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Abstract The authors study the properties of virtual Temperley-Lieb algebra and show
how the f-polynomial of virtual knot can be derived from a representation of the virtual
braid group into the virtual Temperley-Lieb algebra, which is an approach similar to Jones’s
original construction.
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1 Introduction

In 1996, L. H. Kauffman introduced the notion of virtual knot, which is motivated by the
study of knots in a thickened surface and abstract Gauss codes (see [10]). According to M.
Goussarov, M. Polyak and O. Viro [2], two classical knot diagrams represent the same knot
type if and only if they represent the same virtual knot type. Thus, the notion of a virtual knot
is a generalization of a classical knot.

Let us recall some historical development of the knot theory since Jones’s famous work [3-5].
A braid representation by the Temperley-Lieb (TL for short) algebra (see [15, 18]) leads to the
Jones polynomial, while a braid representation through Hecke algebra derives the two variable
HOMFLY polynomial which has Jones polynomial as a specialization.

L. H. Kauffman extends the bracket polynomial [7] to virtual knots and links by the usual
formula for the state sum of the bracket in [11] and defined the f-polynomial which is an
invariant of virtual links.

In the literature, the virtual TL algebra has been implicitly argued and proposed in [1, 12,
21]. In [20], Y. Zhang gave a virtual extension of TL algebra from a pure algebraic viewpoint,
i.e., the mixed relations between TL algebra idempotents and virtual crossings are determined
by a presumed requirement that virtual braids can be represented in the virtual TL algebra.

All of above information constitutes the motivation of this study. In the present paper,
we give a geometric illustration of virtual TL algebra by diagrams algebra as in Kauffman’s
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presentation (see [8]) and a representation of virtual braid group by the virtual TL algebra
which leads to the f-polynomial.
We define a representation p,, from V B,, into virtual TL algebra VT, by

pn(ai) =A-1,+ A_lEia
pn(O'-_l) = A_l . 1n + AEia

K2

pn(Gi) = v;.

Given a virtual braid g = a;lll ;1102122 ;22 ...0';155 C;—f € VB, where ¢, = 0,1, a; € Z, 1 <
it <n—1, t=1,2,---, s We plug it into p and get a product in VT},(5):
pn(B) =(A+ A_lEil)alvél (A4 A_lEis)as’Ue-S

J1 Js*

We define (S[t) to be the coefficient of the U; in the expanded expression of p,,(8). Thus we
have

pn(B) =D (BI1)UL,

t

where ¢ indexes all the terms in the sum, U; is a product of some E;,’s and vj,’s.
We will discuss in Subsection 4.2 that p,(5) essentially resolves all the crossings of 3.
Furthermore, the U; represent the resolved states of the braids. We define the bracket for the

resolved states by
(U) = (T = A

We can conclude that the bracket for the closed braid £ is

(B) = 3 (Bialv.

t

But the bracket is not an invariant of virtual knot. To correct this, in a way similar to that in
classical knot theory, we define the writhe number w(3) of virtual braid 8 by the formula

w(p) = Z ag

a1 102 e a5 s
11 3J1 12 V)2 s )]s ° _
Then, we define the normalized bracket for a closed braid § as

< E >= (_A3)_w(ﬁ) Z<B|t>6”UtH
t

for a virtual braid f = o

The main result of this research is as follows.

Theorem 1.1 The normalized bracket < K >> is an invariant of virtual knots. That is to
say, if K =~ K', then < K >=< K’ >.

Finally, we give an example for calculation of the normalized bracket for virtual trefoil knot
by using our representation into virtual TL algebra.

2 Virtual Braid

It is well known that classical braids have many different definitions: the algebraic defi-
nition from Artin presentation; the geometrical definition from diagrams on the plane, up to
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Reidemeister moves; the topological definition from the fundamental group of the configuration
space for a set of distinct points on the plane.

Virtual braid, a generalization of classical braid, was first mentioned by Kauffman in his
first talk about virtual knot theory (see [10]). The first papers about virtual braids belong to
S. Kamada [6] and V. Vershinin [19].

Firstly, let us recall some definition about virtual braids from [6].

Definition 2.1 A wvirtual braid diagram on n strands is a union of n smooth curves in
general position on the plane connecting points (i, 1) with points (a;,0), these curves are mono-
tonic with respect to ordinate (here (a1, - ,ay) is some permutation of the numbers (1,--- ,n)),
herewith some crossings are marked as virtual crossings, and at the other (classical) crossings
the under/overcrossing structure is specified, i.e., it is indicated which branch forms an over-
crossing and which one forms an undercrossing, see Figure 1. In this case it is said that the
braid realizes the permutation v : 1 — aq, -+ ,n — ap.

Figure 1 A virtual braid diagram.

Definition 2.2 A virtual braid is an equivalence class of virtual braid diagrams by planar
isotopies and all generalized Reidemeister moves except the first classical move and the first
virtual move (see Figure 5).

Like classical braids, virtual braids form a group (with respect to juxtaposition and rescaling
the vertical coordinate). The unit element e of this group is the braid represented by all vertical
parallel strands. The reverse element for a given braid is just its mirror image with respect to a
horizontal line. The generators of the group of virtual braids with n strands are: o1, ,0,-1
(classical crossings) and (3, ,(,—1 (virtual crossings), see Figure 2.

It is evident that the equality ¢? = e holds for each i = 1,--- ,n — 1 (by virtue of the second
virtual Reidemeister move). One can show that the following set of relations (see [7]) generates
the group of virtual braids with n strands:

1

Figure 2 Generators of virtual braid group.

7 i+l n 1 v 1+l n
)

(3 (3
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(1) relations of the Artin braid group:

oio; = o;0; for |i —j| > 1,

0i0i+10) = 0410041}
(2) relations of the permutation group:

GGy = (¢ for |i —j| > 1,
GiCit1G = G41GGi+1 and GC=¢;

(3) mixed relations:

Ui<j = <j0i for |Z —j| > 1,

<i<i+10'i = Ui+1<i<i+1-

The group of virtual braids with n strands is denoted by V B,,. It is not difficult to show
that V' B,, is generated by one classical generator, for example o7 and all virtual generators.
For more details concerning this reducing presentation see [13].

3 Generalized Alexander Theorem and Markov Theorem

It is a matter of observation that braid theory plays an important role in classical knot theory.
The two theories are related by Alexander theorem and Markov theorem. Analogously, virtual
braid theory is also of great importance to virtual knot theory, since we have the generalized
Alexander theorem and Markov theorem for virtual knot theory as the following.

Theorem 3.1 ((Alexander Theorem, see [17]) FEvery (oriented) virtual link can be repre-
sented by a virtual braid, whose closure is isotopic to the original link.

In [6], S. Kamada proved an analogue of Markov’s theorem for the case of virtual braids.
Namely, he proved the following theorem.

Theorem 3.2 Two virtual braids have equivalent closures as virtual links if and only if they
are related to each other by a sequence of the following VM1, VM2 and VM3 moves:

VM1: a conjugation in the virtual braid group,

VM2: a positive, negative, or virtual right stabilization, and their inverse operations,

VM3: a right or left virtual exchange move.
Here the moves VM2,V M3 see Figure 3 and Figure 4 respectively.

1 k 1 k k+1 k k+1 k k+1
L1 | 1 L1 L1

|| A s

Figure 3 The right stabilization moves: Positive, negative, vitual types.
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o o o o

. \\ A

Figure 4 The right and left virtual exchange moves.

4 Representation of Virtual Braids and f-Polynomial

Theorems 3.1-3.2 give us a direct relationship between virtual links and virtual braids. With
these theorems we can now use the virtual braid group to better understand virtual knots and
links. In particular, we can now derive vitual knot invariants such as the f-polynomial using
the virtual braid group. In order to derive the f-polynomial, we will construct a representation
from the virtual braid group V' B,, into the virtual TL algebra and show that this gives us a
virtual version of the bracket polynomial for virtual braids, which we can extend to the original
bracket polynomial for virtual knots. Theorem 3.2 will then guarantee that this is, in fact, an
invariant for knots.

4.1 The virtual Temperley-Lieb algebra

Let A denote the ring Z[A, A~1] of Laurent polynomials in variable A. We denote by VT,
(see [16]) the free algebra over A generated by all virtual 2n-tangle diagrams D modulo:

(i) “=A (+AL X,

(i) DUQO = —(A2+ A7?)D.

(iii) Generalized Reidemeister move VRI, VRII, VRIIIa-b.

The figures in (i) stand for parts of larger ones that differ only as indicated by them. The
left side of (ii) denotes the disjoint union of the diagram D with a jordan curve in the plane.
For convenience, we denote —(A% + A=2) by §. For the generalized Reidemeister moves, see
Figure 5.

a >0 ~ )~ )
QI L
X S X

Figure 5 The generalized Reidemeister moves.
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In order to elucidate the algebra VT,,, we define the elementary tangles Fy, Es, -+, E,_1,
virtual tangles vy, vs, -+ ,vp—1 € VT ,. That is, each U; is a tangle with n input strands and n
output strands. In F;, the kth input is connected to the kth output for k = 4,7 + 1, while the
ith input is connected to the (i + 1)st input and the ith output is connected to the (i + 1)st
output. In v, the kth input is connected to the kth output for k # 4,7 + 1, while the ith input
is connected to the (i + 1)st output and the (i 4 1)st input is connected to the ith output, with

the crossing encircled without over/under information. See Figure 6 for an illustration of VT 3.

AR KX

Figure 6 Generators for V7 3.

Two tangles of the same number of strands are multiplied by attaching the output strands
of the first tangle to the input strands of the second tangle. Two tangles are equivalent if they
are virtual isotopic relative to their end points. This means that the virtual isotopy of a given
tangle is restricted to a box; the input and output strands emanate from this box; the virtual
isotopy leaves the intersections of the input and output strands with the boundary of the box
fixed.

It is not hard to see that the equivalence class of a product of the E;’s, v;’s is determined
entirely by the pattern of connections of inputs and outputs and that these products include
all possible such connections that can be drawn in a planar box without self intersections. For

example Fivy € VT3, see Figure 7.

v \V)

Figure 7 The product of E; and vs.

The E;’s, v;’s satisfy the following basic relations (compare Figure 8):

E? =0E;
EiFEit1E; = E;,

E.E; = BB, |i—j|>1,

v? =1, vv; = Vv, i — g > 1,
ViVit1V; = Vit1ViVit1,

Ewj =viE;,  |i—j] > 1,
viEi1v; = vit1 Biviga,

Ev, =FE;, =vE;.
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Figure 8 Some illustration diagrams for relations of VTL algebra.

We call VT, the virtual Temperley-Lieb algebra (see [9, 16]). As a A-module, it is freely
generated by (2n — 1)!! virtual 2n-tangle diagrams corresponding to the various ways that the
2n points on the boundary of the 3-ball can be connected by n arcs without classical crossings.

To sum up, we can get the following proposition.

Proposition 4.1 (i) The Temperley-Lieb algebra VT, is a unital, associative R-linear
algebra with generators: 1, E1,--- , Fp_1; V1, -+ ,Un—1 and relations:
E? = §F;,
E,Ein B = Ej,
E,E; = E;E;, |i—j|>1,
vZ =1, v =vv,  |i—j] > 1,
ViVi1V; = Vit1ViVig1,
Ev; =v;E;, |i—j|>1,
viEit1v; = vip1 Ejviga,
Fv, = FE; = v B
(ii) dim(VT,) = (2n — 1)IL
For example, when n = 3 , dim(V7,) = (2n — 1)!! = 5!l = 15. The basis of VT3 is
13, F1, Eo, E1 Fo, Eo F,v1, 09,01 Eo, va By, v1 Eovy, Fyva, Fovy, 0102, Uou1, 010201. See Figure 9.

Remark 4.1 Note that these relations used in defining the algebra are multiplicative ones.
This suggests that we can obtain the algebra VT, (J) by presenting the multiplicative monoid
My, and then obtaining VT, (d) as the monoid algebra of formal R-linear combinations Y 7; - a;

K3
over My, with the multiplication in VT, (d) defined as the bilinear extension of the monoid
multiplication in .#,,. We can obtain VT, (d) as the monoid algebra over .#,, subject to the
identification 7 =4 - 1.
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TR X
KK 7R A

A XX

Figure 9 The basis of VT 3.

:
=<
>4 9 &

Finally, we will be interested in the closure of virtual tangles. If we reduce our tangle to
have no real crossings and no additional loops and take its closure (by a process similar to the
closure of braids), then we will have a diagram of an unlink U up to virtual isotopy. We define
IU]| to be the number of components in the unlink minus 1. For example, we can see that
|Eivs4]] = 3 — 1 = 2 from the following picture.

Figure 10 Closure of Fjv4.

4.2 Representation of virtual braid into VTL algebra

In the mathematical field of representation theory, group representations describe abstract
groups in terms of linear transformations of vector spaces; Formally, a linear representation of
a group G is a homomorphism ¢ : G — GL,,(R), where GL,,(R) is the group of invertible n x n
matrices over the real numbers. The study of group representation is a very big subject which
we will not go into deeply here. More generally one can consider a representation of a group to
be a homomorphism of the group into some other algebraic object such as symmetry group, a
ring, a module or an algebra.

Here we give our representation of the virtual braid group V B,, in the virtual Temperley-Lieb
algebra VT ,,. We define the following homomorphism p,,:

pn VB, = VT,
by the formulas

pn(Ui) :A'ln—f—A_lEi,
pn(ai_l) =A"". 1, + AE;,



Virtual Braids, Virtual Temperley-Lieb Algebra and f-Polynomial 1283

pn(Gi) = v;.
Note that we will generally omit the 1,,.
Proposition 4.2 p, : VB, — VT, is a representation of the virtual braid group.
Proof It can be checked directly.

The best way to understand p is to think of it as a function that resolves the crossings of
the braid. Each o; in the virtual braid group represents a crossing of the strands in a braid.
When we take p of it, we get the sum of the two possible resolutions of the crossing with the
coefficients of A or A~! depending on which type of crossing we are resolving. Understood this
way, the representation p is clearly suggestive of the bracket polynomial for virtual knots (see

[11]).

4.3 The normalized bracket polynomial

Recall that the bracket polynomial for virtual knots was defined as a sum over all states of a
knot with the crossings resolved, for more details see [11]. Obviously, the bracket polynomial is
closely related to the f-Polynomial. We will now see that we can derive the bracket polynomial
from our representation p,. Given a virtual braid 8 = o' (j 072 (:2 - 07°(;* € V By, where
e =01, a; €Z, 1 <ip,jy <n—1,t=1,2,--- s, we plug it into p,, and get a product in
VT, (9):

pu(B) = (A+ ATVE )05 - (A+ ATLE, )l

s
We define (S|t) to be the coefficient of the U; in the expanded expression of p,(/3). Thus we
have
pn(B) = _(BIOT:,
t

where t indexes all the terms in the sum, U, is a product of some FEj’s and v;’s. As we
discussed above, p, () essentially resolves all the crossings of 8. Furthermore, the U; represent
the resolved states of the braids. We define the bracket for the resolved states by

(U) = <ﬁt> — sVl
Now we can conclude that the bracket for the closed braid 3 is

B) = 3 (Binalv.

t

We will see a few calculations of these techniques in Section 5. However, we must first fill
in some gaps in our construction.

It has been shown that how we can use a representation of the virtual braid group to
construct the bracket polynomial for virtual knots. However our construction is not quite
complete. Recall that in order for our bracket polynomial to be an invariant for virtual knots,
Kamada-Markovs theorem tells us that it must be invariant under the three moves VM1, VM2,
VM3. It is easily checked that the above bracket polynomial fails to be invariant under these
Markov moves. To correct this we introduce a new factor as in classical knot theory. We define
the writhe of a braid, w(f) to be the sum of exponents of the generators in the braid:

w(p) = Z az
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: : _ a1 €1, _az L 0s e
for a virtual braid 8 = o' (5l 07> (52 -+ - 07" (5.

And finally, we define the normalized bracket for a closed braid / as

< B>= (A% (sl

t

For convenience, we denote < > by < £ >>.

Z. G. Li,

F. C. Leiand J. Y. Li

Theorem 4.1 The normalized bracket < K > is an invariant of virtual knots. That is to

say, if K = K, then < K >=< K’ >>.

Proof Suppose, by Alexander’s theorem, that K ~  and K’ ~ 3’ for 8, 3" € VB,,. Since
K and K’ are equivalent, Kamada-Markov’s theorem tells us that 8 and 3’ are equivalent and
thus 8’ can be obtained from 3 by a sequence of Markov moves of type VM1, VM2, and VM3
(see Theorem 3.2). So it suffices to show that the bracket is invariant under these three moves.

(1) Conjugation move. We must show that < 8 >=< afa™! > .

(A+ AT E)p(B)(A™! + AE;)

= (Ap(B) + A7 'Eip(B)) (A" + AE;)

p(B) + A%p(B)Ei + A" Eip(B) + Eip(B)E,
B) + A% (p(B)Ei) + A%(
B) + (A% + A7)

B).

Similarly, we can get ((;8¢;) = (B).
(2) Right (positive, negative, virtual) stabilization.
Claim 1 < fBoy, >=< >

ploiBo; ') =

(oiB0; ")

(
= ( Eip(B)) + d(Eip(B))
= (

< fon > = (=A%) O < p(B)p(a) >
— (—A3)‘(w(f3)+1)(Z(ﬁﬁ)&”m”)(/l S+ A
=< B> (-A3A- 5+A o)
—< B> (CATI(A(—A2 — A7) £ A7)
=< B> (—ATH)(-A3—A 4 AT
=< B> (-A7%)(-4%)
=< B>

Claim 2 < Bo;! >=< 8>

>= (-4 )
= (-4
:<ﬁ>ﬁﬂﬁA%ﬁﬂ—Aﬂ+A»
=< B> (A% (~A3 - A+ A)
=< B> (—A%)(—A73)
=< B>

< Bo ! =D (p(B)plont))

Eip(B)) + (Eip(B)E;)

D)

w(B)— 1( (BIt) 5HU¢H)(A L5+ A)
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Claim 3 < 3¢, >=< 3>

< B> = (A% 7B (Z Blt) 5||Ut||)

t
(—A3)~w®) Blt)allvell
(o)
=< 3>,

where (v,) = 1 because Reidemeister VI-move.
(3) Right virtual exchange move.
Claim < a0, B0, >=< a,B¢, > w(ao,Bo,t) = w(a) + w(B) = w(ad,B¢)

< ozcrnﬁcr_1

= (= A3)~(w(e)+w( B))( (at) 5HU¢H) (A-5+ A (Z(ﬁ|t>6”v’f”)(A_l-5+A)
t

= (—A3)~(wle)+u B))(Z alt)ollve] \) (Z Blt) 5||th|) (A 5+ A (A 1.5+ A)
t t

= (A7)~ (@@ (5 al) sV ) (ST (aHeI ) (682 + (42 + 4725+ 1)
t t

— (= A3~ (w(e)Fw(9) £l Bl1)slvel

(teina™ ) (3Ziomatt).

L alp Bl >

= (=A%)~ (wle)Fw(®) ( Z<a|t>5”Ut”) (72) ( Z(B|t>6”"f“) ()

t t

= (—A3)~(w@+u(®) ( Z<a|t>5”Ut”) (wanwu)

Hence, < ao, o, >=< a(,B¢, > .
(4) Left virtual exchange move.
We can do it in a way similar to the case (3).

5 Example

1285

The virtual trefoil knot K3 is a closure of the virtual braid 3 = (107 € V By (see Figure 11).

Figure 11 Virtual trefoil knot.

p(otCi) = (A+ A7 E)?
= (A? +2E, + A2E})n,
= A% + 2B, + AT}
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By the definition of normalized bracket, we have

< 0'%111 > = (—AB)_2[A2<U1> + 2<E1> + A_2<E12>]
“O[A% 42+ A726]
TOA? 24 AT (A7 - A7?)]

which is exactly the f-polynomial of the virtual trefoil knot which is defined in Kauffman’s
famous paper [11].
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