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Particles as Wilson lines of the gravitational field
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Since the work of Mac-Dowell-Mansouri it is well known that gravity can be written as a gauge theory
for the de Sitter group. In this paper we consider the coupling of this theory to the simplest gauge invariant
observables that is, Wilson lines. The dynamics of these Wilson lines is shown to reproduce exactly the
dynamics of relativistic particles coupled to gravity, the gauge charges carried by Wilson lines being the
mass and spin of the particles. Insertion of Wilson lines breaks in a controlled manner the diffeomorphism
symmetry of the theory and the gauge degree of freedom are transmuted to particles degree of freedom.
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I. INTRODUCTION

“Geometry tells matter how to move; matter tells ge-
ometry how to curve’ —this simple sentence encompasses
the main physical message of general theory of relativity.
Yet, as any great idea, it contains the seed of problems:
there is an explicit dichotomy in this statement—the divi-
sion of the physical world into two entities, matter and
geometry.

There is an old dream, preceding the idea of unification
of all interactions, to unify geometry and matter, usually in
the guise of geometrization of matter (though string theory
seems to take the completely opposite stance, attempting to
“matterize’’ gravity.) If gravitational field is geometry is it
that not reasonable to expect that all other physical objects
could be described in terms of geometry of some sort as
well? In this paper we aim to give an affirmative answer to
this question. To be more precise we show that point
particles, with momentum and spin, can be described as
Wilson lines of an appropriate connection.

The particle can be described by the momentum and spin
it carries. These are charges of Poincaré group, which is
also the gauge group of gravity with vanishing cosmologi-
cal constant. However recent developments indicate that in
order to construct a reasonable theory of (quantum) gravity
one presumably should include an infrared regulator in the
form of cosmological constant. Thus the minimal geomet-
rical model must be based on the gauge group being de
Sitter group, SO(4, 1) in four dimensions. The vanishing
(or small—as it is the case in our universe) cosmological
constant setting can be obtained then by taking an appro-
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priate limit of such a theory. Fortunately the charges of this
group can be still interpreted as momentum and spin, so
coupling of gravity understood as a gauge theory of
SO(4, 1) can be naturally coupled to matter. This also
raised the possibility that matter could be understood in
terms of some specific configurations of gravitational field.
In this paper we show how this construction can be realized
explicitly.

In the next section, following [1] we recall how gravity
can be constructed as a constrained topological field the-
ory. In Sec. III, using the formalism of Balachandran et al.
[2] we shortly review the way the point particles can be
coupled to external gauge field. We show that in the case of
the SO(4, 1) gauge group the resulting equations reduce to
the standard Mathisson-Papapetrou form, in the appropri-
ate limits. In the following section we show that also the
gravitational field equations acquire the correct form, with
energy-momentum tensor, and the source of torsion being
pointlike particles with appropriate energy-momentum and
spin. Section V explains how particles could be understood
in terms of Wilson lines. We conclude this paper with some
comments, and with an appendix containing some useful
formulas.

II. THE ACTION OF GRAVITY AND
TOPOLOGICAL FIELD THEORY

In this section, following [1] we present for the reader’s
convenience the action for gravity as an action of a per-
turbed topological BF system. This formulation is an ex-
tension of the original work of Mac Dowell and Mansouri
[3] who expressed gravity as a SO(4, 1) gauge theory. We
focus on SO(4, 1) since it concerns Lorentzian gravity with
a positive cosmological constant which is clearly the most
physically interesting case. Everything we say in this paper
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can be readily translated to the case of negative cosmo-
logical constant or Euclidean gravity. Note however that
we definitely need a non zero cosmological constant for
this formalism to make sense.

The gravitational field is encoded in a SO(4, 1) (de
Sitter) connection

1 1

Ap= (Zeiinv T ek m) 2.1
where the index a runs from O to 3. In this formula, gamma
matrices y,y/4, v.,/4 form a representation of generators
TV (1,J =0,...4,y = vy,) of the Lie algebra so(4, 1). 4,
is the frame field from which the metric is constructed and
w4? is the spin connection. When written in terms of the
so(4,1) generators the connection reads A = AYT,,.
Connection has a mass dimension 1 whereas the frame
field is dimensionless; this is the reason why a length scale
[ appears in the expression of the components of A repre-
senting the frame field. As we will see in order to recover
the usual gravitational dynamics this length scale has to be
the cosmological length / related to the cosmological con-
stant by

(2.2)

12

To formulate the theory we also need a two form valued

in the Lie algebra so(4, 1) denoted by B = BY, T;;dx* A

dx”. In terms of this two form and connection A the action
takes the form

1
__S=
2

1 _A
3

fTr<BAF(A)—’7“BABy—§BAB>
2.3)
which can be rewritten in components as
o 4By
S=](BIJ/\FIJ_ZBIJ/\BKLEIJKL _EB ABI./)
2.4)

This action can be shown [1] to be equivalent to the action
of General Relativity, for a # 0.

In order to solve the equation of motion for B it is
convenient to introduce the operators

TZkl=|: 2€kl+186 }

TU :PI-(I—lmn (a2 + Bz)ai’{m
The field equations for B following from (2.3) read
1

2.5)

Bij = —az T [)72 Ti_jlek[; (26)
4i 1 4i
B* = EF . 2.7)

These equations are algebraic, so we can substitute them
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back to (2.3) to obtain

S= ("% _FipFe,+~ P _FinF,
Ha? + BY) W gy N

1 )
+_FSIAF ,.> 2.8
e 5 (2.8)

The curvatures of connection A are decomposed as follows

Fi(A) = RV(w) — —e A el FH(A) ——d e. (29

Using (2.9) and introducing the Nieh-Yan class
C= dwei/\dwel‘ - Rij/\el' /\6]
we can rewrite this action in terms of gravity variables

S=S8p— 4( 2+B2) le](w AR (w)eljkl

N 1
+m ]R](w)/\Rij(w) +EjC. (2.10)

The last three terms are the integrals of Euler, Pontryagin,
and Nieh-Yan classes. These are integer valued topological
invariants with trivial local variation. The first term of
action (2.10)

1
2G
A

12G

Sp = Ri(w) A e* Aeley

N NN

1 .
+G_'yfRU(w)AeiAej (2.11)
is the action of General Relativity with nonzero cosmo-
logical constant and a nonzero, dimensionless Immirzi
parameter y. The initial parameters «, 3, [ are related to
the physical ones as follows

1 A _GA 1
2 3 3 (1442
I 1+ (2.12)
_GA vy
3 (1443

Even if the term proportional to y~!' in (2.11) is not
topological (its variation is non zero), it does not affect
the classical equation of motion when y?> # —1 unless the
theory is coupled to fermions [4]. We recover the usual
metric gravity in the case y = 0, in this case the torsion is
forced to vanish. The other extreme y = oo correspond to
Cartan-Weyl formulation of gravity [1]. It is important to
note that in both cases we have 8 = 0.

We see therefore that for & # 0 the action (2.3) repro-
duces the action of General Relativity accompanied with a
number of topological terms. This action makes it possible
also to consider limits a — 0, in which equations of mo-
tion of General Relativity turn into those of topological
field theory. Let us first consider &« = 0, 8 = 0 limit of
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(2.3) which, as it follows from (2.12), corresponds to the
limit G — 0. In this case we have to do with a pure BF
theory described by the action

1

ls = [TrB AF(A),

> (2.13)

whose equations of motion simply state that geometry is de
Sitter flat

F(A) = 0. (2.14)

The topological theory (2.13) is invariant under two gauge
symmetries, the standard

A — g 'Ag+ g ldg, Bg 'Bg (2.15)

along with

A—>A  BB+dpd (2.16)

where da = d + [A, -] is the covariant exterior derivative
and ® being an so(4, 1) valued one form.

Another possible limit is & = 0, 8 # 0, which involves
large Immirzi parameter

1 B
—§S0=fTr<B/\F(A)—§B/\B> 2.17)

This theory is also invariant under (2.15), while (2.16) is
replaced with

A— A+ B, BHB—l—dACI)—i-g[(I),(I)], (2.18)
which implies that spacetime geometry is arbitrary in the
bulk.

In what follows we will consider mainly the most gen-
eral case «, B # 0, corresponding to the full dynamical
gravity theory (with torsion and Immirzi parameter.) In

some instances we will also discuss particular topological
limits of this theory.

III. PARTICLE ACTION AND EQUATIONS
OF MOTION

In the formulation of the previous section gravity is
formulated as a SO(4, 1) gauge theory, of which only the
SO(3, 1) part is unbroken by the gravitational term pro-
portional to &. As shown in [1,5] in the case of pure gravity,
the formalism can be extended to be SO(4, 1) gauge in-
variant with spontaneous symmetry breaking down to
SO(3, 1) Lorentz gauge invariance. The first goal of this
paper is to show that matter can arise in the most natural
way in this formalism by introducing the simplest possible
term breaking the gauge symmetry of the theory in a
localized way. The gauge degrees of freedom are then
promoted to dynamical degree of freedom, and as we
will show, reproduce the dynamics of a relativistic particle
coupled to gravity. This realizes explicitly in four dimen-
sion the idea that matter (relativistic particles) can arise as
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a charged (under SO(4, 1)) topological gravitational de-
fect. This strategy, well known in three dimensions, gives a
new perspective where matter and gravity are geometri-
cally unified [6] and was the key ingredient in the recent
construction of the effective action of matter fields coupled
to quantum three dimensional gravity [7].

An equivalent way to present the inclusion of matter in
our context is to realize that the only natural way to couple
a gauge field to localized excitation is by insertions of
Wilson lines. Remarkably, the dynamics of these Wilson
lines is the one of a relativistic particles. The formalism
that allows to reach this conclusion was first developed by
Balanchandran et al. [2]. In this section we consider spin-
ning particle moving in an external gravitational field, the
full description of the particle(s)—gravity system will be
described in the next section, while we return to Wilson
lines in Sec. V.

The simplest possible localized gauge breaking coupling
to the gravitational field' A is obtained by choosing a
worldline P and a fixed element K of the so(4, 1) Lie
algebra so as to have

Sp(A) = — f dr Tr(KA, (7)), 3.1)

where 7 parameterizes the worldline z#(7) and A,(7) =
A, (z(7))z*.

This action breaks gauge invariance and diffeomorphism
symmetry2 In order to restore the symmetry at the particle
location one promotes the gauge degree of freedom to the
dynamical ones, which can be interpreted as Lorentz frame
and particle position. This is similar to what happens in
three dimension.

The 4-dimensional de Sitter group acts by conjugation
on its Lie algebra, the orbits of this action being labeled by
two numbers (m, s) which are the mass and spin of the
particle. For each orbit we choose a fixed representative
element of the 4-dimensional de Sitter Lie algebra (for
conventions see the Appendix)

K = mly’y/2 + sy*v3/4 (3.2)

with obvious generalization in the case of massless
particles.

The Lorentz Lie algebra so(3, 1) is identified with the
subalgebra of so(4, 1) generated by vy,;,. The Lagrangian
of a single particle propagating in a gravitational field is
characterized by an embedding of its worldline z(7) and a

"We restrict in this paper to the gravitational coupling which
has a clear physical interpretation. The coupling of string like
sources to the B field in BF theory as been recently considered in
[8], but its physical interpretation in the full theory is far from
clarified.

This is true for diffeomorphism that modify the worldline
location. The action is still invariant under the residual symmetry
consisting of diffeomorphisms that acts along the worldline, i-e
reparametrization invariance.
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function h(7) valued in the Lorentz subgroup h =
exp(a®’y,,/4). This function represents a Lorentz trans-
formation from the rest frame, in which the Poincaré
charges of the particle are described by the algebra element
(3.2) to an actual frame, in which the particle has momen-
tum p and spin s (see Eq. (3.6) below.)

Let us denote by A" = h~'Ah + h~!dh the correspond-
ing gauge transformation of A. Then the lagrangian takes
the simple form

Lz h:A) = —Tr(KAh(z) S = f drL(z h; A).

(3.3)
This lagrangian can be rewritten also in the following form
L(z,h;A) = —Tr(JA,) + L(z, h) 3.4

where in the first term J is given by
J =hKh™L (3.5)

The components of J can be expressed in terms of the
particle’s momenta and spin

I 1
J =3Py sy (3.6)
The first term in Eq. (3.4) describes the covariant coupling
between the particle and the A connection of the (con-

strained) BF theory, while the second

L,(z,h) = —Tr(h~'hK), (3.7)

describes the dynamics of the particle.

This action is analogous to the spin part of the action for
particle in three dimensional gravity [6]. The difference is
that the gauge group is now SO(4, 1) which has two
Casimir operators, mass and spin, and the information
about the two Casimir operators is encoded in the extrinsic
source K, (3.2).

To put (3.4) into more conventional form let us rewrite it
explicitly distinguishing the rotation transformations gen-
erated by v, a, b = 0, ..., 3 and ’translation’ transforma-
tions generated by vy,7y. By introducing the scalars

JY = —Tr(Jy! /2), J=J"y,/4

recalling that A% = (/A /3e“ and introducing momentum
p® = /A/3J%, and spin s°* = J we can rewrite (3.4) as

1
L(z, h;A) = E(Ay-/u) + Ly(z h)

1
= etp,+osy T L) (G8)

Since J in the above equations is an element of the
s0(4, 1) algebra, J"/ must satisfy the constraints
1

—JIJJIJ = C2

3 3.9
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and

LJIJJKL
16
where C, and C, are eigenvalues of quadratic and quartic
Casimir operators of so(4, 1) algebra.

To see what is the physical meaning of C, and C, let us
rewrite the Egs. (3.9) and (3.10) using the notations as in
(3.8). Assuming that the cosmological constant A is small
and considering the leading order in A we get

€km€ 5P I gJcp = Cy, (3.10)

1 ab 4a lab 3 a 3 a
CZ:EJ Jap +J J4a:§S sab+Kp Pa = {3 P"Pa
G.11)

and

1 2
C, = (Zjab*]aleabcd> + T T € g €978 T 4 T 1,
— 1 ab .cd 2 3 ab ¢ defg
=75 €aea +KS D €apca€ DSy,

= %SabpcEabcdedefgpesng (3 12)
which is proportional to the length of the Pauli-Lubanski
vector.

From the way the particles are coupled to the connection
in (3.8) it is clear that p,, = e,“p, in the above equations
is space-time momentum. From (3.11) one can see that the
Casimir C, gives rise to the mass of the particle

A

m2 = g Cz.
The last equation for the mass relates two well-known
problems in particle physics. Since the representation the-
ory is labeled by integers, there is a natural unit and the
most natural choice is to take the representation with
minimal C,. Under this assumption, explaining why the
cosmological constant is small would also help to explain
why masses of elementary particles are small, and vice
versa.

In the center of mass frame, p, = (m,0,0,0), the
Casimir Cy in (3.12) can be rewritten as

(3.13)

2

C, = m ij klm
¢ TR e

Sim = Cys's;, 3.14)
where i, j,... = 1,2, 3 are SO(3)-indices and s’ = €'ks;;
is the spin in the rest frame of the particle. Thus we have

the expression for the spin
C
2 __ “4
=—. 3.15
g C, (3-15)

Consider now the equations of motion that follow from
the Lagrangian (3.3). The variation over h gives (ignoring
total derivatives)

8L = —Tr(h~'sh(K, AM])), (3.16)
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— —Te(8hh~(D,J)), (3.17)

where we introduced the SO(4, 1) covariant derivative
along the worldline of the particle
d
D,=—+[A, "]
= [AL ]
and J is defined by Eq. (3.5)
Since h is restricted to be in the Lorentz subgroup
SO(3, 1) of SO(4, 1) Egs. (3.16) constrain only the spin
part of J and give the spin precession equation

(3.18)

DTJub = stab + eq-apb - epra =Y (319)

with V. = % + [w,, -] the Lorentz connection and e,% =
e, “z". Note that by construction the momenta and spin

satisfy the orthogonality condition
s p, = 0. (3.20)

In what follows we will also need the translational part of
the current derivative

1
%Drja = vrpa - l_zsabel; (3.21)
The variation over z gives
oL d .
= Tr(D,JA,) — Tr(JF,,(A)z" =0 (3.22)
where
F,,(A)=d,A,—0d,A, +[ALA]
=T, Yay/2
1
O ) 2
(3.23)
Here

T =de" + w') Ae® =T, dx* Adx"/2
is the torsion, while
R® =dw + [w, ®]/2 = R,,,"Pdx* A dx” /2

is the Lorentz curvature.

If one uses Eq. (3.19), Eqgs. (3.22) written in components
reads

1 . .
(v*rpa)e,ua = EsabR,u,VabZV + paT,u,VaZV- (324)

This is Mathisson-Papapetrou [9] equation describing the
dynamic of spinning particle in the presence of torsion in
an arbitrary gravitational background. When torsion is zero
we recover the usual Mathisson-Papapetrou equation,
when spin is also zero we recover the usual geodesic
equation.

PHYSICAL REVIEW D 74, 084002 (2006)

This equation can be written in the more usual form if
one introduces the affine connection I',,”, which is related

to the spin connection w;’f’ by the identity d,e,* +

wﬂbae,’j =TI,, e, It can be written in terms of the
Christofell symbol I" as T',,, =T\, + Tpiuir = 3 Tusp
whert? Ty =Ty pq 18 .the torsion tensor, and the
Mathisson-Papapetrou equation reads

1
v*rp,u = _SabRMVabZV’ (325)

2
where p, = p,e,*and V,p, =0d,p, —T,,”p,.

We see therefore that the SO(3, 1) gauge transformation
and the diffeomorphism symmetry is restored at the parti-
cle location while the gauge parameters acquire physical
meaning being the Lorentz frame and particle position.

Above we restricted ourselves to h being valued in the
Lorentz subgroup SO(3,1) of the full de Sitter group
SO(4, 1). We know however that if one further restrict
ourselves to the topological case where a = 0, the bulk
action is also invariant under de Sitter gauge transforma-
tions. In this case we can have a de Sitter covariant for-
mulation of particle dynamics similar to that in 2 + 1
gravity, where h has to be taken an element of SO(4, 1).
Let us try therefore to take h € SO(4, 1), and see which
additional equation will result. In doing so we would get
from (3.16) an additional equation

\Y% _ ] b

Pa = l_zsabeﬂ' .

This equation is equivalent to Eq. (3.22) provided that the
following identity is satisfied along the particle worldline

1 b

(3.26)

l—zsabeﬂ”e.r = EsabRW“bz"’ + Pl 2" (3.27)
This identity is satisfied for arbitrary particle if
1
Rff’,, - l—zeM“eTb =0, T, =0 (3.28)

i.e. if the background spacetime geometry is de Sitter. Such
geometry holds in the limit in which a = 0, Eq. (2.13). In
this case the path integral quantization of the particle can
be easily evaluated, see Sec. V.

If one now consider the full gravity case where a # 0,
the bulk action also breaks the de Sitter invariance down to
SO(3, 1). As we will see in the next section, if one take into
account the variation coming from the term proportional to
« (see Eq. (4.6) and comments following it) the equation of
motion obtained by making an SO(4, 1) gauge transforma-
tion in the full gravity theory are consistent with the
Mathisson-Papapetrou equation we derived above. Thus,
analogously to what is shown in the context of pure gravity
in [1] we expect a formulation of gravity coupled to
particles where the the full de Sitter invariance is manifest,
but spontaneously broken down to SO(3, 1) by classical
solutions.
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IV. EQUATIONS OF MOTION FOR GRAVITY —
PARTICLE SYSTEM

Let us now consider the gravitational equation of motion
when the gravitational field is coupled to a particle carrying
Poincaré charge J (3.6). The action of this system will be
given by the sum of actions (2.3) and (3.4). The equations
of motion resulting from this action are as follows.

B equations

1 a
Bab — a2 " BQ [_Eeadech + ﬁFabi| (41)
B = Be = lF““ = id et “4.2)
B Bl
A equations
1
(daB)"” = EJfo’(X) (4.3)

where we have introduced the threeform

JH (x) = feMVpUJ[J(T)Z”84(x — z(7)dx* A dx¥ A dx”
“4.4)

with €,,,,, the Levi-Civita tensor €j;53 = 1. This form is

such that
f]f,’(x) Aalx) = [ drJ"(7)z*(1)a, 4.5)
P

for any one form a.

1 1
Fi_AB* + F* A B = <BCd —~ EFCd> Adye.

o
== 5 Eabc‘d(Bab A BL)

This is just —1/2 times the LHS of Eq. (4.6). Thus we
conclude that the h Eq. (4.6) is just a part of integrability
conditions of (4.3). Thus in what follows we can disregard
Eq. (4.6) whatsoever.

We see therefore that in the case, in which gravity is
fully dynamical, it is consistent to take the gauge degrees
of freedom that become dynamical at the particle world-
line, described by h & SO(4, 1). Diffeomorphisms and
those h that belong to SO(3, 1) leave the bulk action
invariant, and therefore they are dynamical degrees of
freedom only along the worldline location. The analysis
of their dynamics is not modified by the coupling to gravity
and the results of the previous section therefore apply in the
case where gravity is dynamical. Moreover, these dynami-
cal degree of freedom ensures that the all formalism is
invariant under the usual gauge group of gravity.

Those h that belong to SO(4, 1)/SO(3, 1) do not leave
the bulk action invariant, and therefore they are dynamical

PHYSICAL REVIEW D 74, 084002 (2006)

Finally we have
h equations, obtained by varying the action with respect
to an SO(4, 1) transformation (2.15).

wetbcdp A B, — ( j dr(DJ)5%(x — z(r)))d“x (4.6)

Let us pause for a moment to recall that in the case of a
particle in external, fixed gravitational field the h equation
of motion (3.26), for h € SO(4, 1) has led to constraints
imposed on components of gravitational field strengths. As
we will see in a moment this problem is absent if the
gravitational field is dynamical, in the case a # 0.
Indeed, consider Eq. (4.3). Applying the covariant deriva-
tive to both sides we get

(dpdaB) = 5 (dadp)' ()

= - %( f D, J(7)8*(x — Z(T))d7>” 4.7)

Therefore the component a4 of (4.7) is just —1/2 times the
RHS of Eq. (4.6). Now

(dpdpB)" = FL A BK/ + FI A BIK

To compare this with Eq. (4.6) we just need the transla-
tional component of this:

1
(ot Besor, ) atae

(4.8)

degrees of freedom even in the absence of the particle.
Since their equation of motion is a subset of Einstein
equation, this suggests that they are determined on-shell
by the gravitational and particle degree of freedom.
However, this determination which can be performed in
the pure gravitational case [1] is more involved and not yet
known when matter is present.

Let us now consider the equation for gravitational field
produced by a point particle in full generality. Our starting
point will be Eq. (4.1), (4.2), and (4.3), Consider first
Eq. (4.3) in ‘“‘rotational‘‘ direction and expand its RHS.

(d\B)™ = d,B® + A® A B,® + A A B9,

1
=d, B + W(T“ Ael — et ATP).  (4.9)

Now, from definition of F (2.9)
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1
d,F* = d R = (T Ne" =T A e?)
1
= =T A =T Ae) (4.10)

Thus

(dAB)ab — dw<Bab _ _Fab>

a1 g (are + B eavap d
Ba*+ B> " 2 ¢
l ab
2 P
and Eq. (4.3) can be written as
12
TOANeb — TP A e = 'lj—a<a523 - geabcd>J§d 4.11)

This is an algebraic equation which fully determine the
torsion in term of the spin of the particle. When written in
terms of the gravitational parameter it reads

T“Aeb—T”/\e“=—GY )
2(1 + v?)
4.12)

and we see that the Immirzi parameter affects the coupling
between torsion and spin; in the case of usual metric
gravity y = 0 the torsion is zero.

If we now consider the translation part of (4.3) we get

(dpB)** = d,B* + A*, A B®

1/1

= 7<_B d,T* — B A eb>
1/1

= 7<_B Fab — B“b> Aey

Thus the field equation gives us the Einstein equation

(4.13)

S aR“”A + G* —lJ“ 4.14
@rPEE e o) =g @
where
I
Gazifachd/\eb

1 abcd A
:EE Rcd/\eb—geb/\ecl\ed

is the Einstein tensor with cosmological constant. The first
term on the RHS is the derivative of the torsion d2e* =
d,T¢ = R* A e,. Equation (4.14) written in terms of the
gravity coupling constant (2.12) reads

1 G
—R% A e, + G == ps. (4.15)
Y

2
Egs. (4.12) and (4.15) characterize the gravitational field
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produced by point particle with momentum p“ and spin
s%? and have the standard form.

V. QUANTUM PARTICLES AND WILSON LINES

Let us now describe the effect of quantizing particle
degrees of freedom. We first restrict our analysis to case
of the pure BF theory (o = B = 0) to show that in the
quantum regime inclusion of the particle is realized exactly
by insertion of Wilson lines. Indeed in this case the bulk
action is invariant under SO(4, 1) gauge transformation,
while the insertion of the particle breaks this symmetry at
the location of the particle. The SO(4, 1) gauge group
element h(7) at the location of the particle becomes a
dynamical object and its integration in the path integral
gives

W(A) = f Dih)e! [ ~THAE) 5.1)
with A" = h™!Ah + h~'dh. We can interpret this path
integral as the quantum amplitude associated with the
system described by the particle action

S(h) = f dr Tr(h~'hK) + Tr(AJ), (5.2)
where J = hKh™!.

The phase space variables of this system are (h,J)
satisfying the commutation relations (see [6])

{h It = vuh, i Ikt = nydie +--+ - (5.3)
and subject to the constraints
C=K-h/hl=0. (5.4)

Among these constraints, 2 are first class (Cy4, C,3) and the
others are second class. The algebra of gauge invariant
observables commuting with the constraints is generated
by J;; and their Dirac bracket is equal to the original
bracket. They form an SO(4, 1) algebra subject to the first
class constraints (3.9) and (3.10) which label a representa-
tion of mass m and spin s. Because of the Feynman-Kac
correspondence the path integral (5.1) computes, for a
closed loop, the trace in the s0(4, 1) representation (m, s)
of the Wilson line operator

W(A) = Tr(mys)<Pexpf A,JJ”>. (5.5)

P

This correspondence between path integral and Wilson
lines has been studied in the compact group case by
Alekseev et al [10].

Let us remark that this gives an interesting perspective
on Feynman amplitudes: Such amplitudes are related to
path integrals (5.1) along the Feynman graph. The
Feynman graph amplitude can thus be interpreted as a
spin network evaluation (which generalizes Wilson loops)
of a SO(4, 1) spin network whose edges are labeled by
pairs (m, s).
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Now if we turn on gravity « # 0 the quantization story
is more involved. In this case the bulk action is invariant
only under SO(3,1) gauge transformations and the
“Wilson line* is now deformed by the coupling to the
gravitational field, it depends on the value of the B fields
and becomes

W(A) = /D(h)eifp ~THRANR) e [ TMIBAB) (5 6
where y(h) = hyh™1.

VI. CONCLUSIONS

In this paper we investigated the coupling of point
particle to gravity regarded as a constrained topological
field theory. Our results presented here could be treated as a
starting point for various directions of investigations.

First, since the o parameter is small, we can consider a
perturbation theory of gravity coupled to particle(s) being
the perturbation theory in «. The distinguished feature of
this theory would be that it is, contrary to earlier ap-
proaches, manifestly diffeomorphism-invariant, so its
framework it is possible to talk about weak gravitational
field in the conceptual framework of full general relativity.
These investigations, both in the case of 8 = 0and 8 # 0
will be presented in the forthcoming paper.

The fuller control over the small « sector will presum-
ably make it possible to address the outstanding question of
what is the flat space limit of the theory of quantum gravity,
coupled to point particles. It has been claimed that such a
theory will be not the special relativity, but some form of
doubly special relativity (see e.g. [11].). This has been
shown in the case of three dimensional gravity [7].
Indeed the key ingredient that allowed to construction the
effective dynamic of matter coupled to 3d quantum gravity
was the understanding that particles can be described as
charged topological defect. This allowed to quantize in one
stroke gravity and matter and simplify drastically the prob-
lem of understanding the modification of matter dynamics
due to quantum gravity effects. We hope that the results
presented here will similarly simplify the study of quantum
gravity to matter fields, especially in the limit where « is
small, and according to the perturbation proposed in [1].

Last but not least there is a curious appearance of
gravitational analogues of magnetic monopole in the topo-
logical sector of our theory, with & = 0, 8 # 0. Consider
Eq. 4.3)

1
(daB)V = EJ},J()C) (6.1)
where J& (x) is defined by (4.4). Since for @ = 0, B! =
1/BF", it seems for the first sight that Eq. (6.1) is simply
inconsistent because after substituting F for B the left hand

side is identically zero by Bianchi identity. However hav-
ing pointlike, distributional sources we can allow for dis-
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tributional connections, for which Bianchi identity does
not hold, as in the case of Dirac monopole.

By construction (cf. Equation (3.5)) there is always a
gauge transformation which makes it possible to fix the
gauge such that

1
E (dAF)” = %KUBP

where K is given by Eq. (3.2). It is now clear that a solution
of (6.1) has the form

(6.2)

A =Bka,

=7 (6.3)

where Ap is the abelian Dirac monopole connection (see
for example [12]). For example in the patch which does not
cover the negative z axis

A — xdy — ydx
b r(r +2)

in cartesian coordinates.
To construct a general solution let us assume that

A=At Eka,=a a6
where A, is an arbitrary nonsingular connection (i.e., the
one that satisfies Bianchi identity da F(Ay) = 0.) Plugging
this anzatz into Eq. (6.2) we find that this equation is
satisfied identically.

What is even more interesting, the monopole configura-
tions arising in the topological limit of gravity give rise to
correct particle action. To see this, consider the action (2.4)

in the @ = 0 case
S = [(B[J /\FIJ - gBIJ ABIJ)

Solving for B, and plugging the solution back to the action,
we find

(6.5)

1

S:—ﬁ[(F[J/\FIJ) (66)

2

Using (6.1), integrating the delta, and going to arbitrary
gauge we get

S = % ] Tr(AN(P)K) + CS(A) 6.7)

where CS(A) is the boundary Chern-Simon action on S? X
R (spacelike infinity times time.) We see therefore that the
particle action arises from singularities of topological rem-
nant of gravitational field, of the form of generalized
monopoles. It is not clear however, if this type of construc-
tion can be extended to the full theory, with a # O.

084002-8



PARTICLES AS WILSON LINES OF THE ...

ACKNOWLEDGMENTS

For J. K-G. this work is partially supported by the grants
No. KBN 1 P0O3B 01828 and University of Wroclaw 2594/
W/IFT.

APPENDIX

In this appendix, we recall our conventions and present
some useful formulas.
For gamma-matrices, we use

{ye, v} =29
where 7% is the Minkowski metric of signature

(=, +, +, +). For commutator of two gamma matrices,
we use the notation

(AD)

1
y =50y (A2)
We denote ‘““gamma-five” matrix by y:
y=—-iyv'vv, Ay yt={rny"1=0 (A3
which satisfies y> = 1. The matrices
1
yardn = —‘(y"l - -+ y% * permutations)
n!
satisfy the identities
,ya,yb — ,yub + nab (A4)
,yub,yc — ,yahc + 17bc,yoz _ 17ac,yh (AS)
,yabc,yd — eabcd,y + 77dc,yab _ nbd,yae _ nad,ycb (A6)
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i
— d — 7 d
Yar?Y _Eabcdycy > Yabe L€4bcdY Y

> (A7)

Yoy, 71 = 0Avap ¥} = i€apear’ (A8)

V67 Yo} = i€apea¥ " AVbe Vab = 2i€apea¥’y  (A9)
Y'¥a=4  yutly, =4 = n)ya-a

(A10)

Yryhtny, = (= 1)"(4 = 2n)y @

The Lie algebra so(4, 1) is generated by T,;, = y,,/4
and T, = vy,v/4 which satisfy

AT, Teal = MoeTaa = MacToa = Mvalac + MadTber

(A11)
2[Tab’ Tc] = nbcTa - nach: (A12)
2[T,, T}p] = =T (A13)
Moreover
1
Tr(Tachd) = Z(T]bcnad - nucnbd)r
(A14)

1
(T, T,) = — 7 Mab-

The normalization of the generators is such that if A =
AIJT]J, B = BIJT[J then

[A B] = (A’®B% — B'®A{)T;; = [A, BV T;;. (A15)
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