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Abstract

This thesis consists of two independent parts. The first part concerns Stanley’s symmetric
function generalization of the chromatic polynomial, the series of immanant conjectures
made by Stembridge, and Zaslavsky’s theory of signed graphs. The conjectures made by
Stembridge that the so-called “monomial” immanants are nonnegative on totally positive
matrices and monomial positive on Jacobi-Trudi matrices are shown to hold for several
infinite families of these monomial immanants. We make use of results of Stembridge and
Goulden-Jackson which reduce both of these conjectures to a statement about some ele-
ments in the group algebra of the symmetric group. We also show that a more general
conjecture by Stembridge concerning acyclic digraphs with certain path-intersection prop-
erties can be reduced to the conjectures considered above. A particular consequence is that
the result of Greene that (ordinary) immanants of Jacobi-Trudi matrices are monomial pos-
itive can be extended to a wider class of combinatorially-defined matrices satisfying some
simple conditions. Some new relationships between these conjectures and graph coloring
are developed. Analogues of Stanley’s chromatic symmetric function are given for signed
graphs, and their basic properties are studied. There are some interesting connections with
hyperplane arrangements. These also imply some new results about ordinary graphs.

The second part concerns the so-called “Hodge-type” decompositions of Hochschild
(co)homology. Let A be a commutative algebra over a field of characteristic zero, and M
be a symmetric A-bimodule. Gerstenhaber and Schack have shown that there are decom-
positions Hy (A, M) = ©rHynr(A, M), H(A,M) = @ H*"*(A, M) of the Hochschild
(co)homology. The first summands, Hy ,—;(A4, M) and H'™~1(A, M), are known to be the
Harrison (co)homology defined in terms of shuffles. We discuss interpretations of the decom-
positions in terms of k-shuffles and how these relate to versions of the Poincaré-Birkoff-Witt
theorem. We then turn to a detailed study of how the decomposition behaves with respect
to the Gerstenhaber operations (cup and Lie products) in cohomology. We show by example
that neither product is generally graded, but that F, = @D,>, H*"(A, A) are ideals for both
products with F, U Fy C Fpyq and [Fp, Fy] C Fpyq. The statements for the cup product
were conjectured in this form by Gerstenhaber and Schack.

The results in the second part were obtained in collaboration with Nantel Bergeron.
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Introduction

This thesis consists of two independent parts. The first part concerns Stanley’s symmetric
function generalization of the chromatic polynomial, the series of conjectures made by
Stembridge about immanants, and Zaslavsky’s theory of signed graphs. The second part
concerns the so-called “Hodge-type” decomposition of the Hochschild (co)homology of a
commutative algebra. The results in the second part were obtained in collaboration with
Nantel Bergeron.

In this introduction, we discuss some of the background material related to these topics
and give an overview of the results which will be presented in the chapters to follow.

Part 1

Stanley’s Chromatic Symmetric Function

Let I' = (V,E) be a graph with d vertices. A proper coloring of I' is a map « : V —
P such that adjacent vertices are colored differently. The chromatic polynomial Xr(m)
counts the number of proper colorings with images in [n] = {1,2,...,n}. The chromatic
polynomial appears in Birkhoff [3] in terms of colorings of “maps” on surfaces and is one of
the fundamental tools of graph theory. It is easily seen that Xr(n) is a polynomial in n.

In [41], Stanley defines a symmetric function generalization of the chromatic polynomial
which contains information not only about the number of proper colorings, but also about
how many times each color is used:

Xr= Z z"

K proper

where " = [], ey Tx(v)- The property of having adjacent vertices colored differently is not
affected by permutations of P (the names of the colors), so Xr is a symmetric function
in the variables {z1,zs,...}. Specializing the variables to 2, = 23 = -+ = z, = 1,
Tnt1 = Tngz = -+ - = 0 yields Xp(n). Clearly Xt is homogeneous of degree d (the number
of vertices).

Let Sym denote the ring of symmetric functions with rational coefficients in the vari-
ables {z,Z3,...}. The elementary properties of symmetric functions referred to in this
introduction can be found in [32]. The homogeneous component of Sym of degree d has
several natural bases, indexed by partitions, A = (A1, Ag, ..., Ag), of d. So, a reasonable

11



12 INTRODUCTION

question to ask is: What properties of I' are reflected in the coefficients obtained when X
is expanded in these various bases?

A partition 7 of the vertices of I is called stable if the induced subgraph on each block of
7 is totally disconnected, i.e. if there are no edges connecting two vertices in the same block.
Similarly, 7 is said to be connected if the induced subgraph on each block is connected.
The coefficients in the expansion of Xt in the augmented monomial basis,
o= Y bl
(i1i2 e i)

11,12,... stk distinct

are given by the following result, which follows easily from the definition of Xr.

Proposition 1 (Stanley [41, Prop. 2.4]) If a) denotes the number of stable partitions
of T' of type A, then
Xr= Z a)my.
Akd

Stanley proves several results regarding the expansion of Xr in the power sum basis,
Px = DA, ** DA, Where p; = 3, 2]. These expansions can be viewed as generalizations of
properties of the chromatic polynomial. The most important of these from our point of view
will be the expansion in terms of the lattice of contractionsof T', L1 (also known as the bond
lattice of T'). Lr is the set of connected partitions of I, partially ordered by refinement.

Theorem 1.2.1! ([41, Thm. 2.6])

Xr = Z l-"(ﬁvﬂ-)ptype(w),
w€Lp

where p is the Mébius function of Lr.

Theorem 1.2.1 generalizes Whitney’s computation of the coefficients of the chromatic
polynomial (which can be seen to be equivalent to a determinant formula given by Birkhoff).

Theorem 2 (Whitney [49], see also Birkhoff [3])
X]_"(TL) = Z »u'(()’ﬂ-)nlﬂla

wE€Lp
where |r| denotes the number of blocks of =.

Theorem 2 is important for a number of reasons. It expresses a connection between
the chromatic theory of graphs and lattice theory. Generalizations of this idea lead to the
theory of matroids (see [48], for example), and in particular, to the theory of hyperplane
arrangements and Zaslavsky’s signed graphs which are discussed below.

!Results which are discussed in detail in the body of the text are numbered according to their appearance
there.
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We should note that while the chromatic polynomial is completely determined by the
poset structure of Ly, Xt is not — the expansion in Theorem 1.2.1 also contains information
about the sizes of the blocks. In particular, while all trees on d vertices have isomorphic
bond lattices (i.e. boolean algebras on the set of d — 1 edges), there are no known examples
of nonisomorphic trees having the same Xr (see [41]).

It can be shown that Lr is a geometric lattice, and it follows, via a result of Rota [36],
that the Mobius function of Lr strictly alternates in sign:

(~1)* (@, m) > 0.

The usual involution, w, on Sym can be defined by wpy = (1)~ p, when A is a
partition of d with £(A) parts. The results considered above imply that wXr has nonnegative
coefficients when expanded in the power sum basis. In general, if {b)} is a basis of Sym,
we will say that F € Sym is b-positive when the expansion of F in {b)} has nonnegative
coefficients. We will also say that I is b-positive when XT is b-positive.

A number of interesting results and conjectures are related to the expansion of Xr in
the elementary and Schur bases of Sym. The elementary basis is defined by

en = 3.,  Ti\Tip - Tiy,
i1 <y <o <in

and ey = ey, ---e),.. The Schur basis can be defined by letting s) denote the sum of
monomials corresponding to semi-standard tableaux of shape A. The Littlewood-Richardson
rule can be used to show that each e, is s-positive. So the e-positivity is a stronger condition
than s-positivity.

In general, Xr need not be s-positive. For example, the “claw” K3 fails to be s-
positive, and hence also fails to be e-positive. However, certain families of graphs are known
or conjectured to be e-positive or s-positive. Of particular interest are the incomparability
graphs of posets: if P is a poset, let inc(P) denote the graph whose vertices are the elements
of P and whose edges connect pairs of incomparable elements.

We will call a poset (a+ b)-free when it contains no induced subposet isomorphic to the
disjoint union of chains of cardinalities @ and b. Gasharov has shown the following theorem.

Theorem 1.2.7 ([10]) If P is a (3 + 1)-free poset, then X;n (p) is s-positive.

There are two natural ways to strengthen the statement in Theorem 1.2.7. Since a poset
is (8 + 1)-free if and only if its incomparability graph has no induced subgraph isomorphic
to K13 =inc(3 + 1), it is natural to conjecture that s-positivity might hold for all clawfree
graphs. It is also possible that the graphs in Theorem 1.2.7 might actually be e-positive.

Conjecture 1.2.8 (Gasharov, see [42, Conj. 1.4]) If T is clawfree (i.e. has no induced
subgraph isomorphic to K,3), then T is s-positive.

Conjecture 1.2.9 ([43, Conj. 5.5], [41, Conj. 5.1]) If P is a (3 + 1)-free poset, then
Xinc(P) 18 e-positive.
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We should note that examples of Stanley [41] show that clawfree graphs need not be e-
positive and that e-positive graphs need not be clawfree. Stanley and Stembridge [43]
report that Conjecture 1.2.9 has been verified for all posets with fewer than eight elements,
and Stembridge has verified (see [41]) that, among the 16999 posets with eight elements,
the 2469 which are (3 4+ 1)-free all satisfy Conjecture 1.2.9. So there is significant empirical
evidence, at least, to support Conjecture 1.2.9.

Posets which are both (3 + 1)-free and (2 + 2)-free are known as semi-orders, and their
incomparability graphs are called indifference graphs or unit interval orders. It can be
shown that a poset P is (3 + 1)-free and (2 + 2)-free if and only if it possesses a linear
extension a : P — [n] such that

(z <pyand oy) <p a(z))

or (a(z) <p a(y) and y <p 2) } — T<P%

or equivalently, there is a labeling of the vertices of I' = inc(P) by elements of [n] and a
set of intervals [z, j] C [n] such that I is the edge-union of cliques on these intervals (the
same a can be used for the labeling). General information about indifference graphs can
be found in [7].

Stanley and Stembridge [43] have shown that the (conjectured) e-positivity of indiffer-
ence graphs can be viewed as a special case of the monomial immanant conjectures discussed
in the next section. In particular, the results we will present in Chapter 2 imply that for
certain A’s, the coefficient of ey in the expansion of Xt is nonnegative for every indifference
graph I'.

One of the new results we will present in Chapter 1 is the following proposition, which
gives a necessary condition for a graph to be e-positive.

Proposition 1.3.3 If Xr is e-positive, and I' has a connected partition of type A, then I'
has a connected partition of type p for every p which is a refinement of A. In particular, a
connected, e-positive graph must have a connected partition of every type.

We show by example that the converse is false. However, Proposition 1.3.3 still raises a lot
of interesting questions. For example, we know of no non-e-positive graph for which every
induced subgraph satisfies the conclusions of the proposition.

We will also show that if I is the incomparability graph of a (3 + 1)-free poset, then
every connected subgraph of I' has a Hamiltonian path. This shows that Conjecture 1.2.9
is consistent with Proposition 1.3.3, and is a somewhat interesting result in its own right.
(For an indifference graph, the existence of these Hamiltonian paths follows trivially from
the characterization discussed above.) This helps to explain the difference between incom-
parability graphs of (3 + 1)-free posets and arbitrary clawfree graphs, since we will show by
example that a connected clawfree graph need not have a connected partition of each type.

Although Xr need not be e-positive, the following result shows that certain sums of
coefficients in the elementary expansion are nonnegative.
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Theorem 1.2.3 (Stanley [41, Thm. 3.3]) Let Xr = ) y-q4¢rex and let sink(T', j) be the
number of acyclic orientations of I' with j sinks. Then

sink(T, j) = Z Ch.
Ab-d
A)=3
Another relationship between Xr and the acyclic orientations of I is given by the following
reciprocity result.

Theorem 1.2.4 (Stanley [41, Thm. 4.2])

wXr = E:aﬁ

(O,K)

where the sum runs over pairs (0, k) of acyclic orientations and colorings satisfying k(u) <
k(v) if (v, u) is an edge of o.

In the last section of Chapter 1, we will consider the images of X under some algebra
maps related to the Hopf algebra structure of Sym. These considerations will lead to the
proof of Proposition 1.3.3 discussed above. We will also see that Theorems 1.2.3 and 1.2.4
have a common generalization.

Monomial Immanants

If Ais an n X n matrix with coefficients in any monoid, we will employ the notation:

[A] = Z Q16(1)%20(2) * * " Cno(n) ° ol (01)
€S,
The familiar formula for the determinant of A can be obtained by applying the sign character
to [A], i.e. replacing each permutation o~! with its sign (—1)°. If one, instead, replaces
each 0~1 by 1 (i.e. applies the trivial character), the result is called the permanent of A
(per(A)). More generally, if one applies any irreducible character, x*, of the symmetric
group, &y, the corresponding matrix function,

X/\[A] = Z X,\ (a_l)ala(l)a20(2) *Ono(n)y
o€G,
is called an immanant. It is common to see X*(a) in the definition above, but any class
function on &, satisfies x(071) = x(0).
Historically, part of the interest in these matrix functions stems from results and conjec-
tures about their values on positive semi-definite Hermitian matrices. For example, there
is Schur’s Dominance Theorem and the Permanental Dominance Conjecture of Lieb.

Theorem 3 ([37]) If A is a positive semi-definite Hermitian matriz, then

1

XA(I)XA[A] > det(A) > 0.
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Conjecture 4 ([29]) If A is a positive semi-definite Hermitian matriz, then

1
per(4) > 2mX [A].

In the present thesis, we will be concerned mostly with the monomial immanants in-
troduced by Stembridge [46]. These are the matrix functions corresponding to monomial
characters, ¢*, which can be defined as follows.

A fundamental result in the representation theory of the symmetric group (one form of
the Frobenius character formula) says that the character table of &, is given by

XA (0’) = (S,\, ptype(o))

where the inner product on Sym used on the right hand side is defined by (my, h,) = 8y,
or equivalently, by saying that the Schur functions s) form an orthonormal basis. The
partition type(o) has parts equal to the lengths of the cycles of 0. Here, h, is an element
of the complete basis of Sym, defined by h, = h,, ---h,, and

h, = E TiyTip + Ty,

iy <ip <o Kir

With these definitions in mind, the monomial characters can be defined by
¢)‘ (0’) = (mk’ptype(a)%

or equivalently, via the expansion piype(o) = 2°» o (o) hy. Following Stembridge, we will call
the corresponding matrix function A — ¢*[A] a monomial immanant. We will usually refer
to the immanants defined above (for the irreducible characters x*) as ordinary immanants,
in order to avoid any confusion.

Note that the monomial characters are actually virtual characters (differences between
characters). Since every Schur function sy is a sum of monomial symmetric functions, it
follows that each irreducible character is a sum of monomial characters. In particular, the
sign character is ¢(I") and the trivial character is the sum of all the monomial characters

(Z)\l—n ¢/\)

In [46], Stembridge presents a series of conjectures involving ordinary and monomial
immanants. His primary motivation for considering monomial characters stems from the
fact (which he shows) that any class function on &,, satisfying these conjectures must be a
nonnegative linear combination of ¢*’s.

There are several results and conjectures related to Jacobi- Trudi matrices. Jacobi-Trudi
matrices are defined for any skew shape u/v, by

Hypy = [hp—iy—(v;-i)]1<iri<n
(where, by convention, hg = 1 and h_x = 0 if £ > 0). The Jacobi-Trudi identity says that

8y =det H,y,,
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where s,,/, is a skew Schur function enumerating semi-standard tableaux of shape u/v. For
any class function x on &y, x[H,/,] is a homogeneous symmetric function of degree |u|-|v/|.

It was Goulden and Jackson [18] who first conjectured and Greene who first proved that
ordinary immanants of Jacobi-Trudi matrices are monomial-positive:

Theorem 2.0.2 ([20]) x*[H,,,] is m-positive.

Haiman has shown, using Kazhdan-Lusztig theory, that ordinary immanants of Jacobi-
Trudi matrices are actually Schur-positive:

Theorem 5 ([22]) x*[H,,] is s-positive.
The analogous conjectures for monomial immanants remain open:

Conjecture 2.0.3 ([46, Conj. 4.2(b)]) ¢*[H,,] is m-positive.

Conjecture 6 ([46, Conj. 4.1]) ¢*[H,,;,] is s-positive.

Let sj; ;] € Z6,, denote the sum of all permutations of {¢,7+1,...,5} C [n], and let
IT denote the set of all finite products of the Si,;]- The first step of Greene’s proof of
Theorem 2.0.2 (which is actually due to Goulden and Jackson [18]) shows that

[Hu/u] = Z frm, (0.2)

well

where f; is monomial-positive, and the [ - ] notation is as defined in (0.1). The second step
shows that x* () > 0 for every 7 € II.

Greene’s proof that x*(r) > 0 involves an explicit computation of the matrices Px(8i51)
where p) is the Young seminormal representation with character x*. In particular, Greene
shows that all of the entries of these matrices are nonnegative. (So taking a product of
these matrices and then taking the trace yields a nonnegative value for x*()).

Unfortunately, this representation-theoretical approach can’t be applied to the virtual
characters ¢* (at least not directly). However, it does follow from these considerations that
Conjecture 2.0.3 is implied by the following:

Conjecture 2.0.1 (Stembridge [46, Conj. 5.2]) ¢*(7) > 0 for all = € II.

Another family of matrices considered by Stembridge are the n x n matrices with real
entries for which every minor is nonnegative. Such matrices are called totally positive. Let
TP denote the set of totally positive matrices.

Theorem 7 (Stembridge [45]) If A € TP, then x*[A] > 0.

Conjecture 8 ([46, Conj. 2.1]) If A € TP, then ¢*[4] > 0.
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Ugq U4
ug U3
Ug >0 U2
U 0

Figure 0.1: The skeleton corresponding to s(3 45[1,3]5[2,4-

Stembridge’s proof of Theorem 7 also relies on Greene’s result that x*(7) > 0 for any
m € II. He shows that for any A € TP, [A] is a nonnegative linear combination of elements
of II. It follows that Conjecture 2.0.1 implies Conjecture 8.

Most of Chapter 2 will be devoted to investigating Conjecture 2.0.1. In particular, we will
show that the conjecture holds for certain families of partitions A, including the partitions
with two parts, the “hooks” (r,1,1,...,1), and the partitions with no part larger than two.
We will also show that if the conjecture holds for A, then it holds for (mA;, mAg, ... ,mAg).
It follows from results in [46] that the conjecture holds when A = (rf), (n—1,1), or (2,1""2).
Stembridge has recently indicated (personal communication) that he has found a proof for
the case when A has no part larger than three.

Rather than working directly with the sj; ;j € Z&,, we will take a “geometrical” ap-
proach. Goulden and Jackson’s derivation of (0.2) is based on a lattice path interpretation
of [H,;,] which was used by Gessel and Viennot [17] to give a combinatorial proof of the
Jacobi-Trudi identity. We will discuss this interpretation in detail in Section 2.1.1, but for
the present it will suffice to note that products of the sj; ;;’s can be associated with certain
planar digraphs (directed graphs), as is demonstrated in Figure 0.1.

We will use the term “skeleton” to denote the digraphs obtained in this way (together
with the labelings of the sources and sinks), and we will always assume that we have a fixed
planar embedding with the sources and sinks lying on vertical lines and the edges moving
left to right, as in the example in Figure 0.1. Our choice of language is motivated by (but
slightly different from) Greene [20], where a “skeleton” is a multiset of edges appearing in
a family of lattice paths. He attributes the terminology to John Stembridge.

If S is a skeleton, we will write (S) for the corresponding product of s; ;;’s and Z[S] €
Sym for the image of (S) under the map o Ptype(o)- Then Conjecture 2.0.1 says that
#*(S) > 0 for every S and ), or equivalently, that Z[S] is always h-positive.

We mentioned earlier that Stanley and Stembridge [43] have shown that the conjectured
e-positivity of indifference graphs is equivalent to a special case of the monomial immanant
conjectures. What they show, more specifically, is that if A is the matrix obtained by
replacing the nonzero entries of H,/, by 1’s, then the conjectured e-positivity of indifference
graphs is equivalent to the nonnegativity of ¢*[A]. For example, if 4 = (5,5,5,3,2) and
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v=(22,2,1,0), then A would be

11111
11111
11111
0 0111
00011

The (0, 1)-matrices obtained in this way are characterized by the fact that the positions of
the zeroes form a Young diagram (or shape), justified in the lower left corner, and lying
entirely below the main diagonal. The permutations whose coefficient in [A] is nonzero
correspond to “rook placements” in the 1’s of A.

It can be shown that the cycle indicators of these (0, 1)-matrices (i.e. the image of [A]
under o — Piype(s)) 2re, up to multiplication by a positive constant, the same as the Z[S]’s
for skeletons corresponding to products s, ;i1S[iz.5] * * * Slix.ix] With J1 < J2 < -+ - < .

One of the new results we will present in Chapter 2 is that for any skeleton, wZ[S] can
be expressed in a natural way as a sum of chromatic symmetric functions of incomparability
graphs. And so, Conjecture 2.0.1 is equivalent to conjecturing that certain sums of chro-
matic symmetric functions are e-positive. Unfortunately, the individual incomparability
graphs obtained by this construction have no special properties and need not be e-positive.
However, any and all “general” results concerning the elementary expansions of the Xr’s
can be applied to Z[S]. For example, Theorem 1.2.3 can be applied to show that

Y ¢Sy >o0.

AFn
LN)=k

In [46], Stembridge also considers more general matrices defined in terms of paths in
acyclic digraphs. If u = (u1,...,u,) and v = (v1,...,v,) are ordered n-tuples of vertices,
he says that u and v are D-compatible if

. every path in D fi ; t int, t th
i<i k>l = fromyup' i ;n rom u; to vx intersects every pa

J I
If the edges of D are weighted by independent (commuting) indeterminates, Stembridge
considers the matrix A(u, v), whose (¢, j) entry is the generating function for paths from u;
to v; (in terms of these weights), and he makes the following conjecture:

Conjecture 2.6.1 ([46, Conj. 6.3]) If u and v are D-compatible, then $*[A(u,v)] is
monomial positive.

He also shows that this conjecture holds in the cases when A = (rf) (including (n) and
(1™)), when A = (21"2), and when A = (n — 1,1).
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We will show that, as in the case of totally positive matrices and Jacobi-Trudi matrices
(which can be viewed as a special case of this construction), this conjecture can be reduced
to Conjecture 2.0.1 — at least in the case when D is finite or when A(u,v) can be viewed as
a limit of finite cases. In particular, it will follow from our results that ordinary immanants
of these matrices are monomial positive.

Signed and Voltage Graphs

Signed graphs were introduced by Harary [24], but most of the theory we will use was
developed in a series of papers by Zaslavsky [52-57].

A signed graph ¥ = (T, ) is an ordinary? graph, T, together with an assignment of
“signs” to the edges, ¢ : E(T') = {+1,-1}.

Let V denote the set of vertices of I'. We will consider colorings x : V — Z. A coloring
is called proper when for each edge e from v to w, k(w) # k(v)¢(e). In our considerations
here, we will assume that X has no positive loops (otherwise, there are no proper colorings).
Zaslavsky’s chromatic polynomials for signed graphs come in “unbalanced” and “balanced”
(zero-free) versions:

X%(2n+1) = number of proper colorings using [—n, n]
x%(2n) = number of proper colorings using ([-n,n] \ {0})

In [52], Zaslavsky interprets signed graph colorings in terms of certain hyperplane ar-
rangements. Let ¥ be a signed graph on d vertices, labelled by [d]. ¥ can be associated
with an arrangement in R? by including the hyperplane x; = ex; if there is an edge (i, j)
with sign e. Denote the set of these hyperplanes by H[X]. It is immediate from the defini-
tion that proper colorings of ¥ exactly correspond to those points in R¢? which have integer
coordinates and lie in the complement of H[X].

Let B} denote the set of hyperplanes dual to the elements of the root system, By, of the
hyperoctahedral group, B4. Then H[Y] is a subarrangement of B}, and every subarrange-
ment can obtained in this way.

Likewise, let A%_; denote the set of hyperplanes of the form x; = x;, (¢ # j). These
correspond to positive edges which are not loops, and the duals of these in By can be
identified with the root system of &4. Ordinary (unsigned) graphs, I', on [d] correspond to
subarrangements, H[I'], of A%_, (i.e. the edges can be considered to have a positive sign).

For an ordinary graph T, there is a direct correspondence (see Greene [19] and Za-
slavsky [51]) between acyclic orientations of I' and regions of the arrangement H[I'] (the
regions into which R¢ is divided by the hyperplanes). Choosing a direction for each edge
corresponds to choosing one of the half-spaces defined by the corresponding hyperplane,
and the acyclic orientations correspond to the non-empty intersections of half-spaces.

2Zaslavsky also considers a more general situation, where L is allowed to have “free loops” and “half-
arcs.” However, these ideas are introduced to allow for deletion-contraction methods. These methods will
not be applicable to our chromatic functions, so we won’t need to consider these other ’s.
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In [57], Zaslavsky develops an orientation theory for signed graphs such that acyclic
orientations correspond to regions of H[X]. This theory involves oriented matroids and the
details are significantly more complicated than in the case of ordinary graphs. However, from
our point of view, it will suffice to just work directly with the regions of the arrangement.

The direct analogues of Stanley’s chromatic symmetric function for signed graphs would
be:

Xg=> 2% Xp=) 2" (0.3)
where the sums run over all proper colorings and zero-free proper colorings, respectively.
These are formal series in variables z;, with j € Z.

It will also be useful to consider the images of these obtained by “forgetting” the signs of
the colors. We will write |z;| = z|j|, and similarly for formal power series in these variables.
It is fairly obvious from the definitions that | X%| € Q[zo] ® Sym and |X&| € Sym. These
functions have some nice properties which are not shared by X%, X%, and are generally
speaking less cumbersome to work with.

Any of these functions can be considered analogues of Stanley’s Xr. From the point
of view of acyclic orientations and hyperplane arrangements, X3t is the natural thing to
consider, but “algebraic” results about Xr generalize more directly to | X2|.

One of the interesting results we will present is an expansion of X§ in terms of an
analogue of the fundamental basis of the ring of quasi-symmetric functions, which is directly
related to the regions of the corresponding hyperplane arrangement. We will also show a
“reciprocity” result which relates X3 and the enumerator of pairs of acyclic orientations
and compatible colorings in a way which is analogous to Theorem 1.2.4, or “geometrically
speaking,” it takes (the lattice points in) each region to (the lattice points in) the closure
of the region.

We will also derive some interesting new results for ordinary graphs which relate Xt to
some other hyperplane arrangements (apart from the usual one).

For example, if R is a region of H[+I°] (the usual arrangement plus the coordinate
hyperplanes), let neg(R) be the number of coordinates of an interior point of R which are
negative and let sink(R) denote the number of faces of R which lie in coordinate hyperplanes.
Then we have the following result:

Proposition 3.4.6 The algebra map Sym — Q[s, ] induced by
ex (148t + (s+ 82+ 4 55712
sends X to ¥ sn8(R)sink(R) yyhere the sum runs over the regions for H[+T°].

This proposition implies that certain nonnegative combinations of the cy are positive (where
Xr =Y cyey). If we set s =0, we obtain Theorem 1.2.3.

We will also consider generalizations of these chromatic functions for voltage graphs (a
generalization of signed graphs in which the edges are labeled by elements of an arbitrary
group). At this level of generality, there are analogues of the monomial and power sum
expansions of Xr, but no corresponding theory of acyclic orientations.
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Part I1

The results described in Chapters 4 and 5 were obtained in collaboration with Nantel
Bergeron and have been published in [2].

Hochschild Homology, Shuffles, and Free Lie Algebras

Let A be an associative, unital algebra over a field K and M be an A-bimodule (a two-sided
A-module). In [27], Hochschild introduces a cohomology theory for the pairs (4, M) as an
analogue of the cohomology theory for groups developed by Eilenberg and MacLane.

The cochains for this theory are C™(A4, M) = Homg(A®", M) and the Hochschild
coboundary map & = 8, : C*(A4, M) — C"t1(A, M) is given by

5f(a,1,... ,G,n+1) = @& 'f(a2,... ,an) +
Z(—l)if(al, ey @iligy ey Gngr) +

i=1

(—1)n+1f(ala v 1an) *Qn41,

where we have written f(ay,...,a,) for f(a1®a2®:--®ay). The maps 8, make C*(A4, M)
a complex, and the homology H"(A, M) = (kerd,)/(Imé,—_) is called the Hochschild co-
homology of A with coefficients in M.

It can be shown that Hochschild cohomology is a generalization of simplicial cohomol-
ogy, although the proof of this fact is quite complicated. In particular, Gerstenhaber and
Schack [12] have shown that if X is a locally finite simplicial complex, then the simplicial
cohomology H*(%, K) is isomorphic to the Hochschild cohomology H*(A, A), where A is
the incidence algebra of the poset consisting of the simplices in X, ordered by inclusion.

Hochschild homology is defined analogously. The chains are given by C,(4,M) =
M ® A®". The boundary map 8 = 8, : C,,(A, M) — C,_1(A, M) is given by

On(mla1,...,a,)) = maifay,...,a,]+

n—1

Z(—l)'m[al, ey @iy e e 5 Gp) +
i=1

(=) "anmla1,...,an-1],

where we use the “shorthand” m[ay,...,a,]for m®@a; @ - -+ ay,.

Hochschild homology and cohomology can also be defined in terms of the derived func-
tors Tor and Ext. This approach allows for a uniform development of the homology theo-
ries for groups, Lie algebras, and associative algebras (see, for example, Cartan and Eilen-
berg [5]). However, since we will be concerned with the action of &, on A®", the “classical”
definitions given above are better suited to our purposes.

Now we consider the case when A is a commutative, unital algebra over a field K of
characteristic zero and M is a symmetric A-bimodule (i.e. just an ordinary A-module).



INTRODUCTION 23

Harrison [26] introduced a different cohomology theory for commutative algebras which is
defined in terms of shuffles.

There is a (signed) shuffle product on the tensor algebra of A, TA = @,5¢ A®™, which
can be defined as follows. Let &, act on the left of A®" via -

olai,az,...,a,] = [aal_l,aaz_l, e ,aagl],
where we write [aj, - ,a,) for a1 ® - - - ® an. Then the shuffle product can be defined as
la1, a2, ...,a;] & [by, by, ..., 0] = E (-1)%0olay,...,a;by,...,b;].
o€ y;

o(1)<--<o(4)
o(t+1)<-<o(i4+7)

For shuffle products involving elements of A®? = K, we can just take the usual scalar
product. Let us write ShZ(TA) for the subspace of A®" spanned by non-trivial (¢, > 1 in
the above definition) shuffle products of two elements of TA, and let Sh%(TA) denote the
sum over all n of these. Similarly, define Sh%(TA) to be the span of non-trivial (shuffle)
products of k elements of TA. We will call these k-shuffles.

It can be shown that the set of cochains f : A®™ — M which vanish on ShZ(TA) form
a subcomplex under §. The homology of this complex is called Harrison cohomology.

We should note that this definition of Harrison cohomology is actually due to MacLane,
who was the referee of Harrison’s paper [26]. Harrison’s original definition was quite different
and is omitted from the published version of his paper. Although we will not need to consider
this original definition, we mention in the way of background that Harrison’s unpublished
manuscript [25] is fairly widely circulated and occasionally referenced in the literature. Both
definitions and a proof of their equivalence are discussed in [13].

The situation for homology is similar. M ® ShZ(TA) is a subcomplex of C.(4, M) and
the Harrison homology of A with coefficients in M is defined to be the homology of the
quotient of C,(A, M) by M ® Sh2(TA).

We note that all of these definitions make sense without the assumption that K has
characteristic zero. Barr [1] showed that, with the characteristic zero assumption, Harrison
(co)homology is actually a summand of Hochschild (co)homology (i.e. that the appropriate
subcomplexes are complemented). He also showed that this fails to be the case if the
characteristic zero assumption is dropped.

Gerstenhaber and Schack [13] and (independently) Loday [30] have shown that there
are decompositions of the Hochschild (co)homology in the commutative case:

H’n(A’ M) = Hl,n—l(Ay M) ® H2,n—2(A’ M) DD Hn,O(Aa M)
H™(A,M) = H"" YA M)® H*™ (A, M)®---® HYO(A, M)

These decompositions are obtained by a family of orthogonal idempotents eslk) in the group
algebra Q[&,] of the symmetric group, which acts on the (classical) Hochschild complexes
by trivially extending the action on A®" described above. The arguments in [13] and [30]
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are generalizations of Barr’s construction such that the first summands H; ,,—1(A4, M) and
H'™~1(A, M) are the Harrison (co)homology.

The summands H,o(A, M) and H"°(A, M) can be described in terms of differential
forms and skew multiderivations, respectively. The intermediate components have not been
well understood.

The idempotents p,(,k) = 0(65,’“)), where 8 is induced by ¢ — (—1)%¢, have been used by
Garsia and Reutenauer [8,9,33,34] to study the combinatorics of free Lie algebras. In par-
ticular, they show that the pg,,k) give projections into the direct summands of the symmetric
algebra of the free Lie algebra, making explicit the Poincaré-Birkhoff-Witt theorem.

We will use free Lie algebras to study the decompositions of Hochschild (co)homology.

Harrison (co)homology is defined in terms of shuffles. In Section 4.3, we will see that
all of the components of the decomposition can be described by generalizing to k-shuffles:

Hin-k(A,M) = H,(M®Shi(TA)/p1 @ spk+1(TA)) (0.4)
Fkin—Fk (A, M) H,(Homg (Sh¥(TA), M)/HomK (Shf+1 (TA), M))

14

In particular, we have a nice characterization of @;?:1 H¥™=i(A, M) as the cohomology of
the Hochschild n-cochains which vanish on (k+1)-shuffles. Section 4.3 is (essentially) taken
from Wolfgang [50]. (0.4) has been shown independently by Ronco [35] and by Sletsjge [38].

In Section 4.4, we show that the complex C(y) defining Hy,.—k(A, A) is the k-th shuffle

power of C(;). The same methods are used to show that the eslk) are the projection maps for
a dual, graded version of the Poincaré-Birkhoff-Witt theorem due to Hain [23]. This gener-
alizes what Hain has shown for es.l) and gives an intuitive explanation for the relationship

(k) (k)

between the ey’ and the pr~.

Gerstenhaber Operations

The Hochschild cohomology H*(A, A) is endowed with two Gerstenhaber operations: a
graded commutative cup product and a graded Lie bracket. For the sake of clarity, we should
mention that the word “super” is also commonly used to describe the graded analogues of
various structures (as in “super Lie algebra”). In the present thesis we will use the more
descriptive word, “graded.”

Although the cup product is used in Hochschild [28], most of the interesting properties
are due to Gerstenhaber [11] — this is our reason for calling these Gerstenhaber operations.
In [13], Gerstenhaber and Schack ask if these operations are graded with respect to the
decomposition, i.e. does one have H(W) U H®) ¢ HU+k) and [HU), H®)] C HU+E-1)| where
H®) = @, H"—F(A, A)?

In general, the answer to this question is “no”. In Section 5.3 we will give counterex-
amples. The products are, however, filtered with respect to H (<k) = ®ji<kH (), as we will
show in Section 5.1. That is, H®) U H® C H(Si+k) and [HU), H*¥)] C H(Si+k-1)| The
intuition here is that the projections of f U g and [f,g] into the smaller components of
the decomposition should be viewed as “error terms”. We will relate these operations on
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cohomology to certain operations on words and show that the error terms above are related
to the “error terms” obtained from writing an arbitrary product of Lie elements in terms
of symmetrized products of Lie elements.

Equivalently, one can say that F, = ®"Zq H*"(A, A) are ideals for the cup product and
the Lie bracket in H*(A, A), with

FpUFq € Fptg

[fpafq] - -7:p+<r

The results for the cup product were conjectured in this form in [14,15]. These results
generalize results in [13] for the Harrison component and Fj.

Somewhat stronger statements can be made for the Harrison component. For example,
we show that the H*) are H(1)-modules under the bracket action.

In Section 5.2, we examine the behavior of the Gerstenhaber operations for a (not
necessarily commutative) algebra with an involution. We obtain a decomposition into two
parts for which the cup and Lie products are Z /2Z-graded.

A paper by Sletsjge [38] incorrectly asserts that the Gerstenhaber operations are graded
with respect to the decomposition. This is discussed at the end of Section 5.1.
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Chapter 1

Stanley’s Chromatic Symmetric
Function

1.1 Symmetric Functions

In the first part of this section, we will review some of the properties of symmetric functions
and representations of the symmetric group which we will need in the sequel. Proofs of
these facts and a more complete development can be found in Macdonald [32].

Let Sym = Sym(z;,z3,...) denote the ring of symmetric functions in the variables
{zy,x,, ...} with rational coefficients. More generally, we will write Symp, for the symmetric
functions with coefficients in (some ring) R. The homogeneous component of Sym consisting
of functions of degree n has several natural bases indexed by partitions of n. A partition
of n with k parts is a k-tuple of positive integers A = (Ay,...,Ag) with A; > -+- > Ag and
A1 + -+ + Ax = n. In this case, we will write A F n, |A| = n, and £()A) = k. We will let
{ex}, {hr}, {pr}, {m»}, {M,}, and {s,} denote, respectively, the elementary, complete,
power sum, monomial, augmented monomial, and Schur function bases of Sym, which can
be defined as follows.

The most “obvious” basis of Sym is the monomial basis, defined by letting m) be the
sum of all monomials whose exponents are given by A. It is sometimes more convenient to
work with the augmented monomial basis, given by

~ A A2 Ak .
my = Z Ziy Tip ° xik - (H r,!)m)‘,
(51432400 42) i
11,22,... g distinct

where r; denote the multiplicity of 7 as a part in A.

29
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If we let (for any n € P)

en= D TiTipeTi,
11 <12<<1pn

hy, = Z TiTiy *Tiy,s
ilsi2s...sin
Pa=al +af+af oo,

then it can be shown that Sym is a polynomial algebra, and any of the sets, {e;}, {h;}, {pi},
can be taken to be a set of generators. The elementary, complete, and power sum bases are
defined to be the corresponding sets of monomials in these: ey = ey, - - -ey,, etc. We will
employ the usual convention and let eg = hg = 1.

The reason for calling {h)} the complete basis is that

hp, = Zm,\.

AFn

The generating functions for the e,’s and h,’s are given by

E(t) = i ent” = ﬁ(l + z;t) (1.1)
n=0 =1

and H(t)= f: hnt™ = ﬁ(1 —z;t)7L (1.2)
n=0 =1

These are related to the power sum symmetric functions via

-1 i—lti ti
log E(t) = zp;(—zi—, log H(t) = Zp,?. (1.3)
i>1 i>1

There are many ways to define the Schur functions. For our purposes, the most conve-
nient definition will be the “combinatorial” one in terms of semi-standard tableauz. A semi-
standard tableau for the partition A is an arrangement of positive integers in left-justified
rows of lengths given by the parts of A, such that the integers are weakly increasing in
each row and strictly increasing in each column. X is called the shape of the tableau. For
example, a semi-standard tableau of shape (4,4, 2) is given by:

strictly increasing
T

4|6

213(4(4 — weakly increasing

112]2|3

(Another common convention is to draw these so that the columns read downwards.) The
Schur function sy is the sum over all semi-standard tableaux of shape A of the corresponding
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monomials (the product of the variables corresponding to the entries in the tableau). The
set of squares of shape A into which these entries go is called a Young diagram or Ferrers

board.

If u - n and v F m are partitions of n > m satisfying u; > v;, then we can consider the
skew shape, u/v, obtained by removing the Young diagram for v from the Young diagram
for p. Fillings of these shapes which increase weakly in rows and strictly in columns are also
called semi-standard tableaux, and the sum over all these of the corresponding monomials
is called a skew Schur function, and is denoted s,/,. An example of a semi-standard tableau
of shape (4,4,2)/(2,1) would be:

[4]4
2[2[4].
13

It will be convenient to use the notation ¢y = (—1)"\|—£(’\) and z) = []; ¢"r;!, where r;
(as above) is the number of times ¢ appears as a part of A.
There is an involution w on Sym, which can be defined by any of the following conditions:

w(er) = hy, w(sy) = sn, w(pr) = expa.

Here, A’ denotes the conjugate shape to A, which can be defined by reflecting the Young
diagram across the principal diagonal (i.e. exchanging the rows and columns).

Sym is related to the representation theory of the symmetric groups via the characteristic
map, which gives an isomorphism between the space of class functions on &, and the
homogeneous elements of Sym of degree n:

1
Ch(X) = m Z X(a)ptype(u)a
) €S,

where type(o) is the cycle type of o (the partition whose parts are the lengths of the cycles
of o). There is a one-to-one correspondence between the conjugacy classes of G,, and the
cycle types of the permutations in each class.

We will also need to make use of some identities involving the so-called Cauchy product:

H(l - ziy;)” Z 2y 'pa(z)pa(y)
= me(w ha(y) =Y ha(z)ma(y) (1.4)
A A
= _s\(2)s(v)
A

Appropriate applications of the involution w can be used to derive the following:

[T+ ziys) =3 ma(z)ea(y) = Y ex(z)ma(y) (1.5)
A A

Y
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A consequence of (1.4) is that Sym possesses an inner product satisfying

(S,\, sp.) = (m/\, hu.) = (hm m)x) = 5Au (16)
(P/\apu> = 2;16)\;4- (1.7)

In terms of this inner product, the character table of &,, can be given by the Frobenius
formula:

XA (0‘) = (skaptype(o» (18)

The Quasi-symmetric Functions

The quasi-symmetric functions introduced by Gessel [16] are defined to be formal series
F(z1,%3,...) such that the coefficients of the monomials =272 ---z;* and 2§ 232 ---2*
are equal when 7y < --- < i, and j; < ---jk. We will denote the ring of quasi-symmetric
functions (with rational coefficients) by QSym and the subspace consisting of the homoge-
neous elements of degree d by QSym,. The fundamental basis {Qsq4|S C [d—1]} of QSym,
is given by

Qs,d = E Ta1Tay " Tay-

a1<a2<<ag
a;i<aiyy if 1€S
We will just write Qs when d is understood by context. Note that Qp 4 = hq and Q[4_17,4 =
€d.
QSym is a ring, and the product can be described in terms of the fundamental basis as
follows:

Qs4dQs'a =Y, QT dtd

where the sum runs over all rearrangements of the word a; - - -agb, - - - by which preserve the
order of the a;’s and the order of the b;’s (i.e. shuffles), and the corresponding subset T is
the set of i’s such that the letters in the ith and (i + 1)st positions are

arar+y with k£ € S,
brbr41 with k € S/,
or b;a; (any 1, j).

There is an involution on QSymg, defined by w(Qs,4) = @z, (Where S=[d-1]-29).
This involution extends the involution on Sym.
QSym has another basis,

Msa= ).,  To&a,- " Tay
a;<ai41 if i€S
ai=0i4; if i¢S
Note that

Qs = Y Mr, and hence Mg =) (-1)IT=181Q,.
T3S T2S
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An elementary calculation shows that

w(Msg) = (=) (=)' 3" My, (1.9)
TCS

The Hopf Algebra Structure of Sym

In Section 1.3, we will make use of the Hopf algebra structure of Sym. This structure and its
relationship to the representation theory of &,, are studied in great detail in Zelevinsky [58].
Our brief presentation here is based on some lectures given by Sergey Fomin in Gian-Carlo
Rota’s class on Hopf algebras at MIT during the spring of 1994.

Consider the ring Sym(x,y) = Sym(z1, 3, Z3,...,Y1,¥2,-..), i.e. replace the variables
by the union of two countable sets of variables. Any element of this ring must be invariant
under permutations of the z;’s or the y;’s (separately), so in particular, Sym(x,y) can
be viewed as a subspace of Sym ® Sym. On the other hand, any countable set of variables
defines the same ring of symmetric functions, i.e. Sym(x, y) is isomorphic to Sym. So, given
an element of F € Sym, we can consider F(zy,%2,...,¥1,Y2,---) and this can be written
as a sum

Y Fii(en, e )Py, v, - -),
:

where each Fj; and F;; are symmetric functions.
The map F — Fy; ® F;,; defines a coassociative coproduct

A :Sym — Sym ® Sym .

It is easy to see that A is an algebra map from this definition, and with this coproduct and
the usual product, Sym becomes a commutative, cocommutative Hopf algebra.

The following properties are fairly straightforward to verify from the definition of the
coproduct given above.

Proposition 1.1.1

Api=pi®1+1Qp;i (1.10)

Ae, = Ze,- ® en—; (1.11)
1=0

Ah, = Z h; ® hy_; (1.12)
1=0

Amy= > m,®m, (1.13)

A=uUp

Asy = Zs,‘@s)\/u (1.14)

"

In the usual terminology associated with Hopf algebras, (1.10) says the the p;’s are
primitive, and (1.11) and (1.12) say that the e;’s and h;’s are divided powers.
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1.2 Stanley’s Chromatic Symmetric Function

In this section, we will examine some of the details of Stanley’s results concerning chromatic
symmetric functions which we will need in later sections.

Recall that for any graph I' = (V, F), Stanley’s chromatic symmetric function is defined
to be

Xr= ) &* (1.15)

K proper

where the sum runs over all colorings k : V' — P such that adjacent vertices are colored
differently (proper colorings) and z* = [[,ev Zy(v)-

Stanley’s power sum expansion of Xr in terms of the bond lattice of I' will play an
important role in the next section, and in Chapter 2, where it will allow us to express
questions involving monomial immanants in terms of chromatic symmetric functions. In
Chapter 3 we will generalize this result to voltage graphs.

Theorem 1.2.1 (Stanley [41, Thm. 2.6])

Xr= ) p(0,m)Peype(r)-
nE€Lp

Proof: If m € Lr, let
Xpr=) ", (1.16)

where the sum runs over all colorings & : V — P which are monochromatic on the blocks of
7 but color adjacent vertices in different blocks differently.

For any map k : V — P, there is a unique ¢ € Lr such that x is one of the colorings
enumerated by X, (i.e. the blocks of o are the connected components of the subgraphs
on which x is monochromatic). So, for any # € Lr, the sum of all colorings which are
monochromatic on the blocks of = is

Ptype(n) = Z Xo.
o>x
Mobius inversion implies that

Xr = Z ptype(o)“(ﬂ-a 0')-

o>

For 0 € Lr (the partition with one vertex per block), X5 = Xr, and the theorem follows.
a

Stanley gives another power sum expansion of Xr in terms of subsets of the edges.
The proof uses a similar Mobius inversion argument (in this case, just ordinary inclusion-
exclusion).
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Theorem 1.2.2 ([41, Thm. 2.5]) If S C E, let A\(S) denote the partition whose parts
are the verter sizes of the spanning subgraph of I with edge set S, then

Xr=)Y, (—1)IS|P,\(S)-
SCE

Some of the most interesting results and open questions about Xr concern the expansion
in the elementary basis. Let

Xr = ZC)\G,\.
AHd

Theorem 1.2.3 (Stanley [41, Thm. 3.3]) Let sink([',j) be the number of acyclic ori-
entations of I' with j sinks. Then

sink(T', j) = Z Ch.
A-d
{N)=j
Another connection between X and the acyclic orientations of I is given by the following
“reciprocity” result.

Theorem 1.2.4 (Stanley [41, Thm. 4.2])

wXr = E z"
(0,x)

where the sum runs over pairs (0, k) of acyclic orientations and colorings satisfying k(u) <
k(v) if (v, u) is an edge of o.

We will see later that these results have a common generalization (Theorem 1.3.9 below).

We will briefly outline Stanley’s proof of Theorem 1.2.3, since we will make extensive
use of some of the intermediate steps.

If P is any poset, let Xp denote }_ z* where the sum runs over all strictly order pre-
serving maps £ : P — P and z* = [lvep Tx(v)- A proper coloring « of I' defines a unique
acyclic orientation o by directing a edge e with ends v and w towards the vertex with a
smaller color. Then & is one of the maps appearing in the definition of X5, where o denotes
the transitive closure of 0. Note that 7 is a poset. So it follows that

Xr=)_Xs (1.17)
0

where the sum runs over all acyclic orientations of I'. It follows that Xr has the following
expansion in the fundamental quasi-symmetric basis:

Xr=Y_ >, oL (1.18)

o eLl(d)
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where £(0) denotes the Jordan-Hélder set of 5, and D(a) denotes the descent set of a per-
mutation. (Stanley shows that for any poset P, Xp has such a quasi-symmetric expansion
in terms of L(P).)

Stanley defines the following map on QSym,:

tt-1)7, fS={i+1,i+2,...,d-1}

1.19
0, otherwise. (1.19)

0(@s4d) = {

A crucial step in Stanley’s proof of Theorem 1.2.3 is the following result.

Lemma 1.2.5 (Stanley [41]) For any (finite) poset P, ¢(Xp) = t™, where m is the
number of minimal elements of P.

In particular, ¢(Xz) = t"k(°), where sink (o) is the number of sinks of 0. So Theorem 1.2.3
follows from applying ¢ to (1.17), and calculating that p(ey) = ¢,

Although Stanley doesn’t mention this, the following lemma can be seen by considering
the characterization of the product on QSym discussed in Section 1.1.

Lemma 1.2.6 ¢ is an algebra map on QSym.

We close this section with a list of some of the results and conjectures involving the e-
positivity and s-positivity of specific families of graphs, and a related condition considered
by Stanley.

Theorem 1.2.7 (Gasharov [10]) If P is a (3 + 1)-free poset, then Xi,.(py is s-positive.

Conjecture 1.2.8 ([42, Conj. 1.4]) If ' is clawfree (i.e. has no induced subgraph iso-
morphic to K;3), then Xt is s-positive.

Conjecture 1.2.9 ([43, Conj. 5.5], [41, Conj. 5.1]) If P is a (3 + 1)-free poset, then
Xine(P) 18 e-positive.

In [42], Stanley considers graphs I' which have the property that if ' has a stable
partition of type A and x < A in the dominance order, then I' has a stable partition of type
1. He calls such graphs nice, and presents the following two results as evidence in favor of
Conjecture 1.2.8.

Proposition 1.2.10 ([42]) IfT is s-positive, then I' is nice.

Proposition 1.2.11 ([42]) A graph I' and all of its induced subgraphs are nice if and only
if T is clawfree.

In the next section, we will present some analogous evidence in favor of Conjecture 1.2.9.
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1.3 Various Images of Xt

In this section, we will consider the images of X1 under certain naturally defined algebra
maps and discuss some related results.

Let U* denote the k-th convolution power of the identity map, i.e. the composition

®k-—1 duct
Sym 2~ Sym® P gum,

where A is the coproduct discussed in Section 1.1. In particular, it follows from (1.10)
that U*(p;) = kp;. If F € Sym, then F can be viewed as a symmetric function in
{Z1,Z2y-.- yY1,Y2y-++ -+ 21,22,...} (the union of k countable sets of variables). Then
U*(F) is the image of F(21,%2,...,Y1,Y2y++- .-+, 21,22, -..) under the (algebra) map in-
duced by mapping all of the variables z;,y;,...,2 to z; (for each i). It follows that ¥
is an algebra map. More generally, the convolution product of any two algebra maps on a
commutative Hopf algebra is again an algebra map (see, for example, [31, App. A]).

U* also has a fairly elegant description in terms of the generating function for the e;’s
(which can be easily seen from (1.3)):

U*(E(q)) = (E(g))". (1.20)

We can define an algebra map ¥® : Sym — Symgp; which specializes to U* when ¢t = k

by letting U py = t!(M)p,. We will be particularly interested in the coefficients of e, in ¥*,
so it will be useful to consider the polynomials cy(t), defined via the expansion

\I/(t)Xp = Z ea(t)en.
A

An interesting fact about these polynomials is given in the following proposition.

Proposition 1.3.1

Y a®) = (-1)%r(-t)
A

Proof: If k is a positive integer, then it follows from (1.20) that the sum of the e) coefficients
in Wk(e;) is (¥*i7!). Viewed as polynomials in k, (1 = (=1)i(7F). 1t follows that for
any pu - d, the sum of the ey coefficients in W*(e,) is given by (—1)*[]; (;f‘) Also, the
specialization of e, at 1¥ (ie. 2 =22 =+ =2 =1, 2py1 = Tpya = ---=0) is [[; (:.)
So we have, in fact, that for any homogeneous symmetric function F of degree d, the
sum of the ey coefficients in ¥*(F) can be found by specializing F at 1%, replacing k by
—k, and multiplying by (—1)?. The equality of the polynomials in the statement of the

proposition follows from the fact that they are equal whenever ¢ is replaced by a positive
integer. O

If we expand wp,, in the elementary basis:

wpy = Zdu,/\e)n
A
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then d, \ # 0 if and only if A is a refinement of u (i.e. the multiset of parts of A can be
obtained by taking partitions of each part of x), and if d,, ) # 0, its sign is (—1)4N)—4x),
This can be seen from (1.3), or more explicitly from a geometric interpretation due to
Stembridge (apply w to the expansion in Proposition 2.1.8).

So the following lemma can be obtained from the power sum expansion of Xr in The-
orem 1.2.1 (in particular from the fact that the coefficient of wp) in Xr is positive when T’
has a connected partition of type A and is zero otherwise).

Lemma 1.3.2 The polynomial c)(t) has alternating coefficients. The coefficient of t* has
sign (—1)%N=i. ¢,(t) has degree less than or equal to £()\), with equality if and only if T
has a connected partition of type M.

The preceding considerations lead naturally to the following result, which gives a con-
dition which must be satisfied in order for a graph to be e-positive.

Proposition 1.3.3 If Xt is e-positive, and I' has a connected partition of type A, then T’
has a connected partition of type u for every p which is a refinement of A. In particular, a
connected, e-positive graph must have a connected partition of every type.

Proof: Since Xt is e-positive, ¥* X must be e-positive for every positive integer k. This
can be seen from (1.11) or (1.20). If, for some A, ¢)(¢) had a negative leading coefficient,
then for large k, c)(k) would be negative. So, for each A I d, c)(t) must either have a
positive leading coefficient or be identically zero.

Suppose I" has a connected partition of type X, but for some refinement i of X, I' has no
connected partition of type ji. Among the partitions which are refinements of X but are not
the types of connected partitions of I', choose a maximal one (with respect to refinement),
. Let X be a partition which lies between x and ) in the refinement order, and covers u (i.e.
¢ can be obtained from A by splitting one of the parts of A into two pieces). In particular,
£(pu) = £(A) + 1. The maximality of u implies that I' has a connected partition of type A.

We claim that the leading coefficient of c,(t) is negative. This follows from Lemma 1.3.2
and the remarks preceding it. The coefficient of t*(*) in ¢, (t) is zero since I' has no connected
partition of type u. But the coefficient of t4#)~1 = (%) is nonzero (and hence negative)
since the coefficient of wpy in Xt is positive. This is a contradiction, so the proposition
follows. O

Proposition 1.3.3 can be used to show that many graphs are not e-positive. For example,
the “claw”, K3, has no connected partition of type (2,2). Figure 1.1 depicts an example
of a non-e-positive, clawfree graph given by Stanley [41]. This graph is connected, but has
no connected partition of type (3, 3).

However, the converse of Proposition 1.3.3 is false. For the graph in Figure 1.2, for
example, ' has a connected partition of each type, but

Xr = Ter + 1lee1 + 3esg + 17e43 + 4es11 + 10e421 + 10e33; — 3eazs + 4e3211 + e2221-
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Figure 1.1: Stanley’s example of a non-e-positive clawfree graph.

Figure 1.2: A non-e-positive graph with a connected partition of each type.

Proposition 1.3.3 shows that the property:

If T has a connected partition of type A and p is a refinement of A,

then T has a connected partition of type p. (1.21)

is (at least roughly speaking) an analogue of “nice” (as discussed at the end of Section 1.2)
for e-positivity. Since clawfree graphs are exactly those for which every induced subgraph
is nice (see Proposition 1.2.11) and are conjectured to be s-positive, it’s natural to at least
ask whether a graph for which every induced subgraph satisfies (1.21) might have to be
e-positive. When applied to all induced subgraphs, the property (1.21) can be simplified,
and we can ask the following question instead.

Question 1.3.4 Is there a non-e-positive graph with the property that any connected sub-
graph can be split into two blocks of arbitrary sizes?

The following result shows that Conjecture 1.2.9 is at least consistent with Proposi-
tion 1.3.3, since any graph which has a Hamiltonian path trivially has a connected partition
of each type. The fact that every indifference graph (an incomparability graph of a poset
which is (3 4+ 1)-free and (2 + 2)-free) possesses a Hamiltonian path follows trivially from
the characterization of these posets discussed in the introduction.

Proposition 1.3.5 If P is a (3 + 1)-free poset, then every connected subgraph of inc(P)
has a Hamiltonian path.

Proof: Note that a subgraph of inc(P) is the incomparability graph of an induced subposet
of P, which is clearly (3 + 1)-free if P is. Let P be a (3 + 1)-free poset with n elements,
and assume inc(P) is connected. By induction, we may assume that the proposition is true
for smaller posets.

Let P be a path of maximal length in inc(P), and suppose that P does not contain
every vertex. Then there is another vertex u which is adjacent to at least one vertex of P.
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By the inductive hypothesis, P must contain n — 1 vertices, denote them by vyvg - -v,_;.
The ends, v, and v,—_1, cannot be adjacent to u, otherwise we could attach u at one of the
ends to get a longer path. They also cannot be adjacent to each other, otherwise we could
get a path wv; ---v,_yv; -+ -v;_; for any v; adjacent to u.

If v; is any vertex which is adjacent to u, consider v;_; and vj41. If v;4; were adjacent
to u, then v; - - - v;uvjyy -+ - v5—; would be a longer path. Similarly, v;_; cannot be adjacent
to u. So v;j—1 and vj4; are both comparable to u in P. If v;_; and vj4; were comparable
to each other, then {u,v;_1,v;41} would be a chain of 3 elements, all incomparable to v;,
which would contradict the assumption that P is (3 + 1)-free. So v;_; and v;4; must be
adjacent.

Let v;,,vj,,...,v;, be all the vertices of P which are adjacent to u. By the argument
above, the sequence obtained by omitting them, vy ---9;; -+ -0, -+ 0j, -+ -vy_1, is a path in
inc(P). The elements of this sequence must be either all less than » or all greater than
u, otherwise two consecutive elements would have to be comparable (not adjacent). In
particular, since every element of P which is comparable to u is in this sequence, u cannot
lie in the middle of any three element chain. In other words, u is either minimal or maximal.

Now, since v; and v,_; are comparable, one of them must lie in the middle of a three
element chain with the other and u. Without loss of generality, assume this is v,,_;. The

vertices vy, V2, ..., Un—2, % form a connected subgraph which must have a Hamiltonian path
P’ by the inductive hypothesis. Repeating the argument above with P’ and v,_; yields a
contradiction. ]

In light of this result, a natural question to ask is the following.

Question 1.3.6 Is there a non-e-positive graph with the property that every connected sub-
graph has a Hamiltonian path?

It is possible to have a non-e-positive graph I' such that I' itself has a Hamiltonian path.
For example, the two non-s-positive graphs discussed in [42, Section 1] have connected
components which are not e-positive but have Hamiltonian paths. In both of those examples,
the graph contains a claw. We do not know of an example of a clawfree, non-e-positive graph
which satisfies (1.21).

We will now consider the image of Xr under a more general algebra map. Let
© : Sym — Sym(zy, 22, Z3,. .. ,Y1,Y25--+)

be the algebra map induced by first replacing the set of variables {z;} by variables indexed
by P x P, {z(;;}, and then sending z(;; to z;y;. This sends the generating function
E(t) = [L;(1 + z:t) to IT; ;(1 + z;y;t), so it follows from (1.5) that © is the algebra map
induced by

er > Ze)‘(x)m,\(y) = Z my(z)ex(y)-

Ak Mk
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Theorem 1.3.7 The algebra map induced by ex — Y 5 ma(z)ex(y) sends Xt to

3 X Xr (@)= D Myypeim) (¥) X1, (2)
m€Lr mell(V)

where X, is defined as in (1.16).

Proof: Using the definition of © we began with, it follows that ©(Xr) can be computed
by considering the colorings of the vertices of I' by ordered pairs (¢, j) such that adjacent
vertices are colored with different ordered pairs, and then associating the coloring with the
monomial [], Z,, (v)Yx,(v)» Where k1 and k3 denote the projections of the coloring map into
the first and second elements of the ordered pairs.

Consider all the proper colorings by ordered pairs where the second element of each pair
is specified. If 7 is the partition of the vertices whose blocks are the sets with the same
second element, then the choices of the first elements correspond exactly to the colorings
enumerated by X, (z). Le. in order for the coloring to be proper, the first elements for
adjacent vertices need to be different when the second elements are the same.

If we first choose an arbitrary partition of the vertices, 7, and assign distinct second
elements to each block, we obtain the equality of ©(Xr) and the expression on the right.

If we first choose an arbitrary assignment of second elements, then (as in the proof of
Theorem 1.2.1) there is a unique = € L such that this assignment corresponds to a coloring
enumerated by X,;. As was noted in the proof of Theorem 1.2.1, the blocks of 7 are the
connected components of the subgraphs on which the assignment is constant. In particular,
if o is the partition of the vertices whose blocks are the sets where the assignment of second
elements is constant, then I'|, and I'|, are actually equal. It follows that ©(XT) is equal to
the expression on the left. O

It follows easily from the definitions that composing © with the specialization the y
variables at 1* yields the map W¥*. So specializing the y variables at (an arbitrary) 1% in
Theorem 1.3.7 yields the following formula for ¥(®) Xp..

Proposition 1.3.8

vOXr = Y X, () Xy,
1I’€L1"

If we apply the map ¢ defined by (1.19) to the y variables in @(Xr), then Theorems
1.3.7 and 1.2.3 imply the following result.

Theorem 1.3.9 The algebra map induced by ex — Y t*Mmy sends X to

E Z mtype(ﬂ)tj sink(L|, 5),

well(V) Jj

where the first sum runs over arbitrary partitions of the vertices, and I'|, denotes the re-
striction to edges whose ends lie in the same block.
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Theorem 1.3.9 can be viewed as a common generalization of Theorems 1.2.3 and 1.2.4.
If we set t = 1, the map above is just the standard involution w, and it is not difficult to see
that this interpretation of wXr is equivalent to Stanley’s reciprocity result (Theorem 1.2.4).
And if we evaluate the variables (z1,%32,%s3,...) in the image at (1,0,0,...), we recover
Theorem 1.2.3. In Section 3.4, we will see that other specializations of Theorem 1.3.9 have
interpretations in terms of certain hyperplane arrangements.

Since a product of monomial symmetric functions is monomial positive, Theorem 1.3.9
implies that certain nonnegative linear combinations of the c)’s must be nonnegative (where
Xr = Y cxen). We know of no such inequalities (satisfied for all graphs) other than what
is implied by Theorem 1.3.9.



Chapter 2

Monomial Immanants

The bulk of this chapter will be devoted to discussing the following conjecture, and in
particular, proving that it holds for some particular families of partitions, A.

Conjecture 2.0.1 ([46, Conj. 5.2]) Let sj; j € Z&,, denote the sum of all permutations
of {i,i+1,...,7} and Il denote the set of all finite products of the sj; j’s. Then VA F n,
¢*(7) > 0 for all w € T1.

It follows from results in Stembridge [46] that Conjecture 2.0.1 holds when A = (r¥), (n—
1,1), or (2,1"72). In Sections 2.2, 2.4, and 2.5, we will show that this conjecture also holds
in the cases when X = (4, 7), (r,1"7), or (2F,19).

In Section 2.1, we will develop the tools that will be used in later sections. In particular
we will discuss the lattice path interpretation of Jacobi-Trudi matrices which motivates our
techniques. This interpretation was used by Gessel and Viennot to give a combinatorial
proof of the Jacobi-Trudi identity, and by Greene to prove the following theorem.

Theorem 2.0.2 (Greene [20]) x*[H,,] is m-positive.

These considerations show that Conjecture 2.0.1 implies the following corresponding
statement for monomial immanants. This was Stembridge’s motivation for making Conjec-
ture 2.0.1.

Conjecture 2.0.3 ([46, Conj. 4.2(b)]) ¢*[H,,,] is m-positive.

In particular, our results show that Conjecture 2.0.3 holds when A is in one of the families
mentioned above. Section 2.1 also contains a proof that if Conjecture 2.0.1 holds for A, then
it holds for (mA;, mAg, ..., mAg).

In Section 2.6, we will discuss a more general conjecture made by Stembridge concerning
digraphs with certain path-intersection properties. In particular, we will show that this more
general conjecture is also implied by Conjecture 2.0.1.

43
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2.1 Skeletons

Rather than defining skeletons directly in terms of the 8[i,j1'8, we will use the following
“geometric” definition.

2.1.1 Definition: A skeleton (of order n), S, is a planar, finite, acyclic digraph (where
multiple edges are allowed and distinguishable), together with linear orderings of its sources
and sinks, which satisfies several conditions. The vertices of S consist of n sources of
valence 1 (labelled uy,us,...,u, according to the ordering), n sinks of valence 1 (la-
belled vy,vs,... ,v, according to the ordering), and any number of “internal” vertices with
in-valence = out-valence. There is an embedding ¢ = i1x X ¢y : S — R? with the following
properties:

o The embedding is planar (edges intersect only at vertices).

e There are real numbers x; < xg such that the sources are embedded on the line x = x;
and the sinks are embedded on the line x = x3. The y-coordinates of the sources,
ty(u1),ty(u2), ..., ty(un), form a strictly increasing sequence, as do the y-coordinates
of the sinks.

e Every edge from w, to wy is embedded as a curve which moves strictly left-to-right
from ¢(wy) to ¢(ws), i.e. the edge is embedded as the graph of a function on the interval

[ex(w1), ex(w2)]-

We will usually want to assume that the internal vertices are embedded with distinct
x-coordinates, so that they are linearly ordered. We will also usually want to assume that
the y-coordinates of u; and v; are equal. However, any embedding can be deformed to
achieve either of these conditions, and the extra generality will be convenient.

For any skeleton S of order n, we can consider families, F, of n paths whose union
contains each edge of S exactly once. These conditions imply that each path begins at a
source of S and ends at a sink. So, any such family defines a permutation o € &,, via
or 1 — j if some path in F' goes from u; to v;. Let

(S)y=> or €6, (2.1)
F

where the sum runs over all such families of paths, and let Z[S] denote the image of (S)
under the map o = pyype(s). We will call Z[S] the cycle indicator of S.

In Section 2.1.2, we will show that for any skeleton, (S) factors as a product of s; ;;'s.
Since prype(o) = 2oa #*(0)hy, it follows that the (conjectured) nonnegativity of ¢* on prod-
ucts of sj; ;1’s is equivalent to the following statement:

Conjecture 2.1.2 (Reformulation of Conjecture 2.0.1) For any skeleton S, the cycle
indicator Z[S] is h-positive. Equivalently, wZ([S] is e-positive.
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Figure 2.1: A family of lattice paths enumerated by [H(44,4)/(2)]

2.1.1 Jacobi-Trudi Matrices and Lattice Paths

In this section, we will discuss an interpretation of the terms in

n

[Hu,/u] = Z (H h(m—i)—(u,'.—a,‘)) ' a—l (22)
0c€G, \i=1

as generating functions for certain families of lattice paths and the role these lattice paths

play in the work of Gessel and Viennot [17], Goulden and Jackson [18], and Greene [20].

The exposition here is essentially equivalent to the treatment in [20].

Consider Z X Z as a digraph with edges from (¢, ) to (3,5 + 1) (“north”) and from (%, 5)
to (i4+1,7) (“east”). Assign a weight of z; to the “east” edges from (¢, j) to (i + 1, j) when
j > 0, and a weight of one to all of the other edges. Let the weight of a path be the product
of the weights of its edges.

Let us consider paths from (i, 1) to (i + k,00) (Where this means infinite paths which go
to infinity along the line z = ¢ + k). The enumerator of the weights of such paths is

Z Ti Tip iy, = hg.
11 <ip <<t

Let P, = (v; — 1,1) and Q; = (pi — ¢,00). It follows that the product

| | [P —

i=1
enumerates families of n paths, where the i-th path goes from F,, to ;. An example is

shown in Figure 2.1. We will say that this family is associated with o~!. Since this product
is the coefficient of o~1, we have

[H v] = Enumerator Of sets Of paths fI'OIII R to QO’:‘ g 23)
i
oc€Gn
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If F is a family of paths appearing in (2.3), let @ = ar denote the multiset of edges
appearing in the union of the paths. Following Goulden and Jackson [18], we will call arx
the diagram of F. The crucial first step in Greene’s proof of Theorem 2.0.2 is the analysis
(due to Goulden and Jackson [18)]) of the families of paths which have the same diagram,
a. The terms in equation (2.3) can be regrouped according to their diagram to obtain

[Hup] =) fale) (2.4)

where f, is the weight of a (the product of the weights of the edges, including multiplicities)
and (@) denotes the sum of the permutations associated with all families of paths whose
diagram is c.

Each diagram a is associated with a subdigraph of Z X Zin the obvious way. Let & denote
the digraph obtained from this as follows. Replace edges with multiple (distinguishable)
edges according to how many times they appear in the multiset o and remove vertices with
in-valence = out-valence = 1, joining the edges. Also add the vertices @; (they are now
vertices, rather than limits of infinite paths). It is clear that the natural embedding of & in
the plane can be deformed to match the conditions of Definition 2.1.1. So & is a skeleton.

Let m(e) denote the multiplicity in a of the edge e and let M(a) = [I. m(e)! (the
product running over all the edges). The families enumerated by (@) each correspond to
families enumerated by (a), but the process of making the multiple edges distinguishable
introduces a factor of M(a) so that (&) = M(a)(a).

Now it can be argued that (&) factors as a product of sj; ;’s. We will postpone this
argument until the next section (Proposition 2.1.6) in order to introduce more terminology.

Combining everything together, we obtain the expansion of Goulden and Jackson [18]

(Hupl =Y faﬁ@ (2.5)

where each (@) is a product sfi; ;,1S[iz.52] * * * Slixsis]*
This shows that Theorem 2.0.2 can be reduced to the following statement, conjectured
by Goulden and Jackson and proved by Greene.

Theorem 2.1.3 ([20]) For any intervals [ig, j¢] C [n] and any irreducible character x*,

A
X" (Sfiyga] * ** Sikainl) 2 0-

As was mentioned in the introduction, Greene derives Theorem 2.1.3 by proving the follow-
ing stronger result.

Theorem 2.1.4 ([20, Thm. 1.3]) If[3,j] C [n], let pA(sj;,;) denote the matriz represent-
ing s; ;) in Young’s seminormal representation of Gy, indered by \. Then every entry of
the matriz p,\(s[,-,j]) is nonnegative.
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Gessel and Viennot’s [17] combinatorial proof of the Jacobi-Trudi identity is equivalent
to the following observations. The sign character vanishes on any product sy, ;i1 S[i, ]
in which one on the intervals has more than one element. Hence, the surviving contributions
to det H,/, come from non-intersecting families of paths. Finally, non-intersecting families
of paths correspond directly to semi-standard tableaux of shape u/v (by filling the ¢th row
with the weights along the ith path).

2.1.5 Remarks: Our language differs somewhat from that used in [18,20]. Greene uses the
term “skeleton” for o, rather than &. (He attributes the terminology to John Stembridge.)

The reader will note that Definition 2.1.1 includes digraphs which cannot be obtained as
@’s via the construction above. However, the @’s contain a certain amount of “redundancy”
— for example, in the skeleton associated with the set of paths in Figure 2.1, the vertices
at (1,2) and (1, 3) could be combined without changing any essential properties.

Goulden and Jackson [18] define some reduction operations to simplify o, and it can
be shown that the digraphs they obtain as reduced diagrams are exactly the skeletons of
Definition 2.1.1 which have no vertices with in-valence = out-valence = 1.

2.1.2 Elementary Operations on Skeletons

The reason for our lengthy definition of “skeleton” is that it makes certain properties trans-
parent.

Gluing and factoring

Two skeletons S; and S, of order n can be “glued together” to form a new skeleton Sj ¢ S3
by identifying each sink v? of S, with the source u} of Sy, i.e. Sy goes on the right of S.
Let S;S; denote the result of removing the vertices of S; ¢ S; where the gluing took place
and replacing the pairs of edges which entered and left these vertices by single edges. Then
5157 is also a skeleton of order n. Note that adding or removing vertices with in-valence =
out-valence = 1 does not affect the associated permutations.

Likewise, given an embedding of a skeleton, S, as in Definition 2.1.1, we may assume
that the internal vertices are linearly ordered according to their x-coordinates (i.e. we may
assume that these x-coordinates are distinct). For any consecutive pair of them, w; and
wy, we can factor S as a product S;S; by introducing nodes at the places where some
vertical line lying between w; and w; intersects edges, and then “ungluing” the left and
right portions at these nodes. This process can be continued to factor S as a product of
skeletons which have only one internal vertex.

Now, if S = 5152, a family of paths F enumerated by (S) determines families F; and
F, for S; and S,, respectively. The permutation o is just the composition ox, oo x,. (This
is the reason we chose to put S; to the right of S;.) It is also clear that any pair 7y, 73
can be glued together to get a family for the whole. In other words, choosing a family of
paths which uses each edge exactly once is the same as (independently) choosing, at each



48 CHAPTER 2. MONOMIAL IMMANANTS

internal vertex, the pairs of edges which follow each other. So we have that

(S1082) = (5152) = (51)(S2), (2.6)

the product taken in Z&,,.

Now, if S has only one internal vertex, then the indices of the sources incident to it
form an interval of integers [4, j] = {¢,i+1,...,7}, and the same is true for the sinks. This
follows from the planarity of the embedding in Definition 2.1.1. It also follows that the
intervals for the sources and sinks are the same (the sources and sinks below these intervals
are paired by the edges not incident to the internal vertex, and similarly for those above the
intervals). It is clear that (S) is just the sum in Z&,, of all permutations of the elements of
[i,j], i.e. S[,',j].

We can put all of these ideas together to get the following proposition.

Proposition 2.1.6 For any skeleton S of order n, there are intervals [i1, j1],. .. , [ik, jk] C
[n] such that (S) = Slivgi] * " Slik.e]*

Figure 0.1 in the introduction depicts a skeleton for which (S) factors s(3 4151,3)5(2,4-
The argument given above uses essentially the same ideas as Goulden and Jackson’s
derivation of (2.5).

Subskeletons

It will be useful to consider two different notions of a “subskeleton” embedded within a
skeleton. If Sy is a subdigraph of S, we will call Sy a generalized subskeleton of S if it
satisfies the conditions:

1. The sources of Sy are sources of S, and the sinks of Sy are sinks of S.
2. For each of the remaining vertices of Sy, in-valence = out-valence.

So inherits an ordering on its sinks and sources from S, as well as an embedding, and
condition 2 is equivalent to requiring Sp to be a skeleton. We will use the term subskeleton
for those generalized subskeletons whose sources and sinks have the same set of indices.

If So is a generalized subskeleton, let the complement S\ So denote the subdigraph whose
edges complement those of Sp. It is clear that S\ Sy is a generalized subskeleton and is a
subskeleton when Sy is. If P is a set of paths in S which begin in the sources and end in
the sinks whose union contains no edge more than once, then clearly the subdigraph, S|p,
obtained by taking the edges used by paths in P, is a generalized subskeleton of S.

We will call a subskeleton connected if the underlying graph (i.e. forgetting the directions
of the edges) is connected.

Given two skeletons S; and S; of orders k and £, we can form a new skeleton by taking
the digraph which is the disjoint union of S; and S, and labeling the sinks and sources
of §; and S, (in order) by {1,...,k} and {k +1,...,l + £}, respectively. This disjoint
union, S1 U Sy, can be embedded in the plane by embedding S; above S;. Some simple
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observations are that each skeleton is the disjoint union of its connected components (the
maximal connected subskeletons) and that

Z[S1 U S,) = Z[S1)Z[S2)-

In particular, the conjecture that Z[S] is h-positive can be reduced to the case of connected
skeletons.

In Sections 2.1.5 and 2.3, we will consider certain partitions of S into generalized sub-
skeletons and subskeletons. In particular, our choice of language in this matter is motivated
by the analogy between connected subgraphs and connected subskeletons which will be
explored in Section 2.3.

Symmetries

There are also a few symmetries of skeletons which should be mentioned in this section of
“elementary observations.”

Proposition 2.1.7 For any skeletons S and S':

1. If S°P is the digraph obtained by reversing the edges of S, then S°P is a skeleton and
Z[S°P] = Z[S].

2. If SuP-down s the same digraph, but with the orders of the sinks and sources reversed,
then SUP-down s g skeleton and Z[SUP-9o%7] = Z[9].

3. Z[$S] = Z[S'S).

Proof: Embeddings for S°P and SuP-do"n are given by reflecting an embedding for S in the
y-axis and x-axis, respectively. The statements about the cycle indicators follow from the
fact that cycle types are not changed by taking inverses or conjugating by the permutation
(i = n+1 —3). The last statement is similar (1o = 7(o7)771). O

2.1.3 Interpreting ¢*(Skeleton)

Stembridge gives the following characterization of ¢*. For the sake of completeness, we will
repeat his proof here.

Proposition 2.1.8 ([46, Prop. 1.1]) For any o € &, regard the cycles of o as a directed
graph, and let ry(c) be the number of subgraphs which are isomorphic to a disjoint union
of directed paths of vertex cardinalities Ay, Ag, ..., Ar. Then

¢*(0) = ex(=1)"ra(0).
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Proof: We have
Ptype(c) = Z ¢)\ (O')h)‘,
Abn
so it suffices to compute the expansion of p, in the complete basis. The generating functions
for power sums and complete symmetric functions are related by the following (see (1.3)).

52 o (Z hrtr) =y (__12;1 (th)r

n>1 r>0 r21 j>1

If A has k parts, then the coefficient of ¢}k, in the right hand side is (=1)¥=1/k times the
number of permutations of A (i.e. the number of distinct ordered k-tuples of integers which
are rearrangements of the parts of A). So the coefficient of k) in the expansion of p, is
(=1)F~'n/k times the number of permutations of .

If o consists of a single cycle of length =, then kr)(¢) is n times the number of permu-
tations of A. To see this, note that kr)(o) counts the number of ways to divide the n-cycle
into directed paths of vertex sizes given by A and to choose one of the paths. Likewise,
n times the number of permutations of A counts the number of ways to choose a starting
point and divide the n-cycle into directed paths with one of them beginning at the chosen
starting point. So to see that the proposition holds for a single n-cycle, we note that in this
case, &r(—1)° = (~1)P~k(=1)1 = (—1)k-L,

For an arbitrary permutation with type(c) = y, let o(¥) denote the corresponding cycle
of o of length p;. Then applying the proposition to each cycle, we obtain:

pu=[Iru =11 ( > () (0("))’%(")) =

7 MOy

===t | 5 e (@) | Ao

Akn Ay, 4
uxM =)

The inner sum in the last expression counts the number of ways to divide the parts of A into
partitions of the appropriate sizes, and then choose directed paths for each cycle with vertex
sizes given by these partitions. Clearly the total of all these is r)(o). So the proposition
follows (noting that €;(—1)7 = (=1)4N-4w), O

Let cyl(S) denote the digraph obtained from S by identifying each source u; with the
sink v;. As the name suggests, cyl(S) can be embedded on a cylinder. Namely, take an
embedding of S as in Definition 2.1.1 where the y-coordinates of u; and v; are equal, and
glue the vertical lines containing the sources and sinks together to form the cylinder.

As before, let F be a set of n paths which begin in the sources of S and end in the
sinks, and whose union contains each edge exactly once. Consider the subset of paths, P,
corresponding to a cycle of length j in or, i.e. P consists of paths from u;, to v;,, from u;,
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to vj,, and so on until we get to a path from u;; to v;,. P corresponds to a closed trail (a
closed walk with no edge used more than once) in the digraph cyl(S).

Conversely, consider any closed trail in cyl(S). Clearly, the trail determines a set of
paths, P, in S such that the labels of the sources and sinks used in P are the same. The
remarks made in the previous section imply that S|p and its complement S\ (S|p) are
subskeletons of S. In particular, we can choose a family of paths on the complement to get
a family for all of S.

By abuse of notation, we will refer to a closed trail of cyl(.S), or the associated family,
P, as a cycle (of length j) of S. Since the digraph underlying S is acyclic, this should not
create any confusion. Also note that if P is a cycle of length j for S, then the corresponding
trail in cyl(S) is embedded on the cylinder as a closed curve with winding number j.

The gluing operation described above can be used to construct a digraph consisting of
infinitely many copies of S glued together:

S®=...05080¢8.

Recall that the gluing operator, ¢, places the first factor on the right, so S* extends
infinitely to the right. We will assume that we have some fixed embedding of S, and S* is
embedded using copies of the embedding of S.

We will say that edges in the ith copy of S (counting from the left) lie in the ith column
of S®°. We will use the term “end-nodes” to denote the vertices of S° which come from
sinks and sources of S. Label every copy of these with the numbers {1,2,...,n} according
to their order in S (i.e. increasing y-coordinates in the embedding). Also, number the
“columns” of these from left to right, starting with zero, so that the edges in the ith column
lie between the (¢ — 1)st and ith columns of end-nodes.

Consider a cycle of S as defined above, viewed as a set of paths: Py (from u;, to v;,), P2
(from u;, to v;;), and so on up to P; (from u;; to v;,). For each path, Py, we can uniquely
lift this cycle to an infinite path in S° which begins at (a copy of) u;, in the Oth column of
end-nodes whose restriction to any column is one of these paths. Namely, this infinite path
contains a copy of P in column 1, a copy of Pr4; in column 2, and so on (P, following Py).

Now consider a family of paths, F, which contributes to (S) and a subgraph of o= which
is isomorphic to a disjoint union of directed paths of vertex cardinalities Ay, Ag, ..., Ak (ie.
one of those counted by r)(ox)). For each of those directed paths, lift the cycle it is
contained in to one starting with u;, where ¢ is the source of this directed path in oz. In
this way, we can construct a family of k& paths in §°. The families of paths obtained in
this way are completely characterized by the following conditions:

1. Each path begins at a source of S and extends infinitely to the right.
2. For each edge, e, of S, at least one of the copies of e in S is used in one of the paths.

3. If e; and ez are edges of S, and a copy of e; is followed by a copy of e; in one of the
paths, then every copy of e; appearing in any of the paths is followed by a copy of e;.
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Clearly, the family P of paths in S° determines F and the subgraph ox. Let PB(S)
denote the set of these families of paths, and let B, (S) denote the set of families coming
from a particular A.

Given a family of paths, P € PB(S), we can recover A = A(P) by looking at the distance
(i.e. the number of columns) along each path before it passes through an end-node with
the same label as one which begins one of the paths. Equivalently, if we delete every edge
from our set of paths which is not the leftmost copy of the corresponding edge of S, we will
be left with a set of k paths with lengths (measured in columns) given by A. It will prove
useful to consider this set of “truncated” paths later on, denote it by T'(P).

We can also recover the number of cycles in the corresponding permutation (paths
corresponding to the same cycle are “shifted” copies of each other in the obvious sense).
Denote the number of cycles by C(P). Note that the sign of the contribution made by this
family to the coefficient of Ay in Z[S] (i.e. €x(—1)?) is just (—1)#P—-C(P),

So, in this language, Proposition 2.1.8 says that

Z[S]= Y, (-)*PCPlhyp, (2.7)
PeP(S)

or equivalently, NSy = Y (—1)#P-C(P) (2.8)
PePA(S)

Given a set of paths P € P(S), we could “shift” all of these paths to the left by j
columns to obtain a new set of paths P/, i.e. we could look at the restriction of these paths
to the columns j + 1,542, ..., which is just a copy of S again. Obviously, P and P’ have
the same underlying set of cycles. In terms of the the directed paths which form a subgraph
of or as discussed above, this operation corresponds to shifting all of the directed paths
along the cycles of ox. So A(P) = A(P).

In particular an element P € P(S) is determined by the set of underlying cycles and
the set of labels of the end-nodes which appear in the jth column of end-nodes, for any j.
Also note that the set of underlying cycles is determined by a bijection from the edge set of

S, E(S), to itself, i.e. map e; to ey if copies of e; are followed by copies of e; in the paths
of P.

2.1.4 Surgery at an Intersection

Suppose that we have a set of paths P € B(S) such that two of these paths, P, and P,
intersect at some (internal) vertex v in the jth column. Let €; and f1 be the edges of P,
which enter and leave (respectively) the vertex v, and let e; and f; be the corresponding
edges of S. Define e; and f; similarly for the path P.

Let P’ be the unique set of paths in S defined by

e Each copy of e, is followed by a copy of f, and each copy of e; is followed by a copy
of f 1-
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e For any edge e of S other than e, ez, each copy of e is followed by a copy of whatever
edge it is followed by in P.

e P’ has the same set of end-nodes appearing in the jth column of end-nodes as P does.

Let us refer to this process as “doing surgery on P at €p, €;.” It’s easy to see that P’ € P(S).

Clearly P’ also has an intersection of two paths at v in column j, with the same edges,
€1, €9, entering v. If we do surgery on P’ at €1, €3, we get P again.

Consider the sets of cycles underlying P and P’. If e; and ez (as above) lie in different
cycles for P, then they lie in the same cycle for P’ (and vice-versa). lLe., for P/, e; is
followed by f2, then the cycle continues as it did in P until it reaches ez, which is followed
by fi, and then the cycle continues as it did in P until it reaches e; again. The other cycles
are unaffected by the surgery. In particular, the number of cycles changes by exactly one
in going from P to P’, but the number of paths remains the same, so the associated sign
changes.

This surgery idea is useful because it preserves A. In order to see this, we need to look
more closely at which edges are used in which column of §°°. Consider the paths of P,
beginning at the (§ — 1)st column of end-nodes (i.e. the column of end-nodes which are
sources for the copy of S containing the intersection where the surgery occurs). In other
words, delete all the edges to the left of this. Now, for each edge of S, delete all copies of it
which are not leftmost among what remains. The comments made in the previous section
imply that the result is a set of paths with lengths (measured in columns) given by A(P).
Do the same thing for P’. Let @ be one of these truncated paths for P, and let Q' be the
truncated path for P’ which contains the same end-node in the jth column of end-nodes
(by definition, P and P’ use the same end-nodes in this column). The portions of @ and
@', if any, which lie in columns 7+ 1,5+ 2,... cannot contain copies of e; or ey (all such
copies in these columns have been deleted), and hence must be identical. In particular, Q
and @' have the same length. So we have A(P) = A(P’).

For future reference, we summarize this discussion:

Lemma 2.1.9 If P,P’ € PB(S) are obtained from each other by doing surgery at some
intersection, then \(P) = A(P"), and (—1)#P—¢(P) = _(—1)#P'~<(P"),

Obviously, the lemma suggests that the most natural way to try to prove that Z[S] is
h-positive (see (2.7)) would be to try to carefully choose intersections so that these surgeries
could be used to pair each negative contribution to a positive one. It is possible to do this
on P (S) for certain choices of A. In fact, we will see that when A is a rectangle, a hook, or
a partition with exactly two parts, such a pairing can be constructed by using the leftmost
intersection (resolving ambiguities at intersections of three or more paths in some canonical
way). This includes all of the cases which are shown in [46].

However, doing surgery at a leftmost intersection can cause new intersections to appear
to the left, as in Figure 2.2, for example. In this case, the set of paths in the upper picture
has a positive sign, and will not be paired with anything.
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Figure 2.2: In general, surgery need not preserve leftmost intersections.

Of course, in order to make any use of these surgery ideas, we need the set of paths to
contain intersections. The following lemma will be fundamental to the remainder of our
discussion.

Lemma 2.1.10 If two distinct paths Py, P, € P € B(S) have the same underlying cycle of
length j, then P, and P, must intersect, and their leftmost intersection must occur within
the first § — 1 columns of S®. Note that j must be at least 2. In particular, any P with a
negative sign must have an intersection.

Proof: Let iy denote the smallest label of the end-nodes appearing in the underlying cycle of
P, and B, and let j, j» denote the column numbers of the first occurrence of this end-node
in the paths Py, P,, respectively. We can assume j; < jg (if they were equal, P, and P,
would be the same path). Since both paths begin repeating after j columns, we also have
0 < j1 < j2 < j. If we look at the column of end-nodes labelled j; in the planar embedding
of %, we see that at this point, the path P, is above the path P, since the path P is
at the lowest end-node to occur in either path. Similarly, in the column numbered jq, Py
must be above P;. It follows that for some consecutive pair (2 — 1,¢), the path P, is above
P, in the (i — 1)st column of end-nodes and below P; in the ith column of end-nodes. In
particular, the paths must intersect in the ith column of S (i.e. in between these columns
of end-nodes).

A similar argument (using the largest label of the end-nodes) implies that there is a
column of S (within the first j columns) where P, begins below P; and ends above it.
This column also contains an intersection, and clearly this column is different from the one
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obtained above.

Since there are (at least) two columns among the first j which contain intersections, the
leftmost intersection must occur within the first j — 1 columns. The last assertion follows,
since any P with no intersections must have the same number of paths and cycles, and
so (—1)#P—<(P) = 41. |

Recall from Section 2.1.3 that T'(P) is the set of paths resulting from removing from P
all edges which are not the leftmost copies of the corresponding edges of S. Intersections
among these are considerably more well-behaved than the general case. If we do surgery on
P at some intersection in T'(P) in the jth column, then the set of edges used by P in each
of the columns 1,2,...,j remains unchanged. The argument is basically the same as the
proof that X is not affected by surgery. The edges used in column j remain the same, since
the surgery is defined to fix the end-nodes at the right side of this column (the jth column
of end-nodes) and the only changes in the underlying set of paths on S are that some edges
are rearranged between the two paths whose intersection is being considered. The paths in
columns 1,2,...,7 — 1 actually remain exactly the same, since the set of end-nodes used
in the the (j — 1)st column of end nodes remains unchanged (these are determined by the
set of edges used in column j) and the only edges affected by the surgery are assumed to
appear for the first time in column j.

In particular, if we have a set of paths P which contains an intersection in the truncated
part, T'(P), then look at the leftmost vertex which contains an intersection in T'(P), and
let €, and €, denote the highest pair of edges of T'(P) entering this vertex (the embedding
gives an ordering of the edges into this vertex). If P’ is the result of doing surgery on P at
€1, €2, then P’ also has an intersection in the truncated part T'(P’), and this same pair of
edges is the leftmost and highest such pair (the only changes among which edges are used
where have occurred to the right of the column where the surgery happened). So doing this
surgery defines a sign-reversing (and )\ preserving) involution on the sets of paths, P, which
have an intersection in the truncated part, T'(P), and so we have

Proposition 2.1.11 The total contribution to Z[S] coming from sets of paths, P € PB(S),
which have an intersection in the truncated part, T'(P), is zero.

An easy corollary is Stembridge’s [46] result that nonnegativity holds when A is a rect-
angle. His proof is based on a matrix identity discussed below (Theorem 2.1.15).

Corollary 2.1.12 If A = (r?) (a rectangle), then $*(S) is the number of sets of paths
P € PBa(S) which have no intersections.

Proof: If P € PB(S), then all of the truncated paths in T(P) have a length of r columns.
So every end-node in the rth column of end-nodes which is used by the paths in P is also
an end-node used to begin one of the paths. It follows that shifting all of the paths to the
left by r columns doesn’t change anything. In particular, P has intersections if and only if
T(P) has intersections. Lemma 2.1.10 tells us that the sets of paths without intersections
each make a positive contribution, so the result follows from the previous proposition. O
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Another corollary of Proposition 2.1.11 is that the non-vanishing of qSA(S ) places restric-
tions on the valences of vertices of S.

Corollary 2.1.13 If S has an internal vertez whose in-valence (= out-valence) is larger
than A;, then ¢*(S) = 0.

Proof: Consider any P € P, (S). The truncated paths, T'(P) are completely contained in
the first A; columns (since A; is the largest part of A), and they contain exactly one copy
of each edge of S. In particular, there must be a column in which T(P) contains at least
two edges which enter the given internal vertex (there are more such edges than available
columns). So T'(P) always contains an intersection, and the result follows. a

2.1.14 Remark: It can be seen from Greene’s explicit computation of the matrices px(s; ;)
in his proof of Theorem 2.1.4 that x*(S) = 0 when S has an internal vertex whose in-
valence (= out-valence) is larger than A;. Corollary 2.1.13 can be derived from this using
the triangularity between the monomial and Schur function bases of Sym.

2.1.5 Divisibility Considerations

Stembridge’s analysis of ¢* when ) is a rectangle is based on the following matrix identity.

Theorem 2.1.15 ([46, Thm. 2.8]) If A = (r), then
Al = det A(I| L) det A(L|Is) - - -det A(L|T1),

where the sum runs over ordered partitions (I1,Ia,...,I,) of [n] into disjoint j-sets, and
A(I|J) denotes the submatriz of A obtained by selecting the rows indezed by I and the
columns indezed by J.

Note that summand in the above expression could be expressed as
det(A(Illl-z)A(Iles) .. A(Irlfl))

Our main result in this section will be to show that there is an analogue of this result for
skeletons in which the sign character (i.e. the determinant) can be replaced by an arbitrary
monomial character. Let A = (A1, Ag,...,Ak) and mA = (mAy, mAg,...,mAg). We will
show that $™*(S) can be expressed as a sum of ¢ applied to skeletons, in a manner which
is analogous to Theorem 2.1.15.

Consider a set of paths P € PB,A(S). If a particular end-node is used in the ith and jth
columns of end-nodes, and not in between, then, by the usual argument, j — % is a part of
m. It follows that if 7 and j are any columns of end-nodes where this particular end-node
is used, then j — i is a multiple of m. So, if we let I; denote the set of labels of end-nodes
which are used by P in columns j = ¢ mod m, then Ip, I1, ..., In—1 are disjoint. Clearly
their union is [n].
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Let F denote the family of paths in S which corresponds to P, as in the definition of
B in Section 2.1.3. Clearly each path of F begins at a source with a label in I; and ends
at a sink with label in I;4, (with the convention that I, = Iy). Let F; denote the paths
beginning in I;, and let S; denote the subdigraph of S defined by taking all the edges used
in the paths of F;. Clearly each S; is a skeleton - in the language of Section 2.1.2, it’s what
we called a generalized subskeleton of S.

Gluing these together into § = Sp_1 0 Sm_29- - -0 S gives a subskeleton of SoSo---0S
(m copies of S). In terms of the embeddings, each S; is embedded in the (i + 1)st copy of
S counting from the left, and the sources and sinks of S have the same set of labels (Io).
Each edge of S is used in only one path in F, and hence in only one S;. (Let us use the
phrase “partition of S” to indicate a collection of subdigraphs where each edge appears in
a unique subdigraph.) It follows that the families F (which yield these S;’s) can be chosen
by independently choosing families for each S;, and these correspond to choosing families,
F for S.

Now, (5)® can be embedded in the plane so that each copy of S is embedded in (the
images of) m consecutive copies of S in the embedding of 5°°. Moreover, the set of infinite
paths, P, which corresponds to Fis just P, i.e. exactly the same sequences of edges are
used in the paths.

The reason for setting all of this up is that A(P) = mA(P), (i.e. A(P) = A). To see this,
note that the truncated sets of paths, T'(P) and T(P), are also equal. The lengths of these
paths in terms of columns give A(P) and A(P), but each column of (5)* corresponds to m
columns of S, and so the result follows. We also need to remark that the signs associated
with P and P are the same, since the numbers of paths and underlying cycles are the same.
Grouping the terms of (2.8) together according to the S;’s, we obtain the following:

Proposition 2.1.16
™ MS) =" M Sm-1 0 Sm-20-- 050,

where the sums runs over all ordered partitions (So, S2,...,Sm—1) of S into generalized
subskeletons for which the labels of the sinks of S; are the same as the labels of the sources
of Si+1 (with the convention S, = Sp).

An obvious corollary is that nonnegativity of ¢* on skeletons implies that ¢™* is also
nonnegative on skeletons. Moreover, since there is actually a direct correspondence between
the sets of paths, if there is a pairing between the negative contributions and a subset of
the positive contributions for A which is defined in terms of surgeries at intersections, then
this pairing gives such a pairing for mA (directly).

2.1.17 Remark: It it natural to ask if there is a matrix identity analogue of Proposi-
tion 2.1.16 for a general A. Unfortunately, there doesn’t seem to be. An analogous method
(with weighted paths) can be used to show that as a polynomial in the entries of A, the sum
S (AL 1) A(Lo|I3) - - - A(I-|I)] (over the same partitions as in Theorem 2.1.15) is equal
to ¢"*[A] plus some terms involving products of the entries of A which don’t correspond to
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Figure 2.3: A pair for A = (3,2)

rook placements. This is significantly less interesting. The essential difference is that the
determinant will kill these extra terms, but ¢* need not (in general).

2.2 The Case of Two Paths

Since any surgery at an intersection of paths in some P € PB(S) involves a pair of paths,
the case in which there are only two paths is the most basic one, from the perspective of
these methods.

Lemma 2.2.1 (The “Widening” Lemma) Let P € PB(;»_i)(S) be a family (a pair) of
paths which have the same underlying cycle. Let P' denote the result of doing surgery at
the leftmost intersection of P (such an intersection must exist by Lemma 2.1.10). Then
the leftmost intersection of P' occurs at the vertex where the surgery took place. Moreover,
among the portions of these paths to the left of this vertez, the uppermost one for P' lies
(weakly) above the uppermost one for P (in the embedding), and the lowermost one for P’
lies (weakly) below the lowermost one for P.

Proof: Let P; denote the path with the uppermost source in the embedding, and P, denote
the other one. Let € and €; be the edges of P, and P, (respectively) which enter the
leftmost vertex where there is an intersection. Denote this vertex by v. Note that the
portion of P; to the left of v lies strictly above the corresponding portion of P, since the
paths would otherwise intersect to the left of v.
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Let Pj, P; denote the paths of P’ which contain €;, &, respectively. Let () denote the
portion of P up to v, and let Q' denote the corresponding portion of P;. We want to claim
that Q' lies weakly above @ in the embedding.

Let fl and fz be the edges which follow €; and €; (respectively) in P. Let ey, ey, fi, fo
denote the corresponding edges of S, as in the definition of surgery (Section 2.1.4).

If Q@ and Q' are not equal, then @ must contain one of the edges fi, fo (as we move
to the left from the intersection, the surgery only changes things which contain copies of
these edges). If @ contained fi, it would have to also contain a copy of e; other than the
one at the end (f; leaves an internal vertex, so it can’t be at the left end of Q). But if @
contained two copies of e, then the leftmost intersection would occur after the underlying
cycle started repeating, which would contradict Lemma 2.1.10. So we may assume that @)
contains a copy of f, and contains no copies of f;.

We can construct @’ as the limit of a sequence Q = Q,Q2,Qs3,... as follows. If Q;
contains a copy of e; followed by a copy of f;, replace the portion of @); up to and including
the rightmost such copy of e; by the “tail” of @ of the appropriate length, and call the
result Q;1;. In other words, the difference between the underlying cycles in P and P’ is
that for P’, the copies of f; must be preceded by e; instead of e;, and similarly for copies
of fi. The other “rules” of what precedes something are the same. In forming Q;4+, from
@i, we look at the rightmost place where f; is not preceded by e; and fix it by preceding
it with e; and a path which follows the “rules” for P (i.e. the tail of @)). In this way we
eventually get back to the left edge of S°°, and we have “fixed” all the “rules” by then. So
we eventually get @Q’.

At each step, the portion of @; up to and including the rightmost copy of e; which is
followed by f; is a path which follows the “rules” of P and ends in ey, i.e. it’s a tail of the
portion of P; up to v (since the length of Q); is exactly the same as this portion of P, it’s
actually a proper tail). And it gets replaced by the tail of @ (which is the corresponding
portion of the upper path in P) of the appropriate length. So part of Q; is replaced by
something lying above this part in the embedding. So, in particular, Q' lies (weakly) above
Q.

The analogous argument shows that the portion of P to the left of v lies (weakly) below
the corresponding portion of P,. In particular, the portions of P{, P; considered here can’t
intersect each other, except at v, so v is also the leftmost intersection in P’. a

Figure 2.3 shows an example of the surgery in the “Widening” Lemma. In this case,
both of the paths leading into the leftmost intersection are altered by the surgery. One of the
paths is drawn as a dotted line to make it clear how the paths go through the intersection.

An immediate conseqence of Lemma 2.2.1 is that the negative contributions to #(#"~9(S)
can be paired with a subset of the positive contributions. And so we have the following
proposition.

Proposition 2.2.2 If S is any skeleton, ¢(i’”“i)(S) > 0.

Stembridge [46, Thm. 6.4] gives a proof that ¢(*~11)(S) > 0. His proof is actually
carried out in a more general framework which we will discuss in detail in Section 2.6.
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Although stated in somewhat different language, the pairing between negative and positive
contributions to #(®~11)(S) obtained above is identical to the pairing used in Stembridge’s
proof, which also relies on a “surgery” argument. So our methods can be viewed as a
generalization of those used by Stembridge. The shape (n — 1,1) is also a hook, and
the proof of the hook case in Section 2.4 will also specialize to give the same pairing for
A= (n-1,1).

It will be useful in Sections 2.3.1 and 2.4 to have a more detailed description of what
happens when we do the surgery in the “Widening” Lemma for the A = (n — 1,1) case.

Corollary 2.2.3 Let P = {P1, P2} € PB(n-1,1)(S) be a pair of paths with the same underly-
ing cycle, and assume that P, can be obtained by “shifting” Py to the left by one column (see
p. 52), or equivalently that the truncated part of Py in T(P) has a length of n — 1 columns.
Let P! = {P{, P;} be the result of doing surgery at the leftmost intersection of P (numbered
so that P{ and P, enter the vertex containing the intersection via the same edge). Then
the underlying cycles of P| and P} have lengths n — 1 and 1, respectively. Moreover, the
portions of Py and P| up to the leftmost intersection are identical.

Proof: Lemma 2.1.10 implies that the leftmost intersection of P occurs within the first
n — 1 columns. If n = 2, all of the statements are trivial. So assume that n > 2. Then
P’ contains two paths whose underlying cycles have lengths of 1 and n — 1 # 1. Since the
leftmost intersection occurs within the first n — 1 columns, the portion of the path of P’
whose underlying cycle has length n — 1 contains no edge of S more than once. It follows
that this portion of the path remains fixed while doing surgery at the intersection to recover
P (i.e. in the notation of the proof of Lemma 2.2.1, copies of fi, f; do not appear in this
portion of the path in question). This implies that the path whose underlying cycle has
length n — 1 is P{ and that the portions of P; and P up to the leftmost intersection are
identical. a

Corollary 2.2.4 If S contains at most two internal vertices, wZ[S] is e-positive.

Proof: If S has j connected components of order one (i.e. edges from a source to a sink),
then wZ[S] = €] - wZ[S'], where S’ is obtained by removing these. So we may assume that
every path in S passes through an internal vertex. So any set of paths P € B(S) with three
or more paths must contain an intersection in the first column. By Proposition 2.1.11,
the total contribution coming from such sets of paths is zero. Hence the only A’s which
could have a non-zero coeflicient are those with 1 or 2 parts. Hence the result follows from
Proposition 2.2.2 and the case when A = (n), which is trivial. a

Corollary 2.2.4 can also be obtained as a special case of Stanley’s result [41, Cor. 3.6]
that if I is a graph whose vertices can be partitioned into two disjoint cliques, then Xr is
e-positive.
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2.3 wZ[Skeleton] and Chromatic Symmetric Functions

In this section, we will explore the relationship between the cycle indicators of skeletons and
chromatic symmetric functions of graphs. A result of Stanley and Stembridge [43] asserts
that the e-positivity of the incomparability graphs of posets which are (3 4+ 1)-free and
(2 + 2)-free is equivalent to the h-positivity of Z[S] for certain skeletons. We will show
that if S is any skeleton, wZ[S] can be written as a sum of chromatic symmetric functions
of incomparability graphs, and we will explore some of the properties of these graphs.
Unfortunately, this doesn’t reduce the problem, since the individual graphs obtained here
can definitely fail to be e-positive.

We will say that a skeleton is connected when the graph obtained by ignoring the di-
rections on the edges is connected. It is not difficult to see that a skeleton of order n is
connected if and only if it has a cycle (as in Section 2.1.3) of length n. Surgery ideas clearly
imply that a cycle of maximal length in a connected skeleton must pass through each edge.
Conversely, if S is not connected, then planarity implies that some component of S has
labels [1,¢] (¢ < m) for its sources and sinks, and then clearly S cannot have a cycle of
length n.

Let S be a skeleton of order n. If the edge set of S is the disjoint union of the edge
sets of a collection {S},S2,...,Sk} of connected subskeletons, we will call this collection a
partition of S into connected subskeletons. Note that the sources and sinks of each S; must
have the same sets of indices. Given such a partition 7, let p(7) F n denote the partition of
n whose parts are the orders of the S;’s.

Let P(S) denote the set of partitions of S into connected subskeletons, partially ordered
by refinement. P(S) has a unique maximal element whose blocks are the connected com-
ponents of S, but will usually have many minimal elements. Denote the unique maximal
element by 1.

Let I(S) denote the set of minimal elements of P(S), and consider any = € I(S). By
using a shifted copy and surgery at the intersection guaranteed by Lemma 2.1.10, we can
“split” any cycle of S into two smaller cycles. So the comments above imply that each block
of 7 consists of a single path, P;, from one of the beginning nodes u; to the corresponding
ending node v;. In particular, the number of elements in I(S) is the coefficient of the
identity permutation in (S) € Z&,,.

We can define a graph I'(7) on [n] by putting an edge between ¢ and j if the ith and
Jjth paths of 7 intersect. Equivalently, I'(r) is the incomparability graph of the poset P on
[n] defined by ¢ <p j when i <p j and the ith and jth paths of 7 do not intersect (i.e. the
Jjth path lies strictly above the ith path in the embedding). Also note that (obviously) the
ordering of the sources and sinks in S gives a linear extension of P.

In order to understand the relationship between S and these graphs, we will need to
consider intervals of the form [w,f] C P(S), where 7 is minimal. For each fixed = € I(S),
the partitions of S into connected subskeletons which lie in this interval are completely
determined by the induced partitions of [n] coming from the labels of the sources and sinks
of each subskeleton. To see this, consider some 7 € [r,1] (i.e. 7 > 7 in P(S)). The block of
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7 which contains the source and sink labelled i must contain the path P; described above,
since 7 is a refinement of 7. But every edge of S lies in one of these paths, so the edges used
in each block of 7 are determined by the sources and sinks of that block (and =, of course).

Moreover, for this fixed m, the partitions 7 € [7,1] correspond exactly to the partitions
of [n] which are connected partitions of the graph I’(r). This follows from the fact that the
internal vertices of a block of T can be viewed as intersections of the paths, {P;}, used to
define I'(r). In other words, for any minimal 7, the interval [r,1] is isomorphic to Lr(x),
the lattice of contractions (or bond lattice) of I'(x).

In particular, the Mobius function of P(S) strictly alternates in sign, i.e. for any pair,
o<,

(-1l lupg)(a,7) > 0. (2.9)

This follows since the same is true for bond lattices (as was noted in the introduction), and
pp(s)(o,T) = pr, (0, 7) for any minimal m which is comparable to o (the Mdbius function
on (o, ) only depends on the poset structure of the interval [o, 7]).

The following lemma is an analogue for skeletons of Stanley’s expansion of Xr in terms
of the Mdbius function of Lr (Theorem 1.2.1).

Lemma 2.3.1 For any connected skeleton So, let C(So) denote the number of cycles of So
of mazimal length (= the order of Sy). Then for any connected skeleton Sy and any skeleton
S, we have

~

C(So) = 3. lu(m )| (2.10)
m€I(So)
wZ[S] = 3 BT, T)P () (2.11)
r€I(S),reP(S)
<7
Proof: Both statements are trivial if the skeletons have order 1. We will show that if S is
any skeleton and (2.10) holds for the proper (i.e. not the whole of S) connected subskeletons
of S, then (2.11) holds for S. We will also show that for a connected skeleton S, (2.11)
implies (2.10). It follows by induction on the order of the skeletons that both statements
hold in general. We will need some preliminary observations.

Z[S) is defined to be 3" r Peype(s.)» Where the sum runs over the families of paths ap-
pearing in (2.1). The cycles of ox correspond to cycles of S as discussed in Section 2.1.3.
The comments at the beginning of this section imply that a set of cycles (using each edge
exactly once) defines a partition of S into connected subskeletons. If we combine the terms
corresponding to the same partition of S and apply the involution w, we obtain

wZ[S] = Z (H C(S,)) Gp(,,.)pp(,,.). (2.12)

TEP(S) \Si€T

Now consider the contribution of a given 7 to the right hand side of (2.11). Suppose
that 7 has k blocks, Si,Ss,...,Sk. Choosing a partition of S into connected subskeletons
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which is a refinement of 7 is obviously equivalent to choosing partitions for each S;. The
poset structure on the order ideal generated by 7 (i.e. the elements of P(S) which are less
than or equal to 7) is just the direct product of the posets P(S;), P(Sz2),...,P(Sk). It
then follows from the product theorem for Mabius functions (see [40, Prop. 3.8.2]) that

k
Z p(m,7) = H ( Z ﬂp(si)(”’ 15.‘)) . (2.13)
w€I(S) =1 \w€I(S;)

<t

Now we are ready to prove the inductive steps. First, let S be any skeleton of order n,
and assume that (2.10) holds for the proper connected subskeletons of S. Note that the
computation of the sign of the M6bius function in (2.9) implies that if = is minimal, then the
sign of pu(m,T) is €,(;). If 7 has more than one part, then our inductive hypothesis (applied
to each part) implies that the expression in (2.13) is equal to the contribution of 7 in (2.12).
This implies that the coefficients of p) on each side of (2.11) are equal when A has 2 or more
parts. If S is not connected, then this includes all of the non-zero coefficients. So assume S
is connected. We need to show that the coefficients of p(,) on each side of (2.11) are equal.
It suffices to show that the sum of all of the p) coefficients on each side are equal. The sum
of the p) coefficients in Z[S] is just the sum of the signs of the permutations associated
with S, i.e. 1 if S has order one, and zero otherwise (S is connected). Likewise, for each
minimal 7,

= sen={l T2

~ 0 otherwise.
TE [T(', 1]

This can be taken as the definition of the Mdbius function. For a connected S, 1 is minimal
if and only if S has order one.

The second inductive step is fairly trivial. If S is a connected skeleton of order n which
satisfies (2.11), then taking the absolute values of the coefficients of P(n) on the left and
right sides of (2.11) yields (2.10). a

Theorem 2.3.2 wZ[S] = ¥ c1(s) Xr(r)-

Proof: Given that the interval [r,1] in P(S) is isomorphic to Lr(z), this follows immediately
by comparing the expansions in (2.11) and Theorem 1.2.1. O

So immediately we have that the (conjectured) h-positivity of Z[S] is equivalent to the
e-positivity of a sum of chromatic symmetric functions of graphs. In particular, everything
which can be said about the coeeficients in the elementary expansion of an arbitrary Xr
can be applied here. For example, Theorem 1.2.3 yields the following corollary.
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Corollary 2.3.3 For any skeleton S of order n and any k € P,

ST NSy = Y sink(D(r), k).

)2k mel(s)

We know of no other way to prove the nonnegativity of the expression appearing on the left
hand side.

There is a “canonical” element mp € P(S) which corresponds to choosing the identity in
each factor. I'(mg) is an indifference graph, but in general, I'(7) has no special properties.
In fact, it is fairly easy to see that every incomparability graph appears as a I'(7) for some
skeleton.

Theorem 2.3.2 can be viewed as a generalization of the result of Stanley and Stem-
bridge [43] that the e-positivity of indifference graphs is equivalent to a special case of the
monomial immanant conjectures. For the skeletons which correspond to indifference graphs,
it can be shown that all of the I'(m)’s are equal to the corresponding indifference graph.

2.3.1 Cycles and Acyclic Orientations

The main result of this section will be a bijective proof of the £ = 1 case of Corollary 2.3.3.
Let S be a skeleton of order n. The elements of P,,)(S) are liftings to §° of cycles of S
whose length is n. (Technically speaking, we ought to say that the elements of B(,)(S) are
families consisting of these single paths.) The sign associated with each element of (,)(S)
is positive, so ¢*(S) just counts the number of them. We may assume that S is a connected
skeleton of order n (if S is not connected, there are no such cycles).

We will actually construct a bijection between the lifted cycles which begin at the source
u; and pairs (m,0), where = € I(S) and o is an acyclic orientation of I'(r) whose unique sink
is . The enumerative consequences of this stronger bijection are implied by Corollary 2.3.3
and a result of Greene and Zaslavsky. We will discuss this in Remark 2.3.4 below.

Let J;(S) denote the set of paths in S which begin at the source labelled i and end at
the sink labelled i, and let 3(S) = UJi(S).

Given an element of P, (S), we will construct a corresponding acyclic orientation of one
of the graphs by first giving a sequence of elements of J(S) such that these paths correspond
to a minimal 7 € P(S) (and hence a graph I'(r)) and the order in which they appear in the
sequence is a linear extension of the acyclic orientation with a unique sink which we desire.
We will then show that exactly one linear extension of each of these acyclic orientations can
be obtained via our algorithm.

First, we describe an “extraction” map which takes a path P € P(,,)(S) and yields an
element Q € J(S) and a path P’ € PB(n—1)(S\Q), when n > 1. Let P, = P and let P; denote
the result of “shifting” P to the left by one column, as in Section 2.1.3. By Corollary 2.2.3,
if we do surgery at the leftmost intersection of P; and P, (say at the vertex v), we obtain
paths P} and P} such that the cycles underlying these have length n —1 and 1, respectively.
Let P' = P| and Q = P}. Corollary 2.2.3 tells us moreover that the portions of P’ and P
up to v are identical.
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The sequence of elements of J(S) will be constructed backwards, using this extraction
process. Namely “extract” @, from P, then proceed with the path P’, extracting Q,_1,
and so on. In this way we get a sequence Q1,Q2,...,Qn. These define a minimal partition,
m, of S into connected subskeletons. The order they appear in induces an acyclic orientation
of the corresponding graph, I'(7), such that the order they appear in is a linear extension
of the closure of the acyclic orientation. (This is true for any linear ordering of the vertices
of a graph.)

Q) is clearly a sink in this acyclic orientation. We claim that it is the only sink. To see
this, note that the union of the paths Qi,...,Q; is connected (since at one point in the
construction there was a cycle of length ¢ on this union), and this implies that @; is not a
sink. Le., it must intersect one of the preceding paths, and hence there is an edge (in I'(7))
connecting it to the path it intersects, and this edge is directed out of Q; in the acyclic
orientation.

Note that if P begins at u;, then so does P, and so on. In particular, Q; begins at u;.
So we have a map from paths in P(,,)(S) which begin at u; to pairs (7,0), where = € I(S)
and o is an acyclic orientation of I'(m) whose unique sink is i. We want to show that this
map is a bijection.

First, we consider what conditions are necessary to allow a path @ € J(S) to be “in-
serted” into a path P’ in S which is a lifting of a cycle of S\ @ (of arbitrary length) to
form a path P, in such a way that the extraction map described above yields ) and P’
when applied to P. Let Q* denote the lifting of Q to S* (i.e. a copy of @ in each column).
What is required is that performing surgery at the leftmost intersection of P/ and Q> (say
at the vertex v of $°°) yields a pair of paths whose leftmost intersection occurs at v. If this
is the case, it follows from Corollary 2.2.3 that one of these paths is identical to P’ up to
the vertex v — this path is the P that we want.

Let P} denote the portion of P’ up to v. If v is in the first column of S°°, then trivially
this intersection remains leftmost while doing the surgery. Otherwise, let v’ denote the
corresponding vertex one column to the left of v. When we do the surgery on Q@ and P’
at v, Py remains fixed and the portion of Q* to the left of v’ is replaced by a copy of the
portion of Py starting in the second column and continuing up to v. (We are not concerned
with what happens to the right of v.) So v remains the leftmost intersection if and only if
this new copy of part of P} does not intersect Pr.

Let P" denote the path obtained by shifting P’ one column to the left. Suppose the
leftmost intersection of P" and P’ occurs at the vertex w of S*®. Let w' denote the corre-
sponding vertex located one column to the right. Since P” passes through w, P’ must pass
through w'. Let B(P') denote the portion of P’ up to w’. The statement that the copy
of Pr shifted one column to the left does not intersect the original P;. (considered above)
is equivalent to saying that Pr is contained in B(P'), i.e. that Q° intersects B(P'). (If
Q% intersects B(P’) at w’, then it intersects it at w, since Q™ passes through the same
underlying vertices of S in each column.) So @ can be “inserted” into P’ if (and only if)
Q> intersects B(P’). (If the cycle underlying P’ has a length of one, then let B(P;) consist
of the portion of P’ contained in the first column.)
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If Q can be and is inserted into P’ to obtain P, then B(P) consists of P} plus a path
one column long consisting of the portion of @*° from v up to the corresponding vertex one
column to the right. In particular, B(P) contains a copy of each edge of Q.

Now suppose we have chosen a m € I(S) and an acyclic orientation of I'(r), o, with a
unique sink (corresponding to a path @, € J(S)). We will show that the paths corresponding
to the vertices of I'() can be given an ordering Q1,Q3,...,Qxn such that the “extraction”
process described above can be reversed. In other words, so that we can construct a sequence
Q= P, P,,...,P, = P by “inserting” Q; into P,_; to obtain P;, and the map (7,0) — P
is the inverse of the map constructed above.

After the ith stage of the construction, we will have chosen the elements Q;,...,Q; in
such a way that these form an order ideal of 3 (the poset on the vertices of I'(7) which is
the transitive closure of 0). We also will have constructed a path P; € S which uses the
union of the edges appearing in @4,...,Q;. After this stage of the construction, we will
examine a set of potential candidates (call it V;4;) for the next vertex of I'(r), such that
each Q, € V;4; could be inserted into P;. Furthermore, we will choose one of these to insert
in such a way that it will still be possible to insert the remaining candidates (if any) into
P41, and we will carry these remaining candidates over into Vi 2.

The list of candidates, V;4+1, that we will consider is the set of vertices of I'(r) which
are minimal in & among the vertices not included so far (Q1,...,Q;). After the first stage,
the minimal elements in V3 are all paths which intersect @, = P, = B(P;), and so any of
these could be inserted into P;.

Now consider an arbitrary stage of the construction in which each of the minimal (in
0) elements which have yet to be inserted (i.e. the elements of V;;;) could be inserted
into P;. So each of these represents a path Q, such that Q% intersects B(F;). Since
QX passes through the same set of underlying vertices of S in each column, it intersects
B(P;) if and only if B(P;) contains a copy of one of these underlying vertices. Since these
minimal elements must be incomparable in @, the paths @, corresponding to these do not
intersect each other, and hence have no vertices in common. So there is a well-defined linear
ordering of the elements of V;4; according to the leftmost intersections of the Q,’s with
B(P): Qayy---1Qq,- We will insert Qq; into P; to form F,4;. The remarks made above
imply that B(Pi41) consists of the portion of B(F;) up its leftmost intersection with Qg
(which is assumed to occur to the right of the corresponding intersections for the other
elements of V;;;) followed by a path one column long whose edges are the edges appearing
in Qq; (in an appropriate order, of course). In particular, the remaining elements of Vi1
intersect B(P;41) (and they are still minimal among what has yet to be inserted). Any new
minimal elements must correspond to paths which are comparable to Q,; (i.e. intersect it),
otherwise they would have been minimal before. So these share some vertex with Q,;, and
hence the liftings to S must intersect B(P;41).

So each of the elements of V;;2 can be inserted into P,4;. By induction, we can proceed
and insert all of the elements, obtaining an inverse for our “extraction” procedure defined
above.
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2.3.4 Remark: Our construction gives a bijective proof that the number of paths P €
B(n) (S) which begin at the source u; is equal to the number of pairs (7, 0), where 7 € I(S)
and o is an acyclic orientation of I'(m) whose unique sink is 7. There is a “cyclic action” on
PB(n)(S), since there are n possible liftings (corresponding to the n possible starting points)
for each cycle of S of length n. This shows that the number of paths P € Bn)(S) which
begin at the source u; is independent of :.

A result of Greene and Zaslavsky [21, Thm. 7.3] says that for any graph I" and vertex v,
the number of acyclic orientations of I' with a unique sink at v is independent of the choice
of v.

So it actually follows from Corollary 2.3.3, that there is an equality for each i. How-
ever, we note that the cyclic action on B,)(S) does not (generally speaking) preserve the
corresponding graph under the bijection constructed above.

2.4 The Hook Case

Proposition 2.4.1 If A = (r,1"7"), then ¢$*(S) is nonnegative for any skeleton S. More-
over, there is a pairing between the negative contributions and a subset of the positive contri-
butions, given by doing surgery at the leftmost intersection in the cases when this intersection
remains leftmost after the surgery.

Proof: For any P € B(S), T(P) consists of one path of length r and n — r paths of
length one (lengths measured in columns). In particular, the only possible intersections
among these are in the first column. So it follows from Proposition 2.1.11 that the sum
of the contributions coming from sets of paths with intersections in the first column is
zero. This is actually always true, and a trivial consequence of the arguments leading to
Proposition 2.1.11. We can assume r > 1, otherwise ¢ is just the sign character.

We will need to make quite a few preliminary observations before we can show how to
“cancel” the remaining negative contributions. Consider a set of paths P € P,(S) which
has no intersections in the first column. Recall from Section 2.1.3 that P comes from a
family of paths, F, in S and a subgraph of the associated permutation o = 6. When )
is (r,1777), this subgraph consists of a directed path with r vertices, and n — r isolated
vertices.

If one of the cycles of & contained only isolated vertices and more than one of them, then
there would be an intersection in the first column. This follows, for example, by applying
Corollary 2.1.12 (really just the special case corresponding to the determinant) to the paths
in P whose underlying cycle corresponds to this cycle of o. Since we have assumed there are
no intersections in the first column, it follows that o has exactly one cycle of length greater
than one. This cycle contains the directed path of (vertex) length r along with (possibly)
some isolated vertices.

Let i; denote the first vertex of this path of length r in (the graph of) o, and let
i2,13, ..., ik denote the (possibly empty) list of isolated vertices in the same cycle, ordered
so that, under o, iy — fg_; > -+ i3 > 4;. Let P € P be the path with begins at the
source labelled i1, and let Qs,..., Q) be the paths in F which begin at the sources labelled
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12, ...,k Then the pathsin P whose underlying cycle corresponds to the nontrivial cycle of
o are the concatenations: P = P, P, = Q3 P, P3 = Q3Q2P, ... ,and Py = QxQk—1 - - - Q2P.
In particular, since there are no intersections in the first column, Q2,@Qs,...,Qk do not
intersect each other.

It follows from Lemma 2.1.10 that any pair of the paths P,..., P, must intersect (if
k > 1, of course). We claim that the leftmost vertex which contains an intersection among
these contains an intersection of P; with P,. The sequence i1, i3, ... , i is monotonic (if we
had @41 > 4 < #j—q Or 4541 < 45 > ij_1, then Q;;1 would intersect Q;). Without loss of
generality, assume that the sequence is increasing. Then the portion of P, in the first column
is below the corresponding portion of P, in the embedding, and so on. Clearly, the paths
must maintain this ordering as they move to the right, until they reach an intersection. In
particular, the leftmost vertex to contain an intersection must contain one between P; and
P;41 for some i. If we had i # 1, then P;—; and P; would intersect one column to the left
of the intersection between P; and P;4; (i.e. “shifting” P; to the left by one column yields
P,_1, etc.). Also note that P, and P, are the only paths among the F;’s which intersect at
this vertex, otherwise “shifting” P and the third path, say P;, to the left by one column
would show that there was an intersection between P; and P,_; in the previous column.

Now let Ry, R3, ..., Ry denote the paths in F which correspond to the isolated vertices
of o in cycles of length one. Note that the path in P which begins with R; is just R;
repeated in each column. Let us denote this path by R°. Since there are no intersections
in the first column, the R;’s do not intersect each other and do not intersect the @;’s. So
the leftmost intersection of R with any other path (if such an intersection exists) must be
with P, = P, and this intersection is strictly to the left of any other intersections involving
R%, otherwise a “shifting” argument would give an intersection to the left. In particular, a
leftmost intersection of this form cannot occur at the same vertex as the leftmost intersection
between P, and P, described above.

Now we are (finally) in a position to define a sign-reversing involution on a subset of the
sets of paths P € P(S) with no intersection in the first column. This subset will include
all the terms with a negative sign, and hence the proposition will follow.

Let v be the leftmost vertex of S® which contains an intersection among the paths of
P. The arguments above tell us that at v, P = P, intersects either P, or one of the R{°’s
(in particular, there are exactly two paths through v). Let P’ denote the result of doing
surgery at this intersection. If v is the leftmost intersection of 7', let the involution map P
to P’, otherwise P is not in the domain of the involution. (The comments we made while
defining surgery in Section 2.1.4 imply that this is an involution.)

So it suffices to show that if v is not the leftmost intersection of P’, then P has a positive
sign. Let j denote the number of the column containing v. Let ¥ denote the internal vertex
of S which corresponds to v.

First consider the case where v contained an intersection between P, and P,. We claim
that in this case, v contains the leftmost intersection of P’ (the result of the surgery).
Corollary 2.2.3 (the more detailed “widening” lemma for (n—1, 1)) implies that the portion
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of P, up to v remains fixed by the surgery. It follows that the portions of Ps,..., P (if
we have these) in the first j columns also remain after doing the surgery, since the edges
of S involved in the surgery do not appear in Qs,...,Q% We can assume as above that
the sequence i3, %9, ..., of labels of the sources of P, P,,..., Py is increasing. Then, in
columns 1 through j — 1 and the portion of the jth column up to v, P, lies below P, which
lies below Ps, and so on. The “Widening” Lemma tells us that the surgery replaces the
portion of P, up to v with a (weakly) lower path. The relevant portions of the other paths
do not change, so the leftmost intersection among the paths which have changed is at v.
The lower path which replaces P, has an underlying cycle of length 1, and the edges of S
used in this cycle are just the edges appearing in P; between the copy of ¥ in column j — 1
and the copy in column j (i.e. v). If this path were to intersect one of the B{®’s to the left
of v, then (a copy of) this intersection would occur in each column (since both paths have
underlying cycles of length 1), and hence there would have been an intersection between
this R and the portion of P; lying between the copies of ¥ in columns j — 1 and j. So
if the leftmost intersection occurs between P, and P,, then it “remains leftmost” after the
surgery.

Now consider the case where v contained an intersection of P, with one of the R{°’s,
say R7’. In this case, it might actually happen that the result of doing the surgery yields
a set of paths with an intersection to the left of v. But we will show that if £ > 1, then v
is the leftmost intersection of the result after the surgery. Here k is the number of paths
whose underlying cycle is the same as Py, i.e. the same k as above. Note that if k = 1, the
set of paths has one underlying cycle per path, so it has a positive sign. So assume £ > 1.
In particular, there is a P;.

Let Pr denote the portion of P, in T'(P), i.e. the path in T'(P) of length r. Note that
Py is just the infinite concatenation PrQgQk-1---Q1Pr---. Since R does not intersect
the Q;’s, the portion of P, up to v must be contained within Pr. Write this portion of P,
as a concatenation QoFy where () is the portion lying in the first column.

The changes in the first j columns (i.e. changes in which edges are used in which column)
made by doing the surgery are simply that a copy of Fy replaces the portion of R{® up to
the copy of ¥ in column j — 1. Consider the leftmost intersection in P’, and suppose this
intersection occurs to the left of v. Then it must occur at an intersection of this (new) copy
of Py with something. If this copy of P, were to intersect one of the R{®’s which remains
in P’, then copy of Py in P, € P would have a corresponding intersection one column to
the right (but still to the left of v). Likewise, if this new copy of P, were to intersect one of
Py, ..., Py, then the leftmost of such intersections would have to occur between the copy of
Py and P; (this follows from the same argument which showed that the leftmost intersection
among Py,..., P, was an intersection of P, with P»). But in that case, the copy of P in
P, would have a corresponding intersection, one column to the right, but still to the left of
v.

So we have shown that the sets of paths P € PB,(S) for which the leftmost intersection
is not preserved by doing surgery at it is a subset of those with k¥ = 1 (the sets of paths
with no intersections at all also have k¥ = 1). As we remarked above, these sets all have
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positive signs. So, doing surgery at the leftmost intersection (in the cases where it remains
leftmost) gives a pairing between the negative contributions to $*(S) and a subset of the
positive ones, showing that ¢*(S) > 0 (when X is a hook). a

An application of Proposition 2.1.16 gives us the following generalization.

Corollary 2.4.2 For any skeleton S, $*(S) > 0 when X is of the form (kr, k7).

2.5 The (2F,1%) Case

If P € P(ar,1¢(S) for some k and £, then the truncated part T(P) contains paths of lengths
1 and 2 (columns) Let F be the corresponding family of paths in S. F contains &k + ¢
paths which appear (in the paths P) in the first column of S, call these P, P, ..., Piys
(the order doesn’t matter). F also contains k paths which appear for the first time in the
second column (i.e. the portions of the paths of T'(P) which lie in the second column). Call
these Q1,...,Qk-

The sum of all the contributions coming from sets of paths with intersections in T'(P)
is zero (by Proposition 2.1.11), so we may restrict our considerations to sets with no such
intersections. In other words, the P,’s do not intersect each other, and the @;’s do not
intersect each other.

Consider any internal vertex, v, of S. If v has an in-valence of more than two, then two
P;’s or two @;’s would pass through v. In that case we would have ¢(2*19(S) = 0. This is
a special case of Corollary 2.1.13. And since internal vertices of in-valence=out-valence=1
can be removed without changing (S), we may assume for the remainder of the discussion
that every internal vertex of S has in-valence=out-valence=2.

For any skeleton S with in-valence=out-valence=2 at each internal vertex, let ZigZag(S)
denote the digraph obtained from S as follows. Replace each internal vertex v by two vertices
Vleft, Uright- Replace each edge by a corresponding edge which is directed into vjeg if the
original was directed into an internal vertex v and is directed out of wrighs if the original
was directed out of an internal vertex w. The ends of edges incident to sources and sinks
are not affected.

Clearly an embedding of ZigZag(S) in the plane can be derived from one for S by making
changes within a small neighborhood of each internal vertex, while maintaining planarity.
Le. viefs and vyigne are very close together with vier on the left. Geometrically, we can think
about this operation as “cutting” each internal vertex in half with the left half getting
the in-edges and the right half getting the out-edges. In particular, the planarity implies
that if we ignore the directions on the edges, the embedded image of ZigZag(S) is a set of
non-intersecting curves whose ends (if any) lie in the sources and sinks of S.

Now, we can also do the completely analogous operation on cyl(S) (the digraph in
which the source and sink with the same label have been identified, as in Section 2.1.2), by
“cutting” the vertices of cyl(S) corresponding to the internal vertices of S, or equivalently,
by identifying the appropriate vertices of ZigZag(S). Call the result cyl(ZigZag(S)). Clearly,
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Figure 2.4: On the left, an example of ZigZag(S) (all corners are vertices). On the right,
the corresponding cyl(ZigZag(S)), “flattened” onto a punctured plane.

V

\V/

AN

cyl(ZigZag(S)) has an embedding on the cylinder. The interesting thing to notice is that if
we ignore the vertices and the directions on the edges, then the embedding of cyl(ZigZag(S))
in the cylinder is a family of simple closed curves which don’t intersect each other.

In particular, each of these simple closed curves has a winding number of zero or one
around the cylinder. In other words, we can “flatten” the cylinder into a punctured plane
while preserving the fact that these are simple closed curves. As simple closed curves in
the plane, these have a well-defined “inside” and “outside” (the Jordan Curve Theorem),
and for each of them, the puncture point is either inside (winding number one) or outside
(winding number zero).

Figure 2.4 depicts an example of ZigZag(S) and the corresponding cyl(ZigZag(S)) (with
the cylinder “flattened” into a punctured plane). In this example, there is one curve with
winding number one and one with winding number zero (draw slightly bolder).

Of course, these topological ideas are really just a convenience, but our main result in
this section would be (at best) awkward to state without them.

Theorem 2.5.1 If S has an internal vertex of in-valence greater than two, then ¢(2k’1t)(5)
vanishes. Otherwise, define cyl(ZigZag(S)) as above, and let wy be the number of curves
in the embedding with winding number zero, and let w, be the number of curves in the
embedding with winding number one. Then

¢(2k’ll)<s> — Je,wl 2‘(1}0.

Let us refer to the connected components of ZigZag(S) as “zigzags.” By abuse of
notation, we will also use the word “zigzags” for the subdigraphs of S with the corresponding
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edges. It turns out that the problem of enumerating the contributions of sets of paths
P € PB(zx,14)(S) which have no intersections in T'(P) can be completely restated in terms of
these zigzags.

Lemma 2.5.2 For any set of paths P € P, 1¢)(S) (any k and £) with no intersections
in T(P), color the edges of S which appear in the first column of T(P) blue and the edges
appearing in the second column red. Then we have the following:

1. A zigzag which has “ends” at a source and sink of S contains an odd number of edges.
The remaining zigzags (which may have ends which are both sources or both sinks of
S, or which might have no ends at all) have an even number of edges.

2. For every choice of P as above, as we move along a zigzag, the colors of the edges
encountered alternate between blue and red. If a red edge is incident to a source or
sink of S then the edge incident to the sink or source (respectively) with the same label
must be blue.

3. Conversely, any such coloring of the edges of S comes from a set of paths P €
Pi2r.14)(S) (for some k and £) with no intersection in T (P).

4. Color the sources and sinks of S according to the color of the (unique) edge which is
incident to them. Then the sign associated with P is given by (—1)%t3+%, where a is
the number of pairs i < j such that the ith source is red and the jth source is blue,
and b is the number of pairs i < j such that the ith sink is red and the jth sink is blue.

Proof: The first statement follows from the fact that as we move along the curve underlying
a zigzag, we alternate between moving with the direction of the edges and against the
direction of the edges (at each vertex, the edges are both directed in or both directed out).

The second statement is also trivial: Two edges in a row of the same color would
correspond to an intersection in T'(P). A red edge which is incident to a source is the first
edge in the second column of a path in T(P), and the edge preceding it in this path is in
the first column and hence blue. A red edge incident to a sink is the last edge in a path of
T(P) and must be followed (in P) by the first edge of a path (this is just the definition of
T(P)).

Conversely, if we are given such a coloring, then the edges colored blue form a set of
nonintersecting paths in S (for each internal vertex, exactly one of the in-edges and one of
the out-edges is blue since the coloring alternates along all of the zigzags). And the red
edges also form a set of nonintersecting paths in S. The collection of all these paths defines
a family F of paths from the sources to the sinks which use each edge exactly once. If
we take the liftings of the underlying cycles to S which place the blue paths in the first
column, we get a set of paths P for some A. The condition on the red edges incident to
sources implies that all of the red paths appear in the second column, and the condition
on the sinks implies that these are followed by blue paths in the third column. Deleting
edges to get T'(P) is just removing every blue edge in the second column or later, and the
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remainder of the path to the right. T(P) is contained within the first two columns, hence
A= (2F,19).

The sign associated with P is €x(—1)?, where (—1)” is the sign of the corresponding
permutation (such that the paths of F go from the ith source to the o;th sink). Clearly,
€(2k,1t) = (—1)F, so the last statement amounts to showing that (—1)*** is the sign of o.

The sign of o is (—1)""(?), where inv(c) is the number of inversionsof o, i.e. the number
of pairs ¢ < j such that o; > ;. Since the paths of the same color don’t intersect each
other, any inversion corresponds to a pair of paths of different colors. Consider the number
of inversions involving a fixed red path from wu; (the ith source) to vy, (the o;th sink).
Consider the blue sources with labels larger than ¢, and the blue sinks with labels larger
than o;. Let a; and b; denote the numbers of these, respectively. Since the blue paths don’t
intersect, the jth largest blue source is connected by a blue path to the jth largest blue
sink. So if a@; > b;, there are b; blue paths which begin and end above the red path in
question, and there are an additional a; — b; blue paths which begin above the red path and
end below it. Similarly, if b; > a;, then there are b; — a; inversions involving the red path.
Taking the product over all the red paths, we obtain (—1)? = (—1)2‘“‘""" = (-1)2tt. O

The idea behind our proof of Theorem 2.5.1 will be to show that ¢(2k’ll) (S) is actually a
topological invariant of the set of underlying curves in cyl(ZigZag(S)). In particular, we will
show that there are “simplification” operations which can be applied to ZigZag(S) without
changing the problem, and that these operations can be used to reduce the problem to a
trivial case. In order to define these operations, we will actually need to work with a slightly
more general situation.

Consider an ordinary (undirected) graph I’ which is a disjoint union of paths and cycles,
and a planar embedding ¢ = ¢ X ¢y : ' = R? with the following properties:

1. The image is contained between two vertical lines x = x; and x = x2 (x; < x3), with
n vertices uj,...,u, lying on x = x; and n vertices vy,..., v, lying on x = x;, and
everything else lying strictly between the lines.

2. 1y (ui) = ty(v;) and ¢y(u1) < ty(u2) < -+ < ty(un)
3. {u1,...,%n,v1,...,0,} is the set of vertices of I' of valence one.

4. If a component of I' is a path with an even number of edges, then both “ends” are
embedded on the same vertical line. If a component is a path with an odd number of
edges, then the ends are embedded on different vertical lines.

Given such a graph and embedding, consider the set of edge-colorings of T' using the
colors red and blue which color edges adjacent to a common vertex differently, and for
which u; and v; are not both adjacent to red edges. If £ has the same parity as n, let
(T, 1) = (=1)("9/23°(~1)** where the sum runs over all such colorings which have £
of the pairs u;, v; both adjacent to blue edges, and a is the number of pairs 7 < j such that
u; is adjacent to a red edge and u; is adjacent to a blue edge, and b is the number of pairs
© < j such that v; is adjacent to a red edge and v; is adjacent to a blue edge.
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Figure 2.5: Simplification of Zigzags

If I' is the graph underlying ZigZag(S) and ¢ is the embedding discussed above, then
Lemma, 2.5.2 says that (T, 1) = ¢(2"1(S).

Now we can describe the “simplification” operations which were alluded to previously.
Let I' and . satisfy the properties discussed above. If there is a path in I' joining two
of the u;’s, then there must be a path joining a consecutive pair, u;, and u;o4+1. This
follows from the planarity of the embedding — if a path joins u; and u;;;, then any vertices
Uit1, .-+ y Ui4j—1 Must also come in pairs joined by paths.

We can move the path joining u;, and u; 41 over to the other side to get a new graph
and embedding (I',:'), as is depicted in Figure 2.5. This new graph has n — 2 vertices
embedded on each of the vertical lines containing its “ends,” and it is elementary to check
that it satisfies the properties listed above.

Lemma 2.5.3 9,(I',¢) = (", ).

Proof: Let e1, €3, f1, and f; denote the edges of I' adjacent to u,, %ij+1, viy, and vi41,
respectively. Let €}, €}, f], and f} denote the corresponding edges of I'.

All of the colorings considered in the definition of ¥,(I",¢) correspond to colorings
considered for I'. These have the “same £,” since the edges €], f] are not both colored blue,
and the same is true for e} and f;. Fix one of these colorings. Since the path joining u;,
and u;,4; has an even number of edges, e; and ez have different colors, and the same is
true for f; and f,. Consider the pairs ¢ < j used to compute the sign associated with this
coloring, i.e. the pairs such that u; is adjacent to a red edge and u; is adjacent to a blue
edge or v; is adjacent to a red edge and v; is adjacent to a blue edge. In addition to the
pairs corresponding to pairs for IV, there are new pairs involving u;,, %iy+1, Vig, and Ui 4+1.
We get a new pair for each u; and v; with j > g 4+ 1 which are adjacent to blue edges,
a new pair for each u; and u; with ¢ < 4o which are adjacent to red edges, and one more
pair involving only u;y, uis+1, Vi, and v; 41, i.e. (ip,% + 1). We claim that there are an
odd number of new pairs. For each j > i+ 1 we either get two new pairs if u; and v; are
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both adjacent to blue edges, or one new pair otherwise (they cannot both be adjacent to
red edges). So the parity of the number of new pairs is the same as the parity of the total
number of u;’s and v;’s adjacent to red edges in I’ plus one (for the pair (ig, i9+1)). But it
follows from the definitions of the colorings that we’re considering that there are always an
equal number of u;’s adjacent to red edges and v;’s adjacent to red edges. So the number
of new pairs is odd. Also, (—1)("=9/2 = _(—-1)(*~2-9/2 55 the colorings contributing to
¥¢(T’, ) contribute the same sign to 9,(T', ¢).

In addition to the colorings considered above, there are colorings contributing to (T, ¢)
with e; and f; both colored blue or e; and f; both colored blue. As we noted above, e; and
e, have different colors, since the path joining them has an even number of edges. We can
pair the colorings with e, f; both blue (and hence e; red and f; blue) with the colorings
where e, f2, and f are blue and e; is red, by reversing the color of every edge in the path
containing e; and e; while keeping everything else the same. The signs associated with
these colorings are the opposite — in the latter case, (ip,%p + 1) is a pair contributing to
the sign, and in the former case it is not, and the number of pairs involving i and i + 1
and something else are not affected (just replace ig with ip + 1 in those pairs and vice
versa). So these other colorings make a net contribution of zero to (I, ¢), and we have

Pe(T,0) = (T, 0'). O
The following lemma computes the values of the trivial cases.

Lemma 2.5.4 If (T',:) are as described above, and there is no path of T' joining two of the
u;’s, then

Ye(L,¢) = 6,02,
where w denotes the number of components of I' which are cycles.

Proof: If no path of I joins two u;’s, then each u; is joined to some v;. It follows from the
planarity conditions on I' that u; must be joined to v;. The path joining u; and v; must
have an odd number of edges, so in any coloring contributing to any of the 9,(I',¢)’s, the
edges adjacent to u; and v; must be colored the same, and hence blue. It follows from the
definition that for each such coloring, £ = n and the contribution of the coloring is positive.
These conditions determine the color of each edge in the paths of I', and the cycles of T’
can be colored in any way which alternates along each cycle. So there are 2% colorings to
consider, each making a positive contribution to (T, ¢). a

We can now give a proof of the main result.
Proof of Theorem 2.5.1: As we noted at the beginning of this section, ¢(2k’1l)(5) vanishes
if S has any internal vertices of in-valence=out-valence more than two. Otherwise, we can
construct ZigZag(S) and cyl(ZigZag(S)) as described above. The simplification operations
described above can be applied until we get to the trivial case covered by Lemma 2.5.4.
To prove Theorem 2.5.1 we only need to note that for each of the simplification operations
which we apply to (the graph underlying) ZigZag(S), there is a corresponding operation on
the graph underlying cyl(ZigZag(S)) and these operations don’t affect the winding numbers
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of any of the curves. In the trivial case, each of the paths connecting u; to v; corresponds to
a curve with winding number one and the cycles correspond to curves of winding number
Zero. a

The following corollary follows immediately from Proposition 2.1.16 and Theorem 2.5.1.

Corollary 2.5.5 For any skeleton S, $*(S) > 0 when X is of the form ((2k)*, k7).

2.6 More General Digraphs

In [46, Section 6], Stembridge considers generalizations of Jacobi-Trudi matrices coming
from acyclic digraphs whose paths are required to have certain intersection properties. In
this section we will discuss these digraphs and show that the corresponding matrices, like
the Jacobi-Trudi matrices, can be expressed in terms of skeletons.

Let D = (V, E) be an acyclic digraph. If u,v € V, let P(u,v) denote the set of paths
from » to v in D.

Let u = (uy,...,u,) and v = (vy,...,v,) be ordered n-tuples of vertices. Stembridge
says that u and v are D-compatible if

i < j, k> 1 = every path in (u;, vr) intersects every path in P(u;, vi).
(2.14)

The language used here comes from an earlier paper of Stembridge, [44], where the emphasis
is on fixing the digraph and allowing u and v to vary. We will want to vary the digraph,
and it will be more convenient to say that (D, u, v) is a compatible triple when (2.14) holds.

Assume the edges of D are given weights in a set of indeterminates {2 | e € E}, and
define the weight, wt, of a multiset of edges to be the product of the weights of the edges.

Also, if u,v € V, let
a(u,v) = Z wt(P).
PG%(W/)

If (D, u,v) is a compatible triple, let
A(D, u,v)= [a(uj, v;)]lsi,jsn. (2.15)

The matrix which Stembridge associates with (D, u, v) is the transpose of this. This defini-
tion works better with our convention of using o~! in the definition of [A] (see p. 15). The
two differences in conventions “cancel” so that [A(D, u,v)] is identical to what Stembridge
denotes as [A(u, v)].

Note that if (D, u,v) is a compatible triple, then so is (D°P, v, u), where D°P is the
result of reversing the directions of the edges of D. And A(D°P,v,u) is the transpose of
A(Dyu,v).

As Stembridge points out, Jacobi-Trudi matrices can be viewed as a special case of this
construction. In Section 2.1.1, we discussed a digraph on Z x Z, together with n-tuples,
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(Pry...,P,) and (Q1,...,Qx), which were used in the work of Gessel and Viennot [17],
Goulden and Jackson [18], and Greene [20]. These form a compatible triple, and the matrix
in (2.15) becomes the Jacobi-Trudi matrix if the weights are specialized as we discussed in
Section 2.1.1.

Stembridge makes the following conjecture, which generalizes Conjecture 2.0.3.

Conjecture 2.6.1 ([46, Conj. 6.3]) If(D,u,V) is a compatible triple, $*[A(D, u,v)] is
monomial positive.

He also shows that this conjecture holds in the cases when A = (rf) (including (n) and
(1™)), when A = (21""2), and when A = (n — 1,1).

We actually need some assumptions in order for monomial immanants of A(D,u, V) to
be well-defined. For simplicity, we will assume D is finite (see Remark 2.6.6 below).

Using the “[A]” notation defined in (0.1), we can write

[A(D,u,v)]= Z (H a(ui, vy;) ) - 0. (2.16)

c€BG, \i=1

The coefficient of ¢ in the above enumerates sets of paths such that the ¢th path begins
at u; and ends at v,,. As in the case of Jacobi-Trudi matrices, we can combine the terms
for sets of paths whose union uses the same multiset of edges and write

[A(D,u,v)] Zwt(a)(a), (2.17)

where the sum runs over all multisets, «, of edges, and (a) denotes the sum of the permu-
tations associated with the sets of paths with weight wt(a) (with the use of indeterminates,
specifying wt(a) is equivalent to specifying ).

There are some small complications here which don’t come up in the Jacobi-Trudi case.
Namely, we have not assumed that the vertices in the n-tuples u and v are distinct, so the
set of paths does not necessarily determine the “associated” permutation. (As an extreme
case, we might have u; = ug = -+ = u, and v; = v3 = -+ = v,.) Also, we might have
u; = v; for some ¢, 7 and trivial paths with no edges connecting them. There is, however,
a simple way to avoid these complications Let D' be the digraph obtained from D by
adding 2n new vertices, u},u,...,u,, v{,v},...,v, and edges directed from u! to u; and
from v; to v]. If we specialize the weights of the new edges to 1, then A(D’,u’,v’) becomes
A(D,u,v). This is immediate since the paths in ¥B(u;, v;) exactly correspond to those in
B(ul,v!). So we can (and will) assume that u consists of n distinct sources of valence 1 and
that v con51sts of n distinct sinks of valence 1.

Given a multiset of edges o which appears in (2.17), we can construct a digraph & as
follows. Start with the subdigraph of D induced by the edges in .. Replace each edge with
multiple (distinguishable) edges according to their multiplicity in a. Given the assumption
at the end of the previous paragraph and the fact that the edges of & can be partitioned
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into paths which start at some u; and end at some v;, it follows that each vertex of & either
has in-valence = out-valence or is one of the u;’s or v;’s. Of course, & contains all of the u;’s
and v;’s. Note that (@, u, V) is also a compatible triple, since removing or doubling edges
doesn’t affect (2.14).

Arguments analogous to those in the Jacobi-Trudi case allow us to write

[A(D, 1, )] = ¥ wt(0) g77=< (@), (218)

where M(a) is defined as in Section 2.1.1, and (@) is the sum of the permutations, or,
induced by families F of n paths in & which use each edge exactly once. Note that since
we have assumed D is finite, @ is also finite.

Let us use the term special (for lack of a better word) to describe the finite compatible
triples (D, u, v) for which the vertices in u are distinct sources of valence 1, the vertices of
v are distinct sinks of valence 1, and the remaining vertices have in-valence = out-valence.
Note that all of these are actually obtained as &@’s above.

Let us call a special compatible triple (D, u,v) reducible when (D) € Z&, can be
written as a sum, Y (D;), of two or more such things. Otherwise, we will say that (D, u, v)
is irreducible. Since the coefficient of each o in (D) is a nonnegative integer (and it’s not
hard to see that at least one of them must be positive), it follows that for any special
compatible triple, (D) can be written as a sum Y (D;), where each D; is irreducible.

Our main result in this section will be the following theorem.

Theorem 2.6.2 If (D,u,Vv) is an irreducible special compatible triple, then it is also a
skeleton.

We will prove Theorem 2.6.2 by showing that an embedding of D in the plane with
the properties given in Definition 2.1.1 can be constructed “one vertex at a time.” In the
following two lemmas, we will show that the irreducibility of a special compatible triple
implies the existence of pairs of paths with a specified set of intersections.

Lemma 2.8.3 If (D, u,v) is an irreducible special compatible triple and w is an internal
vertez of D with out-valence > 1, then there are paths P, and P, in D which begin at the
sources and end at the sinks and intersect at w and only at w.

Proof: Let e be any edge which is directed into w, and let fi, fa, ..., fr denote the complete
list of edges directed out of w. Each set of paths in D from the sources to the sinks which
use each edge exactly once (i.e. the sets of paths which contribute to (D)) contains exactly
one path which includes e and one of the f;’s. If we combine the sets of paths in which the
same f; follows e, then these exactly correspond to the sets of paths for the digraph D;,
formed by adding a new vertex of in-valence=out-valence=1 and letting e be directed into
and f; be directed out of this vertex instead of w. D; has the same sets and sources as D,
and the permutations associated with the corresponding sets of paths are exactly the same.
So we have
(D) = (D) + (Do) + -+ + (Dy).
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Since (D, u, v) is irreducible and k£ > 1, it must be that at least one of the triples (D;, u,v)
is not a compatible triple. That implies that there are integers 7 < 7,k > [ and paths Q;
(from u; to vx) and Q2 (from u; to v;) which do not intersect in D; (so that they violate
(2.14)). The corresponding paths, P, and P,, in D must intersect, and the only changes
have occurred at w, so they intersect only at w. O

Lemma 2.6.4 If (D, u,v) is an irreducible special compatible triple and wy, w, are distinct
internal vertices of D with in-valence = out-valence > 1, then there are sinks v;, v; and paths
P, from w, to v; and P, from w; to v; which do not intersect. There are also nonintersecting
paths from the sources to wy, ws.

Proof: Suppose (D, u,v), and wy, wz are as in the statement, but every path from w; to
a sink intersects every path from ws to a sink. First note that a trivial consequence of
Lemma 2.6.3 is that there is a path, P from w; to a sink which does not contain wy (i.e.
wy cannot lie in both of the paths).

Let Q1 and @2 be paths from w, to the sinks which intersect only at w, which exist by
applying Lemma 2.6.3 to wy (and taking the portions of the paths from w; to the sinks).
By our supposition, P must intersect both of these. Let wg be the first vertex on P which
appears in either of the Q;’s, say it appears in @Q);. Since ws is not contained in P, wy # wp.
It follows that the portion of P between w; and wq does not intersect Q). Also, the portion
of @1 from wy to a sink does not intersect (J;. Concatenating these portions, we obtain a
path from w; to a sink which does not intersect 2. This contradicts our assumption. The
statement about the sources can be proven with an analogous argument or by noting that
(D°P, v, u) is also an irreducible special compatible triple. a

Proof of Theorem 2.6.2: Let (D,u = (u1,...,u,),v= (v1,...,0,)) be an irreducible
special compatible triple. We wish to prove that it is also a skeleton. We can assume
without loss of generality that D has no vertices with in-valence = out-valence = 1.

Let x; < x2 be real numbers. We will construct an embedding of D into the region of
the plane between the vertical lines x = x; and x = x; in a sequence of steps.

Suppose that at some stage of the construction we have a sequence of distinct edges
€1,€2,...,e, of D, and another digraph D' formed by adding an n-tuple of (distinct) vertices
v/ = (v}, ...,v}) with in-valence = out-valence =1 and replacing e; with two edges forming
a path elvie!. Furthermore, assume that the subgraph, S, of D' obtained by taking the
edges lying in paths from u to v’ is a skeleton (whose ordered sets of sources and sinks are
u and v’), and that we have an embedding of S between the lines x = x; and x = x; as in
Definition 2.1.1.

We can visualize this situation as a drawing of D in the plane with uy,...,u, on the
line x = x; with increasing y-coordinates, the portion of D drawn in between the lines is
planar with all edges moving strictly left to right, the edges ey, ..., e, cross the line x = x;
(at points with increasing y-coordinates), and the rest of D is drawn to the right of x = x;
with no assumptions there. Clearly, we can start such a construction by taking the edges
incident to the sources.
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The internal vertices of D which do not appear is S are partially ordered by w; < w, if
there is a path from w; to wy. If wg is a minimal element in this ordering, then all of the
edges directed into wg are in the list e;,...,e,. If the indices of the edges directed into wy
are an interval, [4, 5], then clearly we can “pull” wq across the line x = x5, and get another
stage in which the edges directed out of wp replace the edges directed into wq in our list,
and S is replaced by a skeleton isomorphic to the product sj; ;1S (i.e. sj; ;] to the right of
S).

Now we claim that given wq as above, we can modify the current stage of our construction
so that the edges into wp do form an interval. Note that if two edges e; and e; in our list
above share a tail (i.e. are both directed out of the same vertex), then we can exchange
their positions in the list while preserving S and its embedding, i.e. if €/ is directed into w;
and e is directed into w;, then replace these by edges directed from v to w; and from v}
to w;, while preserving the “left halves” e} and é}.

The only obstacle that can get in the way of using these exchanges to make the edges
into wo an interval is if there are edges e;,, €;,, e;, such that ¢; < i3 < i3, €;;, and e;, are
directed into wg, e;, is directed into some other vertex w;, and the tail of e;, is different
from the tails of €;,and e;,. We claim that this is a contradiction. By Lemma 2.6.4, there
are non-intersecting paths Fp, from wgp to some vk, and P;, from w; to some v;. If £ > [,
use Lemma 2.6.4 again to get non-intersecting paths Qo, from some v; to the tail of e;,,
and @i, from some v; to the tail of e;,. Since S is a skeleton, it follows that ¢ < j. The
concatenations Qge;, Po and Q1e;, P; are a non-intersecting pair of paths whose existence
contradicts (2.14). If k < [, a similar contradiction can be found using e;, and e;,.

In this manner, we can get a sequence of stages in which the “skeleton part,” S, gains
an internal vertex between consecutive stages. Since D is finite, eventually we get a stage
in which there are no more internal vertices to add to S. Now we claim that at this stage,
the sequence of edges ey,...,e, can be reordered via the method described above so that
the ith edge is directed into the sink v; (if this is the case, then clearly we can deform the
embedding so that the v;’s lie on x = xg with increasing y-coordinates). The argument for
this is the same as the one in the previous paragraph, replacing wy and w; by sinks and
forgetting about Fp and P;. a

We can combine Theorem 2.6.2 with Greene’s result that irreducible characters are
nonnegative on skeletons (Theorem 2.1.3) to obtain the following.

Corollary 2.6.5 If (D, u,v) is a (finite) compatible triple and x* is an irreducible char-
acter of &,, then x*[A(D, u,v)] is monomial positive.

2.6.6 Remark: The assumption that D is finite can be relaxed somewhat. All that we
actually need is that the a’s constructed above are finite.

Technically speaking, Jacobi-Trudi matrices are not actually a special case of Stem-
bridge’s definition, but rather a limit of such things, since the “vertices” (Q1,...,Qn) are
limits of infinite paths rather than vertices of the digraph. Clearly, the results here can be
applied to any situation which can be viewed as a similar limit of finite cases.



Chapter 3

Signed and Voltage Graphs

3.1 Signed and Voltage Graphs

In this section, we will briefly cover the definition of a voltage graph and the generalizations
of Zaslavsky’s chromatic polynomials to this situation, as outlined by Zaslavsky in [54].

If I' is a graph, we will assume that directions are assigned to the edges in some arbitrary
fashion, and that e~! denotes e with the direction reversed. Let G be a finite group.

A voltage graph (with group G) is a pair ® = (T, ) where I' is a graph and ¢ (the
voltage) is a map E(T') — G. By convention p(e™!) = ¢(e)~L.

If G = ZRZ, then ® is called a signed graph, and following Zaslavsky’s notation, we will
usually denote these by X.

We will consider colorings & : V — (P x G) U {0}. A coloring is called proper when for

each edge e from v to w, k(w) # k(v)e(e). (The zero color is fixed by G; 0g = 0.) Colorings
whose image lie in P X G are called zero-free.

Zaslavsky’s chromatic polynomials for voltage graphs also come in unbalanced and bal-
anced (zero-free) versions:

Xe(n|G|+1) = number of proper colorings using ([n] x G) U {0} (3.1)
x%(n|G|) = number of proper colorings using [n] x G. (3.2)

In [54], Zaslavsky notes that most of the algebraic properties of the chromatic polyno-
mials of signed graphs extend to the case of voltage graphs, but that there is no orientation
theory for voltage graphs in general.

Likewise, many of our constructions here can be carried out for voltage graphs, and we
will begin by considering this level of generality. In Section 3.4 we will restrict ourselves to
signed graphs and concentrate on results which are related to the corresponding hyperplane
arrangements.

81
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3.2 Chromatic Functions for Signed and Voltage Graphs

Given a coloring & : V' — (P x G) U {0}, let us write * = [], z.(,). Then the direct
analogues of Stanley’s definition (1.15) for voltage graphs would be:

Xg=>2" Xp=3 32" (3.3)

where the sums run over all proper colorings and zero-free proper colorings, respectively.
These are formal series in variables z(; ), with j € P,g € G, together with z in the
unbalanced case. When G = Z/2Z, we will write z4; for z(;1;). In general, let us write
|(4,9)| = j and |z(; 4| = z;. Also, if F is any formal series in the variables z(; ;) and zo,
write |F| for the image obtained by replacing each z(; ;) with ;.

It is obvious from the definitions that |X%| € Q[zo] ® Sym and |X$| € Sym, i.e. per-
mutations of P do not affect which colorings are proper. These functions have some nice

properties which are not shared by X3, X, qb,. For example, they are unaffected by switching
(see (3.7)).

3.2.1 The spaces where X¥, X} live.

Let G be a finite group and consider the set of formal series with rational coefficients in
the variables {z(;,) |j € P,g € G} for which setting z(; ;) = 0, j > N yields a polynomial.
These are acted on by permutations of P and, for each 7 € P, there is an action of G by left
multiplication on {z(; ;) |g € G}. Let us denote by G-Sym the set of those series which are
invariant under all of these actions, or equivalently, under the appropriate actions of the
wreath products G16,,.

Since k(w) # k(v)p(e) if and only if gr(w) # gr(v)p(e) for all ¢ € G (and these
equations are also not affected by the “P part” of the coloring), X3 € Q[zo) ® G-Sym and
X4 € G-Sym.

If G = {1}, then G-Sym can be identified with Sym in the obvious way. When G = Z/2Z,
let us denote G-Sym by HSym. We will spend the rest of this section describing some bases
of G-Sym.

Let P(G) denote the set of polynomials with rational coefficients in the variables {z, | g €
G} which are invariant under the action of G by left multiplication (on the indices). In
particular, P({1}) = Q[z,] and P(Z/2Z) = Sym(z41,z-1).

Let us fix an ordering of the elements of G, say G = {g1,92,.-.,9|g|}- There is a
spanning set for P(G) indexed by ordered |G|-tuples of nonnegative integers,

— a a 2|G|
@1 aie) = %m(;gl)z(;m) " P egie1)” (3.4)
g

G acts on the |G|-tuples in the obvious way, and the polynomials given by (3.4) only depend
on the G-orbit of the |G|-tuple. So, a basis for P(G) can be obtained by taking one of the
expressions above from each orbit.
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In particular, f(;0,..,0) = Xgec Ty SPans the degree 1 elements of P(G). Let us call this
€1 (G)

If { fo }aer is any homogeneous basis of P(G), then G-Sym has bases indexed by multisets
of elements of I. One such basis, an analogue of the augmented monomial basis of Sym, is
given by

Bty = 2 Sl fa(2) - fele),

(71.,J2,-+- ,Jx) distinct

where f(j) denotes the image of f under the map induced by z, — Z(jg)» and the sum is
over k-tuples of distinct positive integers.

Let us write {f{*, ..., fi*} to denote the multiset with f; appearing ¢; times, etc. When
we use this notation, it is implied that fi,..., fi are distinct. Since P(G) is an algebra,
this notation is ambiguous. We will write (f™) when we want the m-th power of f to be
an element of the multiset.

An analogue of the monomial basis is given by

1 ~
B Y i o P N s C ALY e &

To see that the “m-basis” and “m-basis” are actually bases of G-Sym, first note that
the span of these is independent of which homogeneous basis of P(G) we use. So assume
that we are using the expressions given in (3.4). In this case, if we fix a monomial in the
variables z(; ;y with a nonzero coefficient in Meper ok then Mger | ok} and 171{ £ £
are constant multiples of the sum of all the monomials that can be obtained by acting on
the fixed monomial by G and permutations of P. It follows that these span G-Sym, and
that their expansions in monomials have disjoint support. So they give a basis of G-Sym.

Let py = m(s) = Msy. Then an analogue of the power sum basis is given by

p{fl’f21'"1.fk} = pflpf2 o .pfk' (3'5)
Since
Mip Mgy Mgy =M p 03+ (monomials with fewer than k distinct P indices),

it follows that the expressions in (3.5) also give a basis of G-Sym.

If P(G) happens to be a polynomial algebra with a set of generators {by,b,,...} (with
each b; a homogeneous polynomial in the z,’s), then G-Sym is a polynomial algebra on the
set of m’s with multisets of elements from {b;,b2,...}.

To see this, first note that G-Sym is a polynomial algebra on the set

{b; =mys | f is a monomial in the b;’s}, (3.6)

since the monomials in the b;’s give a homogeneous basis of P(G). If ¢1,¢2 € P(G), it’s
easy to check that

M{(g102)} = M™{q1}M{go} — M{g1,02}-
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It follows that each ps in (3.6) is a polynomial in the m’s whose multisets consist of ;’s.
And so every element of G-Sym is a polynomial in the set of m’s with multisets of elements
from {by, bz, ...}. The algebraic independence of these follows from the fact that there are
the same number of these in each degree as the p¢’s considered above.

The bases of G-Sym obtained in this way can be thought of as analogues of the elemen-
tary basis, since when G = {1}, P(G) is a polynomial algebra in e;(G) = z1, and

M, (G)F} = Me1(G),-...e1(G)} = €k-

More generally, we can embed Sym into G-Sym via ex — m(,, (g)*} (even if P(G) is not
a polynomial algebra). This is just the map induced by z; — 35 e %(jq)- It is not hard to
see that, under this map,

X351~ > X§, (3.7)
v:V =G

where ®” denotes the voltage graph with voltage ¢*(e) = v(v)~lp(e)v(w) if e is an edge
directed from v to w. In Zaslavsky’s terminology, ® is said to be switched by v (see [53]).

More about the HSym case

The constructions above depend on choosing bases of P(G). Since
P(Z/?Z) = Sym(a:.H, :E_l),

there are several obvious choices of basis.

It seems that for our purposes, the best analogues of the monomial and power sum bases
are obtained by taking {f.}scr to be the augmented monomial basis of Sym(z41,2-1),
indexed by partitions with one or two parts, which can be viewed as unordered pairs {a, b}
of nonnegative integers, with a 4 b > 0:

- b b a
M) =TI Ty + 233225,

Let us simplify notation by writing py, 4} for ps; (an)’ and similarly for the monomial
analogues. Note that

lﬁi{{alrbl}y"- 1{ak1bk}}| = 2klr’h((al+bl),--- ,(ak+bk)) (3-8)
and [p(a,5}| = 2P(ab)- (3.9)

If we view Sym(z41,2—1) as a polynomial algebra in e, €3, then HSym is a polynomial
algebra in

e(a,b) = m{e‘llreg} =

1
alb! z (ziy + i) - (2in + T_ig) (T T—jy) - (mjbw"jb)’ (3.10)
o (il,...,ia,jl,...,jb) distinct
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where (a, b) is an ordered pair of nonnegative integers with a+b > 0. The basis consisting of
products of these has the nice property that if I' is an ordinary graph, then X -bkf‘ is positive
in this basis if and only if X is e-positive. In fact, X_’;_F is the image of Xt under the map
induced by ex — 3=, gp=k ¢(a,b)-

Unfortunately, unlike in the unsigned case, the sum of the coefficients in this basis can
be negative.

Analogues of the Quasi-symmetric Functions

In order to state the reciprocity results for X, we will need an appropriate analog of QSym.
Most of the results in this section can be generalized to an arbitrary group, but we will only
need to consider the Z/2Z case.
Let HQSym denote the span of
b b
m((al:bl)y(a2yb2)y---1(ak1bk)) = Z x;'lllx—lil e -:l:?:m_"z-k . (3.11)
0<‘i1 <i2 <---<ik

Here a;, b; are nonnegative integers with a; + b; > 0, and i; € P. These expressions are
obviously linearly independent. Now, M4, 5.},... {ax,bx}} IS the sum of the 9M’s over the 2k k!
ways to order the set of pairs and the elements of each pair, so HSym C HQSym.

Let HQSym, denote the subspace of HQSym consisting of homogeneous functions of
degree d. There is a spanning set for HQSym,, given by

QS,(E],... ;Ed) = Z wElal o 'xeda.d, (3.12)

0<a1 Saz S"'Sad
2;<ai41 if i€S

where S C [d — 1] and ¢; € {£1}. These are not independent, but they will, nevertheless,
serve as analogues of the fundamental quasi-symmetric basis.

Let Q(Z/2Z)? denote the group algebra of (Z/2Z)%. (We actually only need to consider
the linear structure of Q(Z/2Z)%.) We will denote the basis elements of Q(Z/22Z)? by € =
(€1,-..,€q4). There is an obvious surjection

8 : QSym, ®Q(Z/2Z)* — HQSym,,
given by 0:Qs® (€1,---,€d) = Qg (c;... e)*
Ifs={i1 <ig< -+ < ik—l} - [d— 1], then

0: Ms,d ® (€1, - s €d) = M((ay b1),(az,b2) s s(anibr))?
where a; + by = 1y, a; + by = i3 — 1;, and so on, and
a; = the number of +1’s in €ij i+l -+ 1€
b; = the number of —1’s in ¢;_, 41,...,€;j,

(with the conventions iy = 0,3x = d). It follows that the kernel of @ is spanned by the
differences Ms @ € — Mg ® €', where € is obtained from € by permutations within the
subsequences €;;_, 11,..., €, -
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Lemma 3.2.1 The involution given by ¥(Qs,(,,....cq)) = Qd—1]~S,(c1,....cq) 15 well-defined
on HQSym.

Proof: The lemma amounts to showing that the involution w ® 1 on QSym,; ®Q(Z2Z)?
preserves the kernel of 8. By (1.9), we have

w®1l: Ms®e=(-1)4"1(=1) Z Mt Qe.
TCS

Consider the subsequences of € to which permutations can be applied to generate the kernel.
If T C S, then the subsequences for T contain the subsequences for S. So the permutations
which can be applied for S can also be applied for each T appearing on the right hand side,
and the result follows. a

Note that the Qg (41,..,41) form the basis of a subspace which we can identify with
QSym, and v = w there.

We will also need to work with Q[zg] ® HQSym. Its homogeneous component of degree
d is spanned by either of the sets

ﬁsv(el yeee 15d) = Z a’qal et wfdad (3.13)

0<a; Laz<<Laqg
a;i<aiy; if 1€S, 0<a; if 0ES

55:'tsly(el yeue :Cd) = Z melal tte mfdad‘l (3.14)

ai<a;41 if 1€S, 0<a, if 0ES
ai=a;4 if 1¢S, 0=a, if 0¢S

where S C [0,d - 1] =A0,1,...,d - 1}. Clearly, ﬁs,c =138 M.
If S = {i1,42,...,%-1} C [0,d — 1], then S defines a deconcatenation of €,..., € into
subsequences in a similar manner to what was considered above:

€1yeeey€igy €iytlyes 1 €ingyenny€iy_1+1y--- €y if 8 >0, (3.15)
——— - ” Nkl g
€1y e y€igyeny€ip_y41yeee€dy if 8 =0. (3.16)

The relations satisfied by the Dﬂffls_e’s are generated by permutations of the elements of
each of the subsequences above and arbitrary changes of the elements in the first sequence
in (3.15). The reason for the arbitrary changes there are that this sequence gives the factor
of Zeo+ Te; 0 =g -

Replacing S by a subset (equivalently, joining consecutive subsequences) is well-defined
modulo these relations, so the argument in Lemma 3.2.1 generalizes to give the following
result.

Lemma 3.2.2 The involution given by 7(5325;,(51,_,_,e ) = ‘65,(61,.--,601) is well-defined on
Q[zo) ® HQSym. (Where S = {0,1,...,d—1}-5.)
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3.3 Expansions

In this section, we will consider various “expansions” of Xg and X3, and the versions, | X&|
|X4|, obtained by “forgetting” the “G” part of the indices of the variables.

The following straightforward result shows that the unbalanced chromatic functions can
be expressed in terms of the balanced ones. This directly generalizes the balanced expansion
formula of Zaslavsky [65, Thm 1.1].

Proposition 3.3.1
We| b
X = Z 1:2, IX‘I’lw’

|1 49%
We stable

where a stable subset of the vertices is a subset in which none of the vertices are connected
by edges.

Proof: This follows (trivially) from observing that the vertices colored zero cannot be con-
nected by any edges (of any voltage). a

For an ordinary graph I, and any group G, I can be viewed as a voltage graph, +I’, by
assigning a voltage of 1 to each edge. In this case, the proper colorings just need to assign
different colors to adjacent vertices, so X:’_F is just the image of Xr under the isomorphism
between Sym and Sym({z(;, | j € P,g € G}). The following proposition follows from the
interpretation of ¥* discussed at the beginning of Section 1.3.

Proposition 3.3.2

| X3p| = ©l% X,

There are expansions of X3 and Xg, in terms of the analogues of the power sum and
monomial bases which are fairly straightforward generalizations of the corresponding results
for ordinary graphs, although there are some complications.

Let fo = 3~ 2" where the sum runs over all maps k : V — G such that (w) # &(v)p(e)
if e is an edge from v to w. Equivalently, take the image of X§ under z;4 — &;124. Then
clearly fg is an element of P(G).

The following proposition can be viewed as an analogue of the monomial expansion of
Xr mentioned as Proposition 1 in the Introduction.

Proposition 3.3.3

b _ ~
X¢ - Z m{f‘n’l geee y.fﬂ'k}
well(V)

where the sum runs over all partitions m = {m,...,m} of the vertices, and fr, is fg), , as
defined above.
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Proof: Given a proper, zero-free coloring x : V. — P X G, let © be the partition of the
vertices whose blocks are the sets on which || is constant (where |(j, g)| = j). It’s clear
that the “G” part of the restriction of & to each block 7; is a coloring enumerated by f,, and
conversely, any such colorings on each block, along with an assignment of distinct elements
of P to each block, will define a proper coloring . But it follows directly from the definition
that these are enumerated by ﬁi{ Frpvoerfmg } 0

Although the expansion in Proposition 3.3.3 is not given in terms of a basis, the expres-
sions My, . ) are linear in each entry f;, so it’s fairly easy to get an expansion in a basis
if there is some natural basis of P(G) in which the fy,’s can be expanded. For example, the
following expansion for signed graphs is just an unraveling of the definitions.

Corollary 3.3.4

Xy = > B AL B e (AR IBAD
{{A1,B1},...,{Ak,Bx }}
where the sum runs over collections which satisfy the following conditions: (i) the sets (of
vertices) Ay, ..., Ak, By, ..., B are pairwise disjoint and their union is V, (ii) each union
A; U B; is nonempty, (iii) any edges between two vertices in the same A; (or B;) must have
a negative sign, and (iv) any edges between elements of A; and B; must have a positive sign.

In order to state analogues of the power sum expansions of X1, we will first need to
consider a few definitions.

Voltages can be assigned to walks in I' by taking products. Similarly, a circuit has a
well-defined voltage up to conjugation. A set of edges S C E is called balanced if every
circuit in S has voltage 1.

We will denote the poset of balanced flats of ® by P3. This can be viewed as the set of
the balanced subsets .S of the edges such that for any edge e which is not in S, e does not
lie in a balanced circuit of S U {e}. Note that for an ordinary graph I' (i.e. G = {1}), B2
can be identified with the bond lattice of I'.

If Kk : V= (PxG) is any (zero-free) coloring, then let I(x) denote the set of edges
for which &(w) = &(v)¢(e), and call this the set of impropriety of k. One of Zaslavsky’s
fundamental results is the following.

Lemma 3.3.5 ([54]) Ifx : V — (P x G) is any (zero-free) coloring, then the set of impro-
priety, I(k), is a balanced flat of T.

Zaslavsky uses this result to give the following “algebraic” definitions of the balanced
chromatic polynomial.

Theorem 3.3.6 ([54]) If S C E, let ¢(S) denote the number of connected components of
the spanning subgraph of T (the graph underlying ®) with edge set S. Then

a0 = ¥ (-0 = 3 4@, 5),

SCE ScrPp
balanced -
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where p is the Mébius function of P}.

If S is any balanced set of edges, we can obtain all of the zero-free colorings of ® whose
set of impropriety contains S as follows. For each component of the spanning subgraph of
I' (the graph underlying ®), choose a vertex v and color this with some arbitrary (7, g). If
an edge e of S goes from v to w, then color w with x(v)¢(e) (this is necessary for e to be
an improper edge). Continuing in this manner, all the vertices can be assigned colors. The
importance behind S being balanced is that the color we assign to a vertex is independent of
the path we take to reach it (all paths from v to w using edges in S have the same voltage).

For each component, the other colorings are obtained by choosing a different j and g.
Choosing a different g amounts to multiplying the color of each vertex in this component by
some h € G (on the left). So for each component, the sum of the monomials corresponding
to these colorings is of the form py = ms; where f is one of the basis elements of P(G)
defined in (3.4). If we let F(S) denote the multiset consisting of the basis elements for
each component, then the standard Mdbius inversion argument implies that we have the
following expansions in terms of our analogue of the power sum basis.

Theorem 3.3.7

il

X3 S )y = S u@, )R
SCE(®) Sept
S is balanced
We can obtain slightly more elegant and explicit results by “forgetting” about the “G”
part of the colorings. These results can be viewed as analogues of Theorems 1.2.2 and 1.2.1.

Corollary 3.3.8

1X3= > )¥NGIEpysy = 3 u(0,8)IGIpys),
SCE(®) SepP}
S is balanced
where A(S) denotes the partition whose parts are the vertez sizes of the components of the
spanning subgraph with edge set S, and c(S) is the number of components.

3.4 Xg X% in terms of Hyperplane Arrangements

In this section, we will describe the expansions of the chromatic functions for signed graphs
in terms of the analogues of the elementary symmetric functions and fundamental quasi-
symmetric functions. These expansions reflect properties of the hyperplane arrangement
associated with X. For an ordinary graph, I', we will show that information about various
hyperplane arrangements associated with " can be obtained from Xp.

As we mentioned in the introduction, Zaslavsky [52] interprets signed graph colorings in
terms of certain hyperplane arrangements. Assume that X is a signed graph on d vertices,
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Figure 3.1: The hyperplanes Bj.

labelled by [d]. Then X is associated with an arrangement in R? by including the hyperplane
x; = ex; if there is an edge (7, j) with sign e. The set of these hyperplanes will be denoted
by H[X]. It follows immediately from the definitions that proper colorings of ¥ exactly
correspond to those points in R? which have integer coordinates and lie in the complement
of H[X].

With this definition, positive loops correspond to the whole space (x; = x;), which is
considered to be a “degenerate hyperplane” in Zaslavsky’s treatment. In our considerations
here, we can just assume that ¥ has no positive loops (otherwise, there are no proper
colorings).

Negative loops correspond to the coordinate hyperplanes. It is sometimes useful to
consider the result of adding these to some arrangement, so following Zaslavsky, we will
denote by X° the signed graph obtained from ¥ by adding a negative loop at each vertex.

Let B} denote the set of hyperplanes dual to the elements of the root system, By, of the
hyperoctahedral group, 8,. Then H[X] is a subarrangement of B}, and every subarrange-
ment can obtained in this way. The hyperplane arrangement B% is shown in Figure 3.1.

Let A7_, denote the set of hyperplanes of the form x; = x;, (i # j). These correspond
to positive edges which are not loops, and the duals of these in B; can be identified with
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the root system of &4. Ordinary graphs can be viewed as signed graphs (with a sign of +1
for each edge). These then correspond to subarrangements of A%_,. Note that in this case,
the regions into which R? is divided by the hyperplanes exactly correspond to the regions
into which the first orthant is divided.

If k = (K1,K2,--.,K4) € Z% C RY, let 2~ = z,, 2, -+ +Z,,. Denote the lattice points in
the complement of the hyperplane arrangement H[X] by H[X]°. Then it is immediate from
Zaslavsky’s definition of H[X] that

Xy = Z z".

r€H[Z]e

We could take this as the definition of X§. This definition has also been suggested by
Bruce Sagan (personal communication) as a hyperoctahedral analogue of Stanley’s chro-
matic symmetric function. Blass and Sagan [4] use the lattice points in H[¥]° to prove some
results concerning the chromatic polynomials x§% and some generalizations to subspace ar-
rangements and other Weyl hyperplane arrangements.

We can identify the elements of the hyperoctahedral group, B,, with “signed permu-
tations,” a = (€101, €202,...,€404), (0 € &4, € € {£1}). We can then identify these
signed permutations with points in Z? C R%. Note that there is exactly one such point in
the interior of each Weyl chamber. We will employ the convention of multiplying elements
of By as follows:

(€101,...,€404) (€101, ..., €g03) = (€16510(0Y), . - - , (€g€s1,0(07))-
The usual definition of the descent set of an element of 9By is
D(o)={i€{0,1,...,d -1} | €0; > €;410i41, or (i=0 and 0 > ¢0;) }.
We now have the terminology to state the following generalization of equation (1.18):

Theorem 3.4.1 If R is a region of H[Y] and « is a signed permutation contained in —R,
then

D 2"= D Op@siyfea...c

kER BeBNR

where ¢; = sign(B8;7'), and af~! denotes the usual group operations in B,.

Proof: Fix a signed permutation o = (6,01,...,0404) € BgN(—R), and let & = (ky,- -+, Kqg)
be a lattice point in the interior of R. Define 7; by

_ Jsign(k;) ifk; #0

; = 3.17
{5{ ifk; =0 ( )
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There is a unique permutation 7 € Sy satisfying the following;:

il < |j| = 7 <77

|ki| = |&;] and mi8i0: < mibio5 = 7 < 75t (8.18)
Let 8 = B(k) = (m7; %, ... ,nar; ). With the conventions described above,
B = (T hrya) and @B = (1, 8ry 0y - e 3 Thry0rg0ry).-
Let €¢; = 1r,, and consider the d-tuples (9, a4, ... ,7,aq4) satisfying
a; < @i41,
a; < @iq1, if 600, > Ny Ony 0y (3.19)

0<ay,if 0 > 9, 0,0;.

Note that the sum of the monomials corresponding to these is D(aB~1),(e11mr6a)"

Choose such a d-tuple and let x} = n9;a_-1. Note that this just permutes the coordinates
of the d-tuple. Now we want to claim tha,t: for each k' obtained in this way, #(«’) = 8 and
that each x’ is an point in the interior of R. The theorem follows from these claims. (3 is
the k' obtained when @; = i.)

First consider the construction of B(«’). If &} # 0, then clearly sign(x!) = n;. If & =0,

then @_-1 =0,500=a; =---=a_-1. It follows from the conditions on the a;’s that
0 < 9 by,0, < -+ < midio;. (3.20)
In particular, n; = §;. If |k}| < ||, then < TJT’I, since the sequence a;, ... , a4 is weakly

increasing. Finally, if |{| = |«}| then the equality a -1 = a_-1 implies that there must be a
i J

sequence of ascents between the 'ri_lth and T 1th positions of 81, so that if ‘rj_l < T,-'l,

> o> 9:0;0;.

or _  Or

0,05 >
Mi%C3 nT(-rj_1+l) SV Gl 2

It follows that 7 is the unique permutation satisfying (3.18) for «’. The 7; and 7 corre-
sponding to ' are the same as those for x, and so 8(k') = B(x).
Now we will verify that each ' obtained above lies in the interior of R. We know that
—a= (_61011 LERE —JdO'd) and Kk = (771|'91|, oo ﬂ?d'ﬁdl

are in the interior of R. We will also need the fact that R is an intersection of half-spaces
coming from hyperplanes in Bj.
Consider the following three sequences.

0 < |y | < |Kry | < < | g
0< Il < Kl < o< I
0 Ny 07, Oy Nry0r, 0, cen Mrabra0ry
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For every equality which occurs in one of the upper two sequences there is an ascent at the
corresponding position in the lower sequence. For «, this follows from the definitions of #;
and 7, and for &/, it follows from the definition (3.19) (since . = a;).

Any half-space coming from a hyperplane in B} can be defined using an inequality in
one of the forms:

s1%r; < 82X, (3.21)
or 0 < soxr;, (3.22)

where ¢ < j and 81,8, € {£1}.
Consider an inequality of the form (3.21) which is satisfied by x and —a. Then we have

810K | < 82011 Kir; |- (3.23)

It follows that s3n,, = +1 (using the fact that |k, | is an increasing sequence).

Case 1: s17,; = +1. Then (3.23) says that |k,,| < |k, and &’ satisfies (3.21) if and
only if the same is true for «’. If |} | = |&7.], then it follows that 7,6r,0+ < 7r,6;;0r;. But
then —s10,,0,, > —8207;0,; (since 517, = +1 and s27;; = +1), so that —a does not satisfy
(3.21).

Case 2: 817, = —1. Then (3.23) simply says that |«,,] > 0, and &' satisfies (3.21) if and
only if the same is true for #'. If x; = 0, then

0 < 95y 07y Oy < Nry07y Oy < oo < 76707, (3.24)

In particular, 5,, = &, and 7,; = §;;. So, —s8165,0,, = 0, and —s26,, 0, = —0,. This
contradicts the assumption that —a satisfies (3.21), i.e. —s168;,0,, < —8207,0,,.

Finally, we need to consider half-spaces defined by inequalities of the form (3.22).
can satisfy this only if s2m;;, = +1. And so it follows that &' satisfies (3.22) if and only if
|x7,] > 0. If &7, = 0, then we have (3.24) (as above). Again, we have that 5., = é.,, and it
follows that —sd,;0,; < 0 which contradicts the assumption that —a« satisfies (3.22). O

As mentioned in section 3.2.1, these Q’s are not linearly independent, and the terms
appearing in Theorem 3.4.1 do depend on the choice of a.

The pairs (R, k) where & is a lattice point in the closure of R correspond exactly to
what Zaslavsky [54] calls compatible pairs of acyclic orientations and colorings. Stanley’s
reciprocity result (Theorem 1.2.4) generalizes to the present context in a particularly nice
way:

Theorem 3.4.2 If R is a region of H[X] and «a is a signed permutation contained in —R,

then
Z " = Z QD(a,@“),(q,... €a)
x€closure(R) BEBINR
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where ¢; = sign(6;!), and S = [0,d — 1] — S, or equivalently,

Z " = 7(X§)’

(Rx)

where the sum runs over pairs of regions R in H[X] and lattice points k in the closure of
R, and 5 denotes the involution defined in Lemma 3.2.2.

Proof: Clearly the second part follows from the first and Theorem 3.4.1.

The proof of the first statement is very similar to the proof of Theorem 3.4.1. Fix a
signed permutation a = (6,01,...,0404) € B4N(—R), and let & = (K1, -+, Kq) be a lattice
point in the closure of R.

B =B(K) = (mrY,... ,nary") is defined as follows. Let 7; be given by

sign(k;) ifwi#0
i = 3.25
7 {—6{ if k; =0, ( )

and let 7 € &4 be the unique permutation satisfying:

|6l < |6j| = 77t <77 (3.26)
il = ;| and midioi > midjo; = 7 <7

And, of course, in this case, we will consider the d-tuples (9, a1,...,7,aq) satisfying

a; < a4,
a; < @i41, if 777';51—.'0'1-.' < 771','+157'.'+10'Ti+1
0 < al, if 0 < "71—161-10.1-1-

The sum of the monomials corresponding to these is ﬁm (€1 rea)’ where ¢, = 9, =
sign(8~1), as before. As in Theorem 3.4.1, we will consider the points &} = 7;a_-1.

The proof that §(x’) = ((x) is entirely analogous to the argument in the previous
theorem. We will omit the details.
In this case, when we consider the sequences

0 < enl £ enl < < |kl
00< Kl < Il < - < I,
0 N 01, Ory Nry0ryOr, NrgbryOrys

we see that each equality in one of the upper two sequences corresponds to a descent at
the corresponding position in the lower sequence.
Suppose we have an inequality

S1Xr; < S2Xr;
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defining a closed half-space containing R, with ¢ < j and s;,s2 € {£1}, which is satisfied
by k and —a, but not by x’. Then we have, more explicitly,

5177T¢'|K/T.'| < 32"77,"”7’,’] (3.27)
—8157.-0'7—.- S —326TjaTj (328)
81|k, > 827 |7 |- (3.29)

It follows from (3.29) (and the fact that a; < a;41) that (179, 527,;) must be (41, —1)
or (—1,-1).

Case 1: (817r;, $27r;) = (—1,—1). Then, together, (3.27) and || < |k;| imply that
|kr| = |Kr;|. Tt follows that n.,6,,07 > 9r,6,0.;, and hence that —s;10,,0,, > —s26,.0,,
which directly contradicts (3.28).

Case 2: (817, S20r;) = (+1,—1). Then (3.27) implies that |s,,| = 0. It follows that

0 > 77,0507 > Nry07y 0y > oo > 001,04

In particular, 0 > $16,,0,, > —830.,0,,, which says that the left side of (3.28) is positive
while the right side is negative.
The half-spaces 0 < sx;; can be handled similarly. O

It seems that the best way to give a hyperplane interpretation and generalization of
Stanley’s result about sink(I’, ) (Theorem 1.2.3 above) involves adding the coordinate hy-
perplanes, i.e. looking at H[X°]. This is because, for an ordinary graph, we can determine
the number of sinks of an acyclic orientation by looking at the intersection of the correspond-
ing region with the first orthant and counting the number of faces which lie in coordinate
hyperplanes.

We can also include some information about which orthant a given region lies in. Namely,
if R is a region of H[X°], let neg(R) be the number of negative coordinates in an interior point
of R and let sink(R) denote the number of faces of R which lie in coordinate hyperplanes.

Let 9 be given by

ifS={i+1,i+2,...,d-1}
and j of the ¢;’s are —1, (3.30)
0, otherwise.

t(t — 1)'s7,
¢ :DS,(el,...,ed) = ( )

Lemma 3.4.3 ¢ is a well-defined algebra map on HQSym.

Proof: A trivial consequence of our computation of the quotient of the kernel of 8 (see p.85)
is that any map defined on QSym, ®Q(Z/2Z)? which is invariant under all permutations of
the (€1,...,€4) part passes to a well-defined map on the quotient, HQSym.

The fact that ¢ is an algebra map follows from the fact that Stanley’s ¢ (defined in
(1.19)) is an algebra map, and the fact that z;; — 1, z_; > s (for j € P) defines an algebra
map on HQSym. a
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Since we are considering H[X°], the interior of a given region, R, is contained within a
single orthant. By reflecting the region in various coordinate planes, we can “move” it into
the first quadrant, to get a region R’ there. An expansion in Qg’s for the enumerator of
the points in the interior of R can be obtained from the expansion of the enumerator of
R’ in QSym by attaching an appropriate € to each term. In particular, the following result
actually follows from the proof of Theorem 1.2.3.

Proposition 3.4.4
¢(X%) = ’(,b(X%o) — E sneg(R)tsink(R)’

where the sum runs over the regions for H[X°].

It follows from the remarks made in Section 3.2.1 and a straightforward calculation that

P m((alybl)a(ambﬂvm,(ak»bk)) — (_l)d_k(l -(1- t)al+bl)sbl+b2+m+bk-

And it follows from directly comparing the appropriate definitions that e(, ;) is the sum of
all M (a,,b1),...,(ar,bs)) s for which b of the ordered pairs are (1,1) and the remaining a of the
ordered pairs are either (0,1) or (1,0). Summing the values of 4 on all these, and doing a
bit of simplifying, we can obtain the following (not particularly elegant) result:

Proposition 3.4.5 The algebra map induced by

ap) = (<9 (1 +9)° [t (“;’ b) —t-1) (“ - 1)] , (3:31)

where e, p) is as defined in section 3.2.1, maps
X% — Xgo — aneg(R)tsink(R),

where the sum runs over the regions for H[X°).

Consequences for Ordinary Graphs

For an ordinary graph, I', considered as a signed graph, +I', we can compose e; —
> a+2b=k €(a,p) (Which sends Xr to Xg_r) with the map (3.31) to obtain a much simpler
result:

Proposition 3.4.8 The algebra map induced by
ex > (L+ )t + (s +&° R 4

sends Xt to 3 s"8(R)¢sink(R) yhere the sum runs over the regions for H[+I°].
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This proposition implies that certain nonnegative combinations of the c) are positive (where
Xr =Y cyey). If we set s =0, we obtain Theorem 1.2.3.

If we set ¢t = 1, we obtain that e +— (14 5+ - - -+ s¥) sends Xt to ¥ s"8(®), It can be
seen (using (1.3)) that this map is the same as the algebra map induced by wpg — (1+ s*).
So it follows from the wp-positivity of X1 that the image has nonnegative coefficients.

However, a curious consequence is that for an e-positive I', the coefficients of this gen-
erating function, Zs“eg(R), are unimodal. This is not true in general: for example, the
“claw” K3 gives

8 + 135+ 125® + 135% + 85,

There are several possible variations of these ideas. The strongest result of this kind for
ordinary graphs seems to be Theorem 1.3.9. Proposition 3.4.6 can be obtained by evaluating
the variables in Theorem 1.3.9 at (1,s,0,0,...).

We can also get a nice result for the “sign-symmetric” signed graph +I'°, obtained by
replacing each edge of I' with two edges, one positive and one negative and adding a negative
loop at each vertex.

Proposition 3.4.7 The algebra map induced by
ex — t(1+ s)* (3.32)

sends Xr to Zs"eg(R)t"i"k(R), where the sum runs over the regions for H[£I°].

Proof: The proper colorings of £I'° are just the zero-free colorings for which taking the
absolute values of the colors gives a proper coloring of I'. It follows that X} . can be
obtained from Xr via the algebra map induced by z; + (z;+z_;), or equivalently, ex = ¢(x )
(see (3.10)). Composing this with (3.31) yields the map (3.32). a
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Chapter 4

Shuffles and Free Lie Algebras

The results in this chapter and the next were obtained in collaboration with Nantel Berg-
eron, and are taken from the article:

N. Bergeron and H. L. Wolfgang, The decomposition of Hochschild cohomology
and Gerstenhaber operations, Journal of Pure and Applied Algebra 104 (1995),
pp. 243-265.

(©1995 Elsevier Science B. V.

The author thanks Elsevier Science for their permission to include this material here.

4.1 Eulerian Idempotents and
the Decomposition of (Co)Homology

In this section, we recall the main results about the idempotents e,(lk) and the decomposition
of the Hochschild (co)homology.

As in the introduction, let A be a commutative, unital algebra over a field K of charac-
teristic zero, and M a symmetric A-bimodule. Define 8,4 = A ® A®", where all tensors
are taken over K. We will denote ap ® a; ® - - ® a,, by the shorthand, ag[ay,...,a,]. We
have that B. A is a complex with boundary map 8 = 0, : B,A = B,,_1 A, given by

On(alay,...,ay)) = aaifag,...,a,]+
n-1
Z(—l)’a[al,. ey @iig ]y - e 5 Q)
1=1
(-1)"anafay,...,an_1].

Note that B, A is a symmetric A-bimodule via multiplication on the left A factor, and
0 is an A-bimodule map. Since A4 is commutative and M is a symmetric A-bimodule,
it follows that the Hochschild homology H.(A, M) is the homology of B,A ®4 M, and
H*(A, M) is the homology of Homy (8.4, M) = Homg (A®*, M) (See [1,13,15,31]). We

101
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can identify B,A®4 M with C,,(A, M) = M ® A®", and Homy (B, A4, M) with C*(4, M) =
Hompg (A%®*, M). Note that Co(A, M) and C°(A, M) can be identified with M in a natural
way, and 8; = 0 implies that Ho(A, M) = H%(A, M) = M. We will be concerned mostly
with the case M = A.

Let &, denote the symmetric group on n elements, and let Q[&,] denote the group
algebra. We define a (left) action of Q[S,] on A®" by letting o € S, act on (a1, az,...,a,)
by (aal_l 1By=1y e ey @ »1)- This can be extended to an action on B, A = AR A®™ by letting

Q[S,] act on the right factor, i.e. o(a[ay,...,an]) = a[aal-l,aa;q, ooy 8]

The Eulerian idempotents e ¢ Q[S,) can be defined in a number of ways. The simplest
definition is a generating function due to Garsia [8]:

n

3 Mgk = % Y (z - d(0))(z - d(0) +1)---(z — d(0) + n — 1) sgn(0)o,
k=1 ‘0€G,

where d(o) = Card{i : ; > 041} is the number of descents of o.
In [13,30] we find that

id=el +e? 4...4¢M (4.1)
D) = 536, 42

where 6;; = 0if ¢ # j and 1 if i = j. That is, the es.k) are orthogonal idempotents. And
moreover,
37;651“') = e’(nk_)l 0.

Combining these properties, we have that

B.A = Bl B, A
is a decomposition into subcomplexes. This shows
Theorem 4.1.1 ([13,30])

Ho(A, M) = (D Hin-k(4, M),
k

H™A,M) =P H""%(4, M),
k

where
Hini(A, M) = e®PH,(A M) H, (M Q¥ A%*),

HEnk(A M) = H™A,M)e® = H,(Homg (M 4®*, M)),
Hoo(A,M) = Ho(A,M), and H®°(A,M)= H°(A,M).



4.2. FREE LIE ALGEBRAS 103

We follow the notation of Gerstenhaber and Schack [13-15] in indexing the components
of the decomposition. This notation differs from that found elsewhere, but it will allow us
to state some of our results a little more easily.

For future reference, let us set

Crni(4, M) = eFC, (A, M) =M@ eP A"
C (A, M) = C(A M)el®) & Homg (P 4", M)

Note that the action of Q[S,] on C"(A, M) is on the right, given by

(fo)(ay,...,an) = f(o(ay,...,an)).

4.2 Free Lie Algebras

Let A = {a1,a2,...,as} be a finite alphabet, and let Q(.A) denote the free associative
algebra generated by A, i.e. the vector space spanned by words with letters in A. Then
Q(A) is a Lie algebra under the bracket product defined on words by [u,v] = uv — vu.
We say that w is a bracketing of letters if w is a letter or if w = [u,v] where u and v are
bracketings of letters. Let Lie(A) be the span of these, i.e. the sub-Lie algebra generated
by A. Then Lie(A) can be identified with the free Lie algebra generated by .A and Q(A)
with the enveloping algebra. One version of the Poincaré-Birkhoff-Witt theorem implies
that Q(.A) is isomorphic to the symmetric algebra of Lie(A).

Reutenauer [33] introduces the idempotents pslk) and shows that they give the projection
maps for the natural decomposition of the symmetric algebra of Lie(A). The version of
these results that we will use first appears in Garsia [8] (see also [9]). We begin with some
definitions. Let Q[.A"] denote the span of words of length n. There is a right action of
Q[S,] on Q[A™] defined on words by (wiws...wn)0 = We, Ws, - . . Wy

Consider the symmetrized product

n*

1
(fﬁ,fﬁa---,}%)s== ET 2: I%lsz"'f%k
" oESK

where P; € Q(A). Let
HS; = Span {(Pl, p,... ,Pk)s :P e Lie(.A)}
and let HS} = HSx NQ[A™]. One of the main results of [8] is

Theorem 4.2.1 The idempotents ps,,k) € Q[8,), defined by

Y k= L Y @) - dio) +1) (e~ d(o) +n -1,
k=1 ' 0€EG,
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give projections into HS:
QA" = (D HS;
k>0

Q[A")p) = HS}
As mentioned in the introduction, it is known (see [9]) that the idempotents o and e
are mapped to each other by the automorphism 8 : Q[&,]) — Q[&,,] induced by o — (-1)%0.
For convenience, let us set HS<; = @r<; HSx. We will need the following well known
result.

Lemma 4.2.2 For P; € Lie(A),
P1P2"'Pk:(P1,P2’--'1Pk)S+E

with E € HS¢j—1.

Of particular importance to us is the case where A = {1,2,...,m}. Then, for n < m,
a permutation o = 0702...0, can be considered as a word in Q(A). So we can consider

Q[&,)] as a subspace of Q(A). Then define
SHS} = Q[&,] N HS} .

Note that this is independent of m. The right action is such that (6102...0,)7 =007, ie.
the right action is just right multiplication. We then have immediately,

Corollary 4.2.3

Q[6.)p¥) = SHS}
Q.Y = ¢(SHS})

Now, Q[S,] acts on the right of the complex for Hochschild cohomology, so we have an
alternative expression for the decomposition:

Ch=F(A, M) = C™(A, M)elf) = C™(A, M)Q[S,]elf) = C™(4, M)F(SHS]).
(4.3)

4.3 Generalized Harrison Homology

In this section we study more closely the components of the decomposition in Theorem 4.1.1.
It is known [13] that the components H'™1(A, M) and Hyn_1(A, M) are the Harrison
(co)homology groups of A with coefficients in M. We will generalize this construction to
describe all the components of the decomposition. This section is taken from Wolfgang [50].
Theorem 4.3.6 has been independently obtained by Ronco [35] and by Sletsjge [38].
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We define a composition of n as a k-tuple of positive integers, p = (p1,p2,.-.,Pk),
such that py + p2 + --+ + pxr = n. We refer to k as the number of parts of p, and we
denote this number by ¢(p). We will use the shorthand p = n for “p is a composition
of n.” For o € &,, we define the descent set of 0 as D(o) = {¢ : 6; > 041}, and for

p = n, we define S(p) = {p1,p1 +p2,...,p1 + P2+ -+ pr—1}. Note that if D(o) C S(p),
then o(1) < 0(2) < --: < o(p1) and o(p1 +1) < --- < o(p1 + p2) and so on. Let

Xp = YD(o)cs(p) @ and Xp = Yp(o)cs(p) S81(0)0- _
When Q[6,] acts on the left of A®™ as in Section 4.1, X, corresponds to the usual
signed shuffle operation, i.e.

)?p(al, ag,... ,an) = (al, e ,apl)fﬁ(am.l_l, e ,am+,,2)33 v ’J(ap1+...+pk_1+1, ceey an).
Example 4.3.1

X(z,z)(a, b,c,d) = (a,b,c,d) - (a,c,b,d)+ (a,c,d,b)
+(c,a,b,d) — (c,a,d,b) + (c,d,a,b).
Let us write
TA=K®pADA®? D ... A®" - -

and set TA, = A®", TAslk) = e&")A®", and TA®) = @, TA,(zk). Then & defines a graded
commutative product on TA, i.e. for w € A®™,v € A®", WTv = (—1)™"vTw. We can
extend this to an operation on A ® TA = B, A by

alay,...,a,)Tbby,...,bn) = abl(a1,...,a,) T (by,...,bm)] (4.4)

We denote by Sh¥ the span over Q of the elements )~(pa such that £(p) = k and 0 € &,,.
That is

Sh¥ = Q[X,0 : £(p) = k, 0 € 6,] C Q[S,].

We will refer to the elements of ShX as k-shuffles. Note that Shl = Q[&,]. If we write IA
for the augmentation ideal,

A=A9pA®? - 0A® @ -,
then Sh¥(TA) = (IA) ¥, i.e. Sh* A®" = (1A)%* N A9, And similarly,
Sh(8,4) = A® Sh¥(TA) = (A® IA) Tk,

We note that
Shi! c Skl
since an (I + 1)-shuffle can be expanded as a linear combination of /-shuffles. (Here we are

using the fact that we defined the Sh% to be right ideals in Q[&,].) Moreover, we have the
interesting fact that the map 0 is a derivation for the signed shuffles.
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Proposition 4.3.2 (see [31])

d(alay,...,a,)Tblby,...,by]) = 0O(afar,...,a,])T(b[by,...,bn]) +
(=1)™(ala1, ... ,a,]) TA(b[b1,...,bm)).

Together with the fact that 0(a[a1]) = 0, this implies that
dShy;(A) C Shy_ (4),
where Sh¥(A) = Sh¥ B,, A. Hence, the Sh¥*(A) give a filtration of B,A by subcomplexes,
B.A = Shi(A) 2 Sh¥(A4) 2 Shi(4) 2 ---
It follows that

M @ Sh* A®* =~ Shk(A)@s M
and Hompg (Sh® A®* M) = Homy(Sh*(A), M)

give filtrations of C(A, M) and C*(A, M) by subcomplexes.

Harrison homology is defined to be the homology of the complex B.A/Sh?(A), and
Harrison cohomology is the homology of the complex of cochains vanishing on Sh? A®*,
Barr [1] shows that these are summands of Hochschild (co)homology by showing that (in

the notation used here) e ...+ elis an idempotent projecting B, A onto Sh2(4). It
follows that

B, A =B, A @ ShZ(A) (4.5)

and hence there is a natural isomorphism between Harrison (co)homology and the first
components of the decomposition of Hochschild (co)homology.

Proposition 4.3.3 As right ideals of Q[&,],

k

ShA+! = ker (Z eﬁﬁ) : (4.6)
r=1

Proof: The following lemma is a special case of a result in [9].

Lemma 4.3.4 ([9]) Ifp = n, and £(p) > r then p(nr)Xp =0.

Applying 6, this gives us that e%r)/?p =0if {(p) =k + 1 and r < k. Hence

k
ShE+1 C ker (Z eg)) .

r=1
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@{iaﬁ=m(i4ﬂ

r=1 s=k+1

Now we note that

since the egf) are orthogonal idempotents and esll) 4+ 4 e,(f‘) = 1. So to get equality in

(4.6), it suffices to show that el e Sh%+1 for s > k + 1. We recall an expression for the
pfzk) found in Garsia [8]:

Proposition 4.3.5 [8]

n

B =y il 5 o,
) E

m=k PEN
L(p)=k

where s(m, k) denotes the Stirling numbers of the first kind.

Applying 6, we obtain eﬁ,k) as a linear combination of k-shuffles. This proves Proposi-
tion 4.3.3. ]

Theorem 4.3.6

k .
@ Hr,n—r (A1 M) = H, (C*(A’ M)/Sh]:+1(A) ®4 M) (4'7)
r=1

k
D H"7(A,M) 2 H,(C"(AM)/Hompy (Shk+! 49*, M) (4.8)
r=1

Hin k(A M) = H,(Shi(A) ®a M/gpk+104) @ 4 M) (4.9)
H*™ (A, M) = H,(Homg (ShF A®*7M)/H0mK (Shk+1 A®* M)) (4.10)

Proof: From Proposition 4.3.3, we have

k
(z;egp) Cu(A M) = CulA,M)/shir (4) 0, M,

r=1

and C*(A, M) (ij es;‘))

r=1

2

C*(A, M)/HomK(Shf“ A®* M)

Taking the homology, we obtain (4.7) and (4.8). The expressions for the individual compo-
nents, (4.9) and (4.10), follow from the orthogonality of the e, a
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4.3.7 Remark: Loday [30] shows that the decomposition of Theorem 4.1.1 is valid for
any functor A°” - K-Module which factors through the category Fin’ of the sets [n] =
{0,1,2,...,n} with morphisms f: [r] — [m] such that f(0) = 0. Theorem 4.3.6 relies only
on the identity (4.6). If we let Q[Fin’] be the algebra of morphisms of Fin/, the identity
(4.6) was shown inside Q[6&,] C Q[Fin’]. Hence Theorem 4.3.6 is also valid for any functor
A°? — K-Module which factors through the category Fin'.

4.4 The Dual Poincaré-Birkhoff-Witt Theorem

In this section, we study the shuffle powers of TAM = e,(.,l) TA and eg)%*A. In particular,
(k)

we will relate the idempotents e, ’ to a dual, graded version of the Poincaré-Birkhoff-Witt
theorem due to Hain [23].

To shorten the notation, let us write C,, for Cy,(A, A) = B, A and Cx) for Gane,(zk)Cn.
Note that H, = H,(A, A) is the homology of C..

Gerstenhaber and Schack [15] show that the shuffle product on C, is bigraded in the
sense that

Cim-i T Chn-k € Citkmtn~jk- (4.11)

They obtain this from the fact that sg) =i 2iel) is an algebra map on TA. The same
proof shows that TAsf) w TA%) C TA,(::,Q . In particular,

(TAYZk ¢ TAK) (4.12)

We will show that these spaces are actually equal.
We have the following generalization of (4.5):

Proposition 4.4.1

ShETA = (TAW)T* @ Spk+t TA (4.13)
ShE(4) = (Cuy)™* @ ShE+(4) (4.14)

Proof: For k = 1, both equations follow from Proposition 4.3.3. Note that in this case,
(4.14) is just (4.5). For the general case, Sh* TA is spanned by elements of the form w =
vy W -+ - Wk, with v; € IA. From the k = 1 case, we can write v; = v} + v/, with v} € TA®)
and v € Sh?TA. Expanding w in terms of these yields v{ T --- v} + ((k + 1)-shuffles).
To see that the sum is direct, note that, by (4.12), e&k) fixes the elements of (TA(I))UJ" , and
by Proposition 4.3.3, egk) vanishes on Sh¥*! TA. The second equation follows by tensoring
the first with A. O

The comments in the above proof about e,(lk) , together with Proposition 4.3.3, give us
the following theorem.
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Theorem 4.4.2
TA® = (TAW)&* (4.15)
Cw = (Cap™™. (4.16)

It is also possible to obtain TA®) C (TA(l))th by considering the construction of the

egk) in Loday [31]. With a coproduct induced by “deconcatenation”, TA becomes a graded
commutative bialgebra, and so there is a convolution product on the endomorphisms of TA.

(%)

Loday defines e, as the k-th convolution power of es‘l) (up to a constant). Writing out the
definitions explicitly, one obtains that e (a1,...,ay,) is given by
1 1 — @ —  —
m E es,)(al,...,a,-l)we,(, )(a,-1+1,...,a,~2)w---we£ )(aik_l+1,...,an).
T 1< <12 < <A1 <

For any graded vector space V =V, @ Vo @ - - -, the graded symmetric algebra of V is
defined to be
AV = S(Veven) ® E(V;)dd)s

where S and E give the usual (ungraded) symmetric and exterior algebras, and Veye, and
Vodd have the obvious meanings. Then AV is the free graded-commutative algebra generated
by V. Note that AV possesses two natural gradings, one coming from the number of factors
and one coming from the sum of the V-degrees of the factors.
It is clear that the shuffle product induces a well defined map A(TA(M)) — TA. In [23],
(1)

Hain constructs the idempotent e ’, and shows the following remarkable result.

Proposition 4.4.3 ([23]) The shuffle product induces an isomorphism
A(TAMy = TA

He presents this as a dual, graded version of the Poincaré-Birkhoff-Witt theorem. If A is
finite dimensional, this follows by dualizing the usual PBW theorem.

Note that it follows from (4.15) that this map is onto.

A(TA(I)) has a direct sum decomposition whose k-th term is spanned by products of k
elements of TA(, Tt follows from (4.15) that the shuffle product maps this k-th term to
TA®K) = egk) TA. So the idempotents e,(lk) bear the same relationship to this dual, graded
PBW theorem as the p,(f) bear to the PBW theorem discussed in Section 4.2.

The shuffle product on C, induces a shuffle product on the homology H. = H.(A, A).
It follows from (4.11) that this product is bigraded. Let us write H(;) for the homology
of C(y), i.e. H(y) is the sum of the Harrison homology groups. Then the shuffle product
induces a map

A(H()) - H.. (4.17)

This map, however, might be neither injective nor surjective. In fact, we will see in Section
5.3 that for the dual numbers, the shuffle product of any two elements of the Harrison
homology is zero.
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4.4.4 Remark: The statements above about the decomposition of TA rely only on the
vector space structure of A. In particular, these comments are valid in the context of
Hain [23], i.e. bar constructions on CDG (commutative differential graded) algebras. Hain
shows that the map in Proposition 4.4.3 is an isomorphism of DG algebras. So the comments
above yield a Hodge-type decomposition of the homology of such a bar construction, which
generalizes the results of [23]. Note that, in contrast to what happens for Hochschild
homology, Hain shows that the analog of (4.17) is an isomorphism.



Chapter 5

Gerstenhaber Operations

5.1 Gerstenhaber operations on H*(A4, A) and ideals

We now focus our attention on H*(A,A) for A a commutative algebra. In this section
we construct ideals for the cup product and Lie bracket on H*(A, A). Recall that H* =
H*(A, A) is the homology of C* = C*(A, A) = Homg (A®*, A). Let us write f ~ g when f
and g differ by a coboundary. For f* € C™ and g™ € C™, define f* U g™ € C™t™ by

fn Ugm(alv cee ’an+m) = fn(ah” . aan)gm(an+l,--- aan+m)-

The important properties of this product are that it induces a product on the cohomology,
and that the induced product is graded commutative:

frugh e~ (-1)"gmu fr (5.1)

as was shown by Gerstenhaber [11].
Gerstenhaber [11] defines, for f* € C™ and g™ € C™ a composition product f"5g™ €
C™t™1 a5 follows: Fori=1,...,n, let

(fn 04 gm)(ala o 7an+m—1) = fn(a'la v ,a'i—19.qm(ai’ vee ,ai+m—l)1 Aitmy -« 7an+m—l)°

If m = 0, the above definition holds, with g™() interpreted as a fixed element of A, and
if n =0, f" o; g™ is defined to be 0. Then let f"5g™ = "1, (=1)F~Dm=1fn o gm  Ag
Gerstenhaber points out, if f and g are cocycles, then fdg need not be a cocycle. However,
defining [f", g™] = f g™ — (—1)(»~(m=1)gm5 " yields a well-defined graded Lie product
on the cohomology. Note that the grading is by degree, which is the dimension —1, i.e.

[fn’gm] ~ _(_l)(n—l)(m—l)[gm’fn].

Let us write C(¥) for @,C*"~*(A, A) and similarly for H(*). In [13], Gerstenhaber and
Schack the behavior of the decomposition under the cup and bracket products. For the

111
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Harrison components, they obtain

[c®,c®] c ¢M and hence [HW, HW] c HW) (5.2)
(HW)* c BB, (5.3)

leading them to ask if these operations are graded with respect to the decomposition,
i.e. does one have HY) U H®) C HU+K) and [HY), H*®)] ¢ HU+-1)? They also show
that @,>; H*" is an ideal of H* for the cup product by exhibiting it as the kernel of a
natural map H*(A, A) — HEg(A, A), the codomain being the Lie algebra cohomology of A
considered as a trivial Lie algebra.

In [14,15], they conjecture that the cup product is not generally graded with respect to
the decomposition, but that 7, = @,>,H™" form a decreasing filtration of H* by ideals,
possibly with F, UJF,; C Fpyq-

We will show HW u H®) ¢ H(S+F) and [HD, H®] ¢ H(EiHk-1) | where H(SF) =
Dj<kH (9). This implies the conjecture above and that furthermore, the Fq are ideals for
the Lie bracket and [Fp, Fq] C Fp4yq. In Section 5.3 we will give an example where neither
product is graded.

Assume for the moment that n, m > 1. We will deal with the behavior of C° separately
in Proposition 5.1.16. As in Section 4.2, we can regard Q[S,] and Q[S,,] as subspaces of
Q(A) for the alphabet A = {1,2,...,n+ m}. Recall from (4.3) that

chn=k = C"9(SHS}),

where SHS} is spanned by those symmetrized products of k elements of Lie(A) which lie
in Q[6,] C Q(A). Using this characterization of the decomposition, we can study the cup
and bracket products in terms of some operations on words.

We begin with the cup product. If v € &,,, and k < n, we define * to be the word
obtained from v by adding k to each letter of v, e.g. 3121*= 756. Extend this definition
linearly to all of Q[&,,]. A straightforward application of the definitions shows

Proposition 5.1.1 For f€ C", g € C™, w € Q[&,)], v € Q[Sn],
(fO(w)) U (¢6(v)) = (f U 9)6(w.(v1")),
where w.(v™) is the concatenation of the two words.

Modulo the coboundaries, we can obtain a somewhat stronger result.

Lemma 5.1.2
fug~(fug)(n+1l...n+ml...n).

Proof: This follows from (5.1) and the commutativity of A. ]
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Corollary 5.1.3 For fe C", g€ C™, w € Q[B,], v € Q[6,],
(f6(w)) U (98(v)) ~ (£ U 9)8((w, (v1™)%),
and more generally,

(f10(w1)) U+ U (fuf(wr)) ~ (frU---U fi)((wr, gt .. apgtler-wa-al)S),

Proposition 5.1.4 If f € CU), g € C®), then fU g € C(Si+F),

Proof: Since CU) = ®n,C"0(SHS?), it suffices to take f = f'8(w), g = g'0(v) where w €
SHS?, v € SHS}'. Note that v1"€ HSg, and thus w.(1") € HS<j4x by Lemma 4.2.2. D

Similarly, Corollary 5.1.3 can be used to give a new proof of (5.3).

We now turn to the composition and bracket products. For w € &, and v € &,,, we
define ®;(w, v) € Sp4m—1 to be the word obtained from w by substituting the following for
the letters of w:

1 . =1 §  j+1 ... n
1 ... j=1 ot-D j4m ... nt+m-1 (5-4)
Extend this definition bilinearly to allow w € Q[&,] and v € Q[S,,].

Example 5.1.5
®,(3124,21) = 41325

An elementary computation gives
Lemma 5.1.8 For w € G, and v € G, the sign of ®;(w,v) € Gpim—1 is given by
(_1)W(_1)v(_1)(w;1—1)(m—1)(_.1)(j-1)(m—1),
Proposition 5.1.7 For f € C™, g € C™, w € Q[B,], v € Q[6y],

(f8(w))a(gb(v)) = 3 (1) U~D(f 0; 9)8(2;(w, v)).

Proof: By linearity, it suffices to consider w € &,,v € &,,. First consider

(fw Ok gv)(a'lv v 1an+m—-1) = f’w(ala cee 7ak—lagv(aka v aak+m—l)a Ak4my -« - 1an+m—1)-

If j = wg, then the result of the actions of w and v will yield

f(bh v 1bj—lvg(bja s !bj+'m—l)1 bj+m7 ey bn+m—1)a
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where (by,...,bpym—1) is some permutation of (ai,...,8n+m—1). If we group the variables
together into blocks according to the arguments of f,

by yoee abj—la bj; cee abj+m—1> bj+m1 tee ,bn+m—la
Aavd i GG S N —’
1 -1 i i+l n
then the numbers wy,...,5,...,w, (where j = w; is omitted) give the blocks where
@1y...,8k-1, Qkm,- -+ , Gntm—1 appear, respectively. The variables ag, ..., ax+m—1 appear

in the block j, with positions governed by v. The substitution (5.4) comes from relating the
block numbers to the indices of b;. This shows that fw or gv = (f o; g)®;(w,v). Applying
the signs of the permutations from Lemma 5.1.6, we obtain

il

(FOw)s(g8(v)) = (-1 VD (-1)(=1)"(fw) o, (gv)

J

T (=11 o, 5)6(8;(w,v)).

O
Lemma 5.1.8
[HSg, Lie(A)] C HSy
Proof: 1t is not difficult to show that
k
[(PI)PZ"" ,Pk)S’Q] = Z(PI’ a[H,Q]’--- ,Pk)s-
=1
The result follows immediately. a

Lemma 5.1.9 If w € SHS} and v € SHSY, then ®;(w,v) € SHSFt™ 1.

Proof: w € Lie(A), so we can assume WLOG that w is a bracketing of letters. The letter j
appears only once in this bracket expression, so w can be obtained by starting with j and
successively bracketing with elements of Lie(.A) not containing j. The substitution (5.4)
replaces j with an element of HS; and these Lie elements with other Lie elements. So the
result follows from Lemma 5.1.8 by induction. O

Lemma 5.1.10 Ifw € SHS} and v € SHS", then ®;(w,v) € SHS’S"};_i"_‘[_ll .

Proof: It suffices to consider the case w = (Py, Py,...,P:)% and v = (Q1,Q2,---,Q0)5,
where P;,Q; € Lie(A). Note that the letters appearing in the different P; are disjoint. In
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particular, the letter j appears in only one of the P;. WLOG, say j appears in P;. We can
write
®;(w,v) = (P, P,,..., P)S

where P; is the result of applying the substitution (5.4) to P;. Now, P, ..., P € Lie(A)
since, in these, each letter has been replaced by another letter. By the argument in
Lemma 5.1.9, P, € HS;. So ®;(w,v) is a linear combination of products of (k 4+ £ — 1)
elements of Lie(A). Then Lemma 4.2.2 implies that it is in HS<xye—1. O

Lemma 5.1.11 If w € SHS} and v € SHST, then &;(w,v) € SHSPt™ 1.

Proof: When we take £ = 1 in the above proof, we get P; € HS; = Lie(A). Then &;(w,v) €
HS;. O

Taking Proposition 5.1.7 and Lemma 5.1.10 yields

Theorem 5.1.12

C(j)ac(k)’ [C(j),c(k)] C C(Sj'l'k—l)
and hence [H(j)’H(k)] C H(Sitk-1)

Similarly, using Lemmas 5.1.9 and 5.1.11 yields stronger results for the Harrison compo-
nents:

Theorem 5.1.13

o)
H)

C(I)EC(’“), C(’“)EC(I), [C(l),C(")] C

and hence [HY, H(k)] -
5.1.14 Remark: A K-linear map u : A® A — A defines an associative product on A if
and only if [g, u] = 2udu = 0. And g is commutative if and only if p is a Harrison cochain.
Gerstenhaber [11] shows that the coboundary map can be expressed as 6 f = [f, —pu], where
4 is the algebra product of A. So Theorem 5.1.13 can be viewed as a generalization of the
fact that the subspaces C(*) are actually subcomplexes.

5.1.15 Remark: The fact (5.2) that C(\) and H(!) are closed under the graded Lie bracket
shows that C* and H* are graded Lie modules over C(Y) and H("), respectively. Theo-
rem 5.1.13 shows that the decompositions C* = @C¥) and H* = @H*) are direct sums of
CM-modules and H(M-modules.

For the sake of completeness, we consider also the products involving H® = C°:

Proposition 5.1.16 For f € C*) ge C°, fuge CP®, and [f,g] € C+-1).
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Proof: Recall that CO = A. Taking the cup product with g is just multiplication by an
element of A, and it is clear that the decomposition of C* is a decomposition into A-modules.

The bracket product is a little more interesting. Take, by convention, ®;(w, @) to be the
word obtained from w by substituting for the letters of w:

1 ... j=1 § j§+1 ... =
1 ... j=1 (omit) 5 ... n-1

Then the proof Proposition 5.1.7 is still valid. Here 0 is the “empty word”, i.e. the identity
of the concatenation algebra Q(A). For w € Lie(A), “omitting” a letter from w yields @ if
|w| = 1, and 0 otherwise. E.g. ab—ba s a—a = 0. So if w € SHS}, then &;(w,$) € SHS}_].
Since [f, g] = fog for g € CP, this yields the result. 0O

Corollary 5.1.17 F, = ®,>,H*" are ideals for the cup and bracket products, with F, U
Fq € Fptq and [Fp, Fo] € Fpiq-

Proof: If f € H'" g € H? with r > p,t > ¢, then fUg € ®k5i+ij'i+r+j+t—k, by
Proposition 5.1.4. Now for each k in this sum, k < 7 + j implies that ¢ +r+j 4+t -k >
r+t>p+q. So fUg € Fpyq. Similarly, Theorem 5.1.12 implies that [f, g] € Fp44. Taking
q = 0 shows that F,, is an ideal for either product. a

5.1.18 Remark: It is possible to obtain many of the results of this section, including
Corollary 5.1.17, by considering shuffles instead of symmetrized products of Lie elements,
i.e. using the fact that H(S¥) is the homology of the cochains vanishing on (k + 1)-shuffles.
There are two problems with this approach. The first is that one loses all information about
the individual components of fUg and [f, g]. The second is that it would be difficult to see
why the Harrison cochains have stronger properties, e.g. Theorem 5.1.13.

5.1.19 Remark: A recent paper by Sletsjge [38] incorrectly asserts that the Gerstenhaber
operations are graded with respect to the decomposition. Using methods similar to those
discussed in the previous remark, he correctly proves the equivalent of Proposition 5.1.4
and Theorem 5.1.12, i.e. if f € C), g€ C®), then fUg € C(Si+k) and [f, g] € C(Si+E-1),
He then assumes (incorrectly) that f U g and [f, g] are cohomologous to their projections
into CU+%) and CU+*=1) respectively.

From our point of view, the “error terms” projecting into the smaller components should
seem fairly arbitrary. This is because writing a product of k elements of Lie(A) is terms
of the HS; generally gives nonzero projections into each of HSy, ..., HSk. It turns out that
the error terms are not completely arbitrary. In the next section, we will see that the error
terms for f U g and [f, g] which survive at the level of cohomology are in the components
of the same parity as (j + k) and (j + k — 1), respectively. It seems that there are no other
restrictions on the error terms, but it is difficult to make this statement precise.

In Section 5.3, we will give specific examples where the error terms do not vanish at the
level of cohomology. This shows that the two main theorems of [38] are false.
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5.2 7Z/2Z-gradings for Gerstenhaber Operations

n [13], Gerstenhaber and Schack show that if we define H(®ve")(A, A) = H(O)(A, A) @
H®)(A,A) @ ---, and similarly for H(°9), then this yields a Z/2Z-grading for the cup
product, i.e. H(even) y H(even) C fr(even) and so on. In this section, we will generalize
this result to give Z/2Z-gradings for any algebra with an involution. There are analogous
shifted gradings for the bracket product.

Suppose A is a (not necessarily commutative) algebra with involution, i.e. there is a
linear map (a — @) with ab = ba@ and @ = a. In particular, a commutative algebra A
possesses the trivial involution (@ = a).

Loday [31] defines a decomposition of the Hochschild homology H, (A, A) into two parts.
We will construct an analogous decomposition of the cohomology.

As in the commutative case, the Hochschild cohomology H™ = H™(A, A) is the homol-
ogy of the complex C" = C™(A, A) = Homg (A®", A) with boundary given by §f = [f, —p]
where p is the algebra product of A (See Remark 5.1.14). The definitions and basic proper-
ties of the cup and bracket products stated at the beginning of Section 5.1 also hold in the
non-commutative case, in particular we still have graded commutativity of the cup product.

We define an operation w, on C™ by

(fwn)(@t, - ,an) = F@m, 70
For feC", g€ C™,

(fwn) U (gwm)(ala'-- ’an+m) = f(ﬁ’ cee aa_l) g(an+ma ceey8ngy)
= g(an+m,"'1an+1)f(a—n-a---aa_l)
= ((gV flwasm)(a1,... y Gngm)-

Similarly, a straightforward computation shows

(fwn) Oj (gwm) = (f On—j+1 g)wn+m—1-

In order to get an operation which behaves well with respect to the bracket product, we
need to introduce some signs. Let y, = (—1)""t1)/2,, . Then simple computations give

Lemma 5.2.1

(fyn) U (gym) = (=)™ (U )¥nsm (5.5)
[(Fyn)s (gym)] = —[f, 9lYntm-1. (5.6)

Since (yn)? = id, the mutually orthogonal maps (1 £ y,)/2 are projections onto the +1
eigenspaces of y,. Hence we have a decomposition C" = C% @ C", where C7. are the
eigenspaces of eigenvalue +1. From (5.6), we obtain

[c3.c31 €, [ChCrlcCy, [Ch,Crl e (5.7)
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For the product map u € C?, we have

(m2) (a, b) = b2 = ab = p(a, b).

So pys = —p. In particular, —p € C*. Since 6f = [f,—p], (5.7) implies that C} are
subcomplexes. So we obtain a decomposition of cohomology:

Theorem 5.2.2
H"=H}®HZ,

where H} are the homologies of C%.

The cup and bracket products are Z/2Z-graded and “shifted” Z/2Z-graded for the
decomposition in the sense that

Theorem 5.2.3

H{UH},H-UH: CH}, H{UH: CH:. (5.8)
(B}, H3), [H*, B2 C HY, [H},HX)C H} (5.9)

Proof: (5.8) follows immediately from (5.5) and the graded commutativity of the cup prod-
uct at the level of homology. (5.9) follows from (5.7) by taking the homology. a

We now consider the case when A is a commutative algebra with trivial involution
(@ = a). Then y, is given by an element of Q[&,]. Gerstenhaber and Schack [13] show that

H2ﬁ=6£2)+e$14)+....

Corollary 5.2.4

H(even) U H(even) ’ H(odd) U H(odd) C H(even),
H(even) U H(odd) C H(odd) .
[H(even) , H(even)] , [H(odd) , H(odd)] C F (edd) ,
[ [ (even) , H(odd)] C [ (even)

The results for the cup product are in [13]. While they do not state these results for the
bracket product, they do show (5.6) in this case.
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5.3 Counterexamples

In this section, we provide counterexamples to show that the natural map (4.17) A(H(y)) =
H, need be neither injective nor surjective and that neither of the Gerstenhaber operations
need be graded with respect to the decomposition of cohomology.

The Hochschild homology of the dual numbers D = K[z]/(z?) is well known:
Proposition 5.3.1

1[z,...,z] n odd

H, (D, D) is spanned by { z[z,...,z] n even,n >0

Corollary 5.3.2

Ho(D, D) = Hy n_i(D, D) where k = l" + 1} .

Proof: This follows from the fact that &, acts trivially on the basis above (see [15,30]). A
more direct proof can be obtained from observing that [z,...,z] is a nonzero multiple of
either [(z,2) W .- W(z,z)] or [(z,2) T - - - W (z,2) Tz], depending on the parity. Then the
result follows from (4.15) since z and (z,z) are fixed by egl) =id and egl) = (id +(12))/2,
respectively. a

Proposition 5.3.3
H(l)(D, D)?’JH(I)(D, D) =0.

Proof: The Harrison homology is spanned by 1[z] and z[z, z]. One has immediately that
1[z]wlz] = 1lzwz]=0
z[z,2)Tz[z,2] = z’[(z,2)T(z,2)]=0

and 1[z]@z[z,2] = z[z,7,2]= 3(%[:1:,:1:,:1;,:10]).
So all of these products vanish in H,. O

So the dual numbers provide the example promised in Section 4.4 of an algebra for which
the map (4.17) A(H(;)) = H. is neither injective nor surjective.

In order to show that the cup and bracket products need not be graded with respect
to the decomposition, we will construct an algebra for which H?° U H?°® ¢ H40 and
[HZ’O, H2,0] g HS’O.

For any commutative algebra A and symmetric bimodule M, 661(-:1) = 0 implies that H™°
coincides with the cocycles in C™°. Gerstenhaber and Schack [15] show that H™°(A, M)
consists of the skew multiderivations, i.e. those skew cochains which are a derivation in
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each argument. We will construct an algebra with a skew multiderivation f € H2%(4, A),
for which f U f and [f, f] have nontrivial projections into H%? and H'? respectively.

For convenience, we will denote f(a,b) as a pairing {a,b} and consider commutative
algebras with a pairing which is a skew multiderivation. It is elementary to check that for
such an algebra the projection of fU f onto C?%? is given by

(FUNeP(a,b,¢,d) = 2{a,b} e, d} + 31a,cHb 4} = e d}{b,c).

The projection of [f, f] onto C12 is given by

[, Ne(a,,) = ~3{a, {b,c}} + 510 e, @)} - 31e, {a, 0}

We begin by taking the free object, F', generated by taking products and pairings of the

symbols z,y, z, w, subject (only) to the relations that F’ is commutative and that {—, -} is
a skew multiderivation.
Since {—, —} is a derivation in each variable, F is generated as an algebra by product-

free pairings of z,y, z, w, e.g. {z,{y, 2z}}. In fact, if we take a set of representatives of these
pairings modulo skew-symmetry, then F' is freely generated as a commutative algebra by
these. This gives a grading on F as a polynomial algebra. There is also a grading coming
from the number of pairings, i.e. such that {z,y}{z,w} and {z, {y, 2} } have degree 2. And
F is multigraded by the z,y, z, w-degrees.

Now let A = F/J, where J is the smallest algebra ideal containing zy, yz, 2w which is
also an ideal for the pairing (so that {—, —} is well-defined on the quotient). Note that J
splits into homogeneous components with respect to any of the notions of degree on F'.

Proposition 5.3.4 For A and f(a,b) = {a,b} as above, (fU f)egz) is not a coboundary.
Proof: For any g € C3,
(09)(z,y, 2, w) = 2g(y, 2, w) + wy(z, ¥, 2),

since zy = yz = zw = 0 in A. So it suffices to show that

(FU NP (@,,2,0) = o}z 0} + 5{,2Hy, 0} - 3o 0}, 2)
(5.10)

is not in the algebra ideal generated by z and w. Lifting the problem to F, we need
to show that no element of J is of the form (f U f)egz)(z,y,z, w) + zu + wv. By the
remarks above about homogeneity, it suffices to consider the elements of J lying in the
component of F involving one product, two pairings, and exactly one each of z,y, z, w, 1.e.
the component spanned by {z,y}{z, w}, {z,z}{y, w}, {z, w}{y, 2}, and the twelve terms
z{y,{z,w}}, etc. The elements of J lying in this component are spanned by {z, {w, zy}},
{w,{z, zy}}, {{z, w}, 2y}, and the analogous expressions generated by the products yz and
zw. This reduces the problem to a simple linear algebra question which can be verified
directly. O
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Proposition 5.3.5 For A, f as above, [f, f]egl) is not a coboundary.
Proof: For any g € C?,
(69)(2,y,2) = xg(y, 2) — z9(,y).

Here it suffices to show that

e+ e ne)) - Se )

is not contained in the algebra ideal generated by z and z.

As in the previous proposition, we can lift the problem to F and take a homogeneous
component. But the component involved here is the one involving two pairings and exactly
one each of z,y, 2. This component is spanned by {z,{y, z}},{v, {2, z}},{z {z,y}}, and
clearly intersects neither J nor the algebra ideal generated by z and z. O

5.3.6 Remark: There are simpler counterexamples for the bracket product. For example
A= Kl[z,y,z]/ < z,y,z >? with f(z,y) = f(2,2) = f(y, 2) = 2. Part of the difficulty with
finding simple counterexamples for the cup product comes from the fact that the map

(a,b,¢,d) — {a,b}{c,d} — {a,d}{b,c}

is always the coboundary of g(a,b, ¢) = {a, {b, c}}.
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Notation

SNEFOHW

]

i,7]

En
AFn
£(p), £(A)
2], [Al

€)

Sym

® Q=

the set of positive integers

the set of rational numbers

the set of real numbers

the set of integers

the set of integers {1,2,...,n} CP

the set of integers {i,i+1,...,j} C Z (usually C P)

the symmetric group on n elements

p= (p1,p2,-.-,Pk) is a composition of n: p; EP,p1 +p2+---+pr=1n

A is a partition of n: a composition satisfying Ay > --- > Ag

the number of parts in p, A

prtpet-co+p At Azt Ag

(1)) 31
the ring of symmetric functions in {z;, z3, ...} with coefficients in Q...29

ex, b, P, my, My, Sy elements of the elementary, complete, power sum, monomial,

QSym

Qsd
r
Lr
Xr

augmented monomial, and Schur function bases of Sym................ 29
the ring of quasi-symmetric functions in {z;, zs, ...} with coefficients in
it e e e et e 32
an element of the fundamental basis of QSymy ........................ 32
a graph

the lattice of contractionsof I' ...... ..o 12
Stanley’s chromatic symmetric function............................ 11, 34
Y oe6, A16(1)%20(2) * * * Uno(n) * Ol 15
an irreducible character of G, ... vvviiiiiiii i e e 15
a “monomial” character of G, «..viviiiiiii i e 16
a Jacobi-Trudi matrix......ccoeiiii ittt e 16, 45
the sum (in Z&,,) of all permutations of [¢,7].......covviiiiiiiin.... 17
askeleton. ... ..o e e 44
the sum of the permutations associated with S ........................ 44
the cycle indicator of S ... ..ot e 44
asigned Braph .....oiiniii i e e e e 20
avoltage graph ... ... i e 81
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Hk,n—k(Aa M)
Hkn=k(A, M)
U, ]

Q(A)
Lie(.A)

NOTATION

the automorphism Q[&,] — Q[&,] induced by o — (-1)%0........... 104
the signed shuffle product...............coi il 105
k-shuffles (in Q[Sp]). vvvvvriiniiii i 105
one of the Reutenauer idempotents. ..........cooiviiiiiiennrinnennn.. 103
one of the Eulerian idempotents...............ccoiiiiiiiiii i, 102
the kth component of the decomposition of Hochschild homology ..... 102
the kth component of the decomposition of Hochschild cohomology ... 102
the cup product and Lie bracket defined on H*(A4,A)................. 111
an alphabet..... ..o e 103
the free associative algebra generated by A...............c..oiintl 103
the free Lie algebra generated by A............cooiiiiiiiiiiiiiaL, 103
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