B-symmetric

chromatic

ot B-symmetric chromatic function of signed
ergei

Chmutov g I’aphS

Sergei Chmutov
Ohio State University, Mansfield

with
James Enouen
Eric Fawcett
Rushil Raghavan
Ishaan Shah

Thursday, May 7, 2020
Combinatorics of Vassiliev knot invariants seminar
National Research University, Higher School of Economics, Moscow
(Russia)



B-symmetric
chromatic
function

Sergei
Chmutov

Stanley’s
chromatic
symmetric
function.

Vassiliev knot
invariants.

Signed graphs

Weighted
signed
chromatic
function.

Bialgebra of
doubly
weighted
signed
graphs.

Open
problems.

Overview

@ Stanley’s chromatic symmetric function.

@ Vassiliev knot invariants.

@® Signed graphs

@ Weighted signed chromatic function.

@ Bialgebra of doubly weighted signed graphs.

@ Open problems.



B-symmetric
chromatic ) ) .
et Stanley’s chromatic symmetric function.

Sergei

Chmutov R. Stanley, A symmetric function generalization of the
Stanley’s chromatic polynomial of a graph, Advances in Math. 111(1)
ymmetrc 166—194 (1995).

function.
X(;(X1,X2,... Z H X

G)—N veV(G)

proper

Power function basis. ~ pm:=» X"

Example. X = X1X1 +X1X0 + Xy X3 + . ..
XoX{ + XoXo + XoX3 + ...
X3X1 + X3Xo + X3X3 + ...

= P —pe



B-symmetric
chromatic
function

Sergei
Chmutov

Stanley’s
chromatic
symmetric
function.

Chromatic symmetric function in power basis.

Xa(x1, %2, )=> [ % II =)

= V(G)—>N veV(G) e=(vy,w0)€E(G)
S
=2 1L o 2, COP L S
” G)—N veV(G) SCEg ecS
1 all vertices of a connected component of the span-
H 5 _ ning subgraph with S edges are colored by s« into
#(v1),3(v2) the same color
ecS 0 otherwise
S
Xa= Y (—1)%pys),
SCEg

where A(S) | V(G)| is a partition of the number of verticies according to the
connected components of the spanning subgraph S, and for A(S) = (A1, ..., Ak),

PA(S) "= Px{Pxy - - - Py
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chromatic S
symmetric XG = E (—1 )‘ |p)\1p)\2 <o Py

function.

SCEg

Examples. X, = pf — pz,
Xy oo =P} —2D1P2+ p3, XA: p3 — 3p1p2 + 2ps.

Xy oo = Pi—30%p2+p5+2p1p3— pa,

X, < = p}—3p2p; +3p1ps — ps-

Two graphs with the same chromatic symmetric function:

XI><I:XZI_'
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Chromatic symmetric function. Conjectures.

Tree conjecture.
Xg distingushes trees.

A (3 + 1) poset is the disjoint union of a 3-element chain and 1-element chain.
A poset P is (3 4 1)-free if it contains no induced (3 + 1) posets.

Incomparability graph inc(P) of P: vertices are elements of P; (uv) is an edge if
neither u < vnorv < u.

e-positivity conjecture.
The expansion of Xinc(py in terms of elementary symmetric
functions has positive coefficients for (3 + 1)-free posets P.
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Vassiliev knot invariants. Chord diagrams.

Algebra of chord diagrams.
Apn is a C-vector space spanned by chord diagrams modulo four term relations:

The vector space A := @ Ap has a natural bialgebra structure.

n=>0
Multiplication: @ X @ = @@ = @ .
Comultiplication: 6:An— @ Ak ® A is defined on chord diagrams by

k+I=n
the sum of all ways to split the set of chords into two disjoint parts:

8(D):= > D;® D
JCI[D]
Primitive space P(.A) is the space of elements D € A with the property
§(D)y=19D+D®1.

P(A) is also a graded vector space P(A) = @ Pn.
n>1
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Vassiliev invariants. Bialgebra structure.

The classical Milnor—Moore theorem: any commutative and cocommutative
bialgebra A is isomorphic to the symmetric tensor algebra of the primitive space,
A2 S(P(A)).

Let p1, po, ... be a basis for the primitive space P(.A) then any element of .4 can
be uniquely represented as a polynomial in commuting variables py, po, . . ..
The dimensions of Py:

[ n [1]2]3]4]
T[T ]1

[
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S. Chmutov, S. Duzhin, S. Lando, Vassiliev knot invariants Ill. Forest algebra and
weighted graphs, Advances in Soviet Mathematics 21 135-145 (1994).
1.5 345 5
_Vass_iliev knot 2 2 2
invariants. 4
3 3
4 4 3
1 6
5 6
A chord diagram The intersection graph

Definition. A weighted graph is a graph G without loops and multiple edges given
together with a weight w : V(G) — N that assigns a positive integer to each vertex
of the graph.

Ordinary simple graphs can be treated as weighted graphs with the weights of all

vertices equal to 1.
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Bialgebra of weighted graphs.

Let Hn be a vector space spanned by all weighted graphs of the total weight n
modulo the weighted contraction/deletion relation G = (G \ e) + (G/e), where the
graph G\ eis obtained from G by removing the edge e and G/e is obtained from
G by a contraction of e such that if a multiple edge arises, it is reduced to a single
edge and the weight w(v) of the new vertex v is set up to be equal to the sum of
the weights of the two ends of the edge e.

H=HoDHI1 DH2D ...

Multiplication: disjoint union of graphs;

Comultiplication: splitting the vertex set into two subsets.

The primitive space P(#n) is of dimension 1 and spanned by a single vertex of
weight n.

The bialgebra H has a one-dimensional primitive space in each grading and thus
is isomorphic to C[gy, @z, . . . ]
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Weighted chromatic polynomial.

The image of an ordinary graph G (considered as a weighted graph with weights
of all vertices equal to 1) in H can be represented by a polynomial Wg(g1, g, - .. )
in the variables gn.

S. Noble, D. Welsh, A weighted graph polynomial from chromatic invariants of
knots, Annales de l'institut Fourier 49(3) 1057—1087 (1999):

(-HV@Iwg = Xa(p1, P2, --.).

%:*w

Examples. W, = (o) + s = P+ q

W.—.—Q

)

(o o—o)+ ;—0 =(o o o)+2(o;)+(§

B +201%+ G

Plugging in gm = —pm = Z x{" into the weighted chromatic polynomial a a graph
i=1
G with weight function w : V(G) — N we get the weighted chromatic function

XG’W(X17X2,...) = Z H X

»:V(G)—N veV(G)
proper
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Generating function of weighted polynomial.

S. Chmutov, M. Kazarian, S. Lando, Polynomial graph invariants and the KP
hierarchy, arxiv:1803.09800. To appear in Selecta Mathematica.

y= Wa(a1,q2,...)

W(Q1:q2:-~~ IAUt(G)'

G connected
non-empty

= T%+ 31 (68 + ) + 3 (405 + 901 + 5ap)

+1 (3847 +14462q> + 4505 + 140G1G3 +79q4) + ...,

Theorem. F(p1,p2,...) = W(a1p1, a2P2, azPs, a4pPs, - . . ) is a solution of the

KP hierarchy of PDEs,

2n(n=1)/2(n_1)1
Cn

the [A134531] sequence from Sloane’s Encyclopedia of Integer Sequences.

where ap = andci =1, =1,03=05,c4 =79, cs = 3377, ...is
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Signed graphs.
T. Zaslavsky, Signed graph coloring, Discrete Mathematics 39(2) 215-228 (1982).

Definition. A signed graph is a graph G with a function o : E(G) — {£}.

A proper coloring of a signed graph G is a function s : V(G) — Z \ {0} such that
for all adjacent vertices v, w, (V) # o(v, w)s(w).

Definition. A signed chromatic polynomial
xg(2n) := # proper colorings of Gby {—n,...,—1,1,... n}.

Definition. B-symmetric chromatic function

YG(...,X_2,X_1,X1,X2,......) = Z H X%(V)

»:V(G)—Z\{0} veV(G)
proper

The function Yg is invariant under the action of the group B on the subscripts of
the variables. The group B, of signed permutations consists of permutations s of
7 \ {0} permuting only finitely many integers and such that s(—i) = —s(/) for all
i€ z\A{0}.
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YG("'yX727X717X17X27"'"') = Z 1__[ X%(V)'
:V(G)—Z\ {0} vEV(G)
proper
Examples. Y’;‘ R R
X o( o Xp+X4+X+%+...)
Signed graphs Xoa(x2txo1t X +xe+..0)
= P12 0o~ P11, )
, =k
where| pap = Y x2x2; | are the signed power functions.
iez\{0}
Yo—ote = D XXX
—i£j£k =K
= D XXX = D XiXixk = XX+ D XX
ij.k ik ij j

= p13,0 — P1,1P1,0 — P1,0P2,0 + P2,1-

Yo_: Yo = pio- YO_ =P% o — P20 — P11

+
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Doubly weighted signed chromatic polynomial.

Definition. A doubly weighted signed graph is a signed graph G with a pair of
weights wy : V(G) — Z>o and w, : V(G) — Z for each vertex of the graph.
Now we can allow the graphs with negative loops and two parallel edges, one
positive and one negative.

Ordinary signed graphs can be considered as doubly weighted signed graphs with
the weights of all vertices equal to (1, 0).

Definition. A weighted signed chromatic function is given by

wq (v wo (v
YG("'7X727X717X17X27"'"') = E | | X 1( _2;,5\/)
»:V(G)—Z\{0} ve V(G
proper

For a graph consisting of a single vertex with weights (a, b) the doubly weighted

signed chromatic polynomialis Y, = pap:= > x&x°,.

(a,b) iez\{0}

Switching of a doubly weighted signed graph G at its vertex v of weights (a, b) is
the graph G" obtained by reversing the signs of all edges incident to v and
switching the weights of v to (b, a).

Theorem. Y5 = Ygv.
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Chmutov wy V) W2(V) 1 6
Z HX o 1 (= dmoerm)
V(G )—>Z\{0} veV(G e=(vq,v2)€E(G)
wi(v) Wz(V) S|
Z H Xty X2y 2 CDE T )o@
HZ\{O} veV(G SCEg ecS
Weighted The product I_ISJ% vi),o(e)s(vp) 1S €qual to 1 iff each connected component of the
signed ec
chromatic spanning subgraph with S edges is balanced (that is the product of signs of all its
ctor edges is 1) and all its vertices are colored into the same or opposite color
depending on the parity of the number of negative edges on a path between these
vertices. NE
Yo= > (D T pucywon
SCEg ccs
balanced connected

where the sum runs over those spanning subgraphs S each connected
component of which is balanced; C is a connected component of S; removing the
negative edges splits the vertices of C into two parts connecting by negative
edges and all edges withing each part are positive, wy(C) and w»(C) are the the
total sums of weights of vertices of each part.
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Contraction/Deletion formula.

Theorem. Let e be a positive edge of a doubly weighted signed graph G. Then,
Ye = Ya\e — Ya/e, where both weights of the endvertices of e are summing up
under the contraction of edge e.

Examples. Y, —+. =Y, — ° Y, _(2 5
=Y, —-Y

o ‘o—o
(0,1) (0,2)

Ve o 6% o Y6 ot Ve
(0,1) (1,1) 0,2) (1,2

= P13,0 — P1,1P1,0 — P1,0P2,0 + P2,1-

Ye - Y & = Vo—ote Yo—e " O*
A_ (2.,0)07 20) (3,0

= (P} — P1,1P1,0 — P1,0P2,0 + P2,1) — (P1,0P2,0 — P2,1) + P3,o0-

A

=p3 o = P1,1P1,0 — 2P1,0P2,0 + 2P2,1 + P3.0-
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Bialgebra of doubly weighted signed graphs.
Let SH be a vector space spanned by all doubly weighted signed graphs of the
total sum of two weights equal n modulo

® the sined weighted contraction/deletion relation G = (G \ e) + (G/e),
® the switching relation G = GV,

where the graph G\ e is obtained from G by removing the edge e and G/eis
obtained from G by a contraction of e such that the arising multiple edges of the
same sing are reduced to a single edge of that sign, negative loops are deleted,
and the weights (w;(v), wa(v)) of the new vertex v is set up to be equal to the
sum of the weights of the two ends of the edge e.

SH = SHy®SHI DSHo @ ...

Multiplication: disjoint union of graphs;
Comultiplication: splitting the vertex set into two subsets.

Theorem. The primitive space P(SHn) has of dimension [ §] and spanned by a
single vertex of weights (a, n — a).

In particular any signed graphs G with n vertices may be considered as doubly
weighted with weights of each vertex (1,0). As such it determines an element of
SHn, and thus it can be uniquely expressed as a polynomial in single vertices of
weight (a, b) with a+ b < n. This polynomial is exactly Ys expressed in terms of
the signed power functions p, p.
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Open problems.

Is there any relation of the bialgebra SH of signed graphs with bialgebras of
Lando-Krasilnikov of framed graphs? Perhaps not.

Is there any relations of the B-symmetric chromatic function of signed
graphs with knot theory? Perhaps with Vassiliev invariants of knots in some
special 3-manifolds?

Are there any analogs of Stanley’s conjectures for B-symmetric functions?
Are there any integrable hierarchy of PDEs for which the generating function

of the doubly weighted signed chromatic polynomials would provide a
solution? This would be a B-analog of the KP hierarchy.
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