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A NONCOMMUTATIVE AG INEQUALITY

Ivica Gusi¢

(communicated by P. S. Bullen)

Abstract. We give a proof of AG inequality in noncommutative linearly ordered rings.

0. Introduction

AG inequality states that

X1+ ...+ X,

> XXy 1
. X1 X, (1)

where xi,...,x, are positive real numbers. The equality in (1) holds if and only if
Xl = ... = Xp.
The inequality (1) has the following algebraic form:

(144 x)" =n"x Xy (2)

In this note we consider a noncommutative version of (2). We also give some
examples.

Let A be an associative but not necessarily commutative ring. The (partial)
orderings on A are in one-one correspondence with positive cones in A. Recall that
we say that a subset P of A is a cone if:

(i) P+PCP

(ii) PPCP

(iii) PN (—P)={0}

(see, for example, [3, p. 105]). The ordering corresponding to P is defined by a > b if
a— b € P. We write simple (A, P) for A ordered by P.

If P satisfies the additional condition

(iv) A=PU(—P)U{0}
then we say that A is linearly ordered.

Further, if

(v) a<band ¢ >0 imply ac < ab and ca < cb
then we say that A is strictly ordered.

It is easy to see that a strictly linearly ordered ring is a ring without zero divisors.
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2 IvicA GUSIC

One of possible extension of AG inequality on a noncommutative partially ordered
ring A is the following:

nt+..+6) =n" Z to(1) * - Lo(n) (3)

O'GSn

for any positive 71, ...,t, € A (here S, denotes the group of permutation of the set
{1,...,n}). The equality holds if and only if t; = ... = 1,,.

The inequality (3) does not hold on noncommutative partially ordered rings gen-
erally. The following example shows that it fails even in the case of matrices.

EXAMPLE 1. Let A be the ring of quadratic matrices of fixed order over an ordered
field and let P be the set of nonzero matrices with nonnegative entries. Then (3) fails
evenfor n =2.

The existence of non-positive squares in Example 1 is the main reason why AG
inequality fails. Another difficulty is the existence of nilpotent elements. These diffi-
culties may be avoided by considering linearly ordered rings. As far as the author can
determine, known proofs of the classical inequality (2) do not work in this more general
situation.

Historically, the first example of a noncommutative linearly ordered (division)
ring was the ring of Hilbert’s twisted Laurent series from 1899 . Using this ring Hilbert
obtained a geometry that satisfies the Desargues’ Theorem but not the Pappus’ Theorem
([5], see also [1, Ch. I and IT]). In the following example we demonstrate the validity of
AG inequality (3) in the Hilbert ring.

EXAMPLE 2. Let F = R[[f]] be the ring of formal power series over R with ultra-
metric ordering (i.e. with positive cone consisting of formal power series having positive
first nonzero coefficients). Then there is exactly one (ordered) R -automorphism ¢ of
F satisfying ¢(¢) = 2¢ (then ¢™(¢") = 2""#"). Let A be the ring of formal power series
over F with standard addition and with multiplication defined by (>~ a¥) (> bi¥/) =
d_cx where ¢x == Y, ¢/(a;))b;. Then A is linearly ordered noncommutative
ring with positive cone consisting of formal power series having positive first nonzero
coefficients. We claim that AG inequality holds in A.

We have the following rule for multiplication of monomials in A.

alxrl R a,,x’" — ¢r2+m+rn (al) .- ¢rn(an_l)anxrl+m+r,,

For f € A we put ord(f) = r if f(x) = ax" + a1 X! + ... with a, # 0. Itis
easy to see that ord(fg) = ord(f) + ord(g), ord(f + g) > min{ord(f),ord(g)} and
ord(f + g) = min{ord(f),ord(g)} if f,g are positive. Also if f,g are positive and
ord(f) < ord(g) then f > g.

Let f1,f2,....fn € A be positive. Then, if ord(f}),...,ord(f,,) are not mutually
equal then ord(n!(f1 + ... +f,)") <ord(n" ) g fo(1) * " fo(m) (strict inequality),
hence n!(fi + ... +fu)" > 0" Y e fo(1) - - fo(n) - Therefore, we may assume that
ord(f1) = ord(f2) = ... = ord(f,,) = m, and so

fi(x) = a;(6)x™ + ...,
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where q;(7), for i = 1, ..., n, are strictly positive elements of R[[f]]. Then

ord(n!(f1 + ... +f2)") = ord( ”ng oo fom) = mn,

oS,

so that our inequality is equivalent to

n!(¢" "™ (ay (1) + .. +an<))¢<”‘2>’”< (>+ A an(t) o (ar(f) + o+ an(t))
> 0" (0" (g1 (1) 0" (g2 (1)) - .. - o) (1))

oS

Since ¢* does not change the ord, we see that if ord(a;(f)) are not mutually equal
(in R[[#]] ), then we have strict inequality (as above). Therefore we may assume that
ord(a, (#)) = ord(ax(t)) = ... = ord(a,(r)) = M, and so

Cli(l) = A,‘l’M + ..

where A;, for i = 1,...,n, are strictly positive real numbers. Now our inequality is
equivalent to

n!z(nfl)mMz(an)m ZA n > n”n'2(” 1)mM2 n—2)mM IHAH

which is ordinary AG inequality over R. From the course of the proof it is clear that
the equality holds if and only if £} = ... = f,.

In this paper we prove that noncommutative AG inequality (3) holds in arbitrary
strictly linearly ordered rings. The organization of the paper is the following. In
Section 1. we sketch an algebraic version of classical AG inequality (as it is presented
in [4] and [7]). The advantage of this version is that it admits an extension on the
noncommutative case. In Section 2. we describe some connections between the rings
of homogenous polynomials in commutative and noncommutative variables and in
Section 3. we prove the main result.

1. An algebraic version of classical AG inequality

The classical AG inequality (1) has algebraic form (2). Our proof of noncommu-
tative AG inequality (3) is based on an explicit description of (x; + x; + ... + x,,)" —
n"x1x,...x, , for which we need the notion of quasi-sum of squares.

DEFINITION 1. ([4, Definition 1.]) Let f be a homogenous symmetric n-degree
polynomial in n variables. We say that f is a quasi-sum of squares if

f= Y fuli-x)
1<i<j<n

where f;; (for each i,j) is a homogenous polynomial of degree n — 2 that is a linear
combination of monomials with nonnegative coefficients.
A significance of this notion is in the fact that

X1+ +X)" —n"X) - Xy 4)
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is a quasi-sum of squares, for all natural numbers n (see [4], and [7] where the explicit
formulas are done). Note that Hurwitz ([6]) gave an explicit expression for

X} + X3+ o+ X' — X, Xs.. X,

as a quasi-sum of squares (see [2], p.87), which may be understood as an purely algebraic
proof of AG inequality for positive numbers x/,...,x},, i.e. a proof that works over

s

arbitrary ordered commutative rings. However, the Hurwitz result is insufficient for
purely algebraic proof of (2).
Let us adopt the following notation for polynomials in variables X, X5, ... X}, :

S0 = 1
sk(X1, X2, ..., Xn) = Z Xiy Xiy - oo Xy
i1<i2<m<ik
forl <k<n.
S]((U>(X15X27 "~7Xn) = Sk(Xh "'7Xi71aXi+la "'a‘Xjfh)(H»la "'aXn)7
forl <i<j<m

THEOREM 1. ([7, Theorem 1.)) (X; + X + ... + X,,)" — n" X1 X5...X,, is a quasi-sum
of squares with rational coefficients, for all natural n > 2. More precisely:

X+ X+ o+ X)) =0 XX Xy = > fii(X - X)?
1<i<jgn
k=n—2 _p*  n—2—k (i)

where fij = (,H)sl 5y
k+1

2. Link between commutative and noncommutative relations

In this section we prepare the result of previous section for the case of noncommu-
tative variables. We adopt the following notation and definitions.

Ty, ...,T,; T denotes noncommutative variables.

X1, ..., X; X denotes commutative variables.

C denotes the linear map from the ring of homogenous polynomials (over the
field of rational numbers) in noncommutative variables Ti,...,T,,...;T to the ring
of homogenous polynomials in the commutative variables X, ..., X, ...; X defined by
C(T;) = X;, for all i and C(T) = X. Also, we require that C is multiplicative on the
monomials. For example, C(T 1 T5T}) = C(T1)(C(T»))* (C(Th))* = X;X5 .

DEFINITION 2. We say that a monomial G in noncommutative variables is associ-
ated to a monomial H , if C(G) = C(H).

For example, if G := TZ T, T5 then the set of all monomials that are associated to G
is {TiT\Ts, T3TsTy, W\ TuTs, TuTsTaTy, ToT\T5Ts, TuTTiTs, T\TiTs, T5T3T),
T\TyT5Ty, T5T4T Ty, TngTf , T3T1Tf} .
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Further, let A denote the linear map from the ring of homogenous polynomials
in the commutative variables X, ..., X,,...; X to the ring of homogenous polynomials
in noncommutative variables Ty, ..., T,, ...; T defined as follows. Given a monomial in
commutative variables f := X{' - ... - X{ , with ¢; > 1 for all i, then N(f) is defined
to be the sum of monomials in noncommutative variables associated to the monomial
T{ - ...- T{ divided by the number of these monomials (i.e. by (st tar)! ). For

ay!-....ay!
example, if f = X2X,X; then

1
Nf) = E(TleTz + T2T3Ty + TyTy T4 Ts + Ty T3 Ty Ty + Ty T T3 T,
+ LT3 Ty + TV T3 Ts + TTETy + TV TsTy + TsTuTh Ty + Ty T5 Ty + T3Th T5).

Further, let y;;, 1 < i,j < n denote the map from the ring of homogenous poly-
nomials in noncommutative variables T, ..., T,; T to the ring of homogenous poly-
nomials in noncommutative variables Ti,...,T, defined by w;(F(T\,...,T,,T) :=
F(Ty,...,T,,T; — T;)) . It is easy to see that y;; are linear for all i,j.

LEMMA 1. CN(f) =f forall polynomials f in commutative variables.

Proof. Obvious. U

DEFINITION 3. We say that a homogenous polynomial F in noncommutative
variables is complete if it satisfies the following property: if F contains a monomial
G with coefficient ¢ then it contains all monomials that are associated to G with the
same coefficient c.

LEMMA 2. A polynomial F is complete if and only if NC(F) =F.

Proof. Since C is linear and constant on any set of mutually associated monomials,
we see that NC(F) = F for all complete polynomials. Assume, now, that NC(F) = F,
for a polynomial F. Assume that G = 3" ¢ Ey is a part of F where {E}<="" is the set
of all monomials that are associated to a fixed monomial that occurs in F. We claim

that all ¢, are mutually equal. It must be MC(G) = G, so that %Ck SEr = ciFy,
hence ¢y = ... = ¢, .
Forexample, F := TiT,+T T T\ +T>T} is complete. We see that C(F) = 3X3X,,

2 2
and NC(F) = 2ABAMEIIET) _ o O

LEMMA 3. Assume that F,G are complete. Then C(F) = C(G) implies F = G.

Proof. Assume C(F) = C(G), for complete polynomials F,G. Then NC(F) =
NC(G), hence, by Lemma 2, F = G. O

LEMMA 4. Assume that [ = g- (X; — X])2 for a homogenous polynomial g in
variables X\, ...,X,. Then N(f) = y;N(g - X?).

Proof. Since N and yj; are linear maps we may assume that g is a monomial, say
g:=X{-..-X% . By Lemma 1, wehave CN(f) = f . We claim that C(y;N(gX?)) =,
too. Let {E; }=" be the set of all monomials that are associated to ... Thr T?. Then
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we have, C(YN(gX%)) = C(wy(222)) = LY e(yy(ED) = f (since C(yy(Ex)) =
(T - .- T (T; — T;)*) = f, for all k). Now, using Lemma 3, we see that it is
sufficient to prove that ;g - X?) is complete. Denote by a the multiplicity of X;
in g and by b the multiplicity of X; in g (note that a, b are nonnegative integers).
Then we have three classes of monomials in w;\(g - X?): (i) those having X; with
multiplicity a+2, (ii) those having X; with multiplicity ¢+ 1, and (iii) those having
X; with multiplicity a.
©

. The Lemma is proved.

In (i) each monomial appears with multiplicity ~>~,in (i) with multiplicity %,

@

and in (iif) with multiplicity ~

3. Proof of the noncommutative AG inequality

Before the proving of main result we describe a natural extension (A’, P") of a
noncommutative linearly strictly ordered ring (A, P). By the definition

A’::{%: ac€AmeN}/ ~

and a
P ::{%: ac€PmeN}/ ~,

with % ~ ’7’ if ar = bm. Then a — % defines an ordered inclusion A C A’, with

P=PNA.

THEOREM 2. Let A be a noncommutative linearly strictly ordered ring. Then

nl(t + ... +1,)" > Ztg Cee to(n) (5)
OESy
for any positive t,....t, € A. Further, the equality holds if and only if t) = ... = t,.

Proof. By Theorem 1
X+ X)) =" Xy Xa= Y fii(X— X))
1<i<j<n

for some homogenous polynomials f;; of degree n — 2 with nonnegative rational
coefficients. Therefore

ME + ..+ X,)" —n" - Xy N fiXi= X)),

1<z<]<n
By the definition of N and Lemma 4 we get
(Ti + ...+ T,) ——Z I oo = D> wiN(ry-XP).
T o€eS, 1<ikn 1<i<jgn

We see that yN(f; - X*) (for every fixed i < j) is a linear combination with positive
coefficients of monomials in variables Ti, ..., T, and T; — T;, where T; — T; appears
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exactly twice. Therefore, after the substitution 7; — #; (that makes sense over A’ ), we
get a relation over A

n!(t1 + ..+ [n)n >n" Z tG(l) Cat to(n) (6)
oS
for any positive 71, ...,#, € A. It is easy to see that the equality holds if and only if
Hh=..=t,. O

EXAMPLE 3. (a) For n =2 we have
(X1 +X)? — 22X X, = (X1 — Xp)2.

Therefore,
2'(T1 + T2)2 — 22(T1T2 + T2T1) = 2'(T1 — T2)2
(b) For n =3 we have

X1 +X+ %) — 3 XXX = ((X1 FXo X)) (X1 — Xa)? )

N —

Therefore

3T 4 Tr+T3) =3 (T o T3+ Ty T3 T+ To Ty T3+ To Ts Ty + T3 Ty T+ T3 To T )

1
=313 ((T1+T2+7T3)(T1—T2)2+(T1—T2)(T1 + T TT3) (T T5)

+ (Tl—Tz)z(T1+T2+7T3)> +...
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