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SMOOTHING RESOLUTION FOR THE
ALEXANDER-CONWAY POLYNOMIAL

ATSUSHI ISHIT*

ABSTRACT. We introduce a new kind of smoothing such that we obtain a
disjoint union of framed circles and a framed path after we smooth all cross-
ings of a (1,1)-tangle diagram. By using such a smoothing, we reconstruct
the Alexander—Conway polynomial in a manner similar to the way the Jones
polynomial is constructed by using the Kauffman bracket polynomial.

1. INTRODUCTION

We focus on two well-known knot invariants: the Alexander—Conway polyno-
mial [1, 4], and the Jones polynomial [§].

The Alexander polynomial is defined through the infinite cyclic cover of a knot
complement. It was the only known knot polynomial until the Jones polynomial
was discovered. One obtains the normalized Alexander polynomial of an oriented
link by using the skein relation found by J. W. Alexander [1], and in normalized
form by J. H. Conway [4]. We call it the Alexander—Conway polynomial.

The Jones polynomial came out of investigations of operator algebras. It is
also determined by using a skein relation. The skein relations are often used to
give simple definitions of the Alexander—Conway and Jones polynomials. The
HOMFLYPT polynomial [6, 19] is a two-variable polynomial invariant motivated
by these skein relations.

Since the discovery of the Jones polynomial, many link invariants have been
defined, which include so-called quantum invariants. As quantum invariants,
the Alexander—Conway and Jones polynomials are derived from two dimensional
representations of the quantum (super)algebras U,[gl(1|1)] and U,[sl(2)], respec-
tively. And then, each invariant is defined by using a 4 x 4 R-matrix, which is a
solutions of the Yang-Baxter equation (see [5, 9, 12, 16, 20]).

The Jones polynomial also can be obtained via the Kauffman bracket poly-
nomial [10]. We smooth the crossings of a link diagram until we reduce it to a
disjoint union of circles:
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The Kauffman bracket polynomial is defined by using the weight of a crossing
and the number of circles, where the weight is a value determined by the choice
of smoothing. Then it is an invariant of regular isotopy. By utilizing the writhe
of the link diagram, we obtain an invariant of ambient isotopy, which is the Jones
polynomial.

Since smoothing is one of the simplest operations on a link diagram, the recon-
struction of the Jones polynomial via the Kauffman bracket polynomial is related
to important topics in knot theory: invariance of the number of crossings in a re-
duced alternating diagram of a knot, the Kauffman bracket skein module [17, 18],
the Khovanov homology [13, 2, 3], and so on.

On the other hand, a state model for the Alexander—-Conway polynomial was
also given by L. H. Kauffman [11, p. 174]. A state in this state model is rep-
resented by a diagram which may have transversal intersections. In this paper,
we aim to reconstruct the Alexander—Conway polynomial through a smoothing
resolution formula, say, a state model in which a state is represented by a disjoint
union of circles (and a path). Such a construction is expected to be related to
important topics in knot theory as in the case of the Kauffman bracket polyno-
mial. This state model can also lead to new (Khovanov type) categorification of
the Alexander—Conway polynomial.

We introduce a new kind of smoothing such that we obtain a disjoint union of
framed circles and a framed path after we smooth all crossings of a (1,1)-tangle

Our bracket polynomial is defined by using the weight of a crossing and the
framings. Then it is an invariant of regular isotopy. By utilizing the Whitney
degree (rotation number) of the link diagram, we obtain an invariant of ambient
isotopy, which is the Alexander—-Conway polynomial.

2. A MAGNETIC LINK/TANGLE

We introduce a magnetic link/tangle diagram in which an “orientation” <« is
given at a point called node. In our reconstruction for the Alexander—Conway
polynomial, we reduce a (1,1)-tangle diagram into magnetic tangle diagrams
without a crossing, and the node orientation contributes to a framing the value
+1/2. A magnetic link/tangle without node orientation appears in constructions
of the oriented state model for the Jones polynomial [11, p. 74], Miyazawa’s
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polynomial for virtual links [14, 15], the virtual magnetic skein module [7], and
SO on.

A magnetic link/tangle diagram is an oriented link /tangle diagram on R? which
may have oriented 2-valent vertices

——— and —

which we call nodes. A magnetic link/tangle diagram may also have a 4-valent
vertex which is represented as a crossing in the diagram. Two diagrams are
called equivalent if one can be transformed into the other by a finite sequence of
Reidemeister moves and the canceling moves (Figure 1). We omit orientations of
strands in Figure 1. A magnetic link/tangle is an equivalence class of magnetic
link/tangle diagrams under the moves.

We denote the join of n nodes with the same orientation

n
A

- Y
&l &l
< <

<l
~

by the triangle labeled n
n

+ )
For a positive integer n, a triangle labeled —n indicates one labeled n with the
reversed orientation. Then, by the canceling moves,

n m n-—+m
< < and ——

are equivalent for any integers n and m, which implies that a circle/path is
parameterized by an integer.

3. SMOOTHING RESOLUTION FORMULA

In this section, we introduce a bracket polynomial of a magnetic (1, 1)-tangle
diagram, which is a single-input, single-output magnetic tangle diagram as shown
in Figure 2. We show a relationship between the Alexander—Conway polynomial
and the bracket polynomial, and evaluate the bracket polynomial of the trefoil
knot as an example of this relationship.
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We define a bracket polynomial (D) of a magnetic (1,1)-tangle diagram D
as a state sum. A state o of D is an assignment of an element in the set
{Eo0, Fo1, E10, E11, Exo} to each crossing:

W
e N
REREREIEET W=~

Eoo En Eq Fx
We denote by D, the magnetic (1,1)-tangle diagram which is obtained by replac-

ing each crossing with
%2%% or %

in accordance with a state o. Let C'(D,) be the set of connected components of
D,. It consists of some circles and a path. For a state o, we denote the path by

Po-
For any integer k, set
kE_ —k
qa —4q
W=t

qg—q !’

d:=v-1(g—q").

For a state o, we define the weight wt(v; o) of a crossing v by

and

a;j/d if v is a positive crossing to which E;; is assigned,
wt(v; o) = a;j /d if v is a negative crossing to which E;; is assigned,
1 otherwise,
where
(ago, ao1,a10,a11) = (¢, —¢ ", —¢, 1),
(ago» agrs ahgsayy) = (@° =~ —q,1).
We define the bracket polynomial (D) of a magnetic (1,1)-tangle diagram D
as the following state sum:

o)=Y (I wtwo)(w+1u ] Fla),

o:state  v:crossing c€C (Do )\{ps}
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where the integer & is defined as follows. We assign a sign +1 or —1 to each node
on a circle/path x:

where the dotted area indicates inside/left-hand side of the circle/path z. Sum
up signs of nodes on the circle/path x. Then the integer ¥ is half of this sum
(see Figure 3).

By the definition of the bracket polynomial (D) of a magnetic (1,1)-tangle
diagram D, we have the following proposition.

Proposition 1. Let D be a magnetic (1,1)-tangle diagram. The bracket polyno-
mial (D) is characterized by the following relations up to the canceling moves:

0 @) i1
- (p(p)= < >=mwm
0 )= CE ) 2 (b)

@ (R)-(=) 2 3 (ko)

The equalities (3) and (4) are relations among the bracket polynomials of
magnetic (1,1)-tangle diagrams which are identical except in the neighborhood
of a point where they are the magnetic tangle diagrams depicted in the brackets.

The Whitney degree rot(D) of an oriented link/tangle diagram D is the total
turn of the tangent vector to the curve as one traverses it in the given direction.

ol

For an oriented link L, the Alexander—-Conway polynomial Ay (t) is defined by
the following relations:

Ap(t) =1,
A a(t) — Asa(t) = (72— 172 A 4(2).
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We obtain the Alexander—Conway polynomial from the bracket polynomial by
utilizing the Whitney degree.

Theorem 2. Let T be an oriented (1,1)-tangle represented by a diagram D. We
denote by T a link which is obtained by closing the (1,1)-tangle T. Then

A:,?(t) _ (q—rot(D) (D>) ‘q:\/__1t1/2 .

We give a proof of Theorem 2 in Section 5. At the end of this section, we
evaluate the bracket polynomial of the trefoil knot as an example of Theorem 2:

i+1l+n

1
@ Q Qi AKlAmn [
= 1 —+ — (i—k—m
<(b> < O1> Ogi,j,kz,l,:m,ngl d < D >
itjit+k+i+1 i+j+1
E( B R
0<i,j,k,1<1 0<i,j<1 /

i+j+k+l+1 i+j+1

A5 QL] aij
Y < >+ 2 #<1
0<i,5,k,1<1 0<4,5<1
i+j+k+1+1 1
QijQg Qij Q
vy + Y 4
“ d — d
0<i,5,k,1<1 0<4,5<1 4

—Rdud+ > %QS#U Fltn+1[—i—k—m]d
0<i,j,k,l,m,n<1
Qi Akl . | .
+3 > Sl it k44
0<i,5,k,I<1

Qg ¢ . Qj5 . .
+2 3 FlviAmd+ >0 2R+ )+
0<4,j<1 0<4,5<1
=—¢—q-q7",

where we use the simplified notation, omitting triangles, as follows:

2 Ii’ ®2i N Qz

And the Whitney degree of the (1,1)-tangle diagram is equal to 1:

m(;\@)l.
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By Theorem 2, the Alexander—Conway polynomial of the trefoil knot is
t—1+t7L

4. SOME RELATIONS

Two relations, given in the following proposition, are used to show the invari-
ance of the bracket polynomial.

Proposition 3. We have the following equalities:

5) (B) =By -u-0(] ).

o (BB

0<i,j<1
where
(boo, bo1, b10,b11) = (—[2], 2,2, —[2]).
We remark that the equality

(=)=

follows from the equality (5) immediately:

H-oft)()

Proof. We show the equality (5). Let D) (j € Z) be magnetic (1,1)-tangle
diagrams which are identical except in the neighborhood of a point & where they
are

B e
Then we may describe the equality (5) as
(DCY) = [i)(D?) ~[i ~ 11(D®).
By the equalities (1) and (2), we have

@)= 3 { [ witeio) DR,

o:state  wv:crossing
Hence it is sufficient to show the equality
(7) (DPY) = E(DP) — [i — (DY)
for each state o, where we identify states of D), D@ and D© by the same
symbol o.

We first suppose that the point x is on the path p,. Then we have two cases
shown in Figure 4. In the case (i), the equality (7) follows from the equality (1)
and the following equality:

k+i+1] =[[k+1+1]—[i — 1k +1],
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where k = k1 + ko. In the case (ii), the equality (7) follows from the equality (1)
and the following equality:

k—it+1] =[]k —1+1]—[i — 1k +1],

where k = k1 + ko.

We next suppose that the point x is on a circle. Then we have two cases shown
in Figure 5. In the case (i), the equality (7) follows from the equality (2) and the
following equality:

[k +d)d = [i][k + 1]d — [i — 1][k]d.

In the case (ii), the equality (7) follows from the equality (2) and the following
equality:

[k —i]d = [{][k — 1]d — [i — 1][k]d.

We show the equality (6). As in the above case, it is sufficient to show the
equality (6) for each state. Then we show the following equalities:

2k 2k 2k
® @>—<®>: b—< >
</2<1\ G ngz,j:gl d \ Yo

o GER) (s
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We have the equality (8) as follows:

(2)-(2)

AN/ N\

:[k+1]d< > d< >
Siay
_ b”[z+]+k]< > b,-j[i+j+k—1]< >
ngz,j:gl d Y 0<zz,j:§1 d ™
2%
bij
- Z 7< i >’
0<ij<1

where the first equality follows from the equality (2), and the last equality follows
from the equality (5). We have the equality (9) as follows:

EXIRESY
:([k+2]_[k,])<%2>_([k+1]—[k7—1])<T>
=3 blj[—j—k]<%2>+0§<15W[‘j‘k]<w

0<j<1

-y bij [T 2
- d 2 2k Y
0<4,j<1

where the first equality follows from the equality (5) and the last equality follows
from the equality (2). O

5. PROOF OF THEOREM 2

Lemma 4. We have the following equalities:

0 AL )l A0
" > )- %D

|
m (S -3 (3
|

S
~—
||
/—>4>/\
S~
L/
\/

ﬁ\/—}

(13)

XXX
-/
~———
/H\
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Proof. We have the first equality of (10):

(D=0 B, () ={])

where the first equality follows from the equality (3), and the second equality
follows from the equality (2). The second equality of (10) and the equalities of
(11) are similarly obtained. We have the first equality of (12):

()= ()

/ 0<ij<1
+ O<sz:<l <(<1\31+2y+1> + . :lwczlkl <21+2k% $2j+2l>
:(d+m§%f@%;@w+j+u)<;zi>
.. /
- () Z ()

+ > (=t Zfi2kl[+k+s—1][ +l+t_1<% 2%>

0<1,5,k,1,5,t<1

:< >

where the first equality follows from the equalities (2)—(4), and the second equality
follows from the equality (5). The second equality of (12) is similarly obtained.
We have the third equality of (12):

() 4) g
L SH(8) T (3

0<i,j<1 0<i,j k<1

(kB 230

0<i,j<1

where the first equality follows from the equalities (2)—(4), and the second equality
follows from the equality (5), and the last equality follows from the equality (6).
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Before we verify the equality (13), we introduce a notation ® in the bracket for
simplicity in calculation:

(£)= =B -l

Set p := q/v/—1. The benefit from this notation is that we may reduce the
number of terms in the smoothing resolution formula:

(o) =CE (] T)+a(e ),
<%>=<%> (I T)wedd 8

The following equalities are also used to verify the equality (13):

8- 0-6- 6 §-6)-0
|

>:0.
-G (R)-)
o T D el B

By the equality (14), we have the following

—_

o
\.m
o~ @ S~———
oo o Il
S~— C<D
Il
“O
—

Novv7 we show the equality (13).
equalitie
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Then we have

O

Proof of Theorem 2. Our bracket polynomial is a regular isotopy invariant of an
oriented (1,1)-tangle since the equalities (10)—(13) imply the invariance of the
bracket polynomial under the Reidemeister moves with the other orientations.
Then, by the equalities (10) and (11), ¢~™*)(D) is an isotopy invariant of T'.
Since the equalities (3) and (4) imply

R)-(R0-07-F3)0 1)

the isotopy invariant ¢g~*%?) (D) satisfies the defining relation of the Alexander—
Conway polynomial. Hence we have

(q—rot(D) (D>) ‘q:mw = A4(t) H > = A4(b).

REFERENCES

[1] J. W. Alexander, Topological invariants of knots and links, Trans. Amer. Math. Soc. 30
(1928), 275-306.

[2] D. Bar-Natan, On Khovanov’s categorification of the Jones polynomial, Algebr. Geom.
Topol. 2 (2002), 337-370.

[3] D. Bar-Natan, Khovanov’s homology for tangles and cobordisms, Geom. Topol. 9 (2005),
1443-1499.

[4] J. H. Conway, An enumeration of knots and links, and some of their algebraic properties,
Computational Problems in Abstract Algebra, Pergamon Press, 1970, 329-358.

[6] T. Deguchiand Y. Akutsu, Graded solutions of Yang-Baxter relation and link polynomials,
J. Phys. A 23 (1990), 1861-1875.

[6] P. Freyd, D. Yetter, J. Hoste, W. B. R. Lickorish, K. Millett and A. Ocneanu, A new
polynomial invariant of knots and links, Bull. Amer. Math. Soc. 12 (1985), 239-246.



SMOOTHING RESOLUTION FOR THE ALEXANDER-CONWAY POLYNOMIAL 333

A. Tshii, N. Kamada and S. Kamada, The virtual magnetic skein module and construction
of skein relations for the Jones-Kauffman polynomial, preprint (2005).

V. F. R. Jones, A polynomial invariant for knots via von Neumann algebras, Bull. Amer.
Math. Soc. 12 (1985), 103-111.

C. Kassel, Quantum Groups, Graduate Texts in Mathematics, 155. Springer-Verlag, New
York, 1995.

L. H. Kauffman, State models and the Jones polynomial, Topology 26 (1987), 395-407.
L. H. Kauffman, Knots and physics, Third edition. Series on Knots and Everything, 1.
World Scientific Publishing Co., Inc., River Edge, NJ, 2001.

L. H. Kauffman and H. Saleur, Free fermions and the Alexander-Conway polynomial,
Comm. Math. Phys. 141 (1991), 293-327.

M. Khovanov, A categorification of the Jones polynomial, Duke Math. J. 101 (2000),
359-426,

Y. Miyazawa, Magnetic graphs and an invariant for virtual knots, Proceedings of Intelli-
gence of Low dimensional Topology, held in Osaka 2004, 2004, 67—74.

Y. Miyazawa, Magnetic graphs and an invariant for virtual links, preprint (2005).

T. Ohtsuki, Quantum invariants. A study of knots, 3-manifolds, and their sets, Series on
Knots and Everything, 29. World Scientific Publishing Co., Inc., River Edge, NJ, 2002.
J. H. Przytycki, Skein modules of 3-manifolds, Bull. Polish Acad. Sci. Math. 39 (1991),
91-100.

J. H. Przytycki, Fundamentals of Kauffman bracket skein modules, Kobe J. Math. 16
(1999), 45-66.

J. H. Przytycki and P. Traczyk, Invariants of links of Conway type, Kobe J. Math. 4
(1988), 115-139.

V. G. Turaev, The Yang-Baxter equation and invariants of links, Invent. Math. 92 (1988),
527-553.

INSTITUTE OF MATHEMATICS, UNIVERSITY OF TSUKUBA,
TSUKUBA, IBARAKI 305-8571, JAPAN



