Gy, G; X) < X7

is an upper bound on the number of GG/T-extensions parametrized by ¢, Sur(Gy, G; X). The
constant ¢ can be taken to satisfy

[H,p (kT ()| e | dise(F(m) /k)[*
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for each 7 € ¢, Sur(Gy,, G; X), where F(r) is the field fixed by 7—!(Stabg(1)). A bound for
the average size |H. (k,T(7))| might also be used here.

The size of ¢, Sur(Gy, G; X) has not been previously studied, although it can be bounded
by sets of G/T-extensions with bounded invariants. We will later define a pushforward
discriminant g, discg on G/T-extensions for which

¢ Sur(Gy, G; X)) C{m € Sur(Gg, G/T) : |q. discg(m)| < X }.

See ((5.1) and . We can then use upper bounds for counting G/T-extensions ordered
with respect to this pushforward discriminant as input in Theorem [I.1I] When G is an
imprimitive group, we will see in Proposition that the pushforward discriminant agrees
with the discriminant of some transitive representation of G/T', which is the key observation
implying Corollary [I.I0] In general, the quantity § is about upper bounds for counting
G /T-extensions.

The object H (k,T(m)) behaves like torsion in a class group. Indeed, if T'() carries the
trivial action then H! (k,T(w)) = Hom(Cly, T). In all cases, we can use Minkowski’s bound
on the size of the class group to give an initial bound

\HY, (k, T())| < | disc(m)|4D/2+

for d(T') the minimum number of generators for 7' = Hom(T,Q/Z) as a Galois module (see
Lemma :

In order to take full advantage of the inductive nature of our results, we prove pointwise
inductive bounds for |H. (k,T(r))| that improve over this initial bound. Our main result in
this direction is Lemma which bounds the size of H! (k,T(r)) in terms of M and T/M
for some subgroup M < T'. In order to use Lemma optimally, one must make a strategic
choice for the subgroup M.

It is not clear in general how to make such strategic choices, so we leave the complete
discussion for Section [4] In certain cases, particular choices give us strong upper bounds for
|H. (k,T(r))| which we give below. We say a Gj-module is constant over a number field F'/k
if the Galois action factors through Gal(F'/k). The field of definition of a Gy module A is the
smallest Galois field extension F'/k such that A is constant over F'. The Galois module T'()
has field of definition given by the fixed field of ko 7: Gy, — Aut(7T'), where k : G — Aut(7T)
is the action by conjugation. Equivalently, if w correpsonds to the G-extension F'/k then the
field of definition for 7T'(7) is the subfield of F' fixed by the centralizer of 7" in G.

In the following result, a nilpotent G-module [Hil82), Definition 1.2| is defined to be a G-
module M for which the lower central G-series terminates, where the lower central G-series
is defined recursively by Th(M) = M and TS (M) = (m — z.m|z € G,m € TL ' (M)).

Corollary 1.13. Let A be a finite G-module that is constant over F.
(i) If A is a nilpotent Gy.-module, then
|H;r(k7A)| Lk, Al e ’diSC(F/Q)F'
(ii) If A is a simple Gy-module with ezponent e, then
| Hoyp (k, A)| < | Clrle]] - | dise(F/Q)["

iii) If there is an injective homomorphism of Gy, modules A" — Ind%(A) := Z[Gr @z A,
F (GF]
then
|H,, (k, A")| <a) ) | Hom(Clp, A)|.
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(Here we only use A as a constant Gr module and not any G-module structure on

A.)

If G is a nilpotent group in any representation, then for any abelian 7" < G and any
7: G) — G the induced Galois module T'(7) is necessarily a nilpotent Gy-module. Corollary
1.13[1) is used in the proof Corollary [1.3] showing that |H., (k,T(7))| < |disc(F/Q)| has
essentially no contribution to the bound in (1.4)).

The case of induced modules is particularly relevant to Corollary [[.4 The subgroup
T =C™" <0, B = G is given by the induced module 7" = Ind?(C,,). This implies that
T(r) = Indl}(n)(C’n) as G-modules, so that Corollary (iii) together with Minkowski’s
bound allows us to take |H} (k,T(7))| < |disc(F(x)/Q)[*/?¢ in (1.4), greatly improving
our results.

1.3. Method of Proof. Broadly speaking, we prove our main results by first considering
for some normal subgroup 7' < G with canonical quotient map ¢: G — G/T the fibers of
the pushforward
g« Sur(Gy, G) — Sur(Gy, G/T)

separately, then adding the results for each fiber together. Alberts constructed a bijection
between the fiber ¢ !(w) with a certain set of crossed homomorphisms in [AIb21], Lemma
1.3], generalizing the Galois correspondence between G-extensions and (surjective) homomor-
phisms. We discuss this correspondence further in Subsection [6.1] This naturally suggests a
“twisted” version of Conjecture [I}

Conjecture 2 (Twisted Number Field Counting Conjecture). Let k be a number field, and
G a transitive permutation group of degree n, and T < G a proper normal subgroup with
canonical quotient map q : G — G/T, and m € q.Sur(Gy,G). Then there exist positive
constants a,b,c > 0 depending on k, G, T, and © such that

#{p € ¢ (m) : |disca(¥)| < X} ~ eX*(log X)*
as X — oo.

Alberts formulates this conjecture with explicit predictions for a and b in [AlIb21], Conjec-
ture 3.10] in analogy to Malle’s predictions, with the caveat that the prediction for the value
of b has similar issues to Malle’s predictions. Alberts’ counting function

N(L/k,T G X) = #{F € Foa(k; X): (F)" = L}

is equal to a constant multiple of #{¢ € ¢, () : | discg(v))| < X} via the Galois correspon-
dence. The correctness of these predictions is referred to as the Twisted Malle Conjecture
(with a corresponding weak and strong form). This conjecture was proven for 7' abelian
by Alberts and O’Dorney in [AO21, Corollary 1.2] as long as there exists at least one G-
extension. We take this result and use it to evaluate the sum

(1.5) Y. #{veq(n):|disca(v) < X}
weSur(Gy,G/T)

The asymptotic growth rate of each individual summand is given by [AO21l, Corollary 1.2].
We give a bound for the dependence of each summand on 7, allowing us to take the sum of
these growth rates. The set ¢, Sur(Gy, G) appearing in Theorem is precisely the subset
of m € Sur(Gy, G/T) for which the fiber ¢, *(7) is nonempty, that is

¢, Sur(Gy, G) = {r € Sur(Gy, G/T) : ¢;*(7) # 0},
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A necessary, but not sufficient, criterion for this method to yield a proof of Conjecture[I]in
this paper is that one of the fibers ¢! (7) contributes a positive proportion of G-extensions.
The Twisted Malle Conjecture, with invariants predicted by Alberts, suggests that there
exists a fiber of positive density if and only if G is concentrated in 7'

We expect our method of proof to apply to concentrated groups in general: if one knew
enough about counting “twisted” T-extensions along the lines of Conjecture [2 for some sub-
group 1" with enough control of how the error depends on the action induced by =, then
our method could be applied to prove an analogous result to Theorem with 7" being
such a group. Theorem results from our extensive understanding of counting abelian
extensions. The first step in the proof of Theorem is to prove new cases of Conjecture
for T = S§* < S31 B (see Theorem [3.1]). We are able to do this because wreath products are
the “generic imprimitive structure” for a group and because we can count Ss-extensions very
well. In this case, the twisted counting function #{v¢ € ¢, '(7) : | discs,z(¥)| < X} can be
related to an untwisted counting function # Sur(Gp, S3; X) for an extension F'/k determined
by 7. Since we already know Conjecture [1] holds for S3, we can use this relation to count the
size of the fibers.

We make this method explicit in Section [2] detailing exactly what kind of information we
need about Conjecture 2] in order to prove new cases of Conjecture [Il We expect that, with
any results proving new cases of Conjecture [2] with the dependence on = made explicit, our
methods will convert these to proofs of Conjecture [I| for new concentrated groups.

Remark 1.14. The methods in this paper are readily generalizable. There is potential for
our methods to be applied in the following more general situations.

e The upper bounds in Theorem [1.9(ii) and Theorem [1.11](ii) currently depend on k.
If the dependence of the inputs on k is made explicit, we expect that the dependence
of the result on k£ can be made explicit as well.

e [t would be interesting to apply our methods to “concentrated normal subgroups” T' <
G to prove new cases of Conjecture[2] We call the normal subgroup 7' concentrated if
the minimal index elements in 7', namely {t € T": indg(t) = a(T)}, generate a proper
subgroup of 7. This is done by partitioning ¢;!(7) over the second quotient map
T — T/N for some abelian normal subgroup N < G contained in 7" that contains all
the elements of minimal index. (Note that, if G were itself concentrated in T, then
we could already apply Theorem to G with the proper normal subgroup V).

e It would be interesting to generalize Theorem to other admissible orderings.
Indeed, Alberts-O’Dorney work at this level of generality in [AO21].

We opt to prove one extension of our methods in Theorem that involves alternate or-
derings as a demonstration of the generality and power of this technique. This result will
show that, for any finite group with a nontrivial abelian normal subgroup, there exists some
ordering for which we can give the asymptotic number of G-extensions.

1.4. History of Number Field Counting Results. Conjecture [1| is known for several
infinite families.

We present the Table containing the previously known cases of Conjecture[l], separated
according to whether the groups are concentrated or not. These counting results are over an
arbitrary number field unless otherwise specified. For each of the groups listed in this table,
the value for a in Conjecture [1] is known to agree with Malle’s prediction.
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| Group(s) | Reference
concentrated
Abelian 2 C} [Wrig9|
D, C S, [CYDOO2]
Generalized quaternion groups Q4 [KIi05b), Satz 7.6]
for m = 2¢ in degree 4m,
12T5 over k = Q [KIi05b] Satz 7.7
C31C, over k = Q [Kli05a]
CytH when #F,, x(H; X) < X'*¢ [KIG12]
S, x A, n <5, A=abelian [Wan21al, MTTW20| over £ = Q

(over arbitrary k if 21 |A| when n =3
or gcd(|A],n!) =1if n € {4,5})
Sp X B, n <5, B =nilpotent in degree |B|, | [MR24]

21|BJif n = 3,

ged(|Bl,nl) =1ifn € {4,5}
G C C,; 1 Cy imprimitive in degree £ [FK21, KW23]
G C S| nilpotent, |[KP21]

{g :ind(g) = a(G)} C Z(G)

non-concentrated

cr [Wrisg]
Snyn <5 [DWSS, BSW15]
S3 C S [BW07, BFlO]

TABLE 1. Previously known cases of Conjecture

Our main results expand the list for concentrated groups many times over, to the point
that it is no longer feasible to give an exhaustive list of the types of such groups. In particular,
Theorem subsumes many previously known results for concentrated groups. We also
expand several of these families:

e Kliiners’ results for Cy? H are expanded to include any H for which #F,, x(H; X) <
X3/273 for some § > 0, as well as analogous families C,, ! H. See Corollary .

¢ Koymans—Pagano’s results for nilpotent groups in the regular representation with
{g :ind(g) = a(G)} C Z(G) are expanded to nilpotent groups in any representation
with (¢ : ind(g9) = a(G)) abelian. See Corollary [1.3] This family also includes
the generalized quaternion groups Qun, for m = 2° in the regular representation
proven by Kliiners [KIii05b] and the imprimitive groups G' C C, 1 Cy, special cases of
which are proven by Fouvry—Koymans [FK21| while the general family is proven by
Kliiners-Wang [KW23|. We complete the latter family to include the wreath product
G=0C,0C,.

Aside from abelian groups, there are only finitely many non-concentrated groups for which
Conjecture [I] is known to hold. Counting D,-extensions ordered by conductor can also
naturally be interpreted as a non-concentrated result [ASVW17].

Conjecture 2] was previously known only in one case, with the values for a and b as predicted
by Alberts: T'(7) for T < G C S, an abelian normal subgroup and 7 € ¢, Sur(Gy, G) [AO21].
We prove new nonabelian cases of Conjecture [2in Theorem
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Also, as Theorems|1.9/and both implicitly use and produce upper bounds on #F,, x(G; X)

of the form #F, 1 (G; X) <pn X B we summarize some of what is currently known for upper
bounds. Schmidt [Sch95] proved that it suffices to take 5 = ”T“ when G is transitive of de-
gree n, showing that such a bound always exists; it is now known we may take 3 = 1.5(log n)?
[LOT22 Lem23| (though see also [EV06] and [Cou20]| for earlier improvements depending
only on the degree of G). There are a number of other techniques that more substan-
tially leverage the group structure of G [KMO04, Dum18, Meh20), [A1b20, K12, Bha24l, Lem23),
Lem24|, and by taking advantage of these results as inputs to our main theorems, one can
produce a plethora of new examples for which Conjecture [I] holds. The known upper bounds

we specifically leveraged in stating our corollaries are:
1

e If G is nilpotent, then #F, (G5 X) <gpe X#@ . This follows from [KM04] if G
is in its regular representation, and from [AlIb20] in general. (See also [KW22].) An
analogous upper bound was proven for alternate orderings in [AIb20], which includes
the pushforward discriminant.

e If G is in the regular representation and |G| > 4, then #Fqx(G; X) <p.q.c X3/8+e

]
[EV06], and we also have #F|q1(G; X) <p,a.e X VI where co = % ~ 3.045
[Lem24].

e If G is a finite simple group of Lie type, say over [F, with rank r, let Gy denote its
minimal degree primitive permutation representation, say in degree n. From [Lem23,
Theorem 1.1], we have #F, ;(Go; X) <k X7 for some absolute constant C' > 0.
Recall that Stabg,1 =: M, is a maximal subgroup. If M < G is any maximal
subgroup with |M| < |My| and G, the corresponding primitive representation of G
on the cosets of M, then it follows from [Lem23, Lemma 6.3] that

G
#Fia k(Gr; X) g p X Mol

On combining works of Liebeck and Saxl [Lie85| [LS87| with explicit case work involv-
ing the parabolic and other geometric subgroups (aided, e.g., by [BHRD13| [KL90])
that, unless G is of type PSUg(F,) and M is the parabolic subgroup Ps;, we see

c'r
that we always have |Mo|/|M| > ¢'/%. Tt follows that #Fg.anx(G1; X) <gx X7
for some absolute C' > 0. In particular, this exponent may be made arbitrarily
small on choosing ¢ sufficiently large in terms of r, and every non-minimal primitive
permutation representation of G arises in this way.

In particular, in all three cases, these upper bounds can be made arbitrarily small as G
varies, which means we can produce infinitely many examples of groups satisfying Theorem
1.11)(i). This is the main source of the scale of the infinite families in the introduction.

Theorems and also take average bounds on class group torsion as input, where
|H! (k,T(7))| in Theorem can be bounded in terms of certain class group torsion.
Minkowski’s bound for the size of the class group immediately implies

| Clk /]| < | diSC(K/Q)‘l/QJFG
HL, (k, T())| < | disc(F/Q)[*/2+e,

A

where F is the field of definition for T'(7) and d(7") is the minimum number of generators for
T = Hom(7T,Q/Z) as a Galois module (see Lemma . To our best knowledge, bounds for
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|HL (k,T(m))| have not been directly studied in the literature. We prove results in Section
bounding these, in part by relating them to class group torsion.

There are some improvements to Minkowski’s bound for |Clg[/]| in the literature. The
ones that we use most often are as follows.

o | Clg[l]| < | disc(K/Q)|¢ for K/Q with Gal(K/Q) an (-group [KW?22]
o | Cle[2]] < | disc(K/Q)[02784< for [K : Q] < 4 [BSTF17]
o | Clk[2]| (rq |disc(K/Q)|V/21/2IKQ+ for [K : Q] > 4 [BST17]

See also [Pie05] [Pie06, HV06, [EVOT, Wan21b, Wan20, (Gra20l [Gra22] for other improvements
over Minkowski’s bound for | Clg[f]|. Strictly speaking, Theorems [1.9] and only require
bounds for the average size of class group torsion. There are a few cases in which precise
asymptotics for the average of | Clk[¢]] in families are known including 3-torsion for quadratic
extensions due to Davenport and Heilbronn [DH71| and Datskovsky and Wright [DW8], 2-
torsion for cubic extensions due to Bhargava [Bha05| (see also [BSW15]), and 3-torsion for
extensions L for which Gal(L/k) is a 2-group containing a transposition due to Lemke Oliver,
Wang, and Wood [LOWW21]. In many other cases, on average improvements to Minkowski’s
bound for | Clk[¢]] are known [Sou00, [HP17, EPW17, PTW20, Wid18, FW18|, [An20), FW21),
T722, LOTZ23, [KT24]. See [PTW21] for an overview of the conjectures on bounding class
group torsion pointwise and on average, and the recent paper of Lemke Oliver and Smith
[ILOS24] for the state-of-the art theorems giving average improvements to Minkowski’s bound

for | Clk[4]|.

1.5. Layout of the Paper. We begin with Section [2| where we give the explicit form of
our method. We will prove Theorem in this section, which states explicitly what we
need to know in order to add the fibers together to prove an asymptotic growth rate for
#F k(G5 X). We state this result in a general language, so that it can be applied new cases
of Conjecture [I]in the future.

We prove Theorem in Section [3] The proof is comparatively short, taking advantage
of the wealth of results concerning Ss-extensions to quickly check the hypotheses of Theorem
2.1

Next, we prove important results concerning the ingredients of Theorem [I.11} Section
proves Corollary along with some other upper bounds for the cohomology groups
|H.,.(k, M)|. Section [5| develops the notion of a pushforward discriminants, describes the re-
lationship with imprimitive extensions, and proves that Corollary [I.10|follows from Theorem
L1

We will then prove Theorem in Section [6] building on work of Alberts-O’Dorney
[AO21] to check the hypotheses of Theorem [2.1]

Section [7| contains a list of examples of groups for which we prove Conjecture 1} including
proofs of the corollaries listed in the introduction. This section can be read independent of the
other sections in this paper, so that interested readers can jump straight in to applying our
results to check cases of Conjecture[l] In addition to the corollaries listed in the introduction,
we include a subsection describing the Magma code used to produce Theorem and a
subsection summarizing the current best known results towards Conjecture [I}for all transitive
groups of degree 6.

Sections [§ and [J] present evidence that our method has the potential to apply to concen-
trated groups in greater generality. Section [8| discusses what one needs to know about the
concentrated group G to apply the methods of this paper, and in particular relates these
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ingredients to existing conjectures in arithmetic statistics. Meanwhile, Section [J9] goes in a
different direction. We use our method to prove Theorem [9.1] which states that for any group
concentrated in an abelian normal subgroup, there exists some admissible ordering inv for
which our methods gives the asymptotic growth rate of # Surj,,(Gg, G; X). In particular,
this shows that every solvable group has an ordering for which we can give the corresponding
asymptotic growth rate.

1.6. Notation. The following is a list of conventions and notations we take throughout.

“a permutation group of degree m” implies that m is finite
k will always denote a number field, and is the base field for our extensions.
Gr = the absolute Galois group of a field F'

L = the Galois closure of a field L over the base field k
G will always denote a transitive permutation group,
and will be of degree n unless otherwise specified
Permutation groups are isomorphic if they are of the same degree m and
are conjugate as subgroups of S,
Stabg (1) :the subgroup of G fixing 1
G ! H = the wreath product in the wreath representation, i.e.
with stabilizer (Stabg(1) x G™ ') x Stab(1) when H has degree m
disc(F'/k) the relative discriminant ideal
|a| = the norm of the ideal a down to Q
wi(G; X) = #{L/k : [L: k] =n, Gal(L/k) = G, |disc(L/k)| < X}
dlsc(7r) the relative discriminant of the field fixed by 7' (Stabg(1))
discg(m) same as above, when G needs to be specified
Sur(Gy, G) = {rm : Gx — G surjective continuous homomorphism}
Sur(Gg, G; X) = {7 € Sur(Gk, G) : |discg(m)] < X}
ind(g) = n — #{orbits of g} for g € 5,
ind,,(g)
indg(g) same as above for G a transitive group of degree n, when G needs to be specified
U) =

g) same as above, when n needs to be specified

min ind(g) for any subset U C S,
geU—{1}

Q

a(G) is Malle’s predicted value for a in Conjecture
a(T) is Alberts’s predicted value for a in Conjecture
x : Gy — Z* is the cyclotomic character, given by Gal(kQ™/k) C Z*
b(k,G) = the number of orbits of conjugacy classes in G
with respect to the Galois action z.¢g = gX(*
b(k,G) is Malle’s predicted value for b in Conjecture

c(k, G) = the value for ¢ in Conjecture [I] whenever it is known to hold
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T(7) = the subgroup 7' < G with Galois action z.t = 7(z)tm(x)™"
induced by 7 : G — G.
T(m)* = Hom(7T' (), ) as a Galois module, where 1 is the group of roots of unity
called the Tate dual of T'()
¢« = the pushforward of homomorphisms along the quotient ¢ : G — G /T
¢« Sur(Gy,, G) = {m € Sur(Gy,G/T) : m = qo 7 for some 7 € Sur(Gy,G)}
¢ Sur(Gy, G; X) = {m € Sur(Gy,G/T) : m = q o7 for some 7 € Sur(Gy,G; X)}
¢« disc = the pushforward discriminat, see ([5.2))
Suriny (Gi, G; X) = {m € Sur(Gy, G) : |inv(m)| < X}
b(k,T(m)) = the number of orbits of conjugacy classes in T’

with respect to the Galois action z.t = m(z)tX® 7 (z) !
c(k,T(m)) = the value for ¢ in Conjecture [2] whenever it is known to hold

Below are the conventions we use for asymptotic notation. Any implied constants are
always allowed to depend on k and G, unless otherwise specified.

f(X) ~ g(X) asymptotic, i.e. )}131)0 f(X)/g(X) =
f(X) <g(X
f(X) <pg(X
f(X) =0(g(X)
f(X) = Op(9(X)
J(X) =g(X
f(X) =pg(X

there exists a constant C' s.t. |f(X)| < Cg(X)

same as above, where C' depends only on the parameters P
same as f(X) < g(X)

same as f(X) <p g(X)

same as g(X) < f(X) < g(X)

same as g(X) <p f(X) <p g(X)

~— — ~— — ~—
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2. THE INDUCTIVE FRAMEWORK

In this section, we provide the general analytic framework that we use to piece the fiber-
wise counts back together. This is provided by the following theorem

Theorem 2.1. Let G be finite permutation group with a normal subgroup T < G, and let
q: G — G/T be the quotient map. Let k be a number field, and for any m € Sur(Gy, G/T),
let ;' (m) C Sur(Gy, G) be the fiber over .

Assume there exist real numbers a > 0 and b > 1 such that the following three conditions
are satisfied:
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(1) (“Precise counting of the fibers”) For each m € Sur(Gy, G/T), there is some constant
c(m) >0 so that

#{v € ¢! (m) : | dise(¥)] < X} = (e(m) +o(1)) X (log X)*

as X — 00.
(2) (“Uniform upper bounds on the fibers”) For each m € Sur(Gy, G/T), there is a constant
f(m) >0 so that for every X > 2, we have

#{v € ¢} (w) : [disc(v)| < X} < f(m) X *(log X)*7.

(8) (“Criterion for convergence”) The series

> f)

weSur(Gy,G/T)

converges, where f(m) is as above.
Then
# Sur(Gy, G; X) = (c+ 0(1)) XY(log X )>~,

where ¢ is given by the convergent series ¢ := 3 g ., c/r) €(T)-

Remark 2.2. Note that we have allowed ¢(7r) and f(7) to be 0. This is convenient for two
reasons. First, there may be m € Sur(Gy, G/T) for which the fiber ¢; () is empty, in which
case we may take f(m) = 0. We may equivalently restrict our attention in (1) and (2) to
those 7 in the subset g, Sur(Gy, G) C Sur(Gy, G/T), which we will often do in what follows.

Second, by allowing ¢(7) = 0, we are not demanding that every fiber, or indeed that any
fiber, has positive density. If every ¢(m) = 0, then the conclusion is that # Sur(Gy, G; X) =
o(X1/?(log X)*~1), which is not an asymptotic formula but is a potentially nontrivial upper
bound. This means in particular that Theorem can still meaningfully apply even to
non-concentrated groups.

Proof. Since the fibers ¢, !(7) for distinct m € Sur(Gy, G/T) are disjoint, it follows that for
any X > 1, we may write

(2.1) #Sur(Gr, G; X) = Y #{e g (m) | dise(v)] < X}
reSur(Gy,G/T)

Now, let Y > 1 be arbitrary. It follows from our assumptions that there exists a finite subset
IT C Sur(Gg, G/T) and some X, > 2, both depending on Y, such that

(2.2) Yo fm)< %

reSur(Gy,G/T)
w &Il

and, for every 7 € II and every X > X, we have
Xl/“(log X)b—l
2Y '

Indeed, such a set II exists by the criterion for convergence, and such an X, exists by the
precise counting of fibers for the finitely many 7 € II.

[#{v € ¢! (m) : [dise(¥)] < X} — e(m) XV *(log X)"!| <
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Inserting this into (2.1) and appealing to the uniform upper bound on fibers, we readily
find for any X > X, that

3X1(log X)!

. _ 1/a b—1
#Sur(Gr, G; X) = Y e(m) XV *(log X)"™'| < "

well

We next observe for any 7 € Sur(Gy, G/T) that we evidently must have ¢(7) < f(7). From
this, we deduce both that the series
>, m

weSur(Gg,G/T)

converges as a consequence of the criterion for convergence, and that

1
> (™) < iy

reSur(Gg,G/T)
&Il

on comparison with (2.2). Pulling everything together, we find for every X > X,

X'/ (log X)b—1
# Sur(Gy, G5 X) — Z c(m) X (log X)~1| < ( 2% ) .
reSur(Gg,G/T)
The result follows on taking Y — oo. ]

Theorem is stated as a result counting elements of Sur(Gy, G), not number fields.
Even though these problems are equivalent, this choice is deliberate and justified by the way
we treat groups concentrated in an abelian normal subgroup later in the paper. However,
we close this section with a lemma that makes precise the translation between these two
perspectives so that Theorem may still be properly regarded as a number field counting
result.

Lemma 2.3. Let G be a transitive permutation group of degree n and let k be a number
field. Given an element m € Sur(Gy, G), we may associate to 7 the subfield F' of k fized by
7 (Stabgl). This subfield is a degree n extension of k with Galois closure group G, and
disc(F/k) = discg 7.

Conversely, given such a field F', there are exactly [Ns,(G) N Ng, (Stabg 1) @ Cs, (G) N
Ng, (Stabg 1)] elements of Sur(Gy, G) giving rise to F in this manner, where for any subgroup
H < S, we let Ng,(H) and Cs,(H) denote the normalizer and centralizer subgroups of H
m S,.

Proof. For any transitive permutation group G of degree n, the subgroup Stabgs 1 has index
n, the conjugates of Stabg 1 are Stabg 1, ..., Stabg n, whose total intersection is trivial, and
the action of G on the cosets of Stabg 1 is permutation isomorphic to G. This implies the
first claim.

For the second, observe that if 7 and 7’ are both associated with F, then there must be
some ¢ € Aut(G) with ¢(Stabg 1) = Stabg 1 such that 7 = ¢ o w. This process may be
reversed, so we may equivalently count such automorphisms ¢. Any such automorphism ¢
must permute the cosets of Stabg 1, so arises via conjugation from an element of S,,. In
fact, because GG is a permutation group, this conjugation must be from an element of the
normalizer Ng, (G). Moreover, since we must have that ¢(Stabg 1) = Stabg 1, it must arise
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from the intersection Ng, (G) N Ng, (Stabg 1). The kernel of the restriction to this subgroup
is Cg, (G) N Ng, (Stabg 1), and the lemma follows. O

3. WREATH PRODUCTS BY S3

In this section, we prove Theorem for groups of the foorm G = S31 B = (SI") %
B where B C S, is a transitive permutation group of degree m. We begin by fixing a
useful convention. As both G and B are permutation groups, we may assume that the
labels of the element ‘1’ in {1,...,m} and {1,...,3m} are compatible in the sense that
Stabg 1 < ¢ '(Stabg 1), where q: G — G/T = B is the quotient map composed with a
fixed isomorphism G/T — B, where T' = S". In this context, the minimal index elements
of G are the transpositions in G, so G is concentrated in 7. We begin by establishing the
precise counting of fibers required by Theorem [2.1] that is, we establish Conjecture 2] for
such groups.

Theorem 3.1. Let B be a permutation group of degree m and let G = S5 B. Let q: G —
G/T = B be the quotient map, where T = S%*, and assume that Stabg1 < ¢~ '(Stabg1).
For each m € Sur(Gy, B), there exists a positive constant ¢(m) > 0 such that

#{v € ¢ (m) « [ disca()] < X}~ em) X,

Proof. Let m € Sur(Gy, B) be fixed, and let F'//k be the subfield of k fixed by 7~!(Stabp 1).
Similarly, given ¢ € ¢;'(m), let E/k be the subfield of k fixed by 1)~!(Stabg 1). By our
assumption that Stabg1 < ¢ !(Stabg1), E is a cubic extension of F', necessarily with
Galois closure group S3 over F. Moreover, by the conductor-discriminant formula, we have
that disc(E/k) = Nmp, disc(E/F) - discg(m)?, so E € F;3 p(Ss;x), where we have set x :=
X/|discg(m)|? for convenience.

We next observe that Aut(G) acts transitively and freely on the set {¢) € Sur(Gg, G) :
keri) = Gz}, where G5 is the absolute Galois group of the Galois closure E of E over k.
Appealing to Lemma [2.3] we therefore find that

#{v € ¢ (m) : | disca(¥)| < X} = cg - #{E € Fsp(Ss;x) : Gal(E/k) = G},
where

(3 1) co = [NS3m (G) N Nng (Stabo 1) : Cng (G) N N53m(StabG 1)]

[N3m<B) N Ngm(StabB 1) : Csm(B) N N5m<stab3 1)]

It follows from work of Datskovsky and Wright [DW88] that there is some constant cg > 0
such that

X
T discp ()
as X — oo. We claim that the same asymptotic holds for the subset of F3 p(Ss;X)
whose Galois closure over k has Galois group G, so that the theorem holds with ¢(7w) =
C(;CF/| diSCB(ﬂ')’S.

To prove this claim, we exploit the fact that Datskovsky and Wright also prove an asymp-
totic for the number of fields E € F3 ¢(S3; ) subject to finitely many local conditions. Let
p be a prime of k that splits completely in F, say as P ... B,,. If £ € F3p(55;x) is such
that there is some 1 <7 < m for which the étale algebra £ @5 Fy, is the direct sum of Fi,
with a quadratic extension, and so that £ ®p Fyg, is totally split for each j # ¢, then we must

#FS,F(SSS 15) ~ CFp¥ =
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have that Gal(E/k) = G. In particular, any E € F3 p(Ss; 2) whose Galois closure group is
not GG cannot satisfy this local condition at any prime that splits completely in F'.

Let S be a finite set of primes p of £ that split completely in F'. For each p € S, let ¥,
be the subset of F3 (S3;00) consisting of those E that do not satisfy the local condition
described above. By [DW8S], there are positive constants d,, bounded uniformly away from
1 for p sufficiently large, so that

#{E € Fsp(Ss;z): E€ Sy forallpe St ~ep-[[6,-x
pes
as X — oo. From the discussion above, the set on the left-hand side contains all extensions

E € F; p(Ss;x) whose Galois closure group is not G, and the right-hand side may be made
arbitrarily small by choosing S sufficiently large. This gives the claim and the theorem. [J

Next, we need a uniform upper bound on the sizes of the fibers. This is essentially provided
by a result of Lemke Oliver, Wang, and Wood.

Lemma 3.2. Let G = S50 B and T = S§* with quotient map q: G — G/T = B. Assume
that Stabg 1 < ¢~ !(Stabg1). For each m € Sur(Gy, B), every X > 1, and every ¢ > 0, we
have

0 € 7 i ¥] < X) = Opgpn (LIPS )
where F is the subfield of k fived by m'(Stabg 1).
Proof. As in the proof of Theorem we have that
#{v € ¢ (m) + [disca )| < X} < e - #F5,p(S3; X/ | discp(m) ),
where ¢ is as in (3.1). On noting that discp(m) = disc(F/k) and cg = O,,(1), the result
then follows from [LOWW?21| Corollary 3.2]. O
We may now prove Theorem [I.9]

Proof of Theorem[1.9. We use Theorem [2.1]in concert with Lemmal[2.3] The precise counting
of fibers is provided by Theorem [3.1], while the uniform upper bounds on fibers are provided
by Lemma It therefore remains to check the criterion for convergence. We first note

that, with f(7) determined by Lemma

2/3
S ) e Y AT

: o
meSur(Gy,B) meSur(Gy,B) |dISCB<Tr)| ‘

Clg[2]|/3
3 | Clp[2]]

Sm [disc(E/R)[—<’

FeF,, 1 (B;00)

where we have invoked Lemma [2.3]in the second line. We now recall that in the hypotheses
of Theorem [I.9] we have assumed there is some 6 > 0 so that

S IO < X
FEFm 1(B;X)

for every X > 1. If § < 2, then the criterion for convergence is satisfied by partial summation,
and this yields the first claim. If 6§ > 2, then the criterion for convergence is not satisfied,
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and we instead find on using Lemma [3.2] directly that

T 1(G: X) < 3 | Clp[2]*/? X r Xt
Sm,k ) k,m,e ‘ dlsc(F/k’)’ZiE k:,m,e .
FE]:mA’k(B;Xl/S)

This completes the proof of the second claim, and thus the theorem. 0]

4. INDUCTIVE BOUNDS FOR H!

In this section, we prove a number of bounds for H) (k, A) where A is some Gj-module.
For this section, we will use the usual additive notation for the group operation in A. The
group H} (k, A) is closely related to class group torsion. This is clear when A carries the
trivial action, as H} (k, A) = Hom(Cl, A) in this case. For arbitrary Gj-modules, one key
way to understand H! (k, A) is through the restriction map

H! (k,A) — H! (F, A) = Hom(Clg, A),

where F is the field of definition for A as a Galois module. This gives the bound of Lemma[4.1]
below that was stated in the introduction.

For an abelian group A, let A := Hom(A,Q/Z) denote the Pontryagin dual. If A is a
G-module for some group G, then A is naturally a G-module via (g¢)(a) = ¢(g~'a) for
geGandae Aand ¢ € A.

Lemma 4.1. Let k be a number field, F/k a finite extension, and A a Gy-module constant
over F. Then

[Hy, (k, A)| < AP - Home, (Clp, A),
and in particular
\HL (k, A)| < ac | disc(F/Q)[A/>,

where d(A) is the minimal number of generators for A as a G-module.

Proof. Let G = Gal(F/k). The inflation-restriction sequence gives an exact sequence
0 — HYG,A) —— HY(k,A) —— HYF, A)°.

Thus the kernel of H! (k, A) — HL (F, A)¢ is a subgroup of H!(G, A) and hence of size at

most |A|F*#. Since G acts trivially on A, we have that H! (F, A) = Hom(Cly, A), and the

G-invariant elements are precisely the G-equivariant homomorphisms Homg(Clg, A). Thus
| H,, (K, A)] < [A]F - | Home (Cle, A)].

If we let Fy be the field of definition of A, since Gal(Fy/k) is a subgroup of | Aut(A)|,
we have |A|[F0:k] <4 1. For any two finite G-modules A, B, we have a natural bijec-
tion Homg(A, B) — Homg(B, A). Thus |Homg(Clg,, A)| = |Homg(A, Clg,)| is at most
| Clg, |*4). Using Minkowski’s bound gives

[ Hy, (K, A)] < AP | Gl [* <y | dise(Fo/Q) D27 < [ dlise(F/Q)| D2+,
U

A weaker version of this bound was used in [AIb20]. Improved bounds for |H} (k, A)| are
the primary reason that our results beat the unconditional upper bounds proven in [AIb20)]
for solvable groups.
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4.1. Inductive Bounds. We will get better bounds than Lemma by a strategic appli-
cation of the (co)induced module.

We consider an extension of number field E/k. We recall the definition of the induced
module Ind},(A) = Z[G)] @z, A. Shapiro’s lemma states that H'(k, Indj(A)) = HY(E, A).
(Recall that when moving between a group and a finite-index subgroup that the induced and
coinduced modules are isomorphic.) We will need the restriction of this to the subgroups of
unramified coclasses.

Lemma 4.2. Let k be a number field with finite extension E. Let A be a Gg-module. Then
Shapiro’s isomorphism H'(k,Ind},(A)) = H'(E, A) restricts to an isomorphism

H,,,(k, Ind(A)) = H,,(E, A).
Proof. This follows from the commutative diagram [SUI4, Equation (3.3)] when the bottom

row is restricted to inertia. In fact, Skinner-Urban state this result in words a couple of
paragraphs below this diagram. O

By making strategic use of Lemma [4.2] we can prove the following bounds for |H}, (k, A)|
that are useful in inductive arguments.

Lemma 4.3. Let k be a number field and F/k a finite extension. Let A be a finite G-module
constant over F. Let G = Gal(F/k). Suppose

e H C G is a subgroup,
o M C A is a sub H-module.

Then
|Hy (R, A)] < | H, (k, Core(M)| - [Hy, (", A/M)| - [A: M]F"H[A : Core(M)]*7H7,
where Core(M) = (,cq, 9M is the Gy-core of M and w(F'/k) equals the number of places
ramified in F/k (including infinite places). In particular, we also have
| Hop (b A)| <jage | Hy, (k, Core(M))] - |H,, (F¥, A/M)| - | disc(F/Q)]".
Before proving Lemma [£.3], we discuss how it may be used to improve upper bounds for

|H! (k, A)|. Savings occur in essentially two ways:

e Moving from A to the pair Core(M), A/M reduces the size of the modules being
considered by a factor of [M : Core(M)]. This translates into savings which are
potentially significant for large modules that have few indecomposable factors.

e The presence of F# in place F in the second factor introduces additional savings.
This piece can then be bounded in terms of torsion in Clpr instead of Clg using
Lemma [£.1] which is typically smaller.

Proof. The proof is via using exact sequences to bound the size of various terms. Consider
the homomorphism

¢+ A — Colnd$(A/M) := Homyy (Z[Gal(F/k)], A/M)
defined by a +— (f, : 7+ raM). The kernel of this map is
{a € A:ga e M for all g € Gal(F/k)} = Core(M).

Thus we have an exact sequence

(4.1) 0 —— Core(M) — A —2— Colnd$,(4/M).
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By taking the corresponding long exact sequence of cohomology, we have an exact sequence
HO(k,im ¢) —— H(k, Core(M)) —— H'(k,A) —=— H'(k,im ¢),

as well as the analogous sequence when k is replaced by any inertia group I, of Gal(F/k).
Next, we need to consider the unramified parts. We apply the snake lemma to

H(k, Core(M)) L s H'(k, A) —2—— H'(k,im )

| | |

0 —— [1I, H'(L,, Core(M))/6(H (I,,im ¢)) —— [], H'(I,, A) —— T[], H*(1,,im ¢).
Just looking at the kernels from the snake lemma, this implies
Sel(k, Core(M)) —— H! (k,A) —— H] (k,im ¢)
is exact, where Sel(k, Core(M)) fits into the exact sequence

0 —— H, (k,Core(M)) —— Sel(k, Core(M)) —— T[], 6(H*(1,,im ¢)).

Thus,
(42) [HL, (k, A)] < [Sel(k, Core(M))| - [HL, (k,im ).
We now bound |Sel(k, Core(M))|, starting with
Sel(k, Core(M))| < |HL, (k, Core(M H I6(H(I,,im ¢))].

If v is unramified in F'/k then the connecting homomorphism § is trivial on H°(I,,im ¢),
and otherwise
I6(H(I,,im ¢))| < |im ¢| = [A : Core(M))].
Thus we have bounded
(4.3) Sel(k, Core(M))| < |H}, (k, Core(M))|[A : Core(M)]* /P,

In order to bound H_,.(k,im ¢), we obtain another exact sequence from (4.1]),
HO(k, coker ¢) —— H'(k,im ¢) —— H'(k, Colnd%(A/M)).

The analogous exact sequence for I, in place of k, and commuting restriction maps, imply
we have a map

H! (k,im ¢) — H} (k, CoInd$(A/M)).
whose kernel has size at most |H°(k, coker ¢)|. Thus,
|H,, (k,im )| < [HO(k, coker ¢)| - |H,, (k, Homg ) (Z[Gal(F/k)], A/M))|.
We have
| Homgm)(Z[Gal(F/k)], A/M)| _ [A: M]I"H
| im ¢| [A : Core(M)]
Shapiro’s Lemma restricted to the unramified classes (Lemma implies
H, (k, Homgm (Z[Gal(F/k)], A/M)) = H, (F" , A/M).

|H(k, coker ¢)| < | coker ¢| =
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Thus we have shown
(A MIF H:k]
[A: Core(M)]
Multiplying (4.3) and (4.4)), and applying (4.2)), gives
|H,,.(k, A)| < |H}, (k, Core(M)) - |[A : Core(M)[*"/M=1 - [A - M| H (F, A/M)),
concluding the proof of the upper bound.
For the < upper bound, we use the fact that G acts faithfully on A, and thus [F¥ : k] =

|G|/|H| is bounded in terms of |A]. Also ¢*/F) <, disc(F/Q)¢ for any fixed constant c.
This gives the < upper bound. O

(4.4) (L, (k,im 9)]| < |HL, (F?, A/M)].

4.2. Applications. In several of the examples detailed in Section [7} we reference Lemma
directly so that we can choose M and H optimally for the given situation. However, in
practice it can be difficult to determine which pairs M, H are optimal for using Theorem
LI1l

We first give a simple lemma to let us compare between a module and its submodules.

Lemma 4.4. Let 1 : A; — Ay be an injective homomorphism of Gy-modules. Then
| Hyp (B, AV < [Ag 2 Ay - [Hy, (F, As).
In particular,
| Hop (b, Av)| < g | Ho (B, A2
Proof. The long exact sequence of cohomology gives an exact sequence
HY(k, AyJA)) — H'(k, Ay) — H' (K, Ay),

and thus the kernel N of H! (k,A;) — H} (k,Ay) is surjected onto by a subgroup of
HO(IC,AQ/Al). Thus,

< |H°(k, Ay /Ay)| - |H,, (K, As)|
< |Ag/Al - [Hy, (K, As)|.
OJ

Corollary in the introduction includes some special cases for which we know how to
make an optimal choice for M and H in Lemma [1.3]

Proof of Corollary[1.13 Part (i): Let My = A. We define Gp-modules M; and N; recursively,
such that N; is the G-module generated by g.m — m for g € G, and m € M; and M, =
Core(N;). We then apply Lemma with A = M;, and H = G = Gal(F/k), and the M
from Lemma [4.3| being our N;. Since Gy, acts trivially on M;/N;, we have |H} (k, M;/N;)| =
| Hom(Cly, M;/N;)| <, a; 1. Thus we obtain

|Hy, (K, M;)| <)age |Hy, (k, Core(Ny))||Hy, (k, M;/N;)|| dise(F/Q)|
i jape |Hop(ky Mijr)]| disc(F/Q)|".

If we let A; = A and let I',(A) be the Gj-module generated by g.m —m for g € G, and
m € I'/;'(A), then we can see inductively that M; C T'%(A). That A is nilpotent means that
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I',(A) for some j, and thus M; = 0. In particular this j is bounded in terms of |A|, and so
we can apply the above inequality inductively to obtain the statement of part (i).

Part (ii): Every proper subgroup of a simple module is necessarily core-free. Given a simple
module A of exponent e, choose some element a € A of order e. By the classification of finitely
generated abelian groups, there exists a proper subgroup M < A for which A = (a) & M as
abelian groups. We know that Core(M) = 1, so Lemma [4.3| with this M and H = 1 implies

| Hop (B, A)| K jaje [Hyp (F, A/M)| - | disc(F/Q)|".
Since G acts trivially on A and hence A/M = (a), we have
| Hy (R, A)| < [Hom(Clp, ()] - | dise(F/Q)| = | Clple]| - | disc(F/Q)|".
Part (iii): We are given an embedding A’ < Ind(A). Lemmas and 4.2/ imply that
| H (e, A < tnat ) | Ha (b, Ind o (A))] = | H,,, (F, A)| = [ Hom(Clg, A)].

5. THE PUSHFORWARD DISCRIMINANT

Let G be a finite permutation group, and 7" a normal subgroup of G. We give G /T the
regular permutation action (i.e. by left mutiplication on the set of group elements). We
expressed the inputs of Theorem [[.11]in terms of the image

¢ Sur(G, G; X) = {m € Sur(Gy, G/T) : m = q.p for ¢ € Sur(Gy, G; X)},

which under the Galois correspondence is (up to multiplicity) the set of G /T-extensions L/k
in k for which there exists a Galois G-extension F//k with F7 = L and | disc(F>tPc() /Q)| <
X. The asymptotics of this particular set have not been studied previously to our knowledge.

The primary difficulty is that ordering by the discriminant of a lift to a G-extension need
not agree with a discriminant ordering for G/T-extensions. The purpose of this section is to
define the pushforward discriminant g, disc on Sur(Gy, G/T) in order to have an invariant
we can relate to the discriminant of a G-extension lifting a G /T-extension. The point of the
definition will be that

(5.1) ¢« Sur(Gy, G; X) C {7 € Sur(Gy, G/T) : q. disc(m) < X}

For a prime ideal p of k, let k, denote the completion of k£ at p. For each prime ideal p
of k, we fix a choice of k-homomorphism k — k, giving a fixed choice of homomorphsim
Gr, — Gy. Given a ¢ € Sur(Gy, G), the relative discriminant ideal disc(v) is given as a

product of local factors
disc(y) = [[p"®,

p

where the product is over prime ideals p of k, and f,(¢) is the local Artin conductor at p
of the composition of 1) with the permutation representation of G. In particular, at a tame
prime p we have f,(¢) = ind(¢)(7y)), where 7, is a generator of tame inertia.

Let ¢ : G — H be a group homomorphism. For 7, € Hom(G,, H) and 7 € Hom(G, H),
we define
(5.2) ¢ fo(my) = wpeHggli(%kp 7g)fp (¢p) and ¢« disc(m) = I;Ipq*f*’(ﬂp),

qoYp=mp
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where by convention g, f,(7,) = oo if there does not exist a 1), € Hom(Gy,, G) lifting 7, €
Hom(GY,, H). This immediately ensures ({.1)).
We define the pushforward of the index function to be

(5.3) ¢« ind(gT) = oin, ind(h),

so that for tame places
(g, disc ) > q. ind(q, (7))

for 7, any generator of the tame inertia group at p. We then obtain the following conjecture
following from a heuristic of Ellenberg and Venkatesh [EV05, Question 4.3].

Conjecture 3 (The Weak Form of Malle’s Conjecture for Pushforward Discriminants).
Let k be a number field, G a finite permutation group with normal subgroup T < G, and
q: G — G/T the quotient map. Then

#{m € Sur(Gy,, G/T) : q, disc(r) < X} <, XVaG—Dte
where (G —T') = mingeq_rind(g).

Ellenberg and Venkatesh’s heuristic is known to hold for nilpotent groups, from which
Conjecture 3| for G/T nilpotent follows. This follows from the discrimnant multiplicity
conjecture for nilpotent groups [KW22, Theorem 1.6], or is proven directly by Alberts in
[AIb20), Corollary 5.2] (with N = G a nilpotent group).

Remark 5.1. Ellenberg and Venkatesh also discuss a lower bound as part of their heuristic.
However, the lifting condition in the pushforward discriminant makes it slightly larger than
the general invariants considered by Ellenberg and Venkatesh. We cautiously expect that the
lower bound >, X/*&=T)=¢ should hold for each positive ¢, as the inequality V(s discm) >
ming(s,)—gr) ind(g) is an equality for a positive proportion of places (namely, those congruent
to 1 mod |G|). For the purposes of this paper, we only require upper bounds.

5.1. Imprimitive Extensions. Given a finite permutation group G, with subgroup S =
Stabg (1), a G-extension K/k has a proper, non-trivial intermediate extension L if and only
if the is a subgroup S’ such that S < S < G. In this case, we can let T = NyeggS'g ™,
give G/T the permutation action of left multiplication on the left cosets of S’, and L/k is
a G /T-extension. Let ¢ : G — G/T. Then we can compare g, disc to the discriminant of a
G /T-extension.

Proposition 5.2. Let k be a number field. Let G,S,S',T,q be as just above. Letn =[G : S|
and m =[G : S']. Then for all X > 0,

Surq* disc(Gk, G/T7X) Q SllI'(C;k’G/jﬂ“X'%)7

where G /T is viewed as the permutation group in degree m, so the right-hand side is ordered
with respect to discg .

Proof. Let F be the field fixed by 7—!(S’). By the definition of ¢, disc (5.2), it follows that
for each prime ideal p of k

vp(g«disem)| _ min disc .
[p | yp€Hom(Gp, ,G) | (%)l
qoYp=mp
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Let Ly, /k, be the G-étale algebra corresponding to v,. Notice that the subalgebra Li; fixed
by S’ is necessarily the localization F,. Then the proposition follows from
| disc(Ly, )| = |diSC(Fp/kp)[S/:S]|'
Thus, |g. disc(m)| > | disc(F/k)[15"5) = | discg 7 (m)|"/™ and the proposition follows. O
5.2. Corollary follows from Theorem and Corollary Let G be an
imprimitive permutation group with tower type (A, B), that is G C A B with G surjecting
onto B and A™ N G surjecting onto A through each projection map. Suppose that
> |Hom(Clp, 4)] < X"
FEFm k(B;X)
Let S = Stabg(1), and S’ be the preimage of Stabg(1) in G. Then let T = A™ N G, so
T = NgecgS'g~". We apply Proposition to show that
¢ Sur(Gy, G; X) C Sur(Gy, G/T; e X140

for some constant ¢ > 0 depending only on [k : Q] and n.
The subgroup A™ < A B carries the induced module structure by definition, that is

A B =Ind?(A) x B.
Given any F' € F,, x(B; X) corresponding to some 7 € Sur(Gy, B), we then necessarily have
and isomorphism of Gi-modules

Ind?(4)(r) = Ind’(4),

where A carries the trivial Gp-action. We now see that our choice of T = A" NG =
Ind?(A) N G necessarily admits an embedding T(7) < Ind%(A) as Gg-modules. Corollary

[1.13|(iii) then gives
| Hop (B, T(7))| Ky | Hom(Clp, A)].

Putting these together, we find that

> HL (R T(m)] Kma 3 | Hom (Clp, A)|
mE€qx Sur(Gg,G;X) rESur(Gy,G/TieX /1Al
G XM
Clearly 6 < % if and only if 0/|A| < 1/a(A™ NG) = 1/a(T), so the conclusions of

Corollary follow directly from the conclusions of Theorem [I.1

6. GROUPS CONCENTRATED IN AN ABELIAN SUBGROUP

When T is an abelian group, Conjecture [2] has been completely solved by Alberts and
O’Dorney [AO21]. In this section, we prove the upper bound of Conjecture [2] for abelian T
with enough uniformity for our desired applications.

Theorem 6.1. Let G be a transitive subgroup of degree n, T' < G an abelian normal subgroup
with quotient map q : G — G/T, and 7 € q. Sur(Gy, G). Then

H! (k,T
#{ € q*_l(ﬂ) D discq(¥)] < X} = O kq,e ((q* ’dlgéi(;r);f/rz()l)e

Together with Theorem [2.1] this will be sufficient to prove Theorem [I.11]

Xl/a(T) (log X)b(k,T(Tr))—l) ]
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Proof of Theorem[1.11]. Let T < G be an abelian normal subgroup for which the hypotheses
of Theorem is satisfied. We will prove that the hypotheses of Theorem [2.1] are also
satisfied with a = a(T) and b = max, b(k, T(7)).

Alberts gave a bijection between the fiber and “surjective corssed homomorphisms valued
in the Galois module 7'(7) in [AIb21, Lemma 1.3], and further proves that this respects the
coboundary relation in [AIb21 Lemma 3.5] to conclude that

#{) € ¢} (7) « [ disca(¥)| < X}
= |T(m)/T(m)°| - #{[f] € H'(k,T(m)) : f 7 surjective, | disc(f *7)| < X}.

The asymptotic growth rate cX'/%T)(log X )**T(™)=1 for this function is given directly by
[AO21], Theorem 1.1 and Corollary 1.2] for 7" abelian with no local restrictions. We remark

that, for any = with b(k, T'(7)) < b, we may take c¢(m) = 0 so that Theorem [2.1(1) is verified
for each fiber, even if that fiber does not contribute a positive proportion of extensions.

Remark 6.2. [AO21] was originally published with an error in the main theorem, which
has been corrected in the Corrigendum [AO23]|. This error applied to local restrictions -
in certain cases (generalizing the Grunwald-Wang counterexample), the generating Dirichlet
series cancels out completely and there are no elements of H'(k, T'(7)) satisfying that family
of local conditions.

In our setting, we are not considering any local restrictions whatsoever, which is equivalent
to taking L, = H'(k,, T'()) for all places p. This is a viable family of local restrictions in
the sense of [Woo09, [AO23|, as certainly the trivial class 0 satisfies these local conditions.
For this reason, the results we are using from [AO21| are correct as stated in the original
publication.

Theorem [2.1f(2) follows from Theorem [6.1] with
| H,, (k, T(m))]

¢« discg(m))t/a(T)—e

if 7 € q. Sur(Gg, G), and f(m) =0 if 7 € ¢, Sur(Gy, G) (as the fiber is empty in this case).
Recall that we have assumed there is some 6 > 0 so that

ST HL (kT ()] <op X
TEgx Sur(Gy,G;X)

f (7T) <<n,[k:@] € (

From this, we find that

|HL.(k, T(r))] 01 alT
> f(m) e > e L oe 1+ XI7HaT)Fe
” JaT)— Sk
mEgx Sur(G,G;X) wE€q« Sur(Gy,G;X) (Q* dlSCG(ﬂ'))

1
a(T)"

In particular, the criterion for convergence (Theorem (3)) holds if 6 <

may apply Theorem in this case, which yields Theorem [L.11{i).
If 0 > 1/a(T), we bound the sum of the fibers directly as

#Sur(Gr, G5 X) = > #{Yeq (n) [ disca(¥)] < X}

TEQs Sur(Gg,G;X)
<<n,k:,e Z f(ﬂ_)Xl/a(T)—I—e
TEQs Sur(G,G;X)
<<n,k,e X0+€7

Thus, we
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proving Theorem [L.11(ii). O

The remainder of this section is dedicated to proving Theorem

6.1. Bounding by local factors. We will use the cohomological framework of [AO21] to
access the fibers, and bound them in terms of the Euler product of local factors

(6.1) MBk(T,w;s):H% S Jdisca(n) | |
p

waqzl(ﬂka)

where discg (1)) is the discriminant of the G-étale algebra corresponding to ), over ki,
and the product is over all finite and infinite places of k. This is an analog to the Malle—
Bhargava local series [Bhal(), Woo16|, and is equivalent to the Euler product appearing in
[AIb21), Theorem 3.3].

Lemma 6.3. Let G be a transitive subgroup of degree n, T' < G an abelian normal subgroup
with quotient map q : G — G/T, and 7 € g, Sur(Gy, G).
Let {a,,} be the Dirichlet coefficients of MBg(T,m; s), that is MBg(T,7;8) = > amm™°.
Then
#{v € ¢ (m) : | disca(v)] < X} < [Hy (b, T(m)] - ITRI" D am.

m<X

Proof. Alberts gave a bijection between the fiber and a certain set of crossed homomorphisms
in [AIb21, Lemma 1.3]. Any nonempty fiber ¢, '(7) containing an element 7 is parametrized
by crossed homomorphisms Z'(k, T(7)) valued in the Galois module T'(7) with action z.t =
7(z)tw(z)~t. Alberts used this to define a twisted version of the number field counting
function predicting the asymptotic growth rate of the fibers via the set

Sur(Gy, T, 7, X) == {f € Z'(k,T(7)) : f* 7 surjective, |discq(f *7)| < X}.

Here, (f *7)(x) = f(x)7(z) is the pointwise product of these maps and is necessarily a
homomorphism. We remark that, in the case that T is abelian, the module 7'(7) depends
only on 7 so we will often abuse notation write 7'(7). While the set itself depends on the
choice of lift 7, this set is in bijection with the fiber {¢) € ¢;'(7) : |discg(v))| < X} so that
the cardinality is independent of the choice of lift.

The srujectivity and discriminant conditions are shown to factor through the coboundary
relation in [AIb21, Lemma 3.5|, which implies

#{v € ¢ (1)« [disca(¥)] < X} = |T(m)/T(m)°| - #{[f] € H'(k,T(m)) : f € Sur(Gy,, T, 7 X)}
< #{[f] € H'(k,T(7)) : |disca(f *7)| < X}.
Thus, it suffices to bound the counting function
H'(k,T,7; X) == {[f] € H*(k,T(n)) : | discg(f * 7)| < X}.

This is precisely the type of counting function considered by Alberts—O’Dorney in [AO21],
with no local restrictions and admissible ordering given by discz(f) = disc(f * 7).

We need to use the description of the generating Dirichlet series for H' (k, T, 7; X ) given by
[AO21], Theorem 2.3], which we summarize here: Let H'(Ay, T'(7)) be the restricted direct
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product
{([fp]) € HHIU{?p,T(ﬂ')) . [fo] € HL (K, T(m)) for all but finitely many p} .

[AO21], Theorem 2.3] uses Poisson summation to prove that, for sufficiently nice functions
w: HY(Ag, T(7)) — C, it follows that

(k. T() A
2. U= T mi], 2 o

feHY(k,T(m)) heH (k,T(m)*)

where 1 is the Fourier transform of w with respect the to Tate pairing, for f € H'(k,T(m))
we take w(f) = w((fley, )p) for (fle,, )w € HY (A, T(r)), and T'(7)* = Hom(T(7), 1) is the
Tate dual module of T'(7) with values in the group of roots of unity.

Let w(f) = |discg(f*m)|~* for some s € C. Alberts—O’Dorney show that [AO21, Theorem
2.3| applies to this function in [AO21, Proposition 4.1|. This function is multiplicative in
the sense of [AO21, Definition 3.1|, which implies its Fourier transforms are Euler products.
More precisely, the Fourier transforms are given by

) 1 | .
w(h) = 1;[ T (e, T(7))] > ()| disca(f + )]

(fleH (kp,T'(m))
for each h € H'(k, T(m)*) with hy = hlg,,, Tp = 7|g,,, and

(.) + H'(ky, T(m)) x H' (ky, T(m)") = po

the local Tate pairing.
Moreover, this w function is periodic with respect to the unramified coclasses by [AO21]
Proposition 4.1], which implies its Fourier transform has finite support

HL.(k,T(x)*) = H'(k,T(x HH1 (ky, T(m

the annihilator of the unramified coclasses in H*(k, T(?T)*) under the Tate pairing.
All together, these facts give a concrete description of the generating series

S Jdiscolf + M) = TN s,

0 *
fGHl(k‘,T(ﬂ)) ’H (k7T(7T) )| hGHi,.*(kyT(Tr)*)

with

w<h>—1;[ m ST (f by disea(f # F) [~

[fleH (kp, T(r))
Let {a,,(h)} be the Dirichlet coefficients for w(h), so that w(h) = > a,,(h)m ™ and

|HO(k, T(7))]
6 T 7 X) = s T ))IheHlZ m;(am

17‘*

The Tate pairing is valued in roots of unity, so in particular |(f, h)| = 1 = (f,0) for any
f,h. This directly implies that the coefficients satisfy |a,,(h)| < am(O) oreover, |[Alb21]
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Proposition 3.6](ii) together with the bijection between crossed homomorphisms and fibers
given by [AIb21l Lemma 1.3| implies that @w(0) = MB(T,7; s), so that a,,(0) = a,.
Thus, we have shown
BT 1 ) S
|HO(k, T (m)")]

m<X

#H'(k, T, 7 X) <

Finally, we apply the the Greenberg—Wiles identity [NSW13, Theorem (8.7.9)] to control
the size of the dual Selmer group H! .(k,T(w)*). This identity states that the dual Selmer
group is related to the usual Selmer group by

|Hy (k, T(m)|_ [HO(k, T (7 H | H.y (K, T()))|
[HL-(k, T(m)) — [HO(k, T(r)")] IH0 kp, T(m))|

The product is supported only on infinite primes, of Wthh there are at most n. We then
conclude

BH (k, T,7: X) < [HL (b, ()| [T 1H (o, T(0))| Y
ploo nsX
< |Hy (k, T(m)| - |TRI" D am.

O

6.2. Complex Analysis. It now suffices to prove an upper bound for the sum of coefficients
of MB(T, 7; s), so that Theoremwill follow from Lemma . We will do so by applying a
Tauberian theorem to a smoothed sum of the coefficients, which means we need to understand
the structure of MBy (7', 7; s) as a meromorphic function.

It is proven in |[AIb21, Theorem 3.3] that MB (7', 7; s) convergese absolutely on Re(s) >
1/a(T) and has a meromorphic continuation to an open neighborhood of Re(s) > 1/a(T)
with a pole at s = 1/a(T") of order b(k,T'(7)). We will need some more information in order
to make the dependence on 7 explicit, so we prove the following lemma constructing the
meromorphic continuation.

Lemma 6.4. Let G be a transitive subgroup of degree n, T' < G an abelian normal subgroup
with quotient map q : G — G /T, and © € q. Sur(Gy, G). Then there exist Dirichlet series
Q(T,m;s) and G(T,m;s) and a Galois representation pq(ry for which
MBy(T,7;5) = Q(T,m; s)L(a(T')s, par))G(T, 73 5),
and such that
(i) For any integer d > 0, the d' derivative of Q(T,;s) is bounded by

|Q(d) (T, m;8)| <nafrqle g disc(m) |_Re(s)+E
for any € > 0 on the region Re(s) > 0,
(i) For any integer d > 0, the d* derivative of G(T,m;s) is bounded by
|G(T, 75 5)| e 1
on the region Re(s) > ﬁ +¢€ for any € > 0, and

(111) For a positive integer d > 0, the representation pg : Gy, — GL(C[Ay]) is the permutation
representation given by the Galois action on Ay = {t € T : ind(t) = d} defined by

gt (T(tF(g) ")) for some lift 7 € ¢ (n).
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The functions Q(T,7;s) and G(T,;s) will be given explicitly in the proof. We chose to
state the lemma in this way so that it can be more directly applied in the proof of Theorem
[6.1] The proof is similar to that of [AIb21, Lemma 3.5] and [AIb24, Corollary 3.3, although

the detailed information we require for Q (7', 7; s) is not present in these pre-existing results.

Proof. We first consider the FEuler factors for tame primes which are not ramified in 7. The
tame decomposition group at such p has presentation

tame __ . —1_—Ip|
G = (7p, Frp : FrprFr W),

If p | p for some rational prime p, local class field theory implies that the local cyclotomic
character Gy, — Q' sends Fry + [p|. Thus, for any prime p 1 |T'] it follows that x(Fr,) = |p|
mod |7T'|, so we may equivalently write

G}fpme = (1, Fry : FrpTFrng_X(Fr")>.
The Euler factors can then be written as

1 . —s 1 —in
[ > [disca(ty)] = > [p| =

-1
€qy T T,yGG
Pp€gs ( |ka) yry—Lrx(Frp)_
TT=m(Tp)
yT=m(Frp)

whenever p { |T'|oo. The additional assumption that p is unramified in 7 implies 7(7,) = 1,

so that
1 : —s 1 —ind(7)s
T > |disca(vy)| " = 7] > [p| 1,
vrear nla,) RN S
yT=m(Frp)
Consider that T abelian implies yry ' = 7(Fry) 77 (Fry), as yT = 7(Fr,)T = 7(Fry). Thus, if
ind(7) = d then yry~t7 X% = 1 if and only if 7 = (7(Fr, )77 (Fr,) 1) x(Fr,) is a fixed point

of the permutation action on Ad. By the definition of p; as the permutation representation,

this implies
1 _ —ds
|| Z | disca ()|~ |T| Z Z Z bl

-1 d>0 e TEA
S U Y g
Yp€qi ( ‘ka) yT=n(Frp) 7 fixed point

=) trpa(Fr)[p|

d>0

=14 trpa(Fry)[p|~*,

d>1

where the last equality follows from Ay = {1}.
Consider that p is ramified in 7 if and only if p | g, discg(7) by definition. We now set

or,ms) = I % S [disca(ty)

plg« discg ()| T'|oo wpeq;l(ﬂck )

det (I — (pagr) (Fry)[C[Aqer)] ™) [p72)
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and

G(rms) = ] <1+Ztrpd<Frp>\p\dS> det (1 = pagr) (Fry)[p| ™).

ptgs« discg ()| T |oco d>1
By construction, these formally satisfy the relation
MBi(T,7;s) = Q(T, 7, s)L(a(T)s, parr))G(T, 73 5),

and so this identity holds on the region of absolute convergence for MB (T, m;s) (i.e. for
Re(s) > 1/a(T)). It now suffices to check the properties in parts (i) and (ii) (since part (iii)
is just the definition for p,).

The Dirichlet series Q(7T',7; s) is in fact a Dirichlet polynomial, being a finite product of
polynomials in |p|™*. Writing Q(T',m;s) = >, ax(a)|a|*, we immediately conclude that

QT m;5)| = | D an(a)(—log |a])]a|

Kae Y lax(a)|la] T
a

—Re(s)+e
Lae #{a: az(a) # 0} - max |a,(a)| - ( min |a|>
a o (@) £0

on the region Re(s) > 0. Thus, it suffices to give bounds for these three factors.

e We first bound the length of the sum, i.e. the number of a for which a,(a) # 0, by
bounding the number of terms in each Euler factor. If p is a tamely prime in 7, then
there are at most

| Hom(Gy,, G)| - (dim pocry + 1) < |G
terms. If p | |7 is a wildly ramified prime, then there are similarly at most
[ Hom(Giy, G)| - (dimn pagry + 1) < G108+,

where d(Gy,) is the number of generators for the decomposition group at p, a number
depending only on [k : Q]. If p | oo is an infinite prime, then disce(¢,) = 1 by
convention, so this contributes at most to the coefficients themselves and not the
number of terms. Overall, this implies

#{a:az(a) £0} < JTI1G1H ™ I |G

pl|T| o T
plgx disc(m)

<<n,[k::@] |G|3W(q* disc(m))
L, [kQle |+ dise(m)|

e Next, we bound the values of the function |a,(a)|. For each finite prime p the
coefficient of |discg ()| is 1, while the coefficient for |p|=® in the determinant is
bounded in absolute value by |G| by pg a permutation representation (so any matrix
in its image is a permutation matrix of dimension |4, < |G|). Distributing implies
that the coefficient is no more than 1 times | Hom(Gy,, G)| - |G| (an upper bound for
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the number of possible products of terms). In this case, we must also consider the
infinite places, where we note that if p | oo then

1 . - | Hom(Gh,, G))|
[ S — <
T Y. Idisca(f * Ty, T < |d]

fezt (kp,T(m))

by the infinite decomposition groups all being cyclic. Thus, we can use a similar
upper bound to the last bullet point to show that

max |ar(a)] < [TIGI [T l¢1*@» T 16

ploo plIT| Pl T
plg« disc(m)

Kne |gs disc(m)]c.

Finally, we determine the smallest integer in the support of a. This is the product
of the smallest degree terms from each Euler factor. If p is not ramified in 7, then
certainly exists an unramified lift ¢, € ¢, 1(7T|ka) (because Gal(ky"/k,) = <Frp> is a
free group) which satisfies discg(1),) = 1. In these cases the Euler factor would have
a constant term. if p is ramified in 7, then the minimum degree term is given by

min | discg ()]
%Gq*_lﬂckp

Appealing to the definition of the pushforward discriminant (5.2)), this is given by

min  |discg(¢,)] = min ‘p’fp(wp)
PVp€Qs 17r|Gk Yp€Qs ﬂka
= ‘p @+ fo(¥p)

_ |p|l/p(q* discg () )

Multiplying these together, we have shown that |g, disc(7)| = ming, ()0 |al.

All together, we have proven that

QY(T, m;5) Lnafrale |q. disce(m)| RT3

on the region Re(s) > 0, so replacing € with ¢/3 concludes the proof of part (i).

Part (ii) is proven similarly. Write G(T',m;s) = >, fr(a)a®. G(T,m;s) is a product over
tame places, so by the same argument as above each coefﬁment in the Euler product at p is
bounded above by |G]?. Moreover, the smallest degree term appearing in this Euler product

is [p| @@+ as the |p|~4T)* terms cancel out after distributing. Let f be the characteristic
function supported on ideals of k for which p | a = ,(a) > a(T) + 1. Then

B (a)] < |G f(a) < f(a)lal”

For any d > 0, we have

T, 75 s) Zﬁﬂ )(—log |a|)|al~*

The corresponding absolute series is bounded by

Z!Bﬁ (log |af)“|a| |<<nder (a)la||a||a| =
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_ H 1+ i ‘p|e(—Re(s)+25) 7
p

e=a(T)+1

where converges absolutely on the region Re(s) > and is independent of 7. O

1
a(T)+1

This is sufficient to apply a Tauberian theorem to MB(T,7;s). In order to carry the
dependence on 7 through this argument, we need more information about the Artin L-
function L(a(T')s, pa(ry). Luckily, permutation representations are particularly nice.

Lemma 6.5. Let A be a finite set with a (left) G action and C[A] the corresponding G-
module. Then

ClA] = EBC[G/HZ-]

for H; the sequence of stabilizers of the G-orbits of A.
In particular, if G = Gy and p : Gy — GL(C[A]) is the corresponding permutation
representation, then

L(S7 p) = H Cki(s)a
i=1
where k; is the field fized by the stabilizer H; < Gy.
Proof. Decompose A into a disjoint union of G-orbits Oy,...,0,,. Then

C[A] = EB(C[(’)Z-].

For each element x € O; and g € GG, we necessarily have that g.x = gh.x for every h €
Stab(x). If we fix a base point of each orbit z;, then

C|O,] = C[G/ Stab(x;)].
We remark that changing the base point of O; only changes the stabilizer up to conjugation,
and C[G/H] = C[G/HY)] as G-modules.
In particular, for G = G}, this implies

n

P = Zlndgf(le)7
i=1
where 1y, is the trivial representation on H; so that

L(s.p) = [ Lls. ind (1))

Artin L-functions are invariant under under representations, so we have proven that

L(s.p) = [[ 26 1) = [ 6u5)

0

Finally, we will require an analog to Lemma (i,ii) for the Dedekind zeta function. It
turns out that knowing an analogous upper bound at s = 1 will suffice, so we prove the
following lemma on the Laurent expansion.



36 B. ALBERTS, R.J. LEMKE OLIVER, J. WANG, AND M.M. WOOD

Lemma 6.6. Let K be a number field of degree n > 2. Let (x(s) denote its Dedekind zeta
function, and let c_q,cq,... be its Laurent series coefficients about s =1, i.e.

c_
CK(S):—8_11~|—co+cl(s—1)+....

Then for every r > —1, we have ¢, = O, ,((log | disc(K/Q)|)""+2).
Proof. For convenience, set A = max{|disc(K/Q)|,e*}. We recall the convexity bound for

Ck(s) in the following form. Let § be a real number such that 0 < § < 1. Then for every s
with real part ¢ between —d and 1 + 9, we have

1
z+ 1CK(S)

(This is standard, but see [LOS24, Lemma 4.1], for example.) On the circle |s — 1| = §, we
therefore find that

(14 |t (log A)™.

<n

[Cre(5)] < 672A%(log A)".
By the Cauchy integral formula, we then have

1 Ck(s) —2—r AG
— 7{ ——7 "A’(log A)".
r 210 Jjs—1)=s (s —1)r+! s (log &)

In particular, choosing § = 1/log A, we find that
¢r Ky (log A)™HH2,
O

6.3. Proving Theorem [6.1] Lemmas [6.3] [6.4] [6.5], and [6.6] give us enough information to
perform a contour shifting argument that keeps track of the dependence on 7.

Proof of Theorem [6.1] Following Lemma [6.3] we have
0 € ) £ |disca )] < X} <, |HL (6 T(0)] Y

<X

so it suffices to bound >, a;.
By Perron’s formula we have for ¢ = 1/a(T)

0 .
1—L
E ajgg aje X
j<X j=1

e c+e+ioco

= MB.(T,m;s) - T'(s) - X*ds.

2mi c+e—i00

We next shift the contour integral to Re(s) = ¢ — e. Lemma [6.4](i,ii) when d = 0, Lemma
and the convexity bound for Dedekind zeta functions together imply that on the region
c—e<Re(s)<c+e

IMB(T, 75 5)| e |8 — 1/a(T) 7T, diseq ()| =(1 + [¢)) )
The rapid decay of T'(s) in vertical strips then implies that

e ctedit
lim —/ MBy(T, 7 s) - T(s) - X* ds = 0.
c—etit
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Thus, the Cauchy residue theorem implies

c—e+100
Z a; < Res(MBy (T, 7; 5)L'(5) X*) s=1/a(1) + 2i MB.(T,m;s) - T'(s) - X*ds.
j<X T Je—e—ico
Once again, the rapid decay of I'(s) combined with the upper bounds for |MB (T, ;)|
imply that the integral is bounded by

e c—e+i00

9 MBk(Ta 3 3) ) F(S) - X% ds L, [k:Ql e |Q* diSCG<7T)|_1/a(T)+€X1/a(T)_€.

2mi Cc—€—100

It now suffices to bound the residue. We will do this in terms of the factorization given by
Lemma [6.4] and Lemma [6.5]

Res(MBj (T, 7; 5)['(5) X*)s=1/4(r) = Res (Q(T, ) H Ce, ($)G(T, T, S)F(S)Xs> :
( s=1/a(T)
where k; are the fields fixed by the stabilizers of the orbits in A,y = {t € T : ind(t) = a(T)}.
We now express the residue in terms of Laurent coefficients. Let ¢, be the Laurent co-
efficients of Q(T,m;s) at s = 1/a(T), ¢,; the Laurent coefficients of (,(s) at s = 1, g, the
Laurent coefficients of G(T', 7, s) and s = 1/a(T), and ~, the Laurent coefficients of I'(s) at
s =1/a(T). Then

Cr; i a r
Res(MBy(T, 7 )T (8)X®)s—t a7y = > Grg (H a(T)) Gre e X T (log X))
TQtrG+y,; ritrrtrx=—1 i
rx >0

Given that Q(T,7;s), G(T,m;s), and I'(s) are holomorphic at s = 1/a(T), we may also
restrict this sum to rg,rg, 0 > 0. We also know that ¢,; = 0 if » < —1, so we can restrict
to r; > —1. The equation 7 + r¢ + >, 1 + 0 + rx = —1 together with the lower bounds
rQ,Te, TrsTx > 0, 1, > —1 imply the upper bounds rq,r¢, ., rx,r; < b(k, (7)) — 1. This
is because the largest possible negative contribution from the left hand side is >, —1 =
—b(k,T()).

Bounding above by the largest term times the length of the series, this gives an upper
bound of the form

b(k, T(W))b(k,T(w))—M a(T
< a(T)P(k-T () 0<rora, rprg(afb(k T( |qw| H cril | 1gre] 11 X (log X))~

“1<r <b(k,T(m))—

Lemma [6.4{(i) implies that

qr <<n 7, [k:Q e |Q* dlSCG< )l—l/a(T)+

while Lemma [6.4(ii) implies that
9r <<n,r,e 1.
Lemma [6.6] states explicitly that
Cri Kol (log | disc(k;/Q)|)Fed+r+2,

We know that k; is fixed by ker m, so in particular any prime that ramifies in k; necessarily

ramifies in 7, and so divides ¢, discg(m). We also know [k; : Q] < |G|k : Q] is bounded in
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terms of n (by |G| < n!) and [k : Q]. This implies that, after appropriately adjusting the
value of e,
Cr,i <<n,[k:@],r,e |disc(ki/@)|€(n![k:Q}+r+2) <<n,[k:@],r,e |Q* diSCG(ﬂ-)le-
Lastly, v, <, 1 because I'(s) is independent of all other parameters. Putting these all
together gives an upper bound for the residue of the form
b(k, T(W))b(k’T(“))+4

_ - ~1/a(T)+2¢ x1/a(T) (|og X )7X
Lo b(k, T()), [k:Q) ¢ o (TP 0T ) D X |q. discg ()| (log X)

() b)) Qe @ discg () |72 x0T (Jog X)PRT)=T,

We know that a(T) < n and b(k,T'(7)) < |T| < n! are both bounded in terms of n. Thus,
we have shown

Res(MB(T, 75 5)['(8) X?) s=1/a(1) Kn,[k:0),e

the same upper bound as the integral term.
Put together, we have proven that

> aj K jrege |ge diseg ()| (Jog X )P
J<X

g, discg ()|~ VD e x /T (g X PRI

Multiplying by |H! (k,T(m))| gives the required bound for the fiber, concluding the proof.
U

7. EXAMPLES

In this section we give proofs for the examples given in the introduction. This includes a
summary of the results of Theorem and the Magma code used to produce them, as well
as proofs for the infinite families of examples following from the statements of Theorem
and Theorem [L.11l

7.1. Groups of Small Degree. Theorem is proven by checking the nilpotent groups
satisfying the conditions in Corollary [I.3]

Authors’ Comment. This section will be expanded prior to posting on the arXiv, detailing
what goes into the Magma code for non-nilpotent groups.

7.2. Groups of degree 6. The first degree that we prove new results for is 6. We describe
the known results for degree 6 in Table |2 to showcase the smallest examples of our methods.
To summarize, we prove Conjecture [I] for four new groups in degree 6 over an arbitrary base
field. Our main results also prove upper bounds, which we optimized for this table. We prove
the weak form of Malle’s conjecture for three additional new groups in degree 6. We do not
prove any lower bounds in this paper, but we include the currently known lower bounds in
the table for the sake of completeness.

The groups labelled as nT'd refer to the group TransitiveGroup(n,d) in Magma’s database
of transitive permutation groups. We also include a classical label for each group.

Among the concentrated groups of degree 6, there are now only three groups for which
Conjecture [1] is not yet known.

e The minimal index elements of 6T9 generate a normal subgroup Az x S3 < Hol(S3),
where S3 acts on the alternating group by conjugation.

e The minimal index elements of 6T10 generate the normal subgroup C2xCy < C2xCy,
where the Cy action on C7 is the dihedral action.
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Group Known Known Reference(s)
Asymptotic Bounds
concentrated
Ce c X1/3 [Wrig9]
Sz x Cy cg,le2 [MTTW20] over Q
A4 C4X1 2 Thm [1.11
C30Cy c; X2 log X Cor
02 ! Cg CﬁX [Klul?
54 CgX1/2 Thm Im
Hol(Ss) = 2 X2 < N(X) < X1/ [AIb21], Thm [T.11
(C3)? % Cy XYV?2 < N(X) < X1/ [AIb21], Thm [1.11
CQ ! S3 CHX [Klu12]
Sg l CQ 613X Cor
Ss X<« NX)< X [BSWT5]
' non-concentrated
Sy X173 [BW07, BEL0]
Sy XV? < N(X) < X1/2He [AIb21], Thin [L.17]
As X1m© <, N(X) < X [PTBW21, BSW15]
Ag X7n—¢ &, N(X) < X*¥?t  [PTBW21, Lem23)
Se X0 <« N(X) < X? [BSW22, [Sch95]

TABLE 2. Table of Degree 6 Transitive Groups, where N(X) := #F1(G; X)

e The minimal index elements of 6T14 generate the alternating group As < Ss.

The minimal index elements of these groups are not abelian, and the groups themselves are
not wreath products. Nevertheless, we are able to prove the weak form of Malle’s conjecture
for both 6T9 and 6T10 using Theorem [I.11]

We are also able to prove the weak form of Malle’s conjecture for the non-concentrated
group 6T7. This group is abstractly isomorphic to Sy, and our ability to prove such a strong
result is due to known results for the first moment of 2-torsion in the class group of cubic
extensions. This example demonstrates an important idea: while our methods are only able
to give an asymptotic for concentrated groups, the main results of this paper still yield very
good upper bounds for many non-concentrated groups.

We give the proofs of the new results below. For all but 6T8, 6T9, and 6T10, the proof is
either a direct citation of previous references or a direct application of one of the Theorems
or Corollaries in the introduction. The groups 6T9 and 6T10 are the smallest examples in
which we apply our inductive techniques twice to prove the best possible upper bound.

(6T1) Cg is abelian, so Conjecture [1| follows from [Wri89).

(6T2) S3 in degree 6, Conjecture (1| was proven in [BWOT7, BET10].

(6T3) S3 x Oy, Conjecture [I| was proven over Q in [MTTW20].

(6T4) Ay in degree 6, Conjecture [1] will follow from Corollary [[.10} A in degree 6 is an
imprimitive group that is realized as a subgroup of Cy ! C5. Taking T = C3 N Ay =
Vy < Ay, we find that a(7T) = 2. There is only a single nontrivial conjugacy class in

T, s0 b(K,T(m)) =1 for any 7 : Gx — A4/T = Cs.
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(6T5)

(6T6)

(6T7)

(6T8)
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It now suffices to find some 6 < 1 = |Cy|/a(T") for which
> |Hom(Clp, Cy)| < X'

Fefg’k(C;),;X)

We can do this by bounding the length of the sum and the summands independently.
We appeal to the bound of 2-torsion in the class group proven in [BSTT17| to prove

> |Hom(Clp,Cy)l= > [Clg[2]

FeFs (Cs;X) FeFs3 (Cs;X)

1 1
L[k:Qle Z | diS(:(F/(@)\TWJr€
FeFsx(Cs;X)

L [k:Qle X%m“#}—&k(@,; X).

It is known that #F3,(C3; X) < X2+ 50 that we can take § = 1 — m + €. For
e sufficiently small it follows that § < 1, so Conjecture [I] follows from Corollary [I.10]
C31C; is Kliiners’ original counter example to Malle’s Conjecture [Klii05a]. Conjecture
is proven directly in Corollary and Corollary [I.6], although the power of log X
is not explicitly computed. Theorem shows that b = max, b(k, C2(7)) where the
maximum is taken over m € Sur(Gy, Cy). One can directly calculate that b(k, C2(w)) =
1 if k(¢3) is not fixed by kerm, and b(k,C2(w)) = 2 if k(¢3) is fixed by m. The
computation is done explicitly in [AIb21] (in the example following Proposition 3.7),
and is essentially the same as the computations done by Kliiners in [Klii05a] to show
that Malle’s prediction is incorrect for this group.

C5 1 C5, Conjecture [I| was first proven in [KIil12|. This is also a subcase of Corollary
Sy in its first degree 6 representation has a maximal abelian normal subgroup 7' = V/,
which has a(T') = 2. The lower bound was proven in [AIb21 Corollary 1.7|, and is
conjecturally sharp up to logs.

For the upper bound, we appeal to Corollary as S, in this representation is
realized as a subgroup of C 1S3 with T'= C3 N G. It now suffices to find some 6 for
which

> |Hom(Clp, Cy)| < X7
FeF3 1(53:X)
This will follow from [BSW15, Theorem 2| on the number of Sy-extensions with re-
stricted local behavior. Indeed, the sum

Z | Clp[2]|

FeFs ,(53;X)

is precisely equal to Nyx(k, X), where X is the set of local specifications that requires
L,/k, to have no ramification of type (12)(34). Thus, it follows directly from [BSW15|,
Theorem 2| that we may take § =1 = |Cs|/a(T).

Sy in its second degree 6 representation has a maximal abelian normal subgroup
T = V,, which has a(T') = 2. There is only a single nontrivial conjugacy class in T, so
b(K,T(m)) =1 for any 7 : Gx — S4/T = S3. This group is also imprimitive (realized
as a subgroup of S3C5), however in this case T is not an imprimitive kernel. For this
reason, we need to use the full strength of Theorem [I.T1]
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By calculating the indices of elements in Magma, we determine that

indg((1234)
indg((123)
indg((12)
inds((12)(34)

3
4
3
2

~— N N

Taking the quotient to Sy/T = S3, we compute the pushforward indices as in (5.3)) to
be
¢« indg((12)) =3
¢« indg((123)) = 4.

This agrees with the degree 6 representation for S, so we conclude that g, discers(m) <
discgra(m). Thus

¢ Sur(Gy, 6T8; X) < Sur(Gy, 672; X) < X1/3.

The bounds for |H. (k,T(m))| are entirely analogous to 6T4, so we compute

> ELET@) < Y |discpa(m)|rma

TEQs Sur(G,678;X) TEQs Sur(Gg,678;X)

. 11,
< Y |discaps(m)|2 T
meSur(Gy,672;X)

< Z | diSCgTQ(FStab3T2(1)/Q) | %_m+€
FeFe,1(6T2;X)

This function is given entirely by the distribution of S3-extensions, using a mix of the
sextic and cubic discriminants. There are likely multiple ways to bound this sum, we
choose to do so by partitioning according to the quadratic resolvent of F. This is
analogous to taking T'= (3 < S35 in Theorem [1.11}

Suppose M < F'is the quadratic resolvent. Then comparing indices implies

diSC6T2(F/Q) = diSCgTQ(FStabSTQ(l)/@)2 dlSC(M/@)
Partitioning by the quadratic resolvant implies
3 | discarp(FSR0) Q) wma e
FEeFe x(6T2;X)

< XiTmRte S [ dise(F Q)| T
FE}—G,k(ﬁTZ;X)

Let my @ Gp — Gal(M/k) = Cy be the (unique) surjective homomorphism corre-
sponding to a quadratic field M and let ¢ : S5 — S3/A3 = C5 be the quotient map.
Partitioning the sum with respect to the fibers of ¢ gives, up to a constant multiple,

w5 dise(M/Q)| IR gy € g7 (may) ¢ | discora()] < X,

MeFy 1 (Ca;X1/3)
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For each fixed M, we can bound this uniformly in terms of Theorem [6.1] to get
| Cly[3]]
disc(M/Q)3/4—¢

<ximat ST dise(M/Q) i Tt XV/4+e,

ME.FQ,k(CQ;Xl/S)

noting that Az C 672 has a(A3) = 4 and ¢, disc(m) < disc(M/Q)?. Simplifying, this
is given by

< X2 Tt Z | disc(M/Q)| e Clar[3]]
MG]"Q,]C(C%XIB)
PO ¢ A > | disc(M/Q)[~*| Cla[3]].

MeFs 1 (Ca; X1/3)

Datskovsky—Wright [DWSS]| proved that the average size of 3-torsion in class groups
over relative quadratic extensions is constant. Thus, Abel summation implies

xXemwiatt ST [ dise(M/Q)] 7! Cla[3]] < X2 #H log X,
ME‘Fg,k(CQ;Xl/B)
All together, making e slightly larger we conclude that
> HLkT(m)| < X,

TEQs Sur(Gg,678;X)

so we can take 0 = % — 18[%@ + €. For € sufficiently small, we certainly have § < 1/2 =

1/a(T) so that Conjecture [1] follows from Theorem [L.11](i).
Consider T = C% < S? in degree 6. A Magma search indicates that a(T) = 2, so
that the lower bound is proven by the first author in [AIb21l Corollary 1.7|. This is
conjecturally sharp.

We apply Theorem [I.T1] to prove the upper bound, so that it suffices to show

> |Hop (R, T(m))] < X5
TEQs Sur(G,679;X)
as=1/24+€>1/2=1/a(T).
By calculating the indices of all elements outside of T', we conclude that ¢, indgre(g) >
2 = indy, (g) for all g € V} = S3/T. Thus, ¢. discery < discy, and we can prove
¢ Sur(Gy, 6T79; X) < Sur(Gy, Vi; X) < X2,

We now bound the size of the summands by taking Lemma with M the diagonal
subgroup of T. This is a core free subgroup, and is normalized by the H < S2 the
pullback of the diagonal in the quotient A C V; = S2/T. Thus

| H,, (k, T(m)| < |Hy, (F ()%, Cs)| dise(F/Q)*
< | Clpmya [3]] disc(F/Q),

where F(r) is the field of definition of M (so necessarily a Vj-extension). We then
evaluate

> Hy (5, T(m) < Y | Clpgmal3]] dise(F/Q)°

TEQGs Sur(Gy,6T9;X) meSur(Gy,Va; X)
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<X > | Clpmal3])-
meSur(Gg,Va; X)

We decompose the sum over Vj-extensions by fibering over A < V. Let g : V; — V3 /A
be the quotient map. This implies

> | Clpmal3]l = > | Cle [BlI#{¢ € g, ' (7) « | discy, (¢)| < X3,
meSur(G,Va;X) 7eq, Sur(G,Va; X)

We directly apply Theorem [6.1] to bound the summands with uniform dependence on
7, proving that

‘Hir(k7A(ﬁ))’ 1/2+4€
> | ClpmalBll gl > | Clrm 3] 7, disc(7) |1/276X '

weSur(Gg,Va; X) 7eq, Sur(Gg,Va; X)

Now, A < V} is a central subgroup, so A(7) = A carries the trivial action and the
numerator can be bounded by | Cl;[2]| <} 1. For the denominator, the fact that all
nonidentity elements of ¥} have index 2 implies 7, disc(7) = disc(7)?. Converting to
a sum over quadratic field via the Galois correspondence, we have shown that up to
a constant multiple

> H (k, T(m)] < X2 % [ CLp[3]] - |dise(F/k)| .
mEqs Sur(G,6T9;X) FEFy 1 (Ca; X1/2)

Datskovsky—Wright [DWSS| proved that the average 3-torsion of the class groups of
relative quadratic extensions is constant. Abel summation then implies

> | Hy, (k, T(m))| < X122
TEQs Sur(Gy,679;X)
Replacing € with /2 concludes the proof.
(6T10) The group 6710 is C% x Cy with the faithful action. Take T'= C% < 67'10. A Magma
search indicates that a(T) = 2, so that the lower bound is proven by the first author

in [AIb21], Corollary 1.7]. This is conjecturally sharp.
We apply Theorem to prove the upper bound, so that it suffices to show

>, |Hy, (k, T(m))| < XY2H
TEQs Sur(G,6710;X)
as0=1/24+€e>1/2=1/a(T).
By calculating the indices of all elements outside of T, we conclude that

4 |(g)
2 a)

As the quotient group C2 xC,/C% = C} is abelian (and therefore nilpotent), we use the
upper bounds proven in [AIb20] for nilpotent groups ordered by arbitrary invariants
to conclude

q * indGTlo(g) = {

¢, Sur(Gy, 6T10; X) < X1/2Fe,

Next, we apply Lemma to bound the summands with core-free subgroup M =
C3 x 1 <T. M is stabilized by H = Cy < C, under the semidirect product action.
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Thus,
| Hop (ke T ()| << |Hy, (F(m)2, C3)| - | dise(F () /Q)[
L | Clpgryes 3] - [dise(F () /Q)[
< | dise(F ()% /Q)|/#+| disc(F () /Q)",

where F(r) is the field fixed by ker 7 for 7 : Gy — Cjy, and F(7)“? is the quadratic
subfield. Thus

2 LTI« X 3, [dise(Fm®/Q)
e Sur(Gk’GTlo,X) ﬂGSurq* disc(Gk:C4§X)

Next, we partition the sum according to the normal subgroup Cy < (), similar to
6T9. Let g : Cy — C4/Cs be the quotient map. This gives an upper bound of the
form

< Y dise@) e e g 7 g dise(v)] < XD
TEG Surg, disc(Gr,C1;X)
We can directly use Theorem to give an upper bound

o \HL (k, Co (TN oy
< § |dISC(7T)|1/2+6 [y R /24
TEQs Surg, disc(Gr,Ca;X) |q*q* dlSC(W) |1/2*6

The subgroup Cy < C} is central, and therefore Cy(7) = Cy carries the trivial action.
Thus, the numerator is bounded above by | Cl;[2]| <\ 1. The group Cs has only one
nontrivial element, so by checking the weight of that element we find that

Gxqs discer1o(T) = disce, (7)*.
Thus, we can finally bound the sum by
So o HLB T < XY ST dise(m) ¥

TEQx Sur(Gg,6710;X) weSur(Gy,Ca; X 1/4)
Via the Galois correspondence and Abel summation, we conclude that

Z |Hqir(k7T(7T))| < X 1/2te Z |diSC(F/k:)|_3/2+€
TEQs Sur(Gg,6710;X) Fefg,k(CQ;X1/4)

< X1/2+6.
(6T11) Cy S3, Conjecture (1| was first proven in [KIiil12]. This is also a subcase of Corollary
L4

(6T12) For Ajs in degree 6, we check the indices in Magma to prove that
discsry < discgria K discgm,
where 574 is the group As in the degree 5 representation. Thus,
#T5 16 (As; X1V2) < #F61,(6T12; X) < #F5(As; X).

The lower bound is then given by [PTBW21| and the upper bound by [BSW15].
(6T13) S31Cs is proven directly by Corollary [L.7]
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(6T14) For S5 in degree 6, we check the indices in Magma to prove that
discsrs < discgria < disciys,
where 575 is the group S5 in the degree 5 representation. Thus,
#F516(S5; X1?) < #F61(6T14; X ) < #F51(S5; X).

The asymptotic for #F5 (Ss; X) < X is given by [BSW15].

(6T15) For Ag in degree 6 [PTBW21]| prove the best known lower bound while Lemke Oliver
gives the best known upper bound |[Lem?23].

(6T16) For Sg in degree 6 [BSW22] proves the best known lower bound while Schmidt’s trivial
bound [Sch95]| is the best known upper bound.

7.3. Nilpotent Groups. A Magma search reveals numerous new groups for which Corollary
[I.3] proves Conjecture [I} In particular, all 2,685,340 groups in degree 32 in Theorem [I.2] for
which we prove Conjecture [I] are nilpotent.

In the introduction, we referred to Hol(D,) = Dy x Aut(D,) in degree 8 as one such new
example, which we elaborate on before proving Corollary [I.3. Theorem implies the
asymptotic

#Fs k(Hol(Dy); X) ~ c(k, Hol(Dy)) X"/ log X
for some positive constant c(k, Hol(D,)) > 0. This follows from a Magma search through
the elements of Hol(Dy), expressed as TransitiveGroup(8,26). This search confirms that
a(Hol(D,)) = 2, that there are two conjugacy classes of minimum index elements, and that

T := (g € Hol(D,) : ind(g) =2) = C3

is abelian. Given that the cyclotomic character acts trivially on group elements of order 2, it
follows that the power of log X given by Theorem [1.11|agrees with Malle’s original prediction

maxb(k, T(m)) = b(k, Hol(Dy)) = 2.
We now prove Corollary [I.3] via Theorem [I.11]
Proof of Corollary[1.5. 1f G is a nilpotent group whose minimal elements all commute, choose
T=(geG—{1}:ind(g) = a(Q)).

This is a normal subgroup of GG, as the index function is constant on conjugacy classes. It is
abelian by assumption, so we can apply Theorem [1.11]

Alberts proves in [Alb20] a generalized version of Malle’s predicted weak upper bound for
nilpotent groups to arbitrary admissible invariant, including the pushforward discriminant.
It follows from [KW22, Theorem 1.6] or [AIb20, Corollary 5.2] that G nilpotent implies

#q, Sur(Gy, G; X) < # Sury, giseg (Gr, G/T; X) <, XHalG=T)+e,

Given that G is nilpotent, it follows that 7'(7) is a nilpotent module for any 7 : Gx — G.
The inductive class group bounds in Corollary [1.13(i) then imply

Y Lk Tm) < Y |dise(F(m)/Q)If

TEQs Sur(Gg,G; X) TEQs Sur(Gg,G;X)
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for F(r) the field fixed by 71(Stabg(1)T'). As we have the freedom to choose € as small
as we like and pmidisc(F(7)/Q) if and only if p | g. disc(r), it follows that there exists an
¢ > 0 for which we can bound

| disc(F(m)/Q)| < |q. disc(r)|"

Thus, we conclude that

Yoo HLET@E) < Y gediseg(m)| < XMGTD
TEQ Sur(Gg,G; X) TEgx Sur(Gy,G;X)
so that we can take # = 1/a(G — T') + € in Theorem [I.11]

It is clear that § < 1/a(G) by our choice of T, so Theorem [I.11|i) implies Corollary
L3l O

7.4. Wreath Products. We present a proof of Corollary in this section. Our methods
give us access to wreath products by abelian groups of slightly larger rank as well. We give
a complete statement below:

Corollary 7.1. Let G = AU B C S, be a wreath product of an abelian group A of cardinality
n with a transitive subgroup B of degree m.
Suppose k is a number field which has at least one B-extension and for which there exists
a d >0 such that
14 -4 5
#FFmp(B; X) < X172 70
where € is the smallest prime dividing n and d(A) the minimum number of generators of A
as an abstract group. Then Conjecture[]] holds for G over k.

It is clear that Corollary is an immediate consequence by d(C,) = 1. Moreover, as
long as d(A) < 2+ e_% we can give further examples by taking B to be nilpotent with a(B)
sufficiently large.

Proof. This will follow directly from Corollary as Al B is an imprimitive group.
Using Minkowski’s bound on the size of the class group we find that

Y [Hom(Clp, A)| e D [disc(F/k)|“D/
FEFm 1(B;X) FeFm k(B;X)
<<k,e Xd(A)/QJFG#Fm,k(B; X)

By assumption, it follows that

ST [Hom(Clp, A)| < X770
FG]—',mk(B;X)

for some § > 0 (where we choose € sufficiently small to get cancelled out). Thus, we can take
0=1+ 75 —0.
The mimimum index elements of A™ are precisely the conjugates of (a1,1,1,...,1) with
a1 € A a mimimum index element. Thus,
Al 1Al AL f 1

a(A™) a(A)_|A|e_Tl_€—1:1+€—1‘

We have now shown that 0 < |A|/a(A™), so the result follows from Corollary [1.10{i). O
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7.5. Iterated Wreath Products of Cyclic Groups. We address Corollary [I.5separately,
as this example showcases the inductive power of our methods. We first prove the following
upper bound results for iterated wreath products, which we will use as input in Corollary

IO
Corollary 7.2. Let k be a number field and G = Cp,, 1 Cp, U---2C,,,.. Then

Tug T
#Sur(Gy, G; X) < {X2 2tm

Xm 2| ny.

Proof. We prove this by inducting on k. If k£ = 1, these groups are abelian and the result
follows from [Wri89]. For k > 1, write G = C,,, { H where H is an iterated wreath product
of cyclic groups of length £ — 1. For the sake of convenience, we can weaken the inductive
hypothesis to

G is certainly an imprimitive group, so we apply Corollary [I.10] Minkowski’s bound and
the inductive hypothesis imply that

> | Hom(Clp, Cy,)| << XYV2H# F o, (H; X) < X3/2,

FEFymy i (H;X)

We will compare this to

for ¢ the smallest prime dividing n.
If ny is odd, then 6§ = 3/2 > /& = 20—~ Thus, Corollary [1.10(ii) implies
0 . 3 e

#HF o k(G X) K Xm0 = X2,

Meanwhile if ny is even, then = 3/2 <2 = ;. Thus, Corollary [L.10[i) implies

a(Cnl) ’
;—i—e l—i—s
#fm---nk,k(G; X) K Xln) T = X1,
U
We can now prove the shortest cases of Corollary [I.5] as a consequence of Corollary [I.4]

Proof of Corollary (a,b). Suppose first that ny > 2. If ny > 2 is even then certainly
2/ny < 1/2, while if ny > 2 is odd 3/2n, < 1/2. The result then follows from Corollary [L.4]
as Corollary [7.2] implies

BF mi(B; X) < XV2 < X3tmi0

for ¢ the smallest prime dividing n;. In fact, the same argument applies if ny = ny = 2 as

part of (c).
If ny,ng,...,n, are all powers of 2, then G is a 2-group (and therefore nilpotent) with
minimum index elements landing in C};2"" and the result follows from Corollary [[.3, O

The remaining cases of Corollary [1.5( with ny = 2 require a closer study of |H} (k, T(r))|,
which we give in the following lemma:
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Lemma 7.3. Let F/k be a G = Cy! B-extension in degree 2m. Then
| H,, (k, Ind3s (Cn))| < gt | Cle[22™]] - | Clp[2]]™ - | Clr[noaa] | - | disc(F/Q)[,

where vo(n) is the order to which 2 divides n, E is the index two subfield of F//k fized by the
normal subgroup C§* I Cy ! B, and negq is the odd part of n.

Proof. Induced modules and cohomology groups respect direct sum decompositions, so we
can write
H,, (k, Indp(Cy)) = Hy, (k, Ind(Coom)) ® Hy, (k, Indj(Ch, ).
We will bound the two factors separately. Lemma [1.2] implies
|Hoy (K, Indy(Ch, )| = | Hom(Clp, Cr, )| = | Clr[noad]-

For the even factor, we need to further decompose the module. Taking E to be the index 2
subfield of F'/k, we have

Ind(Corpimy) = IndZ(Indfy(Corpim)))).
Lemma [4.2) gives that
| Hoy (ks Indp (Copan))| = [Hoy (B, Ind R (Copy) )

There is an isomorphism of abstract groups Indg(Cm(n)) = Chuyin) X Couymy, where G acts
by permuting the coordinates. The diagonal subgroup is then a submodule with the trivial
action. Taking M to be this diagonal in Lemma [£.3] implies

| Hop (B, Ind(Con))] jote [Hup (B, Coaz)| - |H,y (B, Coaz (=1))] - | dise(F/Q)[f
Kol | Clp[22™]] - [Hy, (B, Cyny (—1))] - | disc(F/Q),
where Gal(F/E) acts on Chuym(—1) via the dihedral action o.a = a~'. This group has a

central subgroup isomorphic to Cy, with quotient Cou,my-1(—1). Iterating Lemma with
M being this central subgroup implies

| Hy, (b, Ind i (Com))| i | Clp[22]] - [ H, (B, Co)[ 2™ - | dise(F/ Q)¢
K|@le | Clg[272M]] - | Clp[2)>™) - | disc(F/Q)|"
This concludes the proof. O
We can now prove the remaining cases of Corollary [I.5]

Proof of Corollary (c, d). We take ny = 2, and write n; = 2%23%. We will prove the result
using Theorem Take T' = Cp*"™ as a normal subgroup in G and take B = Cp,1---0C,,,
so that G/T = Cy ! B. (If r = 2, then we take B = 1). We know that the wreath action
realizes T as the induced module Ind{**?(T"). Thus, for any € Sur(Gy, Cs ! B)

T(’]r) = Ind];‘(ﬂ)(cm)a

where F'(m)/k is the extension fixed by 7~ !(Stabe, (1)) and Gy acts trivially on T'. Thus,
we are interested in bounding

> | H (K, T ()| <y e > |Hy, (k, Ind} .y (Cny))| - | dise(F(m) /Q)|
TEQs Sur(Gg,G; X) TEQs Sur(G,G;X)

By Proposition [5.2],
¢ Sur(Gy, G; X) C Sur(Gy, Col B, cX/™)
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for some constant ¢ depending only on [k : Q] and ny. Up to a constant multiple, we have
bounded

Yo HLETM)] < > | Hy, (k, Indg(Cry )| X

mEq Sur(Gy,G;X) F€Fang..ny k(C21B;eX /1)
We now partition this sum according to the index 2-subfield E fixed by C3*""", yielding
Lny e > >, | Hyp (k, Ind (Cry ) )| X
E€Fny...np k(B;eX1/2M) FEF, (Ca;e!/2X1/m1 /| disc(E/Q)?)
We can bound this above using Lemma [7.3]
< > > | Clg[2]] - | Clp[2)|™ - | CLp[3™]] - X°.
Eefni,’...n,.,k(B;ch/z"l) FeFs 1 (Caset/2X /™ /| disc(E/Q)|2)
If d3 = 0, we can bound the sum over F' directly by
#FQ,E‘<CQ; Y) <<k,[E:k],e | diSC(E’ﬂ@)’6 . ’ CIE[ZH -Y.
This follows, for example, from Theorem for Cy with the trivial action. If d3 = 1, then
we can bound the sum over F' using [LOWW21l Corollary 3.2] as
> CIEB) <o |disc(B/Q) - | Clp[2)?° - Y.
FeFy g(C2;Y)
These produce the upper bound

<G ke > | Cl[2%]] - | Clg[2)| 219/ . | disc(E/Q)|% 2+ . x1/mite
E€Fny..ny k(BieX1/2m1)

for d3 € {0,1}. Minkowski’s bound on the size of the class group gives an upper bound of
the form

<6l [r0.c > | disc(E/Q)|beetads—1re . x1/mte,

E€Fny...np k(BieX1/2m1)

Corollary and Abel summation then produce the upper bound X™ax{¢:1/m1} for

1 ds 5ds 1 1
nng  4ny 12ny  2n;  ny

(Unless r = 2 so that B = 1, then § = 0 and we are done.) Noting that 1/n; < 1/a(T) =
1/a(C,,), it suffices to determine when 6 < 1/a(T). If dy = 0 and d3 = 1 (so ny = 3), then
we get 0 = 1/n3—1/36 < 1/2=1/a(T), as a(T) = a(C}3) in this case and ng > 2. Otherwise,
dy >0 and 1/a(T) = 2/ny. It follows that § < 2/n; if and only if

bd; 4

dy <6 — —+ —.
2 3 +7’L3

9:

The result then follows by plugging in each of d3 = 0 and d3 = 1.
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7.6. Wreath products by S; in the wreath representation. Corollary [1.7] follows di-
rectly from Theorem [I.9

Indeed, using the assumption #F,, x(B; X) < X3t5ma for some § > 0, we can bound
the class group using the 2-torsion bounds of [BST™20)|

Yoo lcERPr< Y |dise(F/Q)|r T
FeFp k(B;X) FEFm 1(B;X)
< X%‘m“#;m,k(g;)()
< X7,

Taking € < §, we can choose § = 2+ € — § < 2. Corollary [L.7(i) then follows from Theorem
L9
For Corollary (ii), suppose that B is primitive and that there exists some constant
so that
From [LOS24, Corollary 7.4], it follows that
S C[2)] e X ()
FEF 1 (B;X)

Hence, on using Holder’s inequality, we find
2/3 1/3

SodeERPr< [ Y ) o

FeF,, 1 (B;X) FeFp, 1(B;X) FeFp, 1(B;X)

6m—5 +e

L e X%'*'/B' 6m—3

It follows that if there is some § > 0 so that § = g + 1877110_15 — 0, then the exponent above is

strictly less than 2, and the result follows from Theorem [L.9]{i).

7.7. Trace 0 Semidirect Products. We now prove Corollary [1.§8| from Corollary [I.10]
Given G = W x B for W < F" the trace zero subspace and B a transitive group of degree

m is given as an explicit subgroup of the wreath product C, ¢ B. Moreover, the degree pm

representation realizes G as a permutation subgroup of €}, B, and so G is imprimitive and

we can apply Corollary with A = C,. We then bound
S |Hom(Clp,Gy)| <pe Y. |disc(F/k)|/2+
FE]'-m’k(B;X) Fe}-'m,k’(B§X)
Lo XY T (B X).
By assumption, we have bounded
> |Hom(Cly, Cy)| <y, X3t Tt
Fe}—m,k(B;X)

for some 6 > 0. Meanwhile, the minimum index elements of W are permutations of
(a,a7',1,1,...), which have index 2(p — 1). Thus,

|Cp’ Y 2 p 1 1

a(GNCm)  a(W)  2(p—1) 2+2(p—1)'
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Thus, 0 < |C,|/a(G N C}') so the result follows from Corollary [1.10{i).

8. FURTHER APPLICATIONS TO CONCENTRATED GROUPS

We use the discussion in this section to frames our method as a general approach to
Conjecture [1| for any concentrated group.

The compounding phenomenon of these methods can make it difficult to see from the
statements of the main theorems exactly which groups are actually covered by our main
results. Our main results are explicitly apply to groups in the following families:

e if G = 531 B for some transitive group B, then Theorem may be applicable.
e if (G is concentrated in an abelian normal subgroup, i.e. all the elements of minimal
index commute with each other, then Theorem [I.11] may be applicable.

These are purely group theoretic conditions which, in particular, imply that G is concentrated
and indicate when we might expect our methods to apply in the future.

Data Analysis 8.1. Among the 40238 transitive groups of degree < 31,

(i) 39770 are concentrated,
(i1) 166 are of the form Ss! B, and
(i1i) 30691 are concentrated in an abelian normal subgroup.

On the one hand, existing conjectures suggest that improved bounds for the (average) size
of class group torsion and the number of G/T-extension should exist which we can use as
input for Theorem 1.9/ and Theorem [1.11] The ¢-torsion conjecture predicts that | Clp[¢]| <.
| disc(F/Q)|¢ as F' varies over any family of number fields F with bounded degree (this is
generally regarded as a folklore conjecture, see [PTBW21| by Pierce, Turnage-Butterbaugh,
and Wood for a good introduction). Meanwhile, we already discussed Conjecture 3| for
an upper bound on the number of G/T-extensions order by the pushforward discriminant
following from the discussion in [EV05, Question 4.3].

In the context of Theorem these conjectures would imply that

Z ’CIF[Q”2/3 <<m,k Xl/a(B)Jre,
FG}—m,k(B;X)

so that we can take § = 1/a(B). By definition 1/a(B) < 1 < 2, so Conjecture |1| would
follow.
Similarly, in the context of Theorem [I.11], these conjectures would imply that

> |Hop (R, T(m))| e XH/GD%
TEQs Sur(Gy,G;X)

so that we can take @ = 1/a(G —T). If G is concentrated in T, then 6 < 1/a(G) by definition
an Conjecture [T would follow.

On the one hand we argue that our method is, in principle, applicable to any concentrated
group. Theorem [I.11] can be extended to allow 7" to be nonabelian as long as Conjecture
is known for such 7" with sufficient uniformity. This gives a roadmap for proving Conjecture
for any concentrated group, through proving new cases for Conjecture [2|
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9. A CUTE EXTENSION

As a demonstration of the general nature of our methods, we prove the following cute
result:

Theorem 9.1. Let G be a group with a nontrivial abelian normal subgroup and k a number
field which has at least one G-extension. Then there exists an admissible ordering of G-
extensions, inv, for which there are positive constants b,c > 0 such that

# Suriy, (Gr, G; X) ~ cX (log X))t

In particular, this includes all solvable groups, and many more groups besides! This is a
cute application of our methods. While it showcases the general framework to which our
methods apply, the admissible invariant needed for this specific result is often very far from
a discriminant ordering.

Proof. Let T' < G be a nontrivial abelian normal subgroup. Take the admissible invariant
determined by the weight function

)1 geT —{1}
i) = {ind|c|(g) g¢T,

where ind|g is the index function for G in the regular representation, that is
inv(mr) = Hth(”(T")
p

for 7, a generator of tame inertia.
We follow along the proof of Theorem [1.11l Alberts—O’Dorney work at the level of a
general admissible invariant in [AO21], and it follows directly from their work that

#{ € g7 (7) : inv(y)] < X} ~ X (log X )bt

for some positive constants b(r),c > 0, where 7 € g, Sur(Gy,G/T) and ® € ¢; (7). In
particular, b(w) < |T is necessarily bounded. This verifies Theorem [2.1[1), where we set
a =1, b=max,b(r), and ¢(m) is the ¢ above if b(7w) = b and ¢(7) = 0 otherwise.

Next, we prove a uniform upper bound for these fibers analogous to Theorem [6.1] The
start of the proof is the same: we bound

#{w € () s ()] < X} < [HL (6, TS a

by the same argument as the one proving Lemma , where a; are the Dirichlet coefficients
of

1
MBkz,inv (Ta Ue 8) = H m Z |inV(¢p) |_s

b vpeas (rla,,)
The analog of Lemma [6.4] shows that
MBk,inv(Ta ™ 8) = QinV(T7 , S)L<S7 pT)Ginv(Tu U 8)7

where Qiny (7, 7; s) and Giny (T, 7; s) obey the same bounds as the ones listed in Lemma
with discg replaced by inv, ind with wt, and a(T") replaced by 1 everywhere they appear.
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Finally, we use the same smoothed Perron formula and shifted contour argument to bound

o0

> a(0) <D ay(0)e
J<X j=1
e 14+e—ic0
= — D(0)(s)X>d
2710 14 eiono @0 (s) ’

= Rff(w(O)F(S)XS) + On e (Jgsinv(m)| e X17)
= On,[k:@],e (‘q*inv(’/r)‘—l-i-eXl—e) )
Thus, we have shown that

|Hy (K, T(7)))|

’q*inv(w)|1,6 X(logX)b(w)—l'

{¢ € ¢ (m) : inv(¥)] < X} <jrj e
This gives Theorem [2.1](2).

We remark that g.inv < (discg,r)7! with G/T being viewed in the regular representation.
Theorem [2.1](3) now follows, as the uniform coefficients satisfy

Z |H,,(k, T(m))| < Z | disc(F/Q)|)/2-1TIe

3 1—e¢
. |ginv(m)] )
€2 Suriny (G, G X) FeFiG/r)1(G/T:XTTT)

following from the upper bound proven in Lemma 1.1} By Abel summation, this is further
bounded by

H,,(k,T(m aty B
Z W <X #~7:|G/T|,k(G/T; XTT)
TG Suriny (G, G X) '
d T X /17| -
+ (IT‘ _ (2 )> / D) /2T 1+6#‘F-IG/T\,I¢(G/T, Pt
1

d(T)
<<XW+‘T}~|—1+6 + O(l),

where d(T) is the number of generators for 7" and the last line follows from #Fjq 7 4(G/T; X) <
X, following from the bounds for Galois extensions in [EV06, Proposition 1.3].

~

The fact that d(T') < |T| — 1 implies

d(T)+1 14+e< 1+ <0
2T T ST

Thus, we have shown that the sum

- T
TEQGs Suriny (Gy,G) |q*1nV(7T)| €

is convergent, so the result follows from the conclusion to Theorem U
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