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ABSTRACT. A development of the symmetric functions using the plethystic notation.



CHAPTER 2

Symmetric polynomials

Our presentation of the ring of symmetric functions has so far been non-standard and re-
visionist in the sense that the motivation for defining the ring A was historically to study
the ring of polynomials which are invariant under the permutation of the variables. In this
chapter we consider the relationship between A and this ring.

In this section we wish to consider polynomials f(z1,za, ..., x,) € Q[z1, X, ..., ,] such that
[(Toys Togs 3 Xo,) = f(1,22,...,2,) for all ¢ € Sym,,. These polynomials form a ring
since clearly they are closed under multiplication and contain the element 1 as a unit.

We will denote this ring

(2.1) AN ={f € Qlwy,za,. .., 2] s flag,20,...,2,) =
f(Toys Tgyy -, T,,) for all o € Sym,, }

Now there is a relationship between A and A*" by setting py[X,] := Y _,_, zF and define a
map A — A% by the linear homomorphism

(2'2) Px — D)y [Xn]ph [Xn] TPy [Xn]

with the natural extension to linear combinations of the p.

In a more general setting we will take the elements A to be a set of functors on polynomials
prlzs] = ¥ and pi[cE + dF] = cpp|E] + dpi[F) for E, F € Q[z1, x4, ..., z,] and coefficients
¢,d € Q then py[E] := px[E]pa,[E] -+ pay,, [E]. This means that f € A will also be a
function from Q[zy,s,...,x,] to itself with the additional property that if E € A%» C
Q[r1, 22, ..., x,] then f[E] € A*" since if cE = F for a 0 € Sym,, then we will also have
opr[E] = pr[o E] = pi[E] (similarly, pA[E] and f[E] will be invariant under o).

EXAMPLE 5. As a sample computation we determine po[X3], €2[X3] and ho[X3].
o[y + @2 + 23] = af + 25 + 7]
62[1’1 + T2 + 1’3] = p(1,1)[$1 + o + .T3]/2 — p(g) [.%'1 + o + .%'3]/2
= (71 + 2 +23)%/2 — (23 + 25 + 23) /2 = 11T + T1T3 + ToT3
hg[xl —+ X9 + 253] = p(171)[x1 + 29 + 173]/2 + P [SL’l + 29 + 5173]/2
= (21 + m9 +23)* /2 + (2] + 23 + 23) /2
= ZE% + x% + ng + 21T2 + T1X3 + ToX3

25
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EXAMPLE 6. Calculate e4[X3].

p(14)[X3] _ P(211)[X3] 1 P(22) [ X3] X p(sl)[X?,] _ Pw [ X3]

el === 4 8 3 4
(e tas)!t (@ a4 ad) (e +ao+ag)? (o] + a3 +a3)?
- 24 B 4 + 8
(v + 23 +ad) (v + 2o +23) 2l +ap+ay
3 4
=0

REMARK 2. py is linear homomorphism because as we stated above pi[cE + dF] = cpg[E] +
dp|F] for E,F € Q[zy,xs,...7,] and coefficients ¢,d € Q, but this is not true for p, in
general (e.g. pu[z1 + 2] = (27 + 23) (21 + 22) # (1] + Peylre] = 23 + 23).

REMARK 3. This notation is an extension of the linear homomorphism defined in equation
(1.2) where we set X,, := x1 + 29 + -+ + .

In addition we will also consider A as functors on formal power series. Let R = Q[z1, x9, x3, . . .|

and R™ as the subspace of elements in R of degree k. R®) will denote the completion of
this subspace consisting of polynomials and formal series of monomials of degree k. Next
define the ring

(2.3) AX = {f(21,29,...) € R® : f(w1,20,...) =

f(zs,, Zgy, .. .) for any permutation o,k > 0}.

—

Just as we had for A" C Q[x1,29,...,2,], f € A acts on B € AX C Di>o R®*). Denote
X =x1+ 29+ a3+ € AX so that pp[X] = 2221 x¥. The operation of setting z,,, =
Tpyo = ---=0maps X to X,, and AX to A*" such that the following diagram commutes.

REMARK 4. This notation we have just introduced is quite useful, though there is one pitfall
with which the reader should be aware.

Constants and variables are very different.

What we mean by this comment is that in polynomial notation where if f(x) = 2* then
f(2) = 2F and f(—1) = (—1)* (here constants have the same properties that variables do).
In our notation, p[2] = 2 and pi[—1] = —1 because p[z;] = z¥, while p; does nothing when
it acts on constants. The reader should spend a few minutes to try to figure out a ‘meaning’
of prlc] or pilcX,] because these do not represent pi(c) and py(cxy, cxe, ..., cx,) and it is
important in doing calculations to be aware of this difference.
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One interpretation of the expression f[n]| for a positive integer n should be thought of as
f[1+ 14 ---+4 1] and represents the symmetric function f € A with each p; replaced by
o + 28 + ...+ 2% and with each of these variables set to 1. We will derive more formulas for
our symmetric functions below and using (1.5) we see that ex[n] =0 forn =0,1,2,...,k—1
and eg[k] = 1. f[c] when ¢ is not a non negative integer does not have such a concrete
realization and is instead a polynomial interpolation of f[n].

Similarly, we have that kX, = X,, + X,, + --- + X, (k-times) and hence f[kX,] represents
the symmetric function f evaluated at a set of n variables repeated k times.

In some cases we will use a parameter ¢ in some of our formulas. This parameter will act as a
variable and has the property that p,[¢X] = ¢*pr[X]. The contrast between variables (g has
the same properties as a variable) and constants can be seen here since py[¢X] = ¢ pa[X]
while for a constant ¢, py[cX] = c/Mp,[X].

From now on we will denote X, := z1+x9+- - -+x, so that we have p[X,,] = x’f+x§+- . -—1—1";.
We are now ready to state and prove the fundamental theorem of symmetric functions which
relates the algebra of symmetric functions and the algebra of symmetric polynomials.

We have defined pi[X] to be Y, zF and pi[X,] = i, ¥ Therefore we realize p)[X]
and p,[X,] as just products of these elements. This does give us an explicit formula for
h,[X] and e,[X] because they are just defined to be h,[X] = >, pr[X]/2\ and e,[X] =
> i (1) My [X] /2. This formula is not at all adequate because we need only compute
a few of these elements by hand or by computer to realize that the coefficient of any monomial
of degree n in h,[X] is always 1. It is not immediately clear from the definition that the
coefficients should even be integers.

ProproOsITION 2.1. Forn > 1,

11 <2< <ipy
(25) en[X] = Z LiyLig * * Ty,
11 <1< <lIp

These results are implied by the following expressions for the generating functions of h,[X]
and e, X]

1

(2.6) H)X] =) h[X]t"=]]

n>0 i

(2.7) E@)[X] =) (—1) e, [X])t" = H(1 — tx;)
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ProoF. Consider the generating function P(t)[X] = »_ o, p.[X]/rt". This may be

rewritten as
B S okt

r>1 r>1 1
(2.8) = Z Z %t’” =— Z log(1 — tz;)
i r>1 i

1

However we have already seen in equation (1.9) that H (t)[X]| = exp(P(t))[X]| = exp(P(t)[X])
and a similar calculation yields E(t)[X] = exp(—P(t)[X]). This demonstrates equations (1.6)
and (1.7).

The equation for h,[X] follows from taking the coefficient of ¢” in (1.6). In each monomial
there are n variables and each x; can appear with repetition because - 1 = 1+tw;+ (tx;)* +

(tw)? + - -

The equation for e,[X] can be arrived at by taking the coefficient of ¢" in (1.7). In each
monomial each z; can appear at most once and each variable that appears contributes a
factor of —1 and exactly n variables will appear in each monomial. O

We are now prepared to explicitly state the relationship between A and AX*. These spaces
are not isomorphic, however the degree k components of each of these spaces is isomorphic
as long as k < n.

PROPOSITION 2.2. A% is algebraically generated by the elements e1[X,], e2[X,], - .., en[X0]
and every f(X,) € A*" is uniquely expressible as a linear combination of the elements
ex|X,] for X\ partitions with parts smaller or equal to n. In particular, the subspace of A*» of
degree k is isomorphic to the subspace of degree k elements of A under the map which sends

PROOF. For any f(z1,2s, - ,7,) € A*" we note that the coefficient of x{'x52 .-z
and 52 - - - 2 must be the same if @ = o\ for some o € Sym,,. Therefore a linear basis

of this space is given by the functions
(2.9) 7 X" Z g aln
a~A
where A is a partition with no more than n parts and the sum is over compositions a such

that when the entries sorted in decreasing order the resulting partition is equal to A\. The
dimension of A*» at degree m is the number of partitions of m with no more than n parts.

Now consider the elements ey[X,] € A*" which are symmetric and hence can be expressed
in the mff" basis. Notice that if A\; < n then

ex[ Xy = mi‘," + terms containing m;)f" with p finer than X,
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otherwise ey[X,] = 0. Therefore {ex[X,]} a-n is a basis for A*» and hence A*" is alge-
A <n
braically generated by the elements e;[X,], e2[X,], ..., e[ X4] O

Since e, is a linear combination of the h) with A = n then we also have the following corollary.

COROLLARY 2.3. A% is algebraically generated by the elements hi[X,], ha[X,], ..., ho[X,)
and every f(X,) € AX" is uniquely expressible as a linear combination of the elements hy[X,,]
for \ partitions with parts smaller or equal to n.

Similarly, p, can is a linear combination of the e, with A - n and we can also state the
previous corollary with p;[X,,] in place of h;[X,]. There is however a difference between
the p;[X,] and the ¢;[X,,] or h;[X,] since if f(X,) is a symmetric polynomial with integer
coefficients then when it is an expressed as a polynomial in either the {e)[X,]}x,<n basis
or the {h)[X,]}x,<n basis it will have integer coefficients. This is not true in general of the
{pr[Xn]}r,<n basis (see exercise 2.8).

This leads us to what we will refer to as the fundamental theorem of symmetric functions.
It says essentially that A and AX are isomorphic and as long as the degree of the symmetric
functions you are working with is smaller than n then A, A*» and AX are all the same.

THEOREM 2.4. For f,g € A with deg(f) < n and deg(g) < n, the following are equivalent:

() f=y9

(2) fIE] = g[E] for every expression E € @, R®)
(3) fIX] = g[X] where X =21 +x9+ 73+ -+

(4) f1X,] = g[X,] where X,, =21 + 29+ -+ 2,

ProoF. The implications (1) = (2) and (2) = (3) are trivial.

(3) = (4). If f[X] = g[X], then this expression holds independent of the values of x;.
In particular, if we set x,.1 = x,.2 = --- = 0, then we see that it must also hold that

f[Xn] = g[Xn}

(4) = (1). Assume that f # g then f — g € A can be expressed in the e, basis with at least
one coefficient not equal to 0. As we showed in the last proposition, ey[X,,] is a basis of A%~
and hence f[X,] — ¢g[X,] is not equal to 0. O

The formulas for h;[X] and e[ X] are interesting because it also gives us recurrences in terms
of variables. Because any single variable appears in any monomial in h;[X] with exponent
0,1,2,...,kand in e, [ X| with exponent either 0 or 1, then we can grade hy[X +z] or e[ X +2]
depending on the coefficient of z.

(2.10) helX + 2] = 2 hyi[ X]
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(2.11) er[X + 2] = en[X] + zep_1[X]

This is useful because it can be used to derive a formula for the homogeneous and elementary
symmetric functions at % =1l4+q+¢+-+qg!

EXAMPLE 7.
1_q3 1_q6
1 =1
pz[l_q] It+e+a]=1+q+¢ =7—3
1_ 3 1_ 3
62[1_2]:]9(11){1 }/2 p(g){l }/2
(1= 1-¢°
S 2(1-¢q)? 2(1-¢?)
(=2 +¢)(1+q) - (1—¢)1—q) _ 1—q
2(1-q¢)(1—¢?) T

[ o[ 2]

l—gq
A=) 1-¢
S 2(1—q)?  2(1-¢?)
(1 -2+) 0+ +(1-¢)1-q (A-¢*)01-¢"
a 2(1—q)(1 - ¢?) C(I-q(1-¢)

The use of H(t)[X] as a generating function in which we can take coefficients a useful
technique for deriving results in the theory of symmetric functions. To this end we define
the special element Q =3 -, h, which lies in the completion of A. In some sense, {2 is still

a generating function for the homogeneous generators like H(t) from the previous section
and we have Q = H(1), H(t)[X]| = Q[tX], E(t)[X] = Q[—X]. This special element has some
remarkable properties and we call it the Cauchy element.

PROPOSITION 2.5.
(2.12) QX + Y] = Q[X]|QY]
and consequently

(2.13) Q[-X] = Qx|
PROOF. Note that since 2 = H(1) so we have from equation (1.6) that

(2.14) ax]=1] !

1—.%'1'.

)

Therefore we also have

(2.15) QX +Y] = Hl_x H1— [X]Q[Y]
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Notice that Q[X — X]| = 1 since for k > 0, px[X — X| = pr[X] — pr[X] = 0. This implies
that the operation of sending f to f[X — X] gives the constant term of f and for €2 this is
just 1. Therefore

(2.16) QX - X]=QX]Q[-X] =1

and so Q[-X] = QX' =][,1 — . O

Algebra with infinite series sometimes has unusual consequences and there is one relation
involving the element 2 which we shall exploit as often as possible.

PROPOSITION 2.6. (The phantom relation) Let ¢(z,u) = >, ., 25u™", then for any alphabet
X,

(2.17) o(z,u)QzX]|Q—uX] = ¢(z,u)

What this means is that ¢(z,u) (1 — Q[zX]Q[—uX]) = 0 which is slightly unexpected since
elements of our polynomial algebra are not zero divisors, however playing with these infinite
series we can arrive at these unusual relations.

PROOF. Take the coefficient of z™u™ in ¢(z,u)Q[zX]|Q[—uX]. This will be equal to
o ()" [ Xen1 [X] 4 (= 1) [ X en [ X]
+ (=1 ha[X]en i [X] + (1) P hya[X]en [ X] + - -

Because h,[X] = e,[X] = 0 for n < 0, this sum is not infinite for each m and n, instead we
have that for m + n > 0 the sum is equal to

m+n
(2.18) D (=1 P X]es[X] = 0.

i=0
If m +n < 0, then the sum is 0 simply because all terms are equal to 0, and if m +n =0
then exactly one term is non-zero and it is equal to 1. This means that the coefficient of
2ZMu™ in ¢(z,u)Q[zX]Q[—uX] is equal to 1 if m = —n and 0 otherwise and hence the series
is equal to ¢(z,u). O

Another remarkable property of the element €2 is that it plays the role of the identity element
with respect to the Kronecker product. This means that for any symmetric function Q% f =
f*Q = f. The bialgebra structure with product * and coproduct A’ has an identity element
but that element does not lie in the algebra A, instead it is in the completion of A.

2.1. The monomial symmetric functions

For any given basis {ay}, of A (so far we are essentially working with just the power,
homogeneous and elementary) we can ask “what is the set of elements of A, {b)},, such that

(@xs bu) = 03,7
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It is a basic fact of linear algebra that the {b)}, must also be a basis since if there is some
linear dependence Zu cyb, = 0 with at least one cy # 0, then Zu cub, cannot be 0, because

then ¢, = <Zu cubu,a,\> = (0,a,) = 0. Therefore because the set {b)}, has exactly the

number of partitions of n elements at each degree and this set is linearly independent and
therefore it spans and is a basis. We will call {b,} the basis dual to {a,}. Notice also that
this property is reflexive and {a,}, is the dual basis to {by}, as well.

The bases {px}x and {pr/zx}, are a pair of dual bases. As we have only just developed two
other bases {hy}, and {ey}, we should ask what their dual bases are. For this reason we
develop the following amazing property of the element 2. In the expression below, XY is the
product of X = > . x; and Y = > ;y; and hence XY = > ;2iy;. Therefore by definition,
QXY =] —

2¥) 1_xzy] ’

PROPOSITION 2.7. Let {ax}x be a basis for the symmetric functions then {by}x is the dual
basis if and only if

(2.19) QXY =) a[X]bi[Y
A
It follows then that

(2.20) (fIX], QXY ]) x = fIV]

PROOF. Since Q =) ;>\, Pr/2\, then we see that

ZZP,\ Y]/

:ZZZ%[X} (PA[X], 0u[X]) ¢ DAY/ 20
(221) =35 alX] S (0alX] b XD palY ]/
:iZa#[Xb Y

The reverse implication can be seen from the same calculation since
22 mXIpY) 2 =3 3D aulX]palX] bulX])  palY /25
n>0 AFn n>0 AFn pkn

so we can conclude by taking the coefficient of py[Y]/zy that px = >° . a, (pr,b,). This
means that if a, =), c,\pa,

Ay = Z CyAPx = Z Cyx Z ay (pr, Z (ay, byu) ay
A ukEn ukEn

Since {ay} is a basis, we can take the coefficient of a) on both sides of this equation and
conclude that (a.,by) = 6y, and hence {b,}, is the dual basis to {ay}.
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To show the last result, we take for f € A and expand it in the power symmetric function
basis using some coefficients cy, f =, capa.

(fIX], QXY]) = ZC’\ Z <pA[X]7pu[X]/Zu>Xpu[Y]
(2.22) =Y oY) =[]

0

We will define the basis dual to {h,}, to be the monomial basis {m,}, and the basis dual to
the elementary symmetric functions {e, }, are usually referred to as the forgotten symmetric
functions. The last proposition can be used to find a direct formula for the monomial
symmetric functions.

PROPOSITION 2.8. Let A\ Fn,
(2.23) malX] =) =
a1

where the sum is over all sequences a = (ay, g, s, ...) and we have taken o ~ X\ to mean
the number of non-zero entries in « is £(\) and if they are sorted in decreasing order the
sequence s equal to .

PROOF. From the last propostion we know that Q[XY] = [, —1— = >, ha[X]my[Y].

U 1—xy;
Now consider the coefficient of y;'ys? - - yi* in Q[XY] is
1 1 1
(2.24) — M T —.
];[ 1 - L5Yiy yill 1;[ - LY, yi22 ];[ - L5Yiy, yikk

which is equal to hq, [X]hay[X] - - ha, [X]. Therefore we may realize Q[XY] as a sum over
all sequences a = (a1, g, as, . ..) with a; > 0 and a finite number of non-zero entries we find
that

(2.25) QXY] =) ho[X]y"

where h, = hy if @ ~ A. This means that m,[Y] is equal to the coefficient of hy[X] in the
expression above and hence it is equal to > _, y*. 0

We have defined the monomial symmetric functions {m,}, as the basis which is dual to the
homogeneous basis {h,}, but now knowing an explicit formula for my[X] allows us to easily
deduce relations between these bases that are difficult to show otherwise. For instance, we
immediately see that m)[X] = pp[X] and mx)[X] = e;[X] and therefore m@y = pi and
mr) = € and so unlike our other bases m, is not generated as a product of elements. We
can also see that hy = >, , m, either from Proposition 1.1 or by recalling that we have
calculated (hy, hy) = 1 as an exercise. The formula for m,[X] can also be used to derive a
combinatorial rule for multiplying two monomial symmetric functions together.
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PROPOSITION 2.9. Let \Fn and p+k

(2.26) my - my, = Z X,
vkn+k

where 15, 1s the number of pairs of sequences (o, B) with oy, ; > 0 where a ~ X and 3 ~ p
such that a + 6 = v.

PRrOOF. This is easily seen in the expansion of my[X]|m,[X], we need only take the
coefficient of ¥ in this expression. There is a contribution of weight 1 to each monomial of
type #¥ in the product for each a ~ X and 3 ~ u such that 2%2® = z¥. This is equivalent to
the condition that o + 3 = v. O

EXAMPLE 8. We ask what the coefficient of m433) is in m?2,2,1)' This must be 2 because
the only pairs (o, 5) ~ ((2,2,1),(2,2,1)) such that a + § = (4,3,3) are ((2,1,2),(2,2,1))
and ((2,2,1),(2,1,2)). As a more pictorial way of expressing this result, we may ask how
many ways are there of coloring the Young diagram of the partition (4, 3, 3) with two colors
(the first color always lies to the left of the second) such that the horizontal pieces of the
first color are of size (2,2,1) and of the second color are of size (2,2,1). The two diagrams
are expressed as

Perhaps this combinatorial rule looks familiar since the coefficient of m, in mym, will be
the same as the coefficient of hy ® h,, in the expression A(h,) (a fact which we leave to the
reader as an exercise). We used the same picture as appeared in chapter 1 to demonstrate
exactly that connection.

From this we can arrive at a combinatorial method for computing the scalar product of
(hx,hu), (ex,hu) or (pa, hy,). The scalar product of (h,,h,) appears in the exercises of the
last section, but the solution relied on the use of the hj- operators on the hy, basis. This time
we give a proof that relies on a simple observation about symmetric functions given in terms

of their variables. Since the homogeneous basis is dual to the monomial basis, we know that
(f, hy) is the coefficient of m,[X] in f[X].

PROPOSITION 2.10. For pv a partition of n, (hy,h,) = Ay, or
(2.27) hy=>_ Ay
A

where Ay, is the number of matricies with entries in N whose column sum is ;1 and row sum
is equal to A. (hx,e,) = By, or

(2.28) ey =Y Bym
A
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where By, is the number of matricies with entries in {0, 1} whose column sum is j1 and row
sum is equal to X. (hy,p,) = Ch, or

(2.29) pu =Y Crumi
A

where Cy,, s the number of matricies with entries in N whose column sum is (1 and row sum
15 equal to A and there is at most one non-zero entry for each column.

PROOF. The coefficient of m, in h, will be equal to the coefficient of z* in h,[X]
so we need only count the number of ways the coefficient z* may arise in h,[X]. Since
halX] = 3 4=, © Where the sum is over all compositions o whose entries sum to n, we see
that the coefficient of #* will be the number of sequences (o, a® ... ol“")) such that
g @ e — ) where o s a composition such that |o®] = ;. We may think of
o as a column vector of length £(y) since the last non-zero entry occurs before £(u) and
the sum of the entries in that column are of course ;. The sum of the rows of the matrix
(@M, a@ . o) are exactly A. Since there is a contribution of 1 to the coefficient of 2
in h,[X] for every such matrix A, is exactly the number of such matricies.

The interpretation for By, and C), are very similar. Since the coefficient of m, in e, is
equal to the coefficient of 2* in e,[X], we are counting the number of ways that 2 arises in
eu[X]. Since en[X] = 37,,_, * with the sum running over all compositions a with entries

in {0,1}. This means that the coefficient of 2* is again counting the number of matricies
whose column sums are p; and whose row sums are A;, but with the additional restriction
that the entries in these matricies are either 0 or 1.

Similarly, the interpretation for Cy, arises because p,[X] = >, 2} = >_,,,_, x%, where the
sum is over all compositions a with exactly one entry equal to n and the other enetries 0.
This implies that the coefficient of z* in p,[X] is the number of matricies whose row sum
A; and whose column sum is ¢ but at most one entry in the each column is allowed to be
NON-Zero. U

ExAMPLE 9. It is useful to see this proposition work in an example. We have established
the coefficient of mz2.9) in €21y is B222),3,2,1) and recall that this will also be the scalar
product <h(2,2,2), 6(3,2’1)>. One method for computing this scalar product could be to compute
this directly by expanding both expressions in the power basis and using the definition of
the scalar product, but we can also construct each of the {0,1} matricies with row sums
equal to (2,2,2) and column sums equal to (3,2,1). By exhaustively writing them out, we
see there are exactly 3. They are

110\ /1 10\ /101
(2.30) 1 10|,{101],[110
10 1 110/ \110

This is not however the only combinatorial interpretation possible for these coefficients. We
can provide another set of objects with the same number of elements as an interpretation that
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is perhaps easier to visualize. These interpretations are not significantly different however
since there is a direct bijection between the elements in one set and the other.

COROLLARY 2.11. Alternatively, Ay, is the number of ways of filling the the Young diagram
for the partition A with puy 1s, ps 2s, etc. that are weakly increasing in the rows and there is
no restriction on the relationship between the values in the columns.

By, is the number of ways of filling the the Young diagram for the partition X\ with jiy 1s, o
2s, etc. that are strictly increasing in the rows and there is no restriction on the relationship
between the values in the columns.

C)y 1s the number of ways of filling the the Young diagram for the partition N\ with p 1s, po
2s, etc. that are weakly increasing in the rows and we require that all cells with label i must
lie in the same row.

ExAMPLE 10. We again compute the same coefficient <h(272’2), 6(37271)> by giving the possible
fillings of the Young diagram of shape (2,2,2) with 3 1s, 2 2s and 1 3.

2 2
2 2
2 3

DO

(2.31)

Notice the relationship between these tabloid and to the matricies listed in the previous
example. A bijection between the two sets of objects should be clear.

EXAMPLE 11. To expand h32) in terms of the monomial symmetric functions we examine
all possible ways of filling the Young diagrams for the partitions of size 5 with 3 1s and 2 2s
such that the entries are weakly increasing in the rows. We draw all of the possible tabloid
as follows:

111] 1121 [I1[2] 2121 11 [T
- T —
2
1

I

1111 2] 21 U121 [212]
There are also (g) = 10 ways of filling the Young diagram of shape (11111) in this manner.
This implies that

=XN

o

=%
x=

h(z2) = mys) + 2m1) + 3mz2) + 4mzir) + 5my221) + M1ty + 10maiin).

EXAMPLE 12. To express p(so1y in the monomial basis we need only examine partitions of
size 6 such that the partition are sums of the parts of (3,2,1). We list all of the possible
tabloid for the partitions (3,2, 1), (3,3), (4,2), (5, 1), (6).

3

tittn e B Hthm B oo
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This implies that p(32,1) has the expansion
P(321) = My321) T 2M(33) + M4a2) + M(51) + M)

The forgotten symmetric functions are the basis which is dual to the elementary symmetric
functions. Because we have that (wf,wg) = (f, g) where f and g are elements of A, we have
that (e,,w(my)) = (h,, my) = dy, and so {w(my)}, is the basis which is dual to the {e\},.
We name this basis f := w(m,), the forgotten symmetric functions.

Just by the definition, we have the following formulas:

(2.32) QXY] = e\ X]A[Y]

For a partition u of n,

A
(2.33) hy = Baufa
A
pu = (—1)H=tw Z Oy f
A
where the coefficients Ay,, By, and C) , are given in Proposition 1.10.
(2.34) f)\ : f,u = Z TKMfV
VRl

where the coefficients 7, are given in Proposition 1.9.

To expand the monomial symmetric functions in terms of the forgotten basis we have the
usual expansion

(2.35) ma= 3 (maen) fi
pIA|

Notice also that if we expand the elementary basis in terms of the homogeneous basis we see
the same coefficients

(2.36) ey = Z (my, e,) ha

AFpl

That is if we define the coefficient D), := (my,e,), then we have the symmetry m, =

Zu Dy, f, and ey = Zu D,\hy,.

We have not exploited completely the formulas that we have derived for the coefficient of
e, in the hy basis. We can use this formula to give a rough combinatorial formula for the
coefficient of hy in the expansion of e,. By the solution to exercise 1.9, we know that

L)
(2.37) en = ;(—1) “ )%hk
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This implies that

S wi—l(v) ((v)!
(2.38) en=1]D_(-1" mh,,.

=1 l/'ﬂu,i

Now in order to take the coefficient of h, in this equation we say that there will be a
contribution to the coefficient of h, for every sequence of partitions (v, () . pE0)

such that v(M bW v® v | U ) = X and v® F ;. We can see immediately that the sign

140

of e,| issimply (—1)" ) because the sign of each contribution to the coefficient of b, in
h

A
the product is always Ha” (=1)wi=te) — (=1)l~¢N  The contribution for each sequence
(v, @ W)Y which satisfies these conditions is

£(p) ;
(v
(2.39) 1T =

@) )
=1 H]1 lm]( ())'

This implies the following proposition.
PROPOSITION 2.12.

(2.40) € = 2ol Dalia i = 2 3 Panex
N Z/\Hul Dynfa Ju= Z,\Hm D,amy

where

(2.41) Dy, = (_1)|m—w> Z H

(W @) W) i= 1HJ 1my( (@)1

is the sum over all sequences of partitions such that vV WP w . W) = X and v F ;.

The formula for D), is very similar to that for the coefficient of hy in p,, an explicit formula
for these coefficients was calculated in exercise (1.11). These coefficients also appear in the
expansion of the the monomial and forgotten bases in terms of the power basis.

PROPOSITION 2.13.

Pu = Z Exuha Pu = <_1)|“|4(u) Z Exuex
A |p| A |p]

my, = Z E,\px/ 2 fu= Z (—1)MHN B, py /2
A |p| A |p|

with

(z
i V
By, = (_1)4(,\)4(;;) Z H i - 1)!

m. [
(D) @) )y i= J>1 i)

where the sum is over all sequences of partitions with v® & p; and v wr@w. . W) = X

Proor. The justification of the expansion of p, in the homogeneous basis is exercise
(1.10) and (1.11) from the previous chapter. An application of w to this formula justifies the
expansion of p, in the elementary basis.
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Now to show the expansion of the monomial basis in the power basis, we recall that for u = n

My =Y (M, pa) pr/ 2

vkn

=> <m;m > Eu,\hu> pA/ 2

vkn vkn
= E E,xpx/ 2
vkn

The expansion of the forgotten basis in terms of the power basis also follows by an application
of the involution w on the previous formula. O

We should note that the only one of these formulas where the coefficients all have the same
sign is the expansion of f, in the power sum basis. The coefficients of p, will be positive (or
0) if |p| + €(p) is even and negative otherwise.

EXAMPLE 13. We will give an example of a computation of the expansion of eg21) and pa)
in the homogeneous basis. The sum is over the same set of objects so it is easy to both of
the computations at the same time.

Each of the following pictures represents how to divide the partition A in to sub-partitions
(v @ )Y such that v 4, v 2 and v® I 1. For each of these tableaux we will

count each with a weight.
1

11 [212] 111]

——
—0

3

21 2121

1011 (I I

Now in order to expand e(421) in terms of hy we count each of these tableaux with the weight
S (D))

] [Tjs: my (@)l

where (%) is the partition whose rows are labeled with i. This implies that

Hrd—kd
o

(_ 1)774()\)

e21) = Moy — haisy — 2 hezain) + 2 hegiey — heasyy + 4 hgais)
- 4 h(215) + h(17)

In order to expand p1) in terms of hy, we weight each of the tableaux listed above with
the coeflicient

3 .

((v®) —1)!
(_1)3—@()\)4 .92.1 H ( (V ) (12 2
P21y = 8 21y — 4 haisy — 8 hyzarny + 4 heziay — 4 hgsty + 10 hogs)

) h(215) + h(17)
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From the previous discussion we have determined a formula or combinatorial interpreta-
tion for the coefficient of every one of the 5 bases in every other one of the 5 bases. The
coefficients Ay, By, and C), can be found in Proposition 1.10 and Corollary 1.11. A for-
mula/combinatorial interpretation for the coefficients Dy, is in Proposition 1.12 and the
preceding discussion and F), is in Proposition 1.13. From these definitions we have the
following table for the coefficient of by in a, where a, represents the entry down the left side
of the table and b, represents the label across the top of the table.

j2) hx ex my I8
Py O B\, (_1)|M|*5(H)E>\M Ch, (_1)WF€(M)0/\M
I Cr/ 2 O Dy A By
ey | (DRTNC L[z | Dy, Oxu By, Ay,
My /2 Fyu Gy Onu Dyx
Ju (—1)‘)‘|_£()‘)EH,\/z,\ G Fyu Dy O

This leaves two coefficients that we have not yet determined, F, and Gy,, we leave it as an
exercise to determine some sort of formula for these coefficients. For a more detailed account
of the combinatorial interpretation of change of basis coefficients see [3].

2.2. Algebra operations and sets of variables

The notation that we have introduced allows us to express the operations of our Hopf algebra
and bialgebra that we have already discussed as addition, subtraction and multiplication of
alphabets.

Notice that pi[X + Y] = pe[X] + pe[Y] while A(pr) = pr ® 1 + 1 ® pi. Because we have
defined pA[X +Y] = [[. pa[X +Y] = [ L (px.[X] +pa,[Y]). It then follows that the coefficient
of p,[X]p,[Y] in pxa[X + Y] is equal to the coefficient of p, ® p, in A(py). More generally it
follows that that if A(f) =), f; ® g;, then f[X +Y] =", fi[X]g[Y]..

This means that there is a clear isomorphism between A ® A and AX*Y that is, a basis
element py[X]p,[Y] of AXTY is isomorphic to the basis element py ® p, € A ® A. More
generally, an element of AX*Y >~ fi[X]g;[Y] is isomorphic to >, fi ® g;. That means that
addition of two sets of variables encodes the coproduct A which we express in the following
proposition.

PROPOSITION 2.14. Given f € A such that A(f) is given by A(f) =, i ® gi, then
(2.42) fIX+Y]= Z filX

Moreover, if {ax}x and {by} are dual bases for A, then for all f € A

(2.43) FIX+Y] =)D (e N)IX

k>0 M-k
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Proor. We know that for f = p) we see that

o)
pAlX + Y] = [[(oaX] +pa[Y])

=1

(2.44) = Z HPA ]HPM Y]

scqi,..., }ies i¢S
P
=zz( ) Y]
k>0 puFk

Now for f =), capr we have that

FIX+Y] =) am[X +Y]

(2.45) —ZqZZ(-Z ) X]pu[Y]

k>0 ukk

=3 > Yo (Zﬂ m) X]p, Y]
=y (p—f> [X]pu[Y]

k>0 pkk K

Now that we know that (1.43) holds for ay = py/z) and by = p,, we show more generally
that

FIX 4] = Zzz<pﬁ> ] < Do > Y]

(2.46) =3 > << P> G > Z—"f) [X]b,[Y]
=> Y (ay f) [(X]bu[Y].

O

Subtraction of variables is equivalent to addition of a negative set of variables and a symmet-
ric function evaluated at a negative set of variables is equal to an application of the antipode
map.

PROPOSITION 2.15. For f € A such that f is homogeneous of degree k

(2.47) fI=X1=S(N)X] = (=1)*w(f)[X]

PROOF. Recall that S(py) = — —1)*w(pg) and S(py) = (—1)"Npy = (=1)A=Np, .
We also have py[—X] = (—1)™ [ ] S(px)[X]. This means that for f =", , eapy for
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some coefficients ¢,
—X] =Y em[=X] =D asSmE)X] = S(H)X].
Ak Ak
O

REMARK 5. We can encode the antipode map S which is much like the involution w, but
not quite the same since it is off by —1 raised to the degree of the symmetric function it is
acting on. It is possible to introduce notation which eliminates the sign. To this end one

may introduce a variable ¢ and at the end of the calculation set ¢ = —1. This will be denoted
€. That is, for f € A, f homogeneous of degree k
flmeX) = (DfwlPlaX)| | = (DM = w1

Note that € is very different from —1 because it is a variable. This notation is more useful
when working with non-homogeneous symmetric functions since it allows us to encode the
involution w without referring to the degree of the symmetric function. We will not use this
notation here.

Using this notation we can see multiplication as an operation that maps AX*Y to AX by
setting the Y variables equal to the X variables. This can be seen since u(f ® g) = f-g¢

while at the same time f[X]g [Y}‘ = f[X]g[X] = (f - g)[X]. This means that we will be

representing multiplication by the symbol ‘ which acts on the expression that lies to the

left of this symbol by changing the Y Varlables to the X variables.

This notation implies that we have already computed such expressions as h,,[ X 4+ Y] since we
have already computed that A(h,,) = >, h; ® hy,—; in Proposition 1.15. Using the previous
remark, this means h,[X + Y] = Y7 hi[X]h,—[Y], and similarly that e,[X + Y] =
2izo il Xlem—i[Y].

Notice that for any f,g € A,
(2.48) (gIX + Y1 fIY]) = (fr9)lX].

This is perhaps an unusual means for computing f*g, but it is important interpretation of
the operation f[X + Y]. We may also use this operation to compute specific operators f=*.

PROPOSITION 2.16. For k € Z and f € A,

(2.49) hi f1X] = fIX + 2]

2k

(-1)*

2k

(2.50) i, f1X] = f[X — 2]

PROOF. The first identity follows from equation (1.43),

(2.51) FIX + 2] =) (b f) [X]ma[2]

A
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all terms of this sum are 0 unless X has exactly one part. The coefficient of z* in this equation

will be (hy f)[X].

This same argument using the dual bases {ex}, and {f\}, and the relation fy\|—z] =
(—1)Mm,y[2] shows that

(2.52) FIX =2) =D (enf) IXIA[=2 = D (=D (ex f) [X]malz].
The coefficient of z* in this equation will be (—1)*(ei f)[X]. O

This last proposition implies that

(2.53) FIX +2] =) 2K (h IX] = QX]" f[X]

k>0

where by Q[zX]* is the operator which is dual to multiplication by the series Q[2X] with
respect to the scalar product in the X variables. As a manipulation, we know then for any
two symmetric functions f,g € A,

(2.54) (F1X], g[X + 2]) = (QX]fX], g[X]) -

The defining relation of the antipode, p o (id ® S) o A = w o e can easily be seen in this
notation.

po(id® S8) o A(f)[X] = po (id*S) f[X + Y]
(2.55) — uf[X — Y] = f[X = X] = £[0]

This means that u o e(f)[X] = f[0], but this was something that we already knew since
uoe(f)=f

pr=0

Similarly, because we have that pi[XY| = pg[X]|pe[Y] then just by the definition p)[XY] =
pA[X]palY]. Comparing this to A’(py) = pA®py, it follows that again the coefficient of p, ®p,
in A’(py) is equal to the coefficient of p,[X|p,[Y] in p)[XY] (that is, they are both equal to
d,00un). More generally this shows that if A'(f) =), f; ® ¢;, then f[XY] =" f;[X]g:[Y].
This means that the coproduct A’ is encoded in the multiplication of two sets of variables
in the sense of the following propostion.

PROPOSITION 2.17. For any symmetric function f inA, if N'(f) =Y. fi ® gi, then

(2.56) FIXY] =3 filX]glY)

Moreover for any dual bases {a)}x and {by}, we have that

(2.57) FIXYT =Y (ax* f)X]A[Y].

k>0 M-k
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PROOF. We have yet to show (1.57) which we know will hold for f = py a, = p, /2, and

b, = p, since

(2.58) XY= XY = 3 (2 ) XD 0

P I

since all but one term of this sum is equal to 0. More generally, if f = >, cxpx and {a)}
and {by}, are any pair of dual bases, then

V1= Y e (2 ) (XY
(2.59) “E Y (2 ) M by

D) IP I (FRBLEN IENS
= Z (ay x f) [X]b,[Y]

2.3. Application: Coloring enumeration

Starting with a figure like the one below, we can ask how many distinct ways there are of
coloring the regions of the figure with k colors. If the figure is fixed in place and not allowed
to move the answer is simply k&% since there are 8 regions and each region can be colored
independently with one of k£ different colors.

FIGURE 14. A square figure with 8 regions.

Now allow a group of isometries to act on the figure and say that two colorings are equal
if there is some group element that transforms one to the other. With this condition there
must be fewer than &% colorings because some of the k® colorings are now the equal. For
instance, if we allow the group of four rotations to act on this figure then the following 4
colorings will be equivalent.
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In general, to count the colorings we cannot simply divide by four since not all colorings will
have the same order in their symmetry. In fact we will show that the number of colorings
of figure 10 with k colors and this group of isometries acting on it is § (k* + 2k + k%),
something that is difficult to do with a simple counting argument.

A more general problem is to count the number of ways of coloring a figure like the one in
figure 10 with a; regions blue, as regions red, az regions green, etc. such that ay+as+az+- - -
is equal to the number of regions. For example to color figure 10 with 6 blue regions and
2 green regions it is not difficult to determine that there are 8 distinct colorings like those
given below. We wish to approach this problem in a general setting and give a formula for
these enumerations.

It turns out that both of these types of problems can be solved using symmetric functions and
the link between enumerating colorings and symmetric polynomials is a generating function
for the number of colorings. Notice that if we assign a monomial weight w(c) to each possible
coloring ¢ of a figure where w(c) is 7 raised to the number times the first color appears,
To to the number of times the second color appears, etc., then the sum over all possible
colorings of w(c) will be symmetric in the variables z; and hence this expression will be a
symmetric polynomial.

To begin we introduce some notation. A group action of a group G on a set R of regions to
be colored satisfying the following properties:

(1) For the identity element e € G, e(r) = r for r € R.
(2) For g1,92 € G, g1(g2(r)) = (g1 - g2)(r) for all r € R.
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Now the elements g € GG act on the set R and permute the elements. The cycle type of G
when it acts on R will be denoted by Agr(g) and is equal to the cycle type of the following

permutation:
( 7"1 7"2 PR TTL )
g(r1) g(r2) -+ glra) )

Define the cycle index symmetric function of a group G acting on a set R will be denoted

1
(2.60) C = @l > Danto)

geG

and it is a symmetric function of degree equal to the number of elements of R.

ExaMPLE 15. Let G = C; be the cyclic group of permutations which rotate figure 10. That
is, there are four elements of this group C; = {e,r, 7%, 13} where r* = € and r acting on
this figure is a rotation by 90 degrees. There are 8 regions of this figure to be colored and
Ar(e) = (18), Ar(r) = Ar(r®) = (4,4), and A\z(r?) = (2,2,2,2). Therefore

1
Cot = 1 (p} + 2p5 +p3) -

EXAMPLE 16. Let G = D, be the group of rotations and reflections acting on figure 10. This
time there are 8 elements in the group, Dy = {e,r,r% r3 s, sr, sr? sr3} where r* = e and
s?2 = e and sr = r3s. r acting on this figure is again a rotation by 90, s will be a flip across the
horizontal passing through the center of the figure. We have already calculated the cycle type
of the elements e, 7, 72, 73 and we also have Ag(s) = Ar(s7) = Ag(sr?) = Ar(sr?) = (2,2,2,2).

Therefore

Crt =< (P + 207 +5p3) -

ool =

If we have a group action of G on a set X then the orbit of an element x € X is the set
Orbit(G;z) = {g(z) : g € G}.
We also define the stablilizer of an element = to be the set

Stab(G;z) ={g € G : g(x) = z}.

If g € Stab(G;x) then g~ (z) = g (g9(x)) = (¢7'g)(x) = x and hence g~' € Stab(G;z). If
g,h € Stab(G; x) then (gh)(x) = g(h(z)) = = and so gh € Stab(G;z) and hence Stab(G;x)
is a subgroup of G. We also have that for g € G, if g(x) = y then g7 (y) = g7 *(g9(z)) =
(97'g)(z) = z. The orbit and the stabilizer of an element z are related by the set Orbit(G; )
is isomorphic to the set of left cosets of Stab(G;x). We show this in the following lemma.

PROPOSITION 2.18. For x € X, we have Orbit(G;x) is isomorphic to the set of left cosets
of Stab(G;x) in G. This implies

|Orbit(G; z)||Stab(G; x)| = |G| .
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PRrROOF. The correspondence between the orbit and the cosets of the stabilizer simply
sends the element gz to the coset g - Stab(G;x). We show
g - Stab(G;x) = h - Stab(G;z) < (h™'g) - Stab(G; ) = Stab(G; )

& h™lg € Stab(G; )

& (hlg)(z) ==

< g(z) = h(x).
This shows that the map is onto since for g € G, g(xz) = g¢;(x) for some representative
element g;(x) € Orbit(G;x) and g - Stab(G; ) = ¢; - Stab(G; ). This also implies that the
map is one-to-one since g(x) = h(x) implies ¢ - Stab(G; x) = h - Stab(G; x). Since the cosets
of Stab(G;x) partition the group G into equal parts and every element is in exactly one
coset, we know that

|Orbit(G; z)| = # cosets of Stab(G;x) in G = Lgtczl‘)(LGl;xﬂ'

O

If we have a finite set X and G acts on X by permuting the elements, then there are a
finite number of sets Orbit(G;c) and every element of X will be in exactly one of the orbits
(the set of orbits forms a partition of the set X). Let m be the number of elements in
{Orbit(G;c) : ¢ € X} and let ¢q, ¢, . .., ¢, be representative elements of this set of orbits so
that every ¢ € X is in exactly one set Orbit(G; ¢;).

PROPOSITION 2.19. If ¢ € Orbit(G;d), then Orbit(G;c) = Orbit(G;d) and consequently
|Stab(G; c)| = |Stab(G; d)|.

PROOF. If ¢ € Orbit(G;d) then ¢ = g(d) for some g € G. This mean that
Orbit(G;c) = {h(c) : h € G} ={h(g(d)) : h € G} = Orbit(G;d).
U

For a finite set R of regions, a coloring of R with k colorsis amap ¢: R — {1,2,...k}. If g
acts on R then the definition of g on the coloring ¢ is g(c)(r) = ¢(g(r)) for r € R (in other
words, a group acts on a coloring of the regions by permuting the regions).

A coloring ¢ will be invariant under the action of a group element g if every r in the same
orbit of g is colored with the same value, that is, if g(r) = 7’ then ¢(r) = ¢(r’). This implies
that each cycle in the permutation

( 7’1 7"2 ... TTL )
g(r) g(r2) -+ glra)
may be assigned a value independently. The number of colorings invariant under the action

of the element g € G is equal to k raised to the number of cycles in this permutation or
kAR = p,y ) [k]. That is, we have

Pano) k] = #{c: R — {1,2,.. . k}|g(c) = c}.
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This leads us to our first enumeration formula:

THEOREM 2.20. (Burnside’s formula) Let R be a set of regions to color and X be the set of
colorings with k colors. Say that the set {Orbit(G;c) : ¢ € X} has order m, then

CS[k] = m.

PROOF. Let m be the number of elements in {Orbit(G;c) : c € X} and ¢1,¢a, ..., ¢y be
a set of representative elements so that every ¢ € X is in exactly one of the sets Orbit(G; ;).

ZpAR(Q)

geG

(2.61) :éz > [Stab(G;c)l

=1 ceOrbit(G;c;)

%Z S IStab(Gie)

c€O0rbit(Gse;)

’G‘ Z |0rbit(G; ¢;)||Stab(G; ¢;)|

a2 Z =

O

ExaAMPLE 17. We computed Cg‘* and Cg“ for R equal to the regions in figure 10. Theorem
1.20 says that the number of distinct ways of coloring this figure & colors When the group C}
acts on the figure is ; (k% 4 2k? + k*) and when Dy acts on the figure is § (k% 4 2k? 4 5k*).

Let us consider a figure which we can verify by hand very easily that this formula does in
fact work as advertised.

ExaMPLE 18. How many ways are there of coloring a cube with 2 colors such that two
coloring are considered to be equal if they look the same by a rotation? The natural group
of isometries which acts on this object is the group of rotations which permute the faces,
edges and vertices of the cube.

It helps to have a cube to look at, if you can find a die or a Rubik’s cube the calculations
that we are about to do will seem easier.
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We note that the symmetry group of rotations the cube has 24 elements in it. This is easy
to see because any rotation of the cube moves one of 6 faces to the face which is on top and
then there are 4 choices for the face which is in front. The question is, what are these 24
group elements which act on the cube?

The first element to consider is the identity element. There is only 1 of these.
Next, there are 9 rotations of the cube with two faces left fixed. In the figure below this

corresponds to the rotations about one of the three lines which pass through the center of
the cube perpendicular to exactly two faces.

There are also 6 rotations of the cube by 180 degrees that leave two edges fixed. This
corresponds to a rotation around one of the the six lines in the figure below that pass
through the center of the cube and are perpendicular to two edges.

Finally there are 8 rotations by 120 degrees or 240 degrees around two opposite corners of
the cube. This will be a rotation around one of the four lines in the figure below that pass
through the center of the cube and connect two of the corners.
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Let G be this group of isometries and R be the 6 faces of the cube. Calculating C§ is as easy
as looking at each of the four types of permutations listed above. By looking at a cube and
noticing what the cycle type of each of these permutations of the faces is we calculate

1
o (p$ + 6pap? + 3p3pT + 6p3 + 8p3) .

Therefore if we wish to know the number of distinct ways of coloring the cube with 2 colors, it
will be o4 (26 +6-2% 432+ 6- 2% 4+ 8- 22) = 10. This number is something we can easily
determine by exhaustively listing the 10 possible colorings. In the figure below we have
folded out flat the 6 faces of the cube and colored them either red or blue.

THTT
THTT

ExaMPLE 19. How many distinct ways are there of coloring the following figure with 3 colors
where the group that acts on it is generated by a reflection across the vertical line and a
rotation by 60 degrees?

The group acting on this figure is the dihedral group of order 12 since it is generated
by two elements x,y € Dg satisfying 2% = 3> = e and xy = yx®. This means that
D¢ = {e,x, 22 23 2% 25 y, yx, yr? ya®, yz*, yz°}. There are 30 regions in the figure and
are permuted by the elements of this group. We compute the following cycle structures of
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these group elements on the regions of the figure.
Ar(e) = (17)
Ag(7) = Ag(2°) = (6°)
Ar(2?) = Ap(z?) = (3'°)
Ar(@®) = Ar(yr) = Ar(yz®) = A(ya®) = (2")

Ar(y) = Ar(yz?) = A(ya?) = (2,17)
These calculations determine

Cgﬁ 30 4 2pg + 2p§0 + 4p§5 + 3p54pf)

~ 12 (p1
It follows then that the number of ways of coloring this figure with 3 colors is equal to

CRef3] = — (3% +2-3° +2-30 +4.3% 4+ 3. 3'%) = 17157609895752.

12 (
EXAMPLE 20. A simple graph is a set of vertices V' (which we shall take as the set =
{1,2,...n}) together with a set of edges E C {{u,v} :u,v € V and u # v}. The symmetric
group acts on V' by permuting the vertex set and on edges by o{u,v} = {o(u),o(v)}. In our
context, two graphs (V, E') and (V, E’) will be isomorphic if there is a permutation o € Sym,,
such that cF = F'.

A simple graph is represented by a set of labeled points and a line between two points v and
v if {u,v} is an edge in E.

We wish to count non-isomorphic simple graphs and this can be done by thinking of a graph
(V, E) as a coloring of the two element subsets R, = {{7,j} : 1 <i < j < n} with two colors
say white and black. The black edges will represent those which are in £ and the white ones
will represent those that are not in E.

This means that Cgim" will be a symmetric function of degree (). Lets compute the number
of non-isomorphic graphs on with 2, 3, 4 and 5 vertices. To determine these symmetric
functions we need to determine the action for each o on the two element subsets but it is
only necessary to look at one of each cycle type (we will list calculate Ag of each of the group
elements listed in cycle notation).

For n =2, Ag,((1)(2)) = (1) and Ag,((12)) = (1). Therefore C}S;Z% =1 +p)=p1.

For n = 3, there are 3 two element subsets and Ag,((1)(2)(3)) = (1,1,1), Agr,((12)(3)) =
(2,1) and Ag,((123)) = (3). We have, C;™ = L (pas) + 3pp) + 2p)) = hs.

For n = 4, there are 6 two element subsets. Ag,((1)
(2,2,1,1), Ag,((12)(34)) = (2,2,1,1), )\34((123)(4))

cycle index symmetric function is

(2)3)(4) = (1°),
~(3.,3)

1%), Ar,((12)(3)(4)) =
(3,3), Ar,((1234)) 2

= (4

m 1
C}iﬁ’ ‘= o1 ( sy + 6p@e21,1) + 3pe2.1,1) + 8p33) +6p(42))
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For n = 5 there are 10 two element subsets. For the most part, the order of the subset
{u,v} will be the L.c.m. of the length of the cycle that u is in and the length of the cycle
that v is in (the exception being the sets {1,3} and {2,4} under the action of the element
(1234)(5)). Ar,(DE)B)A)5) = (119, A, (12)B)A)(5)) = (25 11), An,(12)(34)(5)) =
21,1, 1), Ar, (123)(4)(5)) = (3, 1), Ana((123)(45)) — (6,3, 1), Ar, (1234)(5)) — (4,4,2)
Ars((12345)) = (5,5).

Sym 1
CRZ; b= 120 (P(110) + 10p23,14y + 15p(24,1,1) + 20p33,1) + 20p(6,3,1) + 30p(a,4,2) + 2419(5,5)) .

Now that we have the cycle index symmetric functions, it is quite easy to determine the
number of non-isomorphic simple graphs there are, we just evaluate them at the value 2.
This means that there are C%mQ [2] = 2 graphs on two vertices, ngm:” [2] = 4 graphs on three
vertices, ngm‘* [2] = 11 graphs on four vertices, and C]é;gms [2] = 34 graphs on five vertices.
Each of these values are not too difficult to verify by hand so we draw the sets of graphs
below to see that they agree with the theory.

c i es s deds

eo o os o4 o3
N H AN A
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We turn our attention now to a more specific type of enumeration problem, that of counting
the number of ways of coloring a figure using a prescribed number of colors. We gave an
example of such a question when above when we posed the question how many ways the
figure 10 could be colored with 6 blue regions and 2 green regions.

Let G be a group with an action on a set of regions R. For any coloring ¢ : R — N, we call the
weight function the map w with w(c) = H " Te(r,) Where the 7; are the elements of R listed
in some order (since our variables commute this expression is independent of the order). The
weight function sends a coloring to a monomial in Q[zy, x9, x3,...] The generating function
> .w(c) where the sum is over all distinct colorings of R under the group G is called the
pattern inventory.

The pattern inventory is a generating function which contains all the information necessary
to count the number of patterns with given number of colors appearing, we need only take
a coefficient in this generating function of z{'x5?25* - - - to find the number of colorings with

color 1 appearing a; times, color 2 appearing as times, color 3 appearing as times, etc.

This generating function also encodes the total number of colorings using k colors. We can
recover the information by setting 1 =29 =--- =2 = 1 and 231 = 49 = --- = 0. This
give a clue to identifying the formula for the pattern inventory.
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THEOREM 2.21. (Polya’s theorem) Let G be a group which acts on a set R and let C' be a
set of colorings mapping R to the set N which are all distinct under the action of G.

CHIX] =) (o).

ceC

PROOF. This means O

2.4. Exercises:

(2) Show o g gl
e )] = {”*Z”L
(3) Show
i [Inlg] = [ﬁf

(4) Show directly (without appealing to a formula which we have derived for these
values) that the coefficient of m, in mym, will be the same as the coefficient of
hy ® h,, in the expression A(h,).
Show that ex[X — 2] = S5 ((—2)'er_s[X] and hy[X — 2] = hi[X] — zhi[X].
Show Qx f=fxQ = fforall feA.
Show that © [l%y] =

q

>0 1—yq**

5)
6)
7)
8) Show that if f(X,,) is in the linear span of the symmetric polynomials m,[X,] over
Z then when it is expressed in the {e\[X,]}r, <n basis it has coefficients in Z and
when it is expressed in the {h)[X,]}x,<n basis it has coefficients in Z. Show that in

general if it is expressed in the {px[X,]}r,<n basis the coefficients will be in Q.
(9) Show that

(
(
(
(

>0 ifu<A
<hl“€>\’> =1 if A= 1%
=0 otherwise.
(10) Determine some sort of formula for the coeflicient of hy in m, and the coefficient
of ey in m,, in terms of the other coefficients which we have already determined a
formula.
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