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On the shapes of pure prime-degree number fields

par ErRIKk HOLMES

RESUME. Pour un nombre premier p et £ = %_1, nous montrons que la shape
(forme) d’un corps de nombres pur de degré premier appartient a I'un de deux
sous-espaces de dimension ¢ de ’espace des formes, selon que p est sauvage-
ment ramifié ou non. Lorsque ces corps sont ordonnés par leur discriminant
absolu, nous démontrons que les formes sont équidistribuées, au sens régula-
risé, sur ces sous-espaces. Nous montrons également que la forme constitue
un invariant complet au sein de la famille des corps purs de degré premier.
Ce travail généralise les résultats de Harron dans [15], qui étudie les formes
dans le cas des corps cubiques purs. En outre, nous traduisons ces résultats en
énoncés concernant les corps de Frobenius avec un corps résolvant fixé. Plus
précisément, nous montrons que cette étude est équivalente a celle des corps

de nombres de groupe de Galois F,, = C}, x Cp_; et de corps résolvant fixé

Q(¢p)-

ABSTRACT. For p prime and ¢ = 71, we show that the shapes of pure prime
degree number fields lie on one of two ¢-dimensional subspaces of the space
of shapes, and which of the two subspaces is dictated by whether or not p
ramifies wildly. When the fields are ordered by absolute discriminant we show
that the shapes are equidistributed, in a regularized sense, on these subspaces.
We also show that the shape is a complete invariant within the family of pure
prime degree fields. This extends the results of Harron, in [15], who studied
shapes in the case of pure cubic number fields. Furthermore we translate the
statements of pure prime degree number fields to statements about Frobenius
number fields with a fixed resolvent field. Specifically we show that this study
is equivalent to the study of Fj-number fields, F}, = C}, x Cp_1, with fixed

resolvent field Q((,).

1. Introduction

The shape of a number field is an Archimedean invariant of the field.
Roughly speaking, the shape of a rank n lattice is the equivalence class
of the lattice up to scaling, rotation, and reflection. Let K be a degree
n number field and consider the Minkowksi embedding: jr(a) = K —
K®qR = R" which, when restricted to an order in K, yields rank n lattice.
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Since the ring of integers of K, denoted O, always has a Z component we
define the shape of K so as to capture the “new information” of the ring.
That is, we define the shape of K to be the shape of j(Ox%) which is, the
lattice of rank n — 1, obtained by taking the projection of j(O) onto the
hyperplane orthogonal to j(1). The shape of K is therefore an element of
the space of shapes of lattices of rank (n — 1):

Sn,1 = GLnfl(Z)\ GLnfl(R)/GOnfl(R)

and we can study the distribution of points in this space as we vary over
natural families of number fields.

1.1. Motivation. In [24] Terr studied the shape in the case of cubic num-
ber fields where he showed that the shapes were equidistributed in the space
of shapes of rank 2 lattices. This proves that the shapes are, in some sense,
random when we consider all cubic number fields and this “randomness”
result was later extended to quartic and quintic number fields by Manjul
Bhargava and Piper H, in [5]. To achieve this generalization, the authors
used Bhargava’s parametrization of quartic and quintic rings given in [2, 4]
to show that the shape of quartic and quintic number fields are equidis-
tributed in the space of rank 3 and 4 lattices. The authors conjecture that
the same equidistribution result should hold for n > 5 but, without a nice
parametrization of such rings, this is where this line of work with generic
fields stops. The authors do, however, mention the following:

“It is an interesting problem to determine the distribution of
lattice shapes for n-ic number fields having a given non-generic
(i.e., non-Sy ) associated Galois group, even heuristically.”

The distribution of non-generic fields has witnessed a number of recent
studies in families of field with low degree. We will list many of these studies
in the next few sections, highlighting also the study of shape as an invariant
of a number field. The purpose of this paper is to generalize the results of
Harron on the shapes of pure cubic fields, in [15], to all pure prime degree
fields.

1.2. Our results. In this paper we study the shapes, and distribution,
of pure prime degree number fields: that is, number fields obtained by
adjoining a root of the pure prime degree polynomial f(x) = xP —m, with
m p-th power free. In this short section we state our results, how they
compare to those in [15], and in the following sections we discuss how these
results fit into the recent work in this area.

Let S,—1 denote the space of shapes of rank (p—1)-lattices, and ¢ = %.
Our first result shows that the shape of pure prime degree fields lie on
one of two /-dimensional subspaces of S,_1, depending on the ramification
of p in the field (wild vs tame). We will, as in [15], denote those pure
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prime degree fields where p is wildly (resp. tamely) ramified by Type I
(resp. Type II). The following theorem shows that the shape of Type I
fields are orthorhombic lattices and the shape of Type II fields are, what
we refer to as ordinary lattices!. To state this result we interpret the space
of orthorhombic lattices coming from Type I fields as lying on an orbit of
the diagonal torus 7 C SL,_;(R). Letting Gy;14(1) be the Gram matrix of
the “square” lattice, represented by the (p — 1) x (p — 1) identity matrix,
we define .77 to be the orbit of G,;;4(1), under the action of the torus 7.
For Type II fields things are less uniform: we define the space .#j; to be
an /-dimensional subspace of ordinary lattices: see Remark 5.2 for more on
this. Then we have the following:

Theorem A (Space of shapes). The shape of a pure prime degree field K,
denoted sh(K), lies on one of two {-dimensional subspaces of Sp—1:
o If K is of Type I then sh(K) € .1; i.e. the shape of Type I fields
are orthorhombic.
o If K is tamely ramified then sh(K) € .r; i.e. the shape of Type II
fields are ordinary lattices as in [24].

When p = 3 we are studying the shape of certain rank 2 lattices which are
represented by points in the upper half plane modulo the action of GL2(Z),
see Figure 3.1 for a visualization of this space. Define two subspaces of S
by #1(3) = {z € Sy : Re(z) = 0} and .7};(3) = {z € S2 : Re(z) = 3}. A

result of Harron then shows

Theorem a ([15], Space of shapes). The shape of a pure cubic number field
lies on one of two vertical geodesics in Sa:

e If K is of Type I then the shape of K lies on .#1(3); i.e. the shapes
of Type I fields are rectangular.

o If K is of Type II then the shape of K lies on #11(3); i.e. the
shapes of Type II fields are parallelograms with no extra symmetry,
or ordinary lattices.

To compare Harron’s result with the generalization we note that .#7(3)
can be described as the orbit of ¥ = 7 under the action of the torus:

t 0

Our second result concerns the invariance of shapes and shows that the
shape is a complete invariant within the family of all pure, prime degree,
number fields.

Theorem B (Invariance of shape). Given K and L, two pure prime degree
number fields, we have that K = L if and only if sh(K) = sh(L).

n [24], ordinary lattices are those lying in the interior of Sz, as opposed to rectangular
(orthorhombic) lattices which lie on the border.
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Remark 1.1. Harron proved this in the case of pure cubic fields however
he also showed that more is true in this case: combining the results of [15]
and [16], he showed that the shape is a complete invariant within the family
of all complex cubic fields. Our generalization shows that the complete
invariance of shape holds within the family of pure prime degree fields but
this is just one step towards a potentially stronger statement which is the
subject of future research.

The third statement of the paper concerns the distribution of shapes: in
particular we prove that the shapes are equidistributed (in a regularized
sense) along .7 (resp. .J7) with respect to a natural measure in this context
pr (resp. ugr), which is defined in Section 5.1. For ¢ prime, let d, be a g-adic

density:
-1 1\ P!
e (1) (-3
q q

2p — 2

Cr:= 1)
ST TR
1

Cr = 1 H‘Sq'

2= 1)I(2p = 1)(p—1)1p 7Ty

and define constants:

Theorem C. Using the constants defined above we have the following:
Ni(X, W)

Xlgnoo CrX1/p=1log(X)t-1 = (W)
and Ny (X, W
lim H( ) = ,LL[[(W)

X—00 C]]Xl/p 1 log(X)
where Ni(X, W) (resp. Ni(X,W)) denotes the number of wildly ramified

(resp. tamely ramified) pure prime degree number fields with discriminant
bounded by X and shape in W.

This shows that the shapes of Type I (resp. Type II) fields are equidis-
tributed, in a regularized sense, along .7 (resp. .#J7). Letting p = 3 we
recover the main result of Harron’s pure cubic paper:

Theorem c ([15], regularized equidistribution). Define constants:
¢

f 10v/3
2

e-ded

q

¢

C[ and CU

where
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and the product is over all primes q. For 7 = I, resp. II, and real numbers
1 < R; < Ra, let [R1,R2)? denote the “interval” i[Ri, Ra), resp. (1 +
i[R1,R2))/3 in . Then, for all Ry, R

- #{K of type 7 : |A(K)| < X, sh(K) € [Ry, Rp)7}

lim :/ dps
X —o00 C?\/)? [R1,R2)7

where A(K) is the discriminant of K, and sh(K) is the shape of K.

Remark 1.2. The regularized equidistribution statement in Theorem C is
the higher dimensional analogue of Theorem c. The usual statement of
equidistribution would have, as a denominator, the number of pure prime
degree fields with absolute discriminant bound but Benli, in [1], shows that
this quantity has more log terms and would therefore send the limit to 0.
The reader can compare this result to those in [14, 15, 18]: in each there is
at least one parameter in the space of shapes that is unrestricted and we
can think of these as having infinite length. In [15] this is seen clearly as
the geodesics that the shapes lie on are vertical. In this paper we sample
shapes in some compact subset of the space which yields logarithmic terms
containing shape conditions and not the discriminant bound. Incorporating
the shape conditions into the asymptotics error term would be an interest-
ing avenue to explore as it seems that the field asymptotic can be recovered
in at least some cases: we discuss this in a bit more detail in Section 1.5.

Theorems A, B and C extend the results of [15] to all pure prime degree
number fields. Our final result allows us to interpret this study in terms of
Galois conditions and resolvent fields:

Theorem D. K is a pure prime degree number field if, and only if,
Gal(K/Q) = F, = Cp, x Cp—1 and K has (degree p — 1) cyclotomic re-
solvent field Q((p).

This result is widely known in the cubic case where the statement is
that pure cubics are exactly those (S3 = F3) cubic fields whose quadratic
resolvent is Q((3): for a proof in the cubic case see Lemma 33 of [7]. We
prove the generalization which not only allows us to phrase things in a
manner more similar to the work being done in arithmetic statistics, but
also motivates other questions which the author plans to answer in future
work, see Section 7 for more on this.

In the remaining sections of the introduction we attempt to motivate our
results by describing how they fit into the recent work in this area.

1.3. The strength of invariance. It is well known that the discriminant
is a complete invariant of a number field of degree d if, and only if, d = 2. As
the shape is closely related to the discriminant it is natural to ask whether
the extra information it contains makes it a stronger invariant or not.
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Terr, in [24], proved that cyclic cubic fields all have the same (hexagonal)
shape! It seems that the extra symmetries of the field, which are inherited
by the shape, can cause too much collision for the shape to be a strong
invariant so what else do we know?

Remark 1.3. The study of shapes as invariants has been addressed in a few
recent papers and continues to be an active area of study. We compiled a
short list of some recent results in this direction.

e Guillermo Mantila-Soler and Marina Monsurro, in [22], study the
shape of cyclic number fields of prime degree and show that the
shape is no more powerful an invariant than the discriminant.

e William Bolanos and Guillermo Mantila-Soler, in [8], extend the
work above, [22], to study the shape of cyclic degree n number
fields and show that, again, the shape of K gives you nothing more
than the discriminant of the number field. As such, the shape (or
trace form in their work), is far from a complete invariant of K in
the case of cyclic number fields.

e In contrast to the aforementioned work, Rob Harron has shown,
in [15] and [16], that the shape is a complete invariant of pure
cubic fields and, more generally, of complex cubic fields (just as the
discriminant is in the case of quadratic fields). This shows that,
given two such number fields K and Ky, K1 = Ky <= sh(K;) =
sh(K). Where we say sh(K) to mean the shape of the field K.

e Piper H and Rob Harron, in [14], show that if we restrict to certain
families of Vj quartics, that the shape again determines the field.

These results show that the shape can be a very powerful invariant in
some cases, and a very weak invariant in others; we see that Galois fields,
and specifically those with cyclic Galois group, with extra symmetries may
force shapes to collide but in general much remains to completely classify
the shape as an invariant. Theorem B provides, for each prime p, an infinite
family of number fields for which the shape is a complete invariant.

One reason we care about this statement and the power of invariance is
towards relating the study of shapes to the study of number field asymp-
totics. This is discussed in more detail in Section 1.5 but the quick idea is
that by studying the distribution of shapes in prescribed families we can
sometimes obtain the corresponding number fields asymptotics, or at least
some information about the log terms in the asymptotics.

1.4. Distribution of shapes. As mentioned above Terr studied the ques-
tion of non-generic distribution in the case of cyclic cubic number fields,
where all fields have the same shape. This result is argued geometrically
using the fact that there is only one point in the space of rank 2 lattices
which admits an order 3 automorphism. Terr’s results show how Galois
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conditions impose strong restrictions on the shape of the field and where
said shape lies: in one case (the generic, S3, case) the shapes distribute
randomly in the entire space of shapes of rank 2 lattices while the other
case (the non-generic, Cs3, case) yields a single point in the space of shapes.
This should be somewhat intuitive based on the symmetries that the lattice
inherits from the field but how this changes, when the space of shapes has
higher dimension and the families that we consider are not cyclic, continues
to be an intriguing question.

Remark 1.4. Here are a few of the recent studies of shape distributions.

e Rob Harron studied complex cubics, in [15] and [16], and showed
that the shapes of these cubics lie, and are equidistributed, on
geodesics defined by the quadratic resolvent of the cubic field. In
the case of pure cubic fields the geodesics that the shapes lie on are
vertical and have infinite length, whereas the non-pure complex cu-
bics lie on geodesics of finite length. This witnesses the difference in
the asymptotics of cubic fields with prescribed quadratic resolvents
as is discussed in the following section.

e Piper H and Rob Harron study the shapes of Galois quartic exten-
sions, in [14], showing that the shape of V; quartics are equidis-
tributed along subspaces of the space of shapes, and that cyclic
quartic fields are not. Specifically the cyclic quartic shapes dis-
tribute discretely along subspaces of the space of shapes and are
therefore not equidistributed in any sense. The latter result can
be compared with Terr’s cyclic cubic result, though the higher di-
mensional space of shapes give more options for lattices with cyclic
Symimetry.

e Jamal Hassan, in [18], extended the Vj result above by studying
the shapes of octic multi-quadratic extensions and showing that the
shapes are equidistributed along subspaces of the space of shapes.

multi-quadratic

Our current work extends the results in [15] to all pure prime degree
number fields (i.e. fields of the form K = Q(¥/m)). Specifically, Theorem C
shows that the shapes of these fields equidistribute (in a regularized sense)
along one of two subspaces of the space of (rank p — 1) shapes and which
space they lie on depends on the ramification of p in the field.

With the goal of showing that the shapes of fields in a given family are
equidistributed we need to first determine the shapes as we vary over the
fields in our family. Once the shapes have been determined we will create
a parametrization, or bijection, between the shapes and certain integer
points in some bounded subset of a real vector space. The idea is then to
approximate the number of integer points in the region using Davenports
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lemma and sieve methods from analytic number theory. Though some of the
methods of this paper coincide with the ones used in [15] we will ultimately
end up with a new proof of Harron’s pure cubic results while also extending
them to all pure prime degree number fields.

1.5. A Galois theoretic interpretation of pure fields and number
field asymptotics. This final section provides a bit of an aside to the
current project but will allow us to phrase the results in a manner that
may be more familiar to anyone studying number field asymptotics. We
have two major motivations in the study of shapes which stem from Malle’s
conjecture: the first is that it seems number field asymptotics can often be
obtained from shape studies, and the second in relation to this is that the
shape seems to explain log terms in certain cases. We hope to motivate
both phenomena in this section.

Remark 1.5. We first talk about the shapes connection to log terms in
Malle’s conjecture.

e In [15, 16] Harron observed this phenomena. In these cases the
shapes are 2-dimensional lattices which, after appropriate scaling/
rotation, can be viewed as points in the upper half plane. These
points lie on geodesics in H determined by the fields trace zero form
and these geodesics have finite length? for non-pure complex cubic
fields. This difference coincides with the asymptotics of cubic fields
with fixed quadratic resolvent: e.g. let N3(X, F3) be the number of
cubic fields with quadratic resolvent F5 and absolute discriminant
bounded by X. The following result was proved independently by
Henri Cohen and Anna Morra, in [10], and Manjul Bhargava and
Ari Shnidman, in [7]:

X1/2 d# =3
(1.1) N (XaQ (ﬁ)) ~ {X1/2 log(X) d= -3

When d = —3 the quadratic field contains the cube roots of unity
and the corresponding cubic field is pure. So, we see log terms in
the asymptotics when the geodesics have infinite measure.

e In [14] Piper H and Rob Harron show a similar phenomena happens
in the case of Vj quartic fields. If Ny(X,V}y) is the number of V-
quartic fields with discriminant bounded by X then N4(X,Vy) ~
X2]og(X). The authors mention that if the shape of such fields
lie in a “box”, of side length R, which constrains the (two) shape
parameters then the number of fields with discriminant bounded by
X and shape in this box grows like X/2log?(R).

2with respect to the hyperbolic measure on H
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e In forthcoming work with Rob Harron and Ila Varma, [17], we study
the shape of non-Galois sextic fields (i.e. those sextic fields with
absolute Galois group C5!C5) with a fixed quadratic subfield. Ju-
rgen Kliners, in [20], showed that these fields witness the failure
of Malle’s conjecture: specifically, he shows that the conjecture pre-
dicts the correct power of X in the asymptotics but not a log term
that appears when you count those sextic fields with quadratic sub-
field I, = Q(v/—3)3. In fact more is true: if you count those non-
Galois sextic fields which don’t have this cyclotomic subfield then
the count does adhere to Malle’s conjecture. We investigate this
family and show that the “shape” of these fields lie on one dimen-
sional subspaces of the space of shapes. Furthermore, the subspaces
on which they lie have infinite measure when the quadratic subfield
is Q((3), and finite measure otherwise.

In all cases we observe a relationship between the space in which the shapes
lie and the asymptotics (specifically the log terms in the asymptotics) of
the fields.

The works in the remark above motivated this section and that in the
final section of that paper. We wanted to see if the same phenomena, as
in [15], occurs in this generalization. That required a Galois interpretation,
a fixed resolvent field and the asymptotics for fields with both the given
Galois conditions and the fixed resolvent: Theorem D provides most of this
by proving that the pure prime degree fields are exactly those degree p
number fields whose Galois group? is isomorphic to the Frobenius group,
and whose (unique) degree (p — 1) resolvent field is isomorphic to Q(¢p).
We define all of this precisely in the final section but for now we note that
F), is called the Frobenius group and is defined, for our purposes, as the
semi direct product:

F, = (Z/pZ) x (Z/pZ)”
and this provides a Galois theoretic interpretation of pure prime degree
fields.

Now, for the asymptotics of such fields: Kiibra Benli, in [1], proves that
the number of pure prime degree fields with discriminant bounded by X
grows like Xl/pr(log(X)) where @Qp(z) is a polynomial of degree p — 2.
Using Theorem D this gives asymptotic results for the number of (de-
gree p) Frobenius fields with fixed cyclotomic resolvent field. With that
we can phrase our results, as was done in [14], as follows: the number
of fields with discriminant bounded by X, and shape in a “hypercube”
of side length R which constrains the (¢) shape parameters, grows like

3 Again, this is the cyclotomic field Q((3).
4Here we mean the Galois group of the Galois closure
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XPlog(X)*'H(log(R)) where H(z) is a homogeneous polynomial of de-
gree . This completes a part of the generalization we are after: the re-
maining part, and subject of another project, is to repeat this study with
Frobenius fields with different fixed resolvent fields.

Remark 1.6. It is interesting to consider whether, and under what condi-
tions, one can recover asymptotic results (as in [21]) from results on the
distribution of shapes. This process requires extra care with the error terms
to account for the shape bounds, but in many of the existing results, the
asymptotics can indeed be recovered. For example, in the pure cubic case,
it is possible to recover not only the correct main term (X'/2log(X)) but
also the constant of proportionality, as demonstrated in [7, 10].

We believe that recovering the correct powers of X and log(X) is achiev-
able in this paper through a more detailed analysis of the error terms and
then allowing the shape bounds to tend to a power of the discriminant.
However, we do not expect that the constant of proportionality can be re-
covered when p > 3. The primary distinction seems to lie in the structure
of the space of shapes: in the cubic case, the shape is governed solely by the
ratio as/ai, and the symmetry of these fields (swapping a1 and as yields
the same field) ensures that both the distribution questions can be exhib-
ited by counting within the same general space. In this context, Maillet’s
determinant is equal to 1. For p > 5, however, the measure of the space
of shapes is intricately tied to Maillet’s determinant, and we do not see a
straightforward method to recover the constant of proportionality. One of
the key objectives of [17] is to further examine these connections and make
the relationship between shape distributions and field counts more explicit.

The main takeaway from this is that we can phrase our study in terms
of Galois groups and resolvent fields rather than simply as pure extensions
of Q. This aligns the study of shapes and their distributions a little more
closely with work in the direction of Malle’s conjecture which has, in gen-
eral, motivated a number of the authors projects. In general there is much
to do to relate shape studies to number field asymptotics but, as is stated
in [16], it would be interesting to have heuristics for the field counting
functions that incorporate shape conditions.

2. The shape of a number field

The shape of a number field is defined to be the equivalence class of
the lattice j(OIL() up to scaling, rotation, and reflection. To define this
precisely we need to know what the shape of an arbitrary lattice is, and
then to specify how we obtain the lattice j(Ox).

2.1. The shape of a lattice. We let A be a rank r lattice. The shape of A
is the equivalence class of this lattice up to scaling, rotation, and reflection.
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Often in the literature the space of shapes of rank r lattices is presented as
the double coset space:

S, = GL,(Z)\ GL,(R)/ GO, (R)

where GL denotes the general linear group and GO the group of orthogonal
matrices®. We take an alternative approach, as in [14], which will instead
define the space of shapes in terms of Gram matrices. Letting G denote the
set of positive definite real symmetric (r x r)-matrices we have that the
space of shapes of rank r lattices is also represented as

S» = GL,(Z)\G/R*.

Given a lattice A in an inner product space V and with basis {bi,...,b,.}
we form the Gram matrix of A, denoted Gr(A), by taking inner products
of the basis:

Gr(A) = ((bi, bj))1<ij<r-
This is an element of G and uniquely identifies the lattice up to change of
basis. For g € GL,(Z) and G € G we define the left action of GL,(Z)\G as:

g-G:=gGg"
which comes from the natural action on the set of Gram matrices. For
r € R* and G € G we define the right action of G/R* as:

G -r:=rQG

which, again, comes from the natural action of scaling the basis vectors of
A and computing Gr(A). When we refer to the shape of a lattice we will
often be referring to an explicit Gram matrix whose calculation we describe
in the next section. For further details we refer the reader to [14].

2.2. The lattice j(Ox). Let K be a number field of degree n, Of be

it’s ring of integers with basis {1, a1,...,an—1}, and {o;}1<i<n be the set
of embeddings of K into C. Then we have the embedding:
j: K —C"
ar— (o1(@),...,op(a)).

The R-span of the image of this map is an inner-product space, often
denoted by Kr = R", and the restriction of j to O yields a rank n
lattice in Kg. Though there is some temptation to define the shape of
K to be the shape of this lattice there are issues when investigating the
distribution of shapes as we vary over some family of fields: namely, as all
such lattices can be made to have the common vector j(1), we lose the

potential “randomness” of shape. As such, we define the shape of K to be

5i.e. those matrices M such that M - MT = AI for some A # 0
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the shape of the lattice obtained by projecting j(Ok) onto the orthogonal
complement of j(1): specifically we define the perp map

at =na —tr(a)
and let O3 be the image of Ok under this map. Note that the elements
of (’)[L( are elements of trace-zero and map, under the Minkowski map, to
vectors orthogonal to j(1). Using this we obtain a lattice, j(O%), of rank
n — 1 and we define the shape of K to be the shape of this lattice. Given
a basis of Ok, {1,a1,...,a,_1}, we obtain a basis of O, {af,...,a;_},
and we obtain a representative of the shape by computing the Gram matrix:

Gr(j(0%)) = (i), 5(@;))).

3. Shapes of pure prime degree number fields

One will notice, in the studies mentioned in the introduction, that the
shape of K often depends on the ramification of p in K. More specifically
the subspace on which the shape of K lies is determined by whether p
is wildly ramified in K or not: this is referred to as a wild versus tame
dichotomy in [14, 15]. The same phenomenon occurs in this study and so,
after we determine a sufficiently nice basis for O, we will split this section
up according to whether p is wildly ramified in K, or not: our notation for
such K will be Kyjq and Kiame respectively, unless it is otherwise clear
from context.

We assume throughout that p is a prime number greater than 2; this will
simplify the statements of Lemmas 3.1 and 3.2 but, as all quadratic fields
have the same shape, we will not be losing anything with this simplification.

3.1. The integral basis of K/Q. Let K = Q(«) where « is the unique
real root® of the irreducible polynomial 2P — m belonging to Z[z] and
m = Hf;ll al where the a; are squarefree and pairwise relatively prime.
Throughout this paper we will refer to K, defined in this way, as a pure
prime degree number field. The following two lemmas, from [19], provide us
with the discriminant and an integral basis for K/Q respectively:

Lemma 3.1 ([19]). Let K = Q(«) be a pure prime degree number field,
as above, and let q run over all distinct primes dividing m. We have the
following:
(i) When p | m, or ptm and p? | (mP —m), the discriminant of K is
given by:
(p—1) .
Ag=(-1)"7 P[] "

qlm

6This gives us that K C R which will simplify notation a bit in what follows.
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(ii) If p? | (mP~' — 1), then the discriminant of K is given by:

(p 1)
Ag=(=1)"= p ][

qlm

As p divides the discriminant of K we know that p is ramified in both
cases: when pP | A(K) we say p is wildly ramified in K. Otherwise, we say
that p is tamely ramified in K. Using this we have that the fields in (i) are
wild, and the fields in (ii) are tame. The next lemma provides an integral
basis in each case:

Lemma 3.2 ([19]). Let K,a,m be defined as above and, for j € {1,...,

— 1}, let v, = od /T2, ! L g . Then we have:

() If p* 1 (mP~1 — 1), then the set {1,v1,72,...,%p—1} is an integral
basis of Kyild-

(ii) If p* | (mP=1 — 1), then the set {Y0,71,72,---,Yp—1} i an integral
basis of Kiame where vy = %Zf:_g(ea)i where € is any integer so
that me = 1 (mod p?).

To provide a familiar example and to highlight a bit of the notation to
follow we remind ourselves that:

Example 3.3. When p = 3 and K = Q({/m) we write m = a1a3, a = ¢/m
and 3 = {/a2ay. If 32 | m? — 1 then m = +1(mod9) and € is +£1. The
integral basis of K is then given by:

Le, az} ={1,0,5} when m # 1 (mod 9)
&O‘%,a 0‘—2} {H[O‘*O‘, ,B} when m = £1 (mod9).

) ag

Note that the congruence condition on m is the same as the condition on
ramification mentioned above. In [15] we see that the shapes of pure cubic
fields lie on 2 vertical geodesics in the space of rank 2 lattices: moreover
the ramification at 3 determines which vertical geodesic the shape lies on.
We will see exactly what this all looks like below but those who are too
excited to wait can look at Figure 3.1!

3.2. Slightly altered tame basis. We note that the integral basis of
Kiame given in the previous section will not be particularly nice for our
purposes: the shape of K is given by mapping an integral basis into C™
and projecting onto the orthogonal complement of the subspace spanned
by j(1) and it is therefore nice to write an integral basis containing 1. To
that end we choose our basis to be {1,v,72,...,7y—1} where

_mAta+et 4 a7t

p
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That this element, v, is integral comes from the fact that em = 1 (mod p?).
Let k € Z be such that em = 1 + kp?. Then we have:

p—1 2 -1 p—1
. A 1 p . ,
myo — kpz dloi —m, ( +ea + (ea)” + + (ex) ) _ kpz i1y

i=1 p
_ m+ Zf:_ll(em — kp?)etat
p
B m+a+e®+ -+ P 2Pt
p
=v.

Thus, v € Ok and the change of basis matrix from the rational basis
{1, 71,72, ..., 71} to the basis {1,v,72,...,vp—1} is:

1 0 0 0
m 1 (25 6p_gbpfl
b B B e e >
CG=10 0 1 0o ... 0
0 0 1
where b; = [[*_ 1 a & . The determinant of this matrix is % which shows
that the basis {1,v,72,...,7p—1} has the correct discriminant” and we can

therefore conclude that it is indeed an integral basis; we use this as our
basis of Kiame below.

3.3. The shape of Kyjq. We let ¢, = e2™/P and a be as above. We also
let o denote the real embedding of K and 7 denote the complex embedding
sending o to (Fafor ke {1,..., (p
of K into CP given by:

jla) = (o(a), m1(a), ..., 7p-1)/2(a), T(p-1)2(@), . . ., Ti(a).

Note that we have changed the ordering of j from above, this does not
change anything but we feel this is a slightly more pleasant way of present-
ing it.

Using the above embedding, j, we have the following result about the
Gram matrix of the basis for pure prime degree wild fields:

7Square and compare to Lemma 3.1.
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Proposition 3.4. The Gram matriz of the basis {1,v1,72,...,Yp—1} s
given by:

p
P
G(Kwila) = P72
g1
Proof. To see this we first note that
.7(1) - (17-"71)
(p—1)i

Taking the Hermitian inner product of all pairs of vectors we find that the
(i,7) entry of the Gram matrix, G; ;, is given by:

p—1 : I S
S Vi G = Z G b
r=0

= Y Z cr (p Jr

p—1
= yiy; > G
r=0

When i # j, p+i—j = k (modp) for some k € {1,...,p— 1} and therefore
Ef;é ék)r = Zﬁ;%) ¢™ = 0. This shows that all off diagonal entries are 0,

and when i = j we have G;; = 72 >P_ C(pJrZ o= v2yPZ 01 =97 pas
desired. O

The Gram matrix in Proposition 3.4 shows that the vectors are all or-
thogonal and therefore the vectors j(v1), . . -, j(7p—1) span j (O ). Therefore
we obtain the shape of Kyiq by simply deleting the first row and column
to obtain:

Theorem 3.5. The shape of Kyiq is represented by:

v 0 ... 0
0 7 :

i .0
o ... 0 ’yf,_l

From this we see that the shape of Kyjq is an orthorhombic lattice: i.e.
OIL( is spanned by p — 1 pairwise orthogonal vectors of length |vy;|. When
p = 3 we are again in the pure cubic case and we see that, when 3 is wildly
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ramified, the shape of K is rectangular (orthorhombic) and lies on the blue
geodesic in Sy shown as follows:

Sa

FIGURE 3.1. Subspaces of shapes of pure cubic fields (wild
and tame) within the space of shapes of rank 2 lattices, So

When K is tame the shape is not orthorhombic and the distribution is
along the red geodesic in Sy with real part %

Ezample 3.6. Using Theorem 3.5 in the cubic example above, Example 3.3,
for K wildly ramified at 3, we see that the shape of K is

/a2as 0
sh(K) = ( 0 Sfatal .

Though this is a rectangular lattice with side lengths {/aja3 and {/a%as it
is more convenient to scale this matrix by the (1,1)-entry giving us:

1 0
Sh(K ) = (0 {)/EQ> .
which represents a rectangular lattice who side lengths are 1 and, in the
notation of [15], r%g = {/o. Without loss of generality we may assume

a1 > ag and we see that this lattice can be represented as a point on the
blue geodesic above with height determined by rx.



On the shape of pure prime degree number fields 17

We note that it is common to scale the Gram matrix of OJR to obtain a
unit vector, as above, and to call this the shape of K. What we do below
is slightly different but will better illuminate the beautiful symmetry in
these fields we study. The reader may also notice that, in Section 4, this
alternative scaling, and hence alternative shape, will make the inherited
measure feel very intuitive.

3.4. Shape of Kiame. We saw above that an integral basis of Kiame is
given by {1,v,72,...,7—1} where

m+a+ea®+ -+ P2l !

UV =
p

We also saw the change of basis matrix from {1,v1,72,...,7p-1} to the
basis above is given by:

1 0 0 0

mo1 e =2,

b p e e -
(3.1) =10 o 1 o .. 0

0O ... ... ... 0 1

The Gram matrix of Kiame is therefore given by
(3.2) G(Ktame) = C:G(K)C]

where G(K) is the Gram matrix of the rational basis, i.e. the Gram matrix
of Kiq seen above.

Proposition 3.7. The Gram matriz of the integral basis of Kiame given
above is:

P m 0 0 0
m v €r2)(m)? E)(m)? ... (o) ()P
0 e(72)(m)? 3 0 . 0
G(Ktame) = €(13)(m)? 0 Tl '
: - . 0
0 (1) (y)P! - 0 P

where V' = % (m2 +y2 eyt 4+ 627’_47%”_2).

=

Proof. This is shown by computing (3.2) and noting that b;v? = b;y; (Zﬁ) =

'yi’yi'. O

Using this we obtain the shape of Ki,me as follows:
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Theorem 3.8. The shape of Kiame s Tepresented by:

V- 7 e(r2)(n)? €M) () o P p-) ()P
e(y2)(n)? Py 0 0
e (3)(m)? 0 Py :
: : e 0
2 (Yp—1) (m)P 0 . 0 Py
Proof. Note that j(v;) is orthogonal to j(1) for all 7. In the case of j(v) we
have
Ly @ Q) e m
i) =j) <](1)’j(1)>.7(1) Jw) = —j(1)
Therefore
GO = (), i) —2 (i), ij(l)} (590, j’jj<1>>
m2
= (j(¥),i(v)) — 2p<](l/),,7(1)> + ?<J(1)aj(1)>
m m2
=Y e
2
=y - g
p

In conclusion we proved that the lattice j(Oz), for K a pure prime
degree number field, is an orthorhombic lattice if p was wildly ramified
in K and a general (non orthorhombic) lattice®, if p was tamely ramified
in K. Of course the tamely ramified fields are nearly orthogonal and the
non-orthogonality comes from a single vector, the remaining sublattice is
orthorhombic. Nonetheless, this again gives evidence that the type of lat-
tice (and hence the space in which the shape lies) is determined by the
ramification of p in the field K. To compare with [15] this is the type I vs
type II phenomena whose shapes lie on the imaginary axis and the vertical
geodesic with real part r = % respectively.

4. Parametrizations

The goal of this section will be to develop a parametrization of pure
prime degree number fields with specified shape conditions. We first set up
a correspondence between the pure prime degree fields and tuples in ZP~*
which satisfying some specific conditions. Once we have parametrized the
fields, without shape conditions, we will use this to obtain parametrizations
of the shapes from these tuples.

8or an ordinary lattice, as in [24]
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4.1. Fields. To parametrize the family of pure prime degree fields we use
strongly carefree tuples:

Definition 4.1. We define a tuple (ai,as9,...,a,) € Z™ to be strongly
carefree if a; is squarefree for alli and (a;,a;) =1 for all j # i (i.e. the a;
are squarefree and pairwise relatively prime).

Note that since m!/? and (—m)l/ P generate the same pure prime degree
number field we need only consider the tuples in which a; > 0 for all i.
For sake of uniformity we denote the set of strongly carefree (and positive)
n-tuples by SC™ or, when the degree of K is clear, by SC as in [14].

The pure prime degree fields are exactly parametrized by strongly
carefree (p — 1)-tuples. For two strongly carefree tuples (a1,as,...,ap—1)
and (a},as,...,a, ;) we obtain integers m = ala%-‘agj and m’ =
ay(ay)?-- - (aj,_y)P~!. Furthermore m and m' generate the same field if
m' = vPm’ for (i,p) = 1 and v € Z. Define an action of g € S,—1 on
the set of strongly carefree tuples by:

qg- (al,ag, e ,ap,l) = (ag(l),ag@), ce ,ag(p_l)).
We can then define the group
co 1 2 3 4 ... p—4 p-3 p-2 p-1
AN pr 2t p2 0 2 2Rl 1 e

which gives us the following:

Theorem 4.2. There is a bijection:
Isomorphism classes of pure Cp—1-equivalence classes
prime degree, p, number fields of (ai,...,ap—1) € scrt -
Ezample 4.3. When p = 5 we have K = Q({/m) with m = aja3a3a} and
C4 = ((1243)). The elements of the rational basis, as in Lemma 3.2, are

7 = (aa3aga;)'/® 72 = (afazazaf)'/®
73 = (ajazagaf)'’® Y = (ajadadas)'’®

and the orbit of (a1, a9, as, as) under g = (1243) is
{(a1, a2, a3, a4), (a2, ag, a1, a3), (as, a3, az, a1), (as, a1, a4, az)}t .

Remark 4.4. Letting N,(X) be the number of pure, prime degree, fields
with absolute discriminant bounded by X we could obtain an asymptotic
for N,(X) by counting the number of strongly carefree tuples satisfying
[Ta; < X 1P and a; > 1,V i. In what follows we will want to count those
fields with absolute discriminant bounded by X and shape in some “nice”
set W: we denote the fields of bounded discriminant and shape in W by
Np(X,W). To count this we need to impose the shape conditions which
will impose additional restrictions on the a;.
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4.2. Shapes. Though we will state results in the case of tame fields we
will work primarily with wild fields in what follows recalling the simple
conjugation between the two in (3.1). Now, the shape of K is defined to be
the lattice j (OIJQ) up to scaling, rotation, and reflections and so we will be a
bit more specific in our representative of the shape of K. Specifically we will
choose a representative of the shape of wild fields which has hypervolume 1
and whose diagonal entries are given in increasing order. The following
normalization will show us the symmetry present in these lattices which
forces the shapes to lie on an /-dimensional subspace of S,_1. It will also
help us prove the statement of regularized equidistribution and show the
shape is a complete invariant of pure prime degree number fields.

4.2.1. Shape parametrization. Let { = %. One may have noticed that
in the Gram matrix of j(Ok), and hence the shape matrix, a dependence
on the ~;: namely we see that v; = % The determinant of the matrix

given in Theorem 3.5 is then

p—1
¢ )4
(Yever)" = I a5
i=1
Using this we are led to a very natural normalization of the shape by
(Yever1) =11 a7 ! This yields the following representative of shape:
A1
Ae

(41) Sh(Kwﬂd) = )\_1
(4

At

2
where \; = —— for 1 < i < £ and we immediately see the ¢ parameters
YeYe+1

that govern the shape of these fields.
Similarly, after normalizing by the same factor, the shape of Kiame given

in Theorem 3.8 is:

V"o Eeflbg/\g % e 761?_2’771
0 ... 0
(4.2) sh(Ktame) = 2% )
e
0
b
A1
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where
1 (& o : 1
S == (Z <€2(z—1)bi)\22) + <62(p—1—1)bp_i)\2>> )
P \i= i
In both cases we see very explicitly that the shape of K lies in an /-

dimensional subspace of the space of rank p — 1 lattices, and that the
parameters controlling the shape are given by {/\i}le.

Example 4.5. For p=5, K = Q( Y alagagaﬁ), and p wildly ramified in K,
Theorem 3.5 tells us that:

(a2ajalal) 1/ 0 0 0
1/5
Gr(OL) = 0 (ata§a3al) / 0 0
0 0 (a?a%a%cﬁ)”5 0
0 0 0 (a&fagagai)l/5

The aforementioned normalization by []; a;” ! gives us the following shape

parameters:
aja 1/ asad 1/8
A = [ =58 Ay = | 222
! ala 2 aja3
142 143

Note that as the shape of a number field is defined up to scaling, rotation,
and reflection, it makes sense to scale as we have done and then perform
some change of basis to obtain a shape matrix with increasing diagonal
entries. After doing this we define the shape of K as:

Definition 4.6. We choose a representative of the shape of a pure prime
degree number field, denoted Sh(K), to be the matriz sh(K) above, where
the diagonal elements are given in increasing order.

Or, in terms of the shape parameters, we have that:

Sh(K) = {(Ao1s Ao -3 Aey) 11 < Aoy < Aoy < -+ < Ao ).

We now describe the shape parameters explicitly in terms of the a; and
end this section by showing that the shape of a pure prime degree field, K,
is a complete invariant. Note that the {\;} and the {)\,,} are the same and
so our description below, while not necessarily ordered as in Sh(K), will be
enough for our purposes.

Lemma 4.7. The shape parameters of K, {)\,ftl}le, are given by:

¢ g 22\ P
A = Z .
’ z:]:E (api>
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v
P in =
roof. Since \; = e

N =
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we have:

21] 2p| %) 2](19 i)—2p| = Z)]J

p—1 D
Hz 1%
o o e o 1 i
B 2ij=2p|3]—-p 2jp—2ji—2pli—%]-p
- H o p—i
i=1
o o o g
_ 2ij=2p % |—p 2jp—2ji-2p(j—1-|Z])-p
=[la p—i
i=1
o o o i
2ij—=2p 2 |—p 2jp—2ji—2pj+2p+2p[ < |-p
= H a; ap—i
pP—1
i=1
¢
_ 2ij—p—2p[ 2] —2ji+p+2p)
=l Gy

@
Il
,_.

o, \ 2|2 ]
Ap—i '

Remark 4.8. Given the shape of a pure prime degree number field we get an
element in the isomorphism class of K by simply considering Q(A;). More
precisely the shape parameters,

I
-

@
Il
—

04
’Yéfl’YZJrl

7J
Hz 1 Qi

\j =

— 212

Hz 1(1@

a?

Hf:ll a Lp J
lie in K = Q(a®) = Q(a)’. Lemma 4.7 shows that the shape parameters
are not rational numbers and therefore that Q C Q()\;). As K is of prime

9This is because gcd(27,p) = 1
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degree and therefore has no intermediate subfields and we conclude that
Q € Q(\) € Q(a?) = Q(a) or that Q();) = Q(«).

From this it is clear that two non-isomorphic fields have different shapes
which is enough to prove Theorem B and show that the shape is a complete
invariant within the family of pure prime degree number fields. In fact,
this argument shows that each shape parameter is a primitive element of
the field and therefore we can recover the field using any one of these
parameters. One may also ask whether this holds within the family of degree
p number fields? For instance, is the fact that these shape parameters are
pure numbers (i.e. those coming exactly from pure prime degree fields)
enough for shape to discriminate between prime degree fields? The reader
can compare this with the result of Harron in [15].

We end this section with an example:

Ezample 4.9. As with the example above we let K = Q( Y ala%agaﬁ), and
assume that K is wild: then the shape parameters of K are:

3 \1/5 3\ 1/5
CL4(I3 (14a2
ajaz aiag
It is clear that Q(\;) C Q(a?) as \; = alof;/aas‘;l and that \; ¢ Q. Since

there are no intermediate subfields we conclude that Q(A;) = K and hence
the shape determines the pure quintic field.

5. Measure Theoretic Background. .. towards equidistribution

This section is devoted to the measures on the spaces of shapes of wild
(resp. tame) pure prime degree number fields. In general for a locally com-
pact (Hausdorff) topological group, G, there exists a unique!® Haar mea-
sure, pug = p, which is left G-invariant (i.e. pu(gA) = p(A) for all A C G
and g € G; where gA = {gz |z € A} C G).

5.1. Measure on spaces of shapes. Recall that, for K a pure prime
degree field with wild ramification at p we have that the shape is a complete
invariant of K and that the shape lies in an ¢-dimensional subspace of the
space of shapes.

For z; € R* we think of y; as a ratio of monomials in xz;, as we did with
Ai and a;/ap—; in the previous section. We then define the measure on the
space of shapes of each family of fields to be:

1 7 dyi
(5.1) dps(y;) == —H—
Cp 4 y’L

0up to scaling
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where 7 = I if K is wild (resp. ? = II if K is tame) and the constant ¢, is
defined in Lemma 5.4. This notation is motivated by that in [15] and the
wild (type I) vs tame (type II) phenomena we see in both of these studies.

Remark 5.1. Similar to the situation in [14, 15|, we have that this measure
comes from the measure on certain diagonal matrices. First, note that the
set of gram matrices:

A1

GuliAi) = Moo

At
is an orbit of the group 7 C SL,_1(R) where:

- Qij_p_sz%J x \ 11

T =1 Gu({yi}) :vi= || 7; ,x; € R :
j=1

The measure on this group is the one we see above which induces a measure

on space of shapes of wild fields.

Remark 5.2. We saw in (3.1) that the set of Gram matrices of tame fields
is obtained by conjugating the wild ones by C;: specifically we have Giame =
CtgwildCf . If we could get rid of the dependency of C; on the field and find
a uniform C; with this property then we would get that the set of tame
Gram matrices is an orbit of the conjugated torus C;7C, L

Then the shape of tame fields would inherit the Haar measure from
the conjugated torus C;7C, ! However, we do know that the shape is
parametrized by the same ¢ shape parameters, and we define the measure
on these matrices to be the measure defined in (5.1).

We now follow a similar exposition to that in [14], recalling that equidis-
tribution is a statement about the weak convergence of a sequence of mea-
sures. Note that a sequence of measures {uy} on S; converges weakly to
pr if for all compactly supported continuous functions, f € C.(S7),

tan [ fdy = [ fdur.
N—o0 Sr St

The measures above, uy, are defined by:

 #H{K € Kyia : |A(K)| < N,Sh(K) € W}
B CN log"~'(N) '

pn (W)

He({vwh) - G{1h) = G{wi})
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For z; € R* and y; defined above, we let

Y1 0 0
0
Shr({eih) = | o lesn
: ' Yy
-0
0 ... 0yt

Now, for R; € R~ we define

W[(R17 ceey Rf-i—l) = WI({R’L})
={Sh;({z;}) : R1 <1 <y2 <--- <ye < Ryy1, and R; < y; }
and let xr(g,; denote its characteristic function, we will show that it is
sufficient to test these functions towards showing equidistribution. This is

an immediate generalization of Lemma 3.10 in [14] and is also included
in [18] so the reader can see either of these references for more details.

Lemma 5.3. If we have that

lim / Adpy = / d
NS Js, XI{R;}AKUN s XI{R;}AHTI

for all {R; € R>1: R < Rjyq forallie{1,...,4—1}} then pun converges
weakly to uy.

Proof. We recall that compactly supported continuous functions on R? can
be approximated above and below by step functions of hypercubes or, in
our case, by step functions of sets Wj({R;}). The proof of this follows from
the methods in [15] and repeated applications of inclusion and exclusion to
show that hypercubes in R’ can be written in terms of the sets Wi ({R;}).
For full details we refer the reader to Proposition 2.46 of [18]. g

Lemma 5.4. For {R;} as above we have that:

pi(Wi(R:)) = 5 HR)

where H({R;}) is a homogeneous polynomial of degree £ in log(R;), and

cp = 2@71pf71h;

where h, is the negative part of the class number of Q((p).

Proof. The measure of this space can be found by defining the change of
variables:
2ij—p—2p| ¥
o T2l
j=1
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Then the jacobian of this change of variables is,
J = (yid$j)1§i,j,§ga
whose determinant is equal to
cp = 201t 1k

From this we see that the measure of the subspace is given by:

Rev1 fye Y2 1
vy = [ [
Ry R U1

We will see this measure explicitly in the case of p = 3 and p = 5, see
Example 6.17 and Example 6.18, so we end this section with a calculation
of the measure in each case:

1 dye. 0

Ezample 5.5. For p =3, { =1, and we have:

uiWr((Ra, Ra) = [ 40 < 10g (12

Ezample 5.6. For p = 5, £ = 2. The region we want the volume of is given by

R{Rz} = {:cl,xg eR*: R < x?:rg < 3:13:2_3 < R3, and Ry < x13:2_3}

/ dzidzs
Riny 172

3

and so we want:

Letting y; = 11{’1132 and yo = T174

32219 3}
x5 —3x1x54

3
whose determinant is —10 - % Dividing by y1 - y2 we have %. From this
2

we have the Jacobian:

we have

=10
Y1Yy2 R{Ii} 12

/ /?12 dy1dye dx1dxs

which in turn give us:

2 (o (7) (7))
i (Wi, (R, B Ra)) = 5 (1og” (32 108 (37
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6. Equidistribution of shapes

This section is dedicated to the proof of Theorem C where we will show
that the shapes of pure prime degree fields are equidistributed (in a reg-
ularized sense) along ¢-dimensional subspaces of the space of shapes. In
Section 4 we gave a parametrization of these fields using strongly carefree
tuples (with some additional congruences) in ZP~! € R" so we can trans-
fer questions about counting fields (of bounded discriminant) to questions
about counting integral points in some region of R™. Next, we impose the
shape conditions which further restricts the tuples, thereby narrowing the
region. Using this we can approximate the number of fields with bounded
discriminant and shape in some specified region by counting specific points
in this restricted region: to achieve such an approximation we use Daven-
port’s lemma and a strongly-carefree sieve. Recall that Davenport’s lemma,
[12], states that the number of integral points in a region is approximated by
the volume of said region, with an error that comes from the lower dimen-
sional shadows, see Definition 6.2. For convenience we include a slightly
more general version of Davenport’s lemma, as given in Proposition 2.6

of [6]:

Lemma 6.1. Let R be a bounded, semialgebraic multiset in R™ having
multiplicity at most m, which is defined by at most k polynomial inequalities
each having degree at most I. Then the number of integral lattice points
(counted with multiplicity) contained in R 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,l, and k.

6.1. Volumes. Let R(N,Ry,...,Ryt1) be
p—1
. P~ ... p
(a1, ay_1) € RZSL: 1:[1% <N,Ri <N < <N <R
- and Vi, R; <\
where the \; are the shape parameters defined in Lemma 4.7. The first step
toward counting strongly carefree tuples in this region is to compute the

volume of R(N, Ry, Ra, ..., Re+1) and of its lower-dimensional shadows.
Before we compute any volumes we define a shadow of this region:

Definition 6.2. For a prime p € Z and natural numberd € {1,2,...,p—2}
we define a d-dimensional shadow'? of the region R(N, R1,...,Ry;1) to be
the orthogonal projection of R onto any d-dimensional coordinate subspace.

I2This definition is motivated by Lemma 9 of [3].
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We refer to these projections as the lower-dimensional shadows of
R(N,{R;}) or R for simplicity. In order to apply Davenport’s lemma we
need both the volume of the main region, R, and a bound on the mea-
sure of the lower dimensional shadows of R. Towards this we have our first
statement:

Proposition 6.3. For any prime p, the volume of R(N,R1,Ra, ..., Rpy1) is
¢- Nlog"™'(N) - H(Ri..... Res1) + O(N log(N)=2)

where H(R1,...,Ryy1) is the homogeneous polynomial in Lemma 5.4 and
the implied constant depends only on the {R;}.

Proof. To make the volume above a bit more pleasant to compute we define
a change of variables from {a;} to {z;}:

AP fori e {1,...,0}
T =
Qg apjrg forie{l+1,...,p—1}

Note that the Jacobian of this change of variables is given by

Oz1 Oz
dai e 8ap,1
(6.1) J = : :
83})—1 gxp—l
a1 e ap_1

whose determinant is equal, by Proposition 6.10, to (:|:2p*2p€*1h;)-]_[f:1 i,
where h,, is the minus part of the class number of Q((p). As above we let
cp= 2(—1pf—1h;.

Now, we have explicit bounds on the first ¢ variables coming from the
definition of R, to bound the remaining ¢ variables we simply note that the
product of these variables is bounded between 1 and NV:

1<a:g+1---xp_1:al-ag-"ap_l < N.
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This gives us the following:

/ dal e dap_l
R(X,R1,...,Rp—1)

R;+1/ / / /gc,z+1 ap—s dxp_1...dxppday .. day
Rgl Ry Cp Ty~ Ty

e (s
~2¢, ¢ JR, Ry Tog1- " Tp—2

" dzp_o...drgyrdey ... day

xl...xé

__ N N
5 /Rzﬂ .-/m2 /N-.-/”H‘“zp—zx log (»’ffe+1"'ﬂfp—3)
24 cp RE Rl 1 1 $1$£$£+1$p—3

X d$p 3. dﬂjg_,_ldxl .dx Ty

B /RZ+1 / / /WH wp_a dTp—_2. dl‘g+1d3§1 .dxy
20 ¢, Ry

We now drop the last line, noting that it will be absorbed into the error
O(N log(N)*~2). The main term is as follows:

s o o [ [ )
2.20. ¢, R, CTp_4

X dxp_4 co.dxpprday ... doy

- g [ [ e [ o )
3! 2€ R1 .73p5

X d$p_5 co.dzppiday .. day

Nlog(N Repr o T2 1
-2, 215 c / / / N
D Ry Ry T1 Ty

Where the latter integral-together with ¢, 1 is the measure, u?, whose
evaluation is a homogeneous polynomial of degree ¢ in {log(R;)}, see
Lemma 5.4. O

Now that we know the volume of the region R(N, {R;}) we need a bound
on the volume of the lower dimensional shadows:

Proposition 6.4. The mazimum measure of the lower dimensional shad-
ows of R(N,{R;}) is O(N log"%(N)).
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First we note that the bounds on the shape parameters can be used to
bound the ratios:

Specifically, for all i € {1,...,¢}, we have that 1 < Ry < A\; < Ry41 and we
can use this to bound each ratio by something of the form:

di u; €;
Ry <t <Ry
where u; € {—1,1} and d;, ¢; are non-zero rational numbers.

Remark 6.5. 1t is not hard to see that the bounds on the shape parameters
impose bounds on these ratios: if, for alli € {1,..., ¢}, welet v; = log (&)
then we are making a statement about the linear independence of the shape
parameters, after applying the logarithm. More explicitly we have a linear
map from the {v;} to {log(\;)} which is represented by the matrix:

cr=((20-r-2[3]))
p 1<i,j<¢

the invertibility of which is a consequence of Proposition 6.10. This shows
that from the bounds on the shape parameters we obtain bounds on the
ratios, 7;.

Remark 6.6. Each d-dimensional shadow of R(N, Ry, ..., Ryy1) is contained
in the shadow of the slice of R(N, Ry,...,Rsy1) where the coordinates
perpendicular to the shadow are equal to 1. Also when any a; = 1 we
obtain constant bounds for a,_; from above. This will allow us to ensure
that the region defined below depends on an even number of variables: if the
dimension of the shadow is odd then, without loss of generality, we know
that at least one variable, a;, appears without a,—;. As we only care about
the hypervolume of the shadows up to a constant, the constant bound on
a; can then be used to exclude this from the region we define above. Doing
this for all such a; we are left to worry only about the pairs (a;, ap—;) in
the shadow.

Ezxample 6.7. When p = 5 we have r; = Z—i and ro = Z—i and, without loss
of generality, we have something of the form:

Ry <ryry < riryt < Rs.
In this case we have that
Ri’ < 7“?7“27 3 < R§
which we can multiply with the inequality above to gives us that:

Ri<r® <R3
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or R%/5 <r< R§/5. Isolating the other ratio we see that:

(6.2) RIR;' <ri® <R[ 'R}

1/10 1/10
R} R}

. — <rp < | == .
(6:3) (R;»,) =" = <R1

Now, consider the shadow given by ajasas. Following the strategy from
above we know that a; is bounded by constants and so to bound this
shadow we only need to consider the region defined by:

RQ(N) = {(ag,a3) S R2 1 <asasz < N,bl < % < B1}

as

where b; and Bj are the bounds given in (6.3). Using the change of variables:

az aray _ o

as

Ir = T9 =

as T

1 —as
a3 ag
0 2CL3

which has determinant 2 and we obtain the following bounds on these new
variables:

we have the Jacobian matrix

1<LL’1.C62<N b1<$1<B1.

Now, the volume of the shadow is approximated by:

B1 N/xl 1
Vol(Ra(N)) = / / ~dardas
by Jo 2

The same can be done with any other shadows which shows that the
maximum volume of any lower-dimensional shadow of R(N, Ry, Ro, R3) is
bounded by O(N).

Let d be even, i € {1,..., 2}, and define the region

Ra(N, {bi, Bi})

::{(al,...,ad)eRd l1<ai---ag<N,b < i <Bi}.
Ad41—i
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We will show that it is sufficient to consider the volume of such a region
when computing the volume of the lower-dimensional shadows. First, we
show that:

Lemma 6.8. The hypervolume of the region Rq(N) is O(N log!®=3/2(N))
and the implied constant depends only on the collection of {(b;, B;)}.

Proof. The proof will follow the same strategy as Proposition 6.3. We define
the following change of variables:

ay
xr1 = —
aq
a2
Tro =
ad—1
" aq/2
dj2 = ——
/ ag/2+1
Tg/24+1 = a1
Lq/o4+2 = a2

Ld—1 = Aqd/2-1
aj-as---ag
Tg=— "
L1 -T2 " Td-1
The Jacobian determinant of this change of variables is constant and equal
to £2, this follows by permuting the columns in Lemma 6.13. Then, for ¢ €
{1,3,...,d—1} we have the following bounds: b(;;1)/2 < ¥ < B(jy1)/2- We
obtain bounds on the remaining variables using the fact that 1 < z; -+ x4 <
N and this gives us:

Vol(Ry4(N, {b;, B;}))

B B Bas2 N/ Hfﬁ T N/ Hf;l T4 ld dzod
e a/2 i1 ixd xrodxy
b1 bd/2 1/ Hi:l Ti 1/ Hi:l Ti

1 (B Baa (NI e NI = N -1

Y Ll Sl S S RS
1 a1 /T = Y- e P1 - Zd—1

(

N —1)log?* (N) /Bl.__/Bd—l L ey
b1 bg—1 T1T2" - Tq/9 /

2
_ d/2—1 d/2 ‘
_ (N 1)102g (N) Hlog (]bSZ)
i=1 i

= O(N log¥?>~1(N)). O
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This gives the hypervolume of the region R4(N, {b;, B;}) and we use this
to prove Proposition 6.4.

Proof of Proposition 6.4. For the region R(N, Ry, ..., Ryi1), take any d di-
mensional shadow. If a; is in the shadow but a,_; is not then we have
constant bounds on a; and we can drop the dimension of the shadow in
consideration by 1: we do this for all a; until the only variables in the
shadow are the pairs (a;,ap—;). We note that this will only change the er-
ror by a constant which will not affect our result. Once this is complete we
are considering a region Ry (N) where d’ is even and we have:

Vol(Rg) = O(Vol(Rar)) = O(N log? /2~ (N)).

Now, this approximation will increase—by log(/N)—each time we add a pair
of variables(a;, a,—;) to the shadow. As the largest, even, d that we could
consider is d = p — 3 this shows that the maximum volume of any lower
dimensional shadow is:

O(Nlog(N)*z ") = O(N log(N)"?), O
Combining Propositions 6.3 and 6.4 we have the following:

Theorem 6.9. For any prime p, the volume of R(N, R1, Ra, ..., Ry+1) is

1
200 — 1)(cy - 1)

Nlog!™\(N) - H(Ry,..., Rey1) + O(N log(N)2)

where H(Ry,...,Rey1) is the homogeneous polynomial in Lemma 5.4 and
the implied constant depends only on the {R;}.

6.2. Adventure into the land of Jacobian determinants. In this
section we prove results about the Jacobian determinants used in the proofs
of Proposition 6.3 and Lemma 6.8.

6.2.1. Jacobian determinant in Proposition 6.3. Here we prove that
the Jacobian determinant, (6.1), is non-zero. We define the change of vari-
ables again:

A forie{1,...,¢}
T =
’ ai—y forie{l+1,...,p—1}
where \; are given in Lemma 4.7.
Proposition 6.10. The Jacobian determinant of this change of variables
from (a1,az,...,ap—1) to (x1,22,...,2p—1) is equal to:

L
(202" h ) T i
=1
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We will prove this proposition by showing that the determinant is equal
to a constant times Hle x; and then, using a result of Carlitz and Olson
on Maillet’s determinant, [9], we will show that the constant is equal to:

+9° . det (22']' —p—2p L”J) :
b 1<i,j<¢

Before this we provide a short example, again with p = 5:

Ezample 6.11. We saw, in Example 4.5, that the shape parameters of K =

Q(/m) are:

CL3CL 1/5 a a3 1/5
a:fag alag

We will, without loss of generality, assume that Ay < Ao and so z1 = /\’17
and zo = Ab. Then z3 = ajaq and

T4 = a20a3

The Jacobian of this change of variables is given by:

73(120,3 7a2a3 ai Sa?lag
a‘fagg a?a% ajas s ai"gg
&ri —a4a; 3aqas —3aqa; a;
Jac da. = a%ag alag al a‘§ al ag
J a4 0 0 aq
0 as as 0
ata2
And, finally, the determinant is ‘Jac(ax’)’ =—40- 13 = 2% .5 x129.
193

For sake of the arguments below, we define the coefficient matrix, C,,
of Jac(azl) to be the matrix obtained by extracting the coefficients of the
Jacobian:

-3 -1 1 3
-1 3 -3 1
Cs=14 0 0 1
0 1 1 0

Note that the top ¢ rows are antisymmetric, meaning the (i,j) entry is
minus the (i,p — j) entry. Therefore, adding the j** column to the (p — 7)*"
column, for j € {1,...,¢}, yields the matrix

-3 -1 0
-1 3
1 0
0 1

N OO
o N OO
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Then we have that:
|det(Cs5)| = |det(Cy)|

o2 -3 -1
=2 det(_1 3)
=22.10

=22 ¢

det (Jac(%))
- T1T9

This argument will pass through in general to show that the Jacobian
determinant is equal to

| , g
(6.4) det <Jac (‘9"”“@)) -2 et ((%j —p—2p {”J) ) :
aa]‘ T Ty p 1<4,5<¢

Remark 6.12. We believe that when p is replaced by any odd integer n, and
one defines a change of variables in a similar way, that the resulting deter-
minant should be non-zero. One difference is that the statement in (6.4)
is not true when n is odd and composite. In this case the formula for the
determinant of the Jacobian becomes:

(6.5) det <Jac (gij))
=20 det <<2ij —nj—n VZJ tn w;mD)lgmse '

The result of Carlitz and Olson, [9], is enough to prove our desired claim
though there is also a generalized statement for arbitrary odd integers due
to Wang, [25], which may be helpful in the general case.

Proof of Proposition 6.10. Note that the change of variables depends on the
ordering of the A?. In general we cannot assume any particular ordering but
this does not change the absolute value of the determinant as switching \;
and A; only changes the determinant by a factor of —1. Similarly, switching
r; = N with z; = A 1 multiplies the determinant by —1. As such, we
need only prove this for a particular choice of {\;}. We first show that the
determinant is a constant times 7 ---x, which will allow us to focus on
a more simple matrix, namely the coefficient matrix C, which we define
below.
The Jacobian determinant of the change of variables is given by:

p—1
> (sen(0) - I Jiwer
i=1

0ESp_1
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_ _Ox;
- 8aa(i)
have that x; is a ratio of the a; as given in Lemma 4.7 and hence we have
the following relationship:

where the product is over elements of the form J; ;) . But we also

8352- Z;
Jio(i) = Bary Coi) P~

where ¢, (;) is a constant, equal to the exponent of a,(;) in z;. Looking again
at the product above we have:
pl 81’1

p—1
I Jioe) =
i=1 =1 940()
_Tf%m%
i=1 Qo(i)
pil xl .« .. xp_l
:Il%m‘jff*
i=1 o (i)
_ xl...xp_lplzllc
oy L0

=12y Cq,

where the last equality comes from x¢4q---xp—1 = a1 ---ap—1. This shows
that each term in the sum above is a constant times z; - - - 2y, and we need
only determine the constant:

Z (sgn(o) - ¢5)

0ESp_1
The problem then reduces to determining the determinant of the matrix of

coefficients, C},. This matrix is given as follows:

@U—p—%ﬂ%b ifl<i<fand1<j<p-1
Co ifl+1<i<p-1
GolB3) =1 and j=i—florj=p—i+/{
0 otherwise.

Now the matrix C), is anti-symmetric about the columns when 1 < ¢ </,
so Cp(i,j) = —Cy(i,p — 7). Adding the (p — i) column to the i*" column

yields
o C%Xi,j)lgajge‘ 0
p T, N
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where [y is the £ x £ identity matrix and N is given by:
. 2 iti+j=0+1
N(i,j) = :
0 otherwise

The matrix N has determinant 2¢ which shows that
|det(Cyp)| = | det(Cy)| = 2° - [ det(Cp(i, j)1<i <o)

det <<2ij —p—2p L”J))
b 1<i,j<¢

What remains is to show that det((2z’j —p—2p {QJ )) is non-zero.
Pl//1<ij<e
In [9] the authors show that Maillet’s determinant is non-zero and equal to
:l:p(p_3)/ Qh; . Note that Maillet’s determinant, which we denote D,, is the
determinant of the matrix (R(rs")) where R(r) is the least positive residue
of r, and ¢ is such that ss’ = 1 (mod p). One step in proving this involves
showing that the determinant:

— 9f.

—1

p
D;, = det <R(r5') — ) = 7Dp.

2

However, since R(rs') —§ = rs’ — % —p L%’/J, we only need to multiply

this matrix D;, by 2 to obtain the matrix above (and apply some number

of column swaps which will only change the determinant by a sign). This
shows that the determinant of the change of variable matrix is equal to:

+ 2. det ((sz —p—2p {”J))
p 1<i,j<8

=+2/-2. D)
= 4or L. %Dp
=27 2p" " h
as desired. O

6.2.2. Jacobian determinant in Lemma 6.8. Let d be an even integer
and define the following change of variables:

—di if ¢ is odd
QAi41
x; = { @i-1 if 1 is even and i # d _
N s
W ifi=d
j=1 %

We note that this differs a bit from the change of variables seen in Lem-
ma 6.8 but, as was mentioned in its proof, we can go between these by
simply permuting the columns of the matrix we obtain.
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Lemma 6.13. The Jacobian determinant of this change of variables from
(a1,a2,...,aq) to (z1,22,...,2q) is constant and equal to 2.

Proof. We stated above that the determinant is constant, by the same ar-
gument as seen in the proof of Lemma Proposition 6.10, and therefore that
we only need to worry about the coefficients in the Jacobian matrix. The
coefficient matrix can be defined recursively as follows:

1 -1
(o )

and
1 -1(0 -+ O
1 010 0
o 0 O
4= :
: Ca—2
0 0
-1 2
Since the determinant of Cy = 2, and det(Cy) = det(] ') - det(Cy—o) =
det(Cy—2) we have that det Cy = 2 for all d. O

6.3. Point count. To count integer points in the region, R(N,{R;}) we
define its intersection with £ = ZP~1 as

Re(NARi}) == R(N, Ry, ..., Re1) N L
and using Davenports lemma we obtain the following corollary:

Corollary 6.14. Forp, N,R; € R, and R} < Ry < --- < Ryy1 as above
we have:
#Rﬁ(Na Rla"wa-i-l)
N log(N)*~! o
= H(Ry,...,R O (N log(N
1) ¢ p B RO+ (I 1og(3)*%)

where the implied constant in the error term depends on the {R;}.

What we really need to count are the integer points in this region which
satisfy the infinitely many congruence conditions coming from our strongly
carefree condition.

6.3.1. Point Count/Sieve. As stated above, we have translated our
problem of counting number fields of bounded discriminant and shape
restrictions to counting certain strongly carefree tuples in some specific
regions. Since we have already computed the volume of the region, and
estimated the number of lattice points in said region, we must now apply
a strongly carefree sieve.
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For this section we will try to avoid using p entirely, and will consider
the general case of n-tuples. The strongly carefree condition will impose
infinitely many congruence conditions and will correspond to the tuples
(a1,...,a,) such that (for all primes q) a; # 0 (mod ¢?) and if a; = 0 (mod q)
then there is no other a; = 0 (mod q) for j # i. These are the squarefree,
and relatively prime conditions respectively and this set will be denoted,
as above, by SC,,.

We begin by defining the following set:

Cﬁ{q = {(al, ce,Gp) € (Z/qQZ)ZO : at least two of the a; are 0 (mod q)}

This, being part of a cover of the complement of the set that we desire,
will play an important role in the application of the elementary sieve and
has a particularly nice expression (for a fixed prime q):

(6.6) #Cily = i (7) (= 1¢* = )"
=2

This is obtained by simply choosing ¢ entries to be 0 (mod ¢); noting that
for each of the i entries there are (¢— 1) such values. The other entries only
need to avoid multiples of ¢ and whence there are (g(q—1)) possibilities for
the n — i remaining entries!?. Letting Chq = 1lar,a2,...,an) €Z" 1 q; =
0 (mod ¢?) for some i € {1,...,n}}, we define the set:

Cff({ = Cfl,q U Cftfq

noting that this will gather all tuples (in Z/q?Z) which are not squarefree,
and not relatively prime with respect to q. We denote the complement of
this set in Z/¢*Z bySC, 4 and, finally, we note that:

(6.7) #8Cpy = (¢ —1)"(q" +ng" ™)
6.3.2. g-adic density. For all Y > 2 we define the following;:

n(Y):= ] ¢

q<Y

and C,y denote the set of congruence conditions, Cgf,{ , modulo n(Y") for
1 < ¢ <Y. Letting

L,(Y):={(a1,a2,...,an) €Z" : (a1,0a2,...,an) €Cny}

Bnote we have avoided any entries that are 0 (mod ¢?)
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we obtain the following g-adic density of £,(Y):

S(Ln(Y)) = T
_ (g=D)™(g+mn)g" !
- q2n
_(g=1)™g+n) n\ (, _1\"
a i _<1+q) (1 q>
B qn—i-l _ ann—l + (q + n) ( ;1:2 (?)q”_i(—l)i)
- qn+1
n2 n o\ ,
=1-—5+(+n)) <.>q+1(—1)l
q i—2 \"

Remark 6.15. For what comes next the condition at p needs further consid-
eration. Namely, from the strongly carefree tuples, we need to split the tame
fields from the wild ones. Recall that this is a condition on m, and therefore
on the tuples, modulo p?: the pure field is tame iff mP~! = 1 (mod p?). Now,
it is clear that this condition is independent of being strongly carefree at
p so we need only consider the tuples for which this congruence holds. To
that end, and the tuple size being clear, we let

SCI = {(ar,...,ap-1) € SCp: mP~" =1 (mod p*)}

and, as the remaining tuples will yield wild fields, we have SC; = Scp\chf .
We can think of this as finding an inverse of Hf;Ql (a})P~1 modulo p?. To
ensure this product is invertible we need only avoid multiples of p in these
p—2 coordinates and for any such choice there are (p—1) elements of Z /p>Z

N\ p—1
such that (Hf;ll aé)p = 1 (mod p?). We therefore obtain the proportion
of tame fields:

#5¢, PP - 1) __1

#SC,  (p—1)Plp+(p—1)pr2 2p-—1

and that of the wild ones:

#SC,  #SC, — #S8C]  2p—2
#SC, #SC, -1

6.3.3. Application to pure prime degree fields. Using the notation
above and a standard argument, as in [14], we have the following corollary
which will lead us to the main result of this paper.
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Corollary 6.16. Forp a fived prime and 1 < R < Ry < -+ < Ryy1

Re, o) (N, {Ri})
_ Hqu 5q(£p—1(Y))
2= e

where the implied constant in the error term depends on the {R;}.

Nlog(N)* " H(Ry,..., Rey1) + O (Nlog(N)?)

What remains is to show that we may take the limit of Y. This uses
one of the basic sieve techniques which appears in many related works,
see [13, 14, 18], and whose notation we try to emulate here. Since p is a
fixed prime the length of the n-tuple is now p — 1 so we exclude this from
L,(Y) and simply write £(Y). Letting Lo, be the set with congruence
conditions applied at all primes, we have a naive upper bound

#Rﬁoo(Nle?"'aR@-i—l) #Rﬁ(Y)(Nale"aRﬁ—l—l)

lim sup < lim lim

Nosoo Nlog(N)t-1 Y =00 N—o0 Nlog(N)t-1
<c) [ 0a(LOY)H(Ry,...,Resa)
q<Y

We now set W, := {(a1,...,ap-1) € ZP7' : (ay,...,ap-1) € Cgcf}, and
write:
Rew)(N, Ru,..o, Reqr)

CReoo(N,Ri,...,Rey) U | Rw, (N Ry, ..., Repq)
q>Y

This allows us to bound the quantity below as follows:

#Rﬁoo (Na Rl’ o 7Rf+1)

(6:8) Nlog(N)t1
—1 —1
Nlog(N) et Nlog(N)
By the previous section, we know that
Rw, (N, Rq,..., R _
Wq( 1 é"rl) — O(q 2)

Nlog(N)t-1

which is enough to show that in the limit, as ¥ — oo, the big O term on
the RHS of (6.8) tends to 0. Taking the lim inf of (6.8), in conjunction with
the lim sup above, we have the desired result:

Rﬁoo(N, Rl, .. .,Rg_;’_l)

1 0(£o0)
20 —1)!-p

—Nlog(N)' " H(Ry,..., Resa) +o (N log(N)1)
P
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In what follows we write J, for the g-adic density d4(Loo).

The only thing remaining is to apply this to the case at hand: namely, to
count the number of fields whose discriminant is bounded by N and whose
shape lies in {R;}. The total number of such fields is given by:

NP(N7 {R’L})

_ 1 -1 -1
- T E[&QNlog(N) H(Ry,..., Rep) + o (Nlog(N)* )

1 /—1
=T [[6.Nlog(N) " 'H(Ry, ..., Ret)
q

+o (N log(N)efl) :
For wild (type I) fields we have that

p-1 1/(p-1)
AK)=—p [[ ™ — N:l-(X>
i=1 p p

and for tame (type II) fields we have

X )1/(171)

p—1
AK)=—p2[[a? = N= (pp2
i=1

Using this we can determine the asymptotics for the number of pure
prime degree fields of type I (resp. type II) with absolute discriminant
bounded by X and shape in {R;}:

= C; [T 0, XY PV og(X) T H{R;}) + o(X /P~ D 1og(X)*)
q

= Cyi [ ] 64X/ ® Vog(X) T H{R:}) + o(X /P D log(X) 1)
q

where the constants above are:
2p — 2
(€ — 1)1(2p — )22 7T Ry (p — 1)1

1
Cii = i
(0 —D)W(2p—1)2p2p  »Thy, (p— 1)1

Ci =

This, together with Lemma 5.3, proves Theorem C: the (regularized)
equidistribution of shapes in the family of pure prime degree number fields.
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6.4. Examples. We end this section with two examples: first we recover
the result of Harron, in [15], and second we state the result in the case of
pure quintic fields.

Ezxample 6.17. When p = 3 the minus part of the class number is 1, ¢5 = 1,
and we have:

N3 (X, {Ry1, Ro}) = $H5 X'Y2H(Ry, Ry) + o(X1/?)
5-2-3-32

3 2 R
== 1—+> X2 (>+ X2
15\/§I;I< @ ¢ A\ R, o )

1
NI (X, {Ry, Ry}) = 5l [16,X"/2H(Ry, Rs) + o(X'/?)
. .23

1 2 Ry
= 1-— x1/27 ( > +o(X1/2
10\/§1;[( 2P ) (&, ) T

Ezample 6.18. For p = 5 the minus part of the class number is again 1,

10,20 15 , 4
05:20,5,1:(—]? P a F)andso

NZ(X,{R1, R, Rs})

1800[1_[ X log(X) (log @j) log” (gj»
+ o(X Y 1og(X))

and

NI(X,{R1, Ry, Rs})
R R
1/4 3 2 (12
2880\FH X log(X) (log <R1> tog <R1>>

+o(X'/*log(X))

7. Pure and F), fields

In this last section we prove our final theorem, that the pure prime de-
gree number fields are exactly those F), number fields, with degree (p — 1)-
resolvent equal to Q((,). We begin by discussing the group theoretic pre-
requisites, defining the group F},, and defining what exactly we mean by the
resolvent field. Once we have the relevant tools and definitions in hand we
prove the aforementioned claim which allows us to phrase the above study
in the flavor of Malle.



44 Erik HOLMES

7.1. Group Theory. We first define Frobenius groups in general (follow-
ing the nice narrative laid out by Terrance Tao, in [23]), and state some well
known facts about these groups. We will then define the specific Frobenius
group, Fj,, to which we refer and state some facts that will be of use for us
below.

Definition 7.1. We call G a Frobenius group if there exists a subgroup
H of G such that: (HNgHg™') = {1} for all g € G\ H. This yields the
following decomposition:

G= |J (@Hg'"\{1huJ
gHEG\H

We note that H and J are often referred to as the Frobenius complement
and Frobenius kernel, respectively. The following theorem will then provide
the motivation for our definition of F}, that we use throughout:

Theorem 7.2 (Frobenius (1901)). Let G be a Frobenius group with com-
plement H and kernel J. Then K <G and G =J x H.

This theorem shows us that, in general, Frobenius groups can be realized
as a semi direct product of the complement and the kernel and hence we
define the Frobenius group, F), as follows:

Fy:=FpyxF; =(o,7|0" = Pl =1, 70771 = 09)
where g is a primitive root modulo p. As C), is a normal Sylow p subgroup

of F},, we define the degree (p — 1)-resolvent of K, which we will refer to
simply as the resolvent (the degree being clear), to be the unique fixed

field of C}, in K. We denote the resolvent of K by K,_1 and we have the

following field diagram:
K
>
Kp—1 K
()
Q

7.2. Pure prime degree fields and F), fields. With the necessary back-
ground covered we now turn our attention to the proof of Theorem D.

Proof.

(=). If K is pure then K = Q(«) where « is the real root of f,(z) = 2P—m
where m € Q, m # =1 and m is p-power free. It is clear that the other roots
are (Lo for i € {1,...,p— 1} hence Q((p) C K and so it is the resolvent as
desired.
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(«). Consider K, [K : Q] = p, with Gal(K/Q) = F, = F, x F and
resolvent field equal to Q((,). This gives us the following tower:

K
K
where (Z/pZ)* = (r) and Z/pZ = (o). We will show that K = Q (¢/n’)

for some m’' € Q.
Fixing g to be a generator of (Z/pZ)™; we have that

F, = (1,0 ™1 = 6P =1 and 70 = 097)

and using this we see that 7(¢,) = (J, o(a) = a, o(¢) = (- We know
by Kummer Theory that K, = Q({,)(¥/m) for some m € Q((,), so letting
a = ¢/m we can consider the element

p—1
0= H ()
i=1

It is clear that 6 is fixed by 7 and, as there are no intermediate extensions
of K/Q, that 0 € K or 6 € Q. Showing that o acts non-trivially on 6 will
show that § € K \ Q and hence K = Q(#). The condition that 7o = o971
is equivalent to o1 = 7'09_1, where g~! € Z is such that g~ 'g = 1 (modp),
and using this we see that:

—1

ort =109

Using that o acts on o via multiplication by (,, and acts trivially on (,, we
have that:

O'Ti(Oé) = Tiag_i(oz)

= ri(¢g"0)

= ("9 7 a)
= (7'(a)
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and this implies that:

Thus, letting m’ = [[*—] 7(m) € Q we have that (m') = 6” and so K =
Q({¥m’) as desired. O

Remark 7.3. We note that this result is widely stated as fact in the case
of cubic number fields where we have the more familiar notion of resolvent
field, however we were unable to find a general statement of this result.

7.3. Conclusion. Theorem D allows us to phrase this study in terms of
Galois conditions and resolvent fields, rather than pure prime degree num-
ber fields. Our desire to reframe the study in this way is partially motivated
by the work of Cohen and Thorne who count, for example, D,, extensions
with a fixed quadratic resolvent [11]. In turn, it is motivated by Malle’s
conjecture and all the work that is being done towards counting number
fields with prescribed Galois group. Using this, we are able to state all the
results of this paper as results about shapes and (regularized) equidistribu-
tion of Fj, number fields with resolvent field Q((p). Furthermore, the work
in this paper can then be used to show that the number of F}, number fields
with fixed resolvent Q((,), and discriminant bounded by X, grows like:

_1
X1 logP2(X)

Of course the number of such fields seems quite minimal given that they
arise as pure extensions but this begs the question, which the author hopes
to answer in future work:

Question. How does this study compare to those F),, number fields, K, with
resolvent Kp—1 # Q((p)?

This is motivated by the result mentioned in (1.1) regarding the asymp-
totics of cubic number fields with a fixed quadratic resolvent, Ko = Q(v/d).
Of course when d = —3 we have that Ko = Q((3) and so what one might ex-
pect is that the asymptotic for Frobenius fields with resolvent K1 # Q((p)
has fewer log terms.
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