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The mean number of 3-torsion elements in the class
groups and ideal groups of quadratic orders

Manjul Bhargava and Ila Varma

ABSTRACT

We determine the mean number of 3-torsion elements in the class groups of quadratic orders,
where the quadratic orders are ordered by their absolute discriminants. Moreover, for a quadratic
order O we distinguish between the two groups: Cls(O), the group of ideal classes of order 3;
and Z3(0O), the group of ideals of order 3. We determine the mean values of both |Cl3(O)| and
|Z3(O)|, as O ranges over any family of orders defined by finitely many (or in suitable cases,
even infinitely many) local conditions.

As a consequence, we prove the surprising fact that the mean value of the difference |Cl3(O)| —
|Z3(O)| is equal to 1, regardless of whether one averages over the maximal orders in complex
quadratic fields or over all orders in such fields or, indeed, over any family of complex quadratic
orders defined by local conditions. For any family of real quadratic orders defined by local
conditions, we prove similarly that the mean value of the difference [Cl3(O)| — £|Z3(0)] is equal
to 1, independent of the family.

1. Introduction

In their classical paper [9], Davenport and Heilbronn proved the following theorem.

THEOREM 1. When quadratic fields are ordered by their absolute discriminants:

(a) The average number of 3-torsion elements in the class groups of imaginary quadratic
fields is 2.

(b) The average number of 3-torsion elements in the class groups of real quadratic
fields is 4.
3

This theorem yields the only two proven cases of the Cohen—Lenstra heuristics for class
groups of quadratic fields.

In their paper [5, p. 59], Cohen and Lenstra raise the question as to what happens when
one looks at class groups over all orders, rather than just the maximal orders corresponding
to fields. The heuristics formulated by Cohen and Lenstra for class groups of quadratic fields
are based primarily on the assumption that, in the absence of any known structure for these
abelian groups beyond genus theory, we may as well assume that they are ‘random’ groups in
the appropriate sense.

For orders, however, as pointed out by Cohen and Lenstra themselves [5], when an imaginary
quadratic order is not maximal, there is an additional arithmetic constraint on the class
group coming from the class number formula. Indeed, if A(d) denotes the class number of the
imaginary quadratic order of discriminant d, and if D is a (negative) fundamental discriminant,
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then the class number formula gives

WD) = |f- H( D'p) A(D), (1)

plf

where (-]-) denotes the Kronecker symbol. Thus, one would naturally expect that the
percentage of quadratic orders having class number divisible by 3 should be strictly larger than
the corresponding percentage for quadratic fields. Similarly, the average number of 3-torsion
elements across all quadratic orders would also be expected to be strictly higher than the
corresponding average for quadratic fields. (Note that the class number formula does not give
complete information on the number of 3-torsion elements; indeed, extra factors of 3 in the
class number may mean extra 3-torsion, but it could also mean extra 9-torsion or 27-torsion,
ete.!)

In this article we begin by proving the latter statement, by determining the mean number
of 3-torsion elements in the class groups of quadratic orders.

THEOREM 2. When orders in quadratic fields are ordered by their absolute discriminants:

(a) The average number of 3-torsion elements in the class groups of imaginary quadratic

orders is 1 + ((2)/¢(3).

(b) The average number of 3-torsion elements in the class groups of real quadratic
orders is 1+ % - ((2)/¢(3).

Note that ¢(2)/¢(3) ~ 1.36843 > 1.

More generally, we may consider the analogue of Theorem 2 when the average is taken not
over all orders, but over some subset of orders defined by local conditions. More precisely, for
each prime p, let ¥, be any set of isomorphism classes of orders in étale quadratic algebras
over Q,. We say that the collection (X,) of local specifications is acceptable if, for all sufficiently
large p, the set X, contains all the maximal quadratic rings over Z,. Let > denote the set of
quadratic orders O, up to isomorphism, such that O ® Z, € ¥, for all p. Then we may ask
what the mean number of 3-torsion elements in the class groups of imaginary (respectively,
real) quadratic orders in X is.

To state such a result for general acceptable Y, we need a bit of notation. For an étale
cubic algebra K over Q,, we write D(K) for the unique quadratic algebra over Z, satisfying
Disc(D(K)) = Disc(K). Also, for an order R in an étale quadratic algebra over Q,, let C(R)
denote the weighted number of étale cubic algebras K over Q, such that R C D(K):

1
C(R) = Z W (2)

K étale cubic/Q,
st. R C D(K)

We define the ‘cubic mass’ My of the family ¥ as a product of local masses:

H ZRezp C(R)/Disc,(R) B ZRezp C(R)/Disc,(R)
S e, (/#AW(R)) - (1/Disc, (R) ~ L1 S0, /(2 Disc, (R))’

ME = (3)

where Disc,(R) denotes the discriminant of R viewed as a power of p. We then prove the
following generalization of Theorem 2.
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THEOREM 3. Let (3,) be any acceptable collection of local specifications as above, and let
Y denote the set of all isomorphism classes of quadratic orders O such that O ® Z,, € ¥, for
all p. Then, when orders in Y are ordered by their absolute discriminants:

(a) The average number of 3-torsion elements in the class groups of imaginary quadratic
orders in ¥ is 1 + M.

(b) The average number of 3-torsion elements in the class groups of real quadratic
orders in > is 1 + %ME.

If 3 is the set of all orders in Theorem 3, then we show in Section 5 that My = ((2)/¢(3),
and we recover Theorem 2; if 3 is the set of all maximal orders, then My = 1 and we recover
Theorem 1. As would be expected, the mean number of 3-torsion elements in class groups of
quadratic orders depends on which set of orders one is taking the average over. However, a
remarkable consequence of Theorem 3 is the following generalization of Theorem 1.

COROLLARY 4. Suppose one restricts to just those quadratic fields satisfying any specified
set of local conditions at any finite set of primes. Then, when these quadratic fields are ordered
by their absolute discriminants:

(a) The average number of 3-torsion elements in the class groups of such imaginary
quadratic fields is 2.

(b) The average number of 3-torsion elements in the class groups of such real
quadratic fields is 3.

Thus the mean number of 3-torsion elements in class groups of quadratic fields (that is, of
maximal quadratic orders) remains the same even when one averages over families of quadratic
fields defined by any desired finite set of local conditions.

We turn next to 3-torsion elements in the ideal group of a quadratic order O, that is, the
group Z(O) of invertible fractional ideals of O, of which the class group Cl(O) is a quotient. It
may come as a surprise that if a quadratic order is not maximal, then it is possible for an ideal
to have order 3, that is, I can be a fractional ideal of a quadratic order O satisfying I = O,
but I # O. We first illustrate this phenomenon with an example.

EXAMPLE 5. Let O =7Z[v/—11] and let I =(2,(1 —+/—11)/2). Then ICO®Q is a
fractional ideal of © and has norm one. Since I® C O, and I has norm one, we must have
I3 = O, even though clearly I # ©. Hence I has order 3 in the ideal group of O. It follows, in
particular, that the ideal class represented by I also has order 3 in the class group of O!

Example 5 shows that an element of the ideal class group can have order 3 simply because
there exists an ideal representing it that has order 3 in the ideal group. This raises the question
as to how many 3-torsion elements exist in the ideal group on average in quadratic orders. For
maximal orders, it is easy to show that any 3-torsion element (indeed, any torsion element) in
the ideal group must be simply the trivial ideal. For all orders, we have the following theorem.

THEOREM 6. When orders in quadratic fields are ordered by their absolute discriminants,
the average number of 3-torsion elements in the ideal groups of either imaginary or real
quadratic orders is ((2)/¢(3).

In the case of general sets of orders defined by any acceptable set of local conditions, we
have the following generalization of Theorem 6.
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THEOREM 7. Let (2,) be any acceptable collection of local specifications as above, and let
Y denote the set of all isomorphism classes of quadratic orders O such that O ® Z,, € ¥,, for
all p. Then, when orders in Y. are ordered by their absolute discriminants:

(a) The average number of 3-torsion elements in the ideal groups of imaginary quadratic
orders in ¥ is M.

(b) The average number of 3-torsion elements in the ideal groups of real quadratic
orders in Y is M.

In the preceding theorems, we have distinguished between the two groups Cls(O), the group
of ideal classes of order 3, and Z3(0), the group of ideals of order 3. Theorems 3 and 7 give
the mean values of |Cl3(O)| and |Z3(O)|, respectively, as O ranges over any family of orders
defined by local conditions. In both Theorems 3 and 7, we have seen that unless the family
consists entirely of maximal orders satisfying a finite number of local conditions, these averages
depend on the particular families of orders over which the averages are taken. However, we see
that these two theorems together imply the following theorem.

THEOREM 8. Let (X,) be any acceptable collection of local specifications as above, and let
> denote the set of all isomorphism classes of quadratic orders O such that O ® Z,, € ¥,, for
all p. Then, when orders in Y. are ordered by their absolute discriminants:

(a) The mean size of |Cl3(O)| — |Z3(O)| across imaginary quadratic orders O in ¥ is 1.
(b) The mean size of |Cl3(O)| — 3|Z3(O)| across real quadratic orders O in ¥ is 1.

It is a remarkable fact, which begs for explanation, that the mean values in Theorem 8 do
not depend on the family of orders that one averages over! In particular, the case of maximal
orders gives Corollary 4, because the only 3-torsion element of the ideal group in a maximal
order is the trivial ideal.

We end this introduction by describing the methods used in this paper. Our approach
combines the original methods of Davenport—Heilbronn with techniques that are class field theo-
retically ‘dual’ to those methods, which we explain now. First, recall that Davenport—Heilbronn
proved Theorem 1 in [9] by:

(1) counting appropriate sets of binary cubic forms to compute the number of cubic fields
of bounded discriminant, using a bijection (due to Delone and Faddeev [10]) between
irreducible binary cubic forms and cubic orders;

(2) applying a duality from class field theory between cubic fields and 3-torsion elements of
class groups of quadratic fields.

In Sections 2 and 3, we give a new proof of Theorem 1 without class field theory, by using
a direct correspondence between binary cubic forms and 3-torsion elements of class groups of
quadratic orders proved in [1], in place of the Delone-Faddeev correspondence. We describe
a very precise version of this correspondence in Section 2 (cf. Theorem 9). In Section 3, we
then show how the original counting results of Davenport [7, 8], as applied in the asymptotic
count of cubic fields in Davenport—Heilbronn [9], can also be used to extract Theorem 1, using
the direct correspondence between integral binary cubic forms and 3-torsion elements of class
groups of quadratic orders.

To fully illustrate the duality between the original strategy of [9] and our strategy described
above, we give two ‘dual’ proofs of Theorem 2. In Section 4, we first generalize the proof
of Theorem 1 given in Sections 2 and 3, and then in Section 5, we give a second proof of
Theorem 2 via ring class field theory, generalizing the original proof of Davenport—Heilbronn
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[9]. Both methods involve counting irreducible binary cubic forms in fundamental domains for
the action of either SLy(Z) or GL3(Z), as developed in the work of Davenport [7, 8]. However,
in our direct method described in Section 4, one must also count points in the ‘cusps’ of these
fundamental regions! The points in the so-called cusp correspond essentially to reducible cubic
forms. We find that reducible cubic forms correspond to 3-torsion elements of ideal groups of
quadratic orders (cf. Theorem 17). In the case of maximal orders, the only torsion element of
the ideal group is the identity, and thus the points in the cusps can be ignored when proving
Theorem 1. However, in order to prove Theorems 2 and 3 (which do not restrict to maximal
orders), we must include reducible forms in our counts, and this is the main goal of Section 4.
Isolating the count of reducible forms in the fundamental domain for the action of SLy(Z) is
also what allows us to deduce Theorem 6.

On the other hand, in Section 5, we describe the duality between non-trivial 3-torsion
elements of class groups of a given quadratic order and cubic fields whose Galois closure is
a ring class field of the fraction field of the quadratic order (cf. Proposition 35). To then count
3-torsion elements in the class groups of quadratic orders, we use the count of cubic fields of
bounded discriminant proved by Davenport—Heilbronn [9], but we allow a given cubic field to
be counted multiple times, as the Galois closure of a single cubic field can be viewed as the ring
class field (of varying conductor) of multiple quadratic orders (cf. Subsection 5.2). This yields a
second proof of Theorem 2; furthermore, it allows us to prove also Theorem 3 and Corollary 4,
using a generalization of Davenport and Heilbronn’s theorem on the density of discriminants of
cubic fields established in [3, Theorem 8], which counts cubic orders of bounded discriminant
satisfying any acceptable collection of local conditions.

Finally, in Section 6, we generalize the proof of Theorem 2 given in Section 3 to general
acceptable families of quadratic orders, which in combination with Theorem 3 allows us to
deduce Theorems 7 and 8. We note that, in order to conclude Theorem 7, we use both of the
‘dual’ perspectives provided in the two proofs of Theorem 2.

2. Parametrization of order 3 ideal classes in quadratic orders

In this section, we recall the parametrization of elements in the 3-torsion subgroups of ideal
class groups of quadratic orders in terms of (orbits of) certain integer-matrix binary cubic forms
as proved in [1]. We also deduce various relevant facts that will allow us to prove Theorems 1
and 2 in Sections 3 and 4, respectively, without using class field theory.

2.1. Binary cubic forms and 3-torsion elements in class groups

The key ingredient in the new proofs of Theorems 1 and 2 is a parametrization of ideal classes
of order 3 in quadratic rings by means of equivalence classes of integer-matrix binary cubic
forms, which was obtained in [1]. We begin by briefly recalling this parametrization.

Let V& denote the four-dimensional real vector space of binary cubic forms az® + bx2y +
cxy? 4+ dy®, where a,b,c,d € R, and let V3 denote the lattice of those forms for which
a,b,c,d € Z (that is, the integer-coefficient binary cubic forms). The group GLy(Z) acts on Vg
by the so-called ‘twisted action’, that is, an element v € GL2(Z) acts on a binary cubic form

f(z,y) by

(D@D = 3

Furthermore, the action preserves Vz. We will be interested in the sublattice of binary cubic
forms of the form f(z,y) = ax® + 3bx%y + 3cxy® + dy3, called classically integral or integer-
matrix if a,b, c,d are integral. We denote the lattice of all integer-matrix forms in Vg by V.
Note that V; has index 9 in Vz and is also preserved by GL3(Z). We also define the reduced

f(z,9)). (4)
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discriminant disc(-) on V' by
disc(f) := —5-Disc(f) = —3b%c? + dac® + 4b%d + a*d? — 6abcd, (5)

where Disc(f) denotes the usual discriminant of f as an element of V7. It is well known and
easy to check that the action of GLy(Z) on binary cubic forms preserves (both definitions of)
the discriminant.

In [11], Eisenstein proved a beautiful correspondence between certain special SLa(Z)-classes
in V; and ideal classes of order 3 in quadratic rings. We state here a refinement of Eisenstein’s
correspondence obtained in [1], which gives an exact interpretation for all SLo(Z)-classes in Vi
in terms of ideal classes in quadratic rings.

To state the theorem, we first require some terminology. We define a quadratic ring over Z
(respectively, Z,) to be any commutative ring with unit that is free of rank 2 as a Z-module
(respectively, Z,-module). An oriented quadratic ring O over Z is then defined to be a quadratic
ring along with a specific choice of isomorphism 7 : O/Z — Z. Note that an oriented quadratic
ring has no non-trivial automorphisms. Finally, we say that a quadratic ring (or binary cubic
form) is non-degenerate if it has non-zero discriminant.

THEOREM 9 ([1, Theorem 13]). There is a natural bijection between the set of non-
degenerate SLy(Z)-orbits on the space V' of integer-matrix binary cubic forms and the set of
equivalence classes of triples (O, I,6), where O is a non-degenerate oriented quadratic ring over
7, I is an ideal of O, and ¢ is an invertible element of O ® Q such that I? C §- O and N(I)3 =
N(0). (Here two triples (O,1,6) and (O',I',4") are equivalent if there is an isomorphism
¢:0 — O and an element k € O' ® Q such that I' = k¢(I) and §' = k3¢(5).) Under this
bijection, the reduced discriminant of a binary cubic form is equal to the discriminant of the
corresponding quadratic ring.

The proof of this statement can be found in [1, Subsection 3.4]; here we simply sketch the
map. Given a triple (O, I,¢), the binary cubic form f corresponds to the symmetric trilinear
form

IXIXT—17 (ig,ig,i3) — (6~ iy -ig-i3) (6)

given by applying multiplication in O, dividing by J, and then applying 7. More explicitly, let
us write O = Z + Z7 where (1, 7) is a positively oriented basis for an oriented quadratic ring,
that is, m(7) = 1. Furthermore, let us write I = Za + Z3, where {(«a, ) is a positively oriented
basis for the Z-submodule I of O ® Q, that is, the change-of-basis matrix from the positively
oriented (1,7) to («, 8) has positive determinant. We can then find integers eq, e1, ea, €3, a, b,
¢, and d satisfying the following equations:

o = 6(eq +ar),
Ckzﬁz(s(el +b7_), (7)

af? = 8(ey + 1),

B = 6(es + dr).
The binary cubic form corresponding to the triple (O,1,0) is then f(z,y) = ax® + 3bxy +

3cxy? + diy?.

Conversely, given a binary cubic form f(z,y) = az® + 3bz%y + 3cxy? + dy?, we can explicitly
construct the corresponding triple as follows. The ring O is completely determined by having

discriminant equal to disc(f). Examining the system of equations in (7) shows that a positively
oriented basis {«, 8) for I must satisfy

a:fB= (e +br):(es+cT),
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where

e1 = 3(b*c —2ac® + abd — eb), and ey = —3(bc® — 2b*d + acd + ec). (8)

Here, e =0 or 1 in accordance with whether Disc(O) =0 or 1 modulo 4, respectively. This
uniquely determines o and § up to a scalar factor in O ® Q, and once « and 3 are fixed, the
system in (7) determines 0 uniquely. The O-ideal structure of the rank 2 Z-module I is given
by the following action of 7 on the basis elements of I:

B - B
+€~a+A~ﬁ and T~ﬂ:fC"a+€ - B, where

A=V —ac, B=ad—be, C=c*—bd (9)

T -0 =

This completely (and explicitly) determines the triple (O, I,4) from the binary cubic form
f(z,y). Note that the equivalence defined on triples in the statement of the theorem exactly
corresponds to SLa(Z)-equivalence on the side of binary cubic forms.

We may also deduce from this discussion a description of the stabilizer in SLy(Z) of an
element in V;f in terms of the corresponding triple (O, I, 9).

COROLLARY 10. The stabilizer in SLo(Z) of a non-degenerate element v € V;; is naturally
isomorphic to Us(Qy), where (O, 1,§) is the triple corresponding to v as in Theorem 9, Oy =
Endp (1) is the endomorphism ring of I, and Us(Oy) denotes the group of units of Oy having
order dividing 3.

Indeed, let v € V; be associated to the triple (O, I,d) under Theorem 9. Then an SLo(Z)-
transformation of the basis («, 3) for I preserves the map in (6) precisely when + acts by
multiplication by a cube root of unity in the endomorphism ring Oy of I.

We may also similarly describe the orbits of V,f under the action of GL3(Z). This simply
removes the orientation of the corresponding ring O, thus identifying the triple (O, I, ) with
its quadratic conjugate triple (O, I,§).

COROLLARY 11. There is a natural bijection between the set of non-degenerate GLg(Z)-
orbits on the space V; of integer-matrix binary cubic forms and the set of equivalence classes
of triples (O, I,6), where O is a non-degenerate (unoriented) quadratic ring, I is an ideal of
O, and § is an invertible element of O ® Q such that I? C §- O and N(I)® = N(§). Under this
bijection, the reduced discriminant of a binary cubic form is equal to the discriminant of the
corresponding quadratic ring. The stabilizer in GL2(Z) of a non-degenerate element v € V;f is
given by the semidirect product

Aut(0;1,0) x Us(Oy),

where: (O,1,6) is the triple corresponding to v as in Theorem 9; Aut(O;I,J) is defined to
be Cy if there exists k € (O ® Q)* such that I = kI and § = £, and is defined to be trivial
otherwise; Oy = Endop(I) is the endomorphism ring of I; and Us(Oy) denotes the group of
units of Oy having order dividing 3.

Proof. Given Theorem 9, it remains to check where the now-combined SLo(Z)-orbits of
an integer-matrix binary cubic form f and of vf, where v = (9}) map to. If the SLy(Z)-
orbit of f corresponds to a triple (O, 1,d) under the above bijection, then the SLy(Z)-orbit
of ~vf corresponds to the triple (O,I,5) where - denotes the image under the non-trivial
automorphism of the unoriented quadratic ring O. Thus we obtain a correspondence between
GL2(Z)-orbits of integer-matrix binary cubic forms and triples (O, I,¢) as described above
except that O is viewed as a quadratic ring without orientation.
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For the stabilizer statement, note that an element g of GLg(Z) preserving v must have
determinant either +1 or —1. If g has determinant 1, then when it acts on the basis («, ) of
I, it preserves the vector v = (a, b, ¢, d) in (7) if and only if a?, a?3, a3?, 3% remain unchanged;
thus g must act by multiplication by a unit u in the unit group U(Qp) of Oy whose cube is 1.
If g has determinant —1, then the basis element 7 gets replaced by its conjugate 7 in addition
to {a, B) being transformed by g. If this is to preserve the vector v = (a,b, ¢,d) in (7), then this
means that conjugation on O maps I to kI and J to k36 for some s € (O ® Q)*. The result
follows. |

REMARK 12. The statements in Theorem 9, Corollary 10, and Corollary 11 also hold after
base change to Z,, with the same proofs. In the case of Theorem 9, in the proof, by a positively
oriented basis («, 8) of an ideal I of R, we mean that the change-of-basis matrix from (1,7) to
(a, B) has determinant equal to a power of p (so that all positively oriented bases («, 8) of I
form a single orbit for the action of SLy(Z,)); all other details remain identical. Corollary 11
and its analogue over Zj, will be relevant in Section 6, during the proofs of Theorems 7 and 8.

2.2. Composition of cubic forms and 3-class groups

Let us say that an integer-matrix binary cubic form f, or its corresponding triple (O, I,6) via
the correspondence of Theorem 9, is projective if I is projective as an O-module (that is, if
I is invertible as an ideal of ©); in such a case we have I® = (§). The bijection of Theorem 9
allows us to describe a composition law on the set of projective integer-matrix binary cubic
forms, up to SLo(Z)-equivalence, having the same reduced discriminant. This turns the set
of all SLy(Z)-equivalence classes of projective integer-matrix binary cubic forms having given
reduced discriminant D into a group, which is closely related to the group Clz(0O), if O also has
discriminant D. In this section, we describe this group law and establish some of its relevant
properties.

Fix an oriented quadratic ring O. Given such an O, we obtain a natural law of composition
on equivalence classes of triples (O, I,0), where I is an invertible ideal of O and § € (O ® Q)*
such that I? = - O and N(I)® = N(4). It is defined by

(0,1,6)0(0,I',8") = (0, I, 55).

The equivalence classes of projective triples (O, I,4) thus form a group under this composition
law, which we denote by H(O) (note that two oriented quadratic rings O and O’ of the
same discriminant are canonically isomorphic, and hence the groups H(O) and H(O’) are
also canonically isomorphic). By Theorem 9, we also then obtain a corresponding composition
law on SLo(Z)-equivalence classes of integer-matrix cubic forms f having a given reduced
discriminant D (a higher-degree analogue of Gauss composition). We say that such a binary
cubic form f is projective if the corresponding (O, I,¢) is projective. We will sometimes view
H(O) as the group consisting of the SLa(Z)-equivalence classes of integer-matrix binary cubic
forms having reduced discriminant equal to Disc(O).

In order to understand the relationship between H(O) and Cl3(O), we first establish a lemma
describing the number of preimages of an ideal class under the ‘forgetful’ map H(O) — Cl3(O)
defined by (O, 1,§) — [I].

LEMMA 13. Let O be an order in a quadratic field and I be an invertible ideal of O whose
class has order 3 in the class group of O. Then the number of elements 6 € O (up to cube factors
in (O ® Q)*) yielding a valid triple (O, I,9) in the sense of Theorem 9 is 1 if Disc(O) < —3,
and 3 otherwise.
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Proof. Fix an invertible ideal I of O that arises in some valid triple. The number of
elements § having norm equal to N(I)® and yielding distinct elements of H(O) is then
|UT(0)/UF(0)*3], where UT(O) denotes the group of units of O having norm 1. In fact,
we have an exact sequence

Ut(o)
U+(0)x3
We see that, for all orders O in imaginary quadratic fields other than the maximal order
Z[v/=3], the unit group has cardinality 2 or 4, and therefore |UT(0Q)/U*(0)*?| = 1. For

real quadratic orders O, the unit group has rank one and torsion equal to {£1}, and so
|UT(0)/U+(0)*3| = 3. Finally, for O = Z[y/=3], we have |[U*(0)/UT(0)*3| = 3 as well. [

1— — H(O) — Cl3(0) — 1. (10)

Equation (10) thus makes precise the relationship between H(O) and Cls(O). With regard
to the sizes of these groups, we obtain the following corollary.

COROLLARY 14. We have |H(O)| = |Cl3(O)| when O has discriminant Disc(Q) < —3, and
|H(O)| =3-|Cl3(O)| otherwise.

2.3. Projective binary cubic forms and invertibility

We now wish to explicitly describe the projective binary cubic forms. Recall that the quadratic
Hessian covariant of f(x,y) = ax® + 3bx?y + 3cay? + dy? is given by Q(z,y) = Ax? + Bay +
Cy?, where A, B, C are defined by (9); then @ also describes the norm form on I mapping
into Z. It is well known, going back to the work of Gauss, that I is invertible if and only if
Q(w,y) is primitive, that is, (A, B,C) = (b* — ac,ad — be,c® — bd) =1 (see, for example, [6,
Proposition 7.4 and Theorem 7.7(i)—(ii)]). Thus,

f(z,y) = ax® + 3ba*y + 3cay® + dy? is projective
= (b* —ac,ad — be,c* —bd) = 1. (11)

Let S denote the set of all projective forms f(z,y) = az® + 3bx?y + 3cry? + dy?® in V.
Let VZ*,, denote the set of all forms f(z,y) = az® + 3bz?y + 3cxy® + dy? such that a, b, ¢, d € Z,,
and let 45 (S) denote the p-adic density of the p-adic closure of S in VZ";7 where we normalize
the additive measure i, on V' = Zj, so that u;(VZ*p) = 1. The following lemma gives the value

of 15 (S).
LEMMA 15.  We have p5(S) =1 —1/p>.

Proof. Suppose
¥ —ac=bc—ad=c*—bd=0 (mod p). (12)

Then the pair (a,b) can take any value except (0,r), where r Z 0 (mod p). Given any such
non-zero pair (a,b), the variables ¢ and d are then clearly determined modulo p from (a,b).
If (a,b) = (0,0) (mod p), then ¢ must also vanish (mod p), while d can be arbitrary (mod p).
We conclude that the total number of solutions (mod p) to (12) for the quadruple (a, b, ¢, d) is
(p* —p) +p =p°*. Thus 1 (S) = (p* — p?)/p?, as claimed. O

2.4. Reducible forms

As summarized in the introduction, the correspondence of Delone-Faddeev in [10] between
irreducible binary cubic forms and orders in cubic fields was used by Davenport—Heilbronn [9]
to determine the density of discriminants of cubic fields. Theorem 9, however, gives a different
correspondence than the one due to Delone-Faddeev [10]; in particular, it does not restrict to
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irreducible forms. The question then arises: which elements of H(O) correspond to the integer-
matrix binary cubic forms that are reducible, that is, that factor over Q (equivalently, Z)? We
answer this question here, first by establishing which triples (O, I,0) correspond to reducible
binary cubic forms.

LEMMA 16. Let f be an element of V, and let (O,I,6) be a representative for the
corresponding equivalence class of triples as given by Theorem 9. Then f has a rational zero
as a binary cubic form if and only if § is a cube in (O ® Q)*.

Proof. Suppose § = £ for some invertible ¢ € © ® Q. Then, by replacing I by ¢~ 'I and
§ by ¢34 if necessary, we may assume that § = 1. Let a be the smallest positive element in
INZ, and extend to a basis («, 3) of I. Then the binary cubic form f corresponding to the
basis (a, 3) of I via Theorem 9 evidently has a zero, since a € Z, § = 1, and so a = 0 in (7).

Conversely, suppose (zg,%0) € Q% with f(xg,y0) = 0. Without loss of generality, we may
assume that (zg,y0) € Z2. If (O, 1,6) is the corresponding triple and I has positively oriented
basis («, ), then, by (7) or (6), we obtain

(oo + yoB)® =nd  for some n € Z.

If ¢ =xoa + 303, then we have &3 = nd, and taking norms to Z on both sides reveals that
N(&)? =n?2N(5) =n?N(I)3. Thus n = m? is a cube. This then implies that § must be a cube
in (O®Q)* as well, namely § = (£/m)3, as desired. O

The reducible forms thus form a subgroup of H(O), which we denote by H;eqa(O); by the
previous lemma, it is the subgroup consisting of those triples (O, I,4), up to equivalence, for
which ¢ is a cube. As in the introduction, let Z3(O) denote the 3-torsion subgroup of the ideal
group of O, that is, the set of invertible ideals I of O such that I3 = ©. We may then define
a map

0 :23(0) — H(O) ¢:1+— (0,1,1). (13)

It is evident that im(Z3(0)) C Hyea(O). In fact, we show that ¢ defines an isomorphism between
I3 (O) and Hred(O).

THEOREM 17. The map ¢ yields an isomorphism of Z3(O) with Hyeq(O).

Proof. The preimage of the identity (O,0,1) € H(O) can only contain 3-torsion ideals
of the form £ - O for k € (O ® Q)*. To be a 3-torsion ideal, we must have (k0)3 = O which
implies that k2 € O* and so kK € O*. Therefore, the preimage of the identity is simply the ideal
O, and the map is injective. It remains to show surjectivity onto Hyeq(O). Assume (O, 1,4§) €
H,cq(O). Since § is a cube by definition, let § = &3 and recall that (O, I,8) ~ (O,£711,1). Thus
£ € I3(0). O

COROLLARY 18. Assume that O is maximal. Then H,.q(O) contains only the identity
element of H(O), which can be represented by (O, O, 1).

Proof. Since maximal orders are Dedekind domains, the only ideal that is 3-torsion in the
ideal group is O. |

3. A proof of Davenport and Heilbronn’s theorem on class numbers without class field theory

Using the direct correspondence of Theorem 9, we can now deduce Theorem 1 by counting the
relevant binary cubic forms. To do so, we need the following result of Davenport describing the
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asymptotic behavior of the number of binary cubic forms of bounded reduced discriminant in
subsets of V defined by finitely many congruence conditions.

THEOREM 19 ([7, 8, 9, Section 5, 3, Theorem 26]). Let S denote a set of integer-matrix
binary cubic forms in V;; defined by finitely many congruence conditions modulo prime powers.
Let VZ* O denote the set of elements in V; having positive reduced discriminant, and VZ* @
be the set of elements in V;; having reduced negative discriminant. For i =0 or 1, let N*(SN
V; %, X) denote the number of irreducible SLy(Z)-orbits on 5 N V; ") having absolute reduced
discriminant |disc| less than X. Then

O N(SnY x) g2 i
)(lgnoo X = 4. n: 1;[/“‘17(5)’ (14)

where i (S) denotes the p-adic density of S in V7, and nj =1 or 3 fori = 0 or 1, respectively.

Note that, in both [3, 9], this theorem is expressed in terms of GLy(Z)-orbits of binary cubic
forms in Vz with discriminant Disc(-) defined by —27 - disc(-). Here, we have stated the theorem
for SLy(Z)-orbits of integer-matrix binary cubic forms, and the p-adic measure is normalized
so that u;(VZ*p) = 1. This version is proved in exactly the same way as the original theorem,
but since:

(a) V has index 9 in Vz;
(b) we use the reduced discriminant disc(-) instead of Disc(-); and
(c) there are two SLa(Z)-orbits in every irreducible GLgy(Z)-orbit,

the constant on the right-hand side of (14) changes from 72/12n; as in [3] to 72/4n}, where
n; = 6 or 2 for ¢ = 0 or 1, respectively. _

Our goal then is to count the SLy(Z)-orbits of forms in V, @ that correspond, under the
bijection described in Theorem 9, to equivalence classes of triples (O, I, ), where O is a maximal
quadratic ring and I is projective. However, if O is a maximal quadratic ring, then all ideals
of O are projective, and so our only restriction on elements f € VZ*(Z) then is that disc(f) be the
discriminant of a maximal quadratic ring. It is well known that a quadratic ring O is maximal
if and only if the odd part of the discriminant of O is squarefree, and disc(O) =1, 5, 8, 9, 12,
or 13 (mod 16). We therefore define, for every prime p,

p -

{f eV :disc(f) =1,5,8,9,12,13 (mod 16)} if p=2;
{f € V : disc,(f) is squarefree} if p # 2.

Here, disc,(f) is the p-part of disc(f). If we set V :=N,V,, then V is the set of forms in V" for
which the ring O in the associated triple (O, 1,4) is a maximal quadratic ring. The following
lemma describes the p-adic densities of V (here, we are using the fact that the p-adic closure
of Vis V,).

LEMMA 20 ([9, Lemma 4]).  We have 1 (V,) = (p* — 1)?/p*.

We define N*(V NV, (Z),X ) analogously, as the number of irreducible orbits in VNV, @
having absolute reduced discriminant between 0 and X (for i = 0,1). Since we are restricting
to irreducible orbits, N*(V N VZ*(l),X) counts those (equivalence classes of) triples (O, 1,4),
where O is maximal with |Disc(O)| < X, but, by Corollary 18, the identity of H(O) is not
included in this count. '

We cannot immediately apply Theorem 19 to compute N*(V N V_g(z),X), as the set V is
defined by infinitely many congruence conditions. However, the following uniformity estimate
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for the complement of V, for all p will allow us in Subsection 3.1 to strengthen (14) to also
hold when § = V.

PRrOPOSITION 21 ([9, Proposition 1]). Define Wy =V;\V, for all primes p. Then
N(W;; X) = O(X/p*) where the implied constant is independent of p.

REMARK 22. None of the proofs of the quoted results in this section use class field theory
except for [9, Proposition 1], which invokes one lemma (namely, [9, Lemma 7]) that is proved
in [9] by class field theory; however, this lemma immediately follows from our Theorems 9
and 19, which do not appeal to class field theory.

3.1. The mean number of 3-torsion elements in the class groups of quadratic fields without
class field theory (Proof of Theorem 1)

We now complete the proof of Theorem 1. Suppose that Y is any positive integer. It follows
from Theorem 19 and Lemma 20 that

lim N*(Npey Vo NV, X) _ H (1 - 1)2
= T 4nr 2) "
X —00 X 4712 <y P
Letting Y tend to oo, we obtain
N vnv9 x) g2 1\’ 3
li Z < . 1-—= | = .
o X w1l ( p2) 2n;¢(2)

p

To obtain a lower bound for N*(V N VZ*(i)7 X), we use the fact that

N Vec |VvolUw;]. (15)

p<Y p2Y
By Proposition 21 and (15), we have
2

N VN9 x)  x ( 1 )2
lim inf A > : 1-—=) =0 p 2
1;[ p2 Z

X —o00 X 4n*
g p2Y

Letting Y tend to oo again, we obtain

N vnvP x) 2 12 3
lim inf z o> T (1-5) = ——.
X X dn; 1;[ P 2n7C(2)
Thus,
. N Vv x) 9
X —o00 X a Tl:ﬂe.

Finally, we use Corollaries 14 and 18 to relate N*(V N VZ* (i), X) and 3-torsion ideal classes
in maximal quadratic rings with discriminant less than X:

> (3:100) - 1) = N YNV X);
0<Disc(0)< X,
O maximal
S (0 -1 =N EvnvpY X).

0<—Disc(0)< X,
O maximal
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Since
> 0<Disc(0)<x, 1 Y 0<—Disc(0)<X, 1
lim O maximal _ i and lim O maximal — 3 (16)
X —o0 X 7T'2 X —o0 X 2 ’
we conclude
- 1 .
o DR (WO w0 (L
im == im == — ] ==,
X—oo ) 0<Disc(0)<X, 1 3 X—00 ) 0<Disc(0)<x, | 3 3 3
O maximal O maximal
. 1 "
) ZO<5D150(_(9)‘<1X, |C 3(0)| ) N* (V N VZ (1)7 X) 9/%’{
lim maxiua =1+ lim =1+ = 2.
X—o0 0<—Disc(0)<X, 1 X—00 ) 0<—Disc(0)<X, | 3
O maximal O maximal

3.2. Generalization to orders

The above proof of Theorem 1 can be generalized to orders to yield the special case of Theorem 8
where we average over all quadratic orders. This will also explain why the quantities being
averaged in Theorem 8 arise naturally. All the ingredients remain the same as in the previous
subsection, except that we now replace V C V; with the set S of all projective integer-matrix
binary cubic forms as defined in Subsection 2.3. Recall that projective forms correspond under
Theorem 9 to valid triples with an invertible ideal. However, since N*(S,X) only counts
irreducible orbits, by Corollary 14 and Theorem 17, we obtain

Y. 3 ICLO)- > BO) ifi=o,

N* (S ﬂ VZ*(Z)’ X) _ 0<Disc(0)< X 0<Disc(0)<X (17)
> eO)- Y o) ifi=1.
0<—Disc(0)< X 0<—Disc(0)<X

As before, let Y be any positive integer and let S, denote the p-adic closure of S in VZ*p, SO
that N,S, = S. It follows from Lemma 15 and Theorem 19 that

Ve S0E00 2 (1)

X —oo X 4n*

Letting Y tend to oo gives

N*(SnV9 x)  x2 1
li 7 <= 1— — ) =
Frakie X dn} 1;[ ( )

Using again W, to denote V;\V,, we still have that

NS clsulUw;

p<Y p2Y

Thus, it follows from Theorem 21 that

* *(1) 2
limian(SmVZ ’X)>7T .H<1—1)—0 Zp_2 ,

X —o0 X
p2Y
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and letting Y tend to oo gives

#(7) 2
hmian>W,H(l_1> _ 3 .

X—o0 X " dny L p? 2n;
Thus
_ NSnvY x) 3
lim = —
X —o00 X 2n’{
Since
isc 1 1 —Disc 1 1
XIEHOO EO<D XEOKX _ 5 and )(lgnoo ZO< DX(O)<X _ 5’ (18)
by (17) we conclude that
- Cl3(0)| - |1Z3(0 x
lim ZO<D1$C((’))<X| 3(0)] - 5173(0)| _ 1 <3/2n0> —1, and
X—o0 > 0<Disc(0)<x 1 3\ 1/2 (19)
lim >_0<-Dise(0)<x |Cl3(O)| — | Z3(O)| _3/2n7 1
X—o0 2 0<—Disc(0)<x 1 1/2

This proves Theorem 8 in the case that X is the set of all isomorphism classes of quadratic
orders. ‘

In the next section, we will count also the reducible SLy(Z)-orbits of SNV, @ having
bounded reduced discriminant, which will establish the mean total number of 3-torsion elements
in the class groups of imaginary quadratic orders and of real quadratic orders, as stated in
Theorem 2.

4. The mean number of 3-torsion elements in the ideal groups of quadratic orders
(Proofs of Theorems 2 and 6)

We have seen in Subsection 3.2 that counting irreducible orbits of integer-matrix binary
cubic forms and using the correspondence described in Theorem 9 is not enough to conclude
Theorem 2. In addition, Theorem 17 shows that in order to establish Theorem 6, we must
compute the number of reducible integer-matrix binary cubic forms, up to the action of SLay(Z),
having bounded reduced discriminant. In [7, 8], Davenport computed the number of SLy(Z)-
equivalence classes of irreducible integer-coefficient binary cubic forms of bounded non-reduced
discriminant. In this section, we similarly count reducible integer-matrix forms with bounded
reduced discriminant and establish the following result, from which both Theorems 2 and 6
follow.

PROPOSITION 23. Let hprojred(D) denote the number of SLy(Z)-equivalence classes of
projective and reducible integer-matrix binary cubic forms of reduced discriminant D. Then

> HatO) = 3 horiealD) = 50k X 4 o(X)
0<Disc(0)<X 0<D<X C( )
and
Z |HYCd(O)| = Z hproj,rcd(D) - % - X + O(X)
0<—Disc(0O)<X 0<—-D<X C( )

Recall that, by definition, if O is the quadratic ring of discriminant D, then |H,.q(O)| =
hproj,red(D)~
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By Theorem 17, (18), and Proposition 23, we then obtain the following corollary.
COROLLARY 24 (Theorem 6). Let Z3(Q) denote the 3-torsion subgroup of the ideal group
of the quadratic order O. Then

. 2o<pise(0)<x L3(O)]  ¢(2) . 2o<—bise(@)<x I Z3(O)|  ¢(2)
lim = and  lim = .
X=oo ) ocDisc(0)<x L ¢(3) X=00 > o< Disc(0)<x 1 ¢(3)

Finally, combining Theorem 6 with (19), we conclude the following corollary.

COROLLARY 25 (Theorem 2). We have

) Cl3(O
lim ZO<D1SC(O)<X| 3( )| — 14 1 . (2)’
X—00 ZO<Disc(O)<X1 3 ¢(3)
and
lim ZO<—Disc(O)<X |Cl5(0)] — 14+ C(Q).
X—o0 Zo<—Disc(O)<X 1 ¢(3)

We now turn to the proof of Proposition 23.

4.1. Counting reducible forms of negative reduced discriminant

We first consider the case of negative reduced discriminant, when the quadratic Hessian
covariant of a binary cubic form is positive definite. Gauss described a fundamental domain for
the action of SLy(Z) on positive-definite real binary quadratic forms in terms of inequalities on
their coefficients. This allows us to describe an analogous fundamental domain for the action
of SL2(Z) on real binary cubic forms of negative reduced discriminant. Bounding the reduced
discriminant cuts out a region of the fundamental domain which can be described via suitable
bounds on the coefficients of the binary cubic forms (cf. Lemma 26). Within this region, we
show that the number of SLy(Z)-classes of reducible integer-matrix cubic forms of bounded
reduced discriminant can be computed, up to a negligible error term, by counting the number
of integer-matrix binary cubic forms f(z,y) in the region whose x3-coefficient is zero and
x%y-coefficient is positive. We then carry out the latter count explicitly.

4.1.1.  Reduction theory. Recall that if f(z,y) = az® + 3bz%y + 3cay?® + dy® is a binary
cubic form where a, b, ¢, d € Z, then there is a canonically associated quadratic form @, called
the quadratic (Hessian) covariant of f, with coefficients defined by (9):

Q(z,y) = Az* + Bay + Cy?, where A =b> —ac, B=ad —bc, and C =c* —bd.  (20)

Note that Disc(Q) = disc(f), and so if disc(f) is negative, then its quadratic covariant is
definite. The group SL2(Z) acts on the set of positive-definite real binary quadratic forms, and
it is well known that a fundamental domain for this action consists of those quadratic forms
whose coefficients satisfy

—A<B<A<C or 0<B<K<A=C. (21)

We call a binary quadratic form whose coefficients satisfy (21) reduced. Any binary cubic
form of negative reduced discriminant is SLy(Z)-equivalent to one whose quadratic covariant
is reduced. Furthermore, if two such binary cubic forms are equivalent under SLo(Z) and
both have quadratic covariants that are reduced, then their quadratic covariants are equal.
The automorphism group of a reduced quadratic form always includes the identity matrix Ids
and its negation —1 - Ids. In all but two cases, this is the full automorphism group (the binary
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quadratic form z? + 32 has two more distinct automorphisms while z2 + zy + »2 has four more
distinct automorphisms).

We now describe bounds on the coefficients of a binary cubic form f with reduced quadratic
covariant @ satisfying 0 < —Disc(Q) < X.

LEMMA 26 ([7, Lemma 1]). Let a, b, ¢, d be real numbers, and let A, B, C' be defined as
n (20). Suppose that
~A<B<ALC and 0<4AC - B*<X. (22)

Then

2
la] < g XA < 2L x 1A
2
,  |be <—~X1/2,
el < —
4

lac’| < = - X, |bd| < 3 X
|c?(be — ad)| < X.

lad| < SX?

W W~
Rl

Note that in the previous lemma, we have included some non-reduced quadratic forms,
specifically when A = C'. However, such cases are negligible by the following lemma.

LEMMA 27 ([7, Lemma 2]). The number of integral binary cubic forms satisfying
~A<B<A<LC and 0<4AC-B*<X
such that A = C is O(X3/*1og X).

Finally, the following lemma implies that the number of reducible integer-matrix binary cubic
forms with reduced quadratic covariant and bounded reduced discriminant is asymptotically
the same as the number of binary cubic forms with a = 0, reduced quadratic covariant, and
bounded reduced discriminant.

LEMMA 28 ([7, Lemma 3]). The number of reducible integral binary cubic forms f with
a # 0 that satisfy —A < B < A < C and for which 0 < —Disc(Q) < X is O(X?/*€), for any
e > 0.

Let h(D) denote the number of SLy(Z)-classes of integer-matrix binary cubic forms of
reduced discriminant D, and define 2'(D) to be the number of SLy(Z)-classes of integer-matrix
binary cubic forms of reduced discriminant D having a representative with a = 0 and quadratic
covariant that satisfies —A < B < A < C. Then, by the previous two lemmas, we see that

> mD)= > K(D)+O(x*te), (23)
0<—D<X 0<—D<X

Thus, we focus our attention on computing Y __,_y M/ (D).

4.1.2. The number of binary cubic forms of bounded reduced discriminant with a = 0, b > 0,
and reduced quadratic covariant. If f(x,y) = 3bx%y + 3cxy® + dy3, then the coefficients of the
quadratic covariant of f are given by

A=b, B=—be, and C =c—bd,
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and, furthermore, disc(f) = Disc(Q) = —3b*c? + 4b>d. We are interested in the number of
SLy(Z)-equivalence classes of integer-matrix binary cubic forms with a = 0 such that

—A<B<AKC and 0< —Disc(Q) < X. (24)

Note that in order for Disc(Q) to be non-zero, we must have b # 0. Furthermore, the SLy(Z)-
element —Ids acts on a form f(x,y) by negating its coefficients, and thus we can assume that our
choice of representative for a given SLo(Z)-equivalence class has both @ = 0 and non-negative b.
Apart from the cases when A = B =C or A= C and B = 0, the restrictions a =0 and b > 0
describe a unique representative in each SLo(Z)-equivalence class of forms satisfying (24) and
a=0.If A= B = (O, then the binary cubic form is of the form 3bxz%y — 3bxy?. Similarly, if
A =C and B =0, then a binary cubic form with such a quadratic covariant is of the form
3bxz2y — by®. Thus, by Lemma 26, there are O(X'/4) such forms in the region described by (22)
with a = 0. If we define k] (D) to be the number of integer-matrix binary cubic forms of reduced
discriminant D with a = 0, b > 0, and whose quadratic covariant satisfies —A < B < A < C,
then, by (23), we also have

> mD)= > hi(D)+O(x¥te), (25)
0<—-D<X 0<—D<X
To compute > o _ .y M (D), note that the inequalities in (24) imply that —b* < be < b* <
¢ —3bd and 0 < 3b%c? — 4b3d < X when a = 0; hence if b > 0, then
—b<c<b and d<%~b.
Also, since B%? < AC, we have bd < 0, so d < 0. Using the upper bound on the reduced
discriminant of f and the inequality A < C from (24), we conclude that
3c? X c?
= _ = < — —p.
B isy ot
The number of integer-matrix binary cubic forms with a =0 and b > 0 satisfying (24) is
2

therefore
, 3 X c
> S > o= —
hi(D) #{dEZ T <d 5 b

0<-D<X 0<b<(v/2/ V/3)X1/4 —b<c<h

? 32 X
2 2 <<b_b)_<4b_4b3>+0(1)>
0<b<(v/2/V/3)X1/4 —b<c<hb

X
> (2b. T +O(b2)>
0<b<(V2/V/3)X1/4
2
= Px o),
Thus, by (25) the number of SLy(Z)-equivalence classes of reducible integer-matrix binary
cubic forms having bounded negative reduced discriminant is given by

> wD)= @ X + O(X3/4Fe),

0<—-D<X

4.1.3. Restriction to projective forms. We now complete the proof of Proposition 23 in the
case of negative reduced discriminant by further restricting to projective forms. Let h} (D)
be the number of projective integer-matrix binary cubic forms of reduced discriminant D
with a =0, b > 0, and reduced quadratic covariant. By (11), we know that such a form is
projective if and only if (b%,bc,c? —bd) =1, or equivalently if and only if (b,c) = 1. Thus

P} proj(D) counts those integer-matrix binary cubic forms having reduced discriminant D,
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a=0,b>0,(bc)=1, and reduced quadratic covariant. Define A} ,, (D) to be the number of
integer-matrix binary cubic forms of reduced discriminant D with ¢ =0, b > 0, n | (b,¢), and
reduced quadratic covariant. Note that h ;(D) = hy(D). We compute > 5 x " p05(D)
by using the inclusion—exclusion principle:

Z hl prO_](D) = Z Z /j‘(n)hll,n(D) = Z,U,(TL) : < Z h/l,n(D)> )

0<—-D<X 0<—D<X n=1 0<—D<X

where p(-) denotes the Mdbius function.

Fix n € Z, and let 3bx?y + 3cxy? + dy® have reduced discriminant D = —3b%c? + 4b3d, b > 0,
and n | (b,c). Let b=mn-b; and ¢ =n - c;. Assume that A = b?, B = —bc, C = ¢ — bd satisfy
(24). Then

b1 <ci1<by and d< %nbl.
Furthermore, d < 0 and d satisfies

3nc? X e

A S ST
Therefore, the number of integer-matrix binary cubic forms with a =0, b > 0, and n | (b, c)
satisfying (24) is

3nc? X ne?
" (D)= . 1_ < —1 -
E hi (D) E E # {d B I <d b nby
0<-D<X 0<by<(V2/ ¥3n)X1/4 —b1<c1<by
2
ney 3nc? X
b ) —
2. 2. (( b 1) ( 4b, 4n3b3> +0(1 )>

0<b <(V2/ ¥3n)X1/4 —b1<c1<by

X
0<by<(V2/ ¥3n)x1/4 !
3/4
]
T om n?

where the implied constants are independent of n. We conclude that

5 i1 S (055

0<—-D<X n=1

_ €2 3/4
33) X +0(X7).
If we now let hprojrea(D) denote the number of SLy(Z)-equivalence classes of projective
reducible integer-matrix cubic forms of reduced discriminant D, then by the analogous
reduction formula as in (25), we obtain

0<§<X Moo (D) = 22((23)) "X+ o(X).

- nbl.

4.2. Counting reducible forms of positive reduced discriminant

Recall that implicit in our study of reducible binary cubic forms of negative reduced discrim-
inant was the fact that their quadratic covariants were definite, and thus the fundamental
domain for positive definite quadratic forms allowed us to make a well-defined choice for
a representative for each SLy(Z)-class of binary cubic forms we were counting. If f(z,y) =
ax® + 3bx?y + 3cxy?® + dy® has positive reduced discriminant, then its quadratic covariant as
defined in (20) is indefinite. However, if we can associate a different SLy(Z)-covariant quadratic
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form that is positive definite to each binary cubic form of positive reduced discriminant, then
we can carry out the analogous count. Again, we follow Davenport [8] and note that a binary
cubic form of the form f(x,y) = az® + 3bx?y + 3cay? + dy? with positive reduced discriminant
has one real root and two complex roots. Thus, if o denotes the real root, then we can write

f(z,y) = (y — a-z)(Pz? + Qry + Ry?), where P = 3b+ 3ca + da?, Q = 3¢+ do, R = d.

We call the binary quadratic form with coefficients P, @, and R the (definite) quadratic factor
of the binary cubic form f.

4.2.1. Reduction theory. As in the case of reduced negative discriminant, a fundamental
domain for the action of SLy(Z) consists of those real quadratic forms Pz? + Qxy + Ry? whose
coefficients satisfy

—P<Q<P<R or 0<Q<P=R. (26)

It is clear that any real binary cubic form having positive reduced discriminant is properly
equivalent to one with quadratic factor satisfying the inequalities in (26). If there are two such
binary cubic forms that are equivalent under SL2(Z) and both quadratic factors satisfy (26),
then the element of SLo(Z) taking one cubic form to another must preserve the quadratic
factor up to scaling. Thus, it must be an element of the automorphism group of the quadratic
factor, hence either Idy or —Ids when the quadratic factor is not a scalar multiple of 2 + y?
or 22 + xy + y2. Apart from these two exceptional cases, in each such SLy(Z)-equivalence class
there is one binary cubic form with reduced quadratic factor and b > 0. Furthermore, using
the fact that the non-reduced discriminant of a binary form is the product of the pairwise
differences of the roots, one can show that

disc(f) = 5-(4PR — Q*)(P + Qa + Ra?)?

if a, P, @Q, R are defined as above. We now state the analogues of Lemmas 26—28.

LEMMA 29 ([8, Lemma 1]). Let a, P, Q, R be real numbers satisfying

—P<Q<P<R and 0< £(4PR—Q*)(P+Qa+ Ra®)? < X. (27)
Ifa, b, ¢, and d are given by the formulas
P_ _
a=—Pa, b= SQa, C:Q?)Ra) d=R,

then

L2
a < V6X/*4 |b|<2\/;X1/4,
4v/2

lad| < 3v2XY2%, |be| < TX1/2,
20 20
lac?| < RS |b*d| < RS

c%|9bc — ad| < 432X.

LEMMA 30 ([8, Lemma 2]). The number of integral binary cubic forms f satisfying
—P<Q<P<R and 0<disc(f) <X
such that P = R is O(X?/*1log X).
LeMMA 31 ([8, Lemma 3]). The number of reducible integral binary cubic forms f with

a # 0 that satisfy —P < Q < P < R and for which 0 < disc(f) < X is O(X?/4+), for any
e> 0.
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Define h'(D) to be the number of SLy(Z)-classes of integer-matrix binary cubic forms having
reduced discriminant D with ¢ = 0 and whose quadratic factor satisfies

—-P<@Q<P<R

Then, by the previous two lemmas, we see that
> wD)y= > K(D)+O(X¥4te). (28)
0<D<X 0<D<X

Thus, we focus our attention on computing ), x h'(D).

4.2.2.  The number of binary cubic forms of bounded reduced discriminant with a = 0,
b > 0 and reduced quadratic factor. 1If f(x,y) = 3bx?y + 3cxy? + dy>, then the coefficients of
its quadratic factor are given by

P=3b, Q=3c, R=d.

Furthermore, disc(f) = —3-Disc(Pz? 4+ Quy + Ry?)P? = —3b?c* + 4b%d. We are interested in
the number of SLo(Z)-equivalence classes of integer-matrix binary cubic forms f with a =0
such that

—P<@Q<P<R and 0<disc(f) < X.

Note that in order for the discriminant of f to be non-zero, we must have b # 0. Thus, we can
assume that our choice of representative for a given SLs(Z)-equivalence class has both a = 0 and
positive b. Apart from the cases when P =@ = R or P = R and @ = 0, the restrictions a =0
and b > 0 describe a unique representative in each SLo(Z)-equivalence class of forms satisfying
(26) and a = 0. If P = Q = R, then the binary cubic form is of the form 3bx?y + 3bzy? + 3by3.
Similarly, if P = R and Q = 0, then the binary cubic form is of the form 3bxz2y 4 3by>. Thus, by
Lemma 29, there are O(X/4) such forms in the region described by (27) with a = 0. If we define
h} (D) to be the number of integer-matrix binary cubic forms having reduced discriminant D
with @ = 0 and b > 0 and whose quadratic factor satisfies —P < @Q < P < R, then, by (28), we

have
> wD)y= > hi(D)+O(Xe). (29)

0<D<X 0<D<X
To compute ).y 7} (D), note that the inequalities in (27) imply that —3b < 3¢ <3b < d
and 0 < —3b%c? 4+ 4b%d < X when a = 0; hence if b > 0, then
—-b<c<b and 3b<d.

Thus d > 0. Using the upper bound on the reduced discriminant of f, we conclude that
3c?

X
3b<d<@+ﬂ

Therefore, the number of integer-matrix binary cubic forms with a =0 and b > 0 satisfying
(27) is

, 3¢2
3 w(D) = 3 3 #{d 3b<d<4b3 42}

0<D<X 0<b< ¥/32/9X1/4 —b<ce<b
X 3c2
> > (4b3+ - —3b+001 ))
0<b< {/32/9x1/4 ~b<e<h

3 2% 4% 4 0(b2)) . C(;)X +O(X*4),
0<b< {/32/9X1/4
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Hence, by (29), the number of SLy(Z)-equivalence classes of reducible integer-matrix binary
cubic forms of bounded positive reduced discriminant is given by

Z h ) X + O(X3/4+6)
0<D<X

4.2.3. Restriction to projective forms. We have seen that the number of SL(Z)-equivalence
classes of reducible integer-matrix binary cubic forms with positive reduced discriminant less
than X is (((2)/2)X + o(X). We complete the proof of Proposition 23 by further restricting to
projective forms. Let ) prOJ(D) be the number of projective integer-matrix binary cubic forms
having reduced discriminant D, a = 0, b > 0, and reduced definite quadratic factor. By (11), we
know that such a form is projective if and only if (b2, be, ¢ — bd) = 1, or equivalently if and only

if (b,c) = 1. Thus, h} ,,,;(D) counts those integer-matrix forms having reduced discriminant

D,a=0,b0>0, (b c) =1, and reduced quadratic factor. Define hj , (D) to be the number
of SLy(Z)-classes of integer-matrix binary cubic forms having reduced discriminant D, a=0,

b >0, n|(bc), and reduced quadratic factor. Then we have hj ;(D) = h) ,,,;(D). As before,

we compute > o x b ,0;(D) by using the inclusion—exclusion principle:

Y MipeD)= ) Zu )=Zu(n)-< 3 h’lm(D)).

0<D<X 0<D<X n=1 0<D<X

Fixn € Z, and let 3bx?y + 3cry? + dy> have reduced discriminant D = —3b%c? + 4b3d, b > 0,
and n | (b,c). Let b=mn-by and ¢ = n - ¢;. Assume that P, @), R satisfy (26); then

—by <c1 <by and 3nby <d.
Furthermore, d > 0 and d satisfies
X 3nc?
dn 3b3 4by

Therefore, the number of integer-matrix binary cubic forms with a =0, b > 0, and n | (b,¢)
satisfying (26) is

E X 3nc?
i = E 1
Z hl,n(D) = # {d 3’)’Lb1 <d< in 3b3 -+ 41)1}
0<Db<X 0<b1 < 4/32/9nx1/4 ~b1<c1<by
E : X 3nc?
~3.3 —3nb 1

Z <4n3b213 + 4b, 3nby + O( ))

0<by< ¥/32/9nx1/4 —b1<c1<h

X
0<b1< $/32/9nX1/4

2(2))( 0 ()(:/4)

where the implied constants are again independent of n. We conclude that

D bl (D iu(n) <C( @y, O()(:’M))

0<D<X n=1

¢(2) 3/4
2<()X+O(X ).

If we let Rproj reda (D) denote the number of SLo(Z)-equivalence classes of projective reducible
integer-matrix binary cubic forms of reduced discriminant D, then by the analogous reduction

3nby <d<
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formula as in (25), we obtain

S
ngx Rprojired (D) = %) X 4 o(X).

5. The mean number of 3-torsion elements in class groups of quadratic orders via ring class
field theory (Proofs of Theorems 2 and 3)

In the previous sections, we have proven Theorems 1, 2, and 6 without appealing to class
field theory. To prove Theorem 3 and Corollary 4, we use a generalization of the class field
theory argument originally due to Davenport and Heilbronn. In particular, we show that the
elements of Cl3(O) for a quadratic order O can be enumerated via certain non-Galois cubic
fields. This involves the theory of ring class fields (see [6, Section 9]), together with the theorem
of Davenport and Heilbronn on the density of discriminants of cubic fields.

THEOREM 32 ([9]). Let N3(&,n) denote the number of cubic fields K up to isomorphism
that satisfy £ < Disc(K) < n. Then

L

N3(0,X) ;X+O(X) and Ng(fX,O):ZlC(S)

= 12003) X + o(X).

Using class field theory, Davenport and Heilbronn were able to deduce Theorem 1 using this
count. The new contribution of this section is to extend their argument to all orders and to
acceptable sets of orders, using the theory of ring class fields, thus re-proving Theorem 2 from
this perspective and also proving Theorem 3.

5.1. Ring class fields associated to quadratic orders

For a fixed quadratic order O, let k denote the field O ® Q, and let Oy denote the maximal
order in k. If [Of : O] = f, then we say that the conductor of O is equal to f (or sometimes,
the ideal in Oy generated by f).

We begin with a well-known description of C1(O) in terms of ideal classes of O:

LEMMA 33 ([6, Proposition 7.22]). Let It (f) denote the subgroup of the group of invertible
ideals of Oy, consisting of ideals that are prime to f, and let Py 7(f) denote the subgroup of the
group of principal ideals of Oy, consisting of those («) such that o = a (mod fOy) for some
integer a that is coprime to f. Then

ClO) = Ii(f)/ Prz(f)-

Recall that the ray class group of k of conductor f is defined as the quotient Cli(f) :=
I(f)/Pra(f), where Py 1(f) is the subgroup of principal ideals of O consisting of those («
such that « =1 (mod fOy). By Lemma 33, we have the following exact sequence:

1 — Pez(f)/Prea(f) — Cl(f) — CI(O) — 1. (30)

Let o denote the non-trivial automorphism of Gal(k/Q). For a finite abelian group G, let
G|[3] denote its 3-Sylow subgroup, and if G is a finite Gal(k/Q)-module, then we can decompose
G[3] = G[3]T @ G[3]~, where G[3]* := {g € G : 0(g) = g*'}.

LEMMA 34 ([13, Lemma 1.10]). If O is a quadratic order of conductor f, k the quadratic
field O ® Q, and Cli(f) the ray class group of k of conductor f, then Cli(f)[3]~ = C1(O)[3].
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Proof. 1t is clear that the exact sequence in (30) is a sequence of finite Gal(k/Q)-modules,
implying the exactness of the following sequences:

1 — (Prz(f)/Pep ()BT — CL(f)[B]" — CUO)B]T — 1,
1 — (Prz(f)/Prea(f))B]” — CL(f)B]” — CIO)B]” — 1.

We see that (Prz(f)/Pe1(f))[3]” is trivial, since any element [(a)] such that a=a
(mod fOy), for some integer a that is coprime to f, can also be represented by aOy,. Moreover,
for any such class [aO%] € (Pyz(f)/Pr1(f))[3]”, we must have

[(LOk] = [J(Clok)} = [aOk]_l.

Hence [aOy] has order dividing 2 and equal to a power of 3, and so must be trivial. Similarly,
CL(O)[3] " is trivial since if [I] € C1(O)[3]T, then [I] = [o(I)]. Because N(I) =o(I)I € Z, [I]
has order dividing 2 and equal to a power of 3 in Cl(O), and is therefore trivial. |

ProprosSITION 35. Let O be a quadratic order. The number of isomorphism classes of cubic
fields K such that Disc(O) = ¢?Disc(K) for some integer c is (|Cl3(O)| — 1) /2.

Proof. We prove the proposition by showing that such isomorphism classes of cubic fields
K are in bijection with subgroups of C1(O) of index 3.

We first show how to associate a quadratic order O and an index 3 subgroup H of Cl(O)[3]
to any non-cyclic cubic extension K of Q. If K is a non-Galois cubic field, then the normal
closure K of K over Q contains a unique quadratic field k. One checks that the discriminants
of K and k satisfy Disc(K) = Disc(k) f?, where f is the conductor of the cubic extension K /k
(see [12] or [4, Theorem 9.2.6]). By class field theory, K /k corresponds to a subgroup H of
Cli(f)[3] of index 3. Since K/Q is a Galois extension, H is a Gal(k/Q)-module. If o denotes
the non-trivial automorphism in Gal(k/Q), then we see that K is Galois over Q if and only
if o(K) = K. Artin reciprocity implies that the subgroup of Cly(f)[3] corresponding to o(K)
is the image of H under the action of o on Cl(f)[3]. As K is Galois, we conclude that H is
stable under o, and we can write H = H* @ H~ where H* := H N Cl(f)[3]*.

We now show that H* = Cl(f)[3]*. Consider the exact sequence

1 — Gal(K /k) — Gal(K/Q) — Gal(k/Q) — 1. (31)

Note that, by definition, Gal(K /k) 2 Cly(f)[3]/H. For any lift of o to & € Gal(K/Q), Artin
reciprocity implies that the action of conjugation on Gal(K /k) by & corresponds to the action
of o on Cly(f)[3]/H. Since Gal(K/Q) is isomorphic to the symmetric group (and is not a
direct product), conjugation Gal(K/k) acts as inversion. Since the index of H in Cli(f)[3] is
of odd prime order, either Ht = Cly(f)[3]" or H~ = Cli(f)[3]”. For & to act as inversion on
Cli(f)[3]/H, we must have Cli(f)[3]/H = Clx(f)[3]~/H~. By Lemma 34, H corresponds to a
subgroup of Cl(O)[3] of index 3, where O is the unique quadratic order of index f in the ring
of integers Ok.

It remains to show that, for any given order O in a quadratic field k, each index three
subgroup of C1(OQ) corresponds in this way to a unique cubic field K up to isomorphism. Let
H be a subgroup of CI(O)[3] = Clx(f)[3]~ of index 3 where O has index f in Oy. Then H
corresponds to a cubic extension K /k of conductor d | f, and the action of o is by inversion.
Hence the exact sequence (31) does not split, and Gal(K/Q) = Gal(K /k) x Gal(k/Q) = S3,
and thus K is the Galois closure of a unique cubic field K up to isomorphism.
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We conclude that

Z #{cubic fields K such that Disc(K) = d’Disc(k)}
dlf . (32)
= #{subgroups of Cl(O) of index 3} = §(|C13((’))| - 1),

where O is the quadratic order of index f in the maximal order of k, that is, O is the unique
quadratic order with discriminant equal to f2Disc(k); note that conjugate cubic fields are
counted only once, and so we have obtained the desired statement (with ¢ = f/d). UJ

The integer ¢ corresponding to a cubic field K via Proposition 35 is called the conductor of K
relative to O. In particular, we see that the conductor ¢ of K relative to O must divide the
conductor f of O.

5.2. A second proof of the mean number of 3-torsion elements in the class groups of quadratic
orders (Proof of Theorem 2 via class field theory)

Proposition 35 shows that Theorem 2 may be proved by summing, over all quadratic orders O
of absolute discriminant less than X, the number of cubic fields K such that Disc(O)/Disc(K)
is a square. However, in this sum, a single cubic field K may be counted a number of times since
there are many O for which Disc(O)/Disc(K) is a square, and one must control the asymptotic
behavior of this sum as X — oo.

To accomplish this, we rearrange the sum as a sum over the conductor f of O, and then
sum over O in the interior of this main sum. This allows us to use a uniformity estimate for
large f, yielding the desired asymptotic formulae. More precisely, for X large and ¢ = 0,1, we
are interested in evaluating

NO(X) = Z # {cubic fields K such that DIL(OK) = ce Z} . (33)
0<(—1)*Disc(0)< X ISC( )

We rearrange this as a sum over ¢ and subsequently over cubic fields:

‘ o0 Disc(O
NOGx) =Y > # {cubic fields K such that Disc(K) = IS;()}
¢=10<(—1)*Disc(0)<X

=> > 1. (34)

c=1 non-Galois K s.t.
0<(—1)"Disc(K)<X/c?

Let Y be an arbitrary positive integer. From (34) and Theorem 32, we obtain

NO(X) = Yz_:l . 52 +o(X)+ 0O (i X/02>
c=1 inc(g) ¢ c=Y
=Y s = o)+ O/,

c=1

where ng = 6 and n; = 2 (that is, n; is the size of the automorphism group of R3 if i = 0 and
R®Cif i =1). Thus,

. ONOX) &S 1
dm = 2 2n:C(3) +0/Y).

c=1
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Letting Y tend to co, we conclude that

NOX) s 11

2n:((3) & 2n((3)
Finally, using Proposition 35 and (18), we obtain

1i
Xgnoo X

c=1

€2 .
, 1+ 2% ifi=0,
lim Zo<(—1)iDisc(O)<X |Cl3(0))| ~ 14 lim 4- NO(X) B 3¢(3)
X—o0 ZO<(—1)iDisc((9)<X X—00 X m ¢(2) —
¢(3)

5.3. The mean number of 3-torsion elements in the class groups of quadratic orders in
acceptable families (Proof of Theorem 3)

We now determine the mean number of 3-torsion elements in the class groups of quadratic
orders satisfying any acceptable set of local conditions. As described in the introduction, for
each prime p, let ¥, be a set of isomorphism classes of non-degenerate quadratic rings over
Zy. Recall that a collection ¥ = (X,) is acceptable if, for all sufficiently large p, the set X,
contains the maximal quadratic rings over Z,. We denote by ¥ the set of quadratic orders O
over Z, up to isomorphism, such that O ® Z, € ¥, for all p. For a quadratic order O, we write
‘O € 3 (or say that ‘O is a X-order’) if O ® Z,, € X, for all primes p.

Let us fix an acceptable collection ¥ = (X)) of local specifications. We first recall a necessary
generalization of Theorem 32.

THEOREM 36 ([3, Theorem 8]). Let (E](,S)) US® be an acceptable collection of local
specifications for cubic orders, that is, for all sufficiently large primes p, Z](g?’) contains all
maximal cubic rings over Z, that are not totally ramified. Let ¥®) denote the set of all
isomorphism classes of orders Oz in cubic fields for which O3 ® Q, € E,(,S) for all p and
O30R e 25523, and denote by N;),(§](3)7 X) the number of cubic orders O3z € Y3 that satisfy

|Disc(O3)| < X. Then

1 1 p—1 1 1
NE® x)= (= Y —— | [ Y = : X +o(X),
2 g |Aut(R3)] . P o) Discy(R3) |Aut(R3)]
3€T 0 R3€Ep

where Disc,(-) denotes the p-power of Disc(-).

We can use the above theorem to prove Theorem 3 by comparing the number of 3-torsion
elements in the class groups of quadratic ¥-orders O of absolute discriminant less than X and
the number of cubic fields corresponding to such class group elements of O € 3 with absolute
discriminant less than X via Proposition 35. Analogous to (33), we define

. Disc(O
NO(X,%) = Z # {cubic fields K such that DllsS,SEK)) =c’ce Z}
0¥ s.t.
0<(—1)"Disc(0)< X
= Disc(O
= Z Z # {cubic fields K such that Disc(K) = 1502()} (35)
c=1 e s.t. ¢

0<(—1)*Disc(0)< X

For any ¢ € Z, let ¢~2% denote the set of quadratic orders O that contain an index ¢ ¥-order. We
can decompose ¢—2¥ into the following local specifications: for all p, if p°» || ¢ where ¢, € Z>o,
let p—2¢r Yp denote the set of non-degenerate quadratic rings over Z, which contain an index
p°? subring that lies in ¥,,. It is then clear that (p~2er Y, = ¢ 2¥ is acceptable since X is.
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Finally, let X3¢ be the set of cubic fields K such that there exists a quadratic order
O € ¢~ 2% with Disc(K) = Disc(O). These are the set of cubic fields K such that their quadratic
resolvent ring contains a ¥-order with index ¢, or equivalently, is a ¢c~2X-order. Let D(K) denote
the quadratic resolvent ring of the cubic field K, that is, D(K) is the unique quadratic order
with discriminant equal to that of K. The local specifications for £(3):¢ are as follows: for all p
and with ¢, defined as above, 2(3)’C" is the set of étale cubic algebras K, over Q, such that the
quadratic resolvent ring D(K,) over Z, is a p~2%%,-order. Meanwhile, 2(3) has one cubic
ring over R specified by the choice i = 0 or 1: it contains R? if i = 0 and R® C if i = 1. Then
»@)e = (EZ(,S)’C‘“) U E(Oi *“_and in order to use Theorem 36, it remains to show that X3¢ is
acceptable.

To show the acceptability of )¢, consider any p > 2 large enough so that ¥, contains
all maximal quadratic rings and ¢, = 0, that is, p{c. Let K, be an étale cubic algebra over
Q, that is not totally ramified. This implies that p? Disc(K ), and so p? 1 D(K,); therefore,
D(K,) must be maximal. By our choice of p, we have D(K,,) € ¥, and so K, € 2(3)’ Hence
Y )¢ is acceptable.

Using these definitions, we can rewrite N (X, ¥) as

Disc(O
NO(X,x%) Z Z # {cublc fields K such that Disc(K) = 15(:2()}
0eX s.t. ¢
<(—1)"'Disc(0)< X
= Z Z #{cubic fields K such that Disc(K) = Disc(O)}

c=1 0Occ™ 2% s.t.
0<(—1)*Disc(O)< X /c?

o0 o0 . X
=3 3 1= N (2(3% 02) : (36)
e=1 Kex®)he s, e=1
0<(—1)"Disc(K)<X/c?

Again, let Y be an arbitrary positive integer. From (36), Theorem 36, and Theorem 32, we
obtain

Y-1

1 P 1 1 X
— 2n,; 1;[ P z(:g),c Disc,(K,) |Aut(K,)] c?
Kpesy P
+0 <Z X/02> +o(X),
c=Y
where ng = 6 and ny = 2 as before. Thus, since O(>_ ooy X/c?) = O(X/Y), we have
NOX,®) 31 p—1 1 1 1
lim =) . LA . =+ 0(1/Y).
Poe X 2n; H P Z Disc,(Kp) |Aut(Kp)| | ¢ +OU/Y)
c=1 p Kyex® e p p

Letting Y tend to oo, we conclude that

1 p—1 1 1 1
2711.1—[ p 2 Disc,(K,) |Aut(K,) | ¢

. p
p K,esPer
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Let My, be defined as in (3) and let My' be the following product of local masses:
H ZRez}p C*1(R)/Disc,(R)
LY res, 1/Discy(R) - 1/#Aut(R)

> res, C°(R)/Discy(R)

Y res, 1/(2- Discy(R)) ’

where C*4(R) is defined for an étale quadratic algebra R over Z, as the (weighted) number of
étale cubic algebras K, over Q, such that R = D(K},):

eq .__
M =

(37)

1
OeQ(R) = Z _
K, étale cubic /Q, #AUt(KP)
s.t. R=D(Kp)
Then
NOX, %) 1 1 p—1 ) .
li = p—1 .
Xgnoo 2”1 ; c? ];[ p Z DiSCp(Kp) |Aut(Kp)|

K,esier

I
:g’ —_
Mg

Q
Il
MR

1 -1 1
=I5 > Discp<R>'Ceq(R))

Rep—QcPEp

LYY o
=0 RES, s.t. Disc, (R)
3R’ s.t. [R":R]=p’

[
=
m

@

|
-

p—1. Z _;)L‘(R) ) (38)

2n; few, Discp(R

Recall that C(R) is defined as the (weighted) number of etale cubic algebras K, over Q,
such that R C D(K,) (cf. equation (2)). The final equality follows from the fact that if we fix
R € ¥, the cubic algebras K, with discriminant p* - Disc,(R) are disjoint for distinct choices
of i. (The penultimate equahty follows from unique factorization of integers.)

Using (32) and (35), we see that

2. NOX,®) = Y (#C(0)- 1) (39)
OeX s.t.
0<(—1)"Disc(0)<X
We now have the following elementary lemma counting quadratic orders.

LemMA 37 ([2, §4]). (a) The number of real ¥-orders O with |Disc(O)| < X is

asymptotically
1 p—1 1 1
Z. g- - : . . X.
2 1;[ ( D };:Z Disc,(R) #Aut(R))
(b) The number of complex ¥-orders O with |Disc(O)| < X is asymptotically

1 p—1 1 L
9 1;[ <p ' % Disc,(R) . #AUt(R)> A
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By (38), (39), and Lemma 37, we then obtain
oes, #Cl3(0)
lim 0<(—1)"Disc(0)<X

X —o00 Z 0627 1
0<(—1)"Disc(0)<X

2. NO(X %
=14+ lim (X, %)

X—>ooz oex, 1
0<(—1)"Disc(0)<X

(1/ni) - T1,((p = 1)/p - X pes, 1/Discy(R) - C(R))
(1/2) - I1,((p = 1)/p - Xoges, 1/Discy(R) - 1/#Aut(R))
2 ZRezp C(R)/DiSCP(R) 2

=t S e ey o

As ng = 6 and n; = 2, this proves Theorem 3.

5.4. Families of quadratic fields defined by finitely many local conditions always have the same
average number of 3-torsion elements in their class groups (Proof of Corollary 4)

We now consider the special case of Theorem 3 where (X,,) is any acceptable collection of local
specifications of maximal quadratic rings over Z,. Then, if 3 denotes the set of all isomorphism
classes of quadratic orders O such that O ® Z, € £, for all p, then ¥ will be a set of maximal
orders satisfying a specified set of local conditions at some finite set of primes. We prove in
this section that regardless of what the acceptable set of maximal orders X is, the average size
of the 3-torsion subgroup in the class groups of imaginary (respectively, real) quadratic orders
in ¥ is always given by 2 (respectively, %) To do so, we use Theorem 3 and show that My =1
in these cases.

LEMMA 38. For any maximal quadratic ring R over Z,, we have C(R) = 3, where C(R)
denotes the weighted number of étale cubic algebras K, over Q, such that R is contained in
the unique quadratic algebra over Z, with the same discriminant as K, (cf. equation (2)).

Proof. For all primes p # 2, there are four maximal quadratic rings over Z, (up to
isomorphism), namely Z, ® Z,, Z,[\/p], Zp[\/€], and Z,[,/€-p], where € is an integer that
is not a square mod p. For each choice of R, we compute C(R):

1 1 1
T FA(Q, Q,5Q,) | FAu(Q:) 6
1

1
C(Z,Wa]) = FAn(Q, 3 Qa2 fora =p, eand p-e.
Here, Qp3 denotes the unique unramified cubic extension of Q. Note that any ramified cubic
field extension K, of Q, has discriminant divisible by p? (since p will have ramification index 3
in K). This implies that D(K,) is not maximal for ramified K,,, and so no maximal quadratic
ring is contained in D(K),).

When p = 2, there are eight maximal quadratic rings over Zy (up to isomorphism), namely
Ly & L and Zs|y/al, where o = 2, 3, 5, 6, 7, 10, or 14. As above, we have that C(Zy & Z) = 3.
Finally, it is easy to see that, for each possible value of «,

1 1
ClalVal) = #Aut(Q @ Qa[Va]) — 2

Again, any ramified cubic extension Ko of Qo has discriminant divisible by 4, which implies
that D(K2) does not contain any maximal orders. O

+

C(ZP @ Zp) 27

Wl =
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By the above lemma, we see that if (X,) is any acceptable collection of local specifications
of maximal quadratic rings over Z,, then

CR) 1
R;’ Disc,(R) Z 2 Disc,(R)

Rex,

Thus My =1, and so by Theorem 3 we obtain Corollary 4.

6. The mean number of 3-torsion elements in the ideal groups of quadratic orders in
acceptable families (Proof of Theorems 7 and 8)

Finally, we prove Theorems 7 and 8, which generalize Theorem 6 and the work of Subsection 3.2
by determining the mean number of 3-torsion elements in the ideal groups of quadratic orders
satisfying quite general sets of local conditions.

To this end, fix an acceptable collection (X,) of local specifications for quadratic orders, and
fix any ¢ € {0,1}. Let S = S(X,¢) denote the set of all irreducible elements v € VZ*(Z) such that,
in the corresponding triple (O, I,0), we have that O € ¥ and I is invertible as an ideal class
of O (implying that I ® Z,, is the trivial ideal class of O ® Z,, for all p).

PROPOSITION 39 ([3, Theorem 31]).  Let S,(%, 1) denote the closure of S(X, i) in V7 . Then

N*(S(%,1); X) 1 H p—1 Z 1 1

lim ——— 2 = '
o X ont P discy(z)  [StabeL, ) (v)

toop €8y (2,i)/GLa2(Zyp)

]
(41)

where disc, (z) denotes the reduced discriminant of x € V= as a power of p and Stabgr,(z,,) ()
denotes the stabilizer of x in GLg(Z,).

Proof. First, note that although S(X,4) might be defined by infinitely many congruence
conditions, the estimate provided in Proposition 21 (and the fact that ¥ is acceptable) shows
that equation (14) continues to hold for the set S(X,4), that is,

. N*(5(%,1),
o X

X) _ 4?@ gﬂz(s(z,i)).

The argument is identical to that in Subsections 3.1 or 3.2.

If 1, (S) denotes the p-adic density of S in Vz, where p, is normalized so that u,(Vz) =1,
then 1u5(S) = pp(S) for p # 3 and p3(S) = Yusz(S). (This is just a reformulation of the fact
that [V : V;/] =9.) Thus,

Jim N (S(iv i)

.7-(-2
X) _ Zn E[up(s(z,m.

By [3, Lemma 32|, we have that

_ #OLa(F) g Lo
o Discy(z)  [Stabgr,z,) ()|’

z€Sy/GL2(Zp)
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where Discy, () denotes the discriminant of z € V' as a power of p. Note that since Discy () =
discy(z) for all p # 3 and Discs(z) = 27 - discz(x), we have that

xhinooN (S(?Z),X)

©
3

_ 1 #GLg(Fp) 1 1
4-ny 27 1;[ pt mgSAE%GLz(Zp) discp(:c) |StabGL2(ZP)(3§)|

1 p—1 ! !
ot H( P > z disc,(2) [Stabgr,z,) ()| -

2E€8,(2,i)/GLa(Zy)

Now, if we set

1 1
M,(S(2,4)) == : : , 42
p( ( )) :CESP(E§GL2(ZP) dlSCp(ﬂU) |StabGL2(ZP)($)| ( )
then the description of the stabilizer in Corollary 11 (in its form over Z,; see Remark 12)
allows us to express M,(S(X,7)) in another way. Namely, if R € ¥, is a non-degenerate
quadratic ring over Z,, then in a corresponding triple (R, I,0) we can always choose I = R,
since I is a principal ideal (recall that invertible means locally principal). Let 7(R) denote
the number of elements ¢, modulo cubes, yielding a valid triple (R, R,d) over Z,. Then
7(R) = |UT(R)/U*(R)*3|, where UT(R) denotes the group of units of R having norm 1.
Since (R, R,d) is GLz2(Z,)-equivalent to the triple (R, R,0), and § = £3§ for some K € R® Q
if and only if J is itself a cube (since § = N(1)3/6§), then we see that

[U*(R)/U*(R)*?
Disc, (R) - |Aut(R)| - [US (R)|’

My(S(S,40) =) (43)

where the sum is over all isomorphism classes of quadratic rings R over Z, lying in ¥,, and
where Uy (R) denotes the subgroup of 3-torsion elements of U*(R). We have the following
lemma.

LEMMA 40. Let R be a non-degenerate quadratic ring over Z,. Then

[U*(R)/U*(R)®]
U5 (R)]

is1ifp+# 3, and is 3 if p = 3.

Proof. The unit group of R, as a multiplicative group, is a finitely generated, rank 2 Z,-
module. Hence the submodule U™ (R), consisting of those units having norm 1, is a finitely
generated rank 1 Z,-module. It follows that there is an isomorphism Ut (R) & F x Z, as
Z,-modules, where F' is a finite abelian p-group.

Let F5 denote the 3-torsion subgroup of F'. Since Fj is the kernel of the multiplication-by-3
map on F, it is clear that |F/(3- F)|/|Fs| = 1. Therefore, it suffices to check the lemma on
the ‘free’ part of Ut (R), namely the Z,-module Z,, where the result is clear. (The case p = 3
differs because 3 - Z,, equals Z,, for p # 3, while 3 - Z3 has index 3 in Zs.) ]

Combining (41)—(43), and Lemma 40, we obtain

p p REX,

lim — 2\ - -
e 2 - Disc,(R)

44
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By Corollary 14 and Theorem 17, we have

> (31C1(0)] —|Z3(0)]) ifi=0,
QEE,
N* (S(E, 7,), X) _ 0<Disc(0)<X (45)
Yoo (C(0)] - 1T5(0)])  ifi=1.
0exl,
0<—Disc(0)<X

Hence we conclude using Lemma 37 that

> oes. (IC13(0)] - 3 - Z3(0)))

0<Disc(0)<X

oex 1
0<Disc(0)< X

(3/2n5) - 11,((p = 1)/p - X ges, 1/(2 - Discp(R)))

(1/2) - 11,((p = /P Yopes, 1/(2- Discp(R))) 8

_1
-3
and

> oes,  ([Cl3(0)] - [13(0)])

0<—Disc(0)<X
> oes, 1

0<—Disc(0)<X

(3/2n7) - I1,((p = 1)/p X ges, 1/(2 - Discy(R)))

~ (12 TL((p— D)/p- Spes, 1/ Disc,(R))

yielding Theorem 8. In conjunction with Theorem 3, we also then obtain Theorem 7.

Acknowledgements. We are very grateful to Henri Cohen, Benedict Gross, Hendrik Lenstra,
Jay Pottharst, Arul Shankar, Peter Stevenhagen, and Jacob Tsimerman for all their help and
for many valuable discussions.

References

1. M. BHARGAVA, ‘Higher composition laws I: A new view on Gauss composition, and quadratic generaliza-
tions’, Ann. of Math. 159 (2004) 217-250.

2. M. BHARGAVA, ‘Mass formulae for extensions of local fields, and conjectures on the density of number field
discriminants’, Int. Math. Res. Not. 2007 (2007) 1-20.

3. M. BHARGAVA, A. SHANKAR and J. TSIMERMAN, ‘On the Davenport—Heilbronn theorems and second order
terms’, Invent. Math. 193 (2013) 439-499.

4. H. COHEN, Advanced topics in computational number theory (Springer, New York, 2000).

5. H. CoHEN and H. W. LENSTRA, ‘Heuristics on class groups of number fields’, Number theory
(Noordwijkerhout, 1983), Lecture Notes in Mathematics 1068 (Springer, Berlin, 1984) 33-62.

6. D. Cox, Primes of the form z2? + ny? (John Wiley & Sons Inc., New York, 1989).

7. H. DAVENPORT, ‘On the class-number of binary cubic forms I’, J. London Math. Soc. 26 (1951) 183-192.

8. H. DAVENPORT, ‘On the class-number of binary cubic forms II’, J. London Math. Soc. 26 (1951) 192-198.

9. H. DAVENPORT and H. HEILBRONN, ‘On the density of discriminants of cubic fields II’, Proc. Roy. Soc.

London Ser. A 322 (1971) 405-420.

10. B. N. DELONE and D. K. FADDEEV, The theory of irrationalities of the third degree, Translations of
Mathematical Monographs, American Mathematical Society 10 (1964).

11. G. EISENSTEIN, ‘Aufgaben und Lehrsétze’, J. reine angew. Math. 27 (1844) 89-106.

12. H. HAssE, ‘Arithmetische Theorie der kubischen Zahlkorper auf klassenkorpertheoretischer Grundlage’,
Math. Z. 31 (1930) 565-582.

13. J. NAKAGAWA, ‘On the relations among the class numbers of binary cubic forms’, Invent. Math. 134 (1998)
101-138.



266 3-TORSION ELEMENTS IN CLASS AND IDEAL GROUPS

Manjul Bhargava
Department of Mathematics
Princeton University

Fine Hall, Washington Road
Princeton, NJ 08544

USA

bhargava@math.princeton.edu

Ila Varma

Department of Mathematics
Princeton University

Fine Hall, Washington Road
Princeton, NJ 08544

USA

ivarma@math.princeton.edu



	1. Introduction
	2. Parametrization of order 3 ideal classes in quadratic orders
	3. A proof of Davenport and Heilbronn's theorem on class numbers without class field theory
	4. The mean number of 3-torsion elements in the ideal groups of quadratic orders (Proofs of Theorems 2 and 6)
	5. The mean number of 3-torsion elements in class groups of quadratic orders via ring class field theory (Proofs of Theorems 2 and 3)
	6. The mean number of 3-torsion elements in the ideal groups of quadratic orders in acceptable families (Proof of Theorems 7 and 8)
	References

