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Abstract

In this paper we will use a particular non-commutative scheme to, among other
things, study the ramification properties of the field of p-torsion points on
an elliptic curve and its reduction properties. Also, we show that this non-
commutative space also allow us to use the p-torsion points to “parametrise”
classes in the p-torsion of the Brauer group of the base field.

1 Introduction

Let K be a local field with ring of integers o and E, g an elliptic curve over
K with minimal regular model €/, .. Arithmetically it is interesting to study
the specialisation (reduction) of E to the special fibre of €. In this paper we
will use a non-commutative deformation theory (see [Lau02| or [ELS17]) and
non-commutative algebraic geometry to do exactly that.

A natural question is what non-commutative deformation theory and non-
commutative algebraic geometry can bring to the table in this context. As
deformation theory is the local study of an object in the moduli space of all such
objects, deformation theory can give information connected to the reduction of
these objects to characteristic p. Extension to non-commutative base rings as
versal deformation spaces, allows us to study the reduction properties of a family
of objects at the same time. In other words, how the objects deform (reduce)
together as a family. This simultaneous deformations are measured by the size
of certain Ext'-groups. In our case the family of objects are rational points on
non-commutative spaces constructed by using p-torsion points on F.

The starting point in the present approach is the following. Let p be a prime.
We will assume through most of the paper that p > 3, but this is not necessary
at this point. Under the assumption that the p-torsion group FE[p] has a K-
rational point, the field K(F[p]) generated by the coefficients of all p-torsion
points is known to fit in the following tower of fields

K —— K(¢) —— K(E[p]),

where ¢, is primitive p-th root of unity. In fact, K(E[p])/K((,) is a Kummer
extension (this is well-known but see [Yas13] for one reference)

K(E[p]) = K(G)[¥/x] = K(&)[T]/ (TP —x),  weK.
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Put F := K(E[p]). Clearly, F' encodes interesting arithmetic properties asso-
ciated with F and its p-torsion points. From the field F' we will construct two
non-commutative algebras ¥, and J, (the description of £ comes below), with
associated non-commutative schemes, Xy, and Ly,, respectively, using non-
commutative deformation theory. Using these noncommutive algebras/schemes
we will study the specialisation of E to the special fibre. For simplicity we will,
in this introduction denote either of ™y, and Ly, by L. In this paper we
will use a “soft” approach to non-commutative algebraic geometry, more meant
to be suggestive than actually essential in this particular instance. For a more
comprehensive discussion see [Lar23b| and the references therein.

Let me indicate the construction of ¥, since this is slightly more simple. This
algebra is associated with the reduction modulo a prime ¢ # p. The algebra F,
is used for the reduction modulo p itself.

Suppose 0 — B — A is a general cyclic extension of an ox-algebra B
and let G be its automorphism group. Take an element ¢ € G. The operator
A := a(id —o) for a € A acts on A and satisfies the generalised Leibniz rule
A(bc) = A(b)c+o(b)A(c). Form the left A-module A-A. This can be endowed
with a nonassociatve algebraic structure turning it into a generalised Lie algebra
called a hom-Lie algebra (see section 2 for more details). Akin to the enveloping
algebra of a Lie algebra, so can one construct an associative “enveloping” algebra
of a hom-Lie algebra. The algebra ¥, is then defined as the subalgebra of the
“enveloping” algebra of the hom-Lie algebra A-A. In fact, ¥, is a “g-deformation”
of the enveloping algebra of sly (see [LS0T7]).

Remark 1.1. Notice that A - A captures information of the group action of G
on A. This transfers to naturally to ¥,.

It turns out that %, (and J¢) satisfies some desirable ring-theoretic and ho-
mological properties. For instance, the algebra (or its associated non-commutative
scheme) is noetherian, normal, Auslander-regular, and Cohen—-Macaulay (CM).
The definition of “Auslander-regularity” is not necessary here beyond it includ-
ing a condition of finite global dimension. Hence this is indeed a generalisation
of regularity in the commutative context. However, rings can be Auslander-
regular and still behave “singular” in the non-commutative realm. Indeed, as
we will see an Auslander-regular ring can have a singular centre. Similarly, a
non-commutative ring can be CM, but have a centre which is not. On the other
hand, the algebras we will consider here, will have CM centres. I refer to the
literature for the definition of Auslander-regular and Cohen—Macaulay in the
non-commutative case (a definition can be found in [Lar23al, for instance).

The paper is organised as follows. Section 2 is preliminary and contains,
for the reader’s benefit, the constructions of algebras related to twisted deriva-
tions. In particular, it includes the construction of an “infinitesimal enveloping
algebra”, 1, that will crucially be used later. This section overlaps, by neces-
sity, some discussions from [Lar23al. However, there are some differences in
presentation.

Section 2.3 introduces the so-called Kummer—Witt algebra Wi/ ", This is
defined to be the “enveloping algebra” of the hom-Lie algebra A - A where A
is a Kummer extension of B. This section also lists a number of ring-theoretic
properties satisfied by ngc/ ™ and 1,.

Section 3 introduces the notion of non-commutative algebraic space that we
will use. Included is also a definition of rational points on such a space. The



section following section 3 contains a recollection of polynomial identity algebras
and the definition of ¥, and a description of its centre and some of the ring-
theoretic properties it enjoys. We also describe the non-commutative space &g,
and its set of one-dimensional rational points together with their infinitesimal
structure.

In section 5 we discuss ramification in cyclic extensions and its connection
to ¥:. Then in section 6, which is the main part of the paper, we consider the
reduction properties of elliptic curves and relate these to properties of ¥, and
JF¢ and their associated spaces. In the case where F' = K(E[{]) and ¢ # p we
use ¥,. However, ¥, does not give enough information in the case { = p and
this is where J, comes in. Let f be the conductor of £ and d the number
of irreducible components of the special fibre E which are defined over k (the
residue class field of K'). We now take { = (f1q and F¢,,,. This choice might
seem ad hoc at first glance but it turns out to be a very fruitful choice.

The reduction properties of E in the case where ¢ = p are studied via a family
of one-dimensional rational points on & Ferar We pay particular attention to
additive reduction. It turns out that the only possible values for p in the case
where K is absolutely unramified are 2, 3,5 and 7. En route to the construction
of the one-dimensional points alluded to above, we introduce a set of elements
0; € F = K(FE[p]). These are used in the last section to construct hyperplane
arrangements in Lg, and Brauer-classes in Br(K).

It is not an understatement to say that the study of K-rational p-torsion
points and their associated p-torsion fields K (FE[p]) is an active field of study.
For instance, the recent paper [FK18| by Freitas and Kraus gives a complete
description of the degree [Q(E[p]) : Q] when £ # p > 3; in [BP16] Bandini and
Paladino studies the generators of K (FE[p]) where K is any field of characteristic
not equal to 2 or 3. The latter paper also indicate the complexity of the p-torsion
field with several examples. It is my hope that the present paper could also be
used to study the fields K ([p]) as well as the p-torsion points themselves.
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Notation

We will adhere to the following notation throughout.

e All associative rings are unital. Unless otherwise stated all rings A, B, k
e.t.c., are associative.

e All modules are left modules unless otherwise explicitly specified. The
groupoid of (left) A-modules up to isomorphism is denoted Mod(A).

e The notation Max(A) denotes the set of maximal ideals, while Specm(A)
denotes the maximal spectrum of A, i.e., Max(A) together with the Zariski
topology.

e 3(A) denotes the centre of A.

e For p a prime in A, k(p) denotes the residue class field of p.



2 Algebras related to twisted derivations

We should probably say a few things about the construction of the family of
algebras ¥, (r), otherwise what follows will feel completely pulled from the mist.
Since the construction is spelled out in detail in [Lar23a] we will deliberately be
as brief as possible.

Throughout o is a commutative ring and A commutative o-algebra.

2.1 hom-Lie algebras

Suppose then that o is a o-algebra endomorphism on A. Then a twisted o-
derivation (or o-derivation) on A is an operator

A(ab) = A(a)b+ a(a)A(b), a,be A.

Example 2.1. The canonical example of a o-derivation is a map A — A on
the form
A:=qa(id-0): A= A, a€A.

In fact, for many algebras these types of maps are the only o-derivations avail-
able.

Under certain conditions (which are satisfied in our case) one can prove the
following theorem (see [HLSO06]).

Theorem 2.1. The A-module A - A can be endowed with a o-linear product
(a-Ab-A) :=0(a) - Ab-A)—0oc(b)-Ala-A), a,be A
satisfying
(i) {a-A,b-A) = (0(a)A(d) —o(b)A(a)) - A;
(ii) (a-A,a-A) =0;

(it)) Cape ({0(a)- Adb- A AY) +q-{a-Afb-A,c-A))) =0
where a,b,c € A. The product is in particular non-associative.

Definition 2.1. A hom-Lie algebra is an A-module M together with a o-bilinear
product { -, - ) on M such that

(hL1.) (a,a) =0, for all a € M;

(hL2.) there is a ¢ € A such that the identity

e {{o(a). (b)) +q-{a, b)) } =0,
holds for all a,b,c € M.

If we let ¢ vary in a group G, we get a collection of hom-Lie algebras, called
an equivariant hom-Lie algebra. Notice that an equivariant hom-Lie algebra
includes a Lie algebra (which might certainly be abelian) since this is what we
get when o is the unit element in G. We can thus view the equivariant structure
as a deformation of a Lie algebra, parametrised by the elements in G.



Example 2.2. The obvious example is the left A-module A - A with product
defined by theorem 2.1.

Some reasons why o-derivations are important (and actually prevalent in
abundance) in arithmetic and geometry, can be found in [Larl7] and the ref-
erences therein. In short, o-derivations and their associated hom-Lie algebras
encodes the Galois structure (or more generally, the automorphism-structure)
of the underlying algebra.

2.2 Infinitesimal hom-Lie algebras

We give a brief illustration of the above constructions that will be of some
importance later.

Let 0 be a commutative algebra and put o' := o[t]/t", for some n > 2. Then
o' is an 4nfinitesimal thickening of 0. Put A := a(id —o), where a € o and where
o(t) = gt, for some q € 0%. Then (o' - A, (, ) is infinitesimal hom-Lie algebra
on o'. The elements e; := t'A, 0 < i < n — 1, forms a basis for o' - A as an
o'-module.

Now, put A := a(id —¢). Then A(t") = a(1 — ¢")t'. Using Theorem 2.1 (i) a
small computation gives that

(eie;) = a(qi - qj)ei+j~

Observe that when i 4+ j > n, then (e;,e;) = 0 since in that case '/ = 0. In
addition, (e, e;) = a(1 — ¢')e;, for all 4.

Example 2.3. When n = 3, we get the (a, ¢)-parametric family of solvable
o-Lie algebras:

(eo,e1) =a(l —qges, (eo,e2) :a(1,q2)627 (e1,e2) =0.

One would be tempted to conjecture that infinitesimal hom-Lie algebras are Lie
algebras for all n. However, this is not true in general.

Associated to (o' - A, (, )) is an associative “enveloping algebra”, defined by

0{60, €l,..., enfl}

(eiej — ¢ eje; — (1 - qui)ei+j)

I, =

See [Lar23a] for its construction.

Example 2.4. For the algebra in example 2.3 we find (after change of basis
ey — ep + 1) we get the algebra

3 0{60761762}
g = , . (2.1)
(6061 — geé1€p, €p€z — (q-€zep, €16 — q€2€1)

The space l\/Iod( iq) is a quantum affine three-space.



2.3 Kummer-Witt hom-Lie algebras and their “enveloping alge-
bras”

We keep the notation from above and further denote the algebra structure on
A by

n
k k
Yiy; = E QiiYk, G €0,
k=0

where the y; are the algebra generators of A. Let o be the o-linear algebra
morphism on A defined by o(y;) = ¢;yi, ¢; € 0* and let A = a(id —o) be the
o-derivation from the previous section. Put e; := y; - A. Then, from Theorem
2.1, the pair

WX = (A : Av<< ) >>)7 <<ei7 ej>> - QZ(%‘ - qj)ai'cjek (22)
k=0

defines a hom-Lie algebra structure on A - A. We call W] the Witt hom-Lie
algebra over X attached to A and o.

Remark 2.1. The construction just given is obviously not dependent on the
particular choice o(y;) = q;y;. Any other automorphism can be used. However,
the result will, of course, be more complicated and harder to write out.

From now on we assume that the n-th roots of unity are included in o. Fix
a primitive such root ¢ = ¢, and let A be the Kummer extension

A=o[{/x] =0[t]/(t" —x), xE€o0.

Fix an r € Z and let o be the automorphism o(t) = ("t.

The hom-Lie algebra of o-twisted derivations on A is called the Kummer—
Witt hom-Lie algebra of level r (see [Lar23a]) and its enveloping algebra is the
Kummer-Witt algebra of level r:

o{ep,€1,...,€n_1)
(eiej —¢ri—Deje; — (1 —C"0=D)20 €fit) (modn)})

W/ (r) = (2.3)

The notation 2© means that z is included when i + j > n.

Remark 2.2. The same game can clearly be played with Artin—Schreier ex-
tensions. We invite the reader to write out the corresponding relations for
him /herself.

Remark 2.3. The above construction will be used with the following remark.
The element = € o is the A-ramification divisor. This element determines a
canonical subscheme in the ramification locus of a non-commutative space at-
tached to A. The element z is a ramification invariant in two senses: (1) as the
divisor in o over which A is ramified (i.e., p | z = p ramified); and (2) as an ele-
ment giving a subscheme of the ramification locus in a certain non-commutative
space (which we will construct later).



2.3.1 Fibres of Wi-/n(r)

Let p € Spec(o) be a prime. Observe that the reduction of ¢ modulo p (i.e., the
image of ¢ in k(p)), ¢, is non-zero, since ¢ € 0. Then

_ k(p)<607ela'_"7en—1>
(eie; —CU—Deje; — (1= C"U=D)20 efi4j (modn)})

WL/ (r) = (2.4)

We record the following for easy reference.

Proposition 2.2. There are the following three possibilities when reducing
modulo a prime p:

(1) ¢ =1, in which case we get

k(p)<€0,61, .. .,en,1>

WI/TL —
z (T)/p (eiej — eje,;)

= k:(p)[eo, €e1,..., en,1]7

the commutative polynomial algebra;
(2) =0, in which case we get

k‘(p)<60, e1,... ,6n_1>
(eiej — "= Deje;)

Walc/"(r)/p =

a quantum affine space;
(3) and the generic case (2.4) with relations unchanged.

It is important to note that in all three cases, the reduced algebra is a domain.

Proof. Obvious. O

Some ring-theoretic properties of wy/ "(r) are summarised in the following
theorem. Here will use notions that will not be defined in this paper. For more
details see [Lar23a]. It is not essential to understand all words in the theorem
in order to appreciate the rest of the paper.

Theorem 2.3. The algebra W;/"(r) satisfies the following:

(i) it is an Auslander-regular, noetherian PI-domain, finite over its centre;

(ii)
Kdim(WL/"(r)) = gl.dim(WL/™(r)) = n + Kdim(o),

where Kdim is the Krull dimension and gl.dim the global dimension;
(iii) it is fibre-wise Cohen-Macaulay with
GKdim(Wi/"(r)/p) = tr.deg(Wi/"(r)/p) =n,
where GKdim denotes the Gelfand—Kirillov dimension;
(iv) it is fibre-wise a maximal order in its fibre-wise division rings of fractions;

Remark 2.4. The Auslander-regularity is a natural generalisations of regularity
for non-commutative algebras. The same applies to Cohen—Macaulay-ness.



3 Non-commutative algebraic spaces

In this section we will very briefly introduce the concept of non-commutative
algebraic spaces in the sense of [Lar23b]. We refer to this paper for all details.

Let k be a field, A be a k-algebra and M := {My, M>,..., M} be a finite
family of finite-dimensional (over k) A-modules with structure morphisms &;.
Then there is a non-commutative ring Oy and a map £: A — 6M, encoding the
simultaneous deformations of the modules M;. In fact, £ is a versal family of
M.

The ring object Oy is constructed as follows (details can be found in [ELS17]
or [Lar23b]). Associated to M is a deformation functor having a matric pro-
representing hull (H;;). The diagonal consists of quotients of non-commutative
formal power series rings, and the entries off-diagonal are bimodules over the
diagonal. Then Oy is defined as the matrix ring

O = (Homy (M;, M;) @, Hi).

The ring O is to be thought of as the completion of the local ring at M in the
moduli space Mod(A) of A-modules up to isomorphism. In all cases that I'm
aware of this has a natural algebraisation ©y, which should be viewed as the
local ring itself.

Taking the projective limit over all finite families M, we define a ring object
6 on Mod(A4).

Definition 3.1. The non-commutative algebraic space of A, is the pair
L= (Mod(A),(‘)),
where O is the structure object of L 4. The tangent space of L4 at M is the

matrix Ty := (Extly(M;, M;);;). We say that 94 has property P if Spec(3(A))
has this property.

Remark 3.1. (i) Note that O is not a sheaf.

(ii) Since O is constructed by deformation theory, the structure object is only
defined fibre-by-fibre over 0. The construction can be made in a formal
sense without referring to any special type of base but this is not very
useful in practice. In fact:

(iii) The ring (H;;) is constructed in the same way as in the commutative
case (although it is more complicated): successively lifting the tangent
structure (defined over a field) and killing obstructions to further liftings.

The following is definition 2.8 in [Lar23b].
Definition 3.2. Let k be a field and let A and S be k-algebras.
(a) An étale S-rational point on L4 is an algebra morphism
E:A—-S

such that
Ajkeré = A/my x A/mg x -+ x A/my

is a direct product of prime rings. If the A/m; are artinian, being prime
is equivalent to being simple so the m; are maximal ideals. This applies
in particular to the case when S is artinian.



(b) The underlying étale point of £ is the set of algebras & := A/m,.

(c) If all & are simple, the point is closed, otherwise it is non-closed. The
point is open if all the &; are non-simple.

(d) If s =1, the map § is an S-rational point, which we write in non-boldface:
&; the algebra £ = A/m is then the (unique) underlying point of &.

(e) If S = Endy (M) for some field L and M finite-dimensional over L, we say
that & is an L-rational point.

(f) & is a geometric étale point if it is closed and 3(&;) = k! for all 7.
As usual we denote the S-rational points on &L = Mod(A) as

L (5) = Mod(A)(S).

4 The Jackson space

4.1 Polynomial identity algebras

Let R be a commutative ring and let Z(x) = Z(x1,22,...,2,) be the free
Z-algebra on n generators. An R-algebra A is a polynomial identity algebra
(PI-algebra) if there is an n and a P(x) € Z(x) such that P(aj,az,...,a,) =0
for all n-tuples (a1, az,...,a,) € A™.

Examples abound: all commutative algebras, Azumaya algebras (and so
matrix algebras and central simple algebras) and algebras that are finite modules
over their centres, are arguably the most important ones.

Let A be a Pl-algebra with centre 3(A). Then every ideal in A intersects
3(A) non-trivially. Furthermore, there is a dense open subscheme azu(A) C
Specm(3(A)) such that for all m € azu(A) the extension of m to A is also a
maximal ideal. The subscheme azu(A) is called the Azumaya locus of A. The
complement,

ram(A) := Specm(3(A4)) \ azu(4),

is the support of a Cartier divisor and is called the ramification locus. We will
be a bit sloppy and refer to azu(A) and ram(A) both as subsets of 3(A) and as
subschemes of Spec(A4).

We will routinely identify an A-module M with its annihilator a :== Ann 4 (M).
If M is a simple A-module, its annihilator is a primitive ideal. In the case of
Pl-algebras, an ideal being primitive is equivalent to it being maximal so we
identify simple modules and maximal ideals via this correspondence.

The following theorem is central in the theory of algebras finite over their
centres.

Theorem 4.1 (Miiller’s theorem). Let A be an affine Pl-algebra over a field &
and let M and N be simple finite-dimensional A-modules. Then

Exty(M,N)#0 <= Ann(M)N3(A) = Ann(N)nN3(A).

(The annihilators are left ideals.) The statement can be rephrased as the equiv-
alence

Exty(M,N)#0 <= Ann(M)N3(A) = Ann(N)N3(A) € ram(A),



since Ann(M), Ann(N) are maximal, and so also their intersections with the
centre.

Every simple module of a Pl-algebra over a field is finite-dimensional over
the ground field.

We denote by ¥ the map Spec(A) — Spec(3(A)) defined by ideal contrac-
tion. When A is finite over 3(A) this is a finite morphism in the sense that
#WU~1(p) < oo for all p € Spec(3(A)).

4.2 The Jackson algebra

Now, to summarise the constructions made so far bullet-wise:
e We have taken a Kummer extension A = o[{/z], x € o, of degree n;
e On this extension we have chosen a (] -derivation;

e From (] -derivation we constructed the associated hom-Lie algebra (which
is an infinitesimal structure for twisted derivations, analogously to Lie

algebras for ordinary derivations) and its “enveloping algebra”, Walc/ "(r).

Hence, W2/" (r) captures the (! -infinitesimal structure of o[ {/z].
Clearly, Wi/ "(r) is quite complicated in general and so is not so easy to work
with. Fortunately there is a subalgebra inside wy/ "(r) that has some remark-

able ring-theoretic, geometric and arithmetic properties, some of which ng/ "(r)
itself does not enjoy. This subalgebra is isomorphic to a “(}-deformation” of the
enveloping algebra of the Lie algebra slo. We will now describe this algebra.
Put, in order to simplify notation a bit, w := (1 — ¢?>"). Recall that ¢ = ¢,
is assumed to be primitive. Since ¢(~("~1) = ¢ and ¢~("=2) = (2, the algebra

S = 0<€0, e, en_1>/1,
with
I:= (6061 —("ereg — (1 —-(")e1, ep_1€0 —("egep_1 — (1 = (")en—1,
€p—1€1 — <2T616n_1 - J;we())

is easily seen to be a subalgebra of Wi/ "(r). Now, define the algebra

F.(r) :=o0leg, e1,e2)/J, r €7, (4.1)
where J is the ideal

. r r 2r
J = (6061 — < €€y, €2€g —(: €pé€a, €s2€e] — C €1y —Tey — xw).

Proposition 4.2. The algebras S and ¥, (r) are isomorphic over o [w™!], and
in particular fibre-wise. Furthermore, ¥,(r) (and hence also S) is an iterated
Ore extension (skew polynomial ring). The generator e, in S becomes the
generator ey in ¥, (r).

10



If n is composite with at least two different prime factors, such that (2"
is primitive, then w is invertible in 0. Hence, in that case, S and ¥.(r) are
isomorphic already over o.

Definition 4.1. The algebra ¥, (r) is called the Jackson algebra of level r. Let
w be the Teichmiiller character defined by ¢ (¢) = ¢“(?). The family of algebras

gt = {g.w(0)) | o € Z/n},
is called the total Jackson algebra. This is a Z/n-torsor.

We have already indicated the following remark, but it is important enough
to repeat.

Remark 4.1. The algebras ¥, i°' and w "(r), encode the Galois structure
of o[ ¥/z] through its ¢"-derivations, even though we have reduced the number
of generators from n to 3.

Remark 4.2. (i) The name “Jackson algebra” is in honour of F.H. Jackson
(1870-1960) and his work on g¢-derivations. Indeed, ¥, (r) is isomorphic
to the (enveloping algebra of the) “Jackson-sly”, a g-deformed version of
the three-dimensional Lie algebra sly, deformed using ¢-derivations. See
[LS07] for the details.

(ii) When ¢?" = 1, the algebra ¥,.(r) is either isomorphic to the commuta-
tive polynomial algebra o[tq,ts,t3] (when ¢ = 1) or to the o-algebra on
generators eg, ey, es and with relations

epe; +ejeg =0, eseg+eges =0, eze; —ejes = xeg.

4.3 The centre 3(%(r))

To simplify notation we will from now on often omit the dependence on 7 in the
notation ¥, (r) and simply write ¥,.
As before, we put
A= AR, k(p)

for any o-algebra A.
See [Lar23a] for the proofs of the following theorem and its corollary.

Theorem 4.3. Assume that (" is a primitive n-th root of unity. Then the
following holds.

(i) For z = 0:

3(%0)1p = k(p) egetes

r(a+2b) and r(b—¢) =0 modn}.

Observe that k(p)[eh, e}, e€h] C 3(5o) /p-

(ii) For = # 0:
k(p)[e%h ellv el2] - B(jm)/p

where [ € N is such that Ir is the least multiple of n.

11



In both cases we have

(iii) ¥ is an Auslander-regular, homologically homogeneous', noetherian, fibre-

wise Cohen—Macaulay domain, finite as a module over its centre and hence
a polynomial identity ring (PI) of pideg(¥.) = n;

(iv) ¥. is a maximal order in its division ring of fractions;
(v) Spec(3(¥:)) is a normal, irreducible scheme of dimension three.

(vi) Spec(3(Jo)) is in addition fibre-wise Cohen—Macaulay in the commutative
sense, i.e.,

Spec(3(%:)/p) = Spec(3(Jo) @0 k(p))
is a Cohen—Macaulay scheme for all p € Spec(o).

In fact, in [Lar23al, the centre in case (ii) is computed explicitly, but we
won’t be needing this in this paper.
We immediately get the following corollary.
Corollary 4.4. With the notation as above:
(i) The algebra (,),, is finite as a module over k(p)[e), e}, €}].
(ii) Hence, the ring extension k(p)[ef, e}, eb] C 3(¥,) is finite, and conse-
quently the morphism

¥ Spec(3(%:)) — A = Spec(k(p) eh. €}, eb] )

is finite as a morphism of schemes. We put [ in the notation to indicate
that we have a weighted version of the affine three-space.

(iii) In the other direction, any maximal m in 3(¥,) splits into ¢ maximal ideals
in ¥, where 1 < i < m, and where m is the rank of ¥, as a module over
3(%:). In other words,

\Ilfl(m) = {ml,mg, e, My

for some 1 <17 < m}.

Recall that ¥ is the contraction map on ideals.

(iv) Also, any maximal m in k(p)[eé,ell,eé] splits into j maximal ideals in
F.(r), where 1 < j < n, and where n is the rank of ¥, as a module over
k(p)[el, e}, eb]. In other words,

(wom)il(m) = {m1,m2,...,mj ‘ for some 1 < j < n}

I conjectured in [Lar23a] that Spec(3(J)) is singular for all n, and that it
might also be rational. In fact, I could prove the following theorem.

Theorem 4.5. Let K be a field of characteristic zero and let ¥ be the base
change (%,);x ®x K* of ($)/k to the algebraic closure K*'. Then

(i) Spec(3(¥2)) has rational singularities;
(ii) both Spec(3(¥2)) and Spec(3(($.),x)) are Cohen-Macaulay.

The question I couldn’t, and still can’t, answer in [Lar23a] is whether this
also implies that Spec(3((f.)/x)) itself has rational singularities.

1This is another regularity property, which I won’t define, of non-commutative rings, gen-
eralising the commutative counterpart.
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4.4 The non-commutative space Ly,

4.4.1 Properties of ™y,

Since ¥, is finite as a module over its centre, we can directly infer the following
result from the previous discussions.

Corollary 4.6. The space Ly, satisfies the following properties.

(i) It is Auslander-regular, homologically homogeneous, noetherian and irre-
ducible.

(ii) It is fibre-wise Cohen—Macaulay of dimension 3.

(iii) It is fibre-wise rational in the sense that it is a maximal order in its division
ring of fractions.

(iv) It has fibre-wise (at worst) geometric rational singularities in that its base
change to the algebraic closure has rational singularities.

(v) Contraction of ideals defines a finite morphism 9y, — Spec(3(¥,)) which
is one-to-one over azu(A), and j-to-one, for some 1 < j < n, over ram(A).
We view Ly, as fibred over Spec(3(A4)).

Note that Xy, satisfies regularity properties generalising the commutative
regularity condition even though the centre might have singularities.

We put
T = || Lruions
oc€ZL/n

the total Jackson space. This is a Z/n-torsor via the Z/n-action on F°'. We
can partition EI,';:t with respect to subgroups of Z/n into sets (not disjoint of

course).

4.4.2 The locus of one-dimensional points and its infinitesimal structure

For illustration we will now study the rational one-dimensional points. Thus,
for this section we let k be any field with a primitive n-th root of unity ¢ :=
(n. Furthermore, we identify 1-dimensional points, 1-dimensional modules and
their annihilator ideals. These points are maximal since 1-dimensional (over k)
modules are simple.

Note first that any 1-dimensional ¥,-module must lie on the ramification
locus. Indeed, any module in azu(A) corresponds to a central simple algebra of
dimension n?.

Assume (2" # 1. Then the relations reduce to
(1 - C’”)eoel =0
(1 — CT>6062 =0
(1=¢")erer = weg + x(1 — 7).
This implies that z(eq + (1 — ¢*")) = 0 so, if x # 0, we have that (¢?>" — 1,0,0)
is a one-dimensional module. In addition, the conic (hyperbola) C, given by
eijes = x in the plane eg = 0 consists entirely of commutative points (i.e., one-

dimensional modules). When x = 0, we find that the one-dimensional modules
lie on the union of the coordinate planes.
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Remark 4.3. When (2" = 1 we may assume that (" = —1. The relations
epe; +e1eg =0, ezeg+egex =0, exe; —erjex =xe

imply that
26061 = 0, 26062 = 0, reg = 0.

Consider first when char(k) # 2. When = # 0 we get that the plane {eq = 0}
consists entirely of one-dimensional points. On the other hand, when x = 0,
we get the union of the coordinate planes. Now, if char(k) = 2, we get, when
x # 0, the plane {ey = 0} and, if = 0, the whole A3.

We begin by working in eg = 0. Let k C k' be a field extension and consider
the k’-rational point

g(a,b) ::k/'fv with el'f:a.fu eZ'.f:b.fa aviklv
and similarly £, ,). Then we have the following results.

Proposition 4.7. Put £ := {E(a7b), 5(1“,)} be an étale k’-rational point on Ly, .
Recall that T¢ denotes the tangent space at &.

(i) Suppose x # 0 and ¢?" # 1. Then,

k, when a=("u,and v=__"b
Te = Exty (§(ap)> &) = K/, when a = (¥"u, and v = ¢*"b
k', when a = u, and b = v.

In all other cases Exty (£(4.4), &(uw)) = 0.

(ii) Suppose z = 0 and ¢(?" # 1. Then

k' when a = u, and b=
K when a = ¢?"u, and v = (%7
1 ) )
Tﬁ - EthI(é_(alyb), g(um)) - (k/)2 lf Whel’l a = b = UuUu=0v= O
0, otherwise.

(iii) Suppose x # 0 and ¢*" = 1. Then

k', whena=wu,and b=

1
Te= Ethﬁ(g(a’b)’g(u’v)) - {0 otherwise.

iv) Suppose z = 0 and ¢?" = 1. Then
(iv) Supp

K when a = tu, b = tv, char(k) # 2
1 ’ ) ’
Te = Exty (S0 §un) = {(k:’)3

when a = u, b = v, char(k) = 2.

Proof. The proof (which is rather simple) can be found, together with other
information, in [Lar23a]. O
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From the above, one can construct the ring object 6 over families of 1-
dimensional modules. Even though the result will probably be hard to interpret
I feel that it can be helpful to see what 6 actually look like in practice.

We only write it out for families of two modules.

Proposition 4.8. Let the notation be as above. Modulo possible obstructions
the versal bases for the deformations of £ are the following.

(i) Suppose x # 0 and (2" # 1. Then, for j = 1,2,

6, — ( Endp (§(cirup)) @ K [[t11]]  Homp (§rcirup)s E(u,cirp)) ® <t12>>
s Homp/ (e, cirp)s E(cirup)) @ (to1)  Endpr (§cirup)) @ K [[t22]] ’

with algebraisation,

6 — Endg (§cirupy) @ K'[t1r]  Hompgs (§ciru,pys Equ,cirn)) @ (t12)
¢ Homp/ (e, cirn)s E(cirup)) @ (to1)  Endir (§(cirup)) @ k' [t22] ’

in all non-zero cases. In the other cases
65 = ®£ = Homy, (g(a,b)a g(u,'u))-

(ii) Suppose z = 0 and (2" # 1. Then, the first two rows combine to the case
in (i), while the second is

é&(o,o) = Endw (§0,0) @ K (t1,t2)),  Ogy ) = Endpr (§(0,0)) ® K (1, t2).
(iii) Suppose x # 0 and ¢?" = 1. Then
6§(a,b) = Endk/(&(a,b)) ® k’[[t“, ®£(a,b) = Endk/(g(a,b)) ® k,[t]

and (55 = O¢ = Homy (§(4,5)s E(u,v)) in all other cases.

(iv) Suppose z = 0 and ¢(?" = 1 and let £ be the étale rational point & =
{g(a,b),g(,a,,b)}. Then, when char(k) # 2,

6 :< Endgr (§(a,5)) ® K'[[t11]] Homk'(s‘(a,b),f(a,b))®<t12>)
&7 \Homp (§—a,—0),Eap) @ (t21)  Endp (§a,—p)) @ k'[[t22]]

and when char(k) = 2,

Oc.. sy = Endis (§(a)) @ K/ ((t1, 2, L)),
both with obvious algebraisations.

Be sure to notice the situation when char(k) = 2.

5 Ramification

We will separate the discussion into two cases: (1) the geometric case, and (2)
the arithmetic case. The geometric case is essentially trivial.
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5.1 The geometric case

This is the case when the base o is an algebra over a field k, such that (,, € k.
The discussion below applies to both ¥, and ngc/ ", but we will only write it
out for ¥,.

Assume 0 = k[by, b, ..., by]/I. Hence

A= o[¥/a] = oft]/(t" — z) = K[b1, b, ... b, 8]/ ([, t" —z), =€ o.

The zero-locus of x is the branch locus, branch(4/,), of A/,. Over p ¢
branch(A/,) the cover Spec(A) — Spec(o) is étale (and in particular unrami-
fied) and so the fibre over p is

£
A@o k(p) = [ ki 1< €< deg(4,),

i=1

and where each k; a finite field extension of k(p). The group Z/n acts transitively
on the points of the fibre. Therefore we can construct the algebras ¥, (and
W;/ ") fibre-wise, but that is not what we are going to do.

Since n is invertible on the base the only interesting case of ramification is
when p | z, i.e., when p € branch(A/,). Therefore,

Proposition 5.1. Let o and A be as above. Then

(i) if p ¢ branch(A/,), the reduction of §, modulo p gives a generic (i.e.,
x # O) jx,/pQ

(ii) if p € branch(A4/,), the reduction of ¥, modulo p gives a quantum affine
algebra ¥y, /-

Hence, the ramification properties of A/, determines the structure of the alge-
bras ¥, fibre-wise. The converse is also true in the geometric case: the structure
of ¥, can be used to read off the ramification properties of A/, fibre-wise.

5.2 The arithmetic case

In a sense the geometric case is simple enough, it only comes down to the fact
that Kummer extensions have simple properties when n is invertible on all fibres.

The arithmetic case is not so straightforward since the fibres have charac-
teristic that can divide n. Let o be the ring of integers in a number field K
such that (, € ok.

Consequently, A = ox[{/z], € 0x. The branch locus is still the zero-locus
of x, but now there are more possible types of ramification. In this paper we
will only consider ramification at closed points, so ramification coming from
inseparability (or imperfectness) of the residue class rings, will not be an issue.

Assume now that p | n, say n = p*m. Then, (" =1 <= (" — l)pk =0,
implying that ("™ = 1 for m < n. Hence there are no, non-trivial, primitive n-th
roots of unity in this case.

Proposition 5.2. Let A = ox[{/z], with x € 0k, and let p € Spec(ok).

(i) If ptn and p ¢z, the extension is unramified and Ly, @ k(p) is generic;
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(i) if p f n and p | o, the extension is tamely ramified (total if p? { 2) and
Ly, @ k(p) is a quantum affine space;

(iii) if p | » and p f z, the extension is ramified and

XLy, @ k(p) = La

1
E(p)’

where

1 k)it 0)
Ae) = G — 10— )’

is the first Weyl algebra over the affine line, which in characteristic p, is
Azumaya, and, finally

(iv) if p | » and p | z, the extension is ramified and Ly, @ k(p) is the affine
three-space.

Observe that we cannot distinguish the ramification types (tame/wild) in
(iif) and (iv). On the other hand, the partition of " with respect to subgroups
of Z/n mentioned before can clearly be used with the ramification groups. How-
ever, the result will obviously not be visible in the structure of the spaces &y,
themselves. Nevertheless, maybe studying the relation (via non-commutative
“morphisms” between the elements in the partitions) might be used in some
way.

Proof. If p { n and p { = the extension is unramified and ¥, ,, is a generic Jackson
algebra since all n-the roots of unity are in k(p) On the other hand, if p t n
and p | z, the ramification is tame and we end up in the affine quantum algebra
case Jy/p- If; in addition p? { z, the ramification is total. If p | n, then every (,
reduces to 1 modulo p so get two the cases in (iii) and (iv). O

6 Torsion points and elliptic Jackson spaces

We will now construct the algebra ¥, from the torsion field of elliptic curves with
a K-rational torsion point and show that ¥, encodes the reduction properties
of the elliptic curve.

Let K be a local field and adjoin (,, a primitive p-th root of unity for p a
prime and put L := K((,). Let E be an elliptic curve over K with a (non-
trivial) K-rational p-torsion point. Then K (E[p])/L is a Kummer extension of
degree p or 1, with K(E[p]) the field generated by the p-torsion points of E.
Hence, K(E|[p]) = L[¢/x] = L[t]/(t? — x), for some x € L, or K(E[p]) = L. See
[Yas13], for instance. We can, and will, assume that « € or. In order to achieve
this we might need to multiply « with a unit (clearing denominators).

The criterion of Néron—Ogg—Shafarevich (NOS) gives that if E has good
reduction at £ # p, ¢ € Spec(Z), then K(E[p])/K is unramified at ¢. We will
need the following generalisation due to M. Kida. We will denote the reduction
types of elliptic curves with the corresponding Kodaira symbols.

Theorem 6.1. Let E be an elliptic curve over a local field K, finite over Q.
Put n:= —v(j(FE)), where v is the valuation of K.
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(a) If p> 3, K(E[p])/K is unramified at the place of K over ¢, if and only if

Iy, or

I,, ifp|n.

Type(E) = {
In other words, K(F[p])/K is unramified if and only if £ has semistable
reduction (over K).
(b) If p=2, K(FE[2])/K is unramified if and only if
Iy, or
Type(E) = I, if n even, or
I or I, with n odd.
Proof. See [Kid03, Theorem 1.1] O
The following lemma holds also when K i a number field.

Lemma 6.2. A prime p in K is ramified in L = K((,) if and only if p | p and
(p— 1) te(p), where e(p) is the absolute ramification index of p. In particular,
if e(p) =1 and p > 3, p is ramified if and only if p | p. If p = 2, p is ramified if
and only if p | p (regardless of e(p)).

Proof. See [CDyDO03, Theorem 1.1(1)]. O

Put F := K(FE[p]) and consider the following tower of extensions:

deg = porl <
deg=p—1 <

F qr

L q

K aK

Q 14

Throughout, we put k := k(q), the residue class field of g.
Observe that [F : L] = por [F : L] = 1, [L : K] = p — 1, so either
[F:K]=p(p—1)or [F:K]=p—1.

Remark 6.1. It seems that the case [F': L] =1 is rare. Recall that the roots
of the modular equation ®,(X,j(E)) = 0 are the j-values of all elliptic curves
isogeneous to E with cyclic kernel of degree p. From this follows that any cyclic
isogeny is defined over a subfield of K (E[p]) and so

LCL-K(®(X,j(E))) c K(E[p).

Therefore a necessary condition for F' = K(FE[p]) to be equal to L is that the
modular polynomial ®,(X, j(E)) (of degree p) splits completely over L, i.e., that
L is a splitting field for ®,(X, j(E)). Hence it is necessary that E is represented
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by an L-rational point on the modular curve Xo(p)/q. Further evidence of this
scarcity can be found in [GJLR16], where it is proved that if K = Q, the only
possible values for n where Q(E[n]) = Q({,) can happen are 2,3,4 and 5.

Remark 6.2. Assuming the degree of F'/L is bigger than one, it is fairly simple
to find a generator x such that F' = L[¥/z]. See the (sketch of) the proof of
[Yas13, Proposition 2.5].

I want to point out that many of the statements made below are well-known.
However, I made the decision to prove most of them anyway, probably with more
difficult proofs than needed. The main reasons are that I had problem finding
suitable references and also that I found some joy in coming up with the proofs,
in addition to fresh insights.

We need to separate the following into two cases: £ # p, and £ = p.

6.1 Special fibres of elliptic Jackson spaces; the case ¢ # p

By hypotheses here then, q t p. Then qg is unramified in L by lemma 6.2.
Assume [F' : L] # 1.

Lemma 6.3. Let q be a prime in L over qx. Then q is unramified in F/L if
and only if vq(x) =0 (mod p). In particular, if q { z, q is unramified.

Proof. See [Cas67, Exercise 2.12]. O

Remark 6.3. Notice that q can be unramified even if q | z. Namely if
T = qut, t>1 or, equivalently, vq(x) # 0 (mod p),

for some ideal a in o, relatively prime to q. This is seen by a change of divisor
x to an isomorphic, unramified extension (see [Cas67, Exercise 2.12]). In other
words, we can change x to an element y € L such that

F =LYz~ L[¢/y], withqty.

Now since qx is unramified in L, q is unramified in F' if and only if vq(z) =
0 (mod p). Also, since £ # p, (, # 1 (mod ¢). Note that

e(qrlax) = e(qrla)e(qlqx). (6.1)

Theorem 6.4. Suppose £ # p. Then E has semistable reduction at qx | £
if and only if, possibly after a change of generator x, ¥, ® k is generic, or,
equivalently, that L¢, @, k is a generic Jackson space.

The claim is independent of r since (" is primitive for all 1 < r < p — 1.
However, the resulting spaces are non-isomorphic in general.

Proof. Assume first that E is semistable. This is, by Kida’s theorem 6.1,
equivalent to qx unramified in F/K. Since the left-hand-side of (6.1) is then
1, we see that q is unramified in F//L. By lemma 6.3 this is equivalent to
vq(z) = 0 (mod p). Therefore, either q {  and the reduction becomes generic;
or x = aq®, with p | s, in which case remark 6.3 implies that we can change
generator  — y so that F' = L[y/y] and q { y, and therefore the reduction is
still generic (after change to y).
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Conversely, suppose ¥, @, k is generic. Then x # 0 (mod q). Hence vq4(z) =
0 (mod p), implying that q is unramified in F by lemma 6.3. From (6.1) we thus
find that e(qr|qx) = e(q|qx). Since qx 1 p, lemma 6.2 implies that e(qlqx) =1
and so qg is unramified in F. Kida’s theorem then gives that F is semistable.
The proof is complete. O

Theorem 6.5. Suppose ¢ # p. If E has non-semistable reduction at qx | ¢, then
Ly, @ k is a (possible trivial, depending on the roots of unity in k) quantum
affine space.

Suppose, conversely, that Ly @, k is a quantum affine space, implying that
T = aq®.

(i) If p 1 s, then E has non-semistable reduction;

(i) if p | s, then E has semistable reduction.

Proof. Since qx 1 p, lemma 6.2 implies that qx is unramified in L. From (6.1)
we find that e(qr|qx) = e(qr|qx) and so if q ramifies in F', ¢ must also ramify
in F. Therefore, lemma 6.3 implies that vq(z) # 0 (mod p). Hence 2 = 0 in
gx ®L k‘

Conversely, assume z = aq®. If p{ s then lemma 6.3 gives that q is ramified
in F, implying that qx is also ramified in F. Kida’s theorem then implies that
E has non-semistable reduction. On the other hand, if p | s, then q is unramified
in F (after a change of generator). Equation (6.1) gives e(qr|qx) = e(qlqx),
implying that q is unramified in F', since e(q|qx) = 1 when qx 1 p by lemma
6.2. Therefore, Kida’s theorem implies that E has semistable reduction. O

Clearly, we didn’t need to prove theorem 6.5 since it is a consequence of
theorem 6.4. However, I feel that the above proof gives me some interesting
insights.

Remark 6.4. It is interesting to note that, by [Sil94, Theorem IV.10.3(b)], £
has good reduction over K(E[/]).

6.2 Special fibres of elliptic Jackson spaces; the case ¢ = p

Since q | p, we have that ¢, = 1 (mod p) unless (p — 1) | e(q). We assume from
now on that e(q) = 1, and so we can observe that ¢, = 1 € k. The case e(q) > 2
is probably considerably harder. As always, the case p = 2, presents additional
difficulties so we assume for simplicity that p > 2.

Theorem 6.6. Let E,x be an elliptic curve with a K-rational p-torsion point.
Assume that [F': L] > 2 (i.e., that not all p-torsion points are K-rational) and
that e(q) = 1.

(i) Let E,x be an elliptic curve with a K-rational p-torsion point and let qx
be a prime of K over p. Then E cannot have good supersingular reduction
at qx; in addition,

(ii) the case of non-split multiplicative reduction cannot happen.

(iii) If £,k has good ordinary, split multiplicative, or additive, reduction at

qr, then
ﬂ:A1, lfq)fx
Ly, R k= k
e TE {Az, if q | z.
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Recall that Ai denotes the first Weyl algebra over the affine k-line.

Parts of the above theorem are almost certainly known but I haven’t found
precise references so I supply complete proofs of all statements. There are almost
certainly easier and shorter arguments than presented.

Proof. Assume that E,x has good supersingular reduction at qx | p. Since £
has a K-rational p-torsion point, we know that F'/L is either trivial or cyclic of
degree p. In the first case there is nothing to prove, so assume that the degree
of the extension is p. This means that [F' : K| = p(p — 1). By the assumption
that E has good supersingular reduction, [Ser72, Proposition 12, 1.11] implies
that the inertia group of Gal(F/K) has degree p? — 1, which is then clearly not
possible for an extension of degree p(p — 1).

Suppose that E,x has multiplicative reduction over p. Let F; be the as-
sociated Tate curve, with vq(¢) < 0 (see [Sil94, Theorem V.5.3| for details).
Then E has a K-rational p-torsion point if and only if F has split multiplicative
reduction and the Tate period ¢ is a p-th power. Now, from [Sil94, Theorem
V.5.3(b)]) we have that F is split multiplicative if and only if £ ~ E, over
K. Hence, in particular E[p] >~ E,[p] (over K). On the other hand, if £ has
non-split multiplicative reduction there are no K-rational p-torsion points. The
reason for this is that we need to base change E to an unramified quadratic
extension of K to get an isomorphism between E and E,. The details can be
found in [Sil94, Section V.5].

Since q | [F : L], proposition 5.2 (iii) shows that, F/L is ramified and
Ly, ®r k is either EI:Aim or Ai, depending on whether q |  or not. O

The above theorem suggests that ¥, might not be the best algebra to use to
study the case £ = p. Therefore we will turn to the infinitesimal algebras from
section ?77. We remark that the infinitesimal algebras I, enjoy the same ring-
theoretic and homological properties as ¥, as given in theorem 4.3 and corollary
4.4.

Assume that K is a local field, unramified over Q, (so e = 1). We can (and
will) choose p as the uniformiser of 0. Put k := 0x /p. Because K is unramified
over Q, we can write

K=QyGn), m=p"—1, n=[K:Q)

where (p,, is a primitive m-th root of unity. Hence k = F» and Cm € k.

Let E,x be an elliptic curve over K and € := €/,, its minimal regular
model. The extension F/L = K(E[p])/K((,) is a separable extension with ring
of integers oy [¢/z] = o0x[(p][¥/x]. Therefore, we can find a § € F such that
F/L = K(¢)(8)/K(¢y) and o = o1 [3].

We can choose = as x = Zf;ol ¢,7"(B), where we have chosen a generator 7
for Gal(F/L). The extension K (E[p])/K((p) = L(8)/L is totally (and wildly)
ramified since reducing modulo the maximal ideal m = (p) C 0x we have

oL[{/z] = ok [Gpl[V/2] = K[T]/(T — ).
In addition, Z is identically zero since
p—1

z=) ¢ (B)=pB=0.

~
Il
=]
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Recall that, since the extension is ramified, 7 = id. Since K(E[p])/K((,) is a
totally ramified Kummer extension it is, a priori, clear that x must be a unit
times a uniformiser (which in this case is p).

The choice of P € E[p](K) allows us to choose a Q € E[p] such that {P,Q} is a
Z-basis for E[p]. The lifting {P, Q} becomes a Z-basis on €, but its specialisation
to the closed fibre need not be a basis. Since P € E[p](K) the specialisation P
to the closed fibre can be viewed as an element in the special fibre € (k).

Recall that o', = or[T]/(T?) and consider the polynomial ring o} [y] =
or[T,y]/(T?). There are two natural morphisms o', [y] — L'[y] and o} [y] —
k'[y]. On o' [y] we introduce the oy [y]-linear automorphism o (7’) := y7T. This
naturally extends to the generic fibre L'[y] and the special fibre &'[y].

Evaluation y — A € K® defines an o, [\]-rational point on Spec(o} [y]). We
now construct the algebra

0L[A]<€0,61, .. .,ep_1>

(eiej — )\j—iejei — (1 — )\j—i)eiﬂ)

L =E(or [\ (id—0)) =

)

over o1,[A]. Remember that we take i + j modulo p.
There is a natural subalgebra of I, namely,

€pe1 — /\6160 — (1 — )\)61

Iy = oL[)\](eo,el,ep1>/ eoep—1 — N le, 1eg— (1 — NP He,
eiep 1 — )\pfzep_lel

For simplicity, we put es := e,_;. If we want to make the prime explicit in the

notation we write J >(\p ).
Making the substitution ey — eg + 1 and some re-arranging yields the iso-
morphic algebra (which we also denote ¥y ):

epe; — Aejey
— 1—
F\ =or[N{eo, e1,e2) exeg — AN Pege,
ese — /\2_pe1€2

Remark 6.5. The algebra F, can be viewed as the glueing of three (in general)
distinct quantum planes.

6.2.1 The special fibre of F

We will now reduce modulo the maximal ideal (p) and the generic point. The
following diagram summarises the situation:

% red € E/K

I\ @y k<L Fy — > Ty @0, K.

Put Fy = F\ ®o, k, the special fibre of Fy. We call Fy ®,, K, the generic
fibre (of course).

We will continue working with the minimal regular model € of E, . Recall
that E(K) = €(ok), and thus E(K)[p] = 6(ok)[p]. The set of non-singular
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k-points on E is isomorphic to the identity component of the special fibre €°(k)
(see [Sil94, Corollary IV.9.2(c)]).
Fix a,b € Z and let

0 (apy;s := S([a]P + [bQ) € F = K(E[p)),

where S is a function in the coordinates of [a]P+ [0]Q. Normally we will consider
a,b and S as fixed and so we simply write 8 for H(G,b); g unless confusion can
arise. We write 8 = Zf;ol 0,5, with 0; € L.

From now on we let d be the number of irreducible components of €(k),
counted without multiplicities, and f the conductor of E. Put w := f 4+ d and
evaluate A at (, where (, € p, is primitive. We choose ( = (, such that
¢ is also primitive. In addition, we set F, := F.. Ogg’s formula (see [Sil94,
IV.11.1]) shows that w = v, (AB™) + 1, where AB™ is the minimal discriminant
of E/K.

Remark 6.6. Note that we make three successive evaluations: y — A — (-
We could certainly do the evaluation y — (,, directly, but I feel that this misses
the point in the sense that the value (,, for A is a specific choice.

When w = f + d is irrelevant we sometimes write ¢ instead of (,. Put
kw := k() and let z := (20, 21,...,2,-1)T be a vector in o [(]P. Recall that
0 := 0,15 is fixed. Define the étale L-rational point Mg , to be the family of
one-dimensional J,,-modules N; := o0.[(] - y defined by
ey -y := by,

ey y:=Agy, e1-y:i=z2jy,

where Apg is the discriminant of E and 6; is the j-th coefficient of 8. To be
explicit we will sometimes write 9; as a triplet (Ag, z;, ;) and the étale point
me,z = (AEa z, 0)

In order for 91; to be an .¥,,-module it is necessary and sufficient that

(1 —C)AEZJ‘ :07 (1 —Cl_p)AEﬁj :O7 and (1—(2_p)2j6‘j =0.
Clearly, the special fibre, which we denote F,,, is
(1-¢)Agz; =0, (1-C"P)ARf; =0, and (1-C*P)z0; =0.

If z; # 0 for all j the étale rational point Mg , is clearly empty since the
element 0 is fixed.
A computation shows the following theorem.

Theorem 6.7. Let 9 and 9y be (Ag, 21,6,) and (Ag, Zo, 03), respectively.
Then

K,
TN = Eth?c (gtl, ﬁg) = k‘w,

(=]

i

From this follows that
On =

where N = {9,915}

Homy,, (M2, N1) @ (t21)

ifAE:Oandzlzigzoand@:@*p@l
ifAE:Oandélzéganndél:C_Q*pig

otherwise.

Endy,, (M2) ® ku [[t22]]

w

. ( Endg, (M) @ kw([t1n]]  Homy, (91,Mp) @ <t12>)
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Remark 6.7. The theorem applies also to the case 1 — (> = 0. Unless
z1 =29 =0 or 81 = 6 =0, we always end up in the third case.

Assume z; = 0 and let 9N, be (0,0,0;). Then the mirror of N; is the
module ‘.YIJ-L such that ‘.YIJ-L = (0,0,¢?7P0;). Theorem 6.7 the shows that there
is a tangent between 9; and ‘ﬁj-, visually 90; — ‘ﬁj— Note that (‘ﬁj)J- is
not necessarily 9;. However, identifying the modules 91; = (0,0,{?7?6;) and
‘ﬁ; = (0,0,(P~20;), sets up a symmetry and so with this we can claim the
implication N; — ‘)_?j- == ‘)_Tj‘ — MN;.

The mirror of the étale k,-rational point g, is naturally the family of
modules

‘ﬁé,z =Ny 5.
We say that Mg, is a mirror of Ng 4 if Ny, is the mirror of Ng ;. Any mirror
of Ng , defines an element in F', namely 0+ := (2P0, hence also in I¢, and by
restriction, in J,,,.

6.2.2 p#3

For p > 5 we have

0, if F has good reduction,
f =41, if E has multiplicative reduction, and
2, if E has additive reduction.

We can directly note that, in the case of good reduction, Eép) = koleo, e1, ea].
In the case of multiplicative reduction, i.e., f = 1, the relations are

=) p 1—p ~2—p
d+1: €oe1 —Car1€1€0, €zeg—(; 1€pez, €exe; — (. jeiey,

where d = —v,(jg). Hence the reduction is a quantum affine space.
When the reduction is additive we find the relations

() = “1—p 2-p
d+2 ¢ €o0€1 — Ca12€1€0, ezeq — Cd+2 €p€z, €2€1 — Cd+2 €1€s.

The possible values for d in the additive case are
d=1,2,3,5,5—-v,(jg),7,8,9.

However, it will turn out that not all these are possible when the curve has a
K-rational p-torsion point.

6.23 p=3

Due to possible wild ramification when p = 3, the results are more subtle.
Theorem IV.10.4 in [Sil94] gives the bound 2 < f < 5, with each value possible.
When f > 2, [Sil94, Table IV.4.1], shows that, when p = 3, d has the possibilities
d=1,3,7,9, corresponding to Kodaira types II, IV, IV* and II*, respectively.

We refrain from writing out all possible algebras, simply writing E;i)d as
given by the relations

= 72 1
eoe1 — (fyaei1€o, e€zeg — (i €0€s, €xe1 —(p  eres,

with 3 < f <5and d € {1,3,7,9}. The case f = 2 was treated above.
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6.2.4 Multiplicative reduction

Now, when the reduction is multiplicative the number of components is d =
—vp(3(E)) > 1, corresponding to the Kodaira type I4.

For the two examples below we fix S and (a,b) and write 8 = 0, ).5 =
Z’O’_l 0,5, with 6; € L. I tried to find explicit curves with K-rational points
so that some choice of 8 would be manageable, i.e., would be possible to write
down in a reasonable way, but did not succeed.

Example 6.1. Suppose that F has Kodaira type Is. Then

k(53)<€07 er,e)

I, = )
L2 = “1—p 72—p
epe; — (3e1eg, exeg — (3 ‘epes, exe; — (3 eie;

The centre 3(.%,) includes the algebra k((s)[ef, €3, €3], so Spec(3(F1,)), and
by convention, 5133127 can be seen as an A3-fibration.

Assume given a z such that 6; is not zero. Put 0M; = (0,0,6;). From theorem
6.7 we see that

kA0 =P,

B 1 > . W\
Ty, = Extjb(mum) - {07 otherwise,

where, of course, N = (0,0,9/) and N; := {9;,N'}. Hence N = N Notice
that if p =3, & = 1 s0 F = A3,

Example 6.2. For E of Kodaira type I5, we find

k((6)(eo, 1, €2)

I = )
Is _ 7 _Fl-p F2—p
epe; — (se1eo, exeg — (3 ' €epea, exe1 + (3 ejes

The slightly different relations here follow from p being an odd prime and C6 =
C2Gs-

In this case the centre is quite complicated but it certainly includes the alge-
bra k(s)[ef, €5, €3] (hence Spec(3(F1,)) and 2'13312 can be seen as A3-fibrations
in this case also). With the same notation as in the previous example we find

Th,

i

- ko if 0 =GP,
— Ethy (mz’m/> — 1 . <3 7

Is 0, otherwise,
following from theorem 6.7.

The case of additive reduction is more subtle as was alluded to above. The
possible number of components are 1 < d < 9 but it will turn out that not all
of these are possible.

6.2.5 Additive reduction

We will look at bit deeper into the case of additive reduction. The following
theorem is [KP17, Theorem 12].
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Theorem 6.8. Let E,x be an elliptic curve with additive reduction at qg | p.
Then

(i) Eo(K) ~ E(ox) as (topological) groups, and
(ii) if 6e(q) < p — 1, then Ey(K) ~ Zy, as Zj,-modules. When 6e(q) > p — 1,
we have Eo(K) ~ Zy x Z/p.

Here n is the degree of K/Q,.

Theorem 6.9. Let E, i be an elliptic curve with a K-rational p-torsion point
and e(q) = 1. Then E,k cannot have additive reduction at qx, unless p = 2, 3,5
or 7.

Proof. By theorem 6.8 (ii), if e(q) = 1, then Eo(K) ~ Z; when p > 11. Hence
the only possibilities to have p-torsion in the additive reduction case are when
p=2,3,57. O

Let E/k be an elliptic curve with additive reduction at qx and with Weier-
strass equation

E/k: v+ arxy + asy = 23 + aox® + agx + ag. (6.2)

In fact, [KP17, Lemma 9] shows that the coefficients can be chosen so that they
are all in the maximal ideal m C og.
Recall that, for an elliptic curve E, g, there is an exact sequence

red =

0—— F1(K) ——= Ey(K) —— Egm(k) ——0,

where Ey(K) is the set of K-rational points on E reducing to the smooth locus
E.,, on the reduced curve E and where F; (K) is the kernel of reduction. Also,
E1(K) ~ E(ok), where E is the formal group of E. See [Sil86, Propositions 2.1
and 2.2, chapter VII| for details. Let E,x have additive reduction and let €,
be its minimal regular model. Then

8(k) ~ Eqn(k),

where €Y is the connected component of the identity in the closed fibre, by
[Sil94, IV.9.2(c)]. Also, there is an exact sequence of group schemes

0 80 % . (6.3)

From this sequence and [Sil94, TV.9.2(a,b)] follows the exact sequences

OH%O(OK) H%(OK) 4>(I)(0K) ——0

0—— Eo(K) — B(K) d(K) 0

E(K)/Eo(K)
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and

0%%0 (oK) [p>] —= €(ok)[p™°] —= (oK) [p™]

In addition, [Sil94, IV.9.2(b)| gives that

0—> Eo(K — (E(K)/Eo(K))[p™].

O(K) = B(K)/Eo(K) = 8°(k) = o(k).

The group ®(k) is the group of components of 8.

Now, table [Sil94, Table IV.4.1] shows that ®(k)[p] = {0} if p > 3 and hence
Eo(K)[p] ~ E(K)[p]. Therefore, all K-rational p-torsion points must reduce to
non-singular points on E(k) = €(k). Theorem 6.8 now implies that, if p > 7,
Ey(K) is p-torsion-free, and hence also E(K).

Let us begin by looking at the cases p =5 or 7. Since E(K)[p] ~ Eo(K)[p],
the discussion in section 3.3.1 in [KP17] implies that

E(K)[p] =~ Zy x Z/p, (with n = [K : Qp))

if and only if f(T') := T — aT? has a non-trivial solution in k, where a =
3a4/5 (mod q) when p =5 and a = 4ag/7 (mod q), when p = 7, and where ay,
ag are the coefficients given by the Weierstrass model (6.2). See [KP17, Section
3.3.1] for the details. It is important to be aware that these congruences refer
only to the Weierstrass model (6.2) where the coefficients are in m. Incidentally,
the polynomial f(7') is the reduction of the power series [p](T") in the formal
group of E k.

If a solution to the these congruences does not exist, E(K)[p] = Z; and
hence there are no non-trivial K-rational p-torsion points. The above comment
indicates that the number of curves with additive reduction with a K-rational
p-torsion point is quite rare for p = 5 and rarer still for p = 7. In fact, the
first curve where the curve has additive reduction with a non-trivial Q-rational
point is 294b2 in Cremona’s table [Crel5]. The next curve after this is the
curve 490k2.

The following two examples show that existence and non-existence of rational
p-torsion points can occur for both p = 5 and p = 7 in the additive reduction
case. The computations are done with Sage [Sag20].

Example 6.3. Let E/q, be the elliptic curve given by the Weierstrass equation
vV ray+y=a3+2%+222 0. (50b2)

This curve has bad additive reduction (of type II) and is 50b2 in Cremona’s
table [Crel5]. The Qs-rational 5-torsion points are

{oo, (1:-5:1), (1:3:1), (9: —37: 1), (9:27:1)}
and so E(Q5)[5] = E(Q)[5] ~ Z/5. All these have non-singular reduction. On

the other hand, the curve 50a4 also has bad additive reduction (of type IV*).
However, this time the only rational 5-torsion point is {oo} = {[0: 1 : 0]}.
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Example 6.4. Now, let /. be the elliptic curve 49a3 given by the Weierstrass
equation
2 _ .3 2
y°+axy =x° — 2" — 107z + 552. (49a3)

This curve has bad additive reduction of type III*. The only Q-rational 7-
torsion points is {oo} = {[0: 1:0]}. Looking now at the curve £/q_

2+ oy +y = a3 — 22 + 918z + 5289 (490k2)

of bad additive Kodaira type II, one finds that

E'(Q))[7] = E'(Q)[7] = {oo, (—3:-49:1), (—3:51:1), (17: —169 : 1),
(17:151: 1), (97 : —1049: 1), (97 : 951 : 1)},

all of non-singular reduction.

When p = 5 or 7, the conductor is f = 2 for type II and III. In the case
p = 7 the only possibility is d = 1 (Kodaira symbol II) and so, since all 3-rd
roots of unity are in Fr,

(7) k<60761362>

(6061 — (3e1e9, €2e) — €pea, €2e1 — 6526162>
When p = 5 we find the algebras
(5) k<607 €1, 62>

1 = - = ,
F
(6061 — (sereq, exey — epes, exeq + C461€2>

where {4 € F5, and

—(5) k((3)(eo, €1, e2)
T — _ 3 0__11 2

(6061 — (3e1ep, ezeg — (5 epez, exe; — 6162)

Note that, depending on the degree of k/F5, (3 may or may not be in k already.
The degree [k(C3) : k] is either 1 or 2.

In the case p = 3, the group ®(k) = ®(K) is not necessarily trivial. There-
fore, we cannot conclude from (6.3) that

Eo(K)[3] = E(K)[3].

In fact, this is false in general. Thanks to Chris Wuthrich for indicating the
following examples. Computations once again courtesy of Sage [Sag20].

Example 6.5. Let E/q, be the elliptic curve
VHy=a>-7 (27al)

over Q3. Then
E(Qs)[3%] ~Z/3

and only {oo} = {[0: 1: 0]} has good reduction. In fact, E(Q)[3] = E(Q3)[3] =
E(Q3)[3°°]. This curve has Kodaira type IV*.
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Example 6.6. Now, let /g, be Cremona’s curve 54b3:
v 4oy +y =123 — 2% — 142 4 29. (54b3)

In this example
E(Qs)[3%] ~Z/9

and three Qs-rational points have good reduction (incidentally, these are the
points of F(Q)[3]). The Kodaira symbol for 54b3 is IV.

The possibility for the p-torsion points to reduce into the singular locus is
measured by ®(k) = ®(K) = E(K)/Eo(K) and when p = 3 the only possibility
is ®(K) = Z/3, which corresponds to the Kodaira symbols IV and IV*. The
reason for this is that E(K)[3]/Eo(K)[3] is a subgroup of ®(K) of order 3.
Hence 3 must be a divisor of the order of ®(K). According to [Sil94, Table
IV.4.1] this corresponds to E(K)[3]/Eo(K)[3] = E(K)/Eo(K) = Z/3 and the
Kodaira symbols IV and IV*.

Another possibility is that E(K)[3]/Eo(K)[3] is trivial while E(K)/Ey(K) =
(0) or E(K)/Eo(K) = Z/2. In this case we get the symbols II and III. This
happens for instance for 54b1 (which is of type IT) and 90b2 (which is of type
III). Note that E(K)[3]/Eo(K)[3] and E(K)/Ey(K) = (0) can both be trivial
without F having good reduction (when E is a cusp with only one component).

On the other hand, the Kodaira symbols I have found for the 3-torsion
reducing to the smooth locus, for curves over Qs, are II, III, IV, I§, I7, I3, I3
and Ij. At the moment I'm not sure whether I can appear for n > 5 or not
(and, in that case, if there is an upper bound). This shouldn’t be too difficult
to prove or disprove.

Remark 6.8. It is important to remember that all the above claims are made
under the assumption that F has a K -rational 3-torsion point.

Summarising the additive case when p = 3:

Theorem 6.10. Suppose E/q, has additive reduction. The relations for yf(?d

are

eger — (fra€1€o, €€ — (rl.e0es, exer — (il eies
and the possibilities for d and f are (remember, 2 < f < 5):
I: d=1, f > 2;
I: d=2, f =2;
IV: d=3, f > 2;
I:d=5+mn, f=2,and

IV d=7, f> 2.

Depending on d, f and [k : F3], (f+q may, or may not, be in k already.
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7 The 0-elements

Now, fix S. We then get a function
p—1
0_s: Elp] — F, [aP+[b]a — 0=0(4s=) 03" (7.1)
i=0

This defines a one-dimensional étale L-rational point of order p — 1,
me,oz{m]|0§j§p71}7 m]:(070a91)7

on Ly,,,. We can define a mirror family ‘ﬁéo such that ‘5?570 =(*"PNgo.
Hence,

Proposition 7.1. The association (7.1) sets up a correspondence between E/p]
and one-dimensional étale L-rational points of order in Ly, ,. Each such étale
L-rational point g o defines a unique mirror ‘)_’Ié-p on the special fibre Ly, , ®
k.

There is another way to use the correspondence (7.1). It is natural to say
that the F;y4-module $) := Fsyq/(H), where H := apeg+aie1+ases € Fyiq,
is a hyperplane in Ly, .

Proposition 7.2. The association 0’2;5 . Elp] — Fjta,

p—1
[G]P + [b]Q — Zgzﬁl — H:= 9060 + 0161 + 91)*162‘ (72)
i=0
(recall ey is actually e,_1) sets up a correspondence between E[p| and hyper-

planes in Ly, ,. Hence the function 0533 is a hyperplane arrangement in Ly, ,
defined by E|[p].

Note that the restriction of 02[1)1; g to the central subscheme defines an actual
hyperplane arrangement in Spec(3(Friq))-

Remark 7.1. The above constructions are obviously not restricted to the par-
ticular choice w = f + d.

As a third, and final, construction involving the 8-elements we present a way
to construct elements in the Brauer group of L[(r44].

As mentioned in remark (6.5) we can view %, as the glueing of three quan-
tum planes

Qi,j = oL[Cf+d]<ei,ej>/(eiej — C;erejei), 0<1< ] < 2,

wherea=1,p—1or p— 2.
Given a hyperplane ) = 6pey + 1e; + 0,_1e2 we can form the following
quotients
0 Qi

9. = - y , 0<i<j<a2.
(6{+ :07;, E;»Ur :03)

If 6,6, # 0, Qf{ ; defines an Azumaya algebra over o [(f 14, defining an element
in Br(oz[¢s+4]). Consequently the generic fibre is a central simple algebra and
hence defines an element in Br(L[{s+q4]). By the functoriality of Br there is a
natural morphism Br(or,[¢+a]) = Br(L[{+d))-
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Proposition 7.3. The association 035 : Elp| — Br(L[¢+4)),

p—1
[aP+la — > 6,8 — Q7 0<i<j<2 6:6,#0, (7.3)
=0

sets up a correspondence between E[p] and elements in Br(L[(r+q4]), and by
restriction to a (possibly trivial) element in Br(L).

The above correspondences (7.1), (7.2) and (7.3) might deserve some further
study.
Remark 7.2. If f + d = 2 the algebras sz, under the condition 6;60; # 0, are
all quaternion algebras. This can only happen when E has Kodaira symbol I,
i.e., when € = P'.
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