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Abstract. We consider families of quartic number fields whose normal closures over QQ have Galois
group isomorphic to Dy, the symmetries of a square. To any such field L, one can associate the Artin
conductor of the corresponding 2-dimensional irreducible Galois representation with image Dy4. We
determine the asymptotic number of such D4-quartic fields ordered by conductor, and compute the
leading term explicitly as a mass formula, verifying heuristics of Kedlaya and Wood. Additionally,
we are able to impose any local splitting conditions at any finite number of primes (sometimes, at
an infinite number of primes), and as a consequence, we also compute the asymptotic number of or-
der-4 elements in class groups and narrow class groups of quadratic fields ordered by discriminant.

Traditionally, there have been two approaches to counting quartic fields, using arithmetic in-
variant theory in combination with geometry-of-number techniques, and applying Kummer theory
together with L-function methods. Both of these strategies fail in the case of D4-quartic fields or-
dered by conductor since counting quartic fields containing a quadratic subfield with large discrim-
inant is difficult. However, when ordering by conductor, we utilize additional algebraic structure
arising from the outer automorphism of D4 combined with both approaches mentioned above to
obtain exact asymptotics.

Keywords. Arithmetic statistics, Malle’s conjecture, analytic number theory

1. Introduction

The main purpose of this article is to determine the asymptotic number of quartic dihedral
fields with bounded conductor. If L denotes a quartic field whose normal closure M
over Q has Galois group Gal(M/Q) isomorphic to the group of symmetries of a square,
we refer to L as a D4-quartic field. Furthermore, there is a unique (up to conjugacy)
irreducible 2-dimensional Galois representation
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that factors through Gal(M/Q) = D4. We define the conductor of L to be equal to the
Artin conductor of py (see [7, pp. 158—159]).

Theorem 1. Let NI()?) (X) denote the number of isomorphism classes of Da-quartic fields
with 4 — 2ry real embeddings and conductor bounded by X. Then
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Understanding the distribution of number fields with fixed signature and Galois group is
a fundamental question in number theory with several significant applications. For ex-
ample, the inverse Galois problem follows from understanding the main terms for the
asymptotic number of field extensions of each fixed degree and Galois closure over a
given base field. Furthermore, if the results are refined enough to determine the asymp-
totic number of field extensions satisfying certain local specifications, then another appli-
cation of counting number fields is towards understanding the distribution of torsion in
class groups of number fields of fixed degree, i.e., to proving cases of the Cohen—Lenstra
heuristics [11] as well as the extensions given by Gerth [17], Cohen—Martinet [12], and
Malle [24].

There are heuristics (see [8, Conjecture 1.2]) for the order of growth for the number
of field extensions of each fixed degree and Galois closure over a given base field when
the extensions are bounded by their (norms of the relative) discriminants, due to Linnik,
Malle, and Tiirkelli. Linnik predicted that the number Ng,(X) of S,-degree-n number
fields with discriminant bounded by X satisfies Ng, (X) ~ ¢, X for some constant ¢, as
X — oo. Additionally, the heuristics of Malle [23] imply that the proportion of degree-n
fields with Galois closure S, amongst all degree-n fields is expected to be 100% only
when 7 is a prime. Cohen, Diaz y Diaz and Olivier [9] verified a case of the strong Malle
conjecture in the quartic dihedral case by proving that the number of D4-quartic fields
with discriminant bounded by X is asymptotically equal to ¢ X, where ¢ ~ .052326.

Cohen, Diaz y Diaz and Olivier [9] prove their result by determining the asymptotic
number of quadratic extensions of quadratic fields ordered by discriminant, a 100% of
which are D4-quartic fields. They show that the number of totally real Ds-quartic fields
with absolute discriminant bounded by X is asymptotically equal to ¢ X, where
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Our results imply that the number of totally real D4-quartic fields with conductor bounded
by X is asymptotically equal to a similar sum:

OF - 1 .L(LK/Q)>.
Np, (X0~ 73 ( [K%]:zz Disc(K) L2 K/Q) © @
0<Disc(K)<X

However, the methods to prove (1) and (2) vastly differ. When ordering by discriminant,
only the summation terms in (1) indexed by quadratic fields K of small discriminant
contribute to the main term of the asymptotics. However, when ordering by conduc-
tor, quadratic fields K in every range of the discriminant contribute to the main term.
In particular, we must evaluate the contribution coming from quadratic extensions L of
quadratic fields K where Nmy /k (Disc(L/K)) is small relative to the discriminant of K.
As a consequence, the analytic methods used by [9] are insufficient in our case.

In addition to proving that (2) holds, we establish an explicit formula for the main
term of the asymptotic:

Theorem 2. We have the following:

1 .L(l,K/Q)NCQ)_l—[(
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In conjunction with (2) (and the anologous statements for the non-totally-real splitting
types), Theorem 2 implies Theorem 1. We are also able to determine refined asymptotics
for families of D4-quartic fields with certain prescribed local specifications, but to de-
scribe these results, we must first introduce some notation.

We say that ¥ = (X,), is a collection of local specifications if for each place v of Q,
3, contains pairs (L, K,) consisting of an étale algebra L, of Q, of degree 4 along with
a quadratic subalgebra K,. We say that such a collection X is acceptable if for all but
finitely many primes p, the set X, contains all pairs (L, K,) with conductor indivisible
by p?. Here, the conductor C of such a pair is equal to

C(Lp, Kp) := Disc(Lp)/Disc(Kp),

and we also let C,, denote the p-part of C. Such a collection ¥ is said to be complete if
for each place v and each splitting type ¢, the set ¥, contains either all or none of the
pairs (L, K,) having splitting type ¢. If £(X) denotes all D4-quartic fields L such that
L ®Q, € %, for all v, and Np, (X, X) denotes the number of isomorphism classes of
Dy-quartic fields in £(X) whose conductor is bounded by X, we then have:
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Theorem 3. If ¥ = (X,), is an acceptable and complete collection of local specifica-
tions such that ¥y contains every degree-4 étale algebra of Qa2 containing a quadratic
subalgebra, then
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where for all v, Aut(L,, K,) consists of the automorphisms of L, which send K, to itself.

In previous results of Gauss, Davenport—Heilbronn [14] and Bhargava [2, 4], the con-
stant ¢, of the main term of the asymptotic number of S,-degree-n number fields (for
n < 5) can also be explicitly given as a mass formula, i.e., the constants ¢, take the
form of an Euler product of local masses. In [3], Bhargava predicted the constants c,, for
all n, explicitly describing them in terms of Euler products of local masses derived from
the heuristic assumption that the completions of §,-degree-n number fields at different
places behave independently of one another. The constant determined in Theorem 3 is
completely analogous to the constants ¢, s predicted in [3, (4.2)]. However, the analo-
gous product of local masses for D4-quartic fields ordered by discriminant is not equal to
the constant ¢ computed in [9]; in other words, the analogue of Theorem 3 when ordering
by discriminant is false!

The existence of mass formulae when ordering by invariants other than the discrimi-
nant has been studied by Kedlaya [20], Wood [29], and Johnson [18], building on work
of Miki [22]. However, the question remains:

Question 4. Let G denote a finite group, and let C be a virtual conductor' for G. A G-
number field K is a normal field extension of Q with Galois group Gal(K /Q) = G. Does
the product of local C-masses for the weighted number of G-étale algebras of Q, over
all places p predict the asymptotic number of G-number fields ordered by C?

This question for abelian G has been studied extensively by Wood in [31], in which a
sufficient condition for answering Question 4 in the affirmative is given for C. For non-
abelian G, the only conductors C for which both the main term and the constant have been
explicitly obtained correspond to discriminant functions (see [14, 2, 4, 6]). On the other
hand, we show that the result of [9] in which Dj4-quartic fields are ordered by their dis-
criminants gives a negative answer to Question 4 (see (11)); however, Theorem 3 gives an
affirmative answer when ordering Dy-fields by their (2-dimensional) conductors. More-
over, Theorem 3 is the first non-abelian case that answers Question 4 for a conductor C
that does not arise as a discriminant function. Overall, the choice of invariant appears to
be a subtle issue when determining asymptotics for families of G-number fields.
Theorem 3 allows us to compute the asymptotic number of order-4 elements in class
groups and narrow class groups of quadratic fields ordered by discriminant. Such elements

U A virtual conductor for G is the Artin conductor for a virtual character of G.
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in the class groups of a quadratic field K determine D4-quartic fields L whose normal
closures over Q contain K as the fixed field of C4. We obtain the following theorem by
determining asymptotics for the acceptable collection of D4-quartic fields that arise in this
manner, even when we restrict the set of quadratic fields by imposing local specifications
at a finite set of primes. We remark that it is crucial for the result below that we order
Dg4-quartic fields by conductor, and furthermore, that we can impose acceptable local
specifications at infinitely many primes.

Theorem S. For a quadratic field K, let Clyx (K) (resp. Cl; (K)) denote the 2*-torsion

subgroup in its ideal class group CI(K) (resp. narrow class group C1T(K)). Let K denote
a family of quadratic fields with prescribed splitting types at a finite set S consisting of
odd primes. Then

1 2 1\?
(a) Y. #CLK) —#Ch(K) ~ = [[ma - 1‘[(1 + ;> (1 - —)

Kek pes P p
0<Disc(K)<X
- Xlog X,
1 2 1\?
(b) Y HCL(K) —#Ch(K) ~ - [[mam - [T(1+ = )(1-=
Kek 4 pEeS p p p
—X<Disc(K)<0
- Xlog X,
N N 1 2 1\2
© Y @afw —#C k) ~ o [[mam - T](1+5)(1--
KelC pes p p p
0<Disc(K)<X
- Xlog X.
Here, mci(p) is determined in terms of the prescribed splitting type for p € S:
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The above result is a generalization of work of Fouvry—Kliiners [16] that is derived from
their own previous results [15] completely verifying Gerth’s extension [17] of the Cohen—
Lenstra heuristics to the 4-rank of the narrow class group of quadratic fields. In [15],
Fouvry—Kliiners compute all moments for the 4-ranks of narrow class groups of quadratic
fields ordered by discriminant. In conjuction with those results, Theorem 5 gives evidence
towards the belief that the 4-ranks and the sizes of 2-torsion subgroups in class groups
and narrow class groups of quadratic fields behave independently (see Remark 9.6).

As a byproduct of the methods used to obtain (2), we also prove a refinement of
Theorem 2 that allows for imposing local specifications at a finite number of primes.

Theorem 6. Let K denote a set of quadratic fields with prescribed splitting types at a
finite set S of odd primes. Then
1 L(1,K/Q)
(a) Y = :
Disc(K) L(Q2,K/Q)

2 1 2 2
NC()'H m(p) '1—[1_____'__ log X,
2 S tap+4 ) r p

KelC
0<Disc(K)<X
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where m(p) is determined in terms of the prescribed splitting type for p € S:

p>+2p+1 if psplits,
m(p) =1 p>+1 if pisinert,
2(p+ 1) if p is ramified.

We next summarize the arguments for proving the main results. First, to establish Theo-
rem 2, we use the fact that for a quadratic field K, 28—%% can be written as a product

of infinite sums simply using Mobius inversion:

LUK/Q (& (& i (m)
L(z,K/@f(Z n )'(mzzl“(m)' m? ) @
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where xx is the quadratic character associated to K. The proof then relies on the fol-
lowing observation: weighting this product by Disc(K)~!, the main contribution when
summing over quadratic fields K with bounded discriminant as in (2) comes from certain
diagonal terms of the right hand side of (3), i.e., terms where mn is a square. For each K,
the sum of these diagonal terms is expressible as an Euler product (see (21)), which then
yields Theorem 2.

If we were to instead weight the product in (3) by Disc(K)~? when summing over
all quadratic fields K as in (1), then the non-diagonal terms are no longer negligible. It is
these terms that cause the constant ¢ to fail Question 4; in fact, we show that the sum over
quadratic fields with discriminant bounded by X of the diagonal terms in the right hand
side of (3) weighted by Disc(K )2 is asymptotically equal to

3.112 ( 1 1 1)
. l+——-———)-X,
26_17 1:[ 2 p3 4

which is equal to the mass formula predicted for the number of D4-quartic fields of
bounded discriminant (see Theorem 5.4).

Before discussing the proof of Theorem 1, we describe the differences in obtaining (2)
and (1) as in [9, Corollary 1.2]. Because of the convergence of ), Disc(K )~2 when
K runs over all quadratic fields, the main contribution to the sum in (1) comes from the
terms indexed by K with Disc(K) < X 12 je., quadratic fields with small discriminant
relative to X. However, this is not the case for the sum in (2); furthermore, the combina-
tion of Kummer theory and L-function methods utilized in [9] to prove (1) can only be
used to determine the asymptotic number of Ds-quartic fields with conductor bounded
by X whose quadratic subfield has small discriminant relative to X (see Theorem 4.3).
Additionally, adapting the geometry-of-numbers techniques of [2] in combination with
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Wood’s parametrization of quartic rings with a quadratic subring [30] is also limited to
counting D4-quartic fields whose quadratic subfields have small discriminant.

Nevertheless, we obtain Theorem 1 and subsequently (2) by employing algebraic
properties of the conductor C(L) of a D4-quartic field L, namely that it is invariant under
the outer automorphism ¢ of D4. More precisely, ¢ acts on the Galois group of the normal
closure M over Q of L, and the fixed field of ¢ (Gal(M /L)) is another D4-quartic field
¢ (L) in M which is not isomorphic to L. The conductors of L and ¢ (L) coincide (even
though their discriminants do not). Moreover, we relate the discriminants of K and ¢ (K)
using the central inertia of L (see Definition 2.3). We prove (see Proposition 2.6)

IDisc(K)| > C(L)"/? = |Disc(¢(K))| < C(p(L))"/?,

and we use this phenomenon to obtain N]()?)(X ) from the asymptotic number of Dy4-
quartic fields ordered by conductor whose quadratic subfield has small discriminant by
employing a simple sieve.

The proof of Theorem 1 does ultimately rely on both the analytic techniques of [9]
used to count D4-quartic fields by discriminant as well as the geometry-of-numbers meth-
ods used to count Ss-fields as in [2]. Either can be used to obtain asymptotics for D4-
quartic fields of bounded conductor whose quadratic subfield has small discriminant, but
the sieve used to determine the asymptotics of NI()?)(X ) from counting such Dy4-quartic
fields requires two ingredients: first, uniform error estimates on the number of such D4-
quartic fields having large central inertia, and second, asymptotics for the number of such
Dg4-quartic fields with prescribed ramification conditions. We are able to obtain the for-
mer using analytic methods and the latter using geometry-of-numbers techniques. This
method of proof allows us to count D4-quartic fields with prescribed splitting and ram-
ification conditions yielding Theorems 3 and 5. Additionally, Theorem 3 in conjunction
with Theorem 4.3 and p-adic density computations (see Proposition 6.7) implies Theo-
rem 6.

The analytic methods used to prove (2) show up frequently when studying asymp-
totics for the number of extensions of a family of number fields of fixed degree, including
when determining Malle’s conjecture for D4-octic fields ordered by discriminant, com-
puting the asymptotic number of S3-fields ordered by the radical of its discriminant, or
calculating the asymptotic number of octic fields with Galois group equal to the quater-
nion group ordered by its (2-dimensional) Artin conductor. Additionally, in order to attack
number field asymptotics for larger Galois groups as in the case of Se-sextic fields, utiliz-
ing algebraic inputs such as an outer automorphism in order to transfer problems of great
analytic difficulty to ones that can be approached using standard methods will be crucial.

This paper is organized as follows. First, we summarize basic arithmetic properties of
Dy-quartic fields and their invariants in Section 2, including a table of the splitting be-
havior of primes in D4-quartic fields depending on their inertia and decomposition group.
We explicitly relate the conductors and quadratic discriminants of Dy-quartic fields L
and ¢ (L). Next in Section 3, we further develop the method of [3, 20, 29] and simultane-
ously obtain heuristics for families of D4-quartic fields ordered in multiple different ways.
We begin counting D4-quartic fields with bounded invariants in Section 4. Using the an-
alytic methods of [9], we obtain asymptotics for the number of such fields with small
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quadratic discriminant in terms of a sum of ratios of L-values. By isolating the diagonal
terms, we prove Theorem 2 in Section 5. In Section 6, we recall Wood’s parametrization
of quartic rings with a quadratic subrings and adapt it to obtain a modified parametriza-
tion of D4-quartic fields in terms of certain integral orbits of a coregular representation
V for a non-reductive group G. We study the p-adic properties of this representation, in-
cluding those arising from the outer automorphism ¢. We then use geometry-of-numbers
methods in Section 7 to count integral orbits of G on V having bounded invariants. Using
the results and methods from Sections 4, 6, and 7, we obtain crucial uniformity estimates
in Section 8 that will be necessary to carry out the various requisite sieves. Finally, in
Section 9, we prove the main theorems by using the analytic results of Sections 4, 7,
and 8, in conjunction with the algebraic properties of the outer automorphism ¢ proved
in Sections 2 and 6.

2. General properties of D,-quartic fields

Recall that D4 denotes the order-8 group of symmetries of a square, and a D4-quartic field
is a degree-4 field extension of (Q whose normal closure has Galois group D4 over Q. We
let o denote a 90°-rotation of a square and t denote a reflection of a square so that

-1

D4=(O,T|U4=1,T2=1,‘E 01:03).

The group D4 has non-trivial center Z(D4) = {1, o?).

2.1. Automorphisms of D4 and the Galois theory of D4-quartics

We first describe important group-theoretic properties of D4 as well as their applications
to D4-quartics via Galois theory. Recall that the inner automorphism group D4/Z(Dy) is
isomorphic to the Klein four group V4, but the full automorphism group is isomorphic to
Dy (see [27, pp. 83—85]). The non-trivial outer automorphism ¢ of D4 has order 4 and
can be described explicitly by

¢(c)=0 and ¢(r)=o0T. “)

Let L be a D4-quartic, and denote its normal closure by M so that Gal(M /Q) =
Below, we describe a subfield diagram of M corresponding to the subgroup lattice of Dg:

\m\\/ \w/ \;/

(z, (0) (o1,0%) K

\\/ NP4

Q
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Here, a subgroup G of D4 and a subfield F of M in the same position are related by
Gal(M/F) = G. The fields L; are the (unique) Galois conjugates of L; fori = 1 or 2, and
L is the unique quartic Galois subfield of M. While L and L, are not conjugate, the outer
automorphism ¢ maps Gal(M/L;) — Gal(M/L,) and Gal(M/L/l) — Gal(M/L’z).
However, it sends Gal(M/L;) — Gal(M/L)) and Gal(M /L) — Gal(M/L). It also
interchanges Gal(M /K1) and Gal(M/K>) while leaving Gal(M/K) fixed.

Definition 2.1. If L; is a Dy-quartic with Galois closure M over Q, then we de-
note by ¢(L1) the quartic subfield of M fixed by ¢(Gal(M/L;)). If K| denotes the
quadratic subfield of L1, then we denote by ¢ (K1) the quadratic subfield of M fixed
by ¢(Gal(M/K1)).

In the notation of (5), we have ¢ (L) = L, and ¢ (K1) = K>.

2.2. Arithmetic of D4-quartics

We now describe the splitting behavior of primes in D4-octic fields M and their subfields.

Definition 2.2. If F is a number field, then the splitting type ¢, (F) at p of F satisfies
sp(F) = (f{' fy>-.) <= Or/pOr ZF 1 [nl/(t}") ®F ,p[0]/¢) & --- .

Similarly, if R is a ring, then the splitting type ¢, (R) at p is equal to (ff1 f;z ...) if and
only if
R/PRET 411/ ®F o [0)/ (1) & - - -

Let D, denote the decomposition group of p in Gal(M/Q), and let I, denote the inertia
subgroup of D, For an arbitrary prime p, we determine the splitting type of M and all of
its subfields using the notation described in (5) depending on the choices for D), and I,
in the table below.

We briefly recall how to compute the above table.> First, any subgroup can potentially
be a decomposition group D). However, since all decomposition groups are only defined
up to conjugacy, in Table 1 we only enumerate conjugacy classes of subgroups. On the
other hand, the inertia group I, must be a normal subgroup of D, such that D, /I, is
cyclic of order prime to p. Moreover, if 1 [/) < 1, is the second ramification group (which,
by definition, is trivial if and only if the ramification is tame), then 1, /1 1/7 must be a product
of cyclic groups of order p. When the Galois group is equal to Dy, this allows us to fully
enumerate the possibilities for pairs I, < D).

To compute the entries of Table 1, let K’ < L’ < M be a tower of number fields
with M normal over K'. Let G = Gal(M/K’) and let H = Gal(M/L’). Let p be a
prime of K’ and let Dy, be a decomposition group of p (defined up to conjugation) and let
Iy, < Dy, be the corresponding inertia group. Then the primes above p in L are in one-to-
one correspondence with the orbits of Dy, on H\G. For a given Dy-orbit, the ramification

2 For more details, see Wood’s “How to determine the splitting type of a prime,” available at
https://math.berkeley.edu/~mmwood/Splitting.pdf.
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Table 1. Splitting type for a given decomposition and inertia group.

Ip Dp §p(M) §p(L1) §p(K1) sp(L2) S'p(KZ) §p(L) §p(K)

{1} {1} |11 | (111D | (1D | (111 | (A1) |11y | (1

{1} (02 (2222) (22) (11) (22) 11 | a1y | an §
{1} (o7) @2 | @ | @ || ay | @@ | @ ||k
{1} (r) @22 | 112) | ah | @ | @ | @ | @ |g|Z
{1) (o) (44) ) ) @) @ | @ | 4y ]
() (ry 212121 | 21 | an | @21y | 1 @213 | (1?) E
(0) | (@o? | @2 | a2 | anp | @) | ¥ |2 ] a)) |F|E
(oT) o) | (12121212 | 1212 | a?) | a2y | an [a213y| a?) |2 |E
(ot) |lot,0?) | (2222 @ | 4y | 1?2 | ap (21| 1?

(o) (o) (141%) ah | ay | ah | ayy a1y an

(o) Dy 24 M | ay | ah | ahy ||

(o) @2 |a212121%H | 21| anp | a1 | an |aup| ay |2z
0 | mer) | @2 @] an | @ | @ | @ | @ |2
(@3 [for,o?)| %21 | @) | @ |@*H| ah | @) | @ 2
(0?) (o) (222%) @ | @ @ | @ | day e
(r.o?) | (r.o?) | a*1h | a2 | an | ah | a? |[a*1H| a? §
(o7, %) [(oT,0?)| (%1% aby | ay [a2y | oan |2y ] a? [P
D, Dy (1%) ayh | ady | ah | ay | aby | ay |T

index e of the prime it corresponds to is the size of an [,-orbit therein and the inertia
degree f is the number of such suborbits. (Note all such suborbits have the same size
since I, is normal in Dy.) To compute all the values in Table 1, we have an example
script available at https://github.com/khwilson/D4Counting.

In Table 1, the first group consists of unramified splitting types, the second and third
groups consist of tamely ramified splitting types, and the fourth group consists of wildly
ramified splitting types. In particular, the splitting type of an odd prime p must appear
in the first three groups of Table 1. We distinguish between the tamely ramified splitting
types depending on whether the center (0%) of Dy is contained in I -

Definition 2.3. We say that a D4-quartic L1 (orapair (L1, K1) consisting of a D4-quartic
L and its quadratic subfield K1) has central inertia at p when I, contains o2, or equiv-
alently when the pair (g, (L1), 5,(K1)) is ((121%), (11)), ((2%), (2)), or (1), (1?)).

Note that if M and K are as in (5), the extension M /K is ramified at a prime p if and
only if (L1, K1) has central inertia at p.

By analogy, we define splitting types at co. If K is any quadratic field and L is any
quartic field, we write

(D) ifK @R =R (1111) if LR =R4,
Coo(K) = P, ifK®R_C_’ Coo(L):=13(112) HLQR=RZ@C, (6)
o (22) ifL®R=C2
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2.3. Invariants of Da-quartics

Next, we compare the Artin conductor of a D4-quartic L to the discriminant of L as
well as the products of the discriminants of certain subfields of the normal closure of L.
Additionally, we define two fundamental invariants and a slightly refined conductor that
partially recovers the splitting type of L at co.

If Gal(Q/Q) denotes the absolute Galois group of Q, and M is the normal closure
of L1 as in (5), then there is a (unique up to conjugacy) irreducible 2-dimensional Galois
representation

oum : Gal(Q/Q) — GL2(C)

that factors through Gal(M/Q). It arises as the composition of Gal(Q/Q) — Gal(M/Q)
and the unique 2-dimensional irreducible representation of Dy = Gal(M/Q). We let
Cond(py) denote the Artin conductor of pjs. This invariant can be described in terms of
the discriminant of the quadratic subfield K; and Nmg, (Disc(L/K1)), the image under
the norm map of K of the relative discriminant of L over K;:

Proposition 2.4. Let L denote a D4-quartic with normal closure M, and let K1 be its
quadratic subfield. Then

Cond(ppy) = |Disc(K1) - Nmg, (Disc(L1/K1))].

Proof. The proposition will follow from the fact that the representation Ind<Df‘; 1 of Dy

decomposes into a direct sum of Ind[i“az) 1 and the irreducible 2-dimensional represen-
tation of D4. To prove this fact, first note that each coset of (t) in D4 contains a unique
power of &, so we can represent Ind% in terms of the basis ([1], [o], [0%], [o*]). We can

then decompose Ind(DT‘; 1=V, & V, where

Vi =(l1+[0%, [0]1+[0°]), V2= ([1]1-1[02] 0]~ [o°]).

Since o swaps the two basis elements of V; while 7 and o2 act trivially, V; can be identi-
fied with IndZ"‘gz> 1. Furthermore, one can see that V5 is irreducible, and it is well-known
that there is a unique irreducible 2-dimensional representation of Dj.

Now, if M is the normal closure of L as in (5) and p denotes the Galois represen-
tation constructed by composing Ind% 1 with Gal(@/@) — Gal(M/Q), then its Artin
conductor satisfies

Cond(p) = |Disc(Ly)].
We can compute Cond(p) as a product of the conductors of its subrepresentations: the
Galois representation Indg“gz> 1 o (Gal(Q/Q) — Gal(M/Q)) has conductor Disc(K}),

SO we obtain
|Disc(L1)| = |Disc(K1)| - Cond(par).

The relative discriminant formula implies |Disc(L1)|=Disc(K| )2 Nmg, (Disc(L1/K1)),
and so we conclude the proposition. O
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Definition 2.5. The (signed) conductor C(L1) of a D4-quartic L| whose quadratic sub-
field is denoted by K is defined as

Disc(L1)

C(Ly) i= —.

Disc(K1)
From the definition of the conductor and Proposition 2.4, it follows immediately that
two Dy4-quartics L1 and L, with the same normal closure M have the same conductor.
Furthermore, if L has no central inertia, then C(L{) = Disc(K) - Disc(¢(K1)). More
precisely, if L is a number field and p is a prime number, let Disc, (L) denote the p-part
of the discriminant, and let C, (L) be the p-part of the conductor. We then have:

Proposition 2.6. If L| is a Ds-quartic with quadratic subfield K1, then for all odd
primes p,

p* - Disc, (K1) - Discp (¢ (K1) if 1 = (o2),

Disc, (K1) - Disc, (¢ (K1) otherwise.

Proof. We refer to the notation described in (5), where ¢ (K1) = K». Table 1 shows that
if I, # (02), then Disc,(K2) = Nmg, (Disc,(L1/K1)). Thus, C,(L1) = Disc,(K7y) -
Disc, (K2). However, when I, = (02), Table 1 implies that Disc, (K1) = Disc,(K2)
= 1, but Nmg, (Disc,(L1/K1)) = Nmg,(Disc,(L2/K>2)) = p?%. Thus, we find that
C,(Ly) = p? - Disc, (K1) - Discp(K2). o

We are now ready to define the two fundamental invariants of a D4-quartic.

Cp(Ly) = {

Definition 2.7. If L is a D4-quartic with quadratic subfield K, define the fundamental
invariants of Lq:

(L)) = Disc(Ly)
V= Dise(k))?

Remark 2.8. For a D4-quartic L1, there is a global restriction on the integers q(L1)
and d(L1), namely that they are each congruent to 0 or 1 mod 4. Both of these are
due to (a generalization of) Stickelberger’s Theorem, though we note that |q(L)| =
INmg, (Disc(L1/K1))| requires carefully dealing with infinite places of relative discrim-
inants. See [25] for details.

and d(Lp) := Disc(Ky).

Proposition 2.4 can be reformulated as

Cond(pym) = Iq(L1) - d(L1)| = |q(L2) - d(L2)]
for a D4-quartic L and Ly = ¢ (L) as in (5). Define
C(Ly) ‘ q(L1)

J(Ly) = , (N

Disc(K) - Disc(¢(K1))  |d(¢(L1))
and for a prime p, let J, (L) denote the p-part of J(L1). Proposition 2.6 determines that
for an odd prime p, J,(L1) is equal to p? if and only if the inertia group / p at p is equal
to (02) C Dj4. Note that it is always true that J(L1) = J(¢(L1)). Furthermore, it will
not be necessary in what follows to compute J; it will be enough that J> is absolutely
bounded.
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3. Heuristics for counting D4-quartics by conductor

In [3], Bhargava developed heuristics for the asymptotics of the number of S,-fields of
degree n ordered by discriminant. The framework used to formulate these heuristics was
expanded by Kedlaya [20] for families of Galois representations ordered by their Artin
conductor. Additionally, Wood [29] predicted asymptotics (including mass formulae for
the constants) for fixed-degree families of number fields whose normal closures have a
fixed Galois group when such fields are ordered by invariants including the conductor.
In this section, we adapt their heuristics to the family of D4-quartics ordered by our two
fundamental invariants, q and d (see Definition 2.7). We recover the predictions in [29]
for the number of D4-quartics ordered either by conductor or discriminant, and we ad-
ditionally verify that the conjectured mass formula when ordering by discriminant is not
equal to the constant ¢ determined by Cohen, Diaz y Diaz and Olivier in [9].

3.1. The expected number of Ds-quartics with fixed fundamental invariants

Let v be a place of Q, and let K, C L, be étale algebras of Q, of degrees 2 and 4,
respectively. When v corresponds to a finite prime p (resp. infinity), we say that such
a pair (L, Ky) is compatible with a pair of integers (q, d) if the p-parts (resp. signs)
of Nmg, (Disc(Ly/Ky)), the norm in @Q, of the relative discriminant of L, over K,,
and Disc(K,), the discriminant of K,, agree with the p-parts (resp. signs) of q and d,
respectively. Note that when q > 0, d can be positive or negative; however, when q < 0,
d must be positive, otherwise no such compatible pairs (Lo, Kxo) exist.

Given a place v of Q and integers q and d, let X, (q, d) denote the set of pairs of Q,-
algebras (L,, K,) that are compatible with (q, d). Let the weighted local mass E,(q, d)
be defined by

1
EU(q9 d) = Z S —
(Ly,Ky)eZy(q,d) #Aut(Ly, Ky)

where Aut(L,, K,) is the group of automorphisms of L, that restrict to endomorphisms
of the subalgebra K, . The following result evaluates E,(q, d) for all places v.

Proposition 3.1. (1) If q and d are non-zero, then Ex(q,d) = 1/4 when at least one
of q ordis positive.

(2) If v corresponds to an odd prime p, then E,(q, d) is non-empty if and only if the
p-parts of (q, d) are one of (1, 1), (p, 1), (pz, 1), (1, p), or (p, p). In each case, we
have E,(q,d) = L.

(3) The values of E2(q, d) are given below.

Proof. The proof is by direct computation. For p = oo, the result is immediate. For p
odd, we note that as there is no wild ramification, the computation of q and d depends
only on the Galois decomposition, and the inertia groups of the component fields of K,
and L,. However, it turns out this enumeration depends only on whether p = 1 (mod 4).

Explicitly, for odd primes p, Kummer theory implies that the quadratic extensions of
a p-adic field K are in one-to-one correspondence with the non-trivial square classes
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Table 2. The value of E5(q, d).

q d=1 d=22 d=23

1 1 1 2
22 1 1 2
23 2 — —
24 2 2 4
25 2 4 8
26 4 — —

K> /(K*)2. Combining this with Hensel’s Lemma, we conclude that for each odd
prime p, there are exactly three possible quadratic extensions of any p-adic field K cor-
responding to adjoining the square root of u, &, and um, where u is a (lift of a) quadratic
non-residue in Ok and 7 is a uniformizer.

For odd primes, this implies that there are up to 3 x 3 = 9 possible quartic fields L,
which could be extensions of K,. However, many of these fields are actually isomorphic
as fields over Q,. The number of possible isomorphism classes (and their associated
automorphisms, decomposition groups, and inertia groups) turns out to only depend on
the value of p mod 4.

Explicitly, the unramified quadratic extension Ko of Q, has three quadratic exten-
sions, one of which is Q,,(«/? ) where 1 is a quadratic non-residue in Kj; it is unramified
and has Galois group C4. Another is Q,(/u, \/p); it is a C% field with decomposition
group equal to the inertia group that fixes Ko. The final extension is Qp(\/ﬁ); it is
ramified and has Galois group C4 and decomposition group equal to the inertia group
Cy < Cy.

This leaves 2 x 2 = 4 possible quartic extensions of Q,. Hensel’s Lemma directly
implies that the possible fields are Q,(&/p), Q,(V4p), Qp(¥—2p), and Q,(J/—8p).
If p = 1 (mod 4) then x* — 1 has four distinct roots in the residue field F,, of Z, and
the above fields are distinct, each with Galois group, decomposition group, and inertia
group C4. On the other hand, when p = 3 (mod 4), x* — 1 has two solutions, and none
of these fields is Galois and thus they are Dy4-fields. The fields Qp(f/f) and Qp((‘/ —4x)
are isomorphic. The decomposition group is all of D4 and the inertia group the rotation
subgroup (02).

At p = 2, the number of quartic extensions of Q, is much larger, and wild ramifi-
cation makes the computation of q and d much more complicated. However, a database
of local fields, e.g., [21, 19], can be used. The details of the computation can be found at
http://github.com/khwilson/D4Counting. O

The framework in [3, 29] depends on the basic heuristic assumption that for a family of
number fields of fixed degree and fixed associated Galois group, the completions at dif-
ferent places behave independently of one another. This implies that the expected number
of such number fields having given invariants is equal to the infinite product over all
places v of Q of the weighted number of local extensions of Q, that are compatible with
those invariants. More precisely:


http://github.com/khwilson/D4Counting
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Assumption 3.2. If E(q, d) denotes the expected number of isomorphism classes of Da-
quartics with fundamental invariants equal to q and d, we assume

1
E@d) =7 Ex(qd []Eyq d). ®)
p

The extra factor of 1/2 above arises from two issues: (1) there is a global restriction on the
invariants q and d (see Remark 2.8), which occurs 1/4 of the time, and is not taken into
account by the local masses, and (2) the product of the local masses E,(q, d) determines
the expected weighted number of D4-quartics with invariants q and d, where a D4-quartic
L is weighted by # Aut(L) ™! = 1/2.

3.2. Predictions for the global distribution of Ds-quartics using double Dirichlet series

To determine the asymptotics of Y . E(q, d), we study the behavior of the double Dirichlet

series Eq.d)
qv

st = ’

5.0 Zd:zq:mmav

which converges absolutely for s, ¢ > 1. Since there are three possible sign configura-
tions for the pair (q, d) of integers, the archimedean contribution to £(s, ) is exactly 3 /4.
Additionally, 2 - E(q, d) is multiplicative with respect to both q and d, and so it follows
from Proposition 3.1 that (s, t) can be expressed as

3
JOUESE ]:[sp(s,r),

where

1 1 1 1
gp(s’t):1+ﬁ+ﬁ+? 1+F
when p is odd, and

1 2 2 2 4 1 1 2 4
gz(s,l)=1+ﬁ+§+%+ﬁ+ﬁ+ﬁ 1+2T+%+ﬁ

2 1 2 4
+ > 1+ 3% + pn + 55 )
Define the correction factor at 2 to be

- [ B 1
SZ(S,I) = Sz(s,t)/(l + 2—5 + ﬁ + 5(1 + §>>

We can rewrite £(s, 1) as

-Ez(s,r)-]_[<1+is+i+i<1+i))
P p ‘

§s,1) = ol G

I W oo w

D@t [[a=p = p T —p A p T 4 pTH,
p
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Therefore, the function & (s, ¢) is holomorphic in the region # > 1/2, s > 1/3 aside from
poles at the lines s = 1 and t = 1.

3.3. Heuristics

We now consider families of D4-quartics under different orderings. If X and Y are positive
real numbers going to infinity, let Eq 4(X, ¥) denote the expected number of isomorphism
classes of D4-quartics L such that |q(L)| < X and |[d(L)| < Y, i.e.

Eqa(X.Y):= > E(q.d).
lq/<X
|d|<Y

Then, by computing the residue of £(s, ¢) at (1, 1), we obtain the heuristic

Eqa(X,Y) 3]‘[(1 ! 2+2>XY )
,d . N — . — — — — — . . .
q 8 1 P2 pd ph

Here, the correction factor 52(1 , 1) is 1. Note that this heuristic only relies on Assumption
3.2. If we were to take (8) as a definition, then we have completely verified the main term
(9), and we can additionally obtain a power saving.

Heuristics for the family of D4-quartics ordered by conductor.

Next, we consider the family of D4-quartics ordered by conductor. Let Ec(X) denote the
expected number of isomorphism classes of D4-quartics L such that |[C(L)| < X. If we
let E(C) denote the expected number of D4-quartics with conductor C, then

E©)
D)
; ]

since C(L) = q(L)d(L). The function £(s, s) has a double pole at 1 and, by computing
its residue, we obtain

3 1 2 2
EC(X)N—-H<1——2——3+—4>~X10gX. (10)
8 % p- PP

The correction factor at 2 is again 52( 1,1)=1.

Heuristics for the family of D4-quartics ordered by discriminant. Finally, we consider the
family of D4-quartics ordered by discriminant. Let Epjsc(X) denote the expected number
of isomorphism classes of Ds-quartics L such that |Disc(L)| < X. If we let E(Disc)
denote the expected number of D4-quartics L with discriminant Disc, then

Z E (Disc) — £(5.25)

iecls
Disc |Disc|
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since Disc(L) = q(L)d(L)?. The function &(s, 2s) has a simple pole at 1 and, by com-
puting the residue, we obtain

Episc(X) 3.11° ]_[<1+ 1 1) X an
Dise(4) ~ Se——— - ST g )&
2017 » p p

In this case, the correction factor at 2 is 52(1, 2) =112/(17 - 23).

Cohen, Diaz y Diaz and Olivier showed in [9, Proposition 6.2] that the number of
Dy4-quartics having discriminant bounded by X is ~ ¢X where ¢ ~ 0.052, whereas the
constant on the right hand side of (11) is &~ 0.406. This implies that when ordering Djy-
quartics by discriminant, the completions of such fields at different primes do not behave
independently of one another in the sense of [3], and so Assumption 3.2 does not hold.

4. Counting D4-quartics using analytic methods

In this section, we obtain asymptotics for the number of D4-quartics, ordered by conduc-
tor, whose quadratic subfield has small discriminant, following the methods of Cohen,
Diaz y Diaz and Olivier [9] where similar asymptotics for the number of such D4-quartics
ordered by discriminant are determined. By refining their arguments, we are able to count
Dg4-quartics of bounded conductor whose quadratic subfields have small discriminant and
satisfy a prescribed set of splitting conditions at a finite number of primes. We begin with
a few definitions before giving the precise statement of the main theorem of the section.

Definition 4.1. If K is a quadratic field and L is a quadratic extension of K, define the
conductor of the pair (L, K) as

Disc(L)

(12)
If L is a D4-quartic and K denotes its (unique) quadratic subfield, then C(L, K) = C(L).

We refine the notion of a collection of local specifications described in the intro-
duction. Let Ef}‘” = {(gv(L), cy(K))} be the set of all pairs consisting of a possible
splitting type for a place v in a D4-quartic L and a consistent splitting type at v for its

quadratic subfield K. We refer to a collection ¥ = (X,), as a set of local specifications
if £, € =M for each v.

Definition 4.2. A set ¥ = (X,), of local specifications is stable if for every prime p
and every quadratic splitting type gl’, (equal to either (11), (2), or (12)), the set T p either
contains all possible pairs (x, g,/,) or none of them.

Additionally, we denote by £(X) the set of Dy4-quartics L with quadratic subfield K
such that (¢, (L), ¢y(K)) € X, for all v. Similarly, let XC(X) denote the set of quadratic
subfields of £(X). Note that when X is stable, the set £(X) consists of all D4-quartics
that are quadratic extensions of all the fields in IC(X).
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For a set X of local specifications, let Nc(X; X, Y) be the number of isomorphism
classes of Ds-quartics L € L(X) such that |C(L)| < X and |[d(L)| < Y. Addition-
ally, set Nc(X,Y) := NC(Ef“H; X, Y). In this section, we compute asymptotics for
Nc(Z; X, XP) when X is stable and 8 < 2/3. More precisely, our goal is to prove the
following theorem:

Theorem 4.3. Let X be a stable set of local specifications. Then, for every § < 2/3, we
have

1 L(,K/Q) 272K
. By _ . 2 : . .
Nebs; X, X )_2;(2> ( k5l L2 K/Q |Disc(1<>|) Xt 0p(X),

|Disc(K)|<X?

We do so by first demonstrating that the number of quadratic extensions of quadratic num-
ber fields that are not Dy-quartic fields is negligible, so we can compute Nc(Z; X, X#) in
terms of these towers of quadratic extensions. In [9], the authors define a Dirichlet series
for each quadratic field K whose residue at s = 1 is shown to be the number of quadratic
extensions of K. We then carry out a smooth count for the quartic fields in £(X) that
are quadratic extensions of K and subsequently obtain the theorem by summing over all
K e K(X).

4.1. Quadratic extensions of quadratic number fields

If L is a quadratic extension of a quadratic field K, then either L is a D4-quartic or it is
Galois with Gal(L/Q) = C4 or V4. In the following lemma, we prove a bound for the
number of pairs (L, K) having bounded conductor, where L is a Galois quartic field and
K is a quadratic subfield of L having small discriminant.

Lemma 4.4. Let B < 1 be fixed. The number of pairs of (L, K), where L is a Galois
quartic field, K is a quadratic subfield of L, C(L, K) < X, and |Disc(K)| < X# is
bounded by O (X 11A)/2+e),

Proof. Let (L, K) be a pair satisfying the conditions of the lemma. By the relative dis-
criminant formula, we have

[Disc(L)| = |Disc(K) - C(L, K)| < X'*P.

It is known from [10, §§2.4-2.5] that the number of Galois quartic fields whose dis-
criminant has absolute value less than X is bounded by O, (X 1/2+€) The lemma follows
immediately. O

For stable X, we can thus prove Theorem 4.3 by counting the number of quadratic exten-
sions over quadratic fields in C(X) whose relative discriminants have bounded norm. To
this end, we consider the Dirichlet series g 2(s) = P g 2(C2, s) defined in [9] for any

number field K as |

Pk 2(5) = , Nmg (Disc(L/K))*’

[L:K]=
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It is proved in [9, Theorem 1.1] that

2-r2(K)

Z Nmg (2/¢) Z Lg(s, %),

Qi) =—1+ . 3
Ck(2s) G Nmg (/0> o,

where r(K) denotes the number of pairs of complex embeddings of K, ¢ runs over all
integral ideals of K dividing 2, x runs over all quadratic characters of the ray class group
modulo ¢2, and L kx (s, x) is the L-function of K for x. It is also proven in [9, Corol-
lary 1.2] that the rightmost pole of ® g 2(s) is at s = 1 with residue

2720 L(LK/Q
(2 LQ.K/Q)

We can then obtain “smooth counts” of the number of quadratic extensions of quadratic
fields K:

Resg—1 g 2(s) =

13)

Lemma 4.5. Let ¢ be a smooth compactly supported function ¢ : R>g — Rx>q. If K is
quadratic, then

|Disc(K) - Nmg (Disc(L/K))|
2 ‘”( X )
[L:K]=2

X ; . _
= Vol(p) - Ress—1 Pk 2(s) - M + 0€’¢(2w(DISC(K))|D1SC(K)| 1/4+eX1/2+e)’

where w(d) denotes the number of prime divisors of d, and Vol(¢) denotes f o(t)dt.

Proof. Let ¢ denote the Mellin transform of ¢. By Mellin inversion, the left hand side of
the above equation is equal to
: p(s) X Pk 2(s)d

— PS) s o, - PK.2ls)das.

270 Jre(s)=2 |Disc(K)|*
Shifting the line of integration to Re(s) = 1/2 4 €, we pick up the main term from the
pole at 1 since ¢(1) = Vol(g). The error term follows by using the convexity bound
of O¢(|Disc(K)|'/4*€) near s = 1/2 at each of the 0 (2°®isc(K)y [ _functions used to
define q)K,z(S). O

The next lemma, whose proof is very similar to that of Lemma 4.5, gives a bound when
imposing ramification on the quadratic extensions of a fixed quadratic field K and will
only be used in §8:

Lemma 4.6. If K is a quadratic field and | is a squarefree product of prime ideals in K,
then the number of quadratic extensions L over K such that Nmg (Disc(L/K)) < X and
every prime dividing § ramifies in L is bounded by

o (L(l, K/Q [Disc(K)|!/* ,Xmﬁ)'
“\' Nm(f) Nm(f)!/2
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Proof. We can (and do) assume that f is odd. Since an upper bound for the number of
quadratic extensions of K can be obtained with a smooth sum, we proceed as in the proof
of Lemma 4.5. The only difference is that we use, instead of ® g 2(s), the Dirichlet series
@ 2,5(s) corresponding to extensions L of K that are ramified at every prime dividing f:

1
Nmg (Disc(L/K))$

Dk 25(s):
[L:K]=2
L ramified at §

2—12(K)

—1 . N 2s—1 ( ﬂ),
w2 N © L\ 2 N

x€CI(K,c2)V " asquarefree
(a,0)=1, fla

where the notation is as in the definition of ®k »(s). Since the residue of ® g 5 (s) at 1, its
rightmost pole, is < L(1, K/Q)/ Nm(f), the lemma follows from an argument identical
to the proof of Lemma 4.5. O

4.2. Proof of Theorem 4.3

We are now ready to prove the main result of this section. From Lemma 4.4, it follows
that we may estimate Nc(Z; X, X#) by counting quadratic extensions L of quadratic
fields K. Let x[o,1] denote the characteristic function of [0, 1]. Then

1 |Disc(K) - Nmg (Disc(L/K))|
Ne(E; X, XP) = > . (4
c( ) Z Z X[0,1]< X (14)
KeK(x) [L:K]=2
|Disc(K)|<X#

The factor of 1/2 on the right hand side of (14) is to account for the fact that a D4-
quartic L and its conjugate L’ both contribute to the inner sum, while the left hand side
of (14) counts D4-quartics up to conjugacy.

For € > 0, choose ¢ to be smooth compactly supported functions such that ¢+ —
X[0,1] takes values in R* and Vol((pi) = 1 & €. Lemma 4.5 together with (13) implies

that
Z Z i<|Disc(K)-NmK(Disc(L/K))|>
®
Kek(2) [L:K]=2 X
|Disc(K)|<X#

- Z l+e L(, K/Q) . 2—r2(K) .
- keksy $@ L2 K/Q) |Disc(K)|
|Disc(K)|<Xﬂ

+ O« ( > |Disc(K)|1/4+fX1/2+f>.
KeK(%)
|Disc(K)|<X#
In the above equation, the left hand side corresponding to ¢ (resp. ¢ ™) is an upper bound
(resp. lower bound) for Nc(Z; X, X#). Meanwhile the error term on the right hand side
is bounded by O, (X 1/21+38/4+€) which, when B < 2/3, is bounded by o(X). Therefore,
Theorem 4.3 follows by letting € tend to O. O
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Remark 4.7. We note that standard analytic methods (namely, Perron’s formula in con-
junction with hybrid (sub)convexity bounds on the growth of Hecke L-functions in the
critical strip) yield a power saving in the error bound in Theorem 4.3. However, we do
not include the arguments since they will not be necessary for the results of this paper.

5. Mass formulae for families of D4-quartics

We now turn to the proof of Theorem 2. In the previous section, the constant in the asymp-
totic number of D4-quartics with bounded conductor whose quadratic subfield has small
discriminant was determined as a sum of L-values. In §§5.1-5.2, we prove an identity
relating the constant in Theorem 4.3 to an Euler product matching the predicted mass
formula described in §3.3 by proving that the main contribution to the sum on the right
hand side of Theorem 4.3 comes from certain diagonal terms. Finally, in §5.3, we study
the family of D4-quartics ordered by discriminant, and we prove an interesting identity
between the analogous diagonal terms and the heuristic predicted by (11).

5.1. Isolating the diagonal terms in Theorem 4.3

We first prove a lemma that will be used in bounding the non-diagonal terms when we
calculate the sum of L-values that appear in Theorem 4.3 in terms of a weighted Mobius
sum.

Lemma 5.1. Forany e > 0,

r b (ST (E) 0o

0<D<X
D squarefree mn;élj

where () denotes the Legendre symbol.

Proof. The m-sum is absolutely convergent, so we will focus on the n- and D-sums.
Interchanging the n- and D-sums yields

1 1/ D 1 1 /D
O R D e R DT DI () B
0<D<X n<D1/2+€ n\mn n<X1/2+e n 2 mn

D squarefree nl+2e <D<X
4 mn#0] mn#[] D squarefree

We will now apply a simple squarefree sieve to complete the D-sum and then use the
Pélya—Vinogradov inequality to finish the estimate. In particular, we can rewrite (15) as

3 l.( 3 <M )3 l.(@))
pexi2te 1 TANC LY d \mn
mn#0 a<n 1+2€ nT+2% <a?d<X

- e

1 2
nTHZ <g<X1/2 n1+2 <a?d<X
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Thus, (15) is bounded by

1 1 1 [(o%d
«<ra(zal ¥ 26
nfn‘;(#[] a<nT+2 a 2nTH2% <d<a—2X

RN RP A )

1
n1+2 <aq<X1/2

1/21
m'/“log(n
< > L8 _ !,
Tore nl/ 2t T
n<X'/Te
mn#0]
The last equality follows from the fact that for € sufficiently small, % + ﬁ > % - ﬁ,
o)
>, log(n)
28— 0.1).
n=1 n27" T+2e
The lemma then follows from the absolute convergence of 3 m—3/2. O

The next result is the key input in obtaining the mass formula. Using Lemma 5.1, we
rewrite the sum of L-values appearing in Theorem 4.3 in terms of a weighted Mobius
sum that we will later show is equal to an Euler product. When ordering D4-quartics by
discriminant, there is no known analogue to Proposition 5.2.

Proposition 5.2. We have

L(1,K/Q) 1
LT L(2,K/Q) |Disc(K)|
<Disc(K) < | )
= Y mmm X Emeo
[K:Q]=2 [Disc(K)| O<a,b<oo a
0<Disc(K)<X (Disc(K),ab)=1 (16)
s LLKO
X[I%Q](:Kz) . L(2,K/Q) |Disc(K)]
— X <DI1SC < 1 .
= Y mmm X A owm
[K:Q]=2 [Disc(K)| O<a,b<oco a
—X <Disc(K)<0 (Disc(K),ab)=1

Proof. Let xx denote the quadratic character associated with K by class field theory so
that L(1, K/Q) = fo:] Xk (n)/n. From the absolutely convergent Euler product, it is
straightforward to see that L(2, K/Q) > (¢(4)/¢(2))?> > 0, and hence 1/L(2, K/Q)
is uniformly bounded independently of K. Using partial summation and the Pdlya—
Vinogradov inequality, for any € > 0 we get

1 xk() _ ) (logIDisc(K)|
L2, K/Q) B ( Disc(K)|€ )

n>|Disc(K)|'/2te
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Thus, we can conclude that

L(,K/Q) 1 . xk (n) 40 (IOgIDisc(K)I)
L2, K/Q)  L2,K/Q) n [Disc(K)|¢ )

n=1
Using (17), the left hand sides of (16) are equal to
: 2+4€
3 1 ( 1 D‘SC(KX):” - o (logDisc(K)>>
(KOl2 |Disc(K)| L2, K/Q) — n “\ Disc(K)¢ ’
0<Disc(K)<X

|Disc(K)|/2+e

a7

|Disc(K)|!/2+e

1 1 xx (n) log |Disc(K)|
P |Disc<K>|'<L<2,K/@>' X 7 +0€( IDisc(K)[* ))
—X<Disc(K)<0 (18)

In either case, the sum of the O, terms is itself O (1), and so we focus on the remaining
term. Using the absolute convergence of the Euler product of L(2, K /Q)~!, we have

| | |Disc(§):l/2+‘ XK(H) ~ iﬂ(m)XK(m) ‘ |Disc(§):|1/2+e )(K(n)
L2 K/Q) no ) m? n

n=1 m=1 n=1
(19)

The key observation we make is that the main contribution to the right hand side of (19)
comes from the “diagonal” terms, i.e., when mn is a square. By pulling out these terms,
we may rewrite (19) as

[Disc(K)|1/2te o0

wu(a) Xk (n) (n) u(m)XK(m)
X oot X Y (20)
Ociaco @D n=1 m=1
(Disc(K),ab)=1 mn#0]

Substituting (20) back into (18) implies that the left hand sides of (16) are equal to

Disc(K)1/2+¢

1 ( Z w(a) M(m)XK(mn)>
Y. o + Z Z
352
(K Q2 Dise(K) Ocadeco @D
0<Disc(K)<X (Disc(K),ab)=1 mn;éD +0.(1)

|Disc(K)|Y/2Te o

1 w(a) w(m) xg (mn)
O WP S R WD Uy

[K:Q]=2 O<a,b<oo n=I m=1
— X <Disc(K)<0 (Disc(K),ab)=1 mn#0 + 0c(1).
By Lemma 5.1,
. 1/2+€
1 PR & wlm) xk (mn)
Dee@)] Y — S —)=0.0.
(Kgr=  [Disc =1 m=l men
|Disc(K)|<X mn#0

Noting that the remaining term does not depend on €, we obtain the proposition. O
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5.2. Proof of Theorem 2

We now turn to the proof of Theorem 2. From the identity

1
wa ¢ -2
O<a,b<oco p|Disc(K) p3
(Disc(K),ab)=1
we immediately obtain
1 wu(a)
Z : ' Z 37,2
[K:Q]=2 DISC(K) O<a,b<oo a’b
0<Disc(K)<X (Disc(K),ab)=1 X
_t@ ( )3 ! I - ?)
= . L - )
¢3) Ka=2  PIsCK) ey 1= 3
0<Disc(K)<X 22)
1 ) Z wu(a)
1 352
[K:Q]=2 |D1SC(K)| O<a,b<oo a’b
— X <Disc(K)<0 (Disc(K),ab)=1 |

_{o ( Y L - F)

- . 1 .
¢(3) K= |Disc(K)| pibise(k) | — %

— X <Disc(K)<0

Decomposing the right hand sides of (22) into sums over squarefree integers in a fixed
congruence class mod 4, we find that the left hand sides of (22) are equal to

£(2) Il ;
w2 5l

3 1=
T+ 2 14p ALy 1
4

I<D<X plD - _3 1<D<X p|D
D=1mod4 D=3 mod
D squarefree D squarefree 1
3 >’
+ .
1<;X 28D p|D1 L?>
D=imod2 P
squarefree
2) 1 - 3 - @9
o (> 5Iis -5
(@ 1 Y 2T
1 1
4€) —X<D<-1 D p|D - s —X<D<-1 14D p|D 1- s
D=1mod4 D=3 mod4
D squarefree D squarefree 1
3 -2
v Y s Il
—X<D<— 2 D \D _3
DElmodZ
D squarefree
Consider the limit
1
2 1 2
fm — 22 . > =
X=00 {3)log(X) | 54, D pi1— -k
D squarefree |
2 1 1=
= lim _ @ Z — pl .24
X—oo £(3)log(X) | 5y ple -

D squarefree
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Using Perron’s formula, for R(o) > 0, we can rewrite the right hand side of (24) as

_ c(2) 1 1 1-p2 . ds
% T3) log(X) | %f(U(HF 1_p—3)) X

The Euler product, for o > 0, is equal to

1 1-p2 1 1—p2 1 1-p!
l—[<1+ps+1'1_ —3>=§(S+1)'l:[<l_p2s+2'1_p—3_ps+3'1_p—3 :

» p
Note that
1 1-p2 1 1—p—1) ( ( 1 1 >)
1— . _ . - 140l 5—+—7) )
l:[( p2s+2 1 — p—3 ps+3 1 — p—3 1;[ p2x+2 ps-i-?a

Hence, moving the o contour to the left of %(c) = 0 and using the Cauchy integral
formula, we get3

1 1—p—2)) ds 1 1-p72 1 1-p7!
1+ — ] )X’ — = (log X)- 1——- -
L(U( ptt 1—p=3 s 1;[ p* 1—p= p? 1-p73

+ o(log X). 25)
The main term on the right hand side of (25) simplifies to

1 2 2
cropx)-T](1- 5 = %+ %)
p

p p
This shows in particular that we can rewrite the limit in (24) as
1
. c(2) 1 1= 1 2 2
lim ———— - — - =¢(2)- l—-———=4+—.
Xb0 £(3) log X 2 D 1—[1_1 (@[] PrAs R

1<D<X p|D s p p p
D squarefree

Carrying out the analogous computation for each term in both equations of (23) yields
Theorem 2. O

Theorems 2 and 4.3 immediately imply the following result.

Theorem 5.3. Let 8 < 2/3 be fixed. For the family of all D4-quartics,

3 1 2 2
NC(X,Xﬂ)zg-H<1—?——3+F> -Xlog X + O(X).
P

p
It follows from the heuristics of §3.3 that the family of D4-quartics L satisfying |[d(L)| <
|C(L) |2/ 3 satisfies the mass formula (10) when such fields are ordered by their conductors.
In §§6-8, we prove a refinement of Theorem 5.3 by adapting the arguments in [2] in
conjunction with the analytic techniques used in Section 4.

3 One can in fact obtain a better error term, but it is unnecessary for establishing the results of
the current article.
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5.3. Diagonal terms for the family of D4-quartics ordered by discriminant

We would like to conclude this section by considering asymptotics for the analogous
“diagonal terms” that arise when counting the number of D4-quartics having bounded
discriminants. Let Npjsc(X) denote the number of isomorphism classes of D4-quartics L
with |Disc(L)| < X. By [9, Corollary 1.4] (or following the proof of Theorem 4.3 with
discriminant in place of conductor), we have

NDisc(X) =

—ra(K)
> LA K/ 277 + o(X). (26)

202 L(2,K/Q) |Disc(K)[?

(K:Q]=2
IDisc(K)|<X

Applying the reasoning in the proof of Proposition 5.2, we find that combining (19) and
(26) implies

x) = X & )y m)\ (S xxm)) 27
Npise(X) = 2{(2) . Z (Z T) . <HX:; . ) . |DiSC(K)|2 +o(X).

(K:Ql=2 ‘m=1
IDisc(K )| <X

We replace the product of sums
(i M(m)XK(m)) . (i mn))
m? n
m=1 n=1

with simply the “diagonal” terms (i.e., the terms where mn is a square).
Theorem 5.4. We have

1 2-7(K) wia)
%@ [Z |Disc<1<>|2'< 2 a3b2)'X

K:Q]=2 O<a,b<oo
|Disc(K)|<X (Disc(K),ab)=1
3-112 ( | )
~ . l+=-—=-—=)-X. @27
26 .17 l:[ pz p3 p4
Proof. This follows from an argument analogous to the proof of Theorem 2. O

The right hand side of (27) agrees exactly with the heuristic in (11)! The non-diagonal
terms, as in §5.2, again give an error term of O(X). In the case when D4-quartics were
ordered by conductor, this error term was negligible compared to the main term of or-
der X log X. This time, however, the main term of < X does not automatically dominate
the error term. In fact, the comparison of the constant ¢ &~ 0.0523 from [9] and the con-
stant & 0.406 on the right hand side of (27) implies that the non-diagonal terms do make
a non-negligible contribution.
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6. Parametrizing Ds-quartics via pairs of ternary quadratic forms

We next give a proof using geometry-of-numbers techniques in conjunction with arith-
metic invariant theory methods for determining asymptotics of the number of D4-quartics
with |q] < X and |d| < X. We obtain worse error estimates in this second proof, but we
are able to prove more refined statements for a wider class of collections of local spec-
ifications. We begin with a parametrization of D4-quartics via certain pairs of ternary
quadratic forms, following Bhargava [1] and Wood [30]. In §6.1, we describe the arith-
metic invariant theory for orbits of such pairs of ternary quadratic forms and compare
it to the invariants defined in Definitions 2.7 and 2.5 for the corresponding D4-quartics.
We additionally define splitting types, and we compute the p-adic densities for pairs of
ternary quadratic forms corresponding to D4-quartics with fixed splitting type at p. These
results allow us to employ geometry-of-numbers methods carried out in Section 7 to count
the relevant orbits parametrizing D4-quartics with |q] < X and |d] < X.

In [1], Bhargava proved that isomorphism classes of pairs (Q, C), where Q is a quartic
ring and C is a cubic resolvent ring of Q are in bijection with GL3(Z) x SL3(Z)-orbits on
7% @ Sym?(Z?), the space of pairs of integral ternary quadratic forms. If Q is a maximal
quartic ring, then it has a unique cubic resolvent ring, so this bijection (when restricted
to maximal rings) can be viewed as a parametrization of quartic fields. We write a pair
of ternary quadratic forms as a pair (A, B) of symmetric 3 x 3 matrices whose diagonal
entries are integers and non-diagonal entries are half-integers. The group GL, x SL3 acts
on pairs of ternary quadratic forms as follows:

(82, 83) - (A, B) = (g3Agh. 83BgY) - &5.

For quartic rings Q containing a quadratic subring, Wood [30] gives a more special-
ized bijection: For any ring R, let V/(R) C R?> ® Sym?(R?) denote the space of pairs
(A, B) of ternary quadratic forms satisfying

0 0 0 by b12/2 b13/2
(A,B)=1 (0 ax ax3/2|,|b12/2 bxn by3/2]|],
0 ax3/2 a3 b13/2 b3/2 b33

where azy, a3, aszs, bi1, b2, by, byz, and b33 are elements of R with by # 0. The
subgroup G’ (R) of GL;(R) x SL3(R) consisting of elements (g2, g3) such that

0] wewl[5 0
82—* 41 an 83 =
* ko ok

acts on V/(R). Then the G’(Z)-orbits on V'(Z) are in bijection with triples (Q, C, T)
consisting of a quartic ring Q, a cubic resolvent C of Q, and a quadratic subring T C Q.
More precisely:

Theorem 6.1 ([30, Thm. 7.3.5]). For any principal ideal domain R of characteristic
different from 2, there is a bijection between G'(R)-equivalence classes of elements
of V'(R) with isomorphism classes of triples (Q, C, T) where
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e Q is a quartic ring over R,
e C is a cubic resolvent of Q withmap ¢ : Q — C, and
e T C Q is a primitive quadratic subalgebra such that ¢(T) # O.

In order to obtain a parametrization of maximal orders in D4-quartics, we first make a few
definitions.

Definition 6.2. An element of v € V/(Z) is generic if the quartic ring corresponding
to v under Theorem 6.1 is a D4-quartic order, i.e., an order in a D4-quartic. Addition-
ally, an element V'(Z) is said to be maximal if it corresponds to a maximal quartic ring.
A collection of elements of V'(Z) is said to be maximal or generic if each element is the
same.

Let (A, B) be an element of V'(Z) and let Q be the quartic ring corresponding to it. It
follows from [1, Lemma 22] that Q is non-maximal at every prime dividing b;{. Hence
Q is maximal only when b;; = %1. Furthermore, by replacing (A, B) with (—1d, Id) -
(A, B) = (—A, —B) if necessary, we may assume that b;; = 1. We define V(Z) C V'(Z)
to be the subspace of pairs

0 0 0 1 b12/2 b13/2
(A,B)y=| |0 ax ax3/2|,|bin/2 bxn ba/2|], (28)
0 ax/2 a3 b13/2 by3/2 b33

and we define the subgroup G(Z) C G'(Z) to be the set of pairs (g2, g3) € G'(Z) such
that

1 0 O
g2=|::il (1)] and g3 = | * * %
* ok k

Moreover, for any ring R, we analogously define the space V(R) and the group G(R).
We have the following proposition:

Proposition 6.3. There is a bijection between (isomorphism classes of ) Da-quartics and
maximal generic G(Z)-orbits on V (Z).

Proof. Recall that every D4-quartic field L has a unique maximal order and that a maxi-
mal order has a unique cubic resolvent ring as well as a unique primitive quadratic subal-
gebra. Thus, there is exactly one G’ (Z)-orbit in V'(Z) corresponding to L by Theorem 6.1
The above discussion shows that each generic, maximal G’(Z)-orbit in V/(Z) contains an
element of V (Z). Moreover, if (A’, B") = (g2, g3) - (A, B) for some (A, B) € V(Z) and
(g2, 83) € G'(Z) then B|, = g2 22 = 1 and thus (g2, g3) € G(Z). Since we only make a
claim about maximal orders, this completes the proof. O

6.1. Invariant theory

We next discuss the invariant theory for the action of G on V. The action of G(C) N
SL3(C) on V(C) turns out to have ring of invariants freely generated by three elements.
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We can describe these invariants in terms of the cubic resolvent of (A, B), i.e., the binary
cubic form det(Ax + By). It is straightforward to check that if (A, B) is as in (28), then
the coefficient of x3 in det(Ax + By) is zero. For a ring R, let U (R) denote the subspace
of the space of binary cubic forms consisting of elements

fx,y) =bx?y +cxy* +dy,

where b, ¢, d € R. Define N to be the group of lower triangular 2 x 2 matrices with top
left entry =1 and bottom right entry 1. Then N acts on U via

g fx,y) = f(x,y)-g".

Additionally, if 7 : V(R) — U (R) denotes the resolvent map (A, B) > 4det(Ax+ By),
then for (g2, g3) € G(R),

m((g2,83) - (A, B)) = g2 -m(A, B).

The coefficients b, ¢, and d of the binary cubic form 7w (A, B) are the invariants for the
action of G(C) N SL3(C) on V(C). Therefore, the ring of invariants for the action of all
of G(C) on V(C) is the same as the ring of invariants for the action of N1(C) on U(C).
The latter ring is freely generated by two elements d and g, which can be associated to an
element of V as follows:

Definition 6.4. If (A, B) € V(R) has resolvent f(x, y) = bx%y + cxy? + dy>, then
d(A, B) :=d(f) :=—b, q(A, B) :=q(f) :=c* —4bd.
Additionally, we set
C(A,B) :==d(A,B)-q(A,B) and Disc(A, B) :=d(A, B)*>- q(A, B).

We now relate the invariants d and q of an element (A, B) € V(Z) to the invariants of the
quartic ring corresponding to the G (Z)-orbit of (A, B) in Theorem 6.1.

Proposition 6.5. Let (A, B) € V(Z) with non-zero invariants d(A, B) and q(A, B). Let
Q denote the quartic ring corresponding to (A, B) and let T be its quadratic subalgebra.
Then Disc(T) = d(A, B) and Nmy(Disc(Q/T)) = |q(A, B)|.

Proof. Let (A, B) be as in (28) with resolvent f(x, y) = bx?y + cxy? + dy?, and as-
sume that d(A, B) and q(A, B) are non-zero. As described in [1, Section 3], one can
describe the multiplicative structure on a (normal) Z-basis of Q using the matrix coeffi-
cients of (A, B). Indeed, if (1, @1, a2, a3) is a Z-basis for Q, we can write its multiplica-
tion table as

oo = c?j + c,-ljal + cizjaz + C?j()l3,

where cll.‘j € Zforl <i,j <3andk € {0,]1,2,3} are completely determined by a;;
and b;;. Equations (20)—(22) of [1] with a;; = aj2 = a3 = 0 and by; = 1 imply that

¢, = ¢}, = 0. Additionally, we obtain ¢}, = —a33ax and ], = a2, ie.,

2
o] = —aszaxn + axsoq,
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and so Z[a1] = (1, 1) is a quadratic subalgebra of Q. By the description of T given in
[30, proof of Corollary 7.2.2], we have T = Z[«], and

Disc(T) = Disc(ay) = a§3 — 4dazzan).

Using the resolvent map (A, B) = 4det(Ax + By) = bx%y + cxy* + dy>, we deduce
that
b = 4arazz — a%S.
Thus, Disc(T) = d(A, B), as desired.
Furthermore, by [1, Proposition 10] and since Disc(A, B) = Disc(w (A, B)), we have

Disc(Q) = Disc(A, B) = Disc(bx?y + cxy? 4+ dy’) = b*c* — 4b3d.

The relative discriminant formula implies that |Disc(Q)| = |Disc(T)2 -Nm7 (Disc(Q/T))l,
and so we conclude that

Disc(Q)

— = | = |c? — 4bd|.
Disc(T)?

Nmz (Disc(Q/T)) = ‘

The proposition follows. O

We slightly generalize the notion of conductor given in the introduction for étale quartic
algebras over R. For a pair (Q, T), where Q is a étale quartic algebra over R and T
is a primitive quadratic subalgebra of Q, we set C(Q, T) := Disc(Q)/Disc(T). The
following lemma will be useful in obtaining a bound on the number of G (Z)-orbits that
correspond to non-maximal D4-quartic orders in Section 8.

Lemma 6.6. Let p be an odd prime. If (A, B) € V(Z,) corresponds to a non-maximal
quartic order Q contained in a degree-4 étale extension L, of Qp, and a quartic subal-
gebra T contained in a quadratic subextension K, of L, then

2| C(A, B)
C(Ly K,)

Proof. Since the index of Q in the maximal order of L is a multiple of p, it follows that
the discriminant of (A, B) differs from the discriminant of L by a factor of at least p.
Since C(A, B) = Disc(A, B)/Disc(T) and C(Lp, K) = Disc(Lp)/Disc(K}), the lem-
ma follows unless Disc(T)/Disc(K ) is divisible by p, or equivalently, unless T is not
maximal in the ring of integers of K.

Assume that T is not maximal in the ring of integers of K, and thus has discriminant
divisible by p%. We know from Proposition 6.5 that — Disc(T') is the discriminant of the
quadratic form a2y y? + ap3yz + az3z> corresponding to A. Hence, either A is a multiple
of p or, after a change of variables, we may assume that p2 | a; and p | az3. In the first
case, the pair of rings (Q1, T1) corresponding to (A/p, B) € V(Z) are over-orders of Q
and T such that p* | C(Q, T)/C(Q1, T1). In the second case, the argument is similar: we
use the pair (A», B>) obtained by multiplying the third row and column of A and B by p,
and dividing A by pz, which yield a pair (Q;, T2) of over-orders of (Q, T') such that
p2 |C(Q, T)/C(Q1, T1). The lemma follows. ]
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6.2. Splitting types of pairs of ternary quadratic forms

Let p be a fixed prime. We say that a pair (A, B) € V(F,) is non-degenerate if the zero
sets in P2 (Fp) of the two ternary quadratic forms corresponding to A and B intersect at
four points counted with multiplicity. For non-degenerate elements (A, B) € V(IF,) such
that A is non-zero, we define the quartic splitting type at p to be

sp(A,B) = (f" fy" ),

where the f;’s are the degrees over I, of the field of definition of these points, and the ¢;’s
are their multiplicities. Furthermore, recall that the top row and column of A is 0, and so in
the notation of (28), A corresponds to a quadratic form g(y, z) = axy® + axyz + azsz’.
We define the quadratic splitting type gé(A, B) of (A, B) to be (11) if g(x, y) has two
distinct roots in P! (IFp), to be (2) if g(x, y) has a pair of conjugate roots defined over a
quadratic extension of I, and (1) if g(x, y) has a double root. We then say that the pair
(sp(A, B), g;(A, B)) is the splitting type of (A, B) at p.

If (A, B)is anelementin V(Z) or V (Z,), we define the splitting type of (A, B) at p to
be the splitting type of the reduction modulo p of (A, B), assuming it is non-degenerate.
Let Q be the quartic ring corresponding to (A, B), and let T denote the quadratic subring
of Q arising from Theorem 6.1. It follows from [1, §4.1] that the quartic splitting type of
(A, B) is equal to the splitting type of Q. We have seen that the quadratic subring T of Q
corresponding to the pair (A, B) is the quadratic ring whose discriminant is the same as
that of the binary quadratic form corresponding to A. Hence, the quadratic splitting type
of (A, B) is the same as the splitting type of 7.

Given a pair (L,, K,) of extensions of QQ,, whose rings of integers correspond to
a pair (A, B) € V(Zp), we define ¢,(L,, K;) to equal the splitting type of (A, B).
Additionally, there are four possible splitting types ¢ = (o0, 54,) at 0o for an element in
V (R) having non-zero discriminant. The invariants (d, q) of an element v € V(R)() are
constrained in the following way:

¢ = ((1111),(11)) = q >0, d> 0;
¢ =((112),(11)) =q<0, d>0;
¢=(22,(d1)) ==q=>0,d>0;
§=1(22,2) =2q>0,d<0.

We denote the set of elements in V(R) having splitting type ¢ by V(R)(S) and set
V(Z)S) =V(@Z)NnVR)S.

6.3. The density of maximal elements

For a prime p and splitting type (5, ¢p), let Tj(p, 6,) denote the set of elements
(A, B) € V(Zp) whose splitting type at p is (gp, gl’,) and let M, (sp, gI;) denote the
set of elements (A, B) € T,(sp, gl’,) that correspond to quartic rings under Theorem 6.1
that are maximal at p. Identifying V (Z;,) = Zﬁ by regarding the non-fixed entries of (28)
as a vector, let u denote the Haar measure normalized so that V(Z,) has volume 1. We
have the following result which gives the volumes of the sets M, (s, gl’,).
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Proposition 6.7. We have

w(Mp((1111), (11))) = 2(p — D*(p + 1/p*,
1(Mp((22), (1)) = §(p — D*(p + 1)/p*,
w(Mp((22), (2)) = 2(p — D’ (p+ /p*,
1w(Mp((112), (1)) = (p — D> (p + 1)/ p*,
w(My(4), @) = 3(p — D>(p+ 1/ p*,
w(Mp((1211), (1)) = 3(p — D> (p + 1/p°,
w(Mp((172), A1) = 3(p — D> (p + 1/ p°,
(M ((121%), (1%) = 3(p = D*(p + D/p°,
w(Mp((2%), (1%)) = (p = D> (p + 1)/ p°,
w(Mp((1%), 1) = (p— D>(p + 1)/p°,
(M, ((171%), (1)) = $(p — D*(p + 1)/p°,
1w(My((2%), (@) = 3(p = D*(p + 1/ p°.

Proof. First note that the splitting type of v € V(Z,) depends only on the reduction of v
modulo p. It follows that the densities of the sets 7, (s, gI’,) can be computed by counting
elements in V (IF,). The conditions that ensure the maximality of v are listed in [1, §4.2].
We prove Proposition 6.7 by computing the densities of 7 (s, gI’,) and then, for each ¢,
determining the probability that v € T}, (g, g[/,) is maximal.

Let (A, B) be an element of V(Z,) having quadratic splitting type (11). It follows
that the quadratic form corresponding to A has two distinct roots in P! (Fp). The number
of possibilities for A, the reduction of A modulo p, is thus equal to (p + 1)p(p — 1)/2
giving a density of (p + 1)p(p — 1)/(2p>) for the possibilities of A. By a change of
variables, we may assume that (A, B) is of the form

o 0 0 0 1 0 0
(A, B) = 0 0 1/2f(,{0 s O (29)
0 12 0 0 0 ¢
when p is odd, and
o 0 0 0 1 a2 B2
(A, B) = 0 0 12|,|a/2 = 0 (30)
0 1/2 0 B8/2 0 t

when p = 2. The quartic splitting type of (A, B) then has six options: (1111), (112),
(22), (1211), (122), and (121%). When p is odd, this splitting type depends on whether
s and t are residues modulo p, non-residues modulo p, or 0. Their relative densities can
be computed directly. To obtain the splitting type (1111), both s and ¢ must be residues
modulo p which occurs with relative density (p — 1)2/(4p?). It is a straightforward com-
putation to check that for p = 2, the relative density of elements with quartic splitting
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type (1111) is again 1/16 = (p —1)?/(4p?). Multiplying with the density (p> —1)/(2p?)
of split quadratic forms arising from A yields the density of 7,,((1111), (11)). Since
every element with unramified splitting type is automatically maximal, it follows that
T,((1111), (11)) = M, ((1111), (11)), yielding the first part of the proposition.

We now compute the density of Mp((lzlz), (11)). Again, we may assume that (A, B)
is of the form (29) when p is odd and of the form (30) when p = 2. When p is odd, such
a pair (A, B) has quartic splitting type (121%) when s = ¢t = 0, and when p = 2 such
a form has splitting type (121%) when @ = g = 0. The relative density of such (A, B)
is 1/ p2, and we therefore see that the density of Tp((1212), (11)) is %(p —D(p+1)/p*
We now compute the probability that an element (A, B) € T,((1?12), (11)) is maximal
at p. Let (A, B) in Tp((1212), (11)) be fixed. By a change of variables, we may assume
(for both p odd and p = 2) that the reduction of (A, B) modulo p is equal to

o 0 0 0 100
A,B=l0o o 12],]l0 0 0]]. 31
0 12 0 00 0

From [1, Lemma 23], it follows that (A, B) is maximal if and only if neither b3, nor by3
is divisible by p?. Hence the relative density of M,((1212), (11)) in T,,((1?1), (11)) is
a-1/ p)z. In conjunction with the previously computed density of Tp((l2 12), (11)), it
follows that the density of M ,,((12 12), (11)) is as stated in the proposition. The computa-
tions of the densities of the M, (g, gl/,) for other splitting types (gp, 51/7) are very similar
to the above two computations and so we omit them. O

Proposition 6.7 gives the p-adic splitting densities in V. However, it is possible to extract
densities that are more refined. From the splitting types with central inertia in Table 1, it
is evident that the splitting type of a D4-quartic L at a prime p is not enough to determine
the decomposition groups of L at p. However, if v € V(Z) corresponds to Op, then the
G (Zp)-orbit of v in V(Z,) determines O ® Z,, and hence determines the decomposi-
tion groups of L at p. In the following lemma, we compute some of these more refined
densities.

If p is an odd prime with splitting type ((121%), (11)) (resp. ((2%), (2))) in a Dy-
quartic L with quadratic subfield K, then there are two possibilities for the splitting
type (sp(@ (L)), sp(¢(K))) of ¢(L) at p (see Definition 2.1), namely ((1111), (11))
(resp. ((22), (11))) or ((22), (2)). Let MV (5. 61 (resp. My (). 5})) denote the sub-
set of elements (A, B) € M,(sp, gl/,) corresponding to (Q, T) under Theorem 6.1 such
that ¢ (Frac(T)) has splitting type (11) (resp. (2)) at p.

Lemma 6.8. Let p be an odd prime and let (g, gl’,) be one of (121%), (11)) or ((22), (2)).
Then with the notation of the previous paragraph,

M (sp, sp)) = M (5p. 6))).

Proof. We prove the lemma only for the splitting type ((121%), (11)), since the proof is
very similar for (2%, (2)). Let (A, B) € V(Z,) be a maximal element, corresponding to
a degree-4 étale Z,-algebra Q and a quadratic subalgebra T, and let L (respectively, K)
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denote the fraction field of Q (respectively, T'). Assume that the splitting type of (A, B) is
((121%), (11)), and let f(x,y) = 4det(Ax 4+ By) denote the cubic resolvent polynomial
of (A, B). Then the x3-coefficient of f is 0, and dividing f by y yields a binary quadratic
form. A direct computation, in conjunction with Propositions 2.6 and 6.5, implies that

Disc,(f(x, ¥)/y)/p* = Discp(¢(K)), (32)

where Disc, means the p-part of the discriminant, and hence sign issues do not arise.
Since the two possible decomposition groups for the splitting type ((1212), (11)) are de-
termined by the splitting behavior of p at ¢ (K) (see Table 1), it follows that the relative
densities of these decomposition groups can be found by computing the relative densities
of the different possible splitting behaviors of p in the quadratic order whose discriminant
is Disc, (f(x, )/y)/p*.

Since p is odd, from the discussion surrounding (31), it follows that we may assume
(A, B) satisfies

ajy =ap =ap3=bp=b3=0, by=1 a3=1(@modp),
ay = b22 = b23 = b33 =0 (mod p).

Consider the pair (A, B;), where the B is obtained from B by dividing the by, b23, and
b3z by p. Let fi denote the cubic resolvent form of (A, By). By a direct computation
and applying (32), the discriminant of fj(x, y)/y is exactly the same as the discriminant
of ¢(K). Hence the decomposition group of L is determined by the splitting of p in
fi(x, y)/y. Since (A, B) was assumed to be maximal, it follows that p does not divide
the discriminant of fj(x, y)/y, because, by Table 1, for the splitting types under consid-
eration, ¢ (K) is unramified at p. It is a direct computation to check that the density of
elements (A, By) such that f1(x, y)/y has splitting type (11) (resp. (2)) is exactly 1/2,
yielding the lemma. O
Let M, denote the set of elements (A, B) € V(Z,) that are maximal at p, and let I,
denote the set of elements (A, B) in M, that do not have central inertia, i.e., the splitting
type of any (A, B) € U, at p is not equal to ((1*), (12)), ((1212), (11)), or ((2%), (2)).
Summing the values obtained in Proposition 6.7 we can compute the density of M,,. To
determine the density of U,,, we add up the values of the first nine rows.

Theorem 6.9. We have

1 1 2 2
ot = (1= 25 ) (1= e e+ )
(- )3 0+3)
) = p? p p)

7. Counting D4-quartics using geometry-of-numbers methods

In the previous section, we defined an injective map from D4-quartics to G (Z)-orbits on
V(Z) and determined generators d and q for the ring of invariants for the action of G
on V. In this section, our goal is to count generic G (Z)-orbits on V (Z) having bounded
invariants.
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Recall that an element v € V (Z) is said to be generic if v corresponds to an order in a
Dg4-quartic, and the subset of elements in V (Z) with infinite splitting type ¢ is denoted by
by V(Z)©). For any G(Z)-invariant set £ C V(Z) and for any § > 0, let /\/'cf‘s)(ﬁ; X,Y)
denote the number of generic G (Z)-orbits v on L such that X < |q(v)| < (1 4+ )X and
Y < |d(w)] < (1 +68)Y. Our goal in this section is to prove the following theorem:

Theorem 7.1. Let X and Y be positive real numbers going to infinity such that Y (log Y )?
= o(X). Then

NPV @ x, 1) = E252x7 4 0yx7),
T

S
where T = 8 when ¢ = ((1111), (11)) or ¢ = ((22), (11)) and t. = 4 otherwise.

To do so, we study the fundamental domain for the action of the non-reductive group
G(Z) on V(R). We then compute the volume of a cover of this fundamental set after
cutting off the cusps in terms of an Euler product of local densities.

7.1. Construction of fundamental domains

In this section, our goal is to construct a finite cover for a fundamental domain for the
action of G(Z) on V(R). As a first step, we describe the G (R)-orbits on V(R), and the
sizes of the stabilizers in G(R) of elements in each orbit. Before we do so, it will be
convenient to introduce the following group and space: For any ring R, let Vieq(R) C
V (R) consist of all pairs (A, B) of the form

0 0 0 1 0 0
(A,B)=1[0 ax ax3/2|,|0 bxn by3/2|]. (33)
0 ax3/2 a3 0 b23/2 b33

The subgroup Gred(R) of G(R) acts on Vieq(R), where Greg(R) consists of elements
(g2, g3) € GL2(R) x SL3(R) such that

+1 0 O
g2=|::|:1 0] and g3=1| 0 x x|[. (34)
* 1
0 *x =*

Proposition 7.2. The orbits for the action of G(R) on the set of elements in V (R) hav-
ing non-zero invariants q and d correspond to a pair (Leo, Kxo) of étale algebras with
splitting types and invariants as follows:

(1) When q > 0 and d > O, there are two orbits, one with splitting type ((1111), (11))
and one with splitting type ((22), (11)).

(2) When q < 0andd > O, there is one orbit with splitting type ((112), (11)).

(3) When q > 0 and d < 0, there is one orbit with splitting type ((22), (2)).

The respective sizes of the stabilizers in G(R) of elements in these orbits are 8 in the first
case, and 4 in the second and third cases, and we denote these stabilizer quantities by
T¢ (Loo, Koo).
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Proof. We start with a few observations. First note that G (R)-orbits on V(R) having
fixed invariants d and q are in bijection with Geq(IR)-orbits on V,¢q(R) having invariants
q and d. This is because (A, B) € V(R) is G(R)-equivalent to some (Ared, Bred) €
Vied (R). Futhermore, if two elements in Vieq(R) are G (R)-equivalent via some g € G(R),
then g must in fact belong to Geq(R). This latter fact also implies that the stabilizer in
G (R) of any element in Vq(R) is contained in Geq(R). Also note that Geq(R)-orbits on
Vred (R) having non-zero invariants d and q are in bijection with Greq(R)-orbits on Vieq (R)
having invariants q/|q| and d/|d|. Indeed, if (A, B) € V;qd(R) has invariants q and d, then
dividing A by +/[d] and dividing the lower 2 x 2 submatrix of B by /|q|/|d| yields the
necessary bijection. Moreover, a direct computation shows that the stabilizers in Geq(R)
of these two elements are the same. Therefore, it suffices to prove the proposition in the
case when q and d are £1.

Consider the caseq = d = 1. Let (A, B) € Vieq(R) have such invariants. By replacing
(A, B) with a Gq(R)-translate, we transform it as follows: first, we ensure that ayy =
a3z = 0; next, we subtract an appropriate multiple of A from B to ensure that its off-
diagonal entries are 0; finally, we use an element of SL(R) C Greq(R) to ensure that
|ba2| = |b33|. From the fact that ¢ = d = 1, it follows that we have transformed (A, B)

into the form
0 1
+1
4 £l
1 £l

2 4
where by, and b33 are either both positive or both negative. It is a direct computation to
check that (A, B) has splitting type ((22), (11)) in the former case and ((1111), (11)) in
the latter case. Furthermore, the stabilizer in G.q(R) of (A, B) in either case is seen to
consist of the following eight elements:

| —

1 1

11], ro [‘11] ro ). [11] .
- 1 —1 1

This concludes the proof of the first item in Proposition 7.2. We omit the proofs of the
other two items since they are very similar. O

Recall that the set of elements in V (R) with infinite splitting type ¢ is denoted by V (R)().
Given a splitting type ¢, let (A, B) € V (R)(S)NV;eq(R) be an element whose invariants
have absolute value 1. By multiplying A by +/|d| and multiplying the bottom 2 x 2
submatrix of B by ,/|q|/|d|, we obtain an element with invariants q and d, for any pair
(q, d) € R? having appropriate signs. We thus obtain the following result which follows
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immediately from Proposition 7.2. Note that the set of such pairs (A, B) is bounded (since
q and d are) and semialgebraic (indeed, they are defined by linear conditions.)

Proposition 7.3. Fix an infinite splitting type ¢. There exists a fundamental set R'S)
for the action of G(R) on V(R)(S) such that R'S) contains one element (A, B) having
invariants q and d for any (q,d) € R? having appropriate signs. Moreover, R(S) may
be constructed so that the element (A, B) € R(S) having invariants q and d is such that
the coefficients of A are bounded by Os(|d|'/?) and the coefficients of B are bounded by
05(Iql'/?1d|~/2).

Let F be a fundamental domain for the action of G(Z) on G (R). We may assume that F
is contained in the Siegel domain § = 515>, where

1 1 1 1
S = , 1 1! cosf sinf | |:n,m3e[0,1),r>1},
nl . 2
| m3 1] | t —sinf cos6
(35)
1 [ 1 |
S = [ 1], my 1 :my,mp € [0, 1)

We have F = F»F|, where | C S and F, = Sp. From an argument identical to that
in [5, §2.1], it follows that F - R(S) is a cover of a fundamental domain for the action
of G(Z) on V(R)S), where the G (Z)-orbit of v is represented m(v) times. Here m (v) is
given by

m() =# StabG(R) () /# StabG(Z)(v).

Every element in V (R) is fixed by the element (Id, g3) € G(Z), where g3 is the diagonal
3 x 3 matrix whose diagonal entries are 1, —1, and —1. Conversely, every non-trivial
element y € G(Z) not equal to (Id, g3) € G(Z), acts non-trivially on V (R). Hence the
set of points in V (R) fixed by y has lower dimension and thus has measure 0. Since there
are only countable many elements in G(Z), it follows that the set of elements in V (R)
that have a stabilizer in G(Z) of size greater than 2 has measure 0. We thus obtain the
following theorem.

Theorem 7.4. The multiset F - RS is a T /2-fold cover of a fundamental domain for
the action of G(Z) on V (R)(S), where T = 8 for ¢ = ((1111), (11)) or ((22), (11)) and
te =4 for ¢ = ((112), (11)) or ((22), (2)).

7.2. Averaging and cutting off the cusp

Let £ C V(R)(S) be a G(Z)-invariant lattice, and denote the set of generic elements in £
by L£2°", Given a subset W of V(R) and a constant § > 0, we denote by Wxy the set of
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elements w € W with X < |q(w)| < (1 4+8)X and ¥ < |d(w)| < (1 + §)Y. Since the
stabilizer in G (Z) of a generic element in V (Z) has size 2, Theorem 7.4 implies that

2
N(L: X, Y) = Z#(F - RS N £y, (36)
S

From Proposition 7.3, it follows that the coefficients a;; and b;; of any element (A, B) €
Rg(g)), satisfy the bounds

laijl < Y120 byl < X2y, 37)
‘We now pick the following bounded open non-empty subset G of Gred(R):

1

Go = b a b||:ineo.vxr, |? Plec csmlt,
n 1 ¢ d c d

where G is a bounded open non-empty SO, (R)-invariant subset of SL,(R). The reason
for the choice of the range of 7 is that the coefficients of every element in G Rg?l), satisfy
the bounds (37). Write the fundamental domain F in (36) as F»F1g. Using coordinates
from (35), we write an element in Fj as (n, m3, t, 6). In these coordinates,

dg = t~dndmsd*td6

is a Haar measure on G4(R). The proof of the following lemma follows the argument in
[, proof of Theorem 2.5].

Lemma 7.5. We have

NO@L: X, Y) = #MTF28Go - RE) N L&) dg.

7¢ Vol(Go) /ge]—'l
Proof. Forevery g € Gredq(R), the set g -R(S) is a fundamental set for the action of G(R)
on V (R)S. Therefore, averaging (36), with R(S) replaced with g - R(S), over g € Go, we
obtain

NP X, ¥) = M2 F1g - R N LE dg.

7 Vol(Go) Jeeg,
Pick v € £ and let vy € R'S) denote the unique element that is G (R)-equivalent to v.
Since Greq(R) - R is contained in Vieq(R), and there exists at most one element in F. _1,
such that y5 - v € Vieq(R), it follows that the set S, of elements y € Gq(R) such that
y-vo €F, 1y is finite. Therefore,

f #{]:zflg.R(;}),ngen}dgz Z ZVol({geGo:)/Gf]g}),
8€Go veLeen yes,

/ . #{F2gGo - Ry N LEM dg = > Y Vol({g € Fi : v € gGo)).
g€/

veLen yes,
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Since

Vol({g € Go : ¥ € Fig)) = Vol(Go N F;y) = Vol(y Gy 0 Fy)
= Vol({g € 7\ : ¥y € gGop)),

the lemma follows. ]

In the next lemma we show that F,gGy - Rgfl), has no integral generic points if 7 is too

large.

Lemma 7.6. Suppose F2gGy - Rggl), N V(Z)&™" is non-empty for g = (n, m3, t,0). Then
t LYV

Proof. Let (A, B) € R'S). Then |a»n| <« Y'/2. Therefore, there exists a constant C
such that if 7 > CY4, then |axn| < 1 for every (A, B) € t0GoRS). The action of
m3, n, and F, does not change the value of as;, and it follows that ay; = 0 for every
(A, B) € F28Gy - Rg(gl), N V(Z). We claim that such an (A, B) is not generic. Indeed,
the conic in P? cut out by A consists of a pair of lines, each of which is defined over Q.
Therefore, the intersection points of the conics corresponding to A and B are defined over
a degree-2 extension of Q, and so (A, B) cannot correspond to a Dy field. The lemma thus
follows. m]

Welet /' = ]:2]-'{ C F consist of all elements go g1 with g» € F> and g1 = (n, m3,t,0),
where t < CY!Y4 for the C in the proof of the above lemma. For any lattice £ of V(Z),
define

NF(L: X, Y) = #{(FgGo - Ry N L} dg. (38)

7 Vol(Go) /gef;
We use the following result of Davenport [13] to estimate N&" (L; X, Y):

Proposition 7.7. Let R be a bounded, semi-algebraic multiset in R" having maximum
multiplicity m, and that is defined by at most k polynomial inequalities each having degree
at most €. Then the number of integral lattice points (counted with multiplicity) contained
inR is

Vol(R) + O(max {Vol(R), 1}),
where Vol(R) denotes the greatest d-dimensional volume of any projection of R onto a
coordinate subspace obtained by equating n — d coordinates to zero, where d takes all

values from 1 to n — 1. The implied constant in the second summand depends only on n,
m, k, and {.

In fact, the proof of the above proposition implies that we may replace Vol(R) by the
maximum of the d-dimensional volumes of the projections of any unipotent translate
of R.

Now, for g € Fi, the set gGo - Rgf}z is a bounded set contained in V;eq(IR). Hence, the

b12- and by3-coefficients of elements in F,gGq - R%} must lie in [0, 2). They can only be

integral when they are O or 1. Therefore, every integral point in >g¢Gy - R;f; lies on one
of four hyperplanes in V (R): the hyperplanes corresponding to (b12, b13) = (0, 0), (0, 1),
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(1,0), and (1, 1). Moreover, these hyperplanes are unipotent translates of each other, in
fact, by the elements in F> with m1, my € {0, 1/2}. It follows that the four hyperplane
sections have the same volume, and Proposition 7.7 applied to them yields the same error
estimates. Therefore,

NF(L: X, Y) = Vol (gGo - R$)) dg + O(E(X, Y)), (39)

e Vol(Go) JeerF,
where Vol is computed with Euclidean measure normalized so that £ has covolume 1,

and
1

EXY) = o

/ MP(gGo - Rt 2d*1.

£=(0,0,,0)eF]

The quantity MP(g) denotes the maximal volume of the projections of gGy - Rgf}), onto its
coordinate hyperplanes. Every element (A, B) in R(S) is such that the coefficients of A
are bounded by ¥/ and the coefficients of B are bounded by X '/2/ Y1/, By construction
of Gy, the same is true for every element in G - R(S). Then the error integral is easily
bounded: as long as ¥ <« X, the maximum projection is onto the coordinate subspace
obtained by setting by, to 0 since the ranges of the other coordinates are >> 1 for every
value of g € }'1’ . Therefore, for g = (0, 0, ¢, 0), we have

X
MP(sGo - RED) < 127725 = 2xy112

Therefore,
Y 1/4

EX,Y) < XyV2a*r <« v32x1 2 1ogy, (40)

Vol(Go) Ji=1

since Vol(Gy) is easily seen to be =< xX12y.
We next have the following bound on the number of non-generic G(Z)-orbits
on V(Z).

Proposition 7.8. We have
1
Vol(Go) Jeery

Proof. If v € V(Z) is not generic, then there exists unramified splitting types ¢’ =
(c”, g[/)”)p for all primes p such that (g, (v), gl/,(v)) £ (¢!, g[/,”) for all primes p. Given
any unramified splitting type, there exists a constant ¢ < 1 such that the density of ele-
ments in V(Z,) that do not have splitting type (¢, gI’,/ ") is bounded above by c. From (41)

we therefore obtain, for any fixed integer M,

#gGo - RE) NV(Z\V(Z)F"}dg = o(XY).

1
Vol(Go) Jger;

#gGo - R) N V(Z)\V(Z)*") dg

(s)
Vol(Go - R
« YllGo Rogy) [[c) s +EX.Y) <Xy [] c+Xx"2r¥logy,
VolGo) Ly T b
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where the second estimate follows since the ratio of volumes is < XY. Note that by
assumption, we have X!/2Y3/21og ¥ = o(XY). Therefore, by letting M tend to infinity,
we obtain the result. O

From (39), (40) and Proposition 7.8, we see that if X and Y go to infinity such that
Y (log Y)? = o(X), then
8x 12y

@ (L: X, ¥) = -~ Vol(F}) Vol (G - R'S) XY
Nq ( ) ) ) 'L'gVOl(G]) O(fl) OL( 0 RXY)+O( )

8 ©)
= Vol(F) Vol (Gg - R XY). 41
T Vol(Go) ol(F1) Vol (Go - Ryy) +o(XY) (41)

To compute the volumes of Gy - Rg(g)),, we have the following result, which follows im-
mediately from a Jacobian change of variables computation.

Proposition 7.9. Let dv; be the standard Euclidean measures on Vieq(R), let dh denote
the Haar measure on Greq(R) obtained from the NAN decomposition of SLa(R), and
pick the measure dd dq on RS, We have a natural map Gred(R) x RE) - Vieq(R).
Then the Jacobian of the change of variables is 1/16, i.e., for any measurable function ¢
on Vied(R), we have

1
/ p(w)dv = — / / ¢(g-r)dhdd(r)dq(r). 42)
VE€Greq(R)-R(S) 16 Jrer© JheGa®)

Therefore, we obtain the following theorem from which Theorem 7.1 follows immedi-
ately.

Theorem 7.10. Let L denote a finite union of G(Z)-invariant lattices in V (R)S). Then,
for positive real numbers X, Y going to infinity such that Y (log Y)*> = o(X), we have
£(2)

S (p. —
NOWL: X, ¥) = 5

Z82XY [ [ Vol(£)) + 05(XY),
‘L'g p

where L, denotes the closure of L in V (Zy), the volumes of sets in V (Z,) are taken with
respect to the usual Euclidean measure, and t is as in Theorem 7.1.

Proof. The set Rggl), contains exactly one point with invariants q and d, for every X <

q<(+8XandY <d < (1+8)Y. Hence, the volume of RS is $2XY. The theorem
now follows from (41) and Proposition 7.9 since the volume of F| under the measure dh
is £(2), and Vol differs from normal Euclidean measure by a factor of [ | » Vol(L,). O

8. Uniformity estimates and sieving to D,-quartics
In order to use our results from §§4-5 and §§6-7 to prove our main theorems, we will

employ simple sieves. In this section, we start by collecting the requisite tail estimates.
First, we need a bound on the number of D4-quartics having central inertia at some large
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prime, which is established in §8.1. On the other hand, in §8.2 we obtain an estimate
on the number of G (Z)-orbits on V (Z) that are non-maximal at some large prime. It is
interesting to note that the results in §7 are not strong enough for these estimates, and so
we employ techniques from §4.

8.1. Bounding the number of D4-quartics with large central inertia

We start with a preliminary lemma bounding the number of Dj4-quartics with fixed con-
ductor.

Lemma 8.1. For any positive integer N, the number of D4-quartics with conductor N is
bounded by O.(N€).

Proof. Let L be a D4-quartic with conductor N, and let K be the quadratic subfield of L.
Then the discriminant of K divides N. Hence the number of choices for K is bounded by
twice the number of divisors of N. Given a fixed quadratic field K whose discriminant D
divides N, the number of D4-quartics of conductor N whose quadratic subfield is K is
bounded by 4 - # Cl, (K) times the number of squarefree ideals dividing 4N (see [9, §3]).
But 4 - #Cly(K) <. D¢ and the number of divisors of 4N is <, N*. Combining these
estimates yields the lemma. O

Next, we prove the required estimate on D4-quartics having specified central inertia by
combining the previous lemma with Lemma 4.6.

Proposition 8.2. Let X and Y be integers such that X > Y. Then the number of Da-
quartics L such that X < q(L) < 2X, Y <d(L) < 2Y, and L has central inertia every
prime dividing a positive squarefree integer n is bounded by O¢ (XY /n*>~€).
Proof. We consider two ranges of n. We fix a large positive real number M (any M > 16
will suffice). When n > X'/ we have n > (XY)'/?. The number of possible con-
ductors for a D4-quartics L satisfying the conditions of the proposition is bounded by
O(XY /n?), since the conductor is bounded by 4XY and is divisible by n2. Hence, from
Lemma 8.1, it follows that the number of such fields L is bounded by O, ((XY)!*¢/ n?) =
O (XY /n*¢).

For n < XM we see from Lemma 4.6 that the number of D4-quartics satisfying
the conditions of the proposition and having splitting type ((1212), (11)) or ((2), (2)) at
every prime dividing » is bounded by

X
0<n2—e 5> L(LK/Q)>-

[K:Q]=2
IDisc(K)| <Y

By [28, §3], the sum above is <« Y and so the total displayed quantity is bounded
by O(XY/n?>¢). Similarly, the number of D4-quartics satisfying the conditions of the
proposition and having splitting type ((1%), (1%)) at every prime dividing n is bounded by

0<n1X_5 Y L(1,K/Q)>.

[K:Q]:Z
n|Disc(K)
|Disc(K)|<Y
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If Y > n™, the sum of L-values is bounded by O(Y/n) by arguments identical to those
in [28, §3], yielding a total bound of O (XY/ nz_e). When instead ¥ < n, the classical
bound of O, (Disc(K)€) on L(1, K/Q) yields the proposition. ]

8.2. Bounding the number of non-maximal G (Z)-orbits on V (Z)

For a fixed prime p, let W, denote the set of generic elements in V (Z) that correspond to
non-maximal orders in D4-quartics. Our next goal is to prove a uniform tail estimate for
the number of G (Z)-orbits on W, having bounded invariants. We start with the following
lemmas.

Lemma 8.3. The number of Ds4-quartics L with |q(L)| < X and |d(L)| < Y is bounded
by O(XY).

Proof. From Lemma 4.5, we see that for X > Y (in fact for ¥ <« X 3_e), the number of
Dg4-quartics with invariants q and d less than X and Y, respectively, is bounded by

o(x. ) L(LK/Q)),

IDisc(K)| <Y

which is O (XY) by the results in [28, §3].

When X < Y, we bound the number of D4-quartics L by instead bounding the num-
ber of fields ¢ (L) (see Definition 2.1). To do so, it suffices to show that, when X < Y the
number of fields L with X < q(L) < 2X and Y < d(L) < 2Y is O(XY) since ) 27"
converges. But recall from (7) that J(L)d(¢ (L)) = q(L). Then under this assumption,

X 2X
Y- J(L L 2Y - J(L), —— <d(¢(L —
(L) <q@(L)) < (L) 0 - (&( ))<J(L)
By Proposition 8.2, since Y - J(L) > Y > X > X/J(L), we find that the number of such
Dgy-quartics ¢ (L) in this range with J (¢ (L)) = J(L) = nis O¢ (XY/nz_E), so it suffices
to sum O (XY /n*>=¢) over all valid n. Since Y 1/n?~€ over integers n converges, this
completes the proof. O

‘We now prove the following uniform bound on the number of G (Z)-orbits on W, the set
of generic elements in V (Z) that are not maximal at p.

Proposition 8.4. The number of G(Z)-orbits v on W), with X < q(v) < 2X and Y <
d(v) < 2Y is bounded by O (XY /p>~¢).

Proof. Note that since this is an asymptotic statement as p grows, we may assume that p
is sufficiently large, and in particular that p is odd. An element v € W, gives a quartic
ring Q whose field of fractions L is a Dy4-quartic. Let i (v) denote C(v)/C(L), the ratio
of the conductors of v and L. From Lemma 6.6, it follows that i (v) is divisible by p.
From Lemma 8.3, it follows that the number of possible fields L that occur this way is
bounded by O(XY/i(v)!~€). Next, note that the index of Q in the ring of integers of L



2776 S. Ali Altug et al.

divides i (v). The methods of [26] imply that the number of suborders of index k = [ pfi
of a maximal quartic ring is bounded by

. 2 /4
(k) ::sz‘( +e)lei/ J_

Once the order Q has been determined, there are O (1) choices for the quadratic subring T
of Q corresponding to v under Theorem 6.1. Finally, Corollary 4 of [1] asserts that the
number of cubic resolvents of ring Q is d(c), the sum of the divisors of the content ¢
of Q. Furthermore, the content ¢ of the quartic ring corresponding to v = (A, B) is equal
to the ged of the coefficients of A (see [1, §3.6]), which implies that i (v) is a multiple
of ¢*.

Therefore, the number of G (Z)-orbits on W, satisfying the conditions of the propo-

sition is bounded by
DY Y ikde)(x/m' e, (43)

p2lm c*im kim

where m runs over all integers divisible by p2. Using the multiplicativity of j and d, the
expression (43) is easily seen to be < X/p>~¢ and the proposition follows. O

9. Proof of the main theorems

In this section, we conclude the proof of the generalization of Theorem 5.3 that allows for
imposing certain local specifications (see Theorem 9.3). First, we define p-adic densities
and determine the number of étale algebras along with their automorphism groups for
each splitting type. As a byproduct of the two asymptotics obtained for Nc(X; X, X/2)
by Theorem 4.3 and in §9.2, we prove Theorem 6.

Theorems 1 and 3 are proved in §9.3. First, we obtain asymptotics for Nc(X; X, Y)
when ¥ > X!/2 from counting D4-quartics ¢ (L) with conductor bounded by X and small
quadratic discriminant, where L € £(X). We then prove Theorem 3 after employing a
bound that follows from the analytic methods in Sections 4 and 5. Finally, in §9.4 we
prove a refinement of Theorem 5, which follows from Theorem 3 in conjunction with the
p-adic volumes determined in Proposition 6.7.

9.1. Acceptable local specifications, densities, and automorphism groups

Recall that for a collection X of local specifications, £(X) is the set of D4-quartics L
such that the pair consisting of the splitting type of L and the splitting type of K (its
quadratic subfield at a prime p (respectively, at 00) is contained in X, for all p, respec-
tively, in Xo). A set X of local specifications (and the corresponding family £(X)) is said
to be acceptable if for all but finitely many primes p, the set X, contains all unramified
splitting types and tamely ramified splitting types without central inertia. (In the notation
of (5), X, contains exactly the pairs (¢,(L1), p(K1)) contained in the first two groups
in Table 1.)
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Recall that for a prime p and a splitting type (s, §1;)’ we computed the density
w(My(sp, g,’,)) in Proposition 6.7. We define the density u(X,) to be the sum of the
values of u(Mp(sp, 51/7)) over (Gp, g]/,) € Xp, and define the density of u(X ) to be the
sum of 1/7. over all ¢ € . The stabilizer quantities 7. are defined in Theorem 7.1,
and we list them below for convenience:

_ {8 if ¢ = ((1111), (1D), ((22), (A1),
* 4 ife = ((112), (1), (22), ).

Furthermore, if ¢(L) = ((1111), (11)), then L is a totally real field, and Aut(Loo, Ko) =
Aut(R*, R?) = Dy If ¢ (L) = ((22), (11)), then L is a CM field and Aut(Loo, Koo) =
Aut(C2, R?) = Dy. If ¢ (L) = ((112), (11)), then L has exactly one complex embedding,
and Aut(Loo, Koo) = Aut(R? @ C,R?) = Vj. Finally, if ¢(L) = ((22), (2)), then L
is a totally complex field with imaginary quadratic subfield K, and Aut(Lso, Koo) =
Aut(C2, C) = V4. Overall, we have shown:

(44)

Lemma 9.1. For any quadratic extension L of a quadratic field K,
#Aut(Loo, Koo) = 7 (L, K).

Next, we determine the automorphism groups of étale quartic algebras over Q, sending a
quadratic subalgebra to itself for odd primes p.

Lemma 9.2. Let p be an odd prime. The automorphism group of a pair (L, K), where
K is a quadratic étale algebra over Qp, and L is a quadratic étale algebra over K, is
determined by the splitting type of (L, K), and is listed in the following table: Above,
when we write (a, b) for the number of (isomorphism classes of ) étale algebras over Qp,
the first coordinate indicates the quantity for primes of the form 4k + 1 and the second
coordinate for primes of the form 4k + 3. Additionally, there are two distinct isomorphism
classes of étale algebras with splitting type (1212): in the table, we distinguish them by
letting (121%) refer to the sum of two isomorphic ramified quadratic extensions of Q,

and letting ( 121%) refer to the sum of two non-isomorphic ramified quadratic extensions
of Qp.

Proof. The above lemma can be verified case by case using [21] in conjunction with the
fact that determining the possible étale algebras for a given splitting type depends only
on the congruence class of p mod 4. O

9.2. A refinement of Theorem 5.3 and the proof of Theorem 6

For positive real numbers X and Y, let Nés)(Z; X, Y) be as in Section 7. We have the
following theorem, giving another proof that the heuristics of (9) holds for certain ranges
of X and Y.

Theorem 9.3. Let ¥ be an acceptable set of local specifications. For positive real num-
bers X and Y such that Y (log Y)? = o(X), we have

@.32

©®) (3. _
N (B X, Y) = 5

(Zeo) - [ [i(Zp) - XY + 05(XY).
P
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Table 3. Automorphism groups for étale algebras over Q).

sp(L, K) #of algebras Aut(L, K) C(L,K)

((11), (1111)) 1 Dy 1
((1D), (112)) 1 12} 1
((11), (22)) 1 Dy 1

((2), (22)) 1 A 1
((2), @) 1 Cs |

((11), (1211)) 2 V4 p
((11), (1%2)) 2 V4 p
((1%), (121%)) 2 V4 p
((1%), 2%) 2 A p

(1D, (1212)) 2 Dy p?

(1), 1212) 1 Vs p?

(2, 2%) 1 Vs p?
((2), 2%) 1 Cy p?
(1%, (%) 0,2) Gy p?
((1%), (1%) 4,0) Cy p?

Proof. By Proposition 6.3, it suffices to obtain asymptotics for the number of generic
G (Z)-orbits (A, B) on V(Z) such that (A, B) is maximal and the splitting type of (A, B)
at each place belongs to X. The number of generic G(Z)-orbits on V (Z) satisfying any
finite set of congruence conditions has been estimated in Theorem 7.10. Theorem 9.3 then
follows from Theorem 7.10 and the uniformity estimates in Propositions 8.2 and 8.4 by
means of a simple sieve. We omit the details since they are very similar to those in the
proof of Theorem 9.4. O

As a consequence of the main terms obtained in Theorems 4.3 and 9.3, we may now prove
Theorem 6. It is interesting to note that the proof of Theorem 6 is much more involved
than that of Theorem 2. In particular, it is not obvious that the arguments in Section 5 can
be refined to directly allow for imposing acceptable sets of local specifications.

Proof of Theorem 6. Let K denote the set of quadratic fields with prescribed splitting
types 51’, given at a finite set S of odd primes p. Let (X,), denote sets, where for each

pgES X, = Elf;‘” contains all possible splitting types, and for p € S, ¥, = {(*, g[’,)}
consists of all possible splitting types compatible with 5—1/7' If we let

2@ = (11, (1)), ((112), (1), (22), A1)} and =L = {((22), @)},

we can define ™ to be the collection (X »)p and EC(;Q) for * = a or b, which are both
acceptable collections.

Recall that Nc(Z®; X, X#) counts the number of isomorphism classes of D4-quar-
tics L € £(Z™) such that [C(L)| < X and |d(L)| < X?. As before, let r»(K) denote
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the number of pairs of complex embeddings of K. From Theorem 4.3 we have, for x = a
orband 8 < 2/3,

3 L(,K/Q 2770

(). By —
Nc(ZY; X, XP) = L2, K/Q) |Disc(K)|

— + o0p(X). 45)
262 Kek(z®)

|Disc(K)|<X?

On the other hand, we can also estimate Nc (Z™; X, X#) using Theorem 9.3 as follows.
Consider the region

Rxp:={(d,q eR?:|d-q| < X, |d| < XF}.

There exist regions Rg%, that are disjoint unions of §-adic rectangles, such that

(=) (+)
RX,ﬁ C Rxp C RX,,B

and such that

+)

[Vol(Rx ) — VOl(R§ )| < 8 - X log(X#).

The volume of Rx gis X log(Xﬁ). Therefore, from Theorem 9.3, we see that for 8 < 1/2,

Ne(m®; x, x%) = £ x108x%) - (=) - T (S,) + 05X log(x*)

P
+ 0(8X log(XP)). (46)

Equating the right hand sides of (45) and (46), dividing both sides by X log(X?), first
letting X# tend to infinity, and then finally letting & tend to 0, we obtain

! y LLK/Q N C)
202) L(2,K/Q) |Disc(K)| 2

u(E) Ty logx. 47

Kek(z®) b4

IDisc(K)| <X

It is a direct computation to verify from (44) and the definitions of £ that 272(K) .
M(Eéz)) is always equal to 1/2, independently of the choice of K € (™). Further-
more, the values of u(X,) = Z(g,,,g;)ez,, w(Mp(sp, 51/7)) can be computed from Propo-
sition 6.7, and it then follows that the right hand sides of Theorem 6(a, b) are asymptoti-
cally equal to

2 2
O TTwsp togx.
14

This concludes the proof of Theorem 6. O
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9.3. The proofs of Theorems I and 3

We next obtain asymptotics for J\/’q(‘s)(E; X,Y) when Y > X. Recall that the outer au-
tomorphism ¢ of Dy provides a non-isomorphic D4-quartic ¢ (L) for each D4-quartic L,
and the fields L and ¢ (L) have the same conductor but (possibly) different invariants.
Proposition 2.6 can be used to compute the invariants of ¢ (L) in terms of the invariants
of L. Note that if d(L) > q(L), then d(¢(L)) < q(¢(L)). Hence, for a collection X
of local specifications, we may relate counts of Ds-quartics with d > q to counts of
Dg4-quartics with d < q.
Given an acceptable collection X, let ¢ (L(X)) denote the family defined by

P(L(X)) :={p(L): L € LX)}

There exists another acceptable collection ¢ (X) of local specifications such that ¢ (L(X))
= L(¢(X)). Furthermore, for every odd prime p, by Table 1 in conjunction with Propo-
sition 6.7 and Lemma 6.8 for an acceptable collection X, we have u(Z,) = (¢ (Z))).
An acceptable family ¥ is said to be very stable at 2 if the set X, either contains all split-
ting types with central inertia (pairs (g2(L1), ¢2(K1)) in the latter two groups of Table 1),
or contains none of them. Our next result computes the number of D4-quartics in L(X)
satisfying X < |q(L)] < (1 +é6)X and Y < |[d(L)| < (1 +6)Y when Y is much larger
than X.

Theorem 9.4. Let ¥ be an acceptable collection of local specifications that is very stable
at 2. Let X and Y be positive real numbers such that X (log X)2 = o(Y). Then

@.52

® (s _
NP (Z X, ¥) = >

(Ze) - [ () - XY +o(XY).
p

Proof. For a prime p and an integer a > 1, let V(p, a) denote the set of D4-quartics L
such that J,(L) = p®. Recall that J(L) is defined in (7), and an odd prime p divides
J(L) if only if p? || L if and only if L has splitting type ((2%), (2)), or ((121?), (11)). Let
V), denote the union of V(p, a) over all @ > 1, and for any integer n > 1, let E(E)(”)
denote the set of fields L in £(X) such that J(L) = n. One can check that £(X)™ is
defined by an acceptable collection = of local specifications that is very stable at 2,
ie., L(Z™) = L(Z)™. Using (7) and the fact that J (L) = J(¢ (L)), we have

NP X, 7)) =) NOED: X, 1) =Y NP @GE™); Yn, X/n).
n>1 n>1
For a fixed integer M, we use Theorem 9.3 to evaluate J\/(;‘S)(qb(E)(”); Yn, X/n) for

n < M and Proposition 8.2 to bound Né‘s) (@)™ Yn, X/n) forn > M. Altogether,
we obtain

NP X, Y)

O y
2

816 (Do) - (X [T #@ ), V() - [ 0@ (2),\0) - XY

n=1 p%|n pin
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up to an error of o5 p(XY) + 06,3(XY/M1_€), where we assume that @ > 1. Dividing
by XY, letting X and Y tend to infinity, and then letting M tend to infinity, we obtain

NP X, Y)

lim lim
M—00 X,Y —00 82XY
2
- ? (D (D) oo) - Z(l_[ w(@ (), N V(p,a)) - nu(¢(2)p\vp))
n=1"pen ptn
@ . T Ry N V(p.a)
- ) M(¢(2)oo) ;(U M(¢(2)P\VP) pla_”[n M(¢(E)p\vp) )
@ . . u(@(X)p, N V(p, a))
= X)) UM(¢(E)p\Vp) l;[(l ‘I'; w(@(2),\V,) )
2
=9 w6 [TrG ).
P

Since w(Xp) = u(p(X)p) for all primes p and (X)) = (¢ (X)), we obtain the
result. o

We now have theorems computing ./\/q(s) (2; X, Y) when X (log X )2=0(Y) (Theorem 9.3)
and when Y (log Y)? = o(X) (Theorem 9.4) with identical right hand sides. Our last task
in proving Theorem 3 is to show that the region that neither Theorem 9.3 nor 9.4 covers
contributes negligibly to J\/};‘S) (2; X, Y). For that we need the following lemma.

Lemma 9.5. The number of D4-quartics L such that |C(L)| < X and X (log X)3 <
|d(L)| < X (log X)? is bounded by O(X loglog X).

Proof. The number of D4-quartics satisfying the conditions of the lemma can be esti-
mated as a sum of ratios of L-values from Theorem 4.3. This sum can be bounded, using
Proposition 5.2, by
X (log X)3 1
X - —,
2. 3
D=X (log X)=3

yielding the lemma. O

Proof of Theorem 3. The invariants d and q of a D4 field with absolute conductor
bounded by X satisfy |d - q| < X. Consider the region Ry := {(d, q) € R?: |d-q| < X}.
We bound the number of D4-quartics L with v X (log+/X) ™3 < d(L) < vX(log vVX)?
using Lemma 9.5, and estimate the rest of the D4-quartics using Theorems 9.3 and 9.4
with an argument identical to the proof of Theorem 6, obtaining

2
Np, (%, X) ~ % (o) - H,u(Ep) -XlogX.

p

Let ¢,(Lp, Kp) denote the splitting type of a pair (L, K,) of local extensions of Q,.



2782 S. Ali Altug et al.

From Proposition 6.7 and Lemma 9.2 we obtain, for each odd prime p,
1 L (LY L My (s (L, Kp))
#Aut(L,, Kp) Cp(Lp) p 1—p2

and at 0o, Lemma 9.1 implies # Aut(L o, Koo) = T (Lo, Koo). For p = 2, we can utilize
Proposition 3.1(3) to conclude the proof of Theorem 3. O

3

Theorem 1 follows directly from Theorem 3 in conjunction with the p-adic density
computations in Theorem 6.9 and the following density computations at co using (44):

(0) Dg4-quartic fields with exactly four real embeddings all have infinite splitting type
((1111), (11)), and therefore u(Xx) = 1/8;

(1) Dg4-quartic fields with exactly two real embeddings all have infinite splitting type
((112), (11)), and therefore u(Xo0) = 1/4;

(2) Dg4-quartic fields with no real embeddings have infinite splitting type ((22), (11)) or
((22), (2)), and therefore u(Xe0) = 1/8 + 1/4 = 3/8.

9.4. The proof of Theorem 5

We end this article with the proof and a discussion of Theorem 5.

Let K € K be a quadratic field, and for each p € S, let ¢ denote the prescribed split-
ting type at p for K. Since finite abelian groups are isomorphic to their duals, we see that
#CI(K)[4] — #CI(K)[2], the number of elements in C1(K) having exact order 4, is equal
to twice the number of index-4 subgroups of Cl1(K') whose quotients are cyclic. By class
field theory, such index-4 subgroups of C1(K) are in bijection with isomorphism classes
of unramified extensions M of K with Gal(M/K) = C4. Such an extension M is Galois
over Q with Galois group Dy4. Conversely, if M is an octic D4-quartic whose splitting type
at every prime p lies in the first two quadrants of Table 1, then M is unramified over K,
its quadratic subfield fixed by C4 C D4. Furthermore, it is straightforward to check from
Table 1 that under these conditions, M is unramified over K.

Now we define three collections X ) of local specifications corresponding to the three
cases in Theorem 5. First, let K®*) be the subset of K € K with ¢oo(K) = (11) when
* = aorc,and ¢ (K) = (2) when * = b, and define

{((1111), (11))} if x=a,
& = {((112), AD), (22), 2)}  if x=b,
{((1111), (11)), ((22), (11))} if x=c.
Next we define X, for all finite primes p. If p & §, define
=, ={(sp. g[/,) 2 (Sp, g[/,) lacks central inertia}.
For p € S, define
{((1111), (1)), ((22), (11)), (4), )} if ¢ = (11),
T, =1 {((112), (1), ((22), (2))} if ¢ = (2),
{((1211), (11)), ((122), (11)), ((171%), (1%), (2%, A} if ¢ = (1.
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Let X then denote the collection of local specifications consisting of (Xp))p along

with Zé’g) for * = a, b, or ¢, which is acceptable and very stable at 2. It is easily checked
from Table 1 that the Galois closures of fields in £(X™) correspond to cyclic quartic
unramified extensions of fields in K®. When « = aor b, £L(Z ™) corresponds to order-4
elements in the class groups of C®). On the other hand, £(X®) corresponds to cyclic
quartic extensions of /C(© that are unramified at every finite place, but possibly ramified
at infinity; thus, they correspond to order-4 elements in the narrow class groups of real
quadratic fields in /C. Furthermore, from (5), it follows that exactly two distinct isomor-
phism classes of D4-quartics yield the same Galois closure, but additionally every index-4
subgroup of the class group corresponds to two order-4 ideal classes. Thus, we conclude
that the left hand sides of Theorem 5(x) are equal to Np, (E(*), X), for x = a, b, and c.
The theorem follows from Theorem 3 along with density computations following from
Proposition 6.7. a

Remark 9.6. Fouvry—Kliiners [15] prove that the average size of 2% CITED) gyer imag-
inary (respectively, real) quadratic fields K ordered by discriminant is equal to 2 (respec-
tively, 3/2), where rk4(CIT(K)) = dimg, (CI" (K)*/CIT(K)?). Furthermore,

#CLf (K) — #CIf (K) = @™ 1) - @#Clf (K)).

Genus theory implies that for any quadratic field K, #CLJ (K) = 2¢Pisc®)=1 " where
w (D) denotes the number of prime factors of D. Additionally, using similar techniques
to those in §5.2, one can check the genus theory formula for the size of Cl; (K) implies
the asymptotics

1 2 1\?
> #c12+(1<)~--]_[(1+—><1——)-Xlogx,
44, p p

K quad.
— X <Disc(K)<0
N 1 2 1\?
Yooo#cg ) ~ - 1+ =) (1-=) XlogX.
K quad. 4 p p p
0<Disc(K)<X

Combining the above result with those of [15] and Theorem 5 illustrates an interest-
ing “independence” phenomenon: the average value of the product (2rk4(Cl+(K D —1)-
(# Cl;‘ (K)) is equal to the product of the average value of 21ka(CIT(K)) _ 1 and the average
size of CIJ (K).
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