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§0. Notation and Prerequisites

Given n € N, [n] denotes the set {1,...,n} and [n]y denotes the set [n] U {0}.

S(n, k), a Stirling number of the second kind, is the number of partitions of [n] into exactly k parts. s(n, k), a Stirling
number of the first kind, is the number of permutations of [rn] with exactly & cycles.

Given a graph G and edge e € G, G — e is the graph obtained by deleting e (it has the same vertex set), and G \ e is
the graph obtained by “contracting” e, that is, merging the two vertices of e and having a vertex adjacent to the new
vertex if they are adjacent to either of the earlier vertices.
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§1. Introduction

Exercise 1.1. Recall that the number of k-subsets of [n] is (7). Given a k-subset S = {z1,..., 2} of [n], we write
S< ={x1,...,2r}< to denote that x; < z3 < -+ < z). Determine the number of k-subsets {z1, ...,z }< of [n] such
that ; =7 mod 2.

For example, for n = 6 and k = 3, we have the subsets {1,4,5}, {1, 2,3},{1,2,5},{3,4,5}.

Broadly, there are three types of “answers”: a formula, a recurrence, and a generating function. A great example of
the second and third is the following.

p(n), the number of number partitions of n, is given by the generating function

> s =[] =

n>0 i>1

Using this, a recursion may be obtained as well. We do not plug in values for z in the above. We merely look at the
coefficient of 2™ in it. We want the coefficient to be a finite sum for all ». If it is an infinite sum, convergence issues
may arise.

1.1. Counting in &,

Recall that G,, is generated by transpositions. A transposition (¢, j) is a permutation o defined by

J k=1,
U(k) = i7 k= j7
k, otherwise.

In fact, G,, is generated by the set of just “adjacent transpositions” S; = (i,3 + 1) for 1 <14 < n. We have

S? =1d
SiSi+18i = Six19:Si1
SiSj = SJSl if |Z —jl > 2.

Definition 1.1. Given a permutation 7 € &, define the length ¢(7) of  to be the smallest & such that there exist
adjacent transpositions o1, - - - , 0 such that m = oy - - - 0.

Proposition 1.2. Consider the inversion number inv(w) of a permutation, defined by
inv(7r):‘{1§i§j§n:m>7rj}’.

Then, ¢(7) = inv(m).

Definition 1.3. The sign of a permutation 7 is defined by sign(r) = (—1)"¥("). Equivalently,

_ H1gi<jgn(l‘m - xnj)

a H1§i<j§n(zi_xj) '

sign(m)
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It is straightforward to see that forall 7 € &,,, 0 < inv(m) < (g)

Proposition 1.4. Consider inv,(q) = ce ¢ (™), Then,

where

This quantity [m], is called the g-analogue of m, and similarly, the g-analogue of n! is []}_, [m], (this is slightly
vague). Note in particular that n! = inv,,(1).

Proof. We prove this by induction. It is easily verified for n = 2.

Take 0 € &,,_;. There are n “gaps” where n can be “placed” in ¢ to get a permutation in &,,. If we place it in the ith
position from the end (for 0 < ¢ < n — 1), the inversion number of the newly obtained permutation is ¢ more than
the inversion number of o.

As a result,

invn(Q) = invn—l(q) + qinvn—l(q) + q2 invn—l(q) + -+ qn_l invn—l(q) = [n}q invn—l (q),
where the ¢’ inv,,_1 (¢) term corresponds to the case where n is placed in the ith position from the end. The required
follows by the inductive hypothesis. ]
Definition 1.5 (Descent). For © € &,,, define the descents DES(7) = {i € [n — 1] : m; > 741}, des(w) = | DES(7)|,
and maj(m) = 3 ;cpps ()
Some books define the number of descents as des(w) + 1 instead.
There are central limit theorems for many of these parameters, which we shall not study.
A permutation 7 has des(7) + 1 many “increasing runs”.

For example, for the permutation 7 = (1 — 5,2 — 1,3 — 2,4 — 6,5 — 4,6 — 3) € &g, DES(7) = {1,4,5},
des(m) = 3, and maj(w) = 10.

Proposition 1.6. The distribution of maj(r) over &,, is the same as that of inv(w). Equivalently,

n

maj,, (q) = Z gmaim) = H [ml]y = inv,(g).

TeES, m=1

This result took nearly 50 years to prove!

Proof. The strategy is similar to that of Proposition 1.4. Let 7 € &,,_;. As before, there are n positions to insert n.
o Label the positions of descents of o and the last position from right ot leftas 0, 1, ..., des(w).

e Label the remaining positions from left to right as des(w) +1,...,n — 1.

We claim that inserting n at a position increases maj by the labelled amount.

If inserted anywhere, all the descent positions starting from there increase by 1. This explains why the increase is
equal to the labelled quantity for positions that are descents, since no new descents are introduced. In the case where
we insert it in a position of non-descent, we further introduce a new descent at the position of insertion of n, which
explains why the increase is equal tot he labelled quantity for positions that are not descents.

The remainder of the proof is identical to that of Proposition 1.4, since the increases are in bijection with [n —1],. W



MA 861 : Combinatorics | 5 /53 Amit Rajaraman

Definition 1.7. A parameter f : S,, — R of permutations such that
Z qf(w) = [n]g! = H [m]q
€S, 1<m<n
is said to be Mahonian.

As we saw in ?? 1.42?? 1.6, both inv and maj are Mahonian.

1.2. Counting spanning trees
Question 1. Count the number of spanning trees in an arbitrary (finite) graph G.

This was solved by Kirchhoff using the Matrix Tree Theorem.

Theorem 1.8 (Matrix Tree Theorem). Consider the Laplacian L = D — A of a graph G, where A is its adjacency
matrix and D is a diagonal matrix with the diagonal entries being the degrees of the vertices. The determinant of
any (n — 1) x (n — 1) submatrix of L obtained by omitting any arbitrary row and column is equal to the number of
spanning trees of G.

In particular, when G = K,,, we end up getting the following.
Theorem 1.9 (Cayley’s Theorem). The number of spanning trees in K, is n" 2.

One proof by Priifer gives an explicit bijection between spanning trees and sequences (v1, . .., v,—2) of vertices in G.
Another proof is of course using the matrix tree theorem, which reduces it to a simple determinant calculation.
Joyal gave another bijection between elements of the form (7', u,v) where T is a spanning tree and u, v are vertices
in G, and functions from [n] — [n].

The proof we give uses exponential generating functions. Recall the following result, which we give without proof.
Interested readers may consult Corollary 5.1.6 of | ] for further details.

Theorem 1.10 (Exponential Formula). Let {f,,}, {g.} be a sequence with exponential generating functions

n

Fa)=Y" fn% and G(n) = Zgn%.

n>1 n>0

Define the sequence h,, by
hn= Y. fisifisal s fisuge

wESetPartn([n])
7={S1,..., Sk}

and ho = 1, and let

Then,
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Theorem 1.11 (Exponential Formula IT). Let {f,,} be a sequence and define the sequence h,, by

hyp = E ficaifical + fick)
TES,
« has cycles {C1,...,C }

and hg = 1, and let

H(z) = Zhn%.

n>0
Then,
Hw) =ep [ f
n

n>1

Note that the summation of F' is for n > 1, because we may assume that fy = 0 since f; does not appear in the
expression of any hy,.

Definition 1.12 (Compositional inverse). Generating functions F' and G are said to be compositional inverses (of each
other) if F(G(z)) = G(F(z)) = «.

Let
F(x) = Z frna™ and G(z) = Z gnz"

n>0 n>0

be compositional inverses of each other. It is reasonably straightforward to show that fo = go = 0 and fi, g1 # 0.
The first condition implies that the coefficient of any 2™ in F' o G (or G o F) is finite.

Theorem 1.13 (Lagrange Inversion Theorem). Let

F(z) = Z fra" and G(z) = Zgnx”

n>0 n>0

be compositional inverses of each other. Then, ng, is the coefficient of 1/ in (1/F(z))".

Equivalently, ng, is the coefficient of 2"~ in (z/F(z))".

Proof. We have
= G(F(@) = Y iF(a)"

i>0

Differentiating,

1= giF(z) ' F'(z).
i>0

As a result,

<F(1x) ) - > 9iF(@) T (@),

>0
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Whenever i # n, the coefficient of 1/z in F(z)"'""F'(z) = (F(z)"""/(i —n)) is zero. Indeed, recall that the
coefficient of 1/x in the derivative of any power series with possibly negative exponents is zero.
As a result, the coefficient of 1/x in (1/F(x))™ is equal to the coefficient of 1/z in g,nF'(z)/F (). We have
Fl@)  fit2hat--
Fla) ~ izt for? 4
The coefficient of 1/x in this is f1/f1 = 1, and the desideratum follows. [ |

At long last, let us return to Cayley’s Theorem.

Proof of Cayley’s Theorem. Instead of looking at the number T,, of spanning trees, we shall look at RT,,, the number
of rooted spanning trees. Clearly, RT,, = nT),.
Define RF,, to be the number of rooted forests on [n] and let

xn
RF(z) = ) RE,

n>0
:L,’I'L
RT(z) = RT, .
n>0
Using Theorem 1.10, it is not too difficult to see that
RF(x) = exp(RT(x)). (1.1)

Claim (Polya). RT,+1 = (n + 1)RF,.

Indeed, any rooted tree on K, may be obtained from a rooted forest ' on K,, by adding a new vertex v, adding
the edge between each root in F' and v to the spanning tree, removing the “root status” from all vertices except v. v
can be labelled in n + 1 ways, so we are done.

As a result,
n

RTn 1 T 1
RF(z) =) n++1 -5 =~ RT(x). (1.2)
n>0

Combining Equations (1.1) and (1.2),
RT(z) = zexp(RT(z)).

That is, RT is the compositional inverse of z +— ze™*. Now, we use the Lagrange Inversion Theorem to get that
nRT,, /n!is equal to the coefficient of 2! in (z/xe~*)" = €™, whichisn" ! /(n—1)!. Therefore, T,, = RT,,/n = n"~2
and we are done. |

1.3. Chebyshev polynomials

We would like a polynomial T, (x) such that T, (cos ) = cos(nf). Why does such a polynomial even exist? Recall
that
(cosf + tsin )™ = cosnb + ¢ sinnf.

Since the real part of the left only has even powers of sin, we can convert it to a polynomial of cos s alone.
For example,

To(.%') = 1,
T (z) = =z,
Ty(z) = 22 — 1.

Proposition 1.14. Ty(z) = 1, T1(z) = z, and for n > 2,

To(z) = 22T —1(x) — Thea(x).
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Proof. Let cos @ = x. We have

T,.(z) = cosnfd = cos(n — 1)f cos§ — sin(n — 1)fsin 6
= 2T, —1(x) — (sin(n — 2)0 cos § + cos(n — 2)fsin §) sin 6
= 2Ty 1(2) — Thoo(x)(1 — 2?) — z(sinfsin(n — 2)6)
=Ty, 1(x) + 22Ty _o(x) — Th_o(x) — x(cos f cos(n — 2)8 — cos(n — 1)6)
= 22T, 1(x) — Th—a(x). [ ]

Definition 1.15 (Chebyshev polynomials). The nth Chebyshev polynomial of the first kind T,, is defined as above.
The nth Chebyshev polynomial of the second kind Uy, is defined by

UW(I) = 2.’[], n = 17

Consider the number of tilings of a 1 x n board B,, using squares (1 x 1 pieces) and dimers (1 x 2 pieces). It is not
too difficult to show that this corresponds to the Fibonacci numbers.

Now, instead consider a weighted version of this problem, where we give squares a weight of 2z and dimers a weight
of —1. The weight wt(T") of a given tiling T is equal to the product of the weights of the pieces used. Then, the
Chebyshev polynomial U, is just the sum of the weights of all tilings of B!

U(z)= > wi(T).
tilings T of By,

Similar to this, we can get a combinatorial model for T}, as well, with the only difference being that a square piece
has weight z if it is at the lefmost (1,1) position.
Given a tiling T', let S(T') and D(T') be the number of squares and dimers in the tiling respectively. In general, define

F,(s,t) = Z §5(MP(T), (1.3)
tilings T" of B,
Then,
FO(Sv t) =1,
Fi(s,t) = s,

Fo(s,t) = sFn_1(s,t) + tFh_a(s,t).

1.4. More on g-analogues

Recall the definition of [n],! = [];-, [il,. Inspired by this, define

(&), = =y

This is clearly a rational function of ¢. It turns out that this is a polynomial in ¢! For example,

4
2}, 21

WG+

Recall that
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Proposition 1.16 (g-Pascal’s recurrences). It holds that
(©), =70, 765, = (), G 2)
kJ, k], k=1, k), k—-1/,
Proof. We show only the first recurrence. The second follows similarly.

n—1 n—1\ [n—1]g! [n—1]g!
qk( k ),ﬁ(k—l)qqk[k}q![n—k—uq!*[k—uq![n—mq!

Corollary 1.17. (}) , is a polynomial in ¢ with non-negative coefficients.

It turns out that the coefficients of the polynomial are unimodal and symmetric! We do not prove this, the reader
can see _ for more details.
A natural question to ask then is: what do the coefficients of this polynomial count?

Let (Z)q = fox(q) = Zrzo a,(,;;fqr. Can we have

n arameter
(k) = D g
q

re()

afgc then just counts the number of T' with the given parameter value.

Recall that (}) is the number of paths from (0,0) to (n — k, k) if only upwards and rightwards movements on the
integer lattice Z? are allowed. Let P be such a path.

Consider the portion of the box above P. This can be viewed as the Ferrer diagram of some number partition A(P).
A(P) has at most k parts, and no part is of size more than n — k. In fact, all such partitions correspond to some path!
What number is A(P) a number partition of? Denote this number as |A(P)|. Let S,, i, be the set of all paths of the
mentioned form.

Theorem 1.18.

Y PN = (Z) _

PES,

Perhaps surprisingly, the proof of the above is near-straightforward using the g-Pascal recurrence — merely consider
two cases depending on whether the first step of the path is right or upwards.

1.5. Derivative polynomials

We begin this section by recalling the following rather interesting result.
Define the Bell polynomial B,, i, by

n!
jl!(l!)j1j2!<2!)j2 .. 'jn7k+1!((n —k+ 1)!)n—k+1

Cod1d2 L dn—kt
1 T n—k-+17

Bn,k(x17$27 e 7:1771,—](?—‘1-1) == Z
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where the summation is taken over all indices ji, ..., jn—k+1 Of non-negative integers such that
k=j1+j2+ 4+ jn_k+1 and
n=j1+2j2+3js+ - +m—k+1)jn_gi1.

This has a natural correspondence to the Stirling numbers of the second kind, with j; representing the number of
partitions of size i. In particular, the sum of coefficients of B,, i, is Sy k.

Proposition 1.19 (Faa di Bruno’s Formula, [ D-

D"f(g(z) = > _ fPg(@)) - Bug(g (), 9" (x),...,g" D (a)).

To illustrate this better, let us look at the first few derivatives explicitly. Dropping the (x) on the right to make the
notation more succinct, we have

Df(g(x)) = f'(9)g’
D*f(g(x)) = f"(9)(g")* + f'(9)g"
D?f(g(x)) = f"(9)(g')* +3f"(9)d' 9" + " (9)g"".

Consider the partitions of {1, 2,3}, given by 1/|2|3, 123, 13|2, 23|1, and 123. The number of partitions of [n] with n;
parts of size i for each i neatly corresponds to the coefficient of [;(g(V)™!

Lety = f(x). If Dy = p(f(x)) for some polynomial p, then D™y is a polynomial of f as well.

Suppose that D"y = p,, (y) for some sequence of polynomials (p,,). It is straightforward to see that

po(y) =y
pu(y) = {y n=0

pn-1(y) -p1(y) n>1.

For the remainder of this section, set y = tanx and z = secz. Then, Dy = 1 +y? = 22 and Dz = yz. Itis not difficult
to see that

D%y = 2y2?
D3y = 4y?2? + 22°
D'y = 8y°2" 4+ 16yz*
Exercise 1.2. With y, z defined as above, show that
1. D™y is a homogeneous polynomial in y, z of degree (n + 1).

2. D™y has only terms with even exponents of z.
Corollary 1.20. We can write D"y = L0720y, o 2k2yn—2k—1,

Again, we ask the question: is there some parameter on m € &,, such that

[(n—1)/2]
Wn(x) = Z Wn,kxk _ Z l,parameter(w)?
k=0

TES,
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Definition 1.21 (Peak). Given a permutation 7 € &,,, we say that i € [n] \ {1,n} is a peak of 7 if m; > m;_1 and
m; > mi+1. Denote the set of peaks of m by Peak(r), pk(m) = | Peak(w)| the number of peaks.

Lemma 1.22. Forn,k > 1,
ka = (2]{1 + 2)Wn—1,k + (n — Qk)Wn—l,k—l-

Proof. We have

L(n-2)/2]
Dny - D Z Wn_l’kz2k+2yn72kf2
k=0
L(n—2)/2]
= Z (2 + 2) W1 1221 2y -y =2 o (= 2 — Q)W g 2 2R H2yn—2h=3 . ;2
k=0
L(n—2)/2]
(2k + 2)W,,_q 22K T2y 72K =1 4 (n — 2k — 2) 22k Hdyn—2k=3,

k=0

The required follows. |

Theorem 1.23.

Wy (x) = Z (™)

TeG,

Proof. LetY,, be the polynomial on the right, and let Y;, 5, be its coefficients. It is easily checked that Y,, , and W,
are equal for n = 0 or k¥ = 0. To prove the statement, we shall merely show that Y,, j satisfies the recurrence of
Lemma 1.22 too.

Similar to what we did in earlier proofs such as those of ?? 1.4?? 1.6, let o be a permutation in &,,_.

We shall use it to get a permutation 7 € &,, by “inserting” n at one of the n possible positions. If we insert it at the
position of a non-peak of o, the number of peaks increases by one. If we insert it before or after the position of a
peak, the number of peaks stays the same. Since peaks cannot occur immediately after each other, we can insert it at
precisely 2k + 2 positions while ensuring that the number of peaks does not increase (the extra 2 is for the extreme
positions), and so at n — 2k — 2 positions which increases the number of peaks by one. Therefore,

Yn,k = (2]€ + 2)Yn71,k + (n — 2(k — ].) . 2)Yn71,k71 = (2]45 + 2)Yn71,k + (TL — 2k)Yn71,k71~ |

Corollary 1.24. It is true that

> Wi =nl.
k

1.6. Matching theory
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Definition 1.25 (Matching). Given a graph G = (V, E), a matching in G is a collection M C E of edges such that for
any distinct e;,e2 € M, e1 Ney = @.
The number of k-sized matchings is denoted my(G). Define the matching polynomial

Matchg(z) = Z(_l)kmk(G)lﬂ_Qk

k>0

Some books call the above the “defect” matching polynomial, taking the actual matching polynomial as p(z) =
> mi(G)z*. Note that Matchg (z) = 2™p(—1/z?).
Clearly, Matchg(z) = 2™ - p(—1/2?).

There is a very rich literature regarding matching theory. One work that set off a frenzy of results in related areas
was [ ], which gave a polynomial-time algorithm to get a maximum weight matching in any graph. It does so
by looking at the polytope in R¥ that is the convex hull of the indicator functions of all matchings. It is worth noting
that while there is a polynomial time algorithm to find a maximum weight matching, the problem of determining
the number of maximum matchings in a graph is #P-complete. Consequently, no polynomial time algorithm is
known to determine my(G) given a graph G.

Before moving on, we give some simple lemmas about the matching polynomial.

Lemma 1.26.

(a) If G and H are vertex-disjoint graphs,

Matchgum (z) = Matchg(x) Matchy ().
(b) Given a graph G and vertex v € G,

Matchg(z) = z Matchg_ () (x) — Z Matchg_ fu,0} ().

U UV
(c) Given a graph G and edge e = {u,v} € G,

Matchg(z) = Matchg_.(x) — Matchg_ (4,0} (2).

Proof. We omit the proof of (a) as it is straightforward.

(b) Let M be a matching of size k on G. If M does not have an edge incident on v, it is a matching of size £ on
G — {v}. Otherwise, there is some edge ¢ = {u,v} > M, and M \ {e} is a matching on G — {u, v}. As a result,

mi(G) = mi(G — {v}) + Z mi—1(G — {u,v}).

U UV

Multiplying with (—1)*2"~2* and summing over &,

Match(z) = Y (=1)fz- 2D "2my (G = {v}) = Y (=D a2 20 0my (G — {u,v})

k UUSV

= xMatchg,{v} — Z MatCth{u,v}(x)'

UIUSFV
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(c) Similar to (b), let M be a matching of size k on G. If M does not have ¢, it is a matching of size k on G — e.
Otherwise, M \ {e} is a matching on G — {u, v}. So,

mi(G) = mi(G — e) + my—1(G — {u, v}).
Multiplying with (—1)*2"~2* and summing over k,
Matchg(x) = Z(—l)kx’“%mk(G —e) — (=) =D 2k= D, (G — {u,v})

k
= Matchg_.(x) — Matchg_ (4,1 (). [ |

Proposition 1.27.
L mi(Pa) = ("39).

2. mi(Cr) = 22 (")

3. my(Ky) = (o) - SR

4 my(Knn) = (1)K

Proof.

1. Collapse every edge in a matching to its left endpoint, and “mark” the collapsed vertices. This results in a
path with n — k vertices with k marked vertices. This process of marking the vertices using the matching is

reversible, and mx(G) = ("}").

2. Fix some edge e. e is absent in exactly (n — k)/n of the k-matchings of C,. In this case, the remaining matching

forms a matching on C,, — e, which is isomorphic to P,. Therefore, (n — k)/nmy(C,) = mi(P,) = (”;k)

3. A k-matching of K, is obtained by choosing 2k vertices (done in (;)) ways, putting the 2k vertices in k indis-
tinguishable “boxes” by putting 2 in each (this can be done in (2k)!/k!2* ways).

4. A k-matching is obtained by choosing k vertices from each side of the bipartite graph (done in (2)2 ways),
then assigning each vertex on the left side a vertex on the right that it is joined to in the matching (done in !
ways). [ |

Theorem 1.28. Given a graph G, all roots of Matchg(z) are real.

The version of the proof of the above we give is due to Godsil [ ].

Proof. Using Lemma 1.26(a), we may assume that G is connected.

We first prove the result for the case where G is a tree T'. To prove this, we shall prove that Matchy () is the charac-
teristic polynomial det(zI — A) of the adjacency matrix A of T'(!); the result then follows since A is a real symmetric
matrix and thus has real eigenvalues.

Let I — A = (b;j). We have

Charpoly(A) = Z sign(m) H bir(i-
TES, =1

First, we claim that if 7 € &,, has a cycle of length greater than 2, then the term corresponding to 7 on the right will
be zero. In other words, the term is zero if 7 is not an involution. Indeed, this follows immediately since G has no
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cycles (of length > 3). As a result, if (i1, 42, ...,%;) were a cycle in 7, then there must be some j such that {i;i;,1} is
not an edge in G and b;,,(;;) = 0.

Suppose that some m € &,, has k 2-cycles and (n — 2k) fixed points, and also has the term on the right being nonzero.
We have sign(r) = (—1)"~(+1n=2k) — (_1)*_ Suppose that the k 2-cycles are (i1, j1), (i2, j2); - - - , (ix, jx ). We have
b, j, = bj.i, = (—1)so b, j.bj;. =1, and also that no ¢, (or j,) is equal to any other is (or j,). That is, the edges
constituted by {4,, j.} form a matching of size k! Therefore,

Charpoly(A) = Z sign(m H bir(i) = Z (—1)kgn=2k = Z (—=1)IMIgn=2IM] — Matchp(x).
TeS, TES, matchings M
7 an involution 7 an involution

For a general graph, we come up with a tree 7,,(G) that depends on a “starting vertex” a € G. We then show that
the matching polynomial of our graph divides the matching polynomial of the tree.
To define T, we need paths starting at a in G without repeated vertices. These paths are the vertices of T, (G). There
is an edge between two paths if one is an extension of another by a single vertex — for example, the paths abdc and
abdce would have an edge between them.
It is straightforward to see that G is isomorphic to 75, (G) for any vertex a € G if G is a tree. Indeed, there is precisely
one path from a to any vertex b in the tree. The heart of the argument is the fact that for any a € G,

Matchg_o(7) Matchr, (¢)—a(®)

= 1.4
Matchg(x) Matchr, (4)(z) (14)

To prove this, we use induction on the number of vertices n. The base case is n = 2, which forces G to be a tree. Now,

Matchg(z) 2 Matchg_o(2) — 4., Matchg_q—p()

Matchg_q () Matchg o)
Z Matchg_,— b x)
Matchg_o(z)

By the inductive hypothesis,
Matchg,a,b(x) . Matcth(G_a)_b(x)

= . 1.5
Matchg_q () Matchy, (G—a)(z) (1.5)
Now, very carefully observe that
T,(G—a) - b= ] T.(G -
cb
c#a
G)—a= U T.(G -
cra
T.(G)—a—ab= | |JT(G—a)|U| | JT(G-a-b)|=| | Te(G-a)|U(TL(G—a)—b)
cra c—b c<ra
a#b cta a#b
We can then use Lemma 1.26(a) to get that
Matchr, (Q)— a H Matchrp, (G- a)( )
c—ra
Matchy, (¢)—a—ab (2 H Matchy, (G—q)(z) x Matchy, (G—q)—s(2).
s
Dividing the two,
MatchTa(G)_a_ab(x) . MatCth(G_a)_b(ﬁ) (1 6)

Matchy, (g)—a(z) ~ Matchy, (g—q)
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Combining Equations (1.5) and (1.6),

MatChG_a_b(I) . MatchTa(G)_a(x)
Matchg_q(z) Matchy, (¢)—a—ab()

and

Matchg(x B Z MatChT (G)—a— ab(T ) 1‘)
Matchg_ 4 Matchr, (@)

T MatchTa(G),a( T) = > Matchr, () —a—ap ()
Matchr, (g)—q(z)
Matchr, (o) (x)
- Matchr, (¢)—a(®)

(by Lemma 1.26(b))

Now, to complete the proof, we shall show that Matchr, ()(z) divides Matchg (). We do so by induction. To do
this, by Equation (1.4), it suffices to show that Matchg_(x) divides Matchy, (¢)—q(2). Recalling that 7,(G) — a =
Upoe T6(G — a), the inductive hypothesis implies that Matchg_, () divides each Matchy, (¢—q) (), so divides their
product Matchy, (¢y—q(x) as well, completing the proof. |

This result has some consequences.

Definition 1.29 (Log-concave). A sequence (ay),>0 is said to be log-concave if a2 > a,,—1a,41 for all n.

Example 1. For a fixed n, () as k varies is log-concave. Indeed,

(Z)Q - (k!)2(((71!)—2 D2 = (k= D)k 1) (7(1”'—)21@ —Din—k+1)! (k . 1) (k i 1)'

The Stirling numbers of the first and second kind are also log-concave.

Proposition 1.30. If A(z) = >_"" ,a;z" is a polynomial with all real roots, then the sequence of coefficients of A is
log-concave.

Exercise 1.3. Prove the above.

The above has an even stronger version, which we do not prove.

Theorem 1.31. If A(z) = Y1 ,a;z" is a polynomial with all real roots, then (ai / (?)) s log-concave. This is

referred to as ultralogconcavity.

Corollary 1.32. For any graph G, (my(G))x>0 is log-concave. That is, for all k, my(G)? > my_1(G)mi4+1(G).
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1.7. Colorings

Definition 1.33. Givena graph G = (V, E), a k-coloring (sometimes called proper coloring) is a functionc : V(G) — [k]
such that if u <> v, ¢(u) # c(v).

The chromatic number x(G) of a graph is the minimum number of colours required to colour it. We denote by c;(G)
the number of k-colorings of G.

Determining the chromatic number of a graph is (or rather, determining if there exists a k-coloring) is NP-hard. The
best known algorithm today outputs a colouring which is a n/polylog(n)-approximation of the minimum coloring.

Proposition 1.34. A graph G has chromatic number 1 iff it is an empty graph. It has chromatic number < 2 iff it is
bipartite.

It is difficult to approximate a minimum colouring of even 3-colorable graphs!

Theorem 1.35 (Four-Color Theorem, [ ]). A planar graph is 4-colorable.

We omit the proof of the above (for reasons obvious to anyone familiar with the result).

Theorem 1.36. For any graph G, there exists a polynomial Chrom¢, known as the chromatic polynomial, such that
Chromg (k) = ¢, (G).

For example, Chromz—(x) = 2™. For any tree T on n vertices, Chromr(z) = t(t — 1)" .

Observe that the chromatic polynomial is unique for a given graph since we know its value at an infinite number of
points.

The proof of the above follows near-directly from the following result using an inductive argument on the number
of edges —both G \ E and G — ¢ have fewer edges than G.

Proposition 1.37 (Deletion-contraction recurrence). For any graph G, we have for e € G that

Chromg(x) = Chromg_.(x) — Chromg ()

Proof. Take any k-coloring of G — e. If the endpoints of e have the same colour, it corresponds to a k-colouring of
G\ e, and if the endpoints have distinct colours, it corresponds to a k-coloring of G. Therefore,

k(G —e) = cx(G) + k(G \ e)
and the result follows. [ ]

This leads to a method to find the chromatic polynomial of any graph. Since we know the chromatic polynomial of
the empty graph, we can repeatedly delete and contract edges until from our graph until we get to an empty graph.
A natural question based on what we’ve done so far is: what do the coefficients of the chromatic polynomial mean?
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Definition 1.38. Let G = (V, E) be a graph and < a total order on E. Given a cycle C, the corresponding broken
circuit B is given by E(C') \ {e}, where e is the smallest edge in E(C) in the total order. A set A of edges is said to be
an NBC set (no broken circuit) if B Z A for any broken circuit B. Also let

NBCy(G) ={A C E: |A| = k and A is an NBC set}

and ank(G) = |NBCk(G)|

Theorem 1.39. If |V'| = n, then for any ordering of E,

Chromg(t) = zn:(—l)’C nbey, (G)t" .
k=0

Proof. Fix some t. For each A € NBC(G), consider the corresponding subgraph with edge set A. This describes a
forest on V with n — k components. The number of functions ¢ : V' — [t] such that c is constant on components of A
is t"~*. Call such a coloring an A-improper coloring. For each such pair (4, ¢), assign the sign sign(A, ¢) = (—1)*.
Denote the set of all such pairs by S.
We would like to show that

> (—1) e = Chrome(t) = ¢,(G).

(A, c)es

Observe that (@, ¢) € S for any proper coloring c, so it suffices to show that the summation of the remaining terms
is 0. Call this set of remaining terms S’. We shall come up with an sign-reversing involution ¢ on S’ to prove that the
sum of signs is 0.

Observe that given any (A, ¢) € S’, there must exist edges that are monochromatic. Let e be the smallest such edge,
and let ¢(4, ¢c) = (AA{e},c) = (4, ¢). Itis evident that ¢ is sign-reversing, and it is an involution because ¢ does not
change, so the smallest monochromatic edge e does not either. We are done if we manage to show that the expression
on the right is indeed in S.

If A = A\ {e}, then it is clearly an NBC set and the coloring is A’-improper (since it is A-improper). If A’ = AU{e},
since e joined two vertices of the same color, ¢ is A’-improper. Suppose instead that A’ is not an NBC set. Then, it
contains a broken circuit B such that e € B. Let C be the cycle causing B to be a broken circuit. Because c is A’-
improper, all vertices in C have the same colour. However, ¢ is the smallest monochromatic edge in C, contradicting
the fact that a smaller edge was removed to get B and completing the proof. n

Corollary 1.40. Chrom is a monic polynomial with coefficients of alternating sign.
Another question (that is not so natural) is: is Chrome(z) meaningful for ¢ N?

Definition 1.41. Given a graph G = (V, E), an acyclic orientation of G is obtained by replacing each edge uv with one
of the directed arcs ud or v4.
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Theorem 1.42. Chromg(—1) = (—1)"a(G), where n = |[V(G)| and a(G) is the number of acyclic orientations of G.

Also observe that by Theorem 1.39, a(G) is equal to the number of NBC sets in G.

Proof. Lete = {u,v} be an arbitrary edge in the graph. Using the Deletion-contraction recurrence, it suffices to show
that

a(G) =a(G —e) +a(G\e).
Let A(G) be the set of acyclic orientations on G, so a(G) = |A(G)|.
Define f : A(G) — A(G — e) as the natural restriction map. We claim that f is surjective.
Suppose instead that some O’ € A(G — e) is not in the image of f. Consider the two orientations O, Oy which are
identical to O’ except that the edge e has orientation v — v or v — u respectively. Since neither of these is in A(G),
there must be a directed path v — w in O’ (because O; has a cycle) and another directed path © — v in O’ (because

05 has a cycle). Concatenating the two, we get a directed closed walk which must contain a cycle, contradicting the
fact that O’ € A(G —e).

Because f is a restriction map, for any O’ € A(G —e), |f~1(0')| € {1,2}. Let X and be the set of all O’ with
f71(O’) =1and Y the set of all O’ with f~1(0’) = 2. Alsolet x = | X|and y = |Y|.
We have a(G — ¢) = z + y and a(G) = x + 2y, so we are done if we show that a(G \ e) = y.

Because we can orient e in either way for any O’ € A(G — e) to get an orientation in A(G), there is no directed path
from u to v or v to w in O’. In particular, when merging v and v in O’ to get an orientation of A(G \ e), there is no
issue in assigning orientations (there cannot be a vertex w such that uw and wv are edges).

This merging procedure can be reversed as well, so there is a bijection between Y and A(G \ ¢) and we are done. M

This idea of plugging negative values into polynomials of interest has led to the fascinating subject of combinatorial
reciprocity. This includes the idea of “running recurrences backward”. For example, we have the Fibonacci numbers
defined by fy =0, fi = 1,and fr4+1 = fn+fn—1. Can we extend this to negative numbers such that f,,—1 = fit1—fm,
where m — 1 is negative. This leads to a signed version of the Fibonacci numbers, with f_,, = (=1)"*! f,, for n > 0.

One can show that on running the binomial recurrence backwards (for negative n), we get

(—(nk-i— 1)> _ Ly (n Z k:>

Exercise 1.4. Run the recurrence of S,, ;, backwards (to negative n, k).
Proof. We have S, = Sp—1,k-1 + kSn—_1,. For negative n,
S i)k = S—npt1 — (F+1)S_(ni1) ks1-
For k = —1, we get S_(,+1),—1 = S_n0. In particular, S_; _; = 1. [ |

The interested reader may refer to [ BS] for more details on reciprocity theorems.
1.8. Increasing spanning forests
Definition 1.43 (Increasing spanning forest). Let G = (V, E) and let the elements of V' be totally ordered. Let F' be

a forest in G. Root each connected component 7" of F' at its minimum vertex. F is called an increasing spanning forest
if each tree is increasing, that is, the “children” of any vertex in the tree with respect to the rooting are larger than
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the vertex. Equivalently, any path from a root to a vertex in the tree is increasing.
Let isf,,,(G) be the number of increasing spanning forests on G with m edges, and define

ISFg(x) = Y (—1)™isf,, (G)a" ™.

m>0

Lemma 1.44. Let G = (V = [n], E) with the total order on V being the natural order. For each k € V, let
E,={{i,k} € E:i <k}

F is an increasing spanning forest of G iff it has at most one edge from each Ej,.

Observe that the Ej, are mutually disjoint and their union is all of E.

Proof. Suppose that there are two edges {7, k} and {j, k} in some E}, in an isf F, where i < j. Then, the root of the
tree containing {1, j, k} is at most i. In particular, one of the paths from this root to 7 or j must contain the subpath
ikj or jki, which contradicts the fact that it is increasing.

On the other hand, let F' C E such that |F' N Ej| < 1 for each k.

First, let us show that F is acyclic. Suppose instead that vivs - - - v,v; is a cycle, and let v; = max;<;<, v;. Then, both
vj_1v; and v;;1v; are edges in E,,, contradicting the fact that |[F'N E,,| < 1.

Now, we must show that it is increasing. Suppose instead that v,vs - - - v, is a non-increasing path in F', with v; < v;
fori > 1,and that v;_; < v; > v;41. This again contradicts the fact that |F'N E,;| < 1, completing the proof. |

Theorem 1.45. With F; defined as above,

n—m

Proof. Let the polynomial on the right be p. Then, the coefficient of = inpis
Z |E11||E12| |Eim|'
{it,eerim }C[n]
This is precisely equal to isf,,(G) by Lemma 1.44. |

It has been observed that for certain classes of graphs and orderings, this is equal to the chromatic polynomial — the
interested reader may look at [ ] for more details.

1.9. Linear recurrences and rational generating functions

Consider sequences (a,,) such that

A(z) = Zanx” = p(z)

q(x)’

where g is a polynomial of degree d and p is a polynomial of degree < d.
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Definition 1.46. A sequence (ay,),>¢ of reals is said to satisfy a linear constant term recurrence (of length d) if there
exist complex numbers cy, . . ., ¢q with ¢4 # 0 such that

Qnid + Cl0pyg—1+ -+ cqa, =0

forall n > 0.

A simple example of this is the recurrence satisfied by the Fibonacci numbers. Given f,, 12 — foy1 — fn = 0, the
recurrence is

p(x)
F(z) = ———
(z) 1—x— a2’
where p depends on the initial values. Observe that the coefficients 1, —1, —1 in the denominator match those in the

recurrence!

Theorem 1.47. Let (ay,),>0 be a sequence with generating function A. The following are equivalent.
(a) (an)n>o satisfies a linear constant term recurrence of length d with constants cy, . . ., cq.

(b) There exist

A(z) = Zanx” = zgg,

where q(z) =1+ c1z + - - + ¢qz? and deg(p) < d.

(c) If the roots of the polynomial ¢ in (b) are (1/r;)¥_,, with (1/r;) having multiplicity d;, then there are polyno-
mials (p;)F_, of degree < d; such that

k
an = Zpi(n)rzn
i=1

for alln > 0.

Proof.

(a)=(b) Multiply the linear constant term recurrence by " *¢

and sum over all n > 0. Setting ¢ = 1, we get

d—t—1

d
0= thxt A(zx) — Z aiz’ |,
t=0 i=1

SO

d d—t—1 4
_ >0 ¢yt (Zi:l a;x ) (=)

Zf:o ezt q(x)

A(z)

Y

where deg(p) < d.

(b)=(a) We have g(x)A(x) = p(z). Because deg(p) < d, the coefficient of 2" on the right hand side is zero. On the
left, this coefficient is precisely equal to the left hand side of the desired recurrence.

(b)<(c) Let us check that (b) implies (c) first. We have
p(z
Alr) = = (z) -
[ (1= i)

Checking that (c) holds true amounts to expanding the denominator to the numerator and matching coeffi-
cients. The argument is reversible as well, so (c) implies (b). |
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Also observe that running a linear constant term recurrence backwards (extending it to negative n) gives another
linear constant term recurrence!

Theorem 1.48. Let (a,, ), >0 be a sequence satisfying a linear constant term recurrence. Obtain a(—n) by running the
recurrence backwards, and set
A (z) = Z a(—n)x".

n>1

Then,

Proof. u

There are numerous multivariate extensions of this proved by Stanley.

1.10. Exponential Generating Functions

Definition 1.49. Given a sequence (a,)n>0, its exponential generating function (egf) is defined by

A) =Y “’ﬁn

n>0

Lemma 1.50. If A(z) and B(z) are the egfs of (a,) and (b,,) respectively, then A(x)B(x) is the egf of (¢, )n>0 defined

by
Cp = Z (Z) akbn,k.

k=0

The above is very simple to prove, and we omit the proof.
Let us use the above to determine the egf for d,,, the number of derangements in &,,. Take by convention that dy = 1.

Proposition 1.51. It is true that
3 (Z) du o=l
k=0

Proof. Given a bijection 7w € &,,, let S C [n] be the set of fixed points {i : m; = i} of the permutation. This results in a
derangement of [n] \ S, and this idea results in a bijection between

G, and {(S,0) : S C [n], 0 is a derangement of [n] \ S}.

Corollary 1.52. The egf of (d,,),>0 is equal to
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Proof. By the previous proposition,
n
= . .
n: Z (k?) dnfkr 1.
k=0
The egf of the constant sequence 1 is e* and the egf of (n!) is 1/(1 — z). By Lemma 1.50, D(z)e® = 1/(1 — z),
completing the proof. [ |

Proposition 1.53. If (a,, ), >0 has egf A(z), then

A/(x) = Z an, (57_1)|

n>0

We now encourage the reader to do ??.

1.11. Another equidistributed pair of parameters

Recall how we had seen in Proposition 1.6 a pair of parameters that have the same distribution. Now, we shall look
at another such pair of parameters.
Recall descents in &,, from Definition 1.5.

Definition 1.54 (Eulerian polynomial). Define the Eulerian polynomial

Ap(t) = Y i), (1.7)

TES,,

For example, A3(t) =1 +4t+12. Let A,, 1, be the coefficient of z* in A,, —this is the number of 7 € &,, with des(7) = k.
One gets the recurrence
App=Fk+1DAn 1+ (n—k)A_1 11

for n > 1 with Ayo = 1. This may be proved by the (hopefully) now standard trick of seeing how the number of
descents changes on inserting n + 1 at various positions in 7 € &,,.

Also observe that on reversing a permutation, we have des(7™) = (n — 1) — des(w). This means that the coefficients
of A,, are palindromic. Further, descents and “ascents” are equidistributed.

Definition 1.55 (Excedances). Given 7 € &,,, define the set of excedances
EXC(m) ={i € [n] : m; > i}

and the number of excedances exc(w) = | EXC(7)|.
Excedances are something of a cyclic counterpart of descents.
Theorem 1.56. Descents and excedances are equidistributed. Equivalently,

An(t) _ Z teXC(Tf)'

TEG,

Similar to excedances, consider non-excedances — points where 7; < 4.
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Proposition 1.57. exc(w) = nonexc(w~1).

Proof of Theorem 1.56. Let m € &,, have cycles ¢y, . . ., ¢x. For each i, let m; be the maximal element of ¢;, and assume
that ¢; is written starting with m,. Also assume that we write the cycles in increasing order of m,. We refer to this as
the canonical cycle decomposition of m. Suppose we write the permutation in this form, as

((e1)i(er)z - (e1)r) -+ ((er)i(en)z -+ (ck)ry)-

Observe that the parenthesising is redundant! Reading the string (c1)1(c1)2 - (¢1)r, - -+ (ck)1(ck)2 - - - (ck)r, from left
to right, we can recover the cycles — a certain position is the beginning of a cycle iff it is greater than all the elements
before it. This gives a bijection between canonical cycle representations and &,, (which is not the obvious one).
Therefore, composing the two maps, let @ : G,, — &,, be the map that given a permutation, reads it from left to right
to get a canonical cycle decomposition, and yields as output the permutation corresponding to this cycle decompo-
sition.

This map gives some sort of conversion from a linear form to a cyclic form. Recall how excedances were something
of the cyclic analogue of the linear phenomenon of descents.

We claim that nonexc(®(7)) = des(w) for any 7 € &,,.

Letm € 6,, and 0 = ®(r). Leti € DES(w). Thatis, m; > ;1. Observe that m;, 7,41 are forced to be in the same cycle
in ¢ (due to the “left to right maxima” conversion). That is, o(m;) = m;41. Because this is less than ;, any descent
in m map to a non-excedance in o.

It remains to show that ascents do not map to non-excedances. If m; < m; 1, then m;, m;41 are either

e in different cycles of o, in which case it is either an excedance if the size of the cycle is > 1 (because it maps to
the first element of the cycle, which is the maximum) or a fixed point otherwise, or

e within a cycle, in which case they contribute to exc(o) (and so definitely not nonexc(c)),
completing the proof. [ |

Consider a palindromic polynomial
F&) = fo+ fit + -+ fat?,

where f. = f4_,. Let k be the “center of palindromicity” which is roughly d/2. For a fixed d, observe that the sum
of palindromic polynomials is palindromic, and the scalar multiple of a palindromic polynomial is palindromic as
well. That is, the set of palindromic polynomials form a vector space.
One obvious basis of this vector space is

"+t 0<r <k

Another (less obvious) basis of this space is
span {tj(l +)W . 0<5 < k}

This is referred to as the Gamma basis — why is it a basis?
Theorem 1.58 ([ ]). The Eulerian polynomial is y-positive.

That is, when the Eulerian polynomial is represented as a linear combination of the elements of the Gamma basis,
all coefficients are positive. For example,

As(t) = 14 26t + 66t + 26t + t* = (1 +)* + 22¢(1 + t)* + 16t%.

We do not prove the above.



MA 861 : Combinatorics | 24 / 53 Amit Rajaraman

1.12. Carlitz" identity

Consider the generating function

Po(t) =Y _j"t/

Jj=0
Theorem 1.59 (Carlitz’ Identity). Itis true that
s
Equivalently,
Ap(t , nai
§ —t()2+1 =D G+
7>0

Proof. Define a barred permutation to be a permutation of length n with “vertical bars” between elements such that
there is a bar between 7;, 7,11 if ¢ € DES(7). There are allowed to be more than one bar between any elements of
the permutation, the only constraint is that there must be at least one bar at positions of descent. Given a barred
permutation 7, let bars(7) be the number of bars in it. We shall look at

Z tbars(?). (18)

7 is a barred permutation of length n

Also denote ((Z)) = ("1 to be the number of k-sized multisets of [n]. So,

k
fEn 2 ((n : 1)) .

Observe that t4°(™) /(1 — )"+ for some permutation 7 is precisely the contribution of 7 to Equation (1.8)! The
coefficient of t* in 1/(1 — t)"*! is precisely the number of ways to insert k bars in the n positions. Therefore,

bars(7) _ tdeS(W) _ An (t)
Z t - Z (1—t)yntl (1 —t)nt+l’

7 is a barred permutation of length n €6,

Let us now count this expression in another way, looking at the coefficient of t*. This amounts to just putting n
“distinct balls” in k + 1 “distinct bins”, which is (k + 1)™. Therefore,

A _ > (k+ 1)tk ]

k>0

Proof due to class. Observe that

Pppa(t) =) " =) (5t7) = tP(t).

720 j=20

It is also seen that

Po(t) = th - L

. 1—t
j=>0

The two equations above are seen to imply that P, (t) is a rational function for any n. Further, the denominator of
any P, is some exponent of (1 — ¢).
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In general, suppose Py (t) = pr(t)/(1 — t)™ for a polynomial py, such that py(1) # 0. Then,

t ()1 =)™ — (L — )™ pi(t))

tPL(t) =

(1 —t)2r
it = )i (6) — ratpi(t)
(1—t)st '

The numerator is nonzero at 1, so 441 = ri + 1. Since ro = 1, r, is just k + 1. We also have
Pr+1(t) = t(1 — t)p(t) — (k + L)tpr(t).
It is seen that this recurrence is satisfied by ¢A,,(¢) and p1(t) = tA:1(t), completing the proof. |

Now, consider the egf
un
S(tu)=>" An(D)—
n>0 :
We have by Theorem 1.59 that

S(t,u) _ Z (m + 1) (u(l;t))
n,m>0

— Z_tm Z (u(m + 1)(1 - t))

n!
m>0 n>0

= Z t"™ exp(u(m + 1)(1 —t))

m>0
= exp(u(l —t)) Z (texp(u(l — t)))m
m>0
pu(1—1)
= T ge=n
1
= G
1—
S(t,u) = eu(t_il)t_t

Despite not having anything explicit for the Eulerian polynomial itself, we do get an explicit egf for it!

Recall vy-positivity of palindromic polynomials.
Definition 1.60. If f(t) = > ,_, ayt” with a,,a, # 0 then f is said to be palindromic if t"*7 f(1/t) = f(t).

Typically, we discuss palindromic polynomials for a fixed r.

The center of symmetry of the polynomial is roughly (n + r)/2, and the set of palindromic polynomials for a fixed
r form a vector space of dimension roughly (n —r)/2.

Some bases of this space are

Blz{tut"”*f:k:r,...,(n—r)/z}

By =T(n )2 = {tw(l e e A T)/Q}
By=Gpuryo={b+1—0i—[r+;:£=0,...,(n—71)/2}.

Example 2. It is true that

Bly=1+q+¢*+¢ +4"*
= (1)(1 +4g+6¢* +4¢> + ¢*) + (-3) (g + 2¢° + ) + &
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Let us string the coefficients that appear above as a polynomial. For example,
V), (1) =1 = 3t + t> and g, (1) = 1 — 2. (1.9)

Do the v-coefficients of [n], alternate in sign?
Recall the 1 x n board B,,, which we saw how to tile with squares and dimers. Also recall Equation (1.3) and the
recurrence thereafter. It is easily verified that

F3(s,t) = 8° 4+ 2st
Fy(s,t) = s* 4 3s%t + 2.

Observe that these coefficients match (up to sign) the coefficients in Equation (1.9)!

Lemma 1.61.
Fn(l + q, _Q) = [n + 1]‘1'

Proof. We prove this inductively. The base cases n = 1,2 are trivially true as F1(1 + ¢,—¢q) = 1+ ¢ = [2], and
Fy(1+q,—q) = (14 q)* + (—q) = [3],. In general, using the inductive hypothesis,

Fn(]- + q, —Q) = (1 + Q)anl(l +q, _q) - an72(1 +Q7 _q)
=1+ q)[nfq —gln—1]4

=(1+2 Z ¢+q" |- Z q' = [n+1],. u
1<i<n—1 1<i<n-—1
Let

n—1
g =Foor(1+q,—q) = fac1x(l+q)" 72 (—g)".
k=0

What are these f,,_1 17

Given a graph G of size n, consider the bivariate polynomial

Matchg (s, t) = Z sk — ka(G)s"_thk.
M matching in G k>0
IM|=k

There is an straightforward correspondence between matchings on P,, and tilings F,,. For each edge {i,i + 1} ina
matching, consider the tiling on B,, with dimers precisely at positions {7, ¢ + 1}. This is sensible because the edges
form a matching.

As a result,

Fn(syt) = MatChp"(S7t> — Z (n ; k) Sn—thk’

k>0

and f, = (";"). Consequently,

ol = S0 (") g

k=0 element of the I'-basis!

The v-coefficients of [n], do alternate in sign.
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§2. Symmetric functions

2.1. Introduction

Let G = {x1, x2, ..., } be a countably infinite abelian group.
Consider the group action induced by the set of permutations of N on the set of monomials xil . :UZ’“ . For example,
if o = (1,2) and m = z3zy23, then o(m) = 2123z}, o thus acts on Q[z1, ..., ] by extending this linearly. A function

f is said to be symmetric if o(f) = f for all 6. The collection of homogeneous degree d symmetric functions (with
the zero polynomial) forms a vector space over Q.

Example 3. The unique symmetric function (up to scaling) of degree 1is f = >, ;.

Ford = 2, we get ), z;z; and ), 27 as a basis.

Denote the vector space of Aé. It is not too difficult to show that dim(A(‘é) = p(d), the number of number-partitions
of d.

The basis of A% suggested by the above example is as follows. Let A = (A1,..., Ay)) be a partition of d (denoted
A d). Define the monomial symmetric function

my = g zi‘lxé\z-uxzk = E x>,

symmetric

The “symmetric” means that we sum over all distinct ways to permute the exponents Ay, ..., A;. The summation
above is slightly strange, because we want to ensure that every monomial in my appears with coefficient 1. {m}rq
is a basis of Ag.

Question 2. Given a matrix My, on summing each row of M, we get a vector rowsum(M) = (r1,...,7,) and on
summing the columns we get a vector colsum(M) = (c1,...,cx). When does there exist a 0-1 matrix M such that
rowsum (M) and colsum(M) are each equal to given vectors (71, ...,7¢) and (¢1,...,¢x)?

For starters, we clearly require > r; = > ¢; = S. Assume without loss of generality that r; > --- > 7, and
cy > --- > ¢ —if a matrix for this exists, we can first reorder the rows to ensure the correct order of row sums, then
reorder the columns. That is, we have two number partitions A = (r1,...,7,) and pt = (¢1,...,¢c) of S.

We shall return to this problem later.

Now, we define some partial orders on the set of number partitions.
First, we consider an order that allows the comparison of number partitions of different numbers.

Definition 2.1 (Young’s order). Under Young’s order, given two number partitions A, 1, A < p iff the Ferrer diagram
of A is contained in that of .

Observe that under this order, two number partitions of the same number are not comparable.
Next, we define a total order over number partitions of a fixed number.

Definition 2.2 (Lexicographic order). Fix some d and two partitions A = (A1,..., Ag), s = (u1, ..., pe) of d. Under
the lexicographic order, we have A < p iff for some r < k, A, < p and \; = p; forall i < 7.

Finally, we define a partial order over number partitions of a fixed number.
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Definition 2.3 (Dominance/Majorisation Order). Fix some d and two partitions A = (A1,..., ), =
(#15- - - pe(y) of d. Padding zeros at the end of one of the partitions, assume that £(\) = ¢(u) = p. Under the
majorisation order, we have A < pifffor1 < j <p,

J J
Z)\i < ZM-

i=1 i=1

2.2. Elementary symmetric functions

We shall now see another basis of A,. Consider the elementary symmetric functions

en = ml" = E x’il‘rig ... xin.
11 <t < <in

Recall that p(d) grows exponentially with d. Observe that if f, g are symmetric functions, then fg is also symmetric.
For example,

2
mj = E X E T, | =me+my.
[ [

Multiplying increases the degree as well, which is the number the partition corresponds to. As another example,
momy = mg + Mo 1.

For A\ F dwith A = Ay, -+, \;,, where ¢ > 2 (we have already looked at the case where A = d), define

L
€\ = He;w
=1

For example,

€3 = mys = E x;x ;2 and
i<j<k

€31 = €€ = inxj Zﬂ% =3mi,1,1 +ma1.
i<j k
We claim that {ey : A - d} is a basis of Af). In the case of d = 4, we have
€4 = 1m14
€31 = dmqs + 1m271’1
€22 = 6m14 + 2m2,171 + 1m212

€2,1,1 = 12mqa + 5m2,1,1 + 2m272 + 1m371

€14 = 24mya + 12mg 1 1 + 6mo o + 4ms 1 + 1my.

As the coefficients seem to be non-negative and integral, one can ask for a combinatorial interpretation. If

e\ = E ]\4,\#&7’)7/#,7
pkd

what is M,,,?
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Theorem 2.4. Let A\, - d. Then, M), is the number of ¢(\) x ¢(u) 0, 1-matrices A with rowsum(A4) = A and
colsum(A) = p.

Recall Question 2.

Proof. Let ¢(\) =r,¢(n) = k. Consider the r x k matrix

L)
Ty T2

Choose a 0, 1 vector with \; 1s and paste it in in M at the ith row. The coefficient of 2} 25 - - - z}.* in [, ey, is given
by choosing for each i € [r] a set of indices in [k] such that [ |

Consider the p(d) x p(d) matrix M with the A, uth entry equal to the M), that we defined earlier.

Corollary 2.5. M is symmetric.

This follows immediately from Theorem 2.4 upon taking the transpose of any matrix.

Theorem 2.6 (Gale-Ryser). Let A, i = d. There exists a 0, 1-matrix A with rowsum(A) = A, colsum(A) = u (equiva-
lently, M, # 0) iff A < p* under the majorisation order.

Here, A\* is the conjugate partition of A\, which is such that its Ferrer diagram is the transpose of that of A\. More
precisely,

)= {52 24

For a proof of the above, one can see this link. Note that the notation used here swaps our definitions of row sum
and column sum.

Proposition 2.7. Given partitions A, u = d, A 5 p* iff o < A%
Proof. ]

Let us now return to the question of whether the e, form a basis of Aé. We would like to show that M is invertible.

1. First, suppose that the partitions that index the and the rows lexicographically, starting with the partition 1"
and ending with n. Totally order the columns as AV, A2, ... A(P(d) guch that it is compatible with majori-
sation — if o = 6, then ;1 > @ (in our new order), and the reverse conjugate order is also compatible with
majorisation. It turns out that the reverse lexicographic order satisfies this.

2. Show that this new matrix is upper triangular. To prove this, show that the lexicographic order is a topological
sorting of the majorisation partial order.

3. Argue that all the diagonal elements of this matrix are nonzero (in fact, they are 1). This amounts to showing
that the diagonal elements correspond to partition pairs of the form (X, A*).

Proposition 2.8. The lexicographic order is a topological sorting of the majorisation partial order.


http://www.math.iitb.ac.in/~krishnan/phd-2022/krause_gale_ryser.pdf
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Proof. This amounts to showing that if A = p, then A > 4. Let ¢ be the first index where A\; # ;. Then, 2221 A >

Z§=1 i, and since A\; = p; for i < t, this implies that A; > y;, proving the claim. [ |
Corollary 2.9. The lexicographic order is compatible with majorisation, and so is its reverse conjugate.

Proof. The first part is precisely what we showed in the previous proposition. For the second part, we have that if
A=, then p* 3= A*, 80 A* >peviex p*. Indeed, if r is the first index where \,., u, differ, we have

i=1 i=1
Corollary 2.10. M is invertible and has an integral inverse. Consequently, {ex}-q is a basis of Ag.

Proof. By Proposition 2.8 and theorem 2.6, M is upper triangular. Further, My~ = 1 for all A. Therefore, M is
invertible. As it has determinant 1, it has an integral inverse. n

Definition 2.11 (Algebraic independence over R). Let A be an algebra. oy, as,... € A are said to be algebraically

independent over R if there exists no polynomial f with coefficents in R such that f(y1,...) ‘y:w =0.

Recall that A, is an algebra over R.

Corollary 2.12. {e, },>1 are algebraically independent.

I
e

Proof. Suppose instead that there exists a polynomial f(y1,...) such that f(y1,...)

Yi=e;
Because monomials of different degree do not interact, we may assume that deg(m; ‘y:e ') = d for all monomials m;

for some d. Therefore,
pimes = D CAEA

Ad

flys, )

where some ¢y # 0. This immediately contradicts Corollary 2.10, which says that the {e)}rq are linearly indepen-
dent. |

Linear independence implies algebraic independence!

Consider the following, where we look at the products of finitely many terms on the left.
i5>1

This gives meaningful terms when we choose finitely many terms of the form z;y; and 1 from the rest. Now, any such
choice can be though of as an r x s 0, 1-matrix A, where A;; = 1 if we choose z;y; and 0 otherwise. The contribution
of this matrix A is just growsum(A)ycolsum(A)| Therefore,

H (]_ + m-y-) — Z xrowsum(A)ycolsum(A)
1d) -
4,j>1 A finite 0, 1-matrix
=" D M (@)my(y)
d>0 M\, ukd

I ) =D ma@exw)- (2.1)

i>1 d>0 A-d
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Proposition 2.13.
i,j>1 Ard

2.3. Homogenous symmetric functions

Define a new class of symmetric functions, known as the complete homogenous symmetric functions, by

h, = Zmﬂ

pkEn

and for A = (A1,...,A\) Fd,
¢
ha =[] P,
i=1

For example,

ho =mg +mq 1
hiy = (m1)?* =ma +2my
hs =m3 +ma1+mi11
he1 = (ma+my1)my =mg+2ma1 +3mi 11

3
hi11=m] =m3+3ma1 +6my 1.

As in the e, is it true that k) is a non-negative integer combination of the m,,?

Lemma 2.14. Let A - d. If

h)\ = ZN,\Hm#,
pd

then NV, is the number of N-matrices A with rowsum(A) = A, colsum(A) = p.

Proof. As before, we shall establish a bijection between the set of described matrices and the terms in the product
that contribute to m,, (each way of taking products).

Let A\ = XAq,..., ¢and p = py, ..., k. Given a way of taking products, taking mg, = > 2% from hy,, consider the
¢ x k matrix that assigns the power of z, to the (r, i)th entry.

Because h, = ) _,._,, ms, we now have the advantage of choosing any entries in the rth row, as long as the sum is
Ar. |

Proposition 2.15. Prove that Ny, # 0 for any A, i | d. That is, show that there always exists an N-matrix A such
that rowsum(A) = A, colsum(A4) = p.

Proof. We prove it using strong induction on d. The base case where d = 1 is trivial. Otherwise, fill the first (1, 1)
element of the matrix with min{\;, y1 }. Assume that A\; > 11;. Now, we only need to fill the submatrix omitting the
first column of a matrix with elements such that the row-sum is (A; — p1, A2, . . .) and the column-sum is (g2, i3, . - ).
Such a filling exists by the inductive hypothesis. |

It turns out, however, that the problem of determining N, is #P-complete.
The next natural question to ask is: are the (h,) a basis as well?
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Before moving to this, let us quickly look at analogues of Proposition 2.13. We have
1 2
T =4 = 1 (1t + )
4,721 1,521
_ Z xrowsum(A) ycolsum(A)

A finite N-matrix

YD Nama(@)mu(y)

d Mpkd
1

11 1— 2 =Y ma(@)ha(y)- (2.2)

ij>1 iY; d Akd

Recall that Ag is generated by {e;, } n>1.

Theorem 2.16. Consider the algebra homomorphism w : Ag — Ag defined by w(e,,) = h,, for all n, so w(ex) = ha.
w is an involution. In particular, (k)4 forms a basis of A{é.

Proof. Let E(t) = ), <, ent” be the ogf of the ¢;, and similarly H(t) = >", ., hnt". By Equation (2.2) and proposi-
tion 2.13, setting x = (¢,0,0, .. .) and noting that m (x) # 0 iff X is n, we have that

E(t) =[] +ait)

i>1

That is, H(t)E(—t) = 1. Therefore, for » > 0,
Z (—1)/’-_k€khrfk =0.

0<k<r

Now, let us prove by induction that w(h;) = e;. The base case, n = 1, is trivial since e; = h;. Using the above
equation for r = n, assuming that w(hy) = e, for k < n, we get

O=w Z (—1)" Ferhn

0<k<n

= > ()" Fhw(hn_)
0<k<n
= (1) "w(ln) + Y ()" Fhren_
1<k<n
:(_1)nw(hn)+(_l>n Z (_1)khken—k‘
1<k<n

= (—1)"w(hn) = (=1)"en + (=1)" Y (=1)*hgen s

0<k<n
0= (=1)"(w(hn) —€n)-
Therefore, w is an involution. The second part of the theorem follows directly, because if the {h } \-q were not linearly
independent, then applying w yields a violation to the linear independence of {e } At-4- n

Remark. w : Aé — Afé is a linear transformation satisfying w? — Id = 0. Therefore, the minimal polynomial of w is

2?2 — 1 = 0, and the characteristic polynomial of w is (z — 1)®(x + 1)Y= for some . We shall figure out the value
of « later, after Theorem 2.25.
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2.4. Power sum symmetric functions
Let us look at one more class of symmetric functions, known as the power sum symmetric functions. For n > 0, define
Dn =My = Zx?
i>1

For A = (A1,...,\¢) F d, define

‘
b= H DX
i=1

Let
P = Z R)\umu»
pHd
For example,
b3 =ms

P2,1 =m3+ M2

P1,1,1 = m3 + 3ma 1 + 6mys

and
P4 = My
P31 =mg+m3
P22 = My + +2mo o

D212 = My + 2m3 1 + 2ma 2 + 2my ;2

p1a = myg +4mz 1 + 6mao g + 12mg 12 + 24m 4.

It is obvious that R, is a non-negative integer for each A, 1. As before, is there some combinatorial interpretation
of these coefficients?

Let A = (A\1,...,\¢) and o = (1, ..., ). We want to find the number of ways to get 2/ 4> - - - /" on expanding
A A A
Z xill Z xizz o Z Iieg
i1>1 i22>1 ig>1
This number of ways is equal to the number of ordered partitions (sometimes called preferential arrangements) (S1, .. ., Sk)

of [¢] such that foreach 1 <r <k,

Z >\j:ﬂr-

JES

Theorem 2.17. If Ry, > 0, then p = A

Note that unlike Gale-Ryser, this is not an iff statement.

Proof. Let (S1,...,Sk) be an ordered partition of [¢] such that foreach 1 < r < k, > jes, Nj = . In particular,
Aj < pp forany j € S,.
Leti € Sy, foreach i € [¢]. Then, forany 1 <r < ¢,

Z)\i < Z/’l’pi < Z,U/ia
i=1 i=1

SO L = A. [ |
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Therefore, the p(d) x p(d) matrix R with rows and columns ordered reverse lexicographically is lower-triangular!
Further, it is not too difficult to see that for A - d, Ry # 0.

Proposition 2.18. For A - d, if A = 1™12"2 ... "4,
R,\)\ = n1!n2! te nd!.

Proof. Suppose that A has r parts. By the combinatorial interpretation of Ry, we wish to find the number of pref-
erential arrangements (51, ..., S;) of [r] such that >, 5 A; = Ax. Since no Sy can be empty, each Sy must be a
singleton, suppose that it contains the element o (k) (where o : [r] — [r] is a permutation). The second condition
gives that A\, ;) = A; for each j. The number of such permutations is precisely

R,\A:n1!n2!-~-nd!. |
Corollary 2.19. {pj}+q is a basis of Ag.

Recall that two permutations in &4 are conjugate iff they have the same cycle type, so a conjugacy class can be

determined (“indexed”) by a partition of [d]. For A - d, define z by
!
;i = size of conjugacy class of G4 indexed by A.
A

Recall Equation (2.2) and proposition 2.13.

Il

i,5>1

Proposition 2.20.
1
=22 omen
L—my; 205 4

Proof. We have

tog | 11 1—x1y] =2 log (1—:&%)

i,7>1 3,71
n

-y (ziy;)

= n

ij>1n>1

1 n

= E - E zY;)

n>1 Zj>1

3

=3 L@ty
n>1

Now, we shall use the permutation formula Theorem 1.11. Set f, = p,(z)p»(y). Then, the corresponding g,, in the

formula is given by
n!
gn:§j<%)4»@mmw.

AFn
Therefore, setting « = 1 in the permutation formula, we get

T =X @)

1—=z
i,j>1 iY; n>1

= €xp Z %fn

n>1

DI ED M IENC o

n>0 ! n>0 AFn
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We can also get an explicit formula for zy. Let ¢y = n!/z\ be the size of conjugacy class of &, indexed by A. Let
A =1"™2m2...n"n wherem; > 0is the multiplicity of ¢ in X\. Clearly, ), im; = n. Any permutation with cycle type
A can be attained by taking a permutation in &,,, then grouping together the >, im; +j+1to >, im; +j+r
elements in a cycle of size  for 0 < j < m, — 1. Further, each permutation is overcounted (repeated) precisely
[I;>; i™#m;! times, so

n! n!

C\ =~ — —.
Hizl im! 2y,

Corollary 2.21.

Proof. Sety; =t and everything else as 0 in the previous proposition. Then,

S hatt =TT

d>1 i>1

l—txz_z Zip}‘ te.

AFd

Matching the coefficients of ¢ completes the proof. ]

Proposition 2.22. For any 7 € &,, with cycle type ), setting e\ = sign(m),

IT @+ ZZ*P,\ N

i,5>1 d>0 \-d

Proof. The proof is largely similar to that of Proposition 2.20, with the only difference being that in the log expansion,
we get an extra €, term. u

Corollary 2.23.

The following may be proved in precisely the same way as Corollary 2.12.
Porism 2.24. {p,},>1 and {h, },>1 are algebraically independent families.
Recall the involution w from Theorem 2.16. What is w(p,,), or w(p,) more generally?

Theorem 2.25. For all A - d, w(py) = expx. Therefore, {py} -4 forms an eigenbasis of w, with py having eigenvalue
ex, and w is diagonalisable.

Therefore, with respect to the {p } \r-4 basis, w as a linear transformation is diagonal. This gives us an alternate proof
that w? = Id. Further, it gives that

Charpoly(w) = (z — 1)a(d) (z + 1)p(d)—a(d)’

where «a(d) is the number of partitions A - d such that d — £()) is even.
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Proof. We think of w acting on m () while symmetric functions in the variables y1, y2, . . . are thought of as scalars.
Recalling that w(ey) = hy,

SN S mwe @) = w (H - )

X
i,j>1 i

w (Z Z m)\(y)h/\(x))

d>0 Ad

Y oY mae(@)

d>0 \-d

H (1+ a:iyj)

i,j>1

=33 %px(x)px(y)-

d>0 A\-d

Matching the coefficients of py(y), we get w(px) = expa. [ |
2.5. Dual bases
We now endow A, with a scalar product (a bilinear form over Q) by

1L, A=u,
0, otherwise.

(mx, hy) = 0xp = {

Given this inner product, one can ask for an orthogonal basis of Ag.

Definition 2.26 (Dual basis). If {u,} and {v,} are a pair of bases for A% (for all d), we say that they are dual pair of
bases if (ux,v,) = dxapu-

Theorem 2.27. If {u}+q and {v, }.+q are a pair of bases of A%, then they form a dual pair iff

I i) D) BEACING)

i,5>1 d>0 \-d

Proof. Let

my = E AAwug, andhuz E Bugvg.
pkd o-d

By definition,
5)\;L = <m>\, hu>

= <Z Ay, ZBM@>

oFd o-d

= Z A>\¢BH9<U¢, ’U9>.
.0
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Defining the p(d) x p(d) matrix T'by T,9 = (u,, ve), the above gives that
Iy =ATB"

Suppose that {u,}, {v,} form a pair of dual basis, so T = I,,(q),and I = ABT = A" B. That s,

= Z Ag)\Bgu.
o+d

Now,

1— =y
i,j>1 iY; d>0 AFd

|l |l
5 5
(e] (e]
Y >
> T
3
o9 —
S
‘™
b
>
Y
S
~ G
>
™ —
= T
< IM
= o
B} >
N———— Qé
Q)
\_/

completing the forward direction of the proof.
The entire argument is reversible, and we omit the details of checking this.

Recall that
i5>1 450 Ard ©
SO
(DasPu) = 2200
Corollary 2.28.

1. {px}arq is an orthogonal basis of Aé.
2. {px/\/Zx}ara is a self-dual basis of AZ.

3. {pr}ard and {pxr/zx}rrq form a pair of dual bases of Aé.

The above also allows us to show properties of symmetry, non-negativity etc.

Corollary 2.29. Let f,g € A{. Then,

L {f.9) =g, f)
2. (f, f) > 0, with equality iff f = 0.

Proof. Let f =3, ,Axpaand g =), , Bapa.

1. We have
9) = ZZAA)\B)\ =g, f)

AFd
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2. We have
(f, )= =43,

A-d

which is non-negative and equal to 0 iff all Ay are 0. |

Start with {my } ¢ and run Gram-Schmidt Orthogonalization. What is the output orthogonal basis?

2.6. Schur symmetric functions

Now, let us define another basis (which will turn out to be orthogonal).
Let A - d. Consider the Ferrer’s diagram of A. We shall fill the boxes with positive integers such that

1. each row is weakly increasing from left to right and

2. all columns are strictly increasing.

Example 4. For the partition A = (3,1) of 4,

1 1|2\

is such a filling.

Such a filling is called a semi-standard Young Tableau (SSYT) of shape A. Let F' be an SSYT with m; occurrences of 4 in
it — this yields a vector (m1,mo, ..., ), called the content of F' and denoted content(F’). Clearly, > . m; = d.
Define

sy = Z JCContent(F)
SSYTs F of shape A

For example, when A = (2, 1),
SA =121 + 2m13

Theorem 2.30 (Knuth-Bender). Letd > 0 and A |- d. Then, s, is a symmetric function.

Proof. Fix some content vector (mi, mag, ...). Let F be the set of SSYTs F' of shape A with content(F') = (m1, mo,...).

Fix arbitrary 4, and let F; be the set of SSYTs F' of shape A with content(F') = (mq, ma, ..., mMi—1, Myt1, My, Mg, Miys, . .

(the ith and (¢ + 1)th coordinates are swapped).
We shall demonstrate a bijection ¢; between F and F; — this implies the result because ¢ is arbitrary (Why?).
Let F' € F. In a given column, there are four possibilities.

1. both ¢ and i+1 occurs —in this case, there must be precisely one of each in the column and they are consecutive.
2. neither i not ¢ + 1 occur.
3. only i or only ¢ + 1 occur — in this case, there is precisely one of it in the column.

In the first two cases, we say that the occurences of ¢, (i + 1) are “paired”. In the third case, we say that the occurence
is free. Suppose that some row of F has a is and b (i + 1)s. Note that these (a + b) occurrences are consecutive!
Showing this requires the fact that F' is an SSYT — show that all paired is are before free is, then that all free (i + 1)s
are before paired (i + 1)s.

We then define ¢;(F') to be that filling where this consecutive block of (a + b) elements is changed to have b is then
a (i + 1)s; the remainder of the diagram is left unchanged compared to F. Note that this filling is indeed in F;! ¢; is
also clearly a bijection since the same operations define an inverse function from F; to F. |

)
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The (sy) are known as the Schur symmetric functions.
Note that for any n, s, = hy, and si» = e,,.
Let us now try to show, as per usual, that the (s)) form a basis of Aé. We have

S§3 =m13 +mo 1 +mg
S21 = 2m13 + ma1

§13 = M3.

Let
sx= Y Kyum,. (2.3)
ud
Here, the K, are known as the Kostka numbers. By definition, K, is the number of SSYTs with shape A and content
p. In a spirit much like Gale-Ryser, we shall show that K is upper-triangular when we order both the rows and
columns in the reverse-lexicographic order.

Theorem 2.31. K, is nonzero iff A = p (under the majorisation partial order).

Proof. First, suppose that K, # 0. Note that the ith row cannot have any element less than 4 + 1. In particular, all
the is for ¢ < k are contained in the first k rows. This precisely says that >.;_, A\; > >"'_, 4;, since the first term is
the number of cells in the first k£ rows and the second is the number of i < k in the first k& rows.

For the converse, given A > i, we must construct an SSYT with shape A and content p. We do so in the following
manner. Having filled all the elements < r, fill the rth row with rs as long as there are filled cells in the corresponding
cell one row above. After doing this, fill any remaining s in the (r — 1)th row as long as there are filled cells in
the corresponding cell one row above. Repeat this until ji, rs are filled up. Both row-increasingness and column-
strictness are trivial, and the construction is well-defined because > _\_; A\; > >_7_, ;. ]

Now, note that the diagonal entries of K are equal to 1.

Corollary 2.32. (s))ar-q forms a basis of Aé.

Unfortunately, K, has no good formula in general. However, there are formulae in certain special cases.
When i = 1¢, we wish to determine the number of SSYTs with shape A such that each element of {1,2, ..., d} occurs
precisely once.

Definition 2.33. A Standard Young Tableau (SYT) of shape A - d is an SSYT of shape A where each element of [d]
occurs precisely once. The number of SYTs of shape A is denoted f\ = K ja.

Note that this implies that rows are strictly increasing. The number of SYTs of a given shape has some very neat
formulae!

Theorem 2.34 (Hook length formula). Given a cell ¢ in the Ferrer diagram of A - n, the hook at cell ¢ consists of ¢,
cells to the right of ¢, and cells below c¢. Denote by h. the size of the hook at A. Then,

n!

[ -
HcEcell(A) he
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We do not prove the above. The original proof was due to Frame, Robinson, Thrall [ ], and Greene, Wilf,
Nijenhuis [ ] later gave an easier (probabilistic!) proof.
Using the above, note in particular that the number of SYTs of shape (n,n) is

1 2n
fon =2 (),

the nth Catalan number C,,!

2.7. The RSK algorithm

Theorem 2.35.

> R=nl

AFn

Proof. Let A - n. Recall that &,, has p(n) distinct irreducible representations (up to isomorphism), indexed by the
conjugacy classes of &,,. Further, the irreducible representation indexed by A has dimension fy. The desideratum
then follows by standard results, see Theorem 2.34 of my notes on Representation Theory of Finite Groups, for
instance. =

Let us give an alternate bijective proof of this. We would like to come up with a bijection
¢ {(P,Q) : P,Q are SYTs of the same shape} — &,,.

We shall do something more general, by giving a bijection between Ny-matrices M and SSYT pairs (P, Q) of the same
shape A, with contents equal to the column sum and row sum of M respectively.

We use the RSK algorithm. We start with a finite matrix M with non-negative integer entries. We encode this as a
2 x r matrix, where r is the sum of entries of M. To construct this matrix, we iterate through the entries of M in
row-major form, and insert the column (;) M;; many times. Let the first row of this matrix be @) and the second be
By definition, the lengths of both P and @ is the sum of entries of M. Because we are iterating through the entries
in row-major order, P is weakly increasing. For example, in the case where M is a permutation matrix, @ is just
1,2,...,nand P some permutation of [n].

Now, using this new 2 x r matrix, we shall form an SSYT. The algorithm just repeats the following. Iterating through
[r], suppose we are at the ith entry.

1. If it is possible to add P; at the end of the first row, we append it.

2. If this is not possible, we “kick out” the first element ¢ in the first row that is greater than P;, replacing it with
P;. We then insert ¢ in the part of the tableau below this, in a recursive fashion.

3. Insert Q); at an appropriate position in order to ensure that the shapes of the tableaux remain the same.


https://amitrajaraman.github.io/notes/rep-th/main.pdf

MA 861 : Combinatorics | 41 / 53 Amit Rajaraman

Example 5. Suppose our initial matrix is

Converted to a 2 x 5 matrix, this is
1 1 1 2 2
1 3 3 2 2)’

where the first row is ) and the second row P. We begin by inserting the first elements (1, 1) of each of the

rows to get
P1 :andQ1 :.

We next insert 3 into P; to get P». Since it is possible to do this just by appending it to the end of the first row,

we get
m=[1[2]

To ensure that the shapes remain the same,

o

Again inserting 3 into P, is similar, so we get

P3 :andQ3 :.

Now, when we attempt the insertion of 2 into P, it is not possible to do so by appending it at the end of the
first row. So, we kick out the first element that is greater than it, namely the first 3. Changing Q)4 appropriately
to ensure that shapes remain the same, this gives

1 2|3‘andQ4: L 1|1‘.
3 2

Py =

Inserting the next 2 kicks out the other 3 in the first row, so we get

P, = 2|

and Q4 =

as our final tableaux P, Q.
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Example 6. As another example, consider the permutation matrix

0 0 1

1 00

010
This has associated 2 x 3 matrix

1 2 3

3 1 2)°
Incrementally creating the P;, Q;, we get

and Q1=

l and Q2 l

P3: 1 and Qg !
3 2

By the construction, it is easy to see that P, ) have the same shape and P is an SSYT. We must show that @ is an
SSYT as well.

This is easy to see in the case where M is a permutation matrix, since the element of () we add is always strictly
greater than previous elements so there is no chance of violating column strictness or row strictness. The issue
arises with column strictness in non-permutation matrices since the element we are adding might coincide with
other elements in the tableau.

In general, we prove this with the following lemma.

Lemma 2.36. Given an tableau R and j, denote by R < j the set of cells modified in R, including the newly formed
cell, on the insertion of j into R in the above described manner. Letting R’ be the tableau attained after inserting j
into R, denote by (R < j) < k the set R’ < k.

If 5 < k, every cell of P < j is strictly to the left of any cell in (P < j) < k. Thatis, if (r,s) € P < j and
(r,t) € (P« j) < k,thens < t.

Proof. Suppose that (7, s) € (P < j). On inserting k, the (r, t)th cell can only be altered if it is either a newly formed
cell (in which case ¢ > s trivially), or if it is the first element in the rth row of P’ that is at least equal to k. Since the
rows of P’ are weakly increasing, we again have ¢ > s. |

In the case where M is a permutation matrix, it is quite easy to see that this transformation is bijective as well! Indeed,
the SSYT of Q) precisely describes the order in which the cells were formed. Given Q*), the location of the largest
element of Q") is the location of the newly formed cell. If this is in the first row, this is indeed the element of P that
was inserted as well. Otherwise, we must go to higher rows and “reverse-kick” entries, by determining the largest
element smaller than this reverse-kicking number.
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Example 7. Let us explain this idea of “reverse-kicking” using an example. Suppose our final SSYTs are

P=pP = 5|

11314],0d0=0Q; =
215 3

This corresponds to a case where the initial matrix is a permutation matrix. The largest element in @5 is the
5. Since the element in the same position in P, is in the first row, 4 must have been what was inserted in the
final step. As a result,

P, = 1]3 and Q4 = 2
215 314

Now, since the largest element in ()4, the 4, is in the second row, this new position must have been created
by kicking the 5 out of the previous row. Now, with the knowledge that 5 was kicked out of the first row, the
only element it could have been kicked out by is the 3. Therefore, to get Ps, we inserted a 3 in

1 5‘andQ3: 1 2.
2 3

Ps =

The largest element in ()3 is 3, which means that the 2 in P3 was kicked out of the first row, which means that

1 was inserted.
P =[215]ana g, =[112]

Here, the largest element in (); is 2, and since the corresponding element 5 in P is in the first row, it was

inserted.
P = and Q1 =

Therefore, the permutation corresponding to the SSYT pair (P, Q) is
1 2 3 4 5
2 51 3 4)°

In the permutation matrix, we do the reversal by looking at the position of the largest entry in Q. In general, it
turns out that we must look at the position of the rightmost largest entry in Q*), and this will be unique, due to the
column strictness of SSYTs. The remainder of the reversing is identical.




MA 861 : Combinatorics | 44 / 53 Amit Rajaraman

Example 8. Suppose our final SSYTs are

11t]2],040=0;=
213 2

P=PF=

The rightmost largest element in @5 is the 3. The element in the same position in P is the 3, so it must have
been kicked out of the first row by an inserted 2.

1 1|3‘andQ4: ! 2|2‘.
2 2

Py =

The rightmost largest element in ()4 here is the 2 in the third column. The corresponding element, 3, is in the
first row so it must have been inserted.

! 1‘andQ3: L]
2 2

Py =

The rightmost largest element here is the 2 in the second column. The corresponding element, 1, is in the first

row so it must have been inserted.
Pg:anngz.

The largest element here is the 2. Since the corresponding element 2 in P, is in the second row;, it must have
been kicked out of the first row by an inserted 1.

PlzandQl :

Therefore, the 2-row matrix corresponding to this pair is
12 2 2 3
2113 2)°

which corresponds to matrix

0 1 0
2 01
0 1 0

Theorem 2.37. The RSK algorithm is a bijection between Ny-valued matrices M and ordered pairs (P, Q) of SSYTs
such that
content(Q) = rowsum (M) and content(P) = colsum(M).

A better proof of SSYT RSK reversibility case is by using the SYT permutation matrix case, by performing the follow-
ing transformation. Iterating upwards, change repeating elements from left to right to distinct values. For example,
if we have three 1s, change them to 1, 2, 3 in order from left to right.
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Example 9. For example, if we start off with (3,1,2,3,1,2), we first make both 1s distinct. This makes
it (3,1,2,3,2,2). We next make all the 2s distinct to get (3,1,2,3,3,4). Making all the 3s distinct gives
(3,1,2,4,5,4), making all the 4s distinct gives (3,1,2,4,5,5), and finally making all the 5s distinct gives
(3,1,2,4,5,6).

The permutation matrix case yields the desired bijection we mentioned earlier, so

fo =nl.

AFn

Proposition 2.38. If running the RSK algorithm on M gives (P, Q), running iton M " gives (Q, P).
In particular, if running it on 7 € &,, gives (P, Q), running it on 7! gives (@, P). Further, P = Q here iff 72 = 1d,
so the number I,, of involutions of &,, is equal to )", ,, fx.

Proof. [ |

Exercise 2.1. Show that
J}” .’132
Zln-ﬁzexp x—i—? .

Exercise 2.2. Show that I,, = I,,_; + (n — 1)I,,_5 for n > 3.

Let us look at a couple of interesting corollaries of the above construction.

Theorem 2.39 (Schensted). Apply the RSK insertion algorithm on the string w = wjws - - - wq to get an SSYT P.
Then, the length of the first row of P is the length of the longest weakly increasing subsequence of w. The length of
the first column of P is the length of the longest weakly decreasing subsequence of w.

Proof. We prove the first part of the theorem. Let m the length of the longest weakly increasing subsequence of w.
For each 1 < i < m, set r; to be the rightmost element j such that the longest increasing subsequence ending at j is
of length i. We claim that the first row of Pisry,72,..., 7.

Let us prove this via induction on the length d of the sequence. The case d = 1 is trivial since P just has a single
cell, which is 1. Now, suppose that the statement is true for w = wy, ..., wq—1 with corresponding tableau P’, and
on inserting wy, we get the tableau P. Let j be the length of the longest increasing subsequence s, ..., s; ending at
wg. If j is greater than the length of the first row of P’, we are done. Suppose otherwise, so we wish to show that
rj—1 < wq < rj. Suppose that the longest increasing subsequence ending at r; is t1, 2, .. ., t;.

If wq > rj, then the subsequence t1, t2, . . . , t;, wq, an increasing subsequence of length j + 1 ending at wy, contradicts
the definition of j. For the other side, note first that j — 1 is the length of the longest increasing subsequence ending
at s;_1. Suppose that r;_; > wq. If the index of s;_; is equal to that of r;_;, we clearly have a contradiction as
wq > s;—1. Otherwise, by the definition of r;_1, s;_1 is to the left of r;_;. We also have r;_1 > wq > s;_1, but this
means that there is an increasing subsequence s, ..., s;j_1,7;—1 of length j ending at r;_;, a contradiction. [ |

Corollary 2.40 (Erdés-Szekeres). Given a sequence of (mn + 1) elements, there exists an increasing subsequence of
length (m + 1) or a decreasing subsequence of length (n + 1).
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Corollary 2.41 (Cauchy’s Identity). It is true that

Proof. The coefficient of z%y” on the left is equal to N,_g, the number of No-matrices M with rowsum(M) = « and
colsum(M) = 8. The coefficient of 2%y® on the right is equal to the number of SSYT pairs (P, Q), where P, Q have
the same shape and content(P) = «, content(Q)) = . Since the RSK algorithm is a bijection, we get that the two are
equal and are done. |

Theorem 2.27 with the above immediately yields the following.
Corollary 2.42. {s)}x-q is an orthonormal basis of Ag.

Recall the Kostka numbers K ,, from Equation (2.3). The next corollary immediately follows by looking at the
coefficient of z*y” in Cauchy’s identity, as we did in the proof.

Corollary 2.43. Let o, 8 |- d. Then,

Nog =Y KraKns.
A-d

Thatis, N = K " K.
It turns out that the change-of-basis matrix from {m,} to {s,} is the change of basis-matrix from {s} to {h,}!

Corollary 2.44. For u - d,

h‘H = ZKAMS,\.
Ad

Proof. Let h, =), 4 axu5x, using the fact that the s, form a basis. Because the {5} -4 are orthonormal,

)y = <h,u,78)\> = <hu>ZK)\9m9> = K)\;u
o+-d

where we use that (h,, mg) = .. |

2.8. The dual RSK algorithm

Theorem 2.45. Given any 0, 1-matrix M, we can bijectively get a pair (P, Q) of tableaux of the same shape, where
P, Q are SSYTs, and content(P) = colsum(M) and content(Q) = rowsum(M).
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This proof uses the dual RSK algorithm. Instead of going from non-negative matrices to SSYT pairs (P, )) of the same
shape, we shall go from 0, 1-matrices M to pairs (P, Q) of the same shape where P ", Q are SSYTs. Equivalently, it

outputs SSYT pairs (P, Q) where P’ is of shape X’ and @ is of shape .

The algorithm is mostly similar to the RSK algorithm, with one minor modification — in the kicking step, instead of
kicking the first element that is (strictly) greater than the current element, we insert the first element that is at least

the current element. This ensures row strictness of P, which is needed for its conjugate to be an SSYT.

Example 10. Consider the matrix

=)
O O =
—_ ==

which has corresponding 2-row matrix

w W

1 1 2 2 3

2 31 3 1 '
Since the algorithm is nearly identical to the RSK algorithm, we just give the sequence of tableaux and leave
it to the reader to check the modification we have done to the RSK algorithm.

Py :andQ1 :
anng

P3— 1 ‘andQ;;: 1 ‘
2 2
Pi= 113 land g, = 1|1

2|3 212
Po=| 113 landgs=| 1|1
113 212
2 3
Po=| 113 land g =| 1|1
113 212
2|3 313

By construction, P and @ have the same shape, and P " is an SSYT. What about ? Much like the earlier proof, we

must look at the rightmost occurrence of the largest element in Q.
Corollary 2.46 (Dual Cauchy Identity). Denoting by X" the conjugate of A - d, we have

IO tz) =3 > sx(

i,5>1 d>0 A\-d

Corollary 2.47. For A F d, w(sy) = sy
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This follows immediately on applying w to the Cauchy identity and using the dual Cauchy identity. This presents
yet another proof that w? = Id.

2.9. Symmetric functions in n variables

Let A%™ be the vector space over Q of degree d symmetric functions in n variables. Clearly, dim(A(‘é;") < dim(Ag).
In fact, the dimension is the number of partitions of d with at most n parts. Note that if we have at least d variables,
the two become equal.

The classical definition of the Schur symmetric function is on n variables, a function sy (z1, .. ., z,). Leta = (a1,. .., ay).

. A4 .
&,, acts on monomials z® as w(z®) =[], =, "*. Define
=14

falz) =Y sign(m)m(z®).

€S,

Note that f, is not symmetric, since o (fo) = >, s, sign(m)o(m(z)). However, this is equal to o(fa) = sign(o) fa-

Definition 2.48 (Skew-symmetric function). A function f such that o(f) = sign(o)f is called a skew-symmetric
function.

Proposition 2.49. f, # 0 iff all the «; are distinct. Further, (z; — z;) | f, for distinct ¢, 5.

The first part above is easily seen by considering o( f,,) where o is just a transposition of two equal exponents.

The form of f, is quite reminiscent of the determinant of a matrix! In fact f, is precisely equal to the determinant
of the matrix

e e o
Ma: . .
R xom

That is, (M,);; = z;”. This presents an easy proof of the above proposition.

Assume henceforth that « has all distinct parts, and a1 > as > -+ > ap,.
Because the (z; — ;) are linear monomials, some ring theory yields that

[T =) | fa
i<j

The expression on the left is precisely the Vandermonde determinant

xvlz—l x72l—1 . .1%71
det ey oy ap?
e
1 1 . 1
Setting §,, = (n —1,n — 2,...,0) (denoting it as just ¢ if n is clear from context), the above is just f5;. Now, f, is a

polynomial of 3~ «; and f5, is a polynomial of degree (}). As a result, fo/fs,, which is a polynomial, has degree
(3, i) = (5). Note that because f, and f5 are skew-symmetric, their quotient is symmetric!

Set \; = a; — (n — i) so & = A+ 6, 50 fo/fs has terms like 2*. Note that the ); are weakly decreasing, so they form a
partition of some number with at most n parts (some of which may be 0). We are interested in fiys/ fs.
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Definition 2.50 (Schur symmetric function). For a partition A with at most n parts, define the Schur symmetric function
sx(z1,...,xn) by
_ fass

s

SX

The above is Cauchy’s bialternant definition of the sx. We must now show that this coincides with the earlier Schur
symmetric function we have studied, on setting z; = 0 for j > n.
Recall that hy, = >, , K u5x. Applying w, we gete, = >, ; Kxusx. Set all variables z; for j > n as 0. We now
wish to show that

fseu = ZK/\’qu+6-

A-d
Let o = (g1, - - -, ). Note that the expression on the left is skew-symmetric. We wish to find the number of ways of
choosing indices (where for a fixed k, the i, , are distinct) such that

( n—1,_n—2

xl .'L'2 e xnfl)(‘ril,lxil,z e ‘,1:17/141) e (‘Ti7',1 e xi’r"ur) — (xi\1+n*1x§2+n72 .. .'I,'An).

n

Consider each such way of choosing indices such that at no point in the above n steps of multiplication do two indices
become equal. Consider the matrix M as defined in the above example, where M;; = 1 if the ith step chooses the
index j and is 0 otherwise. Encode this matrix as the tableau with the jth column having those indices where
M;; = 1, arranged in increasing order of i from top-to-bottom. It is quite easy to see that this tableau is column-
strict. It also clearly has shape A\’ and content ;. We would like to show that this is an SSYT, that is, that weak row
ordering holds as well.
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Example 11. Suppose we have A = (5,3,2,1) and p = (3,2,2,1,1,1,1). That is, we would like to go from
r3zdzl to 2fziadz, in 7 steps, with the ith step multiplying by exactly p; indices. One way of doing this is
encoded by the matrix

= O =
OO == O =
SO OO~
oo e e oo

=
=
o
—

where the ijth element of the matrix being 1 denotes that the index j is present in the indices in the y;th step.
We encode this as the tableau

7

’@|O"WI\DH

This has shape A\’ and content y. This is not an SSYT, but note that this multiplication gives 0 due to skew-

symmetry! Indeed, (z3z323)(z12223) (2123) = 2iw373.

For another example, consider the series of multiplications encoded by

1110
1 100
1 010
0 0 0 1
1 0 0 0
01 00
1 000
with corresponding tableau

111|114
2 3

3

)

7

Again, this has shape X and content . One can check that this multiplication does indeed give something
nonzero at every stage, and the above is clearly an SSYT.

We would like to show that we get an SSYT iff no two exponents are equal in the process.

Lemma 2.51. We can encode multiplication of terms from e,,, , €,,,, . .. to the monomial % to get z**? as a filling of

shape X" and content y. Further, this filling is an SSYT iff at each stage of the multiplication, all the exponents are
distinct.

Proof. Let us prove the forward direction first. Suppose that weak row ordering is violated somewhere, say between
the first two columns. That is, let the first k entries of the first column (vertically) bery, .. ., r; and the second column
beri,...,r, with r; > r}. Note that
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(i) Initially, the difference of the exponents of = and x5 is +1.
(ii) At the end of the 7 th multiplication, the difference is < 0.
(iii) Ateach multiplication, the difference changes by at most one.

These three observations imply that at some step, the difference is precisely 0, proving the lemma. This argument is
reversible, so the backward direction follows as well. [ |

2.10. Determinants and paths

Consider the lattice Z?, and the standard problem of going from A = (8,7) to B = («, §) with steps only E (east)
and S (south) of unit length, where o > 8 and v > 4. We encode any such path P by a monomial zp = Hze[ 5] T
where P; = |{j € Z : P takes an E step at (j,17)}|.

Example 12. The following path from (1,4) to (5, 1) corresponds to the monomial z;z3x4.

A(1,4)| 4

B(5,1)

Clearly, this transformation is injective. This monomial x p has total degree (a. — 8) and only involves z; for i € [§, 7].
As remarked, the set of all such monomials is in bijection with set of all paths. We encode the set of paths from (3, )
to (a, 6) as the polynomial

h(a_676v7): Z xi1"'xiu,5-

§<ir < Sia_p<y

Note that this is a variant of the complete homogenous polynomial we have seen.
In more generality, we can have a path system with n pairs of points denoted by @ = (a1, ..., ay), 3,7, 0 satisfying
a; > fB; and ; > §; for each i. Now, let us look at the set NonIn(a, 3,7, ) of non-intersecting (vertex-disjoint)
paths (P, ..., P,), where P; is from A; = (o, ;) to B; = (8, d;). We encode each element of this set as the product
of the polynomials of the constituent paths. Note that this can be used to recover the paths when the paths are
non-intersecting.

Theorem 2.52 (Lindstrém-Gessel-Viennot Lemma). Let NonIn (7 (@), 3, d, (7)) be non-empty only for 7 = Id. Then,

Nonln(a, 8,7, d) = det M,

where M;; = h(a; — Bi,0;,7:), the set of paths from A; to B;

Proof. We would like to show that

NonIn(@, 3,7,8) = H sign (7 H (Qriy = Bis On(iys Vi)-

77661; =1



MA 861 : Combinatorics | 52 /53 Amit Rajaraman

Suppose that according to some permutation 7, some two paths from A; to B, ;) intersect. Consider the minimum
intersecting pair index (7, j) (according to the lexicographic order, say). Say the two paths intersect at A. Note that
this cancels out with the set of paths for (7 (i), 7(j))7 by looking at the paths from A; to A to B, ;) and A; to A to
B (iy- Therefore, the only terms in the determinant that survive correspond to those m which have non-intersecting
paths, which is only Id by the hypothesis. n

Theorem 2.53 (Jacobi-Trudi Theorem). Let A - d with Aq, Ag, ..., \,. Consider the n x n matrix My with (M));; =
hx,+;—i, where h,, is taken to be 0 for negative n. Then, sy = det M.

Proof. Take some very large N (oo in the limit). Consider the points A; = (n —4, N) and B; = (n — i + A;, 1). In the
limit as N — oo, the tranpose of the matrix from the previous question is precisely M,! The set of paths from A; to
Bi is h(()\l — 14 n) — (n — ]), 1, N) = h)\i+j7i'

By the Lindstrom-Gessel-Viennot lemma, the determinant of this matrix corresponds to the set of non-intersecting
paths from A; to B; for each i (it is easily checked that the only permutation with non-intersecting paths is the
identity). To complete the proof, it suffices to establish an equivalence between such collections of paths and SSYTs
of shape .

Let us explain this bijection via an example.

Example 13. Consider the partition A = (4, 3, 1) and set N = 4 for simplicity. The points are A; = (2,4), A; =
(1,4),As = (0,4) and B; = (6,1), Bo = (4,1), Bs = (1, 1). Take the following collection of paths.

As Ay Al 4 4
3 3
2
B3 B> B4
To this, we associate the tableau

4 3
313
2

Finally, to convert this to an SSYT, we replace each element with the maximum element in the tableau plus 1
minus the element to get

2

1
2|2
3

It is evident that the shape of this SSYT is A and the rows are weakly increasing. So, it suffices to show that the
columns are strictly increasing, that is, the columns of the earlier tableau are strictly decreasing. This means that if
the ith east from A; to B; is taken at a height of y, then the ith east from A;; to B;; is taken at a height 4/ < y. By
the definition of the paths, this path from A; to B; passes through (n — j +i —1,y), and the path from A, ; to Bj 1
passes through (n — (j + 1) + ¢,y’). Clearly, the sections of the two paths until here can be non-intersecting only if
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y' <y, completing the proof. |
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