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Abstract. Consider an experiment with d + 1 possible outcomes, d of which occur
with probabilities x1,...,zq. If we consider a large number of independent occurrences
of this experiment, the probability of any event in the resulting space is a polynomial in
Z1,...,x4. We characterize those polynomials which arise as the probability of such an
event. We use this to characterize those & for which the measure resulting from an infinite
sequence of such trials is good in the sense of Akin.

1. Introduction. Let m be a probability measure on the finite space
{0,1,...,d} with d > 1, and let ; = m({i}) for i« = 1,...,d (and so
m({0}) = 1 — 21 — -+ — x4). Then the product measure m" is the mea-
sure suggested by n independent trials of m, and is defined on the space
{0,1,...,d}". There are (d + 1)" points in this space, and the m-measure
of each is given by

(51 iq n—iy—-—1i
xl-...-xd(l—xl—---—xd) d,

where i; is the number of occurrences of the symbol ¢ in the coordinates
of the point. The m™ measure of a subset of {0,1,...,d}" is a sum of such
expressions, and so will be a polynomial p(x1,...,z4). When there exists
an integer n and a subset of {0, 1,...,d}" such that the probability of this
subset is p(x1,...,24), we say p is a partition polynomial.

The term “partition polynomial” was coined by Austin [4] for d = 1
while discussing the homeomorphic measures problem among Bernoulli trial
measures. In this case of d = 1, it was shown by Dougherty, Mauldin and
Yingst [5] that p(x1) is a partition polynomial if and only if it is either
zero or one, or else is a polynomial p(x1) with integer coefficients having
0 < p(x1) < 1 on the interval 0 < z; < 1.

The relevance of partition polynomials can be seen by considering the
following elementary problem: Suppose we have a three-sided die which
shows each of its three faces with probabilities (%, %, %). Can we use this
die to create an experiment whose probability is %? If we are able to roll
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the die an unlimited number of times, the answer is certainly yes since we
can find a sequence of mutually exclusive events whose probabilities sum
to %; but if we restrict our attention to experiments that will terminate in
bounded time, the answer is not immediately obvious. In the above termi-
nology, we are asking whether there exists a partition polynomial p(x,y)
with p(g, 9) = % (We will return to this question at the end of the pa-
per.)

As a more abstract way of expressing the same example, consider the
Bernoulli measure on {0, 1,2} suggested by rolling the above (9, 9 9) die
a sequence of times. In this space, the measure of a clopen set is given by
evaluating p(g, 9) for a partition polynomial p. The question of whether
there exists a clopen set with a given measure (say, %) can arise when
considering what measure-preserving homeomorphisms exist for this space.

The majority of this paper is spent proving Theorem which charac-
terizes for general d when a polynomial p(z1,...,x4) is a partition polyno-
mial. In Sections [2] and [3] we introduce some terminology, in Section [] we
prove the theorem in the case of d = 2 as a warm-up, while in Section [b| we
prove the general case. Finally, in Section [6] we use the theorem to give a
characterization of when a Bernoulli trial measure is good in the sense of
Akin, and we give some examples of this.

We remark that Section [l is intended to ease the reader into the ideas
for Section |5 and is not strictly necessary.

2. Partition polynomials. A partition polynomial in d 4+ 1 symbols

(or in d variables) is a polynomial p(x1,...,z4) for which there exists some
(sufficiently large) n > 0 so that p can be expressed in the form
p(@) = Z d(l—zp—- = ) P a:fid,
(il""vid)ezd

where each C—» is an integer with 0 < C—» < ( ) (We will soon see that this
corresponds with the earlier definition. )

As a convenience, we write xg = 1 — 271 — --- — x4, and when n is un-
derstood, we write ig = n — i1 — - -+ — i4. This lets us abbreviate the above
as

2\ i0 .01 id
p(z)—Zc~$0x1 OPRY: 5
i
Throughout the paper, (%) denotes n!/(igliy! - ... - iq!) if each iy is non-

negative, or denotes 0 if one of them (including ip) is negative. This neces-
sitates that each ca in the sum above is zero unless each iy is non-negative,
and so we may 1nterpret any such sum over i as a sum of only finitely
many terms: those where each i including iy is non-negative. It is a little
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counter-intuitive to allow c; and (l) to be defined for negative i values, but
it lets us avoid manipulating indices of summation as in the sum above. We

also get easy base cases for induction. The product zy'z7" - ... -xfid occurs
frequently enough that it is worthwhile to occaswnally abbreviate it as &,
so a compact expression of the above is p(¥) = c"f i

The definition of partition polynomial given here can be easily seen to
match the description given in Sectiozl For a given f, the number of points
in {0,...,d}" whose m-measure is Z° is the number of points for which the
symbol ¢t occurs in exactly i; coordinates, for each ¢t = 1,...,d. The number
of such points is exactly (?), and so the measure of a subset of {0,...,d}"
will include a number of these terms between 0 and (?)

For a given n, let B,, = {a:éozvlil e led : 10,11, - --9q > 0}. Note that a
linear combination of these is clearly a polynomial of degree at most n. Also,
if g(z1,...,24) is a polynomial of degree at most n, then we may multiply
any term of degree u by an expansion of 1 = (zg+z1+---+24)" " showing
that ¢ is in the span of B,. Hence the span of B, is the space of polyno-
mials of degree at most n. Also, there is a clear one-to-one correspondence
between elements of B, and the usual basis of the space of polynomials of
degree at most n. (The usual basis is precisely the elements of B,, with all
factors of xg removed.) Therefore B,, is a basis of the space of polynomi-
als of degree at most n, and so if p is fixed, and n > degp, then there
do exist coefficients c~ as in the definition of a partition polynomial, and
they are uniquely defined. We w1ll describe these cq as the partition coef-
ficients of p, and p(Z) = Zﬂcaa: as the partition form of p. The question
of whether p is a partition polynomlal is thus not a question of whether c;
exist, but whether they will all lie in the correct range for some (sufficiently
large) n

The well-known relation (}) = (";1) + (Zj) has a generalization to
multinomial coefficients:

n n—1 n—1 n—1
. . =1. e o A I R o . .
Ty ,1d T ¥ 11— 1,...,1g Tlyeeeytg — 1

Letting €; denote the standard basis Vector and letting €y denote zero, we
may write the above as (?) Yoo ( ) (The use of € can remind us

that n has decreased, but our shorthand ¢g = n—iy —- - - —i4 did not change
with it. The denominator of the binomial coefficient for the £ = 0 term has
a factor of (n —1 —iy —--- —ig)! = (ig — 1)!, but the vector i = (i1,...,4q)

is not affected.)
We bring up this relation because it mirrors the recursion satisfied by
the partition coefficients of a polynomial. If CZZL are the partition coefficients

of p, then multiplying p(Z) = Z;c?:i’i by 1 =29+ -+ 4+ x4 and collecting
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like terms gives the relation
ATl = pel
J Jj—€o Jj—e1 J—e€d
With this relation, we see that if there is some n for which the c? are all
non-negative, this holds for all larger n as well, and likewise for the condition
ct < (Q)
i i
3. Supporting polynomials. When working in d variables, we say the
closed simplex is the region

T1,...,xq > 0, T+ +xg < 1.

We say the open simplex is the same with strict inequality. (Alternatively,
we could let xg be an independent variable and look at the behavior of poly-
nomials only on the more standard simplex, the portion of the hyperplane
xg+ - +xqg =1 with 2y > 0 for all ¢t. In that context however, polynomials
are only considered unique modulo (1 —zp —--- — x4). Thus, we are choos-
ing to work on the less standard simplex but to work with a more standard
notion of equality of polynomials.)

Before moving on, we briefly discuss why the case of d > 1 is significantly
more difficult than d = 1. In the d = 1 case, the polynomial p(z) has non-
negative partition coefficients for some large n if and only if p > 0 on (0, 1).
(The condition ¢} < (%) for some n is equivalent to p < 1 on (0,1).) The
hope would be that in two variables, a polynomial p(z,y) which is positive
on the open simplex might similarly have non-negative partition coefficients
if n is large. This fails for two essentially different reasons.

First consider the polynomial ¢(z,y) = 22 — 2y + y2. It is already in
partition form for n = 2, and its next two partition forms are

g(z,y) =1 —z—y) —ay(l -z —y) +y*(1 -z —y) +2° + 3,
g(z,y) =21 -z —y)? —ay(l -z —y)* +y*(1 -z —y)*
+ additional terms.

We can verify that this polynomial, despite being positive on the open sim-
plex, is not a partition polynomial, since the negative coefficient on the term
—xy(1 —z — y)" 2 persists as n increases.

Next, consider the polynomial r(x,y) = (22 —1)%+y. Again, it is positive
on the open simplex, but it cannot be a partition polynomial: as is easily
verified, if r(z,y) is a partition polynomial in two variables, then r(z,0)
is a partition polynomial in one variable, and this is not the case since
r(1/2,0) = 0, but r(z,0) is not identically zero. A tighter restriction might
be to ask that if the polynomial is positive anywhere on an edge of the
simplex then it must be positive along the entire edge. The polynomial
#(x,y) = (2o — 1)%y + y? similarly foils this plan, hiding the isolated zero
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at (0,1/2) by zeroing out the entire edge. The correct requirement is to
first divide off all factors of y, and then substitute y = 0. The resulting
polynomial in  must be positive on 0 < z < 1.

We will soon define the notion of a supporting polynomial, a single idea
that generalizes the —1 in the example ¢(x,%) and the (2z — 1)? in r(z,y)
and 7(x,y). Above, we considered the behavior of r and 7 on the edge y = 0.
Clearly, the other two edges of the simplex in R? (z =0and 1 — 2 —y = 0)
should also be considered in the same way. Our terminology will be easier
to work with if instead of defining a supporting polynomial along a general
edge, we let y = 0 be the standard edge to read from, and we permute
the variables of the polynomial when we need to read from the other edges.
(Similarly, (0,0) will be the standard vertex to read coefficients from.)

To this end, if p(z1,...,x4) is a polynomial in d variables, we say that a
polynomial q(z1,...,xq) is a simplex permutation of p if there is a permu-
tation 7 of {0,...,d} such that

q(z1, -, 2q) = P(@r(1), - - Tr(a))-
In this case, we write ¢ = pow. Note that xg = 1—x1 —- - - — x4 is allowed to
appear. For example, there are six simplex permutations of p(x,y) = 2%y,
two of them being f(z,y) = p(y,z) = zy? and g(z,y) = p(1 —z —y,x) =
(1 — x — y)?2. Among these six polynomials, the behaviors of p along the
various three edges and three vertices are each moved into all six configura-
tions.

DEFINITION 3.1. If p(&) is a polynomial in z1,...,24 and 0 < v < d, we
say that s(z1,...,xy) is a standard supporting polynomial of p in v variables
if we can write
(3.1)  plx1,....zq) =y - ats(z, . Ty)

+ 2, 1 o1 (1, xa) o2y ga(T, . 2g)
for some integers a,1,...,aq and some polynomials g,11,-..,gq in d vari-
ables. We say s(x1,...,z,) is a supporting polynomial of p if it is a supporting

polynomial of some simplex permutation of p.

The g’s are not unique, and we call them garbage polynomials into which
we can throw certain leftover terms.

We think of a standard supporting polynomial s as being some terms
of p, all of which have the same powers a,y1 through a4 on the variables
Zy+1 through x4, so that every other term of p has a larger power of one
of these and hence can be lumped in with one of the garbage polynomials
in the above expression. The vector (ay41,...,aq) of these powers is called
the exponent vector associated with this supporting polynomial, and it is
minimal in a certain sense: for £ > v+ 1, no term of p may have its exponent
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on xj smaller than a; while still having its powers on the remaining x’s as
small as the corresponding a’s. That is, if s is non-zero, then under the order

(3=, <) the vector (dy41,. . ., aq) must be minimal among exponent vectors
appearing at powers of 41, ..., x4 in terms of p. With this observation, we
can see that for a given p, if the a,41, .. ., aq have been given (and are indeed

minimal in the above sense) then the corresponding standard supporting
polynomial s is uniquely determined by these.

Note that s = 0 often counts as a standard supporting polynomial: If
p vanishes on x,41 = -+ = x4 = 0, then we can take (ayq1,...,aq9) =
(0,...,0), s = 0, and every term of p can be lumped in with one of the
garbage polynomials. Even more trivially, we have allowed the a’s to be
negative in our definition: when v < d we can use s = 0, a,+1 = —1 and
gv+1 = p, with all other a’s and ¢’s being zero. (Again, allowing the a’s to
be negative is non-intuitive, but this adds only more occasions of s = 0 as a
supporting polynomial, and it is useful to eliminate the need for a base case
in some inductions.) For these reasons, we will usually be concerned only
with the non-zero standard supporting polynomials.

We allow the special case where v = 0, in which case s is a constant,
and we call s a standard supporting coefficient of p. That is, a standard
supporting coefficient of p is a number ¢ such that there is a term of p of
the form cx‘l“ e xgd, where every other term of p has an exponent of
some variable greater than this one. We say a supporting coefficient of p is
a standard supporting coefficient of some simplex permutation of p.

We also allow the special case of v = d, in which case the only standard
supporting polynomial is p itself. (No garbage polynomials are allowed, so
the only expression of this type is p(Z) = 1p(#) + 0.) This is the only
value of v when zero does not count as a standard supporting polynomial
(unless p is zero itself). The case of v = d is often handled separately.
Those (standard) supporting polynomials with v < d are called the proper
(standard) supporting polynomials.

The term “supporting polynomial” is named after “supporting hyper-
plane”. A d — 1-dimensional hyperplane supports a compact convex subset
C of R? when it intersects C' but C' lies only on one side of the hyperplane.
A face of a polytope is the intersection of the polytope with a supporting
hyperplane. This is a generalization of edge, face, or vertex of a polyhe-
dron. A line can intersect each edge of a triangle in only one way, and
similarly a polynomial in two variables has only three supporting polyno-
mials in one variable (actually six, but occurring in three pairs which are
simplex permutations of each other and so are usually equivalent for our
purposes). A line can intersect the corner of a triangle in a one-parameter
family of ways. Likewise, there is a one-parameter family of standard sup-
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porting coefficients for each simplex permutation of p(x,y). (Again those
six permutations can be grouped into pairs for which the same vertex is
in standard position. These pairs will find the same standard supporting
coefficients but in reversed order.) The definition of a face of a polytope
mentioned above often comes with an exception, allowing the polytope to
count as a face of itself. Similar reasoning motivates us to consider a poly-
nomial (and its simplex permutations) as a supporting polynomial of it-
self.

We are now able to state the main result of our paper, a complete charac-
terization of partition polynomials. We will prove this theorem in Section [5}

THEOREM 3.2. If p(Z) = p(z1,...,2q) is a polynomial such that any
non-zero supporting polynomial of p is positive on the appropriate open sim-
plex for its domain (or is a positive number in the case of a non-zero sup-
porting coefficient), then there is some n such that p is expressible in the
form

p(¥) = Z c?xfll Ces xfld(l —xy = xg) AT
Ty
where each c? s non-negative.

Furthermore, p is a partition polynomial iff p and 1 — p each have the

above property, and p has integer coefficients.

Note that if s is a non-zero standard supporting polynomial of p, then
no term of s can be canceled by any term of a garbage polynomial in equa-
tion , and so we must have a,11 + - - - + ag < deg p. Because of this, we
know that the number of supporting polynomials of p is finite, and our abil-
ity to algorithmically determine whether a specific polynomial is a partition
polynomial is limited only by our ability to determine whether a polynomial
is positive on the simplex.

It is easy to verify that the partition coefficients of p are integers if and
only if p has integer coefficients in the usual sense, since the change-of-basis
processes described earlier preserve integral coefficients.

N
—

Also, we can write 1 =)~ (?’)JEZ, so that if (C?); are the partition coeffi-

cients of p, then ((?) — czﬁ); are the partition coefficients of 1 — p. From this

we can see that p is a partition polynomial if and only if 1 — p is, and in the
definition of a partition polynomial, the upper bound on the partition coef-
ficients of p is equivalent to the lower bound on the partition coefficients of
1 —p. With these observations, the second statement in Theorem [3.2]follows
from the first.

We briefly consider the simplest non-trivial case, when d = 1. A polyno-
mial p(x) can have only two non-zero standard supporting polynomials: the
polynomial itself, and one standard supporting coefficient. Suppose p(z) is
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positive on its open simplex (the open unit interval). If C' is the supporting
coefficient of p, we have an expression p(z) = Cx® + 2% 1g(z). The term
Cz® is the largest term of p near 0, and since p is positive on the interval
(0,0), we deduce that C' must be positive.

From this we see that if 0 < p(z) < 1 on the open interval, then every
simplex permutation of p or 1 — p is positive on its simplex, and so every
supporting coefficient of p or 1 — p is positive as well. Thus, when d = 1,
Theorem [3.2] reduces to the characterization given by Dougherty, Mauldin
and Yingst [5]: p(z) with integer coefficients is a partition polynomial if and
only if p is zero or one or has 0 < p(z) <lon 0 <z < 1.

Before moving on, we quickly note the following observation about sup-
porting polynomials which will help generate partition polynomials in Sec-
tion [l

PROPOSITION 3.3. If every (standard) supporting polynomial of p1 and
po in v variables is positive on the appropriate open simplex for its domain
(or is a positive number if v = 0), then every (standard) supporting polyno-
mial of p1p2 in v variables is also positive on the simplex.

Proof. The property is clearly preserved under simplex permutations and
so we prove the theorem for standard supporting polynomials. For each of

p1 and p9, we may collect the terms according to the powers of xy41,..., x4
and thus express them in the form
=2\ __ bv+1 bd
pl(l') = Z N L pbv+1,...,bd($1,---,xv),
but1,.05bg
=\ Cy+1 Cd
p2(Z) = Z v T ey ea(T1, - T).
Co+1,--,Cd

Thus we may write

pa®) = Y el (X pe).

=(av+1,-,0a) b,&bte=

s]

Let B denote the set of all exponent vectors (by11,...,bg) which contribute
a non-zero term to the above sum for p;. (That is, B = {b : p; 7 0}.) Also,
let C' denote the same for ps. Note that from our understanding of support-
ing polynomials, the exponent vectors associated with standard supporting
polynomials of p; are precisely the minimal elements of B, where “minimal”
is with respect to the order < on Z%.

Note that in the above sum, if the term associated with @ = (ay41, - . -, aq)
is non-zero, then there are some b and ¢ associated with non-zero polynomials
in the first two sums respectively with b+ &= a. So @ € B + C. (We take
the algebraic sum, B4+ C = {b+¢:b € B, € C}.) So we must have
a > dy for some @y which is minimal in B + C'. We see that ag = b+ & for
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some b € B and ¢ € C. There may be many such expressions of ag, but
for each such expression, b is minimal in B and ¢ is minimal in C. This
implies that in the above expression for pips, the term associated with dy
consists of a sum of products of supporting polynomials of p; and po, and
is therefore positive. Thus, if a # ag, then a is not the exponent vector
of a supporting polynomial, while if a = ag, it is the exponent vector of a
supporting polynomial, and that polynomial is positive. u

4. Three symbols. Before attempting the difficult proof of The-
orem [3.2] we will warm up by doing the special case when d + 1 = 3. As
above, the problem reduces to showing that

THEOREM 4.1. If p(x,y) is a polynomial with real coefficients such that
any non-zero supporting polynomial of p is positive on its open simplex (or
is a positive number in the case of a supporting coefficient), then there
is m such that we may write p as a non-negative linear combination of
{1 =2 —y)" "'y bizo, j20,it5<n-

Proof. Fix p as in the statement. When n > degp, we let ¢;; denote the
(unique) values such that

pla,y) =Y c(1l—z—y)" " alyl.
0.
We want to show that for some sufficiently large n, we have ¢i’; > 0 for all
1 and j.
Recall that for ease of indexing we take the convention that ;=0
whenever ¢ < 0 or j < 0 or ¢ + j > n. With this, whenever n > degp we

have

n+1 _

n n n
Cij =CijtCio1;7TCij

Let A denote the largest integer such that for all j and n, i < A implies
ci;=0. Similarly, let B denote the largest integer such that for all i and n,
J < B implies ¢}'; = 0. We may note that A, B > 0.

CramM 4.2. There are uy > A+ B and N > degp such that

° c?j > 0 whenever n > N, i+ 7 < wup, and
. c?j>0whenevernZN,i+j=u1,i2A,jZB.

(Note: It is possible that 4 p happens to be zero for n = degp, in which
case it will remain zero for all n. If it is zero, it is further possible that ¢} | 5
or ¢} g is zero for n = degp, in which case they will also remain zero. The
above claim says that there is some u; beyond all these possibilities, where
A and B capture the only 4, j for which ¢}’ ; is always zero, and all others will
be strictly positive for large n. The issue of A and B could be avoided by
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removing a factor of z4y? from p, but we would like to illustrate a difficult
aspect of the proof for d > 3.)

To show Claim we prove (by induction on i + j) that for each non-
negative ¢ and j, the function f(t) = ¢! j is a polynomial with non-negative
leading coefficient, which is constant only when it is a standard supporting
coefficient for the exponent vector (i,7). A base for our induction can be
any case when ¢ + j < 0, as these are trivially supporting coefficients and
f(t) is identically zero here.

This induction step is straightforward, and comes from noting that f(t)
satisfies the recurrence relation f(t 4+ 1) = f(t) +¢j_;; + ¢}, ;. By our
induction hypothesis, the last two terms are polynomials with non-negative
leading coefficient, and so the solution is also such a polynomial. Our solution
will be constant only if the sum of the last two terms is zero. Since they have
non-negative leading coefficient, this implies that each is zero, so each is a
supporting coefficient. In this case, all terms of p have a power of x greater

than i (since ct is a supporting coefﬁcient) or a power of y greater than j

4,7—1

(since cf_, j 1s a supporting coefficient). So ct j 1s a supporting coefficient.
Now let u; be so large that the exponent vector (i,j) of any standard
supporting coefficient has ¢ + j < uy. Claim [4.2) becomes a requirement that
finitely many polynomials with non-negative leading coefficient are eventu-

ally all positive.

CLaM 4.3. There are 01 > 0 and N1 > degp such that for all n > Nq,
the assumption © + j < 61n implies that c" > 0.

With N as in Claim [1.9} let € = min{c}); : i > 4, j > B, i+j = w1} Let
—M = min{c¥ Y tij- We assume M > 0, since if not, all c ; are non-negative,

and we are done. Now, our relation C?JH = m + Cmfl —|— Ciflyj inducts the
following:
n n—«
(41 =Y, )l ass
a=0 B 0 75; n—oa— B

For the terms of the above with i —a+j — 8 < uj, or i —a < A, or

j — B < B we may use the approximation ch aj—p = 0 For those with
i—a+j—B=wu,i—a>A and j— B > B, we have ¢V > e. For the

i—o,j—p3
remaining terms, we use ¢ > —M. These yield

i—a,j—f =

]Y7+n>6 Z <a7/87nria_/8>

n
-M Z <a,ﬁ,n—a—ﬁ)'
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Recall that (m B’nﬁa_ 6) gives the number of ways to color a set of n el-
ements so that a of the elements are red, 8 of the elements are blue, and
n — a — [ of the elements are green. Let C'(z) denote the number of red-
green-blue colorings of a set with n elements such that the number of reds
does not exceed i — A, the number of blues does not exceed j — B, and the
number of greens is exactly n — i — j + u; + . The above becomes

i+j—u
e = eC0) =M Y C(a).
z=1

Let p = (i + j)/n. We need to show that for sufficiently large n, there is
91 > 0 such that if p < 61, we have Z?;jl_“ C(z)/C(0) < ¢e/M.

We now compare C(z) with C(x+1). For the moment, fix some 0 < x <
1+ j —u, and let D denote the number of colorings of a set of n elements
such that the number of reds does not exceed i — A, the number of blues
does not exceed j — B, the number of greens is exactly n — ¢ — j + u + x,
and one element is colored white.

It is easy to compare D with C(z + 1): Painting the white element green
matches each coloring in C'(x+ 1) with exactly n—i—j+u+xz+ 1 elements
of D. (There are that many greens which could have been the white.) So
D=n—-i—j+u+z+1)C(x+1).

Comparing D with C(x) is trickier. For each coloring of C(x), the num-
ber of reds and blues is exactly 7 + j — u — x. If we choose a coloring, and
choose a red or blue to paint white, there are exactly (i +j — u — x)C(x)
possible choices. Doing this will create every coloring in D, but not neces-
sarily uniquely, since we may or may not be able to tell whether the new
white element came from a red or a blue. However, there are at most two
possibilities, and we know D < (i +j —u —x)C(z) < 2D.

Combining these, we get

t+j—u—=x < i+3  p
n—i—j4+ut+z+l " n—i—j 1—p
So C(x)/C(0) < (fpp)x, and we have

Oz +1)/0(x) <

i+j—u i+j—u P T
> c@/eos Y (L
=1 =1 P
1+7—u
_p 1-(5) p
1—p - ~—1-2

Clearly, this will be < ¢/M for sufficiently small p. This ends the proof of
Claim [£.3]
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CrAaiM 4.4. There are. 51 > 0 and ]\A{l such that forAn > ]\71 we have
CZj > 0 whenever i +j < dnorm—i<dn orn—j<n.

This comes immediately by applying Claim to simplex permutations
of p.

We have now essentially shown that all partition coefficients near the
corners are non-negative, in two senses, first for those within u; of a corner,
and then with that done we had sure footing to prove the statement in the
stronger way, for those coefficients within d;n of a corner. Our next step
is to repeat, moving up a dimension, showing that all partition coefficients
near an edge are non-negative.

Recall that we let B denote the largest integer such that for all ¢ and n,
J < B implies czj = 0. Note that in the following claim, the label us is not
strictly necessary, as in the end we will be taking us = B. The name uo is
used only to help the reader keep track of the parallel with Claim [4.2]of this
proof and Claim in the future.

CLAIM 4.5. There are ug > B and No > degp such that

e c'. >0 whenever n > Na, j < uz, and
o ;>0 whenever j = ug, i > o1n, i < (1=d1)n, n > No.

In the expression p(z,y) =>_,; ;¢ (1 —z — y)" " Jzlyl | every non-zero
term has j > B, while some non-zero term has j = B. Collecting those
terms where j = B, we can write this as

pla,y) =" | D cip(l =2 — )" Pl + 47 g (),
%

where g is some polynomial. Furthermore, if we selectively expand our power
of (1 —x) —y, we can throw all terms having a y in with g(x,y). This lets
us write

ple,y) = y% | Y et —a) Pl | 4¢P (e y).
7

The sum here is written in partition form for a polynomial in one variable.
In particular, if s(x) is the sum above, and d}' are the partition coefficients
of s, then d?_B = ¢]'. By choice of B, these d’s are not all zero, and so s(x)
is a non-zero suppo’rting polynomial of p. It is therefore positive on (0,1),
and so from the one-variable case, it has non-negative partition coefficients
for sufficiently large n. Taking ug = B, we deduce for large n that ¢i’; > 0
whenever j < usg.

We must still show that all coefficients not too close to a corner are
strictly positive. Fix some M for which j < us implies c% > 0, and fix
some I with c%m > 0. (Such an I exists by the definition of B = us.)
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The expansion of c%;r” in lj becomes

n n—«

M+n M

zug az:oﬁz;] ( 75772_0[_5)62'04@25'
This sum contains only non-negative terms, and will be positive if it con-
tains a term of c’},w. This happens when the value a = ¢ — I lies in the
range 0 < o < n, and so we only need I < ¢ < n+ I. We are now done,
since whenever n is sufficiently large, we will have I < 51(M +n) <i<
(1—61)(M+n)<n+1.

CLAIM 4.6. There are 62 > 0 and No > degp such that for all n > No
the assumption j < don implies c” > 0.

We repeat the method of proving Claim . Let €(N) = min{c
ON < i< (1- (51)N} By Claim 4 . if N is sufficiently large, we have
¢(N) > 0. Fix N > N sufficiently large that this e(N) (now just called €)
is positive. Let —M be the least value of cN Again, we assume M > 0, as

N

otherwise every ¢;'; is non-negative and we are done. We have
9

N+n Z Z ( )CN ]
— o — i—ou,j—fB"
L2 Bin—a—p
First note that if (i — a) (1 —61/2)N, then N — (i —a) < 6N, and by
Clalm . we have cZ aj—p = 0 Secondly, we may assume that do < 5 /2
so we need only consider the case of j < (51n/2 When i —a < (51]\7/2, these
combine to give (i — a) + (j — ) < d1n, and we again have N wjp = 0.

Removing these non-negative ¢’s, applying our € bound when it apphes and
our —M bound to all remaining cases, we get

N> (0 MZC

2y

where C(z) = ) (aﬁ,nﬁafﬁ) with the sum being over all («, 8) such that
ON/2<i—a<(1—6/2)Nand j—f =u+ .

Again, we view C(z) as a counting of colorings: C(x) gives the number
of red-blue-green colorings of n objects such that the number of reds, «, the
number of blues, 3, and the number of greens, n—a— 3, satisfy = j—u—=
and i — (1 —01/2)N < o <i— 6, N/2.

Fixing x for the moment, let D denote the number of red-green-blue-
white colorings of n objects such that exactly one object is white, and the
numbers (a, B,n — a — 8 — 1) of red, blue, and green objects, respectively,
satisfy B=j —u—x —1andi— (1—01/2)N <a <i—§N/2
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Again, we use D as a stepping stone to compare C(z) with C'(xz + 1).
First C(x): To convert a D coloring to a C'(z + 1) coloring, we must paint
the white marble either red or green. Because our restrictions to become a
C(xz + 1) coloring depend only on « and f3, green is certainly a legal choice,
but perhaps red is also. Given a C(x + 1) coloring, the number of ways it
can be so produced is at most the total number of reds and greens. We have

2D>(n—j4+u+xz+1)Cx+1).

To convert a C'(x) coloring into a D coloring, we must choose one of the
J —u—x blue objects to paint white. Each D coloring will be chosen exactly
once this way, and we get

D= —u—x)C(x).
Combining these and relaxing, we get
(n—=7)C(x+1) <2jC(x).
If we write j = pn, then we have C(z + 1) < %C(:ﬁ), and hence
o0 2 x
N+n P
Az (- 2(iL) oo

Again, the right-hand side is a rational function of p which is positive at
p = 0, and hence is positive for all sufficiently small p, as desired, and
Claim [4.6] is proved.

Again, we may apply Claim [4.6] to simplex permutations of p and get
the following:

CLAIM 4.7. There are bs > 0 and Ny > degp such that for all n > N,
the assumption j < dan or i < don or n—i — j < 0o implies c?’j > 0.

To wrap up our proof, we will need the following theorem.

LEMMA 4.8. Let p(x,y) be a polynomial, and let {C?’j}i’j’nfiszo be the
unique coefficients (for n > degp) such that

n n—i

pla,y) = D ey (L—az—y)" 7.

i=0 j=0

. . n
li { (Z J> Cij
im sups |p| —, = | — 72

nros n'n) ()

We will give a detailed proof of this later for more general d in Lemma
A brief sketch is: The class of all polynomials for which this theorem is true
is linear, contains 1, and is closed under multiplication by x or y. It therefore
must contain all polynomials.

Then

:Ogi,j,n—i—j}zo.
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We finally conclude our proof of Theorem [£.1] Since p is a supporting
polynomial of itself, we know that either it is zero (in which case we are
done) or it is positive on the open simplex z,y,1 — x —y > 0. But then it
is positive on the compact region z,y,1 —z —y > 32, and so greater than
some € > 0 on that region. The above lemma tells us that for large n, we
have !p(n, n) i ( )‘ < €/2. So those ¢y with i, j,n—i—j> 5 are all

positive for large n, Whlle Claim @ handles all other c7;.

We will soon begin proving Theorem [3:2] but first we will take stock of
some lessons learned from the case of d = 2. Within this proof, we needed
to refer to the d = 1 theorem, which indicates we will be arguing by induc-
tion on d. Lemma and its generalization, Lemma will show that all
coefficients of a distance more than dn from the edge are positive, so our
difficulty is in dealing with these coefficients near the edges. As indicated
by the similarity of Claims and Claims we will do this by
induction on the dimension of the edge. We first show that those coefficients
within u of the corner are positive, and then those within dn for some §. We
repeat this process for coefficients near an edge, then a 2-dimensional face,
eventually working our way up to the d — 1-dimensional faces, after which
Lemma applies and we are done.

5. Characterizing partition polynomials. We begin with the fol-
lowing generalization of Lemma

LEMMA 5.1. If p(Z) = p(x1,...,24) is a polynomial, and if & are the
unique coefficients for each n > degp such that
p(Z) = Z c~x60x’11 ol

10,21 5-++,8d >0

then

-

B "
lim su )= C—Z
nee AR ()

REMARK. Readers familiar with Bernstein polynomials may note we are
showing a reverse of the usual. When g is a function defined on the simplex,
we can define a higher-dimensional version of the nth Bernstein polynomial
of g by

:io,’il,...,’idZO}:O.

—

Bu0)@) =0 (1) ()l oo

A common proof of Weierstrass’ theorem is to show that for continuous g,
By, (g) converges uniformly to g on the simplex. In Lemma we are fixing
the Bernstein polynomial p, and showing that is is well approximated by the

function g, : (%) — C? / (?) That is, if g, is the function for which p is the
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nth Bernstein polynomial, we are showing that g,, converges uniformly to p.
This g, is defined only on a discrete set which changes with n, and so we
get the awkward version of uniform convergence described in the theorem.
Proof. We first show that if the assertion holds for some p(Z), then it
holds for ¢(Z) = z1p(Z) as well. Write p(¥) = Z;c?:i’z and ¢(7) = Z;d;f’i
If we use these expansions of ¢(Z) = x1p(Z), apply a change of variable and
equate like terms, we find that d?“ = C?,gl if 41 > 0, while d?“ =0 if

i1 = 0. We are looking at the limit of
TEBNE
T n+l
n+l/ ("%

Those elements where ¢; = 0 are all zero, so we may remove them from
consideration. Doing this, and replacing ¢; with i1 + 1, gives

ih+1 (i+e c
nr 1 \n+1) " (@

i+eq

11 +1 ?—1-61 1 i n
— —=p| — su
n+1p n+1 np n P

sup
i1yeeig,nA+1—01—-—13>0

sup
11+1,82,83,...,8d, n—11— - —1g >0

—

i (1 i1+ 1 E
np n n—l—lp n

RS P\ i1 “ h+1q g
Plnrt?\n) "1l TPt T @l
) ? 1+e1

The first of these is the distance between the value of ¢ at two nearby
points; this goes to zero by the uniform continuity of ¢ on the compact
simplex. The second of these goes to zero trivially: p is bounded on the
simplex. The third (after removing the bounded common factor) goes to
zero by the assumption that the theorem holds for p, and the fourth is
identically zero by a property of multinomial coefficients.

We have now shown that the set of p for which the theorem holds is
closed under multiplication by x1. When p = 1, we have c? = (?), sop=1
is in this set also, as the sequence whose limit we are taking is identically
zero. Further, it is trivial to verify that the set of all p for which the claim
holds is linear, and is closed under simplex permutations. Finally, any set
which has these four properties contains all polynomials, and so the theorem
holds always. =

Proof of Theorem [3.3. The second statement clearly follows from the
first; we show the first statement. Our proof has nested inductions that
go down to four layers deep. For clarity, we state each of the outer three
inductions as Proposition [5.2] Proposition and Claim The fourth
induction occurs in the proof of Claim and is brief enough not to need
a name.
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Our first induction is on d. We will need something slightly stronger than
the first statement of Theorem as an induction hypothesis: we prove the
following (by induction on d):

PROPOSITION 5.2. Let p(x1,...,xq) be a polynomial in d variables with
partition coefficients (C?); If the non-zero supporting polynomials of p are
positive on the simplices of their respective domains (or are positive numbers
for supporting coefficients), then for sufficiently large n we have C? >0 for

all i. Furthermore, if p is non-zero and 0 < § < 1/d then

lim inf min {c?/<—,»> D0, U1y, 0g > 5n} > 0.
n—00 g 7

(Note: The condition that § < 1/d is present only to ensure the set
minimized above is non-empty.)

Fix some d > 1, and if d > 1 assume that this statement holds for lower
values of d. Let p be as in this statement. (We begin with our application
of Lemma which was the last step when we proved [£.1])

Since p is a supporting polynomial of itself, we know that p is zero or
is positive on xg, x1,...,x4 > 0. If p is zero we are done. For small § > 0
consider the region K = {Z : xg,z1,...,24 > 0}. Since p is strictly positive
on this compact region, there is € such that 0 < € < p(#) on K. But by
Lemma for large n we have |p(%) — C—-/( )| < €/2. Hence the lim inf
above is at least €/2, and ¢ > 0 when i/nekK.

All that remains is to show that ¢ > 0 for those 1 i where i/n & K. That
is, we must show that >0 when zt /n < § for some t = 0,...,d. Since
our requirement is symmetrlc under simplex permutations, it is suﬂi(nent to
show that there is § > 0 such that iy < dn implies CZ > 0.

Note that the condition ig < dn is equivalent to ig+---+ig—1 > (1 —=95)n.
We are done then if we can show the following, which we do by induction
on k.

ProrosiTION 5.3. If0 < k < d—1, there are N and o > 0 such that
ig+ -+ ix > (1 = 0)n and n > Ny implies c? > 0.

Fix 0 <k <d—1, and if k > 0, assume that we have found d;_; and Np_;.
By applying this induction hypothesis to simplex permutations of p, we may
replace the sum ig + - - - +4;_1 with a sum of any & of the indices. That is, if
k > 0 we assume that we have found § < 1 /d and N with the property that
whenever S C {0,...,d} with |S| = k, then n. > N and Yosegis > (1— S)n
implies c? > 0.

(In the base case we have no induction hypothesis, but the conditions
required of 0 and N are vacuous: for k = 0, we can let 6 = 1/(d+ 1) and
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N = degp and the above requirement holds. In either case, we treat $ and
N as fixed until we finish the proof of Proposition )

We will find d; and IN; as in Proposition |5.3

To get our ¢’s near the edge to be non-negative, we will need to know that
the ¢’s closest to the edge are strictly positive, except for those which are
always zero. This set of ¢’s which are always zero must be treated carefully,
so we introduce the following notation:

Z = {(ik+1a-~ .,’id) : for all jl,...,jk,

. . . . d.
(rsrs o5 da) < (s ta) = <50 =0}
(Here and elsewhere, we write @ < ¥ to mean that each coordinate of # is
less than or equal to the corresponding coordinate of 7.)

We will now show
CrLAM 5.4. For each (igt1,--.,1q4) we have:
o If (iky1,...,1q) € Z, then c;l =0 (for alliy,...,ix and alln > degp).
o If (ik+1,---,1d) & Z, then
linniio%fmin{c?/ <ZO ;;)Z;:_' 7:]; Zk) D00y By e, T > gn} > 0.

We proceed by induction on i1 + - - - +i4. As a base for our induction,
we can take those cases where ig1+---+i4 < 0; in such cases, (ig41,-.-,%q)
€ 7, and C? = 0.

Let v > 0. Assume the above holds whenever ix11 + --- +ig < v, and fix

some (igy1,...,1q) wWith ig1q + -+ +ig = v. We will focus on the identity
(5.1) A= () (T b
7 1—eQ 1—€ 1—€k41 1—€eq

We need to consider three cases.

CASE 1: (ig41,..-,1q) € Z. We must show c%? = 0. In this simplest case,
we need a brief induction on n. When n = degp, c? = 0 by the definition
of Z. For larger n, we examine equation . Every term on the right-hand
side is zero: the first batch are zero by our current induction hypothesis
on n. Since we have (ig41,...,1q) — € € Z for all ¢, each term of the second
batch is zero by our induction hypothesis from Claim

Note that the vector (ixt1,...,%q) has d — k coordinates, so when we
subtract €, t is ranging from 1 to d — k, above and in the following.

CASE 2: (ig41y---,0q) € Z, and (igy1,...,0q) — €; € Z for some t =
1,...,d—k. We may apply our Claim[5.4)induction hypothesis to the second
collection of terms. We see that those whose subscript is in Z are identically
zero, while at least one has its subscript not in Z. For some € > 0, the second

collection of terms is greater than (Zojol;f::k)e for sufficiently large n.
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Let f(n) denote the minimum whose lower limit we must show to be
positive, and let cﬂ be an element appearing in this minimum. (So we are

assuming that ig, ..., i, > on /2.) We examine the right-hand side of .
We divide terms of the first batch of terms into two types. For some ¢ =

., k, we may have iy — 1 > §(n — 1)/2. When this is the case, Claim
applies to the corresponding term, immediately giving us

ol 2f(n—1)<zo,+z,1+“'.+lk:1>
i—et (10,01, - -, 1k) — €

so we have a lower bound for some terms of the first batch in (5.1]).

For those terms with i, —1 < §(n—1)/2, we argue that if n is large, then

o 81 > (. This occurs since if n is so large that (5( —1)/2 > v, we will have
t

A

o(n—1)
2

i — 1+ igyy g < +v<dn—1).
Let S = {0,...,k}\ {t}. Subtracting both sides from n —1 gives > _qis >
(1 —6)(n —1). By choice of 4, this implies c;_el > 0 for large n.
—€t

We now combine these, noting that in the above three paragraphs, our
notion of sufficiently large n did not depend on ¢ itself, but only on v. Assume
n is sufficiently large in this sense. We will use (5.1) to compare f(n) with
f(n—1). We will first deal with the case that f(n — 1) is negative. We know

that the second group of terms is greater than e(m;;izlf"';ik) Each term

of the first group is greater than either 0 or f(n — 1)(10“1+ AN 1) When

(ZOazl, :zk)
f(n — 1) is negative, the second possibility is the lesser, and we get

oo (e

@lj

(10,215" lk) 20521y,

<f<n—1>+e>(

Dividing and taking a minimum gives f(n) > f(n — 1) 4+ e. This means that
for large n, f(n) will be positive. Once f(n) is positive, we can use the same
argument, but replace the first collection of terms in with zero, yielding
f(n) > €. So liminf f(n) > 0.

m+u+-~-+%>
iOailv"'aik

CASE 3: (igt1,---,1q) € Z, but (ik+1,...,id) —¢g e Zforallt=1,...,
d—k. Using the definition of Z, we see that if (jr11,...,7d) < (tkt1,---,%d)
and (Jr+1,---,Jd) # (ik+1,.--,1q), then (Jri1,...,74) € Z, and so c;i = 0.
Hence, if cq is non-zero, we must have either (jx41,.-.,75d) = (tkt1,s---,%d),

or else j; > iy for some t € {k+1,...,d}.
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Thus, we can write

p(¥) = Zc;lxojox{l o mi'ld
J
=zl 'k Zc’]lxéox{l i
jer
it1+1 S ia+l o
+ 2 T g (B) -+ 2 g (3),
where g1, -..,9q are some polynomials, and [ is the set of all ; such that
the last d — k coordinates of j are (jx41,-.-,Jd) = (Tk+1,-- -, %d)-
We now expand the multinomial z{’, writing it as

((1_x1__xk)_xk+1—_ajd)]0

We will get one term of the form (1 — 1 — -+ — 2%)7, and all other terms

will have a factor of x; for some k£ + 1 <t < d, and so can be lumped in
with the ¢g’s. We get

=\ Okl L old N1 _ — .= (n—v)—j1——Jk .1 .k
p(T) =z ..z ch(l x] xr) LRI ik
J€el
ipp141 - - FEE
+ T G (@) + - 4 2l T ().

Let s(z1,...,z;) denote the sum over j in the above display. We notice
that s is a supporting polynomial of p. Furthermore, for a given choice of
(Tk+1y---,1q), this defines s, and so s(z1,...,zx) does not depend on n,

and the expression of s in partition form above holds for all n. Letting

dj, j. denote the partition coefficient of s, the above display shows that

ar . =t .
J1s--50k J1see 5Tk stk 15e-050d
The relation “is a supporting polynomial of” is transitive, and so s sat-

isfies the conditions of the induction hypothesis of Proposition For any

0 < p < 1/d, if n is sufficiently large, we must have dj, . =0, and also
I%rgg}fmln{d?h_._dk/(jh N ,jk) (R P 15 I S pn} > 0.

Replacing n with n — v in the above, and choosing p < ) /2, will give the
desired statement, concluding our proof of Claim in Case 3.

Before moving on, we make an observation about when Case 3 can occur.
Note that s cannot be zero, as this would imply that each c? in the sum

above is zero, meaning that (ig41,...,%q) € Z, which we have assumed it
is not. Simplifying the above, s yields a non-zero term of p not canceled
elsewhere, so we must have degp > v = i1 + - -+ + iq.

That is: If (ugs1,..-,uq) € Z, and ugyq + - - -+ uqg > degp, then there is
some 1 <t <d— k such that (ugt1,...,uq) —er & Z.
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We have now finished showing Claim whose awkward statement was
necessary for the induction to work. What we actually need is the following
simpler statement, which comes from applying Claim to a finite number
of choices of (ikt1,...,iq). In the following, § and N are still as defined
shortly after the statement of Proposition

Cram 5.5. Let u = degp. There are € > 0 and N > N such that civ >0

whenever g1 + -+ +iq < u, and cﬂ > € whenever g1 + -+ + Zd = u,
(Tgt1y- - zd)gZ and zt>5N/2 for eacht=0,...,k.

All that remains is to show Proposition We want to prove that there
are some d; > 0 and Nj such that igy1 + -+ + ig < dgn, n > Ny, implies
b > 0.

2

We may assume that J < /2. This assumption means we are concerned
only with the case that ikt1+ - +ig < on/2.

Let —M = mln{c }. We can assume that M > 0, since if not, then all
cziv are positive, and hence all cq are positive for n > N, and we are done.

The recursion relation c"Jrl Zf:o c? . easily generalizes to
—€t

z
Nt =% <4>c£V#.
v o) o

aezn

N+n -

We use this to write a general e in terms of the level N values, for which

we have inequalities. Fix z and assume i1+ +ig < (5n/ 2. We may write

nyﬂzz <Z~>c§]\ia_ ) <~> fof&Jr ) < ) £&+ > <Z~)Cz§i&’

& ael aels aels
where
L ={a: (ig41 — agy1) + -+ (lg — ag) <uor
(lga1 — Qpaty - s0d — Qgq) € Z or iy — ay < 5N/2 for some t =0,...,k},

Igz{o_z':(ik+1—ak+1)+-~-+(id—ad):u

and (k41 — Qgt1y.--,0qg — ) € Z and ig — ap, . .., i — ax > ON/2},
I3 ={ad: (ikg1 — agpq1) + -+ (ig —aq) > u

and (ig4+1 — Qkt1y.--,0q — g) € Z and io —QQ,...,ik —ag > IN/2}.

On each of these sets we use a lower bound on c~ . On I, we have civ > €,
OZ O[

by choice of €. On I3, we have no good bound, SO we use czj\i& > M.
On I, we have cg 5 > 0: This is clear for either of the first two con-
ditions. If the third holds, we may combine it with our assumption that
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1+ Fig < SN/Z to find (z;t—at)+(ik+1—ak+1)+- 4 (lg—ag) < SN.
Subtracting both sides from N and letting S = {0,...,k} \ {t}, we have
Y oseglis —as) > (1— §)N. This gives Cfﬂia > 0 by the induction hypothesis
of Proposition |5.3

Thus, we have

g ()5 ()5 ()

aely acls aels

We wish to group terms together according to what value (greater than
or equal to u) they have for (i1 —agt1)+- -+ (ig — aq). We write C(z) =
> (%), where the sum is over all @ with (i1 — 1)+ -+ (ig—aq) = u+az,
with (ik+1 — Qg 1,y — de) ¢ 7, and with ig — ag, ..., — Qg > 877,/2

Under this notation, we have shown that

N > e0(0) — MY O().
t=1

For our i, let p = (ig1 + - - - + iq)/n. We are then trying to find &), such
that M1+ is non-negative as long as p < 6. We will do this by showing

Clx+1) < %C’(z) for all > 0. From this, we will know that

oz (e Mi((’fj_w)t)om)-

p

We have C(0) > 1 for any legal choice of i. (This is true but tricky
to verify and unnecessary for Proposition if C'(0) were zero, the above
Ntn
C(0) > 1.) Also this geometric Zseries converges if p is sufficiently small.
The right-hand side is therefore a rational function which depends only on
p. This rational function equals eC(0) at zero, and so the existence of

follows from the continuity of this rational function at zero.

All that remains is to verify C(x + 1) < @C(x). We do this by a
counting argument. (We eschew the coloring metaphor from d = 2, as it is
less helpful in the case of d colors.) Recall that (%) counts the number of
functions f : {1,...,n} — {0,1,...,d} such that the number of elements
in f71(j) is oy for all 0 < j < d. (We have defined the multinomial coef-
ficient to be zero if any «; is negative, so this fact remains true even for
nonsensical d.)

would hold and we would have ¢ > 0 for all p. Assume therefore that

We may thus interpret C(z) as the number of functions f which map
{1,...,n} to {0,1,...,d} and which satisfy:
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o #fY{k+1,...,d}) =dpp1+ - Fig—u—=z
(or equivalently, #f71({0,1,...,k}) =n+u+x — (igs1 + - +iq)),
i (ikJrl - #f71<k' + 1)7 s 7id - #fAil(d)) ¢ Za
o ig— #f7H0),... i — f1(k) > on/2.
Fixing z, we define D to be the number of functions f from {1,...,n}
to {—1,0,1,...,d} that satisfy:

o #f{k+1,....d}) =ig1+ - Fig—u—ax—1,

o #f71(-1) =1,

d (ik-i-l - #fil(k + 1)7 ceey g — #fAil(d)) ¢ Z,

o ig— #f7H0),..., ik — f (k) > on/2.

(If the second condition holds, the first says #f~1({0,...,k}) = n+u+z—
iyl — - —iq.)

Choose an f of the type counted by C(x + 1). If y is an element of
f7Y({0,...,k}), we may change the value of f(y) to be —1 and we will
get a function of the type counted by D. Any function from D can be so
constructed at most k + 1 times (once for each possible previous value of
f(y)). Counting the number of ways to choose such a y, we find

m+u+x+1—(igs1+ - +i2)C(x+1) < (k+1)D.

Now let f be a function of the type counted by D. By the observation
preceding Claim 5.5, we know that there is v € {1,...,d — k} such that
(igr1—#fHk+1), ... ig—#f1(d))—e, & Z. If z is the unique value with
f(z) = —1, we may adjust f(x) to be v, and the resulting function will be of
the type counted by C(x). Any C(x)-type function constructed in this way
will be so constructed at most once for each element of f~'({k+1,...,d}).
(Only such an element could have been the x in the construction.) Thus

D < (ig41 4+ +ig—u—2x)C(z).
Combining these two inequalities yields
(ntutz+1=(iky1+- - +iq))C(x+1) < (k+1)(ig+1+- - +ia—u—2z)C(z).
Decreasing the lower bound and increasing the upper shows that
(1—=pnC(z+1) < (k+1)pnC(x).
Dividing both sides by (1 — p)n, we are done and Theorem is proved. m

Finally, we conclude by stating a corollary which allows one to build
partition polynomials without discussing supporting polynomials.

COROLLARY 5.6. Ifp(z1,...,xq) is a non-constant partition polynomial,
and k = degp, then for any integer polynomial g(Z), the polynomial

q@)=p@)+1—z1—--— xd)kH:ﬂ’fH o :Uflﬂg(f)
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is a partition polynomial if and only if it satisfies 0 < q(&) < 1 on the region
of x1,...,xq with 1 —xy — -+ — x4 > 0.

Proof. Note that in the contribution made to p to produce g, every term
has a factor of mzﬂ which is greater than occurs on any term of p, and
such terms do exist since p # 0. Thus, an exponent vector (ay41,--.-,aq)
of ¢ which uses ag > k + 1 cannot be minimal (so any proper standard
supporting polynomial of ¢ is also one for p). Similarly, for any minimal
exponent vector of p, we have ag < k + 1, meaning that all extra terms
for ¢ can be lumped in with the x};rad garbage polynomial (so any proper
standard supporting polynomial of p is one for q).

The contribution to p has similar factors for all z;, so the same argument
applies to any simplex permutation of p and ¢, hence p and g have exactly the
same proper supporting polynomials, and thus every supporting polynomial
of ¢ is positive.

Finally, for the non-proper case, we clearly see that the simplex permuta-
tions of ¢ and 1 — g are positive on the simplex, so ¢ is a partition polynomial

by Theorem [3.2] =

6. Good measures. A Cantor space is any compact perfect totally
disconnected metrizable space. (Any such space is homeomorphic to {0, 1}V.)
Let p be a probability measure on (the Borel subsets of) a Cantor space X.
We assume g is full (has positive measure on open sets) and non-atomic
(points have measure zero).

We say such a measure is good in the sense of Akin or simply good if
whenever U and V are clopen sets in X with pu(U) < p(V), there is a clopen
set U C V with u(U) = p(U). That is, if a is the measure of some clopen
set, then there are many clopen sets of measure «, and they can be found
wherever there is room for one.

Good measures are interesting for a number of reasons, mainly to do with
constructing measure-preserving homeomorphisms. If u and v are probabil-
ity measures on a Cantor space X, one might expect it to be trivial to
verify that there is a homeomorphism of Cantor space which sends p to v.
This is not the case however: The clopen wvalues set of u, defined to be
{uw(E) : E is clopen}, is a countable, dense subset of [0, 1]. Two measures
will typically have different clopen values sets, and thus not be homeomor-
phic. This invariant is not sufficient in general to determine if two measures
are homeomorphic, but among good measures, it is (Akin [2]).

Another notable property of good measures is that they are precisely the
invariant measures of uniquely ergodic homeomorphisms of Cantor space.
That is, if T' is a uniquely ergodic homeomorphism of a Cantor space, then its
unique invariant measure is good (Glasner and Weiss [6]), and if a measure
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u is good, then there is a uniquely ergodic transformation for which it is the
unique invariant measure (Akin [2]).

Given a probability vector p'= (po, p1,- .., pd), we define B(p) to be the
Bernoulli trial measure on (the Borel subsets of) X = {0,1,...,d}". That
is, it is the countable product of independent copies of p. Surprisingly, there
is a large class of good measures found among the Bernoulli trial measures.

Dougherty, Mauldin and Yingst [5] showed that the measure (1 —7,7) is
good when there is an integer polynomial R(x) with R(0) = £+1, R(1) = +£1,
and r is the unique root of R in [0,1]. (Equivalently, 5(1 — r,r) is good
precisely when r is an algebraic number in (0, 1) with no conjugates in (0, 1)
and such that 1/r and 1/(1 — r) are algebraic integers.)

Akin, Dougherty, Mauldin and Yingst [3] looked at the case of more than
two symbols, finding many partial results in the general case, and completely
solving it for a rational measure, in a result we will state shortly.

The notion of an algebraic conjugate is tricky in multiple symbols. (The
ring Z[z,y] is not a principal ideal domain and so a point in R? does not
have a single minimal polynomial.) Given a point (p1,...,pq) in RY, we let
Z(p1,...,pq) denote the set of all integer polynomials which equal zero at
(p1,-..,p4)- The notion of the set of algebraic conjugates of (p1,...,pq) is
made precise by considering (as we often shall) the set of points at which
every element of Z(p1,...,pq) vanishes.

Also, we note the connection between partition polynomials and Bernoulli
trial measures: From our understanding of partition polynomials, it is clear
that given a subset E of {0,...,d}" which depends only on finitely many
coordinates, there is a partition polynomial f such that g(xg,...,z4)(E) =
f(z1,...,24). But in the space {0,...,d}Y, a set depends on only finitely
many coordinates precisely when it is clopen. (Such a set is clearly clopen.
A clopen set is open and so is covered by the basic open sets inside it; there
is a finite subcover, each element of which depends on finitely many coor-
dinates.) Thus, each clopen set in {0,...,d}" has an associated partition
polynomial, which gives its Bernoulli trial measure. Conversely, given a par-
tition polynomial f in d variables, there is a clopen set E for which f gives
the Bernoulli trial measure of F. This clopen set associated with f is usually
not unique, while the polynomial associated with a given clopen set clearly
is unique.

THEOREM 6.1. Let (po,...,paq) be a probability vector. Then 5(po, - .., Pd)
is good if and only if there exists an integer polynomial f(x1,...,xq) such
that (p1,...,pq) is the only point in the simplex at which f equals zero, and
f equals one on the boundary of the simplex.

Equivalently, B(po, - ..,pq) is good if and only if the point (p1,...,pq) is
the only point in the simplex at which all polynomials in Z(p1,...,pq) equal
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zero, and also Z(p1,...,pq) contains fo, f1,..., fa such that f; equals one
identically on the hyperplane x, =0 fort =0,1,...,d.

Proof. First we show that these two conditions are equivalent. The first
clearly implies the second; suppose the second holds. There must be a finite
set of polynomials in Z(p1,...,pq) among which (p1,...,pq) is the only
common zero in the simplex. (This follows from Hilbert’s basis theorem.) If
we square these and add them, we will get a single polynomial ¢ for which

(p1,...,pq) is the only zero in the simplex. Now consider the polynomial
A== fo)t—=f1)- - (L= fa))* +ao- 21 ... zad.
This polynomial is zero at (p1,...,pq), is positive elsewhere in the simplex,

and equals one when any x; is zero, and so the first condition holds.

We will prove that a good measure satisfies the second condition. Suppose
that S(po,...,pq) is good. Let b = (b1,...,bg) be a point in the simplex
other than p = (p1,...,pq). It is simple to verify that there are partition

—. =,

polynomials ¢y and gy with gy (p) > qu(p), with ¢y (b) > gy (b), and with
qv = 0 and gy = 1 on the boundary of the simplex.

(One strategy is to let (m1/n,...,mg/n) be a rational vector very close
to p. The polynomial " -...- 2} - (™™ "™ is positive on the simplex,
with most of its mass centered at its local maximum at (my/n,...,mg/n).
For some positive integer A, the polynomial gy (Z) = Azi™ - ...z} -
zy "™ will be sufficiently large at p’ (say greater than 1/2) but still
less than 1 on the simplex. If n is sufficiently large then we will have gy (b) <
1/2. Let quy = 1 — qy. Any non-zero supporting polynomial of a simplex
permutation of gy is an expression of a similar form to gy, and so it is
positive on its simplex. Since gy equals one on the boundary, we can verify
that the only non-zero proper supporting polynomial of gy is one. So qu
and gy are partition polynomials as desired, by Theorem )

Let U and V be clopen sets in {0,...,d}" associated with the parti-
tion polynomials gy and gqy, respectively. We have quy(p) < qv(p), and
so B(po,---,pa)(U) < B(po,-..,pq)(V). Since this measure is good, there
must be U with U C V and B(po,...,pa)(U) = B(po,...,pa)U). Let ¢ be
the partition polynomial associated with U. From U C V, it follows that
B(xo, ... ,ard)(ﬁ) < B(zo,...,24)(V), and so § < gy on the simplex, and in
particular ¢ = 0 on the boundary.

Combining the above, we have §(7) = qu (7), but ¢(b) < qv(b) < qu(b).
Hence, qy — ¢ is a polynomial in Z(p) which equals 1 — 0 on the boundary
of the simplex. Furthermore, g;; — ¢ is not zero at 5, and such a polynomial
exists for any b in the simplex other than p.

Next, we show that if f exists as in the first statement of the theorem,
then 3(p) is good. Note that f > 0 on the simplex. It is possible that f
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gets as large as two on the simplex. If this occurs, we may replace f with
f(@) = (1 —zoz1 ... 2q)N f(Z) for some large N. (We already have f < 2
near the boundary, and as N increases, fi — 0 uniformly on compact subsets
of the interior of the simplex.) This f; still equals one on the boundary and
has p as its only zero in the simplex.

Now observe that 1 — f; vanishes on the boundary of the simplex, and
so has a factor of zgzy - ... 4. If we replace f; with fo = 1 —(1— f1)?, then
f2 still has p’as its only zero in the simplex (since we have ensured f; # 2),
f2 equals one on the boundary, and 1 — f» has a factor of (zoxy - ...  z4)%
Furthermore, we have fo < 1 on the interior of the simplex.

Next consider replacing fo with f3(Z) = (1 —zox1-. .. -z4) fo(Z). We may
note that again f3 also has p'as its only zero in the simplex, and equals one on
the boundary of the simplex. Further, the non-zero supporting polynomials
of 1 — f3 are all positive on the interiors of their respective simplices. To
see this, first note that fo < 1 on the closed simplex implies that 1 — f3
itself is positive on the interior of the simplex. For the proper supporting
polynomials, recall that 1 — f5 is divisible by (zgz1-. .. z4)?, and so we may
write fo(Z) =1 — (zow1 - ...  4)?g2(¥) for some integer polynomial go(T).
Hence,

1-— fg(f) =Tl ... "Tq+ (.%'0.%‘1 e xd)zgg(f)(l — XLyl ... xd).

Since xoxy - ... - xg divides 1 — fs3, it follows that if s(x1,...,2,) is a
non-zero standard supporting polynomial of 1 — f3 with exponent vector
(ay41,---,aq), we must have (ay41,...,aq9) > (1,...,1). But inspecting the
above expression of 1 — f3 we see that the exponent vector (ayt1,...,aq)
= (1,...,1) does yield a non-zero standard supporting polynomial of
129 ... Tp(l —x1 — -+ — xy), and so this can be the only non-zero sup-
porting polynomial for this choice of v, and it is positive on the interior of
its simplex. Looking at the form of the above expression for 1 — f3, the same
argument also applies to simplex permutations of 1 — fs.

Suppose U and V are clopen sets in {0, ..., d}" such that the 8(po, . . . , pq)
measure of U is less than that of V. Let qu and gy be their associated
partition polynomials, respectively. So qu(p) < qv(p). Consider §y (Z) =
qv(Z)(1 — f3(£))N for some sufficiently large N. We argue that gy and
qu — ¢y have supporting polynomials that are positive on their respective
simplices. The first of these is easy: by Proposition the supporting poly-
nomials of ¢y are positive since those of ¢,y and 1 — f3 are.

Next we show that the supporting polynomials of qy — ¢y are positive
on their open simplices. The important properties of ¢y are preserved under
simplex permutations, while gy is arbitrary. The argument that follows will
therefore apply to simplex permutations of gy — ¢y, and we will concern
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ourselves only with the standard supporting polynomials: first the proper
ones and then gy — ¢y itself.

Assume N was chosen so large that it exceeds deg qy. Then xév is not a
factor of g7 but is a factor of §y. As in the proof of Corollary we have
adjusted gy by adding only terms with a larger power of x4 than any term
of qu, and so the proper standard supporting polynomials of ¢ and gy — gy
are the same. The standard supporting polynomials of gy — ¢y are therefore
positive because gy is a partition polynomial.

All that remains is to show that gy — gy itself (and therefore any simplex
permutation) is positive on the open simplex. We do this over three regions:
At p, we have ¢y = qv < qu, so on some neighborhood of p we have
Ggv < qv < qu. Since qu is a non-zero partition polynomial, we may write it
in partition form for some n and find a term x - ... - a:ff which is less than
qu on the simplex. Since 1 — f3 has a factor of zg - ... - x4, there will be some
large N for which ¢y = qy (1 — f3)" has more than i; factors of x;, and so
Gv(T) <zl -...- :vild < qu(#) when Z is inside the simplex and within §
of the boundary. (The same ¢ will also work for larger N since ¢y will only
decrease.) Away from the boundary and away from p we have gy > 0 and
1 — f3 < 1. This region is compact, so gy > € and 1 — f3 < 1 — € for some
€ > 0. When N is so large that (1 — )" < ¢, we have qy/(1 — f3)V < gy on
this region.

Finally, v, qu, and gy — ¢y all have positive supporting polynomials,
and so have non-negative partition coefficients for large n. Since each level
n partition coefficient of g7 is the sum of the corresponding level n partition
coefficients of ¢y and gy — ¢y, we see that if n is large then the partition
coefficients of ¢y are positive and are less than those of g.

Let n also be sufficiently large that U depends only on the first n coordi-
nates of {0,...,d}". Recall that the partition coefficient a? of gy gives the
number of words of length n which are permitted to appearlas the first n co-
ordinates of a point in U such that the symbol ‘¢’ occurs in this word exactly
it times for each t. By throwing away some of these words leaving a number
equal to the corresponding partition coefficient of ¢y, we will find a clopen
subset of U whose associated partition polynomial is §y. The B(po, ..., pq)
measure of this set is ¢y (p) = qv(p) = B(po, - .., pa)(V). So B(po,...,pq) is
good. m

The existence of polynomials which equal one on the faces of the bound-
ary can be a tricky question. A direct approach is as follows: Hilbert’s basis
theorem ensures that the ideal

Z(p) ={f(&) € Z[x, ..., xa] : f(P) = 0}

is finitely generated. That is, there are integer polynomials f1,..., fr such
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that
Z(p) = [f1,.--, fal ={fho+ -+ frgr: 91, ... gk € Z[z1,. .., 24]}.

(We are being precise since much of the literature is more focused on
Q[z1,...,xq], but Hilbert’s basis theorem does apply in this sense.) Now
the question of whether this ideal contains an element which equals one on
the face 1 = 0 is equivalent to the question of whether 1 is in the ideal
[f1s--, fk] € Z[xa,...,x4] where fi(za,...,xq) = f1(0,2z2,...,24). To de-
termine whether 1 is in this ideal, we need only calculate a strong Grébner
basis (over Z) of this ideal and check whether 1 is in it, and similarly we
can handle the other edges. (Again, one has to be careful since it is more
common to find discussion of Grobner bases over a field. One nice treatment
of Grobner bases over a ring is by Adams and Loustaunau [I].)

The computation of a Grobner basis can give an algorithm for determin-
ing whether a given measure is good, but in many simple cases is unneces-
sary. Note that p(Z) equals one on the hyperplane z; = 0 if and only if 2
is a factor of p(#) — 1. Thus, such a polynomial is precisely one of the form

f(@) =1+ 29(7)

for some integer polynomial g. Asking such a polynomial to equal zero at p'is
then equivalent to asking 1/p; = —g(p)) for some integer polynomial g. But
the elements that can appear as —g(p) are exactly those elements of the ring
Zlp1,...,pd| = Zlpo,p1,--.,pa]- (It is clear that these are the same ring.)
We therefore have the following equivalent formulation of Theorem

COROLLARY 6.2. Suppose that (po,...,pq) is a probability vector. Then
B(po, - .. ,pa) is good if and only if the point (p1,...,pq) is the only point in
the simplex at which all polynomials in Z(p1,...,pq) equal zero, and also
each p; fort =0,...,d is a unit in the ring Z[po, - . ., Pd)-

A few examples are in order.
. 11 1

Consider 6(1 - 5 Vs
822 — 1 and 8y? — 1 have only one common zero in the simplex, so the
first condition holds easily. It is simple to verify that the ring Z[%, %] is
precisely those numbers of the form (A + Bv/2)/2" for integers A, B, n with
n > 0. This set includes v/8 = 2v/2 and 1/(1 — 1/v/2) = 2 + /2, so each
coordinate of (pg, p1,p2) is a unit in this ring, and the measure is good.

Is the measure 6(1 — \/%, \/%, \/%) good? Again it is clear that (\/%, \/%)
is the unique root in the simplex of the ideal of polynomials equaling zero
there. The ring we consider is those numbers expressible in the form Mﬁi)bm.
Even denominators are not allowed, so \/% is not a unit in this ring, and

). Is this measure good? The polynomials

the measure is not good.
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We conclude with the following theorem, originally proved in [3], which
shows when a rational vector is good.

THEOREM 6.3 (Akin, Dougherty, Mauldin, Yingst). Let (po,...,pq) be a
rational probability vector. Then B(po,...,paq) is good iff every prime factor
of the numerator of (the reduced form of ) any of the p; appears as a prime
factor of the denominator of (the reduced form of ) one of the p;.

Proof. It is clear that the linear polynomials which specify each rational
coordinate specify p' = (p1,...,pq) as their only common zero in R?. Let
u be the least common denominator of {pp,...,pq}. It is also easy to see
that the ring generated by {po,...,pq} is precisely the set of fractions of the
form A/u™, where A,n are integers and n > 0. The coordinate p; is a unit in
this ring if and only if it is expressible in the form u"/A for some n and A.
A number can be written in this form exactly when every prime factor of
its numerator is a factor of u. =

With this theorem, we can tell at a glance that ,B(%, %, %) is not good,
but 5(5, £ 10, 110) is good.
Wrapping up, we return to the problem stated in the introduction.

PROBLEM. Using a die with 3 sides which occur with probability (9, 35 g)
18 there some n such that an event depending on n rolls of the die has prob-

ability 3¢ That is, is there a partition polynomial p(x,y) with p(g, 9) = :1,)?

First, we can note that f(x,y) = 3(1 — z — y) is one polynomial with
f(%, %) = % We can compute that the polynomials h with h(%7 %) =0
are precisely those of the form (z — y)g1(z,y) + (92 — 4)g2(x,y) for some
integer polynomials g1 and go. (Some experience with Hilbert’s basis theorem
and Grobner bases over rings is useful here but not necessary: we can use
multiples of z — y to remove all occurrences of y from h(z,y), leaving a
polynomial of & which equals zero at % and hence is a multiple of 9z — 4.)
Thus, we are looking to determine whether there exist integer polynomials g1

and go such that
flz,y) = (3 =3z =3y) + (z —y)q1(z,y) + (92 — 4)g2(z, y)

is a partition polynomial.

We can start thinking about choices of g; and gs that will give positive
supporting polynomials, but we will hit a roadblock when it comes to look
at the standard supporting coefficients of f and 1 — f. The exponent vector
(0,0) gives a standard supporting coefficient of f as 3 — 4¢2(0, 0), while for
1 — f the same is —2 4 4¢2(0,0). It is easy to see that these cannot both
be positive while g2(0,0) is an integer, and so we have answered the above
question in the negative.
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(Since above we were considering the (0,0) standard supporting coeffi-
cient, the same result could have been answered by considering f(0,0) =
3 —4g2(0,0). If f is a supporting polynomial, it lies between 0 and 1 in the
interior of the simplex, and so f(0,0), an integer, must be zero or one, which
is impossible for the above function.)

Acknowledgments. Thanks go to Jason Holt, whose conversation
greatly helped this paper progress. Additional thanks go to the referee, who
pointed out a significant error.

REFERENCES

[1] W. W. Adams and P. Loustaunau, An Introduction to Grébner Bases, Grad. Stud.
Math. 3, Amer. Math. Soc., 1994.

[2] E. Akin, Good measures on Cantor space, Trans. Amer. Math. Soc. 357 (2005),
2681-2722.

[3] E. Akin, R. Dougherty, R. D. Mauldin, and A. Yingst, Which Bernoulli measures
are good measures?, Colloq. Math. 110 (2008), 243-291.

[4] T. D. Austin, A pair of non-homeomorphic product measures on the Cantor set,
Math. Proc. Cambridge Philos. Soc. 142 (2007), 103—-110.

[5] R. Dougherty, R. D. Mauldin, and A. Yingst, On homeomorphic Bernoulli measures
on the Cantor space, Trans. Amer. Math. Soc. 359 (2007), 6155-6166.

[6] E. Glasner and B. Weiss, Weak orbit equivalence of Cantor minimal systems, Int.
J. Math. 6 (1995), 559-579.

Andrew Yingst

University of South Carolina Lancaster
PO Box 889

Lancaster, SC 29721, U.S.A.

E-mail: andy.yingst@gmail.com

Received 17 May 2012;
revised 22 May 201/ (5687)


http://dx.doi.org/10.4064/cm110-2-2
http://dx.doi.org/10.1017/S0305004106009741
http://dx.doi.org/10.1142/S0129167X95000213




	1 Introduction
	2 Partition polynomials
	3 Supporting polynomials
	4 Three symbols
	5 Characterizing partition polynomials
	6 Good measures
	REFERENCES

