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The structure of normal lattice

supercharacter theories

Farid Aliniaeifard & Nathaniel Thiem

ABSTRACT The character theory of finite groups has numerous basic questions that are often al-
ready quite involved: enumeration of irreducible characters, their character formulas, point-wise
product decompositions, and restriction/induction between groups. A supercharacter theory is
a framework for simplifying the character theory of a finite group, while ideally not losing all
the important information. This paper studies one such theory that straddles the gap between
retaining valuable group information while reducing the above fundamental questions to more
combinatorial lattice constructions.

1. INTRODUCTION

Through the work of André [3] and Yan [9], supercharacter theory has allowed us to
apply the tools of character theory to groups previously deemed intractable. The more
general framework developed by Diaconis and Isaacs [6] further fleshes out a theory
that can be adapted to different characteristics one might wish to emphasize in groups
(e.g. if one wants to study real-valued characters). However, the construction and
existence of supercharacter theories remains somewhat mysterious. There are some
basic techniques that apply to all groups, and in some surprising cases (e.g. Spg(2) [6])
these give a complete understanding. Nevertheless, in most cases we do not have a
good understanding of what supercharacter theories are possible.

In his thesis work, Aliniaeifard [1] developed an alternate approach that centers on
the set of normal subgroups. A standard result in character theory is that knowledge
of the characters identifies all normal subgroups of the group; these form a lattice un-
der inclusion. It turns out that every supercharacter theory identifies a sublattice of
normal subgroups, and this naturally partitions supercharacter theories according to
the sublattices they “see.” Aliniaeifard identified the unique coarsest supercharacter
theory corresponding to each sublattice, and identified numerous desirable character-
istics exhibited by this theory.

This point of view naturally leads to a notion of “simple” supercharacter theory,
or one which only identifies the trivial subgroup and the whole group (e.g. simple
groups only have simple supercharacter theories). Burkett [5] showed that there is a
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Jordan—Holder type factorization for supercharacter theories into simple superchar-
acter theories, and has developed a framework for super versions of various chains of
normal subgroups.

This paper examines the notion of a normal lattice supercharacter theory a bit
more closely, tying the character theory to the underlying lattice in a more explicit
fashion. There are numerous problems in character theory that generally have difficult
solutions, such as explicit character formulas for the irreducible characters, decompo-
sitions of tensor products (e.g. Kronecker products as in [4]) and restrictions between
groups, etc. It turns out that many of these problems have elegant solutions in the
case of normal lattice supercharacter theories, and this paper would like to make the
case that while these theories are non-trivial, they retain high levels of computability.

We begin with a review of the necessary lattice notation and an introduction to
supercharacter theories. We then proceed to Corollary 3.5 which gives an explicit mul-
tiplicative character formula for the supercharacters, reminiscent of the combinatorial
character formulas found in [9] for the maximal unipotent subgroups of GL,(q). Un-
der some additional hypotheses that guarantee some level of generality, we also give
a decomposition of the point-wise product in Corollary 3.8.

In the case that the normal subgroups form a distributive lattice, we can say even
more. An advantage of the normal lattice supercharacter theories is that they are
somewhat more canonical, analogous to how every group has a partition by con-
jugacy classes. This feature allows us to better compare supercharacter theories of
groups related via inclusion. We conclude with a description of restriction between
finite groups H C G in Theorem 3.15, where we explicitly decompose the restricted
supercharacter theory in terms of the supercharacter theory of the subgroup. This
result includes some natural compatibility conditions suggested by the underlying
theory.

The original motivation for this work comes out of the supercharacter theory of
non-nesting partitions for pattern groups [3]. However, to keep this paper in a more
manageable form, we have separated the applications to these groups into a companion
paper [2], where this point of view allows us full control of a corresponding Hopf
algebra, along with the structure constants on the supercharacter basis (something
previously was deemed quite difficult in analogous situations). In this paper we instead
illustrate the theory with several families of abelian groups including cyclic groups
and vector spaces.

2. PRELIMINARIES

This section will fix some of the standard notation on lattices in Section 2.1, and in
Section 2.2 we review both the definition of supercharacter theories and the construc-
tion of the normal lattice supercharacter theory as defined by [1].

2.1. LATTICES OF NORMAL SUBGROUPS. The goal of this section is to fix notation for
lattices with a particular emphasis on lattices of normal subgroups of a finite group.

A lattice L is a poset such that for each pair (K, L) € £ x L there is a unique least
upper bound K V L and a unique greatest lower bound K A L. We say an element
L € L covers K € L if L is minimal with the property that K <, L and K # L.
Given L € L, let

(1) C(L)={0 € L] O covers L}.
Given a poset P, let
JY(P)={ICP|icl,jeP,i<pjimplies je I}

be the lattice of co-ideals, ordered by inclusion.
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A distributive lattice L is a lattice such that for K, L, M € L,
KV(LAM)=(KVL)A(KVM).

An element K € L is meet irreducible if |C(K)| = 1. The fundamental theorem for
finite distributive lattices says that £ = JV(M) where M is the subposet of meet
irreducible elements of £. This implies that given any K € L there exists a unique
antichain A of M such that

K= A\ A
AcA

Define
AntCh(L) = {anti-chains in L}.

Our main example of lattices are sublattices of normal subgroups of a finite group
G. Specifically, let

ker(G) = {N <« G}
be the lattice ordered by inclusion. In this case, given M, N € ker(G),
MVN=MN and MAN=MNN.

A sublattice N of ker(G) will be a subset such that

(L1) {1},G e N,
(L2) M,N € N implies MN,M NN € N.

We have that by (L2), every sublattice is modular, so if M C N, then
MLAN = M(LNN).
For a subset A C ker(G), let
(2) A=J[ N ad A= N
NeA NeA

EXAMPLES 2.1.

Cycrics. Let C,, = (z) be a cyclic group. Then ker(C,,) is isomorphic to the lattice
of divisors of n. For example,

Cia 12
C/ \C 4/ \6
NS \1/

In general,

CoNCy = Cgcd(a,b) and C,Cp = Clcm(a,b)v
and ker(C,,) is a distributive lattice with meet irreducible elements
(3) {Cy, | m < n,n/m is a prime power}.

VECTOR SPACES. Let I, be the finite field with ¢ elements, and V' an F,-module.
Then V is a finite (elementary) abelian group. While the usual character theory of V
sees all the normal subgroups of V', we would prefer some sublattices that respect the
vector space structure. Thus,

subsp(V) ={U C V| U an F,-submodule},
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and for a fixed basis B C V,
subspg(V) = {Fg-span{a € A} | A C B},

which is isomorphic to the lattice of subsets of B.
The lattice subsp(V') is not distributive in general, but subspz (V) is distributive
with meet irreducible elements

{F,-span{a € B|a # b} | b € B}.

2.2. SUPERCHARACTER THEORIES. Supercharacter theories give us a framework for

simplifying the character theory of a group while maintaining the representation theo-

retic underpinnings. While one can view them as central Schur rings, this section out-

lines the more representation theoretic framework introduced by Diaconis-Isaacs [6].
Given a set partition I of G, let

f(G:K) ={v: G — C|[{g,h} C K € K implies ¢(g) = ¢(h)}

be the set of functions constant on the blocks of K.

A supercharacter theory S of a finite group G is a pair (C1(S), Ch(S)) where C1(S)
is a set partition of G and Ch(S) is a set partition of the irreducible characters Irr(G)
of G, such that

(SC1) {1} € c1(S),

(5C2) [C1(S)| = [Cn(S)],

(SC3) For each X € Ch(S),
> w()y € (G5 c1(S)).
vex

We refer to the blocks of C1(S) as the superclasses of S, and the elements of

{d_ ()¢ | X ecn(s))
Yex

as supercharacters of S. In fact, the supercharacters of S will form an orthogonal basis
for £(G;C1(S)); in particular, the superclasses are unions of conjugacy classes.
The trivial examples of supercharacter theories have partitions

(C1,Ch) = ({conjugacy classes}, {{¢'} | ¥ € Irr(G)})
(c1,e8) = ({{1},G — {11}, {1}, Ix(G) - {1}),
where 1 is the trivial character of G.
Given a group G with a supercharacter theory S, we call a normal subgroup S-

normal if it is a union of superclasses. These normal subgroups can also be defined
as intersections of kernels of the corresponding supercharacters [8], and the set

ker(S) = {N <G | N a union of superclasses}

forms a sublattice of all normal subgroups [1]. Note that the trivial supercharacter
theory of conjugacy classes gives all normal subgroups ker(G). More generally, given
an arbitrary sublattice of normal subgroups of GG, one might ask which supercharacter
theories (if any) see at least those normal subgroups. The following supercharacter
theory defined in [1] gives the coarsest such supercharacter theory for each sublattice
of normal subgroups.

THEOREM 2.2 ([1]). Let N C ker(G) be a sublattice.
(a) The partitions
CLSWN)) ={N. #@ | N e N'},
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where
No={g€eN|g¢MeN, if NeC(M)},
and
Ch(S(V)) = {XV" £ & | N e N},
where

XN = {4 e r(G) | N C ker(¢)) 2 O € C(N)}
define a supercharacter theory S(N') with N° C ker(S(N)).
(b) If S is any other supercharacter theory of G with N° C ker(S), then
ker(S(NV)) C ker(S).

Note that [1] also provides recursive supercharacter formulas for the supercharac-

ters .
XM= v,
PeXN®
and proves a number of nice properties (e.g. these supercharacters are integer valued).
Just as a normal subgroup is a union of superclasses, for each normal subgroup N <G
there is a natural character

(4) N=Y x= > ww

ODN Pelrr(G)
NCker(+))
that is a “union” of supercharacters with character formula
~ney_ JIG/N[ifgeN,
(5) X" (g) = {0 otherwise.

EXAMPLES 2.3.
Cycuics. Let C,, = (x) be a cyclic group. Then for d | n,

(Ca)o = {274 | order of 7™/ % is d},

X% = {¢: C, — C* homomorphism | order of ¢ () is n/d}.
Note that in this supercharacter theory, superclasses and supercharacters are indexed
by divisors of n, so for d | n write

Xt =x“i.

Note that this supercharacter theory was used (though not defined in this way) to
study Ramanujan sums in [7].

VECTOR SPACES. For the lattice subsp(V'), we have that for U € subsp(V)

{0} if dim(U) = 0,
U, ={U—{0} ifdim(U)=1,
[] otherwise,
and
(1} if U=V,
X" =< {p € Hom(V,F}) | U = ker(y)}  if dim(U) = dim(V) — 1,
%] otherwise.

In this case, the superclasses and supercharacters are indexed by the number of one
and zero dimensional spaces of V' or
q" -1

1
R

if dim(V') = n.

Algebraic Combinatorics, Vol. 3 #5 (2020) 1063



FARID ALINIAEIFARD & NATHANIEL THIEM

On the other hand, for the lattice subspz(V'), we have that for A C B

F,-span{a € A}, = {Z cat | cq #0,a € A} ,

acA
and
xFarspan{e€A} — (o € Hom(V,F}) | ker(¢)) N B = A}.

In this case, the superclasses and supercharacters are indexed by subsets of B, so for

A C B write

XA — X]Fq—span{aeA}'.

3. NORMAL LATTICE THEORIES

This section includes our main results. We begin in Section 3.1 by constructing the
dual lattice of ker(S) in terms G-modules. This gives a recursive construction for
the modules corresponding to the supercharacters in S. We use the module structure
to deduce several degree sum results in Section 3.2, allowing us to also obtain an
explicit character formula. In Section 3.3 we find a decomposition for the point-wise
product in some situations, and we conclude in Section 3.4 with a decomposition of
the restriction of supercharacters under some beneficial assumptions.

3.1. SUPERMODULES. Given a normal subgroup N C G, we obtain the permutation
module

1
md§ (1) = CG ®cy 1= CGey, where ey = ] Z n.

From the last isomorphism, we may view each of these modules as submodules of the
regular module CG (the permutation module coming from the normal subgroup {1}).
Note that by (5),

YN = tr(-,CGey).

Given a lattice of normal subgroups ker(S) we obtain a corresponding lattice of
modules

ker(S)Y = {CGen | N € ker(S)}
ordered by containment of modules. Since M C N implies
ENEN — EN

we have CGeny C CGeps. On the other hand, if CGeny € CGepy, then eyry = epreny =
en, so M C N. Thus,

CGen V CGepr = CGennmr and CGen NCGepr = CGenpr.
Define GM* by

CGep = ( Z (CGeN> EBGM. = < Z CG6N> EBGM..

NDM N covers M

Then by the character decomposition formula (4) of M,
XM = tr(, GM.
In particular, taking dimensions, we obtain

xM'(l)—G/M|—dim< > CG6N>.

N covers M
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The next result gives a better understanding of modules that arise in this way. Given
a subgroup N C @, the notation G/N will denote a transversal for the cosets with
1 € G/N. Also, recall (2) for the definition of A.

LEMMA 3.1. Let ker(S) be a lattice for a supercharacter theory of G. Fix M € ker(S)
and let A be an antichain in the interval [M, G| that satisfies A— O # A for all
Oc€ A Let

CGey = Y CGey @ V.
NeA
Then

(a) There exists a choice of transversals m and G/ A such that

V:C—span{g H (1—bn)em | g€ CT/\jJ)N EW—{I}}.
NeA

(b) f A—ONO =M forall O € A, then
dim(V) = |G/A| T] (IN/M]|=1).

NeA
Proof. For the proof, order the elements of A = {Ny, Na,..., Ny}, and for each 1 <
j </l let
Ngj=N;---Nj.
(a) Fix coset representatives m with 1 € @ , and for each 1 < j < ¢ choose

coset representatives in such a way that

(1) N;/M S G/M,

(2) 1€ G/Ney € G/Neyr € - C G/N<1 C G/M.
Define V; by

CGenr = CGen, @ V1.

The natural basis of CGe), is

{gnleM | g€ G/Ni,ny € Nl/M}.

Since

CGen, = C—span{gemeM | g € G/N1},

we have

Vi = Z Cgni19N1€M | Z Cg,ny = 0’9 € G/Nl
QECT/—JVI nlem
TLlENl/M

= C-span {g(l —ny)eym | g € G//ﬁhnl € m — {1}}

Define W; and V; by
Viea =W; & V.
where

W; = C-span{g(1—nq)(1—ng) - - - (l—nj,l)emeM | g € G/Ngj,ni € Ni/M—{1}},
and

Vj = Cspan{g(1 —m1)(1 — nz) - (1= ny)err | g € G/Nej,m; € Ni/M — {1}}.
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Then
CGepy =W1ieWod--- W, V.
Note that
(CG@Nj = W1€Nj D W2€Nj D---D WgeNj &) VgeNj
= WleNj &) WQ@Nj D---D WjeNj
C [/V1 DD W(Z-
Thus,
¢
> CGey, CW1@--- @ W,
j=1
Conversely, for each W; there exists ey, such that
WjeNj = Wj.
Thus,
0
Y CGen, 2Wi -0 W,
j=1
and

Ve=V.
(b)If A—O0ONO =M for all O € A, then

{9(1 = n)(1 = ) -+ (1= ne)eas | g € G/A,n; € N;JM - {1}}
is a basis, and so we get the corresponding dimension formula. O

REMARKS 3.2.

(a) The key idea of this lemma is that modules allow us to express overlap between
modules in a way that characters are ill equipped to do.

(b) The main case we are interested in applying Lemma 3.1 is when A C C(M).
In this case, the condition A — {O}NO = M for all O € A is true if and only
if A—{O} # A for O € A. If this condition holds for all O € A, then we say
A is in general position over M.

In fact, if we are in a distributive lattice, then distributivity implies

A—{0}NO =M for all O € A is always true when A C C(M).

3.2. CHARACTER FORMULAS. This section works out some general character formulas
that are mostly direct consequences of Lemma 3.1. The first result examines a general
character degree sum that carves out a piece of a lattice of normal subgroups ker(S).

THEOREM 3.3. Let ker(S) C ker(G) be a lattice of normal subgroups. Let K, L, M €
ker(S). Assume the set

CH(K,M)={OecC(KM)|ONL#K}

s in general position over KM . Then

> N

NDOM
NNL=K
|G/KM)| if Cp (K, M) = 2,
G/et (kM) [ (o/EM|-1) if KMNL=K,CHE, M) +2,
Oect(K,M)
0 fEKMNL#K.
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Proof. Note that KM is the minimal normal subgroup N containing M that satisfies
NNL 2D K. If KMNL # K, then the sum is therefore empty and we get 0. If
KMNL=K and C; (K, M) = @, then by (5), we get |G/KM]|.

Next, suppose KM N L = K and C;(K, M) # @. Suppose O O KM is minimal
such that O N L # K. We want to show that O € Ci (K, M). We have

O

L (ONL)KM

NN

onL KM

\K/

Since (ONL)KM O KM and LN ((ONL)KM) = O N L, the minimality of O
implies O = (ON L)K M. However, by modularity, if there exists KM C N C O then
N N L # K. Thus, the minimality of O implies O covers K M.

We have

. .

V= @ N = @ V.
NDOM NDKM
NNL=K NNL=K

We therefore apply Lemma 3.1(a) to

CGexn= Y, CGeodV.
O€eCH(K,M)

We have that Ci (K, M) — ONO € {O, KM} since O is a cover of K M. By general
position Ci (K, M) — O # CH(K,M), so O ¢ C3(K,M) — O. Thus, we may apply
Lemma 3.1(b) to get the desired dimension formula. O

A special case of Theorem 3.3 gives us the degrees of the supercharacters of a
normal lattice supercharacter theory.

COROLLARY 3.4. Let ker(S) C ker(G) be a sublattice. For M € ker(S) with C(M) in
general position over M,

XM =leean) T (v/M|-1).
Nec(M)
Proof. This is the case where L = G and K = M in Theorem 3.3. O

Since this situation satisfies the hypotheses of Lemma 3.1(b), we have an explicit
basis and can use this basis to compute the trace of the module.

COROLLARY 3.5. Let ker(S) C ker(G) be a sublattice. For M € ker(S) with C(M) in
general position over M and g € G,

. 1 _ - _ _
) XM (1)156% ngeiw‘B:mln{BQC(M)IQGB},

0 if g & C(M).
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Proof. Suppose g € G, then

XM (g) = tr(g, GM")

Z Coeff | gh H (1 —an)em;h H (1 —an)em

heGIZ0n ec(M Nec(M)

an€N/M—{1},Nec(M)

It g ¢ C(M), then ghC(M) # hC(M), 5

Coeff | gh H (1 —an)ea;h H (I1—an)eym | =0
NeC(M) Nec(M)

for all h,apn. If g € M, then since M is normal,

gh H (1 —an)em = genh H (I1—-an)
Nec(M) Nec(M)

_th H 1—aN

Nec(M)

=h H 17(1]\[

Nec(M)

Suppose g € B with B nonempty and minimal. If N, N’ € B are not equal, then since
they are covers

[N, N]C NNN' =M,
so for ay € N, any € N’, we have aNaNfaR,l € an'M, and
an(1 —an)en = an(l —an)ay'anen = (1 —an/)enan.
Write h~1gh = HNGC(M) gy with gy € N and gy =1 if N ¢ B. Then
gh H (I1—an)ey =h H (gn — gnan)em
Nec(M) Nec(M)

=h H (I —gnvan) — (1 —gn))em

Nec(M)

Thus, we get a coefficient if for each N € C(M) either gy = 1 or gy = ay. In fact, in
this case

Z Coeff | gh H (1 —an)em;h H (1—gn)em

— NeC(M) NeC(M)

heG/C(M)
= X e

anEN/M—{1},NeC(M)

heG/C(M)
gNEN/M—{1},N¢B

_ XM (1) 1B
Mo

as desired. O
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EXAMPLES 3.6.
Cycurics. Consider ker(C),) and fix b | n. Let

(6) C(Cy) ={Cp | p€ Py} where P, = {p prime |pb|n},

and for O C Py, let O = [I,cop- By Corollary 3.5,
n -1 1 . .. . —
i H () H (1 — p) if O C P, minimal exists so a | bO,

b P
X (wn/a) =qb p€eO p pEP,—O
0 otherwise.

VECTOR SPACES. For subsp(V), since if dim(U) = dim(V) — 1, C(U) = {V},
U* o q— 1 if S U,
X (U)_{l ito¢U.

For subspg(V), given A C B, for each b € B— A, b € W for some W € C(F,-span{a €
A}), so

C(Fy-span{a € A}) =V.
Thus, for D C B

XA (Z d) =(q— 1)\5—(AUD)|(_1>‘(B_A)QD|-

deD

In [1, Theorem 3.4], Aliniaeifard gives a lattice theoretic formula for the character
values given by

. &
W)=Y u(N,o>:O.
OCN
geo

In the examples of ker(C,,) and subspyz (V') above, the Mébius functions for the divisor
lattice and subset lattice are well-known, so we get some identities for free. For a set
of distinct primes P, and a | Py,

(DA (oL
A;b A - I?I;‘L ( p ) PG]P:b[—
albA

1 _
(1 — ) , where O C P, is minimal with a | bO.
p
0)

where we cancel the n/b that appears on both sides. In the second example, for D C B

Z (_l)leAlqleCI =(¢— 1)|37(AUD)|(_I)I(BfA)ﬂDI.

ACCCB
DCC

3.3. TENSOR PRODUCTS. For any supercharacter theory S of G, the space f(G;CL(S))
is closed under point-wise multiplication. However, as with irreducible characters it
is often not obvious how to decompose the point-wise product of two supercharac-
ters into supercharacters (meanwhile the superclass identifier functions are orthogonal
idempotents). However, this problem seems far more tractable for normal lattice su-
percharacter theories.

For M € ker(S) let C(M) be its set of covers. The following lemma is framed in
the language of groups, but applies to arbitrary modular lattices.

LEMMA 3.7. For M, N € ker(S),
C(M)NC(N)=C(MNN).
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Proof. First, suppose O € C(M N N). Then either O C M or OM covers M, so in
either case O C C(M). Similarly O C C(N). Thus, C(M NN) CC(M)NC(N).

Next we want to show that AN B C C(M N N) for all subsets A C C(M) and
B C C(N). We will use double induction on |A| and |B|. If |B| = 1, then let {O} = B
so B = O. Since O covers N we have that either (O N A)N =0 or (ONA)N = N.

If ONA)N =0 and M = M NN, then

(ONA) CACC(M)=C(MNN).
Otherwise, M NO covers M N N. In this case, N N A is generated by covers of M NN
contained in N and since O N A covers N N A, we have
ONA=(NNAONM)CC(MNN).

If (ONA)N = N, then AN B C N and by modularity, the covers of M N N in N
generate A N B. By symmetry, the result also holds if |.A| = 1 and B is arbitrary.
Suppose |A|,|B| > 1. If there exists O € B such that

E:B_{O}u

then by induction ANB = ANB — {O} C C(M N N). Thus, without loss of generality
we may assume that

B# B — {0} and by symmetry A# A— {P}

forall O € B, P € A.
As before (AN B)B - {0} € {B—-{0},B}. If (AnB)B — {0} = B— {0}, then
we are done by induction. By symmetry, if (AN B)A — {P} = A — {P}, then we are

done by induction. We therefore have
/

/

A—{P} ANB B - {O}

A—{P}nB AnB-{0}

: \

A—{P}nB—-{0}

If there exists P € A and O € B such that A — {P} # B — {O}, then since AN B
covers these two groups we have

ANB=A—-{P} B-—{O} CC(MNN),
by induction. Else, for all O € B, Q € A,
B-{0O}nA=A-{Q}NB.

In particular,

B-{0}nA ﬂ B-{Q}=AnN.

QeB
By symmetry
B-—{OJnA=A—-{P}NnBC MnNB.
Thus,
B-—{O}nACMNBNNNA=MNN.
In this case, since AN B covers B — {O} N A it must also cover M N N and we are
done. .
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COROLLARY 3.8. Suppose M, N € ker(S) with C(M) and C(N) in general position
over M and N, respectively. Suppose further that for each O € C(M N N) either
OCM orOCN. Then

YM* N Y(MON)*
XM (XN (1) xMON)* (1)

Proof. We first show that C(M N N) is in general position over M N N. Let O €
C(M N N). Without loss of generality, ON € C(N). We have that

C(IMNN)—{O}N={PN|PeC(MNN),P£0}#{PN|PeC(MNN)}
=C(MNN)N,

since {PN | P C(M NN),PN € C(N)} C{PN | P € C(MNN)} must also be in
general position over N. However then,

C(MNN)—{O}#C(MNN).
By Corollary 3.5 and Lemma 3.7,

(XM. © XN.) (g) =0 if and only if X(MQN).(Q) =0.

Suppose g € C(M)NC(N) = C(MNN). Then there exists subsets A C C(M),
B C C(N),and Z C C(M N N) such that g € A, N B, and AN B = Z. By assumption,

I =1y UZy, where ZK:{O€I|OQK}

So if g € Z, then

geM -Iy= [[ MO=A
O€In
Thus, P € A implies PN N # M N N and similarly @ € B implies Q "M # M N N.
Suppose P, P’ € A. Then PNN = P'NN implies (PNP')NN = (PNN)N(P'NN) =
PN N. We conclude that P = P’, and similarly, for Q,Q" € B, QN M = Q' N M if
and only if Q = Q’. We therefore have bijections

Iy — B In — A
O +—ON and O — O0OM .
QNM<+— Q PAN<+— P

Then Corollary 3.5 implies

M* N®( y_  M® N*® !
X7 oxT (9 =x" (Mx (1)131}4(1_‘P/M|)(1—|Q/N|)
Q€B
Mt e I o
=x" (x (UOgN (1= [0M/M]) OgN (1 —|ON/NJ)

_ M N® 1 L
=x" (x (1)OgN (1-10/(MAN)|) OgN (1—[0/(MNN)|)

ME DXV (D) arnnye
XX(Agm)]i().(l())x(M M (9),

as desired. ]
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EXAMPLES 3.9.

Cycuics. Let C,, be cyclic and suppose a,b | n. Fix Cpgea(ap) € C(Cged(a,p))- Then
Cpecd(ap) € Cq if p | m and Cpged(ap) € Cp if p | Wbab). In other words, the
hypotheses of the Corollary 3.8 are satisfied if

rime ‘ | LI rime ’ | lm(a, b)
PP p ged(a,b) | pp P ged(a,b) |-
VECTOR SPACES. For subsp(V) the hypotheses are generally not satisfied. For

subspyz(V), we have that the hypotheses are satisfied if and only if A, B € B satisfy
AUB=B.

3.4. RESTRICTION FORMULA. In this section we further assume that
ker(S) = JY(I),

where T are the intersection-irreducible subgroups of ker(S). Thus, for each normal
subgroup N € ker(S), there exists a unique antichain A € AntCh(Z) such that in the
notation of (2),

N=A.

Since the dual of a distributive lattice is distributive, we also have that if P is the set
of product irreducible elements, then for each N € ker(S) there exists B C AntCh(P)
such that

N = B.

LEMMA 3.10. Let ker(S) be a lattice for a supercharacter theory of G and suppose
ker(S) is distributive. Fixz B C AntCh(P).
(a) For each L € ker(S) such that B € C(L), there exists a unique Ky € B such
that K N L 7& K.
(b) The function
{L eker(S)|BeC(L)} — B
L — KL
MxB—K K

is a bijection, where M is the unique element such that K € C(Mk).

Proof. (a) Fix L such that B € C(L). Then there exists K € B such that K # K N L.
Then KL = B and so K € C(K N L). Suppose there exists L’ with B € C(L’) such
that K # K N L. Then since K is product irreducible K N L’ = K N L. But then
L'=BnNL =KLNL =(KNL)(LN L") which forces L = L'.

(b) The uniqueness of My implies that

LNK=Myg and Mg H K =1L. O
K#K'eB

This result allows us to prove some convenient features about distributive lattices
of normal subgroups.

COROLLARY 3.11. Let ker(S) be a lattice for a supercharacter theory of G and suppose
ker(S) is distributive. For any normal subgroup N € ker(S),

(a) NO # ®7
(b) XN # &,
(¢) C(N) is in general position over N.
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Proof. (a) For each L such that N € C(L) we can select an element g7, € K —(KrNL)
so that [[yec(r) 9z € N but [[yee(ry 9r ¢ L' for any L' such that N € C(L'). Thus,
[neer) 9z € No.
(b) Since | ker(S)| = |C1| = |Ch|, we must have that all sets X" are nonempty.
(¢) We have that C(N) — {O} # C(N) for O € C(N) ifand only if C(N) — {O}NO =
N. But the latter condition follows easily from distributivity. O

Since the dual of a distributive lattice is distributive, we obtain the dual to
Lemma 3.10 (which seems somewhat harder to prove directly).

COROLLARY 3.12. Let ker(S) = JY(Z) be a distributive lattice and A € AntCh(Z).
Then
(a) For each O € C(A), there exists a unique element Po € A such that PoO €
C(Pp).
(b) The function
C(A) — A
O — Po
C(P)NA—{P} «— P
s a bijection.

Let H C G be a subgroup and suppose JY(Zg) C ker(H) and JY(Zg) C ker(G)
are distributive lattices. For the restriction functor

Res$ - £ (G;C1(JY(Za))) — f (H;C1(JY (Zn)))

to be well-defined, we minimally require that for each N € JY(Zs), there exists a
subset A C JY(Zg) such that
NoNnH= |J M.
MeA
For the restriction result below, we will want slightly stronger compatibility between
the lattices. In particular, we say JY(Zg) and JV(Zy) are restriction favorable if
(R1) The function
-NH: Jv(Ig) — JV(IH)
N — NNH
is well-defined (that is, NN H € JY(Zg)).
(R2) If M,N € JY(Zg) with N € C(M), then either MNH=NNHor NNH €
C(MNH).

REMARK 3.13. At first glance it seems that (R2) should always hold due to the dia-
mond isomorphism theorem. In fact, if we use the full lattice of normal subgroups for
both groups this is the case. However, (R2) guarantees that the lattice for G is not
too coarse with respect to the lattice of H.

EXAMPLES 3.14.

Cycuics. For C,,, C Cy,, we have - N Cyy, : ker(C,,) — ker(C,,) is well-defined, since
ker(Cy,) is in fact an interval in ker(C,). The other condition also follows easily,
using (3) and modularity of the lattice.

VECTOR SPACES. For subspg(V), let A C B. Then U = F-span{a € A} has lat-
tice subsp 4(U) an interval in subspg(V'). So as with the cyclics case, V and U are
restriction favorable.

Let
AHZ{POQH | OEC(A),OQH#AQH}QIH
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THEOREM 3.15. Let H C G be a subgroup, and suppose JY(Zg) C ker(G) and
JY(Zy) C ker(H) are restriction favorable. For A € AntCh(Zg),

a) The restriction of YA* factors as
X

A% Ap® C(ANH

Resii () _ o  x
XA(1) A1) T CnH (1)

(b) The restriction of x2 decomposes as
Res% (xA") Z C(A) N Ay |(—1)HQECHEQEAL}
—_— e = ——— ° X ?
X (1) o €U N Al XE* ((C(K) N An)o)

A DK 2C(ANAn

where all the terms have nonzero coefficients.

Before proving the theorem, we will first need a lemma that computes degree sums
using Theorem 3.3.

LEMMA 3.16. Let H C G be a subgroup, and suppose J¥ (Zg) C ker(G) and JY (Zy) C
ker(H) are restriction favorable. Let A € AntCh(Zg) and Ag O K 2 C(A) N Ag.
Then

1 Ne 1 IC(A) N Ax|(— )\{Qec K)|QCAx}|
XCANH (1) 2 W) T CE) N Ag KT (CTE) N Ap)o)

NDOC(ANH
NQAJ:K

Proof. Suppose N N Ag = K for all N O K(C(A) N H). Then N = H implies
K =HNAg = Ag. In this case, by Theorem 3.3,

— | e B0t
NOAm=An
_lcHnAnl  (-1)°
Aul A (Au,)
IC(A) N Ap| )HQEC(AH})\QCAHH

(-1
" 0D N An| X2 (C(Am) N Ar)o)
The other terms all satisfy N N Ay # K for some N D (C(A) N H).
By Theorem 3.3 and Corollary 3.4,

1 . 1
N oM@ )

N2C(ANH
NHAJZK

11 <|O|>
CCA) N H||H| — O%Ch, (KCAnH) |K(C(A) N H)| -

~|H|lCy, (K.C(A) N H)| 1 (m_Q Ei

QeC(K) K]

~
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However, for every O € C, (K,C(A)NH), ON Ay € C(K) with
0] _ 10N Ax
|K(C(A) N H)| L

and every cover of K sitting in Ay appears in this way. Thus,

1 N 1
S — X' (1) | ==
C(ANH Z K*(1
X W | yor@inn X (1)

NﬂAi:K

- _lednd] el _ |\ e
C4, (K, CLA N H >|Q€1}K>(|K ) Wi
QLAn

Also,

C4, (K, CLANH)| [TQeC(K)[QC An)
[K(CCA) N H) K]
and by distributivity

{QeC(K)[QCArIN{QeC(K)|QE A} = K

)

SO

C(K)| _ C(K)| {QeC(K)|QC An}
Ch, (K.CLANH)| HQeCE)[QC A} |ck (K,C(A)nH)
_ C(K)| K|
{QeC(K)|QC Au}| [K(C(A) N H)|
_ IC(K)|IC(A) N Ag|
{Q e C(K)[Q C Au}ll(C(A) nH)|'
Since
cEynAu=| I 5| II @|nAu={Qec(®)[QC Au},
QeC(K) QeC(K)
QEAx QCAy
we have

1 . 1 [CE)[C(A) N Ax| QN
@i |2 O S DT mem 0 Al L (41 )

e == QeC(K)
et of Au
IC(A) N Ag|(—1){QECH)IQCAn}]
G N Ar XK (€(E) N Ar)o)
as desired. .

Proof of Theorem 3.15. (a) Note that by definition Ay 2 AN H, and since covers of
ANH either are in Ag or generate covers of Ag, we conclude that C(Ay) 2 C(ANH).
Thus, both sides are 0 if and only if g ¢ C(A) N H.
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Let g € BN H for B C C(A) minimal. If B € B such that BN H = AN H, then

by distributivity, ¢ € B — {B} N H. Thus, we may assume that g € BN H where
BC{OeCA |ONH#ANH}. Then

A \CA@nH 1
L] @ 57 AN, =
XALT (1)~ (CANH (1) (9) ol;[zs 1-[(ONH)An/Anu|

1
-l —ermanm

H 1
oep 1~ 1074l
_ Resf(x?) (@)
XA (1)

(b) We next want to apply Corollary 3.8. Thus, we need to show that for N D
C(A)NH and O € C(N N Ag), we have O C N or O C Ag. Since O covers NN Ag
we have OAy = Ag or OAp covers Ag. In the first case, O C Apy. In the second,
OAp corresponds to a unique cover O’ of AN H, with O'Ag = OAg. But then
O'(NNAg)=0and O C N (since O' CC(A)NH C N).

Therefore we can apply Corollary 3.8 to our situation to obtain

Resfi(x4") 2 XCANH
L] = L] @ —_—
XA (1) AL (1) XCAINH (1)
Ap®
X— N®
= . YRy @ Z X
I
- — > XY xNAw)®
T LC(ANH (NNAx)*
X 1) NDC(A)NH X (1)
Reorganizing,
Res% (xA") 1 Ne K
0 = — x (1 —.
xA° (1) YCANH (1) Zf ; ) x5° (1)
Ag2K2C(A)NAL | N2C(ANH
NQAJIK
Note that

K(C(A)NH)NAg = (KN Ag)(C(A) N Ar) = K(C(A) N Ag),

which equals K if and only if C(4) N Ag € K. Thus, we can apply Lemma 3.16 to

deduce the result. g
COROLLARY 3.17. Under the hypotheses of Theorem 3.4, if Ay C C(A), then
Resfi (x4") _ x2%
x4 (1) x2A1° (1)

ExAMPLE 3.18.
Cycuics. Let C,,, C C,, and suppose d | n. Let

P = {pprime | pd | n} and d' = Hp.
peP
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Ifn:pilp'ze andd:pill...pzz,then

Cy= ﬂ C ik=ik,, SO A= {sz‘k—jkn ‘ 1<k <jk},
k

1<k<e Pk
i <Jk
and for iy # ji,
Cp;;k—jkn = Pc, 4 as in Corollary 3.12(b),

and

Ifm:pib1 ~~p2”, then

Ac,, = {Cgcd(pik—jkn,m) | 1< k<t hy >i) and  Ac,, = Ceed(d,m)-

Thus,
C(A) NAc, = [] Cecatam) = Ac,
peEP
SO
Resg:; (x%) yeed(d.m)
xA1) o xeeddmi(1)”

VECTOR SPACES. Let B be a basis of V' and suppose U C V is subspace with a basis
constructed as follows. There exists a subset A C B and a set partition bl(A) of A
such that

> b Bebl(4)

beB

is a basis of U. Then - N U : subspg(V) — subspy,4)(U) is a well-defined function,

and covers get sent to covers. However, since C(W) = V for any subspace of W, we
have that the hypotheses of Corollary 3.17 are satisfied. Thus,

ResV (B rbel) 3 Cen HIBOG1 b1}
BTt (1) :X{ZbeBb||Br‘|{b1,...,bz}|7él}(1)'
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