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Abstract. Kauffman [16] and Kim [17] defined the group of a virtual
knot by extending, in a natural way, the Wirtinger presentation of the
fundamental group of classical knot. In this paper we present the group
of a virtual knot by using the concept of combinatorial knot, introduced
by Toro [21]. We show the advantages of this approach, that provides
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groups have properties that are false, or unknown, in the category of
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1. Introduction

In this paper we study the group of a virtual knot by using the con-
cept of combinatorial knot. The group of a virtual knot was introduced
by Kauffman [16] as a generalization of the group of a classical knot. This
definition relies on a virtual knot diagram, so we do not have easy algo-
rithms and computations are cumbersome. One of the advantages of using
combinatorial knots to approach virtual knots is that we are not required
to use diagrams and the definitions and proofs are presented in algorithmic
form, easy to implement using a symbolic computation software such as
Mathematica. We used combinatorial knots, instead of Gauss codes, intro-
duced by Kauffman [16], because the combinatorial knot theory gives us an
easy way to extend definitions and invariants from the classical knot theory
to virtual knot theory. The second author has used combinatorial knots
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to obtain an algorithm to construct an n-butterfly of a classical knot, see
[11] and [21]. In our research, we use combinatorial knots, not only as a
computational tool, but also as theoretical one, for instance, using combi-
natorial knots we found an easy way to compute an invariant that provides
a necessary condition for a virtual knot to be a classical knot, see [22].

The paper is organized as follows. In section 2 we present a brief review of
virtual knots [16] and combinatorial knots [21] and we sketch the proof that
the virtual knot category is equivalent to the combinatorial knot category.
Using this fact, in the rest of the paper we use combinatorial knots to
present all the definitions and results and we do not differentiate between
virtual knots and combinatorial knots. Section 3 provides the definition
of the group of a combinatorial knot by using a presentation that extends
the Wirtinger presentation of a classical knot. Given the correspondence
between combinatorial knots and virtual knots, we define the group of a
virtual knot. This definition is the same as the one given by Kauffman.
In Section 4 we present properties of combinatorial knot groups and give
several relevant examples. We present Kim’s result [17], in which he gave
conditions to determine when G is the fundamental group of a virtual knot.
In the case that G corresponds to the group of a virtual knot, we give an
algorithm to construct a combinatorial knot from the group presentation.
Our proof of this result and the algorithm we get, show the advantages and
power of working with combinatorial knots.

In the paper we work only with combinatorial knots and virtual knots, but
there exists the concept of combinatorial link that corresponds to virtual
link, and all our work can be extended to the group of a virtual link. It is
important to note that there are properties that are different in the case of
virtual link groups and this topic is the subject of our current research.

2. Virtual knots and combinatorial knots

The concept of a virtual knot was introduced by Kauffman [16] as a gen-
eralization of classical knot diagram. A wvirtual knot diagram is an oriented
4-valent planar connected graph, whose crossings are classified according
to Figure la. An example of a virtual knot diagram is shown in Figure 1b.

The moves of virtual knot diagrams, illustrated in Figure 2 are called gen-
eralized Reidemeister moves. Two virtual knot diagrams D and D’ are
equivalent if D can be transformed into D’ by a finite number of general-
ized Reidemeister moves. A wirtual knot is an equivalence class of virtual
knot diagrams.

Goussarov, Polyak and Viro [8] showed that the entire theory of classical
knots is contained in the theory of virtual knots. Kauffman [16] gave ex-
amples of non classical virtual knots. In this sense virtual knot theory is
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a nontrivial extension of the classical theory. Many invariants of classical
knots have been extended to invariants of virtual knots, among them, the
group of a classical knot.

Combinatorial knot theory was proposed by Toro [21] as a computational
extension of knot theory. Figure 3 shows a diagram of a classical knot and
its combinatorial knot.

FIGURE 3. ((—1,2,-3,4,-5,1,-2,5,—4,3),(1,1,1,1,1))
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Definition 1. A knot code of n crossings is defined as

((i17i27’ o 7/i2n) ’ (617 e 7€m))7
where, as sets, {i1,i2, - ,ion} = {a1, -+ ,an} U{—a1, -+, —an},
ai,...,an € N, m > max{ai,as, -+ ,a,} and ej € {1,-1}, j =1,2,--- ,m.
The sequences (1,12, - ,ion) and (e1, - ,en) are called crossing list and

stgn list, respectively.

Two knot codes K7 and K are said to be equivalent if K7 can be trans-
formed into K3 by a finite number of the following moves:

TYPE A: (Rotation)

((’il,ig, cee ,ign), (61, cee 7€m)) ~ ((ig,ig, cee ,ign,il), (61, e ,em)) ~

N = ((2.27172.171.27'“ 7i2n—1 ;61,0 7em)

TYPE B: (Renumbering)

((il,i% T >i2n)7 (617 t ,€m)) ~ ((jhj% t )j2n)> (517 T ?gl))

if there exist a bijective map ¢ : {i1, - ,i2,} — {j1, - ,Jon}, such that,
for every k =1,2,--- ,n, o(—ix) = —p(ix) and €,3;,)| = €]iy|-

TYPE C: (Simplification)

((ihi?v"' ’i2n)7(€17"' ,em,em+1)) R ((ilvi%"' 7i2n)>(ela"' 7em))>
if m > |i;| forallj=1,---,2n.
TYPE I
((7:17”' U1y bpy —lpy bp g2yt ai2n)7(617”' aem)) ~
(1, yir—1,0p42, - d2n), (€1, ,€m
TYPE II:
((G1,02, - yik—1, P Jydpga, oo 501, =R, —J, G2, -+ S d2n), (€1, s em))
A ((d1, 02, -+ 5 Th—1, Thg2s 5 Ge—1, 0842, - G2n), (€1, - s €m))
or
(i1, 92, S ik—1, By g2, oo yie—1, —J, —hydeya, -+ yi2n), (€1, em))
~ ((G1,02, k1, Tkt 2y - 5 Tt—1,0t42, 7~ 2n), (€1, €m))
if and only if j.h > 0 and e;; = —ejp.
TYPE III:

((/i17"' 7j7h7'” P, g, 0, W, 0 7i2n)7 (617"' 7em)) ~

~ ((,Ll) 7h‘7j>"' s gy Py WUy )iQn)a (61)"' 7em)) if and OHIY if
j-h >0,p # q,w # v and {p,q,v,w} = {—j,—h,k,—k}, for some crossing
k.

The relations Type I, IT and III are denominated Reidemeister moves, in a
similar way to the classical case.

Note that in the type I and II moves we do not change the list of signs. In
this way, we do not need to renumber the crosses and it could be information
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about crossings that do not exist anymore. This is a special feature of
combinatorial knots, that is extremely useful in computations. Note also
that we have only a set of Reidemeister moves.

A combinatorial knot is defined as an equivalence class of knot codes under
the relation ~. A combinatorial knot is called trivial or unknot if it is
equivalent to ((),()).

The category of combinatorial knots is equivalent to the category of virtual
knots (and also to the category of Gauss diagrams and abstract knots), see
[22], [15], [8] and [16].

We describe briefly a biyection between the set of virtual knot diagrams and
the set of combinatorial knots. This correspondence extends to a biyective
correspondence between the category of virtual knots and the category of
combinatorial knots, see [22] for details.

Let K be a virtual knot diagram. We label its classical crossings with the
numbers 1,2, ...,n, where n is the number of classical crossing of K. We
take a point over K, not a crossing, and we follow the diagram writing down
the list of crossing labels, with the convention that if we pass through an
undercrossing 7, we add —i to the list, but if we pass through an overcrossing
i, we add ¢ to the list. The resulting collection is called crossing list of K.
We construct also the list (ej, e, ...,e,), where e; = 1 if the crossing i is
positive or e; = —1 if it is negative. This list is called list of signs of K.
The list formed by these two lists is a knot code that represents the virtual
knot diagram K. It is denoted 0.

Now, we present a sketch of a construction of a virtual knot diagram

from a knot code. Let o = ((i1,42, - ,i2,), (€1, -+ ,€m)) be a knot code,
where {i1,72, -+ ,to0n} = {a1, -+ ,ap}U{—ay, -+ ,—an,}. Let I, be a graph
with vertices given by the set {aj,--- ,a,} and its edges given by the set

{(i1,12), ..., (in,%1)}, where (ix,ir41) connects the vertices a; and a; if and
only if |ig| = a; and |ig41| = a;. We classify the vertices of I, according to
Figure 4a.

Now, we consider the transformations shown in Figure 4b. If we take a
plane realization of I, and apply these transformations to each vertex, we
obtain a virtual knot diagram corresponding to the combinatorial knot o.
It is denoted K, .

As an example, for the combinatorial knot o = ((—1,-2,3,1,-3,2), (-1,
1, 1)), we get the diagram K, shown in Figure 5.

Definition 2. A combinatorial knot o is called admissible or classical if
K, is equivalent to a diagram without virtual crossings.

The combinatorial knot ((1,—-2,7,—4,5,—-1,2,—-5,4,-7)),(-1,—-1,1,—1,
1,1,—1)) is classical, because it represents the classical knot of Figure 6.
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FIGURE 5. Diagram K, for o = ((—1,

_27 3’ 17 _37 2)7 (_1’ 1’ 1))

This combinatorial knot is equivalent to the combinatorial knot
((-1,2,-3,1,—-4,5,-2,3,-5,4), (-1,—1,—-1,—1,—1)).

£2

FIGURE 6. Clasical knot.

We will show in Example 1 that the combinatorial knot in Figure 5 is
not classical, using the group of a combinatorial knot.
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3. Definition of Combinatorial Knot Group

In this section we introduce the concept of combinatorial knot group and by
using the correspondence between virtual knots and combinatorial knots,
we recover Kaufmann’s definition of virtual knot group.

Let o = ((i1,42, -+ ,i2n),(€1,€2, -+ ,€m)) be a combinatorial knot and let
ai,....an, € Z* be such that {i1, iz, -+ ,i2,} = {—a1,—ag,...,—a,} U
{a1,as9,...,a,}. Without lost of generality we suppose that
g = ((_alu /i27 e iT; —az, iT+27 ceey —0p, it+27 ceey 7/2n) ) (617 €2, 7em))(7 )
3.1

and that between —a; and —a;11, ¢ = 1,...,n — 1, there are no numbers or
only positive numbers. We define the arcs of o as the subsequences S,, =
(—ag, -+ ,—a;i11), 1 =1,2,...,n—1 and S,, = (—an,it12- " ,i2n, —a1).
For example, for the combinatorial knot o = ((—1,2, -3, —4,1,—-2,4,3),
(1,—1,1,1)) the arcs are S = (—1,2,-3), S5 = (—3,—4), Sy = (—4,1,-2)
and Sy = (—2,4,3,—1).

Definition 3. Let 0 = ((i1,42, -+ ,i2n),(€1,€2, -+ ,€m)) be a non trivial
knot code as in (3.1) and let Sq, ,...,S, to be its arcs. We define the group
of o as

G(0) = (SaysSazs -+ San 171,72, )

_ Q@ €ay €ay g—1 o Cay €aj q—1 -
where Ty = S Sa, Sy, Say s 15 = Sy 7S84, Sa,, for j = 2,...m,

and aj € Sy;, tj € {a1,...,an}, j=1,2,...,n.
We define the group of ((),()) as Z.

It is straightforward to prove that the group is invariant under moves A,
B, C and Reidemeister moves. This allows us to define the group of a
combinatorial knot.

To simplify notation, in the rest of the paper we will take all combinatorial
knots to be of the form

((il?i% T >i2n) ) (617 o ,€n>) )
with {i1,49, -+ ,i2,} ={1,--- ,n}U{-1,--- ,—n}.
Definition 4. The group of a combinatorial knot K is defined by G(K) =
G(0), where o is any knot code in the class of K. For a virtual knot K we

define the group of K as G(K) = G(ok), where ok is a knot code that
represents K.

This definition of the group of a virtual knots corresponds to the definition
given by Kauffman and Kim, see [16] and [17]. In the case of a classical
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knot K, it corresponds to the fundamental group of the knot complement,
r (5%~ K.

4. Properties of Combinatorial Knot Groups

In this section we establish some properties of the group of a combina-
torial knot and we give several examples.

Lemma 1. Let K be a combinatorial knot. If G = G(K) then G, = Z.

Proof. We know that if K is a combinatorial knot then G(K) has presen-
tation
G(K) = (51,52, ,Sp 71,12, ,Tn),
e € ol - - —1
where r; = S, 7 S; 18757, j = 2,..,n and rp = S 'S, SIS A
presentation for Gy is

(51,52, , Sy tri,ro, - 1, [Si, 85, 4,7 =1,2,...,n),
where [S;, 5;] = $;5;5; 'S, . Therefore,
Gap = (51,52, ,Sp i 11,12, , 1,855 = 88, 1,7 =1,2,...,n)
>~ (81,8, -, S, : 81 = 89,5 =8S3,..., Sn_1 = Sp)
(Si),i=1,2,..,n.

1

O

For a classical combinatorial knot K, the group G(K) has a known and
important topological interpretation.

Theorem 1. If K is a classical combinatorial knot and K* is a knot in S®
that is represented by K then G(K) is the fundamental group m1(S® — K*).

In the rest of the paper we do not distinguish between a classical combina-
torial knot and the corresponding knot in S3.

The following result is central in classical knot theory, but it is not true in
combinatorial knot theory, as Example 1 shows.

Theorem 2. [6]If K is a classical combinatorial knot such that G(K) is
isomorphic to Z, then K is trivial.

Example 1. For the combinatorial knot L = ((—1,-2,3,1,-3,2), (-1, 1,
1)) we have

G(L) = (S1, 52,85 : 8293551971, 85151958951, 85 1559,85 1) > Z.

However, it is known that L is not equivalent to the trivial knot, see [10]
and [23]. For the proof they use the polynomial invariant P, see also [22].
So, L is not a classical combinatorial knot.
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Example 2. Consider K = ((—1,2,3,—4,-3,4,1,-2),(1,1,—1,-1)). The
arcs of K are: S1 = (—1,2,3,—4), Sy = (=2,-1), S3=(-3,4,1,-2) and
Sy = (—4,-3). The relators for G(K) are:

r1: 8319989387, et S71935185 Y,

ry 1 S18487 1Sy, ry 83818518,

therefore,
G(K) = (S5, 53 : 525359 = S3553) = (y, 2 : 25 = y%).

As G(K) is not isomorphic to Z, see [1], we obtain that K is not the trivial
knot. We will probe in the next section that K is not a classical knot.

4.1. The Over Presentation.

Definition 5. Let 0 = ((i1,i2, - ,i2,)), (€1,€2,- -+ ,€,) be a non trivial
knot code and let Sy, Sa,..., S, be the arcs of o. We denote by |S;| the
cardinality of S;. We say that S; is a bridge of o if |S;| > 2. For a
knot code o the number of bridges is called the bridge number, and is
denoted by br(o). For a combinatorial knot K its bridge number is defined

by br(K) = min{br(o) : [o] = K}.
Remark 1.

(b) If K is a classical combinatorial knot and br(K) = 1, then K is
trivial.

(¢) In general, if br(K) = 1, not necessary K is trivial. For example,
for K = ((1, =2, —1, 2), (1, 1)) we have that br(K) = 1 but it is possible
to prove that K is not trivial, see [22].

Let K a combinatorial knot and y; = (—t,...,—(t + 1)), yer1 = (=t +p+

1),...,—(t+p+2)) be the bridges of K. Without loss of generality we may
assume that K is given by

2)7 o 7Ii2n)7 (617 e 7en))7
where there is no crossing between —(t+1¢) and —(t+i+1), fori =1,2, ..., p.
We construct the relator

_ —1 -1 _ ,€t+1,,6t+2 €t+p, €t+p+1
Tt = W YWYy, Wy = ya?_ ya?_ Yap Yapy1 > (4.1)

where Ya,,Yay, s Ya,, are bridges of K such that —(t + i) € yq,, i =
1,2, p+1.

The following theorem provides another presentation for G (K) that is
called the over presentation.
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Theorem 3. Let K be a non trivial combinatorial knot and let y1, ys,...,
Ym be the bridges of K, then

G(K) = <y17y27 s Ym 1T, '-'>Tm> s

where r1,...,rym are as in (4.1).

Proof. Let K be a combinatorial knot, G(K) = (S1, 52, ,Sp : 11,72, ,
rn) the group of K, and S;,,S;,,...,5;, arcs of K such that !Sij‘ = 2,
J=1,2,...,v. To simplify notation, z; = S;;, j = 1,2,...,v and yy, = Sytu,
u=1,....,m =n —v are the bridges of K. By Type A movements, we may
assume that

2)7 7i2n)7(€17°'°7€m))7

ye = (=t ,—(t+1)), &, = (-t +1),-(t+i+1)),:=1,..,p, and
Yyir1=(—(t+p+1),...,—(t+p+2)). Let Yoy, Yay, <+sYa,4, De the bridges
of K such that —(t +14) € yq,, @ = 1,2,...,p + 1. The relators of G(o) for
the crossings —(t+ 1), —(t +2),...,—(t +p),—(t +p+ 1) are:

€t+i —1 -
7Z_27

o€t et+1,.—1 R T
Tt4l = Yoy TYYSTTTT T Tidi = Yoy Ti1Ya; T oD,

(4.2)
_ mCtp+l o Ctiprl —1
Tt+p+1 = Yapr1 TpYapy1 Yey1-
From the relator r;,1 we get £1 = ya, ' 4:S4."". Replacing into the relator
r++2 we have
—€t+4+2,,—€t+1 €t+1,,6t+2
b

T2 = Ya, Ya, Y1Ya: Yasy
from the relator 4,3 we get

— —€t43,,—€t+2,,—€t+1 €t+1,,6t+2,,6t+3
xrs3 _ya3 ya2 yal ytyal ya2 ya3

then
L g, Gt —€t43,,~€t4+2,, —€t+1 €t+1,,6t+2,,€t+3 Ct+i
Li = Ya, "'ya3 * ya2 * yal * ytyalJr ya2+ yag,+ Ya; 5 V= 1727 Y
(4.3)
Now, if we replace x,, in the relator 74,41 we obtain the relator
_ ,,Cttpt+l, —Ctip —€t4+3,,—€t4+2, —€t+1 €t+1,,6t+2,,6t43 Ct+p, Et+p+l
Yt+1 = Yap+ Yay, ~Yas Yas Yaq YtYar: Yas Yag " --Yap  Yapia

_ ,CtH1, €142 €143 E€typ E€itptl -1 .
If we = Yoy Yaz Yaz'  Yap  Yaper > then yio1 = w; ypwy. Since x1, ..., xp

appear only in the relators ry11,...,7¢4, and ry1,41 respectively, then we
have

~ ) - ~1 _
G = (Y1, Ym i T1, s Trn) , Where 1y = wy ypwpy, o fort =1,...,m.
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Example 3. Let K be the combinatorial knot ((1,3,—4,-3,4,2,—1,-2),
(1,1,1,1)). Then

G(K) = <y1,y2 : y§”y1)ygl7y§y1”)yf1> = (y,z:2° =y°) £ L.

Given a combinatorial knot K, we define another group, denoted G, (K),
as
Gu(K) = G(K),
Where, if K = ((il,ig, cee ,ign), (61, €, ,€n),
K* = ((_ila _i% T _'LQH) ) (_ela —€2, -, _en)) .
This group G, (K) is called the under group of K and we sometimes call
the group G(K) the over group of K.

For combinatorial knots these two groups may not coincide. For the com-
binatorial knot in Example 2, we have

Gu(K)=Zand G(K) = (y, 2 : 2B = y2> =2
In the classical case, however they do coincide.
Lemma 2. If K is a classical knot then G(K) = G (K).
Proof. Let K be a classical knot, then m(S® — K) = 71(S® — K*). Since

G(K) and G(K™) are presentations of the same group, then they are iso-
morphic. U

This lemma allows as to conclude that the combinatorial knot of Example
2 is not a classical combinatorial knot.

4.2. Peripheral system. Let K = ((i1,i9, - ,i2,), (€1,€2, - ,€,)) be a
combinatorial knot and let G = G(K) = (S1,S92,++ , Sy : 71,72, -+ ,T) be
its group.

Let I = S;1802 - S, where i € Sy, i = 1,2,...,n and p = e1 + ... + en.
Define lo, = S;! Sp2 -+ SirSa” for all a = 1,2, ..., n.

Lemma 3. With the above notation, l, € [G,G] = G’ for alla =1,2,...,n.

Proof. Given that G, = Z, by Lemma 1, we may see G, as the cyclic
group generated by the lateral left class S,G’ and S;G’ = S,G’, for every
i€ {1,2,...,n}, therefore

SUSE S = (SHG(SE- (816 = Sertertrod,
then lo = S{1S¢2 - S{"Sa” € G 0

Sao Paulo J.Math.Sci. 3, 2 (2009), 299-316
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Since 5’215’23 e SZZ and S}Z Sffll Sz: ‘912 ...Stefll represent the same lateral
. __ Qe (&3 en QP _
left class in Ggp, we assume that lo = S Sp2 -+ 5" Sa” =

et Q€t+1 en Q€1 et—1 g—p _
eSS S LSy TS t=1,2, .

Definition 6. Let K be a combinatorial knot. For a = 1,2,...,n, each arc
S of K is called a meridian of K and I, is called a longitude of K. A
peripheral pair of a combinatorial knot K is the pair (mq,la).

In the classical knot theory the peripheral pair has an important geomet-
ric role, but in combinatorial knot theory we do not have any geometric
interpretation yet.

Example 4. Let K = ((—1,2,-3,1,-2,3),(—1,—1,—1)) a longitude for
Kisl= SflSQIS:;lm?’. Figure 7 shows how we can get such longitude in
the classical case.

S,

FIGURE 7. A longitude in a classical knot diagram.

We say that two peripheral pairs (m;, ;) and (mj;, ;) are conjugate in G(K)
if there exists w € G(K) such that m; = w™m;w and [; = w™;w.

A peripheral structure of a combinatorial knot K is the conjugated class in
G(K) of a peripheral pair of K.

Proposition 1. The peripheral structure of a combinatorial knot is unique
up to conjugation.

Proof. Let (S;,1;) and (S},1;) be two peripheral pairs of a combinatorial
knot K. We may assume that j > 4. From the relators r;y1,....,7; we get
that

Qe gTe—1  g€itl g gGitl €1 g
Sj =808, LS, S S LSS

tit1 tit1 tj—1
. . . .. € €5 €5
where v € S;,, v =i+ 1,..., 4, thus, if wy = w1 (4, ) :St;rll...Stj’_ll S,”, then
~1
Sj = wq Siwl.

. Qfi+1 en Qel1 €; Q€i+1 € Qo—p _ —-p
l] = Stj-&-l .S n St1 Stl Sti+1 "‘Stj Sj = ’LUQ’U)lSj s

Sao Paulo J.Math.Sci. 3, 2 (2009), 299-316
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— Q%+1 €n Q€1 e ; P _ ,,"lg7P R
where wy = 577 ..5; "5, ...5;. Since §5;7 = w; S5; "wy, then [; =

'LUQS;pwl = wflwleS;pwl. Now,

. __ Qi+l €i—1 Q€ Q€i+1 en Qel e Q=P __ -p
L= Syl Sy S S SEnSEL.L S ST = wiwy S T,

so l; = wy 'l;wy, therefore (S;,1;) and (S;,1;) are conjugates in G(K). O

Let K be a combinatorial knot, G(K) its group and (m,l) = (S;,1;)
the peripheral structure of K. The triplet (G(K),m,l) is called periph-
eral system of K. We say that two peripheral systems (G(K7),m,l) and
(G(K3),m/,l") are isomorphic if and only if there exists an isomorphism
¢ : G(K1) — G(K3) such that ¢(m) = m' and (1) = I'. We have that the
peripheral system is an invariant of combinatorial knots.

Waldhausen’s theorem [24] implies that the equivalence class of classical
knots is determined by the fundamental group and the peripheral system,
see [9] for the proof.

Theorem 4. (Waldhausen) Two classical combinatorial knots K1 and Ko,
with peripheral structures (G(K;),l;,m;), i = 1,2, are equivalent if and only
if there exists an isomorphism ¢ : G(K1) — G(K3) such that ¢(l1) = o
and p(my) = ma.

Corollary 1. Let K be a classical combinatorial knot with trivial longitude,
then K is the trivial knot.

Example 5. For the combinatorial knot K = ((—1,2,3,—4,—-3,4,1,—2),
(1,1,—-1,-1)) we have, G(K) 2 Z. The longitude Iy satisfies
I = 85518755 1ad = e.
By Waldhausen’s theorem K is not classical.
4.3. Wirtinger Presentation. Let G be a group. A Wirtinger presenta-
tion of G is a presentation of the form
G = <.’E1,ZE2,"' yLp 2 T1,T2," 7rq>7
where r;, = x;.”’“acifl, 1 <14, <pandwi,---,wy are words in the free group
F(x1,...,p), not necessarily different in G.
A Wirtinger presentation is called cyclic if it is of the form
<.’E17l‘27”’ sy L t 71,72, 77'm>7
where r; = x;”ixijrll, i=1,2,...,m, w1, -, Wy € F(x1,...,2,), N0t neces-
sarily different in G.
A Wirtinger presentation is called realizable if w; = :1:22, fori € {1,2,...,n}
and ¢; € {1,—1}.
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Note that the group of a combinatorial knot is given by a realizable
Wirtinger presentation, see Definition 3.

Definition 7. The deficiency of a finite group presentation is the number
of generators minus the number of relators. The deficiency of a group G,
def(Q), is defined as the mazximum deficiency of all finite group presenta-
tion for G.

If K is a combinatorial knot then G(K) has a realizable Wirtinger presen-
tation of deficiency 0 or 1.

The following result is central in the theory of virtual knots and its proof
shows the advantage of working with combinatorial knots.

Theorem 5. Let G be a group with realizable Wirtinger presentation of
deficiency 0, then there exist a combinatorial knot K such that G(K) = G.

Proof. Let G a group such that G = (xy, 2z, ,xy : 71,72, - ,Ty), With
r; = a:];eZa:Zme;rll, i=1,2,3,..,n, xny1 = x1 and ¢; € {1, —1}. Let K the
combinatorial knot given by K = ((Ay, —1, Ay, —1, A3, —3, ..., A;, —i, Aiy1,
iy Ap,—n) (e1,€2,...,e,)), where {A1},...,{A,} are subset of {1,2,...,n}
defined by {4;} = {j € {1,2,...,n}: 332 = 27!}, We have that U {4;} =
{1, 2, ..., n}. Is possible that some of A; are empty.

If Sl = (_naAla_l)a S2 = (_1aA27_2)¢'-'> Sn = (_(n - 1)7An7_n)>
then ¢ € S, and

G(K) — <Sla‘927"' 7‘977, cr,ro, .- 7rn>>

where r; = S “ S90S, Y, i =1,2,..,n, Spp1 = S1. So G(K) ~G. O

—1

—1
_ 23— 1 T —1 Pa —1 . _
Example 6. Let G = <:1:1,a:2,3:3 cwmy L xyt we T, x5 @ >, then: r1 =

-1 -1
r3,,—1 | -1 _ Ty 1
T°xy , T =Xy T3 andr3 =x3° T, S0

A1 = (2), AQ = (3) and A3 = (1)

therefore, if
K= ((_17 27 _27 37 _37 1)7 (_17 ]-7 _1))}

then G(K) = G. Moreover, a peripheral structure of K is
(z1, 25 'egay b)) = (w1, 25 La3).

Theorem 6. Let G be a group with cyclic Wirtinger presentation of defi-
ciency 0 or 1, then there exists a combinatorial knot K such that G(K) = G.
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Proof. Suppose that G has a presentation of the form (z1, 2, - ,zy @ 11,
T9, - ,Tn—1), wWhere r; = w; “rawix z+1> 1 = 1,2,...,n —1. Let w, =
(wiws...w,_1)~ Y, then G is 1somorphlc to (X1, @, -+ Xy 1T, T2, T,

r,), with r,, = w,, 1;1:nwn:c1_1. So, without loss of generality we may assume
that G has deficiency 0.

Suppose that w; = x7'zj) ... Zk, where k = k(i), and &1, ..., € {1, -1},
then
Tirl = x-_ak...xmslx;slx alah. f:
Let Y0y = i, Y(i1) = Tg,  Ya0) L5 Yk-1) = Ty, " Y p-2)T, - By
Tietze transformation, GG is isomorphic to the presentation
<.1‘1, L2, TnY(1,0) """ s Y(nk(n)) * 71,72, 5T,y R> )

where R = {y 1,0) = Ti, y(iil,_)x;&y(z‘,r—l)xf: }izzlf;.,.,’,?g(i)_y thus,
G = (Ya,0)y, s YG0) > Y(ik()—1)> " Ymkn)) P L),
with,
. . r=1,2,....k(i)—1
T = {y(i,,_)y(“70)y(i,r71)y(ir,0)}i:m’m,n
which is a realizable Wirtinger presentation, by Theorem 5, there exists a
combinatorial knot K such that G(K) = G. From Theorem 5, if G is a

group with a realizable Wirtinger presentation of deficiency 0, then G is
the group of a combinatorial knot. U

2 2 2
Example 7. Let G = <m1,m2,x3 : $f1x§2,m§1xf3,x§1mgl>.
Let y1 = x3, y2 = @3 Y122, Y3 = @1, Ys = T3 Y3a3, Y5 = T2, Yo =
xflyg,xl Then G has the following presentation,

(Y1, 2,3, Y4, 5o Y6 < s U8, us ety e v v g g ) =

> (Y1, Y2, Y3, Ya, Us, Y6 * Y1 Ve ys i ys s v st s v g v )

So, if K = ((-1,4,5 —2,-3,1,6 — 4,-5,2,3 —6),(1,1,1,1,1,1)) then
GK)=a.

Theorem 7. If G is a group with Wirtinger presentation of deficiency 0
or 1 such that Gup = Z, then G is a combinatorial knot group.

Proof. Let G = (21,22, -+ ,2p 171,72, -+ ,17q) a Wirtinger presentation,
where ¢ = p or ¢ = p — 1. By doubling any relators, we may assume that
q=Dp.

Let I(G) the graph such that its vertex are labeled with z1, x9, ..., x,.
x;z; is a edge of I(G) if and only if there exist a relator in {ry, ra, ..., rp} of
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the form l‘;vl‘;l Since Ggp = Z, then all x; are conjugated in G, so I(G) is
a connected graph. Consider the operation on the graph shown in Figure
8,

T

FIGURE 8. Operation on the graph I(G)

I(G) can be transformed, using a finite number of the movements showed
in Figure 8, in a cycle C), such that V(Cp) = V(I(G)) and E(C,) =
E(I(G)), see [17]. Suppose that Cp = x;, x4, ...7,4, , if we denote y; = 2;,,
t=1,2,...,p, then C), = y1y2...ypy1 and the corresponding operations on
the relators of G give a cyclic Wirtinger presentation. By Theorem 6 G is
a combinatorial knot group. O

Example 8. The Baumslag-Solitar group G = <;1:,y syl = y3> 1s the
group of a combinatorial knot. Since
G={(z,yy,y2:y=a Yoy >y =z,90 =y'zy %),
—1 -2 —1 2
then G = (y1,y2 1o = yi" "y =5 ).
If 21 = y1, @2 = yom1ys ', T3 = YiTay; ', Ty = Yolzy,  Ts = Y2, Tg =

—1 —1 —1
Yy TsY1, T =Yy TeY2 and T8 =Yy T7y1, then
—1 —1 —1
Cowso—1 omyto1 @t o1 @yt
G = <$17 €2, 3, T4, T5, Te, L7, T : xSle ) 3715 Ty 3721 Zg .’E35 Ty

-1
T —1 xry —1 x5 —1 x5 —1
x,t xy o, wEtwy, wgt T, Tt ).

So G is the group of the combinatorial knot

K = ((_1737576787_27_37 _47_57]-7274-7 77_67_77 _8)7(]—7_17_]-7_]-7
-1,1,1,1)).

The corresponding virtual knot is given in Figure 9.
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FIGURE 9. A virtual knot for the Baumslag-Solitar group
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