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Abstract. Polynomials on stranded graphs are higher dimensional generalization of Tutte
and Bollobds—Riordan polynomials [Math. Ann. 323 (2002), 81-96]. Here, we deepen the
analysis of the polynomial invariant defined on rank 3 weakly-colored stranded graphs in-
troduced in arXiv:1301.1987. We successfully find in dimension D > 3 a modified Euler
characteristic with D — 2 parameters. Using this modified invariant, we extend the rank 3
weakly-colored graph polynomial, and its main properties, on rank 4 and then on arbitrary
rank D weakly-colored stranded graphs.
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1 Introduction

The polynomial invariant for 3D weakly-colored graphs introduced in [1] is a polynomial inva-
riant which extends both the Tutte and Bollobds-Riordan (BR) polynomials [7, 17] from graph
and ribbon graphs to a family of combinatorial objects called stranded graphs. This polynomial
obeys a particular contraction/cut recurrence relation which replaces the contraction/deletion
relation satisfied by Tutte and BR polynomials. Let us review now in greater details the context
where these graphs appear and their invariant.

The objects that we investigate are called stranded graphs and they still arouse the interest of
the mathematicians and physicists [2, 3, 4, 9, 13]. Such stranded graphs are made with stranded
vertices which are chord diagrams and stranded edges which are collections of segments. In [9], it
has been proved that the colored version of these graphs are dual to simplicial pseudo-manifolds
in any dimension D. Restricted to 2D, the same class of graphs corresponds to ribbon graphs
or rank 2 stranded graphs with vertices of coordination 3. Considering the ribbon vertices as 0-
cells, lines or edges as 1-cells and faces as 2-cells, ribbon graphs become two dimensional cellular
complexes. However, the cellular complex structure has been not yet generalized for all stranded
graphs in higher dimensions but only on those which are colored [11]. In a colored graph, a p-cell
or p-bubble is defined as a connected subgraph made only of lines of p chosen colors.

Colored tensor graphs are specific stranded graphs [9] on which we impose a fixed coordina-
tion of vertices and an edge coloring. The contraction of an edge modifies this coordination and
then destroys the color structure. This has led to the enlargement of the family of graphs from
the colored tensor graphs to what will be called weakly-colored (w-colored) stranded graphs for
which contraction and a notion similar to the deletion make sense.

Stranded vertices are furthermore decorated with half-edges called “half lines” (or external
legs in quantum field theory framework [10, 11]). The graphs with decorated vertices are very
useful in physics. For instance, it was defined on these graphs a generalized Symanzik polynomial
with very nice properties in quantum field theory due to the importance of the external legs [14].
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The notion of half-edge [17] is consistent with the operation that involves cutting an edge of
a given graph. The cut of an edge of a graph means removing this edge and let two half-edges
attached to its incidence vertices (or vertex in the loop situation). Moreover, this operation
brings some modifications on the “boundary of the graph”. The boundary graph encodes the
boundary of the simplicial complex dual to the stranded graph. We now distinguish two kinds
of faces: closed strands, homeomorphic to S which define the internal faces and the remaining
which are homeomorphic to (0,1) define the external faces.

The generalization of the universal invariant, namely Tutte polynomial, from graphs to ribbon
graphs [5, 6, 7, 8] was performed by Bollobds and Riordan by adding two supplementary variables
to the Tutte polynomial. One variable stands for the orientability of the ribbon seen as surface
and the other one for an invariant related to the genus of the corresponding ribbon graph.

The Bollobds—Riordan polynomial invariant was generalized by Tanasa in [16] where one
supplementary variable keeps track of the sum of genera [12, 15] of the 3-bubbles (surfaces) of
a rank 3 tensor graph. A similar procedure proves to be applicable for finding an invariant
on rank 3 w-colored graphs. We emphasize that, several other potentially interesting invariant
candidates under contraction and cut can be identified. In D > 4, we must expect a much richer
structure of the possible invariants.

In this paper, we discover several possibilities when we deal with D > 4. We provide two
combinatorial methods to generate a generalized Euler characteristic which can be used to
define an extension of the invariant in rank 3 determined in [1]. Furthermore, for each choice of
invariant, it appears possible to parametrize the invariant by a finite family of positive rational
numbers. As a consequence, the polynomial invariant built on these invariants will acquire new
parameters o, € QT, k = 3,...,n. The modified Euler characteristic v,.q of a rank n > 3
weakly-colored graph G is given by

Yrse = n(n2—1)(v —E)+(n—1)Fy — 2+ (n —2)a3)B?

+ ) [(k = Dog—y — (n — k + 1)oy] B,
k=4

where V, E, Fy and B* are respectively the number of vertices, edges, internal faces and
k-bubbles of G. Our first main result stated in Theorem 3.6 describes the relations satisfied
by the polynomial invariant in rank 4. By induction, we determine a polynomial invariant on
arbitrary rank D w-colored graphs. Our second main result is the contraction/cut recurrence
relation (Theorem 4.5) satisfied by this polynomial. The usual Tutte and BR polynomials can
be recovered after restricting to the proper graph theory rank and after an appropriate change
of variables.

The organization of the rest of the paper is the following. In the next section, we give a brief
review of the polynomial invariant on rank 3 w-colored stranded graphs. Section 3 is dedicated
to the extension of this polynomial on rank 4 w-colored stranded graphs. By an induction
procedure we generalize in Section 4, the rank 4 polynomial to arbitrary rank D w-colored
stranded graphs. Finally, an appendix provides a detailed analysis of various other interesting
invariants which could be alternatively used for defining new polynomials extending Tutte and
BR in any dimension D.

2 Weakly-colored graphs and the rank 3 polynomial invariant

We briefly recall here the definition of the polynomial invariant defined for rank 3 w-colored
graphs introduced in [1]. We also address its main properties which will find extension on higher
rank graphs.
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A graph G(V,€) is defined as a set of vertices V and of edges £ together with an incidence
relation between them. G(V, ) is stranded when its vertices and edges are stranded.

Definition 2.1 (stranded vertex and edge). A rank D stranded vertex is a chord diagram that
is a collection of 2n points on the unit circle (called the vertex frontier) paired by n chords,
satisfying:

(a) the chords may cross, but do not intersect;

(b) the chord end points are partitioned into sets called pre-edges with 0,1,2,..., or D ele-
ments; these points should lie on a single arc on the frontier with no other end points on
this arc;

(c) the pre-edges should form a connected collection that is, by merging all points in each
pre-edge and by removing the vertex frontier, the resulting graph is connected.

The coordination (also called valence or degree) of a rank D > 0 stranded vertex is the
number of its non-empty pre-edges. By convention: (C1) we include a particular vertex made
with one disc and assume that it is a stranded vertex of any rank made with a unique closed
chord and (C2) a point is a rank 0 stranded vertex.

A rank D stranded edge is a collection of segments called strands such that:

(a’) the strands are not intersecting (but can cross without intersecting);

(b’) the end points of the strands can be partitioned in two disjoint parts called sets of end
segments of the edge such that a strand cannot have its end points in the same set of end
segments;

(¢) the number of strands is D.

Some illustrations of stranded vertices and edges with rank D = 4,5, respectively, are pro-
vided in Fig. 1.

Figure 1. A rank 4 stranded vertex v of coordination 6, connected pre-edges highlighted with different
colors; a trivial disc vertex d; a rank 5 edge e with non parallel strands.

Definition 2.2 (stranded and tensor graphs). A rank D stranded graph G is a graph G(V, &)
which admits:

(i) rank D stranded vertices;

(ii) rank at most D stranded edges;

(iii) one vertex and one edge intersect by one set of end segments of the edge which should
coincide with a pre-edge at the vertex frontier; All intersections of vertices and edges are
pairwise distinct.

A rank D tensor graph G is a rank D stranded graph such that:
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(") the vertices of G have a fixed coordination D+1 and their pre-edges have a fixed cardinal D.
The merged point graph is Kp4q (or vertex graph);

(i") the edges of G are of rank D.

Consider a stranded graph. Collapsing its stranded vertices to points and edges to simple
lines, the resulting object is a graph. A stranded graph is said to be connected if its correspon-
ding collapsed graph is connected. From this point, stranded vertices and edges are claimed
connected.

Before proceeding further, let us present the notion of colorable (tensor) graphs [9].

Definition 2.3 (colored and bipartite graphs). A (D + 1) colored graph is a graph together
with an assignment of a color belonging to the set {0,..., D} to each of its edges such that no
two adjacent edges share the same color.

A bipartite graph is a graph whose set V' of vertices is split into two disjoint sets, i.e.,
Y =Vt UV~ with VT NV~ = @, such that each edge connects a vertex v* € V* and a vertex
vT eV,

Definition 2.4 (colored tensor graph [11, 13]). A rank D > 1 colored tensor graph G is a graph
such that:

e Gis (D +1) colored and bipartite;
e G is arank D tensor graph.

The collapsed graph coming from a colored tensor graph is merely obtained by regarding the
tensor graph as a simple bipartite colored graph and is called compact in the following.
Certainly, in such a colored graph, there is a lot more information that we address now.

Definition 2.5 (p-bubbles [11]). Let G be a rank D colored tensor graph.

— A 0-bubble is a vertex of G.
— A 1-bubble is an edge of G.

— For all p > 2, a p-bubble of G with colors i1 < iy < --- <y, p < D, and i, € {0,...,D}
is a connected rank p — 1 colored tensor graph the compact form of which is a connected
subgraph of the compact form of G made of edges of colors {i1,...,ip}.

The p-bubbles must not be confused with the notion of subgraphs used in the definition of
the polynomial invariants. They are basic components of combinatorial graphs and generate an
associated homology [11]. A 2-bubble is also called a face.

We now introduce the notion of half-edge which allows to address the operation called “cut”
of an edge. This operation is different from the usual edge deletion and it is used to define
another category of subgraphs called “c-subgraphs”.

Definition 2.6 (rank D stranded half-edge). A rank D stranded half-edge is a collection of D
parallel segments called strands satisfying the same properties of strands of rank D edges but
the stranded half-edge is incident to a unique rank D’ stranded vertex, with D’ > D, by one of
its set of end segments without forming a loop.

A rank D stranded half-edge has two sets of end segments: one touching a vertex and another
called free or external set of end segments, the elements of which are called themselves free or
external segments. The D end-points of all free segments are called external points of the rank D
stranded half-edge.

A stranded graph having stranded half-edges is called half-edged stranded graph and denoted
G(V,E, 1) or simply Gy, with {0 the set of the half-edges.
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Definition 2.7 (cut of an edge [14]). Let G(V, €,{°) be a rank D stranded graph and e a rank d
edge of Qfo, 1 < d < D. The cut graph gfo V e or the graph obtained from gfo by cutting e is
obtained by replacing the edge e by two rank d stranded half-edges at the end vertices of e and
respecting the strand structure of e, see Fig. 2. If e is a loop, the two stranded half-edges are

on the same vertex.

Figure 2. Cutting a rank 3 stranded edge.

Rank D stranded half-edges can be considered on colored tensor graphs by respecting the
following condition in addition to Definition 2.2: to each edge and stranded half-edges, one
assigns a color i € {0,1,..., D} such that no two adjacent stranded half-edges share the same
color. As well, the colored edge can be cut in the same sense of Definition 2.7. The crucial issue
is to respect the color structure of the graph after the cut such that each of the resulting stranded
half-edges possesses the same color structure of the former edge. Rank D half-edged colored
tensor graph are rank D half-edged tensor graph equipped with edge and stranded half-edge
coloring.

Let us come back on the notion of c-subgraph using the operation of cutting of an edge. We
obtain a c-subgraph A(Vy4, 4, f%) of a rank D stranded graph G(V, &, {°) by cutting a subset of
edges of Gp. A spanning c-subgraph A of Gjo is defined as a c-subgraph A(Va, €4, %) of Go with
all vertices and all additional half-edges of Gjo. Hence £4 C € and V4 =V, §) = U f?L‘;l(EA),

where ﬁl(&l) is the set of half-edges obtained by cutting all edges in &’y (the set of edges
incident to the vertices of A and not contained in £4) and incident to vertices of A. We denote
it Ae gfo.

This operation, which involves cutting an edge, has many implications on the structure of
the graph. For example it modifies the strand structure of this graph. In particular, the cut
operation or the presence of half-edges immediately introduce another type of faces which pass
through the external points of the half-edges. Combinatorially, a discrepancy is introduced
between this type of faces called open faces and those which do not pass through the external
points of the half-edges are closed. The sets of closed and open faces is denoted by Fint and Fext,
respectively. Hence, for a rank D half-edged colored tensor graph, the set F of faces is the disjoint
union Fint U Fext- The notion of closed or open rank D half-edged colored tensor graph can be
reported accordingly if Fext = @ or not, respectively. A bubble is open or external if it contains
open faces otherwise it is closed or internal. The sets of closed and open bubbles for rank 3
tensor graph is denoted by Biyt and Bexs, respectively (see an illustration in Fig. 3).

84408

Figure 3. An open rank 3 half-edged colored tensor graph; an open face highlighted in red; the bubbles
bo12, bo1z and bioz are open bubbles and bygeg is closed.

The presence of half-edges produces a new graph called “boundary graph” which is obtained
by setting a vertex to each half-edge [10].
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Definition 2.8 (boundary tensor graph [10]). The boundary graph 9G(Vy, Ey) of a rank D half-
edged colored tensor graph G(V, &,{") is a graph obtained by inserting a vertex with degree D
at each additional stranded half-edge of Gjo and taking the external faces of Gjo as its edges.
Thus, |Vs| = || and £y = Fext.

The boundary of a closed rank D half-edged colored tensor graph is empty.

Figure 4. Boundary graph (in dashed lines) of the graph of Fig. 3.

In order to introduce the notion of contraction of a stranded edge, some particular edges
called p-inner edge (an illustration is given in Fig. 5) must be discussed. Assuming that e is of
rank D, consider the two pre-edges fi and fo where e is branched to its end vertex v (a loop
situation) or vertices vy 2 (a non loop case). It may happen that, after branching e, p closed
faces are formed such that these closed faces are completely contained in e and v or vy 2. These
closed faces are called inner faces of the edge. An edge with p inner faces is called p-inner edge.

The notion of contraction introduced in this work is the notion of “soft” contraction in [1].

S
¢e9

Figure 5. p-inner loops: a 4-inner (O) and a 3-inner (A) loop with their unique possible configuration;

a 2-inner loop with possible two sectors v; and ve (B) and a 1-inner loop with three possible sectors vy, vy
and vz (C) and a O-inner loop with four possible sectors vy, v, v3 and vy (D).

Definition 2.9 (stranded edge contractions). Let G(V,&,{%) be a rank D half-edges stranded
graph. Let e be arank D edge with pre-edges fi and f; and consider their neighbor families { f1.;}
and { fa;;}.

If e is a rank D p-inner edge but not a loop, the graph Gio/e obtained by contracting e is
defined from Gso by removing the p inner faces generated by e, replacing e and its end vertices
v1,2 by p disjoint disc vertices and a new vertex v’. The new vertex v’ possesses all pre-edges
except for those of e and all stranded half-edges as they appear on vy and v2, and chords obtained
by connecting directly { fi.;} and/or {fa.;} via the outer strands of f; and fo.

If e is a rank D p-inner loop, the graph Gjo /e obtained by contracting e is defined from Go by
removing the p inner faces of e, by replacing e and its end vertex v by p disjoint disc vertices and
one vertex v’ having all pre-edges of v except for those of e, all stranded half-edges and chords
built in the similar way as previously done by connecting the neighbor families of f; and/or fa.
If there is no outer strand left after removing the p inner faces of e then the vertex v’ is empty.
(Examples of rank 4 loop contraction is given in Fig. 6.)

Proposition 2.10. Let G(V,&,{°) be a rank D half-edged stranded graph and e be one of its
edges. The graph gfo/e obtained by contraction of e admits a rank D half-edged stranded graph
structure.
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Figure 6. p-inner loop contractions corresponding to O, A, B, C and D of Fig. 5, respectively.

Definition 2.11 (equivalence class of half-edged stranded graph). Let Dgfo be the subgraph in
a rank D half-edges stranded graph Gy defined by all of its trivial disc vertices and gfo\Dgfo
the rank D half-edges stranded graph obtained after removing DgfO from Gyo.

Two rank D half-edged stranded graphs G jo(g,) and Gy jo(g,) are “equivalent up to trivial
discs” if and only if gl7f0(gl)\Dg1’f0<g1) = gZ’fO(gz)\Dngo(gQ). We note Gy jog,) ~ Ga0(g,)-

Lemma 2.12 (full contraction of a tensor graph). Contracting an edge in a rank D (colored)
half-edged tensor graph does not change its boundary. The contraction of all edges in arbitrary
order of a half-edged tensor graph G (possibly with colors) yields a half-edged stranded graph gg
determined by the boundary 0(Gyp) up to additional discs.

Based on this lemma we can now introduce the definition of a rank D w-colored graph. An
example is given in Fig. 7.

Definition 2.13 (rank D w-colored graph). A rank D weakly-colored or w-colored graph is
the equivalence class (up to trivial discs) of a rank D half-edged stranded graph obtained by
successive edge contractions of some rank D half-edged colored tensor graph.

2

0
1 1 1 % 1
2
Figure 7. Contraction of an edge in a rank 3 half-edged colored tensor graph.

Proposition 2.14. Let & be a rank D w-colored graph, Gy be a representative of & and e one
of its edges.

& Ve denotes the equivalence class of Gjo V e called the cut graph & along e and is a rank D
w-colored graph.

& /e denotes the equivalence class ofgfo/e, called the contraction of & along e and is a rank D
w-colored graph.

Let us discuss the notion of trivial loop for 4D w-colored stranded graphs. A loop e is called
trivial if it is a 4-inner or 3-inner or if it is a 2-inner, 1-inner or O-inner loop with all separate
sectors such that there is no edge between sectors v; as illustrated in Fig. 5.

For a 4-inner loop, the contraction gives four trivial discs, see Fig. 60. For a 3-inner loop, the
contraction yields to Fig. 6A. For a trivial 2-inner loop the contraction is still straightforward
and yields Fig. 6B. Contracting a trivial 2-inner loop, the vertex gets disconnected in two non
trivial vertices. For a 1-inner loop contraction (see Fig. 6C), one gets one extra disc and has two
possible configurations: either the vertex remains connected or it gets disconnected with three
(possibly non trivial) vertices in both situations. If the 1-inner loop is trivial, it is immediate
that the vertex gets disconnected in three non trivial vertices. For a 0O-inner loop contraction (see
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Fig. 6D), we have no additional disc but four types of configurations with up to four disconnected
(and possibly non trivial) vertices. The contraction of a trivial 0-inner loop yields directly four
disconnected and non trivial vertices.

The notion of trivial loop for 3D w-colored is direct from the above discussion: a rank 3
loop e is called trivial if it is a 3-inner or 2-inner or if it is a 1-inner or O-inner with all separate
sectors such that there is no edge between sectors v;.

Equivalence class of stranded graphs. We now define the equivalence class of stranded
graphs by performing a sequence of operations corresponding to the following:

— any homeomorphism of chords and strands keeping fixed their end points (we therefore
use a “minimal” graphical representation for stranded vertices and edges which is the one
defined by chords and strands using simple arcs between the pre-edge points);

— any change of the crossing states between chords and also between strands (see Fig. 8);

s @

— e = e

Figure 8. Examples of equivalent crossing states of chords (in stranded vertices) and strands (in stranded
edge).

— any permutation of the pre-edge points within a pre-edge (see Fig. 9: vy is obtained from
vo after permuting the points 1 and 2 in the pre-edge {1, 2,3} and renaming e; — €y).

— any move of the pre-edges on the frontier vertex (see Fig. 9: vy is obtained from vg after
moving a pre-edge {7,8} on the vertex frontier and also its edge es remains incident to
that pre-edge at the same pre-edge points).

Figure 9. Three vertices vy, v; and vy and their incident stranded edges corresponding to equivalent
configurations of stranded graphs, if the rest of each graph is kept fixed.

Consider a representative Gyo of a rank 3 w-colored graph &(V,&,{%). We denote by V(Gjo),
E(Gso), k(Gp), f(Go), Ca(Gp), Ea(Gio) and Fy(Gp), the number of vertices, edges, connected
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components, half-edges, connected components of the boundary graphs, edges of the boundary
graph and faces of the boundary graph of Go. 1(Go) = V(Gjo) — k(G ), n(Gyo) = E(Gjo) —1(Gso)
the rank and nullity of Gy and Bint(Gjo), Bext(Gjo), the numbers of internal and external bubbles
in gfo

We now address the invariant on rank 3 w-colored graphs based on the sum of the genera of
bubbles.

Proposition 2.15 ([1]). Let Gjo be any representative of & a rank 3 w-colored graph. Then
Wg(gfo) = 3(V(gf0) - E(gfo)) + 2[Ent(gf0) - Bint(gfo) - Bext(gfo)] é 0.

Definition 2.16 (topological invariant for rank 3 w-colored graph). Let &(V, &, §°) be a rank 3
w-colored graph. The generalized topological invariant associated with & is given by the follo-
wing function associated with any of its representatives Gjo (using the above notations)

S@ <x7 y7 Z? 87 w7 q7 t) == Tgfo (x7 y7 27 S? w7 Q7 t)

= Z (:C — 1)r(gf0)_r(‘4)(y — 1)”(A)Z5k(A)—’YB(A)Sca(A)wFa(A)an(A)tf(A), (2_1)
A@Qfo

with 73(A) = 3(V(4) — B(4)) + 2[Fus(A) — Bin(A) — Bexa(A)].

It is important to show that considering different representatives Qf()(g) and Qf’o @) of &, the
definition does not depend of the choice of the representative. In fact, there exists a one-to-
one map between spanning c-subgraphs of Gjo(g) and those of Q;O(g,). We can then map each

A € Gjp(g) onto A" € g]éo(g,) such that A" = (A\Dgfo(g)) U Dg;o(g/). We now verify that r(Gjo(g)),

r(A), n(A) and 5k(A) — (3V 4 2Fint(A)) are independent of the representative. The exponents
Bint(A), Bext(A), Co(A), f(A), Eg(A) and Fy(A) only depend on A\Dgfo(g) = A'\Dg;o(%

therefore are not dependent on the representative.
Proposition 2.17 (polynomial invariant). Tg = Tgfo s a polynomial.
The main properties satisfied by the above polynomial are given by the next statement.

Theorem 2.18 (contraction/cut rule for rank 3 w-colored graphs). Let & be a rank 3 w-colored
graph. Then, for a regular edge e of any of the representative Gy of &, we have

Tgfo = ngoVe + (ngo Je:
For a bridge e, we have

Tgfow = 285(wq)?’t2‘ng0/6 and ‘ngO = [(x — 1)st(wq)3t2 + 1]Tgf0/e.

For a trivial p-inner loop e, p = 0,1,2, we have
4p—7
ggfo = ngoVe + (y - 1)Z P Igfo/e-

The proof of this statement uses bijections between c-subgraphs and the variations of the
number of p-bubbles under contraction/cut rules.

There are several possible reductions of the above polynomial satisfying nice properties. Some
of them are determined by a change of variables. We have

3gfo (l’, Y, z, 2_27 w,q, t) = ‘Iéjfo (‘T7 Y, z,W,dq, t)a

-2.2 -1 -1 1
Tgf() (377317272' §,8 7,88 ) :{ngo(x7yazas)7

Tgfo (:U, y,z,2°272, 271, 2, z_l) = Tg’fo (,y,2).
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’gfo, gfo and Zg’f , satisfy also the contraction/cut rule. Furthermore Tg,, maps to Tutte

polynomial by putting variables z = w = ¢ = t = 1. The mapping of ‘ngo to BR polynomial is
also possible but we must pay attention to the exponent of the variable z which is modified by
the number of additional discs. We will come back on this point in the following.

Definition 2.19 (multivariate form). The multivariate form associated with (2.1) is defined by
§Q5 (.ﬁU, {Be}a {Zi}i=1,2,37 s, w,dq, t) = igfo (.ﬁU, {Be}a {Zi}i=1,2737 s, w,dq, t)

_ Z 2 (H ﬁe> Zfam(A) ZZB‘“‘(A) ZBBCXt(A) sCo(A) g, Fa(A)  Bo(A)yf(A)
Aebo e€A

for {B}cce labeling the edges of the graph Gjo.

For all non-loop edge e, T obeys the rule %(5 = ‘fq;vE + :);’ﬁe%@ Je> Which can be shown using
standard techniques.

3 The polynomial invariant for 4D w-colored graphs

Rank 4 w-colored graph structures are richer than the above case. This is completely expected
since rank 4 w-colored graphs represent topologically 4D simplicial manifolds. For the present
study, we observe that increasing the rank of the graph implies that the number of p-bubbles
increases. As a consequence, we have a lot more freedom to define an invariant. In this work, we
have not fully harnessed the number of possibilities of defining invariants. This will be addressed
in a forthcoming work.

Let us focus on the importance of the bubble combinatorics in the resolution of the contrac-
tion/cut invariant problem. For the determination of the invariant in Proposition 2.15, each
rank 3 w-colored graph is looked as collection of ribbon graphs. The invariant comes from the
summation on the genera of all these graphs. The case of the rank 4 w-colored stranded graphs
leads to several options. A rank 4 w-colored stranded graph may be looked as a collection of
3-bubbles which are ribbon graphs, a collection of 4-bubbles which are themselves rank 3 graphs
or a mixture of both (see Fig. 10). A sum over invariants of all 4-bubbles is introduced in
Appendix A for an interested reader. In general, we may also perform a summation of the in-
variants of all 3-bubbles, the invariant of all 4-bubbles or may mix both to find a new invariant.

= e =—

G1,10(61) by by

Figure 10. A 3-bubble b; and a 4-bubble by of G 0(g,).

In the present work, we mainly discuss the summation of the invariants of all 3-bubbles. This
is to make contact with very recent results [10, 15, 16].

Some notations deserve to be clarified. Consider a representative Qfo of any rank 4 w-colored
graph: a d-bubble (closed or open) in Gjo is denoted by b?, the set of d-bubbles is B?, and its
cardinal BY. Vypa, Epa, Fint;pe and By, are respectively the set of vertices, edges, internal faces
and p-bubbles (p < d) of b? of cardinal Ve, Epa, Fiypa and BY, respectively.

Lemma 3.1 (rank 4 trivial loop contraction). Let & a w-colored graph and Gjo any of its
representative with boundary G, e be a trivial loop of Gy, and g;o = Gp/e the result of the
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contraction of Gy by e with boundary denoted by 89;0. Let k denote the number of connected

components of G, V its number of vertices, E its number of edges, Fin its number of faces, Bfnt

its number of closed i-bubbles and Bl its number of open i-bubbles (i = 3,4), Cy the number of
connected component of 0Gy, f = Vp its number of stranded half-edges, Eg = Foxt the number

of edges and Fy the number of faces of G, and let k', V', E', Fl,,, Cjy, Bll, Bl(i = 3,4),
Cy, f', Ej, and F}) denote the similar numbers for g;o and its boundary 8g§0.
If e is a 4-inner loop, then
K =k+3, V' =V +3, E' =F—1, Fyt = Fint,
Cy=Co, ['=f  Ehy=Ey  Fy=Fy,
Bi/flt = Biint - Bi_la Bt/sixt = Béxt’ i =34 (3.1)
If e is a 3-inner loop, then
K=k+3 V' =V+3,  E=E-1, int = Fin,
Cy = Co, =1 Ejy = Ep, Fy = Fy,
Blllzlt = Biint - Eéila Bgct = Béxta =34 (3'2)
If e is a trivial p-inner loop such that p = 0,1,2, then
K=k+3, V'=V+3,  E=E-1, int = Flnt,
Ch = Cp, =1 Ejy = Ep, Fy = Fp,
Bi/gt + Bg’(t = Bignt + ngt + /Bpa Bilﬁt + Bg)l(t = B?nt + Béxt + ﬂ]/m (3-3)

where B, =6 — 3p, BI’, =8—3p and (¥ = p!(n"iip)! the ordinary binomial coefficient.

Proof. The case of a 4-inner loop is that of a particular closed graph constituted by a single
vertex with a unique loop. The contraction destroys the vertex, the six closed 3-bubbles, the
four closed 4-bubbles and produces 4 discs. The result is immediate.

For p-inner loops, p < 3, there are other stranded half-edges or edges on the same end vertex.
The two first lines of (3.2)—(3.3) are direct using the definition of the contraction that preserves
(open and closed) strands. We now turn on the number of bubbles of the graph.

Let us recall that we obtain the 3-bubbles by removing simultaneously from the initial graph
two colors. The 4-bubbles are obtained by removing all strands with the pair of colors. In all
the following discussion, removing a strand means removing all others having the same color.

Let us focus on the 3-inner loop case. We have 3 strands which are closed and one outer
strand. By contracting this edge, we loose the 3 3-bubbles passing through the inner strands.
The 3-bubbles which use the outer strand are still present after the contraction and just loose
some internal faces. We also loose the only one closed 4-bubble passing through these inner
strands. All 4-bubbles using the outer strand are still present after the contraction. This ends
the proof of (3.2).

In the case of the 2-inner loop, we have two outer strands and two strands which are im-
mediately closed (the inner ones). Contracting the edge, we loose the closed 3-bubble formed
by the two inner strands obtained by removing the two outer strands. Any other 3-bubble is
obtained either by removing one of the outer strands and one of inner or by removing the two
inner strands. The number of 3-bubbles (closed or opened) obtained in Gyo or Gl, are the same
performing the first operation. If we remove the two inner strands, the 3-bubbles using the
outer strands in Gjo get split in two parts in ggo. We then obtain one more bubble in gf’o. This

+ B3, =B, + B2

compensates the one we have lost previously. Hence B> o et

nt
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The number of 4-bubbles obtained by removing one of the outer strands is preserved in the
contracted graph. If we remove one of the inner strands, we obtain one extra 4-bubble in the
contracted graph. Then B2, + B, = B, + B, +

For the 1-inner loop, the procedure is similar. We have three outer strands and one inner.
Removing the inner and one of the outer strands, we obtain one more 3-bubble in the contracted
graph but if we remove two of the outers, the number of 3-bubbles in the contracted graph is
the same. We have B3, + B, = B3, + B2, + 3.

We now concentrate on the 4-bubbles case. If we remove the inner strand, we obtain two
more 4-bubbles in the contracted graph. Otherwise, if we remove one of the outer strands, we
obtain one more 4-bubbles in the contracted graph. Hence B4, + B, = Bi. + Bi, +5.

Case of the 0-inner loop. By implementing the above technlques we can prove also B3 +

mt
BB, =B} + B3, +6and B/} + B4, = BL, + Bi, + 8. n

ext

Lemma 3.2 (cut/contraction of special edges). Let Gio be a representative of & a rank 4 w-
colored graph and e an edge in Gio.
If e is a bridge, we have

k‘(gfo V 6) = k(gfo/e) + 1, V(gfo V 6) = V(gfo/e) + 1,

E(Gjpo Ve) = E(Gp/e), f(Gp Ve)= f(Gp/e)+2, (3.4)
Fint(Gpo V €) = Fint(Gyo /), B3 (G Ve) = Bl (Gp/e),
By (G V €) = By (Gpo/e), (3.5)
C@(gfo V 6) = Ca(gfo/e) +1, Ea(gfo V 6) = Ea(gfo/e) +4
Fy(Gp V €) = Fy(Gpo/e) + 6, (3.6)

ngt(gfo \ 6) = ngt(gfo/e) + 6? ngt(gfo \ 6) = Béxt(gfo/e) +4
If e is a trivial p-inner loop, p = 0,1, 2,3, we have

k(G Ve) = k(Gp/e) — 3, V(Gjo Ve) =V(Go/e) -3, E(Gio Ve) = E(Go/e),

F(Gp v e) = F(Gofe) +2, (539

Fint(gfo Ve)+ Ca(ng Ve)= Fint(gfo/e) + Ca(gfo/e) -

Ey(Gp V e) = Eyg(Go/e) + 4, (3.9)
B (G V €) + Bl (G V €) = By (Gpo/e) + Bl (Gpo Je) — (6 — 3p), (3.10)
By (Gpo V €) + Begy(Gpo V €) = Biyy(Gpo/€) + Bex (Gyo /€) — (8 — 3p). (3.11)

Proof. Let us begin by the case of the bridge. In (3.4), the relations are directly achieved.
Now, we turn on (3.5). From [l, Lemma 7], we claim that the faces passing through e are
open and belong to the same connected component of the boundary graph. Then all closed
faces on each side of the bridge are preserved after cutting e. The same are still preserved
after edge contraction and therefore Fini(Gjo V €) = Fint(Gyo/e), mt(gfo Ve) = B (Gp/e)
and B (Go Ve) = Bi(Gp/e). Let us focus on (3.6). Since the faces passing through e
belong to the same connected component, cutting e, this unique component yields two boundary
components. We obtain Cy(Gjp V e) = Cy(Go/e) + 1, Eg(Gpo V e) = E(Gpo/e) + 4 (the cut of e
divides each external face into two different open strands) and Fy(Gp V e) = Fy(Gjo/e) + 6
since Cp(Gjo/e) = Ca(Gyo), Ea(Gpo/e) = Ea(Gp) and Fy(Go/e) = Fy(Gjp) which are direct from
Lemma 2.12. For the number of external bubbles, there are six 3-bubbles and four 4-bubbles
in Gjo passing through the bridge. These bubbles are present in Gjo /e and cutting the bridge
each of these bubbles splits in two. This yields (3.7).

We concentrate now on a trivial p-inner loop e. The relations (3.8) is directly found. We
focus on the rest of the equations. Consider the faces f; in e made with outer strands. For
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p=0,1,2,3, we have f;, 1 <7 <4 —p. These faces can be open or closed. We do a case by case
study according to the number of open or closed faces among the f;’s.
Suppose that 4 — p of f;’s are closed. Cutting e entails

Fmt(gfo Ve)= Fint(gfo) — 4, Ca(gfo Ve)= Ca(gfo) +1, E@(gfo Ve)= Ea(gf()) + 4,
B3(Gpo V e) = B*(G), B*(Gp Ve) = BY(Gp), Fy(Gjo V €) = Fy(Gpo) + 6.

Remark that, in this situation, only the variation of the total number of bubbles can be known.
Suppose that 4 — p — 1 of the f;’s are closed and one is open. Cutting e implies

Fint(gfo Ve)= Fint(gfo) -3, Ca(gfo Ve)= Ca(gfo), Ea(gfo Ve)= Ea(gfo) + 4,
B?)(gfo V e) = B3(Qfo), B4(gf0 V 6) = B4(gf0), Fa(gfo V e) = Fa(gfo) + 3.

Suppose that 4 — p — 2 of the f;’s are closed and two are open. Cutting e gives
Fint(gfo Ve)= Fint(gfo) — 2, C’a(gfo Ve)= Ca(gfo) —1, Ea(gfo Ve)= Ea(gfo) + 4,
B?)(gfo V e) = B3(Qfo), B4(gf0 vV 6) = B4(gf0), Fa(gfo V e) = Fa(gfo).

Suppose that 4 — p — 3 of the f;’s are closed and three are open. Cutting e gives
Fint(Gpo V €) = Fint(Go) — 1, Ca(Go Ve) = Cy(Gpo) — 2, Ey(Gso V e) = Eg(Gp) + 4,
B?’(gfo V e) = Bg(gfo), B4(gf0 V 6) = B4(gf0), Fa(gfo V e) = Fa(gfo) — 3.

Note that this case does not apply for p = 2.
For p = 0 an additional situation applies: assume that all four f;’s are open. Cutting e gives

Fint(gfo Ve)= Fint(gfo), Ca(gfo Ve)= Ca(gfo) -3, E@(gfo Ve)= Ea(gfo) + 4,
B*(Gpo Ve) = B*(Gp), BY(Gpo V e) = B (Gp), Fy(Gjo V €) = Fy(Gjo) — 6.

Lemma 3.1 relates the same numbers for Go /e and Gyo from which one is able to prove (3.9), (3.10)
and (3.11). u

Before focusing on the invariant, let us establish an intermediate result.

Lemma 3.3. For any representative G of a rank 4 w-colored graph &, we have

> Vg > 6V, Y Eys =6E, > Fugps = 3Fu. (3.12)
b3eB3 b3eB3 b3eB3
Moreover,
> Bli=2B%  3B'<2B’  B'>4 (3.13)
bteB4

Proof. Each vertex of Gy can be decomposed at least in 6 vertices (6 vertices is the minimum
given by the simplest vertex of the form G jo(g,) in Fig. 10 for any rank 4 w-colored graph)
which could belong to a 3-bubble. This gives the first relation in (3.12). Furthermore, using
the colors, one observes that each edge of Gy splits into 6 ribbon edges, and each internal face
of Gjo belongs to three 3-bubbles. Thus we have the rest of equations in (3.12).

We concentrate now on (3.13). Consider a 3-bubble b3 in Qfo, b? is made with 3 colors of Qfo.
Since Gjo is made with 5 colors, b3 is contained exactly in two 4-bubbles obtained by adding to
the three colors in b? one of the two remaining colors of Go. Hence, the first equation in (3.13)
follows. Using again the color prescription, each 4-bubble has at least three 3-bubbles, Bg4 > 3.
Summing each member of this relation on the set of 4-bubbles, we end the proof the second
equation in (3.13). [
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Now, we can introduce a parametrized invariant on this category of graph.

Proposition 3.4. Let Gy be any representative of a rank 4 w-colored graph &. There exist some
positive rational numbers ag and oy such that

Vas(as,00) (Gp0) = 6(V — E) + 3Fing — 2(1 + a3) B* + (33 — ) B
1S a negative integer.
Proof. Consider a representative Gjo of a rank 4 w-colored graph. The 3-bubbles of Gjo are

connected rank 2 stranded graphs or ribbon graphs with half-edges. Consider a 3-bubble b?
of Gso and b3 its underline ribbon graph. Using the Euler formula, one has

Vb3 — Eps + Fingps + Ca(b?’) —2=-rk<0,
with x the genus of bs. Hence,
Vb3 — Eps + Fipgps < 2. (3.14)

A summation on all the 3-bubbles of gfo gives

> (s —Eps)+ Y Feps — 2B <0.
b3eB3 b3eB?

From Lemma 3.3, we have
6(V —E)+3F, —2B*<0, 3B*-2B3<0, -B'+4<0. (3.15)

Consider some positive rational numbers a3 and a4 such that —2(1+a3) B3+ (3as—ay)B* is an
integer. Multiplying the two last relations in (3.15) by a3 and a4, respectively, we obtain 3a3 B*—
203B3 < 0 and —ayB* + 4a4 < 0. Combining these two last relations with the first relation
in (3.15), we obtain

6(V — E) 4 3Fu — 2(1 + a3)B® + (3a3 — a4) B + 4a4 <0, (3.16)
i.e., Va:(as,04)(Gi0) I8 @ negative integer. |

Clearly, the quantity v4;(a;.qa 4)(') is a negative integer for all non negative integers ag and ay.
Furthermore, 7y;(ay,0,)(+) is still a negative integer if a3 and a4 are equal to specific positive
rational numbers.

We consider the combinatorial object 6(V — E) +3Fiyt —2(1+a3) B3+ (3as — ay) B* as a gene-
ralized Euler characteristic. Indeed, fixing 3a3 — a4 > 0 (since 14 a3 > 0), this integer is remi-
niscent of a weighted form of the Euler characteristic, if one considers the B%’s as Betti numbers.
Of course, one also expects an alternating sum of positive integers as in the Euler characteristic.
Here we see that we can achieve this only by tuning properly the parameters alphas.

We can define the polynomial invariant on rank 4 w-colored graphs.

Definition 3.5 (topological invariant for rank 4 w-colored graph). Let &(V,&,{°) be a rank 4
w-colored graph and a3 and a4 some positive rational numbers. The generalized topological
invariant associated with & is given by the following function associated with any of its repre-
sentatives G (using the above notations)

T@;(ag,tu) (33, Y,z,8,W,(q, t) = (ngo;(ag,oul) (I‘, Y,z,s8,w,q, t)
= T (- 1Oy 1)) KA g0 () o) FolA) P A)

A@Qfo

With Y (ay,a0)(A) = 6(V(A) = E(A)) + 3Fini(A) — 2(1+ a3) B*(A) 4 (3 — as) B*(A) a negative
integer.
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Comparing this polynomial with the one defined on rank 3 w-colored of c-subgraphs, we
see that in addition to the 3-bubbles, the polynomial invariant also takes into consideration
4-bubbles.

We can now introduce our main theorem.

Theorem 3.6 (contraction/cut rule for w-colored graphs). Let & be a rank 4 w-colored graph
and as and a4 some positive rational numbers. Then, for a reqular edge e of any of the
representative Gy of &, we have

T’gfo;(a:s,ml) = zgfoVG;(%,Oux) + ‘Igfo /e;(as,0q)" (3.17)

For a bridge e, we have ‘ngo\,e;(%,m) = z15+4a4sw6q4t21gf0/e;(%’o@) and

‘Igfo;(ag,oq) = [(z — 1)Z15+4a45w6q4t2 + 1]‘Igf0/e;(a3,a4)~ (3.18)

For a trivial p-inner loop e, p = 0,1, 2,3, we have

TG 0i(anaa) = Tgoveasay) + (y — 1)z PTPH0UPIHaC0g, ooy (3.19)

Proof. Let Gy be a representative of a rank 4 w-colored graph . Our main concern is the
change in the number of internal and external i-bubbles (i = 3,4) and the independence of the
final result on the representative Gjo. From Proposition 2.14, we can define & V e and & /e and
conclude that the resulting polynomials ngo Ves(ag,aq) and ngo Jei(as,aq) ar€ independent on the
representative Gy V e and Gio /e, respectively.

Let us prove the equation (3.17). Consider an ordinary edge e of Gy, the set of spanning
c-subgraphs which do not contain e being the same as the set of spanning c-subgraphs of G Ve,
the number of open and closed i-bubbles (i = 3,4) on each subgraph is the same, it is direct

toget > ()= ngo\/e;(a&a ,)- The strands of e are clearly preserved after the contraction.
A€G0;e¢ A

The bubbles which do not pass through e are not affected at all by the procedure. The bubbles

passing through e are also preserved since the contraction do not delete faces or strands. Hence

Z () = T Jerlan o)
A€Gs05e€A Gjo/e;(az,aa)

We now concentrate on the bridge case and (3.18). Cutting a bridge yields, from the sum
>> , the product (z — 1)ng0v6;(a37a4). Using the mapping between {A € Gjo;e € A} and
A@gfo;eéA

{A € Gp/e}, we obtain Y7 () = Tgfo/e;(ag’m). We now investigate the relation between
A@gfo;eeA

‘ngo\,e;(a&m) and ‘ngo/e;(a&m). There is a bijection between A € Gjo V e and A e Gio /e where
each A and A’ are both uniquely related to some Ag @ Gjpo as A= Ap Ve and A’ = Ap/e. Using
Lemma 3.2, the relation (3.18) follows.

Let us investigate the trivial p-inner loop case and prove (3.19). As discussed earlier, the
relation >oo()= ‘ngo\/e;(a&a ,) should be direct. Focus now on the second sum.

A@gfo;egéA

Consider a trivial p-inner loop e in Gp. Then e is a trivial p-inner loop in all A € Gjo
containing e. Contracting e generates p discs and 4 — p non trivial vertices. Using Lemma 3.1,
the nullity is n(A) = n(A’) + 1 which ensures the factor y — 1, and the exponent of z becomes

9K(A) = [6V(Gp) ~ FUA)) + 3Fim(4) = 201+ 05)5"(4) + (303 — ) B'(4)]
= 9(k(A") = 3) — [6[V(Gp/e) = 3) — (B(A') +1)] + 3Fjue(A')

—2(1+a3)(B*(A') = Bp) + (3az — au)(BY(A) - 5,)]

9k(A") = [6(V(Gpp) — E(A")) + 3Fin(A) — 2(1 + a3) B*(A)
+ (3as — au) BY(A")] — 15+ 6p + 3a3(4 — p) + au(3p — 8),
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where 8, = 6 — 3p, 3, = 8 — 3p, A and A’ refer to the subgraphs related by bijection
between spanning c-subgraphs of {A € Gjo;e € A} and {A" € Gjp/e}. Finally, one gets
(y — 1)z—15+6p+3a3(4_1’)+0‘4(3p_8)ngo/e;(a&a‘l). As previously shows, this result is independent
of the representative. [ ]

Let us come back on the expression of our polynomial to make a comparison with recent results
introduced in [16]. One variable (the variable s) stands for the number of connected components
of the boundary graph of a spanning c-subgraph. We replace this number by ) ;s Ca(b?).
With the change of variables s = 27!, we directly recover the sum of genera as introduced
by Tanasa [16] on some special closed tensor graph (with, necessarily, all 3-bubbles closed).
However, there is a relationship between the number of boundary components of a graph G
denoted Cy(G) and the sum Y_,; Ca(b?). This certainly needs to be investigated in the context
of w-colored stranded graphs.

4 The polynomial invariant for nD w-colored graphs

Having identified a rank 4 invariant polynomial, we can quickly generalize it in any rank starting
by extending the previous results.

Lemma 4.1. Consider a representative Gy of a rank n w-colored graph &. ¥V 3 <p <d < n,

Y V20, Y Bna=C0"F, D" Figpe = 0023 Fu, (4.1)
bleBd bdeBd bdeBd
d— - d—
Y Br=00,B" CoBY <G b, BY. (4.2)
bdeBd

Proof. Consider a vertex v of a representative Gp of a rank n w-colored graph; v can be
decomposed, at least, in 04~ (d < n) vertices which could belong to a d-bubble (this number is
the minimum given by the simplest vertex of the graph G, jo(g,) in Fig. 11). We then prove the
first relation in (4.1). From the coloring, each edge of Gso decomposes into Ci_l edges belonging
to a d-bubble. Each internal face of gfo is shared by Eg:zl d-bubbles. Thus we have the remaining
equations in (4.1).

Let us prove (4.2). Consider the d-bubbles in Gp. Each p-bubble b? (p < d) in Gy, is a

p-bubble of Ei:]; 41 d-bubbles of Gjo. Indeed, consider a p-bubble in G, it remains n —p + 1
colors from which we can take arbitrary d — p colors to obtain a d-bubble. The first equation
in (4.2) follows. Using once again the coloring, each d-bubble has at least Esj p-bubbles, that
is By, > Esj. We can now sum each member of this relation on the total number of d-bubbles

and complete the proof of (4.2). [ |

Proposition 4.2. Let Gy be any representative of a rank n > 4 w-colored graph. There exist
some positive rational numbers o = {oy }r=3 . n such that

@) = "W ) (- )P~ 24 (0 2)05) B
+ Z (k= Dog—1 — (n— k + 1oy BF
k=4

1S a negative integer.
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Proof. Consider a representative of a rank n w-colored graph. The 3-bubbles of G are ribbon
graphs. Each of them satisfies (3.14) and the sum over all the 3-bubbles of Gjo gives

> (Vs — Eps)+ Y Fugps —2B* <0.
b3eB3 b3eB3
From Lemma 4.1, we have

nin—1
2
EB* — (n— k4 1)B* <0, Vk=3,....,n—1, —B"4+n<0. (4.3)

)(V—E)+(n—1)}7int—2B3§O,

We multiply the second relation in (4.3) by a positive integer ag, k = 3,...,n — 1 and the last
relation by a positive integer o, such that the quantity

—(2+ (n—2)a3)B* + > [(k— )ag_1 — (n — k+ 1)ay] B
k=4
is an integer. We obtain
ko B¥t — (n — k + 1)apB* <0, Vk=3,...,n—1, —op,B" +nay, 0. (4.4)

A summation from k = 3 to k = n — 1 of the first relation in (4.4) and then adding the result
to the second inequality leads to

n—1
Z [kay, B _(n—k+ l)oszk] — apB" + nay, <0. (4.5)
k=3

Adding relation (4.5) to the first relation in (4.3) achieves the proof. [

One may wonder why the number B? is not used in the above summation. B? denotes
the number of 2-bubbles which is equal to Fint + Cg. One notes that the quantity Cy is not
used in the invariant, we have introduced a different variable for internal faces and boundary
components.

The number 7v,,.o(-) is a generalized and weighted Euler characteristics. If one envisages to
have an alternating sum of positive integers, we must require the following conditions:

(k—Dag—1—(n—k+1)ar >0 if k is even,
(k—Dag—1—(n—k+1ax <0 if £ is odd.

This system which is triangular can be clearly solved and generally admits several solutions.

It is instructive to investigate how the above invariant v,.o(-) can be prolonged to the lowest
ranks, n = 2 and n = 3. Consider a representative Gjo of rank n w-colored stranded graphs &.

For n = 2, Gjo is a half-edged ribbon graph. Consider the underlying ribbon graph G, or ribbon
graph in the sense of Bollobds and Riordan, the invariant used is 2k(A) — (V(A) — E(A)+ F(A))
for each A € G. In the case of half-edged ribbon graphs, the invariant is 2k(A) — (V(A) — E(A) +
Fint(A)) for each A € Gjo. Since this quantity is always non negative, we have for a connected
graph Gjo,

V(Gp) — E(Gjo) + Fine (Gpo) < 2, (4.6)
where V', F and Fiy are, respectively, the number of vertices, edges and internal faces. We set

Y2(Gp) =V — E + Fin.
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This is precisely the invariant used in the definition of the BR polynomial on ribbon graphs
with half-edges [1].

For n = 3, the 3-bubbles of Gjo are connected rank 2 or ribbon graphs. Each of them
satisfies (4.6) and a summation on all the 3-bubbles of Gjo gives

> (Vor — Bya) + Y Fogps —2B° <0.
b3eB3 b3en3
Using now Lemma 4.1, we have

3(V—-E)+2Fy, —2B*<0, —-B>+3<0. (4.7)

Consider a positive rational number a3 such that (2 + a3)B? is an integer. We multiply the
second relation in (4.7) by a3 and obtain —a3B3 + 3as < 0. We add this relation to the first
relation in (4.7) and get

3(V = E)+2Fy — (2+ a3)B? < —3as3. (4.8)
We can then set
'73;03(g) =3(V - E)+2Fu — (2+ a3)33'

The expression ~3,0(-) is the invariant introduced on rank 3 w-colored stranded graphs in [1].
Hence, the present framework fully extends that work to a one-parameter family of invariant
polynomials.

Definition 4.3 (topological invariant for rank n w-colored graph). Let &(V,&,{") be a rank n
w-colored graph and o = {oy }x=3, . some positive rational numbers. The generalized topo-
logical invariant associated with & is given by the following function associated with any of its
representatives gfo.

T@;a(fII, Y, z,8,w,dq, t) = Tgfo;a(xa Y, z,8,w,4q, t)
= T (1G0T () R i (4) o), FoA) Fo (DS (4.9)

A@Qfo
with

n(n —1)
2

+Z k—1)ag_1 — (n—k+ 1)ag] B¥(A)

Tnia(A) = (V(A) = B(A)) + (n — 1) Fin(A) — (2 + (n — 2)as) B*(4)

a negative integer.

Remark that Lemma 3.3 finds an extension for any rank n w-colored graph.

T

G150(61)
Figure 11. A 3-bubble b of the graph G jo(g,) made with n strands.

Let us introduce the following lemma used in the proof of our main result.
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Lemma 4.4 (cut/contraction of special edges). Let Gy be a representative of & a rank n w-
colored graph and e an edge in Gy. Then, if e is a bridge in the above notations, we have

k(gfo V 6) = k(gfo/e) +1, V(gfo vV e) = V(gfo/e) +1, E(gfo V 6) = E(gfo/e),

f(Gp Ve) = f(Gp/e) +2, (4.10)
Fint(Go V €) = Fint(Gpo /), B (G Ve) = B (Gp/e), V3<p<n, (4.11)
Ca(Gjo V e) = Cy(Gjo/e) + 1, Ey(Gp Ve) = Ep(Gp/e) +n,

Fa(gfo Ve)= Fa(gfo/e) + Bi, (4.12)
BEi(Gpo Ve) =Bl (Go/e)+Ci P, v3<p<n. (4.13)

Proof. This is a simple extension of Lemma 3.2. We first concentrate on the case of the
bridge. In (4.10), the equations can be easily found. We now investigate (4.11). Notice that
the faces passing through e are necessarily open by [1, Lemma 7]. All closed faces on each
side of the bridge are preserved after cutting e and are still preserved after edge contraction.
Hence Fint(Gjo V e) = Fni(Gjo/e), B (Gp Ve) = Bf (Gp/e) V3 < p < n. Let us focus
on (4.12) and use the fact that the n external faces belong to the same boundary component.
By cutting e, this unique component yields two boundary components. It is direct to get
Ca(Gpo Ve) = Cy(Gpo/e) +1, Eg(Gp Ve) = Ey(Gp/e) +n (the cut of e divides each external face
into two different external strands) and Fy(Gyo V €) = Fy(Gyo/e) + C7 since Cy(Gjo/e) = Ca(Gp),
Ey(Gso/e) = Ep(Gp) and Fy(GoG/e) = Fy(Gj) from Lemma 2.12. For the number of external
bubbles, there are Gy, ? 1 p-bubbles in G passing through the bridge. These bubbles are clearly
in Go /e and, cutting the bridge, each of these bubbles splits in two. This yields (4.13). |

We can now introduce our main result of this section.

Theorem 4.5 (contraction/cut rule for w-colored graphs). Let & be a rank n w-colored graph
and and o = {ay tr=3, .. n some positive rational numbers. Then, for a regular edge e of any of
the representative Gy of &, we have

‘Igfo;a = ‘ngo Ve;a T+ ngo/e;a- (4.14)

For a bridge e, we have

n(n—1)

(n=D) () nan g0y = qnthngo /e

T v = 2
and
n(n—1)
TQfo;oz = [(37 - 1)Z(n71)(n+1)+nan3w 2 qnt2 + 1]Tgfo/€;a'

This proof is an extended form of the proof given in Theorem 3.6 but with a more larger
number of bubbles. We see that in addition to the (3,4)-bubbles, we have also some i-bubbles
(i >4).

Proof. Consider a representative Gjo of a rank n w-colored graph &. Following the proof
of (3.17) in Theorem 3.6 and replacing (3,4)-bubbles by i-bubbles (i > 3), (4.14) is direct.
Moreover, the same arguments for proving the bridge relation and (3.18), using Lemma 4.4
instead of Lemma 3.2 allow us to achieve the proof. |

Theorem 4.5 shows that the rank D w-colored graph polynomial satisfies the recurrence
relation of contraction and cut of ordinary edges. For n = 3, az = 0, we get Theorem 2.18 and
n = 4 leads to Theorem 3.6. Concerning special edges, we have only discussed the bridge case.



20 R.C. Avohou

There are certainly some relations for trivial p-inner self-loops (p = 0,...,n) but these relations
are numerous and lengthy and do not add much to the discussion.
The reductions of the above polynomial (4.9) to Tgfo;a’ gfo;a and T”f o:o Als0 satisfy the

contraction/cut rule. Furthermore Tgfo;a maps to Tutte polynomial by taking n = 1 and by
putting the variables z, w, ¢ and t to 1. Taking n = 2 and using the mapping between the half-
edged ribbon graphs and the rank 2 w-colored graph, we directly find the polynomial invariant
on ribbon graphs with half-edges [1]. An appropriate change of variable s = z~! gives the BR

polynomial.
Consider a representative Gjpo of rank n w-colored graph &. In the polynomial invariant
introduced in (4.9), we can add other variables y; (i = 0,...,n) for the number of i-bubbles of

the boundary graph 0Gj. An extended form of the polynomial introduced in (4.9) is given by
Toa(®,y, 2, {yi}i=0,..0) = Tg0:a(®,y, 2, {yi}i=0,..n)

= 3 (1) Gy - 1)) (A e (4) (H yZBZ’(a(A») _ (4.15)
A@gfo =0

Definition 4.6 (multivariate form). The multivariate form associated with (4.15) is defined by:

Te (z, {Be}. {zi}i=2,..n—1, {Witi=0,..n> {¢i }i=3,...n)
= %6, (2, {Be} {zitiz2,..n—1: {Viti=0,..n> {@i }i=3,....n)

= Z xr(A) (H /Be> <f[ ZiBiint(A)> (ﬁ ZiBgXt(A)> (ﬁ yZBl(a(A))> , (416)

Aebo ecA i=2 i=3 i=0
for {Bc}cce labeling the edges of the graph Gjo.

This multivariate form extends the polynomial of Gurau introduced in [10] in an essential way.
Indeed, in addition to the internal bubbles, we also deal with external ones and the multivariate
form (4.16) is defined on an extended category of graphs.

The following holds for all non loop edge e

{5::6 = ‘E’(’iVe + xﬁegﬁ’ﬁ/@

5 Example

Consider the graph G of Fig. 12. Let us prove that the polynomial invariant Tg,(q, o,) satisfies
the recurrence relation.

Wkﬁ el

Figure 12. A representative Gjo of a w-colored graph, the cut graph Gjo V ez and the contracted graph
Go /e2 with respect to es.
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Using the spanning c-subgraph summation, we get

1)228+7a3+5a4 sw11q12t6 + 2Z31+10a3+6a4 14 16t8

ngo;(ag,a4)(x7y7Z737w7q7t) = (y - swq

¥ (1 — 1)237T+1000+1004 2,,20,20410

We must check that

Tgfo;(asﬂq) = (ngOVez;(as,azl) + Tgfo /e2;(ag,oq)-
This is the case, since
_ 31+10a3+6c 14 16,8
Tgfo\/ez;(ag,ou;)(xay7zaSaw7Q7t) =z 3 ‘5w q t
+ (SU o 1)2374-100(34-10&482w20q20t10’

and

228+7a3+5a4 sw11q12t6 4 231+10043+6044 sw14q16t8.

Tgfo/e%(as,m)(x,y, z,8,w,q,t) = (y—1)

The different expressions of 74;(0[3@4)(-) in the above polynomial are —19 — Tz — Hary, —22 —
10aiz — 6ag and —28 — 10a3 — 10ay. Putting as = % and ay4 = %, each of these expressions is a
negative integer.

As a final remark, the parameters «; which label the ~,, invariant are positive rational num-
bers. We may ask a unique prescription to determine those parameters to get a unique v,. In
the non integer rational and integer cases, we do have the following issues to solve this problem:

In the non integer rational numbers case, we have tuned ag = 1/2 and a4 = 3/2 in the above
example before getting 7, as an integer for all subgraphs. Thus, for each graph, we claim that
we have 2F constraints to solve for finding n — 2 rational coefficients. The procedure might
not in general admit a solution (usually the case when the system is over-determined, here this
happens whenever n < 2(2E ~1 4+ 1) or when the rank do not evolve fast enough with respect to
the number of edges of the graph). Furthermore, this solution is graph dependent and we do
not see how to generalize it to the arbitrary case. We quickly realize that, in contrast, restricted
to integer coefficients, the problem has several solutions and it is graph independent. In that
case, the issue becomes different: we do have too many ways to define the invariant. We must
therefore think about a new way to fix this object.

Consider the parameters «; as integers. Among possible invariants, one may consider the
one with minimum value simply because it will be the apparently less complicated to write
down. Interestingly, we face here a known problem in optimization analysis. This is an integer
programming problem [18] of the form

min { Bz <0, z € Z"*'},

where B = (BY,...,B") € N**! and = = (apao, ..., anay) with a; the binomial coefficient
appearing in -,. Thus studying this kind of problem could be interesting to fix our parameters
and uniquely determine the ~, invariant. This deserves to be elucidated.

A Determination of the invariant by the sum of invariants
of consecutive bubbles

Consider a representative Gjo of a rank n w-colored stranded graphs &.
For n = 2, 3, this method is not different from the previous one.
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Case n = 4. The 4-bubbles of Gjo are rank 3 graphs. Each of them satisfies (4.8) and a sum
over all these 4-bubbles gives

3 Z (Vs — Epa) +2 Z int;bt — (24 a3) Z Bg4 + 3a3B* < 0.
b4epB* btep4 btep4
From Lemma 4.1, one gets

3x4(V = E) 42 x 3Fy —2(2+ a3)B® + 3a3B* <0, -B*4+4<0. (A1)

Let us multiply the second relation in (A.1) by a positive rational number a4 such that —2(2 4
a3)B3 + (3az — ay)B* is an integer. We obtain —a4B* + 4a4 < 0. Once again, we add this
relation to the first relation in (A.1) and obtain

3x4(V — E)+2x 3Fy — 22+ a3)B® + (3az — ay) B* < —4ay. (A.2)

As a remark, the relation (A.2) is different from the relation (3.16) introduced in Section 3.
We can now find a general invariant by induction on n.
For all rank n > 4 w-colored graph, we have

%!(v — E)+ (n— 1) Fe — (n — 2)I(2 + a3) B?

+ Z (n—k+1)! k — Dag—1 — ak]Bk < —nay,. (A.3)
=4

The proof of equation (A.3) is by induction on n. Suppose that (A.3) holds for all representative
of a rank n w-colored graph. Consider a representative of a rank n 4+ 1 w-colored graph and let
us prove that

(V- E)+nlFp — (n— 1124 a3)B*

n+1
+ ) (n—k+2)[(k - Dag—1 — ag| B¥ < —(n + Do)

(n+1)!
2

The (n + 1)-bubbles of G are rank n graphs. Each of them satisfies (A.3) and a summation on
all the (n + 1)-bubbles of G gives

n!
E Z (Vbn+1 - Ebn+1) + (n - 1)!-Fint;b""’1 - (n - 2)!(2 + Oég) Z an+1

bn+1€Bn+l bn+1€Bn+l

+ Z(n —k+1)! [(k —Dag—1 — ak] Z B{;nﬂ + na, B" < 0.

bn+1€Bn+1
From Lemma 4.1, we have
n!
(n+ 1)§(V — E)+n(n—1)Fy — (n—1)(n—2)/(2+ a3)B?
n
+ (n—k+2)(n—k+ D(k - Dog_1 — o] B* + na, B <0,

k=4
-B" tn+1<0. (A.4)
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Let us multiply the second relation in (A.4) by a positive rational number a;,4+; such as
—(n—1)(n—-2)!(2+a3)B>+ Zn: (n—k+2)(n—k+1)![(k—1)ap_1 —ay] B¥+ (nan — any1) B"
is an integer. We obtain =

—ap 1 B"  (n+ Dy <0. (A.5)

Adding (A.5) to the first relation in (A.4) ends the proof.
We could have introduced a polynomial invariant using the expression (A.4) and also it will
satisfy similar properties as established in Theorem 4.5.
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