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ABSTRACT: We continue the exploration of a question of dice relabeling posed by Gallian and Rusin: Given n
dice, each labeled 1 through m, how many ways are there to relabel the dice without changing the frequencies
of the possible sums? We answer this question in the case where n = 2 and m is a product of three prime
numbers. We also explore more general questions. We find a method for decomposing two m-sided dice into
two dice of different sizes and give some preliminary results on relabeling two dice of different sizes. Finally, we
refine a result of the aforementioned authors in the case where m is a prime power.
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1. Introduction and Summary of Results

George Sicherman posed and solved the following question.

Question 1.1. How many ways can one label two siz-sided dice so that the frequency of all possible sums remain
the same as if they were both labeled 1 through 6%

Sicherman found that the answer was two. Either one can use the usual labeling on both dice (often called
the “standard” solution), or one can label one dice 1,2, 2, 3,3,4 and the other dice 1, 3,4, 5,6, 8. This result was
discussed further and reported by Martin Gardner [6]. Inspired by this work, Broline explored this question for
an arbitrary number of platonic solids [2]. Gallian and Rusin addressed the more general question [5].

Question 1.2. Given n dice, each with labels 1 through m, how many ways can these dice be relabeled without
altering the frequencies of the sums?

By encoding the data of the frequencies and the labels on the dice as a generating function, Broline, Gallian,
and Rusin observed that one could factor the generating function encoding the frequencies using cyclotomic
polynomials (a method we go into further detail on later). Using this technique, Gallian and Rusin were able to
demonstrate that for any number of dice, there are three possible dice that could be used to answer Question
1.2 if m, the number of sides, is a product of two (not necessarily distinct) prime numbers [5, Theorem 2]. They
additionally have results for when m is a prime power and many other related questions to relabeling dice.

Many different types of results involving dice relabeling followed. In [10], they enumerate the frequency of
a particular sum given n m-sided dice. In [4], they characterize the numbers that can be realized as the sums
of relabeled six-sided dice. Other papers explored changing the probabilities of the sums from the usual ones
given by n m-sided dice. For instance, authors of [1,3,7,8] explored different questions assuming “equally likely
sums”, that is, all sums are equally likely. In [9], they consider “Pythagorean dice” which provide an alternative
probability distribution on the possible sums.

However, there remains many generalizations of Gallian’s and Rusin’s results involving the case where we
use the original probabilities. Indeed, at the end of their paper, Gallian and Rusin leave the readers with two
different further explorations of their ideas.

Question 1.3. How many relabelings are there in the case where m = p?q or m = pqr (where p,q,r are
distinct)?

Question 1.4. Can one find dice, not necessarily with the same number of sides, matching the frequencies of
n m-sided dice?
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In this paper, following the techniques of Gallian and Rusin, we address both these questions in the case
where the number of dice, n, is two. Our paper is organized as follows. In Section 2, we go over terminology
for this paper. In Section 3, we go over how we use generating functions and cyclotomic polynomials to reframe
the above questions. In this section, we also include cyclotomic polynomial identities, proving anything we did
not readily find in the literature. In section 4 and section 5, we address Question 1.3, separately dealing with
the two cases. In particular, we show the following.

Theorem 4.1. Let p and q be distinct prime numbers. There are 8 pairs of dice of size p*>q whose frequencies
of possible sums agree with that of two p*q dice labeled 1 through pq.

Theorem 5.1. Let p, q, and r be distinct prime numbers. There are 13 pairs of dice of size pgr whose frequencies
of possible sums agree with that of two pgr dice labeled 1 through pqr.

As an application of our results, we provide explicit lists of all possible labelings for the smallest cases of both of
these results in their respective section. From here, we explore types of generalizations of the question explored
in [5]. In section 6, we give our first approach to answering Question 1.4 by providing a way to take two standard
m-sided dice, and achieve the same frequencies with two dice of sizes a and b where m = ab. Specifically, we
demonstrate the following result, which is a Corollary to a result in Section 6.

Corollary 6.1. Let m = ab with a and b non-negative integers. Consider a dice size ab®> who labels come from
{1,2,...,2m — a} in the following way:

1. the numbers (i— a+1,(i—1)a+2,...,ia,2m—(i+ 1)a+1,2m — (i+1)a+2,...,2m — ai each appear
i times on the dice for 1 <i<b—1; and

2. the numbers m —a+1,m —a+2,...,m appear b times on the dice.

This dice, along with a a-sided dice with labels 1 through a, has the same frequencies of sums as two m-sided
dice labeled 1 through m.

We will also discuss a surprising combinatorial connection to triangular numbers. In section 7, we explore the
following question.

Question 1.5. Given an mq-sided dice, labeled 1 through my, and an mo-sided dice, labeled 1 through mso, how
many ways can one relabel both dice while not changing the frequencies of the sum?

We report preliminary results in this direction, namely, the following.
Proposition 7.1. The answer to Question 1.5 is none when my and msy are distinct prime numbers.

Lemma 7.1. Suppose we have a p-sided dice with labels 1 through p and a p*-sided dice with labels 1 through
p*. There are k ways to relabel these dice without changing the frequencies of the possible sums.

Finally, in section 8, we refine the case of prime power-sized dice addressed in [5, Theorem 10].

2. Terminology

We follow the primary terminology set up by [5], namely:
Definition 2.1.
e The dice labeled 1 through m is called a standard dice.
o A dice with m sides has size m.

e Given a set of n dice which have the same frequencies of sums of n standard m-sided dice, any one of
these dice is called a solution.

Thus, Gallian and Rusin showed that when m is a product of two (not necessarily distinct) prime numbers,
there are three solutions. When n = 2, this gives rise to two possible pairs: two standard dice and the two other
dice guaranteed by their result.

Remark 2.1. Technically, when [5] defines “solution”, they require the corresponding dice to have size m. We
remove this condition as our results in Sections 6 and 7 allow for dice to have different sizes.
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3. Using Generating Functions and Cyclotomic Polyno-
mials

Question 1.2 can be reframed in the following way: How many collections of polynomials Py, Ps, ..., P,, all
with non-negative integer coefficients, are there so that P;(1) = m for all i and

™ —1\"
PP, Pn_<zx> =" (m—l) ?

Here, each polynomial P; is the generating function of a given dice. That is, [#7]P;, the jth coefficient of P;,

m

is the number of sides of the ith dice labeled j. Thus, Z z' is the generating function for the standard dice of
i=1
size m. Thus, if we denote the product of the P;’s as F(z), then [z7]F is the number of ways in which a sum
of j can be achieved from the n dice corresponding to the polynomials Py, P, ..., P,. We refer to F' as the
frequency polynomial. Throughout this paper, we will see different formulations of F' depending on the size of
the dice involved. Regardless of the explicit formulation of F', observe this gives a bijection between collections
of dice answering our question and factorizations of F with P;(1) = m and [2/]P; > 0 for all i and j. To this
end, we also refer to each P; as solution, keeping in mind we really are referring to the dice that P; represents.
Observe that solving this question relies on understanding the factorizations of z — 1. The factors of
this polynomial are completely understood, as its irreducible factors are the cyclotomic polynomials. Results
on these polynomials are well understood and we will survey some of what is known here, starting with the
definitions.

Definition 3.1. Let m be a non-negative integer.
o A (complez-valued) solution to ™ =1 is called an mth root of unity.
e A primitive mth root of unity is an mth root of unity which is not a jth root of unity for any j < m.
e The cyclotomic polynomial ¢, (x) is the polynomial whose roots are the primitive mth roots of unity.

The following known identities are readily computed by identities that we will use throughout our paper.
In what follows, u(n) is the Mdbius function, which is 1 when n is square-free with an even number of prime
numbers, —1 when n is square-free with an odd number of prime numbers, and 0 otherwise. Additionally,
throughout, we assume p, ¢, r are prime numbers.

" —1=]] (=)

d|n
bn(z) = H(xd _ 1)#(71/(1)
d|n
p—1
.oxP—1
(bp('r) :g‘rl = r—1
Gplem = ¢pm(mpk71), where m is relatively prime to p. (1)
GmPpm = Om(2P), where prime p does not divide m. (2)

1 otherwise

(@ ) 1)
¢pkq( ) (xpk )( ph— 1q_1)

(27 — 1)(a? — )" — 1)(z7 — 1)
Orar(®) = Ty @~ ) (@~ ) 1)

Remark 3.1. One should note that the factors of the form z*—1 could all be written as 1 —x* and the results, as
far as this paper is concerned, will remain unchanged. In future sections, we will often write rational functions
in both ways, depending on whatever is convenient for our proofs.

We will state and prove some additional identities that we will use but could not find referenced anywhere.
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Lemma 3.1. Ifp and q are prime numbers, then for all integers k > 0,

k
[T ¢ia(@) = 0 a"").
=0

Proof. We proceed by induction on k. Observe that the statement holds for £ = 0. If £ > 0, then by induction,
we have

k—1
<H ¢qu(x)> ¢pkq(x) = ¢q(xpkil)¢p’“q(x)‘ (3)
i=0
Using identities (1) and (2), observe that

k
e
Gprg(T) = bpg(a” ) = ———.
Rewriting the right-hand side of equation (3) yields

2P Nk () = b (2P M — b (2P"
(bq( )(bp q( ) ¢q( )¢q(xpk71) qu( )7

as desired. O

Lemma 3.2. For three distinct prime numbers, p,q,r,

(bp(x) : ¢pq(m) : d)pr(m) : ¢pq7‘(x) = ¢p(xqr)~
Proof. Recall that

(&~ 1)(a? = (&~ 1)

(@ —1)(p7 — 1)@ — 1)@ — 1)

=1 -1 " -1 P11
z—1 api—1 apr—1 gir—1

1 1

Ppgr () =

= fp() - b (29) ‘ bp(a") - p(21).
Multiplying by ¢p,(z) - ¢pe(x) - dpr(z) we have
Bp(w) - Gpul) - Gy () Byl) - - s ()

Using identity (2) on the first four terms yields

1 1
Gp(x?) - dp(a”) - : - p(x?").
: : Pp(29)  @p(am) T
Now we can cancel out some terms and we are left with ¢,(z9") as desired. O

Before proceeding to our main arguments and results, we discuss one final technique that we will take
extensive advantage of. As we have seen, cyclotomic polynomials can be expressed as rational functions. We
will often consider the product of these cyclotomic polynomials, and because of the similarities in the different
formulas for the cases we will be considering, a lot of cancellation occurs between common factors. For example,

for primes p and g, we have
P —1(x—1)(xP1—-1) aP1-1

bpbpg = 1 (xpfl)(ng—l): x4 —1"

We can further “simplify” this by writing it as a product of (possibly finite) formal series:

oo

2Pl —1 1 — P ,
_ — (1 _ Pa iq
xq—l_l—xq_(l T );x

Writing our functions in this way will be extremely useful in demonstrating when certain options for solutions
yield negative coeflicients, and thus are not solutions.
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4. The p?q Case

In this section, we address question 1.2 in the case where n = 2 and m = p?q, where p and ¢ are distinct prime
numbers. In this case, the frequency polynomial would be

R 2
<x(l’p - ”) = PR,

rz—1

Recall that if a polynomial P(z) corresponds to a solution, then in this case we must have P(1) = p?q. Thus,
such a polynomial has the form

TOaB B8 Beri i
with integers 0 < ¢, ¢p2, Cpg, Cp2q < 2 Where ¢, + ¢p2 = 2 and ¢; < 2 for all 4. This is because since ¢4(1) = q,
both ¢,(1) and ¢,2(1) equal p, and the other cyclotomic polynomials evaluate to 1 when = = 1.

Thus, Table 1 represents all potential pairs of solutions, organized by the sum of the exponents. We omit
the standard solution, where all exponents equal 1.

Cp Cp2 Cpq Cp2q < Cp  Cp2 Cpq Cp2q
1 1 0 0 <~ 1 1 2 2
1 1 0 1 <~ 1 1 2 1
1 1 1 0 1 1 1 2
1 1 0 2 <~ 1 1 2 0
2 0 0 0 < 0 2 2 2
2 0 0 1 < 0 2 2 1
2 0 1 0 <~ 0 2 1 2
2 0 1 1 <~ 0 2 1 1
2 0 0 2 <~ 0 2 2 0
2 0 2 0 < 0 2 0 2
2 0 1 2 < 0 2 1 0
2 0 2 1 <~ 0 2 0 1
2 0 2 2 <~ 0 2 0 0

Table 1: The possible exponents for the solutions.

We shall refer to the tuple (cp,cp2, Cpq, Cp24) as an exponent vector for the corresponding polynomial. Both
(Cpy €2, Cpg, Cp2q) and (2 —cp, 2 —cp2, 2 — Cpg, 2 — ¢24) must yield polynomials with positive coefficients for either
(and therefore both) to be considered a solution.

The following Lemma, and consequential Corollary, serves as a useful tool to determine one way which an
exponent vector can correspond to a polynomial with negative coefficients.

Lemma 4.1. Let F(x) be a function of the form

k

P(a) = [Ja-am),

i=1

where the n; are distinct positive integers and €; € Z. If there exists a j for which n; = 1 and ¢; > 0, then
[z]F < 0.

Proof. Given such a j, we have [z](1 — 2™)% = —¢;. Since n; # 1 for all i # j, we have [z](1 — 2™ )% = 0 for
i # j, whether written as is if ¢; > 0 or as a series when ¢; < 0. Since each of these terms additionally have the
constant 1, this implies the desired result. O

Corollary 4.1. The polynomial with exponent vector (cp, cp2, Cpq, Cp24) has a factor of 1 —x when expressed as
a (reduced) rational function if and only if

Cpg —Cp—1>0.

Proof. When written as rational functions as in Section 3, ¢, and ¢, have a factor of 1 —x on the denominator,
¢pq has a factor of 1 — 2 on the numerator, and ¢z, ¢pq, and ¢p2, do not have a factor of 1 — x. Thus, the
exponent of 1 — x in the polynomial corresponding to the given exponent vector is c,q — ¢, — 1. O
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Cp Cp2 Cpq Cp2q < Cp  Cp2 Cpq Cp2q
1 1 0 0 < 1 1 2 2
1 1 0 1 <~ 1 1 2 1
1 1 1 0 <~ 1 1 1 2
1 1 0 2 1 1 2 0
2 0 1 0 < 0 2 1 2
2 0 1 1 < 0 2 1 1
2 0 2 0 < 0 2 0 2
2 0 1 2 <~ 0 2 1 0
2 0 2 1 <~ 0 2 0 1
2 0 2 2 <~ 0 2 0 0

Table 2: The rows from Table 1 not satisfying Corollary 4.1.

Removing any rows satisfying Corollary 4.1 yields the Table 2. Note such a vector necessarily has the form
(0, %,2, %), where the entries with % can be any value.

All but three of the rows can be guaranteed to have positive coefficients by using a combination of the
identities Lemma 3.1, ¢qdpg = ¢g2¥, ¢pdpg = dp(2?), and @2y = ¢p2(2?). These three cases are in the
following table.

Cp2 Cp2 C

o
S

o
S

P

T e

2
1
2
2

O N —
OIS
S O =

1
0
0

Table 3: The rows from Table 2 which we can not guarantee have positive coefficients.

We demonstrate explicitly that in each case, one of the pairs has negative coefficients by expressing the
corresponding polynomials as a product of series. In the following proofs, we omit the formulation of these
products, though the rough computation can be found in Appendix A.1.

Lemma 4.2. The polynomial with exponent vector (1,1,0,2), which we denote A1102, has a negative coefficient.

Proof. After, simplification, we have

2 s ? > 2 > 2
Anoe = (1= 2)(1 = a?)*(1 = 22")? (Z ””) (Z ) (Z x> |
i=0 i=0 i=0
Let us discuss all the ways in which 2P+9~! appears.

2
o0

To start, we have the following terms which come from the terms (1 — %), (1 — 2P)?, and (Z a,”) :
=0

o —q%.ppP~l = —pgpta-t
o 227 . qri~l = —2¢qgPta-1
o (p+qattit

When ¢ > p, we must account for the 2%? term appearing in (1 — zP)2. In this case, we additionally have
2% . (g — p)x? P71 = (¢ — p)aPT?7L. Observe the sum of these terms is precisely

—q p>gq

-p q>p.
Next, note that p + ¢ — 1 < pq for all prime numbers p and ¢. Thus, (Z xipq)Q never contributes to such
coefficients. On the other hand, it is quite possible to have p + ¢ — 1 > p?. However, this can only occur if

q > p, as if ¢ < p, we have that
p+qg—1<2p—1<p?
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Thus, we are done in the case where ¢ < p. We proceed assuming ¢ > p(and thus, the current accumulated
coefficient of P79~ 1 is —p) and p+ ¢ —1 > p? . The remaining coefficients for 2P+t9~1 is given by the following:

2 5]
[zP a1 Z 2 (p + q — ip?)aPTa—P’ =1 4 Z —22P 2P’ (q — ip?)at P
i=1 i=1
5

+ Y @a (g —p— ip?atPT
i=1
| =4 ] | | =]
(p+qg—ip®) =2 > (¢—ip )+ > (¢—p—ip?).
=1

=1 i=1

i

Suppose that p? > ¢— 1, and thus p? > ¢—p— 1. This implies that %{1 < 2 so the above sum is p+q — p?,

which when combined with the —p above is ¢ — p? < 1. If p = 2, note that this implies ¢ = 3, and in this case
g—p?=—1. If p> 2, then ¢ — p? is an even number, and since ¢ # p? this implies ¢ — p? < 0.

If p2 < g—1but p?>+p > g—1, note that 1 < {qp;;J < V’QP#J < 2. Meanwhile, 1 < th{lJ < VZ);QQ”J <2.

However, the right-most inequality is only an equality when p = 2, and since ¢ — 1 < p? + p = 6, this would
imply that either ¢ = 3 or ¢ = 5, and in both cases L%’JIJ < 1. The above sum, when combined with —p,

gives —q — 3p® < 0.
If p? + p < g — 1, we have a few cases depending on if

i
p? p?
g—11 Jg—p-—1
o R R
If both are true, the above three sums become 0. If only the first is true, when combined with —p, the sums
give

or

In the last case, when only the second is true, the three terms combined with —p give

P ) (3] )

where the last equality is true since ¢ is prime and so p? does not divide g. Observe that L%J p? is the smallest

multiple of p? smaller than ¢, so the above must be negative. O

Lemma 4.3. The polynomial with exponent vector (2,0,2,2), which we denote Asgzz2, has a negative coefficient.

Proof. After simplification, we have

R o0 o0 o0 5 2
Agpgz = (1 — aP)?(1 — 2P 9)? (Z x’) (Z x’q> <Z x®P ) .
i=0 i=0 i=0
First, if ¢ > p, observe that the xP coefficient is precisely
—22P + aP = —2?P.

Otherwise, if ¢ < p, observe that it is possible that the sum > 2% could contribute additional terms that
make the coefficient of P non-negative.

Let m=p+ [%J q. We claim the coefficient of 2™ is —1. First, note that m < 2p < p? since p > 2. Now
see that the coefficient of ™ is

2] | =2 |
o) [ 32 aora a3 mmgeren | o |2) 2] a2
i=0 i=0 q q q
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Lemma 4.4. The polynomial with exponent vector (2,0,1,2), which we denote Aap12, has a negative coefficient.

Proof. After simplification, we have

Asa = (1= a)’(1 — 271 (Z x) (Z ) (Z ) |
i=0 i=0 i=0

Note that 2p — 1 < p? and 2p — 1 < pq for all prime numbers p and g. Thus, the only terms that contribute to
the coefficient of 2P~ is (1 — 2P) and (Z xi)z. Observe, between these two, the term of the form x?P~! is

—3zP - prP~t 4 2p2?P Tt = —pa?P L,

whose coeflicient is negative. O

Thus, with all these Lemmas, the following table indicates all possible solutions in the case of p?q.

Cp Cp2 Cpq Cp2q <> Cp Cp2 Cpq  Cp2q
1 1 0 0 <~ 1 1 2 2
1 1 0 1 < 1 1 2 1
1 1 1 0 1 1 1 2
2 0 1 0 <~ 0 2 1 2
2 0 1 1 <~ 0 2 1 1
2 0 2 0 < 0 2 0 2
2 0 2 1 < 0 2 0 1
1 1 1 1 <~ 1 1 1 1

Table 4: The solutions for the p2q case.

Theorem 4.1. Table 4 makes up all possible solutions for the p?q. In particular, there are 15 solutions
(specifically, 8 possible pairs of dice).

Example 4.1. Since 12 = 2% - 3, the following make up the complete list of labels for two 12-sided whose sums
have the same frequencies of two standard 12-sided dice. These are ordered in the same way as in Table 4.

e 1,2,2,3,3,3,4,4,4,5,5,6 and 1,4,5,7,8,9,10, 11,12, 14, 15, 18.
e 1,2,2,3,3,4,7,8,8,9,9,10 and 1,3,4,5,6,7,8,9,10,11, 12, 14.

e 1,2,3,3,4,4,5,5,6,6,7,8 and 1,2,5,6,7,8,9,10,11,12, 15, 16.

e 1,2,2,3,3,4,4,5,5,6,6,7 and 1,3,5,7,7,9,9,11,11,13, 15, 17.

e 1,2,2,3,5,6,6,7,9,10,10,11 and 1,3,3,5,5,7,7,9,9,11,11,13.
e 1,2,3,4,4,5,5,6,6,7,8,9 and 1,2,3,7,7,8,8,9,9,13, 14, 15.

e 1,2,4,5,5,6,8,9,9,10,12,13 and 1,2,3,3,4,5,7,8,9,9, 10, 11.

5. The pgr Case

In this section, we address question 1.2 in the case where n = 2 and m = pqr, where p, ¢, and r are distinct
prime numbers. In this case, the frequency polynomial would be

2
z(2P?" —1) — 2202620202 $2. B2
r—1 B PYq T pq ¥ pryqripgr:

Recall that if a polynomial P(z) corresponds to a solution, then in this case we must have P(1) = pgr.
Thus, such a polynomial has the form

TOndatn O O3 Ot O
with integers 0 < ¢, ¢q, Cry Cpgs Cprs Cars Cpgr < 2. This is because ¢,(1) = p, ¢4(1) = ¢, ¢.(1) = r, and all other
cyclotomic polynomials involved equal 1 when evaluated at x = 1.

ECA 5:2 (2025) Article #S2R9 8



Yikai Chao, Josh Gabel, Carlye Larson, and George D. Nasr

Thus, Table 5 represents all potential pairs of solutions, organized by the sum of the exponents. We omit
the standard solution, where all exponents equal 1. We additionally omit repetitions due to symmetry. For
instance,

¢)p ¢q ¢)7' (Z)?;q ¢q7‘ ¢pqr
and

d)p ¢q ¢7' d);qujgr ¢Pq7'

are similar in that the latter is achieved by swapping p and g. Knowing one of these is a solution for all p, g,
and r is equivalent to showing the same for the other by applying an appropriate permutation of p, ¢, and 7.

Cpq  Cpr  Cqr  Cpgr > Cpg  Cpr  Cqr  Cpgr
0 0 0 0 2 2 2 2
1 0 0 0 ~ 1 2 2 2
0 0 0 1 2 2 2 1
2 0 0 0 < 0 2 2 2
0 0 0 2 < 2 2 2 0
1 1 0 0 ~ 1 1 2 2
1 0 0 1 ~ 1 2 2 1
2 1 0 0 <~ 0 1 2 2
2 0 0 1 < 0 2 2 1
1 0 0 2 > 1 2 2 0
1 1 1 0 <~ 1 1 1 2
1 1 0 1 ~ 1 1 2 1
2 0 0 2 <~ 0 2 2 0
2 1 1 0 < 0 1 1 2
2 1 0 1 — 0 1 2 1

Table 5: The possible exponents for the solutions.

We shall refer to the tuple (¢pq; Cpry Cqr, Cpgr) as an exponent vector. Both (¢pq, Cpry Cqrs Cpgr) and (2 —cpq, 2 —
Cprs 2 — Cqr, 2— Cpgr) must yield polynomials with positive coefficients for either (and thus both) to be a solution.

Recall by Lemma 4.1 that a polynomial has a negative coefficient if a factor of 1 —x appears on the numerator
when reduced and written as a rational function. The following is a Corollary that will allow us to remove many
entries appearing in Table 5 which have a negative coefficient.

Corollary 5.1. The polynomial with exponent vector (cpq, Cpr, Cqr, Cpgr) has a factor of 1 — x in its rational
Sfunction if and only if
Cpq + Cpr + Cqr — Cpgr —3 > 0.

Proof. When written as rational functions, ¢,, ¢4, ¢r, and ¢4 have a factor of 1 — = on the denominator,
while ¢pq, @pr, dgr have a factor of 1 — = on the numerator. Thus, the exponent of 1 — z in the polynomial
corresponding to the given exponent vector is cpq + cpr + Cor — Cpgr — 3. O

Due to this, after eliminating the rows satisfying the conditions in the prior Corollary, we have the following.

Cpg  Cpr  Cqr Cpgr > Cpg Cpr  Cqr  Cpgr
1 0 0 0 ~ 1 2 2 2
2 0 0 0 <~ 0 2 2 2
1 1 0 0 > 1 1 2 2
2 1 0 0 > 0 1 2 2
2 0 0 1 <~ 0 2 2 1
1 1 1 0 ~ 1 1 1 2
1 1 0 1 <~ 1 1 2 1
2 1 0 1 < 0 1 2 1

Table 6: Table 5 after removing rows satisfying Corollary 5.1.

We can further reduce this list, using Theorem 3.2, which has the following implication.

Corollary 5.2. If a given exponent vector, after successive differences with at least one of (1,1,0,1), (1,0,1,1),
or (0,1,1,1), has at most one 1, the corresponding polynomial has positive coefficients.
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Proof. For each removal of such a vector which is legal, this corresponds to an application of Theorem 3.2. For
instance, (¢pq, Cprs Cqry Cpgr) — (1,1,0,1) corresponds to applying the identity ¢pdp@prPpgr = ¢p(x?"), which
has positive coefficients. If after applying all differences we end with vectors such as (1,0,0,0), (0,1,0,0), or
(0,0,1,0), these can be combined with ¢,, ¢¢, or ¢, using the identity from equation 2 to achieve a polynomial
with positive coefficients. O

After applying Corollary 5.2 or equation 2 to entries in Table 6, we are left with the following which can not
be guaranteed to have positive coefficients.

Cpq  Cpr  Cqr  Cpgr > Cpg  Cpr  Cqr  Cpgr
2 0 0 0 > 0 2 2 2
2 1 0 0 > 0 1 2 2
2 0 0 1 R 0 2 2 1
1 1 1 0 > 1 1 1 2

Table 7: Table 6 after removing rows where both solutions can be guaranteed to have positive coefficients using
Corollary 5.2 and the identity in equation 2.

In what remains in Table 7, we claim each row has an entry corresponding to a polynomial with a negative
coefficient. We prove this in four separate results by expressing the corresponding polynomials as products of
series. In the following proofs, we omit the formulation of these products, though the rough computation can
be found in Appendix A.2.

Lemma 5.1. The polynomial corresponding to exponent vector (0,2,2,2), which we denote Apasa, has a negative
coefficient.

Proof. After simplification, one can write Ap222 as the following product:

(1—2aP)(1—-z9(1 zp‘" (Zz ) (Z 1:") (Z xi”q> )
i=0 i=0

We proceed by cases based on the relative values of p, ¢, and r.
Suppose first r is the largest. In this case, we consider [#1]Agges where M = max(p, q). Note that M < r,
M < pq, and M < pqr, so we have

[2M] Agage = [zM](1 — 2P)(1 — 29) (Zw ) = (—aPaM=P — gigM=a oMy = 1.

Suppose now that p or ¢ is the largest. Note that Agsgo is symmetric in p and ¢, so it suffices to prove this
in just one case. To this end, we will assume p is the largest. We proceed by cases on the relative values of r
and q.

Case 1: First, suppose r < g < p. We claim there exists a j € [1,7 — 1] so that [xPT977] Agaes is negative. Note
that p+q¢—7 <pgrand p+q— 7 < pq, so

[£PT977) Aggge = [xPTI77)(1 — 2P) (1 — %) (Zm ) (Z xir)

%JJ Lp JJ Lp+q JJ
_ [l,p+q7j} _ Z xpl,irmqufzr Z l,qxwl,p j— zr+ Z xzrprrq j—ir

s e

Note that r, ¢, and p are all prime, so r does not divide the other two. To this end, let j be selected
minimally so that ¢ — j or p — j is divisible by r. By symmetry, we may suppose that j is minimized by
making ¢ — j divisible by . We necessarily have that j € [1,r — 1]. Then using the identity that

e +n) = o] +n

for all integers n, we have know that

s SR
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Due to our choice of j, this means that

From this, we can conclude that
_{q—JJ_{p—JJ+{p+q—JJ:0
r r r

Case 2: Now suppose that ¢ < 7 < p. In this case, we choose a non-negative integer j < ¢ and study [2P17] Aga2z.
Observe that

and so [2P1977] Agage = —1.

[2P 7] Agaae = [2PT7](1 — 2P)(1 — 29) <Z; 17) <zg x)
| ti=a | |25 ]

:[xpﬂ'] —aPad — Z gt gpri—a—ir Z LT ppi—ir
1=0 1=0
{p+y—qJ+{p+3JL
r r

If the interval of integers [p — ¢ + 1, p] does not have a multiple of r, we have

==
r rl’
and so in this case, by letting j = 0, we have [2#P]Aga22 = —1. Otherwise, choose j so that j < g and r
divides (p + j — ¢q). Note that, in fact, j < ¢ — 1, since if we let j = ¢ this would imply that r divides p.

Since g < r, this implies
p—atj|_|ptJ
r ro |’

SO [.Terj]AOQQQ =—1.
O

Lemma 5.2. The polynomial corresponding to exponent vector (0,1,2,2), which we denote Ag122, has negative
coefficients.

Proof. After simplification, Agyos is

(1 — 227 4+ 2?P)(1 — 29)(1 — zP1")? (Z(z + 1)x’> <Z xipr> (Z xipq> )
i=0 i=0

=0

We proceed by cases on the relative values of p, ¢, and r. First, suppose that r is the largest. Note that
p+qg—1<pg<pr. Alsop+q—1<2pifandonlyifqg—1< pifand only if ¢ < p (since ¢ and p are distinct).
Thus, [zPT97 1 Ag122 depends on the relative value of p and g. Let 5(e) be the kronecker delta, returning 0 if e
is false and 1 if e is true. Then

27 Ag1an = [#PT97 1 (1 = 207 + 22P)(1 — 2P) (Z(i + 1);&)
1=0
= [2P* Y (=227 - g2t — 2% pa T 4 (¢ )P 4 6(p < )2 (g — p)at P
=—q+4(p<qlq—p),

which is less than 0 regardless of the relative values of p and gq.

Now suppose p is the largest among the prime numbers. Note we still have that p+qg—1 < pr, p+q¢—1 < pg,
and this time we always have p + ¢ — 1 < 2p. Thus, [zPT97 ! Ag122 < 0 in this case as well.

All that remains is the case where ¢ is the largest. We again study the coefficient of x97P~1. We still have
that p4+ ¢ — 1 < pq. However, p4+ ¢ — 1 > 2p, and it is possible that pr < ¢+ p — 1. We proceed carefully in
two cases.
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Case 1: Suppose pr > q. Note we can not have ipr < g+p—1 for i > 2 as then 2 <i < (1-1%—1 < 2, since pr > q.
Thus, we have

(@717 Agran = [2P (1 — 227 + &) (1 —29) (D (i + Da (Zw > (Z; xipq)

= [aPT 1) (—22P - g2 — 27 paPt 4 (g + p)aP Tt
+ (g —p)a?PT 4 6(pr < g+ p— 12" (g + p — pr)a? TP
=-p+opr<q+p—1)(¢g+p—pr),

which is always negative since ¢ < pr.

Case 2: Suppose now that ¢ > pr. (Note this implies ¢ > 2p as well.) In this case, our coeflicient can be much
more complicated. Indeed, this time we have

|4+ ]

Agrae = [2PTI7H | =2 Z PP (q — ipr)x?= P — g9 ppPT!

[aP+o1)

Lq p 1J Lq+p 1

+ Z przpr q p— Zp,r)xqufiprfl + ipr(q +p— ,L-pr)qurpfiprfl
1=0
Lq—p—lj L(H—p—lj
pr pr pr
——p—2 Y (q—ipr)+ (@—p—ipr)+ > (a+p—ipr).

i=0 i=0 i=0
Note that the limits of the sums must pairwise differ by at most one, and together be at most two

distinct integers since the numerators span the interval [¢ — p — 1, ¢ + p — 1], which has length 2p and the
denominators are pr which is greater than or equal to 2p. That is, we must have

gtp—1f |gq—1
pro | L opr
e-b|_jazp-1
pr pro ]
If both equalities hold, the above sum becomes —p. If we only have L%J = {

q—1
(q { " Jpr%
. . . . .. . -1 . .
which is negative since pr does not divide ¢, so necessarily {%J < L—J < 1%. Finally, if we only have

{‘FlJ = L%TJ, the above sum becomes

pr
qg+p—1 _ qg—1 _ q

— || pr=q-— +1)pr=q—|—|pr—opr
pr pr pr

The final equality is true since pr does not divide ¢q. This must be negative since L)%J pr is the largest

or

o J then the above

sum becomes

integer multiple of pr smaller than gq.
O

Lemma 5.3. The polynomial corresponding to exponent vector (2,0,0,1), which we denote Aspo1, has a negative
coefficient.

Proof. After simplification, the corresponding polynomial is

(1= 207 +227)(1 = 470)(1 — 277) (Zu + m’) (Z w) (Z x> |
=0 =0

=0
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We will study the coefficient of z"*P4~1. First, we suppose 7 is the largest among the three prime numbers. In

this case, note that pg < pr and T;f 9 < 2. We have the same identities with gr in place of pr. Thus, we have

[2PITT " Agger = [2PIT7] (—23:7" pqzPiTh — 2Pz 4 (pg + r)aPr T

+ V ;qu 2P - (r 4 pq — pr)a’ PP 4 V :quJ z? - (r+pq — qr)mf"q_q“l)

< [aPtrY (_er pqrPtTt — Pl g™ 4 (pg + ) aPTTT
+aP - (r 4 pg — pr)z PP 2T (r 4 pg — qr)aPiTT)
=pq+2r —pr—qr,

which is negative.
If r is not the largest prime then we have

14 Vs = [ (<2a7 - pa = e (T (g = )

pr qr
-2 Z 2" P (pq — ipr)a:pq*ipr*l -2 Z ol (pq — iqr)mpq*iqr*l
i=1 i=1
| et | Pt

FY A g i) S a T (g gr)a” 7
=1

pq—ipr—r—1

+ Z > " (pg — ipr — )z

i=1
S |
4 xQszqr . (pq —p— Z‘qr)qufzqrfrfl)
=1
|27 ] |27 ] |25
=-r—2 Y (pg—ipr)—2 Y (pg—iqr)+ (r +pq — ipr)
i=1 i=1 i=1
[ o 52
+ Y. (r+pg—igr)+ (pg—ipr—r)+ > (pg—r—iqr).
i=1 1=1 =1

If one groups the sums with pr together, one can see that following Case 2 of Lemma 5.2 these sums are
negative by replacing ¢ with pg and p with r. Consequently, grouping the sums with gr together also yields a
negative value, and thus we’ve demonstrated the desired coefficient is negative. O

Lemma 5.4. The polynomial corresponding to exponent vector which we denote A1112, has negative coefficients.
Proof. After simplification,
o0 o0 o0 o0
Ao = (1 —2P)(1 — 29 (1 — 2")(1 — I;qu)2 (Z (i + l)zl) (Z z110q> (Z l,zpr) (Z Ilqr) '
i=0 i=0 i=0 i=0

Observe this polynomial is completely symmetric in the prime numbers p, ¢, and r. Thus, we may assume
without loss of generality that p < g < r.
We claim there exists a j < p + ¢ so that [#779]A1112 < 0. First, note that

gr>pr=@p@—-Lr+r>pE-D@+)+r=qlp—1)+p—1+r>qg+p+r—1.

Thus, the sums involving " and 2" do not contribute to the coefficient of "7 in A2 when j < p + q.

However, it is possible the sum involving 2% is involved. We proceed by cases based on how pq is related to r.

Case 1: Suppose pq > r. Pick j = max(p + ¢ — r,0). Note this is zero if and only if p + ¢ < r. Additionally, since
p+ q < pq, we always have r + j < pq. Thus,

("] Az = 2] (—”’v +j—pt D e 4 — g 12" -2 (4 D

+(r4+j+ D)™ faPri(r+j—p—q+ 1):cr+qu>

=—(j+1).
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Case 2: Now we suppose that pg < r. Note necessarily we have p + ¢ < r. Observe that so long as j < p + q, we

have

27 A1y = [27] (—w% =P+ DA — (e 4 — g+ a2 (j + 1o

+(r+j+ D2 4 aP2i(r+j—p—q+ 1)z P4
) B
+ Y0 @G~ ipg + eI
i=0
I o
— Z APz P 4 j — p—ipg + 1)a"HTPTiPd
=0
e o
— Y 2%+ j—q—ipg+ 1)1”“‘7”"1)
i=0

|54 =5

=-U+1+ (r+j—ipg+1)— > (r+j—p—ipg+1)
=0 1=0
| =5

- Y (r+j—a—ipg+1).
=0

Observe the interval of integers [r+ j —p — ¢, + j] has length p+ ¢. Thus, there exists an integer j < p+g,
chosen minimally, for which

el el Rl ke b

pq pq pq pq

since p + ¢ < pq. Note however that j # p + ¢, as this otherwise implies that r is not prime, so it must be that
J < p+ q. In this case, the above reduces to

e

-(G+1)- (r+j—p—q—ipg+1).
i=0
The terms of the sum indexed by ¢ are always positive due to the upper bound on 7. Thus, the above is always
negative. O

In light of the prior four Lemmas, we may conclude that all possible solutions correspond to one of the rows
in the following table.

Q
o

)—lr—\»—t»—tog
o

— O O O oK

3
o

)—\HD—‘OOE
o

)—ll\D[\D[\Dl\?g
o

W
—= =N R

[l R S
rTTT LT
—_ O = = T
)—‘HH)—‘[\D’SQ

Table 8: The solutions for two dice in the pgr case.

Theorem 5.1. Table 8 has the complete set of solutions (up to symmetry) in the case of two dice with sides
pqr, where p, q, and r are distinct prime numbers. In particular, there are 25 solutions, with 13 possible pairs

of dice.

Proof. The first four rows in the corresponding table each give three unique pairs of solutions by considering
all rearrangements of the values for c,q, cpr, Cqr. O

Example 5.1. The smallest example of the case in this section corresponds to 30 = 2-3-5. As these dice
have many labels, instead of writing a number multiple times in a list, we will use the notation n'®) to notate

n,m,...,n (where n appears k times). The following is a complete list of labelings for this case.
The following come from the first row of Table 8.
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o 1, 2(2)7 3(3) , 4(4)’ 5(5)’ 6(5>, 7(4)’ 8(3>, 9(2)7 10 and
1,6,7,11,12,13,16,17,18,19, 21, 22,23, 24, 25, 26, 27, 28, 29, 30, 32, 33, 34, 35, 38, 39, 40, 44, 45, 50

o1, 2(2)’ 3(3)74(3), 5(3)7 6(3)7 7(3)7 8(3)7 9(3)7 10(3)7 11(2)7 12 and
1,4,7,10,11, 13,14, 16,17, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 32, 33, 35, 36, 38, 39, 42, 45, 48
o 1, 2 3(2)74(2)7 5(2)7 6(2)7 7(2)7 8(2)7 9, 10(2)7 11(2)7 12(2>7 132, 14(2)7 15(2)7 16 and
1,3,5,7,9,11,13,15,16,17, 18,19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 32, 34, 36, 38, 40, 42, 44
The following come from the second row of Table 8.

o 1,2,33 4 53) 6B 76) g3) 9B 103) 113 123 13 14 and
1,2,7,8,11,12,13,14, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 33, 34, 35, 36, 39, 40, 45, 46

o 1,2,3,4 53 63 72 82 9@ 103 112 193 133 14® 1513 16,17,18 and
1: 2: 3: 7, 8,79, 13;, 14,715, 16, 17,7 18,19, 20, 21,22, 23,24, 25, 26, 27, 28, 29, 30, 34, 35, 36, 40, 41, 42
e 1,2,3,4,5,6® 7 82 9@ 102 113 12 13®? 14® 153 16,17,18,19,20 and
1,2,3,4,5,11,12,13, 14, 15,16, 17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 36, 37, 38, 39, 40
The following come from the third row of Table 8.

o 1,2 33 4B 50) 62 7 16 17 183 191 203 213 22 gnd
1,4,6,7,9,10,11,12,13,14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 32, 33, 35, 38

e 1,20 3™ 4 53 6 11,123 132 14 153 16,21,22 233 242 953 26 and
1,3,5,6,7,8,9,10,11,12, 13,14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 32, 34

e 1,20 3@ 4 7.8@ 9@ 10,13,14@,15®16,19,20%,21® 22 25 262 272 28 and
1,3,4,5,6,7,8,9,10,11, 12,13, 14, 15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 32

The following come from the fourth row of Table 8.

e 1,2,33 4 503 62 72 g9 16,17,183 19 201 212 223 93 24 and

1,2,6,7%,8,11,12® 13 14,17,183 19 20, 23,24 252 26,29,30?, 31, 35, 36

1,2,4,5,7,8,10,11®,12,13,14® 15,17, 18,20, 21, 22,23, 24 25 27,28, 30, 31, 33, 34 and

1,2,3® 4,5@ 6,73 8 9 10,11,16,17,18,19,20®, 21,22 23 242 25 26

e 1,2,6,7?, 811,12 13™ 14,17, 18 19 20,23, 24 253 26,29,30?, 31, 35,36 and

1,2,3® 4@ 50 632 72 8 9 16,17,18® 19 20®) 213 22(2) 23 24

6. Solutions with Different Size

In this section, we explore Question 1.4, which investigates if it is possible to find solutions that do not have

the same size as the original two standard m-sided dice. We have the following.

Theorem 6.1. Let m = ab, where a and b are positive integers. Then in the case where we have 2 dice with

size m, we have solutions with sizes a and ab® whose generating functions are given by

x(z®—1)
z—1
and
(a™ —1)2
(z¢ —1)(z — 1)
respectively.

Proof. Taking the product of these functions, we get

() (Eate) - (55

which is the frequency polynomial for two m sided dice. Thus, we need only demonstrate that

z(x™ —1)?
(zo¢ — 1)(xz —1)
has non-negative coefficients. Notice that

<xf(x?>?x1)21> - (x(f_ll)) (f:_ i > B (g ) (bg )

which has positive coefficients. Observe evaluating this polynomial at x = 1 gives ab? as desired.
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Further computations allow us to explicitly describe the labels on the dice.

Corollary 6.1. Let m = ab with a and b non-negative integers. Consider a dice size ab® who labels come from
{1,2,...,2m — a} in the following way:

1. the numbers (i— a+1,(i—1)a+2,...,ia,2m—(i+ 1)a+1,2m — (i+1)a+2,...,2m — ai each appear
i times on the dice for 1 <i<b—1; and

2. the numbers m —a+1,m —a+2,...,m appear b times on the dice.

This dice, along with a standard a-sided dice, has the same frequencies of sums as two standard m-sided
dice.

Proof. This follows from the prior Theorem provided the polynomial corresponding to

z(z™ —1)2
(z* = 1)(z —1)

is the generating function for the dice of size ab?. Continuing from the prior Theorem’s proof, we have
s — 1)2 a b—1 2 b—1 b—1 2 b—1
B _ % ia _ ia 2 ia a ia
SO (57) () =+ (&) = (&) e (B)

2
b—1 a

Let us denote ¢;(z) := 27 (Z xi“> , and so the above is Z ¢;. Observe that
=0

j=1

2 2

cj(z) = af +229% 4 3pIT20 oL ppd T (1) I T L g PR 20

Thus
a b a b—1 a
ST 9) S W NS
j=1 i=1 j=1 i=1 j=1
which is the generating function for the aforementioned dice. O

Remark 6.1. At the end of [5], the origin of Question 1.4, they mentioned as an example that one can have
a four-sided dice with labels 1,1,4,4 and a nine-sided dice labeled 1,2,2,3,3,3,4,4,4,5,5,5,6,6,6,7,7,8. We
point out that our construction could not generate this solution, since neither 4 nor 9 are divisors of 6. Thus,
there is much room for further exploration here.

Example 6.1. We use the fact that 6 = 2 x 3 for an immediate application of the prior result. If we let
a =3, and b = 2, the prior results give us two dice with sizes 3 and 12. These dice have the labels 1,2,3 and
1,2,3,4,4,5,5,6,6,7,8,9.

One can use the following frequency table to verify the sums of dice with the above sides yield the same sums
of two standard 6 sided dice.

1 2 3 4 45 5 6 6 7 8 9
112 3 455 6 6 7 7 8 9 10
213 4 5 6 6 7 7 8 8 9 10 11
3/4 5 6 7 7 8 8 9 9 10 11 12

This prior result surprisingly provides an alternative version of a known combinatorial identity. First, recall
T, is the number of boxes in a triangular array with n rows and ¢ boxes in row i. See figure 1.

]

Figure 1: The triangular arrays with 1, 2, and 3 rows. Thus, T} = 1, T = 3, and T35 = 6.

The following is an established combinatorial identity, but we shall reprove it here.
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Proposition 6.1. If n € N then
n? =T, + Tp1.

Proof. Adding the formulas for 7,, and T,,_; together, we have

7, = n + (-1 + (-2 + + 1
+Th_1 = 1 + 2 + + (n-1)
T.+Th 1 = n + n + n + + n
= ‘n2

O

A popular combinatorial way to interpret this identity is by witnessing that an n x n grid is made up of the
diagrams of T,, and T;,_1. See Figure 2

Figure 2: A visual proof that Ty + T3 = 32.

We now get the following Corollary to the prior result.
Corollary 6.2. Ifa € N divides m € N, so that m = ab for some integer b, we have

m? = a2(Tb + bel)'

m _ 1 2
Proof. Let P(x) := (w(:vl)()l) When written as a Taylor series, we see that P(1) = ab* = mTQ On the
:I;(l — xr —
other hand, using the prior proof to express P(z) as
b a b—1 a
Pla) = 33 e 33— et
i=1 j=1 i=1 j=1

note that the coefficients of the first ab terms sum to a7}, while the remaining a(b — 1) terms sum to aZp_1.

Thus, we have demonstrated
2

LLCH aTy +aTy 1,
a
and so
m? = a2(Tb + bel)'
O

Remark 6.2. This Corollary really is just a restatement of Proposition 6. Indeed, rather than multiplying by
a in the last step, one could have divided by a to get

V2 =Ty, + Ty

which we already know is true. However, the new statement, as written, does have the following interesting
combinatorial interpretation: Since m = ab, one may split up a grid of m X m squares into b X b squares, of
which there are a® in total. Each of these b x b squares has b> = Ty, + Ty_1 squares. See Figure 3.

7. Different solutions for dice of different size

In this section, we report on the preliminary results of Question 1.5.

Proposition 7.1. Let p and g be prime numbers. There is no way to relabel dice of size p and q without
changing the frequencies of their sums.

Proof. The frequency polynomial for dice of size p and gq is
(@ —-1) z(z?2-1
F(z) = ( ). ( ):$2.¢p.¢q,

rz—1 z—1

Since ¢,(1) = p and ¢4(1) = ¢, the only factorization of F(x) that gives solutions is the factorization into
polynomials x¢, and z¢,. O
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Figure 3: A visual proof that 4(T5 + T3) = 62. In this case, a = 2 and b = 3.

Remark 7.1. We originally conjectured that the prior result can be extended to two numbers which are relatively
prime, but thanks to communication with David Rusin, we discovered this is false. The frequency polynomial for
a b and 6 sided dice, for instance, can be factored into rosps and xpo¢s3, and notably, both polynomials have
positive coefficients.

We have a preliminary result in the case where the numbers are not relatively prime.
Lemma 7.1. There are k ways to relabel a dice of size p and a dice of size p*, where p is prime.
Proof. The frequency polynomial in this case is

x(zP — 1) x(xpk -1

Fz) = z—1 r—1

=22 P2hpapn - B

Recall that ¢, (1) = p for all i > 1 and has non-negative coefficients. Thus, there are k different choices one
can make for the dice of size p, which determines the dice of size p*. O

8. Revisiting dice with size p*
In this section, we wish to refine [5, Theorem 10]. We restate this result and include its proof here.

2k — 1
Theorem 8.1. There are exactly (kz 1) solution dice of size p* for all positive integers k and all prime
numbers p.

Proof. Consider a polynomial of the form

P(z)==z H Gpi ().

1<i<k

This polynomial is a solution so long as P(1) = p*, and since ¢,:(1) = p for all i > 1, our solutions are in
bijection with non-negative integer solutions to

2k —1
of which there are ( :7 1 ) O

As a follow up to this result, we ask the following.
Question 8.1. Given n standard dice of size p*, how many other solution dice are there?

The reason this refines the question is because it is not necessarily the case that each of the aforementioned
(Qkk__ll) solutions would be a solution for all possible values of n. In fact, the only time we can guarantee that all
of these are solution dice is if n > k, as the above Theorem assumes that we always have enough dice available
for a dice to be considered a solution.* Indeed, if n < k, not all proposed solutions may be able to be combined
with n—1 other dice to give the same frequency distribution. This is demonstrated by the following Proposition,

for the case where n = 2.

*This is a notion also explored by [5]. They call the game size of a dice to be the smallest number of dice needed for a given
dice to be considered a solution. This notion was not brought up in the discussion surrounding [5, Theorem 10], leaving some room
for further exploration.
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Proposition 8.1. For 2 dice of size p*, where p is prime, there are
7 (k> (k P Z)
=0

Proof. The frequency polynomial for 2 dice of size p* is

. 2
(f(mp - 1)) R 2
» pz... pk'

solutions.

rz—1

All solutions will have the form z - ¢72 - ¢5 - - - “k+1 We know ¢; = 1 since every solution must have a single
factor of x because each die is required to have that minimum on one of its sides. Any solution with generating
function P(z) satisfies P(1) = p* since p* is the size of the two dice which we are trying to find more solutions
for. Thus, the solutions correspond to co + ¢3 + -+ - + cx+1 = k, assuming that ¢; < 2 since we only have two
dice in this case. Thus, solutions are in bijection with tuples in {0, 1,2}* whose components sum to k. Given
1< Lg], there are (’:) ways of choosing where the 2’s appears in this tuple. From there, we must have k — 2i
positions with a 1. There are (kk:;i) choices for where to place the 1’s. The remaining spots must be 0’s. Thus,
we’ve shown the number of solutions is precisely the sum given in the statement. O

Table 9 compares the number of solutions for the 2 dice case versus those given in [5, Theorem 10].

5]

C3 (0 G

(3

1 1 1
2 3 3
3 7 10
4 19 35
3 ol 126

Table 9: Comparing the number of actual solutions for two dice with size p* with [5, Theorem 10]. Observe the
values disagree if and only if k > 2.

We can generalize this beyond the case where n = 2, though we do not necessarily get a concise formula as
we did above.

Proposition 8.2. Suppose we have n dice of size p*. If n < k, then the number of solutions is precisely

[+ 2+ 2% + - 4 2™k

Proof. As before, we consider possible choices of ¢y, ..., ¢, so that
k
T H (¢pi (;v)) ‘
i=1

is a solution. Recall that ¢,:(1) = p for all i > 1, so the solutions are in bijections with non-negative solutions
to
citet- -+ =k

where ¢; < n. Such solutions are enumerated by the statement of this proposition. O
This provides an alternative proof of Proposition 8.1.

Corollary 8.1. The number of solutions for 2 dice of size p* is

5]

> ()

[NIE
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Proof. Using the Binomial Theorem, we have

ety 3 ()i 3 (o 5 (e L33 (F) (5 e

i=0 i=0 §=0 =0 j=0
Thus, the coefficient of [z*] for this polynomial is found when i = j, yielding
2 ()
—\i i )
Note the terms with ¢ > LgJ are all 0 due to the second binomial. O

Remark 8.1. The sum given in the prior Corollary is referred to as the “central trinomial coefficient” since is
the middle term of (1 + x + x2)k.

A. Rational Function Simplifications

In this section, we provide work to help justify the simplification of certain products of cyclotomic polynomials
given in sections 4 and 5.

A.1 Computations for Section 4

A1102 = ¢q¢p¢p2¢12)2q
1—a91—aP1—aP (1—aP)2(1— 2P 1)2
l—z 1—2 1—aP (1 —2P*)2(1 — 2P9)?2

= (1—29)(1 - 2P)%( — 2P ) (Zx ) inp2> <inpq>
i=0 =0

Ag022 = GgBrdi, Prz,
C1—a7(1—aP)? (1 —2P?)?(1 —x)? (1 —aP)?(1 — prq)z
Cl—z (1—2)2 (1—2P)2(1 —29)2 (1 — 2P*)2(1 — 2P4)2

(1—2P)2(1 — 22°7) <Zx> <§x1q> (ixif)Q

A2012 = ¢q¢;2;¢pq¢p2q
129 (1—a?)? (1—a2P)(1— ) (1—aP)(1 —a¥"9)>?
Cl—2z (1—-2)2 (1— xp)(l —29) (1 — 2P?*)2(1 — 2P9)?2
2

A.2 Computations for Section 5

A0222

Spbabr b Or Ppar
C1—aPl—g2%1—a" (1—aP")?(1—x)? (1—29")3(1 —2)? (1 —2P?)%(1 — 2P)?(1 — 29)2(1 — 2")?
; )

l—z 1—2 1—2 (1—2aP)2(1 —2")2 (1 —29)2(1 —2")2 (1 — 2P9)2(1 — zP")2(1 — 297)2(1 — x)2

oo o0 o0 2
=1-2P)1—-29(1 - zqu)Q <Z zz) <Z :E") <Z :pipq>
=0 1=0

1=0

Ao122 = bpdqbrbprda, by,
S l—aPl—g?l—a" (1—aP)(1—2) (1—29)2(1—x)2 (1 —aP9")2(1 — 2P)2(1 — 29)2(1 — z")?
T l—2z 11—z 1—z (1—2P)(1—2a") (1 —29)2(1 —2")2 (1 — xP7)2(1 — 2P7)2(1 — 297)2(1 — x)2

[e'e] oo 2
=(1-2P)?(1 — 29)(1 — 2P")? <Zm > <Zmim> (Zm“’q>
i=0 i=0

A2001 = PpdqbrdPpar
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C1—aPl—2%1—2" (1—2P9)?(1—x)? (1 —2P")(1 —2P)(1 —a?)(1 — ")
S l-z 1—2 1—2 (1—aP)2(1 —29)2 (1 —2P9)(1 —2P")(1 — 297)(1 — x)

(o) 2 (o) (o)
=(1- QZT)2(1 — 2P (1 — zPT") <Z mz) (Z mipr) (Z xiqr)
i=0 i=0 i=0

Ar112 = ¢p¢q¢r¢pq¢pT¢qT¢z2>qr
- 1—aP]1—g9]—z" (1 _ mpq)(l _ a:) (1 _ xpr)(l _ .I) (1 _ xqr')(l — ;1;) (1 — ajPlI’F)Q(l — g;iﬂ)2(1 — J;Q)Q(l — a:T‘)2
=T o 1-2 1—2 (1—aP)(1 —29) (1 —aP)(1 —z7) (1 —29)(1 — ") (1 — zP9)2(1 — xPT)2(1 — 297)2(1 — z)2

oo 2 oo oo oo
=1 —2P)(1 —z9)(1 —2")(1 — 2PI")> <Z x’) <Z xipq> (Z :Eipr> <Z miqr> .
i=0 i=0 i=0 i=0
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