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Differential posets and restriction in critical

groups

Ayush Agarwal & Christian Gaetz

ABSTRACT In recent work, Benkart, Klivans, and Reiner defined the critical group of a faithful
representation of a finite group G, which is analogous to the critical group of a graph. In this
paper we study maps between critical groups induced by injective group homomorphisms and
in particular the map induced by restriction of the representation to a subgroup. We show that
in the abelian group case the critical groups are isomorphic to the critical groups of a certain
Cayley graph and that the restriction map corresponds to a graph covering map. We also show
that when G is an element in a differential tower of groups, as introduced by Miller and Reiner,
critical groups of certain representations are closely related to words of up-down maps in the
associated differential poset. We use this to generalize an explicit formula for the critical group
of the permutation representation of &, given by the second author, and to enumerate the
factors in such critical groups.

1. INTRODUCTION

The critical group K(T') is a well-studied abelian group invariant of a finite graph
I' which encodes information about the dynamics of a process called chip firing on
the graph (see [7] where critical groups are called sandpile groups). Recent work of
Benkart, Klivans, and Reiner defined analogous abelian group invariants K (V), also
called critical groups, associated to a faithful representation V' of a finite group G [2].
It is known (see, for example, [18]) that graph covering maps induce surjective maps
between graph critical groups. This paper investigates maps on critical groups of
group representations which are induced by group homomorphisms(®.

Differential posets, introduced by Stanley [15], generalize many of the combinatorial
and enumerative properties of Young’s lattice. In [10], Miller and Reiner introduced
a very strong conjecture about the Smith normal form of UD +¢I where U, D are the
up and down maps in a differential poset, and ¢ is a variable. We investigate how this
conjecture, which was proven for powers of Young’s lattice by Shah [14], can be used
to determine the structure of critical groups in certain differential towers of groups.

Section 2 defines critical groups for graphs and group representations and gives
background results. It also discusses background on differential posets and differential
towers of groups which will be used throughout the later sections.
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In Section 3 we study maps between critical groups which are induced by group
homomorphisms. In particular, restriction of representations to a subgroup H C G
induces a map Res : K (V) — K(Res% V). When @ is abelian, Theorem 3.6 shows that
K (V) can be identified with the critical group of a certain Cayley graph Cay(@, Sv),
and that the restriction map Res agrees with a map on graph critical groups induced
by a natural graph covering.

In [3], the second author determined the exact structure of the critical group for
the permutation representation of the symmetric group &,,. This result depended on
a relationship between tensor products with the permutation representation and the
up and down maps in Young’s lattice of integer partitions. Section 4 formalizes this
connection and generalizes it to the context of differential towers of groups, allowing
us to explicitly compute the critical group for a generalized permutation representa-
tion of the wreath product A&, in Theorem 4.5. It also investigates properties of
the critical groups associated to representations V' (w) which occur by repeatedly ap-
plying restriction and induction to the trivial representation in a differential tower of
groups. The pattern of restriction and induction is specified by a word w € {U, D}*,
where U, D are the up and down operators in the corresponding differential poset.
In Theorem 4.9 we show that the structure of the critical group K(V(w)) is closely
related to combinatorial properties of the up and down operators, as studied in [15].

Finally, in Section 5, Theorem 5.1 gives an enumeration of the factors in the el-
ementary divisor form of K (V(w)) in terms of the rank sizes of the corresponding
differential tower of groups. We conclude by presenting a conjecture for the size and
multiplicity of the smallest nontrivial factor in K (V (U*DF)) in At&,,. This conjecture
also relates the larger factors in this critical group to the factors in a critical group
for the subgroup A1 6, _.

2. BACKGROUND AND DEFINITIONS

2.1. CRITICAL GROUPS OF GRAPHS. This section gives some background on critical
groups of graphs; see [7] for a thorough survey. We will be interested in critical groups
of graphs primarily as motivation for our study of critical groups of group representa-
tions, however Section 3.1 below gives a close relationship between the two concepts
when G is abelian.

Let I' be a finite directed graph with a unique sink s, we sometimes designate
a vertex as a sink and therefore ignore its outgoing edges. Fix some ordering s =
Vg, V1, ...,V of the vertices of I', and let d; be the out-degree of v; and a;; be the
number of edges from v; to v;. Then the Laplacian matriz E(F) has entries

E(F)— dlfCL“ fOI‘Z:j,
Yo —aij for i # j.

The reduced Laplacian matriz L(T) is the £ x £ matrix obtained from L(T') by removing
the row and column corresponding to the sink.
The critical group K(T') (also called the sandpile group in the literature), defined as

K(T) = coker(L(T) : Z* — Z*),

is a finite abelian group whose order is the number of spanning trees of I' which are
directed towards the sink. There are two sets of distinguished coset representatives
for K(T'), the superstable and recurrent configurations, which encode the dynamics
of a process called chip-firing on I'. In the remainder of the paper we will primarily
be interested in the group structure of K(I'), and not in these particular coset
representatives or the chip-firing process.
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Given two directed multigraphs I', TV, a graph map is a continuous map ¢ : I' — T
of the underlying topological spaces which maps the interior of each edge homeomor-
phically to the interior of another edge, preserving orientation; by continuity this also
defines a map from the vertices of T to the vertices of IV. A graph map is a graph
covering if in addition each vertex of I' has a neighborhood on which the restriction
of ¢ is a homeomorphism.

The following proposition is well-known, see for example [18]:

PROPOSITION 2.1. The underlying map on vertices of a graph covering ¢ : T' — T
induces a surjective group homomorphism @ : K(I') — K (I").

Section 3.1 discusses the relationship between maps induced on critical groups of
Cayley graphs by certain graph coverings @ and the map Res on critical groups of
group representations.

2.2. CRITICAL GROUPS OF GROUP REPRESENTATIONS. Let G be a finite group
and V a faithful complex (not-necessarily-irreducible) representation of G; let
1g = Vo, V4, ...,V denote the irreducible complex representations and x;,¢ =0,...,¢
denote their characters. Let R(G) denote the representation ring of G. This is the
commutative Z-algebra of formal integer combinations of representations of G
modulo the relations [W @ W’] = [W] + [W’]; the product structure is defined as
[W]-[W'] = [W®cW']. As a Z-module, R(G) is isomorphic to Z‘*1, since the classes
of irreducible representations [L1¢], [V4], ..., [Vi] form a basis. We define elements

59 =" xwl(g) - W]

Welrr(G)

of R(G) corresponding to the columns in the character table of G.

The representation ring R(G) is endowed with a Z-algebra homomorphism dim :
R(G) — Z sending representations [W] to their dimensions as vector spaces (which
we also denote by dim(W)), and extending by linearity to virtual representations.
The kernel of this map, which we denote by Ry(G), is the ideal of elements in R(G)
with virtual dimension 0. _

Then multiplication by the element dim(V)[1g] — [V] defines a linear map Cy :
R(G) — R(G). Since dim(V)[1¢] — [V] € Ro(G), this descends to a linear map

CV : Ro(G) — Ro(G)
DEFINITION-PROPOSITION 2.2 ([2, Proposition 5.12]). If V' is a faithful finite dimen-
sional representation of G, then the linear map Cy is nonsingular, and so coker(Cy )

is a finite abelian group. We define the critical group K (V') to be this cokernel. We
also have that coker(Cy) = Z -5 @ K(V).

REMARK 2.3. As a quotient of Ry(G), the critical group K (V') inherits a multiplicative
structure in addition to its (additive) abelian group structure. We are interested here
only in the additive structure of K (V). See Sections 5 and 6 of [2] for some discussion
of the multiplicative structure.

We will need the following facts about critical groups and the maps Cy:

PROPOSITION 2.4 ([2], Proposition 5.3). A full set of orthogonal eigenvectors for Cy
is given by the column vectors 59 in the character table for G:

Cy 6@ = (dim(V) — xv(9))3@,

where g ranges over a set of conjugacy class representatives for G, and xy denotes
the character of V.

Algebraic Combinatorics, Vol. 2 #6 (2019) 1313



AvUSH AGARWAL & CHRISTIAN GAETZ

REMARK 2.5. When V is faithful, xv(g) # dim(V) for g # e, thus Proposition 2.4
shows that ker(Cy ) is spanned by §(¢) = Zf:o dim(V;)[Vi] = [Vyeg], where V.. is the
regular representation of G.

THEOREM 2.6 ([3, Theorem 3]). Let V' be a faithful representation of a finite group G,
then:
(a) Lete=cg,...,ce be a set of conjugacy class representatives for G. The order
of the critical group is given by:

L
0 1K) = 7 [Tim(v) = xv e

(b) If V s self-dual and a is an integer value of xv achieved on m differ-
ent conjugacy classes of G, then K(V) contains a subgroup isomorphic to
(Z/(dim(V) — a)Z)™ 1.

EXAMPLE 2.7.Let G = &4 and let V = C* be the 4-dimensional representation
where G acts by permuting coordinates. Working in the basis {[Vy], ..., [V4]} of R(G)
given by the character table below, we decompose each tensor product V ® V; into
irreducibles, giving the rows of the matrix C~'V.

| (12) | (123) [ (1234) | (12)(34) |

L [e
v 4] 2 1 0 0
vo 1] 1 1 1
vil3] 1 0 -1 -1
o 2] 0| -1 0 2
vs 3] =1 ] o 1 -1
ya |1] =1 ] 1 —1 1

3-100 0
~ ~12 -1-10
Cy=]0-13-10
0 -1-12 -1
00 0-13

To calculate the cokernel of Cy : R(G) — R(G), we compute the Smith nor-
mal form (see Section 2.5 below) of Cy to get diag(0,1,1,1,4). This shows that
coker(Cy) 2 Z & Z/4Z, and so K (V) = Z/4Z.

Alternatively, we could apply Theorem 2.6(a) to see that

1
IE(V)[ = 7(4-2)(4-1)4-0)4-0)=4
and apply part (b) to see that K (V') has a subgroup isomorphic to Z/4Z. This forces

K(V)=7Z/4Z.
The critical groups for the permutation representation of &, were computed by
the second author in [3]. In Section 4 we generalize this result further.

2.3. DIFFERENTIAL POSETS. Differential posets are a class of partially ordered sets
defined by Stanley in [15]. Differential posets retain many of the striking enumerative
and combinatorial properties of Young’s lattice Y, the lattice of integer partitions
ordered by containment of Young diagrams.

We refer the reader to [16] for basic definitions related to posets in what follows.
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R
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@

FIGURE 1. Young’s lattice Y, a 1-differential poset.

DEFINITION 2.8 ([15, Definition 1.1 and Theorem 2.2]). For r € Zsq, a poset P is

called an r-differential poset if the following properties hold:

(DP1) P is a graded locally-finite poset with 0.

(DP2) Let Z' be the free abelian group spanned by elements of the n-th rank of P.
Define the up and down maps U, : Z'» — ZP+1 and D,, : ZP» — ZP-1 by

Uyz = Z Y, Dy = Z x,

<y <y
where © <y means that y covers x. Then we require that for all n we have

Dy 1Uy, — Uy 1Dy, = rl.

When the context is clear we omit the subscripts from the up and down maps.

When P is a differential poset, we let p,, = |P,| denote the size of the n-th rank,
and we let Ap,, = p, —pn_1 denote the difference in the sizes of consecutive ranks. We
make the convention that p; = 0 for i < 0. In the case of Young’s lattice, p, = p(n)
where p(n) denotes the number of integer partitions of n. If A is a partition, we let
M\ denote the conjugate partition obtained by reflecting the Young diagram across
the diagonal. The following results of Stanley characterize the eigenspaces of UD in
terms of the rank sizes.

THEOREM 2.9 ([15, Theorem 4.1]). Let P be an r-differential poset and let n € N.
Then U D, is semisimple and has characteristic polynomial:

ch(UD,,) = H(w — ) AP,

=0

THEOREM 2.10 ([15, Proposition 4.6]). Let E,(ri) denote the eigenspace of UD,, be-
longing to the eigenvalue ri, then

E,(0) = ker(D,,) = (UP,_1)*

and
E,(ri) =U'E,_;(0)
for1<i<n.
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2.4. DIFFERENTIAL TOWERS OF GROUPS.

DEFINITION 2.11 ([10, Definition 6.1]). For r € Zso define an r-differential tower of
groups & to be an infinite tower of finite groups

G:{e}=GoC G CGyC---
such that for all n:
(DTG1) The branching rules for restricting irreducibles from G, to G,_1 are
multiplicity-free, and
(DTG2) Resg:+1 Indgz+1 — Indg:;l Resg:;l = r-id where both sides are regarded as
linear operators on R(Gy,).

An r-differential tower of groups & corresponds to an r-differential poset P = P(®)
whose n-th rank P, is in bijection with the set Irr(G,,) of irreducible representations of
G,,. We will use Greek letters like A to denote elements of P(&) and V) to denote the
corresponding irreducible representation. We write |A\| = n if A € P,, or equivalently
if Vi is a representation of G,. For A € P, and p € P41, A < p in P if and only
if Resg:+1 V,, contains Vy in its irreducible decomposition, thus condition (DTG2)
becomes condition (DP2).

EXAMPLE 2.12. Let Y denote Young’s lattice of integer partitions (see Figure 1 above).
It is well known that irreducible representations of the symmetric group S,, are in-
dexed by partitions A = (A1, Ag,...) with [A| = >, A\; = n; we refer the reader to [8] for
background on the representation theory of the symmetric group. Young’s rule says
that Resg:l1 V) decomposes as a direct sum of V,, where v ranges over all possible
ways to remove a single box from the Young diagram for A. It is well known [15] that
Y is a 1-differential poset, so (DP2) holds, and by the above identification (DTG2)
also holds. Thus
G:{e}CcGCGyC -

is a 1-differential tower of groups, with P(&) =Y.

More generally, if A is an abelian group of size r, then Okada [12] showed that the
tower of wreath products A1S : {e} CAC A6y, C A1S3 C -+ is an r-differential
tower of groups with P(416) =Y.

In the following result we show that the groups in any differential tower of groups
have the same order as those in A1 6.

PROPOSITION 2.13. Let & : {e} = Gy C Gy C -+ be an r-differential tower of groups,
then |Gp| = 1™ -0l for alln > 0.

Proof. Let P = P(®) be the corresponding r-differential poset. Since restriction of
representations does not change dimension, we have

dim(Va) = ) dim(V,,).
H<pA

It follows by induction that dim(V)) = e(\), where e(\) denotes the number of upward
paths from 0 to A in the Hasse diagram of P. Stanley showed in Corollary 3.9 of [15]
that for any r-differential poset Q we have ZzeQn e(x)? = r™.nl. Applying this to P,
and recalling that 3y cp(q) dim(V)? = |G| for any finite group G gives the desired
result. O

REMARK 2.14. Recent work [5] of the second author shows that the tower & of sym-
metric groups is the only 1-differential tower of groups.
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2.5. SMITH NORMAL FORM AND COKERNELS OF LINEAR MAPS. The cokernel of a
linear map over a PID is described by the Smith normal form of the corresponding
matrix. In this section we review basic facts about Smith normal form, and state a
conjecture about the Smith normal form of the map UD in a differential poset.

DEFINITION 2.15. Let M € R™ ™ be an n X n matriz with entries in some ring R. We
say that S is a Smith normal form for M if:
e S=PMQ for some P,Q € GL,(R), and
e S is a diagonal matriz S = diag(si,...,s,) such that successive diagonal
entries divide one another: s;|s;11 for alli=1,...,n—1.

The following facts are well-known (see, for example [17]).

PROPOSITION 2.16.

(a) If M has a Smith normal form, then it is unique up to multiplication of the
s; by units in R.

(b) If R is a PID, then all matrices M have a Smith normal form.

(¢) If M has a Smith normal form S = diag(si,...,sn), then

coker(M) & EER/(S,)

PROPOSITION 2.17. Let R be a PID, and suppose that the n x n matriz M over R has
Smith normal form diag(si,...,sn). Then for 1 < k < n we have that $183- - Sk 1S
equal to the greatest common divisor of all k X k minors of M, with the convention
that if all k x k minors are 0, then their greatest common divisor is 0.

We will primarily be interested in determining Smith normal forms over Z, but we
will use some results about Smith normal forms over Z[t] as a computational tool.
When R = Z we will always assume that the s; are nonnegative (this can be achieved
since 1 are the units in Z). When referring to an abelian group A = coker(M), we
say that A has k factors if exactly k of the s; are different from 1; dually, we write
ones(A) = k if exactly k of the s; are equal to 1.

In [10] Miller and Reiner make the following remarkable conjecture (note that Z[t]
is not a PID):

CONJECTURE 2.18 ([10, Conjecture 1.1]). For all differential posets P, and for all n,
the map U,—1 Dy, + tI : Z[t]Pr — Z[t]P™ has a Smith normal form over Z[t).

We are interested in Smith normal forms over Z[t] because of the following very
strong consequence:

PROPOSITION 2.19 ([10, Proposition 8.4]). Let M € Z™*™ be semisimple and have
integer eigenvalues, and suppose M +tI has a Smith normal form over Z[t]. Then the
Smith normal form S = diag(s1,...,sn) of M is given by

Smimi= [ ks
K

m(k)>1
where m(k) denotes the multiplicity of the eigenvalue k of M.
Since UD is semisimple and has integer eigenvalues for any differential poset by
Theorem 2.9, if Conjecture 2.18 holds for some differential poset P, then Proposi-

tion 2.19 uniquely determines the Smith normal form of UD.
Shah showed that Conjecture 2.18 is true in the cases of interest to us here:

THEOREM 2.20 ([14, Corollary 5.2]). For any r > 1:

(a) Conjecture 2.18 holds for Y.
(b) For all n the down maps D,, : ZP» — 7ZP"=1 in Y are surjective.
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3. MAPS INDUCED BETWEEN CRITICAL GROUPS

For ¢ : H — G a group homomorphism and W a representation of G, we let W¢
denote the representation of H given by h-w := o(h)w for all h € Hyw € W. If o
is the inclusion of a subgroup, then W7 = Resg W. If o is an automorphism of G,
then W7 corresponds to the usual notion of twisting by o. We extend by linearity to
define W for W a virtual representation.

THEOREM 3.1. Let 0 : H — G be an injective group homomorphism and V a faithful
representation of G, then & : [W] — [W?] is a well-defined group homomorphism
K(V)— K(V?). If o is an isomorphism, then so is 7.

Proof. First observe that the following diagram commutes:

R(G) —Z— R(H)

o |were
R(G) —Z— R(H)
This is because for any genuine representation W, we have
Vel W) = Ve & W7] = [(V @ W)7),
and extending by linearity gives the desired result. Since & preserves virtual dimension,
the above diagram restricts to Ro(G) and Ro(H). The commutativity of the resulting
diagram is exactly the condition needed to ensure that the map of quotient groups
K(V) — K(V?) is well-defined, and the injectivity of o guarantees that V7 is a
faithful representation of H. If o is invertible, then it is easy to see that c—1 =7~ 1. O

EXAMPLE 3.2. Let ¢ denote the unique outer automorphism of &g (the map @ is
uninteresting for inner automorphisms since W = W?). Indexing the irreducible rep-
resentations of Gg by partitions in the usual way, the action of 7 is
Vis.1) € Vi2,2,2)
Viz,14) > V(3.3),
Via1,1) € Viz 13y,
with the remaining irreducible representations fixed [19]. One can calculate that
K(Vis,y) = K(Vip2) = (Z/62)* & 2/120Z,
K(Vig14y) & K(V(3,3)) £ Z/24Z & Z/480Z,
K(Viua,)) 2 K(Vigas)) 2 Z/32© L)L & Z/4T520Z.
In the case 0 : H — G, one might have hoped that, in analogy with Proposition 2.1,

the map 7 : [W] — [Res% W] would be surjective on critical groups; the following
example shows that this is not the case for general groups H C G.

ExamMPLE 3.3.Let G = Ds be the dihedral group of order 10, and let V be the
direct sum of a two-dimensional irreducible and the non-trivial one-dimensional irre-
ducible. This is the complexification of the action of G in R? by rotation of a fixed
plane and reflection across that plane. One can calculate (see [4, Appendix C]) that
K(V) 2 Z/27Z. Letting H = C5 be the cyclic subgroup, however, one can show that
K(Res$ V) = Z/5Z. Thus Res : K(V) — K(Res% V) cannot be surjective.

This is a natural counterexample to pick, since C5 has more conjugacy classes than
Ds, and so Res : R(Ds) — R(Cs) cannot be surjective.

There are two classes of groups for which Res can be seen to be surjective for all V/,
both of which will be investigated further throughout the paper.
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PROPOSITION 3.4. The map Res : K (V) — K(Res$; V) is surjective if:
(i) G is abelian,
(i) G=A4A16, and H = A16,, for A an abelian group and m < n

Proof. In both cases the map Res : R(G) — R(H) is already surjective. This is clear
in case (i); in case (ii) this follows from Theorem 2.20 and the fact that A1 S is a dif-
ferential tower of groups with corresponding differential poset Y, where r = |A]. O

For completeness, we also mention that induction induces a map in the opposite
direction:

PROPOSITION 3.5. The map [W] — [Ind$ W] induces a map on critical groups Ind :
K(ResV) — K (V). If Res is a surjection, then Ind is an injection.

Proof. To see that Ind induces a map on critical groups, one easily checks that
(Ind W) ®@c V = Ind(W ® Res V), so that the required diagram commutes. The
second claim follows from the observation that the map Ind : R(H) — R(G) is the
transpose of the map Res : R(G) — R(H) and a standard application of the Snake
Lemma. O

3.1. CAYLEY GRAPH COVERING MAPS. In this section we investigate the relationship
between critical groups of group representations and critical groups of graphs when G
is abelian. ~

For any finite group G, we let G = Hom(G, C*) denote the Pontryagin dual group.
When G is abelian, all irreducible representations are 1-dimensional, and so G is equal
to the group of irreducible characters of G under point-wise multiplication. If V is a
faithful representation of an abelian group G, then the multiset Sy of characters of
irreducible components appearing in V' generates Gasa group. This follows from the
standard fact that all irreducible representations of a finite group appear as factors
in a sufficiently large tensor power of a fixed faithful representation.

If G is a group with generating multiset S, the Cayley graph Cay(G,S) is the
directed multigraph with vertex set G and directed edges g — gz whenever x € S.
See Figure 2 for an example of this construction.

THEOREM 3.6. For V a faithful representation of an abelian group G the critical groups
K(V) and K(Cay(G,Sv)) can be naturally identified, and the diagram

K(V) == K(Cay(G,Sv))
w=| 7
K(Res$ V) ——— K(Cay(H, Spesv))

commutes, where @ is the surjection on critical groups induced by the natural graph
covering map ¢ : Cay(G,Sy) = Cay(H,Sresv )-

Proof. Define a map ¢ : G —» H by x — Resg Xx- Now, G and H are the vertex
sets of the Cayley graphs in question, so ¢ induces a graph map ¢ : Cay(é,SV) —»
Cay(f[ Sresv) by sending each edge x — x -1 to the edge Res x — (Res x) - (Res 1/1)
Now, identifying the basis of irreducibles in R(G) and R(H ) with the elements of G
and H respectively, it is clear from the definitions that Cy and L(Cay(G Sy)) define
the same linear maps, and that, under this identification % and Res agree. g

REMARK 3.7. For graph covering maps ¢ : I' — T", Reiner and Tseng [13] give an
interpretation of the kernel of @ : K(I') = K(I") as a certain “voltage graph critical
group”. Thus the identification in Theorem 3.6 allows one to describe the kernel of
Res in these same terms in the abelian group case.
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< ; S(c2) & |2
Q

FIGURE 2. The Cayley graphs for the case G = (g) & Z/6Z and
H = (¢°) & 7Z/27 with V given by g + diag((,¢?), where C is a
primitive sixth root of unity.

4. CRITICAL GROUPS AND DIFFERENTIAL POSETS

By a word of length 2k, we mean a sequence w = wy...wog of U’s and D’s. A word w is
balanced if the number of U’s is equal to the number of D’s. When a tower of groups
Go C Gy C -+ is clear from context, we let w(Ind, Res) denote the linear operator
P, R(G;) — @, R(G;) defined by replacing the U’s in w with Ind and the D’s with
Res and viewing the resulting sequence as a composition of linear operators. We always
assume that induction and restriction are between consecutive groups in the sequence
and that Res[V] = 0 for [V] € R(Gy). Similarly, if P is a differential poset, then we
let the linear map w(U, D) : @, ZF — @, Z"* be defined as the natural composition
of linear operators. When w is balanced, then for each 4, w(Ind, Res) (resp. w(U, D))
restricts to a map R(G;) — R(G;) (resp. ZFi — 7).

EXAMPLE 4.1. Let & be the tower of symmetric groups, and Y = P(&) denote Young’s
lattice. Fix i > 1, then w(U, D) = UD is a map Z¥* — ZY' and w(Ind, Res) is a
map R(6;) — R(6;) sending [W] — [Indgi_1 Resgz_1 W1. Thus w(Ind, Res)[ls,] =
[Indgl1 1s,_,] is the class of the permutation representation of &,;. If we identify

ZY+ with R(6;) via the differential tower of group structure, then one can check that
w(Ind, Res)[le,] - (=) and w(U, D) in fact agree as linear maps. This fact will be
explained below.

The following basic facts follow from ([12, Appendix, Theorem Al]).

LEMMA 4.2. Let G be a finite group, and let H C G be a subgroup.

(a) The operator Ind Res on R(G) has a complete system of orthogonal eigenvec-
tors given by

59 = 3" xv(g)-[V]
Velrr(G)
as g ranges through a set of conjugacy class representatives of G.
(b) The associated eigenvalue equation is

IndRes 69 = ymq1,(g) - 69.
(¢) Ind1g]- (=) and IndRes are equal as linear maps R(G) — R(G).

When f = )", c;w® is a finite nonnegative sum of balanced words, and a dif-
ferential tower of groups & is understood, write V' (f),, for the representation of G,
given by:

f(Ind,Res)[1¢, ] = Z c;w® (Ind, Res)[1¢, .

For example, if f consists of the single word U¥D*, and we are working in the
tower & of symmetric groups, then V(f), = Indg:_k 1 is a basic object of study in
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the representation theory of the symmetric group. Under the standard characteristic
map ch : R(&,) = A,, between the representation ring of &,, and the ring of degree-
n symmetric functions, this representation is sent to the complete homogeneous
symmetric function h,_j 1) indexed by a “hook shape.

PROPOSITION 4.3. Let & : Gy C G C --- be an r-differential tower of groups with
corresponding differential poset P = P(®), let f be a finite nonnegative sum of bal-
anced words. Then, identifying ZF* and R(G,,), the maps f(U, D), and [V (f)n]-(—)
are equal. Furthermore the character values of V(f), are equal to the eigenvalues of

fU, D)y

Proof. We prove the result for a balanced word w, the case for general f then follows
by linearity. By the differential tower of group structure, we have

DU —UD = rl = ResInd — Ind Res
Therefore we can write

w(U,D) =Y ¢U'D’,

i>0
w(Ind, Res) = Z ¢i Ind’ Res’,
i>0
with the same coefficients c¢;. For all i, the result for w' = U’D? follows from

Lemma 4.2, and so the first claim holds by linearity.

After accounting for the copies of the trivial representation which are present in
Proposition 2.4, that Proposition implies that the eigenvalues of [V (w),] - (—) are
exactly the character values of V(w),. By the first claim we conclude that these must
agree with the eigenvalues of w(U, D),,. O

REMARK 4.4. Any (not-necessarily-differential) tower of groups gives rise to a graded
multigraph in the same way that a differential tower of groups gives rise to the Hasse
diagram of a differential poset. One could write down a statement analogous to Propo-
sition 4.3 in this context, however we are interested in this special case since the com-
binatorial and algebraic properties of the up and down maps in differential posets are
so strong.

4.1. THE GENERALIZED PERMUTATION REPRESENTATION. The representation

Indg:_1 1 of the symmetric group &,, is easily seen to be isomorphic to the n-
dimensional permutation representation, where &, acts by permuting coordinates
in C". In [3], the second author was able to explicitly compute the critical group
for this representation, generalizing Example 2.7 to arbitrary n. Here we extend that

result to a broader class of differential towers of groups:

THEOREM 4.5. Let & = Gg C G1 C -+ be an r-differential tower of groups such that
the associated differential poset P = P(®) satisfies Conjecture 2.18 (such as & = A&
with A abelian of order r). Let V =V (UD),, = Ind%:i1 1, _,. Then

K(V) = @ Z)4Z.,

where

g= [[ ri

1<j<n
Ap;>i

Algebraic Combinatorics, Vol. 2 #6 (2019) 1321



AvUSH AGARWAL & CHRISTIAN GAETZ

Proof. By Proposition 2.13, dim(V) = |G,|/|Gn-1| = rn. By Proposition 4.3, the
matrix for the map C of multiplication by rn[1] — [V] in R(G,) in the basis {Vi|\ €
P,} is equal to the matrix for the map rnl — UD in the basis {\|A € P,}. Since P
satisfies Conjecture 2.18 by hypothesis, Proposition 2.19 and Theorem 2.9 together
imply that the Smith normal form of C' is diag(sy, ..., Sp,,) with

Spn"l‘l_i = H (Irn - T'j)
0<j<n
Apn—j;2i

Re-indexing with 7 = n — j we get that

Spnt+l—i = H T

0<j<n

Apj >'L
Letting ¢; = sp,+1—i, we see that g1 = 0 since Apg = po — p—1 = 1; therefore the
critical group is given by the direct sum beginning at ¢ = 2 as in the statement of the
theorem. ]

Results of Miller [11] and Gaetz and Venkataramana [6] show that Ap,, > 2r for
n > 2. In particular, this implies that many of the factors in the products ¢; do in
fact appear.

REMARK 4.6.In [11], Miller has shown that for any differential poset the largest
Smith factor of UD agrees with the form predicted by Conjecture 2.18. Therefore we
can conclude that the largest factor of K (V) is Z/q2Z, without assuming that P(&)
satisfies Conjecture 2.18.

4.2. THE STRUCTURE OF K (V(f)). In this section we investigate the order and sub-
group structure of K(V(f),) for general finite sums of balanced words f. Although
exact formulas for the critical group, like that given in Theorem 4.5 for the case
f(U, D) = UD remain elusive in general, the results below considerably restrict the
structure of K(V(f),).

The following proposition of Stanley characterizes eigenspaces for sums of balanced
words in a differential poset:

PROPOSITION 4.7 ([15, Proposition 4.12]). Let P be an r-differential poset and let
f(U, D) be a finite sum of balanced words. Write

J(U.D) = B;(UDY
j=0
and define
o; = Zﬂj (Ti)j.
j=0
Then the characteristic polynomial of f(U, D), : Z» — ZF» is given by

n

ch f(U,D),, = H(m — a;)APni,
j=0
Proposition 4.7 allows us to characterize the order and subgroup structure of critical
groups K(V(f),). Since it is clear from the definition that K(V & 1) = K (V) for all
representations V', we are free to assume in Proposition 4.7 that 5y = 0, and we use
this convention in what follows.

PROPOSITION 4.8. Let f be a nonnegative finite sum of balanced words, and maintain
the notation of Proposition 4.7. Assume further that P = P(®) for & a differential
tower of groups. Then,
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(a) dim(V(f)n) = am, and
(b) V(f)n is a faithful representation.

Proof. We have f(U,D) = >3, B;(UD)? and oy, = 3=, Bj(rn)’. Part (a) is im-
mediate from the fact that V((UD)Y) is obtained by applying (Ind Res)’ to the rep-
resentation 1g, , so it has the dimension [G,, : G,,_1]? = (rn)? by Proposition 2.13.
It is clear from the definition that a; < «, for i # n, thus, since the «; are the
character values of V(f),,, and since «,, has multiplicity Apg = 1, we see that V(f),
is faithful. O

THEOREM 4.9. Let & be an r-differential tower of groups and let f(U, D) be a non-
negative finite sum of balanced words. Then, using the notation of Proposition 4.7, we
have:

(a) The size of the critical group K(V(f),) is given by:

1 n—1
|K(V(f)n)| = - H(O‘” _ Oéi)Ap"ﬂ'.
T i=0

(b) Foreachi=1,...,n—1, the critical group K(V(f).) has a subgroup isomor-
phic to (Z/(ay, — a;)Z)APr—i~1,

Proof. This follows from applying Theorem 2.6 with the information about character
values given by Proposition 4.8 and Proposition 4.3 and the size of G,, as calculated
in Proposition 2.13. O

5. ENUMERATION OF FACTORS IN CRITICAL GROUPS

In what follows, when a differential tower of groups and a rank n are understood, we
let ones(w) denote the number of ones in the Smith normal form of 6‘V(w)n, where
w is a balanced word. Then the number of nontrivial factors in the critical group
K(V(w)y) is pn — 1 — ones(w), since C is a p, X pp-matrix and there is always a
unique zero in the Smith form, by Definition-Proposition 2.2.

The elements of Y of rank n are indexed by r-tuples A = (A, ... A(") of parti-
tions such that ), IN@| = n. Define the 7-lexicographic order on Y" by first applying
lexicographic order on A", and then on A(?)| and so on; if |A| > |u| then we use the
convention that \ is greater than p in the lexicographic order. We write A > u to
denote this order.

Our main tool for proving results in this section will be the the characterization of
Smith normal form in terms of minors of the matrix, as given in Proposition 2.17. If
M is a matrix with rows and columns indexed by sets S, T respectively, we let Mg/ 1
denote the submatrix indexed by rows S’ C S and columns 7" C T.

THEOREM 5.1. Let w be any balanced word of length 2k < 2n. Consider the r-
differential tower of groups A1S, where A is an abelian group of order r > 2, and the
corresponding differential poset Y. Then

T
ones(w) = |(Y)url= D [I»Gy).
14 Fir=n—k j=1
i,00mstr 20

In particular, ones(w) depends only on r and n — k, and not on the particular w
chosen.

We first prove the case w = U¥D¥: note that, unlike in Theorem 5.1, we do not
require r > 2 in Proposition 5.2.
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1212211000
2424422000
1212211000
2425544121
2425544121
1214455242
1214455242
0001122121
0002244242
0001122121

1101000000
1211100000
0110100000
1102111000
0111211000
0001121110
0001112011
0000010110
0000011121
0000001011

FIGURE 3. The matrices M2 and M® | in the case r = 2,n =
3 with w = UDUD = U?D? + 2UD. The diagonal entries of the
unitriangular submatrices are shown in bold.

PROPOSITION 5.2. Let w = U*D* with k < n. Consider the r-differential tower of
groups AVS, where A is an abelian group of order v, and the corresponding differential
poset P =Y7". Then,

ones(w) = (Y )p—kl.

Proof. Consider the matrix M = M®) for UFD* : Z» — ZP» in the standard basis,
ordering the rows and columns from least to greatest in the r-lexicographic order, and
note that M is symmetric. We say a partition A has £ ones if A; = 1 for ¢ values of 7.
Define subsets of the rows and columns, respectively:

Sk = {A € P,|A\") has at least k ones},
Ti = {X € P,|(A) has at least k ones}.

Then we claim that Mg, 7, is lower unitriangular (see the example in Figure 3). This
follows since for each A € Sk, the r-lexicographically greatest p which can be obtained
from A by removing and then adding k£ boxes from the tuple of Young diagrams can
be reached in only one way. Namely, k of the ones from A" are removed, and all of
these boxes are added to the largest part of A(Y). The resulting p is clearly an element
of Ty. Now, easy bijections show that |Sy| = |Tk| = pn_x. Thus M*) and Cv (w),
have a p,_k X pp—k minor equal to +1. This forces ones(w) > pn—k.
Now, the map U¥D* factors through the (n — k)-th rank:

DF Uk
ZPn , ZPn—k , ZPn'

Since we know D is surjective for Y" and U is injective in any differential poset,
we see that in fact dim ker(U*D*) = p,, — p,_x. Thus V(U¥DF),, has the repeated
character value 0 with multiplicity p,, — pn_x, and thus a subgroup (Z/dZ)P»~Pn—kt—1
where d > 1 is the dimension of V(U*D¥),, by Theorem 2.6. Therefore

ones(U*D*) < (pn — 1) — (P — Pk — 1) = po_s. O

EXAMPLE 5.3. Let r = 1 in Proposition 5.2. Then V(U*DF), = Indgz_k 1 is the
representation which corresponds to the complete homogeneous symmetric function
h(n—p,1%) under the standard characteristic map (see [9, Chapter 1]). The proposition
implies that the critical group K (V (U*D¥),,) has p(n)—p(n—Fk)—1 nontrivial factors.
NoOTE. When 7 > 1, Proposition 5.2 still applies, however V (U*D*¥),, no longer cor-
responds to the wreath-product analog of h,,_j,1x) (see [9, Chapter 1, Appendix BJ).
That representation is obtained by inducing from &,,_j, x A¥, rather than from &,,_y.
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We now return to the proof of the main Theorem.

Proof of Theorem 5.1. We can write
w(U,D) = U*D* + ¢, U D1 ... 4 ciUD + col,

using the relation DU —UD = rI; clearly all coefficients ¢; are divisible by r. Let M,
be the matrix for w(U, D) using our standard ordered basis, and let M) be the matrix
for U'D?, so M,, = 3. ¢; M. Using the notation from the proof of Proposition 5.2,
it is clear that S; C S;_1 and T; C T;_1 for all ¢, and that the diagonal of Mg)TZ is
above that of M A(glill)Tﬂ for all i. Therefore M, still contains a p,_x X pnp_x lower
unitriangular submatrix corresponding to rows and columns Si, Tj. Since this gives
& Pn—k X Pn—k minor equal to 1, we know that ones(w) = pp—.

For the other inequality, let P,Q be invertible integer matrices which put M ®*)
in Smith form: PM®@Q = S. By Proposition 5.2, all but p,_j of the columns of
PM®)Q are divisible by r. Therefore, since the ¢; are divisible by r, all but p,_s
of the columns of PM,,Q are divisible by r. The dimension of V(w),, is divisible by

r as well, thus at most p,_j of the columns of PéVQ are not divisible by r. Then
any minor of a m X m submatrix with m > p,_; must be divisible by r, and so
ones(w) < pn—g by Proposition 2.17. O

ExXAMPLE 5.4. This example shows that the hypothesis r > 2 in Theorem 5.1 is
necessary. Let w = (UD)?, then for n = 7 one can calculate that ones(w) = 9 #
p(7—2)=T.

We can still give some upper and lower bounds in the » = 1 case. For a balanced
word w of length 2k, write

k
(2) w(U,D) =Y cU'D".
=0
Then define ¢(w) = min{i|c; # 0}; clearly 0 < ¢(w) < k, with equality on the right if

and only if w = UFD*.
PROPOSITION 5.5. Let w be a balanced word of length 2k < 2n. Then, working in the
tower & of symmetric groups, we have

(a) p(n — k) < ones(w) < p(n — L(w)), and

(b) ones(w) = p(n—k) if ged(cy, . .., ek, dim(V (w))) > 1, where the ¢; are defined

as in Fquation 2.
Proof. The argument for the lower bound p(n — k) < ones(w) in the proof of Theo-
rem 5.1 still holds in the » = 1 case. For the upper bound, note that
ker(w(U, D)) D ker(D*®) : ZYn — Z¥n—tw)),

Thus dim ker(w(U, D)) = p(n) — p(n — £(w)). By Theorem 2.6, this gives the upper
bound, proving part (a).

For part (b), notice that if ged(cy, ..., g, dim(V(w))) = s > 1, then the argument
for the upper bound in the proof of Theorem 5.1 still applies. g

EXAMPLE 5.6. Continuing Example 5.4, we see that
(UD)*=UDUD =U(UD +rI)D = U*D? +rUD,
and so ¢((UD)?) = 1. Then for n = 7, Proposition 5.5 gives that
7= p(5) < ones(w) < p(6) = 11.

In fact we have ones(w) = 9, so that we cannot hope for either bound in Proposi-
tion 5.5 to be an equality in general.
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5.1. SMALLEST FACTORS. In this section, we give a conjecture on the size and mul-
tiplicity of the smallest nontrivial factor in critical groups K (V (U*D*),,).

CONJECTURE 5.7. Working in the differential tower of groups A1 & with A abelian of
order v, when k < n the critical group K(V(U*DF),,) = K(Indﬁgg:_k 1) is given, as
a list of elementary divisors, by:

n!

Pn—k k n!
! ,(r (n—k)! (n—k)!

where the exponents involving rank sizes denote multiplicities, and where e; ranges
over the non-unit elementary divisors in the critical group K(V(D*U¥), _4).

k
, T

Pn—2Pn—k+Pn—2k
> €|,

REMARK 5.8. The claim that the multiplicity of 1 as an elementary divisor is p,_j is
the content of Proposition 5.2. In the case r = 1, we were able to prove Conjecture 5.7
using explicit row and column operations related to the unitriangular submatrices
identified in the proof of Proposition 5.2 and Theorem 5.1 which we were unable to
generalize to the r > 1 case.

In the r = 1 case, letting k = n—2 in Conjecture 5.7 allows us to explicitly compute
that

K(Indgr 1) = K(U"2D"?)

(Z/Tsz>p(n)_4 x (Z/;n!(n ) —2)(n + 1)Z> ,

where the largest factor is determined by the formula for the the size of the critical
group given in Theorem 2.6. In the k¥ = n — 3 case one can again obtain an explicit
formula, but this formula depends on n modulo 36, suggesting that a simple general
formula is unlikely to exist.
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