INEQUALITIES FOR SYMMETRIC MEANS

ALLISON CUTTLER, CURTIS GREENE, AND MARK SKANDERA

ABSTRACT. We study Muirhead-type generalizations of families of inequalities due
to Newton, Maclaurin and others. Each family is defined in terms of a commonly
used basis of the ring of symmetric functions in n variables. Inequalities corre-
sponding to elementary symmetric functions and power sum symmetric functions
are characterized by the same simple poset which generalizes the majorization or-
der. Some analogous results are also obtained for the Schur, homogeneous, and
monomial cases.

1. INTRODUCTION

Commonly used bases for the vector space A] of homogeneous of degree r sym-
metric functions in n variables x = (z1,...,2,) are the monomial symmetric func-
tions {mx(x)| A F r}, elementary symmetric functions {e)(x)|A F 7}, (complete)
homogeneous symmetric functions {hy(x)|A = r}, power sum symmetric functions
{pa(x) | A F r}, and Schur functions {s)(x)| A F r}. (See [11, Ch. 7] for definitions.)

To each element g, (x) of these bases, we will associate a term-normalized symmetric
function G(x) and a mean &,(x) by

(1.1) Gx) = —2X g ) = ).

g)\<1,...,1)’
Thus, for example F)(x) and &,(x) are associated with the elementary symmetric
function ey(x). Note that {G,(x)| A+ r} forms a basis of A7 and that the functions
{&\(x)| A F r}, while symmetric, are not polynomials in x and therefore do not
belong to the ring of symmetric functions A,,. In the definition of &,(x), we assume
r > 0.

The functions &,(x) are examples of symmetric means (see, e.g., [1, p.62]). By
definition, these are symmetric functions in x1, ..., x, satisfying

(1) min(a) < &(a) < max(a),
(2) a < b (componentwise) implies & (a) < &(b),
(3) limp_o &(a +b) = &(a),
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(4) ®(ca) = & (a),

for all a,b € R%; and ¢ € Rxo.

This paper will explore inequalities between symmetric means. For fixed n and two
means §, &, we will write §(x) < &(x) or &(x) — F(x) > 0 if we have F(a) < &(a)
for all a € R%,. We define the inequality F'(x) < G(x) analogously. Note that if
the degrees of F(x) and G(x) are equal, then we have F(x) < G(x) if and only if
§(x) < B(x).

The study of inequalities of symmetric means has a long history. (See, e.g., [1],
[4].) Perhaps the best known such inequality is that of the arithmetic and geometric
means,

Qfl (X) Z an (X) .

See [1] for many proofs of this result. Another example is Muirhead’s inequality [7]:
if A and p are partitions of r, then

My (x) < M, (x) if and only if x4 majorizes \; equivalently,
My (x) < M, (x) if and only if x4 majorizes A.

See Section 2 for a definition and further discussion of the majorization order (also
known as dominance order) on partitions. Muirhead’s inequality will serve as a pro-
totype for many of the results in this paper.

Other classical inequalities are due to
(1) Maclaurin [5]: For 1 <i < j <mn,
€;(x) > €;(x),
(2) Newton [8, p.173]: For 1 <k <n —1,
Ep(x) > Eg1r-1(X); equivalently,
Crr(x) > Epprp1(x),
(3) Schlémilch [10]: For 1 < i < j,
Pi(x) < B;(x),
(4) Gantmacher [3, p.203]: For k > 1,

Prk(X) < Pry1k—1(x); equivalently,
P 1 (x) < Piy1 p—1(x); equivalently,

Bk (%) < Brgr,p—1(%),
(5) Popoviciu [9]: For 1 <i < j,
ﬁz(x) < ﬁj <X>7
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(6) Schur [4, p.164]: For k > 1,

Hy k(x) < Hyy1x-1(X); equivalently,
ik (X) < g1 p-1(%).

Note that term-normalized symmetric functions and means are defined only for a
finite number n of variables. Nevertheless, we may essentially eliminate dependence
upon n from the inequalities enumerated above by considering them to be inequalities
in sequences of functions,

G = (G(x1),G(xy,22), G(x1, 2, 23), ... ),
G = (6(5L‘1),Q§(ZE1,JZ2), QS(ZL‘l,ZEQ,JZg), Ce )

We will define partial orders on such sequences by declaring F' < G if we have
F(x) < G(x) for all n > 0, and § < & if we have §(x) < &(x) for all n > 0.

Our strategy will be to classify the above partial orders on the infinite sets {&, | A
1,2,...} corresponding to the common bases of the ring of symmetric functions. Our
principal results and conjectures (Theorem 3.2, Theorem 4.2, Conjecture 5.1, Theo-
rem 7.3, Conjecture 7.4) can be viewed as either analogs or extensions of Muirhead’s
inequality. Stating them in full generality requires the introduction of two new partial
orders on partitions: the normalized majorization order, and the double (normalized)
majorization order. These will be defined in Section 2 .

Strangely, these partial orders seem to have escaped study within the extensive
and venerable literature on symmetric means. The classical inequalities listed above
solve many special cases of the problem we have posed above, but fall short of a
complete classification. For example, Muirhead’s inequalities apply only to pairs of
polynomials having the same degree. Maclaurin’s inequalities allow different degrees,
but only deal with partitions having a single part.

This program is only partially complete. We obtain complete results for the ele-
mentary and power sum cases: the posets {€,} and {8,} are classified in Sections 3
and 4, using an analog of Muirhead’s inequality based on the normalized majoriza-
tion order. For the monomial poset {9}, we conjecture a characterization that
extends Muirhead’s inequality to pairs of functions with different degree, using the
double-majorization order. In Section 5 we establish the necessity of this condition,
and prove its sufficiency in many cases. For homogeneous symmetric functions, it is
easy to prove a sufficient condition for the partial order {$),} , but its necessity is
open. For Schur functions, the situation is reversed: necessity of the corresponding
condition is easy but sufficiency is open. We discuss the status of these and other
questions in Section 7.
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2. MAJORIZATION AND ITS EXTENSIONS

The following definition is classical and has a vast literature (see, e.g. [6]): if A and
i are partitions of n, then we write A = p and say that A is majorized by pu if

MA N <+ for all + > 1.

In this definition, we tacitly regard A and p as sequences of the same length, adding
zeros if necessary. Let P, denote the poset of all partitions of n, under the ma-
jorization order. It is well-known that P, is a lattice, and that it is self-dual. More
precisely,

(2.1) A =< pif and only if A" > 4/,
where A" denotes the transpose (or conjugate) of A defined by A = max{i|\; > j}.

The notion of majorization extends readily to rational sequences: if Q, denotes
the set of weakly decreasing sequences of nonnegative rationals, and «, 3 € Q,, we
say that « < Bifag +---4+a; < B1+---+ 3 for all &. The set 9, is a lattice
under this ordering, with meets defined as in (P,, <) using partial sums, i.e., if
S,L()\) = )\1 + e+ )\Z', then

Si(AA ) = min(S;(A), Si(w)) for all i > 1.

However, there is no analog of (2.1), and Q, is not self-dual. The subset Q; C Q,
consisting of sequences whose entries sum to 1 is a sublattice of Q,. We will refer to
the elements of Q; as rational partitions of 1.

For each integer n, P, embeds naturally in Q; under the map

This allows us to define a new relation, called normalized majorization, on the set P,
of all integer partitions. If A\ and p are partitions, possibly of different integers, we
write
LA

AL wd
It is important to note that (P, C) is preorder, not a partial order: for example, if A
is any partition, then A C kX and kX C A for any positive integer k. Let P, = (P.,C)
denote the quotient of P, with respect to the relation a ~ § iff « C  and § C a.
If n is a positive integer, let fgn denote the subposet of P, consisting of elements
corresponding to partitions of integers less than or equal to n. Several similarities
and differences between the normalized majorization order and ordinary majorization
orders are easy to see.

Observation 2.1. Normalized majorization satisfies the following properties:
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(1) For alln, (P,,=) embeds isomorphically in P<, (and hence in P.) as a sub-
poset.

(2) For alln, P<, is a finite poset; forn > 5 it is not a lattice and is not self-dual;
form > 6 it is not ranked.

(3) P, is a lattice, isomorphic to the infinite sublattice of Q) consisting of se-
quences with finite support; it is not locally finite (in fact every interval has
infinite length), and it is not self-dual.

Figure 2.1 shows the poset fgﬁ, with each element represented by the corresponding
integer partition in “lowest terms”. Thus, for example, {3,3} and {2,2} are both

represented by {1, 1_} Partitions of integers dividing 6 have been emphasized to show
the embedding of (Pg, <) in P<.

3111
2211

11111

111111

FIGURE 2.1. The poset P<g, with an embedding of (Pg, <) .

Parts (1) and (2) of Observation 2.1 are straightforward, as are most of the claims
made in (3). To verify that P, is not locally finite, suppose that «, § € Q; are distinct
partitions with finite support, such that a < . Then the partition

:CH'ﬁ:(Oél*l-ﬁl ag + B2 )
2 2 ’ 2 T
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lies strictly between o and 3, and also has finite support.

We will also introduce another partial order on P,, called the double (normalized)
majorization order. If A and p are partitions, possibly of different numbers, define

)\gluiff)\guand)\TguT,

or in other words,
A )\T T
Aﬂuiﬂ—jiand—zi.
AL [ul R
Let DP, = (P,, < ). It is worth noting that the conditions A C p and X' 3 ' are
not equivalent in general; for example, if A = {2,2} and pu = {2,1}, then A C u
but A" 2 u". However, when || = |u|, A < p if and only if A < u, and thus double
majorization is equivalent to ordinary majorization in this case. We note some basic
properties of DP,:

Observation 2.2. Let A and p be integer partitions.

(1) If X\ < pand p < N, then A = p; hence DP, is a partial order.

(2) For all n, (P, <) embeds isomorphically in DP, as a subposet.

(3) X < if and only if N> u'; hence DP, is self-dual.

(4) DP. is an infinite poset without universal bounds; it is locally finite, but is not

locally ranked.
(5) DP. is not a lattice.

Figure 2.2 shows the restriction of this poset to integer partitions of of 1,...,5.
Embeddings of (P,, <) in DP, appear as vertical columns in the diagram, for n =
1,...,5.

Claims (1)—(3) in Observation 2.2 are immediate or straightforward. To verify the
claim in (4) that DP, is locally finite, note that if A < 6 < p, then it follows from
the definition of double majorization that

0] <\ and 6, < .

Hence the Ferrers diagram of @ fits inside a box of size ] x p;. Since there are only
a finite number of such 6, the interval [A, u| is finite.

The statement in (5) that DP, is not a lattice may be verified by inspection of
Figure 2.2. Note for example, that the partitions {2} and {3, 1} do not have a greatest
lower bound; any such partition would have to lie in the interval [{2,1},{2}], and
that entire interval is displayed in the diagram.

We continue by listing some technical observations that will be useful in later
sections. Some of these will involve the operations of dilation and replication, defined
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LI

4 yA
S

O

B

|_|—

F1GURE 2.2. Double majorization of partitions of 1,...,5.
for partitions A = (Ay,..., ;) as follows: if ¢ is a positive integer, then
cA = (C)\l, Ce ,C)\g),

A= (A, AL A ).
———r S———

The operations of dilation and replication extend to rational values of ¢, provided
that the resulting part sizes and multiplicities are integral. The following facts are
easy consequences of the above definitions.

Observation 2.3. Let A\, p be integer partitions with || = |ul, let ¢ and d be positive
rational numbers. Then we have

(1) (\) =dX,

(2) (dA)" = (N)7,

() A2 p<=cA=2cu<= N2 pl<= =4,

assuming all of these sequences are defined.

The following results are routine but require a little more effort, and we leave their
verification to the reader.
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Observation 2.4. Suppose that X\ and p are arbitrary integer partitions.
(1) If |A| < |ul, then X < p if and only if X C p, i.e., ﬁ =< I_ﬁl
(2) If |\| > |ul, then X < pif and only if X' 3 ', i.e., % - T’;—T‘
(3) If ¢ is a positive rational such that c\ is defined, then X < ¢\ if and only if
c> 1.
(4) If ¢ is a positive rational such that X° is defined, then A > X if and only if
c>1.

We conclude this section with an alternate characterization of the majorization
order that will be used in Sections 3 and 4. If A is a partition, define the function
¥y : N — N by

(2.2) Pa(j) = max{\ +---+ X\ — kj}.

1<kt

Lemma 2.5. Two integer partitions A,y of r satisfy A < u if and only if we have

a(j) < Yu(g) for j =1,...,r. Furthermore, for any fized j we have ¥\(j) > ¥,(j)
if and only z'f)\T1+---+)\§<uT1+---+u;.

Proof. Note that 1,(j) is equal to the number of boxes in columns j+1,...,7 of the
Young diagram of A,

() =71 = (A 4+ + X)),
Thus the condition ¥, (j) < 9,(j) for j = 1,...,r is equivalent to the condition
A= 4, which in turn is equivalent to A < p. 0

This result can be generalized easily to rational partitions of 1.

Corollary 2.6. Two integer partitions \, i satisfy % - % if and only if we have
ﬁzﬁk(j) < |—/}L|1/Ju(j) for g = 1,...,r. Furthermore, for any fixed index j we have

AL R ,u—;

1 . 1 . . U .
) > rtu(d) zfandonlyzfﬁ%—-“—l—ﬁ<"L—1‘—|—'--+m.

3. ELEMENTARY MEANS

Maclaurin’s and Newton’s inequalities state that

€ > > ¢,
Ek,k ZEk‘-i-l,k’—la for k = 1,...,n—1.
In this section we generalize these to inequalities of the form &, < €,, where A, i

are integer partitions and €, €, are means corresponding to elementary symmetric
functions.
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For A = (A, ..., A¢) I r, the term-normalized elementary symmetric function F)(x)
is given by the formula

ex(x)
() ()
and the corresponding elementary mean is the rth root of this, €,(x) = {/E\(x).

Since eya(x) = ey(x)? and A\ is a partition of dr, we have the following stability
property of elementary means under the replication operation.

E\(x) =

Observation 3.1. For any partition \ and integer d > 1 we have €y = E,a.

We can now state and prove the main result of this section.
Theorem 3.2. If A and p are integer partitions with |\ = |u|, then
Ex<E, iff \= piff N = pl.

If X\ and p are arbitrary integer partitions, then

T T ¥ u
EN<E iff NEp de, — =X —.
g AL [ul
The partial order on { Ex|A = n} is isomorphic to (Pn, =X). The partial order on {€y}

is isomorphic to (P.,C).

Proof. First we consider the case that |A| = ||, which was first proved in [2, Thm. 5.7].
Suppose that A" £ u'. Then for some index i we have
Ao+ AN >l 4+

Choosing a number n > max(A, p1) and specializing the symmetric functions E)(x),
E,(x) at

T= =1 =1,

I
S

|
—_

xi+1 — e e .
we obtain polynomials in N[¢] of degrees A + -+ + A\l and u} + - - - + u}, respectively.

Thus we have

lim[EN(t, ... .t 1,..., 1) = E,(t,...,t,1,...,1)] = o0,
t—00 —— —— —— ——
which implies that E\ £ E,,.
Conversely, suppose that A" < " and write A\ = (Aq,..., ). If X covers p in the
majorization order, then there exist indices 1 < j < k < ¢ for which we have

= (>\17 e '7)\j717)‘j - 17)‘j+17 s ?)\kfla)\k + 17)\k+17 SR 7)\6)'
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For arbitrary n, we therefore have that £, (x) — E)(x) is equal to
E/\<X)

————— (£ - E —E\.(x)E .

E)\j (X)E)\k (X) ( /\g 1(X) )\k+1<x) /\] (X) )\k (X))

Rewriting Newton’s inequalities as
Ei(x) _ Bo(x) _ Bs(x) _
Ey(x) ~ Ei(x) T Ea(x)

we see that Ey (x)Ey, (x) < Ex,—1(x)E),+1(x). Thus, Ey(x) < E,(x). If A does not
cover u in the majorization order, then there exists a sequence of partitions

>

in which each comparison of consecutive partitions is a covering relation. Thus we

have
m—1

Eu(x) — Ex(x) = Y (B0 (x) — E,w1(x)) 20,
i=0
and again E)(x) < E,(x). Since this argument is independent of n, we have £\ < E,,.

Now consider the case that |A| and |u| are not equal. By Observation 3.1, we have
@)\(X) = QEAW(X), GM(X) = QENW(X).

Since A and p are both partitions of |A| - |u|, we have €, < &, if and only if

(AHT < (1PN By Observation 2.3 this is equivalent to the condition \/\TT| = % O

The isomorphism between {€,} and (P,,C) is given by the map &, — A'. Conse-
quently, the labeling of elements in Figure 2.1 does not represent the partial order on
the €,. Figure 3.1 shows another copy of the diagram in which the labels have been
corrected to show the ordering of elementary means.

The proof of Theorem 3.2 shows that Newton’s inequalities imply those of Maclau-
rin and those of the form &, < €, in the following strong algebraic sense. Define the
Newton semiring to be the set of all nonnegative linear combinations of products of
symmetric functions of the forms

{Bju(x) = By |10 <j<n—1}U{E)|1<i<n}

Corollary 3.3. Each difference E, (x) — Ex(x) with |\| = |p| and p = X belongs to
the Newton semiring.

Note that Corollary 3.3 includes differences of the form E,x(x) — Eyu(x) with
% = %, even if |A| # |p]. This shows that Newton’s inequalities imply Maclaurin’s
inequality and relatives of the form &, < €,.
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1

FiGURE 3.1. Equivalence classes of partitions of 1,...,6 ordered by
inequalities of elementary means.

4. POWER SUM MEANS

The inequalities of Schlomilch and Gantmacher state that
Pr<Pa<--o
Pk,k SPk+1,k717 fOI'/{ZZI,2,....

We will generalize these to inequalities of the form ‘B, < P, where A, u are integer
partitions and By, B, are means corresponding to power sum symmetric functions.

For A = (A\1,..., A\¢) F r, the term-normalized power sum symmetric function Py (x)
is given by
PA(x)
Py(x) =
A(x) ==
and the corresponding power sum mean is the rth root of this, Pir(x) = /Pr(x).

Like the elementary basis {e)(x)| A F r} of AT, the power sum basis {p\(x) |\ F r}
is multiplicative. We therefore have the following equalities.

Observation 4.1. For any partition A\ and integer d > 1 we have Py = Pa.



12 ALLISON CUTTLER, CURTIS GREENE, AND MARK SKANDERA

Theorem 4.2. If A and p are integer partitions with |\ = |u|, then
Py < Piff A= piff N = 4l

If X\ and p are arbitrary integer partitions, then
T T

A B
P <P iff N2yl de, — = .
g Al [ul

The partial order on { Px|A - n} is isomorphic to (P, =X). The partial order on {Fx}
is isomorphic to the dual of (P.,C).

Proof. Let A = (A,...,\0), o = (u1,...,m) be integer partitions. Let us first
assume that |\ = |pul.

Suppose that A £ p, and let vy, 9, be the functions defined in (2.2). Using
Lemma 2.5, choose an index j such that ¢5(j) > ¢,(j), and consider the functions
which we temporarlly denote by or(t), ¢,(t) and which we define by

th 4t/ Myt +HER)
A() = P(t.1.. 1) = le T gZ D T
¢ =1 k=0 {i1,....ix}

UAETE _|_tJ
t)=P,(t,1,...,1) fhin g Hm—k)j
i i= U15eenlk

These are rational functions in ¢ which asymptotically approach polynomials in ¢ of
degrees ¥, (j) and 1,(j), respectively. Thus we have

lim 6 () — 9, (t)] = oo

which implies Py £ P,.
Conversely, suppose that A < p. Then we proceed as in the proof of Theorem 3.2
with Gantmacher’s inequalities replacing those of Newton and conclude that Py < P,.

In the case that || and |u| are not equal, we again proceed as in the proof of
Theorem 3.2. Specifically, we apply Observation 4.1 to see that we have

Pa(x) = Pow (x),  Pulx) = Pun(x)
for all n. Thus we have B, < ‘B, if and only if el <y or equivalently, if and only

)\T MT
if P\I [ul” U
The similarity of Theorems 3.2 and 4.2 is somewhat curious. In fact, we have
PBr < P, if and only if € > €,. It would be interesting to find a more direct proof

of this fact.

The proof of Theorem 4.2 shows that Gantmacher’s inequalities imply those of
Schlomilch and those of the form Py < B, just as as Corollary 3.3 shows that
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Newton’s inequalities imply those of Maclaurin. To be more precise, we define the
Gantmacher semiring to be the set of all nonnegative linear combinations of products
of symmetric functions of the forms

{Pii1ia(x) = PLi(x) [1 <@ < jRU{R((X)[i = 1}

Corollary 4.3. Fach difference P,(x) — P\(x) with |A| = |u| and X < p belongs to
the Gantmacher semiring.

As was the case with Corollary 3.3, the last result also covers cases where |A| # |u],

since it implies that P,x(x) — Py (X) when % = %

Finally, we note that the inequalities of Schlomilch and Gantmacher hold in greater
generality than we have considered here. For example, Schlomilch’s inequalities hold
for power sum means indexed by any two real numbers [10]. (See also [4, p.26].) It
also is easy to see that Gantmacher’s inequalities P i < Pii1 -1 hold for £ real.
Furthermore, these are just a small part of a much larger family of inequalities derived
from minors of matrices. See [3, p.203].

5. MONOMIAL MEANS

We next turn to the case of monomial means, and look for inequalities of the form
My < M, where A\, p are arbitrary integer partitions and 91y, M, are means corre-
sponding to monomial symmetric functions. The prototype is Muirhead’s inequality,
which states that

My <M, if and only if A=,
provided that || = |u|.

Note that a formula for A = (A1, ..., A\¢) F r, the term-normalized monomial sym-
metric function is given by

my (X)
(al,.l.,zr,n—f) ’

where «; is equal to the number of parts of A which are equal to j. The corresponding
monomial mean is the rth root of this, My (x) = {/ M, (x).

Unlike the elementary and power sum bases of A], the monomial basis is not
multiplicative. Nonetheless, evidence suggests that a characterization analogous to
Theorem 3.2 and Theorem 4.2 exists for the poset {9t,} as well.

M/\(X) =

Conjecture 5.1. Given integer partitions A and p, we have

(5.1) My <M, if and only if X < p, i.e A <t ond T>—HJT
. A > ~ 5 Lo T 2D T T~ T -
g AL |l AL [pd

Equivalently, My < M, if and only if Ex < & and Py < P,. The poset {M,} is
isomorphic to DP,.
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Much of Conjecture 5.1 may be proved using the methods of the proof of The-
orem 3.2. In particular, we will show that the conditions on A and p in (5.1) are
necessary for the inequality 9ty <9, i.e., that M, < M, implies A < p. As in the
proof of Theorem 3.2, we consider specializations of My, M, at vectors of the form

(¢,...,t,1,...,1). First we prove the necessity in (5.1) of the conditions ‘:\\| < “|

Proposition 5.2. If M, < IM,,, then ﬁ =< ﬁ

Proof. Suppose ﬁ £ I_ZI Then there exists an index j such that

Ao
B>

o

Choosing n > max (A}, #}) and specializing the symmetric functions My(x), M, (x)
at

xlz---:xj:t,
Tjy1 =+ =xp =1,

we obtain polynomials in N[t] of degrees Ay + -+ \; and 3 + - - - + p;, respectively.
It follows that

lim [0 (¢, ..., ¢, 1,...,1) =M, (¢,...,t, 1,...,1)] = oo,
t—o0 R,_/H,_/ ——

which implies 9, £ 901, U

To prove the necessity in (5.1) of the conditions I)il - ‘“‘ , we will need to look more

closely at specializations of My, M, at v = (¢,...,¢,1,...,1).

Proposition 5.3. Fix an integer partition 0 = (6, ...,0y) and a nonnegative integer
j > 4L. Then we have

4 j n j)
5.2 My(t,...,t,1,...,1) a(8, p)t”
(5.2) o ' z% Xp: )
j n—j
where the second sum is over subsequences p = (p1,...,pr) = (0iy,-..,0;) of 0 and

a(0, p) is a constant which depends upon 6 and p.

Proof. We have

l .
n—17
(5.3) me(t,. .., t,1,...,1) Z()( )Z b0, p)tr e,
W—/W
J

n—j k= (P15--,Pk)

[e=]
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where b(0, p) is the number of rearrangements of 6 whose first k£ components are a
rearrangement of (p1, ..., px). Similarly,

mo(1,...,1) = (Z)c(@),

where ¢(#) is the number of rearrangements of §. The ratio of these two expressions
therefore has the desired form. O

Choosing the number of ones in this specialization to be a function of t € R, we
obtain the following sharper result.

Lemma 5.4. Fiz an integer partition 6 = (01, ...,0,) and nonnegative integers j > ¢
and b. Then the function
(5.4) My(t,... . t,1,...,1)
~—— \7,_./
J th—j

in Q(t) behaves asymptotically like a constant times t¥e®) where 1y is the function
defined in (2.2).

Proof. For k=0,...,/, the rational function

(1) (=3)

(?)
appearing in (5.3) is a ratio ¢;(n)/g2(n) of polynomials satisfying deg ¢; —deg ¢o = —k.
Substituting n = t* in (5.3) and observing that each subsequence (6;,,...,0; ) of

6 satisfies 0;, + --- + 0;, < 01 + --- + 0, we see that the function (5.4) behaves
asymptotically like a constant times

gmaxg {01405 —kb} _ 41q(b)

O

We can now complete the final step in showing necessity of the conditions in (5.1).

Proposition 5.5. If M, < I, then ‘ATT' >~ %

Proof. Suppose that %)\T' * ILMTI Then by Corollary 2.6 we may choose an index b

such that ¥\(b)/|A| > v,(b)/|u|. Fix a nonnegative integer j > max(\], u;) and
temporarily define the functions ¢(t), ¢,(t) of t by
£ =ML, ... 1,1, 1), =Mt ... 1, 1)
oa(t) = M ( ) du(t) = DMy( )

N —
J th—j J tb—j
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By Lemma 5.4 we have

(1) LN OVIRY
Jm Su(t)  tmoo t9u®/I] — O
which implies that 9T, £ M, 0

Thus we have proved “half” of Conjecture 5.1, and we summarize by stating this
result as a corollary.

Corollary 5.6. If My <M, then X < p.

It remains to prove sufficiency, i.e. that A < p implies M, < 9M,. A significant
number of cases may be proved easily using the technique of plethystic substitution.
In particular, we will show that the implication is true whenever || < |pul.

Recall from Observation 2.4 (3) that for ¢ € Q and cA an integer partition, we
have A < ¢\ if and only if ¢ > 1. Inequalities for monomial means satisfy a similar
condition; in fact we do not even need to assume that ¢\ is an integer partition.

Proposition 5.7. For c € Q, we have M\ < M. if and only if c > 1.

Proof. Fix A = (A1,...,Ar) and an integer n > (. Let D C N" be the set of all

rearrangements of (A1, ..., Ap,0,...,0). It is clear that we have
01, .. p0n
(5.5) 2seD ’%' T My (),

since the numerator and denominator of the fraction on the left-hand side are equal
to my(z) and my(1™), respectively. Similarly for any ¢ € R, we have

Spen i ah
o M

Now observe that for all a € RY,; we may define a sequence b € R‘Z%‘ whose

components are the numbers a -a’" obtained by letting & vary over D (in any
order). Furthermore, the evaluations of B1(y1, ...,y p|) and Be(vy1, ..., yp)) at b are
equal to My (a) and M., (a), respectively. We may then apply Schlomilch’s inequality

(or Theorem 4.2) to obtain

Mi(a) = Pi(b) < Pc(b) = Ma(a)
if and only if ¢ > 1. Thus we have 9, < 9., if and only if ¢ > 1. O

61--
1

We note that a result equivalent to Proposition 5.7 appears in [1, p.361], with
essentially the same proof. We can now complete the proof of the sufficiency of the
conditions on A and p in (5.1), as follows.
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Proposition 5.8. Assume |A| < |pu|. If A < p then MMy < M,.

Proof. By Observation 2.4 (1), the condition A < p is equivalent to ‘—i‘\| =< ﬁ, when

N 2D T OF equivalently, %)\ < . By
|l

Muirhead’s Theorem, we then have 9, < 9M,, where k& = bR By Proposition 5.7
we also have I, < M\ and thus My, < M,,. O

IA| < |u|. Suppose therefore that we have 2 < £

Thus the only remaining part of Conjecture 5.1 which needs to be proved is the
sufficiency of the condition A < p when |A\| > |u|. We state this as a separate conjec-
ture:

Conjecture 5.9. Assume |A| > |p|. If A < p then M <M.

Observation 2.4 (4) states that A > A for all rationals d > 1 such that A% is an
integer partition. From this we obtain the following simple special case of Conjecture
5.9.

Conjecture 5.10. M, > M« for all rationals d > 1 such that N\ is an integer
partition. Equivalently, Mya > Mo for all pairs of nonnegative integers a < b.

We do not have a proof of Conjecture 5.10 in general, but the special case d € N
(or @ = 1) can be proved by applying Muirhead’s inequalities.
Proposition 5.11. 91\ > My« for all integers d > 1.

Proof. Observe that (M,)? is a convex combination of {M, |\ < u =< d\}, and
therefore by Muirhead’s inequalities satisfies Mya < (My)? < Myy. Thus we have

m)\d - 4 M>\d S d‘/\\‘/ (M)\)d - ‘)\\‘/ M)\ - m/t)\.

O
Also, the special “rectangular” case A = (k) of Conjecture 5.10 can be proved by
plethysm.
Proposition 5.12. Nya > M if a, b,k €N, a < b.

Proof. Define y = (z%,...,2"). Then we have
My (x) = €aly) = E(y) = My (%).
U

Another special case of Conjecture 5.9 can be derived from the following property
of the double majorization order.

Observation 5.13. If A < p then AU p < p.
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Proof. It A < u then we have % - %, or equivalently,

Mo N
AT

for all 7. Then we have
AUpli+ AUy Ntk N ey 4
AU Al + |l - |l
for all 2. Thus,

Aup)'
AUp| |l
By Observation 2.4 (2), this implies AU p < p. U

The pairs {(A U p, ) | A < p} of partitions above provide examples of monomial
means for which Conjecture 5.9 is true.

Proposition 5.14. If My < IM,,, then My, < M,,.

Proof. We have
Mau, = (M/\U#)m < (MAM#)W — (M;“‘MLﬂl)iwmuﬁwn,

since MM, is a convex combination of {M, | pUX < v < i+ A}. Since the condition
My < M, is equivalent to M /l\“ | < MLM, the last expression above is less than or equal
to )
(MMM T = MPT =
]

For example, if A = 1 and @ = n, we have 9, < 9, by Schlomilch’s inequality.
Hence it follows from Proposition 5.14 that 91, > 9, ; for all n > 1.

6. THE MUIRHEAD CONE AND MUIRHEAD SEMIRING

In Sections 3 and 4 we defined the Newton and Gantmacher semirings, and showed
that these contained the differences E,(x) — E)(x) and P,(x) — Px(x), respectively,
when |A| = |p|. Our conclusion was that the main results of those sections (Theorems
3.2 and 4.2) could be derived algebraically from the classical inequalities of Newton
and Gantmacher. In this section we show that Muirhead’s inequality is even stronger
algebraically.

Define the Muirhead cone to be the set of polynomials in n variables that are non-
negative linear combinations of Muirhead differences, which by definition are sym-
metric functions of the form

M, (x) — Mx(x), ApukFEd>0 X=p.
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Define the Muirhead semiring to be the set of all nonnegative linear combinations of
products of functions in the set

U{M )\)\ul—d)\<u}UU{MA YA Fd}.

The main result of this section is the following:

Theorem 6.1. The Newton and Gantmacher differences lie in the Muirhead cone.
More precisely, if 1 < i <k, then

n—1
(6.1) Piyri1(x) = Pri(x) = (Mpy1,i-1(x) = My i(x)),
and
k-1
(62) Ek’i(X) — Ek+17i,1(X) = dj (M2i7j1k7i+2j (X) — M2i7j711k7i+2j+2 (X)),
=0
where

(k —i+ D6~ )~k —) G ")

(6.3) G i+ + 1) ()

Proof. Equation (6.1) is an elementary computation. To prove (6.2), note first that
the left-hand side is equal to

(0 S

j=0 i) \k k+1

(7)) " o
Z ( (1) ;) (:1) (k$1)> (k —J2j,n—k— j) Myi-jyn-ivzi (),

which after a blt of manipulation gives

6. Z <(k; i+ D) (ni— ki —nj—j) () (;!ZL)) Mysyesvns ().

= inm—k)(k—i+j+1) (Z)

On the other hand, the right-hand side is equal to
k

(65) Z(d] — djfl)MQi*jlkf’H*Qj (X)

=0
Further manipulation using the defintion of d; in (6.3) eventually shows that (6.4)
and (6.5) are equal. O

Corollary 6.2. The Newton semiring and Gantmacher semiring are contained in the
Muirhead semiring.
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Thus our principal results concerning elementary and power sum means (Theorems
3.2 and 4.2) may be viewed as algebraic consequences of Muirhead’s inequality. We

do not know whether the differences ML)‘l (x)—M )l\“ | (x) are contained in the Muirhead
semiring, when A < p. Proving this result would establish Conjecture 5.1 in a strong
form.

It is worth noting that there exist nonnegative symmetric functions that are not
contained in the the Muirhead semiring. For example, a classical result known as
Schur’s inequality [4, p.64] states that the function

f($1, I, !E3) = I1($1 - $2)($1 - 353) + 5132@2 - $1)(I2 - $3) + 1‘3@3 - ml)(% - $2)
= m3<X) — m271(x) -+ 3m171,1 (X)

is nonnegative for all x > 0. It is not difficult to show that f does not lie in the
degree 3 component of the Muirhead semiring, which is the nonnegative span of
mg(X>,m271(X),m1’1’1<X), m271(x) — 6m17171(x), and 2m3(x) — m271(x).

7. OPEN QUESTIONS

In this section we collect various partial results and conjectures reflecting our state
of knowledge about the corresponding questions for homogeneous symmetric functions
and Schur functions. We consider the homogeneous case first.

A formula for the term-normalized homogeneous symmetric function is given by
ha(x)

() ()

where (7)) = ("+,§_1). We define $,(x) = \/Hy(z).

Like the elementary and power sum bases, the homogeneous basis is multiplicative.
We therefore have the following equalities.

H/\(X) =

Observation 7.1. For any partition \ and integer d > 1 we have H) = Hya.

Evidence suggests that a result analogous to Theorems 3.2 and 4.2 is true.

Conjecture 7.2. Given integer partitions A, u,

)\T MT
9y <9, if and only if AT p, i.e., oy - Tl
i

We can prove this result in one direction:

Theorem 7.3. Given integer partitions A\ and p, we have

x < H, if A C .
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Proof. In the case that || and |u| are equal, suppose that A < p. Then we proceed
as in the proof of Theorem 3.2 with Schur’s inequalities replacing those of Newton
and conclude that Hy, < H,,.

In the case that || and |u| are not equal, we again proceed as in the proof of
Theorem 3.2. Specifically, we apply Observation 7.1 to see that we have

A (x) = Dyl (x), 9,(x) = H,m(x)

for all n. Thus we have 9 < 9, if A*l < A or equivalently, if \L/\TI - % O
We have not established the converse of Theorem 7.3 even when |\| = |u|, which

would mean proving that Hy < H, implies A\ < . We have verified this by explicit
computation up through |A| = |u| = 7, but several degree 8 cases remain unresolved.
We invite the reader to help complete this argument by showing, for example, that

H), £ H, when A = {5,2,1}, p = {4,4}.

Next we turn to the case of Schur functions. A formula for the term-normalized
Schur function is given by

$x(X)

Si(x) = 0
where d) is equal to the number of semistandard Young tableaux of shape A and
having entries 1, ..., n. It would be natural to define &, (x) = 3//S\(x), and establish
inequalities for these “Schur means” analogous to those obtained for the families { €, },
{PBr}, {M,\}, and {H,} . However, we have a conjecture only for the equal-degree
case, i.e., when |\| = |u|. The question of characterizing inequalities among the &,

remains open. Computational evidence supports the following:

Conjecture 7.4. Given integer partitions A and p with |\ = |pl,
Sy <8, if and only if X < p.

We can prove that the condition is necessary:

Theorem 7.5. Given integer partitions X\ and p with |\ = |p|, we have
Sy < S, only if X < p.

Proof. Suppose A £ p. Then there exists an index j such that
At A > e
Specializing the symmetric functions Sy (x), S,(x) at

1'1:"':.Tj:t,

wj+1:"':xn:17
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we obtain polynomials in N[t] of degrees Ay + -+ -+ \; and ;3 + - - - + p;, respectively.
It follows that

lim [Sy(t, ..., t,1,...,1) = Su(t,...,t,1,...,1)] = o0,
J n—j J n—j
which implies Sy £ S,,. 0

When |A| # |p], it would be natural to conjecture that
G\ <6, if and only if A C 4,

or perhaps
6\ <6, if and only if A < p.

However, both of these statements are false. For example, if A = {3,2} and p = {2, 1},
then A C p but 6, and &, are incomparable. Also, if A = {3,1} and p = {2}, then
A and p are incomparable in the double-majorization order, but G, < &,,.

It would be interesting to express the appropriate homogeneous and Schur dif-
ferences Hy(x) — H,(x) and S\(x) — S,(x) as nonnegative linear combinations of
Muirhead differences M, (x) — M,(x). The authors have obtained partial results
suggesting that this is possible in many cases.
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