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Cubic Harmonics and Bernoulli Numbers*

Katsunori Iwasaki'

February 14, 2012

Abstract

The functions satisfying the mean value property for an n-dimensional cube are deter-
mined explicitly. This problem is related to invariant theory for a finite reflection group,
especially to a system of invariant differential equations. Solving this problem is reduced
to showing that a certain set of invariant polynomials forms an invariant basis. After
establishing a certain summation formula over Young diagrams, the latter problem is set-
tled by considering a recursion formula involving Bernoulli numbers.

Keywords: polyhedral harmonics; cube; reflection groups; invariant theory; invariant dif-
ferential equations; generating functions; partitions; Young diagrams; Bernoulli numbers.

1 Introduction

Let P be an n-dimensional polytope in R". For k = 0,...,n, let P(k) be the k-dimensional
skeleton of P, that is, the union of all k-dimensional faces of P. A continuous function f :
R™ — R is said to be P(k)-harmonic if it satisfies

1
@) = T /P ) i) (1)

for any x = (21,...,2,) € R™ and r > 0, where pu; is the k-dimensional Euclidean measure
on P(k) and |P(k)| := pr(P(k)) is the k-dimensional Euclidean volume of P(k). This is an
extension to a polytope of the classical notion of harmonic functions characterized by the mean
value property for the sphere S"~'. Let Hp() denote the set of all P(k)-harmonic functions on
R™. Studying it should be a rich topic in discrete harmonic analysis and algebraic combinatorics,
like a somewhat similar but not quite the same topic of spherical designs (see e.g. [1, 3, 16]).
A general result in Iwasaki [11] states that for any n-dimensional polytope P and any
k = 0,...,n, the set Hpy,) is a finite-dimensional linear space of polynomials. Note that
Hpk) becomes an R[J]-module because equation (1) is stable under partial differentiations
0= (01,...,0,), where 0; :== 9/0z;. Moreover, if G C O(n) is the symmetry group of P then
Hpk) is naturally an R[G]-module since equation (1) is also stable under the action of G.
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If P has ample symmetry, that is, if G acts on R" irreducibly then Hp) is a finite-
dimensional linear space of harmonic polynomials [11], so one may ask which portion of spherical
harmonics appears as polyhedral harmonics. To discuss such a question for a variety of poly-
topes, it is a first step to determine H p() explicitly when P is a regular convex polytope with
center at the origin in R™. This problem is already settled unless P is an n-dimensional cube.
As for the cube case, however, although the vertex problem (k = 0) was solved by Flatto [5]
and Haeuslein [8] as early as 1970, the higher skeleton problem (k = 1,...,n) has been open up
to now. The aim of this article is to give a complete solution to this problem. A characteristic
feature of our work is that it provides a simultaneous resolution for all skeletons, which reveals
the natural structure of this problem from the viewpoint of combinatorial analysis. Here we
refer to Iwasaki [13] for a general review of the topic discussed in this article.

Let C' be an n-dimensional cube with center at the origin in the Euclidean space R™ endowed
with the standard orthonormal coordinates x = (1, ..., z,). After a scale change and a rotation
one may assume that the vertices of C' are at (£1,...,41). The symmetry group W,, of C'is the
group of signed permutations, that is, the semi-direct product W,, = S,, x {1}" of {£1}" and
S, acting on R™ by sign changes and by permutations of the variables. It is a finite reflection
group of type B, having order 2" - n!. Its fundamental alternating polynomial is given by

Alx) =2 -+ :an(a:f —a7).

i<j
The first main result of this article is then stated as follows.

Theorem 1.1 Hc¢y) is independent of k =0, ... ,n. It is 2" - nl-dimensional as a linear space,
generated by A(x) as an R[0]-module, and is the reqular representation as an R|W,]-module.

To illustrate the theorem we give a detailed description of the n = 3 case in Section 5.

For an arbitrary polytope P Iwasaki [11] introduced an infinite sequence of homogeneous
polynomials 7.5 (x) of degrees m =1,2,3,... in terms of some combinatorial data about P(k)
and characterized Hp) as the solution space to the system of partial differential equations

@ f=0 (m=1,2,3,...).
From the way in which they are defined, the polynomials i )(m) are invariant under the sym-
metry group G of P. This observation connects our problem to the theory of group-harmonic
functions due to Steinberg [17]. A C*-function f : R® — R is said to be G-harmonic if it
satisfies ¢(0)f = 0 for any G-invariant polynomial ¢(z) without constant term. Let Hq de-
note the set of all G-harmonic functions. There is always the inclusion Hg C Hp), and if

{ﬂ(f )(x)};if:l happens to generate the ring of G-invariant polynomials, then there occurs the
coincidence Hg = Hp(r). Steinberg [17] made an explicit determination of He when G is a
finite reflection group: dim Hg = |G|; as an R[0]-module H¢ is generated by the fundamental
alternating polynomial of G; and as an R[G]-module it is the regular representation of G. If P
is a regular polytope, then G is a finite reflection group and we are done if we are able to show
that the sequence {T,(,iC ) (x)}oo_, actually generates the G-invariant ring.

According to article [11], for the n-dimensional cube C' and k = 0,...,n, the polynomials

) (x) are constructed as follows. First we define

A (2) := By + -+ Ty Ta+ -+ Ty ooy Thgr o T, (2)
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Figure 1: The cube in three dimensions with a lag V < E < F < O.

where Ay, (L1, ..., tgr1) is the m-th complete symmetric polynomial of k + 1 variables (see e.g.
Macdonald [15]). When k = n the term x4 1 + - - - + x,, is null so that hw (x) = hgff_l)(x) since
h(ti, ... tg,0) = hp(ty, ..., tx). For example, when n = 3 these polynomials are given by

hm(V - x) (k=0),
A9 () = hy(V - 2, E - ) (k=1),
hp(V-z, E-z, F-z) (k=2,3),

where V = (1,1,1) is a vertex, E = (0,1, 1) is the midpoint of an edge and F = (0,0, 1) is the
center of a face of the 3-cube C' (see Figure 1) and V - x stands for the inner product of V and
x, regarded as space vectors. Identify E and F with the edge and the face on which they lie.
Similarly the origin O, i.e., the center of the cube C' is identified with the unique 3-cell, i.e., the
cube itself. Then we have a flag V < E < F < O, where % < %% indicates that x is a face of x.
The simplex VEFO is a fundamental domain of the symmetry group W3. There is a bijection
between the elements of W5 and the flags of C'. These pictures carry over in n dimensions.
Finally 70 (x) is defined to be the W,-symmetrization of hgi)(x), that is, the average:

1

(k) — (k) —

(@) = o > W¥(ox)  (k=0,...,n). (3)
O’EWn

In other words 7. )<I> is the average of h{¥ (x) over all flags of C, which is the original definition

of ) (x) for a polytope with or without symmetry (see [11]). Note that o (x) = ﬂgnn_l)(x)

since by () = RV (2) as mentioned earlier. It is immediate from definition (3) that 7.\ (z) is
a homogeneous W,,-invariant of degree m. Recall that the degrees of W, are 2,4, ..., 2n, which

3
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C31 = C32 = C33 =

N o= 7/3 &Y = 28/3 ) = 64
) = 10/3 ) = 28/3 cy = 64
¢ = 10/3 ) = 28/3 ) = 64

Table 1: The values of coefficients cmn when n = 3.

are all even (see e.g. Humphreys [9]). So the invariant polynomial 79 (z) vanishes identically
for every m odd. The second main result of this article is then stated as follows.

Theorem 1.2 For any k = 0,...,n, the polynomials TQ(k) (:L‘),Tik) (x),... ,TQ(fL)(:c) form an in-
variant basis of the reflection group W,.

For the proof of this theorem we take a standard basis of W,,-invariants. Let e,,(x) be the
m-th elementary symmetric polynomial of (z1,...,z,) and set

Vo (1) := ey (22, ..., 22) (m=1,...,n). (4)

It is well known that polynomials (4) form an invariant basis of W,,. Since Tg(fn)
geneous W,,-invariant of degree 2m, there exist a unique constant cglk,)n and a unique weighted

homogeneous polynomial P,g%(tl, oy tm—1) of degree 2m with t; being of weight 2i such that

(x) is a homo-

(@) = ) oon(@) + P (02(2), .., pamoal(x))  (m=1,...,n). (5)

Here we employ the notation c%kzn and Pék% to emphasize the dependence upon n. Note that

Am, = e since i (x) = 7" (x). If we are able to show that the coefficient ¢\, does

not vanish for any m = 1,...,n, then we can invert equations (5) to express pa(x),. .., Yam ()
as polynomials of TQ(k) (x),... ,7'2(712 (). From this Theorem 1.2 follows immediately. So it is

important to develop a method to calculate c%kzn or at least to show that it does not vanish.

For example Table 1 gives the values of c%k?n for n = 3. Note that they are all positive.
It turns out that the coefficients cgf,)n exhibit a beautiful combinatorial structure upon

introducing the generating polynomials

n

n! c%kzn el
o) =D T am Tl (6)

k=0

The third main result of this article is concerned with the structure of these polynomials.
Theorem 1.3 The polynomials Gy, ., (t) are tied to G, (t) := Gpm(t) by a simple relation
Gum(t) = (t+1)"""G,(t) (n>m>1). (7)

On the other hand the polynomials G,,(t) admit a generating series representation

i(_l)mle(t)< Pz )m:zcothz+tz2—1. 8

t+1 2(tzcothz + 1)

~—

m=1



Equation (8) readily leads to a recursion formula for G,,(t) involving the Bernoulli numbers
B,,. There are several conventions for defining Bernoulli numbers, but the most useful one in
our context is through the Maclaurin series expansion

G 1 Bm 2m
+Z_<—1)m‘ i

z
er —1

1—

DO |

m=1
or equivalently through the formula

22m—1

zcothz =1+2 Z(—l)m_lbmz2m, by, = WBW. 9)
m)!

m=1

Multiplying formula (8) by 2(¢z coth z+ 1), expanding the resulting equation into a power series
of 22, and comparing the m-th coefficients of both sides, we obtain the following.

Corollary 1.4 The polynomials G, (t) satisfy a recursion formula

m—1

Gon(t) = bt + 1) 426> by i(t+ 1" 7IGi(t),  Gat) =

=1

+ (10)

|+
| =

A polynomial of degree m is said to be positive if its coefficients up to degree m are all
positive. Note that the product of a positive polynomial of degree i and a positive polynomial
of degree j is a positive polynomial of degree i + j. With definition (9) we have

¢(2m)

1 < 1
b = m:ﬂ2m2j2m>o (m=1,2,3,...).
j=1

Therefore recursion formula (10) inductively implies that G,,(t) is a positive polynomial of
degree m. Formula (7) then tells us that G,,,, () is a positive polynomial of degree n. Finally
formula (6) concludes that the coefficient cﬁ,’f)n is positive for any n > m >1and £k =0,...,n.

This establishes Theorem 1.2. The logical structure of our main results is this:
Theorem 1.3 —— Corollary 1.4 —— Theorem 1.2 —— Theorem 1.1.

Thus the main body of this article is exclusively devoted to establishing Theorem 1.3.

The plan of this article is as follows. In Section 2 we represent the coefficient é{“}n in terms
of a sum over some matrices (see Proposition 2.5). In Section 3 this representation is recast to a
summation formula over some Young diagrams (see Proposition 3.4). After these preliminaries,
Theorem 1.3 and Corollary 1.4 are established in Section 4, where some amplifications of these
results and a summary on polyhedral harmonics for regular convex polytopes are also included.
The final Section 5 is an appendix dealing with the n = 3 case as an instructive example.

2 Matrix Representation

We derive a representation of the coefficient cﬁfin as the sum of some quantities depending

on a certain class of matrices. The main result of this section is given in Proposition 2.5.
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Figure 2: A (k + 1)-by-n upper quadrilateral matrix.

Various representations in this section involve those matrices as in Figure 2, namely, (k + 1)-
by-n matrices A = (a;;) with a;; = 0 for any ¢ > j. Such a matrix is referred to as an upper
quadrilateral matrix. Note that it becomes an upper triangular matrix when k =n — 1, n.
Throughout this article we use the following notation and terminology. For a matrix M =
(mi;) of nonnegative integers, upper quadrilateral or not, or even for a row or column vector,

M! = Hmij!, |M| = me
i, 0,J

A composition of size n is an ordered n-tuple v = (vy,...,v,) of nonnegative integers, where
each v; is called a part of v; zero is allowed as a part (not as in the case of a partition). We say
that v is an n-composition of j € Z if v; + --- + v, = j. The length ¢(v) of v is the number of
positive parts in v. Put z¥ := 27" - - - 2¥». Define a row vector € and a column vector 1 by

The row vector €A represents the composition consisting of the consecutive column sums of A,
while the column vector A1 represents the one consisting of the consecutive row sums of A.

Lemma 2.1 The polynomial in (2) is expressed as
A1) -
(k) _ ( eA
|[Al=m

where the sum is taken over all (k 4 1)-by-n quadrilateral matrices A of nonnegative integers
whose entries sum up to m.

Proof. Since the m-th complete symmetric polynomial h,,(t1, ..., tx41) admits an expression
Pty .o tiy) = Sy,
mi—+-+mgy1=m

using the multinomial theorem in definition (2) yields

k+1

A (z) = > J@i )™

mi+-+mpy1=m i=1

SR (O S i e ]

mi+-t+mgp1=m =1 Qi+t aipn=m;



Putting A = (a;;) with a;; = 0 for ¢ > j and exchanging the sums, we have

wo- > Ty eI

mi+-4mrpr1=m i=1 \aj1++ain=m;

3 B i ol ¢ 7 a;;
:ZHzla’l_l[ azj| @i )ijj

|A|l= i,j
n |
- ¥ I = 3 6
|Al=m : =1 |Al=m
which establishes the lemma. O

Consider the {£+1}"-symmetrization of A% (x), that is, the average:

1
g® (z) = o Z A8 ey, ... enn), e=(e1,...,en) € {£1}"™ (12)

ee{£1}"

Lemma 2.2 The polynomial in (12) is expressed as
A1)l
o) = 3 Ul (13)
" !

where the sum is taken over all (k 4 1)-by-n quadrilateral matrices A of nonnegative integers
whose entries sum up to m and whose column sums are all even.

Proof. Substituting formula (11) into definition (12) yields

Z Z%&?é‘{re _2n ] (1?412( Z 56&4)1,5‘14’ (14>

ee{£l1}” A ee{£l1}"

where the matrix A ranges in the same manner as in formula (11). Put €A = (vy,...,v,),
where v; is the j-th column sum of A. Observe that

Z A Z SO Vn_{é” (yj%sevenforanyjlz_l,...,n),

ez ez (vj is odd for some j =1,...,n).

So the sum ), in (14) can be restricted to those A’s whose column sums are all even. O

For any matrix with even column sums, its entries must sum up to an even number, so that
formula (13) implies that gﬁf)(m) vanishes identically for every m odd. Thus from now on m
is replaced by 2m with m being a positive integer. This allows us to write €4 = 2v(A) with

(k)

v(A) = (11 (A),...,v(A)) being an n-composition of m. The polynomial 75,/ (z) in formula (3)

is the S,-symmetrization of gék)(x), that is,

m

7—2m Z g2 s >$o(n))' (15)

) O'ES



Putting formula (13) with m replaced by 2m into formula (15) yields

k), 1 (A1)! 201 (A) 20 (A)
Tn(@) == Y T DTy T (16)
AGMS’LIC,B’VL O'ESn

where M%@n is the set of all (k + 1)-by-n upper quadrilateral matrices of nonnegative integers
whose entries sum up to 2m and whose column sums are all even.

Let ¢; be a primitive j-th root of unity, say (; = exp(2my/—1/j). Since invariants (4) satisfy

== o j=1,...,m—1),
902j(c2m>C22m7‘"7C2m707"'70) = m—1 ( )
(_1) (]:m)v

substituting © = (om, Gy - - - G, 0, ..., 0) into equation (5) yields

AP = (1) (Comy By 5 G310, 1, 0). (17)
For each n-composition v = (v, ...,1,) of m we define
un7m(y) — um(yl’ RN Vn) = Z C;(l)lll‘f‘-..-i-o'(n)l/n’ (18)
0€Sn,m (V)

where S, ,,(v) :={oc €S, : fori=1,...,n,if v, > 1then o(i) € {1,...,m} }. Since

v1 L 2un Cgﬂ(l)yl—’—m—’_a(n)yn (0 € S"vm(y))’
o(1) a(n) 0 (0' € Sn,m(”))?

at © = (Com, C3ps - -5 G310, ..., 0), formulas (16) and (17) yield

c 9 82mo

T

—1)m-t Al)!
= E S A (19)
' AeM%’fzn .

Note that the length ¢(v) € {1,...,m}, because {(v) < vy + -+ v, = m.

Lemma 2.3 The function w,,(v) is symmetric, that is, invariant under any permutation of

U1y« VUp. For any n-composition v = (v, ...,v,) of m with vy = -+ = v, = 0 we have
(n—{(v))!
= s . 20
un,m<y) (m _ E(y))' um,m(”l Vm) ( )
Proof. For an element 7 € S, we put v” := (Vrq),...,Vrm)). Then it is easy to see that
Snm(V7) = Spm(v) - 7. Using this we show that w, ,,, (V™) = tpm(v). Indeed,
T J(I)VT +"'+0'(’I’L)VT n 0’-7’71 v O"T71 n)Vn
7Y = Y GRS e o)
0ESn,m((VT) 0ESn,m(VT)
_ Z Cgp:(l)u1+---+g’(n)un _ Z Cgl’(l)ulJr...Jrg/(n)l/n _ unm(V>7
o' €Snm(VT) Tt 0'€8n,m(v)



as desired. This proves that w, ,,(v) is a symmetric function of v = (v4,...,13,).

We proceed to the second assertion. Suppose that v is of the form v = (vq,...,1,,0,...,0)
with 7 := ¢(v) < m. Then S, (v ) ={ocesS,:o({l,....r}) C{1,. m}} We think of S,
as a subgroup of S,, by setting S,, :={o € S, : 0(i) =1 for i=m+ 1 .,n}. Define a map

o(i) (i=1,...,r),
Spm(V) = Sy, o= T by 7(i) == ¢ p(4) (2:r+1 m), (21)
) (i:m—i—l,..., n),

where p is the unique bijection p : {r+1,...,m} — {1,...,m}\o({1,...,7}) which is “order-
equivalent” to the injection |41, my in the sense that p( ) < p(j) if and only if o(i) < o(j)

.....

for every i,j € {r+1,...,m}. We claim that the map (21) is ((" T)) -to-one. Indeed, given any
element 7 € 5,,, the ﬁber over 7 has a one-to-one correspondence with the set of data (5, ¢):

e a subset S of cardinality m —r of T:={1,...,n} \ 7({1,...,r}),
e a bijection ¢ : {m+1,...,n} =T\ S.

It is clear from definition (21) that given a data (.S, ¢) there exists a unique element o € S,, ,,,(v)
such that o({r + 1,...,m}) = S and o|{ms1,.,p = ¢. Since #T = n — r, there are (*")

choices of S, for each of which there are (n — m)! choices of q. Thus the fiber has a total of

.....

(P77) - (n—m)! = ((" T), elements. Since (g T ToMn — crmttrimvm o have
Up.m(V) = T Z C’T it (m)vm (TL —)! U (1 Vi)
n,m ’[" Tesm (m o T)' m,m ) y¥m )y
where S, = Spm(v1, ..., V) is used to obtain the second equality. O

Formula (20) reduces the calculation of u, , to that of w,, ,, which we now carry out.

Lemma 2.4 For any m-composition v = (vy,...,Vy) of m we have
U (V) 2= Ui (V) = m (=17 (0(v) = 1) (m — ()" (22)

Proof. When n = m the function u,, ,,(v) in (18) becomes simpler because Sy, (V) = Sy, for
every m-composition v of m. The proof is by induction on ¢(v). When ¢(r) = 1 we may assume
that v is of the form v = (m,0,...,0) by the symmetry of w,,(v). Then definition (18) reads

=Y Givm=) 1=ml,

TESm gESH

which verifies formula (22) for £(v) = 1. Let 1 <r < m and assume that formula (22) is true for
every m-composition v = (vy, ..., v,,) of m with length ¢(v) = r. Consider the case {(v) = r+1.
By the symmetry of u,,(r) we may assume that v is of the form v = (v1,...,v441,0,...,0) with
V1, Vpy1 > Land vy + -+ - + 1,41 = m. Note that 1 < v,1; < m. Formula (18) now reads

_ Z Ca(l)ul+...+a(r)w+1 _ (m - 1)] Z Cp1V1+-~.+pT+1Vr+17

TESm (P15e-sPr+1)



where (p1, ..., py41) ranges over all permutations of distinct 7+ 1 numbers in {1,...,m}. Thus,

um(v) = (m —r—1)! Z (Pt tprr Z (P

(P15-sPr) pra1€{l,.mPN\{p1,...pr}
m T
= (m —7r— 1)' Z CgllVlJr---erTVr Z Cf;:r-&-l _ Z ngurﬂ )
(P15-5Pr) =1 j=1

where vU) = (V%j), . Vr(r];)) = (11 + O61Vrt1, -y 1+ Oy, 0, ..., 0) with §;; being Kro-

necker’s delta. Note that vU) is an m-composition of m with length £(v()) = r so that the

induction hypothesis yields u,,(v?)) = m (=1)""* (r — 1)! (m — r)! for each j = 1,...,r. Hence
1

Um (V) = - rm (=1 =Dl m—r)=m((=1)"r(m—r—1),

which means that formula (22) is true for /() = r 4+ 1. The induction is complete. O

A column of a matrix is said to be nontrivial if it has at least one nonzero entry.

Proposition 2.5 Let ((A) denote the number of nontrivial columns in A. Then

(=1 'm (A1)!

o, = TS () (a(a) - 1)t (- A U (23)
AeMﬁfgn
where ./\/lg?n is defined right after formula (16).
Proof. First, Lemmas 2.3 and 2.4 are put together to yield a formula
Upm (V) =m (=) =L () — 1) (n — £(v))), (24)
for any n-composition v = (v4,...,1,,) of m. Indeed, by the symmetry of w,,,(r) we may
assume V1 = - -+ = v, = 0. So using formula (22) in formula (20) gives formula (24). Next,

putting formula (24) with v = v(A) into (19) yields formula (23), since ¢(A) = ¢(v(A)). O

3 Young Diagram Representation

The theme of this section is a passage from compositions to partitions. Namely we rewrite for-
mula (23) in Proposition 2.5 as a sum over some partitions, that is, over some Young diagrams.
The main result of the section is Proposition 3.4. For each composition v = (v1,...,v,) of size

n, let ./\/lf(lk)(z/) denote the set of all (k+ 1)-by-n upper quadrilateral matrices whose i-th column
sum is equal to v; for i = 1,...,n. Motivated by expression (23), we consider the function

Py = ) (ATl!)!. (25)

AemMP (1)

10



Lemma 3.1 For any composition v = (vy,...,V,) of size n we have

(1 +- -+ v, + k)
k . n :
Hj:1(”1+"'+l/j+])'nj:1 vt

oW (V) =

n

(26)

Proof. The proof is by induction on k. For k& = 0 there is nothing to prove. Suppose that
formula (26) is true for kK — 1. We write v = ¥/ to emphasize that v is a row vector. Put

—

aq i—1

Al)! —
@Dﬁlk)(d»ly---;&’k—i-l) = % for A= with 612 (O,...,O,aii,...,am).
' Aft1
Here we also write dyyq1 = @ = (0,...,0,ak41,...,a,) to simplify the notation. Observe that
Wy (dy, g, @) = 1/1,(10)( ) wnk_l)(c_il, ..., dy). Using this we have

Py = Y P, d)

ar+-+adp+a=v

S u0@ S e N@,. a8 = Y0 @) o - a),

a<v a1+-+ap=v— a<v

where @ < 7 means that v — a@ € Z%,. Put p; == vy + -+ + v, jij == Vi1 + - + v, and
b:=ag41 +---+a,. Since a; =0 for j =1,...,k, the induction hypothesis yields
vy, vV—d i . - ' = z
Hj:1(:“j +7)- Hj:l vj: [li—ka (v — )]

Substituting this into the previous formula and after some manipulations we have

1 n VA

) = Swr-n Y (%)
Up "V k—1 n 'u"

H] (g +37) H] i a<v i1 N\

ak+1+"'+an:b

1
T+ ) T, ! %b' kL) (b)
_ ! (k1) Z(un+k—1—b)

[0 (i +0) - Tl vt g \ et k=1

! (k1) (un+k>: (b + K)!
Iy ) T vt et k) TRy + ) - TT !

where the following general formulas are used to obtain the second and fourth equalities.

2 U6 -7 2062

by +bk b

9

Therefore formula (26) remains true for & and the induction is complete. O

11



Lemma 3.2 Formula (23) in Proposition 2.5 is rewritten as

= (E)™m - @m £ k) ST (=D (U(v) — D)l (n— L) TP (), (27)

n!

vkm

where the sum is taken over all n-composition v = (v1,...,v,) of m and

oW () = 1 ‘
v H?=1<2V1 + o205+ ) - T (20)! (28)

Proof. Since M), is the disjoint union of M%k)(QV) over all n-compositions v = (v, ..., 1) of
m and one has ((A) = {(v) for each A € Mq(zk)(Ql/), formula (23) and definition (25) lead to

i, = S ) O ) - ey Y A

n!
vkEm AEM;k)(Qu)
(—1)™'m )1 "
= (P () = D = ()l ().
’ vkm

Use formula (26) with v replaced by 2v and factor the common term (2vy + - - - + 2v, + k)!
(2m + k)! out of the summation. Then we obtain formula (27).

O

Formula (27) appears as a sum over compositions. The next task is to recast it to a sum
over partitions, that is, over Young diagrams. In the sequel we follow the standard partition
and Young diagram notations as in Macdonald [15]. Let A = (A > Ag > A3 > ---) be a
partition. Its length is the number £(\) := #{j : A; > 0} of parts in A while its weight is the
sum |A| == Ay + A2 + A3 + ---. It is sometimes convenient to use a notation which indicates
the number of times each positive integer occurs as a part: A = (12" ... ¢" ...) means
that ¢ occurs exactly r; times in A\, where r; is called the multiplicity of 7 in A. Note that
l(N)=r1+ro+rs+---. A composition v = (1, 5, 13, . .. ) defines a unique partition denoted
by v that is obtained by rearranging vy, v, 3, ... in descending order of magnitude.

Motivated by expression (28), for each partition p of length at most k& we define

wi(p) = Z ! ; (29)

k . k
o I (2 + 4 205 4+ ) - T (20)!

where the sum is taken over all compositions v = (v, ..., 1) of size k such that v™ = . Note
that the denominator of the summand in (29) differs from the denominator of (28) by the factor
H§:1(2Vj)! in place of []7_,(2v;)!. This function is evaluated as follows.

Lemma 3.3 For any partition p = (151 252 --- k%) of length at most k we have

wi() = !
T oo 55 oo (27 + D)D)

Proof. The proof is by induction on k. For k = 1 formula (30) holds trivially. Suppose that
k > 2 and formula (30) is true for £ — 1. Consider the index set J := {j >0 : s; > 0}. Note
that > c;js; = |l and 37, ;s; = k. For each i € J we define a partition of length at most

where  so:=k — {(p). (30)

12



k—1by u¥ = (5% |j e J\{0}) with §;; being Kronecker’s delta. Here if 0 € J then p(®
is the same as p but regarded as a partition of length at most £ — 1. By induction hypothesis,

ey 1 B s:(2i + 1)
e-1() HjEJ(Sj — 0ij)! HjEJ((zj + 1)!)si % HjEJ s;! HjeJ((2j + 1)1 (31)

for each ¢ € J. Consider the set of all compositions v = (vq,...,14) of size k such that
vt = p. Tt is divided into disjoint subsets indexed by i € .J, where the i-th subset consists of
those v’s with v, = i. Compositions v = (v4,...,14) from the i-th subset are in one-to-one
correspondence with compositions v = (vy,...,v,_1) of size k — 1 such that (v@)* = .
Thus noticing 2vy + - - - + 2y + k = 2|u| + k we have

1 1
w(p) = : . . 4
00 = 2 B @ 2 Tl 1 2 1 ) [T @)

ic] : )=y ()
=Y G e )

2 Ol + 1) - @)

= Qlul+k)- @) ey st e, (27 + D>
1 S si(2i+ 1)

(2|p] + k) HjeJ st HjeJ((Qj + 1)1)%

1

a HjeJ 5! Hjej((2j + 1))

where the third and fifth equalities follow from formula (31) and 3, ;s;(2i + 1) = 2|u| + k
respectively. This shows that formula (30) remains true for k£ and the induction is complete. O

Proposition 3.4 For any n > m > 1 the polynomial Gy, ,,(t) in definition (6) is expressed as

1 Gum(t) L+, — 1)
_1ym-1Inm _ E —1)ritetrm—l m Tre ... rm 32
( ) (t 4 1)n m}\'_m< ) Tl! L. rm! 1 m ( )
where the sum is taken over all partitions X = (1" 2" --- m™) of m and T is defined by
1 27+ 1)t+1 4

In particular the rational function (t + 1)7"G,, ., (t) is independent of n.

Proof. Fix n > m > 1 and let k = 0,...,n (we will vary k later). Let A be a partition of
m and write A = (123" ...). For another partition p = (1122 3% ...) we write p < A

if pu is of length at most k and s; < r; for every ¢ = 0,1,2,..., where 1y := n — £()\) and
so := k—{(p). Fix such a pair (A, i) and put A\/p := (17751272752 3775 ... ) For a composition
v=(v1,...,v,) of size n we write v > (A, p) if v = X and (V)" = p, where v/ := (vq,..., 1)

is the cut-off to the first & parts of v. Note that this is the case if and only if (¢/)* = u and
(")t = N u, where V" := (Vgy1,...,V,) is the cut-off to the last n — k parts. (Here p <y A,
v >y, (A, ) and A/p are notations valid only in this article.) There are (n —k)!/ [];5,(r; — 5;)!

13



compositions v = (Vgy1,...,v,) of size n — k such that (v")" = \/pu, for each of which one has

[Timsi1(200)! = T1;50((25)1)7%. Thus definition (28) leads to

_ 1 1
valk)(y): Z”H,? : % Z Hn—@%),

j:1(2V1 + -+ 27/]' +j) ’ H] 1(2V])! (W) F=X\p j=k+1

vk () (v)*=
Z 1 _ (n—k)!
) i V ORR V (R
. -k * * (34)
M0 Moo = ) TLso (20D
1 (n—k)!

s s T s0((27 + 1)) . [Tiso(ri — s)! T Tiso((25)1)7 7%

A0 ) ()

where the third and fourth equalities follow from definition (29) and formula (30) respectively.

Since any composition v of size n with v = X determines a unique partition p <; A (which
may depend on k) such that v > (A, p) and conversely any partition g <j A occurs in this
manner, formula (34) yields

n n—=k n

t k k
2y )= Zn_ PP

p=EA v (A

)
k= O<s <r; 11i>0 J' i>0 (27 + 1)! (25)!

80+81+ —k

Mk SZ_OH( ) () ()

" s0=0

t \"
- mH(w )

- %H(IH_ 1)}
TO'Hj:l T’j. i

(14t) .
= T
ro'nj WH

(35)

where n — k=7 (r; — s;) and n = 3 7" r; are used in the third and final equalities.

On the other hand, any n-composition v of m determines a unique partition A\ of m such
that v = X and conversely any partition A of m occurs in this manner as we are assuming
that m < n. Since ¢(v) = £(\) for v+ = A, formula (27) implies

n: C(k)
G = m )W) = D= ) Y o). (60

AFm ]/“’ =)\

(1t

14



Thus definition (6) together with ¢(\) =7 + -+ 4+ 1, and n — £(X\) = 1o gives

met Gam(t) _ (1)1 ¢ n! ek, tnk
R N = (n—k)!(2m + k)!
-7 ﬂ)n AFm(—l)em—l (600 — 1)l ! ; % V;A 2B

_ _1\ritetrm—1 (r1+"'+rm_1)! 1L, Tm
_mgrf 1) TI!"'Tm! Tl Tm7

where the second and third equalities follow from formulas (36) and (35) respectively. This
proves formula (32). As the right-hand side of formula (32) depends only on m, the rational
function (¢ +1)7"Gpm(t) is independent of n. O

4 Generating Functions and Bernoulli Numbers

We are now in a position to establish Theorem 1.3 and Corollary 1.4.

Proofs of Theorem 1.3 and Corollary 1.4. Formula (7) is an immediate consequence of the last
assertion in Proposition 3.4 that (¢ + 1)7"G,, () is independent of n. The proof of formula
(8) is based on the following general fact on generating series: if we put

e, — 1)
/Bm ::mz(_1>rl+...+rm_1(rl+ +T ' ) agl...a"‘m (m:17273,,,,>,

m
rileeery!
AFm 1 m

where A = (1" 27 ... m"™), then there exists a formal power series expansion
log (1 + i amz2m> = i P 22m, (37)
m=1 m=1 "
We apply this formula to the situation of Proposition 3.4, where o; = T in formula (33) and
B = (1)t +1)"Gn() (38)
in formula (32) with n = m. We now find

> 2m 1

t z >
HZTZ t+1z( t+12:: 2m + 1

m 1

2m 2m

t > > z
t+1 Zo t—i—lzo@m—i—l)! (39)

1

= t—l—l (tcoshz+

sinh z

z

Substitute this into formula (37) and apply the differential operator - to the ensuing equation.
Then after some calculations we get formula (8) and thus establish T heorem 1.3. Corollary 1.4
then follows easily from this theorem in the manner mentioned in the Introduction. a

We present some amplifications of Theorem 1.3 and Corollary 1.4. For the extremal cases
of k=0, n—1, n, the coefficients c%kzn can be written explicitly in terms of Bernoulli numbers.
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Lemma 4.1 For k=0, n— 1, n, the coefficients cgf,)n are directly tied to b, by

2m)!
O — (om) (22 —1)b,, D = ) (n+2m)!

n,m nm ~ nm

o b, (n>m>1). (40)

Proof. Substitute t = 0 into definition (6) to get G, (0) = ﬁ ™. Similarly put ¢ = 0

in formulas (7) and (10) to have G, ,,,(0) = Gy, (0) = b,,. These together lead to the assertion

for c%n,)n in formula (40). The assertion for cﬁbm then follows from the identity c(n V= c,(“)n

mentioned in the Introduction. To prove the assertion for cn%L in formula (40) we consider the
generating polynomial G, ,,(t) := t"G, ,(1/t) instead of G, (t). After the change ¢t — 1/t
and multiplication by ¢", formula (6) gives G, m( )= o, /(2m)!. On the other hand, formula

(7) yields Gp(t) = (t + 1) "G (t), where G (t) := G pm(t), while formula (8) gives

i 22 \"  t(zcothz —1) + 22
t+1)  2(zcothz+1t) ~’

m=1

which upon putting ¢ = 0 reduces to the equality

)G (0)22 = — = Zanh 2
Z< ) ()z 2 coth z 2 anh =

m=1

Comparing it with the Maclaurin expansion tanhz = 23 >°  (=1)™"1(2?" — 1) b,, z2m*1, we
find Gy (0) = (22™ — 1) by, Thus ciop = (2m)! Gpm(0) = (2m)! Gon(0) = (2m)! (22" — 1) by,
The first formula in (40) is already found in [8]. To deal with the intermediate coefficients

ok m for k =1,...,n—2, another modification of the generating polynomials G, (t) is helpful.
1—t - nl k)

Eom(t) =t"Gpm | — ) = (1 —t)mh, 41

m{l) ’ ( t ) ;(n—k).@m—kk)! ( ) (41)

Lemma 4.2 Forn >m > 1, the polynomials F, ,,(t) depend only on m, being independent of
n. They satisfy the differential-difference equation

(1 _t)Q /

-1 n—1,m—1

2E(t) + ) (8) + =0 (n>m>2). (42)

All the F,, ,,(t) can be determined inductively by solving equation (42) with initial conditions

1t
Proof. Put F,,(t) := F,n(t). It readily follows from relation (7) and definition (41) that

Fom(t) = F,,,(t) for every n > m. The substitution ¢ — % induces the changes

inh z
m 'E. 1+ T,.2> (1—t h —I—tSI
B > (—=1)™™ (1), E Z25M ) cosh z ~
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in formulas (38) and (39) respectively. With these changes formula (37) reads

log{(l — 1) coshz+tSinZhZ} = iﬂpm(t)fw (44)

m=1

Denote the both sides of this equation by ® = ®(z,¢). A direct check using the left-hand side
of equation (44) tells us that ® satisfies the partial differential equation

0 222
az+{t— — }— (1—1)z (45)

Next we look at this equation by means of the right-hand side of formula (44). For each m > 2
the coefficient of 2*™ in equation (45) being zero gives the differential-difference equation

t (1-1t)?
2F,,(t) + —F' (¢ F’ =0 > 2
O+ -+ U =0 mz ),
which can be expressed as equation (42), because F,(t) = F,,,»(t) and Fy,—1(t) = Fo—1m—1(%)
by the first assertion of the lemma. The first condition in (43) is derived from formulas (41)
and (40) as F,,,(0) = cf%/ (2m)! = (2*™ — 1)b,,, while the second condition follows from
F,1(t) = F11(t) and the direct calculation of F} (t), which is easy. O

Differential-difference equation (42) can be used to derive a recursion formula for c%k%@ as

well as to explicitly determine c% ), for some ks near 0 or n in terms of Bernoulli numbers.

Proposition 4.3 For k=0, 1, the coefficients cgbk,)ﬂ are given by the first formula in (40) and

2m

. = (2m+1)! {(22m — 1) by, — —(22(m+D _q) bm+1} (n>m>1). (46)

n

Fork=n—2,n—1, n, the coefficients cgkzn take a common value which is given by

|
=Cyp = bm (n>m>2). (47)

Moreover for 1 <k <n—2 and 2 < m <n there exists a recursion formula

n—k)(n—k—1m k k
= i = I LD f(om k= 1)l — (R4 DD} 09

Proof. If o), == n! c,(fzn/{(n — k)!(2m + k)!} then formula (41) and its derivative yield

ty=>Y o) th(1—t)"*,
k=0

LE, (1) = Y {kaf), — (n =k + Dalf Uy *(1 — )",

k=1

(1= t)2Fl_y s (t) Z{fma’“ ==k =1)al -
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Thus the left-hand side of equation (42) can be expressed as >, _, B, th(1 — )"~ F with

1 1 0
/YT(L(,]m - 2an(?2n + m {av(lf)l,mfl - (TL - 1)0527)1,71171} (k - O)?
2 = 2050 + L (- Dl - 202,2) (= n=1)
b b m b
n n 1 n n—
242 = 20 + Lnal, - o) (k=)
1
k) _ o (k) k (k—1)
=2 — 1k —(n—k+1
fyn,m an,m + m { an,m (n + )an,m }
1
+——{k+ Dol — -k -Dal? ] G<k<n-2).
m — ) ’
Since t*(1 — )" k =0,...,n, form a linear basis of all polynomials in ¢ of degree at most

n, it follows from equation (42) that ’yﬁbkr)n =0 for every k = 0,...,n. First, for £k =0 we find
(0) 1) (0)

—1 c &
0 _ 9 Cn,m n n—1m-1  “n—-1m-1 -0 > > 9
J e T — {(Qm—l)! (2m—2)!} (n2m22),

where c%% and cflof)ljmfl are already known as in the first formula of (40). Thus cfllf)ljmfl is also

known from this equation. Replacing (n —1,m — 1) with (n, m) we get formula (46). Secondly,
for k = n — 1, n, equations 7\m" = 0 and %% = 0 lead to c\/'n? = 'Y and Y = 7,
respectively, where the latter is already mentioned in the Introduction and Lemma 4.1. Thus
formula (47) follows from the second formula of (40). Finally, for 1 < k& < n — 2 equation

AWh, =0 with 2 < m < n is equivalent to recursion formula (48). O

Since c%kzn is already known for the k’s at both ends of the interval 0 < k < n as in

formulas (40), (46) and (47), the recursion formula (48) can be used to inductively determine
all coefficients c%%, where there are three directions in which induction works productively.

k k-1) (k k+1 k—1 k k k+1
(a) ngzn — Cgum )a C;—)l,m—h 7(1—1,271—1’ (b) Cgum = ng)m C£L—)1,m—17 7(1—1,2n—1a

(c) cflkjll’zn_l P cff_)l’m_l (with (m — 1,n — 1) replaced by (m,n)).

For example formula (48) with £ = n — 2 is used in direction (b) to derive

0517};3) = % {(n+2m)' by, —4m - (n+2m — 3)! b1} (n>3,n>m>2)
from formula (47). Similarly formula (48) with & = 1 can be applied in direction (c) to deduce
a closed expression for ci2), from formulas (40) and (46), and so forth.

At the end we return to the starting point of this article, that is, to polyhedral harmonics.
With Theorem 1.1 for the cube case, the determination of polyhedral harmonic functions for
all skeletons of all regular convex polytopes has been completed. As a summary we have:

Theorem 4.4 Let P be any n-dimensional regular convex polytope with center at the origin
in R™ and G the symmetry group of P. Let Ag be the fundamental alternating polynomial of
the reflection group G. Then Hpy is independent of k = 0,...,n. It is |G|-dimensional as
a linear space, generated by Ag as an R[0]-module, and is the regular representation as an
R[G]-module, where |G| is the order of G.
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Figure 3: Approximations of the sphere by geodesic domes.

For the classification of regular convex polytopes we refer to Coxeter [2]. Theorem 4.4 is
proved in article [12] for the n-dimensional regular simplex and in article [14] for the exceptional
regular polytopes, that is, for the dodecahedron and icosahedron in 3-dimensions and for the
24-cell, 120-cell and 600-cell in 4-dimensions. For the n-dimensional cross polytope, namely, the
analogue in n-dimensions of the octahedron, there is no detailed written proof in the literature,
but a proof quite similar to the regular n-simplex case is feasible. This is because each face
of an n-dimensional cross polytope is an (n — 1)-dimensional regular simplex. Finally the n-
dimensional cube case has been treated in this article (Theorem 1.1), in which case the proof is
quite different from those in the other cases (as of this writing). Here we should also mention
the important studies [4, 5, 6, 7, 8, 10] etc. of earlier times, which contain partial answers to
our questions, referring to the survey [13] for a more extensive literature.

Apart from the regular figures for which symmetry plays a dominant role, polyhedral har-
monics is largely open, for example, for such figures as geodesic domes in Figure 3. One may
ask whether there exists a sequence of polytopes F;, ¢ = 1,2, 3, ..., approximating the sphere,
such that the sequence of finite-dimensional spaces Hp,iy, @ = 1,2,3,..., is exhausting the
infinite-dimensional space of all harmonic polynomials.

5 Three-Dimensional Case

This last section is an appendix to Section 1, picking out the case of 3-dimensions as an
instructive example. We carry out the irreducible decomposition of Hs := Hcpy = Hw, as
R[W3]-modules by exhibiting all of the ensuing generators. There is a direct sum decomposition

9
Mz = @D Hs(m),
m=0

where H3(m) is the homogeneous component of degree m. Each component is yet to be de-
composed into irreducible factors. We write (z,y, z) for the coordinates (xy,zs, z3) of R3.

First we need a list of all irreducible representations of W3. Our 3-dimensional cube C' has
its vertices at (+1, =1, +1) as in Figure 1. The even vertices among them, that is, those vertices
with even number of —1’s in their coordinates are given by

a=(1,1,1), b=(1,-1,-1), c=(-1,1,-1), d=(-1,-1,1),

which are the vertices of a regular tetrahedron. The symmetry group 7T of this tetrahedron is
a subgroup of W3 isomorphic to the symmetric group S4 on the vertices a, b, c,d. If ¢ denotes
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| [1[P]QIR[S] ¢ |
U[1] 1][1][1] 1] 1
0 [1[—1|1[1]|—1|—1
1] 1]1]1] 1]—1
om [1]|—1| 1|1 |—-1] 1

| [L[PIQ[R[S] .|

Table 3: Two multi-dimensional irreducible characters of Wi.

the antipodal transformation of R?, then W3 =T x (1) & Sy x Z,. We find that

(ab> : (:E:ya 2) = (‘T’_Zv _y)7 (bC) : (:E7ya Z) = (y,x,z),
(cd) = (x,y,2)— (z,2,Y), L C (yy,2) = (=2, —y, —2).

The conjugacy classes of T are represented by the unit element 1, P = (ab), @ = (ab)(cd),
R = (abc) = (ab)(bc) and S = (abed) = (ab)(be)(cd), so that each character of Wj is determined
by its values at those elements and . Table 2 gives all the four 1-dimensional characters of
W3, where 0 corresponds to the sign representation on the fundamental alternating polynomial
Az = zyz(2? — y?) (y* — 22)(2? — 2?), while 7 stems from the nontrivial character of (+). On the
other hand there are two multi-dimensional irreducible characters, say ¢ and 6, as in Table 3.
The corresponding representations come from two irreducible components of Hs, that is,

Vo =Rz @Ry & Rz = Hs(1), dimV,, = 3,
Vo =R(y? — 22) + R(22 — 22) + R(2? — y?) C H3(2), dim V, = 2.

The complete character table for W5 then consists of four 1-dimensional characters in Table 2;
two 2-dimensional ones 6 = d7f and 060 = w6; and four 3-dimensional ones v, 1, ) and dm.
Now the R[W;s]-module H3 admits the irreducible decomposition as in Table 4, where the
third column exhibits a generator of each irreducible factor V. Note that the cyclic permutations
in x,y, z of the generator span V' as a linear space; they form a linear basis if dim V' = 3 and
sum up to zero if dimV' = 2. In the first column degV = m means V' C Hj(m), while in the
fourth column yx stands for the character of the factor V. There is an involutive operation

Ve Vo={f0)A;: feV}

among the irreducible factors of Hz. This operation results in the reflection of Table 4 around
the central axis ¢. In particular one has degV* =9 —degV, dim V* = dim V and x* = dy.

Acknowledgment. The author is very grateful to the referees whose comments improved the
presentation of this article substantially.
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degV | dim V' | irreducible R[W;3]-module V' generated by %
0 1 1 1
1 3 x (0
2 2 y? — 22 0
3 Yz Y
1 TYZ m
3 3 | z(22% — 3y* — 327%) Y
2y’ — 2%) oy
2 (- 262" —y? — %) 0
4 3 |yz(62% —y% - 2?) T
5 yz(y® — 2°) o |,
3 [ x{20% —102%(y? + 22) — 5(y* + 2%) + 60y22%} Y
5 z(y? — 2?)(22% — y? — 2?) o
2 |ayz(y? — 2% 00
3 yz{30x — 3022(y? + E 2) = 3(y* + 21) + 20y%2%} | W
6 ( — 2%) (1022 —y —2%) o1
1 ( — ) (y° — %) (% - :CQ) om
7 3 |z(y? 22){3x4 (y —l— 2?) + 15y%2%} o)
2 xyz( — 2%)(102° — 327) 06
8 3 |y’ -2 ){5x (y +2°) +y?2%} 0
9 1 Ag = xyz(2? )( — 29 (2% — 2?) 4

Table 4: Irreducible decomposition of Hs.
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