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Abstract: We consider graph invariants of Vassiliev type extended by the quantum
group link invariants. When they are expanded by x where q = ex, the expansion
coefficients are known as the Vassiliev invariants of finite type. In the present
paper, we define tangle operators of graphs given by a functor from a category of
colored and oriented graphs embedded into a 3-space to a category of representa-
tions of the quasi-triangular ribbon Hopf algebra extended by Uq(sl(2, C)), which
are subject to a quantum group analog of the spinor identity. In terms of them, we
obtain the graph invariants of Vassiliev type expressed to be identified with
Chern-Simons vacuum expectation values of Wilson loops including intersection
points. We also consider the 4d canonical quantum gravity of Ashtekar. It is
verified that the graph invariants of Vassiliev type satisfy constraints of the
quantum gravity in the loop space representation of Rovelli and Smolin.

1. Introduction

The concept of Vassiliev invariants was introduced in the theory of knot spaces
[30]. Let Jί be a space of all smooth maps S1 -> S3 running through a base point
with a fixed tangent vector. The knot space is given by J(\Σ, where Σ is called the
discriminant, i.e., a set of all singular maps which have multiple points or vanishing
tangent vectors. Equivalence classes of knot embeddings by the ambient isotopy of
S3 are in one-to-one correspondence with connected components of Jl\Σ. Each
connected component of the knot space is separated by walls which constitute the
discriminant Σ.

Vassiliev introduced a system of subgroups of H°(Jί\Σ) based on the Alexan-
der duality theorem applied to a space of polynomial maps which approximates Jί\
HQ(Jί\Σ) ID ... z> Fj => Fj-ι ID ••• =3 F! = 0. Elements in a quotient group Fj/
Fj-ι are called the Vassiliev invariants of order j. Every element in Fj/Fj-1

vanishes whenever there are more than j transverse double points. The Vassiliev

1 This is not the author's present address.
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invariants take into account topological information about a space of
embedded graphs. After his pioneering work, Birman and Lin [6] calculated
the Vassiliev invariants in a combinatorial way based on a set of axioms and initial
data. Elements in Fj/Fj-i are given by functionals defined over a space
of all configurations of / pairs of 21 points on S1 connected by / cords for
/ ^ j. Kontsevich provided integral expressions of the functionals of Birman and
Lin [18].

A relation of the Vassiliev invariants to the quantum group link invariants such
as the HOMFLY polynomials and the Kauίfman polynomials was investigated by
Birman, Lin [6, 19, 20] and Puinikhin [23, 24]. It was verified that the Vassiliev
invariants of finite type appear as expansion coefficients of the quantum group link
invariants expanded by x, where q = ex. It implies an intimate relation of the
Vassiliev invariants to the CS (Chern-Simons) perturbative expansions. Works of
Axelrod, Singer [3, 4] and Bar-Natan [5] revealed it. The Vassiliev invariants can
be given by the Feynman integrals in the CS quantum field theory which physicists
are familiar with.

Kauffman considered the Vassiliev invariants from a little different point of
view. They are perceived as expansion coefficients of a special case of graph
invariants of the rigid vertex isotopy extended by the quantum group link
invariants [13, 14]. They are called the graph invariants of Vassiliev type.
In the perturbative CS analysis, taking the lowest order in the inverse of the
CS coupling constant, he showed that the graph invariant of Vassiliev type is given
by a CS vacuum expectation value of Wilson loops including intersection points
[15]. Such a point of view is expected to provide a neat perspective on the
work of Bar-Natan [5] in regard to the local integrability condition. It is a
consistency condition for the Vassiliev invariants given by transverse triple points
to exist.

In the present paper, we find a non-perturbative generalization of Kauίfman's
formula in an axiomatic way and consider the local integrability condition in terms
of it. We also show that the non-perturbative formula plays a crucial role in
investigation of non-perturbative aspects of the 4d quantum gravity of Ashtekar
[1]. It is shown that the graph invariants of Vassiliev type provide physical
wave-functions of the quantum gravity. At the transverse triple points in graphs,
Riemann metrics are non-degenerate.

This paper is organized as follows. Section 2 contains a brief review on
Kauffman's graph invariants [13, 14, 16]. The graph invariants of Vassiliev type
[15] are introduced as a special case. In Sect. 3, we introduce CS vacuum
expectation values of Wilson loops including intersection points and the spinor
identity which they are subject to. In Sect. 4, we consider the g-analog (quantum
group analog) of the spinor identity in the context of the quasi-triangular
ribbon Hopf algebras extended by Uq(sl(2, C)). It leads us to tangle operators
of graphs naturally identified with the CS vacuum expectation values of
Wilson loops including intersection points. The graph invariants of Vassiliev
type can be expressed in terms of them. It is consistent with Kauffman's
formula. The last section is devoted to a physical application to the 4d
quantum gravity of Ashtekar. We apply the canonical quantization and employ
the loop space representation [12, 28]. We verify that wave-functions in
the loop space representation given by the graph invariants of Vassiliev type
satisfy all constraints of the quantum gravity with vanishing cosmological
constant.
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2. The Rigid Vertex Isotopy and Graph Invariants of Vassiliev Type

This section is devoted to a brief review on Kauffman's graph invariants which are
extended by link invariants. The graph G that we consider is closed and composed
of rigid vertices, edges and loops. The rigid vertex is a 2-disk from which more than
two strings emanate. In addition, the following concept is necessary for the
definition of graph invariants.

Definition 2.1. The rigid vertex embedding is an embedding φ: G -> M3 by which the
image of a neighborhood of each vertex v in G is contained in a proper 2-disk in a ball
neighborhood ofφ(v). An isotopy ht: M

3 -> M3 between two rigid vertex embeddings
φ0 and </>! is called the "rigid vertex isotopy" if it carries through the ball-disk pair for
each vertex of G.

For simplicity, in the present section, we deal with only oriented graphs whose
constituents are 4-valent rigid vertices, edges and loops [13,14]. The 4-valent rigid
vertex is a 2-disk with four strings emanating from it, two of which are outgoing
and the others are incoming. The graph G is a disconnected sum of a finite number
of components, i.e., G = Σli Gt.

The rigid vertex isotopy is generated by extended Reidemeister moves as in
Fig. 1. The former three moves Rl, R2 and R3 are taken into account in the theory
of links. The link invariants are defined to be invariant under jRl, #2 and #3. The
latter two moves R4 and #5 are additional ones which appear in the theory of
graphs composed of the rigid vertices. Graph invariants of the rigid vertex isotopy
are defined to be invariant under the extended Reidemeister moves.

x>>>o
Kl ( Λ «** U **•

\ X-\

V-V V^V
/\-Λ^ /\7^

:-S x ΐR5

Fig. 1. Extended Reidemeister moves generating the rigid vertex isotopy
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Let us introduce Kauffman's construction of the graph invariants [13, 14].
Suppose that we are given the link invariants denoted by P(L). They can always be
extended to the graph invariants of the rigid vertex isotopy. To be concrete, they
are given by resolutions of any one of the rigid vertices:

P(L(\) = aP(LU-»ά + bPfrU-v*) + cP(Lu~^x), (2.1)

where L0) represents a graph G composed of j 4-valent rigid vertices. According to
(2.1), it is obvious that P(G) = ̂ eSa

p(L)bn(L)cu(L)P(L\ where S represents a set of
all links obtained after all the rigid vertices in G are resolved. p(L\ n(L) and u(L)
stand for a number of positive crossing resolutions, that of negative crossing
resolutions and that of unfolding resolutions respectively. We can summarize as
follows.

Theorem 2.1 (Kauffman [13, 14]). Let G be a graph composed of 4-valent
rigid vertices. Then P(G) given by (2.1) is invariant under the extended Reίdemeίster
moves.

We are ready to define graph invariants ofVassίliev type [15]. They are given by
putting a = 1, b = - 1, and c = 0, i.e., P(Lω

x) = P(LU~1}^) - P(L0'-1}

X). They
are perceived as a special case of Kauίfman's graph invariants.

3. CS Vacuum Expectation Values of Wilson Loops Including Intersection Points

Let us introduce Wilson loops given by a singular link. The Wilson loop is a trace
of a holonomy along any one of the singular link components Li of the singular
link Ls = IliLϊ, which is not necessarily a disconnected sum. We denote it by
W(A:Li) = Tr(0*Qxp(i§y.A)). & represents a path-ordered product along a closed
path yt(t) (0 ̂  t ^ 1) which describes L*. ^exp(z<j>yyl) is the holonomy along
L\ given by a connection 1-form of a SU(2) -principle bundle over M3. For later
convenience, we denote a holonomy along a line segment from γt(s) to γ^t) by
Ut(s91). It is given by ^exp(ί^sduγf(u)Aμ).

For simplicity, we assume that the singular link is composed of N closed paths
and includes only one transverse double point. Then let us introduce two types of
CS vacuum expectation values of Wilson loops. One type is given by

Z(L^) = ίDATτ(Uj(s91) Ufa φ f[ W(A:Lΐ)eίks^ , (3.1)
i φ j

in a case in which the /h singular link component transversely self-intersects at
a point where ^-(s) = y/ί) (0 g s < t ^ 1), and

)). Π W(A:L*)eikS-(A\ (3.2)
i Φ J, fe

in a case in which the /h and feth singular link components transversely inter-
sect each other. y7 (s) and γk(t) describe L} and Ls

k respectively and satisfy
77 (s) = γk(t) at the intersection point. The CS action is given by -Scs(^4) =
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The other type is given by

dimSV(2) N

Z(Lwβ) = $DA £ τι(Uj(sίt)TaUJ(t,s)Tβ)ΊlW(A:L^e^s^> (3.3)
α = 1 ί Φ j

in the former case, and

dimSC7(2)
Z(L<1) K) = ί DA Σ Tr (£/j(s, s) Ta) - Tr(Tβ Uk(t, t))

a=l

N

• Π W(A:L[)e?kS"(A) , (3.4)

in the latter case. We shall call the operator ^lTa)ij(Ta)kι the Casimir-like
operator.

A generalization to more complicated cases in which there exist more than one
transverse double point is trivial. In such cases, it is convenient to introduce the
following notation. Let Z(L(kJ~k)) (0 ̂  k ̂  j) be a CS vacuum expectation value of
Wilson loops including only j transverse double points, j — k Casimir-like oper-
ators are inserted at j — k transverse double points one by one. In the notation,
Z(L(0'0)) is given by a link, and Z(L(1 0)) and Z(L(0>1)) correspond to Z(L(1)

X) and
Z(L(1) w) respectively. In general, Casimir-like operators inserted at intersection
points can be eliminated by the Fierz identity satisfied by the CS vacuum expecta-
tion values:

Z^^ -^^ί^iz^^ -^^x)-^^^1^-^1^). (3.5)

It is derived from the Fierz identity given by Σα(Tα)0 (Tβ)w = ̂ δnδjk - 2iv<5l7(5k/,
where N = 2 for SC7(2).

Let us introduce the spinor identity satisfied by CS vacuum expectation values
Z(LU'0)) (j ^ 1). Let l/(α) and U (β) be elements in Sl/(2) , i.e., invertible 2 x 2
matrices, which represent holonomies along closed paths α and β. From the spinor
identity given by εabε

cd = δc

aδ* — δd

aδ
c

b, it follows that the Wilson loops are subject to
Mandelstam's identity [10] for SU(2):

Tr(t7(α))Tr(I/G8)) = Tr(I7(α)£/(/0)

= Tr(l7(aojB)) + Ίτ(U(aoβ-^ , (3.6)

where a°β and α0^"1 are composite and closed paths. Thus the spinor identity
satisfied by the CS vacuum expectation values takes the following form:

Z(αuβ) = Z(<χoβ) + Z(aoβ-i) . (3.7)

On the left-hand side, Z(αuβ) is given by Tr(t/(α))Tr(E7(/?)). On the right-
hand side, Z(α°0) and Z^β'1) are given by Tr(ί7(α°j5)) and Ί^U^β-1))
respectively.

The spinor identity (3.7) plays a role of resolving transverse double points. It is
enough to consider two classes, i.e., the 1st and 2nd classes. A transverse double
point of the 1st class is a self-intersection point of a closed and composite path α° β,
as in Fig. 2-G1. On the other hand, a transverse double point of the 2nd class is an
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Fig. 2. In G!(G2), a transverse double point of the 1st class (the 2nd class) is illustrated. They are
also identified with graphs composed of the 4-valent rigid vertices.

intersection point of two closed paths α and /?, as in Fig. 2-G2. The spinor identity
takes the following form:

-z (3.8)

when applied to resolve a transverse double point of the 1st class. On the other
hand, it takes

= Z

\ αutf /

α β

X (3.9)

when applied to resolve a transverse double point of the 2nd class.
The g-analog of the spinor identity corresponding to (3.7) is our main theme.

Before proceeding to the part based on the Hopf algebras, we consider Kauffman's
extension theorem (Theorem 2.1) from the point of view of the perturbative
CS quantum field theory [11]. It is crucial to notice that a transverse double
point of the 1st class and that of the 2nd class can be identified with 4-valent rigid
vertices.

Let us take the lowest order in 1/fc (the inverse of the CS coupling constant). We
can show that a CS vacuum expectation value of Wilson loops including only
j transverse double points, where no Casimir-like operators are inserted, is ex-
pressed by a sum of two ones after one of the transverse double points is resolved in
two possible ways. To see it, we need to use a manipulation, attaching a small loop
to the intersection point to be resolved. In one way, we resolve it to be a positive
crossing. In the other way, we resolve it to be a negative crossing. Contributions of
the small loop can be evaluated by the following three facts. The first is that the
holonomy can be expanded by an area tensor σμv given by the small loop y as
U(γ) = Id. + F(A)μvσ

μv + (9(σ2). The second is that the curvature tensor satisfies
F\A)μv = εμvλδScs/δA\. The third is that it is possible to carry out integration
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by parts in the CS path-integral. (We should say that the last one is an as-
sumption rather than a fact.) After all, one can get Z(L°'0)

X) =
i(Z(L0'"li0)

x) + ZίL0'"1'0^)) taking the lowest order in ί/k. More general cases
in which Casimir-like operators are inserted at intersection points can be con-
sidered in the same way by eliminating them by the Fierz identity (3.5). Contribu-
tions of higher orders remain to be investigated as a future problem.

4. Reshetikhin-Turaev Construction of Graph Invariants and Correspondence
with the CS Vacuum Expectation Values of Wilson Loops

The present section is devoted to the g-analog of the spinor identity and construc-
tion of graph invariants with a natural correspondence with the CS vacuum
expectation values of Wilson loops including intersection points. The considera-
tion is based on the quasi-traingular ribbon Hopf algebra extended by Uq(sl(2, C))
[17, 25, 26, 29]. We should comment that the g-analog of the spinor identity leads
us to the ^-analog of Penrose's spin-network [21, 22]. We mean by Penrose's
spin-network a planar graph colored by Sl/(2) representations and further speci-
fied by the spinor identity.

4.1. The Q-Analog of the Spinor Identity and Tangle Operators of Graphs. It is
known that the Jones polynomial P(L) given by a link L defers by a phase factor
from a tangle operator F(L) of L (which is also called Kauffman's bracket of L).
Suppose that M3 = S3 and all link components of L are in the 2-dimensional
representation of t/β(s/(2, C)). Then it follows that P(L) - a,~ω{L)F(Lγ. The tangle
operator F(L) is given by a functor F from a category of colored and framed links
to a category of representations of the quasi-triangular Hopf algebra. The tangle
operators of links can be extended to those of graphs composed of the rigid vertices
by possible resolutions based on Kauffman's extension theorem. Tangle operators
of graphs are related to the graph invariants via P(G) = α~ω(G)F(G)2.

Let us begin with defining tangle operators of graphs composed of 4-valent
rigid vertices which can be identified with certain objects in the CS quantum field
theory such as Z(L(kJ'k)).

Definition 4.1. Let L(k'3~k} (j ^ 1, 0 ̂  k g j) be a graph composed ofj 4-valent rigid
vertices, j-k vertices are marked by ©. The rest of the k vertices have no marks.
A tangle operator given by L(k'j~k\ which is denoted by F(L(k'j~k)\ is given by
resolutions of the two kinds of4-valent rigid vertices3. We define it to satisfy

1''-*^)), (4.1)

1 According to Kauίfman's convention [15], e(x) = Qxp(—j^x) and α = efy
2 ω(G) = ΣPer(G)ε(P)' Γ(G) represents a set of all positive and negative crossings and rigid

vertices in G. The signature for the positive crossing, the negative crossing and the rigid vertex
takes 1, — 1 and 0 respectively.

3 All link and graph diagrams have the blackboard framings.
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when any one of the rigid vertices with no marks is resolved, and

when any one of the rigid vertices marked by © is resolved. In addition, we formally
define

-»x), (4.3)

-k)

x) = F(L(* j-k)χ) . (4.4)

Since any pair of corners on a 2-disk contacting at a single point can also be
regarded as a 4-valent rigid vertex, Kauffman's extension theorem (Theorem 2.1)
was applied to the definitions of (4.3) and (4.4). We also notice from (3.5) that (4.3)
leads us to the g-analog of the Fierz identity. Equation (4.2) was defined in
accordance with it. It can be easily checked that every tangle operator F(L°'0))
(j ^ 1) behaves as Z(L°'0)) under simultaneous orientation reverses of any singular
link components and mirror reflections of the whole graph diagram.

We are ready to describe the q-analog of the spinor identity. Let us remember
that in the CS field theory, there are two classes of transverse double points of
Wilson loops as in Fig. 2. The spinor identity (3.7) is of different forms depending
on how it is applied to resolve a transverse double point of either the 1st or 2nd
class. Since every 4-valent rigid vertex can be identified with either a transverse
double point of the 1st class or a transverse double point of the 2nd class, it is
necessary to take account of the two classes of rigid vertices to describe the
g-analog of the spinor identity. It is described as follows.

Theorem 4.1. Suppose that we are given tangle operators F(L°'0)) (j ^ 1) by Defini-
tion 4.1. They satisfy the q-analog of the spinor identity:

' o'x) , (4.5)

when a rigid vertex of the 1st class is resolved, and

F(L<; °>X) = FίLW-^x) + FίLO-' o'x) , (4.6)

when a rigid vertex of the 2nd class is resolved.

Before proving Theorem 4.1, we prove the following lemma.

Lemma 4.1. Let all link components of links be in the 2-dimensional representation
V2 and keZbe larger than 2 or equal to 2. Then the tangle operator of links satisfy4

and

4 For simplicity, we employ the notation in which F(LD) is denoted by F(D). D represents an
elementary subdiagram of L.
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Proof. Let us introduce a coupon D [17], where D is an isomorphism: F2* -> V2

provided that k ̂  2. F2* is dual to V2. Let Gc represent a colored framed graph
obtained by inserting the coupon D and its inverse D~ 1 on a link component K of
a link L so that p extrema on K are separated. Then there is the following fact that

F(GC) = ( - l)»F(L) . (4.9)

Equation (4.7) is proved as follows. From the nature of the quantum group
R matrix, tangle operators of elementary subdiagrams satisfy the skein relation:

(4 10)

When rotated by 90 degrees, it looks like

<4iι)

We can find that according to (4.11), the tangle operators of links satisfy

(4.12)

Thus we arrived at (4.7).
Equation (4.8) is proved as follows. We can find that the tangle operators of

links satisfy

The first equality follows from (4.9). The second equality follows from the skein
relation (4.11). The last equality also follows from (4.9), because there exists an even
number of extrema between the two coupons D and D ~1 in both the diagrams in
the second line. Thus we accomplished the proof of the lemma. Π

We are ready to prove Theorem 4.1.

Proof of Theorem 4.1. Let us prove the theorem when; = 1 first. We use (4.3), (4.4)
and (4.3) rotated by 90 degrees on the right-hand sides of (4.5) and (4.6) and
substitute (4.7), (4.8) and (4.10). We arrive at the definition (4.1) for; = k = 1.



662 N. Hayashi

In the following, let us assume that j ^ 2. It is enough to prove (4.5), because we
can prove (4.6) in the same way. Suppose that all rigid vertices in L°'0) except the
depicted one as a subdiagram are resolved on the left-hand side of (4.5). According
to the definition (4.1), we get

On the other hand, we can resolve all thej — 1 rigid vertices on the right-hand
side of (4.5). It follows that

xΣF(L< 0 ' 0> x)-F(L< 0 <»x). (4.15)
s=l

It is enough to show that for every s,

FίLi1-0^) - F(L<°'0)

X) - F(L<°'0)

X) . (4.16)

The diagrams L^'0)

x, L*°'0)

x and l4°'0)χ for each s are identical outside the
subdiagrams depicted, if the orientation of the diagrams is ignored. Proof of (4.16)
is accomplished by repeating the proof when j = 1. Thus Theorem 4.1 was
proved. Π

We have shown that the tangle operators of graphs given by Definition 4.1
satisfy the ^-analog of the spinor identity. But we wonder if there exist other
definitions with the same properties as the tangle operators of graphs given by
Definition 4.1. In regard to it, it can be verified that Definition 4.1 is unique except
for a normalization factor.

Proposition 4.1. Let F(L°'0)) (j ^ 1) be α tangle operator of a graph composed of
j 4-valent rigid vertices which behave as Z(L(J'0)). We further suppose that
F(L°'0)

X) = αFίL0'"1'0^) + /^(L0"1'0^), where α and β are complex numbers.
Then it follows that a = β £ R, and F(L(j'0)χ) satisfies the q-analog of the spinor
identity, i.e., (4.5) and (4.6), if and only if

" l f ϋ ) x) , (4.Π)
\ W \ *JJ

and

( (\\ ( \\\
F(L(J-l Wχ) = «(*(-) + *(--) }F(L(j-1^><) . (4.18)

V \2/ V 2//
One can easily prove it using Lemma 4.1 and the skein relation. The reason why

α = β E R is that every tangle operator F(L°'0)) must have the same properties as
a CS vacuum expectation value of Wilson loops including only; transverse double
points under simultaneous orientation reverses of any singular link components
and mirror reflections of the whole graph diagram, α plays a role of a normal-
ization factor. For instance, let α be a parameter such that F(^) =

(e(l) + e( - 1) - l)F(r^). Then α is determined to be α = (e(^) + e( — i)"1. It was
used in Definition 4.1.
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4.2. The Graph Invariants of Vassiliev type in Chern-Simons Representation. It is
time to introduce a new representation of the graph invariants of Vassiliev type
P(LX) = P(Lχ) — P(LX), in which they can be identified with the CS vacuum
expectation values of Wilson loops including intersection points. We shall call it
the CS (Chern-Simons) representation. One can notice that the graph invariants of
Vassiliev type are composed of tangle operators of another kind of 4-valent rigid
vertices. They are given by

<4 ">
where F f a f and jp(X) are tangle operators of the two kinds of 4-valent rigid

vertices. They are given by Definition 4.1:

(4 2°)

(4 2i)

It is crucial that F(^vf\ is a linear combination of FΓϊcf\ and F(X).

The former (latter) elementary subdiagram corresponds to a (no) Casimir-like
operator insertion at the transverse double point.

The graph invariant of Vassiliev type in the CS representation is given as
follows. Suppose that we are given a graph composed of j 4-valent rigid vertices.
Then it is expressed by

P(Lω

x) = α-ω(Lϋ))F(Lc)o (g) F'QgQ , (4.22)

where F(LC) represents a tangle operator of the complement Lc obtained by cutting
neighborhoods of the j rigid vertices out of L(J). Flί^f\ represents a tangle
operator of the ίth rigid vertex.

It is interesting to compare our formula with Kauίfman's based on the pertur-
bative CS quantum field theory [15]. Taking the lowest order in 1/fc, one can find
that (4.19) becomes

(4 23)

This coincides with Kauffman's formula expressed by the CS vacuum expectation
values of Wilson loops. From this fact, (4.22) can be regarded as a non-perturbative
generalization.
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It should be mentioned that Kauffman's formula can exist for any Lie algebra.
A generalization of our argument restricted to Uq(sl(2, C)) to other quasi-traingular
Hopf algebras remains to be investigated.

4.3. Invariants of Graphs Including Transverse Triple Points and the Local Integrabil-
ity Condition. In the theory of Vassiliev invariants [30], they are defined to be
subject to the local integrability condition (that is also called the 4-term relation)
[6, 19], which is a consistency condition for the Vassiliev invariants given by
transverse triple points to exist. Let us recall that the Vassiliev invariants are
expansion coefficients of the graph invariants of Vassiliev type expanded by x. The
local integrability condition satisfied by the graph invariants of Vassiliev type is of
the following form:5

+ P H (4.24)

The invariants of graphs including transverse triple points are defined by

/ \

(4.25)

(4.26)

In the present section, we clarify how the local integrability condition is satisfied in
the CS representation.

It can be shown that the invariants of graphs including transverse double and
triple points are given by tangle operators of 4-valent and 6-valent rigid vertices.
The 6-valent vertex is a 2-disk from which six strings emanate. Using (4.20), (4.21)
and (4.22), one can find that from the definition (4.25),

= tforω(G)F

(4.27)

5 All graph diagrams coincide outside the elementary subdiagrams
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and from the definition (4.26),

665

• (4.28)

In each diagram on the right-hand sides of (4.27) and (4.28), the vertical axis was
deformed to form a 6-valent rigid vertex. One can find the coefficients α, b, c and
d by rewriting (4.20) and (4.21).

Kauffman's extension theorem (Theorem 2.1) for graphs composed of 4-valent
rigid vertices is trivially extended to that for graphs including 6-valent rigid
vertices. It means that one can construct invariants of graphs including 6-valent
rigid vertices in terms of the link invariants. Then there are tangle operators of
various kinds of 6-valent rigid vertices specified by different resolutions. As we did
in Sect. 4.1, we can characterize them in accordance with all the properties that the
CS vacuum expectation values of Wilson loops have under orientation reverses of
Wilson loops and the spinor identity (3.7) applied to resolve a planar triple point
identified with a 6-valent rigid vertex. For instance, as a result, the tangle operator
of a special kind of 6-valent rigid vertices identified with a planar triple point of
Wilson loops with no Casimir-like operators inserted in it is given by

(4.29)

where C is a real normalization factor fixed by a certain diagram. Other tangle
operators of 6-valent rigid vertices corresponding to planar triple points where
Casimir-like operators are inserted are also defined with the help of the spinor and
Fierz identities.

In such a direction, the CS representation can shed light on the local integrabil-
ity condition. We can get the following expression from (4.27):

- F

- F (4.30)
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On the other hand, from (4.28), we can get

. (4.31)

The convention ^ j E =F{2\) was employed. It is easy, but tedious to

find the explicit expressions of Qι and Q2 where Q! φ 62- Ω represents common
terms not including the Lie commutation relations. We can see, from the coinci-
dence of (4.30) and (4.31), how the local integrability condition is satisfied by the Lie
commutation relations in the CS representation. It was shown that our approach
provides a non-perturbative perspective on the local integrability condition not
based on the perturbative CS quantum field theory.

5. Application to the 4D Quantum Gravity

We considered the CS representation of the graph invariants of Vassiliev type. It is
important from mathematical and physical points of view. From the former, it
gives a correspondence between the quantum group graph invariants and the CS
path-integrals. It also shed new light on the local integrability condition that the
graph invariants of Vassiliev type are subject to. On the other hand, from the latter,
it enables us to investigate non-perturbative aspects of the 4d quantum gravity of
Ashtekar based on the canonical quantization.

This section is devoted to the latter. We employ the loop space representation
[12, 28], in which wave-functions are defined over a space of multiple loops in
a 3-space. We aim at verifying that the graph invariants of Vassiliev type in the CS
representation are just physical wave-functions in the loop space representation.
Let us begin with a brief review on the canonical quantization of Ashtekar's gravity
and the loop space representation.

5.1. Physical Wave-Functions in the Loop Space Representation. Let M4 be a (real
analytic) 4-manifold with a co-dimension one foliation, and Σ*(t) a leaf, t is the
parameter of time, which is given by t = τ(Σ3) in terms of a smooth map τ: Σ3 -> R.
Suppose that we are given complex-valued functionals ψ(A: Σ3(ή) defined over an
affine space $£ of su(2)-valued connection 1-forms6 over Γ3(ί). They are sections of

6 In Ashtekar's gravity, the self-dual connections A4 (A4 = A0dt + Atdxl) and the tetrads
E defined over M4 are dynamical variables. In the (3 + 1 ̂ decomposition and in A0 = 0 gauge,
A = Aidx1 is a coordinate of the configuration space on which wave-functions are defined in the
canonical quantization.
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a line bundle over j/ specified by a set of constraints. In the canonical quantization,
the constraints of Ashtekar's gravity with vanishing cosmological constant are
given by7

(5.2)

δAl

a(x) δAi(x)
Fk

abψ(A:Σ) = 0 . (5.3)

where εl(x), the shift functions Na(x) and the lapse function N(x) are analytic
functions over M4. The first constraint is called the Gauss law constraint which
generates the gauge transformations, the second the momentum constraint which
generates diffeomorphisms of Σ, the last one the Hamiltonian constraint (that is
also called the Wheeler-DeWitt equation) which generates diffeomorphisms in the
time direction.

Let us introduce the loop space representation. Wave-functions in the loop
space representation are given by the Wilson loops W(A : L ) (1 ̂  z* <Ξ N\ which are
gauge invariant objects. Ls = U*= 1 Li represents a singular link including not only
transverse intersection points but also corners. Each L\ represents a closed path.
We allow a finite number of corners to contact one another at a single point. If
Casimir-like operators are inserted at the transverse intersection points or at points
where a finite number of corners are contacting one another, they can be eliminated
by the Fierz identity. Let us denote a wave-function given by Ls by \I/(LS\Σ\ It is
given by the functional integral:

N

\lj(Ls\Σ) = J DA Π W(A:LSM(A:Σ) . (5.4)
j* i = l

Constraints in the loop space representation are induced by the constraints (5.1),
(5.2) and (5.3). For differential operators (9 = $ Jϊ, $, the constraints are given by

A i=l

/ N \

J DA( & Π W(A:LΪ) W(A\Σ) = 0 . (5.5)
A V i = l /

7 For brevity, Σ3(t) is denoted by Σ.
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We used integration by parts to obtain the second equality. & represents the
adjoint operator. The Gauss law constraint is trivial provided that ψ(A:Σ) is
gauge-invariant.

The graph invariants of Vassiliev type play a crucial role in the canonical
quantization of Ashtekar's gravity. They are regarded as physical wave-functions in
the loop space representation. It is obvious by definition that the graph invariants
of Vassiliev type are subject to the momentum constraint, because the momentum
operator JiL generates the rigid vertex isotopy of the 3-space Σ. On the other hand,
it is less obvious that they satisfy the Hamiltonian constraint. The following
theorem is significant.

Theorem 5.1. Let P(G:Σ)8 be a graph invariant of Vassiliev type in the CS repre-
sentation. G represents a singular link including only transverse double and triple
points. Then it satisfies.

<&LP(G:Σ) = Q. (5.6)

Proof. It suffices to prove &LP(L:Σ) = 0, because P(G:Σ) is given by the link
invariants P(L\ Σ). It follows from a fact that the action of the Hamiltonian is trivial
when acting on functionals of links. Π

Non-trivial cases appear only when the Hamiltonian acts on functionals of
singular links including transverse triple points or points, at each of which a finite
number of corners are contacting one another with tangent vectors spanning
a 3-dimensional vicinity [7, 8].

5.2. The Graph Invariants of Vassiliev Type and the Half-Flat Geometry. We showed
that the graph invariants of Vassiliev type are physical wave-functions in a sense
that they satisfy all the constraints of the quantum gravity of Ashtekar. Let us
consider the physical implication. We recall that the graph invariants of Vassiliev
type in the CS representation can be identified with the CS vacuum expectation
values of Wilson loops including intersection points. According to the perturbative
CS quantum field theory, contributions of flat connections over Σ dominate in the
classical limit. In the quantum gravity of Ashtekar, it corresponds to vanishing of
the self-dual curvature F(A) in the 3 + 1 formulation, where A represents Ash-
tekar's connection. Then the 4-geometry is half-flat [2]. In addition to the half-
flatness, suppose that we are given three complex structures /, J and K subject to
the quaternionic relations, i.e., I2 = J2 = K2 = — 1 and /J = — JI = K. Then we
say that the 4-geometry is hyperk'άhler [27].

Let us consider complex structures on spaces of multiple loops in the 3-space Σ.
In a case in which all loops have no intersection points, a complex structure on
a space of multiple loops (i.e., a space of links) is defined as follows. Let N be
a section of the normal bundle over a loop, then another vector B is given by
B = T x N = JPN at p. T is the unit tangent vector, and Jp represents the conformal
structure on the normal plane. The three vectors T, N and B constitute the Frenet
frame as indicated in Fig. 3. The complex structure on the space of links is induced

8 We do not have to require that Σ should be restricted to S3, because invariants of graphs in
Σ are obtained from those of graphs in S3 via the Dehn surgery.
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Fig. 3. The Frenet frames.

by Jp over Σ. A generalization to singular links including intersection points is also
possible [9].

Singular links including transverse triple points are physically significant. At
each transverse triple point, it seems that we can introduce three almost-complex
structures because there exist three normal planes given by three independent
tangent vectors along loops. However, the three almost-complex structures can not
be independent. Let Ip, Jp and Kp be the three almost-complex structures at /?,
a transverse triple point. Without lack of generality, we can put B = IPT, N = JP8
and T = KPN as illustrated in Fig. 3. One can easily check that the three almost-
complex structures must satisfy a set of compatibility conditions that is just a set of
the quaternionic relations. Thus we can get the almost-hyperkahler structure [27]
on the space of singular links including transverse triple points. After all, we can
summarize as follows.

Remark 5.1. In the canonical quantization of Ashtekar's gravity with vanishing
cosmological constant, physical wave-functions in the loop space representation
given by the graph invariants of Vassiliev type are solutions to the Hamiltonian
constraint. Furthermore, when the graphs are including transverse triple points,
the graph invariants of Vassiliev type are characterized by the half-flat geometry
with the almost-hyperkahler structure in the classical limit.

We end this section with a few comments. The physical wave-functions given by
the graph invariants of Vassiliev type can not describe the physically realistic
universe. The reason is that non-degenerate metrics evaluated in terms of them can
be given only at the transverse triple points, which are discretely located. An idea to
construct wave-functions of the realistic universe must be to consider the inductive
limit of the Vassiliev invariants, i.e., lim> F7 . Finally, it should be mentioned that we
aim at constructing the Hubert space of the quantum gravity. The loop space
representation seems most hopeful.
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