Algebra &
Number
Theory

Volume 18

2024

No. 3

"n Generalized Igusa functions and ideal growth
J in nilpotent Lie rings
. J Angela Carnevale, Michael M. Schein and Christopher Voll
4
J ' 'k m_uu | ul w -
d il d | T 13 O
j jJJj J_lJ d JJ d . JJJJ JJJJ JJJJ JJ = JJ:I
§ - i JJJJ r " uul § . ] JJ TR
Jj SN JJJJ JJ J . § LS JJ a4 aa N
JJJJ J_I J _IJ .]J JJJ J _| J JJ _'
J J JJJ .I J s J L
S JJ -rl'!P:')J 31 JJJ L
THIHE™EH b JJJJ ] I T UL JJ NInT






ALGEBRA AND NUMBER THEORY 18:3(2024)
https://doi.org/10.2140/ant.2024.18.537

Generalized Igusa functions and ideal growth
in nilpotent Lie rings

Angela Carnevale, Michael M. Schein and Christopher Voll

We introduce a new class of combinatorially defined rational functions and apply them to deduce explicit
formulae for local ideal zeta functions associated to the members of a large class of nilpotent Lie rings
which contains the free class-2-nilpotent Lie rings and is stable under direct products. Our results unify
and generalize a substantial number of previous computations. We show that the new rational functions,
and thus also the local zeta functions under consideration, enjoy a self-reciprocity property, expressed in
terms of a functional equation upon inversion of variables. We establish a conjecture of Grunewald, Segal,
and Smith on the uniformity of normal zeta functions of finitely generated free class-2-nilpotent groups.

1. Introduction

The objective of this paper is twofold. The first aim is to introduce a new class of combinatorially defined
multivariate rational functions and to prove that they satisfy a self-reciprocity property, expressed in terms
of a functional equation upon inversion of variables. The second is to apply these rational functions to
obtain an explicit description of the local ideal zeta functions associated to a class of combinatorially
defined Lie rings. We start with a discussion of the latter application before formulating and explaining
the new class of rational functions.

1.1. Finite uniformity for ideal zeta functions of nilpotent Lie rings. Given an additively finitely
generated ring £, i.e., a finitely generated Z-module with some biadditive, not necessarily associative
multiplication, the ideal zeta function of £ is the Dirichlet generating series

(A=) 1L 1|7, (1-1)
I<L
where I runs over the (two-sided) ideals of £ of finite additive index in £ and s is a complex variable.
Prominent examples of ideal zeta functions include the Dedekind zeta functions, enumerating ideals of
rings of integers of algebraic number fields and, in particular, Riemann’s zeta function ¢ (s).
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It is not hard to verify that, for a general ring £, the ideal zeta function {7 (s) satisfies an Euler product
whose factors are indexed by the rational primes:

&= 1] ¢a,®:
p prime

where, for a prime p,
Gy = ) L@y 1~
1<L(Zp)
enumerates the ideals of finite index in the completion £(Z ) := L ®z Z,, or, equivalently, the ideals of
finite p-power index in £. Here Z,, denotes the ring of p-adic integers; note that ideals of £(Z)) are, in
particular, Z ,-submodules of £(Z,). Itis, in contrast, a deep result that the Euler factors gz(zp)(s) are
rational functions in the parameter p~*; see [Grunewald et al. 1988, Theorem 3.5].

Computing these rational functions explicitly for a given ring £ is, in general, a very hard problem.
Solving it is usually rewarded by additional insights into combinatorial, arithmetic, or asymptotic aspects
of ideal growth. It was shown by du Sautoy and Grunewald [2000] that the problem, in general, involves
the determination of the numbers of [ ,-rational points of finitely many algebraic varieties defined over Q.
Only under additional assumptions on £ may one hope that these numbers are given by finitely many
polynomial functions in p. We say that the ideal zeta function of £ is finitely uniform if there are finitely
many rational functions Wi'(X, Y), ..., Wy(X,Y) € Q(X, Y) such that for any prime p there exists
i €{l,..., N} such that

$La,y ) =Wi(p, p™).

If a single rational function suffices (i.e., N = 1), we say that the ideal zeta function of £ is uniform.
While finite uniformity dominates among low-rank examples, including most of those included in the
book [du Sautoy and Woodward 2008] and those computed by Rossmann’s [2018] computer algebra
package Zeta [2022], it is not ubiquitous: for a nonuniform example in rank 9, see [du Sautoy 2002]
and [Voll 2004]. In general, the ideal zeta function of a direct product of rings is not given by a simple
function of the ideal zeta functions of the factors. It is not even clear whether (finite) uniformity of the
latter implies (finite) uniformity of the former.

1.1.1. Main results. We now restrict to the case of Lie rings, namely rings in which the multiplication is
antisymmetric and satisfies the Jacobi identity; note that the Jacobi identity holds trivially for all nilpotent
rings of class at most two. In this paper we give constructive proofs of (finite) uniformity of ideal zeta
functions associated to the members of a large class of nilpotent Lie rings of nilpotency class at most two.

Definition 1.1. Let £ denote the class of nilpotent Lie rings of nilpotency class at most two which is
closed under direct products and contains the following Lie rings:

(1) The free class-2-nilpotent Lie rings f» 4 on d generators, for d > 2; see Section 5.2.
(2) The free class-2-nilpotent products g, 4 = 74 % Zd/, for d, d’ > 0; see Section 5.3.

(3) The higher Heisenberg Lie rings b, for d > 1; see Section 5.4.
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Note that £ contains the free abelian Lie rings 74 = 94.0 =90.d-

Our main “global” result produces explicit formulae for almost all Euler factors of the ideal zeta
functions associated to Lie rings obtained from the members of £ by base extension with general rings
of integers of number fields. In particular, we show that these zeta functions are finitely uniform and,
more precisely, that the variation of the Euler factors is uniform among unramified primes with the same
decomposition behavior in the relevant number field.

Theorem 1.2. Let £ be an element of £, and let f = (fi, ..., fg) € N& be a g-tuple for some g € N.
There exists an explicitly described rational function W7 r€ Q(X, Y) such that the following holds:

Let O be the ring of integers of a number field of degree n, and set L(O) = L ® O. If a rational
prime p factorizes in O as pO = p1p2 - - - Py, for pairwise distinct prime ideals p; in O of inertia degrees

(f1,-.., fe), then
fZ(o),p(S) = WEJ(P» P

In particular, 52(0) (s) is finitely uniform and {7 (s) = ;Z’(Z) (s) is uniform. Moreover, the rational function

W f satisfies the functional equation

Wz,f(X_la Y—l) — (_l)nrkZLX(nrkZZL) y 7 (kz L+41kz (L/Z(L))) WZ,f(X» Y). (1-2)

A special case of Theorem 1.2 establishes part of a conjecture of Grunewald, Segal, and Smith on the
normal subgroup growth of free nilpotent groups under extension of scalars. In [Grunewald et al. 1988],
they introduced the concept of the normal zeta function

(i)=Y |G H|™
H<G
of a torsion-free finitely generated nilpotent group G, enumerating the normal subgroups of G of finite
index in G. As G is nilpotent, it also satisfies an Euler product decomposition

=[] ¢,
p prime
whose factors enumerate the normal subgroups of G of p-power index. If G has nilpotency class
two, then its normal zeta function coincides with the ideal zeta function of the associated Lie ring
L :=G/Z(G) ® Z(G); see the remark on page 206 of [Grunewald et al. 1988] and the more detailed
discussion in [Berman et al. 2015, Section 3.1]. Thus, 5(s) = é‘ZG (s). Moreover, every class-2-nilpotent
Lie ring £ arises in this way and gives rise to a torsion-free finitely generated nilpotent group G (£); see
[Voll 2019, Section 1.2] for details. Theorem 1.2 thus has a direct corollary pertaining to the normal zeta
functions of the finitely generated class-2-nilpotent groups corresponding to the Lie rings in £. Since the
groups associated to the free class-2-nilpotent Lie rings f, 4 are the finitely generated free class-2-nilpotent
groups F2 4 = G(f2,4), Theorem 1.2 implies the conjecture on page 188 of [Grunewald et al. 1988] for
the case * = < and class ¢ = 2. The conjecture for normal zeta functions had previously been established
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only for d = 2 [Grunewald et al. 1988, Theorem 3]; see also Section 1.1.2. We are not aware of any other
case for which the conjecture has been proven or refuted.

For any class-2-nilpotent Lie ring £, it is known [Voll 2010, Theorem C] that the Euler factors of
¢z (s) at almost all primes p are realized by rational functions admitting functional equations with the
same symmetry factor (—1)*2£x ("5°) yrkz L4ek2(L/Z(0) | 1y particular, the functional equation (1-2) of
Theorem 1.2 shows that, for the Lie rings £(0), where £ lies in our class £ and O is a number ring, the
finitely many primes excluded by [Voll 2010, Theorem C] must ramify in O. We suspect that they are
exactly the primes ramifying in O; see Remark 1.5 below.

Theorem 1.2 is a consequence of the following uniform “local” result. Throughout the paper, o will
denote a compact discrete valuation ring of arbitrary characteristic and residue field of characteristic p
and cardinality ¢g. Thus, o may, for instance, be a finite extension of the ring Z, of p-adic integers (of
characteristic zero) or a ring of formal power series of the form [, [[T]] (of positive characteristic). The
o-ideal zeta function

Gos) =Y IL: I
I<L
of an o-algebra L of finite o-rank is defined as in (1-1), with / ranging over the o-ideals of L, viz.
(ad L)-invariant o-submodules of L. Note that every element £ of £ may, after tensoring over Z with o,
be considered a free and finitely generated o-Lie algebra. Given an o-module R, we write L(R) = L ®, R.

Theorem 1.3. Let L = (L4, ..., Lg) be a family of elements of £ and f = (fi, ..., fg) € NS, There
exists an explicit rational function WZ’ rE€ Q(X, Y) such that the following holds:

Let 0 be a compact discrete valuation ring and (D1, . .., O) be a family of finite unramified extensions
of o with inertia degrees (f1, ..., fg). Consider the o-Lie algebra

L =£1(Dl) X X ﬁg(gg).

For every finite extension O of o, of inertia degree f over o, say, the D-ideal zeta function of L(D)

satisfies
Gy ) =W s(qf g7 7).

The rational function W7 f satisfies the functional equation

Wz (XY = (DM x Dy Ntz (x,y), (1-3)
where
8 8
No=tko L=y fitkz(£) and Ny=rko(L/Z(L) =Y firkz(Li/Z(L).
i=l1 i=1
Theorem 1.2 is readily deduced from Theorem 1.3. Indeed, let £ be a nilpotent Lie ring as in the

statement of Theorem 1.2, and let O be the ring of integers of a number field. Suppose that the rational
prime p is unramified in O and decomposes as pO = pp; - - - p,, where the p; are distinct prime ideals of
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O of inertia degrees f;. Then O ®7 Z, >~ O x - - - x O, where each ©;/Z,, is an unramified extension
of inertia degree f;. Therefore,

LO®RzZ,) = L(O1) x -+ x L(Dy).

Hence, by Theorem 1.3 we have

.....

.. . . - . e e
for an explicit rational function W(L,..‘,L),(ﬁ 7 € Q(X,Y). Setting Wﬁ’f = W(L ’’’’ L) (fronfo)r WE

obtain Theorem 1.2. The functional equation of Theorem 1.2 follows from that of Theorem 1.3 since

¢ . . R
n=7y>_, fi as p is unramified in O.

Remark 1.4. Our description of the rational function W3 1 is so explicit that one may, in principle, read

off the (local) abscissa of convergence 0‘2?9) of {Z%)(s), viz.
aZ’(DD) = inf{la € R | {Z‘g})(s) converges on {s € C | N(s) > a}} € Q.¢;
see Remark 4.23.

Remark 1.5. We emphasize that Theorem 1.3 makes no restriction on the residue characteristic of 0. In
this regard it strengthens, for the class of Lie rings under consideration, the result [Voll 2019, Theorem 1.2],
which establishes the functional equation (1-3) for all 0 whose residue characteristic avoids finitely many
prime numbers; see [Voll 2019, Corollary 1.3] and also [Lee and Voll 2023, Theorem 1.7]. In the global
contexts of ideal zeta functions of rings of the form £(O) for number rings O, Theorem 1.3 shows that
the finitely many Euler factors for which the functional equation (1-3) fails must be among those indexed
by primes that ramify in O.

In [Schein and Voll 2015, Conjecture 1.4] it was suggested that a functional equation should hold for
all local factors ij,z ©). p(s), where f, 5 is the Heisenberg Lie ring and O is a number ring; if p ramifies
in O, then the symmetry factor must be modified from that of (1-3). Some cases of the conjecture were
proved in [Schein and Voll 2016, Corollary 3.13]. There is computational evidence, due to T. Bauer,
that other Lie rings in the class £ also exhibit the remarkable property of the local factors {7, p(s) at
ramified primes p being described by rational functions satisfying functional equations. However, these
local factors cannot be computed by the methods of this paper; see Remark 4.8. Bauer’s computations,
together with the results of this paper, suggest the following natural question: how do the local factors
52(0), p(s) behave at ramified primes, and how does the structure of £ govern their behavior?

Another natural problem is to improve upon Definition 1.1 by giving a conceptual characterization
of the class of Lie rings to which our method, or a mild generalization thereof, applies. For instance,
forthcoming work of T. Bauer extends our argument to explicitly compute the ideal zeta functions of
central products of finitely many copies of Lie rings in the class £. By contrast, nonuniform examples
such as those of [du Sautoy 2002; Voll 2004] provide a limit on the applicability of these methods.
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1.1.2. Previous and related work. Theorems 1.2 and 1.3 generalize and unify several previously known
results:

(1) The most classical may be the formula for the o-ideal zeta function

n

Lon(s) =030 () =] |

i=1

1

[y (1-4)

of the (abelian Lie) ring 0" = go.,(0) = gx.0(0); see [Grunewald et al. 1988, Proposition 1.1].

(2) The ideal zeta functions of the so-called Grenham Lie rings g4 were given in [Voll 2005a, Theo-
rem 5].

(3) Formulae for the ideal zeta functions of the free class-2-nilpotent Lie rings {2 4 on d generators are
the main result of [Voll 2005b].

(4) The paper [Schein and Voll 2015] contains formulae for all local factors of the ideal zeta functions
of the Lie rings f2.2(0) = g1,1(0) = h1(0), i.e., the Heisenberg Lie ring over an arbitrary number
ring O, which are indexed by primes unramified in O. The uniform nature of these functions had
already been established in [Grunewald et al. 1988, Theorem 3]. Formulae for factors indexed by
nonsplit primes are given in [Schein and Voll 2016].

(5) The ideal zeta functions of the Lie rings h; x o” were computed in [Grunewald et al. 1988, Proposi-
tion 8.4], whereas for the direct products b, X - - - x b, they were computed in [Bauer 2013].

(6) The ideal zeta function of the Lie ring g » was computed in [Paajanen 2008, Theorem 11.1].

Some of the members of the family of Lie rings £ have previously been studied in the context of
related counting problems, each leading to a different class of zeta functions. We mention specifically four
such classes: First, the subring zeta function of a (class-2-nilpotent Lie) ring £, enumerating the finite
index subrings of £. Second, the proisomorphic zeta function of G (L), the finitely generated nilpotent
group associated to £ via the Malcev correspondence, enumerating the subgroups of finite index of G (L)
whose profinite completions are isomorphic to that of G (£). Third, the representation zeta function of
G (L), enumerating the twist-isoclasses of complex irreducible representations of G (£). Fourth, the class
number zeta function of G(£), enumerating the class numbers (i.e., numbers of conjugacy classes) of
congruence quotients of this group; see [Lins de Araujo 2019].

The subring zeta functions of the Grenham Lie rings g; 4 were computed in [Voll 2006]. Those of
the free class-2-nilpotent Lie rings f» 4 are largely unknown, apart from d = 2 [Grunewald et al. 1988]
and d = 3 ([du Sautoy and Woodward 2008, Theorem 2.16], due to G. Taylor). The proisomorphic zeta
functions of the members of a combinatorially defined class of groups that includes the Grenham groups
G(g1.4) were computed in [Berman et al. 2018], their normal zeta functions in [Voll 2020]. Moreover, all
Euler factors of the proisomorphic zeta functions of G(f2 4(0)) and G(h,(0O)), where O is an arbitrary
number ring, as well as of the base extensions to O of the groups considered in [Berman et al. 2018] and
some other families of nilpotent groups of unbounded class, were computed in [Berman et al. 2022]. The
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representation zeta functions of the free class-2-nilpotent groups F> 4(0) = G (f2,4(0)) were computed in
[Stasinski and Voll 2014, Theorem B], those of the groups G(gs 4/(0O)) in [Zordan 2022, Theorem A]. In
these cases, not only is there a fine Euler decomposition, but the rational function realizing the fine Euler
factors is independent of O and of the prime. The class number zeta functions of the groups F 4(0O) and
G(94.4(0)), which may be found in [Lins de Araujo 2020, Corollary 1.5], satisfy the same properties.
Combinatorial structures similar to those employed in the present article were also used in [Rossmann
and Voll 2019]. In that paper, they were used to produce explicit formulae for zeta functions enumerating
conjugacy classes of the cographical groups defined in [Rossmann and Voll 2019, Section 3.4].

1.1.3. Methodology. Our approach to computing the explicit rational functions mentioned in Theorems 1.3
and 1.2 hinges on the following considerations. Fix a prime p and a class-2-nilpotent Lie ring £ and
consider, for simplicity, the pro-p completion L = £(Z,) of £. Given a Z,-sublattice A < L, set
A:=(A+L")/L and A’ := ANL'. Here we write L' =[L, L] for the commutator subring of L. Clearly,
A is a Zp-ideal of L if and only if [A, L] C A’. This allows us, for fixed A, to reduce the problem of
enumerating such A’ to the problem of enumerating subgroups of the finite abelian p-group L'/[A, L].
The isomorphism type of the latter is given by the (Z,)-elementary divisor type of [A, L]in L', viz. the
partition A(A) = (A, ..., A.) with the property that

L'JIA, L1 ~7,/(p™) x --- x Z,/(p™).

For general Lie rings £, controlling this type for varying A is a hard problem that may be dealt with by
studying suitably defined p-adic integrals with sophisticated tools from algebraic geometry, including
Hironaka’s resolution of singularities in characteristic zero.

If, however, £ is an element of the class £, then the elementary divisor type of [A, L] is determined, in
a complicated but combinatorial manner, by so-called “projection data”; see Definition 4.1. These are the
respective elementary divisor types of the projections of A onto various direct summands of L/L’. The
technical tool we use to keep track of the resulting infinitude of finite enumerations are the generalized
Igusa functions introduced in Section 3. An intrinsic advantage of this combinatorial point of view over
the general (and typically immensely more powerful) algebro-geometric approach is that, structurally, Z,,
only enters as a compact discrete valuation ring. The effect of passage to various other such local rings,
including those of positive characteristic, is therefore easy to control.

For an informal overview of the combinatorial aspects of our approach to counting o-ideals, see
Section 4.1.

1.2. Counting ideals with generalized Igusa functions. Our key to Theorem 1.3 is the systematic
deployment of a new class of combinatorially defined multivariate rational functions, which we call
generalized Igusa functions. Expecting that they will be of interest independently of questions pertaining
to ideal growth in rings, we explain them here separately.

Generalized Igusa functions interpolate between two well-used classes of rational functions:
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(1) A function we refer to as the Igusa zeta function of degree n plays a key role in numerous previous
computations (for instance [Carnevale et al. 2018; Paajanen 2008; Schein and Voll 2015; 2016;
Stasinski and Voll 2014; Voll 2005a; 2005b; 2006; 2020]):

n X;
LU X X)= Y (1>y1_[1—lx- cQW, X1,..., Xy).
I1<{1,...n} iel !

Here, ('})Y denotes the Gaussian multinomial; see (2-2). For instance,
Con(8) = In(q ™" ((@" 7)) (1-5)

see (1-4) and [Voll 2011, Example 2.20].
(2) In [Schein and Voll 2015], the weak order zeta function

)
X
L (X D1epqn\io)) = Z Hl_

I.
)]( € QUX D rern\(2)) (1-6)
LC-CLCn] j=1 I

played a decisive role; see [Schein and Voll 2015, Definition 2.9].

The main protagonist of Section 3 is the generalized Igusa function 1°(Y1, ..., Yy; X), a rational
function associated to a composition n = (ny, ..., n,), with variables X iﬂdexed by the subwords of the
word a;l L. ..a," in “letters” ay, ..., a,; see Definition 3.5 for details. It interpolates between the two
classes of rational functions just mentioned: the Igusa function of degree n for the trivial composition (71)
and the weak order zeta function for the all-one composition (1, ..., 1) of n; see Example 3.6.

Remark 1.6. Igusa functions are not to be confused with, but are related to, a class of p-adic integrals
known as Igusa’s local zeta function; see [Denef 1991]. For a detailed explanation of the connection
between [, and work of Igusa, as well as further generalizations and applications, see [Klopsch and Voll
2009].

1.3. Organization and notation.

1.3.1. In Section 2 we recall a number of preliminary notions and results used to enumerate lattices
and finite abelian p-groups. In Section 3 we define the generalized Igusa functions and prove that they
satisfy functional equations. In Section 4, these new functions are put to use to compute a general
formula (see Theorem 4.21) for local ideal zeta functions of Lie rings satisfying the general combinatorial
Hypothesis 4.5. In Section 5 we verify that the members of the class £ (see Definition 1.1) satisfy
Hypothesis 4.5, complete the proof of Theorem 1.3, and attend to a number of special cases.

1.3.2. We write N = {1, 2, ...} and, for a subset X C N, set Xo = X U {0}. For m, n € Ny we denote
[nl={1,...,n}, n,m]l={n,n+1,...,m},and (n,m) ={n—+1,...,m — 1}. Given a finite subset
J €Ny, we write J ={ji, ..., jr}< toimply that j; <--- < j,. We write J —n forthe set {j —n | j € J}.
The power set of a set S is denoted P(S).
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A composition of n with r parts is a sequence (Ay, ..., A,) € N{ such that "/ _, A; = n. A partition
of n with r parts is a composition of n with r parts such that A; > --- > A,.. We occasionally obtain
partitions from multisets by arranging their elements in nonascending order. Our notation for the dual
partition of a partition A is A’. Given partitions © = (i1, ..., it¢) and A = (Aq, ..., A.) we write u < A if
wi < X; for all i € [c], i.e., if the Young diagram of u is included in the Young diagram of A.

2. Preliminaries

In this preliminary section, we collect some fundamental notions.

2.1. Gaussian binomials and classical Igusa functions. For a variable Y and integers a, b € Ny with

a > b, the associated Gaussian binomial is

(a)Y _ Ty =Y .

, Z[Y].
b [T =7D)
A simple computation shows that
a _ ybb—a) (a) ;
(b)yq—Y h), (2-1)
Given n € N and a subset J ={, ..., j-}< C [n — 1], the associated Gaussian multinomial is defined as

<,})Y=(‘;lr)¥(jrji1>1/‘“(ﬁ)yEZ[Y]' (2-2)

We omit the proof of the following simple lemma, which is similar to [Schein and Voll 2015,
Lemma 2.14].

Lemma 2.1. Letn e Nand P ={p1,..., pr—1}< S J S [n—1]. Set po=0and p, =n. Then
(n> :(n) IL[( Pji—Dj-1 )
J)y —\P v JN(pj—1.pj)—pj-1/y

Definition 2.2 [Schein and Voll 2015, Definition 2.5]. Letn € N. Given variables Y and X = (X, ..., X,,),
we define the Igusa functions of degree n

n X; n X;

1(Y: X) = () _A () cQY. X,.....X,).
=% 2. )yl 2 IyHl—x,- (¥ X1 2

IC[n—1] iel 1C[n] iel

X, n X;

1°(Y: X) = ( ) cQ. X, ....X,).
S X) = > YHI_Xi (Y, X, )

1C[n—1] iel

An important feature of these functions is that they satisfy a functional equation upon inversion of the
variables; it is immediate from [Voll 2005a, Theorem 4] that, for all n € N,

L x ) =0"x, O Lx; x), (2-3)
Py xH=c0xlyOrw; x). (2-4)
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2.2. Subgroups of finite abelian groups, Birkhoff’s formula, and Dyck words. 1t is well-known that,
given a pair of partitions n < A and a prime p, the number a(A, u; p) of finite abelian p-groups of
isomorphism type u contained in a fixed finite abelian p-group of isomorphism type A is given by a
polynomial in p. More precisely, set
/ /
a(, V) =[] yﬂ’k%—ub(*i,_“kjl) e Q[r], (2-5)
k>1 kTP SY

where A" and u’ are the dual partitions of A and u, respectively. Then, by a result going back to work
of Birkhoff [1935], a(X, u; p) = a(A, u; p); see [Butler 1994, Lemma 1.4.1], see also [Dyubyuk 1948;
Delsarte 1948; Yeh 1948].

In practical applications invoking infinitely many instances of this formula, as in [Schein and Voll 2015;
Lee and Voll 2018], it proved advantageous to sort pairs of partitions by their “overlap types” indexed by
Dyck words, as we now recall.

Let ¢ € N. A Dyck word of length 2c is a word

w = 0L1 1M1 OLZ_LI 1M2—M1 . .0Lr_erl er—qu

in letters 1 and 0, both occurring ¢ times each (hence L, = M, = c), and, crucially, no initial segment of
w contains more ones than zeroes (or, equivalently, M; < L; for all i € [r]). Here, both the L; and M; are
assumed to be positive. Below, we will use the notational conventions Mg =Lo=0and L,41 =L, =c,
M, = M, = ¢. We write D, for the set of all Dyck words of length 2¢. See [Schein and Voll 2015,
Section 2.4] or [Stanley 1999, Example 6.6.6] for further details on Dyck words.

We say that two partitions A and u, both with ¢ parts and satistfying u < A, have overlap type w € Dy,
written w(A, u) = w, if
MZZhp, Z U= Z Uy > AL 41 2 Z A, = UM+l = = Ay, >

S AL 12 2 A 2 UM+ = 2 e (2-6)

In Definition 4.11 we slightly modify this definition to suit the specific needs of this paper.

2.3. Gaussian multinomials and symmetric groups. In Section 3, the following Coxeter group theoretic
interpretation of the Gaussian multinomials will be useful. Recall that the symmetric group W = §,, of
degree n is a Coxeter group, with Coxeter generating system S = (sy, ..., S,—1), where s; = (ii + 1)
denotes the standard transposition. The Coxeter length £(w) of an element w € S, is the length of a shortest
word for w with elements from S. We define the (right) descent set Des(w) ={i € [n—1] | £(ws;) < £(w)}.
It is well-known [Stanley 2012, Proposition 1.7.1] that the Gaussian multinomials (2-2) satisfy

DI P

weS,,Des(w)CJ

Let wg denote the unique £-longest element in S, of length £(wp) = (;) Then, for all w € §,,,
L(wwo) = £(wo) — £(w), Des(wwg) = [n— 1]\ Des(w); (2-8)
see [Humphreys 1990, Section 1.8].
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2.4. A note on ramification. Let o be a compact discrete valuation ring of arbitrary characteristic. Let m
denote the maximal ideal of 0 and let = € 0 be a uniformizer, i.e., any element such that m = wo. Let O
be a finite extension of o, with maximal ideal 99t and uniformizer IT. Let f =[O/ : 0/m] be the inertia
degree of the extension £ /o0, and let e be its ramification index; this means that 7 = 9t°. We will need
the following standard fact.

Lemma 2.3. Let O be a finite extension of o with ramification index e and inertia degree f. Let T € Ny.
Suppose that T = ge + h, where g € Ng and h € [e — 1]o. Then the following isomorphism of o-modules
holds:

O /M ~ (o/m8TH x (0/m) M
In particular, if O /o is unramified (i.e., e = 1), then O /IMT ~ (o/m7)/ as o-modules.

Proof. Let Bi, ..., Bs € O be a collection of elements whose reductions modulo 9t constitute an
o/m-basis of the residue field O/9. The set (BTl | i € [f1, j € [e — 1]o} provides a basis for O as
an o-module; see, for instance, the proof of [Neukirch 1999, Proposition I1.6.8]. Now it is clear that
IMT =T179O is the o-linear span of the set

(s i e f1,j €10, h =1 U{ne BT |i €[], j € [h,e—1]}. [

Definition 2.4. Fort e Ngand e, f e N, let {t}, r ={(g+ AN | g(e=m 1)} be the ef -element multiset
consisting of the element g + 1 with multiplicity 4f and the element g with multiplicity (e — &) f, where
T=ge+handh € [e— 1]y, as in Lemma 2.3.

3. Generalized Igusa functions

In Section 3.1 we introduce generalized Igusa functions and prove that they satisfy functional equations.
In Section 3.2 we record an identity involving weak order zeta functions, motivated by our applications
of Igusa functions in ideal growth in Section 5.

3.1. Generalized Igusa functions and their functional equations. Letn= (ny, ..., n,) be acomposition
of N =3"!", n; with m parts. Consider the poset C, of subwords of the word v, :=a}'ay* .. .ay" in
“letters” ai, as, . . ., an, each occurring with respective multiplicity »;. This poset is naturally isomorphic

to the lattice

Cpy X xCy,,

the product of the chains of lengths n; with the product order, which we denote by “<”. We write 1= Up
and 0 for the empty word.

We denote by WO, the chain (or order) complex of C,,. An element V € WO, is a (possibly empty)
chain, or flag, of nonempty subwords of v, of the form V = {v; <--- < v;}. On WO,, we consider the
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1 2
I =ajazas
ajazas
a1a2 a1 as aras

/\

\/

0= empty word

Figure 1. The poset C,, forn = (2,1, 1).

partial order defined by refinement of flags, also denoted by “<”. Consider the natural map

w:Cy— [n1lo x -+ x[nylo,

v=al'...apm > (@, o) = (), . T ().
The degree of the word v _al captis || = ZT:I o;.

Definition 3.1. We consider the induced morphism of posets

¢ : WO, — [ [P(n — 1D,

i=1
V={v < <v}> {m@y)|jelthnln —1DiL, = (g (V)L
We say that V. € WO, has full projections if

e(V)=(m —11,....[np—1D) =K

Remark 3.2. We observe that the flag V = {v; < --- < v} € WO, has full projections if, and only if,
for all j € [t]o, the word v; /v, is squarefree, i.e., contains at most one copy of each letter ay, ..., a.
Here we have set vg = 0 and Uiyl = 1.

Definition 3.3. Let V ={v; <--- < v;} € WO,,. We define
t

wvx) =15 Xy

€ Q(X,,, ..., X,) and (;—’,)Y - ﬁ(%’zi‘/))y. cQ,, ..., Y,
j=1 i=1 '

where (V) = (p1(V), ..., om(V)).

vj
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Example 3.4. Letn = (3,2, 2). The flag V ={aza3 <a 1a§a3} € WOg32,2) does not have full projections,
as ¢(V) = ({1}, {1}, {1}). We note that

Xa2a3 Xa1a§a3

Wy (X) =

a1a§a3)

and
(3)Y - G)Y (?)Y(f)y =1+ Y1+ YD)+ V) (1 +Y3).

The following is the key combinatorial tool of this paper.

Definition 3.5. The generalized Igusa function associated with the composition n is

n
RO X) = Y () WX €Q, o Yo, (X))
Vewo,
Example 3.6. (1) For n = (N), the trivial composition of N, we recover I(VIV\;’)(Y; X)=1Iy(; X), the
classical Igusa zeta function recalled in Definition 2.2.

(2) Forn = (1, ..., 1), the all-one composition of N, we recover I(Vlvf’wl)(Y; X) = I°(X), the weak
order zeta function recalled in (1-6). We note that the variables Y do not appear in this case, as all

the polynomials (3) are equal to the constant 1.

Y
(3) For n = (2, 1) we obtain

1 X X2 X X X X
155 (Y5 X) = I (Y |
: 1=X 24, 1-Xo,  1-X,2 1-Xo, 1-Xa0 1—Xa 1=Xaya,

+ Xal X”|2 + Xaz Xalaz ))
l—Xal 1—Xa12 I_Xa2 I_Xalaz .

Remark 3.7. Generalized Igusa functions associated with the all-one compositions also coincide with
certain instances of generating functions associated with chain partitions in [Beck and Sanyal 2018,
Section 4.9].

The following “combinatorial reciprocity theorem” is the main result of this section.

Theorem 3.8. The generalized Igusa function associated with the composition n of N =Y L | n; satisfies

the following functional equation:

m n
ey~ xh=nhx,, (]_[ Yl._<2))1,jV°(Y; X).
i=1
For the proof of Theorem 3.8 we require a number of preliminary results. The first records simple but

crucial “inversion properties” of the rational functions Wy (X).

Lemma 3.9. Forall V € WO,,

Wy (X = (=D " wo(X).
o<V
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Proof. This is a trivial consequence of the observation that

X! X
=1+ O
1—x-1 (+1—X>

We fix some notation used in the rest of this section. We let WO,‘ denote the subcomplex of WO,, of
flags of proper subwords of v,. When dealing with tuples of sets: we will abuse notation and use set
theoretical operations for componentwise operations. For instance, for I =(Iy, ..., I,,) € ]_[lm: 1 P([n; —11)
we write /1€ := K\ I for ([n; — 1]\ Iy, ..., [nm — 1]\ Ln).

The following analogue of [Voll 2006, Lemma 7] is critical for our analysis.

Proposition 3.10. Forall I €[]/, P([n; — 1]),

Yowp@ ==Y YT wy . (3-1)
VeWO; VeWOX
(V)21 p(V)2I°

Proof. Let I € [, P([n; — 11). The inversion properties established in Lemma 3.9 yield

YoowyXh= ) DY W= ) we(X) Y (=D

VeWO, Vewoy o<V Vewoy s>V
p(V)21 p(V)21 p($)21

We are left with proving that, for all V € WO/,

_ N—1 ] D) c
) (—1>'S'={( DT e 21 (3-2)
fsz) v [ 0 otherwise.
p(8)=2

Write V ={v; <--- < v,} and set vy := 0 and Vil 1= 1. Set

m
Iy :==1Ug(V) e [[P(n: —1D).
i=1
The sum in (3-2) runs over refinements S of the flag V, subject to additional constraints on the projection
of S given by /: we say that a refinement S of V' is admissible if ¢(S) 2 Iy. As ¢ is a poset morphism,
the sum in (3-2) runs exactly over the admissible refinements of V.

We will construct such refinements of V “locally”. More precisely, let j € [¢]p. We say that S is a
refinement of V between vj and v;jy1 if § >V and § and V coincide outside the interval [v;, vj11]. We
further say that S > V has full projections between v; and vj;1 if (SN [vj, v;11]) is an m-tuple of
intervals. )

We set

1 = (v i 07), 7 0Dy € []P(ln = 1),
i=1



Generalized Igusa functions and ideal growth in nilpotent Lie rings 551

Informally, / ‘(,j ) dictates the constraints on a refinement S of V between v ; and v 1. More precisely, we
say that a refinement S of V between v; and v is j-admissible if ¢(S) 2 I‘(/ ). We further define

Fj(V, I):= Z (_1)|S\V| — Z (_l)l(S\V)U{Uj,U_Hl}l_

s>V s>V
Jj-admissible Jj-admissible

Clearly, given j-admissible refinements V; of V for all j €[], the flag § := U;:() V is an admissible

refinement of V and any (“global”’) admissible refinement of V can be constructed in this way. The sum
in (3-2) may thus be rewritten as follows:

PG N N C A G U W G S LA Co O [ B2 TUZ0 S R € X))

S>V S>V S>V j=0
9(85)21 o(5)21 o($)21

We prove (3-2) distinguishing the two cases

O Iy = g_o(V) (equivalently, I C (B(V)) and

(ID 1y # ¢(V) (equivalently, I \ ¢(V) # 9).

Case (I). Assume first that I C (V). In this case, the condition P8 21 is trivially satisfied for any
flag S > V, as @ is a poset morphism, and thus any refinement of V is admissible. Moreover, in this case,
(V)21 ¢ if and only if V has full projections. In other words, (3-2) may be rewritten as follows:
Z(_l)lsl _ {(—I)N_1 if V has full projections, (3-4)

e 0 otherwise.

Let j €[t]o. As in the case under consideration all local refinements are j-admissible, F;(V, I) is given in
terms of the Mobius function of the interval [v;, v;41] in the lattice C,. Indeed, by Philip Hall’s theorem
(see, for instance, [Stanley 2012, Proposition 3.8.5]),

(=il =0 f [4; 05411 is a Boolean algebra,

F,(V,I)=—pW@;,vj41) = i
i€ ) #(j. vj1) {0 otherwise;

see [Stanley 2012, Example 3.8.4]. Using (3-3) we may therefore rewrite the left-hand side of (3-2) as
t t
DT Fv. D =EDT(r),vip).
j=0 j=0

It is nonzero if and only if all of its factors are nonzero. The interval [v;, vj41] is a Boolean algebra if
and only if the word v;;1/v; is squarefree. By Remark 3.2, this happens for all j € [¢]o if and only if V
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has full projections. In this case we obtain

D DSI= (=1 Y (=D

S>>V S>>V

=)' T]Fv. D

Jj=0

t
= (=)' [ [(=n@;, vj11)
j=0
= (_1)2t+1(_1)Z}:o(|v,~+1|—|vj\)
= (=D,
proving (3-4) and therefore (3-2) in the case I C p(V).

Case (II). Assume now that [ \ @(V) # @. Note that (V) 2 1 ¢, the condition invoked in (3-2), holds if
and only if Iy = K, i.e., if and only if 13/ is a tuple of intervals for all j € []o.
We claim that, in the case under consideration, the following holds for all j € [¢]o:

(—Dlirtl=lojl+1 - 5f I‘(,j) is a tuple of intervals,

Fi(V. 1) = {O (3-5)

otherwise.
We now prove this claim by induction on the degree of the word v /v;.
If vj 41 covers v, then F;(V, I) =1 trivially. So assume that (3-5) holds for |v;;1/v;| < £, for some
1 < ¢ €N, and suppose that |v;;1/v;| = £+ 1. Let p; denote the number of different letters in v;41/v;.
Assume first that / \(,j )isa tuple of intervals, viz.

A CACH R ACTE I (IR N i

Informally, this means that a j-admissible refinement S of V' needs to have full projections between v;
and v; 1. This condition forces the first element of S\ V' to lie on the p;-dimensional hypercube above v;:
it is obtained by multiplying v; with at most one copy of each of the p; relevant letters. We may therefore
write F;(V, I) as a sum of 27/ — 1 summands, indexed by the words v p@7=D covering v; in Cy:

2°j —1

Fi(v.D==» > (D",

k=1 §>V j-adm.,
min(S\V)=v®

where, for each k € [2°/ — 1], the inner sum is taken over j-admissible refinements S of V having v® as
smallest element greater than v;. Each of these sums is known by induction from (3-5). Indeed, since the
flags S also have full projections between v®) and v j+1, wWe obtain

20 —]

Fj(V.I)=— Z (_1)|Uj+1|—|v(")|+l = (= Dlvin=lvil+T

k=1

establishing (3-5) in the first case.
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Suppose now that I‘(,j ) is not a tuple of intervals. Informally, this means that a j-admissible refinement
S of V is not required to have full projections between v; and v; ;. Without loss of generality we can
assume that the first “requirement gap” in I‘(,j ) is directly above v;, that is if o = (a1, ..., ;) is the
m-tuple of (componentwise) minima of / ‘(,j ) \ 7 (v}), there is at least one i € [m] with o; > 7;(v;) + 1.
Given a j-admissible refinement S of V, the word min(S \ V), the smallest word in S greater than v,
clearly belongs to the interval (v}, vy ] of subwords of vy :=aj" .. .ay" which v; strictly divides. Consider
the subset

Y :={v e (v),vg] | [v, vg] is a Boolean algebra}.

We rewrite the sum defining F;(V, I) according to whether or not min(§\ V) € ¥

Fi(v.D= > (=DsWi4 3 (—pisvi (3-6)
S>V j-adm., S>V j-adm.,
min(S\V)¢Y min(S\V)eY

Clearly, the first summand in (3-6) is zero. Indeed, we may further subdivide it by fixing the minimal
element min(S \ V). Each of the resulting summands is zero by applying (3-5) inductively to the refined
flag V U {v}, replacing v; by v.

The second summand in (3-6) is zero, too. Indeed, without loss of generality we may assume that

1Y = ((m )} Ul mi (0D O [ — 1D

(Otherwise, an argument similar to the one for the first summand in (3-6) proves the claim.) Under this
assumption, the induction hypothesis yields

Z (_1)\S\V| - _ Z (_1)\v_/+1\—|v| — (_l)lv_j+||_|vg|+l Z (_1)|Z\ =0.

S>V j-adm., [v,vy] Boolean Z<{0,1}°)
min(S\V)eY

This proves (3-5) in the second case.
Suppose now Iy = K. Since I\(/) is a tuple of intervals for all j € [t]op, we get, by (3-5),

1
Z (_1)\5\V| = (=1 1_[ Fi(V,I) = (_1)214‘1 (_1)Z;:o|l’j+1|—|v_/| _ (_1)1\’—1
s>V j=0
p(S)21y
as desired.
Suppose now Iy # K. This means that there exists j € [t]p such that I‘(/ )isnot a tuple of intervals.
By (3-5) we have F;(V, I) =0, thus the product in (3-3) is also zero, proving (3-2) in the last case. [

Proof of Theorem 3.8. The sum defining the generalized Igusa function can be rewritten as

rey:xn=Y <“n/)YWV(X):1_1Xv > (y), W, (3-7)

VeWoO, oy eWO,j
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Inverting the variable in the factor 1/(1 — X,,) on the right-hand side of (3-7) simply gives a factor —X,,.
Thus Theorem 3.8 is equivalent to the identity

> (), wach=co (1Y) 3 (5),meo. (3-8)
Vewo, i=1 Vewo;

Writing S, = S, X --- X S, w = (wy, ..., Wy), Des(w) = Des(w;) x - -- x Des(w,,), and using the
identity (2-7), the left-hand side of (3-8) becomes

> (7). wah= ¥ (X T macy

VeWOy VeWOy wes,  i=l
N - Des(w)CSe(V)
m
—t(w; -1
- ([Iv) ¥ wah.
wes, “i=l VeWOy
@(V)2Des(w)

For i € [m] we denote by w(()i) the longest element in S,,;, of length Z(wg) )= ("2’ ) By Proposition 3.10
and the identities (2-8) we can rewrite

Z( Yf“w”> > Wv<X1)=<—1>N12(lﬂ[K‘”w")> 2. W
1

m

wes, “i= VeWO; wes, Ni=l VeWo)
@(V)2Des(w) @(V)2Des(w)*
Ty Ty L)
— (5 w; Wy
— 1y l(ny,. )Z( v, ) S W)
i=1 weS, Ni=1 VeWO;
@(V)2Des(wwo)
B m i n
= (1Y) T (5),me,
i=1 VeWoy
proving (3-8) and thus Theorem 3.8. U

3.2. Weak order zeta functions and generalized Igusa functions. We record an identity between instances
of weak order zeta functions which will be useful in Section 5.3.3 and may be of independent interest.
The identity compares instances of weak order zeta functions associated with the all-one-compositions
g and 2g, with g and 2g parts, respectively, and holds when substituting for the variables monomials
gatisfyi;g certain relations.

In the current section, we call a subword of the word 1= Vyg i=ay - - - aog radical if it is of the form
w = Hiea a;aiy, for some J C [g]; see also Definition 4.13. We observe that any subword r < vy,
may be written uniquely in the form r = \/r - ¥'r”, where /r =[],y aiai, is a radical word, whereas
r'"=Tl;ey @i and r” =[], 4 ai+q, and the subsets J, ', I C [g] are disjoint. Likewise, we define the
radical /'S of a flag S € WOy, to be the flag of radicals of the words of S.
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In the following result, we omit the nonoccurring variable ¥ from the generalized Igusa functions 7,
and Ig’(vgo; see our remark in Example 3.6(2). B

Proposition 3.11. Ler g € N. Suppose that the numerical data y satisfy y, =y sz - [licyugr Ya;- Then
S 14y
Iwo ai Ve , 3.9
»= (E—l_ya) @) (3-9)
where Z[1._, a; = Y[,y aiaire JOr all T S [g].

Proof. By sorting the flags in WO,, by their radicals, we may partition the domain of summation of the
left-hand side of (3-9) as follows:

WOy = (] {SeWOy, | VS=R}.
ReWO§

The claim is equivalent to showing that, for all R € WO,,

14y, £ o
3 Ws(y)=<1'[1+§')WR<z) 1‘[<1+21y’ )WR<z). (3-10)

SEWOy,: i=1 ai i=1 ~ Yai
VS=R
Let S ={s; < - <s)={Js1-515] <--- <. Js:-58/} € WO, where, as above, for k € [1],
sp = [licy ai, s = [licyr aitq and /sk Hzef}k AjQjtg 1S radlcal Denote J(S) = {ys,, ..., Y5} and, for

J€lgl set yo, J(S) :={ya;y | y € J(S)}. As before we set 5o = 0 and Sip1 = 1= V2g-
We claim that, for all j € [g] and all § € WOy, with V'S = R and the property that, for all s € S if
ajlsoragy;l|sthenajag,;|s, the following identity holds:

> WS(y):(1+21

gEWOzigi §=R,
J(E)CJ(S)Uya/- J(S)

)Wg(y) (3-11)

Ya;

It is easy to see that (3-10) follows by repeated application of (3-11) for j € [g].
We prove (3-11) by induction on ¢, the induction base (r = 0) being trivial; we observe that our
assumption on the numerical data implies that y,; = y,,, ;. The right-hand side may therefore be written

i t
(l_[ Vs )(1 I Ya, n Yag. )( 1_[ Vs, )
I=1 l_ysl I_J’aj I_J’ag+,- . I_YSl

I=i+1

as

The summand 1 in the central factor arises from the flag § = S, with Wg(y) = ]—[521 Vs, /(1 —ys). The
other two summands account for flags S with J(§) = Ya; J (S), 1.e., for flags whose words differ from
those of § by at most an extra factor a; or ag4 ; (but not both, as they share with S the radical R), and
which do feature at least one such a “augmented” word. We will call such flags a;-augmentations (of S).
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It remains to show that

t
2 Ws<y>=(l_[—y" )—y“" : (3-12)

1—yy ) 1=ya,
gGWOQgZ =1 5t 4

a j—augmentaﬁon of S

the argument for ag, ; is identical.

We note that there exists a unique i € [¢] such that a; | s;+1 but a; {s;. For all aj-augmentations Sof S,
the last t — i words coincide with s;41, ..., s;. Therefore ]_[;:i 41 Y5/ (1 =) divides all relevant Wg(y).
Without loss of generality we may thus assume that i =7, i.e., that no word of S is divisible by a;.

The claimed identity in (3-12) will become clear by interpreting the trivial identity

t t—1
ys] yaj ysl )’aj)’s, ys, yaj)’s, )’aj yajys,
= . (3-13

=1 1=y I_Yaj =1 — Vs — Ya; Vs 1 —y; 1_yajys, l_yaj 1_yajys,

Informally, the right-hand side of (3-13) reflects the three alternatives for the first occurrence of a; in an
aj-augmentation of S:

(1) The first summand arises from the a j-augmentation S={ -<s_2<s8_1< ajps:}.
(2) The second summand arises from the a;-augmentation S={--<s_1<s<a St}

(3) The third summand arises from all a;-augmentations of § whose last fwo words are divisible by
aj, the last one being ajs;, viz. aj-augmentations of S\ {s;}. All the relevant W5(y) are therefore
divisible by y4; s, /(1 — ya;s,)- By induction hypothesis, (3-12) yields

t—1
(]_[—ys’ >—y"" - 3 Ws(y).

1— 1=y, B
=1 s Yaj SeW0y,,

aj -augmentation of S\ {s;}

This proves the claim, and hence the proposition. 0

4. Counting o-ideals in combinatorially defined o-Lie algebras

In this section we compute the o-ideal zeta functions of o-Lie algebras satisfying a certain combinatorial
condition (Hypothesis 4.5) in terms of the generalized Igusa functions introduced in Section 3. This
prepares the proof of Theorem 1.3, given in Section 5.

4.1. Informal overview. We start by summarizing the principal ideas behind our approach, which
greatly generalize those of [Schein and Voll 2015]. Let L be an o-Lie algebra with derived subalgebra
L'=[L, L]. Asnoted in Section 1.1.3, if L is class-2-nilpotent, then an o-sublattice A < L is an o-ideal if
[A,L]1<ANL' where A = (A +L")/L’. For simplicity of exposition we will assume, in this overview,
that L' = Z(L), i.e., that L has no abelian direct summands. By an argument going back to [Grunewald
et al. 1988, Lemma 6.1], the computation of £;'°(s) is reduced to a summation over pairs (A, M), where
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A <L/L"and M < L’ are o-sublattices such that [A, L] < M. Recall that the O-elementary divisor type
of a finite-index O-sublattice A < D", where O is a compact discrete valuation ring with maximal ideal
9N, is the partition (Aq, ..., A,) such that

O /A= /MM x - x O/

Given the o-elementary divisor type A(A) of [A, L], the lattices M satisfying this condition are enumerated
by Birkhoff’s formula (2-5).

An essential ingredient of our method, therefore, is an effective description of the o-elementary
divisor type A(A) in terms of the structure of A. For the o-Lie algebras considered in this paper, this
is accomplished as follows. The quotient L/L’ decomposes, as an o-module, into a direct sum of
m components, which are viewed as free modules over finite extensions 91, ..., 9,, of 0. For each
component, we consider the £;-elementary divisor type v*) of the ;-lattice generated by the projection of
A onto that component. These are the projection data of Definition 4.1 below. The crucial Hypothesis 4.5
requires that the parts of the partition A(A) be given by the minima of term-by-term comparisons among
the elementary divisor types appearing in the projection data. Assuming Hypothesis 4.5, we deduce a
purely combinatorial expression for ¢;'°(s) in Proposition 4.10.

Analogously to the argument of [Schein and Voll 2015], we break up the sum in Proposition 4.10 into
finitely many pieces on which the Gaussian multinomial coefficients — arising via the factors S(v®; g;)
and o (1(v), ; g), in the notation used there — and the dual partitions occurring in the definition (2-5)
of a(A(v), u; q) are constant. The sum over each piece yields a product of Gaussian multinomials and
geometric progressions; these, in turn, are assembled into generalized Igusa functions introduced in
Section 3. As in [loc. cit.], Dyck words of fixed length turn out to be suitable indexing objects for the
finitely many pieces.

The technical complexity of the current paper, in comparison to [loc. cit.], reflects the fact the translation
between projection data and the elementary divisor type A(A) is considerably more involved. While
the data determining A(A) in [loc. cit.] were just a collection of integers, here they are a collection of
partitions (the v defined above). A more sophisticated combinatorial machinery, viz. the weak orders
of Section 3.1, is required to keep track of the relative sizes of the parts of these different partitions; this
is necessary in order to specify domains of summation over which the dual partition A(A)’ is constant.

In Section 4.2 we define the concept of projection data and enumerate lattices A < L/L’ with fixed
projection data. In Section 4.3 we introduce and explain the combinatorial structure behind Hypothesis 4.5
and deduce Proposition 4.10, giving a general formula for o-ideal zeta functions of o-Lie algebras
satisfying Hypothesis 4.5. In Section 4.4 we state the section’s main result, viz. Theorem 4.21, and prove
it modulo an auxiliary claim, viz. Proposition 4.20, whose rather technical proof is given in Section 4.5.

Throughout, let 0 be a complete discrete valuation ring with finite residue field of cardinality ¢, and
let D1, ..., Oy be finite extensions of 0. Let 7 € o be a uniformizer. For each i € [h], let ¢; be the
ramification index and f; be the inertia degree of ©; over 0. Let ¢; = ¢/ be the cardinality of the residue
field of ;. We write t = ¢~*, where s denotes a complex variable. For each i € [h], the local ring
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$; is a free o-module of rank ¢; f;. Let (ny,...,n,) € Ng and set n = Z?:l e; fin;. Consider a family
p=0D, .. v®)of partitions v® each with n; parts.

4.2. Counting lattices with fixed projections. Consider the o-module
=07 x .- x O

and, for each i € [h], let r; : Q@ — O be the projection onto the i-th component. Choosing an D -basis
(e(l) .. €n,)) of O and an o-basis (Ot(l) ... (') %) of each O;, it is clear that the collection {a ,El)}ijk
constitutes an o-basis of €2 that allows us to 1dent1fy Q with o”.

Definition 4.1. For an o-sublattice A < 0", we write v) = v(7;(A)) for the elementary divisor type of
the O;-sublattice of O generated by 7; (A). Note that v is a partition with n; parts. The family

v(A) =D, ™)
of partitions is called the projection data of A with respect to 2.

For any partition v = (v, ..., vy) with N parts, set J, ={d € [N — 1] | vg > vg41}. For a variable Y,
we define
N
i) = (), YR ¢ gy, (4-1)

We observe that 8(v; Y) = a(A, v; Y), the “Birkhoff polynomial” (2-5), where X is any partition whose
parts are all at least v;. It follows that 8(v; ¢) enumerates the o-sublattices of 0"V of elementary divisor
type v. The following proposition, which is key to our method, generalizes this formula and is analogous
to [Schein and Voll 2015, Lemma 2.4]. Recall the formula (1-4) for the zeta function &, (s) of an abelian
(Lie) algebra of finite rank over a compact discrete valuation ring.

Proposition 4.2. Let v = vV, ..., v™) be as above. Then
S o Al = (l_[ﬁ(v‘” q)) L (),
Ao I, Gori (s)
v(A)=vp

Proof. Recall that for every i € [A] there is a natural embedding of rings ¢; : ; < Mat,, 1, (0) that sends
an element y € ©; to the matrix representing the o-linear operator x — xy on £; with respect to the
chosen o-basis {ay)}e’f’ Moreover, det;(y) = Np, /o(y) for all y € O;. This map extends naturally to
an embedding of matrix rings Mat,,, (O;) < Mat,, 1, (0) that we continue to denote by ¢;.

Consider the set H ={(H;, ..., Hy) | Vi € [h] : H; < D?i}. Given H € H, denote
Sh= Y lo":A]”

Thus

D" AT = ) =y (4-2)

A<o” Hedl
v(A)=p v(Hy)=v{)
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For every i € [h], let B; € Mat,, (;) be a matrix whose rows comprise an 9;-basis of H;. Let
B e Mat,, (0) be the block-diagonal matrix with blocks ¢; (B;). We observe that the map Mat,, (o) — Mat, (0),
B’ B’B induces a bijection between the set of o-lattices A < 0" such that 7r; (A) = O forall i € [h] and
the set of lattices A < 0" such that 7;(A) = H; for all i € [h]. Furthermore, det B = ]_[fl:1 Np,o(det B;);
see, for instance, [Kon\ifac(sl_)et al. 1999, Theorem 1]. The norms preserve normalized valuation, hence
|det Blo =]]"_,q. ~'~' "/ We conclude that

i=14j

) h
Sy = 15" gy = [I9% : HyI ™ S, (4-3)
i=1
where 0 = (D', ..., O}") € H. Thus
h h
(o) =D Zu=%0 ) [IOF : Hil™ = So [ [ g ). (4-4)
HedH HeXHi=l i=1

It follows immediately from (4-3) and (4-4) that

H= h{o” () tZi.j V;'i)fi’
[T o ®

and substitution of this expression into (4-2) implies our claim. (|

4.3. Rewriting the o-ideal zeta functions of suitable o-Lie algebras. Now let L be a class-2-nilpotent
o-Lie algebra. We assume that its derived subalgebra L’ is isolated, viz. L/L’ is torsion-free. Let further
L' C A C Z(L) be a central, isolated subalgebra. Suppose that

L/A~OM x .. x O, (4-5)

Fixing such an isomorphism, we obtain projections 7; : L/A — O] and are in the setting of Section 4.2.
Then ¢” and ¢, in the notation of Section 4.2, are the ranks of the free o-modules L’ and A, respectively,
whereas n = Z?:l nje; fi =1k, L/A. In particular, n +c =1k, L.

Given an o-sublattice A < L/A of finite index, the commutator [A, L] is well-defined, as A is central,
and of finite index in L’. Let A(A) be the o-elementary divisor type of the o-submodule [A, L] < L'.

Definition 4.3. Let vV = (v{l), e v,ﬁ)) and v® = (viz), el v,g)) be partitions with n; and n; parts,
respectively. We define v % 1@ to be the partition whose nn, parts are obtained from the multiset

&)
k

. 2
fmin{v", v Ve, eetm-

Given, in addition, b € [n], we define (vV)*” to be the partition whose (")) parts are obtained from
the multiset

s (D)
{mln{vi( ) li € IV i ir=b-

We observe that * is an associative binary operation on the set of partitions and that (v(1)*? =£ p( 5D,
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Definition 4.4. Let Z € Ny and fix, for every k € [Z], a pair €~5k = (G, ok), where S = {s¢1, ..., Sk, } €
[h] is a subset of cardinality 7y and o = (0%1, ..., 0k ¢) € N™.

Given a family v = (vV, ..., v®) of partitions v, each with n; parts, define A(¥) to be the partition
obtained from the multiset

V4
U{(v(b‘kl))*ffkl Kook (v(sk‘rk))*(fk,rk 1,

k=1
where {1} denotes the multiset of parts of the partition v and the union is a union of multisets.
We will suppose for the rest of Section 4 that the following assumption on (L, A) holds.

Hypothesis 4.5. The pairs éil, e S z in Definition 4.4 may be chosen so that for any o-sublattice
A < L/A, the equality of partitions L(A) = L(v(A)) holds.

Comparing the lengths of the partitions A(A) and A(v(A)), we find that Hypothesis 4.5 implies that
z n n n
o ([

Definition 4.6. Let S = Ule G C [h]. Let m = |&|. Renumbering the components in (4-5) if necessary,
we may suppose without loss of generality that & = [m].

We briefly discuss the motivation for Hypothesis 4.5. It ensures that the elementary divisor type A(A)
depends only on the projection data v(A) and can be described combinatorially in terms of v(A), and
that all parts of A(A) also appear as parts of v(A). This assumption is crucial to our method and enables
us to express the o-ideal zeta function ;'°(s) in terms of the generalized Igusa functions of Definition 3.5.
A further consequence of Hypothesis 4.5 is a dichotomy among the components of L/A in (4-5). If, on
the one hand, i > m, then the commutator [A, L] is independent of the component D?i; this means that
O lies in the kernel of the projection pr: L/A — L/Z(L). If, on the other hand, i <m, then pr(O}")
and O have the same rank as o-modules, namely n;e; f;. In particular,

m
Y niei fy =1ko(L/Z(L)). (4-6)
i=1
This consequence of Hypothesis 4.5 is used in a subtle but crucial way in the proof of Corollary 4.22,
which establishes the functional equation satisfied by ¢;°°(s). Indeed, Theorem 4.21 expresses £;°(s) as a
sum of finitely many summands. The above observation ensures that each summand satisfies a functional
equation with the same symmetry factor.

Remark 4.7. We note that, trivially, Hypothesis 4.5 is stable under direct products.

Remark 4.8. Before proceeding, we observe that Hypothesis 4.5 constrains the extensions £; of o to be
unramified in natural examples, such as the nonabelian examples considered in Section 5. Suppose that
L=2L1(D1) x---xL,(D,), where L; is a class-2-nilpotent Lie ring and £; is a finite extension of o
for every i € [r]. Suppose that the subalgebra L' < A < Z(L) is of the form A = A x --- x A,, where
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each A; is an isolated subalgebra of £;(9;); this will be true, for instance, if A= L’ or A= Z(L). Then
L/A>Li(D1)/A; x -+ xL.(O,)/A,. Suppose, furthermore, that we decompose

L1(O1)/A ’:Dq“ o XDTNI
L£2(9D2)/As =~ DZN'H N, D;Nz

Lo (O0)/Ar =0, o P

and consider the projection data with respect to the resulting decomposition
n r
L/A~OV x - x O,

Here the number of projections is 4 = N,. Assume that Hypothesis 4.5 is satisfied. We claim that ; /o is
unramified for all i € [r] such that £; is not abelian.
Indeed, fix uniformizers I1; € 9;, let T € N, and consider the lattice

ny NN +1
A=TIO x - x I[O" x 30, x - x TITO;Y.

The projection data are 1);") =t for all i € [N,] and all j € [n;]. Furthermore, it is clear that

[A, L1=T{[£1(O1), L1(OD] x - - x TELA(Or), £ (O]

For every i € [r], let b; be the rank of [£;(9;), £;($D;)] as an o-module. Then it is immediate from
Lemma 2.3 that the partition A(A) is the disjoint union of the sets {t},, s, (see Definition 2.4), with
respective multiplicities b;. Suppose that £; is not abelian. Then b; > 0. If, in addition, e; > 2, then the
elements of {t},, s are not all equal to 7. Hence there are parts of A(A) that do not appear as parts of the
projection data v, contradicting Hypothesis 4.5.

Definition 4.9. Set ¢ = ¢ — ¢’. Given partitions A and u with ¢’ and ¢ parts, respectively, we say that
< Aif u < X, where A is any partition with ¢ parts whose parts consist of the ¢’ parts of A together with
any ¢ integers §; > --- > &, > u;. By (X, u; Y) we will mean a():, w; Y), the “Birkhoff polynomial”
(2-5); note that both definitions are independent of the choice of .

Our objective, which will be attained with Theorem 4.21, is to compute the o-ideal zeta function of the
o-Lie algebra L. We maintain the notation from above. Recall, in particular, that n = Zf’zl e; fin; is the
o-rank of L/A. Observe that if A < L/A as above, then there exists an o-sublattice M < A of elementary
divisor type w such that [A, L] < M if and only if u < A(A). Furthermore, as L’ is isolated in L, the
number of sublattices M < A of elementary divisor type w that contain [A, L] is given by a(L(A), 1; q).

Recall m from Definition 4.6. Given projection data ¥ = (1, ..., v(®), the partition A(¥) depends
only on the m-tuple v = (v(V, ..., v™). Thus we will write A(v) for A(D).
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Proposition 4.10. Assuming Hypothesis 4.5, the o-ideal zeta function of L is given by

é_zm(s):{o"—(s) Z (l_[ﬂ(v(l),ql))a(k(v) Ww; C])(C] t)ZL 1Mktz 1(21 1 Jl))f:.
l_[t 1;9"' (S) v i=1

n=A(v)
Herev =W, ..., v™) runs over all m-tuples of partitions with ny, . . ., n,, parts, respectively, whereas

w runs over all partitions with ¢ parts. The condition u < A(v) is to be understood as in Definition 4.9.
Proof. The quotient L/A has o-rank n, so it follows from [Grunewald et al. 1988, Lemma 6.1] that
GO = D ILJATAIT Y JAM
A<L/A [A,L]<M<A
Grouping the lattices A < L/A by their projection data v(A), we obtain

O =) Y IL/ATAIT YT AMI

5 AsL/A [A.L]<M<A
v(A)=v

Setting u to be the elementary divisor type of M and recalling that A(v(A)) is the elementary divisor
type of [A, L] by Hypothesis 4.5, it now follows from Proposition 4.2 that

;Zm( )= §o"_(~9) Z (l_[ﬂ(v(l),ql))a(k(v) w; @) (g" t)Zk 1Mktz 1(21 1 Jl))f:.
l_[, 1(9"!(5) s Niel

H=A(D)

As we observed above, a(A(V), u; ¢) depends only on the first m components of the i-tuple v. Hence
the sum in the previous displayed formula may be expressed as

Z (nﬂ(v(l),q,)>ot(k(v) w; ) (q" t)Zk 1Pk i L )

v, i=1
h
X Z < 1_[ ﬂ(‘)(i);qi)> i= m+|(21 1Y) )f, 4-7)

B=A(v)
(ot vy Mi=m+1

Observing that

3 B0 gy T = 3 [ MY = g (),
v® M<9/!
we see that the second sum in (4-7) is equal to ]_[f':m 41 8o (5). The claim follows. Il

Let w € Dy, be a Dyck word. Recall, from Section 2.2, that w is specified by two r-tuples
(Ly, Ly, ..., Ly)and (M{, My, ..., M,) satisfying L; — M; >0 foralli € [r] and L, = M, = c. Recall
further that ¢ = ¢ — ¢’ and define Zj =L;—¢forall je[r].

Definition 4.11. Let A and u be partitions with ¢’ and ¢ parts, respectively, and let w € D;, such that
L; > ¢. Fix a partition A with ¢ parts as above; without loss of generality we may take & > max{A;, j1}.
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We say that A and pu have overlap type w, written w(A, u) = w, if their parts satisfy the following
inequalities:

12 2& > M= 2Af
O ZAf Z MM+ 2 2 UM,

In other words, w(A, u) = w if w():, 1) = w in the sense of (2-6). Note that Li=0 may occur, if ¢ > 0.
Moreover, the set D, depends on ¢ and so on the choice of A.

Observe that A > p if and only if there exists a Dyck word w € D,., necessarily unique, such that
w(, u) = w. Given w € Dy, we define the function

Du(g. t)—Z > (nﬂ(v“);qﬂ)a(x(v),mq)(q”r)Zilﬂ*’tﬁ’l@?'ﬁ”?”)f". (4-8)

H=A(v) i=1
wr(v),W)=w

Remark 4.12. If w is such that L < ¢, then the above sum is empty and so D,,(q, t) = 0. In addition,
the definition of the partition A(v) will usually impose some equalities among its parts. Thus, it may
happen that the set of projection data v whose associated partition A(v) is compatible with a given Dyck
word w is empty even if w satisfies the condition L > ¢ of Definition 4.11. We will see examples of this
phenomenon below, e.g., in Section 5.3.2.

Proposition 4.10 now tells us that

Sor ()
<0 E Dy, 4-9
;L (S) l—[;n 1{ ( ) (q t) ( )

weDz

4.4. An explicit expression for {7 °(s). Our aim in this section is to give explicit formulae for the terms
Dy(q,t) in (4-9). We will achieve it with Proposition 4.20 —a result whose proof will be given in
Section 4.5 —leading to a fully explicit formula for the relevant o-ideal zeta functions in Theorem 4.21.

We maintain the notation of Section 4.3 and resume some of the notation introduced in Section 3.
Consider the composition n = (n1, . .., n,,) and a family v = (0D ..., 1) of partitions v?), each with
n; parts. The natural ordering of the elements of the multiset

m

=Jwy 1j et}

gives rise to an element V (v) € WO,,. Indeed, the word v = [[/L, a;" € C, appears in the flag V (v) if
and only if any element of the multiset

m
So=J0{" 1 elail) (4-10)

i=1
is larger than any element of the complement S\ S, = (J/_ 1{vj(-i) | j €la; +1,n;]}. Given a word v € Cp,
let m(v) denote a minimal element of the multiset S,. Since, by virtue of Definition 4.4, all parts of A(v)
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appear in S, we see that if k € N satisfies 1} > A,

denote the dual partition of A(v) by A’ for brevity. Moreover, Hypothesis 4.5 implies that A/ (vy depends
(@)
he

then necessarily k = m(v) for some v € C,,. Here we

only on v and not on the flag V (v) or on the actual values of the parts v
Definition 4.13. Let v € Cp:
(1) Set £(v) =/ In particular, £(v") < £(v) if v/ < wv.

m(v)*

(2) We say that v is radical if £(v") < €(v) for all proper subwords v' < v.
Note the following explicit formula for £(v).
Lemma 4.14. Letv=[[_, a;" € C,. Then
Z T o
) = A(0), ) = (7).
@ =200 =2_T1(,,
k=1 j=1
Proof. This is a straightforward consequence of Definition 4.4. U

Definition 4.15. Let w € D, be a Dyck word with exactly r letter changes from 0 to 1; see Section 2.2.
Aflag V ={v; <--- <} of elements of C, is said to be compatible with w, or simply w-compatible, if:

e [ =7.
e For all j € [r], the word v; is radical and satisfies £(v;) = I:j.

Remark 4.16. It follows from Hypothesis 4.5 that all parts of v participate in the minima that determine
the parts of A(v). Therefore, the maximal word []/_, a;" is always radical, and v, = []/-, a;" for any
w-compatible flag V.

In addition, note that if ¢ > 0, i.e., if L’ < A, then some Dyck words w € D, for which there exist

w-compatible flags will satisfy L1 = 0. In this case, v; = & for any such flag.

For w € Dy, let F,, denote the set of w-compatible flags. It will be convenient to organize the
information carried by an element of F,, in matrix form. Given an element V = {v; < --- < v,} € F,
we let vy be the empty word and define p;;, fori € [m] and j € [r], by

In this way, the flag V gives rise to a matrix p(V) € Mat,, ,(Ng). Conversely, given a matrix p €
Mat,, »(Np), we consider the cumulative sums of its rows: for i € [m] and j € [r], define

J
Pij = pik. (4-11)
k=1
Definition 4.17. Let M, ,, € Mat,, ,(N) be the set of (n, w)-admissible compositions, namely of matrices
p satisfying the following two properties:
() ([T, a") = L; forall j € [r].
(2) The word [, aip” is radical for all j € [r].
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By Remark 4.16, these properties imply that P;, = n; for all i € [m]. Setw; =[]/, a” forall j e [r].

l
It is easy to see that the map J,, — M, ,, given by V — p is a bijection, with inverse p — {w; <--- < w,}.
Denote

P ={P;j | jelrl}
for all i € [m]. For j € [r], we denote by p; the following composition with m parts:

p; = (1 ) (4-12)

Recall from Definition 2.2 the notion of Igusa function and from Definition 3.5 the notion of generalized
Igusa function I;‘;"(Y; X) e Q(Yr, .oy Yins (Xo)v<w;)-

Definition 4.18. Let p € M, ,,. We define

m r

_ ni Li—M;j_, —1 1)

Du(g. 1) = (H(p,.)q__l) n(( L) )

i=1 T/g=1
r—1

X 1_[ I[Cl)lijjil (q719 xMj,1+15 ceey xMj)IMr—M,,l(qil; -xMr,l-‘rl? O] xM,)?
j=l1
with numerical data defined as f(?)llows. For a subword v = ]_[;":1 af” of ]_[;":1 aip Y we set al.(j - Pij1+o;
and v =v-wj_; =[], a" . Set
sih _ [0 L) =L,
v 1 otherwise,
and define
) ZT:] fiai(nj —a;) if SI(JJ) =0,
B =\ym ., 0 GNETNG
Yoy fio (i —e”) i & =1,
Finally, we set
Yo = g? Mimt @D =My +BY L i it 8 (M1 + I Pt )
where £(v)) is given explicitly by Lemma 4.14. For k € [M;_; + 1, M;], we set
X = qk(n+Ljfk)+Zf"=1 iPij(ni=Pij) k437, fiPij
Proposition 4.19. The following functional equation holds:
D, p(q_l, t_l) = (_l)c-i-Z;-":l"iq(”;rc)_(;)"'zzmzl fi(nzi)tc"‘z Yinifi D, p(C], l‘).
Proof. The proof is a straightforward computation using the functional equations of

(1) Gaussian binomials (2-1),
(2) classical Igusa functions (2-3), (2-4), and

(3) generalized Igusa functions given in Theorem 3.8,

as well as the definition (4-11) of P;; and the observation that P;, = n; for all i € [m]. O
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Recall the functions D, (g, t) introduced in (4-8) and used to describe the o-ideal zeta function of L
in (4-9). The following result, which constitutes the technical heart of the computation of the ideal zeta
function ¢;°(s), relates Dy, (g, t) with the explicit functions D,, ,(g, t) of Definition 4.18. We defer its
proof to the next section.

Proposition 4.20. Let w € Dy, be a Dyck word. Then

Du(g, )= Y Du,(q,0.

PEM, w
Theorem 4.21. The o-ideal zeta function of L is

o = =2 S S by,

1_[1 1 é‘D"’ (S) weDse pEM0
Proof. The claim is immediate from (4-9) and Proposition 4.20. Il

Corollary 4.22. Suppose that the extension ; /o is unramified for all i € [m). Then the o-ideal zeta

function of L satisfies the functional equation

tko (L)
é-L<10(S) . B — (_l)l‘kg(L)q( > )lrk”(L)+rk”(L/Z(L))§ZO(S).

Proof. Recall that n + ¢ = rk,(L/A) + tko(A) = rko(L). Observe that the symmetry factor in
Proposition 4.19 is independent of w and p. Consequently, the sum ) €D, > peM, » Pu, p(q,t) itself
satisfies a functional equation with the same symmetry factor. The remaining factors in Theorem 4.21
satisfy
£on (5) (=g Or £on (5)
ITL, {Dl{'i ($)lg=qt [T, (—1)"iqﬁ(’lzi);nif} ' [Te, CD:':' (s)

This yields the functional equation

é-an(s) |q_)q71 _ (_1)1‘1{0 (L)q(rkoz(L))trkn (L)—ler-n:l n; fi §L<10(s)'

Since we have assumed that all the extensions £; /o0 are unramified, our claim is now immediate from (4-6).
O

Remark 4.23. The explicit formula given in Theorem 4.21 allows one to determine, in principle, the
(local) abscissa of convergence a;° of the o-ideal zeta function {;°(s), viz.

o :=inf{a € R=¢ | {/°(s) converges on {s € C | R(s) > a}} € Q.

Indeed, writing the rational function ¢;°(s) over a common denominator of the form [ [, , ., (1—¢ aghy,
with a, b given by the numerical data given in Definition 4.18, gives

af® =max{n, ¢ | (a,b) € I}.
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This reflects the facts that a /b is the abscissa of convergence of the geometric progression g%~ /(1—g*~%%)
and that each of the D, (q,t) is a nonnegative linear combination of products of such geometric
progressions.

Remark 4.24. Observe that if L is replaced by the S-fold direct product L?, then ¢ is replaced by Sc,
and the number of summands on the right-hand side of Theorem 4.21 grows superexponentially in .
Cancellations may occur, as in Remark 5.9 below, that cause the complexity of ¢, (s) to grow less rapidly
with respect to 8; however, explicit computations in the case of the Heisenberg Lie algebra suggest that
the growth can indeed be this rapid.

4.5. Proof of Proposition 4.20. We start with a lemma involving the notions of Definition 4.13. This
observation is simple but crucial to the method of the article.

Lemma 4.25. Let v € C,. There is a unique radical subword /v < v such that £(\/v) = £(v).

Proof. Suppose v = [/, a;". If a binomial coefficient (g) is positive, then it will decrease if « is
decreased. It follows that if the k-th term in the sum in the statement of Lemma 4.14 is positive, then in
any subword v’ < v satisfying £(v') = £(v) all the variables ag,; must appear with exponent ey, ;. Hence

we are led to define the set

Ky, =1lkelZ]] Uy; > Ok for all j € [t]}.
Furthermore, we put &, = rex, Ok and finally define JU = HieGU a’. It is clear from the preceding
discussion that a subword v’ < v satisfies £(v") = £(v) if and only if ./v < v’ < v. The claimed existence
and uniqueness follow. O

Corollary 4.26. Suppose that vi < v, are two elements of C,, such that £(vi) = £(v2). Then /v = \/va.
Proof. This is immediate from the construction of /v in the proof of Lemma 4.25. O

Fix a Dyck word w € D,.. We aim to evaluate the function Dy, (g, t) of (4-8). Let v = WD, )
be an m-tuple of partitions, where, for each i € [m], the partition v has n; parts. Let u be a partition
with ¢ parts such that u < A(v) and w(A(v), ) = w, in the sense of Definitions 4.9 and 4.11. To simplify
the notation, we write A for A(v).

Now let {L;, M;} ;<[ be the parameters associated with the Dyck word w. Recall that we have set
Lo=My=0.1It fol}ows from the assumption w(A, u) = w that )‘Z_,- > )sz+1 for all j € [r — 1], hence
that all the positive L ; appear as parts of the dual partition A". By the observations before Definition 4.13,
there exists a subflag k1 < k2 --- <k, of V(v) such that £(k;) = Zj for every j € [r]; if L, =0, then
we may take k; = &. This subflag need not be unique, and its constituent words need not be radical.
However, the flag \/k1 < - - - < \/k, is well-defined by Corollary 4.26. Moreover, it is clear that this flag

is an element of J, and thus corresponds to an (n, w)-admissible composition p(v) € M, ,,.
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For every p € M, ,, we define the function

Du,plq, 1) = Z > (l_[ﬂ(vm,q,))a(x(v) i @) (q" Dy e ke D X (4-13)

H=A(P) i=1
ﬂ(l’) P wh,pw=w

Clearly, Dy (q,t) = > PN Aw.p(q,1). Hence, to prove Proposition 4.20 it suffices to show the
following: 7

Lemma 4.27. The equality Ay, ,(q,t) = Dy, ,(q, t) holds for all p € M, .

Proof. Fix p € M, ,. For each j € [r] we define a multiset

m
8; = U{V,Ei) |k e[P;j—1+1,P;l}.

i=1
Recall the compositions p; defined in (4-12) above, which depend only on p. For each j € [r], the
natural ordering of the elements of 8 j provides a weak order v; € WO,,;. Again, these depend only on
the projection data v, so we denote them v;(v) and set v(v) = (v{(v), ..., v,(v)). As in the previous
section, we define w; =[]/, afij € C,.

Now fix an r-tuple (vy,...,v,) € ]_[; 1WOpJ For every j € [r], suppose that v; includes the word

[TL,a lp” (except when p; is the zero composition, in which case v; is empty). Write

vj ={vj1 <vjp <---<vjy}

for some £; € Ng. We define vjx = w;_1 - vjy € C,. Consider the set Sf)jk and its minimal element
m(V k) as in (4-10). Note that v; ¢, = [T, ap” and that consequently m(v;¢,) = Aj . Let &; € N be the
minimal positive integer such that £(v; gj) >L j—1. Then m(v;, 8./) =A L1+ Observe that 81(,1 ,2 =0in
Definition 4.18 if and only if k < ¢;; in this case, m(? ;) is equal to a part of v that does not appear in
the partition A(v).

For every element v = [, a]' € C,,, define

m(j) =min{v? |u € [P j_1 + 1, P j_1 +yil).

Note that the elements of the set {m(v;;) | j € [r], k € [£;]} are exactly the parts of the projection data v.
Moreover, if 882 =1, then m(v;x) = m(vjx). Otherwise, it may happen that m(v;r) > m(v), as the set
defining m (v ;) consists entirely of parts of v that do not appear in A(v) and may all be larger than the
minimal element of the disjoint set S, ;.

We now define a collection of differences that will provide a convenient parametrization of the pairs

(v, w) that we are considering:

Uk —mjtie;,,) forke{Mi, ..., M,_1},

N . fork < €,
Sjk = {m(v,lk) m(v/,k-‘rl) Or £ < £ and 7 = I fork = M,,

mji) — pm,;_+1  fork=4£;, Wk — g1 otherwise
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Here the indices of the r; run over the set [M,] = [c], whereas the indices of the s, satisfy j € [r] and
k € [£;]. We emphasize that the r; have no connection with the parameter r defined earlier. Observe that
the sx and the r; are all nonnegative integers. Moreover, if we allow all the s, to run over Ny and all the
rr torun over N if k € {My, ..., M,_1} and over Ny otherwise, then we obtain precisely the pairs (v, ©)
satisfying the following three conditions:

(D) w(v), n) =w.
2) p(v)=p
3) v(v) = (1, ..., V).
Let Ay p,0(q, t) be the function defined by the right-hand side of (4-13), except that the sum runs only
over the data v satisfying v(v) = (v1, ..., v,). Our task is now to rewrite the ingredients of Ay, , ,(q, 1),

and hence the function itself, in terms of the parameters s;; and ;. Consider the following collection of

intervals:
[I’Lk_rk-'_l’l’bk]a kE[C],

[m(vjk)—sjk+l,m(vjk)], j€[2,r],k€[8j,£j].

The reader will easily verify that these intervals are disjoint and that their union is the interval [1, pq]. It

(4-14)

follows from this observation that
,
= Zmﬂr > Z Sbu (4-15)
b=j+1 u=¢p

if k € [M;_1+1, M;], whereas if v’ = m(v;;), then

L r Ly c
v =St D Y st Y e (4-16)
u=*k b=j+1u=¢, b=M;_j+1

We now treat the ingredients of A, , »(g, 1), starting with the B g;). Since p(v) = p, it follows
that {P;; | j € [r — 1]} € J,o for all i € [m]. For every j € [r] define the set

J(é)) ={k—P;j1lkeJyoNPij_1,Pij)}.

Lemma 2.1 implies that

n; nj : Pij
(J,,(i)>qlf1 - <Pi>q, H(J(J)> (4-17)

U(l)

Using (4-15) and (4-16), the differences v[(;) — vz(llj—l appearing in the exponents in S(v®; g;), as defined
in (4-1), can be expressed as sums of distinct parameters s, and r. In particular, we observe that the
elements of J ((l) are precisely the exponents of the variable a; that occur in the weak order v;. It then

follows from (4-17) that . . .
l:[( pm) 1:[( ) H(%)Y

q; ] 1 J
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where Y = (ql_l, ooy gyt and (%')Y is as in Definition 3.3. This completes our analysis of the factors
BOWD; gp).

We now consider the factors o (L (v), u; g), using the idea behind the proofs of [Schein and Voll 2015,
Lemmata 2.16 and 2.17]. The range of parameters k over which the infinite product of (2-5) giving
a(A(v), u; q) = a(i, W; g) may have nontrivial factors is precisely [1, u;]. Recall that X}( =i +e
for all £ and observe that the dual partitions 2/ and / are constant on each of the intervals of (4-14).
Indeed, if d € [jtx — re + 1, jui], where k € [Mj_; + 1, M;], then 1/, = L; and u/, = k. Similarly, if
de[m(jr)—sjr+1, m(vjp)] withk € [}, £;], then 1/, = £(V ), hence ):;, =L(0j)+e,and u), =M;_.
By manipulations with Gaussian binomials analogous to those above we find that

o0

H(A}S—M}ﬁq) :11[<L‘,~—Mj_1> (Mj—(l_\;ljl)
bl M=y /a! e Li=Mj /g~ h q7!

where 1,5” ={k—M;_|keJ,N(M;j_,M;)} C[M; —M;_, —1]. Combining these observations, we
obtain

a(A(v), u; q) =
r s, M; L
1—[ (Lj —Mj_l ) (M] MJ—I ) l—[ qk(Lj—k)rk qM-"' L@ jr)+e—Mj_1)sji
Li—M; /4 I;S,j) g-! )
j=1 k=Mj71+1 k=£_/

The exponents in the remaining factor (q"t)ZIizl i g iz i) of the right-hand side of (4-13) are
again readily expressed as sums of parameters r; and s, using (4-15) and (4-16). We leave the final
assembly as an exercise for the reader. Summing the parameters r; and s;; over the ranges indicated
above, we obtain

m r ¢ ()
_ n; Lj_Mjfl I(ij Vv
A pl(g, 1) = (H(Pi)qil>l_[(< L;—M, )q_1<vj)yl_[ 1)

i=1 j=1 k=1 1=Yvji
r—1
—1. —1.
Xl_[I;lijjfl(q 7-xM_/'_1+1a"'7XM_,')'IM,<—M,_1(q ’xMr_l-‘rl"-"xMr)?
j=1

where the numerical data x; and y,Sj,B are as given in Definition 4.18. In particular, note that y,gi,f
depends only on the word 9 and not on the weak order v;. Recall that 1}°(q," L gt yD) is given
in Definition 3.5 as a sum indexed by WO,,. Observe that Ay, , »(q, ) is equal to the expression for
Dy, ,(q,t) in Definition 4.18, except that each factor I[‘;;O (g, L qm 1. y() is replaced by the summand
corresponding to v; € WO,,,. Summation over all r—tuﬁes v=,..., V)€ ]_[;: 1 WO, now completes
the proof of Lemma 4.27, and hence of Proposition 4.20. O
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5. Application to the class £ — proof of Theorem 1.3

In order to deduce Theorem 1.3 from the results of the previous section, namely Theorem 4.21 and
Corollary 4.22, it remains to show that Hypothesis 4.5 is satisfied for o-Lie algebras L as in the statement
of Theorem 1.3. We noted in Remark 4.7 that the hypothesis is stable under direct products. Hence
it suffices to verify the hypothesis in the case L = £(O1) x --- x L(D,), where £ is a Lie ring from
one of the three defining subclasses in Definition 1.1 and £; is a finite extension of o, for each i € [g].
It is enough to compute the o-ideal zeta function of L; indeed, the D-ideal zeta function of L(O) is
obtained from the o-ideal zeta function of L by substituting ¢/ for ¢, where f is the inertia degree of
/0. This verification (and more) is done in Sections 5.2, 5.3, and 5.4. We recover, en passant, the results
of previous work by several authors.

5.1. Abelian Lie rings. It is instructive to consider the output of Theorem 4.21 for the basic example of
the abelian o-Lie algebra L = o’. Its zeta function is well-known; see (1-4). Let A < L be an o-sublattice
of rank ¢ with a torsion-free quotient L /A ~ o"; here n =b — c. Now, let & € N and n;, ¢;, f;, for i € [h],
be natural numbers such that Z?:] nie; f; =n, and let Oy, ..., Oy be arbitrary finite extensions of o with
ramification indices ¢; and inertia degrees f;. Then we may express L/A >~ O7' x --- x O}" as in (4-5).
Hypothesis 4.5 is satisfied vacuously, as ¢’ = 0. Moreover, m = 0 in the sense of Definition 4.6. As ¢ = c,
it follows from Remark 4.12 that the only Dyck word w € D;, for which D, (q, t) # 0 is the “trivial”
word w = 0°1¢. Since the composition # is empty, the only (n, w)-admissible partition is the empty one.
We then read off from Theorem 4.21 that

§i°(8) = Can()1e(q ™ i xt, X,
where the numerical data are given by x; = gtk = gkb=k¢k ndeed, it is immediate from (1-4)
and (1-5) that
b—1
- 1 S0 (5)
1 LXp, X)) = Coc(s —n) = =2
g7l xn s x) =G —m =[] 5 T )

i=

5.2. Free class-2-nilpotent Lie rings. Let f, 4 denote the free class-2-nilpotent Lie ring on d generators.
If © is a finite extension of o with ramification index e and inertia degree f, then the derived subalgebra
of f2.4(9) is isolated and has o-rank (021) ef and abelianization of o-rank def. We will now implement the
general framework developed in Section 4 to compute the o-ideal zeta function of the direct product

L =4 O x---x f2.d,, (Om)»

where d; € N and ©; is a finite extension of o for all i € [m]. The abelianization of f, 4, (9;) is isomorphic
to D?" as an o-module. Thus L satisfies (4-5), with A = L’ = Z(L) and n; = d; for every i € [m]. We
set L=L/L andletw; : L — Df.l" be the projections as in Section 4.2. Let A < L be a finite-index
o-sublattice and v(ir; (A)) be the elementary divisor type of the $;-sublattice of Df" generated by 7; (A).
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To use the method of the previous section, we must compute the elementary divisor type of the commutator
lattice [A, L].

Lemma 5.1. Let L = 4,(O1) X -+ X f2.4,(Om) and let A < L be an o-sublattice. For every i € [m], let
v =y (A)) = (v(l) e V[(lz))' Then the o-elementary divisor type L(A) of the commutator [A, L] <L’

m

is obtained from the following multiset with c =) |, (‘é")ei fi elements:

]_[ [] (minp® v}, s

i=11<j<k<d;
Proof. Let (x(’) .. (’)) be an O;-basis of f, 4, (O;) with respect to which ;(A) is diagonal:
@) Ui’? (@)
;i (A) = (IT. x oo I X, 1O:s

where I1; € O; is a uniformizer. Observe that the collection of commutators
{[X;l) 0] Th<j<k<d;

provides an ©;-basis of the derived subalgebra of f; 4 (D ). Clearly, the commutator subalgebra

[7; (A), m; (L)] is the O;-lattice spanned by the elements {IT, ¢ [x(’) (’)]} j#k- The O;-elementary divisor

® Z)} as observed already just before [Grunewald

type of this lattice is the partition with parts mm{v
et al. 1988, Lemma 5.2]. The elementary divisor type of [m; (A), ;(L)], viewed as a lattice over o, is
given by the multiset
[] minp v, s
1<j<k<d;
by Lemma 2.3. To complete the proof, we observe that the direct product structure of L implies that
[A, L] = @1, [mi(A), mi(L)]. O

Remark 5.2. Observe that {v}; s is simply the multiset consisting of the element v with multiplicity
f. Therefore, if the extensions ; /0 are all unramified (i.e., ¢; = 1 for all i) then it is immediate from
Lemma 5.1 that L satisfies Hypothesis 4.5. Indeed, we may set Z = Y /., f; and let the collection
él, R & z consist of f; copies of the pair ({i}, 2) for every i € [m]. Moreover, our decomposition of
L/ A satisfies the conditions of Remark 4.8. Therefore, Hypothesis 4.5 necessarily fails if any of the
extensions £; /o are ramified, and the method of Section 4 is inapplicable. We therefore assume for the

remainder of Section 5.2 that all the O; are unramified over o.

As at the beginning of Section 4.4, the possible orderings of the projection data v = (v(V, ..., v(™)
are parametrized by the chain complex WO, of C,,. Recall the function £(v) of Definition 4.13.

Lemma 5.3. Letv=[[/_, a;" € Cy. Then £(v) =Y_1" | (%) ;-

Proof. Leti € [m]. There are exactly «; parts of the partition v(7r; (A)) that are not less than m(v), and
hence there are ( ) pairwise minima that are not less than m(v). Each of these minima appears in A(A)
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with multiplicity f;. Alternatively, apply Lemma 4.14 and the description of the sets Si,....8; given
in Remark 5.2 above. g

We now have all the ingredients necessary to apply Definition 4.18 and Theorem 4.21 to obtain an
explicit expression for £;%°(s).

Example 5.4. We recover an expression for the Z ,-ideal zeta function of f, 4(Z,), where d > 2, which was
computed by the third author in [Voll 2005b]. The expressions of Theorem 4.21 reduce to a particularly
simple form in this case. Here m =1 and 0 = Z,,, and, given a Z ,-sublattice A < L, there is only one
relevant projection datum, namely the elementary divisor type v = (vy, ..., vg) of A itself. The derived
subalgebra has rank ¢ = (621) In view of Lemma 5.3, the parts of the dual partition A(A)" = A(v) are all
triangular numbers. In particular, if w € Dy = Dy(—1) is a Dyck word, then D,,(p, t) = 0 unless all the
parameters Ly, ..., L, associated to w are triangular numbers.

So suppose that w € Dy(a—1) is such that L = (%J) for all j € [r]. It is easy to see from Definition 4.17
that there is only one (d, w)-admissible composition, namely p1; = y; — y;— for all j € [r] (where we
have set Y9 = 0). Thus Py; = y; for all j. Noting from Example 3.6 that the generalized Igusa function
associated to a composition with one part is a classical Igusa function in the sense of Definition 2.2, we
read off from Definition 4.18 that

—~((Li—Mj d EIN) %)
Dw(P,l)=l_[<< Li—M; )p_,(yj>p_llyj—w7|(17 VU Yy—y )

j=1
r—1
1. —1.
Xl_[I[([)lj_Mjil(p ’xMj_l—H’---»XM_,-)‘IM,—M,_|(p ’xMr_l—l-lv""xM,)»
j=1
where
. ; k
() _ Mjfl(d-&-(yf’zﬁr )—Mj,1)+(]/j—l+k)(d_)’jfl_k)tyj—l+k+Mj,1
yk - p ’

xp = prar(D =Ry ket

Here, as usual, we have k € [M;_; + 1, M;] in the definition of x;. Indeed, observe that the only instance
of two distinct subwords vy, vy < af satisfying £(vy) = €(vp) is £() = £(a;) = 0. Thus we always have
(SISJ ) =1 except in the case 86(,{) =0, but it is easy to verify that the uniform expressions given above for
the numerical data hold. Finally, by Theorem 4.21,

Gruzp® =D Dulp,0).
weDyw-1)
We leave it as an exercise for the reader to unwind the definitions of [Voll 2005b] and verify that this
formula matches [loc. cit., Theorem 4].

5.3. Free class-2-nilpotent products of abelian Lie rings. Let L and L, be abelian Lie rings of ranks d
and d’, respectively. We denote by g, o the free class-2-nilpotent product of L and L, of nilpotency
class at most two. This is the Lie ring version of a group-theoretical construction considered by Levi
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[1944] (see also [Golovin 1950]), which is itself a special case of a varietal product as in [Neumann 1967,
Section 1.8]. Concretely, a presentation of g4 4 i given by

Od,d' = (X1s -+ oy Xds Y1s - -5 Ya's Zijdielay,jetan | [Xir ¥i1 = zij),
where all Lie brackets not following from the relations above vanish.
Example 5.5. (1) g1, is the Heisenberg Lie ring.
(2) g4.1 1s the Grenham Lie ring of degree d.
3) g4.0= 74 is the abelian Lie ring of rank d.
(4) gq.0a = Gq is the Lie ring featuring in [Stasinski and Voll 2014, Definition 1.2].

We fix ¢ € Nand g-tuplesd = (dy, ...,dg) andd' = (dj, ..., dé) of natural numbers. Let Oy, ..., O,
be finite extensions of o with ramification indices e; and inertia degrees f;, respectively. Consider the
o-Lie algebra

L=g4,4/(O1) X Xga,a,(Og).

Defined =Y %  die; fiandd'=Y % | dle; fi,andsetc =Y 5_, d;dle; f;. Observe that, as an o-module,

i=1"i
L is free of rank d +d’ 4 c. Let L’ denote the derived subalgebra of L, and let
-_— / ! d/
L=L/L'~©% x 0f) x (0% x 0) x -+ x (D% x 0%
be its abelianization. For each i € [g], consider the usual basis {x,ii), yéi), Z/(jg}ke[a’,-] of 94;.d! (O;) as an

Ze[dl.]

$;-module. Consider the natural linear projections
_ . . . _ . . d/
7L — (xf’), e x[(li))gi ZD?’ and 7/:L— (yl(l), e yf;,))g,. ~ 0.
For each i € [g], fix an o-basis (oeY), e, ag)ﬁ) of ;. Then {ot;’)xlil), a}l)yél), ot;l)z,(f()}ke[di],ge[d;],je[eiﬁ]
is an o-basis of gy, 4/ (9;) and the union of these bases is an o-basis of L.
Let A < L be an o-sublattice. For each i € [g], we let v® a partition with d; parts, be the elementary
divisor type of the ;-sublattice of D% generated by 7, (A). Similarly, we set v¢ &) to be the elementary
.. . d!
divisor type of the O;-sublattice of O’ generated by 7/(A). In other words,

y=v(A) = (v(l)’ pa+e) v(z)’ v(2+g)’ ) v(2g)) (5-1)

is the projection data of A as an o-sublattice of L.

Lemma 5.6. Let L = g4, 4, O x---x 9d,.d, (D) and let A < L be an o-sublattice. Let v(A) be as in
(5-1) above. Then the o-elementary divisor type A(A) of the commutator [A, L] < L' is obtained from the
following multiset with ¢ = f: | dide; fi elements:

g did]

[T [to? « v, .

i=1k=1

where the operation * is explained in Definition 4.3 and the sets {a}.,, 1, for a € N, are as in Definition 2.4.
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Proof. For every i € [g], let T1; denote a uniformizer of O;. Let (§, D & 51)) and (v(l) e v[(ll;)) be
bases of Di’ and Di’, respectively, such that
(i+g)

o, = (160 e, and (miAe, =m0 vyl

Observe that the commutators [S , v/)] form an ©;-basis of the subspace ( ) o, of L’. Fixing k € [d;],
we find that

. v® ; ;
MY e, L= @ oils” 01 = @@ m oils”. v,

teld)] teld)]
Similarly, for a fixed £ € [d]] we obtain

(i+9) .. _ +g +8) . .
[ v, L= @n x,ﬁ’),u;)]_@n Oilg", v,

keld;] keld;]

From this we conclude that

minfo® v ) mino® v0 ) 4
0@ Al= @ 1 oilg” v1= @ iz
keld;],teld]] keld;].eeld!]
as O;-modules, where g4, 4/(9;) is the abelianization of g4, 4 (O;). Therefore,
_ minu® p ) .
Lal= @ ot ol
i€lgl.keld;],teld]]
as o-modules. The claim follows. O

Setm =2g. Fori €[g], set O, =; and define n; =d; and n;, =d. Itis clear from Lemma 5.6 that
the Lie ring L fits the general framework of the beginning of Section 4.3. Moreover, we see analogously
to Remark 5.2 that if all the £; are unramified over o, then Hypothesis 4.5 is satisfied. In this case, we
take Z = Zle fi; the collection él, e éz consists of f; copies of the pair ((i,i+g), (1, 1)) for every
i € [g]). Thus we assume for the remainder of this section that all the ; are unramified over o.

Consider the composition n = (n1, ..., nzg). Then the natural ordering among all the parts of the
projection data v = (v(V, ..., v@®) corresponds to an element of WO,.

Lemma 5.7. Letv = ]—[l2g1 ai’ € Cy. Then £(v) =Y 5, atitisg fi.

Proof. Let v € C as above. For any i € [g], the d;d; parts of v %+ are, by definition, the minima
min{v,ﬁ’), vé }ke[d] tetay)- Clearly, mln{v,E’), vlf’J”g)} > m(v) if and only if both elements of the pair

,El) , v€l+g )) are contained in S, and it is clear from (4-10) that there are «; ¢, such pairs. Finally, since
we have assumed all ©; /o to be unramified, every part of v\ % v +8) appears in A(v) with multiplicity f;.

Alternatively, use Lemma 4.14. U

The o-ideal zeta function ¢;'°(s) may now be read off from Theorem 4.21.
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5.3.1. Grenham Lie rings over unramified extensions. As an example, we will treat the case L = g4,1(O),
where g1 is the Grenham Lie ring of degree d and © /o is unramified of degree f. In the case d = f =2,
this zeta function was computed previously by Bauer, using methods analogous to those of [Voll 2005a]
and quite different from the current paper’s approach.

Observe that L' = Z(L), so necessarily we have A = L’ and thus ¢ = ¢/ = df and £ = 0 in the notation
of Section 4.3. The nonempty radical words v € C(4,1) are exactly those of the form v = a{'a, with
a1 > 0. If w € D, is a Dyck word with associated parameters Ly, ..., L, and My, ..., M,, then clearly
there are no ((d, 1), w)-admissible compositions (recall Definition 4.17) unless all the L; are divisible by
f. Otherwise, there is a unique ((d, 1), w)-admissible composition p € Mat ,; it satisfies Py; = L;/f
and Py; =1 for all j € [r]. Equivalently, p;; = (L; —L;_)/f forall j € [r], while p; =1 and pp; =0
for all j > 1.

Let D,.(f) be the set of Dyck words w € Dy, such that f | L; for all i € [r]. Given w € Dy.(f), set
L,/f={L;/f|ielr—1]}. The following explicit statement is now immediate from Theorem 4.21.

Proposition 5.8. Let L = g,.1(D), where O /o0 is an unramified extension of degree f. Then
- Cotd+n)s (s)
()= 3" Dylq.1),
Co(5)60u(s) | 5=

where

d - Li—M;_, wo —f —f. (D
Dw("’”‘(Lw/f)q—f 1_[1( Lj—M; )4—1’<L1/f,1>(‘1 gy
]:
,

< [T Hw,—1,o00 @™ v,y ve, )
j=2

r—1
o -1, —1.
X 1_[ Iygom @ Xyt s X ) I, (G5 XMy 415 s X, ).
Jj=1

Here the numerical data are given by

X = qk((d+1)f+Lj7k)+Lj(d*Lj/f)tk+f+Lj’ ke[Mj_i+1,M;],

(6] Jard—an) flai+a)
e = qu—l((d+k+k(d—k)+l)f_Mj—l)tf(k+1)+Mj—l’ ke [(Lj—l/f) +1, L,/f]

Remark 5.9. Using Proposition 5.8 to compute f; l(Zp)(s) produces a sum parametrized by the dlﬁ(zj)
elements of D,,. Yet [Voll 2005a, Theorem 5], translated to the notation of the present paper, gives the

much simpler expression
Cgrn @) =z () a(p™ s 210 2a),

iQd+1-i) 2i+1

where z; = p for i € [d]. We have checked that these expressions coincide for d < 3, but

a direct proof of their equality would involve proving an identity of generalized Igusa functions with
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Dyck word | flag Dy ,(q,1)

00001111 | a2 135%™ s a5 470, "%, ¢, ")
a’b < a*b?

00100111 ( ) I3 ) gp(a®rt) gpola ") (g ¢ 710, ¢t q'01)
ab?* < a®b?
a’b < a*b?

00110011 (), 150 @ 3" g%, @°r) gpolg P10 (g ¢ P, g
ab? < a*b?

01000111 | ab < a2 Ol 1 @™ ) ep@ L (™ g g%, 07 g%
ab < a’b < a*b?

01010011 6 ) S0 (@7 y) et gpo(qrt) ep(a®r) gpo(q i) g ¢t ¢ '0r®)
ab < ab* < a*b*

Table 1. Dyck words, together with the associated functions D, ,(g, t).

conditions on the numerical data, in the spirit of Proposition 3.11; see also Remark 5.10 below. This
example shows that expressions derived from Theorem 4.21 sometimes admit dramatic cancellation.

5.3.2. The Lie ring g2 2. Paajanen [2008, Theorem 11.1] computed the ideal zeta function of the o-Lie
algebra L = g, 2(0). We recover this computation as a special case of our results. By Theorem 4.21 we
have

;ED(S):(;O;(% Z Z Dw,p(‘la[): (l(l_qzt:)((ll —qqt3)t) Z Z Dw,p(Qv[)-
0 weDsg peM@.2).w weDg peM2,2),w

There are fourteen Dyck words of length 8, but it is easy to check that there are only five Dyck words
w € Dy for which there exist w-compatible flags of subwords of the word afa%. For simplicity, for the rest
of this example we will write a instead of a; and b instead of a,. We tabulate these Dyck words, together
with the associated functions D,, ,(q, t) in Table 1. Observe that there are three Dyck words with two
compatible flags, and that in each of these cases both flags give rise to the same function D, ,(g, t). This
is a consequence of the symmetries of L = g, »(0) and is not a general phenomenon

For brevity, in Table 1, we use the notation gp(x) = 1= and gpo(x) = ;—;. Here the numerical data y
and z are defined as follows:

2 2.2 3 4
Ya = Yb =41, Y2 =Yp2 =17, Yab =¢q"1"7, Ya2b = Yap2 =417, Yap2 =17,

6.4 7.5
Za=2p=4q1t, Zap=4q't.

5.3.3. The Heisenberg Lie ring. The relatively free product g; 1 is the Heisenberg Lie ring §. This ring is
spanned over Z by three generators x, y, z, with the relations [x, y] =z, [x, z] = [y, z] = 0. It is among
the smallest nonabelian nilpotent Lie rings. It was studied by two of the authors in [Schein and Voll
2015], in the case 0 = Z,; the zeta functions computed there can be recovered as special cases of the
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analysis in this section. Indeed, consider
L=0h(O1) x -+ xh(Op),

where the ©; are unramified over o so that Hypothesis 4.5 holds. Then ¢ = > "%_, f;, while n = 2c. Note
that the quantity denoted » in [loc. cit.] is called c in the current paper. The composition n defined just
before the statement of Lemma 5.7isn=(1, 1, ..., 1), with 2g parts. Thus the elements of C, correspond
to subwords of the word ay - - - ap,. The radical subwords are the words of the form ]_[i o Giajyg for
some J C [g]. Thus radical subwords are in bijection with subsets of [g]. Moreover, if w € D, is a
Dyck word, then a w-compatible flag V = (v; < --- < v,) € Fy, corresponds to a sequence of subsets
JuC---CJr=[glsuchthat} ;.\, | fi=L;—Ljiforalljel[r]. Setting.Aj=J;\Jj_i, we obtain
precisely the set partitions of [g] that are compatible with w, in the sense of [loc. cit., Definition 3.4].
Recall that the set of set partitions compatible with w was denoted P, in [loc. cit.].
We see from Theorem 4.21, applied to L = g1 (O1) x - - - X g1,1(Dy), that

£i0(s) = 5"2‘((”(5)2 > > Duylq, t)—@«(s)(]‘[(l 1) ) > Du,q.0).
1

weDse peM, 4 w;fzc
PENM AW

Now set 0 = Z,,; in particular, ¢ = p. A comparison with [loc. cit., Equation (2.20)] and the displayed
equation immediately before [loc. cit., Theorem 3.6] shows that, to recover the results obtained there, it
suffices to prove that if p € M,, ,, is associated to a set partition {A;} e[, € Py, then

8
(]‘[(1—%‘)) wp<p,z)—(1'[(1 121 )DfA(p,r) (5-2)
i=1

i=1

where Di’ﬂ(p, t) is defined by [loc cit., (3.12)].
We read off from Definition 4.18 that, for p € M,, ,

S (/Li—M
_ J—Mj-1 wo )
Dw’p(p, t)—n(( L,—Mj >p—l]l_[k€-/lj akak+g(y ))

j=1

.
X (1_[ Iy, (5 XM;_+1s -+ s XM]-))IM,—M,I(I?_]; XM, 415 -+ Xp,),  (5-3)
i—1

with the numerical data specified there. Since the parameters qlfl do not actually appear in the relevant
generalized Igusa functions, we have omitted them from the notation (just as in Proposition 3.11).
Observe that the numerical data x; in (5-3) match those in the formula for D£ , 4(p, 1) given in [loc cit.,
Theorem 3.6]. Moreover, if ry = ]_[kej arai+¢ 1s a radical subword of [k A, WCitg, then the numerical
datum y(] ) matches the numerical datum yj(j ) of [loc. cit., Theorem 3.6]. In addition, we observe that the
numerical data of Definition 4.18 satisfy the hypothesis of Proposition 3.11. Recalling from Example 3.6



Generalized Igusa functions and ideal growth in nilpotent Lie rings 579

how to express the weak order Igusa functions of [loc. cit., Definition 2.9] in terms of the generalized
Igusa functions of Definition 3.5 above, we find that Proposition 3.11 indeed implies (5-2).

Remark 5.10. Observe that h = f, 5. Thus we can view L = f> (1) x -+ X §2,2(0,) and obtain an
expression for £;'°(s) by specializing the analysis of Section 5.2. This expression is not obviously equal
to the one obtained above by considering L = g;,1(O1) X --- X g1,1(9,) and using the approach of
Section 5.3, or to that of [loc. cit., Theorem 3.6]. To verify the equality directly, one has to prove identities
between generalized Igusa functions that depend on the numerical data, in the style of Proposition 3.11.
We leave this as an exercise for the reader.

5.4. The higher Heisenberg Lie rings. Let d € N. The higher Heisenberg Lie ring h,; consists of d
copies of the Heisenberg Lie ring f, amalgamated over their centers; in particular h; = h. More precisely,
hg is spanned over Z by 2d + 1 elements x1, ..., X4, y1, ..., Y4, Z, With the relations [x;, y;] = z for all
i € [d]; all other pairs of generators commute. Let

L =04(O1) X+ xbha,(Oy),

where (dy, ..., dg) € N® and each ; is a finite, not necessarily unramified extension of o. In the case of
di=---=dgando =9 =---=9, =7Z,, the zeta function £;'°(s) was computed by Bauer [2013] in
his unpublished M.Sc. thesis by adapting the methods of [Schein and Voll 2015]. Observe that
Z:D‘II‘ foI x---ngg xDZg:Dl X o X O XXX X Oy (5-4)
— —_—
2d; copies 2dgcopies

Set S; = 2321 2d;. We have naturally expressed L as a product of S, submodules, giving rise to
projections w1y, ..., TTs, as in Section 4.3, where 4 : L — O; when S;_; <k < S;. Let A < L be an
o-sublattice, and let v(A) = (v(D, ..., v®5¢)) be the corresponding projection data with respect to (5-4);
each of these S, partitions has only one part. Note that L = Z (L) has rank ¢ = Zf: | i fi as an o-module.

Lemma 5.11. Let A < L be an o-sublattice. The o-elementary divisor type L(A) of the commutator
[A, L] < L’ is obtained from the following multiset with ¢ elements:

g
]_[{min{vis"*ﬁl), vaHH), e vfs")}ei,ﬁ}.
i=1
Proof. Let (x{i), e xg), yfi), R yt(ii), z) be the natural basis of e, (O;) as an O;-module. Let the
decomposition (5-4) be such that, for every k € [d;], the images of 7s, ,1x and 7s, |44,k are Dixlii) and
O y,ii), respectively. If TT; € £; is a uniformizer, then it is clear that, for all i € [g] and all k € [d;],
(Sj_1+dj+b) S _1+0

(A, Oix’= 11" 9:z" and [A, D=1 029

The claim follows. O
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It is immediate from the previous lemma that Hypothesis 4.5 is satisfied if all the extensions ©O; /o are
unramified. In this case, we set Z = Zle fi and take the collection él, R S z to consist of f; copies
of the pair ([S;i—1 + 1, S;], (1, 1, ..., 1)) for every i € [g]. The following is then given by Lemma 4.14.

Lemma 5.12. Let v = ]_[,fg:1 ai* € Cy. Then £(v) = > 5_, (]_[,f’:si_lJrl ar) fr-
An explicit expression for ¢;'°(s) can now be obtained from Theorem 4.21. In particular,

Q Grals) | £ (s)
Sonz,)8) = RO ba (D revane) T aapaet = 7= ppapart

where y; = 1!, The second equality follows from Lemmata 2.11 and 5.1 of [Schein and Voll 2015].
This recovers [Grunewald et al. 1988, Proposition 8.4]. Note that h4(Z,) is a central amalgamation of
d copies of h(Z,). In contrast to the observations of Remark 4.24, the complexity of g“hj (Zp)(s) Srows
in a controlled way with d; this is a special case of a general phenomenon [Bauer and Schein 2023,
Theorem 1.1].
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