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Abstract In 1936, Margarete C. Wolf showed that the ring of symmetric free polynomials
in two or more variables is isomorphic to the ring of free polynomials in infinitely many
variables. We show that Wolf’s theorem is a special case of a general theory of the ring of
invariant free polynomials: every ring of invariant free polynomials is isomorphic to a free
polynomial ring. Furthermore, we show that this isomorphism extends to the free functional
calculus as a norm-preserving isomorphism of function spaces on a domain known as the
row ball. We give explicit constructions of the ring of invariant free polynomials in terms of
representation theory and develop a rudimentary theory of their structures. Specifically, we
obtain a generating function for the number of basis elements of a given degree and explicit
formulas for good bases in the abelian case.
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1 Introduction
A symmetric free polynomial in the letters x1, ..., x4 is a free polynomial p over C which

satisfies
PXLs s Xg) = p(Xo(l)s - - -5 Xa(d))
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for all permutations o of {1, ..., d}. For example,
p(x1,x2) = x1 + x2 + Tx1x1 + Txpx2 + 3x1x2 + 3x2%]

is a symmetric free polynomial in two variables. Classically, Wolf proved the following
theorem about the structure of the ring of symmetric free polynomials [22].

Theorem 1.1 (Wolf) The symmetric free polynomials over C in d > 2 variables is isomor-
phic to the ring of free polynomials in infinitely many variables.

More recently, free symmetric polynomials have been investigated by numerous authors
[5,7,11], and some deep connections with representation theory are now known.

We are concerned with the ring of invariant free polynomials. Let G be a group. Let
7w : G — Uy be a unitary representation. That is, 7 is a homomorphism from the group G
to the group of d x d unitary matrices over C. An invariant free polynomial with respect to
7 is a free polynomial p € C(xy, ..., xg) which satisfies

px1, ..., xq) = p(r(@)(x1, ..., Xa))

forall o in G. (Here, the action of the d x d matrices 7 (o) on (x1, ..., x4) is given by matrix
multiplication. That is, for example, if

U=(¢a)

we define the action of U on (x1, x2) to be given by the formula U (x1, x2) = (ax;+bx2, cx1+
dx»).) Notably, the invariant free polynomials form a ring (also, in fact, an algebra over C)
called the ring of invariant free polynomials. We note to the reader that the ring of invariant
free polynomials is best understood as an algebra, but for historical reasons, we use the term
ring in analogy with the classical nomenclature of the ring of invariants (also ring of invariant
polynomials), which dates back to Hilbert.

For example, the symmetric free polynomials in d variables are obtained in the special
case where G = Sy is a symmetric group, and we define w : S; — Uy to be the representation
satisfying

w(o)ei = es(i),

where ¢; is the ith elementary basis vector for C¢.

We now define the domains on which we intend to execute the function theory of invariant
free polynomials. Fix an infinite dimensional separable Hilbert space H. There is only one
infinite dimensional separable Hilbert space up to isomorphism [9], so what follows will
be independent of the exact choice. Let A be an index set. Let CA be the set of (X;)nea,
sequences of elements in B(H) indexed by A, such that

dYoXoX; <1,

reEA
where A < B means that B — A is strictly positive definite (that is, B — A is positive
semidefinite and has spectrum disjoint from 0) and A < B means that B — A is positive
semidefinite. Here the sum ), ., X; X7 is required to be absolutely convergent in the weak
operator topology and have ), ., X, X} < 1, or equivalently, there is an ¢ > 0 such that
for every finite A C A,

Y XoX;<l1-e
rEN’
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Free functions with symmetry 839

If card A = d is a natural number, we identify CA as ¢?. That is, C? is the set of d-tuples of
operators in 5(H) such that

d
Y OXix; < 1.
i=1

Some authors refer to C* as the row ball, or the set of row contractions [14,18]. Given a free
polynomial p in the letters (x;)iecn and a point X = (X))yep € cA, we form p(X) via the
formula

p(X) = p((Xi)sea),

which when card A = d reduces to p(X) = p(X1, ..., Xq).

Let R be a subalgebra of C(xy, ..., xs). We define a basis for R to be an indexed set
(ux)ren of free polynomials which generate R as an algebra, which is minimal in the sense
that there is no A" C A such that the set (u; )</ generates R as an algebra. We note that
any basis for R is finite or countably infinite, since R has finite or countable dimension as a
vector space as it is a subspace of C(x1, ..., x4), and the minimality condition implies that
the (1) ),ea are linearly independent.

We prove the following theorem.

Theorem 1.2 Let G be a group. Let m : G — Uy be a unitary representation. There exists
a basis for the ring of invariant free polynomials (). such that the map ® on C? defined
by the formula

D(X) = r(X)rea
satisfies the following properties:

o The map @ takes C¢ to CA.

e Furthermore, for p in the ring of invariant free polynomials for 1, there exists a unique
free polynomial p such that p = p o ®.

e Moreover,

sup [[p(X)Il = sup [pW)].

Xecd vech
Namely, the map taking p to p is an isomorphism of rings from the free algebra C(x;);cn
to the ring of invariant free polynomials.

Theorem 1.2 follows from Theorems 4.2 and 6.5. We note that a similar result was obtained
for free functions on the domain

B* = {(X1, X2) € BAH)| 1 Xl < 1}

for symmetric free functions in two variables by Agler and Young [4].

In general, the basis in Theorem 1.2 is hard to compute. However, the number of elements
of a certain degree is computed in Sect. 7.1. An explicit basis can be obtained if G is abelian,
which we discuss in Sect. 7.2.

1.1 Some examples
We now give some concrete examples of what our main result says. First, we give an analogous

theorem to that obtained in Agler and Young for symmetric free functions in two variables

(4].
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Proposition 1.3 Let
® (X, X2) = (A, B, BAB, ..., BA"B, ...

where
X1+ X B_Xl—Xz
V2o V2o
The map ® satisfies the following properties:

o ® takes C* 1o CN.
e For any free polynomial p such that

p(X1, X2) = p(X2, X1),

there exists a unique free polynomial p such that p = p o ®.
e Moreover,

sup [p(X)II = sup Ip(U)].
Xec? vecN

Another simple example concerns the ring of even functions in two variables, that is, the
ring of free polynomials in two variables f satisfying the identity

f(X1, X2) = f(—=X1, —X2).

Here the group G in Theorem 1.2 is the cyclic group with two elements, Z, = {0, 1}, and
the representation 7 is given by

7O = (5 9. 7 =(3 %)
Proposition 1.4 Ler
O (X1, X2) = (X1 X1, X1 X2, X0 X1, X2X5).
The map ® satisfies the following properties:

o @ takes C2 10 C*.
e For any free polynomial p such that

p(X1, X2) = p(—=X1, —X»),

there exists a unique free polynomial p such that p = p o ®.
e Moreover,

sup [|p(X)|l = sup [[p(U)].
XeC? Uect

We discuss Proposition 1.4 in detail in Sect. 2. Here we see a concrete trade-off between
the number of variables and degree in the optimization of a free polynomial: finding the
supremum norm of a polynomial in 4 variables of degree d on C* is the same as finding the
supremum norm of an even polynomial in 2 variables of degree 2d on C2.

Both Proposition 1.3 and Proposition 1.4 follow from our basis construction in the abelian
case given in Theorem 7.4.
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Free functions with symmetry 841

1.2 Geometry

Although the image of the map ® in Theorem 1.2 may have high codimension, in the sense
that it is far from being literally surjective, the function p is completely determined by p
and has the same norm. We view this as an analogue of the celebrated work of Agler and
MCCarthy on norm preserving extensions of functions on varieties to whole domains [1,2].
Additionally, since p totally determines p, the dimension of the Zariski closure of the image
of a free polynomial map can apparently go up, in contrast with the commutative case [12].
Exploiting the aforementioned phenomenon is a critical step in the theory of change of
variables for free polynomials and their generalizations, the free functions, which had been
thought to be extremely rigid [13].

To prove Theorem 1.2, we develop a Hilbert space geometric theory of the ring of invari-
ant free functions. As a consequence of the geometric structure, the ring of free invariant
polynomials is always free (but perhaps infinitely generated), in contrast with the Chevalley—
Shepard-Todd Theorem in the commutative case, in which freeness depends on the structure
of G [8,21].

1.3 Free analysis

A free function on C* is a function from C* to B(H) which is the uniform limit of free
polynomials on the sets rCA. We let H(C?) denote the algebra of free functions on C*. The
Banach algebra of bounded free functions H*(C*) c H(C") is the space of all bounded
functions in H (C*) equipped with the norm

Ipll = sup [Ip(X)Il.
Xech

‘We note that there are many equivalent characterizations of a free function, such as [3, 14,
15,18].

We can reinterpret Theorem 1.2 as an isomorphism of function algebras analogous to
Wolf’s theorem. Let H2° (¢?) be the Banach algebra of bounded invariant free functions for
7 on C4.

Corollary 1.5 There is a countable set A such that
HZ (M) = H®(@CY)
as Banach algebras.

Corollary 1.5 follows from Theorem 1.2 directly.

That is, the map taking f € H®(C?) to fo ® € H2°(C?) is such an isomorphism. The
map is injective and surjective since it is already since it is an isomorphism on the level of
formal power series, which uniquely define a free function [15].

2 Example: an even free function in two variables

To begin, we discuss a simple nontrivial example of a free ring of invariants. We will now
explain what our main result, Theorem 1.2, says about a specific even free polynomial in two
variables.

We say a free polynomial p € C(xy, x2) is even if
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842 D. Cushing et al.

We note that the even free functions form an algebra.
Consider the even free polynomial

p(X) =pX1,X2) =143X1X, = 7X1X1 — X2X1X2X>

as a map on the domain C2.
We first note that it is clearly not a coincidence that p has no odd degree terms. Furthermore,
if we let

ur(X) = X1 X1, ua(X) = X1X»,
u3(X) = Xo X1, us(X) = X2X»,

we get that
p(X) =1+ 3ua(X) — Tu1(X) — uz(X)ua(X).
Let
pU) = pU1, Uz, U3, Uy) = 1 +3Uy — TU; — U3l
and
O(X) = (X1X1, X1X2, X2X1, X2X2).
Thus,

p(X) = po®(X).

We are interested in the analytical properties of p and ®.
We will show the remarkable fact that

d(C? cct.
Let X € C%. That s,
XX* = X1 X7+ X2X3 < 1.
Since
D (X) = (X1 X1, X1X2, X2X1, X2X2)
we get that

Q(X)P(X)" = X1 X1 (X1 XD)" + X1 X2(X1X2)" + Xo X1 (X2 X )™
+ X2 X2(X2X2)"
= X]X]XTX}k + X]XZX; T + X2X1XTXZ< + XzXzX;X;
= X1(X1XT + X2 X5) XT + X2 (X1 XT + X2X5) X5
< X1X7< —i—Xink

< 1.

Thus, ®(C?) C C*.
We will now show a curious equality:

sup |p(X)Il = sup [[p(U)].
XeC? Uect
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Free functions with symmetry 843

First we show that

sup [[p(X)]l = sup |p(D)].
XeC? vect

Since p is a free polynomial and is thus continuous on the closure C? C B(H)%, itis enough
to show that

sup [p(X)ll = sup [[p(U)].
XeC? Uect

Let (U, Uy, U3, Uy) € C*. Define operators X1 and X, with the following block structure
0 U U
X = <1 0 0 >,
0 0 0

0 Uz U
X2=<0 0 o).
1 0 0

First,
0 U U\ /0 U Us\* 0 Us Ui\ /0 Us Us\*
X1 X7+ X2 X5 2(1 0 0)(1 0 0) +(o 0 0)(0 0 0)
0 0 o0 0 0 o0 1 0 o0 1 0 o
0o U U 0 1 0 0 Us U 0 o0 1
2(1 0 0)(”1* 00 +<0 o o )fu ©0
0 0 0 s 0 1 0 o0 Ui 00
U1U1*+U2U2* 0 0 U3U3T+U4U‘:< 0 0
=< 0 1 0 +( 0 0 0)
0 0 0 0 0 1
U1U1*+U2U;+U3U3*+U4UI 0 0
=< 0 10
0 0 1
<1.

Thatis, (X1, X7) € C2. Note

0 U U 0 Uy U U 0 0
XX = (1 0 0 (1 o o)=1lo uv wuw

0 0 0 0 0 0 0 0 0

0 U U 0 Uz U Us 0
X1X2=(1 0 o)(o 0o o)=(o0o uvs Uy

0 0 0 1 0 o0 0 0

0 Uz U 0 Uy U U3 0
X2X1=<o 0 O)(l o): 0 0 0

1 0 0 0 0 0 0 U U

0 Uy Us 0 Us Uy Uy 0 0
X2X2=<0 0 0)(0 0 o)z 0 0 0
1 0 o 1 0 o 0 Us Uy
That is,
_(uv o
c1>(X)_(0 J)
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where J denotes some matrix tuple which is irrelevant to our aims. So,

p(X1, X2) = (p o ®)(X1, X2)

Namely,

Thus,

To see that

note that since ®(X) € C%,

= p(X1X1, X1X2, X2X1, X2X2)

_ (W) O
_< 0 ﬁu"))'
Ip(X)I = IIpO)H.

sup [p(X)|l = sup [[p(U)].
XeC? Uect

sup [[p(X)|l < sup [|pD)]l,

XeC? Uect
sup [[p(X)|l = sup [[p(P(X))]|
XeC? XeC?
< sup [IpO)]I.
Uect

3 The space of free polynomials as an inner product space

We now seek to understand the geometry of free polynomials as a Hilbert space.

Definition 3.1 We define Hd2 to be the Hilbert space of free formal power series in d variables
whose sequence of coefficients is an element of £2 with an inner product given by the
inner product of the coefficients. We define [Hdz],, to be the subspace of homogeneous free
polynomials of degree n. For a free polynomial f in d variables, we define My to be the
operator on H‘% satisfying Mrg = fg.

The following lemma describes a grading structure on H 5.

Lemma 3.2 (Grading lemma) Let p, g be homogenous free polynomials of degree n and r, s
be homogenous free polynomials of degree m. Then,

(pr,qs) = {p,q) (r,s).

Thus, we identify [H1y ® [H 1 = [H lntm.-

Proof 1t suffices to show that the claim holds for monomials

of suitable degree. Note

@ Springer
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Now,
(pr.gs) = x(UK =JL) = x(I = )x(K=L)=(p.q)(rs).
O
Lemma 3.3 Let V be a subspace of [Ha%],,. Let uy, ..., uy be an orthonormal basis for V
and vy, ..., v; be an orthonormal basis for V. Then,

D ui(Xui(X)* = vi(X)v; (X)*.

Proof 1t is sufficient to note that the equality of

S = Y o

as outer products since #; and v; give orthonomal bases for the same space, and we are done.
O

4 Superorthogonality

We can now define superorthogonality. We will later see that the ring of invariant free poly-
nomials is itself superorthogonal.

Definition 4.1 An algebra A € C(xy, ..., xg) is called superorthogonal if there exists a
superorthonormal basis for A4, i.e. a basis (u;),ea for A such that u; are homogeneous
polynomials, ||Mx||H3 = l,and forall X, u € A with A # w,

u)\Hj 1 uMHj.

The goal of this section is to prove that a general version of Theorem 1.2 is true for
superorthogonal algebras.

Theorem 4.2 Let A be a superorthogonal algebra. Let (u)).cn be a superorthogonal basis.
The map ® on C? defined by the formula

D(X) = @r(X))rea
satisfies the following properties:

o The map @ takes C to C2.
e Furthermore, for p € A, there exists a unique free polynomial p such that p = p o ®.
e Moreover,

sup |p(X)[l = sup [[p(U)].
Xecd Uech

Namely, the map taking p to p is an isomorphism of rings from the free algebra C(x;);ca
to A.

Theorem 4.2 follows from Lemma 4.3 and Lemma 4.5.
We now show that superorthogonal algebras are necessarily free.
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Lemma 4.3 A superorthogonal algebra A is isomorphic to a free algebra in perhaps
infinitely many variables. Specifically, the map

¢ :Clx)ren > A
satisfying ¢(x;) = u; is an isomorphism.

Proof It is enough to show that for any two distinct products [ [{_; u;, and []}_; u; of the
same degree as free polynomials in A C C(xy, ..., xq),

n m
<1_[u;\,., 1_[ qu> =0,
i=1 j=1

since then the words in u; are linearly independent. Since the words are distinct, there is a p
such that A; = «; foralli < p and A, # «p. So,

n m p—1 p—1 n m
[Tewnss [Tue ) =TT TToee )(TTeenss [Ty )-
i=1 j=1 1 i=p j=p

i=1 j= =

Note that [/_, Uy; € uy, Hy and [T/, u«; € u,Hy which implies that the two products
are orthogonal since u,, and uy, are superorthogonal and thus the desired inner product is
0. O

We now show that the superorthogonal basis maps C? into C*.

Lemma 4.4 Let A be a superorthogonal algebra. For a superorthonormal basis (u).), the
map @ : C¢ — B(H)? given by

@ (X) = (ur(X))ren
hasran ® C CA, that is
@t -t
We call @ the superorthogonal basis map.

Proof Let X € C¢. That is,

d
Y OXiX; < 1.
i=1

Let 7 be the left ideal generated by A\C1 in C(xy, ..., xg4), that is, the span of the elements
of the form ab where a € A\{1} and b € C(xy, ..., x4).
To show that

Y wXuw(X)* <1,

AEA
we will show by induction that
kn d
D wOuX)* + Y win(Xwia(X)* <Y XX} (4.1)
reA,deg u <n i=1 i=1

where w; ,, form an orthonormal basis for (Z N [H 5] Dt

@ Springer



Free functions with symmetry 847

Note that for n = 1, Inequality (4.1) becomes

ki

d
Y wXwm X+ ) win (w1 (X)* =) XX}
i=1

reA,deg uy=1 i=1

which holds by Lemma 3.3 since the set of u) of degree one combined with the set of w; ;
must form a basis for [Hdz]l.
Now suppose that Inequality (4.1) holds for n. That is,

kn d
Z M)L(X)MA(X)* + Zwi,n(x)wi,n(x)* = inxi*'

reA,deguy <n i=1 i=1

We will now show that it holds for n + 1. Since

d
> OXixp <1,
i=1

we get that
k?l d d
> wmXu X)) + Y win(X) | Y X X5 Jwia(X)* <Y XX
AEA, i=1 j=1 i=1
deg u) <n
So
ky,d d
Do wOw X + D wia ()X X wia(X)F <Y XX
reA,deg u; <n i=1,j=1 i=1

Note that any u, of degree n + 1 must be in the subspace (Z N [Hdz],l)J- ® [Hdz]l by the
definition of superorthogonality. Furthermore, the combination of the u, of degree n + 1 and
w; p+1 form an orthonormal basis for (Z N [Hj],,)l ® [Hj]l. On the other hand, the w; ,x;
form an orthonormal basis for (Z N [Hj]n)l ® [Hf]l. So, by Lemma 3.3, we get that

ky.d
> win ()X X win(X)*
i=1,j=1

kn+1
= Y w0+ Y w1 0w g (X,
rEA, i=1
deg u;=n+1
which immediately implies that
kn+1 d

Yo mXmX) Y winn (w1 (X)F < Y XX

A€ deg uy <n+1 i=1 i=1

[m}

Lemma 4.5 Let A be a superorthogonal algebra. Let p € A. Then there exists a unique free
polynomial p such that

po®=p,
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where ® is a superorthonormal basis map for A as in Lemma 4.4. Furthermore,

sup [[p(X)|| = sup [[p()].
Xecd UecCh

Proof The existence of p follows from the fact that the coordinates of ® form a basis for A.
The uniqueness of p follows from the fact that A is free by Lemma 4.3.
So it remains to show the equality

sup [[p(X)|| = sup [[p(U)].
Xecd Uech

To show that

sup [[p(X)|l = sup [IpW)],
Xecd Uech

we show the equivalent inequality

sup [p(X)[ = sup [Ip(U)].
Xecd Uech

Similarly to our example for even functions (Sect. 2), givena U € C™ we would like to
find an X € C4 such that there is some projection P so that

Pp(®(X)P = pU) 4.2)
and thus that

IpCON = 1IpWU)HII.
Let
My =My, ...,M,)
as in Definition 3.1. Note that M, € cd. So, ®(My) = (My,)ren. Decompose Hj =
]Hg @ J. Since the algebra A is a joint invariant subspace for all the M,,, , we get that

My, J
My, =< 8)\ KA)

with respect to the decomposition, where J, and K, are some operators which will be
irrelevant to this discussion. The I-jrazho—Popescu dilation theorem [10,17] states that for
any U € C*, there is a projection P such that for any free polynomial ¢,

Pg((My, ® )P = q(U).

Thus, there is indeed an X and a projection as desired in (4.2), namely, taking X = (M, ®
I,..., M., ®I) and the projection as constructed above.

Thus, for every U € CA there exists an X € €4 such that

IPCOI = 1)

and so

sup [p(X)l = sup [Ip(U)].
Xecd Uvech
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Free functions with symmetry 849

To see that
sup lp(X)ll < sup [Ip(U)]
Xxecd vech
we note that ®(X) € C* by Lemma 4.4. O

Now Theorem 4.2 follows immediately.

S Example: free functions in three variables invariant under the natural
action of the cyclic group with three elements

We now show how to construct a superorthonormal basis for the ring of free polynomials
in three variables which are invariant under the natural action of the free group. That is, we
want to understand free functions which satisfy the identity

(X1, X2, X3) = f(X2, X3, X1)

and show that they form a superorthogonal algebra.
Let o denote a generator of the cyclic group with three elements. Define the action of o
on free functions in three variables by

(o - X1, X2, X3) = f(X2, X3, X1).

With this notation we are trying to understand functions such that

o-f=Ff
Let w be a nontrivial third root of unity. Consider the following three linear polynomials:
uo(X1, X», X3) = W
ur(X1, Xz, X3) = %
u_1(X1, X2, X3) = W

Clearly, the function u is fixed by the natural action of the cyclic group with three elements.
However,

o-u|p = wul,
and
O-U_| =wU_].

That is, they are eigenfunctions of the action o on free polynomials in three variables.
In fact, any product of the u; will be an eigenfunction of the action of ¢. For example,

- (U_juiU1) = OU_1Uu].

Thus, it can be observed that ] Ui is in the ring of invariant free polynomials under the
action of the cyclic group with three elements if and only if ) j1j =3 0, and furthermore
that products satisfying this condition span the algebra of free polynomials in three variables
which are fixed by the natural action of the cyclic group with three elements.
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850 D. Cushing et al.

So, if we choose products ]_[g-v=1

partial product ]_[;‘= | 4i; s in the ring of invariant free polynomials, we will obtain a basis
for our algebra. To show that this basis is superorthogonal, it is enough to show that any two

distinct products ]_[?/:1 ui;, ]_[jy:l ug; are orthogonal. However, by the grading lemma,

uj; such that } ;i; =3 0, which are primitive in that no

N

J

Since the two products were assumed to be not equal, the orthogonality of the u; implies that
at least one of the (uij, ukj.> = 0, so we are done.

For the action of a general group, an explicit construction of a superorthogonal basis for the
ring of invariants is more difficult. However, the existence of such a basis can be established
using some basic representation theory which we do in the next section. Later, we will return
to the issue of an explicit construction for specific classes of groups for which the problem
is tractable.

6 The ring of invariant free polynomials is superorthogonal

In order to derive Theorem 1.2 from Theorem 4.2, it is sufficient to show that the ring of
invariant free polynomials is superorthogonal.

Definition 6.1 Let 7 be a unitary representation of a group G. Let 7, denote the induced
action of 7 on [H;],,. We make the identification that 77, = 7.

Let p € [H?], and g € [H?],,. Note that
Tngm - Pq = (Tn - P)(Tm - q),
which translates to the following formal observation by the grading lemma.
Observation 6.2 Let w be a unitary representation of a group G. Then,
Ty @ Ty = Tpgm
with the identification made in the grading lemma.

Observation 6.2 implies that the action on homogeneous polynomials of degree n is
determined by the action on homogeneous polynomials of degree 1.

Corollary 6.3 Let 7w be a unitary representation of a group G. Then,
7, = a®"

with the identification made in the grading lemma.

The following technical lemma gives key information about projections of invariant poly-
nomials onto ideals.

Lemma 6.4 Let  be a unitary representation of a group G. Let h € [H f]n be invariant.
Let Py, be the orthogonal projection onto hH(%. Ifq € H(% is an invariant, then so is Ppq.
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Proof Without loss of generality, we can assume ¢ is homogeneous and of degree greater
than or equal to n. Let wy be a basis for htin [H;],,. Decompose g =h @ v+ > wi ® vy.
So,

Phg=h Q.
Now,
(@)= MG -v)+ Y (1 w)® (7 - vp).
Simplifying,
G=h®@@-v)+ Y (T w)® (T ).

Since 7 is unitary each (7 - wy) is still orthogonal to /. Thus, we conclude that v = 7 - v,
and we are done. O

We can now prove that the ring of invariant free polynomials is superorthogonal by con-
structing a basis for it.

Theorem 6.5 Let G be a group. Let m : G — Uy be a group representation. The ring of
invariant free polynomials for m is superorthogonal.

Proof For each positive integer i, let V; € [Hj],- denote the set of polynomials in the ring of
invariants of degree n which are orthogonal to all polynomials generated by the polynomials
in the ring of invariants of lower positive degree. Let for each i let u; x be an orthogonal basis
for V;. We claim that these u; x form a superorthogonal basis.

Let P, be as in Lemma 6.4. To show superorthogonality, it is enough, by definition, to
show that, for any free polynomial v,

Py ujv =0,
which simplifies via the grading lemma to
Py uj=0.

Furthermore, if i > j, there is nothing to show.
So, suppose i < j. Let

Pu,;kuj,l = Uj V.
By Lemma 6.4, we get that u; v is invariant, so v is invariant. Since u; ;v is a product of
invariants of strictly lower degree, we get that v must be 0 by the definition of V;. So, we are
done. O
7 Structure of the superorthogonal basis for the ring of invariants
7.1 Counting
We now calculate the number of elements in any superorthonormal basis for the ring of

invariant free polynomials of a given degree in terms of generating functions. The main
result of this section is as follows.
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Theorem 7.1 Let w be a unitary representation of a compact topological group G and
X = trm be the character corresponding to . Let Cg be a set of representatives for the
conjugacy classes of G. Let f, be dimension of invariant homogeneous free polynomials of
degree n. Let g, be the number of free polynomials of degree n in some superorthogonal
basis for the ring of invariant free polynomials of . Then,

1
f@)= /G mdﬂ(a)

where |1 denotes the normalized Haar measure on G, and

_f@-1
s&="r0

If G is finite,

- [Toec, (1= x(0)2)
= n n = 1 — G
€ ”X:(:)g ’ | |ZTECG #Cr [ [y, (1 = x(0)2)

where #C denotes the number of elements in the conjugacy class of T and

1 #Cy
o= HZC = @3

Namely, the number of generators of a given degree is independent of the choice of
superorthogonal basis.

We prove Theorem 7.1 in Sect. 7.1.1.

For example, consider symmetric functions in three variables. That is, take the group S3
acting on C via the representation 77 (0')e; = e, (i)- According to Theorem 7.1, the necessary
information can be conveniently compiled in the following table.

e | (12 | (123)
x [3] 1 0
#Cy | 1| 3 2

So,
(1—-32)(1—-2)(1 -0z

gz)=1-6 ,
(1—-2)(1—-0z)+31 —=32)(1 —0z) +2(1 — 2)(1 — 3z)
. z=27?
T 1-3z7+4272

=74+ +272 452+ 13+,
oo

=z+4 ) Faa',
n=2

where F;, denotes the nth Fibonacci number.

Thus, in general, with the help of computer algebra software, it is a simple exercise to
calculate the number of free polynomials of degree n in some superorthogonal basis for the
ring of invariant free polynomials of 7.
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7.1.1 The proof of Theorem 7.1

Let f, be the dimension of invariant homogeneous free polynomials of degree n. Let g, be
the number of free polynomials of degree n in some superorthogonal basis for the ring of
invariant free polynomials of 7. Let

g =) & f@ =) fad".
n=0 n=0

Lemma 7.2

_f@-1
g(@) = o

Proof It can be shown using enumerative combinatorics that

k
Jn= Z Hgij~

i1 +Fig=n 1
Thus,

1 1
1—g@ 1—=)72 82"

00 m
- (z g)
m n=0

o0

)

=0

o) k
Z Z Hgi.le
1=0i

1 Hetig=n 1

o0
= Z fnZn
n=0
= f@).
Calculating g from f gives that

_f@-1
g@) = o

In order to calculate f,, we use character theory (see Serre [20, Chapter 2]).
Let p be arepresentation for G. Foreacho € G,put x,(g) = tr(p(0)). x, isthe character
of p. Let ¢1, ¢ be functions from G into C. The scalar product (-, -) is defined by

@162 = [ $1(0)RENdu(o)
G
Let t : G — U be the trivial representation. The dimension of the space of fixed vectors of

the action of p is given by ( Xp» t) . (See Serre [20, Chapter 2])
‘We make the identification y = x.
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Lemma 7.3

1
f@) = -/G mdﬂ(0)~

Proof By Lemma 6.3, the action of 7 on homogenous polynomials is given by 7 ®".

f@Q=) fad"

n=0

= Z (Xn, T> Zn
n=0

=) / x(©@)"t(@)dp(o):"
n=0 G

=> / (x(0)2)"dp(o)
n=0 G

1
- /c 1— x(a)zdﬂ(a)'

Now Theorem 7.1 follows as an immediate corollary of Lemmas 7.2 and 7.3.

7.2 The ring of invariants of an abelian group

Theorem 7.4 Let G be an abelian group, and let 7 : G — Uy be a unitary representation of
G. Let vy, ..., vq be an orthonormal set of vectors of [Hc%]l with corresponding characters
X1, - -+ Xd such that w(g)v; = xi(g)vi. A basis for the free ring of invariants as a vector
space is given by

B={'|x’ =1).
Furthermore,
B:{v’ €B|ij,vK #1 € B! ;évjvk}
forms a superorthonormal basis.
Proof Note that 7"v’! = (xv)’ = x/v’. So, v’ is invariant if and only if x! =1
Otherwise, it must be orthogonal to the ring of invariant free polynomials.
So, any invariant free polynomial is in the span of the v/ € B, which are themselves

invariant homogeneous free polynomials.
To show that B is superorthogonal, note for any two distinct words,

<UK s vL> =0
by the grading lemma, which implies the claim. O

So, the calculation of a superorthogonal basis for the ring of invariants of a finite abelian
group is tractable in general.

The superorthogonal basis given in Theorem 7.4 also implies that off of some variety,
the ring of invariant functions is finitely generated. So, there are finitely many invariant
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free rational functions such that any invariant free polynomial can be written in terms of
them, in spite of the fact that the ring of invariant free polynomials is not itself finitely
generated. Similar phenomena occur in real algebraic geometry, such as the fact that positive
polynomials cannot be written as sums of squares of polynomials [16], but can be written as
sums of squares of rational functions, i.e. Artin’s resolution of Hilbert’s seventeenth problem

[6].

Theorem 7.5 Let G be a finite abelian group. With the notation of Theorem 7.4 the ring of
invariant functions in the algebra generated by vy, . . . , vg, vl_l, ey v;] is finitely generated.

Proof We note that by Pontryagin duality theorem [19, Theorem 1.7.2], the characters of an
abelian group G form a group G under multiplication which is noncanonically isomorphic
to G. Let F,; be the free group with d generators. Let H = {I € Fy|x! = 0}. Consider the
short exact sequence

0—>H—>Fd—>é—>0.

So, H is of finite index in F; and is thus finitely generated, which then implies that the ring
is finitely generated. O

7.3 Example: ad hoc methods for symmetric functions in three variables

We now turn our attention to symmetric functions in three variables.

Let ug, u1, u—; be as in Sect. 5 and let (b,,),en be the constructed superorthogonal basis
for cyclic free polynomials in 3 variables, where we fix by = uy.

Let t be the following action on a free function f:

T f(X1, X2, X3) = f(X1, X3, X2).
Note that
T Uy = uo,
T Ul =u_y,

T-U_1=1U].
We recall that each b,, is of the form
bu =] Tui
k
such that ) ", ix =3 0. So, T - b, = b for some 7, since 7 - [[, u;, = [[; u—i. and so

For n > 0 define

Co_b,,+r~bn

n — )
V2

1 b, — 1 - by

Cp = \/E
Forn =0, let 08 = uyg.
Note that each c?l is a symmetric free polynomial and that the product of an even number
of ¢} is also symmetric. In fact,
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and

Set

N n
B=11Y e ki = 0,Vn <N, ki #0

i=1 i=1

Now, B is a superorthogonal basis for the symmetric free polynomials in three variables.
The elements of B of degree 4 and less are given in the following table.

Degree Basis elements
1 uo
2 uju—_1+u—_jug
V2
3 Wi+l |y fu_yuguy
2.2 2 2 V2 ; 2 2 2

4 UTUZ U Uy uuoUTFU— QU | UgU—| U UgU]

V2 ’ V2 ’ V2 ’

M%MONIJFMZ,]MOM—I (ulufl—u,lu])z
V2 ’ V2

Note the table agrees with the generating function obtained earlier. As there are 13 elements
of the basis of degree 5, we will stop here.

We remark that the method above of iteratively constructing can be applied, in principal,
for any solvable group, since we exploited the fact that Z, = S3/Z3 acts on the ring of free
polynomials invariant under Z3. Since the ring of free polynomials invariant under Z3 is
itself isomorphic to a free algebra in infinitely many variables, we are essentially repeating
the construction done for any abelian group.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 Interna-
tional License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if changes were made.
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