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Abstract

Fix a prime p > 2. Let G be a nilpotent-by-finite compact p-adic analytic
group, and k a finite field of characteristic p. We prove that kG is a

catenary ring.
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Introduction

In this thesis, we study the prime ideal structure of completed group rings kG of com-
pact p-adic analytic groups G over certain rings k. Most notably in the cases k = Z,
or k = F,, kG is sometimes referred to as the lwasawa algebra of G. Throughout
this thesis, £ will be a field of characteristic p; many results will require stronger

hypotheses (e.g. that k be finite), and we will always state these explicitly.

Recall that a ring R is called catenary if, given any two prime ideals P < @ of R,
any two saturated chains of prime ideals beginning at P and ending at ) have the

same length. The main result of this thesis is:

Theorem A. [Corollary(10.3.3] Let G be a nilpotent-by-finite compact p-adic analytic

group, and k a finite field of characteristic p > 2. Then kG is a catenary ring. [

In order to prove this, we will first need the concept of an orbitally sound compact

p-adic analytic group.

Let G be a compact p-adic analytic group, and H a closed subgroup. Following
Roseblade [24], we will say that H is orbital (or G-orbital) if it only has finitely
many G-conjugates, or equivalently if its normaliser N (H) is open in G; and H
is isolated orbital (or G-isolated orbital) if H is orbital, and given any other closed
orbital subgroup H' of G with H < H’, we have [H' : H|] = 0o. G is then said to be

orbitally sound if all its isolated orbital closed subgroups are in fact normal.



The majority of the work goes into proving:

Theorem B. [Theorem [10.1.12] Let G be a nilpotent-by-finite, orbitally sound com-
pact p-adic analytic group, and k a finite field of characteristic p > 2. Then kG is a

catenary ring. O

The main idea of the proof follows Roseblade [24]: we will show that, under certain
hypotheses, we may reduce the problem of understanding prime ideals of kG to one of
understanding prime ideals of kA for A a free abelian compact p-adic analytic group

— that is, A = Zg for some d, and kA a power series ring in d variables.

The link connecting Theorem [B] to Theorem [A] is as follows. We will say that a
prime ideal P of kG is faithful if the natural group homomorphism G — (kG/P)* is

injective.
Theorem C. Let G be a nilpotent-by-finite compact p-adic analytic group. Then

(i) [Definition and Theorem [2.1.6(ii)] G' contains an open characteristic sub-
group nio(G) which is orbitally sound, and is the maximal such open normal

subgroup.

(ii) [Theorem [10.2.7] Suppose G is not orbitally sound, and P is a faithful prime
ideal of kG. Then P is induced from some proper open subgroup H of G
containing nio(G): that is, there is an ideal L of kH such that P is the largest

two-sided ideal contained in LkG. ]

This is a corollary of a “vertices and sources” result (Theorem , a partial ana-
logue of a theorem by Lorenz and Passman [17] for the case of group algebras of
polycyclic-by-finite groups. Theorem [C] depends mostly on some arguments around
prime and G-prime ideals, Krull(-Gabriel-Rentschler) dimension, etc. which are rea-

sonably independent of the rest of the material in this thesis; this is the majority of

.



In order to be able to address Theorem [B] we will first need to understand the

structure of nilpotent-by-finite compact p-adic analytic groups G.

We know already that there is an open characteristic subgroup nio(G) of G. We may

define also the two closed characteristic subgroups

A ={zeCG|[G:Cqx)] < oo},

AT ={zeAlo(x) < oo},
and it will be clear that we have the inclusion
1 <AY <A <nio(G) <G.

We will show the existence of another series of important closed characteristic sub-

groups:
Theorem D.

(i) [§2.5] Let G be a nilpotent-by-finite compact p-adic analytic group. Then there
exists an open characteristic subgroup FN,(G) which is maximal among those
open normal subgroups H containing A" with the property that H/A™ is nilpo-
tent and p-valuable. (This is the finite-by-(nilpotent p-valuable) radical of G.)
Also, nio(G)/FN,(G) is isomorphic to a subgroup of ¢(Z), the (cyclic) group

of torsion units of the ring Z,.

(i) [§2.3] Let N be a p-valuable group. Then there exists a unique fastest descending
series of isolated orbital closed normal subgroups of N, the isolated lower central

Series,

N=N>N>...,

with the properties that each N; is characteristic in N, N;/N;; is abelian for



each 7, [N;, N;] < N,;; for all 7 and j, and there exists some r with N, = 1 if

and only if N is nilpotent.

There exists also a unique fastest descending series of isolated orbital closed
normal subgroups of N, the isolated derived series,

N=NOND

Y

with the properties that each N@ is characteristic in N, N® /N1 is abelian

for each i, and there exists some 7 with N = 1 if and only if N is soluble. [

In the case when G is nilpotent-by-finite, we will take N = FN,(G)/A™, and write

H; for the preimage in G of N; = H;/A™. With this notation, we show:

Theorem E. [ Let G be a nilpotent-by-finite compact p-adic analytic group.
With notation as above, let a be a preimage in nio(G) of a generator of nio(G)/FN,(G).
Then conjugation by a acts on each H;, and hence induces an action on the (free,
finite-rank) Z,-modules H;/H;;; = A;. In multiplicative notation, there is some

scalar ¢ € t(Z)) such that 2% = 2" for all z € A;. O

Putting these ingredients together allows us to understand the structure of a nilpotent-
by-finite compact p-adic analytic group G, which, for convenience, we display in the

following diagram.



nio(G)
) SH(Zy)
H, H
dy o
a: (CZy =A;
H,
nilpotent, p-valuable
Hr—l
a:(rlozi oA,
H., AT
1

Let H be a closed normal subgroup of G. We will say that an ideal I of kG is
controlled by H if (I NKkH)kG = 1.

To prove the analogue of Theorem |B|in the case of polycyclic group algebras, Rose-
blade [24] first showed that faithful prime ideals P were controlled by A. Ardakov [4]
has proved an analogue of this result in the case of nilpotent p-valuable compact

p-adic analytic groups:

Theorem. [4, 8.4, 8.6] Let G be a nilpotent p-valuable group and k a field of char-

acteristic p. Then faithful primes P are controlled by the centre of G. O]

The idea behind Roseblade’s proof is as follows. As A is finite-by-(torsion-free
abelian), its centre A is of finite index. If we are able to reduce from prime ide-
als of kG to certain (semi)prime ideals of kA, and then (by a finite-index argument)
to certain (semi)prime ideals of kA, then we have reduced our problem to one of

commutative algebra.



In §, we will explore the structure of the ring kG /M, where M is an arbitrary
minimal prime ideal of kG. It is known already, due to Ardakov, that the minimal
primes of kG are intimately connected with the minimal primes of kA™: we review
this connection in Lemma We strengthen the results in [5, Propositions 10.1,
10.4] and [3], which deal only with cases such as when G = F x U, for F a finite

group and U a uniform pro-p group, as below.
Our first result along these lines is as follows.

Theorem F. [Theorem M(n)} Let G be a compact p-adic analytic group with
G /AT pro-p, and let k be a finite field of characteristic p. Take a minimal prime p of
kAT which is G-invariant, so that pkG is a minimal prime of kG. Then there exist a

positive integer ¢, a finite field extension £’/k, and an isomorphism

b kG /pkG — M, (k’[[G/N]]). O

(The “G-invariant” condition is not too restrictive; we will return to this issue later.)

In fact, in proving this theorem, we give a more explicit construction of such an

isomorphism, so as to be able to keep track of images of ideals and subrings.

In the general case, if G is a compact p-adic analytic group, G will have an open
normal subgroup H satisfying the conditions of Theorem but this may not in

general extend to an isomorphism
kG /pkG — Mt<k’[[G/A+]]>.

However, this is not too far off. We show that a similar result does hold, provided
we are willing to replace k'[[G/AT]] by a closely related ring (k’[[G/A*]])a, a central
2-cocycle twist of K'[[G/AY]]. We define this fully in Definition [£.2.2] and then show



that the twisting process (—), preserves some desirable properties.

Theorem G. [Theorem Let G be a compact p-adic analytic group and H an
open normal subgroup containing A" with H/A™ pro-p, and let &k be a finite field
of characteristic p. Take a minimal prime p of kAT which is G-invariant (note that
then pkH is a minimal prime of kH and pkG is a minimal prime of kG). Then the

isomorphism

b kH/pkH — Mt<k’[[H/A+]]>

of Theorem [F| (applied to the group H) extends to an isomorphism

b kG pkG — Mt<(k’[[G/A+]])Q). O

Studying this isomorphism in detail allows us to understand the behaviour of ideals
of kG containing pkG by understanding ideals of (kK'[[G/AT]]) . We derive some

consequences of Theorem [G] that will be useful in later work.

In Definition below, we will say that an ideal I of kG is faithful if the natural map
G — (kG/I)* is an injection, and almost faithful if its kernel is finite. A measure of

the failure of I to be faithful is given by the normal subgroup I' := ker(G — (kG /I)*).

Theorem H. [Corollaries [3.2.3] and [£.2.11] With notation as in Theorem [G] let A

be an ideal of kH containing pkH. Write ¢(A/pkH) = M,;(a) for some ideal a of
K'[[H/AT]]. Then

(i) Ais prime in kH if and only if a is prime in k'[[H/AT]].

(ii) A is stable under conjugation by G if and only if a is stable under conjugation

by G/A* in the ring (K'[[G/AT]])..

(iii) A is almost faithful as an ideal of kH if and only if a is (almost) faithful as an
ideal of K'[[H/AT]]. O



We state all of these results together here for convenience. Statement (i) above is an
easy consequence of Morita equivalence, given in Lemma [1.6.5, but statements (ii)

and (iii) rely crucially on explicit calculations under the isomorphism .

We note here briefly that p will not necessarily be G-invariant, but may have a (finite)

G-orbit, say of size r. In this case, we can extend Theorem [G] to the following:

Theorem I. [Lemma [4.3.1] Let G be a compact p-adic analytic group and H an
open normal subgroup containing At with H/A™ pro-p, and let k be a finite field of
characteristic p. Take a minimal prime p of kA" which is not necessarily G-invariant,

and let its stabiliser G; have index r in G. Then there is an isomorphism
kG/Q — M, (kG /pkG),
so that the isomorphism
kG kG — Mt<(k’[[G1 /A*]])a>
of Theorem |G| (applied to the group G;) extends to an isomorphism

KG/Q = My ((K[[G1/A7)), ) 0

We prove a much more precise statement of this theorem in but do not state
it here as the notation is rather technical. The more precise statement helps in
understanding the relationship between ideals of kG and ideals of kH, when H is a
closed normal subgroup of G. When H acts transitively on the G-orbit of p, as in the
special case of Theorem [G] it is not hard to generalise Theorem [H} but the G-orbit
of p may split into several H-orbits, possibly of different sizes, and it is important to

keep track of the isomorphism.



Using these various simplifications, we are almost able to extend the theorem of
Ardakov to a stronger analogue of Roseblade’s control theorem. We first prove the

following intermediate result:

Theorem J. [Proposition [7.3.3] Let G be a nilpotent-by-finite compact p-adic ana-
lytic group and k a field of characteristic p > 2. Let H = FN,(G), and let P be a

G-stable, almost faithful prime ideal of kH. Then PkG is prime.

The proof of this theorem is fairly technical. For the majority of the work, we
assume AT = 1, so that H is nilpotent p-valuable; in we construct an appro-
priate p-valuation on H, and in we use this to form a filtration on a partial
quotient ring of kH/P which respects a particular crossed product decomposition
kG/PkG = kH/P = F, and the proof of Theorem [[J] follows from studying the

graded ring with respect to this filtration.
Finally, we get:

Theorem K. [Theorem|9.3.7] Let G be a nilpotent-by-finite, orbitally sound compact
p-adic analytic group, k a finite field of characteristic p > 2, and P an almost faithful

prime ideal of kGG. Then P is controlled by A.

The deduction from Theorem [K] of Theorem [B] is adapted from methods outlined
in [24], and then Theorem [A]is deduced by mimicking results from [15], [16], [17], and

others.



Chapter 1

Preliminaries

1.1 Compact p-adic analytic groups

Our primary object of study will be the completed group algebras of compact p-adic
analytic groups. These are perhaps most simply defined as closed subgroups G of the

(profinite) group G'L,(Z,) for some n > 0. It is known that

{ uniform groups } - {p—valuable groups} c { compact p-adic }

[9], Definition 4.1] [13; T, 2.1.2] |9an]§gﬁt;fi£§u8pi4]

with the first inclusion coming from [9, Definition 1.15; notes at end of chapter 4],

and the second from [9, Corollary 8.34]. We will say more about p-valuable groups
in 1.3

Note also that compact p-adic analytic groups G are profinite groups satisfying Max:
every nonempty set of closed subgroups of G contains a maximal element. Indeed,
in the case when G is p-valuable, this follows from [13| III, 3.1.7.5]. In the gen-
eral case, G contains a uniform open normal subgroup U by [9, 8.34]; and, given a
nonempty set Ag of closed subgroups of G, we can consider the related nonempty set

Ay = {XNU|X € Ag} of closed subgroups of U. A maximal element Y of Ay must

10



come from an element X of Ag with Y = X NU, and [X : Y] < [G : U] < o0, so
if X is not maximal, choose an element Z € Ag strictly containing X'; an induction
argument on the index [Z : Y] shows that we will find a maximal closed subgroup in

finitely many steps.

Finally, we remark that [9, 8.34] implies that compact p-adic analytic groups are

precisely extensions of uniform (or p-valuable) groups by finite groups.

1.2 Orbital subgroups, A and A"

Definition 1.2.1. Let G be a profinite group. A closed subgroup H of G is G-orbital
(or just orbital, when the group G is clear from context) if H has only finitely many

G-conjugates, i.e. if Ng(H) is open in G. Similarly, an element x € G is orbital if

(G : Cg(z)] < oc.

Definition 1.2.2. The FC-centre A(G) of a profinite group G is the subgroup of all
orbital elements of G. The finite radical AT(G) of G is the subgroup of all torsion

orbital elements of G.

Remark. Throughout this thesis, we will write as shorthand AT = AT(G) and
A = A(G). Also throughout, all homomorphisms will be continuous, etc. unless

otherwise specified; see e.g. [9, Corollary 1.20].

Lemma 1.2.3. Let G be a compact p-adic analytic group. For convenience, we record

a few basic properties of A and A™.
(i) AT is finite.
(i) If H is an open subgroup of G, then AT(H) < AT(G) and A(H) < A(G).

(iii) When G is compact p-adic analytic, AT and A are closed in G.

11



(iv)
(v)

AT and A are characteristic subgroups of G.

A /AT is a torsion-free abelian group.

Proof.

(i)

(iv)
(v)

AT is generated by the finite normal subgroups of G 22, 5.1(iii)]. It is obvious
that the compositum of two finite normal subgroups is again finite and normal.
Now suppose that AT is infinite, and take an open uniform subgroup H of
G [9, 4.3]: then AT N H is non-trivial, and so we must have some finite normal
subgroup F' with F'N H non-trivial. But F' is torsion, so this contradicts the

fact that H is torsion-free |9, 4.5].

If an element x € H has finitely many H-conjugates, and H has finite index in

G, then x has finitely many G-conjugates.
AT is closed because it is finite.

For the case of A, suppose first that G is p-valued [13, III, 2.1.2]. Now, any
orbital z € G has Cg(x) open in G, and so, for any g € G, there exists some
n with ¢g?" € Cg(z), i.e. g?"x = xgP". This implies that (¢%)?" = ¢*", and so
by |13, II1, 2.1.4], we get ¢g* = g. Hence Cg(z) = G. In other words, A = Z(G),

which is closed in G.

When G is not p-valued, it still has an open p-valued subgroup N [9, 4.3].
Clearly A(N) = A(G) NN, and so [A(G) : A(N)] < [G : N] < c0. So A(G) is
a finite union of translates of Z(N), which is closed in N and hence closed in

G.
See |21} discussion after lemma 4.1.2 and lemma 4.1.6].

See [21, lemma 4.1.6]. O

12



Throughout the remainder of this subsection, (G is a profinite group unless

stated otherwise.

Definition 1.2.4. An orbital closed subgroup H of G is isolated if, for all orbital
closed subgroups H' of G with H < H' < G, we have [H' : H] = oo. (We will
sometimes say that a closed subgroup is G-isolated orbital as shorthand for isolated
as an orbital closed subgroup of G.) Following Passman [22, definition 19.1], if all
isolated orbital closed subgroups of G are in fact normal, we shall say that G is

orbitally sound.

We record a few basic properties, before showing that this definition is the same as

the one given in [24] 1.3] and |4, 5.8] (in Lemma [1.2.10| below).
Lemma 1.2.5. Let N be a closed normal subgroup of G.

(i) Suppose H is a closed subgroup of G containing N. Then H/N is (G/N)-orbital
if and only if H is G-orbital; and H/N is (G/N)-isolated orbital if and only if

H is G-isolated orbital.
(ii) Suppose G is orbitally sound. Then G/N is orbitally sound.

(iii) Suppose N is finite and G/N is orbitally sound. Then G is orbitally sound.

Proof.

(i) It is easily checked that N¢g/n(H/N) = Ng(H)/N, and so

(G- Ng(H)] = [G/N : Ng(H)/N] = [G/N : Ngyn(H/N)].

So H is orbital if and only if H/N is orbital. Suppose these two groups are both
orbital, and let H' be an orbital closed subgroup of G with H < H' < G: then

[H': H|=[H'/N : H/N], so H is isolated if and only if H/N is isolated.

13



(ii) Let H/N be an isolated orbital closed subgroup of G/N. Then, by (i), H is an
isolated orbital subgroup of G, so H < GG, and so H/N <1 G/N.

(iii) Let H be an isolated orbital closed subgroup of G. As N is normal in G, clearly
Ng(HN) = Ng(H), so that HN is G-orbital. But [HN : H] < oo, and so we
must have HN = H as H is isolated orbital. So, by (i), H/N is (G/N)-isolated
orbital, and hence normal, as G/N is orbitally sound by assumption. But this

means that H is normal in G. Il

From now on, we assume that G is a profinite group satisfying the maz-
imum condition on closed subgroups: every nonempty set of closed subgroups

of G has a maximal element.

Recall our earlier remark that, if G is compact p-adic analytic, it satisfies the maxi-

mum condition on closed subgroups.

Definition 1.2.6. If H is an orbital closed subgroup of GG, we define its isolator
ig(H) in G to be the closed subgroup of G' generated by all orbital closed subgroups

L of G containing H as an open subgroup, i.e. with [L : H] < oc.

Once we have proved that ig(H) is indeed an isolated orbital closed subgroup of G
containing H as an open subgroup, it will be clear from the definition that it is the

unique such closed subgroup.
We now prove some basic properties of ig(H), following [22].
Proposition 1.2.7. Suppose H is an orbital closed subgroup of G. Then H is open

in lg(H)

Proof. We first show that, if L; and Ly are orbital subgroups of G containing H as
an open subgroup, then [(Ll,L2> ; H} < oo. Write (—)° for (,c4(—)?. Suppose

without loss of generality that G = (Ly, Ls), and that H° = 1 (by passing to G/H®).

14



Fori=1,2, as [L; : H] < oo and as H, L; are all orbital, we may take an open normal
subgroup N of G such that [N, L;] C H. Indeed, N¢(L;) is a subgroup of finite index
in GG, and permutes the (finitely many) left cosets of H in L; by left multiplication;

take N; to be the kernel of this action, and set N = N; N Ns.

Hence [N N H,L;] C NN H, ie. both L; and Ly normalise N N H, so G normalises
NN H. So NN H is a normal subgroup of G contained in H, and by assumption
must be trivial. But N was an open subgroup of GG, so H must have been finite, and
so Ly and Ly must be finite orbital subgroups of G. This implies that L; < A*, and

hence G = A", so that G is finite, as required.

Now, in the general case, GG satisfies the maximal condition on closed subgroups, so
we can choose L maximal subject to L being orbital and [L : H] < oo. This L is

ig(H) and contains H as an open subgroup. O
Lemma 1.2.8.

(i) Suppose H is an orbital closed subgroup of G. Then ig(H) is an isolated orbital

closed subgroup of G. Furthermore, if H is normal in G, then so is i¢(H).

(ii) Suppose G is orbitally sound and H is a closed subgroup of finite index. Then

H is orbitally sound.

Proof.

(i) If ig(H) is orbital, then by Proposition [I.2.7] it is isolated (by construction).
But H has finite index in ig(H), so ig(H) must be generated by a finite number
of closed orbital subgroups Li,..., L, containing H as a subgroup of finite

index. So

ﬂ Ne(Li) < Ne(ic(H)),

and as each Ng(L;) is open in G, so is Ng(ig(H)).

15



Now suppose that H is normal in G. To see that ig(H) is normal in G, fix
g € GG, and note that conjugation by ¢ fixes H and therefore simply permutes
the set of orbital closed subgroups L of G containing H as an open subgroup,
i.e. permutes the set of subgroups of G that generate i¢(H) (see Definition

1.2.0).

(ii) Let K be an isolated H-orbital closed subgroup of H. Then K is G-orbital,
so ig(K) is an isolated orbital subgroup of G, and so is normal in G. Hence
ig(K)NH is normal in H. But [ig(K) : K] < 00, so [ig(K)NH : K| < oo, and

hence ig(K) N H = K, as K was assumed to be isolated in H. O

Lemma 1.2.9. Let H be an open normal subgroup of G. Then there is a one-to-one

correspondence

isolated orbital isolated orbital
closed subgroups of G closed subgroups of H

G’ G'NH,
ig(Hl) ' H'.

Proof. Suppose first that H’ is an arbitrary orbital closed subgroup of H. That is,
Ny (H') is open in H, hence also in G, and so Ng(H') must be open in G. Therefore
H' is also G-orbital, and so, by Lemma [1.2.§[1i), i¢(H’) is an isolated orbital closed

subgroup of G.

Next, take a G-isolated orbital closed subgroup G’ of G. As G’ and H are both
G-orbital, so is G' N H, and so we may take its G-isolator; we will show that
ic(G' N H) = G'. But both G’ and ig(G' N H) are G-isolated orbital (G’ by as-
sumption, ig (G’ N H) by definition) and contain G’ N H as an open subgroup, so by
uniqueness (see Definition , they are equal.

Furthermore, as G’ N H is G-orbital, it is also H-orbital. Take some closed orbital
subgroup L of H containing G’ N H as an open subgroup; then, by the previous

paragraph, L is contained in iy (G' N H) <ig(G'NH) = G'; and L is contained in H

16



by assertion, so must in fact be contained in G’ N H. Hence we conclude that G' N H

is its own H-isolator, and is hence already isolated orbital in H.

Finally, take an isolated orbital closed subgroup H’ of H; it remains to show that
ic(H')NH = H'. To do this, note that ig(H') contains H' as an open subgroup by
Proposition [1.2.7} so ig(H') N H is an H-orbital closed subgroup (by the correspon-
dence above) containing the H-isolated orbital H’ as an open subgroup, and so by

definition the two must be equal. [
Lemma 1.2.10. The following are equivalent:
(i) G is orbitally sound, i.e. any isolated orbital closed subgroup H of G is normal.

(ii) Any orbital closed subgroup K of G contains a subgroup N of finite index in

K which is normal in G.

Proof.

(i) = (ii) | Let K be an orbital closed subgroup of G. By Lemma [1.2.8(i), i¢(K)

is an isolated orbital closed subgroup of GG, and so (by assumption) is normal in G.
Therefore, as it contains K as a subgroup of finite index (by Proposition , it
must contain each conjugate K9 (for any g € G) as a subgroup of finite index. But
as K is G-orbital, it only has finitely many G-conjugates, and so their intersection
K° still has finite index in ig(K) and hence also in K, and K° is normal in G by

construction.

(ii) = (i) | Let H be an isolated orbital closed subgroup of G, and write H° for the

largest normal subgroup of G contained in H, which by (ii) must have finite index
in H. Now clearly H < ig(H°) by definition of i¢(H®), but also ig(H°) < H as H
is isolated and contains H°. So H is the G-isolator of a normal subgroup, and so by

Lemma [1.2.8(i), H is also normal in G. O
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1.3 p-valuations
Recall [13, 111, 2.1.2] that a p-valuation of a group G is a function
w:G— RU{oo}

satisfying the following properties:
e w(x)=oc if and only if z =1,
o w(@)>(p-1)",
o w(z™y) = inflw(x),w(y)},
o Wz, y]) = wlz) +w(y),
o w(aP) =w(x)+1,

for all x,y € G. The group GG, when endowed with the p-valuation w, is called p-
valued. On the other hand, a group G is called p-valuable |13, 111, 3.1.6] if there exists
a p-valuation w of G with respect to which G is complete of finite rank. We will
usually carefully distinguish between the two, as we will be considering more than

one p-valuation on p-valuable groups in §5|

Definition 1.3.1. Recall from |4} 4.2] that an ordered basis for a p-valuable group
G (with p-valuation w) is a set {g1,...,ge} of elements of G such that every element

x € G can be uniquely written as the (ordered) product

=] o

1<i<e
for some \; € Z,,, and

w(xr) = inf {w(g) +v,(Ai)},

1<i<e
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where v, is the usual p-adic valuation on Z,.

As in [4], we will often write

as shorthand, where A = (A,..., Ac) € Zr.
We recall a property of ordered bases.

Lemma 1.3.2. Let G be a complete p-valued group of finite rank, and N a closed
isolated normal subgroup of G. Then there exist sets By C Bg such that By is an

ordered basis for N and B¢ is an ordered basis for G.

Proof. This follows from [4, proof of Lemma 8.5(a)]. O
Remark. It may be helpful to think of this as follows:
Bg = {xl,...,xh xT+1,...,xS},
Ba/n By

where Bg v = Bg \ By can in fact be taken to be any preimage in G of any ordered

basis for G/N.

Let G be a p-valuable group with p-valuation w. Then we may form an associated

graded group gr,G as follows. Write

Gw’)\ = G)\ = wil([k, OO]),

GM)\-&- = G)\+ = wil(()\, OO])

and define

gl"wG = @G}JG)&.

AER
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Each element 1 # = € G has a principal symbol
gr,(z) =G+ € G,/G,+ < gr,G,

where p is defined such that u = w(zx).

1.4 Completed group rings

Definition 1.4.1. [8, Introduction] Let G be a profinite group and k a commutative
pseudocompact ring (e.g. a commutative profinite ring). Then the completed group
ring kG is defined to be
kG = I&n k|G /N],
N

where the inverse limit ranges over all open normal subgroups N of G, and k[G/N]

denotes the usual group ring of the (finite) group G/N over k.
Remark. When it helps to reduce ambiguity, we will write kG as k[[G]].

Recall from [18, 1.5.2] that, for any finite group F', there is a natural embedding of
groups ip : F' — (k[F])*. By taking the inverse limit of the maps {ig/n}, we get a

continuous embedding i : G — (kG)*.

Lemma 1.4.2 (Universal property of completed group rings). Let G be a profinite
group and k a commutative pseudocompact ring. Then the completed group ring kG
satisfies the following universal property: given any pseudocompact k-algebra R and
any continuous group homomorphism f : G — R*, there is a unique homomorphism
f*: kG — R of pseudocompact k-algebras satisfying f*oi = f. (Here, (kG)* and

R* are naturally viewed as subsets of kG and R respectively.)

Proof. Let f: G — R* be a continuous group homomorphism, and let I be an open
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ideal of R which is a neighbourhood of zero. Then (I + 1) N R* must be open in R*,
and so its preimage I := f~*((I+1)NR) must be open in GG. Thus the map f descends
to a homomorphism of (abstract) groups f; : G/IT — R*/(I +1)N R* — (R/I)%,

and G/IT is finite.

Now, by the universal property for (usual) group rings |18, 1.5.2], we get a unique
ring homomorphism k[G/IT] — R/I extending f;, and hence a ring homomorphism
kG — k|G/I'] — R/I by definition. But as R is the inverse limit of these R/I,
and the maps f; are all clearly compatible by uniqueness, we get a continuous ring

homomorphism kG — R extending f. m

1.5 Minimal prime ideals

Let G be a compact p-adic analytic group and £ a finite field of characteristic p

throughout.
Lemma 1.5.1.

(i) Write J := J(kA™). Then JkG is a two-sided ideal of kG contained in the

prime radical of kG. Hence, denoting by (-) images under the natural map

kG — kG /JkG, there is a one-to-one correspondence

{minimal prime} _ . Jminimal prime
ideals of kG ideals of kG |
(ii) Retain the notation of (i).

Let X = {e1,...,e.} be a G-orbit of centrally primitive idempotents of kAT,
and write f =e; +---+e,. Then Mx := (1 — f)kG is a minimal prime ideal

of kG, hence (by (i)) its preimage My in kG is a minimal prime ideal in kG.

Conversely, let M be a minimal prime ideal of kG. Then there exists a G-orbit

X of centrally primitive idempotents of kA+ such that M = My.
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This sets up a one-to-one correspondence

{minimal prime} G-orbits of centrally
ideals of kG primitive idempotents of KA+ [

(iii) Given a centrally primitive idempotent e € kA*, there exists some ¢ > 0 and
some finite field extension k’/k with e- kAT = M, (k"). Hence, if A is a k-algebra,
we may identify the rings

e kAT R A<= >e - kAT ® (K @ A) <> M(K' @ A).
k k' k k

Proof.
(i) This follows from [3, 5.2].
(ii) This follows from [3, §5, in particular 5.7].
(iii) e-kAT is a simple finite-dimensional k-algebra, so the isomorphism e-kAT 22 M, (k')

follows from Wedderburn’s theorem. The rest is a simple calculation. O

We will use this correspondence very often, so will immediately set up notation which

we will use for the rest of this thesis.

Notation 1.5.2. If an ideal I << kG contains a minimal prime ideal, then it contains

a unique minimal prime ideal, say M. Then, under the correspondence of Lemma
1.5.1{(ii), we obtain a unique G-orbit X of centrally primitive idempotents of A+

corresponding to M.

Throughout this thesis, we will write

for this set X. Given a centrally primitive idempotent e € cpim(] ), we will write

f = ¢|¢ to mean



where Cg(e)\G denotes the (finite) set of right cosets of Cg(e) in G. In other words,

if we write e = e; and X = {e;,...,e.}, then f =e|” means f =¢, + -+ +e,.

Throughout this thesis, when invoking Lemma (+) will always mean the quotient

by JkG unless otherwise stated. Thus,

1.6 Faithfulness and control

Let G be a compact p-adic analytic group, and k a field of characteristic p.

Definition 1.6.1. Let P be a prime ideal of the ring R. We say that P is controlled
by the subring S if (P N S)R = P. Following Roseblade 24, 1.1], if R = kG and

S = kH for some closed normal subgroup H of G, we say P is controlled by H.

Definition 1.6.2. For any ideal I of kG, define also
I'={zeG|z—-1€1I}.

This is the kernel of the natural group homomorphism G — (kG/I)*, and so is a
normal subgroup of G. If I = 1, we say that [ is a faithful ideal; if I' is finite, we

say that I is almost faithful.

The next two lemmas are technical results about controller subgroups: see the remarks

at the start of section [3.2] for the big picture.

Lemma 1.6.3. Suppose now that k is finite. Let P be an ideal of kG containing a
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prime ideal, and write

e = cpi* (P), f = e|¢

as in Notation [1.5.2 Let H be any closed subgroup of G containing A*. Then the

following are equivalent:
e (PNKH)kEG =P,
o (PNkH)KG =P,
o (f-PNf-kH)f-kG=f -P.

Proof. Firstly, JkG C P by Lemma M(l), and so by the modular law we have
(PNkH)+ JkG = PN (kH + JkG)

from which we can deduce

and so

(PNkH)kG = (PNEkH)EG.

Conversely, the preimage in kG of (P N kH)kG is (PNkH)kG + JkG, but this is just
(PNEkH)kG as J C PNkH.

Secondly, (1 — f)kG C P, and so just as above we may deduce by the modular law

(PARHRG) = (f- PN f-FH)f - FC.

~~

Similarly, 1 — f € PN kH, so the preimage in kG of (f - PN f-kH)f - kG is
(P ARG 0

In order to retrieve information from Lemma [1.5.1(iii), we need a matrix control
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lemma:

Lemma 1.6.4. Let R be a ring, I an ideal of R, and S a subring of R. Let t be a

positive integer. Then the following are equivalent:
(i) INS)R=1

(i) (M (1) N M;(S))My(R) = My(1)

Proof.

(i) = (ii) | Identify R, S and I with their images under the diagonal embedding

R — M(R). It is clear that
I My(R) € My(I),
and conversely if ay; € I for all 1 < k,1 <t then
(aij>i,j = Z ap B
k,l

where Ej; € My(R) is the elementary matrix with (4, j)-entry d;,0;. So we see that

I- My(R) = M(I). But clearly

M(I) =1-My(R)=(INS)R- M(R)
= ([ NS)M(R)
C (M(I) 0 Mi(S)) My(R)

g Mt([)7

and so these are all equal.

(ii) = (i) | Write d : R — M;(R) for the natural diagonal map r + 71, where I is the

identity element of M;(R). We will show that (M,(I)NM(S))M;(R) = M,((INS)R).
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Then, by intersecting both sides of the equality M;((INS)R) = M;(I) with the subring
d(R), which we may identify with R, we see that it implies (I N S)R = I.

First, it is clear by definition that M,(I) N M(S) = M,(I N S).

Next, in order to show that M;((I NS)R) = M(I N S)d(R), we note simply that, for
any r € R and elementary matrix E;; as above, we have rE;; = E;;d(r). So, given

some z € M;((I N S)R), we may write
t
T = Z i B,
ij=1
with each x;; € (I N S)R, so that

Lij = E YijkTijks
k=1

with each y;;; € INS, each r € R and each n;; some positive integer. Now, reordering

the factors of each product as above, we see that
v =Y (yirEi)d(ri)
i7j7k

is clearly an element of M;(I N S)d(R); the converse is similar.

Finally, the inclusion M;(I N S)d(R) € My(I N S)M(R) is trivial; and the reverse
inclusion is proved using a similar trick to the above, i.e. any element x € M;(R) can

be written as

t t
=Y By =Y Eyd(y;)

4,j=1 4,j=1

for some y;; € R, and My(I N S)E;; € My(I N S). This establishes the equality. O

Finally, we recall some basic properties of Morita equivalence:
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Lemma 1.6.5. If R and S are Morita equivalent rings, then there is an order-
preserving one-to-one correspondence between the ideals of R and the ideals of S,
and this correspondence preserves primality. R is Morita equivalent to M;(R) for any

positive integer t.

Proof. This is [18, 3.5.5, 3.5.9]. O

1.7 Crossed products
Definition 1.7.1. Let A and G be groups. Suppose we have a function of sets
o:G — Aut(A)

— that is, G “acts on” A, but this action does not necessarily respect the group
structure of G. (We will write the image of a € A under the automorphism o(g) as

a®9.) Let a: G x G — A be a function of sets.

If, for all z,y, 2z € G, we have

a(zy, 2)a(z,y)"® = a(z, y2)aly, 2), (1.7.1)

then «v is a 2-cocycle (for the action of G on A, or with respect to o). We will write

the set of such functions « as

Z2(G, A).

Let G be a finite group, R aring, and S = RxG a fixed crossed product. Recall |22, §1]

that this means that:

e S is a free R-module on a generating set G C S, where |G| = |G|, and we shall

write its elements as g for g € G;
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e multiplication in S is given by

rg = gr°9w forallr € R, g € G,
gh = ght(g,h) for all g,h € G,
where
o:G — Aut(R), the action,
7:GxG— R*, the twisting,

are two functions of sets satisfying

a(z)oly) = a(zy)n(z,y) (1.7.2)

T(zy, 2)7(x, y)a(z) =7(x,y2)7(y, 2), (1.7.3)

where n(x,y) is the automorphism of R given by conjugation (on the right) by
(z,y).

Equation ([1.7.3) says that 7 is a 2-cocycle for o with values in R*, i.e. 7 € Z2(G, R*).

Notation 1.7.2. We will often need to write this structure explicitly as

S=R *x G.

(0,7)
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Chapter 2

The structure of
nilpotent-by-finite, orbitally sound
G

2.1 Orbital soundness and the Roseblade subgroup
nio(G)

We begin this section by remarking that “orbitally sound” is not too restrictive a

condition. Recall:

Lemma 2.1.1. Let G be a p-valuable group. Then G is orbitally sound. O]

Proof. This is [4, Proposition 5.9], after remarking that the definitions of “orbitally
sound” given in Definition and in [4, 5.8] are equivalent by Lemma [1.2.10, [

The following two lemmas will allow us to find a large class of orbitally sound groups.

For the next lemma, fix the following notation. Let G be a compact p-adic ana-
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lytic group, and consider its Q,-Iwasawa algebra Q,G := (Z,G) B] Write I for its

augmentation ideal

I =ker(Q,G — Q,).

Now, I* is generated over Q,G by {(z1 —1)...(z, —1)|2; € G}. Now it is clear that

G acts unipotently on the series
QG>I>IP>I>...,

i.e. for all g € G, we have (g — 1)Q,G C I and (g — 1)I* C I*F1.

Write also U, for the subgroup of GL,(Q,) consisting of upper triangular unipotent

matrices.

Lemma 2.1.2. Let G be a compact p-adic analytic group. Write
Dy, = ker(G — (Q,G/I%)®),

the k-th rational dimension subgroup of G, for all k > 1. Then the D), are a descend-
ing chain of isolated orbital closed normal subgroups of G. This chain eventually

stabilises: that is, there exists some t such that D,, = D, for all n > t.

Furthermore, if G is torsion-free and nilpotent, then D; = 1, and G is isomorphic to

a closed subgroup of U,, for some m.

Proof. By definition, it is clear that the Dy are closed normal (hence orbital) sub-
groups of G; to show that they are isolated orbital, we will show that each G /Dy, is

torsion-free.

Fix k. Consider the series of finite-dimensional Q,-vector spaces

QG/I* > 1/1" > 1?)1* > I*)1F > ... > I"/T*,
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and choose a basis for Q,G/I* which is filtered relative to this series: i.e. by repeatedly

extending a basis for I" /I* to a basis for I"1/I* forr = k,k—1,...,1, we get a basis

B:{61,...,€l}

and integers

Oznk<nk_1<nk_2<-~-<n1<n0:l

with the property that {ey,...,e,,} is a basis for I"/I* for each 0 < r < k (where we

write I° = Q,G for convenience).

As G acts unipotently (by left multiplication) on Q,G/I*, and by definition of the
basis B, we see that with respect to B, each ¢ € G acts by a unipotent upper-
triangular matrix, i.e. we get a continuous group homomorphism G — U;. Now Dy

is just the kernel of this map; but I, is torsion-free, so Dy must be isolated.

Recall the dimension dim H of a pro-p group H of finite rank from [9, 4.7]. As
G has finite rank, it also has finite dimension [9, 3.11, 3.12], and we must have
dim D; > dim D, for all ¢ by [9, 4.8]. But if dim D; = dim D;4, then D;/D;4, is a
p-valued group (as D,y is isolated) of dimension 0 (again by [9, 4.8]), and so must
be trivial. Hence the sequence (D;) stabilises after at most ¢ := 1+ dim G terms, and

SO

m:ﬂm.

n>1

Now suppose that G is nilpotent. Then, by [3, Theorem A], it follows that I is
localisable. Let R = (Q,G); be its localisation, and J(R) = m its unique maximal

ideal: then the ideal

satisfies A = mA, so by Nakayama’s lemma [18, 0.3.10], we must have A = 0. This
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implies that
(1" C ker(Q,G — R).

n>1
Assuming further that G is torsion-free, we see that Q,G is a domain [20, Theorem

1], and so the localisation map Q,G — R is injective. Hence ﬂn21 I" =0, and so

Dy =(Dn= (ﬂ([”+1)mG> C <ﬂ1">+1:1.

n>1 n>1 n>1

Now the representation G — Aut(Q,G/I") = GL,,(Q,) is faithful and has image in
U, O

Lemma 2.1.3. Let G be a (topologically) finitely generated nilpotent pro-p group.

Then G is p-valuable if and only if it is torsion-free.

Proof. If G is torsion-free, then Lemma gives an injective map G — U,,.
Now, as G is topologically finitely generated, its image in U, must lie inside the

set I%Mm(Zp) N U, for some t. Hence, by conjugating by the diagonal element

diag(p,p®,...,p")""* € GL,.(Q,),

where

we see that GG is isomorphic to a subgroup of
I'. ={y € GL,(Z,) |7 = 1(mod p°) },

the eth congruence subgroup of GL,,(Z,), which is uniform (and hence p-valuable)

by [9, Theorem 5.2].
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The reverse implication is clear from the definition of a p-valuation |13} III, 2.1.2]. O

Now we have found a large class of orbitally sound compact p-adic analytic groups.
Corollary 2.1.4. If G is a finite-by-nilpotent compact p-adic analytic group, then it

is orbitally sound.

Proof. G := G/A* must be a nilpotent compact p-adic analytic group with A*(G) = 1,
and so G is torsion-free by 23, 5.2.7]. Now Lemma shows that G is p-valuable,
and from Lemma we may deduce that G is orbitally sound. But now Lemma
[1.2.5](iii) implies that G is orbitally sound. O

Remark. Tt is well known that finite-by-nilpotent implies nilpotent-by-finite, but not
conversely. Not all nilpotent-by-finite compact p-adic analytic groups are orbitally

sound: indeed, the wreath product
G:ZPZOQZ(ZPXZP) NCQ

is abelian-by-finite, and the infinite procyclic subgroup H = Z, x {0} is orbital, but

the largest G-normal subgroup contained in H is the trivial subgroup.
We can now define the Roseblade subgroup.

Definition 2.1.5. As in Roseblade |24, 1.3], write nio(G) for the closed subgroup of
G defined by

nio(G) = (| Na(H),
H
where the intersection ranges over the isolated orbital closed subgroups H of G.

Theorem 2.1.6. Let GG be a compact p-adic analytic group.

(i) An orbitally sound open normal subgroup N <1GG normalises every closed isolated

orbital subgroup H < G.
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(i)

nio(G) is an orbitally sound open characteristic subgroup of G.

Proof.

(i)

Since H is isolated orbital in G, we must have that H N N is isolated or-
bital (and hence normal) in N. However, it follows from Lemma that
H = ig(H N N). Hence H is generated by all the (finitely many) closed or-
bital subgroups L4, ..., L; of G containing H N N as a subgroup of finite index.

Conjugation by n € N permutes these L;, and so fixes H.

Let N be a complete p-valued open normal subgroup of G (e.g. by [9, 8.34]).
Then Lemma shows that N is orbitally sound, and hence by (i) N nor-
malises all closed isolated orbital subgroups of G. So, by definition, N < nio(G),
and so [G : nio(G)] < [G : N| < co. Therefore nio(G) is open in G as required.
But by definition, nio(G) is the largest subgroup that normalises all isolated
orbital subgroups of GG, so by the correspondence of Lemma and Lemma
1.2.8(i), it normalises all isolated orbital subgroups of nio(G), i.e. it is orbitally

sound. =

Proof of Theorem [(](1). This follows from Definition and Theorem [2.1.6(1),

(ii).

]

2.2 Two worked examples

Ezample 2.2.1. Let p # 2, and fix some X\ € Z,,. Set

a,b,c, d, a,bl=1, la,cl =y, |a,d] =z,
H:m:< 08 =1 lod=y. [od >
le,d] =1

Yy, z central b,c] =z, [bd] =y,
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a compact p-adic analytic group which is nilpotent of nilpotency class 2. Write

Z=Z(H) = {y,2)

for its centre. Then set

G = H % (a|a?),

where o acts on H by

a®=atz, b¥¥Y=b"1 c*=ct d¥=d7!,

@ = z.

y =y z

Let h = a't/cFd'y™z" be an element of H (with 4,5, k,I,m,n € Z,), and consider the
map Cy, : H/Z — Z given by x + [h,z]. As H/Z and Z are both abelian, we may
consider them as free Z,-modules (H/Z), and Z (the subscript ”+” shows that we

are now writing them additively), with bases given by the generators as above:

(H/Z)y = Zya® Zyb & Zyc & Z,yd, Z, =1,y & ZLyz.

Now, C}, is a Z,-linear map:
e given u,v € (H/Z), we have C,(u+ v) = Cp(u) + Cr(v), by |9, 0.1].

e Given u € (H/Z), and a positive integer p, we have Cp,(uu) = uCh(u), by [9,

0.2]; hence this equality holds for all ;¢ € Z, by continuity,

and so, with respect to the bases for (H/Z), and Z, given above, we can write the

matrix corresponding to Cj, as
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When this matrix has rank 2, we know that it is surjective considered as a linear map
(H/Z) ©Qy = 2, 8 Q,
ZP ZP

In other words, if /V is a normal subgroup of H containing h, then it must contain all
of C,(H/Z) = |h, H], and hence contains an open subgroup of Z. However, if there
exists some h such that M), has rank < 1, then [h, H] generates a subgroup of Z with

(Z,-)rank less than that of Z, so in particular it is a subgroup of infinite index.

So we will write down the six 2 x 2 minors of M}, and use this observation to answer

the question of whether G is orbitally sound:

my = k? — \I?

mo :i2 —)\]2

mg =1l — jk
my = Ajk — il
ms = ik — \jl
me = A\jl — ik.

\

Now we split this question into two cases.

Case (a): A is not a square in Z,. Recall that i, j, k,[ € Z,; hence, in this case, we
see immediately that, whenever m; = my = 0, we have 1 = j = k = [ = 0: that is,

for any non-central h € H, we deduce that [h, H] generates an open subgroup of Z.
We claim that, in this case, G is orbitally sound.

Let N be any orbital subgroup of G. In order to show that G is orbitally sound,
we will show that IV contains an open subgroup /N’ which is normal in G, and then

invoke Lemma [1.2.10, First, note that N N H is an open subgroup of N (as H is an
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open subgroup of (), and that the normal core K in H of NN H is an open subgroup
of NN H (as N N H is orbital, and H is orbitally sound by Corollary [2.1.4]) which is
normal in H by construction. Now coreg(K) = K N K is a normal subgroup of G,

and we claim that it is open in K, and hence open in N.

Clearly, if K < Z, then k* = k for all £ € K (as « has been defined to act trivially
on the generators of Z), and so K N K* = K, so we are done in this case. Otherwise,
K contains some element h € H \ Z, and so contains all of [h, K] (as K is normal in
H). By the calculations above, M}, has maximal rank, and therefore [h, K| generates

an open subgroup of Z, so that [KZ : K| < 0.

This allows us to assume, without loss of generality, that K contains all of Z. But
then

K :KNKY =|K/Z:(K/Z)n(K/Z)),

and as (hZ)* = (hZ)~! for all h € H, we see that (K/Z)* = K/Z. This concludes

the proof that G is orbitally sound.

Case (b): A\ = u? for some p € Z,. Then taking i = pu,j = 1,k = [ = 0 satisfies
my = --- = mg = 0: that is, when h = a*b, we deduce that C(H) is not an open

subgroup of Z = Z, ® Z, (indeed, we can calculate it easily to be (y*z) = Z,).

We claim that, in this case, GG is not orbitally sound.

Let N = (h) , the normal closure in H of the procyclic subgroup generated by h.
(This must be orbital in G, as it is orbital in a finite-index subgroup of G.) By the

above calculation, we must have

N = (h,y+z),
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and hence

N = (he, (y2)*)

= (h™tak, yrz).

Therefore

N - N = (h,yrz, he, (y*2)*)

= <h7 yMZ7 Zu>7

a free abelian pro-p group of rank 3. So we see that VNN has rank 1 as a Z,-mobule,

and therefore must have infinite index in V.

Example 2.2.2. A modification of the previous example: if the action of the semidirect
product is chosen well, orbital soundness can be made independent of the parameter

A

Fix an element \ € Z,, and let H = Hy and G = H x (a|a?) as in [2.2.1] with all the

same notation, but now define the action of «a as follows:

a“*=al, V¥=b1 *=ct d*=d1,

(67

Yy =Y z

When A is not a square in Z,,, G is orbitally sound as above. So suppose A is a square

in Z,. Then writing A = p? for one of its square roots, we have as before

my=---=mg=0&1=puj, k=pl

< h=a“VYcd  modulo central elements,

38



and it is again easy to see that, for this choice of h,

[h, H] = (yr'z!, yri 27)

= ((y2)7")

for some r with p" = hef(j,1). Then take N = WH = (h, (y*2)P"). In this case, a

calculation shows that

B = (g,
and clearly we have p"|2ujl, so that N* = N.

It is now clear that G is orbitally sound. Indeed, let N be a normal subgroup of
H; then either N < Z(H) (and is therefore normal in G), or N contains an element
h € H with rank(Mj) = 2 (which is dealt with in Example [2.2.1} case (a)), or N is

a product of subgroups of the form (h), for h € H of the form given in the previous

paragraph, and in this case we have just shown that N is normal in G.

2.3 Isolators and p-saturations

Let G be a p-valuable group, and fix a p-valuation w on G, so that G is complete p-
valued of finite rank. Recall the definition of the p-saturation Sat G of G (with respect
to w) from [13, TV, 3.3.1.1]: this is again a complete p-valued group of finite rank,
and there is a natural isometry identifying G with an open subgroup of Sat G |13} IV,

3.3.2.1]. We will prove a few basic facts about p-saturations.
Firstly, we will prove a basic relationship between isolators and p-saturations.

Lemma 2.3.1. Let GG be a complete p-valued group of finite rank, and let H be a
closed normal (and hence orbital) subgroup of G. Then ig(H) = Sat HNG (considered

as subgroups of Sat ().
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Proof. [Sat H : H] < oo by [13 IV, 3.4.1], and Sat H is a closed normal subgroup
of Sat G by |13} IV, 3.3.3], so S := Sat H N G is a closed normal (and hence orbital)

subgroup of GG, and contains H as a subgroup of finite index. Hence, by Definition
1.2.6, S is contained in ig(H).

To show the reverse inclusion, we will consider the group ig(H)/S, which is a finite
subgroup of G/S (as it is a quotient of ig(H)/H, which is finite by Proposition
. But G/S is isomorphic to GSat H/Sat H, a subgroup of the torsion-free group
Sat G/Sat H (see [13, IV, 3.4.2] or [13| III, 3.3.2.4]). In particular, G/S has no non-

trivial finite subgroups, so we must have ig(H) = S. O
Remark. Of course, i¢(H) is independent of the choice of w.

Lemma 2.3.2. Let G be a complete p-valued group of finite rank, which we again
identify with an open subgroup of its p-saturation S. Suppose S’ is a p-saturated
closed normal subgroup of S, and set G’ = S’ N G. Then there is a natural isometry

S/S' = Sat (G/G).

Proof. We will show that S/S’ satisfies the universal property for Sat (G/G’) |13} IV,
3.3.2.4]. Clearly we may regard G/G" = GS'/S’ as a subgroup of S/S’. Note also
that S/S’ is p-saturated, by [13| III, 3.3.2.4]. Also, as G’ is open in S" and S’ is

p-saturated, we have that S’ = Sat G'.

Let H be an arbitrary p-saturated group and ¢ : G/G’ — H a homomorphism of
p-valued groups. We must first construct a map ¢ : S/S" — H. To do this, we first
compose ¢ with the natural surjection G — G/G’ to get a map « : G — H, which
we may then extend uniquely to a map g : S — H using the universal property of

S = Sat G, so that a = | and the following diagram commutes.
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67

/\
GT=G/G —=H

e

g B
Now we wish to show that 5 descends to a map S/S" — H. To do this, we first study

the restriction of o to G’ and of 5 to S’. The following diagram commutes:

o e g

|

I
and so, since S” = Sat G’, 3|5 must be the unique extension of o|¢ to a map S" — H,
as S’ = Sat G’. But « factors through G/G’, i.e. alg is the trivial homomorphism
G' — H, so it extends to the trivial homomorphism S" — H. By uniqueness, we

must have S C ker §. This shows that  induces a map ¢ : S/S" — H.

Finally, suppose ¢ : G/G’ — H has two distinct extensions ¢, s : S/S" — H. Then
we may compose them with the natural surjection S — S/S’ to get two distinct maps
b1, P2 S — H. Their restrictions aq,ay : G — H to G must therefore also be dis-
tinct, for if not, then the map a; = ay : G — H has (at least) two distinct extensions
to maps S — H, contradicting the universal property of S = Sat G. Finally, if a; and
oy are distinct, then they descend to distinct maps 1, o : G/G' — H, contradicting

our assumption. So the extension of ¢ to v is unique. O

Remark. Lemma holds even if G does not have finite rank, and hence is only

closed (not necessarily open) in its p-saturation S.

Definition 2.3.3. Let GG be an arbitrary group. A central series for G is a sequence

of subgroups

G=Gi>Gp>--->G,=1

with the property that [G, G;] < G,y for each i. (For the purposes of this definition,

G, is understood to mean 1 if j > n, and G if j < 1.)
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We will say that a central series is strongly central if also [G;, G| < G4, for all ¢ and
7.

An abelian series for G a sequence of subgroups

G=G>Gy>--->G,=1

with the property that [G;, G;] < G4 for each i.

When G is a topological group, we will insist further that all of the G; should be

closed subgroups of G.

Remark. We will be working with nilpotent p-valuable groups G. It will be useful
for us to define the isolated lower central series of G, which will turn out to be the

fastest descending central series of closed subgroups

G=G >G> --->G. =1

with the property that the successive quotients G;/G;1 are torsion-free (and hence
p-valuable, by [13, IV, 3.4.2]). We will also prove that the isolated lower central series
is a strongly central series. (We demonstrate an isolated derived series for soluble

p-valued groups at the same time.)

Lemma 2.3.4. Let GG be a complete p-valued group of finite rank, and G; > G5 closed
normal subgroups of G with G1/G9 an abelian pro-p group (which is not necessarily
p-valued). Let S; = Sat GG; for i = 1,2. Then S;/S; is abelian and torsion-free (and

hence p-valued), and has the same rank as G; /G5 as a Z,-module.

Proof. As S, is p-saturated, S;/Ss is torsion-free, and so

G1/(S2NGy) 2 G1Sy/Ss < S1/Ss

42



is torsion-free. G1/G» maps onto G1/(S N G1) with finite kernel (by Lemma [2.3.1]
and Proposition [1.2.7, and the assumption that G has finite rank), so G /(S N G1)
is abelian of the same Z,-rank as G;/G>. By Lemma S1/8S5 is the p-saturation

of G1/(S2 N Gy), so is still abelian of the same Z,-rank. O

Before proving the main result of this section, we first need a technical lemma.

Lemma 2.3.5. Let G be a complete p-valued group of finite rank, and let H and N

be two orbital closed subgroups. Then, denoting by () topological closure inside G,

we have

ic(H),ia(N)] < ic([H, N]).

Proof. Write L :=ig([H, N]). This is normal in G, as G is orbitally sound (Lemma
2.1.1)), and the quotient G/L is still p-valued as it is torsion-free [13] IV, 3.4.2].

Suppose first that L = 1, so that [H, N] = 1. Then, for any h € i¢(H), there is some
integer n such that h?" € H, so that [g,h?"] =1 for all g € N. But this is the same
as saying that h?" = (h9)P"; and, as G is p-valued, |13, III, 2.1.4] implies that h = h9.
As g and h were arbitrary, we see that [ic(H), N] = 1. Repeat this argument for N
to show that [ig(H),ig(N)] = 1.

If L # 1, we may pass to G/L. Write 7 : G — G/ L for the natural surjection, so that

7(lic(H),ic(N)]) = [r(ic(H)), m(ic(N))] (2.3.1)

Now, m(H) is a closed orbital subgroup of 7(G), and 7(ig(H)) is a closed orbital

subgroup of m(G) containing m(H) as an open subgroup, so that

iw(G) (W(H)) > 7T(iG'(]?))a
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and similarly for N. Together with (2.3.1]), this implies that

7(lic(H),ic(N)]) < [in)(7(H)), ix() (7 (N))].
But the right-hand side is now equal to 7(1), by the previous case, which shows that
ic(H),ig(N)] < L as required. O
Corollary 2.3.6. Let G be a p-valuable group. Define two series:

M= GJ
GZ‘ = lg(%% where

Yi+1 = [’7@, G] for ¢ Z 1;
\

G =ig(D;), where <

Di—i—l = [DZ,Dz] for 7 Z O,
where the bars denote topological closure inside G. If G is nilpotent, then (G;) is a
strongly central series for G, i.e. a central series in which [G;,G;] < Giy;. If G is

soluble, then (G®) is an abelian series for G. The quotients G;/Gy1 and G® /GE+Y)

are torsion-free, and hence p-valuable.

Remark. We prove this using p-saturations, but the resulting closed subgroups G;

and G® are independent of the choice of p-valuation w on G.

The series (G) above is a generalisation of the series studied in [19, proof of lemma
2.2.1], there called (G;).

Proof. Fix a p-valuation w on G throughout.

Firstly, we will show that (G;) is an abelian series. The claim that (G*) is an abelian

series will follow by an identical argument.

The (abstract) lower central series (7;) is an abelian series for G as an abstract group

(i.e. the subgroups 7; are not necessarily closed in GG), and so the series (7;) is a series
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of closed normal subgroups of GG, which is still an abelian series by continuity. (That
is, 7;/7vit1 is central in G /7,41, and hence ~; /741 is central in G /717, and now by
continuity we have that all of 7;/7;;7 is central.) Now, applying Lemma shows
that (Sat7;) is also an abelian series; and by Lemma , we see that G; = Sat ;NG

for each i, so that (G;) is an abelian series.

Secondly, we address the claim that the quotients G;/G; 1 are torsion-free and hence
p-valuable: this follows from [13, III, 3.1.7.6 / IV, 3.4.2], as the G, are isolated in

G. The case of the quotients G /GU*Y is again identical.

Thirdly, we must show that G;_1 /G is central in G/G;. Certainly ~;_1G;/G; is central

in G/G;, because vy; < G;, and so

7i1Gi|Gi < Z(G/G;)

by continuity. However, [4, lemma 8.4(a)| says that Z(G/G;) is isolated in G/G;, so

by taking (G/G;)-isolators of both sides, we must have

ic/c,(i1Gi)Gi) < Z(G/Gy);

and the left-hand side is clearly equal to G;_1/G; by Lemma [L.2.5[i) and Definition
2.6

Finally, note that

[V, Vil < Vit

by [23, 5.1.11(i)], and so by taking closures,

(Vi i) < Vit

But [7,7%;] < [,7;], as the function G x G — G given by (a,b) — [a, b] is continuous.
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Hence
[%a ’V_g] S ’Yi-i-j?

which implies

[%a ’y_j] S Yi+jo

and so, by Lemma [2.3.5 we may take isolators to show that
li6(7), i6(7)] < i (o) < e (i),

ie. [GZ,GJ} S G/L'Jrj- ]

Definition 2.3.7. When G is a nilpotent (resp. soluble) p-valued group of finite
rank, the series (G;) (resp. (G?)) defined in Corollary is the isolated lower

central series (resp. isolated derived series) of G.
Proof of Theorem [D|(ii). The majority of this theorem follows from Corollary [2.3.6]

It remains only to prove that these descending series are the unique fastest such series,
in an appropriate sense. We will state and prove this precisely for the case of the
isolated lower central series of a nilpotent p-valuable group; the soluble case is very

similar.

Let G be a nilpotent p-valuable group, and let
G=G >G> --->G,. =1

be its isolated lower central series. Take also any central series
G=H>Hy>--->H.>...

for G of isolated orbital closed normal subgroups. We will show that G; < H; for

46



each 1.

We proceed by induction. We clearly have G; < Hjp; now suppose that, for some k,

we have G; < H; for all © < k. Now clearly
G, Gr1] < G, He] < Hy;

as Hy, is already closed and G-isolated, we may take the closure and G-isolator of the

first and last terms of this inclusion to get

i(IC. Gi]) < Hy.

But the left-hand expression here clearly contains ig(7x), which is just Gy. O

2.4 The conjugation action of ¢

In this subsection, we will study how nilpotent-by-finite compact p-adic analytic
groups G act by conjugation on certain torsion-free abelian and nilpotent subquo-

tients. First, we slightly extend the term “orbitally sound”.

Definition 2.4.1. Let G and H be profinite groups, and suppose G acts (continu-
ously) on H. Then G permutes the closed subgroups of H. We say that the action
of G on H is orbitally sound if, for any closed subgroup K of H with finite G-orbit,

there exists an open subgroup K’ of K which is normalised by G.

Recall the group of torsion units of Z,:
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Lemma 2.4.2. Let A be a free abelian pro-p group of finite rank. Let G be a profinite
group of finite rank acting orbitally soundly and by automorphisms of finite order on

A. Then, for each g € G, there exists

CZCQEt(Z;)

such that g -z = (z for all x € A. This is multiplicative in G, in the sense that
CoCh = (gn for all g, h € G.

Proof. Write ¢ for the automorphism of A given by conjugation by g. We may view

¢ as an automorphism of the Q,-vector space Ag, :== A ® Q,.
Zyp

As the action of G on A is orbitally sound and G has finite rank, in particular, we

have

() N {p(2)) # {0}

(as Q,-vector subspaces) for every x € Ag,. But this just means that x is an eigenvec-
tor of the linear map ¢. If all elements of Ag, are eigenvectors of ¢, then they must
have a common eigenvalue, say (. The statement that GG acts on A by automorphisms

of finite order means that the eigenvalue ¢ for z is of finite order, ¢ € t(Z)).
Multiplicativity is clear from the fact that (gh) -z =g¢g-(h-z) forall g,h € G. O

Remark. Assume that G is a nilpotent-by-finite, orbitally sound compact p-adic an-
alytic group. In the case when H is an open subgroup of G containing A", with the
property that N := H/A™ is nilpotent p-valuable, we may consider the isolated lower
central series of Corollary for N:

N=N>NyD>--->N, =1,
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and take their preimages in GG to get a series of characteristic subgroups of H:

H=H1>Hy>- --->H =A",

with the property that each A; := H;/H; 1 is a free abelian pro-p group of finite rank.

G clearly acts orbitally soundly on each A;, as G is itself orbitally sound. Furthermore,
as [H, H;] < H;;, for each i, we see that the action G — Aut(A;) contains the open
subgroup H in its kernel, and so G acts by automorphisms of finite order. Thus
we may apply Lemma to see that GG acts on each A; via a homomorphism
§it G —H(Z)).

That is, given any g € G and h € H;, and writing ( = &(g) and a = hH; 1 € A;, we
have

(h9)h™¢ € Hip1,

or equivalently (still in multiplicative notation)

a’ = at.

We now show that the action of an automorphism of G on the quotients A; is strongly
controlled by its action on A;. This is an important property that the isolated lower
central series shares with the usual lower central series of abstract nilpotent groups;

cf. |23, 5.2.5] and the surrounding discussion.

Lemma 2.4.3. Let H be a finite-by-(nilpotent p-valuable) group, and continue to
write A; := H;/H, 1 as in the remark above. Let o be an automorphism of H inducing

multiplication by ¢; € ¢(Z,') on each A;. Then (; = ¢t for each i.
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Proof. Choose i, and fix some x € Hy,y € H;. The map

A ®A — A
ZP

rHy @ yHipq — [2,y]Hito

is a Z,(a)-module homomorphism, and its image is open in A, (by definition of the
isolated lower central series). Write (; = ¢, and proceed by induction on i: suppose

that ¢; = ¢*. Now, for any positive integers a and b, we have
(2%, 9" Hiya = [2,y]" Hits

by [9, 0.2(i), (ii)] and by using the fact that [z,y]H; 2 is central in H/H,,>. Hence,

by continuity, this is true for any a,b € Z,, and so

o[z, y|Hiyz) = [x<>y<i]Hi+2

= [z, y]CiHHHQ- [

We deduce:

Corollary 2.4.4. Let G be a nilpotent-by-finite, orbitally sound compact p-adic
analytic group, and H an open normal subgroup of G containing A* such that H/A™
is nilpotent p-valuable. Then the conjugation action of G on H induces an action of G
on H/H, given by the map &, : G — t(Z,) < Aut(H/Hs) defined above. Moreover,
H < ker&. O

Remark. If N = H/A™T is p-saturable, we may take its corresponding Lie algebra
L by Lazard’s isomorphism of categories |13, TV, 3.2.6]. As in [4, proof of lemma
8.5]: using [4, lemma 4.2] and the fact that the N/N; are torsion-free, we can pick an

ordered basis |13], 111, 2.2.4] B for N which is filtered relative to the filtration on N:
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that is,

B = {nl,n2,...,ne},

and there exists a filtration of sets

B:BlDBQD-~-DBT_1;é@

such that B; is an ordered basis for NV; for each 1 < i < r — 1. We may order
the elements so that, for some integers 1 = k; < ko < --- < k,_1 < e, we have
B; = {ng;4+1,...,me} for each 1 < i < r — 1. Taking logarithms of these basis
elements gives us a basis for L, and then Lemma [2.4.3| implies that, with respect to
this basis, the automorphism of L induced by « has the special block lower triangular

form

Clg, 0 0 0
x (I, 0 0
* x (B, 0 5
* * * RN Cr—lePI

where d; = rk(L;/L;11) = rk(M;) and I denotes the identity matrix.

2.5 The finite-by-(nilpotent p-valuable) radical
Let G be a nilpotent-by-finite compact p-adic analytic group. Consider the set

S(G) = {H g G ‘ H/A™(H) is nilpotent and p—valuable} ,
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where “H é] G” means “H is an open normal subgroup of G”. S(G) is nonempty, as
we can pick an open normal nilpotent uniform subgroup of G by |9, 4.1], and hence
contains a maximal element. We will show that this maximal element is unique, and
we will call this element the finite-by-(nilpotent p-valuable) radical of G, and once we

have shown its uniqueness we will denote it by FIN,(G).

Remark. Once we have shown the existence and uniqueness of FN,(G), it will be

clear that it is a characteristic open subgroup of G (as automorphisms of G leave

S(G) invariant), and contained in nio(G) (by Corollary and Theorem A).

The quotient group
nio(G)/FN,(G)

is isomorphic to a subgroup of ¢(Z)) by Corollary 2.4.4, When p > 2, ¢(Z)) is a p'-
group, and so FN,(G)/A™ is the unique Sylow pro-p subgroup of nio(G)/A™. (This
fails for p = 2: the “2-adic dihedral group” G = Zs x Cy has A*(G) = 1, nio(G) = G,

and is its own Sylow 2-subgroup, but FN,(G) = Z,.)

In looking for maximal elements H of S(G), we may make an immediate simplifica-
tion. By maximality, any such H must have AT (H) = A%t i.e. maximal elements of

S(G) are in one-to-one correspondence with maximal elements of
S'(G) = {H < G ' A" < H, H/A" is nilpotent and p—valuable} ,

and this set is clearly in order-preserving one-to-one correspondence with the set

S(G/A™). Hence we may immediately assume without loss of generality that AT = 1.

Lemma 2.5.1. Let G be a nilpotent-by-finite compact p-adic analytic group with
AT =1. Then

(i) there exists a nilpotent p-valuable open normal subgroup H of G which contains
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A

Y

(ii) any such H satisfies the property that Z(H) = A.

Proof. First, suppose we are given a nilpotent p-valuable open normal subgroup H.

Take © € A: Cg(x) is open in G by definition, and so

Cu(z) =Cq(z)NH

is open in H. Therefore, for any h € H, we can find some integer k such that
h"* € Cy(x). This means that (z~'hz)?" = h*", and so by [13, III, 2.1.4], we may

take (p)th roots inside H to see that x='hx = h. In other words, x € Ca(H).

Now suppose further that H contains A. Then z € Z(H). In fact, as we have
Z(H) < A(H) by definition and A(H) C A by Lemma [1.2.3(ii), we see that A is all

of the centre of H. This establishes (ii).

To prove (i), let N be an open normal nilpotent uniform subgroup [9, 4.1] of G. Form
H = NA, again an open normal subgroup of G. The first paragraph above shows that
[N, A] = 1; we also know from Lemma|1.2.3(v) that A is abelian and N is nilpotent.

This forces H to be nilpotent and open in GG, and to contain A in its centre.

It remains only to show that H is p-valuable — in fact, we will show it is uniform. As H
is nilpotent, its set ¢(H) of torsion elements forms a normal subgroup [23| 5.2.7], and
if t(H) is non-trivial then ¢(H)N Z(H) must be non-trivial |23, 5.2.1]; but Z(H) = A
is torsion-free by Lemmal[l.2.3(v), so H must be torsion-free. Now it is easy to check

that H is powerful as in |9} 3.1], so that H is uniform by [9, 4.5]. O

Lemma 2.5.2. Let G be a nilpotent-by-finite compact p-adic analytic group. Then
S(G) is closed under finite joins, and hence contains a unique maximal element H,

which is characteristic as a subgroup of G.
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Proof. First, observe that, for an open normal subgroup K of G, we have K € S(G)
if and only if K € S(G) (where bars denote quotient by A*). So we continue to

assume without loss of generality that AT = 1.

Suppose we are given K, L € §(G): then we must show that KL € S(G). As K and
L are open and normal, it is obvious that KL is too; and since K and L are also
nilpotent, Fitting’s theorem [27, 1B, Proposition 15] implies that K L is nilpotent. But
now, again by [23, 5.2.7], t(KL) = AT(KL) < At =1 — that is, KL is torsion-free,

and hence p-valuable by Lemma [2.1.3]

Now let H be a maximal element of S(G). Assume for contradiction that H does not
contain every other element of S(G) as a subgroup. Then we may pick some L € S(G)
not contained in H, and form HL € §(G); but now H < HL, a contradiction to the

maximality of H. So H must be the unique maximal element of S(G).

As the set S(G) is invariant under automorphisms of G, this maximal element H is

characteristic in G. O

Definition 2.5.3. Let G be a nilpotent-by-finite compact p-adic analytic group. Its
finite-by-(nilpotent p-valuable) radical FIN,(G) is the open characteristic subgroup
defined in Lemma [2.5.2]

Proof of Theorem[D|(i). This follows from Lemma and the remark made at the

beginning of this section.

Proof of Theorem [E]. This follows from Lemma and Theorem [Dfi). O
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Chapter 3

Quotients kG /M by minimal prime

ideals

3.1 The untwisting theorem

Definition 3.1.1 (Universal property of completed tensor product). [8, §2] Let R
be a pseudocompact k-algebra, and let A be a right and B a left pseudocompact

R-module. Then the completed tensor product
A®B
R

is a k-module satisfying the following universal property: there is a unique R-bihomo-

morphism

Ax B — A®B
R

through which any given R-bihomomorphism A x B — C' into a pseudocompact k-
module C' factors uniquely. (An R-bihomomorphism 6 : A x B — C'is a continuous

k-module homomorphism satisfying 0(ar, b) = 0(a,rb) for all a € A,b € B,r € R.)
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If R=Fk, and A and B are k-algebras, then their completed tensor product is also a

k-algebra.
We give also a construction.

Lemma 3.1.2. [8, §2] Let k£ be a commutative pseudocompact ring and R a pseu-
docompact k-algebra. Let A be a right and B a left pseudocompact R-module: then
the k-module defined by

ADB = lim (A/U g B/v)

<E

where U and V range over the open submodules of A and B respectively, satisfies the

universal property for the completed tensor product of A and B. n

Theorem 3.1.3 (untwisting). Let G be a compact p-adic analytic group, k a com-
mutative pseudocompact ring, and kG the associated completed group ring. Suppose
H is a closed normal subgroup of GG, and I is an ideal of kH such that [-kG = kG- 1.
Write (1) : kG — kG/IkG, so that kH = kH/I. Suppose also that we have a

continuous group homomorphism ¢ : G — kH” satisfying
(i) 0(g) =g forall g € H,
(ii) 6(g)~'g centralises kH for all g € G.

Then there exists an isomorphism of pseudocompact k-algebras
U kG — kH®K[[G/H]],
k

where © denotes the completed tensor product.

X
Proof. Firstly, the function G — (kH@k[[G/H]]) given by
k

g 6(g) ®gH
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is clearly a continuous group homomorphism, and so the universal property of com-
pleted group rings allows us to extend this function uniquely to a continuous ring

homomorphism

U kG — k_H%k[[G/H]].

In the same way, we may extend § uniquely to amap ¢ : kG — kH, and by assumption
(i), 6|xm is just the natural quotient map kH — kH. Hence ker § must contain the

two-sided ideal TkG, so that W' descends to a continuous ring homomorphism
U kG — kHRK[[G/H]).
k

We claim that this is the desired isomorphism. To show that W is an isomorphism,

we will construct a continuous ring homomorphism
d m§>k[[G/H]] — kG

and show that ® and ¥ are mutually inverse.

Consider the continuous function ¢ : G — kG - given by

Il
>,
—
s
~—
L
|
o)
~
=
N~—
L
>

Il
o)
—
=
~
L
o)
~—~
)
SN~—
L
;S
=

by assumption (ii)
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It is clear that, by assumption (i), ker e contains H, and so descends to a continuous
group homomorphism ¢ : G/H — EX; and so again by the universal property we
get a continuous ring homomorphism ¢ : k[[G/H]] — kG. We also clearly have a

continuous inclusion kH — kG.

These functions, and the universal property of Definition [3.1.1], allow us to define the
desired map @ : kH®k[[G/H]] — kG by
k

P(z @ y) = ze(y).

This map & is clearly bilinear in its arguments; to show that it is a ring homomor-

phism, we need only show that

Q(z1 @ y1)P(r2 ® y2) = P(z122 ® Y1Y2),

i.e. that £(y;) commutes with z inside kG: but this is assumption (ii).

It now remains only to check that ® and ¥ are mutually inverse. Indeed, for all g € G

and = € kH,
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and

V(®(r @ gH)) = V(ze(g))
= U(zd6(g9)"")¥(7)
= (z6(9) ' ®@1)(6(g) ® gH)

=r®gH. O

Remark. Let M be a minimal prime of kG, and e € cpiW(M) (as in Notation
1.5.2)). For the rest of , and much of , we will insist on the mild condition that
G centralise e, or equivalently that M N kA" remain prime as an ideal of kA™. This
is mostly to keep the notation simple: we will return briefly to this issue in §4.3 and

show that we have not lost much generality by doing this.

Corollary 3.1.4. Let GG be a compact p-adic analytic group, k a finite field of char-
acteristic p, and M a minimal prime of kG. In Notation , choose e € cpiW(M ),
and assume (as in the above remark) that G centralises e, so that (1 — e)kG = M

and

kG/M =~ kG /M = e - kG.

Suppose we are given a continuous group homomorphism
§:G — (e kAT)™,

satisfying
(i) 6(g) =e-gforall g € AT,

(i) 0(g)~'g centralises e - kAt for all g € G.
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Then there exists an isomorphism
Ve kG — e~/<:A_+<%k[[G/A+]],
and hence also an isomorphism
Ve kG = M(K[[G/AT]))

for some positive integer ¢ and some finite field extension k’/k.

Proof. In Theorem [3.1.3, take H = A*, and take I to be the ideal of kA" generated
by J(kAT) and 1 — a, where a € kA™ is any element whose image in kA* is e. This

gives the isomorphism
Ve kG — e kKATRK[G/AT]);
k

but now, as e - kAt is finite-dimensional as a vector space over k, |8, Lemma 2.1(ii)]

implies that the right hand side is equal to the ordinary tensor product

e AT @ K[G/AM].

Now the isomorphism 1 is given by composing ¥ with the isomorphism of Lemma
T5.1[iii). 0

Remark. This result is a strong generalisation of the result given in [5, 10.1], in the
case when G = N x A™T. In that case, we may simply take § to be the composite of
the natural map N x AT — AT given by projection onto the second factor, and the

inclusion map A" < (e - kA+)*.
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3.2 Almost-faithfulness and untwisted ideals

Throughout this section:
e (5 is a compact p-adic analytic group, and k is a finite field of characteristic p,

e M is a minimal prime ideal of kG and e € cpimM , so that Notation m

applies

e assume further that G centralises e, and that we have an untwisting map
§:G — (e kAT)™
satisfying the hypotheses of Corollary and write
Ve kG = M(K[[G/AT])

for the corresponding isomorphism given by Corollary [3.1.4],
e write ¢ : kG — e - kG for the natural quotient map.
(We leave it until section to find such a § for a certain large class of groups G.)

In this setting, we have the following one-to-one correspondences of ideals:

ideals of ) . Morita )
. ideals of ideals of cquiv. ideals of
{ Sy } — ) — Lieiioraen = L@t
T

contain M
q

Lemmas [1.6.3] and may now be interpreted as demonstrating that the first and
third correspondences in this diagram preserve some notion of control (as defined in
Definition . The middle correspondence trivially preserves control, as ¢ is an
isomorphism. We remark also that all three correspondences preserve primality, the

third by Lemma [1.6.5
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In this section, we show that some appropriate notion of almost-faithfulness (see
Definition [1.6.2)) is also preserved by these correspondences. That is, let P be any

ideal of kG containing M. Then we have

Y oq(P) = Myp),

where p is some ideal of k'[[G/A*]]. Recall the definition of (=) from Definition
1.6.2f we intend to show that the groups PT (a subgroup of G) and p' (a subgroup

of G/A™) are closely related.

We will abuse notation to identify the two rings

e kAT @ k[[G/AT]] = e kAT @ K'[[G/AT]]
k k!
in the obvious way. Then, laying out the structure more explicitly, we have

Ule-P)=ec-kAT®@p
kl

in the notation of Corollary [3.1.4]

Suppose that gA* € pf for some g € G, i.e. (9 —1)A* € p. Then
(1®gA"T)— (1@ AT) e U(e- P),

SO

P1egAT) —d(1®AY)=4§(g) 'g—cce- P.

This motivates the following definition:
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Definition 3.2.1. Write
Pl={geG|d(g)'g—ecce-P},

so that Pg is the kernel of the composite map
G —=(e-kG)* —== (kG/M)* — (kG/P)*,
where € : G — (e-kG)* is defined by £(g) = §(g)~'g. (As we saw in the proof of The-

orem m, e is a continuous group homomorphism.) Compare this with Definition

[1.6.2} this is a “twisted” version of PT.

Now, since e(g) = 1 for all g € AT, we have AT < Pg for any ideal P. We say that
P is 0-faithful if P = At (and P is d-unfaithful if P} is infinite).

Lemma 3.2.2. The following are equivalent:
(i) P is almost faithful (as an ideal of kG).
(ii) P is o-faithful.

(iii) p is faithful (as an ideal of k'[[G/AT]]).

Proof.

(i) < (iii) | By the above calculation, we see that P is defined to be a d-faithful ideal

of kG precisely when p is a faithful ideal of ¥'[[G/AT]].

(i) & (ii) | Let m = |im(d)|. Note that m < oo as k is assumed to be a finite field.

Then 6(¢g™) = e for all g € G, so
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gn €} & 0(g")gT  —e€e- P

Segh ' —ecce-P
selgn'—1)ee-P
sgn'-T1eP
Sgm—-1€eP

&g ™me Pl

& g™ e Pl

so writing (P1)™ := (¢™|g € P'), and likewise (P})™, we see that these two subgroups

are equal.

Now, suppose P is almost faithful, and so in particular PT is torsion; then the sub-
group (PHy™ = (P])™ is also torsion, and since g™ is torsion for any g € P!, we
have that g must also be torsion. So P; is a torsion subgroup of G. Hence it must
be finite: indeed, given any open normal uniform subgroup U of G, the kernel of
the composite map Pg — G — G/U is a subgroup of U N Pg, which is trivial as U
is torsion-free [9, 4.5]. So PJ embeds into the finite group G/U, and as P} is also
normal in G' by Definition |3.2.1} it is a finite orbital subgroup of G and hence must

be a subgroup of AT, i.e. P is d-faithful. The converse is similar. n

In summary:

Corollary 3.2.3. Assume the hypotheses of Corollary Let P be an ideal of
kG containing M, and denote by ¢ : kG — kG /M the natural quotient map. Write
1 o q(P) = M(p), where p is an ideal of k'[[G/AT]]. Then p is faithful if and only if

P is almost faithful; and p is prime if and only if P is prime. O
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Chapter 4

The untwisting map

4.1 The case when G is finite-by-(pro-p)

In this section, we introduce a group Ay for each closed subgroup H of G. By
studying the structure of the group Ag in the case when G/A™ is pro-p, we will find
an untwisting map 6 : G — (e - kAT)* satisfying the conditions of Corollary .

Let G be a compact p-adic analytic group, k a finite field of characteristic p, M a
minimal prime of kG, and e € cpiW(M ), which we continue to suppose is centralised
by G. Then e - kA+ = M,(k'), and in particular its automorphisms are all inner by
the Skolem-Noether theorem [28| Tag 074P].

Note that both G and (e - kA*)* act on the ring e - kAT by conjugation, and so we

get group homomorphisms G — Inn(e - kA*) and (e - kA*)* — Inn(e - kAY).

Definition 4.1.1. For any closed subgroup H < G, define Ay to be the fibre product

of H and (e - kA+)* over Inn(e - kA+) with respect to the above maps,

Ay =(e-FAD*  x H,
Inn(e-kAT)
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a subgroup of (e - kAT)* x H. Write the projection map onto the second factor as

7THZAH—>H.

As e - kAT = My(K'), we have (e - kA+)* = GLi(k'). The centre of (e - kAT)* is
therefore isomorphic to Z(GLy(k')), which we will identify with &>, and the inner
automorphism group Inn(e - kAT) is isomorphic to PGL.(k’). In particular, Ay is an

extension of H by k’*. Indeed, the following diagram commutes and has exact rows:

1 k/)( i AH ﬂ-H ........... )H

l—= k" ——(e- kAT)* ——TInn(e - kAT) —1.

1

The inclusion i : k" — Ay is given by i(z) = (x,1). (The image of 4 is just Ag;.)
We will now examine the subgroup structure of Ag.

Lemma 4.1.2. If N is a closed normal subgroup of G, then Ay<Ag, and Ag/An = G/N.

Proof. Firstly, clearly Ay is naturally a subgroup of Ag, and the following diagram

commutes and has exact rows:

1 k> Afv Ll Jr 1
1 k> Ag——+G 1.

Let (r,n) € Ay and (s,g) € Ag. For any x € (e-kA*), we have 2" = 2™ and z® = 29,

—1 —1 _
so we get 2 " =19 ™. As g"lng € N, we have

(5,9) " (r,n)(s.9) = (s 'rs,9" 'ng) € Ay,

and so Ay < Ag.

Hence we may take cokernels of the vertical maps, completing the above diagram to

the following commutative diagram, whose columns and first two rows are exact:
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N<— =

1 k> Aq G 1

l—>1——> Ag/Ay —=G/N —=1

|

1 1 1
By the Nine Lemma 12, Chapter XII, Lemma 3.4], the third row is now also exact. [

Consider the natural map A* — (e-kA+)* given by g +— e-g. There is a “diagonal”
inclusion map d : AT — Ag given by g — (e -, g), and the image d(A") is normal

in Ag: indeed, suppose we are given (x,h) € Ag. Then

d(9)™" = (z,h) (e g, 9)(x, h)

=((e-9)" d" by definition of Ag

Remark. The map d, considered as a map from AT to Aa+, splits the map 7a+.

Hence there are copies of &’ and A* in Aa+, and they commute: given z € k'*,

g € AT, we have

i(x)d(g) = (x,1)(e-g,9) = (e-7,9)(z,1) = d(g)i(x)

as r commutes with e - g inside e - kA*. In other words,

Aps = i(K™)d(AY) 2 I x AT

67



Lemma 4.1.3. Let G be a compact p-adic analytic group. Suppose that we have an
injective group homomorphism o : G — Ag splitting 7 such that, for all g € AT,
we have o(g) = (e- g, g). Then we can find a ¢ satisfying the conditions of Corollary
B.14

Proof. Define § to be the composite of o : G — Ag with the projection Ag — (e-kA*)*.

]

We assume for the remainder of this subsection that G/A* is pro-p, and

find a map o satisfying Lemma for this case.

Write P = G/A*. Note that Ag/d(A™) is an extension of Ag/Aa+ (which is iso-
morphic to P, a pro-p group, by Lemma [4.1.2)) by Aa+/d(A™) (which is isomorphic
to k', a p’-group, by the discussion above). Hence, as k is still assumed to be finite,

we may apply Sylow’s theorems [9, §1, exercise 11] to find a Sylow pro-p subgroup
L/d(A™) of Ag/d(A™) which is isomorphic to P.

This information is summarised in the following diagram.
Ag

.

P L

k,x/ \
\ P

Lemma 4.1.4. Suppose G/A™ is pro-p. Then there is a map o splitting the surjection
mg : Ag — G satisfying the hypotheses of Lemma [4.1.3
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Proof. Consider |, : L — G. Now, ker(mg) = i(k'*), so

ker(mg|r) = (k") N L
= (i(K"”)NAa+)N L
=i(k”)N(Aa+ N L)

— (k) Nd(AY) =1,

so (L is injective. Also,
(k™) L= Ans - L= Ag,
SO

G = 7Tg<z4g) = 7Tg<i(klx> : L)
= ma(i(k)) - ma(L)

= 7Tg<L)

as mg(i(z)) = me((z,1)) = 1 for x € k', and hence 7g|y is surjective. So mg|y is in

fact an isomorphism L — G.

Define 0 : G — L — Ag (i.e. (mg|p)™! followed by inclusion). By construction,
this o splits mg. Also, as mg(0(g9)) = ma(d(g)) = g for all g € AT, we have that

o(g9)d(g)™! € kermgNL =1, and so o(g) = d(g) = (e-g, g) for g € AT asrequired. [

Now we may define 0 : G — (e - kA*)* as in the proof of Lemma allowing us
to deduce the following theorem, in which we continue to write ¢ : kG — e - kG for

the natural quotient map:

Theorem 4.1.5. Let G be a compact p-adic analytic group with G/A* pro-p, and
let k& be a finite field. Write N = G/AT. Let M be a minimal prime of kG,
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and e € cpim(]\/[ ), and suppose that e is centralised by G. Then we can find a

d: G — (e kAT)* satisfying the conditions of Corollary In particular:

(i) There exists an isomorphism

U:e kG — e kAT Q kN.
k

(ii) There exist a finite field extension k’/k and a positive integer ¢, and an isomor-
phism
Ve kG — M;(K'N).

Furthermore, let A be an ideal of kG with M C A, so that ¢ og(A) = M;(a) for some

ideal a of K’ N. Then:

(iii) A is prime if and only if a is prime. Also, A is almost (G-)faithful if and only
if a is (N-)faithful.

Proof.

(i) The map ¢ as defined by Lemmas and satisfies the conditions of

Corollary [3.1.4} which gives the isomorphism ¥ : e - kG — e- kAT @ k[[G/AY]].
k

(ii) Asin Corollary|3.1.4) we may identify e- KA+ ® E[[G/AT]] with M(K'[[G/AT]])

by appealing to Lemma [1.5.1](iii).

(iii) This is just Corollary (3.2.3] O
Proof of Theorem [F]. This follows from Theorem [£.1.5] O
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4.2 Central twists by 2-cocycles, and the general

case
Suppose we are given a ring R, a finite group G, and a fixed crossed product
S=R < * > G

as in Notation [I.7.2} and suppose further that we wish to define some new crossed
product, keeping the action the same but changing the twisting, say

S =R x QG.

(0,7")

For the rest of this section, until stated otherwise, we will write A = Z(R*).

Lemma 4.2.1. S’ is well-defined as a ring if and only if there exists a € Z2(G, A)

satisfying 7/(z,y) = 7(x, y)a(z,y) for all z,y € G.

Proof. Equation ((1.7.2)), applied to both S and S’, gives

o(x)o(y) = o(zy)n(z,y) and

o(x)a(y) = o(zy)r' (z,y) for all 7,y € G,

where n(z,y) and n/(z,y) are the automorphisms induced by conjugation by 7(z,y)

and 7'(x,y) respectively. This implies that n = 1. In other words, writing a = 7717/
pointwise, we see that conjugation by a(x,y) induces the trivial automorphism on R,
and so

a:GxG— Z(R*)=A,
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and it follows from equation (1.7.3) that, in order for S’ to be a ring, a must be a

2-cocycle for o taking values in A. The converse is identical. ]

Definition 4.2.2. When the crossed product S = R+xG = R < * > GG and the central
2-cocycle « are fixed, write the ring S’ defined above as S,: we will say that S, is
the central 2-cocycle twist of S by a with respect to the decomposition S = R < * > G,

meaning that

S, =R *x (.

(o,70)
Sometimes it will not be necessary to specify all of this information in full; we may

simply refer to S, as a central 2-cocycle twist of S, or similar.

Note that S, depends not only on the map 7, but also on the choice of basis G for
S=RxG.

Remark. Fix a crossed product S = R* G, and choose some o € Z2(G, A). Write the

resulting crossed product decompositions as

S=EPRg, S.=EPRs.

geG geG

We say that S and S, differ by a diagonal change of basis if, for each g € GG, there is
some unit u, € R* such that § = gu,. (In particular, if S and S, differ by a diagonal
change of basis, they are isomorphic.) By [22, exercise 1.1], S and S, differ by a
diagonal change of basis if and only if a is a 2-coboundary for o, i.e. there is some

function ¢ : G — R* with

a(z,y) = e(zy) () We(y)

for all z,y € G. Hence S and S, are non-isomorphic only if o has non-trivial coho-

mology class. But we will not develop this idea any further in this thesis.
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Remark. We note that similar twists have been studied by Aljadeff et al., e.g. in [1].

Central 2-cocycle twists will occur naturally in the theory later. For now, we see

where this will be applied:

Definition 4.2.3. [22, Lemma 12.3] Let R be a prime ring. An automorphism
¢ : R — R is X-inner if there exist nonzero elements a,b,c,d € R such that, for
all z € R,

azxb = cx?d.

(Here z¥ denotes the image of x under ¢.) Write Xinn(R) to denote the subgroup of

Aut(R) of X-inner automorphisms.

Now let G be a group, and fix a crossed product

S=R+xG=R x G.

(0,7)

Write Xinng(R; G) for the normal subgroup of G consisting of elements g € G that

act by X-inner automorphisms on R, i.e.

Xinng(R; G) = o' (o(G) N Xinn(R)).

Theorem 4.2.4. Fix a crossed product S = R % G with R prime, G finite. Then
Xinng(R; G) = Xinng, (R; G) for every a € Z2(G, A). In particular, if Xinng(R; G) = 1,

then S, is a prime ring for every a € Z2(G, A).

Proof. Tt is clear from the definition that Xinng, (R;G) depends only on the map o,
and so Xinng, (R; G) = Xinng(R; G) for all . A special case of [22, Corollary 12.6]

implies that, if Xinng_ (R;G) = 1, then S, is a prime ring,. m

This theorem will be important in §7]
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Now we turn our attention back to the problem of understanding quotients of com-

pleted group algebras.

Let G be a compact p-adic analytic group, M a minimal prime of kG, and e € cpim(M )
(as in Notation [1.5.2]) centralised by G. In this more general case, we may not be

able to find a group homomorphism

§:G — (e FAT)

satisfying the hypotheses of Corollary so we may not be able to find an isomor-
phism
Ve kG — M,(K[[G/AT]).

In this case, fix an open normal pro-p subgroup N of G/A™ (e.g. by taking the normal
core in G of an open uniform pro-p subgroup, as in [9, Theorem 8.32]), and write H

for the preimage of N in G, so that by Theorem we do get an isomorphism

Ve kH — My(K'N).

Now we will have to rely on the crossed product structure of kG. That is, writing

F = G/H, we can find a crossed product decomposition

kG =kH * F.

In the following discussion, we will construct a related crossed product &'N x F' (not
necessarily isomorphic to k'[[G/AT]]), and show that the isomorphism v extends to
an isomorphism

Ve kG — My(K'N % F).

Studying the structure of this crossed product k&'N x F' will allow us to understand
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the prime ideals of £G. In fact, we will show that k'/N % F' is a central 2-cocycle twist
of K'[[G/AT]].

Recall the map 6 : H — (e - kAT)* from Theorem [4.1.5, and continue to write

e:H— (e-kH)*

h §(h)"h

for all h € H, as in the proof of Theorem [3.1.3
For the remainder of this section, we fix an element g € G.

Fix M, € (e-kAT)*, an arbitrary lift of the image of g under the map G — Inn(e-kAT),
i.e. any element such that 29 = 2™ for all € e - kAT, and hence (M,,g) € Ag.
Define

g=M"g¢€ (e kG)* (4.2.1)

— this element will play the role of “c(g)” when g ¢ H.

Recall also the isomorphisms

___ v -
e-kH e- kAT Q kN
P k

of the proof of Theorem [3.1.3]

Conjugation on the right by g is a ring automorphism ¢, € Aut(e-kH), which induces

a ring automorphism

Vop,od = HgEAut(e-k‘A+(%k‘N).

That is:
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e -kH 2 e kH

P v

e kAT @ kN ——e - EAT @ kN
k g k

For ease of notation, we will write these maps on the left as before, though note that

e.g. 0y 00,,(z) =0y, () for all g1,9. € G.

Given r € e kAT and hAT € N, we wish to calculate 0,(r ® hAT) explicitly.

We begin with a trivial remark:

Lemma 4.2.5. By construction, ¢,(r) =r, and so 0,(r® 1) =r ® 1. O
Next, a computational lemma:

Lemma 4.2.6. Suppose N is pro-p and £’* contains no non-trivial pro-p subgroups.

Then 6(h)? = 6(h?) for all h € H.

Proof. Define 8, : H — (e - kAT)* by B,(h) = 6(h?)~'6(h)9. We aim to show that
Bg(h) =1 for all h.

For any r € e - kAT, we have that

J8(h9) _ ko

1

= ()

_ ((rgfl)é(h)y/ — o)

9

and so 1% = r ie. B,(h) is in the centre of (e - kAT)*. So 3, is a map from H to

k'

Let hq, he € H. Since B,(h1) = 6(h])~10(h1)? is central in (e - KA*T)*, in particular it
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centralises d(h3)~!, and so

By(hiha) = 6((hih2)?) ™ 6(hyhy)?

= (1) (k) (k)5 (ha)?

=[50 [[8(hg) " 5(ha)?]3(ha)?

= 0(hY)"16(hy)? || (RS~ |6 (hy)?

= By(h1)By(ha),

so B, is a group homomorphism H — k’*. Furthermore, when h € A™,

By(h) = 6(h?)~ o (h)?

= (e FA) e B = 1.

So AT < ker f3,, and so S, in fact descends to a homomorphism from N (a pro-p

group) to k’* (containing no non-trivial pro-p subgroups), and so must be trivial. [

Continue to write e(h) = d(h)~*h for all h € H. Then, finally, we can conclude:

Corollary 4.2.7. Suppose N is pro-p and k' contains no non-trivial pro-p subgroups.

Then e(h)? = g(h9) for all h € H.

Proof. We have

e(h)? =e(h)? as £(h) centralises M,

= (6(h7))""he by Lemma [4.2.6

as required. N

7



Now we can calculate the action of 6, on e - kAT @ kN
k

Lemma 4.2.8. Given r € ¢- kAt and hAT € N, with N pro-p and k' containing

no non-trivial pro-p subgroups as above, we have

0,(r @ hAT) = r @ (RAT)IA",

= WU(py(re(h))) by definition
= U(ri(h)?)

= U(re(h?)) by Corollary and Lemma
= U (P(r ® hIAT)) by definition
=r®hIAT by Theorem [3.1.3
—r® (RAT)A, O

We will need one final definition.

Definition 4.2.9. Let G be a compact p-adic analytic group, H an open normal
subgroup, F' = G/H, and I a G-stable ideal of kH. Suppose we are given elements
x; € (kG/IkG)* such that

kG/TkG = éazi(kH/I)

is a decomposition of kG /IkG as a kH/I-module, or equivalently,

Fi={x,...,2,} C (kG/IKG)*
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is a basis for a crossed product decomposition kG/IkG = kH/I * F. We will say
that this decomposition is standard if each x; is the image of some g; € G under the

natural map G — (kG/IkG)*.
Now finally we can prove the main theorem of this section.

Let G be a compact p-adic analytic group and H an open normal subgroup containing
AT with H/AT a pro-p group. Suppose k is a finite field of characteristic p. Fix a

minimal prime M of kH, and e € cpim(l\/[ ), and suppose that e is centralised by G.

As H satisfies the conditions of Theorem there exist a finite field extension k'/k

and a positive integer ¢, and isomorphisms
V:e-kH —e- kAT KN,
k/

bie-FH — Mt<k’[[H/A+]]>.

(Note that, here, we have identified the two rings e - kAT ® kN and e - kAT ® k' N as
k K’
in Lemma [1.5.1](iii).)

Fix a crossed product decomposition

HIG/AT] = K[[H/AT]] = (G/H) ()

(0,7)

which is standard in the sense of Definition 4.2.9]

Theorem 4.2.10. Notation as above. Then there exists

o€ 22(G/H, Z(K[[H/AT])))
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such that ¥ extends to an isomorphism

o’

@:e'm%amg(lﬁ/HG/Aﬂ])

where the 2-cocycle twist (K'[[G/AT]])a, as defined in Definition [4.2.2] is taken with

respect to the standard crossed product decomposition above.

Hence v also extends to an isomorphism
b e- kG — Mt<(k;’[[G/A+]])a>.

Proof. We know that e - kAT = M,(k') for some ¢ and k' by Lemma [1.5.1] and so

e - kAt contains a set {e;;} of t* matrix units. Set
= Ze.m<{€z‘j}) Ce-kH,

the centraliser of all of these matrix units, and likewise Zg C e-kG and Za+ C e-kAT.

Then the statement and proof of [21], 6.1.5] show that

e-kH=e - kAT @ Ly

Znt

and

Q
3
3

~e. kAT X Z(;.

Dy

Since e- kAT = M, (k'), it is clear that Zx+ = K/, the diagonal copy of k" inside M, (k’).
Using the isomorphism ¥ of Theorem we can also understand the structure of
Z H-

V(Zn) = Za+ @ K[[H/AT]] = K[H/AT],
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so U restricts to an explicit isomorphism Zy — k'[[H/AT]]. Now we would like to

understand the structure of Zg.

As F := GG/ H is finite, we may write {x1,...,x,} for the basis of the crossed product

(). This will be a set of representatives in G of F' = {z1H, ...,z ,H}.

For each x;, form #; € Z} as in equation (4.2.1). Then e- kG is a free e - kH-module

of rank n: e- kG can be written as the internal direct sum
n
e kG = Pi(e-kH).
i=1
Intersecting both sides of this equation with Zg gives

ZG’ = é 'fZZHa
=1

showing that Z is a crossed product Zy+F', and is therefore isomorphic to &'[[H/AY]]«F.
Lemma may now be restated to say that this &'[[H/AT]] « F' is just a central
2-cocycle twist of the decomposition (f) of k/[[G/A*]]. This is the map ¥, and the

map ¢ then also follows from Lemma M(iii). O

Further, keeping the above notation, let A be an ideal of kH with M C A. Continuing

as before to write ¢ : kG — e - kG for the natural quotient map, we see by Theorem

that 1 o g(A) = M;(a) for some ideal a of K'[[H/AT]].

Corollary 4.2.11. The following are equivalent:
(i) A is G-stable as an ideal of kH.
(i) ais (G/A")-stable as an ideal of k'[[G/AT]].

(iii) ais (G/A™)-stable as an ideal of (K'[[G/A™]])a.
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Moreover, when these conditions hold, we have

Vo q(AkG) = Mt(a (k/[[G/A+]])a)'

Proof. The equivalence of statements (ii) and (iii) is clear since, by definition, the
conjugation action of G/A™ on the ring k'[[G/A™T]] is the same as the conjugation
action of G/A™ on the ring (K'[[G/A%]])a. The equivalence of (i) and (ii) follows

easily from Lemma [4.2.8] Then

U0 q(AkG) = (Y 0 q(A)) - (¥ o q(kG))

= My(a) - Mt((k:’[[G/NH)a)

_ Mt<a (k’[[G/N]])a). O
Proof of Theorem[Gl. This follows from Theorem [4.2.10] O
Proof of Theorem [H. This follows from Corollaries [3.2.3] and [4.2.11] O

4.3 Matrix units and the Peirce decomposition

From section [3.1| onwards, we often stipulated a stronger condition than in Lemma
1.5.1, namely that the conjugation action of G on kG should fix the idempotent e
(in Notation [1.5.2). In general, e will have some non-trivial (but finite) G-orbit, so it

will only make sense to consider f - kG, where f = ¢|“.

The following result already gives us a lot of information:

Lemma 4.3.1. |21, 6.1.6] Let R be a ring, and let 1 = e; + ey + -+ + ¢, be a
decomposition of 1 into a sum of orthogonal idempotents. Let G be a subgroup of the

group of units of R, and assume that G permutes the set {ey,es,...,e,} transitively
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by conjugation. Then R = M,,(S), where S is the ring S = e; Re;. O

For instance, if M is a faithful minimal prime of kG, e € CpiW(M ) and f = ¢|%,
this lemma implies that

f-kG = My(e-kG -e),

and it is easy to show that

e kG-e=e-kGy

where G is the closed subgroup of elements of G (here identified with the natural

subgroup of (f - kG)*) that fix e under conjugation.
Proof of Theorem[]. This follows from Lemma [4.3.1] O

Now, if P is any ideal containing M, and the image of f- P in M,(e-kG,) is M,(e-Q)
for some ideal Q (with @ containing JkG, and @ containing 1 — e), it is easy to see

that:

Lemma 4.3.2. P is prime if and only if () is prime.

Proof. By Lemma m, it suffices to show that f - P = M,(e- Q) is prime if and

only if e - Q is prime; but this is true because Morita equivalence preserves primality

(Lemma [1.6.5)). O

With a little more care, it is also possible to use the proof of Lemma to show

that

Pl = ﬂ(QT)g.

geG

(See Lemmas and for a proof of this statement.)

Later, we will show that certain prime ideals P of kG are controlled by certain closed
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normal subgroups H containing A™. By Lemma [1.6.3], it clearly suffices to show that
(f-PNnf-kH)f -kG=f-P.

If now f = e|", we may apply Lemma to reduce to the case when f = e, and
then apply the isomorphism 1) of Theorem and Lemma to reduce the

problem to a simpler one.

However, Lemma [4.3.1] is not always precise enough for our purposes. It may be the
case that f = e|“ # |, i.e. the G-orbit of e splits into more than one H-orbit: then

f - kH is not a full matrix ring, but a direct sum
FoRH = ( ;;).m)@...@(g).m)

of several matrix rings (which may be non-isomorphic), and the same tools become

messier to apply.

For this reason, it will be useful to keep track of the isomorphism in Lemma 4.3.1
more carefully, and so we will develop a more precise set of tools for handling this

isomorphism.

Let R be a ring, and fix a subgroup G < R*. Suppose we have a G-orbit of mutually
orthogonal idempotents ey, ..., e, € R whose sum is 1. Recall the Peirce decomposi-

tion of R with respect to this set of idempotents,

Rll R12 <o er
R— é R,L-j _ R21 R22 v RQT ’
ij=1 : e
er Rr2 Rrr

where R;; 1= ¢;Re;.
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Remark. Each R;; is naturally a ring with identity 1p, = e; under the multiplica-

tion inherited from R. Each R;; is an (R;, R;j)-bimodule, and the restriction of

the multiplication map R ® R — R gives a homomorphism of (Rj;, Rix)-bimodules
R

Rij X Rjk — le for all i,j, k.
Rjj
Let A be any ideal of R, and write A;; = AN R;; = e;Ae;.

Lemma 4.3.3. A;; Ry = 0, Ay (where §;; is the Kronecker delta symbol).

Proof. 1t j # k, it is clear from the definitions that A;; Ry = 0.

Suppose j = k, and let g € G be such that e,g = ge;, so that 0 # exge; € Ry;. Then,

given any a € A, we can write
-1 -1
e;ae; = e;ag  gep = (e;ag™ e )(exger),

showing that A;; C A;Ry;. The reverse inclusion is trivial. O

In this section, we aim to study the relationship between an ideal A <« R and the
various ideals A;; < R;. To that end, write for convenience S; := R;; and B; := A
from now on. Also, we have fixed the group G inside R*: its analogue inside S;* is

e;Ge;, which we note is isomorphic to G; := Cg(e;) in the natural way.

Recall from Definition that, if I is an ideal of kG, we define
I'=(I+1)NG = ker(G — (EG/I)%).

Below is the appropriate analogue for the current situation.

Definition 4.3.4. With notation as above,

A= (A+15) NG = ker(G — (R/A)),
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Bl = (Bi+15,) N G; = ker(G; — (8i/Bi)™).

The following lemma relates these groups.
Lemma 4.3.5.

(i) If A # R, then AT <'_, G;.

(ii) Al = 02:1 sz

(iii) The {B} are a G-orbit under conjugation.

Proof.

(i) Suppose not: then there exist some i # j and some g € A" with ;g = ge;, so

that e;ge; = 0. Then
g—1€eA = e(g—1)e; € A = ¢, € A,

but then by conjugating by elements of G we see that e, € A for all k, and so

1=>,e; € A so A= R, which is a contradiction.
(ii) Fixi. If g—1 € A, then g € G; by the previous lemma, so ¢;(g — 1)e; € B;.

Let g€ Bl so that e;ge; = geje; = 0 € Aforalli # j, and e;(g—1)e; € B;
C Aforalli. Then g—1= zi# e;ige; + Y ei(g—1)e € A.

(iii) A is G-stable, so if e/ = e; then B = (e;Ae;)9 = ejAe; = B;. Also, G = Gj.

It follows that (B])9 = BJT-. O

We finish by applying this to the problem mentioned at the beginning of this section.
Recall the definition of control from Definition [L.6.1]

Lemma 4.3.6. Let G be a compact p-adic analytic group, H a closed normal sub-

group containing A", and k a field of characteristic p. Let P be an ideal of kG
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containing a prime ideal.

Write e € CpiW(P), f = €|, where the G-orbit of ¢ = ¢; is {ey,...,e,}. For each
1 < i < r, write G; for the stabiliser in G of e; (so that e; - kG - ¢; = ¢; - kG;),
and similarly H; = H N G;, and set Q); equal to the preimage in kG; of the ideal

ei-F-ei<le,~-kz_Gi.
Then
(i) P is controlled by H if and only if each @); is controlled by H;,
(i) P' =, @
Proof. Take R to be f-kG, and identify G with its image in (f - kG)*. Let A be the
ideal f - P, and B; the ideal ¢; - Q;.

Write D = f-kH and D; = e;-kH;. By Lemmall.6.3] it suffices to show: (AND)R = A
if and only if (B; N D;)S; = B; for each i.

Take the equation (AN D)R = A, and intersect it with S;.

Note that @, B; = @,(B; N D;)S; by assumption, and we have automatically
that (AN D)R C A. Since @, S; C R, we have that

7

BB =P(B:ND)S; C(AND)R C A.

Hence

(@Bi)Rg(AmD)RgAR:A,

1.e.

(@ AM-) (@ Rjk> C (AND)RC A.
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But the left hand side can easily be computed by Lemma [4.3.3| and is equal to

P A
ik

— that is, A.
This shows that P is controlled by H, completing the proof of (i).

Comparing Definitions and 4.3.4) we can see that PI = At and QI = B/.

Statement (ii) is now a direct consequence of Lemma [4.3.5[(ii). O
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Chapter 5

p-valuations and crossed products

5.1 Separating a free abelian quotient

Let G be a p-valuable group with p-valuation w, and let o € Aut(G). In this section
and the next, we seek to establish conditions under which a given automorphism o of
G will preserve the “dominant” part of certain elements = € G (with respect to w).

That is, we are looking for a condition under which

gr,(o(z)) = gr,(z).
Clearly it is necessary and sufficient that the following holds:

w(o(x)z™) > w(w). (5.1.1)

Our aim is to invoke the following technical result.

Theorem 5.1.1. Let G be a p-valuable group, and let L be a proper closed isolated

orbital (hence normal) subgroup containing [G, G], so that we have an isomorphism
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v:G/L — Zg for some d > 1. Write ¢ : G — G/ L for the natural quotient map.

Choose a Z,-basis {eq,...,eq} for Zz. For each 1 < i < d, fix an element ¢g; € G
with ¢ 0 ¢(g;) = e;. Fix an automorphism o of G preserving L, so that o induces an
automorphism & of G//L, and hence an automorphism 6 = @ oG o=t of Zg. Let M,

be the matrix of & with respect to the basis {ey,...,eq}.

Suppose there exists some p-valuation w on G with the following properties:

(i) holds for all x € {g1,..., 94},
(i) w(gr) = --- = w(ga)(=t, say),
(iii) w(f) >t for all £ € L.
Then M, — 1 € pMy(Z,).

Before proving this, we will define a particular p-valuation on abelian p-valuable

groups.

Definition 5.1.2. Let A be a free abelian pro-p group of rank d > 0 (here written
multiplicatively). Choose a real number ¢ > (p — 1)~!. Then the (¢, p)-filtration on

A is the function w : A — R U {oo} defined by
w(z) =t+n,
where n is the non-negative integer such that z € A”" \ A?""'. (By convention,
w(l) = 00.)
Lemma 5.1.3. Let A and ¢ be as in the above definition.

(i) The (t, p)-filtration w is a p-valuation on A.

(ii) Suppose we are given an ordered basis {ay,...,as} for A, and a p-valuation «

on A satisfying a(a;) = -+ = a(ag) = t. Then « is the (¢, p)-filtration on A.
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(iii) The (¢, p)-filtration w is completely invariant under automorphisms of A, i.e.

the subgroups A, » and A, y+ are characteristic in A.

Proof.
(i) This is a trivial check from the definition |13, III, 2.1.2].

(ii) By [13} III, 2.2.4], we see that

A AdY . )
a(ay .. .ag') =t + 1gi1£d{vp()‘z)}’

which is precisely the (t, p)-filtration.
(iii) The subgroups AP" are clearly characteristic in A. O

Remark. The (t,p)-filtration as defined above is equivalent to the definition given

in |13} II, 3.2.1] for free abelian pro-p groups of finite rank.

Remark. Given an arbitrary p-valuable group G with p-valuation w, and a closed
normal subgroup K such that G/K is torsion-free, we may define the quotient p-

valuation € induced by w on G/K as follows:

QgK) = sup{w(gh)}.

keK

This is defined by Lazard, but the definition is spread across several results, so we
collate them here for convenience. The definition in the case of filtered modules
is [13, I, 2.1.7], and is modified to the case of filtered groups in 13|, the remark after
II, 1.1.4.1]. The specialisation from filtered groups to p-saturable groups is done
in [13, II1, 3.3.2.4], where it is proved that € is indeed still a p-valuation on G/K;
and the general case is stated in |13} III, 3.1.7.6], and eventually proved in |13} IV,
3.4.2).
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With this in mind, we remark the following: suppose w satisfies hypothesis (iii) of
Theorem [5.1.1] Then hypothesis (ii) is equivalent to the statement that the quotient

filtration induced by w on G/L is actually the (¢, p)-filtration on G/ L.

Proof of Theorem |5.1.1, Define the function Q : Z¢ — R U {co} by

Qo p(gL) = sup{w(gl)}.

lel

By the remark above, €2 is in fact a p-valuation.

By assumption (iii), we see that, for each 1 < ¢ < d and any ¢ € L, we have
w(g:) = w(gil), so that
Q(e;) = Qo p(giL) = sup{w(gif)} = w(gs),

leL

so by assumption (ii), (e;) = t. Hence, by Lemma [5.1.3(ii), 2 must be the (¢, p)-

filtration on Zg. Now, by assumption (i), we have
Qo(z) —z) >t
for all = € {eq,...,eq}, and hence, as  —t takes integer values (by Definition [5.1.2)),
Qo(x) —x) >t+1,

and so 6(x)—x € pZZ for each x € {ey,...,eq}, which is what we wanted to prove. [

5.2 Constructing p-valuations

In this subsection, we address the issue of hypotheses (ii) and (iii) of Theorem [5.1.1]

by constructing a p-valuation on an arbitrary nilpotent p-valuable group satisfying
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certain nice technical properties. We will not address the case when the group in

question is abelian.

Fix some n > 2, and write U := U(GL,(Z,)) for the closed subgroup of GL,(Z,)

consisting of unipotent upper triangular matrices, i.e.

1 7, Z, Z,
01 7z, »

U=10 0 1 e
00 0 1

and write I'(k) := I'(k, GL,(Z,)) for the kth congruence subgroup of GL,(Z,), i.e.

I'k)={X € GL,(Z,)|X =1 mod p*}.

Writee =0ifp#2ande=11if p = 2.

Lemma 5.2.1. The group I'(1 + ¢) has p-valuation w defined by

where k is the positive integer such that x € T'(k) \ T'(k + 1).
Proof. This follows from [26, Proposition 2.1] and [9, Theorem 5.2]. ]

Recall from Lemma that, if G is a non-abelian nilpotent p-valuable group, then
there is some n > 2 for which there is a continuous embedding G — U,,. Recall also
from Corollary the isolated lower central series of a nilpotent p-valuable group
G: if (;) is the abstract lower central series of G, then defining G; = ig(%;), we

have that (G;) is a strongly central series for G consisting of isolated normal closed
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subgroups. We will also write G' = Gs.

Note that
1 [o] z, z, Z, 10 (0] z, Z,
0 1 [0 z, Z, 01 0 [0 Z,
0 0 1 N/ 00 1 0 y/
Z/{QZ @ g 7M3: 3 5 .
00 0 1 Z, 00 0 1 Z,
00 0 0 1 00 0 0 1

— that is, for 2 < k < n, U is obtained from U by setting the entries in the first £k — 1

superdiagonals equal to zero.

Write P = diag(1,p,p?,...,p" 1) € GL,(Q,). Note that P~"UP" < T'(n).

Define a sequence of p-valuations on U as follows. Let w be the p-valuation on I'(1+¢)
defined above. Then, for any X € U, and for all » > 0, define

Wy (X) — w<PflfserP1+e+r>7

so that w,y1(X) = w,.(P7'XP).

Lemma 5.2.2. Fix some Y € Uy \ Ug+1 (so, in particular, Y # 1). Then we have

wrr1(Y) > we(Y) 4 k for all r; moreover, there exists some integer N such that, for

all 7 > N, we have w,1(Y) = w,(Y) + k.

Proof. Write

Z =P 'Y P =14+ S, 4+ Spp1 + -+ Snt,

where each matrix S, has (i, j)-entry equal to zero for j —i # ¢. (That is, Sy is the

¢-th superdiagonal of Z.) By assumption, Y € Uy, \ Uyy1, so Sk # 0.
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It is easy to see that
P"ZpPr =1 + prkSk + pr(kJrl)SkJrl T pr(nfl)Snil.
For any matrix A = (a;;) € M,,(Z,), define v(A) = inf{v,(a;;)}. Then

wr (V) = inf{o(p LS,
= inf{v(S;) + (r + 1)¢}
> inf{v(Sy) + 70} + k
= inf{o(p"™Sy)} + k

=w.(Y)+k,

where all of the above infima are taken over the range k£ < ¢ <n — 1.

We now need to show that this inequality becomes an equality for sufficiently large

r: that is, there exists some N such that, for r > N, we have

inf {0(S) +(r+ )0 = _inf {v(S0) + 16} + k. (5.2.1)

k<t<n—1 k<t<n—

It will be enough to show that, for all » > N, we have

inf  {v(S¢) +rl} = v(Sk) + rk, (5.2.2)

k<t<n—1

i.e. this infimum is attained when ¢ = k for all » > N; or equivalently that
U(Sk) +rk < U(Sg) +rl (523)

for all £ < ¢ < n — 1: indeed, substituting (5.2.2) for both the left- and right-hand
sides of ([5.2.1)) shows clearly that they are equal.
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Rearranging the inequality (5.2.3]), we get
r(0 —k) > v(Sk) — v(Sy)

for all k < ¢ <mn—1, and so we see that it suffices to take N > v(Sk). O

Finally, we derive the following result.

Lemma 5.2.3. Let GG be a non-abelian nilpotent p-valuable group. Choose an ordered
basis {g4i1,---,9e} for G', and extend it to an ordered basis {gi,...,g.} for G by

Lemma [1.3.2, To each p-valuation «, assign the real number

R(a) = inf_{a(g)} — inf {a(g)}

d+1<i<e

Then there exists some p-valuation « for G with R(«) > 0.
Remark. This ensures that there is some 1 < i < d with a(g;) < a(x) for every

e @,

Proof. First, choose an embedding ¢ : G — U. Let k be the greatest integer such
that ¥(G) < Uy: then ¥(G') < (Ux) < Uy41. Hence we must have some 1 < iy < d

such that ¥(g;,) € Uy \ Up+1, and for each d + 1 < i < e we must have 9(g;) € Up11.

Fix i¢ as above, and for any p-valuation a and any d — 1 < i < e, write

Ry(@) := a(g;) — algio),

so that

R(a) > inf {Ri(a)},

— d+l1<i<e

and so it will suffice to find « such that Rjj(a) > 0 for each d+1 < i < e.
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Now fix some d + 1 < i < e, and write Y = ¢(g;,) and X = (g;). By Lemma [5.2.2]

there is some large N; such that the following hold for all » > N;:

wr1(Y) = wr(Y) + k,

Subtracting, we get

wrr(X) —wra (V) 2 wp(X) = wp(Y) + L.

In other words, if we set a, = w, o9 for all r > N;, then

Ri(ar1) > Ry(on).

Now set N = supg, <;<.{Ni}. Then, for all d +1 < i < e, the sequence (R}(ar))rsn

is an increasing sequence of integers; hence they must eventually all be positive. [

Now we prove a general theorem about “lifting” p-valuations from torsion-free quo-

tients.

Theorem 5.2.4. Let G be a p-valuable group, and N a closed isolated orbital (hence

normal) subgroup of G. Suppose we are given two functions

a,f:G— RU{oo},

such that « is a p-valuation on G, and S factors through a p-valuation on G/N, i.e.

B:G/N — RU{x}.

Then w = inf{a, #} is a p-valuation on G.
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Proof. o and [ are both filtrations on G (in the sense of |13, II, 1.1.1]), and so
by |13, II, 1.2.10], w is also a filtration. Following [13, III, 2.1.2], for w to be a

p-valuation, we need to check the following three conditions:
(i) w(x) < oo forallz e G, x+# 1.

This follows from the fact that « is a p-valuation, and hence a(x) < oo for all

re G, x#1.
(i) w(x) > (p—-1)"" forallz € G.

This follows from the fact that a(z) > (p —1)7! and B(z) > (p — 1)~ for all

x € G by definition.
(ili) w(a?) =w(z) +1 for allz € G.
Take any x € G. As ais a p-valuation, we have by definition that a(a?) = a(z)+1.

If x € N, this alone is enough to establish the condition, as w|y = a|y (since
fx) = 00).

Suppose instead that x € G\ N. Then, as N is assumed isolated orbital in G,

we also have 2 € G \ N, so by definition of 5 we have
B(a?) = B((xN)?) = B(zN) +1 = B(z) + 1,
with the middle equality coming from the fact that 3 is a p-valuation. Now it

is clear that w(a?) = w(z) 4+ 1 by definition of w. O

Definition 5.2.5. Let GG be a p-valuable group, and suppose we have a proper closed

isolated normal subgroup L containing G’. Choose an ordered basis {g411, - - -, ge} for
L, and extend it to an ordered basis {g1, ..., g.} for G by Lemma|1.3.2l We will say
that w satisfies property (Ap) if it satisfies hypotheses (ii) and (iii) of Theorem [5.1.1}
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i.e.

w(gr) = -+ = w(ga),
(AL)
and, for all £ € L, w(g1) < w(f).

Corollary 5.2.6. Let G be a nilpotent p-valuable group, and suppose we have a
proper closed isolated normal subgroup L containing the isolated derived subgroup

G’. Then there exists some p-valuation w for G satisfying (Ar).

Proof. Let a; be a p-valuation for G satisfying R(a;) > 0 as in Lemma [5.2.3] Take
an ordered basis {gg+1,...,ge; for L and extend it to an ordered basis {g1,..., 9}

for G by Lemma [1.3.2] as in Definition [5.2.5] Fix two numbers ¢; and t, satisfying
_ 1)L < )
p—1)" <ta<t; < 11§r}£ea(gz).

Applying Theorem with N = G’ and f3; the (t1,p)-filtration on G/G’, we see
that as = inf{ay, f1} is a p-valuation for G, and by construction s satisfies (Ag/).
Now let 35 be the (ty, p)-filtration on G/ L, and apply Theorem again to see that

w = inf{ay, f2} is a p-valuation for G and satisfies (Ap). O

Remark. Suppose that L is characteristic. If w satisfies (Ay) as above, write t := w(g;).

Then, for any automorphism o of G and any 1 < i < d, we have

w(o(g) =t

This follows from Lemma |5.1.3(iii). Indeed, by construction, we have G; = G, and
G+ = GP - L, an open normal subgroup; and since L is characteristic, G+ is charac-

teristic.
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5.3 Invariance under the action of a crossed pro-

duct

Definition 5.3.1. Let R be a ring, and fix a subgroup G < R*; let F' be a group.
Fix a crossed product

S=R *x F.

(0,7)

Consider the following properties that this crossed product may satisfy:

The image o(F) normalises G, i.e. 2°F) € G forallz € G, f € F. (Ne)
The image 7(F, F') normalises G. (NG)
The image 7(F, F) is a subset of G. (Pa)

In the case when G is p-valuable, consider the set of p-valuations of G. Then Aut(G)
acts on this set as follows: given an automorphism ¢ of G and a p-valuation w of G,

we may define a p-valuation ¢ - w on G by setting, for all z € G,

(- w)(x) = w(z?).

Remark. We have written ¢ on the left for ease of notation, but in fact this is a right
action: given , 1, we have (¢ - (¢ -w))(z) = (¢ - w)(x?) = w((z?)¥).

When S satisfies (Nf;), we get a map p : 7(F, F') — Aut(G) (with elements of 7(F, F)

acting by conjugation), so it will make sense to consider the following property:

Every p-valuation w of G is invariant under elements of 7(F, F'). (Qe)

Lemma 5.3.2. In the notation above:

100



(i) If S satisfies (Ng), then S satisfies (Nj;).
(ii) If S satisfies (Pg), then S satisfies (Ng;).

(iii) If S satisfies (P¢), then S satisfies (Qg).

Proof.
(i) Note that po 7(z,y) = o(zy)to(z)o(y).
(ii) Obvious.
(iii) By (ii), we see that S satisfies (N7;), so it makes sense to consider (Qg).

Let w be a p-valuation of G, and take t € 7(F,F). As S satisfies (Pg), we

actually have ¢t € GG. Then, for any =z € GG, we have

(t-w)(@) = w(a)
= w(t 'at)
=w(x - [z,1])

> min{w(z),w([z, 1))} = w(z),

and so (by symmetry) w(t™'at) = w(z).
U

Definition 5.3.3. Recall, from Definition |4.2.2] that if we have a fixed crossed prod-

uct

S=R % F (5.3.1)

and a 2-cocycle

a € ZX(F, Z(R®)),
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then we may define the ring

So=R x F,

(o,7a)
the 2-cocycle twist (of R, by a, with respect to the decomposition ).
Lemma 5.3.4. Continuing with the notation above,
(i) S satisfies (N¢) if and only if S, satisfies (Ng).

(ii) S satisfies (Qg) if and only if S, satisfies (Qg).

Proof.

(i) Trivial from Definitions [5.3.1| and [5.3.3]

(ii) As a(F, F) C Z(R)*, conjugation by elements of «(F, F') is the identity auto-

morphism on G. [

These properties will be interesting to us later as they will allow us to invoke the

following lemma:

Lemma 5.3.5. If S satisfies (Ng), then, given any g € F' and p-valuation w on G,

the function g - w given by

(9-w)(x) = w(@’)

is again a p-valuation. If, further, S satisfies (Qg), then this is a group action of F’

on the set of p-valuations of G.

Proof. If z € G, then 2719 € G because S satisfies (Ng), so it makes sense to consider

w(279)). The definition above does indeed give a group action when S satisfies (Qg),
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as, for all g,h € F,

(- (h-w))(x) =h-w(@)
— w(xﬂ(g)o(h))

— w(xa(gh)T(gvh))

= w(z7M) by (Qe)

= (gh - w)(x). 0

The following lemma will finally allow us to prove the existence of a p-valuation

sufficiently “nice” for our purposes.

Lemma 5.3.6. Suppose S satisfies (Ng) and (Qg), so that o induces an action of
F on the set of p-valuations as in the above lemma. Let w be a p-valuation. If the

F-orbit of w is finite, then w'(z) = infyep(g-w)(x) defines an F-invariant p-valuation.

Furthermore, if L is a closed isolated characteristic subgroup of G containing G’, and

w satisfies (Ar) (as in Definition [5.2.5)), then ' satisfies (Ap).

Proof. The function w’ satisfies condition [13| III, 2.1.2.2], since the F-orbit of w is

finite, and is hence a p-valuation that is F-stable by the remark in [13| III, 2.1.2].

Suppose w satisfies (Az). That is, for some ¢ > (p—1)~!, w induces the (¢, p)-filtration
on G/L, and w(f) >t for all ¢ € L. But, given any g € F, clearly g - w still induces
the (¢, p)-filtration on G/L by Lemma M(iii), and (g-w)(f) = w((°9) > t, since
(°19) ¢ L as L is characteristic. Taking the infimum over the finitely many distinct

g-w, g € F, shows that w’ also satisfies (Ap). ]

Definition 5.3.7. Let G be an arbitrary compact p-adic analytic group with At =1,
H an open normal subgroup of G, F' = G/H, and P a faithful G-stable ideal of kH.
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Recall from Definition that the crossed product decomposition
kG/PkG = kH/P (:ﬂ F
is standard if the basis F is a subset of the image of the map
G — (kG/PkG)*.

Lemma 5.3.8. Suppose that kG/PkG = kH/P (:T) F is a standard crossed product
decomposition. Take any a € Z2(F, Z((kH/P)*)), and form the central 2-cocycle
twist (kG/PkG), (Definition |4.2.2)) with respect to this decomposition. Consider H
as a subgroup of (kH/P)*: then conjugation by elements of G inside ((kG/PkG)4)*

induces a group action of F' on the set of p-valuations of H, as in Lemma [5.3.5|
Remark. As the notation suggests, this lemma simply says that the action of F' on

H, via o, is unchanged after applying (—),.

Proof. As the decomposition is standard, kG /PkG trivially satisfies both (Ng) (as
H is normal in G) and (Py). By Lemmal5.3.2[(iii), kG/PkG also satisfies (Qu). Now
Lemma [5.3.4] shows that (kG/PkG), also satisfies (Ng) and (Qg), so that o induces
a group action of F' on the p-valuations of H inside (kG/PkG), by Lemmal[5.3.5] O

Let L be a closed isolated characteristic subgroup of H containing H'.

Corollary 5.3.9. With notation as above, we can find an F-stable p-valuation w on

H satisfying (Ap).

Proof. This now follows immediately from Corollary and Lemma |5.3.6] m
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Chapter 6

A graded ring

6.1 Generalities on ring filtrations

Definition 6.1.1. Recall that a filtration v on the ring R is a function v : R — RU{oo}

satisfying, for all x,y € R,
e v(z +y) = min{v(z),v(y)},
* v(zy) = v(z) +v(y),
e v(0) = o0,v(1) =0.

If in addition we have v(zy) = v(z) + v(y) for all z,y € R, then v is a valuation on

R.
First, a basic property of ring filtrations.

Lemma 6.1.2. Suppose v is a filtration on R which takes non-negative values, i.e.

v(R) C [0,00], and let w € R*. Then v(ux) = v(zu) = v(z) for all x € R.

Proof. By the definition of v, we have 0 = v(1) = v(uu™') > v(u) + v(u™'). As
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v(u) > 0 and v(u™t) > 0, we must have v(u) = 0 = v(u~!). Then

v(x) = v(u tur) > v(u ) +o(ur) = v(ur) > v(u) +v(r) = v(z),

from which we see that v(z) = v(uz); and by a symmetric argument, we also have

v(zu) = v(x). O

We will fix the following notation for this subsection.

Notation 6.1.3. Let G be a p-valuable group equipped with the p-valuation w, and
k a field of characteristic p. Take an ordered basis (defined in [4, 4.2]) {g1,...,94}
for G, and write b; = g1 — 1 € kG for all 1 <i < d. As in [4], we make the following

definitions:

for each o € N?, b® means the (ordered) product b{* ...b5" € kG,

for each a € Z{, g* means the (ordered) product gi"*...gg* € G,

d
for each o € N, (v, w(g)) means Zaiw(gi)a

=1

the canonical ring homomorphism 7, — k will sometimes be left implicit, but

will be denoted by ¢ when necessary for clarity.

Definition 6.1.4. With notation as above, let w be the valuation on kG defined

in [4, 6.2], given by

> Xab® = inf {{a,w(g)) | Ao # 0}

a€eNd

Note that, in light of this formula |4, Corollary 6.2(b)], and by the construction |13} III,
2.3.3] of w, it is clear that the value of w is in fact independent of the ordered basis
chosen. In particular, if ¢ is an automorphism of G, then {g{,..., g7} is another

ordered basis of G; hence if w is g-stable (in the sense that w(g¥) = w(g) for all
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g € G), then w is p-stable (in the sense that w(z?) = w(x) for all x € kG, where ¢

here denotes the natural extension to kG).
We will need the following result:

Lemma 6.1.5. Let

b=Dby+ bip+ bep* + -+ € Zp,
_ 2 S
n=mng+np+np +---+np’ €N,

where all b;,n; € {0,1,...,p — 1}. Then

(1) =TI o

Proof. See e.g. |2, Theorem). O

Corollary 6.1.6. Let b€ Z,, n € N. If

()

then v,(b) < v,(n). Further, for fixed b € Z,,

()}

Proof. From Lemma |6.1.5| above, we can see that

b
()EO mod p
n

inf{nEN

if and only if, for some 0 <17 < s,
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which happens if and only if one of the pairs (b;,n;) for 0 < i < s has b; = 0 # n;.
Hence, to ensure that this does not happen, we must have v,(b) < v,(n). It is
clear from Lemma that n = p”® satisfies (6.1.1)), and is the least n € N with
v,(b) < wp(n). O
Theorem 6.1.7. Take any = € G, and ¢t = infw(G). Then w(z — 1) > t implies

w(z) > t.

Proof. Write z = g®. In order to show that w(g®) > t, it suffices to show that
w(g;) + vp(a;) > t for each j (as there are only finitely many), and hence that
v,(a;) > 1for all j such that w(g;) = t. This is equivalent to the claim that p»(®3) > 1,

which we will write as p*»(®)w(g;) > t for all j with w(g;) = t.

Let U) be the d-tuple with ith entry 5ijp”1’(aj). Then, of course,

(B9, w(g)) = p"**uw(g;),

and by Corollary [6.1.6] we have

(;;) Z0 mod p.

Now suppose that w(g® — 1) > ¢t. We perform binomial expansion in kG to see that

gt—1= H (T+b)% —1 (ordered product)

1<i<d

SO

BENd

G

B7#0
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so that

wlg® 1) = inf { 5. (e) \ 520,(5)#0 modp).

So in particular, for all j satisfying w(g;) = t, we have

t<w(g®—1) < (89, w(g)) = p"“w(y)),

which is what we wanted to prove. O

6.2 Constructing a suitable valuation

Let H be a nilpotent p-valuable group with centre Z. If k is a field of characteristic
p, and p is a faithful prime ideal of £Z, then by [4, Theorem 8.4], the ideal P := pkH

is again a faithful prime ideal of kH.
We will fix the following notation for this subsection.

Notation 6.2.1. Let G be a nilpotent-by-finite compact p-adic analytic group, with
AT =1, and let H = FN,(G) (as in Definition [2.5.3), here a nilpotent p-valuable
radical, so that A = Z := Z(H). We will also write F' = G/H.

Define Q' = Q(kZ/p), the (classical) field of fractions of the (commutative) domain

kZ/p,and Q = Q'®kH, atensor product of kZ-algebras, which (as P = pkH ) we may
kZ

naturally identify with the (right) localisation of kH/P with respect to (kZ/p) \ {0}

— a subring of the Goldie ring of quotients Q(kH/P).

Suppose further that the prime ideal p<1kZ is invariant under conjugation by elements

of GG.
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Choose a crossed product decomposition
kG/PkG = kH/P ( * ) F

which is standard in the sense of the notation of Corollary [5.3.9, Choose also any
a € Z2(F, Z((kH/P)*)), and form as in Definition the central 2-cocycle twist

(kG/PkG)o = kH/P x F.

(o,7ax)

Now the (right) divisor set (kZ/p)\ {0} is G-stable by assumption, so by [22, Lemma

37.7], we may define the partial quotient ring

Ri=Q « F (6.2.1)

o,Ta)

Our aim in this subsection is to construct an appropriate filtration f on the ring R.

We will build this up in stages, following [4]. First, we define a finite set of valuations
on Q'

Definition 6.2.2. In |4, Theorem 7.3], Ardakov defines a valuation on Q(kH/P); let
v1 be the restriction of this valuation to @', so that vi(x + p) > w(z) for all z € kZ

(where w is as in Definition |6.1.4)).

Lemma 6.2.3. ¢ induces a group action of F' on the set of valuations of @)'.
Proof. Let u be a valuation of ()’. GG acts on the set of valuations of Q" as follows:
(9-u)(2) = u(g™'zg).

Clearly, if ¢ € H, then g-'zg = x (as © € Q(kZ/p) where Z is the centre of H).

Hence H lies in the kernel of this action, and we get an action of F' on the set of
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valuations. By our choice of F' as a subset of the image of G, this is the same as

o. L]

Write {vy,...,vs} for the F-orbit of v;.

Lemma 6.2.4. The valuations vy, ..., v, are independent.

Proof. The v; are all non-trivial valuations with value groups equal to subgroups of

R by definition. Hence, by [6, V1.4, Proposition 7], they have height 1.

They are also pairwise inequivalent: indeed, suppose v; is equivalent to g - v; for some
g € F. Then by [6, V1.3, Proposition 3|, there exists a positive real number A\ with
v; = Mg - v;), and so v; = A"(¢g" - v;) (as the actions of A\ and g commute) for all n.
But F is a finite group: so, taking n = o(g), we get v; = \"v;. As v; is non-trivial, we
must have that A" = 1, and so A = 1. So we may conclude, from [6, V1.4, Proposition

6(c)], that the valuations vy, ..., vs are independent. O

Definition 6.2.5. Let v be the filtration of @)’ defined by

v(x) = 11§ri1£5 vi(z)

for each z € Q).

Lemma 6.2.6. gr, Q' = @grUiQ’.

i=1
Proof. The natural map
S
Q;,,\ - @ Q;Z-,/\/Q;H,M
i=1

clearly has kernel ﬂQ;hH = @, \+, giving an injective map gr,Q" — @grviQ’.

=1 =1
The surjectivity of this map now follows from the Approximation Theorem [6, VI.7.2,

Théoreme 1], as the v; are independent by Lemma m O
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Next, we will extend the v; and v from @’ to @, as in the proof of [4, 8.6].

Notation 6.2.7. Continue with the notation above. Now, as H is p-valuable, and
by Lemma m F' acts on the set of p-valuations of H; hence, by Lemma m (or
Corollary , we may choose a p-valuation w which is F-stable. Fix such an w,

and construct the valuation w on kH from it as defined in Definition [6.1.4]

Let {Yer1,---,y4} be an ordered basis for Z, and extend it to an ordered basis
{y1,...,ya} for H as in Lemma [1.3.2] For each 1 < j <e, set ¢; =y; — 1 inside the
ring kH/P.

Recall from [4, 8.5] that elements of () may be written uniquely as

Z ryc?,
yeNe

where 7, € ' and ¢” :=¢]" ..., so that Q C Q'[[c1, ..., ce]] as a left @’-module.

Definition 6.2.8. For each 1 <i < s, as in [4] proof of Theorem 8.6], we will define

the valuation f; : @ — R U {oco} by
, E et | = , v
fi <7€Ne ryC ) ngge{UZ(Tv) + w(c")}.

(We remark here a slight abuse of notation: the domain of w is kH, and so w(c?)
must be understood to mean w(b?), where b; = y; — 1 inside the ring kH for each

1 <j <e. That is, b; is the “obvious” lift of ¢; from kH/P to kH.)

Note in particular that f;|¢gr = v;, and gr; () is a commutative domain, again by [4,

proof of Theorem 8.6].

Lemma 6.2.9. ¢ induces a group action of F' on the set of valuations of Q).

Proof. Let u be a valuation of ). Again, G acts on the set of valuations of @) by
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(g-u)(z) = u(g~'zg). Now, any n € H can be considered as an element of Q*, so

that

(n-u)(z) =untzn) = u(n™) + u(z) + u(n) = u(z). O

In the following lemma, we crucially use the fact that w has been chosen to be F-

stable.

Lemma 6.2.10. fi,..., f, is the F-orbit of f.

Proof. Take some g € I' and some 1 <4, j < s such that v; = g-v;. We will first show
that, for all z € @, we have f;(x) < g-fi(x). Indeed, as fj|or = v; = g-v; = g- filo/, and

both f; and g- f; are valuations, it will suffice to show that (w(ck) =) f;(ck) < g- fi(ck)

for each 1 < k <e.

Fix some 1 <k <e. Write y = zy® for some o € Z and z € Z, so that

a=yl—-1=zy*—1

=(z—1)+z2 (ﬁ(l +¢)Y — 1> (ordered product)

e (2(0))

and hence

(9 - fi)(cr) = inf {vi(z — 1), w(c?) L(Z) + 0} by Definition [6.2.8

> inf{w(z — 1), w(c?)

L(g) ” o} by Definition [6.2.2

= w(c;),

with this final equality following from [4, Lemma 8.5(b)]. But now, as w has been
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chosen to be G-stable, w is also G-stable (see the remark in Definition [6.1.4]), so that

w(cy) = w(ck).

Now, we have shown that, if v; = g - v; on @, then f; <g- f; on Q.

Similarly, we have v; = g~ -v; on Q', s0 f; < g~'- f; on Q. But fi(z) < fi(x9 ") for
all z € @) is equivalent to fi(y?) < f;(y) for all y € @ (by setting x = y9). Hence we
have f; = ¢ - f; on ), and we are done. O]

As in Definition [6.2.5}

Definition 6.2.11. Let f be the filtration of () defined by

f(z) = inf fi(x)

1<i<s

for each x € Q.

We now verify that the relationship between f and v is the same as that between the

fi and the v; (Definition [6.2.8]).

Lemma 6.2.12. Take any z € ), and write it in standard form as

Then we have

f(x) = inf {v(ry) +w(c)},

yeNe

Proof. Immediate from Definitions [6.2.5} [6.2.8 and [6.2.11} O

Now we can extend Lemma to Q:

Lemma 6.2.13. gr,() & @grfiQ.

i=1
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Proof. As in the proof of Lemma [6.2.6] we get an injective map
or Q@ — égrﬁQ.
i=1
The proof of [4, 8.6] gives a map
(gr,(kZ/p))[Y1,...,Y] — gry(kH/P)

and isomorphisms

(gr,,(kZ/p)) Y1, ... Ye] = gry, (KH/P)
for each 1 <1 < s, in each case mapping Y; to gr(c;) for each 1 < j <e.

Now, grkH is a gr-free |10, §1.4.1, p. 28] gr kZ-module with respect to f and each
fi, and each of these filtrations is discrete on kH by construction (see |4, Corollary
6.2 and proof of Theorem 7.3]), so by |10, 1.6.2(3)], kH is a filt-free kZ-module
with respect to f and each f;; and by [10, 1.6.14], these maps extend to a map

(gr,@)[Y1, ..., Ye] = gr,;Q and isomorphisms (gr,, Q)[Y1, ..., Ye] = gr;,Q for each i.

Applying Lemma [6.2.10] to each 1 < i < s, we get isomorphisms

(grviQ/)[Yh cee 7Y6] — grfiQa

which give a commutative diagram

o)

(gr, @M1,V — Der, @)V, Y]

i=1
gr QS @ gry, Q.
i=1
Hence clearly all maps in this diagram are isomorphisms. O]
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Now we return to the ring R = @) x F' defined in ([7.3.2]).

Definition 6.2.14. We can extend the filtration f on () to an F-stable filtration
on R by giving elements of the basis F value 0. That is, writing F' = {g,,...,3,,},
any element of @ * F' can be expressed uniquely as > " | g,z, for some z, € Q: the

assignment

Qx*xF — RU{oo}

> s s 1t (s}

is clearly a filtration on @ * I’ whose restriction to @ is just f. We will temporarily

refer to this filtration as f , though later we will drop the hat and simply call it f.

Note that, for any real number A,

(@ F);\ =P 7@,
=1

(@ F)jre =P F@Qpar),
=1

so that

P+

gry(Q*F) = ( E(Qf,A/Qf,H))

1

(2

AR
= @E (@(Qf,A/Qf,A+)) = @@ (er(@)) -

AER

That is, given the data of a crossed product Q*F as in ((7.3.2]), we may view grf(Q*F)

as gry(Q) * I in a natural way.

We will finally record this as:
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Lemma 6.2.15.

S

grp(Q+ F) = gry(Q) x F = (@grﬁQ> « F

i=1

= (@(grvicg')m,...,ye]) x F,

i=1

where each gr, @ (or equivalently each gr, Q') is a domain (see Definition [6.2.8). F

permutes the f; (or equivalently the v;) transitively by conjugation. O

6.3 Automorphisms trivial on a free abelian quo-

tient

We will fix the following notation for this subsection.

Notation 6.3.1. Let H be a nilpotent but non-abelian p-valuable group with centre
Z. Write H' for the isolated derived group of H (Deﬁnition, and suppose we are
given a closed isolated proper characteristic subgroup L of H which contains H' and
Z. (We will show that such an L always exists in Lemma[7.2.3]) Fix a p-valuation w
on H satisfying (Ar) (which is possible by Corollary [5.3.9).

Let {gm+1,---,9n} be an ordered basis for Z. Using Lemma twice, extend this
to an ordered basis {gi1,...,9n} for L, and then extend this to an ordered basis

{g1,...,9n} for H. Diagrammatically:

BH: {917"'7gl7 gl+17"‘7g@7 gm+17"')g73}

~"

BuyL Br)z Bz

in the notation of the remark after Lemma Here, 0 < [ < m < n, corresponding

to the chain of subgroups 1 < Z < L < H.
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Let k be a field of characteristic p. As before, let p be a faithful prime ideal of kZ,
so that P := pkH is a faithful prime ideal of kH, and write b; = g; — 1 € kH/P for

all1 <53 <m.

In this subsection, we will write:
e for each aw € N™, b® means the (ordered) product b ...0%™ € kH/P,
e for each a € Z;', g* means the (ordered) product gi" ... gnm € H,

e for cach o € N, (o, w(g)) means Zaiw(gi).
i=1

Note the use of m rather than n in each case. This means that every element © € H
may be written uniquely as

x = zg”

for some o € Z7' and z € Z; and every element y € kH/P may be written uniquely

as

Yy = Z r,b7

yEN™

for some elements r., € kZ/p.

Recall the definitions of the filtrations w on kH (Definition [6.1.4]), v on kZ/p (Defi-
nition |6.2.5) and f on kH/P (Definition [6.2.11]). We will continue to abuse notation

slightly for w, as in Definition [6.2.8].

Recall also that, as we have chosen w to satisfy (Az), we have that
w(by) =+ =w(b) < w(b,)

for all » > [.

Let o be an automorphism of H, and suppose that, when naturally extended to

an automorphism of kH, it satisfies o(P) = P. Hence we will consider ¢ as an
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automorphism of kH /P, preserving the subgroup H C (kH/P)*.
Corollary 6.3.2. With the above notation, fix 1 <1 < I. If f(a(b;) — b;) > f(b;),

then w(o(b;) — b;) > w(b;).

Proof. Write in standard form

O'(bl) — bl = Tfybfy,

’YEN”L

for some 7, € kZ, and suppose that f(o(b;) —b;) > f(b;). That is, by Lemma[6.2.12]

v(ry) +w(b?) > w(b;)

for each fixed v € N™.
We will show that w(r.) 4+ w(b?) > w(b;) for each 7. We deal with two cases.

Case 1: w(b”) > w(b;). Then, as w takes non-negative values on kH, we are already

done.

Case 2: w(b”) < w(b;). Then, by (Ar), we have either w(r,) > w(b;) or w(r,) = 0.
In the former case, we are done automatically, so assume we are in the latter case and
w(ry) = 0. Then, by [4, 6.2], r, must be a unit in kZ, and so f(r,) = 0 by Lemma
[6.1.2] a contradiction.

Hence w(r.) +w(b?) > w(b;) for all v € N™. But, as w is discrete by [4} 6.2], we may

now take the infimum over all v € N and the inequality remains strict. O]

Let o be an automorphism of H, and recall that H/L is a free abelian pro-p group
of rank [. Choose a basis eq, ..., e for Zé; then the map ¢;L — ¢; for 1 <7 <[ is an
isomorphism j : H/L — Zé. As L is characteristic in H by assumption, ¢ induces an

automorphism of H/L, which gives a matrix M, € GL;(Z,) under this isomorphism.
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Write
w:H/L—RU{c0}

for the quotient p-valuation on H/L induced by w, i.e.

w(xL) = sup{w(xl)}

Lel

— note that this is just the (¢, p)-filtration (Definition [5.1.2)), as we have chosen w to
satisfy (Ar). Then write

. 7l
Q:Z = RU {oo}

for the map Q = wo 57!, the (¢, p)-filtration on Zé corresponding to w under the

isomorphism j.

Remark. If x € Zé has Q(z) > t + 1, then x € pZ]lD, by the definition of the (t,p)-

filtration.

As earlier, we will write I'(1) = 1 + pGL(Z,), the open subgroup of GL;(Z,) whose

elements are congruent to the identity element modulo p.

Corollary 6.3.3. With the above notation, if f(o(b;) — b;) > f(b;) for all 1 <i <1,
then M, € I'(1).

Proof. We have, for all 1 <17 </,

= w(o(g:)g; ") > wlg) by Theorem [6.1.7]
— which is condition (5.1.1)). Now we may invoke Theorem [5.1.1] O

Corollary 6.3.4. Suppose now further that o is an automorphism of H of finite

order. If p > 2 and f(o(b;) —b;) > f(b;) for all 1 < ¢ <[, then o induces the identity
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automorphism on H/L. O

Proof. We have shown that M, € I'(1), a p-valuable (hence torsion-free) group; and
if o has finite order, then M, must have finite order. So M, is the identity map. [J

Remark. When p = 2, I'(1) is no longer p-valuable.

Ezxample 6.3.5. Let p = 2, and let

H=(z,y,z|[v,y] =2[r,2z] =1 [y, 2] = 1)

be the (2-valuable) Zy-Heisenberg group. Let o be the automorphism sending = to

7l ytoy ! and 2 to 2. Take L = (z), and P = 0.

Write X =2z — 1 € kH/P, and likewise Y =y — 1 and Z = z — 1. Now,

o X)=0(@)—1l=2'-1=1+X)"-1=-X+X*- X3+ ..,

and so o(X)—X = X?—X3+4. .. (aschar k = 2). Hence f(c(X)—X) = f(X?) > f(X);

but

and in particular M, # 1.
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Chapter 7

Extending prime ideals from

FN,(C)

7.1 X-inner automorphisms

Recall the notation Xinng(R; G) from Definition [4.2.3]
Lemma 7.1.1. R a prime ring and R«G a crossed product. Let Gy, := Xinng.q(R; G).
(i) If o € Aut(R) is X-inner, then o is trivial on the centre of R.
(ii) If H is a subgroup of G containing Gj,,, and R * H is a prime ring, then R x G
is a prime ring.
Proof.

(i) This follows from the description of X-inner automorphisms of R as restrictions
of inner automorphisms of the Martindale symmetric ring of quotients Qs(R),

and the fact that Z(R) stays central in Q,(R): see [22, §12] for details.

(ii) This follows from [22, Corollary 12.6]: if I is a nonzero ideal of R * G, then
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I N R * Gy is nonzero, and hence I N R * H is nonzero. O

7.2 Properties of FN,(G)

We prove here some important facts about the group FN,(G).

Lemma 7.2.1. Let G be a nilpotent-by-finite compact p-adic analytic group with
At =1. Let H = FN,(G), and write

K:=KgH)={xeG|[H z] <H'Y,

where H' denotes the isolated derived subgroup of H. Then K = H.

Proof. Firstly, note that K clearly contains H, by definition of H'.

Secondly, suppose that H is p-saturated. By the same argument as in Lemmal[2.4.3] K
acts nilpotently on H, and so K acts nilpotently on the Lie algebra h associated to H
under Lazard’s isomorphism of categories [13]. That is, we get a group representation
Ad: K — Aut(h), and (Ad(k) — 1)(b;) C b 41 for each k € K and each i. (Here, b;

denotes the ith term in the lower central series for b.)

Choosing a basis for fh adapted to the flag

we see that Ad is a representation of K for which Ad(k)—1 is strictly upper triangular
for each k € K; in other words, Ad : K — U, where U is a closed subgroup of some
GL,(Z,) consisting of unipotent upper-triangular matrices. Hence the image Ad(K)

is nilpotent and torsion-free.

Furthermore, ker Ad is the subgroup of K consisting of those elements k& which cen-
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tralise h, and therefore centralise H. This clearly contains Z(H). On the other hand,
if k centralises H, then k is centralised by H, an open subgroup of GG, and so k£ must

be contained in A. But A = Z(H) by Lemma [2.5.1{ii).

Hence K is a central extension of two nilpotent, torsion-free compact p-adic analytic
groups of finite rank, and so is such a group itself; hence K is nilpotent p-valuable by

Lemma [2.1.3] and so must be contained in H by definition of FN,(G).

Now suppose H is not p-saturated. Conjugation by k € K induces the trivial au-
tomorphism on H/H', so by [13] it does also on Sat (H/H'), which is naturally iso-
morphic to Sat H/(Sat H)' by Lemma [2.3.2] This shows that K C Kg(Sat H). But
now, writing h for the Lie algebra associated to Sat H, the same argument as above,

mutatis mutandis, shows that Ko (Sat H) = H. O

Some properties.

Lemma 7.2.2. Let G be a compact p-adic analytic group with A" = 1, and write
H =FN,(G). If H is not abelian, then H/Z = FN,(G/Z).

Proof. H/Z is a nilpotent p-valuable open normal subgroup of G/Z, so must be
contained within FN,(G/Z). Conversely, the preimage in G of FN,(G/Z) is a central
extension of Z by FN,(G/Z), two nilpotent and torsion-free groups, and hence is
nilpotent and torsion-free, so must be p-valuable by Lemma [2.1.3] which shows that

it must be contained within H. O

The (closed, isolated orbital, characteristic) subgroup iy(H'Z) of H = FN,(G) will

be crucial throughout this section, so we record some results.

Lemma 7.2.3. Let H be a nilpotent p-valuable group. If H is not abelian, then
H #iy(H'Z).
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Proof. Suppose first that H is p-saturated, and write h and 3 for the Lie algebras
of H and Z respectively under Lazard’s correspondence [13]. If h = ho3 (writing b
for the second term in the lower central series of h), then by applying [h, —] to both
sides, we see that hy = h3. But as b is nilpotent, this implies that h, = 0, so that b

is abelian, a contradiction.

When H is not p-saturated: note that iy (H'Z) = Sat(H'Z)NH, by Lemma|2.3.1] and
so that Sat(H/iy(H'Z)) = Sat(H)/Sat(H'Z) by Lemmal[2.3.2] Hence H/iy(H'Z) has

the same (in particular non-zero) rank as Sat(H)/Sat(H'Z). O

Lemma 7.2.4. Let G be a nilpotent-by-finite compact p-adic analytic group with
AT =1. Let H=FN,(G), and assume that H is not abelian. Write

M :=MgH)={z e G|[H x| <ig(HZ)},

where H' denotes the isolated derived subgroup of H and Z its centre. Then M = H.

Proof. Clearly Z < M. We will calculate M/Z.

First, note that iy(H'Z)/Z is an isolated normal subgroup of H/Z, as the quotient
is isomorphic to H/ig(H'Z), which is torsion-free. Also, as ig(H'Z) contains H'Z

and hence [H, H|Z as an open subgroup, clearly iy(H'Z)/Z contains [H, H|Z/Z as

an open subgroup, so that iy(H'Z)/Z <in;z([H, H|Z/Z).

Now, [H/Z,H/Z] = [H, H|Z/Z as abstract groups, so by taking their closures followed

by their (H/Z)-isolators, we see that

(H/Z) =ipz([H, H|Z|Z) = inz([H, H]Z/Z),

so that

iy(H'Z))Z = (H/Z)'.
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But z € M ifand only if [H, z] <iy(H'Z), which is equivalent to [H/Z,xZ] < (H/Z)',
or in other words 7 € K¢/z(H/Z) = H/Z by Lemma So M/Z = H/Z, and
hence M = H. O

7.3 The extension theorem

Proposition 7.3.1. Let GG be a nilpotent-by-finite compact p-adic analytic group
with AT = 1. Let H = FN,(G), and write F' = G/H. Let P be a G-stable, faithful
prime ideal of kH. Let (kG), be a central 2-cocycle twist of kG with respect to a
standard (Definition decomposition

kG =kH * F,

*
(o,7)

for some o € Z2(F, Z((kH)*)), as in Theorem [4.2.10f Then P(kG), is a prime ideal
of (kG)q.

Proof. First, we note that the claim that P(kG), is a prime ideal of (kG), is equiv-

alent to the claim that

(kG)a/P(kG)e = KH/P * F

(o,7a)

is a prime ring.
Case 1. Suppose that G centralises Z.

If H is abelian, so that H = Z, then every g € G is centralised by Z, an open
subgroup of G. Hence g € A, i.e. G = A. But, by Lemma [2.5.1] A < H, and so we

have G = H and there is nothing to prove.

So suppose henceforth that Z < H, and write L := iyg(H'Z), so that, by Lemma
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7.2.3| we have L < H. As the decomposition of kG is standard, we may view F' as a

subset of G.

The idea behind the proof is as follows. We will construct a crossed product R x F’,
where R is a certain commutative domain and F” is a certain subgroup of F, with
the following property: if R F” is a prime ring, then P(kG), is a prime ideal. Then,
by using the well-understood structure of R, we will show that the action of F’ on R

is X-outer (in the sense of Definition |4.2.3)), so that R % F” is a prime ring.

By Corollary we can see that H admits an F-stable p-valuation w satisfying
(AL). Hence, in the notation of §6.1] we may define the filtration w from w as in

Definition [6.1.4, Furthermore, we write
Q' =Q(kZ/PNkZ), Q=0Q ® kN,
kZ

as in §6.2f and we endow ) with the F-orbit of filtrations f; (1 < ¢ < s) and the

filtration f of Definitions [6.2.8 and [6.2.11] defined in terms of the filtration w above.

By [18, 2.1.16(vii)], in order to show that the crossed product

kH/P + F (7.3.1)

(o,7ax)

is a prime ring, it suffices to show that the related crossed product

Q = F (7.3.2)

(o,7ax)

is prime, where this crossed product is defined in §6.2l Then, by [10, I1.3.2.7], it

suffices to show that

grp(Q = F) (7.3.3)
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is prime. Details of this graded ring are given in Lemma [6.2.15} in particular, note

that

gr(Q = F) = (EB grfiQ> « F.
=1

Now, as noted in Definition [6.2.8) each gr; @ is a commutative domain, and by
construction, F' permutes the summands gr,Q transitively. So by [22, Corollary

14.8] it suffices to show that
gry, Q x F (7.3.4)

is prime, where F’ = Stabp(f1).

Notation 7.3.2. We set up notation in order to be able to apply the results of §6.3
Let {Ym+1,---,Yn} be an ordered basis for Z, which we extend to an ordered basis
{Yi41,- -, yn} for L, which we extend to an ordered basis {yi,...,y,} for H. Set
bi=y;—1€kH/P, and let Y; = gr (b;) for all 1 < i < m. Then

gry, Q= (gr,, Q) [Yi,..., Yl

The ring on the right-hand side inherits a crossed product structure
(g1, Q") [Y1,.... Y] = F". (7.3.5)

from 1} Writing R := (grle’) [Y1,...,Y,], we have now shown, by passing

along the chain

(73.5) — (7-3.4) — ([73.3) — (73.2) — (7.3.1),

that we need only show that R * F” is prime.
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Write F!

inn

crossed product ([7.3.5), i.e.

for the subgroup of F’ acting on R by X-inner automorphisms in the

/
Enn

= XinnR*F/(R; F/)

in the notation of Definition [4.2.3] By the obvious abuse of notation, we will denote

this action as the map of sets gr o : IV — Aut(R).

Take some g € F'. If gr o(g) acts non-trivially on R, then as R is commutative, we

have g € F! . Hence, as by Lemma|(7.1.1{(ii) we need only show that R F!_ is prime,
we may restrict our attention to those g € F’ that act trivially on R. In particular,

such a g € F’ must centralise each Y;. But

gro(g)(Yi) =Yi & f(o(g)(bi) = bi) > f(bs).

Now we see from Corollary that o(g) induces the identity automorphism on
H/L, and hence from Lemma that g € H. That is, F},

inn

is the trivial group, so

that R = F

= R is automatically prime.

Case 2. Suppose some = € I’ does not centralise Z. Write Fj,, for the subgroup of

F acting by X-inner automorphisms on kH/P in the crossed product (7.3.1)), i.e.

Finn = Xinn(kg)a/p(kg)a(k‘H/P; F)

Then, by Lemma [7.1.1(i), © € Finn; S0 Finy is contained in Cr(Z), and we need only
prove that the sub-crossed product (kH/P) x Cp(Z) is prime by Lemma [7.1.1)(ii).

This reduces the problem to Case 1. O

Proposition 7.3.3. Let GG be a nilpotent-by-finite compact p-adic analytic group,
and k a finite field of characteristic p > 2. Let H = FN,(G), and write F' = G/H.

129



Let P be a G-stable, almost faithful prime ideal of KH. Then PkG is prime.

Proof. Recall Notationm Let e € cpi*®T(P), and write fir = |, f = e|¢. Then
PEkG is a prime ideal of kG if and only if f - PkG is prime in f - kG.

Write Hy = Stabgy(e) and G7 = Stabg(e). Then, by the Matrix Units Lemma 4.3.1
we get an isomorphism

f kG = M,(e-kG)

for some s, under which the ideal f - PkG is mapped to M(e - PikG1), where P is
the preimage in kH; of e - P -e. It is easy to see that P, is prime in kH;; indeed,

applying the Matrix Units Lemma to kH, we get
fH . k)—H = Msl(e . k’Hl),

under which fy - P+ My(e- P}), so that P, is prime by Morita equivalence (Lemma

1.6.5)). We also know from Lemma [4.3.6] (or the remark after Lemma [4.3.2) that

NG

heH

Now, writing ¢ to denote the natural map G — G/AT,
o((Fna) ) =a(rina)
for all h € H, as q(A) = Z(q(H)) by definition of H (see Lemma [2.5.1](ii)); and so
g (PTNnA)=g¢ (PlT N A) =q(1).

But ¢ (PlT ) is a normal subgroup of the nilpotent group ¢ (H;). Hence, as the inter-

section of ¢ (P{r) with the centre q(A) of ¢(H) is trivial, we must have that ¢ (Pf)
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is trivial also [23, 5.2.1]. That is, P} < A*(H;) = A*.
Now, in order to show that M (e - PikG1) is prime, we may equivalently (by Morita
equivalence) show that e- P kG is prime. By Theorem |4.2.10} we get an isomorphism

e kG = M,((K'[G1/AM)a),

for some integer ¢, some finite field extension k' /k, and a central 2-cocycle twist (Defi-

nition 4.2.2)) of k'[[G1/A™]] with respect to a standard crossed product decomposition

WG/ AT = KA+ (Gy/H)

given by some

o€ 7> <G1/Hl, Z ((k’[[Hl/A+]])X)) .

Writing the image of e - P; as M,(p) for some ideal p € K'[[H;/AY]], we see by Corol-

laries |3.2.3 and {4.2.11| that p is a faithful, (G1/A™)-stable prime ideal of k'[[H;/A™]].

It now remains only to show that the extension of p to k'[[G1/A™]] is prime; but this

now follows from Proposition [7.3.1]

Proof of Theorem[J. This follows from Proposition [7.3.3]
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Chapter 8

Heights of primes and Krull

dimension

8.1 Prime and G-prime ideals

Definition 8.1.1. Let GG be a compact p-adic analytic group. Suppose the group
G acts (continuously) on the ring R, and that the ideal I < R is G-stable. Then,
following 22, §14], we will say that I is G-prime if, whenever A, B < R are G-stable
ideals and AB C I, then either AC I or B C I.

Lemma 8.1.2. Let G be a compact p-adic analytic group and H a closed normal

subgroup.

(i) If P is a prime ideal of kG, then PNkH is a G-prime ideal of kH. If H is open

in G, then P is a minimal prime ideal above (P N kH)kG.

(ii) Let @ be a G-prime ideal of kH, and P any minimal prime of kH above Q.
Then Q = (),c P*. Furthermore, the set of minimal primes of kG above @ is
{P*|x € G}.
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Proof.

(i) The former statement follows from [22, Lemma 14.1(i)], and the latter from |22,

Theorem 16.2(i)].
(ii) This follows from [22, Lemma 14.2(i)(ii)]. O

Definition 8.1.3. Let P be a prime ideal of a ring R. Then we define the height of

P to be the greatest integer h(P) := r for which there exists a chain

P0§_P1<§PT:P

-

of prime ideals in R (or oo if no such longest chain exists). Similarly, if the group G
acts on R by automorphisms, and P is a G-prime ideal of R, then the G-height of P

is the greatest integer hg(P) := r for which there exists a chain

R<P<---<P=P

-

of G-prime ideals in R (or oo if no such longest chain exists).
We note the following immediate consequence of the correspondence of Lemma |8.1.2;

Corollary 8.1.4. Let G be a compact p-adic analytic group and H an open normal
subgroup. Take P a prime ideal of kG, and let () be a minimal prime of kH above
PnNkH. Then h(P) = hg(PNEkH) = h(Q). O

8.2 Inducing ideals

Definition 8.2.1. Let H be an open (not necessarily normal) subgroup of G, and
let L be an ideal of kH. We define the induced ideal L <1 kG to be the largest
(two-sided) ideal contained in the right ideal LkG < kG. In other words, by |16} 2.1],
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L% is the annihilator of kG/LkG as a right kG-module, or by [22, Lemma 14.4(ii)],
LE = () L*kG.
geG

Lemma 8.2.2. Induction of ideals is transitive: if H and K are open subgroups of

G with H < K <G, and L < kH, then LE = (LK)G.

Proof. Let N be an open normal subgroup of G' contained in H, and write (-) to
denote the quotient by N, so that we have kG = kN * G with H < K < G, and
we may view L as an ideal of kN % H. The result now follows from [17, Lemma

1.2(iii)]. 0

8.3 Krull dimension

We recall some facts about Krull dimension, used here in the sense of Gabriel and

Rentschler.

Definition 8.3.1. Let 0 # M be an R-module, and fix some ordinal a. We define

the following notation inductively:
o Kdim(M) =0 if M is an Artinian module,

e Kdim(M) < a if, for every descending chain
My > My > My > ...

of submodules of M, we have Kdim(M;/M;,1) < « for all but finitely many .

Of course, if there exists some « such that Kdim(M) < «a, but we do not have

Kdim(M) < g for any 8 < «, then we write Kdim(M) = a.
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Remark. Kdim(M) is a measure of complexity of the poset of submodules of M.

Kdim(M) may not be defined for some modules M — that is, we may not have
Kdim(M) < « for any ordinal o. However, if M is a noetherian module, then

Kdim(M) is defined 11, Lemma 15.3].

Definition 8.3.2. Suppose that Kdim(M) = a. We say that M is a-homogeneous if

Kdim(N) = « for all nonzero submodules N of M.
Ezxamples 8.3.3.
(i) Nonzero Artinian modules are 0-homogeneous.

(ii) Prime rings R, as modules over themselves, are a-homogeneous (where we set

a equal to Kdim(Rg)) [11, Exercise 15E].

(iii) The property of being a-homogeneous is inherited by products [11, Corollary

15.2] and (nonzero) submodules (by definition).
We now cite and adapt some standard results on Krull dimension.
Lemma 8.3.4.

(i) [16l 1.4(ii)] Let the ring R be a-homogeneous as a right R-module. If x € R

satisfies Kdim(R/xR) < Kdim(R), then z is a regular element of R.

(ii) [14, Théoreme 5.3] Suppose B is a finite normalising extension of A, and let M
be a B-module. Then Kdim(Mp) exists if and only if Kdim(M,4) does, and if

so, then they are equal.

(iii) |11, Exercise 15R] If R is a right noetherian subring of a ring S such that S
is finitely generated as an R-module, and M is a finitely generated S-module,

then Kdim(Mg) < Kdim(Mg).

Corollary 8.3.5. Suppose A C C' C B are right noetherian rings, and B is a finite
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normalising extension of A. Let M be a finitely generated B-module. Then, if

Kdim(Mp) exists, we have

Kdim(M4) = Kdim(M¢) = Kdim(Mp).

Proof. This follows immediately from Lemma|8.3.4(ii) and two applications of Lemma
s34, a

Lemma 8.3.6. Let G be a compact p-adic analytic group, H an open subgroup of

G, and k a field of characteristic p. Let M be a finitely generated kG-module.
(ii) Suppose that M = WkG for some submodule W of Myy. Then we have

(iii) My is a-homogeneous if and only if My is a-homogeneous.

Proof. (Adapted from |16, 1.4(iii)-(v)].)

(i) Let N be the (open) largest normal subgroup of G' contained in H, so that kG
is a finite normalising extension of kN. Now apply Corollary

(ii) Let N beasin (i). Then, by (i), it suffices to prove that Kdim(Mjy) = Kdim(Wjx).
But, as a kN-module, M is a finite sum of modules (Wg),n for various g € G,
and these are all isomorphic, so in particular have isomorphic submodule lattices

and therefore the same Kdim.

(iii) It is clear from the definition that, if My is a-homogeneous, then Mg is a-
homogeneous. Conversely, suppose that M is a-homogeneous, and let W be
a nonzero submodule of Myy. Then (WkG)ye is a nonzero submodule of My,

so has Krull dimension o by assumption, and hence also Kdim(Wyy) = a by

(i). 0
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Lemma 8.3.7. Let GG be a finite group, H a subgroup, and R % G a fixed crossed
product. Fix a semiprime ideal I of R« G. If R x G/I is a-homogeneous, then
Rx H/(I N Rx* H) is a-homogeneous.

Proof. (Adapted from [7, Lemma 4.2(i)].) Let M be a nonzero right ideal of the ring
R+« H/(INRx* H), and write = Kdim(Mpg.p). We wish to show that g = «a.

M is a right module over both R H and R; and R+ G/I is a right module over both
R*xG and R. As Rx G and R x H are both finite normalising extensions of R, we

may apply Lemma m(n) to both of these situations to see that
and
a =Kdim((R* G/I)g.q) = Kdim((R x G/I)R).

Now, as right R-modules, we have

R«H/(INRxH)~ (R«H+1)/I <RxG/I,

and so M is isomorphic to some nonzero R-submodule of R G/I. In particular, this
means that

f = Kdim(Mg) < Kdim((R*G/I)g) = a.

But now (R+G/I)g is a-homogeneous by Corollary [8.3.5] so we must have § = a. [

Corollary 8.3.8. Let GG be a compact p-adic analytic group, H be an open subgroup
of G, and N the largest open normal subgroup of G contained in H. Take k to be
a field of characteristic p, and let @ be a prime ideal of kH, I = Q% N kN, and
a = Kdim(kH/Q). Then kH/Q, kG/Q¢, kG /IkG are all a-homogeneous rings.
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Proof. As we observed in Example [8.3.3|ii), kH/Q is already a-homogeneous, as it

is prime of Krull dimension «.

We know from Definition that the ideal QY can be written as () e QkG, and
that this intersection can be taken to be finite. Hence, as a right kG-module, kG/QY
is isomorphic to a (nonzero) submodule of the direct product of the various (finitely
many) kG/Q%G; and each kG/QIkG is generated as a kG-module by kHY/Q9,
which is ring-isomorphic to kH/Q. Hence Kdim(kG/Q%) = Kdim(kH/Q) by Lemma

EE )

Finally, as Q% = (), .»(QkG)Y, we see that

geG

1= ((@KG)' NIN = [|(QKG NEN) = ((QNENY"

gelG geG geG

and so, as above, kN/I is a (nonzero) subdirect product of the various kN/(QNEN)9,
which are all ring-isomorphic to kN/QNkN; now Lemmaimplies that kN/QNEN
is a-homogeneous, so kN/I is also, and kG/IkG is generated as a kG-module by
kN/I, so finally kG/IkG also inherits this property. O

We borrow a result from the standard proof of Goldie’s theorem.

Lemma 8.3.9. [29, Lemma 3.13] Suppose R is a semiprime ring, satisfying the as-
cending chain condition on right annihilators of elements, and which does not contain
an infinite direct sum of nonzero right ideals. If [ is an essential right ideal of R (i.e.
a right ideal that has nonzero intersection I N J with each nonzero right ideal J of

R), then I contains a regular element. [
These hypotheses are satisfied when R is G-prime and noetherian, for example.

Proposition 8.3.10. With notation as in Corollary [8.3.8] suppose P is a prime ideal
of kG containing Q€. If P is minimal over Q“, then h(P) = h(Q).
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Proof. First, set I = Q% N kN. This is a G-prime ideal contained in P N kN.
Suppose for contradiction that the inclusion I C P N kN is strict.

First, we will show that PNkN/I is essential as a right ideal inside kN/I. Indeed, the
left annihilator L in kN/I of P N kN/I is a G-invariant ideal which annihilates the
nonzero G-invariant ideal P N kN/I, so we must have L = 0; and so, given any right
ideal T of kN/I having zero intersection with P NkN/I, as we must have T' < L, we

conclude that 7" = 0.

Hence, by Lemma [8.3.9] we may find an element ¢ € PN kN C kN which is regular
modulo I. As kG/1kG is a free kN/I-module, ¢ may also be considered as an element
of P C kG which is regular modulo 7kG. Hence

Kdim (kG /(Q + ck@G)), .

< Kdim (kG /(IkG + ckG)) . as IkG + ckG C QY + ckG

< Kdim(kG/ITkG)ra by Lemma [8.3.4](1)
= Kdim(kG/Q%)ic by Corollary [8.3.8]

which, again by Lemma M(l), shows that ¢ € P is regular modulo Q°.

However, we may now deduce from a reduced rank argument that P cannot be min-
imal over Q“, as follows. Write p for the reduced rank [11, §11, Definition] of a
right module over the semiprime noetherian (hence Goldie) ring R = kG/QY, and
write U for images under the map kG — R. Now, ¢ € P implies ¢R C P, and
so by [11, Lemma 11.3] we have p(R/¢R) > p(R/P)(> 0). Further, if ¢ is a regular
element of R, then ¢R = R as right R-modules, so p(R/¢R) = 0, again by |11, Lemma

11.3]. But now [11, Exercise 11C] implies that P cannot be a minimal prime of R.

This contradicts the assumption we made at the start of the proof, and so we have

shown that PN kN = QY NkN.
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We observed during the proof of Corollary that

QYNEN = [(Q@NEN).

geG

But @ is a prime ideal of kH, so QNkEN is an H-prime ideal of kN, so may be written

as

QNEN = ()@}

heH

for some prime ideal @)y of kN. Combining these two shows that
(PNEN =)Q°NEN = (] Q5.
geG

Now, by applying [22, corollary 16.8] to both P N kN and Q N kN, we have that

h(P) = h(Qo) = h(Q)

as required. O
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Chapter 9

Control theorem

9.1 The abelian case

We will require some facts about prime ideals in power series rings.

Lemma 9.1.1. Let A be a free abelian pro-p group of finite rank and B a closed
isolated (normal) subgroup. Take k to be a field of characteristic p. Write Spec”(kA)

for the set of primes of kA that are controlled by B. Then the maps

Spec? (kA) <+ Spec(kB)
P— PNkB

QkA i Q

are well-defined and mutual inverses, and preserve faithfulness.

Proof. 1t P is a prime ideal of kA, then P N kB is an A-prime ideal (and hence a

prime ideal) of kB by Lemma [8.1.2(1).

Conversely, note that, as B is isolated in A, the quotient A/B is again free abelian pro-
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p; so we may write A = B@® C, where the natural quotient map A — A/B induces an
isomorphism A/B = C. Now, if ) is a prime ideal of kB, then kA/QkA = (kB/Q)[[C]]
is a power series ring with coefficients in the commutative domain kB/Q), and is hence

itself a domain.

It follows from [3] Lemma 5.1] that QkA N kB = @, and by assumption, if P is
controlled by B then we already have (PN kB)kA = P.

Now suppose the prime ideals P <1 kA and ) <t kB correspond under these maps.
Then, again viewing A as B @ C, we may similarly consider kA/P as the completed
tensor product kB/Q®kC. Then the map A — (kA/P)* can be written as

k

BoC — (kB/Q)* ® (kO)* 5 (kB/QEKC)*

(b;¢) = ((b+Q), 0),

so it is clear that P is faithful if and only if @) is faithful. O]

Lemma 9.1.2. Let A, B, k be as in Lemma [9.1.1 Take two neighbouring prime

ideals P < @ of kA, and suppose B controls P. Then

(i) h(P)+ dim(A/P) =r(A),

(iii) h(P) = h(P NkB).

Proof.
(i) This follows from [25, Ch. VII, §10, Corollary 1].
(ii) This follows from [25, Ch. VII, §10, Corollary 2].

(iii) Under the correspondence of Lemma [9.1.1] any saturated chain of prime ideals

0=0Qo < Q1 << Q,=PnNEkB of kB extends to a chain of prime ideals

142



0=F <P <L~ <P, =Pof kA. As any two saturated chains of prime

—

ideals in kA have the same length |25, Ch. VII, §10, Theorem 34 and Corollary

1], we need only check that this chain is saturated.

Take two adjacent prime ideals I; < I of kB, so that h(ly) = h(I;)+1 25 Ch.
VII, §10, Corollary 2] and I1£A < I,kA are prime. We will show that I15£A and
I3k A are adjacent by showing that their heights also differ by 1. By performing
induction on r(A/B), it will suffice to prove this for the case r(A/B) = 1, i.e.
kA = kB[[X]].

It is clear that, when R is a commutative ring, dim(R[[X]]) > 1 + dim(R)
(where dim denotes the classical Krull dimension). But, giving R[[X]] the
(X)-adic filtration, we see that gr(R[[X]]) = R[z]. By [18, 6.5.6], we have
dim(R[[X]]) < dim(gr(R[[X]])) = dim(R[z]) = 1 + dim(R), where this last

equality follows from |18} 6.5.4(i)].

Hence, for any prime ideal I, we have

dim(kA/IkA) — dim(kB/I) = dim((kB/D)[[X]]) — dim(kB/I) = 1.

But, from (i), we see that

dim(kA/IkA) = r(A) — h(TkA),

dim(kB/I) = r(B) — h(I),

and hence we conclude that h(I) = h(IkA). Setting I = I, I, now shows that
h(I3kA) = h(I1kA) + 1 as required. O
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9.2 A finite-by-abelian result

We slightly extend the correspondence of Lemma [9.1.1}

Corollary 9.2.1. Let A be finite-by-(abelian p-valuable) with finite radical A*, and
let T be a closed isolated normal subgroup of A (so that, in particular, AT <T). Let

k be a finite field of characteristic p. If P is a prime ideal of kI", then PkKA is a prime

ideal of kKA. Finally, P is almost faithful if and only if PkA is almost faithful.

Proof. We will use Notation m Let e € cpim(P).

Case 1. Suppose A centralises e. Then there is an isomorphism
Ve kA — M,(K[[A/AT])])

for some finite field extension k&'/k and some positive integer m, by Theorem {4.1.5
under this map, (e P) = M,,(p) for some prime ideal p of &'[[[/AT]] . Tt suffices to

show that pk’[[A/AT]] is prime, and that this correspondence preserves faithfulness;

but this now follows from Lemma [9.1.2iii).

Case 2. If A does not centralise e, take f = ¢|®. Then there is an isomor-
phism 6 : f- kA — M,(e - kA1), where A; centralises e; under this isomorphism,
O(f - PkA) = M,(e - pkA;) for some prime ideal p < kI';. It suffices to show that

pkA; is prime; but this follows from Case 1. O]

9.3 Faithful primes are controlled by A

First, recall the control theorem of [4, 8.6]:

Theorem 9.3.1. Let GG be a nilpotent p-valued group of finite rank with centre Z.
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(i) If p is a prime ideal of £Z, then pkG is a prime ideal of kG.

(ii) If P is a faithful prime ideal of kG, then P is controlled by Z.

Proof. This is [4, 8.4, 8.6]. O

Lemma 9.3.2. Let G be finite-by-(nilpotent p-valuable), i.e. G = FN,(G). Then
Z(G/AT) = A/JAT.

Proof. Given xz € G, the two conditions [G/A" : Cg/a+ (xA™)] < 00 and [G : Cq(z)] < 00
are equivalent, as A" is finite; this shows that we have A(G/AT) = A/AT. Take some
x € A, so that z satisfies this condition: then, given arbitrary g € (G, there exists some
k such that g?" A* € Cgyar (zA7), so that (27 gz)?* AT = g?" A+, and it now follows
from [13| III, 2.1.4] that 2 'gz AT = gA*. This shows that A/AT < Z(G/AT).
Conversely, we must have Z(G/AT) < A(G/A™) by definition. O

We extend Theorem [9.3.1] to:
Proposition 9.3.3. Let G be a finite-by-(nilpotent p-valuable) group.
(i) If p is a G-prime ideal of kA, then pkG is a prime ideal of kG.
(ii) If P is an almost faithful prime ideal of kG, then P is controlled by A.
Proof. Adopt Notation m Let e € cpim(p), and write f = ¢|%. It suffices to

prove that the ideal f-pkG < f-kG is prime. But, by the Matrix Units Lemma [4.3.1]

we have an isomorphism

FkG = M,(e kGY),

where G is the stabiliser in G of e, and under which f - pkG — Mg(e - p1kGy) for
some Gi-prime ideal p; of k[[A N G4]]. So, by Morita equivalence, it will suffice to

show that the ideal e - p1 kG < e - kG is prime.
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Now recall from Theorem that we have an isomorphism

¥ :e- kG = My(K'[[G1/AM]))

under which e-p1 kG — qk'[[G1/AT]] for a (G1/A™T)-prime ideal q of K'[[ANG1/A™]].

Hence we need now only show that qk’N <0 k'N is prime, where N = G1/A*.

Note that, as G is open in G, we have A(G;) = A N Gy; and from Lemma ,
A(Gy)/AT = Z(G1/AT). Hence, still writing N = G;/A", we see that ¢ is an
N-prime ideal of k'[[Z(N)]], and hence a prime ideal. But now gk’N is prime by
Theorem [0.3.1f(i). This establishes part (i) of the proposition.

To show part (ii), take an almost faithful prime ideal P of kG. We would like to show
that P is a minimal prime ideal above (P N kA)kG. But this is clearly true when
A" =1 by Theorem and in the general case, another application of the Matrix
Units Lemma and Theorem , as above, reduces to the case AT = 1.

Hence, finally, we need only show that (P N kA)kG is prime; but P N kA is a G-
prime ideal of kA (again by Lemma [8.1.2[i)), so we are done by part (i) of the

proposition. O

Until the end of this section, we will write (—)° to mean [ .o (—)?

Corollary 9.3.4. Let G be a finite-by-(nilpotent p-valuable) group, and H an open
normal subgroup of G containing A. If P is an almost faithful G-prime ideal of kH,
then PkG is a prime ideal of kG.

Proof. Take a minimal prime @ of kH above P. Then we have Q° = P, so QT is
finite (as G is orbitally sound). Hence @ is controlled by A, by Proposition [9.3.3((ii),
and by applying (—)° to both sides of the equality @ = (Q N kA)kH, we see that P
is also: P = (PNkA)kH. In particular PkG = (P N kA)kG. But now Proposition
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9.3.3(i) shows that (P N kA)kG is prime. O

Proposition 9.3.5. Let G be a nilpotent-by-finite, orbitally sound compact p-adic
analytic group, and k a finite field of characteristic p > 2. Let H = FN,(G). If P is

an almost faithful prime ideal of kG, then P is controlled by H.

Proof. Let Q be a minimal prime ideal of kH above PN kH. Then (Q")° = PT N H
is finite, so, as G is orbitally sound, QT is also finite. By [22, Corollary 14.8], in order
to prove that (P NkH)EkG is prime, it suffices to show that QkS is prime, where S is
the stabiliser in G of Q).

Let T'= FN,(S). As H is a finite-by-(nilpotent p-valuable) open normal subgroup
of S, we see that H must be an open normal subgroup of T'. It is also clear that
A(H) = A(T) = A(S) = A(G). Now, by Corollary [9.3.4, QKT must be prime;
and we have that (QKT)T is finite. Now, by Proposition , (QKT)kS = QEKS is

prime. 0

Lemma 9.3.6. Let GG be a nilpotent-by-finite compact p-adic analytic group, and let
H > K be any two closed normal subgroups of G. Take P to be a prime ideal of kG.
Let @ be a minimal prime ideal of kH above PN kH. If P is controlled by H and Q)

is controlled by K, then P is controlled by K.

147



Proof. By Lemma [8.1.2(ii), we have Q° = PN kH, and so

(PN EkK)kG = (PN kH) N kK)kG

= (Q°NEK)kG

= (QNkK)°kG as K is normal in G
= ((QNEK)kH) kG as H is normal in G
= Q°kG as (Q is controlled by K
=(PNkH)kG =P as P is controlled by H.

Now back to:

Theorem 9.3.7. Let GG be a nilpotent-by-finite, orbitally sound compact p-adic an-
alytic group, k a finite field of characteristic p > 2, and P an almost faithful prime
ideal of £G. Then P is controlled by A.

Proof. Proposition [9.3.5 shows that P is controlled by H. Let ) be a minimal
prime of kH above PN kH: then Q° = P N kH by Lemma (ii), SO we see
that (QT)° = P' N H is finite, so (as G is orbitally sound) QT must also be finite.
Hence, as @) is almost faithful, Proposition m(u) shows that it is controlled by A.
Now Lemma applies. n

Proof of Theorem[K|. This follows from Theorem [9.3.7]

9.4 Primes adjacent to faithful primes

Lemma 9.4.1. Let G be a nilpotent-by-finite, orbitally sound compact p-adic ana-

lytic group with A* = 1, and let N be an isolated normal subgroup of G contained
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in A. Then we have either FN,(G/N) = FN,(G)/N or N = A = FN,(G).

Proof. Write H = FN,(G), and H for the preimage of H /N = FN,(G/N).

If G = FN,(G), then we clearly have FN,(G/N) = FN,(G)/N for any closed normal
subgroup N. So suppose that H < H < @G, and take some z € H \ H. Now
conjugation by z induces the automorphism x — 2¢ on H/H' (where H' denotes the

isolated derived subgroup), and hence also on H/H'N, for some ¢ € t(Z)) (Lemma

2.4.2)) satisfying ¢ # 1 (Lemma [7.2.1)).

If H/H'N has nonzero rank, we may take an element x € H whose image in H/H'N
has infinite order; and now the image in H JH'N of (x,z) is not finite-by-nilpotent,

contradicting the definition of H. So we must have H = iy (H'N).

In particular, this implies that H = ig(H'Z), where Z = Z(H) = A(G), and so, by
Lemma [7.2.3] we see that H is abelian, i.e. H = A. Furthermore, this implies that
H' =1, and as N is already H-isolated orbital, the equality H = iy (H'N) simplifies

to give H = N. This is what we wanted to prove. O]

Remark. If G is a compact p-adic analytic group, H is a closed normal subgroup, and

Q is a G-stable ideal of kH, then Q' = (Q + 1) N H is normal in G.

Lemma 9.4.2. Let GG be a nilpotent-by-finite, orbitally sound compact p-adic ana-
lytic group, and let k be a finite field of characteristic p > 2. If @) is a G-prime ideal
of kA, and FN,(G/Q") = FN,(G)/Q", then QkG is a prime ideal of kG.

Remark. The hypothesis
FN,(G/Q') = FN,(G)/Q! (9.4.1)

has the following consequence. Let G be a nilpotent-by-finite, orbitally sound compact

p-adic analytic group with A*™ = 1, k a finite field of characteristic p > 2, and let
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P < @ be adjacent prime ideals of kG, with P almost faithful. Then P is controlled
by A, by Theorem . Consider (Q N kA)T: if this is not equal to A, then by
Lemma , the hypothesis is satisfied. So suppose it is equal to A: then
@ contains the ideal ker(kG — k[[G/A]]) (the augmentation ideal of A). Now, if
FN,(G) = A, then kG/Q is a finite prime ring, which is therefore simple, and so @
must be a mazimal ideal of kG of ig(A) = G; otherwise, we again have by
Lemma [9.4.7]

That is, under these conditions, we always have (9.4.1)) unless () is a maximal ideal

of kG and G is virtually abelian, in which case Q' is open in G.

Proof. Write H = FN,(G).

As @ is a G-prime, we may write it as [ gec I’ for some minimal prime ideal [
above (). Suppose the G-orbit of I splits into distinct H-orbits Oy, ..., O,, and write
P = Ngco, A- Then P is an H-prime of kA, and Ni—; P = Q. In particular, since
P; is an H-prime of kA, we have that P;kH is prime by Proposition [9.3.3(1).

It remains to show that (ﬂ (R-kH)9> kG is prime. By [22, Corollary 14.8], it

geG

suffices to show that P;kS is prime, where S = Stabg(P;).

Write p = P;kH, and note that pf = P/ < A. Now, if FN,,(G)/A™ is non-abelian, we
have FN,(S/p') = FN,(9)/p'. If, on the other hand, FN,(G)/A" is abelian, then
we must have QT < A, and as Q' is H-isolated orbital, we have [A : Qf] = co. But

as G is orbitally sound, and QT = N (P;)g , we must have that Q' is open in PZT,

geG

so that in particular [A : p'] = co. Hence again we have FIN,(S/p) = FN,(S)/p.

Write () for the quotient map S — S/p'. Now, to show that P;kS = pkS is prime,
we need only show that pkS is prime. But p is a faithful prime ideal of kH, and
H = FN,(S), so by Proposition [7.3.3, we are done. O

Lemma 9.4.3. Let k be a finite field of characteristic p > 2. Let G be a nilpotent-
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by-finite, orbitally sound compact p-adic analytic group, and let P < ) be adjacent
prime ideals of kG, with P almost faithful. Suppose that @) is not a maximal ideal
of kG. Then @ is controlled by A.

Proof. QN kA is a G-prime of kA, and so (Q NkA)kG is prime by Lemma and

the accompanying remark. But

P=(PNkAKG < (QNEAKG < Q,

(with the equality as a result of Theorem [9.3.7), and P and ) are adjacent, so
(Q N kA)kG must equal either P or Q.

Let us assume for contradiction that (QQ N kA)kG = P. Then we must have

PNEA <QNEA < (QNEKAKG =P,

and by intersecting each of these with kA, we see that PNkA = QNkEA. In particular,
by taking (-)! of both sides of this equality, we see that QTN A is finite (as P is almost
faithful).

Let N be an open normal nilpotent p-valued subgroup of G, and let Z = Z(N).
By Lemma [1.2.3(ii), Z = A(N) is a finite-index torsion-free subgroup of A, and so
Q'NZ = 1. Now, as N is nilpotent and the normal subgroup @' N N has trivial
intersection with its centre, [23, 5.2.1] implies that QT N N = 1, and hence Q' must
be a finite normal subgroup of G. So @ < A*, and in particular Qf = QTN A, which
we earlier determined is finite. Hence () is almost faithful, and must be controlled
by A by Theorem [9.3.7] In particular, we must have P N kA # Q N kA. But this

contradicts our assumption. O
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Chapter 10

Catenarity

10.1 The orbitally sound case: plinths and a height

function

Much of the material in this subsection is adapted from [24].

Until stated otherwise, GG is an arbitrary compact p-adic analytic group, and k is a

finite field of characteristic p. We start by outlining our plan of attack:

Lemma 10.1.1. Let R be a ring in which every prime ideal has finite height. Suppose

we are given a function h : Spec(R) — N satisfying

e h(P) =0 whenever P is a minimal prime of R,

e h(P') = h(P)+ 1 for each pair of adjacent primes P < P’ of R.
Then R is a catenary ring.

Proof. Obvious. n

Lemma 10.1.2. kG has finite classical Krull dimension, i.e. the maximal length of
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any chain of prime ideals is bounded.

Proof. The classical Krull dimension of kG is bounded above by Kdim(kG) by |18,
Lemma 6.4.5], which is equal to Kdim(F,G) by |18, Proposition 6.6.16(ii)], and this
is bounded above by the dimension (in the sense of [9, Theorem 8.36]) of G, which is

finite by definition (see the remarks after |9, Definition 3.12]). O

Definition 10.1.3. Let V' be a Q,G-module, and suppose it has finite dimension as

a vector space over Q,. Take a chain
O=VWsVs-- sV, =V

of G-orbital subspaces — that is, Q,-vector subspaces of V' with finitely many G-
conjugates, or equivalently QQ,-vector subspaces that are Q,/N-submodules for some
open subgroup N of GG. Assume further that this chain is saturated, in the sense that
it cannot be made longer by the addition of some G—orbital subspace V; < V' < V.
Such a chain is necessarily finite, as it is bounded above in length by dimg, (V') + 1.
We call the number r the G—plinth length of V| written pe(V). If po(V) = 1, we say

that V' is a plinth for G.

Remark. The number r is independent of the V; chosen. Indeed, fix a longest possible
chain

0=Vo<WV<--<V,=V

-

of G-orbital subspaces, and let Gy be the intersection of the normalisers N¢(V;), i.e.
the largest subgroup of G such that each V; is a Q,G¢-module. G is open in G. Now,
given any chain

0=Wo<W, < - <W,=V

of G-orbital subspaces, take Hy = ﬂjzl N¢(W;), and note that Gy N Hy is a finite-
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index open subgroup of G that normalises each V; and W;. Hence, by the Jordan-
Hoélder theorem [11, Theorem 4.11], the chain W; may be refined to a chain of length

r; so if the chain W; is saturated, then s = r.

Definition 10.1.4. A G-group is a topological group H endowed with a continuous
action of G. For example, closed subgroups of GG, and quotients of G by closed normal

subgroups of G, are G-groups under the action of conjugation.

Let H be a nilpotent-by-finite compact p-adic analytic group with a continuous action
of G. We aim to define ps(H). In fact, as plinths are insensitive to finite factors, we
may immediately replace H by the open subgroup formed by the intersection of the
(finitely many) G-conjugates of any given open normal nilpotent uniform subgroup

of H. Then there is a series
l=Hy<xHy<---<1H,=H (1011)

of G-subgroups such that A; = H;/H;_; is abelian for each ¢ = 1,...,n. Let

Vi=A4,®Q, for each 7 = 1,...,n, with G-action given by conjugation. In this
Zyp

case, we define

pe(H) = pa(Vi).
i=1
Lemma 10.1.5. pg(H) is well-defined, and does not depend on the series (10.1.1)).

Proof. Apply the Jordan-Holder theorem, as in the remark above. O]

For our purposes, the most important property of pg is that it is additive on short
exact sequences of G-groups, which also follows from the Jordan-Holder theorem. We

record this as:

Lemma 10.1.6. Suppose that 1 A B C 1 is a short exact se-

quence of G-groups. Then pg(A) + pa(C) = pa(B). O
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We now define Roseblade’s function A. (Later, we will show that, in the case when G
is nilpotent-by-finite and orbitally sound, A is actually equal to the height function
on Spec(kG).)

Definition 10.1.7.

pe(PT) + M(P7) Pr#1
ha(PNEkA)  Ph=1,

AP) =

where P7 is the image of P under the map

7 kG — kG/(PT — 1)kG = k[[G/P]].

This definition is recursive, in that if P is an unfaithful prime ideal, then A(P) is
defined with reference to A(P™); but P™ is then a faithful prime ideal of kG™, so this

process terminates after at most two steps.
We make the following remark on this definition immediately:

Lemma 10.1.8. Let G be a nilpotent-by-finite, orbitally sound compact p-adic an-
alytic group, k a finite field of characteristic p > 2, and P a faithful prime of kA.
Then A(P) = h(P).

Proof. A(P) is defined to be hg(PNEkA). But, by Theorem and Lemma 9.4.2) we
see that there is a one-to-one, inclusion-preserving correspondence between faithful

prime ideals of kG and faithful G-prime ideals of kA, so that hg(PNEA) = h(P). O

We return to the general case of G an arbitrary compact p-adic analytic group.

Lemma 10.1.9. Let P < @ be neighbouring prime ideals of kG, and write

7 kG — kG/(PT — 1)kG = k[[G/P']].
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Then
MQ) = A(P) = AMQ") = A(P7).

Proof. Firstly, as P < @, we have PT < Qf, so the map
p kG — K[G/Q"]
factors as
16 =22 KO/ == /')

p

We now compute A\(Q) — A(P) using Definition [10.1.7}

MQ) = A(P) = pa(Q") = pa(P") + A(Q") — AM(PT)

= pc((QN)7) + AQ") = A(P7) by Lemma
= pa((QN™) + AM(Q™) — A(P™) by definition of p
= pc((QM)") + A(QT)7) — A(PT) as (QN)™ = (Q")!
— \Q™) — A(PT) by Definition [[0.1.7 O

Remark. Suppose G is a nilpotent-by-finite compact p-adic analytic group, and sup-
pose we are given a subquotient A of G which is a plinth, with G-action induced from
the conjugation action of G’ on itself. Then it is easy to see that dimg, (A 2@ Q,) =1
(Roseblade calls such plinths centric.) Indeed, suppose A = H/K, where pH and K
are closed normal subgroups of G with K contained in H. Then we may replace G
by an open normal nilpotent uniform subgroup G’, and A by A’ = H'/K’, where
H =HNG and K' =ig/(K NG'); after doing this, we still have that A’ is a plinth
for G', and that dimg, (A 28; Q,) = dimg, (A’ 28; Q,). But, as G'/K’ is nilpotent, and
A’ is a non-trivial normal subgroup, A’ must meet the centre Z(G’/K’) non-trivially;

and as A’ is torsion-free, we must have that A’N Z(G'/K’) is a plinth for G’, and so
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must be equal to A’. Hence G’ centralises A’, and its plinth length is simply equal to

its rank.
Again, we will write (—)° to mean [, (—).

Lemma 10.1.10. Let G be a nilpotent-by-finite compact p-adic analytic group. Let
U be a G-prime of kA, and write p : kA — k[[A/UT]]. Then h(U) = ha(U?)+pa(UT).

Proof. Let A = Z(A), and let U; be a minimal prime of kA above U N kA, so that
UNkA = U;. Then he(U) = h(Uy) by Corollary [8.1.4] and so h(U?) = h(U{). Now,
from Lemmal9.1.2{i), we have h(U;)+dim(kA/U;) = r(A) and h(U?)+dim(kA/Uy) = r(A?),

from which we may deduce that

h(Uy) = h(U}) 4+ 1r(A) — r(AP).

But 7(A) —r(A?) = r(ANker p) = pg(UTN A) by the above remark. Now this is just

pc(UT), as A is open in A. 0

Lemma 10.1.11. Let G be arbitrary compact p-adic analytic. Let H be a closed
normal subgroup of GG, and let K be an open subgroup of H which is normal in G.

If P is a G-prime ideal of kH, then hg(P) = ha(P NEK).

Proof. [Adapted from [24, Lemma 29].] We know that P = @Q° for some prime @ of
kH, and QNkK = (\,en V" for some prime V of kK. Hence PN kK = V°. Then,

writing h3P for the height function on G-orbital primes,

ha(P) = W2 (Q) by Lemma BT
= h3P(V) by Lemma [8.1.2](i)
=hg(PNEK) by Lemma [8.1.2((ii). O

157



Here, we deduce from Theorem and [24] proof of theorem H2| the following

corollary:

Theorem 10.1.12. Let G be a nilpotent-by-finite, orbitally sound compact p-adic
analytic group, and k a finite field of characteristic p > 2. Then kG is a catenary

ring.

Proof. Let P < @ be neighbouring prime ideals of kG. We will first show that
AMQ) = A(P)+ 1.

By passing to k[[G/P']], we may assume that P is a faithful prime ideal, by Lemma
10.1.9] Hence, by Theorem[9.3.7 (and as p > 2), we have that (P NkA)kG = P. We
also have either that (Q N kA)kG = @, by Lemma , or QT > A by the remark
of Lemma [9.4.2] and so, in either case, we have PN kA < @ N kA. These must be
neighbouring G-primes of kA: indeed, if J is a G-prime strictly between them, then
again by Lemma and the remark made there, we see that JkG is a prime ideal
of kG. JkG must then lie strictly between P and () — indeed, if JkG = @, then
intersecting both sides with kA shows that J = @) N kA, and likewise if JEG = P.

This is a contradiction.

Hence ha(QNEA) = hg(PNkA)+1. The right hand side is, by definition, just equal
to A(P) + 1; and we have A\(Q) = A\(Q”) + pg(QT), where p : G — G/QT. It remains

to show that this is equal to hg(Q NEA).

Case 1. Q' is not open in G. Then Q is controlled by A by Lemma and
the remark of Lemma [9.4.2] and so )” is controlled by A?, and in particular by
ige (AP) <ige(A(GP)). Write A = Z(A(G?)) and B = ANige(AP): as QF is controlled

by ige(A”), we have that @ N kA is controlled by B. Furthermore, we can write
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Q" N kA = g° for some prime q of kA, so that q is also controlled by B, and hence

AMQP) = ha(QP NE[[A(GP)]]) by definition
= ha(Q? NEkA) by Lemma [10.1.11
= h(q) by Corollary
= h(qNkB) by Lemma [9.1.2[(iii)
= ha(Q? NkB) by Corollary
= ha(Q? N E[ige (A?)]]) by Lemma [10.1.11
= ha(QF NEAP) by Lemma [I0.1.11]

We also have pa(QT) = pa((Q NkA)T). Hence

AMQ) = ha((Q NEA)?) + pa((Q NEA)T).

Now we are done by Lemma [10.1.10]

Case 2. Q' is open in G. We have already seen that this case only occurs when

G =ig(A), and so A(Q?) = A(0) = 0, and pg(Q) = pa(G), and hg(QNEA) = ha(QNEA)
= r(A). These are clearly equal, as A is open in G.

In order to invoke Lemma [10.1.1} it remains only to show that A\(P) = 0 when P

is a minimal prime. But as all minimal primes are induced from A™, this follows
immediately from the definition of \: we will have PT < A* (and hence pg(PT) = 0),

and P™NEA™ will be a minimal G-prime of kA™ (and hence hg(P™NEA™) =0). O

Proof of Theorem [B. This follows from Theorem [10.1.12] O
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10.2 Vertices and sources

We now study a more general setting. Let G be an arbitrary compact p-adic analytic

group, and P an arbitrary prime ideal of kG.

Remark. Suppose G is orbitally sound and nilpotent-by-finite, N is a closed normal
subgroup of G, and I is a prime ideal of kG with N < I and [IT : N] < co. Writing
(+) for the natural map kG — k[[G/N]], it is clear that the prime ideal T <1 k[[G/N]]
is almost faithful, and so, by Theorem is controlled by A(G/N), and that I is
the complete preimage in kG of I, and is therefore controlled by the preimage in G

of A(G/N).
This motivates the following definition:

Definition 10.2.1. Let [ be an ideal of kG, and N a closed subgroup of GG. We say
that I is almost faithful mod N if I' contains N as a subgroup of finite index. We

also write Vg (N) for the subgroup of Ng(N) defined by
Va(N)/N = A(Ng(N)/N).

Diagrammatically:

NG(N) N&(N)/N

Va(N) - ANG(N)/N)
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We will extend this notion to ideals I with I contained in N as a subgroup of finite

index.

Lemma 10.2.2. Let H be an open subgroup of N. Then there exists an open

characteristic subgroup M of N contained in H.

Proof. (Adapted from [22, 19.2].) Let [N : H| = n < co. Now, as N is topologically
finitely generated, there are only finitely many continuous homomorphisms N — S,,.
where S, is the symmetric group. Take M to be the intersection of the kernels of

these homomorphisms. O]

Lemma 10.2.3. Let N be a closed subgroup of G, and A = Ng(NV). Suppose I is an
ideal of kA, and I < N with [N : I'] < co. Then there is a closed normal subgroup
M of A such that I is almost faithful mod M. Furthermore, this M can be chosen

so that Vg(N) = V4(M).

Proof. Set H = I' in Lemma [10.2.2; then the subgroup M is characteristic in N,

hence normal in A; M contains IT; and M is open in N, so we must have [IT : M] < oo.

By definition, we have V(N) = V4(N). Now, N/M is a finite normal subgroup of
A/M, so is contained in AT(A/M). Hence the preimage under the natural quotient
map A/M — A/N of A(A/N) is A(A/M). But this is the same as saying that
Va(N)=Va(M). O

When G is a general compact p-adic analytic group, we will use the following lemma
to translate between prime ideals of kG and prime ideals of kA for certain open

subgroups A of G.

Lemma 10.2.4. Let H be an open normal subgroup of G. Suppose P is a prime of

kG, and write () for a minimal prime of kH above PN kH. Let B be the stabiliser
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in G of ), and let A be any open subgroup of G containing B, so that
H<B<ALG.

Then there is a prime ideal T of kA with P = T¢, and furthermore this T satisfies

TAKH = (,c0 Q"

Proof. This follows from [22, 14.10(i)]. O

Definition 10.2.5. A prime P < kG is standard if it is controlled by A and we have

PNEkA =(,.q L" for some almost faithful prime L < kA.

zeG

Lemma 10.2.6. Let G be a nilpotent-by-finite compact p-adic analytic group and
H an open normal subgroup. Let P be a prime ideal of kG, and () a minimal prime
of kH above P, so that PNEH = (,.,Q". If Q is a standard prime, then P is a

standard prime.

Proof. (Adapted from [22, 20.4(i)].) Write A = A(G), Ay = A(H), and
PNkA=(]S" and QnkAy=[)TY
zeG yeH

for prime ideals S << kA and T' <t kAg. On the one hand,

PNkAy = (PNEkA)NkAy

= (ﬂ 51‘> NkAy

zeG

=) (SNkAR)”,

zeG
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but on the other hand,

PNkAy =(PNkH)NkAg

= ((]cy>erAH

zeG

= (@nkAg)”

zeG

=1

Now, the conjugation action of G on Ay has kernel Cg(Ap), which contains Cg(A)
by Lemma [1.2.3[ii). But Cg(A) = () Cg(a), where the intersection runs over a set
of topological generators a for A, and each Cg(a) is open in G by definition of A.
Now, as A is topologically finally generated, we see that Cs(A) and hence Cq(Ag)

are also open in G.

That is, the conjugation action of G on Ay factors through the finite group G/Cg(Ag),

and hence the intersections above are finite, so that (by the primality of T"), we have
SNkAg CT*

for some z € G.

Now, by assumption, () is standard, so 7" is almost faithful. This means that
STA Ay C (T

is a finite group, and so, since [A : Ay] < oo, we have that ST is also finite, so .S is

almost faithful.

It remains to show that S°kG = P. By Proposition [7.3.3] we see that S°kG = P’ is
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a prime ideal of kG contained in P. Now,

(PNEH)EG = (ﬂ Q9> kG

geG

“(n () )
— (gOG T9> kG

= (PN kAR)kG by calculation above

C(PNkAkKG =P CP,

and as H is open and normal in G, we know from Lemma[8.1.2)i) that P is a minimal

prime above (P N kH)kG, so that P = P'. O

Finally, the main theorem of this subsection:

Theorem 10.2.7. Let G be a nilpotent-by-finite compact p-adic analytic group, P
a prime ideal of kG, H an orbitally sound open normal subgroup of G, ) a minimal
prime ideal above PNkH, and N = ig(QT). Then there exists an ideal L<1k[[Vg(N)]]
with P = LC.

Remark. The subgroup N is a vertex of the prime ideal P, and the ideal L is a source

of P corresponding to the vertex H.

Proof. We follow the proof of [17, 2.3], as reproduced in [22, 20.5].

Trivially, H stabilises Q, i.e. H < B := Stabg(Q); and B normalises Q. Set
N :=ig(Q"). Now we must have Ng(Q') < A := Ng(N): indeed, if z € G normalises
Q', then it permutes the (finitely many) closed orbital subgroups K of G containing

Q' as an open subgroup, and hence it normalises /N, which is generated by those K

(Definition [1.2.6]).
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We are in the following situation:

G
A=——=Ng(N)
B Stabg(Q)
Vo(N) H - orbitally sound
|
ic(Q)=—=N
\

Now, Lemma [10.2.4] shows that there is a prime ideal T of kA with P = T¢ and

TNEH = (,c4 @ It will suffice to show the existence of a prime ideal L of

k[[Va(N)]] with T = LA, by Lemma [8.2.2]

Let M be an open characteristic subgroup of N contained in Qf, whose existence is
guaranteed by Lemma[10.2.2l Write V = V(V), which we know is equal to V 4(M)
by Lemma [10.2.3 and denote by (-) images under the natural map kA — k[[A/M]].

Now @ is a prime ideal of kH with M < Q' an open subgroup, so @ is an almost
faithful prime ideal of kH; hence, as H is orbitally sound (Lemma M(ii)), we see

that Q is a standard prime of kH.

But TNkH = (),c4 Q@ clearly implies TNkH = MNaca @E, by the modular law. Now
Lemma implies that T is also a standard prime ideal of kA: that is, there is
an almost faithful prime ideal L of k[[A(A)]] with T = e Lifting this back to kA,
we see that we have an almost faithful mod M prime ideal L of kV with T = L4 as

required. ]

Proof of Theorem[((ii). This follows from Theorem [10.2.7 [
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We end this subsection with an important application of this theorem. Recall the

definition of nio(G) from Definition [2.1.5]

Corollary 10.2.8. Suppose G is a nilpotent-by-finite compact p-adic analytic group
which is not orbitally sound. Let P be a faithful prime ideal of kG. Then P is induced

from some proper open subgroup of G containing nio(G).

Proof. Write H = nio(G). H is orbitally sound by Theorem [2.1.6]

Let Q be a minimal prime ideal above PN kH, so that N = ig(QT) is a vertex for P
by Theorem Then P is induced from Vg (N), which is contained in Ng(N),
and so P is induced from Ng(N) itself by Lemma [8.2.2] But, as nio(G) is orbitally
sound, in particular it must normalise N (Theorem [2.1.6]i)). Hence, if Ng(N) is a

proper subgroup of GG, we are done.

Suppose instead that Ng(N) = G, i.e. that ig(QT) is a normal subgroup of G. Then,
for each g € G, (QT)Y is a finite-index subgroup of ig(Q") (Proposition ; and
Q' is orbital in G, so there are only finitely many (Q)?, and their intersection (QT)°
must also have finite index in ig(Q7). But (Q)° = P = 1, so in particular we have
i¢(Qf) = A*, and hence P is induced from Vg (N) = A, again by Theorem [10.2.7]

Hence, as nio(G) contains A, P must be induced from nio(G) itself. O

10.3 The general case: inducing from open sub-

groups

Now we will proceed to show that kG is catenary.

Lemma 10.3.1. Let H be an open subgroup of GG, and P a prime ideal of kG.

Suppose @ is an ideal of kH maximal amongst those ideals A of kH with AY C P.
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Then ( is prime, and P is a minimal prime ideal above Q€.

Proof. Suppose I and J are ideals strictly containing @): then, by the maximality of
Q, we see that ¢ and J must strictly contain P. Hence I¢J% C (1J)% [22, Lemma

14.5] strictly contains P, and so I.J strictly contains ). Hence @ is prime.

P is clearly a prime ideal containing Q©, so to show it is minimal it suffices to
find any ideal A of kH with P a minimal prime above A%. Let N be the nor-
mal core of H in G, and take A = (P N kN)#: then by Lemma we have
A% = (PNkN)¢ = (PNEkN)kG, and by Lemma[8.1.2]1), P is a minimal prime above
this. [

Lemma 10.3.2. Let H be an open subgroup of G with kH catenary. If P < P’ are

adjacent primes of kG, and P is induced from kH, then h(P') = h(P) + 1.

Proof. (Adapted from [16, 3.3].) Choose an ideal @ (resp. Q') of kH which is maximal
amongst those ideals A of kH with A® C P (resp. AY C P'). Then Q and @’
are prime, and P (resp. P’) is a minimal prime ideal over Q¢ (resp. Q'“), by
Lemma [10.3.1} Hence, by Proposition [8.3.10, we see that it suffices to show that

WMQ') =h@Q) + 1.

Suppose not. Then there exists some prime ideal I of kH with Q < I < @'; and
we may choose a prime ideal J of kG which is minimal over I¢. Then P < J < P'.
But h(Q) < h(I) < h(Q') implies (by another application of Proposition that
h(P) < h(J) < h(P'), contradicting our assumption that P and P’ were adjacent

primes. [

Corollary 10.3.3. Let GG be a nilpotent-by-finite compact p-adic analytic group, and

k a finite field of characteristic p. Then kG is a catenary ring.

Proof. (Adapted from |16} 3.3].) Take two adjacent prime ideals P < @ of kG, and
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assume without loss of generality that P is faithful. We proceed by induction on
the index [G : nio(G)]. When this index equals 1, we are already done by Theorem
10.1.12] so suppose not. Then Corollary implies that P is induced from some
proper open subgroup H of G containing nio(G). As nio(G) is an orbitally sound
open normal subgroup of H, it must be contained in nio(H) (by the maximality of

nio(H)), and so we have [H : nio(H)| < [G : nio(G)]. By induction, kH is catenary,

so we may now invoke Lemma [10.3.2| to show that h(Q) = h(P) + 1. O
Proof of Theorem [4]. This follows from Corollary [10.3.3] [
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