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Abstract

Conservation rules are central to our understanding of the physical world, they place re-
strictions on how particles can move and dictate what can occur during an interaction.
However, it is often taken for granted how a conservation law is implemented. For exam-
ple, “conservation of momentum” is the condition that the sum of incoming and outgoing
momenta equals zero. In particular, we place a constraint on the momenta by means of
a linear function. The assumption of a linear conservation rule is intimately linked to
both the geometry of momentum space and locality of the corresponding interaction. In
this thesis we investigate the link between locality and conservation rules in a variety of

settings.

Part 1 is principally concerned with scalar particles. We begin by constructing the
interaction vertex for an arbitrary scattering process in a generic spacetime, showing that
curvature is not sufficient to induce a non-local interaction. Along the way we develop a
notion of covariant Fourier transform which is used to translate between spacetime and
momentum space in the presence of a non-trivial geometry. We also explore the effect on
quantum fields of explicitly imposing non-locality via the “Relative Locality” framework.
It is found that the fields depend, implicitly, on a fixed point in momentum space with
fields based at different points related by a non-local transformation. On the other hand,

all non-local behavior in the action can be concentrated in the interaction term.

In the second part of this thesis we generalize the analysis of Part 1 to particles with
internal structure, specifically spin. Of particular interest was the possibility that the
presence of internal degrees of freedom could provide a sufficient modification of the vertex
factor to allow for non-local interactions. Utilizing the coadjoint orbit method we develop
a classical model of the relativistic spinning particle called the “Dual Phase Space” model
(DPS) which allows for a coherent analysis of the vertex factor. We find that in addition
to locality in the standard spacetime variable, interactions are “local” in a second “dual”
spacetime variable. Inspired by this overt “duality” we show that DPS can be reformulated
as a bilocal model. Specifically, DPS can be realized as the relativistic extension of a
mechanical system consisting of two particles coupled by a rigid rod with fixed angular
momentum about the center of mass. Interpreted in this way the model is easily quantized

and yields the correct values for the spin quantum numbers.

Next we consider a spinorial parameterization of DPS which is entirely first class and
reveals several insights into how spin affects the dynamics of a relativistic particle. In

particular, we find that the spin motion acts as a Lorentz contraction on the four-velocity
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and that, in addition to proper time, spinning particles posses a second gauge invariant
observable which we call proper angle. The notion of a “half-quantum” state is also intro-
duced as a trajectory which violates the classical equations of motion but which does not
produce an exponential suppression in the path integral. In the final chapter of the thesis
we explore an extension of the Dual Phase Space Model which includes continuous spin
particles. This extended model is then generalized to deSitter spacetime where we present

a fully covariant parameterization of the model.
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Chapter 1

Introduction and Overview

1.1 Conservation Laws and Locality

A conservation law expresses the invariance of a particular quantity during the evolution
of a system, and determines what are considered valid physical processes. They find
applications in two distinct realms: motion of a single particle and interactions between
multiple particles. For an individual particle, a quantity () is conserved if it is independent
of the particles’ motion, a notion which is formalized by saying that () commutes with the
Hamiltonian. In an interaction, on the other hand, () is conserved if its value, aggregated
across all particles, is the same before and after the interaction takes place. To make
this idea formal let us focus on four-momentum, which is arguably the most fundamental
conserved quantity. For an n-point vertex with incoming momenta py, p = 0,1,2,3 and

I =1,2,...,n, conservation of momentum can be expressed as

Pu(p17p2,,,,’pn)20’ (11)

for some functions P*. Of course, in almost every case, we choose P* to be the linear
function P*(py,pa,...,pn) = >, P}, but this raises an important question: Why do we
reject other forms of P*, what makes linear conservation rules special? The answer is

related to an idea at the heart of theoretical physics: locality.

Locality is the physical principle which states that interactions only occur if there is
a coincidence of multiple particles at a single point in spacetime. This seemingly innocu-
ous statement governs our description of interactions, of observables via the S-matrix, and

most importantly implies the physical separation of different scales as embodied in the



renormalization group. The assumption that spacetime localization is independent of an
observers internal state, i.e. quantum numbers, is known as the hypothesis of absolute
locality. “Relative Locality” [1, 2] on the other hand, allows for a violation of this hypoth-
esis by positing that spacetime itself may be observer dependent. In this thesis we will
utilize the framework of Relative Locality to explore how locality effects the interaction of

fundamental probes.

One way to formalize the notion of Relative Locality is to consider momentum space,
and not spacetime, as fundamental. In this framework, momentum space is permitted a
non-trivial geometry and spacetime emerges as cotangent planes to points in momentum
space so that each observer experiences their own, energy dependent, spacetime. Let us
return to our previous example of an n-point vertex. This can be described by the sum of
a free action, giving the motion of the particles coming into the vertex, and an interaction
term, which defines the vertex itself. Let p% denote the momenta of the incoming particles

and xlﬂ the canonically conjugate spacetime coordinates, then the free action is

1
Sfree - Z/ dr (xipl; + NICI(pI)) ; (12)
I 0

where Cy(py) is some mass-shell condition. Note that the appearance of a 7 derivative
on pl, as opposed to azi, reflects the choice to treat momentum space as fundamental.
The interaction term is determined by conservation of momentum, however since the pf
take values in a non-linear manifold we can not simply add them together, i.e. we must
leave P in eq. (1.1) generic. Thus, assuming that all particles are incoming and reach the

interaction vertex at 7 = 1, the total action is given by
1
S=3" [ dr (alst + NiCilon) + 5P (V. paV. 1), (13)
I O

where z, is some Lagrange multiplier which imposes the conservation law. The vertex

factor can now be computed by taking the variation of S with respect to p (1), we find

oP”

I

x, (1) = z,—, 1.4
=5 (1.4
where z7,(1) is the spacetime coordinate of the interaction vertex for particle I. If P*

were linear in p; then eq. (1.4) would yield xﬁ(l) = 2, and so each particle assigns the
same coordinate to the vertex, i.e. the interaction is local. On the other hand, for a
generic P* it is not necessarily true that the value of z,0P”/0p} is the same for different

I and so each particle potentially assigns a different coordinate to the interaction vertex,



i.e. the interaction is non-local. This shows that locality requires, at minimum, a linear
conservation rule, or stated a different way, a non-linear conservation law can lead to

non-local interactions.

In Part 1 of this thesis we explore the link between locality and the linearity of con-
servation rules for the special case of scalar particles. Chapter 2 is based on the paper [3]
where we study the coupling of a particle worldline to a gravitational field and investigate
its key properties. More specifically, we utilize the worldline formalism! to study the be-
havior of scalar particles undergoing an arbitrary series of interactions while propagating

through an arbitrary spacetime geometry.

The chapter begins by considering the standard example of the relativistic particle
in a flat spacetime since this allows us to introduce the relevant techniques and make a
smooth transition to a more general geometry. We show that, for an arbitrary scattering
process, locality is sufficient to generate the expected results: edge momenta is constant,

momentum is conserved at each vertex and edge momenta is identical to vertex momenta.

After exhausting this familiar example we generalize the worldline action to allow for
non-trivial spacetime geometries. We begin by demonstrating that edge momenta are no
longer constant, instead they are carried along the worldline by parallel transport. Next,
we introduce a notion of covariant Fourier transform which is then utilized in deriving
the vertex factor. We find no modification from the case of flat spacetime, momentum is

conserved at each vertex and edge momenta is identical to vertex momenta.

These results are then used to analyze a loop diagram in the presence of a gravitational
field. We show that in a generic curved spacetime the loop momenta is entirely determined
by the external momenta, presenting an intriguing approach for regulating the ultraviolet
divergences which plague loop integrals in standard QFT. Finally, we argue that the semi—
classical effects of quantum gravity can be accounted for by modifying the interaction vertex
so as to relax strict locality. We then make a particular choice for the de-localized vertex
which preserves Lorentz invariance and demonstrate, rather remarkably, that conservation

of momentum at a vertex is preserved.

Chapter 3, which is based on the paper [5], considers the extension of the Relative
Locality framework to scalar @3-theory. We begin with the generating functional for stan-
dard (3-theory, Fourier transform this into momentum space and extract the corresponding
Feynman rules. We then deform these rules to account for the non-trivial geometry on mo-

mentum space. With modified momentum space Feynman rules in hand we write down

1See [1] for a review of the formalism along with a list of references



the corresponding generating functional and read off the action for our theory. The action
will be written in terms of momenta and should be Fourier transformed into spacetime.
As we are working in the context of a curved momentum space it will be necessary to
utilize the covariant Fourier transform introduced in Chapter 2. It follows that the trans-
formed fields depend, implicitly, on a fixed point in momentum space with fields based at
different points being related by a non-local transformation. This implies that there are a
continuum of quantum field theories, one for each point in momentum space, that can be
patched together by a field redefinition which we derive explicitly. The transformed action
is also non-local, although the kinetic term can be made local by choosing the base point
to be the origin of momentum space. In the limit where the geometry of momentum space

becomes trivial we recover standard (? scalar field theory.

Relative Locality represents a radical departure from our usual understanding of space-
time and locality as evidenced by the modification of the interaction vertex discussed above.
However, Chapter 2 demonstrates that such modifications are not present in interactions
between scalar particles even when spacetime is curved. Most particles are not scalars
though, they possess spin which is known (see [(]) to modify the vertex factor. Therefore,
by considering interactions between spinning particles we may be able to uncover non-local
effects. In Part 2 of this thesis we consider the worldline formulation of the relativistic
spinning particle. In particular we focus our attention on understanding at a deeper level
the interplay between spin and the notion of localization. Beyond the initial question of un-
derstanding the geometry of the interaction vertex in the presence of spin we also discover

a fascinating array of relationships between spin and an extended notion of geometry.

1.2 Classical Spinning Particle

The notion of “intrinsic angular momentum” was first discussed in the context of classical
general relativity by Cartan [7] in 1922. Spin, as it relates to the description of elementary
particles, did not make an appearance until 1925 in the work of Goudsmit and Uhlenbeck
[8], who proposed that the splitting of spectral lines in the anomalous Zeeman effect could
be explained by attributing an internal angular momentum to the electron. This idea
was made rigorous a few years later when Dirac [9] published his famous equation, now
universally accepted as the correct quantum-mechanical description of Spin—% particles.
Despite the success Dirac’s theory has enjoyed, it offers little insight into the physical
origin of spin, referred to by Pauli as a “two-valued quantum degree of freedom.” Modern

treatments hold to this line of thought, either claiming outright that spin has no classical
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interpretation [10] or avoiding the topic altogether [11]. That is not to say that attempts
have not been made to understand spin from a classical perspective; the literature on the

subject is vast, predating even Dirac.?

Classical models of spin can be roughly divided into two types: phenomenological and
group theoretic. Phenomenological models were the first to appear and took as their
starting point some intuition regarding the internal structure of a spinning particle. For
example, Frenkel [1%], Thomas [19, 20], and Kramer [21, 22] proposed that spin was rep-
resented by an antisymmetric tensor S, whose interaction with the electromagnetic field
F,,, was governed by a covariant generalization of 9,5 x Sx B , the equation for precession
of a magnetic moment Sina magnetic field B. In contrast, Mathisson [23], Papapetrou
[24, 25], and Dixion [20, 27, 28] assumed that all information about the spinning particle
is contained in its stress energy tensor 7, with equations of motion following from conser-

vation of energy, V, 7" = (0. Others characterized a spinning particle by a point charge

and dipole moment [29, 30, 31], or as a relativistic fluid [32, 33], while still others proposed
semiclassical models [34, 35]. The last of these was quantized and shown to reproduce
the Dirac propagator in the path integral formalism [36, 37]. This Lagrangian perspective

continues to be developed today [38, 39, 10, 11].

Group theoretic models, on the other hand, connect directly with the quantum descrip-
tion of a spinning particle as irreducible representations of the Poincaré group. The first
to attempt such a formulation were Hanson and Regge [12] and Balachandran [13, 1],
both of whom assumed that the configuration space of a spinning particle was coordina-
tized by elements of the Poincaré group. This approach was formalized by Kirillov [15],
Kostant [16], and Souriau [17, 18], who showed that the coadjoint orbits of a group form
a symplectic manifold and therefore have a natural interpretation as the phase space of
some classical system. Several authors [19, 50, 51, 52, 53] have utilized the coadjoint orbit
method to construct classical descriptions of spin, with quantization achieved by means of

the worldline formalism [54, 55].

This approach is dramatically different from the most common worldline treatment of
spinning particles [56, 57, 58, 59, 60, (1], where the spin degrees of freedom are represented
by Grassmann variables. The group theoretical approach has in our view the merit of
conceptual clarity: it allows the spinning degrees of freedom to be parametrized by variables
which possess a semiclassical interpretation while also providing a common treatment of all

spins at once. Moreover, Wiegmann [52] has shown the equivalence between the Grassman

2For readers interested in the subject, see the review articles [12, 13, 14, 15] or the full-length books

[16, 17].



variable treatment and the bosonic group theoretical approach.

In Chapter 4, which is based on the paper [62], we utilize group theoretic methods
to develop a worldline description of spinning particles. We begin by introducing a novel
parameterization for the phase space of a relativistic spinning particle, called the “Dual
Phase Space” model (DPS). In this parametrization, the standard phase space of (z,p) is
extended by a second set of canonical variables (x, 7) which span a “spin” or “dual” phase
space. Here (z,p) label the standard position and momentum of the particle while (y, )
determine the internal degrees of freedom. We describe in detail the set of constraints on
this dual space that realize the relativistic spinning particle and show that interactions are
local not only in x, but in the dual position space x as well. This dual locality property
is one of the main results of the Chapter. We also provide a precise formulation of the

on-shell action for a spinning particle.

If one ignores the constraints, the phase space of DPS is identical to that of two scalars,
suggesting the spinning particle may have a realization as a composite system. In Chap-
ter 5, which is based on the paper [03], we show that this intuition is accurate and that
DPS is equivalent to a bilocal model. The notion that elementary particles posses a finite
extension has a long history, dating back to Lorentz’s theory of the electron. The advent
of local quantum field theory seemed to superseded these early notions, modeling elemen-
tary particles as field quanta with no internal geometry. However, in the 1950’s, persistent
divergences in the description of hadrons prompted Yukawa [64, (5] to reconsider these
canonical ideas, showing that particles with an intrinsic extension could be modeled by
means of a simple bilocal field theory. Unfortunately, these models possessed a number
of undesirable features and ultimately fell out of favor when QCD realized an accurate
description of hadrons as point like field quanta. Bilocal models would have been relegated
to the history books were it not for the advent of another model which also emerged around
this time. String theory began as an attempt to understand certain QCD processes and
is by far the most studied model in which elementary particles are considered to have a
finite extension. There is an intimate link between string theory and bilocal models, with
several varieties of the latter being published [66, 67, (8] following the work of Yukawa.
In particular, many of the aforementioned models can be viewed as restrictions on the
motion of a classical string [09]. More recently bilocal models have emerged in the context

of higher spin theory as a method for deriving interaction vertices [70].

Chapter 5 begins by considering a non-relativistic system of two particles, coupled by
a rigid rod with a fixed angular momentum about the center of mass. As a constrained

system the model is easily quantized and yields the correct values for the spin operators



52 and S5. The relativistic extension is then considered and shown to be equivalent to the
representation of spin given by the “Dual Phase Space” model (DPS). This allows results
from Chapter 4 to re-interpreted in the bilocal picture, in particular we show that “dual
locality” is viewed as locality at each constituent particle. The relativistic model can also
be quantized and we find that spin sector behaves as in the non-relativistic case yielding

the correct values for the spin quantum numbers.

The group theoretic models of classical spinning particles discussed above can be sub-
divided into those which parameterize the spinning degrees of freedom with vectors [52, 71,
, 73] and those which utilize spinors |74, 75, 76, 77, 36, 78]. The Dual Phase Space model
falls into the former category, and although it provides a ready physical interpretation of
spin, it suffers, like its peers, from a proliferation of second class constraints. These are
cumbersome and can obscure the true spinning degrees of freedom. On the other hand,
models based on a spinorial parameterization do not suffer from this issue, in fact they can
eliminate second class constraints entirely. A particularly notable spinor model, and one
that will be important for us, is that of Lyakovich et al. [76], further developed in [79] and

generalized to any dimension in [30, 81].

In Chapter 6 we present a spinorial version of the DPS model, equivalent to that of
Lyakovich, in which spinors are used to resolve all second class constraints. Although
the Chapter is quite technical the new parameterization provides additional insight into
how spin affects the dynamics of a relativistic particle. We find that, in addition to proper
time, a spinning particle possesses a second gauge invariant observable which we call proper
angle. This proper angle can then be interpreted as a measure of the oscillation along the
particles’ classical trajectory, a phenomena known as Zitterbewegung [32]. We also show
that the measure of proper time is affected by the spin motion, experiencing a Lorentz like
contraction when the particle undergoes a spin transition. The precise delineation between

Zitterbewegung and spin transitions is one of the Chapters’ major results.

The thesis concludes with Chapter 7 which begins by considering a generalization of
the “Dual Phase Space” model that allows for a description of continuous spin particles. A
continuous spin particle (CSP) [83] forms one of the four distinct irreducible representations
of the Poincaré group. The other three correspond to massive, massless helicity, and
tachyonic particles. A modern and thorough treatment of CSP’s is given by Schuster
and Toro in the series of papers [34, 85, 80] where they show that a consistent gauge
theory of these particles can be constructed in flat space. CSP’s have also been linked to
aspects of both string and higher spin theory. For example, Mourad has shown [37] that

the continuous spin representation of the Poincaré group can be obtained from a classical
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action which has been generalized to a conformal string action. In addition, Bekaert and
Mourad show in [$8] that Wigner’s equations for describing continuous spin particles can
be obtained as the limit of the equations for massive higher spin particles. For the purpose
of this thesis, the most relevant property of CSP’s is their ability, as shown by Schuster and
Toro, to mediate long range forces. This opens the possibility that CSP’s are a heretofore
unexplored dark matter candidate. Unfortunately, facilitating such an exploration would
require an understanding of how CSP’s couple to gravity and to date this has proven
difficult to obtain.

This shortcoming is addressed in the remainder of Chapter 7 where we utilize the dual
phase space formalism to develop a consistent theory of CSP’s in deSitter. In fact we
generalize the entire Dual Phase Space model to a curved background, but it is the inclu-
sion of continuous spin particles that makes this generalization so challenging. A similar
programme was proposed in [89] but that model can not accommodate CSP’s. The pro-
cess proceeds in stages. First we consider the irreducible representations of the deSitter
symmetry group SO(4, 1) and then restrict our attention to those representations which
contract to a well known irrep of the Poincaré group. It is assumed that the physical
interpretation of the latter can be assigned to the former which allows us to classify irreps
of SO(4,1) into particle types. Next, we utilize the dual phase space paradigm to parame-
terize the generators of the deSitter group in 5-dimensional embedding space. This initial
parameterization has no physical significance and so in subsequent sections we develop a

four-dimensional fully covariant version of the model.
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Chapter 2

Worldline Formalism in General

Relativity

In this Chapter we explore the connection between locality and the linearity of the interac-
tion vertex for scalar particles propagating in a generic spacetime. A similar investigation

in the context of relative locality has been conducted by J. Kowalski-Glikman et al. [90].

2.1 Worldline Action in Minkowski Space

Consider a particle of mass m propagating in a spacetime with flat Minkowski metric 7,
and having a worldline given by X%(7), for some parameter 7. The motion of such a

particle is governed by the action
1 1 avb 2
Sle, X] = 3 dr { = XX ng, —em” |, (2.1)
e

where X¢ = dX°/dr and —e?(r) is the metric along the worldline. Under a change in
parametrization 7 — s(7) we have e(7) — é(s) = (dr/ds)e(r) and so the worldline metric

ensures that S[e, X] is invariant under such re-parameterizations.

It will prove convenient to re-write this action in-terms of the momentum conjugate to

X*(1), which we easily calculate to be

oL 1.
= = = ZX",.
X o Nab

a
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Taking the variation of S[e, X| with respect to e gives the constraint X?/e? + m? = 0, and

upon substituting for P, we obtain the standard mass-shell condition
P? 4+ m?=0. (2.2)

A brief calculation shows that the Hamiltonian for this system is H = e(P? + m?)/2; an
inverse Legendre transform then gives £ = X%P, — H as the Lagrangian. Noting that the

action eq. (2.1) is just the time integral of the Lagrangian we find
1 _ .
S[X,P,e] = / dr (X“Pa — 5(P2 - m2)> : (2.3)
0

In this formulation the worldline metric behaves like a Lagrange multiplier that imposes
the mass shell constraint eq. (2.2). It is conventional to re-label the worldline metric as
the lapse function, e(1) = N(7), so that eq. (2.3) becomes
1
. N
S[X, P, N] = / dr [X“(T)PG(T) _ % (P2(r) +m2)} . (2.4)
0
Suppose that the worldline of the particle satisfies X*(0) = z* and X*(1) = y%, i.e.
the worldline begins at the point x and terminates at the point y. The amplitude for
propagating from z to y is then obtained by taking the path integral of the exponential of
the action eq. (2.4), viz

N(7)

G(z,y) = /DXDPDNexp {z/ol dr |:Xa(7‘)Pa<7‘) - (P*(7) +m2)} } (2.5)

G(z,y) is simply the propagator for the theory and so we will represent it graphically in

the usual way

x Yy
G(r,y) = &——0

I

where the arrow indicates the direction of momentum flow.

2.2 Propagation Amplitude for an Arbitrary Process

Consider a process in which n; initial state particles undergo a series of interactions to
produce ny final state particles. No restriction is placed on the number of particles par-
ticipating in a given interaction, we demand only locality, i.e. interacting particles occupy

a single point in spacetime. This evolution can be represented by an oriented graph I

11



in which the edges, labeled e;, represent the worldlines of the particles and the vertices,

labeled v;, represent interactions. An example with n, = 1 and ny = 2 is given in Figure
2.1.1

Figure 2.1: A possible graph, I', with n, = 1 and ny = 2.

Let X.(7) denote the worldline of a particle propagating along the edge e and P,.(7)
the momentum it carries. If we reverse the orientation of an edge, e — —e, then X (1) =
X_o(1 — 7) since X_.(7) traverses the same path as X.(7) only backwards. Similarly,
P.(1) = —P_¢(1 — 7), where the overall minus sign takes into account that the direction
of momentum flow has be reversed. We will adopt the notation z, = X.(0) and z_, =
X _.(0) = X.(1) for the endpoints of the edge e while z'" and z°% will denote the coordinates
of the initial and final state particles respectively. The amplitude for the graph I', denoted

in out)

Ir(x, x2%), is constructed as follows:

1. Introduce vertex coordinates z,.
2. Assign a propagator to each edge e and form their product.

3. Integrate over the fiducial coordinates z,.

Implementing this procedure yields

Ir(zl, 2%%) = / [Td*%= J] Ge@eze) [] Gelzesizen) J[ Gelzesz—e), (26)

vel initial e internal e final e

ITo emphasize, a vertex is a point having both incoming and outgoing momentum. Therefore, where
an initial edge originates and where a final edge terminates are not considered vertices.

12



where z. ; and z.; are, respectively, the coordinates of the sourcing and terminating vertex
of the edge e. The requirement that interactions occur at a single point in spacetime can

be made explicit by extracting a delta function for each vertex and re-writing eq. (2.6) as

Ir = /Hd‘lzv H H d*z.0W (z, — Zy) H Ge (e, x_e), (2.7)

vel vel 56 U ecl

where the product Hiezv is taken over all edges sourcing (s.) from v and terminating (¢.)
e=v

at v with the latter having their orientation reversed. For example, referring to Figure 2.1

we have

H dix, = d4x_63d4x_64d4x66d4x67.

Se=v4
te=w4q

This type of product will appear repeatedly and it will be convenient to introduce the

notation

ILIL=1I

vel Se—v
te=v

Returning to our expression for It in equation eq. (2.7) we take the Fourier transform

of the delta functions and expand the G, using equation eq. (2.5). The result is

Ir = /Hd4zy Hd4xe d'pe HD% exp (—iSr), (2.8)

vel

where Da, = DX, DP. DN, and

Z/ dTX P.— N, (P? +m? }+Zpe Te — 2y)- (2.9)

ecl

The coordinates, p., employed in the Fourier transform are dual to the vertex coordinates
2y, a relationship which suggests the designation “vertex momentum” for the p.. This
should be contrasted with the P.(7) which are dual to the worldline coordinates X, (7) and
referred to as edge momenta.

To obtain the equations of motion for this system, and in particular the vertex factor,

we simply take the variation of St:

5Sp = Z/ dr 5X“ e — X26P, . — 6N, (P2 +m?) + Nepffspa,e]

ecl’

+ Z [(5])0,6)(‘7:2 - Zﬁ) +pa,35xg - Pa,e&g - Pa,e(o)(;‘rg] )

v,e

13



where we have assumed that 6X.(0) = 0 and §X.(1) = 0 for incoming and outgoing edges

respectively. Setting the variations along the worldline to zero we obtain

P.=0 X%=Nn"P,, P2+ m? =0, (2.10)

e

which hold for all e € I'. The interpretation is standard; momentum is conserved along a
linear worldline and the mass-shell condition is satisfied. Turning now to the variations at

the vertices we find

e =20 Voel, (2.11)

Pae = Pac(0)  VeeTl, (2.12)

> Pae=0 Voer, (2.13)
to=v

and it is assumed that if z. and z, appear in the same equation the edge e innervates the
vertex v. eq. (2.11) can be easily recognized as the locality condition; all interactions must
occur at a single point in spacetime. The subsequent equation relates the vertex momenta

to the edge momenta, and noting that the edge momenta is conserved we obtain
Pe(o) - Pe(l) =Pe T D= 07

where P,(1) = —P_.(0) was used in the second equality. The locality condition can be
combined with this relation and the expression for X, in eq. (2.10) to relate the vertex

momenta to a difference in position, viz

1
Zte - Zse = T€p67 Te = / Ne(T)dT (214)
0

The interpretation of the final equation, eq. (2.13), is immediate when combined with

equation eq. (2.12), we find

> Pue(0) =0, (2.15)

Se=V
te=v
which expresses the conservation of edge momentum at each vertex. Having exhausted this

simplest example we now consider the case where the geometry of spacetime is non-trivial.

2.3 Worldline Action in Curved Spacetime

Recall the form of the worldline action for a particle propagating in flat spacetime

N(7)
2

S[X,P,N] = /dT [X“(T)PQ(T) — (Pa(T)Pb(T)n“b + m2)

14



We now suppose that X* — X* takes values in some generic manifold M with metric

I = e“el;n“b The momentum conjugate to X*, say P,, takes values in T’x(;)M, but for

convenience we write it in-terms of the flat momentum Pa as P, = e,(X)P,. Making the

additional replacement n? — ¢g" in the mass shell term we obtain the action
Sx. PN = [ dr | Xrerr, - X (BB + m? 2.16
[ y 4 ]_ T 6# a_g(abn +m)a ( )

where we have used g"efel, = n**. To demonstrate that this action is reasonable we will

now calculate the equations of motion for X* and P,:
d
68 = /dT — —( “P,) 0X" + XFel , Pod XY + X'eloP, — 5N (PaPyn™ +m?)
dr
~ NP"sP,).

Setting the variations to zero we find

d
e’ P P,X" =0, 2.17
— = (ehPa) i (2.17)
X"el — NPm™ =0, (2.18)
P,Pyn® 4+ m? = 0. (2.19)

The second equation can be solved for P,, and after changing variables to proper time
ds = Ndr we obtain

Py = napeh 0 X" (2.20)
Substituting this relation into eq. (2.17) gives the evolution equation for X*:

Oy (eZegnabasX ) Nape €20, XV 0, X = (2.21)

v,pu- o

The product of tetrads in the second term can be symmetrized over («,r) and re-written

as, 0, (napetel) XV X /2. Making the replacement g, = Nabeley in eq. (2.21) then gives

1
asXp + §gp“ (guy,a + 9o,y — gl/a,,u) asXVasXa =0

which is just the geodesic equation. This is what we expected, free particles in a curved
spacetime obey the geodesic equation. It is also enlightening to write the evolution equation
eq. (2.17) in terms of P, as

d b

—P, = e“(ew

b v
— Bk —eb ) POX". (2.22)

15



Noting that the above equation is antisymmetric in u, v, we obtain that P®P, is conserved
along the worldline and so the mass-shell constraint is satisfied if it is satisfied initially.

Introducing the spin connection, we can write this in the more compact form

d v
P 0. X "w, Py =0,  w,le=—(V,eber. (2.23)
Equations of this type can be solved by iterative integration, viz
P,(s) = Py(0)U(s)’, U(s) = exp / A7 Xt w, (X (1)), (2.24)
0

where U(s) is the parallel transport operator along the geodesic to which P, is dual.

Returning to our expression for the worldline action in curved spacetime, eq. (2.16), it
follows that the amplitude for a particle to propagate from the point x to the point y is
given by

1
G(z.y) = /DXDPDNGXP (2/ dr [X“€Z(X)Pa — N (P,Pn™ +m2)}) :
0

The development now proceeds as in the previous section. We consider an arbitrary process
in which n; initial state particles undergo a series of interactions to produce ny final state
particles. No restrictions are placed on these interactions other than demanding locality.

The process is represented by an oriented graph I" with a corresponding amplitude given
by

Ir(xien7 I(iliat) = /H dl’L(ZU) H ge (xea Zeﬂf) H ge (Ze,sy Ze,t) H ge (ze,sa x—e) )
vell initial e internal e final e
where du(z,) = v/g(2,)d"z, is the covariant measure on spacetime.
To obtain the form of the interaction vertex we would like to follow the same procedure

as in flat spacetime:
1. Make locality explicit by extracting a delta function for each vertex
2. Fourier transform the delta functions
3. Take the variation of the resulting action

Unfortunately the second step in this sequence presents a major impediment. The stan-
dard Fourier transform does not respect diffeomorphism invariance and threfore its naive
application would break the general covariance of the amplitude Zr.To proceed we need
to define a generalization of the Fourier transform which does preserve diffeomorphism
covariance; it is to the development of such a “covariant Fourier transform” that we turn

in the subsequent section.
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2.4 Covariant Fourier Transform

The standard Fourier kernel is given by exp(iz - p) and manifestly breaks diffeomorphism
covariance. In particular, since x* transforms as a coordinate and not a contravariant
vector, its contraction with the covariant vector p, does not transform as a scalar. It is,
therefore, the failure of z* to behave contravariantly which destroys the covariance of the
Fourier kernel. As such, we need a generalization of x* which does transform properly, we
can then use this generalized “coordinate” to construct a covariant Fourier kernel. The

first step is to introduce Synge’s world function.

2.4.1 Synge’s World-Function

Let M be endowed with a metric g, and a torsionless metric compatible connection I'; .

Given two points z, 2’ € M connected by a geodesic 7,,» Synge’s world function [91] is
defined as .
o(z,2") = 3 (s' — ), (2.25)

where s’ — s is the arc-length between x and 2’ as determined by ~,,,. This definition
makes clear that the world function is symmetric upon interchange of its arguments and

transforms as a scalar with respect to both x and z’.

Let £#()\) be an affine parametrization of v, so that the geodesic can be described by

the Lagrangian
1 derder

29N an
Let Ao and A; satisfy £(A\g) = x and {(\) = 2/, then

s’ s A1
s —s= / ds = / V G dErdey = / V2LdA = (A — A\o) V2L, (2.26)
S S Ao

the final equality follows by noting that L is constant along an affinely parametrized

geodesic. Substituting this result into the definition of the world function we obtain

A1
O'(QT, ZE/) = L()\l — )\0)2 = ()\1 — )\0)/ Ld\ = ()\1 — )\0)5(1”, )\1; xZ, )\0), (227)

Ao
where S is Hamilton’s principle function. The covariant derivatives of o(z, ") can now be
calculated by means of the Hamilton-Jacobi equation; taking the covariant derivative at x

we find

S oL »
JW = O'# = ()\1 — )\0)@ = ()\1 — )\o)w = ()\1 — )\o)guyiﬂ s (228)
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where & = d&# /dA|x=),- A short calculation yields the equation of motion

1 1%
§g“ 0,0, = 0. (2.29)

Swapping the roles of x and 2’ gives similar expressions for the covariant derivative of the

worldfunction at z’

o = — (A — )‘O)gu’V’iyl (2.30)

1.,
W' o

1

ig WOt = 0. (231)
It should be noted that the indices on a tensor indicate the point at which it is evaluated,
for example g/, = g (2'). We can generate implicit expressions for higher derivatives
of the world function by differentiating eq. (2.29) and eq. (2.31) repeatedly. In particular,

taking one additional derivative we find

/

o _ H _
ot o, =0, ot oy = oy (2.32)

/

oo, =0y otou =0, (2.33)

14

where we have omitted the semicolon to simplify notation and will continue to do so.
Although these equations were easy to derive they are quite significant. eq. (2.32) demon-
strates that the second order derivative of the world function at x or z’ behaves like a
Kronecker delta when acting on o, or o,, respectively. On the other hand eq. (2.33)
shows, see Appendix A, that up to a sign the second order mixed derivative of o behaves
like the parallel propagator when acting on o, or o,/.

One can also examine the behavior of the world-function (and its derivatives) as z — 2’ or
vice versa. This is known as the “coincidence limit” and is indicated by square brackets,
[...]; e.g. [0] = 0. Besides this rather obvious one, the most common coincidence limits

are given by

0] = low] =0 (2.34)
[U#V] = [O-,U/V’] - _[O-;w’] = Guv- (235)
The coincidence limit will not be of great importance so we refer the reader to [91] for a

complete discussion.

The covariant derivatives of o(z,2’), being the derivatives of a bi-scalar, behave as

contravariant vectors. In particular, o#(x, z’) transforms as a scalar at 2’ and a contravari-
. ! . /
ant vector at x, and vice versa for o* (z,2’). Therefore, if p,, € T5M then pyo* (z,z’)

18



transforms as a scalar at both x and 2’ and so a natural definition of the covariant Fourier

kernel is exp(ip, o (x,")).

Before we continue there are some technical issues regarding the domain of the world-
function which need to be discussed. Fix the point 2/ € M. The definition of o(x,z’)
assumes the existence of a unique geodesic connecting x to z’; a condition which is not,
in general, satisfied for two arbitrary points in M. To ensure the world-function remains
single valued we need to restrict its domain to a “normal convex neighbourhood” of 2,
denoted C,,. More specifically, C, is a subset of M containing x’ such that, given another
point x € C}, there exists a unique geodesic, completely contained in C,/, connecting x

and 2’2

2.4.2 Van-Vleck Morette Determinant

Consider the change of variables z# — Y'* = o# (z,2'), where Y’ € T5M and g7V’ €

T,»M is the initial velocity vector of the geodesic going from x to x’. It has Jacobian given
by

dY' = ‘det <a’“’,(a:, m')) ‘ d*x
The Van-Vleck Morette determinant [93],[94],[95] is the bi-scalar obtained from this Jaco-
bian through multiplication by the metric determinant, in particular

o) = |det (a“”'(:c,x’))‘
V(z,2') = NN (2.36)

It appears naturally in the symplectic measure when we go from the symplectic coordinates

(Y’ 2') to the end point coordinates (x,z’) as
'Y’ Ad'e = V(z,2')(Vg,d') A (g, d'). (2.37)

Note that the change of coordinates Y’ — x = exp,(¢7'Y”) from T5M to M, is the
translated exponential map, and so the inverse Van-Vleck Morette determinant is the

Jacobian for this transformation:

(V3 d'2) = V' (2, 2" (3;) , (238)

2The existence of such a neighborhood for any 2’ € M is guaranteed by Whiteheads theorem [02].
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which highlights an important property of the Van-Vleck Morette determinant. If x € M
is such that V~!(z, z’) = 0 then a change in Y’ produces no change in z which is equivalent
to making a change in the geodesic emanating from z’ but no change in the point at which
the geodesic terminates; i.e. z is a caustic’. The reverse situation, where V(z,z') = 0, is
impossible since one cannot change the terminating point of a geodesic (z) without altering
the geodesics tangent vector at the sourcing point (Y’). Therefore, while the Van-Vleck
Morette determinant is non-zero for all x € M it does diverge at caustics. As a final note
we observe that V(z,z’) satisfies

V] = 1. (2.39)

2.4.3 Implementing the Fourier Transform

Heuristically, we expect the covariant Fourier transform to take functions on M and map

them to functions on 77, M. It is natural then to introduce the notation
My =T M, (2.40)

which express that the cotangent plane at =’ acts as a “spacetime” at 2’ for the Fourier
transform. To formalize this initial expectation we fix a point ' € M and choose a normal
convex neighborhood C,/ as the domain of o(z,2’). The measures on M and M, are

given by

du(x) = \/g,d", vy (p) = g, d*p,

respectively. Let EZ(C’x/) denote the space of all functions on M which are square integrable

, 97]

for earlier implementation of this object in a different context) is the map, F,/, given by

with respect to du and vanish outside of C,,. The covariant Fourier transform (see |

For e ﬁi(Cx/) — ﬁ?,w/ (M)
f(x) — fz’(p)a

where

’

Fon)= [ au@y e ayesn (<ingo" (o)) f(@), (2.41)

3Recall that Y’ is the tangent vector to the geodesic emanating from z’.
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Unless C,y = M, the covariant Fourier transform is not surjective and therefore is not
invertible on all of Egzl (M,). This difficulty can be circumvented by restricting to the
image of F,, i.e. fu(p) € Fur(Ly,,(Cyr)), which allows us to define the inverse Fourier
transform as

Fol (for)(2) = / dvy (P)V"2(x,2") exp (ip o, (2,2)) fo (D), (2.42)

My

for # € Cy and zero otherwise. Notice that the Fourier transform of a function f (p) =
Fu(f(x))(p) depends on the choice of base point z’. One does not, therefore, obtain a

single Fourier transform but rather a continuum as the base point 2’ varies throughout M.

As an initial application of this formalism consider the Fourier representation of d(x,y),

the delta function on M. Assuming z,y € C,, we posit

é(x,y) = /dux/ (p)VV2(x, 2" ) VY2(y, 2') exp [z’pul (O’“/<5L‘,$/) - a”l(y,x')ﬂ . (2.43)

This formula is explicitly verified in Appendix B but we note here that the proof depends
crucially on the fact, left implicit in the above formula, that the integral is taken over all
of M. This formulation of the delta function emphasizes the symmetry between x and
y, but observing that V'/2(z, 2")V/2(y, 2') can be factored out of the integral allows us to

write

o(z,y) = / dvy (p)V(y, 2') exp [ipw (0“/(1’7:1:’) - 0‘”(%9&’))] : (2.44)
In the sequel we will be particularly interested in the special case y = 2’ for which the
delta function becomes

§(x,x') = /dux/(p) exp [z’pu/a“/(:c,f)} : (2.45)
A Fourier representation of the delta function on M., denoted ¢,/ (p, ¢), can be defined by
putting

0 (p,q) = /C ,du(x)V(fE,-’L”)eXp [Z (puf—quf)a“’(%w’)}- (2.46)

Note that this is not the the usual delta function unless C,, = M. It is, however, a

projector under convolution

5.0(p.q) = /M 0 (K)S (p, 1) (K, ). (2.47)

and as such acts as an identity on the image of the Fourier transform, i.e. on F,/(L, ,(Cy)).
A proof that these properties hold is given in Appendix B. Note that a mathematical
study of a generalized Fourier transformation in the context of non-commutative SU(2)
field theory is presented in [95].
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2.5 Interaction Vertex in Curved Spacetime

Having concluded our development of the covariant Fourier transform we are now prepared

to continue with the programme suggested at the conclusion of Section 2.3.

2.5.1 Implementing Localization

Recall our set-up: An arbitrary process is represented by an oriented graph I' with local

interactions and relevant amplitude given by

In( i out /Hdu 2y) H Ge (Te, 2et) H Ge (Zes, H Ge (Ze,s5 Zejt)

vell initial e final e 1nternal e

(2.48)

Make locality explicit by extracting a delta function for each edge sourcing or terminating

at a vertex

To (2™, 22 /Hdu Z Hdu Te)0 (e, 2y HG Tey ). (2.49)

vel’ ecl

Define Zr to be the quantity obtained from Zr by dropping the vertex integrals and fixing
the z, to be distinct points in spacetime, then eq. (2.43) gives

fp(xien’ 2 2, /Hdu 7)o xe,zv)HGe (e,

ecl
[ de(ae)d*pe exp (—ipaces, ()" (e, 2)) [ [ Ge (e, 2
v,e ecl
H d(x.)d*pe H Dy exp(—1iSt),

v,e ecl

where the action Sr is given by

Z/ dr X P, e, — Ne (Pa,ePb,en“b + mﬁ)} + Zpaﬁezva“” (e, 20).  (2.50)

ecl

As in the case of flat spacetime we obtain the vertex factor, along with the kinematical
equations of motion, by taking the variation of Sr. The equations describing the free evo-

lution of a particle were derived earlier (see eqs. (2.17)—(2.19)) and shown to be consistent
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with the geodesic equation. As such, we can focus on variations at the vertices which are
found to be!

D [ed (20)0" (Tes 20)0Pase + Pac€l, 1 (20)07 (Te, 2)0287 + Pascels, (20)0" (e, 20) 02

v,e

—i—pa,eezv(zv)(&, ot (e, 2y)) 020" — Pa,e(O)eZ(a:e)éch} )

Setting the variations to zero we obtain the relevant equations of motion

en (20)0" (20, 2,) =0 Vv eT, (2.51)
Poc(0)el(xe) = paeViyro™(ze,2,) Ve €T, (2.52)
D PaeVuo (e, ) =0  WweT,, (2.53)
te=v
where we have made use of the notation o%(z,2') = o* (x, 2’ Jef,(z'). Note also that

whenever z. and z, appear in the same equation the edge e is assumed to innervate the
vertex v. From eq. (2.28) we see that the first of these equations requires z. = z,, which
is just the locality condition. Taking the coincidence limit on either side of the remaining

equations, making use of eq. (2.35) and multiplying by the inverse tetrad we find

Poe(0) = —pae and Y poe=0. (2.54)

Se=V
te=v

These equations should be supplemented with the equation for conservation of momenta
along an edge. As shown in eq. (2.24) the momenta P.(1) = —P_.(0) at the end of
an edge is related to the initial momenta P.(0) by parallel transport along e, denoted
U. = (ﬁ( fe da*w,). Thus, the equation governing conservation of momentum along an
edge is given by

PLe+ (pe-Ue) =0, (2.55)

where we denote (p-U)? = p*U,°’. As in the case of flat spacetime we can use the localization
condition to relate the vertex momenta to a difference in position, although here the
computation is more subtle. Begin with the derivative of the worldfunction evaluated at

the endpoints of the edge e, i.e. o#*(x_,, z.). Equation eq. (2.30) then allows us to write

otee(x_o ) = —(81 — $0)0s X1 (0)

—0: X2 (0 /N

4We have assumed that §X.(0) = 0 and §X.(1) = 0 for incoming and outgoing edges respectively.
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where ds = Ndr is the proper time along the world line. Now use eq. (2.18) to replace
0sX*(0) in favour of P.(0) so that

otee(x_ey o) = —T. P2(0)el(z.), (2.56)
where 7. = [ N.dr. Finally, the localization equation allows us to identify x_, = z, and
z. = 25, while our relation between edge and vertex momentum yields P, .(0) = —p, . and
SO

o®(2t,, 2s,) = TePe- (2.57)

These localization equations are compatible with the parallel transport equation of mo-

menta along an edge since
0" (2., 25, ) Ued” = —0" (2., 21, ); (2.58)

see Appendix A for a proof.

2.5.2 Localization on Loops

Let us examine the localization equations eq. (2.55) for a graph that possesses a loop L.
Assume that L consists of the edges L = ejey---e,, and that e; = (i,i + 1), goes from
vertex ¢ to vertex i + 1. We denote by P; the external momenta incoming to vertex ¢ and
by pe, = pii+1 the momenta on edge e; starting at vertex 7. This is illustrated in Figure

2.2. The localization equations, eq. (2.55), read
Pivti T Piiv1-Uiit1 = 0, P = piic1 + iy, (2.59)

where ¢ = 1, ..., n and addition is modulo n. Define U,y = Usar1Usr1a12* Ustm—1atm

to be the holonomy from a to a + m, so that upon summing the above relation we obtain
Sn=P,+ P, Upryy+ - P1-Uyy, = pnl(l - Hn)a (260)

where H,, = U, Uy ---U,_1, is the total holonomy around the loop based at the vertex
n. To generalize this relation to an arbitrary base vertex we introduce the momenta

transported from the vertex i
P=P-U,, (2.61)

so that S,, = Z?:l R We immediately obtain p;1U;iv1 = PiUiv1 + pi—1:U;—1;41 which

can then be solved iteratively to express p;;41 in terms of the external momenta and p,; as
Piis1-Uin = (P + -+ P1) + pui Hy. (2.62)
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Putting equations eq. (2.60) and eq. (2.62) together we see that the loop momenta p;; 1 are
entirely determined by the external momenta, which is related to the fact that in presence

of gravity the total momenta around a loop is no longer conserved.

Ps

P Py

Figure 2.2: The loop L = ejes---e,

When spacetime is flat H, = 1 and so, the right hand side of eq. (2.60) vanishes,
total momentum is conserved and the loop momentum is independent of the external
momenta. Consequently, one must integrate over the loop momenta when performing the
path integral, leading to the well known problems with ultraviolet divergences. On the
other hand, when gravity is present the holonomy will differ from the identity allowing,
quite generically, the operator (1 — H,,) to be inverted. In this case we can express all the
momenta in terms of the external ones! For a small loop the holonomy approximates to
H% = 67 + R, AA"™ + - -+ where AA is the loop area. The invertibility of (1 — H) is
therefore related to the invertibility of R%,(X) for all invertible bivectors X. Thus, in a
fully curved background the only way (generically) to have a non invertible (1 — H) is to
consider a loop of zero extension, i.e. with AA = 0. It is these loops of zero size that give

rise to divergences in quantum field theory.

In summary, the effect of a gravitational field on an extended loop is to produce a

violation of total momentum conservation. This phenomena is related to the fact that, in
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the present case, loop momenta can be expressed entirely in-terms of the external momenta.
Therefore, if we could argue that quantum gravity requires the expectation value of the
holonomy (H) to be different from unity for all loops, even those which shrink to an
effective size of zero, this would have a dramatic regulating effect on Feynman integrals,
at least on their semi-classical evaluation. In particular, we could restrict loop integrals to

a finite region of momentum space.

2.5.3 Nonlocal vertex

In the previous section we showed that coupling to a classical gravitational field modifies
the loop propagator by introducing a holonomy (around the loop) into the conservation
of momentum equation. On the other hand, we saw that momentum conservation at the

vertices is unaffected, being identical to the relations derived for flat spacetime.

A pertinent question arises, how do quantum gravity effects alter particle physics am-
plitudes? It is well known that the inclusion of quantum gravity introduces a new mass
scale into the theory, namely the Plank mass. Our question can then be phrased more
formally as follows: Suppose we couple gravity to a Feynman integral and compute, by
some method, the quantum gravity average, how does this evaluation affect the Feynman
integral? It is tempting to assume that the computation, done in any theory of quantum
gravity, will correspond to a mass dependent deformation of the standard integral. Ac-
cording to the philosophy presented here, and assuming that new degrees of freedom do
not appear, this deformation can in turn be entirely reabsorbed into a deformation of the

particle action.

It is natural to assume that this deformation will affect the vertex interaction. Indeed
it was the vertex factor p,0%(x., z,) which, as we have seen, determined the localization
condition x, = z,. Such exact localization will certainly be relaxed in a theory of quantum
gravity. We propose, therefore, to modify the vertex interaction as an effective way to

include quantum gravity (de-localizing type) effects.

The simplest such modification is to consider a vertex interaction of the form p,0%(x., z,)—
pap®/2M where M is the quantum gravity mass scale. In the Euclidean formulation of the

theory this amounts to replacing the vertex interaction, §(z, z), by a Gaussian weight
a
op(x,2) = ( ) e~ Mo(@2), (2.63)

2
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The equations of motion resulting from this de-localized vertex are readily found to be (c.f.
eq. (2.51) - eq. (2.53))

Mo (e, 2) = p; (2.64)

Pa,e(o)efL(xe) = pa,evz‘e‘aa («Tey Zv) (265)
Y [PaeVar 0™ (20, 2)] = 0, (2.66)
te=v

Observe that the mass scale only enters in the first equation, modifying the locality con-
dition by ensuring that x. and z, are no longer identified. Substituting this into eq. (2.66)

and using that the Synge function satisfies® 09V .0, (z, 2) = e(z)oq(, 2) we obtain

> pi=0, (2.67)

Se=v
te=v

which, as before, is the usual conservation of vertex momenta. Where the modification
becomes apparent is in the relationship between the endpoint momenta P and the vertex

momenta p; from eq. (2.65) we have

P2(0) = Mn“beg(xe)vmgab(xe, 2p) = Mn“baue(xe, zp)ele(x,). (2.68)

Let V., denote the parallel propagator from z, to x., then o#c = —[Vev]“fjva”“ (xe, 2,) and
SO

P(0) = —Meze(:pe)[‘/;v]“;va”” (Te, 20) (2.69)

= _M[‘/;v]abab(xea Zv) (270)

= _(pe"/ev)aa (271)

where we have made use of the notation [V.,|*, = e, (z.)[Ve]"s, €;7(2,) in the second line.
Remarkably, this implies that the conservation of momenta along edges is modified in a

trivial manner, viz
D—e + De- (‘/sﬁeUeretJ =0. (272)

The term in brackets is the full propagator from s, to t. indicating that the form of this
equation is identical to the one consider for a local vertex, see eq. (2.55). It follows that the
de-localization of the vertex does not affect the momenta conservation equations, either

at the vertex or along the edges. Its only effect is to modify the relationship between

5See eq. (2.33)
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momenta and coordinates, e.g. in a flat spacetime the modification enters through a shift

in proper time
2, — 25, = (Te + 1/2M) pe. (2.73)

A more general modification of the vertex that is quadratic, Lorentz invariant and sym-
metric under exchanges of momenta would include an additional term proportional to

> oo PhDea/2M and would give rise to effects similar to those considered above.
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Chapter 3

Scalar Field Theory in a Curved

Momentum Space

In this Chapter we consider the effect on scalar field theory of explicitly imposing non-
locality via the "Relative Locality” framework; specifically we derive the action for a ?
theory living in a curved momentum space. Along the way we will utilize some of the tools

derived in the preivous Chapter, namely the notion of a covariant Fourier transform.

3.1 Geometry of Momentum Space

In what follows we take momentum space to be a non-linear manifold P and phase space
the cotangent bundle 7*P. Spacetime then emerges as cotangent planes to points in
momentum space T;P. We will now embark on a self-contained review of momentum
space geometry; the presentation will be as general as possible, although in later sections
we will be forced to give up some of this generality for the sake of coherence and ease of

calculation.

3.1.1 Combination of Momenta

Conservation of momentum requires that we postulate a rule, @, for combining momenta
and to keep this rule as general as possible we will allow the physics to tell us what
properties are mathematically acceptable. Interaction with a zero momentum object will

produce no change in momenta and so 0 should be an identity for &, in addition, we need
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a method for turning an incoming particle into an outgoing one and so our rule should
have an inverse. We will not, however, assume this rule is linear and so there is no reason

to demand either commutativity or associativity either. Formally, we define our rule as a

C> map:
&:PxP—-7P
(3.1)
(p.a) = pDaq,
having identity 0
0Gp=pd0=p Vp € P, (3.2)
and inverse ©
(Gp)®p=p®(©pP) =0  VpeP. (3.3)

Note that we assume a unique inverse; if p,q € P are such that g ®p = p ® ¢ = 0 then
q=©p.
Equipped with this combination rule we can enforce the conservation of energy and

momentum at each interaction. We will write this as’
Ku(p') =0, (3.4)

where I = 1,2,... runs over the number of particles participating in the interaction. For

example, a process with two incoming particles p, ¢ and one outgoing particle £ may have
Ku= @& (@Sk)u (3.5)

where we have made use of the obvious notation ¢ © k = ¢ & (6k) and have adopted the
convention that all momenta are taken to be incoming. Observe that (3.5) is just one
of twelve possible choices for K all of which are distinct if @ is neither commutative nor
associative. Differences arising from alternate choices of the conservation law are explored

in detail in [99].

Suppose we are given a generic conservation law p @ (¢ @ k) = 0. For this to be
meaningful it must be possible to solve for any one of the momenta uniquely in terms
of the other two. To address this issue we introduce left (L,) and right (R,) translation

operators

L,(q)=pdq and R,(q) = q¢®p, (3.6)

n special relativity K,(p') =3, pi
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which allow the conservation law to be re-written as

Roer(p) = Lp(Ri(q)) = Lp(Lqg(F)) = 0. (3.7)

The existence of a unique solution for each momenta then reduces to the requirement that
the left and right translation operators be invertible. It is therefore assumed that L, Land

R, I exist for all p € P and so the solutions of our conservation law are given by
p=©6(@ek) qg=R;'(cp) k=L (op), (3.8)

where we have used that L L) = R 1(0) = ©p, by the uniqueness of the inverse. Note
that we are not assuming the composition law @ is left or right invertible; doing so would

be equivalent to setting L' = Lg, and R;' = Re,, respectively.

3.1.2 Curvature and Torsion

The algebra induced on momentum space by our composition rule determines a connection

on P via

I‘/“/ e
P (O) apu 8(]1/ (p @ Q)p

The torsion is the anti-symmetric part of I’ and measures the extent to which the com-

(3.9)

p,g=0

bination rule fails to commute

TH () = T -
FO) =10 = 5

Similarly, the curvature of P is a measure of the lack of associativity of the combination

(p©g—q@p), (3.10)

p,q=0

rule

o 0 0
RB’WSM(O) = _2%%8_1{25 (p s> (q s> k’) — (p@ Q) 5> k)#

Unlike general relativity the connection I'” is not necessarily metric compatible and so

(3.11)

g"” may fail to be covariantly constant. To measure the extent to which the covariant

derivative of g"” deviates from zero we introduce the non-metricity tensor
NHWP = JHhgP = GhgrP — [VigoP — [Pk gre (3.12)
(0% (03 ‘ ‘
Let {#)} denote the standard Levi-Civita connection compatible with the metric g*”.

We can then decompose the full connection I'M” in-terms of the Levi-Civita connection, the

torsion and the non-metricity tensor, viz

v v 1 14 1 1/{e}% Vo auy v av,
LR = {15} 4 5107 = Sl (N1 4 NS — N T - T, (3.13)
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where THP = T ¢g*’. Similarly, we can expand the non-metricity tensor in-terms of the

torsion and the symmetric tensor N#* = Ty — (£} the result is

1
NI = (TP 4 TH) — NG — NG (3.14)

3.1.3 Transport Operators

In order to write the locality equations at each vertex we need to introduce transport
operators that arise from the infinitesimal transformation of the addition law. We define

the left transport operator as

Ip®q)

(Ug®q)5 = (dgLy), = g 5 (3.15)
o
and the right transport operator as
I(q©p),
I (510
“w

Here the notation d, f = (9,, f(p))dz" denotes the differential at p of the function f. The
most general form of the transport operators, U{ and V), from point ¢ to k, can be obtained
from the ones defined above by setting p = R;l(k) and p = L;l(k) respectively. It will

also be useful to give a name to the derivative of the inverse:

(Sp),
") = (d,0) = ——=. 3.17
() = e = =57 (317
It turns out that these operators are not independent and can be related by
VP = —UsPIP. (3.18)
The proof of this formula is straightforward and requires only the existence of the inverse
Op:
0
0=—
p (p& (ep))
0 0 0ep
— — (k il k gep
8k<  (©p)) k=p + ok (P& k) k=cp Op

= VP +UPIP.

By considering equations of the form L,(L,"'(¢)) = ¢ and R,(R,"(q)) = ¢ we can also

derive formulas for the derivatives of L L and R, 1.

L) (o L@ -
_p Ly (9) p — _ Ly~ (9) P
o (Uq ) , 5 (Uq ) Ve, (3.19)
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and

OR,(q) N OR,"(q) i L
__p M7 Ry (q) _pr 7 Ry (q) P
5 <Vq ) , 5 (v;z ) ur. (3.20)

Without demanding certain properties of the composition rule we can not say anything
further. For the sake of completeness we now now present a collection of results that are

applicable if the following conditions on ¢ are fulfilled:

e Composition rule is left invertible, i.e. L, V=1Tgp

(v

-1
__ 77PpDg or yp _ _ 174 D
pEBq) - Uq and V@pEBqI - Uep@qvq

e Composition rule is right invertible, i.e. Ry’ = Rey:

(Ve

qdp

) =VE® and UL = VLU

qSp qeP~q

3.1.4 Metric and Distance Function

It is assumed that the metric on momentum space, g*”(p), is known. It is then a standard

result that the distance between two points pg, p; € P along a path v(7) is given by:

’ vy, dyy
Dw(po,pl)—/ \/g‘“’ (v(r) 7 =—=dr, (3.21)

where y(a) = py and v(b) = p;. Of all the paths connecting py and p; geodesics will be
of principle importance, but here we run into trouble. In relative locality, where the non-
metricity tensor does not necessarily vanish, there is more than one viable definition of a
geodesic, so it is not immediately clear what one means by a “geodesic.” This ambiguity is
discussed in Appendix C, where we argue that the most appropriate definition of a geodesic
is a path which extremizes D, (pg, p1). We will adopt this convention for the remainder of

the Chapter and note that if y is a geodesic we write D.,(po, p1) = D(po, p1)-

The standard definition of a particles mass is by means of the dispersion relation p? =
—m?2. To account for the geometry of momentum space we deform this relation and assume
that the mass of a particle with momentum p is related to the geodesic distance from p to

the origin, i.e.
D*(p) = —m?, (3.22)
where we have used the simplified notation D(p,0) = D(p).
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3.2 ° Scalar Field

We can now utilize the structures introduced above to examine the effects of a delocalized

vertex on @3 scalar field theory.

3.2.1 Modified Feynman Rules

The starting point for our analysis will be the well known generating functional for standard

3-theory:

1 1 1
= /'Dgp exp (i/d% {—éa“goﬁugo — §m2902 + ygw?’ + Jgo]) . (3.23)

This is the position space representation of Z(J) which is ill-suited for our purposes. Rel-
ative locality treats momentum space as fundamental and so we should Fourier transform
Z(J) so that all integrals are over momenta. Denote by F the Fourier transform of the

argument of the exponential, then?

F—i dp (—1 (p* +m?) e(p)e(—p) + J(p)w(—p))

2mi\ "2
(2m)tg [ d'p d*q d*k
S [ Sk [ [ G+ ket

Following the standard procedure we extract the interaction terms from Z(.J) and re-write
them as functional derivatives with respect to J acting on the remainder of Z(.J). We can
then separate out the J dependent terms from the functional by completing the square, in
the end we find

200) =exp (-5 /d4 [ [ st a g0 s )
<o (3 / ) (2 ) () (3.24)

X /Dgoexp (—%/ (;i; (r* +m )cp(p)go(—p)>.

2Normally we would denote the Fourier transformed fields as ¢(p), J(p) but since we will be regarding

the momentum space representation as fundamental we will drop the hat.
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Having successfully removed all J dependence from the functional integral we can eval-
uate it to obtain some C-number. However, if we insist on the normalization Z(0) = 1 we

can ignore this number and simply impose the normalization by hand. Hence,

B o exp (_(27;# [ [ [atsoo oo
X exp (%/ (;l;]))ﬂ(p) (p* +m?)~" J(—p)) :

This generating functional can now be expanded as a sum of all possible Feynman diagrams

(3.25)

having E' external points, P propagators and V' vertices where E = 3V —2P. Each diagram

is then assigned a value by means of the following Feynman rules:

1

1. To each propagator, > = 202 + mZ);
2. To each external point, .—p(— = J(p);
p
3. To each vertex, =—g2m)*(p+q+k);
q k

4. Integrate over all momenta;

5. Divide by the symmetry factor.

We now consider how these rules are modified in presence of a curved momentum space.
Let us begin with rule 4), integrate over all momenta. This is equivalent to introducing a
measure on momentum space, call it du(p). For the time being we will make no assumptions
about the measure other than demanding it reduce to the standard Lebesgue measure in
the limit when momentum space becomes a linear manifold®. Given du(p) we define é(p, q)

to be a delta function compatible with this measure, that is:

/ du(p)o(p, q) f(p) = f(q) (3.26)

for any function f : P — P. Note that this delta function is assumed to be symmetric

upon interchange of its arguments, i.e. 4(p,q) = d(q, p).

3 An obvious choice would be du(p) = \/g(p)d*p.
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In deriving the original Feynman rules we tacitly assumed that the change of variables
p — —p has unit Jacobian. In relative locality the equivalent change of variables is p —
©&p which has Jacobian |det(d,©)| = |det(/?)|.* A priori this quantity could differ from
unity which amounts to breaking the symmetry associated with flipping the direction of
a propagator. Therefore, diagrams which are related by such a transformation should be

regarded as inequivalent, see Figure 3.1.
p p
.—)—< >~ 4q .—(—< > q

Figure 3.1: Feynman diagrams related by switching the direction of a propagator are

inequivalent.

Diagrams do, however, still posses a symmetry under relabelling of propagators, for exam-

ple the diagrams shown in Figure 3.2 are equivalent.

Figure 3.2: Feynman diagrams related by relabelling of propagators are equivalent.

All of this implies that we must propose a different interpretation of the symmetry
factor, rule 5). A bit of thought suggests the following modification: Divide by 27, where
P is the number of propagators appearing in the diagram, then divide by a factor associated
with any residual symmetries of the diagram. The diagrams in Figures 3.1, 3.2 have no
residual symmetry whereas those in Figure 3.3 have residual symmetry factors of 3! and 2!

respectively, given by relabelling the propagators.

4Note that the assumption of a unique inverse is critical here; it is equivalent to demanding that & be

invertible which in turn is necessary to even define this change of variables.
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— <=

Figure 3.3: Relabelling the propagators gives a residual symmetry factor of 3! for the left
diagram and 2! for the right.

We turn next to Rule 1), the factor associated with the propagator.” The propagator
must have a single simple pole at the particles mass which, given the definition of mass in

Relative Locality c.f. eq. (3.22), suggest that we make the following replacement:
p> +m? — D*(p) + m>. (3.27)

where D(p), we recall, is the distance of p from the origin as measured by the momentum

space metric g(p).

Rule 2) requires no modification and so we come to rule 3), the factor assigned to a
vertex. What properties should the modified factor posses? First, it should reduce to the
original in the case where momentum space is a linear manifold. Second, it should respect
the statistics of our particles. It is well known that in standard QFT scalar particles obey
Bose statistics. In our case since we modify the addition rule and relax the notion of
locality, we could also relax the bose statistics and investigate non-trivial field statistics.
At present we will take the simplest hypothesis and assume that we have Bose statistics
in the current framework as well. Therefore, the vertex factor must be symmetric upon
interchange of momentum labels. Given that the combination rule is neither associative
nor commutative there are several choices we could make, we will consider three of them

in detail. Assuming all particles are incoming to the vertex the first of these is:

A, :é[é(p@(q@k:))+5(p@(k@Q))+5((]@(P@k))+5(q@(k@p))

+o(k®(p@q)+i(k® (gop))],

(3.28)

where we have used the simplified notation d(p,0) = d(p). In this option we always assume

6

that the second and third terms in the sum are grouped together.” The second choice

®In what follows we will drop all factors of (27)%.
6 Another, nearly equivalent, choice would be to group the first two terms together.
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includes all possible groupings and we write it as:
1

where K(p, q, k) represents a possible ordering of momenta. The final option is similar to
A1 but we move the grouped factors to the other side of the delta function, this gives
1
Ay = =[0(p,6(g ® k) + 0(p, (k& q)) + 0(q, S(p ® k) + 0(q, S(k & p))
+0(k,©(p @ q)) + d(k, ©(q ®p))].

(3.30)

The difference between A; and A, is related to the discrepancy between §(p @ ¢, 0) and
d(q® p,0) whereas the difference between A; and Aj is related to the discrepancy between
d(p®q,0) and §(p, ©q). To gain some understanding of these discrepancies let us integrate
these delta functions against an arbitrary function f(p), we start with 6(p @ q):

/ dp(p)d(p ® 4,0 f(p) = |det (V)™ £ (1))

The calculation for 6(q @ p) is identical and yields:

/ dyu(p)(q @ p.0) F(p) = |det (UE7)| ™" £ (&0).

Obviously these results would be interchanged if we had instead integrated over q. It

remains to consider the value obtained from §(p, ©¢q):

/ du(p)6(p, ©9) F(p) = f(S9).

Note that if we interchanged the roles of p and ¢ in the previous integral we would obtain:

/ dyu(p)5(g, ©p) f () = |det (I)] £(Sq).

We see that the differences between the A; is governed by the extent to which the deter-

minant of the left or right transport operator differs from unity.

It still remains to choose which A; to use as a vertex factor. To motivate this choice

let us imagine conserving momentum at a “two point vertex”, see figure 3.4.

p q
———eo—>—o

Figure 3.4: Conserving momentum at a two point vertex.
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Our prescription for conserving momentum should give p = ¢, i.e. [du(q)Ai(p,q) = 1.
Both A; and A, yield a factor of
1

5 /dM(Q) (6(p&q) +d(Eq @ p)) = % det (17)] ™ (Jaet (U57) 7"+ [det (7))

whereas As gives

/ d(0)S(p, @) = 1.

This strongly suggests that we adopt Az as our vertex factor and we will do so for the
remainder of the Chapter. To keep notation simple we drop the 3 and denote our vertex
factor by —gAl(p, q, k).

In summary, the modified generating functional is expanded as a sum of all Feynamn
diagrams with £ external points, P propagators and V' vertices, where £ = 3V — 2P. For
each such diagram we include all possible orientations of propagator momenta that are
inequivalent under relabelling. A numerical value is then assigned to these diagrams by

means of the following Feynman rules:

p l
1. T h t > = ;
o each propagator, Do) +
2. To each external point, .—g— = J(p);
p
3. To each vertex, = —gA(p,q, k)
q k

4. Integrate over all momenta using the measure du(p);

5. Divide by 2F times the residual symmetry factor.

3.2.2 DModified Generating Functional and Action

Having derived a set of Feynman rules we can now write down a generating functional
for our theory. It is a straightforward exercise to see that the generating functional for

©3-theory in relative locality is given by:

sty o exp (<2 [ o) [auta) [ aus.00 st
<o (5 [ dn(e)a6) (D) + ) o))

(3.31)
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where the proportionality constant is fixed by demanding Zgrp,(0) = 1. The functional

derivatives are defined to yield the delta function introduced in the previous section, viz

WJ (q) =d(p,q). (3.32)

To extract an action from this generating functional we need to evaluate the functional

derivatives. This can be done by re-introducing scalar fields ¢(p) as follows:

Zri(J) oceXp( 3l /du( )/dM(Q)/dM( JA(p: g, )6Jip 57(q) 07 (k)>

X exp ( /du( )J(p) (D*(p) + )
x /Dgpexp (—%/d,u(p) (D*(p) +m?) @(p)w(@p)) ,

where we have used that Zgy, is only defined up to a numerical factor. We can now bring the
factor containing J into the functional integral and then perform the change of variables
o(p) = o(p) — J(p)(D?*(p) + m?*)~L. After some cancellation we find that the argument of
the exponential in the path integral is given by

—5 [ ) [etrsten) (%) + ) = Sho(en) — o) () gt

+J(p)J(ep) (DX (Ep) +m?) ™ = (D) +m?) ) |

The non-linear terms in J will cancel if we demand D?(p) = D?(&p). This requirement
is physically reasonable since D?(p) yields the squared mass of a particle with momentum
p. On the other hand, ©p simply represents a reversal in the direction of a particles
momentum; it turns an incoming particle into an outgoing one and vice versa. This
operation should not alter the mass of the particle and so D*(6p) = —m? = D?*(p). The
term quadratic in J now drops out of the integrand and it becomes a simple matter to
evaluate the functional derivatives appearing in (3.31). In doing so we will make the
assumption |det(I?)| = 1 as assuming otherwise would make the result untenable. After
we evaluate the functional derivatives we can read off the action as the argument of the

exponential, we find

SRL = —%/dﬂ( (D*(p) +m?) ¢(p)

g

+ 3 du(q) | du(k)A(p, g, k)p(Sp)p(Sq)p(Sk).

(3.33)
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The fields ¢(p) commute and so the six terms in A(p, g, k) collapse to §(p, ©(q @ k), which

we can then eliminate by integrating over p to obtain

Stw.= = [ dulv) (D*(0) + %) ¢lo)o(p

(3.34)

9

+ 2 [ anta) / du(k)p(q © k)p(Sq)p(Ok).

Finally we require that Sgp, be real valued and so we impose the reality condition

©(6p) = ¢*(p); note though that for this prescription to work we also require
Sp®qg =(©p@®©0), oo ©pdq) = (59 & (Sp) (3.35)

The first condition demands that © is a morphism while the second that it is an anti-
morphism. These are the two conditions that respect the reality condition. Thus, the final

form of our action is given by

Srr, = —% / du(p) (D*(p) +m?) o(p)e* (p)

+ 2 [ antg) / du(k)p(g @ k)" (@)¢" (k).

(3.36)

One key property of the action is its covariance under momentum space diffeomorphisms.
If one assumes that the integration measure is diffeomorphism invariant, i.e. du(f(p)) =
du(p) for a diffeomorphism f : P — P, that fixes the identity f(0) = 0, then the Relative

Locality action satisfies
SRL(97@7S0> = SRL(gfa@f7()0f) (337>

where
er)=e(f(),  pera=fT(fp)® f(a)) (3.38)
while g is the pull backed metric.

3.3 Covariant Fourier Transform

The spacetime properties, specifically locality, of Sgry, can now be obtained by utilizing the
covariant Fourier transform presented in Section 2.4. Notice that in the present context
it will be p which represents the curved coordinate and so the world-function will depend
on points in momentum space. There is also a possible technical difficulty which should

be addressed, namely that the connection is not metric compatible and so the definition
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of geodesic, which is used to define the world-function, is ambiguous. Fortunately, all the
properties of the world-function which are relevant for the covariant Fourier transform
follow from the fact that the quantity

(3.39)

is constant along a geodesic, where ~y(7) is some path through momentum space. It can be
shown that this condition holds for our definition of a geodesic, see Appendix C, and so the
results of Section 2.4 can be used without modification. In what follows we will introduce

some additional structures which will be useful in re-writing the Fourier transformed action.

3.3.1 Translated World-Function

The covariant Fourier kernel is given by exp(iz* o, (p,p')), where p,p’ € P and 2’ € T, P.
There is, however, a minor issue with this definition: In the limit where the geometry of

momentum space is trivial we have

exp(ix“lauz (p,p")) = exp(iz*(p — p'),), (3.40)

and the dependence on the fiducial point p’ persists. This dependence can be eliminated

by introducing a translated version of the world-function and of its derivative at p':

o (p,p) =o(Ry(p),p), o™ (p.0) = (Vio(p,p))

(3.41)

p=R,/(p)

We could have also defined a left translated version of the world-function, o%(p,p’) =

7. A graphical comparison of

o(Ly(p),p'), but we chose o for the sake of definiteness
ow(p,p') and af,(p,p’) is given in Figure 3.5. It follows that we can use the kernel
exp(ix“'af, (p,p')), which is both covariant and limits to exp(iz-p) in case of flat spacetime,

in place of the one originally introduced in Section 2.4.3.

"The translated world-function could not be introduced in Section 2.4.1 since there was no rule for

combining coordinates on a generic spacetime manifold.
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Figure 3.5: Comparing o,/(p,p’") and 05, (p,p'). The thick black lines connecting p" to p and

R, (p) represent the unique geodesic interpolating between the two points.

Some of the technical details regarding the domain of definition of the world-function
bear repeating here. Fix the point p’ € P then the definition of o(p,p’) requires that
p takes values in a convex normal neighborhood of p/, denoted C,; Our primary interest,
however, is in the translated world-function o%(p, p’) which will have a domain of definition
given by D,, = R ,'(C,). It is important to note that even if this domain depends on p' it

p
is always a domain centered around the identity, i.e. 0 € D,. See Figure 3.6.

Dp/
Figure 3.6: The domain, Cy, of o(p,p’) is mapped via R;,l to the domain, Dy, of a%(p,p’).

The Van-Vleck Morette Determinant will now be defined in-terms of the translated

world-function

[det (™" (p, p'))|

, (3.42)
\/gp’ \/ngf ()

V(p,p')
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and so
V(0,p") =1. (3.43)

We are now prepared to define the full covariant Fourier transform; to help establish
notation it will be beneficial to repeat some of the details presented in Section 2.4. Fix
a point p" € P and let My = T P; choose a normal convex neighbourhood Cy giving
D, = R;/l(C’p/) as the domain of o%(p,p’). The measure on momentum space, denoted

du(p) above, and on the dual spacetime are defined by
d,up’ (p) = \/ng,(p)d4pa
dvy(z) = g,'*d'x,

respectively. Let Ci (D,y) denote the space of all functions on P which are square inte-
p
grable with respect to dy,y and vanish outside of D,,. The covariant Fourier transform is

then the map, F,, given by

Fpr £ip,(Dp/) — Eip, (M)

F0) = o),
where
for () = /D dpy (P)V' (p, ') exp (—ix’”'aff(p,p’)> f(p). (3.44)
The inverse Fourier transform is now
FiW = [ day @V e (i alioh) @) @45)

p/
for p € D,y and zero otherwise. We can also obtain the Fourier representation of the delta

function on P
(p,q) = / duy (x)VV2(p, p ) VY2 (q,p) exp [ix“/ (of(p.p) - Uﬁ(q,p’))] , (3.46)

where p,q € D,. Similarly, the Fourier representation of the delta function on M,,

denoted 0, (z,y), is

O (,y) = /D dp(p)V(p, p') exp [wﬁ(p,p’) (w“’—y“’>]~ (3.47)

p/
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3.3.2 Plane waves

In this section we introduce the notion of plane waves which turn out to be an efficient
method for representing the covariant Fourier transform. Formally, we define a plane wave,
based at the point p’ € P, to be the function of p € D,y and x € M,, given by

ey (p,) = V2(Ry (p), ) exp (—ia ol (p, 1)) (3.48)

Recalling the defining differential equation for the world-function, eq. (2.31), a simple

calculation shows that ey (p,x) is an eigenfunction of the Laplacian on M,,,

v 0 0 v / /
g" (p)wwepf(p,x)z—g“ ()i (p,p")ou (p,1)ey (p, )

*(

/

= —20"(p,p ey (p, x)
= —D*(Ry(p),p)ey (p, ).

In particular, putting p’ = 0 we find

D*(p)eo(p, ) = —Oaeo(p, ©); (3.49)

a result which will be important in the sequel since it is D?(p) which appears in the action,
Srr. Returning to the definition of e, (p, x) we see that the covariant Fourier transform,

its inverse and the delta functions introduced in the previous section can be re-written as

Fr@) = [ dnyoley .01 0), (3.50)
= | ey )y ), (351)
)= | e p 2165 0, (3.52)
Sy = [ a0l .00y 0r0) (3.53)

Pl
The advantage of this notation becomes apparent when we attempt to prove the Plancherel

formula, which states that

| @i @i@ = [ oo (3.54)
M D

Pl p/
provided 9,/ o fp/ = fp/, which ensures that fpz is in the image of the Fourier transform.
The proof proceeds as follows, let f, (z) € Fy(Ls,(Dy)) then

[ @@ f @) = [ dug )iy )iy @ .20 (0,2)F 0@
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= / dyiy (p)dpiy (q)0(p. q) f () f*(q)
= / duy (p) f () f*(p),

which is the desired result. A similarly straightforward calculation will also verify our claim
that (3.45) represents the inverse of F,,.

Observe that the Fourier transform of a function lives in a particular cotangent space
designated by p’. To understand the relationship between different choices of p’ we define

a transport operator T,y ,(z,y) which satisfies

fola) = /M g () Ty (2, 9) o (1), (3.55)

ql
In other words, Ty, maps the Fourier transform in one cotangent space to the Fourier

transform in another. We can derive an explicit expression for the transport operator by
taking the transform of a particular function twice, i.e.

folx) = /D Ayt (D) (. 2) F ()

p/

[ ) | dw ey )i 0)
D,ND, M

ql

In the second line we took the Fourier transform at ¢’ which requires f(p) to vanish outside
Dy and so we obtain the stated domain of integration D,y N D,. Comparison with the
definition of Ty , in (3.55) yields

Tyq(2,y) = / dity (p)ey (p, x)ez, (P y). (3.56)
Dp/ﬂDq/

In the limit where p’ = ¢’ this transport operator is simply the delta function d,(y, z), in

all other cases T}y , is a non-local operator.

3.3.3 Star Product

As a final piece of machinery we define a star product on Fp/(ﬁzp/ (D,y)) as follows

~

(fy 4 () = / Qv () (2 (., 2) Fr (0) (2),

Mp/ XMPI
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where the kernel w, (z,y, z) is given by
wy (z,y,2) = / ity (p)dpp (@)ey (p @ g, )y (p, y)ey (g, 2). (3.57)
Dp/XDp/

Note that the star product is defined only on functions living in the same cotangent spaces
M, =T P. Let’s take a moment to explore some of the properties this product possesses.
First, the product of two plane waves yields the rather pleasing result (see [100, | for

similar properties in quantum gravity)

ep (P, ) Hp ey (q, ) = ey (p® q, 7).

Second, explicitly computing the star product of two functions, (f, *» g)(z), we find
() @) = [ sy D)y (@) o @ 0.2) Pt (358)

where f(p) and g(p) have Fourier transforms fp/ and g, respectively. Furthermore, since
@ is not commutative we can see that %, will also fail to commute. Finally, taking the
convolution product of three functions

(fp’ *p (gp’ *p! ilp’)) (z) = /dﬂp’(p)dﬂp’(Q)dﬂp’(k)ep’(p@ (q@k),x)f(p)g(q)h(k), (3.59)

which demonstrates that the failure of @ to associate propagates a similar failure into %, .

Let us now investigate the relationship between the star product and the standard

point-wise product. Noting that e, (0,z) = 1 we can integrate (3.58) over x to find

[ s@) (Fwy ) (@) = [ i) et () £ E0)90) (300

On the other hand, if we compute the integral over the point-wise product f,(x)gy ()
the Plancherel theorem will give the same result, less the factor of det(V). By setting
| det(V)| =1 for all p € P it follows that (the integral of) the star product and point-wise
product match.® In this sense, we can say the star product of two functions is a local

object. Performing a similar computation for the star product of three functions we find

[ @) (s (a0 ) ) (@) = [ dig )iy F 0@ st (00). 301

where we have also made the change of variables p,q — ©p, ©q. A bit of thought should
convince the reader that (3.61) bears little relation to the integral over the point-wise
product of three functions, implying that the star product of three functions is a non-local
object. This concludes the additional technical developments and we are now prepared to
apply our formalism to the action Sgy,.

8By virtue of (3.18) it follows that | det(U})| =1 for all p € P as well.
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3.3.4 Action in Spacetime

For ease of notation we will not explicitly display the domain of integration in any integrals
occurring in this section. Comparing the terms appearing in eq. (3.36) with equations (3.60)

and (3.61), and recalling that p(©p) = ¢*(p), we can make the following replacements

nf/mw@M@NNMZWf/wwwﬂ%/y%d@% (3.62)

and
/dﬂp’<Q)dﬂp’<k)90<q © k)" (q)e* (k) = /d’/p/<$> (@p Hp (B *pr D)) (). (3.63)

As discussed in the previous section, the integral appearing in equation (3.62) is local

whereas the one appearing in equation (3.63) is not.

The D?(p) term is more complex and we can not make the simple replacements used

above. We proceed by taking the covariant Fourier transform of ¢(p) and ¢*(p)

/ dpy (p) D?(p) o (p) ™ (p) = / iy (p)dvy (x)dvy (y) D*(p)es (p, ) ey (p, y)@p (2) @5 ().
(3.64)

To proceed we would like to use equation (3.49) and exchange D?(p) for derivatives of a
plane wave, but doing so requires a plane wave based at p’ = 0. As such we shift e,/ (p, y)

to eg(p, z) by introducing the translation operator T}y o(y, 2), viz

DQ(p)ep/(ﬂ y) = /dVo(Z)DQ(p)Tp/,o(y, z)eo(p, z) = —/dVo(Z)Tp/,o(y,Z)Dzeo(% z)

Integrating by parts moves the derivatives onto 7}, o which allows us to translate the plane

wave back to p’ by introducing another translation operator

D*(p)ey(p,y) = —/dl/g(z)dl/p/(a)ep/(p, a)To (2, a)0, Ty oy, 2). (3.65)

We can now substitute this back into (3.64) and integrate over p to obtain the delta function

0y (a, ), an integration over a then gives
/dup/(p)DZ(p)go(p)ap*(p) = _/dyp’ (@)dvy (y)dvo(2)Top (7, 2)0:Ty 0(y, 2)p (7)) (y)
=~ [ @) (OTyoly:2) 02165 )
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_ / vy (y)dvo(2) Ty oy, 2) Db (2)$% (y)-

In the special case p’ = 0 the translation operator becomes a delta function and integrating
over z we obtain the expected (and local) result — [ dvy(y)@h(y)OyPo(y). On the other
hand, if p’ # 0 the transport operator will be de-localized and the overall result non-local.
For ease of notation we will denote (O,9),(y) = [ dvo(2)Tyo0(y, z)0.¢0(z) and so the

D?(p) term can be written as

[y D)0 ) = = [ dale) Gy 5s @) @) (366)
recalling that the integral over the point-wise product of two functions is identical to the

integral over the star product of two functions.

Putting the results of this section together we find that the action for our scalar field

theory, in the spacetime M, is given by

St =5 [ @) [y xy @2 @) =2 Gy 6) @] (360)
w2 [y @) By ny (D2 90) @) (369

Observe that the interaction term is non-local for any choice of p’ and the m? term is local
for any choice of p’. The kinetic term on the other hand is local for p’ = 0 but non-local for
any other choice of the base point. This shows that if we denote ¢ = @o, dv(z) = dy(z)

and * = x, the relative locality action becomes, simply

Sue = [ dv(e) [(609) (@)~ m*ppla)] + & [av(o) (ox @r @) @) 309
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Chapter 4

Interaction Vertex for Classical

Spinning Particle

4.1 Introduction

The framework of Relative Locality represents a radical departure from the usual notions
of spacetime and locality as evidenced by the modifications of the vertex factor discussed
in the previous Chapter. On the other hand, Chapter 2 shows that these modifications are
not apparent in the interactions between scalar particles, even in the presence of a non-
trivial background. However, most particles are not scalars, and we know that internal
structure, such as spin, modifies the vertex factor [6]. To understand the extent to which
this modification affects the locality of interactions we need to develop a worldline formula-
tion of the relativistic spinning particle. This will be done by means of the coadjoint orbit
formalsim and the resulting “Dual Phase Space” model will be central to the remainder of
this thesis.

4.2 Elementary Classical Systems and Their Quanti-
zation
In this section, we discuss the mathematical preliminaries which allow for a classical formu-

lation of the spinning particle. For some readers this might sound paradoxical, since spin is

often viewed as a purely quantum object. However, while there are some phenomena, like
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the relationship between spin and statistics, which are purely quantum, it does not follow
that the relativistic spinning particle has no classical description. What it does mean is

that this description will only be accurate in the limit of large spins.

It is generally true that one can construct a classical realization of any quantum struc-
ture associated with a group G for spin, the relevant group is the Poincaré group. The
procedure for doing so is called the coadjoint orbit method [102] and is outlined below for
the case of matrix Lie groups a reasonable simplification, as most groups of interest fall

into this category.

Let G C GL(n,C) be a matrix Lie group and g C Mat(n,C) its Lie algebra. The
adjoint action of ¢ € G on X € g is then matrix conjugation Ad(g)X = gXg¢ !, and the
coadjoint action of G on the dual algebra g* is obtained by taking the dual of Ad. It

satisfies
(Ad*(g)A, X) = (N, Ad(g7)X), (4.1)

where A € g* and (,) denotes the natural pairing between g and g*. Each coadjoint
orbit O, = {Ad"(g)\|g € G} possesses a natural symplectic structure o, and the pair
(O, 0y) forms the classical phase space associated with the symmetry group G. To obtain
oy explicitly, we let Hy be the isotropy group for some A € g* then the bijection p, :
G/Hy — O, : [g] — Ad*(g)A identifies the homogeneous space G/H), with the coadjoint
orbit through A. A choice of section g : G/H), — G allows us to pull back the Maurer-

Cartan form on G to give a symplectic potential on G/H,y:
0y = (\, g dg). (4.2)

The value of 6, depends explicitly on the choice of section. In particular, if h : G/Hy — H)j,
the change of section g — gh yields a corresponding variation 60y = —(\,h~'dh). Since
Ad*(Hy))\ = ), this sectional dependence disappears when considering the symplectic form

wy = df\ = _<)‘7971d9 A gildg% (43)

where the Maurer-Cartan equation d(¢g~'dg) = —g 'dgAg—'dg has been used. One can now
obtain the symplectic form on O, by taking the pullback of wy under p;1: o) = (pgl)*wk.

We can proceed a bit further. Let X denote the extension of the Lie algebra element

X € g to a right invariant vector field over G; then

(X, ) = (Falg), [X. dgg ™)) = d(F), X), (4.4)
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where F)\(g) := Ad"(g)\ is a generic element of the coadjoint orbit through A. It follows
that the linear function Hx(g) := (Fi\(g), X) is a Hamiltonian for the group action and
F\ : G/H)y — g* is its moment map. It follows that the Poisson bracket between two
such functions is the commutator {Hx,Hy} = Hx,y]. A classical description of some
system is only useful if one can pass to the corresponding quantum version. In the present
context, this transition amounts to finding a map between the coadjoint orbits of a group
and its irreducible representations. The key idea is that a classical phase space corresponds
to a quantum Hilbert space, and a phase space function corresponds to an operator; the
symmetry then restricts the mapping almost uniquely. A formal correspondence between
a classical system and its quantum counterpart is accomplished via geometric quantization
[103], which also forms the basis of the Feynman path integral formulation of quantum
mechanics. If the quantum system is finite dimensional, the corresponding phase space
has to be compact, since the Hilbert space dimension is related to the phase space volume.
Heuristically, the construction proceeds as follows: Let O, be a coadjoint orbit of GG, and
let X € g be a Lie algebra element; the trace of a group element in a unitary irreducible
representation p, : G — O, of highest weight A is then given by

Try (pa(e)) = [ Dgel ol e, (1.5

where the path integral is taken over all group valued periodic maps g : S' — G. This is
just a generalization of the usual Feynman path integral quantization where Tret®d) is

written as
Tre00) — / DpDyet Js i-Hpa)ar (4.6)

and the paths are chosen to be periodic. Here the phase space variables are (p,q), with
symplectic potential pdg and Hamiltonian H(p, q). In our case, the phase space variables
are group elements g, with symplectic potential 6y = (X, g~'dg) and Hamiltonian Hx(g) =
(Fy(g), X) as discussed above.

This procedure can be reversed, mapping irreducible representations onto coadjoint
orbits. To see this, suppose that p : G — GL(V) is a unitary irreducible representation of
G over the vector space V. To each normalized vector |A) € V', we can associate a linear
functional A € g* by defining

A(X) := h(A[dp(X) |A), (4.7)

where X € g and dp is the representation of g induced by p. H) is by definition the

subgroup that acts diagonally on A, and so, if h = /" € H, its action is given by
A(H

p(h) [A) = ¢ |A). (4.8)
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It follows that the linear functional associated with p(g) |A) is Ad*(g)\. If pis an irreducible
representation, every vector in V' can be represented as a linear combination of elements
p(g) |A) with g € G; therefore the map

V — O,\, (49)
p(g)[A) = Filg) (4.10)

identifies rays in V' with points in the coadjoint orbits. More explicitly, if we label elements

of O, by the operators X,(g) := p(g) |A) (A| p'(g), then the symplectic form
w, = —hTry (X,dX, AdX,) (4.11)

simplifies to w, = A (A| p(g~")dp(g9) A p(g~)dp(g) |A), which is equivalent to the one given
in eq. (4.3).

4.3 Coadjoint Orbits of the Poincaré Group

Although we have presented the coadjoint orbit method in general, we are only interested
in its application to the Poincaré group P = SO(3,1) x R*, which is well known to de-
scribe the symmetries of a relativistic spinning particle. In this section, we will review the
construction of these orbits and show that they are characterized by two quantities which

are identified with the particle’s mass and spin.

Let g(A, z) be a generic element of the Poincaré group, where A € SO(3,1) is a Lorentz
transformation and x € R* a translation; the group product is given by (A1, z1)(Ag, x3) =
(A1Ag, x1+ Ajxe). The generators of translations and Lorentz transformations, which form

a basis for the Lie algebra p, are denoted P, and J,, = —J,,, respectively, and satisty

[Pas Tvpl = 1 bp = Mup P [ Tuvs Tpo) = MuoTip + Moo Tuo = VioTve = Nvo Tp-
It is now a straightforward exercise to compute the adjoint action of g(A, x) on p, viz.
Ad(g(A, @) Py = AP Ad(g(A )Ty = N\ A7, (T + oty — Py,). (412)
Introduce dual generators Proand J" as a basis for the dual algebra p*, and let (,) be

the natural pairing between p and p*; then (P* P,) = 6% and (J*, J,,) = 261,07). The

coadjoint action is obtained from eq. (4.12) by recalling its definition in terms of the adjoint
action, see eq. (4.1). We find

Ad*(g(A, @) P! = A (P =2, 77) A (g(A, @)™ = A A, T, (4.13)
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where A" = (Afl)"u. Elements of the dual algebra F' € p* are parametrized by a vector
m,, and an antisymmetric tensor M,,, F' = (m,, M,,). Under the coadjoint action, these

components transform as

Ad” (g(A,z))

m, ———— pu,=AN,'m,, (4.14)
M, 2D, — (2 A D) + AN, M, (4.15)

where (AAB),, = A,B, — A, B,. The quantities p, and .J,, have standard physical inter-
pretations: p, represents the total linear momentum of the particle, while J,, represents
the total angular momentum about the origin. Notice that we can split the total angular
momentum as J = L+ S, where L = x A p is the orbital part and S = (AMAT) is the spin

angular momenta.

These orbits are characterized by the value of two invariants,! one of which is p? = —m?,
with m representing the mass of the particle. If m > 0, the other invariant is w? = m?s?,
where w,, = %hew,pgp”t] 7 is the Pauli-Lubanski vector and s is identified with the particle’s

spin. The phase space for a relativistic spinning particle of mass m and spin s is then
Om.s = {(py, L) | P* = —m* and w? = m?s*}. (4.16)

An arbitrary element F,,; € O,  defines the symplectic form op,, ,, and the symplec-
tic manifold (O, s, 0, ,) constitutes a complete description of the relativistic spinning

particle.

If, on the other hand, m = 0, then w? = 0, and since w - p = 0, the Pauli-Lubanski
vector must be proportional to the momentum w,, = sp,; the constant of proportionality
will be the second orbit invariant. Physically, this represents a massless spinning particle
with helicity given by s; the corresponding phase space is denoted (Ogs,0p,,). There
should be no confusion in denoting the spin and helicity by the same variable s as it will

be clear from context what is being referred to.

4.4 Models of the Classical Spinning Particle

Given a coadjoint orbit of the Poincaré group, eq. (4.16), a model of the relativistic spinning
particle is obtained by making a choice of coordinates on O,,s. There are many viable

options, and the resulting theories can seem disparate, but this is only superficial, as one

!Quantities which remain unchanged by the coadjoint action of P.
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can always find a coordinate transformation between competing models. We demonstrate
this explicitly for two popular coordinatizations, those of Balachandran [13] and Wiegmann

[52], and in the process examine how the standard quantization condition 2s € Z arises.

4.4.1 Homogeneous space

With m > 0, we can choose F,, ; to have components m, := m52 and M, = 27155[253]

which transform under the coadjoint action of g(A,z) as
m52 — Py = mA#O, (4.17)
250000 — Ju = 2map A, + 2hs A A7 (4.18)

The phase space O,,, , is then regarded as a subset of P coordinatized by {:E“, AHO, Aul, Au2 }
In this parametrization the splitting J = L + S is realized explicitly as

Ly =m (z,M,° — z,A°) and Suw =hs (AA2—A)A ). (4.19)
Comparison with Egs. (1) and (2) of Ref. [13] shows that this parametrization is identical
to that of Balachandran.

To obtain the symplectic potential 0,, 5, we first expand the Lie algebra valued one-form
g 'dg in the basis {P,, 7. }
1
g YA, x)dg(A, z) = —A dx" P, + 577pgAp“dA“”jW.

Then, with F), s as described above, eq. (4.2) gives
hs

0 v 177 2 2 4 1

Om,s = —mA,dz" + ?n“ (A J'dA? — A PdA') (4.20)

We can now identify p, = mAuO with the momentum conjugate to z* and write the
symplectic form w, s = db,, s as

Wn,s = dat A dp, + hsdA," A dA,2. (4.21)

Finally, we obtain an action by regarding all coordinates as a function of an auxiliary

parameter 7 and integrate the symplectic potential, viz.
" hs my 14 2 24 1
S = [dr|p.it— 5 (Au A —=ASA, ) , (4.22)

where we have dropped an overall minus sign in the action. Note that we still regard p,, as
being derived from the Lorentz transformation A MO, which implies that this parametrization
is explicitly on-shell.
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4.4.2 Vector on a sphere

In Ref. [52], Wiegmann parametrizes, in a natural way, the spinning degrees of freedom
by a unit vector n, orthogonal to the linear momentum p,. We now explicitly show
that the Wiegmann parametrization is equivalent to Balachandran’s. To see how this

correspondence comes about, we set A, = Aul and B, = Alf; then

wh, = hsn"dA, NdB,  and S, =hs(AAB)., (4.23)

S

m,s

the unit momenta u, = p,/m and define n, = €,,,,u”A? B?; note that n, is proportional

where w)), . = wy, s —dxAdp is the spin component of the symplectic potential. We introduce
to the Pauli-Lubanski vector w, = msn,. The set {u,,n,, A,, B, } forms an orthonormal
basis for R* adapted to the particle’s motion. We can then expand the Minkowski metric

as

Ny = —UuUy + 1,0, + A A, + B, B,.

S

If we replace the " appearing in w;, . with the expanded version above, we obtain

m,
s _ hs AN BV B
Wins = 7( A B)* (du,, A du, — dn, A dn,) .
We can now make use of the relation (A A B),, = —€4,0u’n’ to eliminate A and B from
the expressions for ), , and S, and obtain a parametrization given entirely in terms of
u, and n,:
S hs 7% p o p o S PorO

Win,s = 5 Curpo ' (dn” N dn° — du? A du?), Spy = —hseppeu’n?, (4.24)

which corresponds to the Wiegmann expressions [52]. The phase space of this model is

coordinatized by {x*, p*,n*} subject to the constraints
p? = —m?, n®=1, p-n=0, (4.25)

which define the on-shell hypersurface. In the rest frame, u, = 52, and the symplectic form

S
W, s reduces to

B o
oS = —geijknzdn] A dn®, (4.26)

which is just the area form on a sphere of radius hs. It follows that we can regard the
two-form eq. (4.24) as a “relativistic generalization” of the symplectic structure on a sphere

and n, as an S? vector boosted in the direction of p,,.
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4.4.3 Quantization condition

As presented above, the quantity s, which represents the particle’s spin, is permitted to
assume any real value. Recovering the usual restriction 2s € N one demands that the
symplectic form w/h be integral; i.e., the integral of w/h over a nontrivial two-cycle is an
integer multiple of 2. Consider what this means for the model of Sec. 4.4.2 where there
is a single non-trivial two cycle, namely the sphere S2. In the rest frame, the quantization

condition says

1 1 o
ﬁ/ w = s/ §eijknzdnj A dn® € 27N.
52 52

The quantity under the integral sign is the area form on the two-sphere and evaluates to

47, which immediately gives the expected result 2s € N.

A more intuitive approach is as follows: Let C denote the worldline of a spinning
particle. Then one can attempt to define an action as the integral over the symplectic
potential, i.e. S = fc Om,s- Unfortunately, this is not well defined, since the symplectic
form is not exact, and so 6,, s does not exist globally. Instead, we need to define S as the

integral of w,, s over some surface of which C is a boundary:

S:/Qm,s:/wm,&
C S

where 0S = C. The choice of § is ambiguous, but if we demand that different surfaces
change S by a multiple of 27h, then the path integral will be well defined, since it is e#”,
which is the relevant quantity. For the vector on a sphere, C = S', and so S can be either

the upper or lower half sphere. In the rest frame we have

S S S
/2 wm,s - /2 wm,s + /2 wm,s’
S S S

upper lower
and so we demand that |, 52 wS . = 27h, which is the same condition arrived at in the more

formal approach.

4.5 Dual Phase Space Model

The previous section presented a sampling of possible parameterizations for the coadjoint
orbits of the Poincaré group. There are many other options, all of which are equivalent
and can be used interchangeably depending on what aspect of the theory is to be empha-
sized. Presently, our interest is in analyzing the interaction vertex, and so we introduce a

parametrization that is particularly well suited to this task.
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4.5.1 Choosing the coordinates

To define this parametrization, we introduce a length scale A and an energy scale € such
that \e = h; otherwise these scales are arbitrary constants. We recall the parametrization
presented in Sec. 4.4.1 and define variables x, = AA,' and 7, = esA,? so that the

symplectic form [eq. (4.21)] is written as?

w = dz" Ndp, + dx" Ndm,. (4.27)

We now forget that p,, x*, and 7, are components of a Lorentz transformation and in-
stead regard them as variables on a classical phase space coordinatized by {z*, p,, x*, 7, }.
It follows from eq. (4.27) that (z*,p,) and (x*,7,) form pairs of canonically conjugate

variables with Poisson brackets:
{xﬂvpV} = 657 {Xlua 71'1,} = 557 (428)

wiht all others vanishing. From this perspective x* and m, span a “dual” phase space,
separate from the standard phase space of z# and p,, which encodes information about
the particle’s spin. The internal angular momentum, S,,, further bears out this duality,

since in these variables it assumes the form [see eq. (4.19)]
S = (XNAT) s (4.29)

in direct analogy to orbital angular momentum L,, = (x A p),,. It is for this reason that
we have called this formulation the dual phase space model or DPS and view Y, and 7, as

a dual “coordinate” and “momenta,” respectively.

It remains to explicitly impose relations among the phase space variables that were im-
plicit in their origin as Lorentz transformations. These constraints will define the dynamics

of our theory and are given by
(p2:—m2, 7226252), (p-m=0, p-x=0), (X2:A2, X'ﬂ':()). (4.30)

We have grouped the constraints in this manner to emphasize the duality mentioned above.
The first pair are mass shell conditions, one in standard phase space p?> = —m? and
one in dual phase space 72 = €252, In this description, the spin is proportional to the
length of the dual momenta. In the second set, we see that the two phase spaces are not

independent; rather, dual phase space is orthogonal to the canonical momenta. The final

2From now on, we will drop subscripts on the symplectic form.
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two constraints emphasize the dramatic difference between standard phase space and dual
phase space, since in the former z is totally unconstrained, while x is constrained to live

on a two-sphere.

As presently formulated, DPS assumes m # 0; recall that we made this assumption at
the outset of Sec. 4.4.1. This restriction can easily be lifted, as all aspects of the current

formulation, both Poisson brackets and constraints, are well defined in the limit m — 0.

An important point to emphasize is that this parametrization is invariant under an

SL(2,R) global symmetry, since any transformation of the form
(Xu> ) = (Axp + By, Cxp + D), AD - BC =1 (4.31)

does not alter the Poisson brackets [eq. (4.28)] or the angular momenta [eq. (4.29)]. Part
of this symmetry can be fixed by imposing the orthogonality condition 7 -y = 0; the

remaining symmetry consists of a rescaling (x,,,) — (ax,a '7) as well as a rotation

(Xpu» ) = (cosbx,, + 2 sinfm,, cos O, — < sinfy,,). (4.32)

These demonstrate, respectively, that the choice of scales A and ¢ as well as the initial
direction of the dual momenta are immaterial; only the product Ae is physically meaningful.

We now assume that a choice of scale and axis has been made.

A brief note before we continue: The parametrization presented in this section is identi-
cal to the one used by Wigner in his description of continuous spin particles [104] (see also
[105] for a classical realization which emphasis the similarity). However, to the authors’

knowledge it has never been used in the context of standard spinning particles.

4.5.2 Action and equations of motion

An action for DPS is obtained by making the appropriate change of variables to eq. (4.22),

and explicitly implementing the constraints eq. (4.30) by means of Lagrange multipliers,

Viz.
, . N o M (T2 522 )
S:/dT |:pM:L‘M+7TMX“_E(p —Fm)—?(E—Q—F \2 —2s (433)
N (2 x?
—71( 2 —6—2>—Nz(x-ﬂ)—Ns(p-ﬂ)—M(p-X)],

where we have combined some of the constraints in anticipation of the upcoming constraint

analysis. Computing the constraint algebra we find, for ms # 0, there are two first-class
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constraints,

Lo 2 NS 2
(I)m = 5 (p +m ) y ®S = 5 (6—2 —+ )\2 — S, (434)
and four second-class constraints,
1 /2y 72
q)l = 5 ( \2 — 6—2> s (I)Q =X, (435)
Oy =p-m, by =p-x. (4.36)

The latter satisfy the algebra
{(I)I; q)g} ~ 252, {(I)g, (134} ~ m2,

where ~ denotes equality on the constraint surface and all other commutators vanish.?
This means that (®;,Ps) form a canonical pair whenever s # 0, as do (®3,P,) when
m # 0. Furthermore, when m = 0, the constraints ®3 and ®, become first class, and
so a massless spinning particle is described by four first-class constraints and two second-
class constraints. For completeness, we have included an explicit expression for the Dirac

brackets in Appendix E.

The momentum constraint ®,, generates, as usual, the reparametrization invariance
of the worldline dz, = —Np,. On the other hand, the spin constraint ®g generates a
U(1) gauge transformation of the y and 7 variables. This transformation rotates the dual
variables while preserving their normalization constraints ®;:

s*M M
(571'# =+ <7) Xps (SXu = — <—2> Uy (441)

€

3The off-shell algebra is a semi-direct product of SL(2,R) with the two-dimensional Heisenberg algebra
Hy. The SL(2,R) algebra consists of iA(®s + s52), h®; and ®y:

{1, @2} =2(Ds +57), {Ds, 01} = —2By/h*, {Dg, Py} = 2;. (4.37)

These in turn act naturally on ®3 and ®y4:

(0] (0]
{®s, @3} = ?24, {®1,03} = ?247 {®g, @3} = ®3. (4.38)
32 (I)g
{®s, @4} = _F(I):)” {®1,04} = 2 {@2, P4} = —0y. (4.39)
while together @3 and ®, satisfy
{®3, 8,4} = (m? — 2®,,). (4.40)
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Massive spinning particle

Let us now assume that m # 0; then the constraints ®;, i = 1, ..., 4 are second class, and so
the associated Lagrange multipliers /Ny, Ny, N3, Ns must vanish. The resulting Hamiltonian

is given by

N, ., o M (T $EE )
H = N®y + M, = = (p +m)+7(6—2+ o 28 (4.42)
and defines time evolution in the standard fashion: A = {H, A}. The equations of motion

are easily integrated; we find

M M
z,(1) =X, = NP7,  xu(r) =X (A# cos (TST) + B, sin (TST» , (4.43)

where X, P,, A,, and B, are constant vector solutions of P? = —m? A% = B? = 1, and
A-P = B-P =0. The momenta are simply given by
Ty

p/‘:_N:Pl" 71'#:

2.
_EXu

o7 (4.44)

This motion is expected, the coordinate x, evolves like a free particle while the dual
coordinate x, undergoes oscillatory motion of frequency Ms/h in the plane orthogonal to
P,. Furthermore, the motion is such that both orbital and spin angular momentum are
constants of motion, specifically: L,, = (X A P),, and S, = hs(AA B),,.

Massive second order formalism

Further insights into the nature of DPS become apparent when we consider the second-
order formalism which is obtained from eq. (4.33) by integrating out the momenta and
Lagrange multipliers. Only the main results will be presented here, for a more detailed
analysis see Appendix D. We begin by computing the equations of motion for the momenta
and dual momenta which can be solved for p, and 7, and then substituted back into the
action. We find

P M 2 2 N N22
= dr | ——— — — — M) - — — 4.4
S /T[(NN—Ng) 2(X ) 5 ™M +263 , (4.45)
where p is given by
| ) ) .
p = 5[N($_N4X)2+N(X—N2X)2—2N3(X—N2X)'(m_Nz;X)]a (4-46)
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and we have introduced

g WM=-N) e SMAN) (4.47)

€2 ’ A2

We can now solve for Ny and N, which amounts to making the replacements

.TM — N4X# — Dtx;L = ‘TN — (><—2>()XN’ (448)
: . XX
Xp — N2Xu — DtXu = Xu T ( X2 )X,ua (4'49)

where D, is the time derivative projected orthogonal to x. It remains to integrate out the
Lagrange multipliers N, N, and Nj; after some algebra we obtain the following form for

the action:

5= [ar lwe%mxv — (D~ 2semB (D) A (D] — 5 (= )| (450)

where |(Dyx) A (Dix)| = /(D - Dix)? — (Dyx)?(D;x)? is a coupling between the particle
motion and the spin motion, and «, 5 = =£1 are signs used to define the square roots.
Observe that we cannot integrate out the final Lagrange multiplier, since the variation of
S with respect to M is just the constraint x2 = A2. It can be checked that the momenta

Py = 05/0% and m, = 0S/0x satisfy the constraints
P2 =—m?, 7r>2< = %52, T X=0, py-m =0, py-x=0. (4.51)

Moreover, when evaluated onshell the action simplifies drastically and becomes
S:oz/d7|m]§c| — Bes|ll. (4.52)

where we have defined |#| = v/ —1? and |x| = v/x?. As expected, if s = 0 eq. (4.52) reduces

to the action of a relativistic scalar particle.

Massless spinning particle

As mentioned earlier, a massless particle has four first-class constraints, with ®3 and &,

appearing in addition to 3 and ®,,, and so the relevant Hamiltonian is given by

N M (7%  $%y? N3 SNy
H="—"p"+—|— -2 —(p- “Z(p-y). 4.53
2p+2(62+/\2 S)+E(p7r)+k(px) (4.53)
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Again, the equations of motion are easily integrated; we find

Ms . ([ Ms Ny
M g H _— ® I — —PpP*#
XH(T) = A (A cos< - 7') + B sm< - T) MSP >, (4.54)
t=r1
N2 + N? € Nyh .
o (T) = X"+ 7 (—3 e N) P+ — (Ngx“(t) + mx“(t)) H)? (4.55)

where X, P,, A,, and B, are constant vector solutions of P? = 0, A? = B? = 1 and
A-P = B-P =0. The momenta are given by
€ .

Py = P, (1) = Y (ex*(7) + N4P,) . (4.56)
Apart from a constant offset proportional to P,, the evolution of 7, and Y, is identical
to the massive particle. This is not the case for x,, where, in addition to the expected
linear evolution along P,, there is oscillatory motion in the hyperplane orthogonal to P,
of frequency Ms/h and amplitude hy/ N2 + NZ/M. This latter quantity, we note, is pure
gauge, being a function of only the Lagrange multipliers N3, Ny, and M.

4.6 Coupling to Electromagnetism

At this point DPS describes the free propagation of a relativistic spinning particle. Al-
though our goal is to consider interactions between such particles, it is important to show
that DPS can be consistently coupled to electromagnetism. A coupling prescription is said
to be consistent if it leaves the constraint structure invariant, lest the introduction of a

background field fundamentally alter the system dynamics.

At leading order, we have the minimal coupling prescription [

b ) b b ]
pu— P, =p,+eA,(z), (4.57)

which modifies the Poisson bracket of P, with itself {P,, P,} = —eF),,. Note that the pure
spin constraints ®,, ®;, and ®, are unaffected by this adjustment. We can also include a

higher-order term via the spin-orbit coupling £, S*” by making the replacement

1
P, = §(P2 + mQ) — q)m,g = o, + %ijswja

where ¢ is the gyromagnetic ratio and S, = (x A 7). the spin bivector. These modifica-

tions alter the algebra of constraints which now reads

(s, Dy} = — (P2 - gF’“’SW> = — 20, (4.58)
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{Pumg, P3} = e(m, KH), {Pug, Pu} = e(x K"), (4.59)
where we have introduced an “electromagnetic mass” m and an “acceleration” vector K,

- 1
m2::m2+€<9+ )

Frs

9 nz

1
K" .= F™p, — g (F"”Py - 58“F””Sup> . (4.60)
This vector enters the commutator

{(Pung, P} = e (KN + gFWP”> . (4.61)

One can now check that, for a massive particle, this prescription does not change the
number of degrees of freedom. The theory still possesses two first-class and four second-
class constraints. In particular, ®, remains first class since, the spin sector is unmodified,

while the other first-class constraint is given by
Dy = PPy, — e(x K")P3 + e(m, K")Dy. (4.62)

The remaining four constraints will be second class, and so the total Hamiltonian is given
by
H:= N®gy + Mg, (4.63)

and it is straightforward to show that H preserves all constraints. In standard phase space,

the resulting equations of motion are given by

i* = —N[m*P"+e(SK)"], (4.64)
P, = Ne [mQ (KH + g(FP)M> + e(FSK)M] . (4.65)

where we have denoted (SK)" = S"K,, (FSK), = F,.,S""K,, etc. The equations of

motion in dual phase space lead to*

S, = Ne {P,,(SK),, + gTW(FS)W —(a & b)] . (4.67)

In the limit of weak (m? =~ m?) and constant electromagnetic field, section 4.6 reduces to

the Frenkel-Nyborg equation [18, 12].

4 They are explicitly given by

. M gm? L s2M gm? y
X‘U‘:—?ﬂ-‘u"_eN (PﬂKy"‘ 2 F}LV)X 5 ﬂ—p,: AQ X}L—’_GN P;LKD—’_ 2 F}LU . (4'66)
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For a massless particle, we can see that it is impossible to introduce an electromagnetic
field while keeping ®3; and ®, first class, since their commutator involves the vector K.
This means that the minimal coupling prescription for a massless particle is inconsistent it
would change the number of degrees of freedom. This is hardly a surprise, since it is well

known that one cannot give a photon or a graviton an electromagnetic charge.

4.7 Interaction Vertex for Classical Spinning Particle

We now come to the central result of this chapter: the interaction vertex for a relativistic
spinning particle. In general, interactions between classical point particles are governed
by a system of ten equations: conservation of linear momentum (four), and conservation
of total angular momentum (six). The latter is represented in the DPS model by J =
xr Ap+ x A7 and is a constant of motion. For simplicity, we restrict our attention to a
trivalent vertex with one incoming and two outgoing particles, see Fig. 4.1. The particles
have phase space coordinates (x;, p;), (xi, m;), © = 1,2, 3, and so the conservation equations

are given explicitly by

P1 = p2 + p3, (4.68)
(1 Apr+xa Ami) = (22 Ap2+ X2 ATa) + (23 Aps + x5 A T3). (4.69)

The coordinate z; denotes the spacetime location assigned to the interaction by particle
7, and since one assumes that interactions are local in spacetime, we should have that
x1 = 9 = x3 = x. Conservation of orbital angular momentum now follows immediately

from locality and eq. (4.68); to be explicit,
TIApL—ToApy—x3Ap3=x A (p1—p2—p3) =0. (4.70)
Thus, the system of equations we need to solve reduces to

Tl =Ty =Ty =1, p1 = p2 + s, (4.71)
Xl/\7T1:X2/\7T2+X3/\7T3. (472)

Eq. (4.71) is standard, expressing the locality of interactions, which as mentioned in the
Introduction, goes hand in hand with the conservation of linear momentum. The sec-
ond equation, which expresses the conservation of spin angular momentum, requires some

additional work to be properly interpreted.
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p2 p3

Dual Locality

™

Figure 4.1: Three particle interaction in DPS, with and without the assumption of dual

locality

4.7.1 Dual locality

We propose that conservation of spin angular momentum [eq. (4.72)] can be understood as
an expression of the “dual locality” of the interaction vertex; i.e., interactions are “local”

in dual phase space. Specifically, we assume that there exists a four-vector x, such that
x? = A% and

X1=X2=X3=X, (4.73)

see Fig. 4.1. It follows from eqs. (4.72) and (4.73) that m = my + 73 + ax for some
constant a; contracting both sides with y, we get a\? = y - (m; — mp — m3); the constraints
Xi - ™ = X - m; = 0 then imply x is orthogonal to m;, and so @ = 0. Thus, dual locality plus

conservation of spin angular momentum intimates the conservation of dual momentum
T = Ty + URE (474)
This, we note, is an exact analogue of the results in standard phase space, further empha-

sizing the duality of the dual phase space formulation.

To show that dual locality is a viable ansatz, we must demonstrate that it is consistent
with the constraints in eq. (4.30), which need to be satisfied for each particle and are

enumerated below:

1) pl'XZO, IV) p1‘7T1:0, Vll) X"/TQ:O, X) 7(%:3%7
11) p2-X= 07 V) P2 -T2 = 07 Vlll) XT3 = O, Xl) W?% = 3%,
iii) x% = \?, vi) p3-my =0, ix) 7= s? xii) m = my + 7s.
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Notice that we have included the conservation of dual momentum in this list, constraint xii,
since it will be convenient to have all restrictions on dual phase space variables collected in
one spot. To proceed, we use the fact that conservation of momenta [eq. (4.71)] implies that
{p1, p2, p3} span a two-plane, denoted p. We introduce {eg, e; } as an orthonormal basis for
p, where it is assumed that e is timelike. We can then extend this to an orthonormal basis
for R* by including two additional vectors {es,e3}. It will also be convenient to define a

Hodge dual in p, denoted
(Q),u = Euupaegegqg (475)

for ¢ € p.

We now systematically solve the constraints beginning with i-iii which are easily seen

to have the solution
X = A(cos ¢ey + sin peg) (4.76)

for some arbitrary angle ¢. Constraints iv — vi imply that the dual momenta 7; lies in the

hyperplane orthogonal to p;, hence we can expand 7; as
T = aiﬁi + Ai@Q + Bi63. (477)

The Hodge dual of eq. (4.71) implies p; = ps + p3, and so projecting constraint xii into the
plane p and using eq. (4.77) gives

(a1 — az)p2 + (a1 — az)ps = 0. (4.78)

Thus, if p; and p3 are linearly independent, we get a; = as = a3 = a. On the other
hand, projecting xii orthogonal to p and using eq. (4.77) again requires A; = Ay + A3 and
By, = By + Bj3. Constraints vii and viii are then easily solved by setting Ay = —/sin ¢,

By = fcos¢p and A3 = —vysin ¢, By =« cos ¢ respectively. In summary, we have
m = ap+ (B+7)x", (4.79)
™ = apy + Bx (4.80)
T3 = afs + X, (4.81)
where Y+ = — sin ¢e, + cos ¢es is orthogonal to y. It remains to consider constraints ix —

xi which are seen to give

mia® + (B +7)? = s, (4.82)



mia® + 32 = s3, (4.83)
m3a’ + % = sj. (4.84)

Before showing that the above equations possess a consistent solution, we need to recall

some restrictions on the mass and spin of the constituent particles, namely

mg +mg < my, (4.85)
|82 — 83| S S1 S So + S3. (486)

The first inequality is well known, and easily derived from momentum conservation [eq. (4.71)].
Eq. (4.86), on the other hand, is a quantum-mechanical result derived by considering the
eigenvalues of the total angular momentum operator in a composite system. Here we will

show that it follows from the assumption of dual locality. We begin by squaring eq. (4.74)

to obtain

2 2, 2
8] = S5 + 83 + 2my - 3.

As m; is spacelike, we can apply the Cauchy-Schwartz inequality with impunity:
2|7TQ . 7T3| S 2|7T2||7T3| = 28283.

Substituting this result into the previous equation gives (s; — s3)? < 57 < (s + s3)2, and

the desired result follows after taking square roots.

With this in mind we return to Eqs. (4.82)—(4.84). The latter two can be used to solve
for B and 7 in terms of @ and the result substituted into eq. (4.82). After rearranging and

taking the square, we get a consistency condition for a:
(3 — m3a?)(s3 — ma?) = (5% — M%a?)?, (4.87)

where 2M? := m} — m3 — m3 and 25? := s? — s3 — s3. It is not enough to simply solve
this equation for «, since it is immediately obvious from Eqs. (4.82)—(4.84) that o? < r?,

where r; = s;/m; for m; # 0. As such, we introduce variables 3 and 03 which satisfy
a = 19 €08 0y = 13 COS O3, (4.88)

and without loss of generality suppose r3 < r,. Note that we can choose the signs of 6,
and 03 so that § = sgsinfy and v = s3sinf;. The consistency equation on o now reads
F(03) = 0, where

) 2
F(0) := (S* — M?*r cos® §)* — s3s3sin” 0 (1 - :—% + (:—;’ sin 9) ) : (4.89)
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It suffices, therefore, to show that F'(#) has a zero in the interval [—7/2,7/2], and so we
note that

F(0) = (8% — M*r3)* >0, F(£71/2) = —[(s2 + 53)% — s7][s] — (52 — 83)%] <0,

where the second equality follows from eq. (4.86). By the intermediate value theorem,
there exists § € [0,7/2] such that F(£60) = 0, and so a = r3cosf satisfies eq. (4.87).
It follows for massive particles that there are two solutions to the dual locality equations
for which o > 0. These two solutions are related by a change of orientation in the plane
orthogonal to p; if («, 3,7) is a solution, then («, —f3, —v) is also a solution. Note that by

parity invariance, (—«a, —3, —7) and (—a, 3,7) are also solutions.

The case where my = 0 can be obtained from the above by allowing ry — oo in
eq. (4.89), and one can again obtain a solution for a by using the intermediate value the-

5

orem. In the remaining case® my = mg = 0, Eqs (4.83) and (4.84) are solved immediately

as 8 = €389 and v = €353 where ¢; = 1. We then obtain for «
o= — (s? — (€989 + 6383)2) ,

where eq. (4.86) implies that ege3 = —1 and we again find four solutions belonging to
two sectors related by parity. This completes our analysis of the three-particle interaction,
showing that dual locality ensures a consistent vertex for any viable combination of spinning

particles.

4.7.2 Universality of dual locality

Having established established dual locality as a sufficient condition to ensure a consistent
three-point vertex we now show its necessity. The key point is that when the spin is
nonzero, we have an additional gauge symmetry in the system which corresponds to a

rotation in the (x, ) plane; recall eq. (4.41):
Ro(Xu, ) = (cos Oy, + 2 sin b, cos O, — £ sinfy,,). (4.90)

Such a gauge transformation does not change the value of the spin bivector Ry(x)ARy(m) =
x A m. Therefore, if (x;,mi)i=123 is a solution of eq. (4.72), then (Ry,(x:), Ro,(7;))i=12,3
is also a solution for arbitrary #;. This is simply an expression of the gauge symmetry

of the theory. The main claim we now want to prove is that any solution of the spin

5Tt is impossible to have three massless interacting particles.
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conservation equation [eq. (4.72)] is gauge equivalent to a solution satisfying dual locality.
In other words, if (x;,m;)i=123 is a solution of eq. (4.72), then there exists (X', 7)i=123
with 7 = 7} + 74, and 6; such that

(Xi, ™) = (Ra,(X'), Re,(m})), for i =1,2,3. (4.91)

Note that in addition to the rotation eq. (4.41), DPS is invariant under the global rescaling
A — a) and € = a~'\. Therefore, we can assume that all )\; and ¢; have been rescaled to

some common values A and e.

Suppose that we have a solution to Egs. (4.71) and (4.72), including all accompanying
constraints. It is always possible to choose y; orthogonal to the plane p. To see why
consider ys: By construction ys - po = 0, and so we need only ensure that it is orthogonal
to ps, since then conservation of momentum guarantees that it will be orthogonal to p; as
well. Hence, if x5 - p3 # 0, a gauge rotation with cot @ = Ams - p3/(s2x2 - p3), will ensure
that the new ys is orthogonal to ps. A similar argument holds for the other y;, and the
claim is justified, thereby allowing us to write x; = A(cos ¢;es + sin ¢ze3), since x? = 2.

Now, we contract eq. (4.72) with (p1, p2, p3) to obtain

X2(p3 - m2) + X3(p2 - m3) = 0, (4.92)
X1(p2 - ™) — x3(p2 - m3) = 0, (4.93)
X1(ps - 1) — X2(ps - ma) = 0. (4.94)

There are two cases to consider. Either (p; - 7;);»; are all vanishing or they are all nonvan-
ishing. Indeed, if p3 - m = 0, the above equations imply that ps - 713 = py - 71 = p3 -7 = 0,
which in turn, via momentum conservation, yields p; - mo = py - w3 = 0.

Let us first assume that p; -m; = 0. As argued above, x; and 7; are orthogonal to p and
therefore can be expanded as

Xi = A(cos ¢ieq + sin ¢yez), ;i = s;€(— sin ¢;eq + cos ¢;es3).

A further gauge transformation with 6; = —¢; can now be performed to give y; = Aes,

m; = s;€e3, which proves the proposition.

In the generic case we have (p; - 7;)i2; # 0. We contract eq. (4.92) with 73 to obtain
73+ X2 = 0; repeating this for the other 7; we find that (x;)i=1,23 is orthogonal to (7;);=1,23.
With this established, we can return to eq. (4.72), contract with y; and then ys, and

combine the results to eliminate the terms proportional to m:
0= [(Xl “x2)? — /\4] To + [(X1 x3)(xa - x2) — A (xe - Xs)] 3.
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Note that m and 73 cannot be parallel, since then 75 - p3 o< 73 - p3 = 0, which is contrary

to the original assumption 7y - p3 # 0. Hence, the previous equation implies that
X1 Xe| = A%,

As x; are spacelike vectors which satisfy x? = A?, the Cauchy-Schwartz inequality im-
plies that y; and Y, are parallel, hence y; = £x2. We can repeat the above procedure,

contracting eq. (4.72) with x; and y3 to obtain x; = £xs3, and so

€1X1 = €2X2 = €3X3 = X,

where ¢; = +. This is not exactly what we want. All we have to do is perform another
set of gauge transformations by the angle (1 — ¢;)7/2 to transform (x;, m;) — (€:x:, €7i)-
Note that these gauge transformations do not affect any of the orthogonality properties

established before and so we obtain the dual locality property

X1=X2=X3=X; T = T2 + T3. (4.95)

This completes the proof, showing that a solution to Eqs. (4.71) and (4.72) implies that
dual locality holds, up to a gauge relabeling.

4.7.3 An alternative view of dual locality

The universality of dual locality is an important result further emphasizing the symmetry
between standard and dual phase space. As such, it will be beneficial to see how dual
locality arises from one of the alternative models presented earlier in this Chapter. In
particular, we select the parametrization of Sec. 4.4.2, where spin is represented by a
single vector n,. Recall that n, has the interpretation of an S? vector boosted in the
direction of the particles” momenta, and the spinning part of angular momentum is given
by S, = s¥(nAu),,. Consider again a three-particle interaction with one particle incoming

and the other two outgoing. In what follows we will assume m # 0.

Interactions, as previously discussed, are governed by the conservation of linear mo-
mentum [eq. (4.71)] and the conservation of spin angular momentum. The latter, after

taking the Hodge dual and making use of eq. (4.71), can be written as

[(rlnl — 7"2%2) N pz] + [(Tlnl — 7“3712) /\pg] = 0, (496)
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where 7; = s;/m;. Let At denote the projection of a vector A onto the plane orthogonal

to p. Applying this projection to eq. (4.96) yields®
rlnll" = rgn;" = rgn;p. (4.97)
A further condition on the n; is obtained by contracting eq. (4.96) with py A ps3, viz.
T1Ny - P1 = TaNg - P2 + r3ng - Ps. (4.98)

The previous two equations provide a natural method for defining variables xy and 7; which

satisfy dual locality, in particular

€r;
Y * (X A pi Ang).

X = +p *(60/\61/\774‘) and T, =

[n;

It follows from eq. (4.97) that y is independent of ¢, while eq. (4.98) can be used to show
m = my + m3. The necessary constraints (i—xi) are also satisfied, as one can easily check.
Note that the above definitions are ambiguous up to a sign, although the same sign must
be chosen for all 7;, and so we see again that there are four possible solutions belonging to
two parity-related sectors. In summary, the conservation of angular momentum requires
that the vectors 7;m; be equal when projected into the plane p*. The dual position Y is
then the unique (up to a sign) vector of length A lying in the plane p~ which is orthogonal

Lp

to rin; ", In turn, the dual momenta ; is the unique (up to a sign) vector of length es;

orthogonal to p;, n;, and Y.

6 Assuming p, and ps are linearly independent.
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Chapter 5

A Mechanical Model for the

Relativistic Spinning Particle

5.1 Introduction

If one ignores the constraints, the phase space of the ”Dual Phase Space” (DPS) model
is identical to that of two scalar particles which suggests that it can be reformulated as a
composite system. In this Chapter we will formalize this observation and show that the
relativistic spinning particle can be realized as a simple bilocal model that is equivalent to

the original DPS formalism.

5.2 Non-relativistic Two Particle Model

5.2.1 Hamiltonian Formulation

Let’s consider a system comprised of two non-relativistic point particles with masses my
and msy. The corresponding phase space is parametrized by the position and momenta of

each particle (1, 1) and (25, p») with standard Poisson bracket structure
{af, 0%} = 6;;0°, i,j=1,2 and a,b=1,2,3. (5.1)

Let M = my + my be the total mass of the system and u = mymsy/M the reduced mass,
then we can introduce:
my ma

)? = Mfl + M%Q, AT = fl — _)2, (52)
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where X are the coordinates of the center of mass and AZ is the relative displacement

between the particles. Momenta conjugate to these coordinates are given by

P=p+p Ap=-p—Lp, (5.3)
my mo

respectively. These definitions imply the following non-vanishing Poisson brackets
(X0 PP = 6% {Axt, ApP) = 6%, (5.4)

The coordinates introduced above can also be used to decompose the total angular mo-

mentum of the two particle system as the sum of the total and relative angular momenta

jZ: Zfl X ﬁl + fg +]72 (55)
= X x P+ AZ x Ap. (5.6)

Note that the second equality shows that J=L+S , where L =X x P is the “external”
angular momentum associated with motion of the system as a whole while S = AT x Ajis
the “internal” angular momentum resulting from the rotation around the center of mass.
This internal rotation represents the spin degrees of freedom.

At this point we have a pair of free non-relativistic particles and it remains to impose

hs

o : o

Figure 5.1: Two particles connected by rigid rod of length ¢ and pictured in the center of

mass frame where the total angular momentum has magnitude hs.

some structure on the system which will make contact with intuitions we have regarding

the nature of spinning particles. Classically, a spinning particle is a rigid object with a
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fixed, non-zero value for its “internal” angular momentum. The former condition can be
implemented by demanding that the two particles are coupled by a rigid rod of length ¢ and
the latter by setting the magnitude of the angular momentum in the center of mass frame

to be hs, for some dimensionless constant s. This amounts to imposing the constraints
(AZ)? = ¢2, and (AT x Ap)? = h?s?, (5.7)

see Figure 5.1. These constraints satisfy a closed algebra. A Hamiltonian can now be
constructed by adding the constraints in eq. (5.7) to the standard Hamiltonian for a system

of two free particles!

1
H=—75?2
lepl +

1 9 /\1 N2 )2 )\2 - \2 322
Sy P2 +5 [(AZ)* — ] + 5 [(AZ x Ap)? — B*s?], (5.8)

where \; and )y are Lagrange multipliers. To ensure that the constraints are stationary
under the evolution defined by H we need to include AZ - Ap’ = 0 which allows us to

re-write the full Hamiltonian as

1 = 1 A
H=—P21 — (A7) + 22 [(AD)?2 = 2] + Z2 [(AD)? — €252 + AT - AF 5.

where € has units of energy and satisfies e/ = h. No further constraints are required
but due to the second class nature of the constraints imposed, the condition that all the
constraints are preserved under time evolution imposes the following relations between

Lagrange multipliers:

02 1
>\2 = —/\1 - — and )\3 = 0. (510)

€252 1

The final form of the non-relativistic restricted Hamiltonian is therefore, up to a constant

1 (AP\® 2 (AT
§<?) +5(7) — 82|, (5.11)

where A = \;/?/s*. As one can see from H there is a single first class constraint

term €2s%/2p, given by

1 -
H=—P>+ )
oM +

C(AP)? + 53 (AT)? = 2h%s%, (5.12)
and two second class constraints

(AZ) - (Ap) =0 and 2s*(AT)* — (2(Ap)? = 0. (5.13)

LA similar model appeared in a different context in [108].
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The dimension of the reduced phase space is therefore 12 — 1 x 2 — 2 x 1 = 8 for a total
of 4 physical degrees of freedom; as expected for a spinning particle (3 for position and
1 for the spin). The motion of the composite system can be deduced by examining the
Hamiltonian eq. (5.11). The unconstrained part of H indicates that the center of mass
evolves like a free particle, while the single first class constraint is a harmonic oscillator
potential acting on the relative separation, and so the latter will execute periodic motion

with frequency w o s.

5.2.2 Lagrangian Formulation

It is a straightforward exercise to compute the Lagrangian for this model, beginning with
H as given in eq. (5.9) we put L = P.-X+ Ap - AT — H. We can now integrate out the
momenta, after which the Lagrange multiplier A3 enters quadratically and therefore can

also be integrated without difficulty. One obtains

Mz 1o 2, Mo A 2 g2
L= 5 X+ AT (D AZ)” + 5 €5 5 [(AT)? — 7], (5.14)
where
L L (AT AT
DiAT = AT e AT, (5.15)

is a covariant time derivative which preserves the constraint (AZ)? = (2. It projects the
relative motion AZ orthogonal to AZ. The Lagrange multiplier A\ doesn’t enter quadrat-
ically but we can still solve for it at the classical level. The solution space possesses two
branches which are labelled by a sign « := sign(1 + Aou). Encoding this sign into the spin
by s := a|s|, we see that the Lagrangian can be expressed purely in terms of the configu-
ration variables and is given by L = L, + 2L [(AZ)?* — (*] — 1< where the spin Lagrangian

2 p
is simply

M =
L= 7)(2 + es| Dy AE|. (5.16)

We see that the inclusion of spin amounts to a modification of the kinetic energy which
is linear in the velocity instead of quadratic. The spin s itself entering as a “stiffness”
parameter multiplying the spin kinetic energy |D;AZ|. The final Lagrange multiplier A\
imposes the constraint (AZ)? = ¢? which can be solved by introducing new variables i
defined implicitly via

14

AT = —
|9

7. (5.17)
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The Lagrangian eq. (5.16) then becomes

M 3 hs les
2 g1 2
where D,y is the derivative 37 projected orthogonally to . It satisfies D;(py) = pDyy.

Notice that the reduced mass enters only in an overall constant factor.

5.2.3 Quantizing the Non-Relativistic Model

In this section we will quantize the non-relativistic model and show that it reproduces
the expected results for a non-relativistic spinning particle. Start with the Lagrangian

eq. (5.18) and compute the momenta conjugate to X and 1, Viz

S b (5.19)

Be—MX. B-_" p
X T g

It is straightforward to verify that ]3y satisfies the constraints

S - h%s?

and so the Hamiltonian is given as

—

P2 . )\ . hQ 2
H:—X+)\1<Py-zj>+—2<P;——8). (5.21)
The Poisson brackets are standard
{X:,Piy =0l {y.Pi} =4 (5.22)

and can be used to show that the constraints eq. (5.20) are first class.
The absence of second class constraints in conjunction with eq. (5.22) implies that we

can quantize by making the standard replacements

. Ny 0

XU = XV, PV = —ih v, 5.23
A~ -~ . a
7V = y; U, PV = —zhayilll, (5.24)

where ¥ = \IJ(X' ,U,t). Observe that the unconstrained part of H acts only on the vari-

ables X while the constraints act only on the y. This suggests that we separate variables
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U(X,7,t) = Uy (X, t)Uy(7), then the condition HU = ihd, ¥ splits into three differential
equations
h? o,

——2\11—71
VWi =i,

>y 8\1/2: 0, (5.26)

7

(5.25)

V2, + %\1/2 — 0. (5.27)

The first equality is just Schrédinger’s equation for a free particle indicating that the in-
ternal variables continue to evolve as a free particle even in the quantum theory. The
remaining equations correspond to the first class constraints imposed on the internal vari-
ables and are most easily solved by switching to spherical coordinates. Make the replace-
ments § = (rsin 6 cos ¢, rsin O sin ¢, r cos 0) and Wy (y) = 1(r, 0, ¢), then equation eq. (5.26)

becomes

0
Ta_@f_o = 9(r6,¢) = v(0.0)

and so 1 doesn’t depend on r. The remaining equation (5.27) now takes the form

1 0 1 Py,
AV= g0 (Sm@ ae) T agoe - Y (528)

Here A is the Laplacian on the unit sphere S? spanned by AZ/|AZ|. It is well known
that the solutions of this equation for functions on the sphere are given by the so called

Spherical Harmonics, which represent integer spins?:

(0, 9) =Y"(0,9), teN, m=—0—0+1,....,0—1,¢, (5.29)
where s> = £(£ +1). The “internal” angular momentum (spin) operator is S =qx ﬁy and
one can verify that

SsY" =mhY,”  and SV = R2(( + )Y, (5.30)

which is precisely the expected result. Overall the total wave function is given by

) 0|z — xo| — 0). (5.31)

This wave function cannot be split into a product ¢;(x;)p2(z2) showing that the two con-

r1 — X
(21, 20) = Uy (21 + 22)Y (¥

|21 — 2

stituents are fundamentally entangled by the spin constraint. The scalar product between
such functions is simply given by [V|* = [, d®z[¢4[*(2) [ dn|Y [*(n).

2 As discussed in Appendix F, the most general solution of this equation which is regular for 8 € [0, 7]

and ¢ € [0,27] are the fermionic spherical harmonics Y™ for £ € §, see [109, ) ]. In this case

however the functionals cannot be understood as depending continuously on the sphere variables Ax.
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5.3 Relativistic Two Particle Model

The non-relativistic model presented in the previous section captures our intuition of how
a spinning particle should behave, but a truly viable description needs to be relativistic.
We begin by replacing the position and momentum variables with their four-vector coun-
terparts ¥; — xf and p; — pl’, now assumed to be functions of some auxiliary parameter 7.

These have the standard transformation properties under elements of the Poincaré group
(A, y)

x; — Ax; +y and p; — Ap;, (5.32)

where A is a Lorentz transformation and y a translation. There is also a natural extension

of the Poisson bracket structure in equation eq. (5.1) to

{‘rijl?p;/} = 5@’]'7]#1/7 Z?J = 1; 27 (533)

where n = diag(—1,1,1,1). As in the previous section we can introduce “center of mass”?

and relative displacement coordinates. In doing so it will be convenient to specialize to the

case where the particles are of equal mass m; = mo = m, whence

1 po_ o
XH == (aff + b)), Azt =y — a3,

2 W1 . (5.34)
Pt = pt ot Apt =5 (1 — 1)

Surprisingly, the case of unequal masses is significantly more complex than in the non-
relativistic case and since it is not relevant for the bulk of our current analysis we have
relegated its treatment to Appendix G. The variables in eq. (5.34) transform under the

Poincaré group as
X — AX +y, P, Ap, Az — AP, AAp, AAx, (5.35)

and one can check that (X* P*) and (Az*, Ap*) form canonically conjugate pairs. The
total angular momentum J=L+5is generalized to an anti-symmetric tensor J,, =
L,, +S,, with

L,=(XAP), and S, = (AzAAp)u, (5.36)

where (AAB),, = A,B,—A,B,. Again L,, represents the “external” angular momentum

of the system as whole while S, represents “internal” rotations.

3The center of mass is not a relativistically invariant quantity, hence the use of inverted commas.
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The relativistic Hamiltonian is a straightforward generalization of the non-relativistic

one, see eq. (5.11), in particular the restricted Hamiltonian is

1/Ap\° s (Az\®

(22 L2 (25 - 5.37
2 < ; ) o\ I EE

To see how eq. (5.37) comes about return to the non-relativistic Hamiltonian eq. (5.8).

N -
H = by [P? +4(m® + €5%)] + N
€

where N and N are Lagrange multipliers.

In the relativistic theory the free part becomes two mass shell constraints, recall that we
are assuming particles of equal mass

1
o= i Am)? =12 (5.38)

Each of these defines an evolution that must preserve the other two constraints eq. (5.7),

now written as
(Az)? = ¢? and (Az A Ap)? = h?s°. (5.39)

We can still interpret the first constraint as a rigidity condition, although now it fixes the
spacetime interval between the two particles. Similarly, the second constraint can be seen
as fixing the square of the “internal” angular momentum tensor, see equation eq. (5.36). To
ensure that both constraints are stationary, under the time evolution of each constituent,
we need to include p; - Az = 0 and py- Az = 0, which then allows us to write the relativistic

Hamiltonian as the following sum of six constraints

N N. A
H= 71 (2 +m?) + 72(193 +m?) + ?1 ((Az)? — 2
A (5.40)
+ 32 ((Ap)Q - 6232) + )\3(]71 ' Aﬁ) + /\4(p2 : AZL‘)

No further constraints need to be added but demanding that the existing constraints Pois-

son commute with H imposes the following conditions among the Lagrange multipliers

52
)\3 :)\420, N1 :NQ, )\2: @Al—(Nl-f-Ng) (541)
After making these substitutions in eq. (5.40) we obtain the Hamiltonian presented at
the outset of this section, see eq. (5.37). As can be easily verified, the relativistic model

possesses two first class constraints

P = P? + 4(m? + €5%), dg = *(Ap)? + €25*(Ax)? — 2h*s?, (5.42)
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and four second class constraints
P-Ar=0, Ap-Ar=0, P-Ap=0, *(Ap)*—és*(Ar)*>=0. (5.43)

Thus, the reduced phase space has dimension 16 — 2 x 2 — 4 x 1 = 8 yielding 4 physical
degrees of freedom, as in the non-relativistic model. Note that the primary constraints
eq. (5.39) are identical to those considered in the previous section if one transforms to the
rest frame of the “center of mass” P = (m,0) and implements P - Az = P - Ap = 0.

The equations of motion are obtained from Hamilton’s equation A = {H, A}, we find

dX* dAzH

= —NP* = —NCAp*,
. L (5.44)
— =0, o Ne*s* Azt
dr dr
which are easily integrated to give
XHM(1) =X} = NTF}, Azt (1) = L[A" cos(Qr) + B sin(Q7)], (5.45)
PH(T) = P¥, Apt (1) = es [A*sin(Q1) — B* cos(Q7)], '

where 0 = Nhs. The constant vectors A*, B* and P! satisfy A2 = B2 = 1, P2 =
4(m* + €’s?) and A- Py = B-Py = A- B = 0. As we can see, the “center of mass”
propagates as a free particle while the relative displacement executes circular motion with
frequency €2. This result conforms with our intuition about the system since in the original
set-up both particles were free but constrained to rotate with constant “internal” angular
momentum. The angle between p; and p,, denoted #, can be computed from

2¢2s?

m

p1 - P2 = —|p1||p2| cosh O — coshf =1+

(5.46)

The evolution is pictured in Figure 5.2. In Figure 5.3 we plot the position and momentum
of each particle at 7 = 0 projected into the planes defined by {A, B}, {A, Py} and {B, F}.
Both figures assume Xy = 0. This completes our construction of a bi-local model, its

relation to the relativistic spinning particle will be explored in the subsequent section.

5.4 Re-interpreting the Model

As the analysis in the previous section made apparent, the most natural variables for de-
scribing this two particle system are not the individual coordinates (x1, p;) and (x2, p2) but

rather the “center of mass” (X, P) and the relative displacement (Az, Ap). This suggests
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that we could re-interpret the model as a single particle whose trajectory is determined
by (X, P) but which possesses internal degrees of freedom described by (Az, Ap). This
re-interpretation is more than just a curiosity, it is an exact realization of the relativistic
spinning particle.

The “Dual Phase Space” Model (DPS) developed in Chapter 4, provides a classical
realization of the relativistic spinning particle by means of the coajoint orbit method [102].
In particular, the naive phase space is parameterized by two pairs of canonically conjugate
four-vectors, (x*, p*) which describe the position and linear momentum of the particle and

(x*, ) which encode the internal degrees of freedom associated with the spin. Note that

Particle 1
Particle 2
C.0.M.
Seperation

Figure 5.2: Particle trajectories plotted over two periods in the hyper-plane defined by the
triplet of orthogonal vectors (A, B, P).
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Figure 5.3: Projections, at 7 = 0, of (x1,p1) and (x2,p2) into the indicated planes. The
angle 6 is given in eq. (5.46).

we use bold faced characters to denote quantities originating in the DPS model. The Pois-
son brackets are trivial {p#*,x"} = n* and {m*, x"} = n** while transformations under

elements of the Poincaré group (A, y) are given by
x> Ax+y and p, ™, X — Ap, Am, Ax. (5.47)

The dynamics of DPS are defined by two first class and four second class constraints, given

respectively by

p?=—-M? A7?+ e2s?x? = 2R%S, (5.48)
p-w=0, p-x=0 w-x=0M\=n%-es’x?=0, (5.49)

where m and s are the mass and spin of the particle while € and A\ are arbitrary energy
and length scales which satisfy e\ = h. Comparing DPS to the relativistic two particle

model presented in Section 5.3 shows an exact match under the following identifications

p=2P, x =X, € = ¢, s =s,

5.50
™ = Ap, x = Ax, A=Y, M? = 4(m? + s€%). ( )

It is particularly interesting to note that the mass of the spinning particle m is larger
than the sum of the constituent masses. A mass defect is the hallmark of a confined
system, but that is not what we have here. Instead there is a mass surplus, indicating

the presence of entanglement? with the entangled state having a higher energy than the

4In the standard quantum mechanical treatment of two entangled electrons there is a constraint on the
total angular momentum, namely J = 0. Similarly, the entanglement in the bilocal picture is a result of
the spin constraint ®g, c.f. eq. (5.42).
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sum of its constituents. The extra energy is exactly the energy present in the spin motion;
it is given by hs/¢ and can be lowered by having the pairs separate. Consequently, this
constituent picture suggests that massive particles of higher integer spin are unstable and
it is energetically favored to lower the spin towards a spinless particle. A conclusion not

contradicted by nature.

We also see that the limit m — 0 of massless constituents can be taken without incident,
in which case the entire mass of the spinning particle arises as “entanglement energy” from

the spin constraint. In this limit the particle radius can be expressed as

(5.51)

which scales inversely with the mass in the same manner as the Bohr radius of an atom.
The limit of massless constituent particles also provides a possible resolution to a long
standing problem regarding the center of mass of a spinning particle. The center of mass
of an extended rotating object is not relativistically invariant and any classical model of
spin which views a spinning particle as possessing some non-zero extension encounters this
problem, see [10, 11] for a detailed analysis. In the case of massless constituent particles
this is a moot point since a system of massless particles does not have a center of mass
and one is forced to consider the geometric centroid instead, which is precisely what X* is
in the relativistic case.

If we assume physical constituents with positive mass square, the bilocal model can

only describe particles whose mass is greater than its spin, since we have the relationship

B 4h2s?

2
M Iz

+ 4m?. (5.52)

If the mass of the constituents are fixed this gives rise to a trajectory which is similar in
spirit but different in details from a Regge trajectory where the mass square is linearly
related to the spin M? > «o'J + 3. To go beyond the bound M > 27’75 and describe massless

particles M = 0 requires that the constituents be tachyons with m? = —h?s?//2.

5.5 Interactions
Given the mapping eq. (5.50) between DPS and the two particle model, results from [62]

can be imported directly and re-interpreted in the two particle picture. For example,

interaction with a background electromagnetic field is achieved via the minimal coupling
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prescription
q q
p1—p1t §A(x1 +x2)  pa—p2t §A(x1 + x3),

where ¢ is the total charge of the spinning particle. It follows that each constituent particle
carries half the total charge while the electromagnetic field couples to the center of mass
coordinate X*. This formulation also suggests that one could investigate a generalization
of the coupling of electromagnetism to spinning particles where the location of the field
interaction for the constituents 1 and 2 are not the same.

Interactions between spinning particles were a focal point of Chapter 4 with the Chapter
culminating in the formulation of a necessary and sufficient condition for a consistent three-
point vertex. In detail, suppose a vertex has one incoming and two out going particles
with coordinates (x;, p;), (7, X:), where i = 1,2, 3 and it is assumed that particle #1 is
incoming. The vertex is governed by conservation of linear and angular momentum along
with the requirement that interactions are local in space-time, i.e. x; = Xy = x3. It turns
out that consistency is possible if and only if there exists a choice of x variables such that
the interaction is also local in the dual space. That is one has to impose x1 = x2 = X3, a

condition we referred to as “dual locality”. The conservation equations then become
P1 = P2t P3 and =y + 7y, (5.53)

which can be solved by elementary methods. In the two particle picture these notions have
concrete interpretations: Locality plus “dual locality” becomes the condition that interac-
tions are local for each constituent particle, while equation eq. (5.53) implies conservation

of momentum at each particle. This is pictured in Figures 5.4-5.6, where we have used
(

the notation pij) to indicate the ¢-th constituent of particle j, i« = 1,2, 7 = 1,2,3. In
Figure 5.6 each spinning particle is represented by a string of length ¢ and it is seen that
the interaction splits the incoming strip into two halves. The resulting worldsheet is not
a smooth manifold but a branched 2 dimensional surface. This form of the interaction
vertex is very different from the string inspired interaction which has been explored in the

literature on massless particles [70].

5.6 Quantization and Other Bilocal Models

Before examining the quantization of the relativistic two particle model it is interesting to

note the relationship between DPS and other bilocal models appearing in the literature. A
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Figure 5.4: Three-point interaction ver- Figure 5.5: Detailed view of three-point

Interaction vertex
tex.

popular model introduced by Takabayasi [06] and known as the “Simple Relativistic Os-
cillator Model” (SROM) is obtained by combining ®,, and ®g and dropping all remaining

constraints that don’t involve P,. In particular,

4
For a model to be interpreted as “bilocal” the two constituent particles need a well de-
fined mass which means that the values of p? must be specified by the constraints. As
p1,p2 = P/2 4+ Ap we need to specify at least, P? + 4(Ap)? and P - Ap. The SROM
is therefore a minimally constrained bilocal model that has non-trivial kinematics in the

relative separation.

A similar model has been proposed by Casalbuoni and Longhi [68]. It imposes the
primary constraints P? + (Ap)? + (Ax/a’)? = 0, where o is the inverse string tension,
supplemented by ®; = ®; = 0 and (Ap - Az) = 0. This model is obtained from a
truncation of string theory, by restricting the string motion to excite only one oscillator.
It corresponds to a limit of our model in which m = 0, s = 0 and the separation ¢ = 0 also
vanish. More precisely the relationship between the string tension and spinning particle
tension is given in the limit s — 0 by 2 ~ ha’/s?. Our description does not really survive
this limit since we need a non-zero separation length, so this string model is really a

different model. In this limit the vertex of interaction is derived from the string vertex and
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has a geometry very different from the vertex we described (c.f. Figure 1 in [70]).
Another class of models arise by setting the total mass M to zero or equivalently fixing

m? = —4¢€?s?, in which case we have tachyonic constituents. We can obtain several versions

of massless higher spin particles, see the discussion by Bengtsson in [70]. The massless case

is special, since M = 0 implies that the constraints
b, =P Ap, by =P - Ax (5.55)

are first class.

By considering only the constraints &, ®; and ®, we obtain a theory which describes
a reducible tower of higher spin massless gauge fields. Including Ap-Ax = 0 and (?(Ap)? =
€?s*(Ax)? makes this tower irreducible and adding ®g as well gives a single higher spin

massless gauge field. In all these models the issue of the interaction vertex is still open.

5.6.1 Quantizing the Relativistic Model

To quantize the relativistic two particle model we will first obtain a Lagrangian description
as we did in the non-relativistic case. This analysis has already been done for DPS, see

eq. (4.50) in Chapter 4, and since the two models are equivalent we can simply import the
result. We find

L - \/ ;—Zmy)? ~ M(D, X)? - %MX D) — (DXP (D), (5.56)

where € = + and the sign of s is not fixed. These signs come from defining the square

roots and
Azt = ty* D A = A+ —A'y“ M? = 4(m? 242
at =yt /lyl, D A" = R = 4(m” +€°s%).

The momenta conjugate to X* and y*, denoted Py and PI* respectively, can be obtained
in the standard fashion by varying the action with respect to X and ¢ respectively. There

is no need to know their exact form, it is sufficient to note that they satisfy the following

constraints
2
Y
Px-y=0, Px-P,=0. (5.58)
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The first three constraints are first class® and are strikingly similar to those appearing in
the non-relativistic model, see eq. (5.20). The final two constraints are second class which
will complicate the quantization procedure since we must first implement Dirac brackets
before promoting to commutators. Forgoing some details, we find that the commutator

algebra which takes into account the second class constraints is given by

R e N D O R P O T 2 S S 1)
A A A A A 1 -~ =
(X By = 1Py [ By] =i (n“” ¥ WP)%P;) , (5.60)

where S, = (y A p),, is the spin tensor and M? := —P%. It can be checked directly that
commutators of the second class constraints either vanish directly or are proportional to
the mass-shell constraints (P% + M?) = 0.

Let H = L*(R* x R") be the Hilbert space of square integrable functions ¥(X,y). An
action of the operators on H which respects the preceding commutation relations can be

defined as follows

. i 0 - 0
X=Xt ——SH— | U PiU=—i—U .61
( YN axu) I ) (560)
N v > YUY 0
G = Py, p;\l; = — P! a—y’/\I/, (5.62)
where
d G, -2 O
S,U«V — 1 _ v___ nv = HY 72—. 5.63
Z (y Yy Y ayu) ’ F 7 0X,0X, ( )

It is easily verified that the operator identities Py - = Py - Py = ( are satisfied and so we
turn our attention to the first class constraints, eq. (5.57). The action of these constraints

on the Hilbert space H yields the following differential equations

Ox¥ = M2V, (5.64)
0
iz P.,Y =0, 5.65
y ayy M ( )
32
y'y” PuPas¥ = —s°U. 5.66
8ya8yﬁ 1% B ( )

Assuming separation of variables ¥(X,y) = Wx(X)¥,(y), eq. (5.64) is just the Klein-

Gordon equation for Wy (X) which is easily solved in momentum space and Vx(X) =

®We have the standard Poisson brackets {X*, P{} = n*” and {y*, Py} = .
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[ dke* X Wy (k)§(k* +m?) is the general solution. Tt follows that
1 v
P = (77“” + Wk“k”) U =Py, (5.67)

where P is the projection operator onto the hyper-plane orthogonal to k,. Let us intro-
duce the coordinate yi = Pi"y,, then we can assume a further separation of variables for
U, (y), namely

Wy (y) = Voly - k)Wy, (yr). (5.68)

We can now express eqs. (5.65)—(5.66) as follows

0
82
O Wy + 50y, =0, (5.70)
k

For k#* timelike the vector yj takes values in a three dimensional spacelike hyperplane
orthogonal to k*. As such egs. (5.69)—(5.70) have the same solution as their non-relativistic
counterparts eqs. (5.26)—(5.27), i.e. @, (yx) = Y,” where Y,™ is a spherical harmonic. As
the Hamiltonian is a sum of the first class constraints this completes the quantization of the
relativistic two-particle model. The solutions are characterized by three quantum numbers
M,¢ and m where M € R, { € Nand m = —¢,—(+ 1,...,¢ — 1,{; wavefunctions are

written as
Uarem = VoUpY,™, (5.71)

where ¥, is undetermined.
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Chapter 6

First Order Parameterization of

Spinning Particle

6.1 Introduction

In Chapter 4 we introduced the “Dual Phase Space” (DPS) model as a natural setting
for understanding the relativistic spinning particle. However, one of the challenges with
DPS was the presence of second class constraints, recall that for a massive particle four
of the six defining constraints were of this type. The present Chapter seeks to simplify
the constraint structure of DPS by utilizing spinors to parameterize the spinning degrees
of freedom and thereby resolve all second class constraints. The resulting model provides
valuable insights into the effect of spin on motion through spacetime. To keep the Chapter

self contained we will review some of the results from previous Chapters.

6.2 Overview

As this Chapter is rather technical we include at the outset an overview of the relevant
results. The “Dual Phase Space” model parameterizes the phase space of the relativistic
particle of mass m and spin s in terms of two pairs of canonically conjugate four vectors
(x#, p*) and (x*,7*). The pair (z*,p*) represent the standard position and momentum
of the particle while (x*,7*) are “dual” variables which encode the spinning degrees of
freedom. The dynamics of the particle are then determined by a set of six real constraints,

and if the particle is massive four of these are second class. These constraints can be
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presented most straightforwardly by introducing a complex “spin” vector

T "

/A N S 6.1
G—l—zs)\, (6.1)

where A\ and e are fundamental length and energy scales respectively and satisfy Ae = h.

The first class constraints which define mass and spin are simply restrictions on the

length of the momenta and spin vector
p+m? =0, 0 = 2s%, (6.2)

These are then supplemented by additional constraints which form a second class system.
The first result of this Chapter is to construct a purely first class model by using the spinor
formalism to solve the second class constraints. The purpose of such a re-parameterization
is two fold, first it provides greater control over the action while allowing for a better
understanding of the effect of spin on particle dynamics. Secondly, it makes a connection

with the standard Dirac formalism and therefore should permit a description of fermions!.

We find that the general solution to the second class constraints is obtained by setting

,_ Ity .
m
where &, = |£) is a spinor, (| = 60‘555 is the transposed spinor, and p is the momenta

represented as a 2 X 2 hermitian operator. The resulting first order action has two undeter-
mined Lagrange multipliers corresponding to the mass shell and spin constraint. We can
interpret the Lagrange multipliers as generators of two gauge invariant quantities, proper
time 7(¢) (dual to the mass shell) and proper angle ¢(¢) (dual to the spin constraint) and

we show that the action is of the form

S =mr(t) + 2hso(t). (6.4)

The spin velocity |€) can be expressed as a function of two complex coefficients (a, b)

that characterize the spin motion and which are defined by the expansion

) = ale) + o ), (6.5)

where |€] = (¢[. The proper time and the proper angle are then explicitly given by

F=|i]/1—[b]2, ¢ =Im(a) (6.6)

Tt was shown in Chapter 5 that, upon quantization, DPS only yields integer spins.

93



where |2| = v/—42. The fact that the action is independent of Re(a) means that it is
invariant under spin rescaling |£) — «|), with @ € RT which is essentially the expression
of Lorentz invariance from the spin point of view. Comparing this to the standard action
for the spinless relativistic particle one notices that the four-velocity is modified by a factor
of the form /1 — |b|2. This shows that spin motion can be viewed as inducing a Lorentz
contraction of the four-velocity! In addition, one notes that there is a maximal speed of
spin propagation encoded into the causality condition |b| < 1. As shown in Section 6.4.2,
violating this bound would yield a spacelike velocity @2 > 0. Note that the parameter b

measures the propensity of spin to flip along the motion of the particle.

Further analysis reveals an even more stringent restriction on the classical spin motion:
If a relativistic spinning particle has an initial configuration given by (z,¢) and z’ is in
the future light cone of x , then there is a classical path connecting (z,§) and (2/,¢)
only if & o &, that is only if the spin state does not evolve under classical motion. It
follows that? there are trajectories which have § # 0 but which still satisfy the causality
constraint |b| < 1. These “half-quantum” states are interesting because although they
are not classical they are not exponentially suppressed in the path integral either. This
possibility explains why spin and its motion can only be fully understood as a quantum
object since the boundary between quantum and classical is not as sharply defined as it is

for spacetime motion.

We complete the first order formulation by computing explicitly the commutators
among the position and spin variable and we witness that the presence of spin renders
the position variable non-commutative (as already noticed in [71, 6, 112]). The calculation
is involved but is simplified by considering the symmetries of the symplectic potential /form.
In particular we find that the position coordinates acts a type of boost generator on the
spin variables:

Pajts
m?

{€a s} = (6.7)

From our analysis we can clearly see two new phenomena associated with spin, the existence
of a spin causality constraint and the possibility of “half-quantum” states, both of which

are not discussed in the literature.

2See Section 6.4.1 for a complete discussion
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6.3 First Class Formalism

In the DPS model the phase space of the relativistic spinning particle is parameterized by

two pairs of canonically conjugate four vectors (z,,p,) and (x,, m,) with Poisson brackets

{17;“291/} = ﬁmm {Xw 7T1/} = hnw/‘ (6'8)

The fundamental length and energy scales A\ and € allow for the unification of the “dual”

position Y, and “dual” momenta 7, into a single complex vector

0, = % + is%, (00,05} = 251, (6.9)

The dynamics of the spinning particle are then characterized by two sets of constraints

with the first being obtained from a simple restriction on the lengths of p and ¢:
pP+mP=0, =2 (6.10)
The remaining constraints are then given by two pairs of orthogonality conditions
p-l=0, ? =0, (6.11)

and their conjugates.

It is easy to verify that the constraints in eq. (6.10) are first class. However, although
the constraints in eq. (6.11) commute with each other they do not commute with their
conjugates unless m or s vanish. The first major result of this Chapter is to solve this
second class system by means of the spinor formalism leaving us with a purely first class

representation of the relativistic spinning particle.

Let us begin with the null condition ¢? = 0, which is solved by noting that any complex

null vector can be represented by a product of spinors &,, (4, Vviz

loa =&l £=18)[C]. (6.12)

Here and in what follows we will utilize the spinor formalism quite extensively (see [74, ,
, 115]). For the readers’ convenience this formalism is described at length in Chapter H,

and we give a short overview here as well.

Denote by x%, a = 0, 1, a two-dimensional complex spinor and Y% = (x®)' its complex
conjugate. Indices are raised and lowered with the epsilon tensor €*® which is the skew

symmetric tensor normalized by €' = 1, i.e.

a o' B

X© = Ea’BX5, Xa = Eaﬁxﬁa X = Edﬁ)_(/g"? Xa = edBX :
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These quantities are represented as bras and kets (see also [116]) via

—&

1X) = Xa (x| = x*, Xl = X%, x| = Xa (6.13)

with the notation being specifically designed to distinguish a spinor from its conjugate.
Note also that we have adopted a convention in which the epsilon tensor satisfies eavew =

62, The SL(2,C) invariant contractions between spinors are denoted by a rocket:

(€le) =%, [l =G [Clel = —(cle). (6.14)

Let (0%)aa = (lag,0as) be the standard four vector of sigma matrices, and (5%)% =
(c®) 5560‘56@5 the same vector but with indices raised. Given a real vector p® we can
construct the two by two hermitian operators p.s := pa(0%)as and p = p,a* as well as
the hermitian pairing (¢|p|¢] = [¢|p|¢). This completes the brief introduction to the spinor
formalism.

Given the parameterization in eq. (6.12) the remaining second class constraint is equiv-
alent to [¢|p|§) = 0 which has the general solution [(|p o< (£|. The normalization can be
chosen arbitrarily and to keep the spinor dimensionless we put m|[(| = ({|p, provided that
m # 0. Thus, the general solution of eq. (6.11) is

o, = fafﬁpﬁd or ) — |§> <§|p

m m

(6.15)

The first class constraints, eq. (6.10), are expressed in-terms of these new variables as

By = STelpp) i, @, = (€lple] — ms (6.16)

To obtain an action we add these constraints to the symplectic potential © = p,dz*+m,dx*.
As a one-form on phase space the symplectic potential can be evaluated on the second class
constraints eq. (6.11) and the spin part m,dx* expressed entirely in terms of the spinor

variable £%, viz

0= —%Tr(pd;z:) - <§ Ip|§] P (£adEs — ExdEy) (6.17)

It is interesting to see that the Symplectlc structure already depends on a unit of action
through h even if it is a classical entity. This expresses mathematically the notion that
spin blurs the sharp distinction between classical and quantum that we are familiar with.
Without loss of generality and up to a redefinition of Lagrange multipliers we can implement
the first class constraints in ©. It will therefore be convenient to work with the simpler

version

1 1 =
Onns = =5 Te(pde) + o - p™ (€ada — Eadéa) | (6.18)

which summarizes the symplectic structure of the relativistic spinning particle.
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6.4 Classical Action for the Relativistic Spinning Par-

ticle

6.4.1 First Order Action and Half-Quantum States

The action Sy, s = [ dtLp, s(t) for the relativistic spinning particle has Lagrangian Ly, , =
Opms + %@m + %(I)S. Introducing the quantity 6(&) := ih (|§) €] — &) [§|> we find that the
Lagrangian is expressed explicitly as

1

L = =5y (D +006) = MIGIE) = op) = 25"~ Ms. (619

The first class constraints ®,, and @ generate time translations (parameterized by «) and
local spin rotations (parameterized by [3) respectively. Both of these gauge transformations

leave the Lagrangian invariant and act on the phase space variables as

. - ap iB
5(0{’5)]\7 =, 5(a,,8)M = ﬂ, (5(0475)1' =, 5(a73)|£> = ——|€>, (6.20)

m 2h
while d(agp = 0 and d(a50(¢) = B|€)[E]. These transformations can also be used to fix
the Lagrange multipliers N and M to constant values, giving rise to two gauge invariant

observables, the proper time 7 and the proper angle ¢:

T(t):/o dt'N(t), o(t) = 2171/ dt'M(t"). (6.21)

The appearance of a new type of observable in addition to proper time is one of the most

relevant facts about spin from the perspective of this Chapter.

To obtain the first order action we need to solve the equation of motion for p which is
given by Np = ma + 0(e€). Inserting this into the Lagrangian we find

Tr [(mi + 0(e*€)) (mz + 0(e*¢))] — NTm — 2hs¢, (6.22)

Lms = -
’ 4Nm

where we have used that 2h¢ = M. We can further expand L,, s by means of the identities
Tr [#6(¢)] = —2AIm (<é|a‘c|ﬂ) and  Tr [0(£)0(6)] = —2m*|(€|O)], (6.23)

while also making use of the re-parametrization invariant spinor velocity |0,£) = |§> /N.
We find
~ Spin Potential
1 N
Lips = ﬁIQ — 5 (m* = |h(€]0:€)] ) +h1m((a £lal€]) + h ((€]21€) — 2s),  (6.24)

N~ Spin Constramt
Modified Mass—shell
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where we have defined N = N /m. Written in this form, the Lagrangian is valid in the

massless limit as well.

As seen above there are three terms which make up the Lagrangian: A modified mass-

shell with effective mass M given by
M* =m* — |h{¢]0-€) [, (6.25)
a potential that couples the linear velocity to the spin, and finally the spin constraint
(§l[€] = 2hs. (6.26)

The minus sign appearing in the modified mass-shell, eq. (6.25), imposes a causality con-
straint: At a classical level the linear velocity must be timelike or null, i.e M? > 0, and so
the spin motion must satisfy

R|(€|0-€)] < m. (6.27)

Therefore, while the component of & along |{] is fixed by eq. (6.26), the causality constraint
restricts the spin velocity |(£]€)] to be bounded from above. Of course, this is a classical
restriction and can be violated at the quantum level. These are the virtual processes whose

amplitudes will be suppressed in the path integral.

We can extend this analysis to the semi-classical level and see more clearly the delin-
eation between which processes will experience an exponential suppression and those which
will not. Specifically, let us examine the trajectories defined by the classical equations of

motion. For x we find that the evolution is characterized by
mi + 0(&) = NP + ¢|€)[¢], (6.28)

where P® is a constant of motion. It follows that the particle will undergo oscillatory
motion, known as Zitterbewegung [32], due to the rotation of the spin, on top of the
standard linear evolution. On the other hand, the equation of motion for £ reduces to
£(1) = e?ME(0) which yields an even more stringent restriction on the spin motion than
eq. (6.27), see Section .1 for more details. In particular, it implies that the spin state can

only change by an internal phase during classical evolution.

Observe that it is possible to violate the restriction on the spin evolution while still satis-
fying both the causality constraint eq. (6.27) and the classical equation of motion eq. (6.28)
for x . Such “half-quantum” states represent trajectories which are not fully classical yet

will not be exponentially suppressed in the path integral. Normally motion is classified
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as either classical, in which case the classical equations of motion are satisfied, or quan-
tum, in which case the classical action is imaginary. Little is known about “half-quantum”

states and they deserve further exploration; it is possible that they represent entanglement.

6.4.2 Second-Order Action

The second order action can be obtained from eq. (6.24) by integrating out N and ¢. For

N we proceed in the usual fashion by solving its equation of motion,

M= e heeem (0:29)

and substituting the result back into L,,s. The integration over ¢, on the other hand,

imposes the spin constraint eq. (6.26). In order to solve it we introduce a spinor p,, free

of constraints, and which is related to & via®

2Ns

PER (6.:50)

€] = Ip]

Combining these transformations gives the second order action

o | e (4|28 Leld) | g (L)
s=m [ d G WMMM>+%Ad(@MM)' (631

As in the first order case, this action is invariant under time translations and spin rotations,

now expressed as
SpT =ai,  daplp) = alp) +iBlp), (6.32)

where o, 5 € R. The proper time and proper angle can be identified with the first and

second term of eq. (6.31) respectively, viz.

_ [2hs{p|p)|?
/“¢ <mm) (6.33)

W>EI£“<M$D (634

3We assume that {(p|Z|p] > 0

ﬁ
—~

~+
~—

1
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6.4.3 Decomposing Spin Velocity

The spinors |p) and |p] form a basis for spinor space provided that (p|Z|p] # 0. There-
fore, we can expand the spin velocity in this basis by introducing two complex functions
(a(1),b(7)), with |b| < 1:

: b
6) = alp) + o &lpl. (6.35)
It is straightforward to solve for a and b
O o .
_ <p!:{r\p], o — 25 {olf) | (6.36)
{pl2]p] m(p|i|p]
from which it follows that
S = m/dT|5U| 1—1b62+ 2hs/d7'1m(a). (6.37)

We see that knowledge of the spin velocity at all times uniquely determines the proper
time and proper angle. In particular, if the spin velocity has a component along Z|p| the
proper time runs at a slower pace and so \/1—7|b|2 can be viewed as a time contraction
factor due to the spin motion. In the appendix we extend this analysis a bit further and

derive the equations of motion associated with the second order action eq. (6.31).

The action in eq. (6.31) is a special case of the one derived by Lyankhovich et. al. in
[79]. The difference between the two comes from the inclusion of a term in Lyankovich’s
model which allows for the description of continuous spin particles (CSP’s). As DPS is
equivalent to the restricted version of the latter model (as established in this Chaoter) it is
reasonable to assume that there is a generalization of the Dual Phase Space model which

will also permit the inclusion of CSP’s. We explore this possibility more fully in Chapter 7.

6.5 Poisson Brackets

Computing the Poisson algebra is rather tedious but can be simplified somewhat by first
considering the symmetries of the symplectic potential/form. From eq. (6.17) we have that

the symplectic potential is expressed in-terms of the original spinor &, as

0= —lTr(pd:Z') + %—%gg

5 ({€lplde] — (dElpl]) - (6.38)

The symmetry group of © is the Poincaré group, which factors as the semi-direct product

of the translation group and the group of left and right rotations. Let the infinitesimal
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generators of right and left rotations be denoted by p,” and p® 4, respectively. Under these

rotations the phase space variables transform in the following manner:

5 = pr. Sp=pp, RO =ple). el =o, (6.39)
oha = ap, stp=pp,  GHE) =0, 51el = [¢lp (6.40)

We do not require p or p to be traceless and so rotations have a non-trivial action on the

epsilon tensor, in particular
556(15 = pa €8 + psT€ay, (5560"8 =—Pp* —epF (6.41)

where the second equality follows by demanding invariance of 0“3. Identical results hold
for left rotations of €. Thus, the action of left and right rotations on quantities with raised
indices can be obtained from egs. (6.39)—(6.40) by adding a minus sign and moving the
rotation matrix to the other side, e.g. §%(¢| = —(£|p, which implies that the rocket (£|¢)
is SL(2, C) invariant. We can also denote the infinitesimal generator of translations as aqg,
which acts only on the positional coordinate = as d,x = a. The Hamiltonian vector fields

associated with these transformations are given by

.0 19) 0
Ry = ~(00)" 5o + (pP)as g — (l0)" (6.42)
.0 0 0
Vo = —(ﬁf)mw + (pp)aaap — (pleh* e’ (6.43)
— Qo a
Ta =a w, (64.4)

respectively. We can now compute the corresponding Hamiltonian by considering the

action of the symplectic form 2 = dO, viz.

Q(R,, ) =dTr(pJ), QL) = dTr(Jp), NT,,-) =dTr(ap/2), (6.45)
where
P N 1.1 R 1 1. I

It should be noted that the left and right rotations include left and right dilations. These
are obtained by taking p and p proportional to the identity; the generators are

1
D= —§Tr(pf), R = <£7Lf2‘§ .

(6.47)
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On the other hand, rotations associated with traceless p and p correspond to left and right

Lorentz transformations.

As noted in eq. (6.45) the Hamiltonians for right rotations, left rotations, and transla-
tions are given by J, J and p/2, respectively. As such, we can write down the following
brackets

{Aa, 7} = 670 A, {BQ,J@} — 4B, (6.48)
(A% ], =525 A7, {Bd , jﬂ} LN (6.49)
{xad,pﬂﬁ-} = 2€ap€4p {fda,pﬂﬁ-} = 203 g, (6.50)

where A (respectively B) is any quantity with a single undotted (dotted) index and an
unspecified number of dotted (undotted) indices. Note that J commutes with any quantity
possessing only undotted indices and vice versa for J, furthermore since poq, £, and &%
are invariant under translations they must commute with p,s. Commutators between the
J and J follow from the Jacobi identity

R A R o . LA AT A U (%3

Before we continue, it will be convenient to introduce the null “position” vector

A_ 1 ElplE]

A
2ms m

ISKSE (6.52)

which allow us, c.f. eq. (6.46), to parameterize J and J as

1 . ~1
J = —§p(i‘ +iA), J = -5 (z —iA) p. (6.53)

These expressions can now be inverted to obtain z and A in-terms of variables whose

Poisson brackets we already know
i 1, - - 7
=g (pJ + Jp), A= — (pJ — Jp). (6.54)

Using these results we can compute the remaining Poisson brackets, as detailed in Appendix
[.3. One finds that = acts as a generator of translations in momentum space while also

rotating the spin variable along an axis determined by p, viz
(a9, psay = 20305, {ena%} = L phags, (6.55)
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Furthermore, the position variable itself is observed to be non-commutative, with the
deviation from commutativity being proportional to the spin content. This fundamental

modification to the notion of localization is one of the main features of spin, and has been

exploited in previous works [0]. Explicitly, the x commutation relations read
—da =0 ih fpf —GB FB o _BaFa
{ZE 7x55} — Q_Ll] <p 55/35 _pﬁ £ gﬁ) . (6.56)
ms m

Last but not least, we witness that the spinor variables behave as creation and annihilation
operators: The holomorphic spinors commute with each other, {5“, fﬂ} = 0, whereas a

spinor and its conjugate do not

{e.8) = g (lenigr™ - med). (657

This concludes our analysis.

103



Chapter 7

Continuous Spin Partilces in deSitter

7.1 Introduction

In quantum field theory, elementary particles form irreducible representations of the Poincaré
group [83] and in four dimensions these irreps fall into four distinct types. Two of these
correspond to the standard massive particle and massless particle of definite helicity while
the other two give rise to tachyons m? < 0 and the so called continuous spin particle (CSP).
It is well known that the appearance of a tachyon indicates an instablity in the underlying
theory, but CSP’s present a unique unexplored opportunity. In particular, Schuster and
Toro have shown [34, 85, 86] that CSP’s mediate long range forces and therefore provide
for a possible dark matter candidate. However, to fully address this possibility requires an
understanding of how CSP’s couple to gravity, a task which has proven difficult. In this
Chapter we will address this shortcoming by utilizing the Dual Phase Space formalism to

construct a consistent theory of CSP’s in deSitter.

7.2 Continuous Spin Particles in the DPS Model

In Section 4.3 we showed that the coadjoint orbits of the Poincaré group are characterized
by two invariants, the squared momentum p? which determines the mass, and the square
of the Pauli-Lubanski vector w? which determines the spin, c.f. the discussion preceding
eq. (4.16). In our treatment of massless particles, p*> = 0, we assumed that w? = 0 implying
w o p with the constant of proportionality interpreted as the helicity. This is not the most

general scenario though, in fact as shown by Wigner [3], it is possible to have p* = 0 and
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w? = p? resulting in the so called continuous spin particle (CSP). At a group theoretic

level, recall that the little group for massless representations of the Poincaré group is
the Euclidean group E(2). This group is infinite dimensional, unless one restricts to the
subspace where the translation generators are trivial. The latter case corresponds to the
usual massless helicity particle, whereas the more general case yields the continuous spin
particle. In this section we will show how to generalize the DPS model to incorporate

CSP’s.

7.2.1 Generalizing the Model

In the Dual Phase Space model, the angular momentum operator is parameterized as
Juw = (X Ap) w+ (XAT) . and so the square of the Pauli-Lubanski vector w,, = %euypap”Jp”

can be written as
w? = —p* (07" = (x - 71)*) + (0 X)* 7+ (p- )X = 2(p - X)(p - ) (x - 7). (7.1)

In the massless case the first term drops out, and so achieving w? # 0 requires at least one
of p-x or p-m be non-zero. For definiteness let’s put p- x = A\p and leave the remaining

DPS constraints unaltered, c.f eq. (4.16). The value of w? is now
w? = s?p?, (7.2)

where we have used that \e = 1. It turns out that this straightforward modification is
sufficient to allow for a description of CSP’s, see [79, |. In summary, the generalized

DPS model is represented by the set of six constraints

@mzl(p2+m2), @W:—(W2—8262), @X:—(X2—)\2),

\)

¢X7T:X'7T’ (I)pﬂ:p"]ra (I)px:p'X_)‘p>

and it is assumed that p = 0 if m # 0.

7.2.2 Equations of Motion

It is interesting to note that for a CSP, as for a massive particle, the six constraints eq. (7.3)

split into two first class and four second class, with the former given by

Dpmg, Dy = NpD, + 57Dy, (7.4)
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It follows that a CSP has four physical degrees of freedom despite being a massless particle;
recall that a massless helicity particle has only three physical degrees of freedom. It is also
interesting to note that the spin constraint ®, is quite different from the one appearing in
the description of massive and massless helicity particles, c.f. eq. (4.34). This discrepancy

is born out in the equations of motion, which follow from the Hamiltonian H = N®,+M®,,

Viz.
pu(7) = P, (7.5)
(1) = A, — Mes27'P“ (7.6)
M2
XM(T) =B, + M)\szAM — TAP5272PM (7.7)
M? M?
(1) = Xy + (NP + Mes®B,) 7+ 7>\82p72Au - ?SZLPTSPM (7.8)

where P,, A,, B, and X, are constant vectors which satisfy A? = \?, B? = ¢?s%, P-A = \p
and P-A = A-B = 0. Strikingly, these equations exhibit no oscillatory motion, something
which is a feature of the massive and massless helicity particles. At this time we have no
intuition for why the behavior of CSP’s is so dramatically different from the other particles
we have considered.

Continuous spin particles can be minimally coupled to an electromagnetic field via
=, =7, 4+ eA,u(x). (7.9)
A higher order term can also be included by making the replacement
II* — & — II° + gF,, L" — €, (7.10)

where ¢ is a “gyromagnetic ratio” and L, = (z A p),,. Observe that this coupling occurs
entirely in the dual space, as opposed to the case of a massive particle, see Section 4.6,
which has exactly the opposite behavior. The interaction vertex between CSP’s is an
ongoing topic of research and we have yet to find a consistent prescription as was done for

the massive and massless particles in the original DPS model.

7.3 Representations of the deSitter Group

The study of particles in a curved background presents an interesting challenge. Trans-

lations are no longer a symmetry of the underlying spacetime and therefore there is no
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generator which can naturally be identified with the momentum. Consequently, the defini-
tion of “mass” is ambiguous and so the classification of particles into massive and massless
is open for debate. In this Chapter we are principally interested in deSitter which has
symmetry group SO(4, 1) and many of its irreducible representations contract to repre-
sentations of the Poincaré group. We will therefore adopt the convention that an irrep of
SO(4,1) will have the same physical interpretation as the representation of the Poincaré

group to which it contracts. We begin by examining the irreps of the deSitter group.

Let nap = diag(—, +,+,+, +) then SO(4, 1) is the group consisting of 5 x 5 matrices
X4, satisfying X4, XB nap = nep. The generators of SO(4, 1) are denoted J,p, where
A, B=0,1,...,4; they satisfy the standard algebra

[Jas, Jep] = (nacJBp — napJIsc + nepJac — nacsp), (7.11)

and provide a parameterization of the SO(4, 1) Casimirs via
cg:%LwJ“i Cy = W, W4, (7.12)
where W4 = %EABCDEJBCJDE . The radius of curvature of the manifold underlying

SO(4,1) will be denoted R > 0.
Let II, s denote the unitary irreducible representations of G. The quantities ¢ and s
characterize the representation [117]; they can be thought of as representing “mass” and

“spin” and parametrize the eigenvalues of the Casimirs:

Cy=—[s(s+1)+(¢+1)(qg—2)], (7.13)
Cy=—s(s+1)q(qg—1). (7.14)

In what follows, we will ignore representations of SO(4,1) which do not contract to a
representation of the Poincaré group since such a representation would correspond to a
model without a ready physical interpretation.

There are two classes of representation to consider, the Principle Series and the Discrete
Series [118, , ]. In the former case we put ¢ = % + iv where v € R, so that the

relevant members of the Principle Series satisfy

s=0,1,2,..., v>0, (7.15)
135
8—575,57... y I/>O. (716)

Define m = v/ R, then a group contraction (R — 00) yields the massive representations of

the Poincaré group, a fact evidenced by the Casimirs

1 /9
2 2
Co=m*+ Vi2 (—4 —s(s+ 1)) —>R m (7.17)
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1
_ 2 b 2
Ci=s(s+1) (m + 4R2) o m s(s+1), (7.18)

where C; = C;/R?, i = 2,4. On the other hand, if we put v = s = n where 2n € N satisfies

n? = Rp for some p > 0, a group contraction yields the continuous spin representation of

the Poincaré group [120]. We can see this at the level of the Casimirs as well
C=— (2 /Rp) — 0 (7.19)
1
— 2 = 2

where p is the CSP scale, see eq. (7.2) and the preceeding discussion.

The Discrete Series, is defined by

s=1,2,3,..., qg=s,s—1,...,0 (7.21)

(7.22)

and the relevant members have ¢ = s. These contract to massless representations of the

Poincare group with helicity s; the Casimirs behave as expected

2
_ 1 2

7.4 Dual Phase Space Parametrization

To construct a classical model of elementary particles in deSitter we need to examine
the coadjoint orbits of SO(4,1). Forgoing the details, these are parameterized by the
generators Jsp and are uniquely determined by the values of the quadratic and quartic
Casimirs eq. (7.12). The Poisson brackets between the Jap are given by the right hand
side of eq. (7.11). In five dimensions any anti-symmetric tensor can be written as the sum

of two simple bi-vectors, and so J4p admits a dual phase space parameterization
Jap=(SANT)ap+ (UAV)ap. (7.25)

We emphasize that no physical interpretation should be attached to the variables S, T, U, V,

they are simply dynamical quantities which parameterize the classical phase space. It will

108



be assumed that S, 7T and U,V form canonically conjugate pairs so the only non-vanishing
Poisson brackets are {Sa,Ts} = {Ua,Vs} = nap. Furthermore, since Jsp represents
an angular momentum S, U will have units of length while T,V will have units of linear

momentum.

The quadratic and quartic Casimirs can be expressed in-terms of these variables by
substituting eq. (7.25) into eq. (7.12). The value of Cy and C, can be determined by
introducing ten constraints corresponding to each possible inner product between the vec-
tors S, T, U, V. There is no need to consider the most general version of such constraints,
instead we find that the following are sufficient for our purposes:

S?=0 T*= 1% U?=X(1+pR), V?=¢&s? S-T=+/pR,
U-V=0, T-U=0, T-V=0, S-U=—\/pR, S§-V=0.

The parameters introduced above require some explanation: ¢, A have units of length, u, €, p

(7.26)

have units of mass, v, s are dimensionless, and ¢y = Ae = 1. The values of the quadratic

and quartic Casimirs are now given by
Cy=—1*+ 5, (7.27)
Cy=1v°s*+Rp (52 + Rp) : (7.28)

It remains to determine how the particle classification (massive, massless, or continuous
spin) is related to the choice of model parameters. To proceed we will use insights from

the previous section while also demanding two key properties:

1. The degrees of freedom for each model should match its flat space counterpart, i.e.

massive and continuous spin particles will have four and massless helicity three.

2. In the limit of flat spacetime the Casimirs should reduce to their Poincaré values.

Massive Spinning Particle

This is the easiest model to identify and we simply choose

v = Rm, p=0. (7.29)
The Casimirs are seen to be
2
s
Co = —m* + T Cy = m?s?, (7.30)

which have the appropriate limits. From the ten constraints eq. (7.26) one can show
that two are first class and eight second class, so the reduced phase space has dimension

20 — 2 x 2 —8 x 1 = 8§, giving four physical degrees of freedom.
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Massless Spinning Particle - Helicity

In the previous section we showed that a massless particle was one which had equal “mass”
and “spin” quantum numbers. In the present context this amounts to setting v? = s2. c.f
eq. (7.27). To ensure that the number of degrees of freedom are correct we require p = 0,

and so the model is given by

V? = 5% p=0, (7.31)
with Casimirs
g
C:=0,  Ci=15 (7.32)

It is straightforward to verify that the model has four first class and six second class

constraints, giving the expected three physical degrees of freedom.

Massless Spinning Particle - CSP

A CSP is a massless particle and therefore the choice of v should be identical to the massless
helicity case. Where a CSP differs is that, in the limit R — oo, the quartic Casimir will
not vanish and so we must have p # 0. It follows that the model is defined by

V? = 5%, p #0, (7.33)

with the Casimirs behaving as required

Rp + s*
CQ - 0, C4 = p2 + TSQ. (734)
One can verify that there are two first class and eight second class constraints, giving four

physical degrees of freedom.

Observe that a massless helicity particle can be obtained from both the massive and
continuous spin models by setting m = s/R and p = 0 respectively. This behavior is
consistent with both intuition and the original DPS model (in the R — oo limit).

7.5 Four Dimensional Model

The models constructed in the previous section offer little insight into the behavior of

spinning particles in a curved background; recall that the variables S,T, U,V lacked any

110



physical interpretation. To address this issue let us split the generators Jsp as follows:
1

JAB—>P ER

J4;m qu» (735)

where p, v =0, 1,2, 3. These satisfy the algebra

1
ﬁjlwv {Pus Jup} = By — 1up Lo, (7.36)

{Jullv Jpa} = nupJua + nVUJMﬂ - nuajup - nypjuaa (737)

{P“,P,,}:

which can be seen to reduce to the Poincaré algebra in the the limit R — oo. There-
fore, we can view P, and J,, as curved generalizations of the Minkowski momentum and
angular momentum, respectively. Taking inspiration from the original DPS model, see

Section 4.5.1, we parameterize J,, as
Jw =X AP+ (XAT) (7.38)

Here X* is interpreted as a position coordinate, while x* and 7 can be viewed as curved
versions of the dual position and dual momentum. In what follows we will refer to X, P, x, 7
as “curved DPS” coordinates. It should be noted though that this choice of coordinates is

not unique, any modification having the same R — oo will have a similar interpretation.

These new coordinates can be related to the variables of the previous section S, T, U,V
by observing that the latter were defined to satisfy Jap = (S AT)ap + (U AV)ap. Com-
parison with eq. (7.35) and eq. (7.38) immediately yields

1
P, = 7 (ST, — S, Ty + UV, — U, Va), (7.39)
SAT) +(UAV) = (X AP+ (XAT) - (7.40)

Without loss of generality' we assume that S, # 0 and solve eq. (7.39) for T,

1
T = —

i = g (RP+ TuS, — UV, + VaU,) (7.41)
4

This can now be substituted into eq. (7.40) which strongly suggests that we make the
following identifications

R _ U
Xy =<, Xu:Uu__4

N S,. (7.42)

1 As we are not interested in cases where P, =0 at least one of Sy, Ty, Uy, Vs must be non-zero and if
it isn’t S4 we can just re-label so it is.
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The Poisson brackets between the curved DPS variables can now be computed from the

S,T,U,V algebra, we find?

1 - 1
{Xl“ Pl’} = n#V + ﬁXHXW {X,ua 7Tl/} = TIW + ﬁX/J,XV (743>
1 SO
{Bu P} = o3 (XA P + (XA T (7.44)
- 1 - 1
{P.,xv} = _EX#XV’ {P,,m,} = —ﬁﬂﬂX,,. (7.45)

It is now possible to re-write the constraints of the previous section eq. (7.26) in-terms of
the curved DPS coordinates and the fourth component of the original variables. Explicitly
writing out these constraints isn’t particularly illuminating but we note that the presence
of Sy, Ty, Uy, and Vj is undesirable and a complete physical model requires that these

dependencies be removed.

Eliminating the four degrees of freedom associated with Sy, Ty, Uy and Vj can be ac-
complished by solving four of the constraints in eq. (7.26). To maintain consistency of the
model the constraints we choose must form a closed second class subset of the original
ten. Furthermore, the remaining six constraints should, in the limit R — oo, reduce to the
ones used in the original DPS model, see eq. (4.30). This last condition requires that any
X* dependence in the remaining constraints be suppressed by some inverse power of R.
Therefore, since S* ~ X* we choose to solve the four S-constraints, S, 5 -7,S - U, and

S -V, which are easily seen to form a closed, second class set.

7.5.1 Solving the Constraints

Begin by re-writing the S-constraints explicitly as restrictions on Sy, Ty, Uy, V4, viz.

l 1 1 ~ ~
CI)S:SZL_My CI)T:T4+§(PX+E(VZLXX—U4X7T)—\/pR>,
4

(7.46)

1 [(Sy., - 1 -

Sy =Us+— | =X X/ pR oy =V, + —X-

U 4+S40<R X+ P)a 1% 4+Ra T,
where we have introduced o = 1+ X?/R?. Surprisingly, the corresponding Dirac brackets
between X*, y*, m, and P* are identical to their Poisson brackets and so we can strongly

implement the constraints eq. (7.46) without modifying the algebra eqs. (7.43)—(7.45).

2A similar calculation will yield the Poisson brackets between the curved DPS variables and the fourth
components of S, T, U, V.
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The remaining constraints can now be written entirely in-terms of the physical variables

XH, PF oYM, T we begin with those which do not involve P*:

_ X -X)?
<1>;=><2—A2—(R20>, (7.47)
X -7)?
By = 72 — 25— L RQZ)’ (7.48)
. X-7X-¥

As required, to leading order in R~! these are identical to their flat space counter-
parts, the same will be true for those involving P, but the higher order modifications are

significantly more complex. We have

MR 1 _ -

pg = P X+ 5 (O = VPR) = = (P XXX+ X -7y — X - gz + NX - 7).
~  AWpR 2.2 ~ ~ ~ 2.2y

Opz =P -1 — Ral/Q( +es)—W(P-XX-W—FX-WCDW—I—X-X(I)%—GsX-X),

and the “mass-shell” constraint

2 \V/pR 1

_ p2 2 2 Sv oo~ ~y =
dp = P? + Roll? @pw—m(—u —pR+ (P-X)?+2P - XX -7 —2P-7X -X)
(7.50)
Ap 2.2 ~\2:2 ~\2:~2 Sy s
—E(®%+es)+R4O2((X-X)7r +(X 7)) —2X-XX-7rx-7r).

This completes the construction of the physical model. Unfortunately, the constraints,
especially those involving P, can’t be easily interpreted as some straightforward modifica-
tion of their flat space counterparts. The main reason for this is that we have not treated

the variables covariantly, instead raising and lowering indices with the Minkowski metric
Nuv -
Unlike the previous two models the first class constraints are not identical in form to

their flat counterparts

o, +—2 (E?®, + N*s°®,), (7.51)
PLr € 1% T € P I /.
px \/Rp \/R X
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7.6 Covariant Model

The first step in implementing a fully covariant model is to express the deSitter metric
in-terms of X*. It is easiest to begin with the S, variables, these satisfy S? = ¢? and so

we can write the line element as
. R 2
ds® = 3 (dS“dSu + (dSy) ) . (7.53)
Making the substitution S* = Sy X*/R and Sy = {/\/o we find that the metric g, and its
inverse g"”, are given by
1 1 " w L Lo

gwj = ; 77/“’ — %XMXV , g =o\n + ﬁX X . (754)
Let us now introduce covariant versions of the curved DPS coordinates, whose indices
will be raised and lowered by the above metric. In keeping with standard conventions we
define the position 2* and dual position x* as contravariant vectors while the momenta p,,
and dual momenta 7, will be covariant. These “covariant DPS” coordinates are defined

in-terms of the curved DPS coordinates via
ot = X*, Y= o2, Ty = al/zgw%”, (7.55)
14 1 -~ ~\V
Pu = 0w <P — %(X AT) po) : (7.56)

Observe that these have the same R — oo limit as the curved DPS coordinates and
therefore are still interpretable as generalizations of the standard DPS coordinates to a

curved spacetime. The metric and ¢ can now be written as functions of z*:

1 3} 1 1 .
oc=1+ ﬁmﬂ“x ) Juv = s (nlw - %Uﬂa%ﬁx xﬁ) ) (7.57)
1
g =0 <n"” + ﬁx“x”> ) (7.58)

The Christoffel symbols and Riemann curvature tensor are

1
e, = _mq;a (108! + Na0?) (7.59)
1 ag g
ﬁ <5ugpll - 5ygpu) Y (760)

and provide for a succinct expression of the Poisson brackets between the covariant DPS

o i
R? =

coordinates, viz.
{«".p} =0y, X' m}=4d}, (7.61)
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{pw XV} - FZpov {pw 7TV} - _Fﬁuﬂ—m (7'62>
{puapu} = RUp;prﬂ'a- (763)

The real virtue of the covariant DPS coordinates comes when examining the constraints

of the previous section, now written as

Dy = gux"X' — N, Pp=g"mum, — €55, Dy = xHm,, (7.64)
q)PX = X'up,u - )‘/07 (I)pw = glwp,uﬂ'u + \/ %67 (765)

1
P, = ¢"pupy + ﬁ(zﬂ + pR). (7.66)

To leading order in R~! these are obtained from their Minkowski counterparts by making
the replacement 1 — g, which is precisely the straightforward generalization we sought.
Consequently, we can assign to them the same physical interpretation as in the original
DPS model, see the discussion following eq. (4.30). The corresponding constraint algebra

is tedious to calculate, but in the end we find

{®,,0,} ~0, {®,, Py} = 2)% (7.67)
{®,, @} ~ 26257, {®,,, P, } ~0, (7.68)
{Dpr, i} > —2pA, {@p, @y} >0, (7.69)
(D), D} =~ —2\/%6, {®pr, B} 0, (7.70)
{®p, Pr} >0, {@pr, Pun} > pA, (7.71)
(et} =2 [y @y} =0, (772
(@0} = — 2 /oF, (0, 0,.) = - (773
{®,, Pyt %(ﬁ + pR — 5%). (7.74)

We are now prepared to write down the complete covariant model for type of particle.

Massive Particle

The massive particle is defined by the following parameter values

v = Rm, p=0. (7.75)
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The first class constraints are identical in form to the massive DPS model in flat space,
c.f. eq. (4.34)

D, 57D, + N, (7.76)
The flat space limit is as expected

pP=-m? =X =5 xy-mn=0, p-x=0, p-7w=0. (7.77)

Massless Helicity Particle

For the massless helicity particle we have
V=52, p=0, (7.78)
with first class constraints
D, Py, Ppr, €570, + N, (7.79)

Again these are identical in form to the flat DPS model, with an exact match appearing

in the flat space limit

pPP=0, Y’=\, 7°=és y-w=0, P-x=0, P -7m=0. (7.80)

Continuous Spin Particle
A CSP has the same parameter values as a massless particle except p # 0, in particular
V? = 5% p # 0. (7.81)

Unlike the previous two models the first class constraints are not identical in form to their

flat counterparts

1
O+ 23 (252, + \?®,), (7.82)
1 2 2\
)\2p (1 — R_p> CI)ﬂ— —f— %(1 — SQ)CDX + 2 %Cbxﬂ— —f— QESQ(I)I,X — ﬁq)pw. (783)

Despite this discrepancy the constraints do retain the correct flat space limit
pPP=0, \}’=Xs* 7*=FE? x-m=0, p-m=0, p-x=Mp. (7.84)

At this time we have no intuition for why the CSP model differs so greatly from the original;

further investigation is required.
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Chapter 8
Conclusion

In this thesis we have explored the relationship between conservation laws and locality.
Chapters 2-3 focused on scalar particles in both a curved spacetime and a curved momen-
tum space. In the former case we found that curvature was not sufficient to introduce
non-local behavior while in the latter all non-locality in the quantum field theory could be
absorbed into the interaction term. The bulk of the thesis, though, was contained in Part
2 where we examined the effect of spin on the interaction vertex. We were motivated by
the possibility that spin could sufficiently modify the vertex factor to introduce non-local
behavior. The speculation was that if locality is violated at some energy scale spin could
retain the remnants of this violation. Although we did not see any non-locality in the inter-
action vertex, we did show in Chapter 5 that spin can be realized as a bilocal model. This
is a rather different kind of non-locality than we expected but it did show that the purely
quantum picture of spin as given by the Dirac equation is incomplete. This was further
emphasized by the results obtained in Chapter 6, where we demonstrated that the motion
of a spinning particle is described by two gauge invariant quantities, the usual proper time
and a proper angle. The latter was then interpreted as the amount of Zitterbewegung
along the particles’ trajectory and contrasted to the notion of a spin transition which was
shown to induce a Lorentz contraction of the proper time. That Chapter also provided
a better understanding of the delineation between a classical understanding of spin, as
developed in the present work, and the usual quantum interpretation, demonstrating that

a rich understanding of spin emerges when we explore its classical realization.

The work presented here is by no means exhaustive and leaves open entire vistas of
future directions. Although we did quantize the DPS model in Chapter 5 we should explore
the quantum field theory obtained by taking the path integral of the DPS action. This
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would give us a better understanding of how the interaction vertex obtained in Chapter 4
is related to the usual vertices appearing in standard quantum field theories. Some of the
surprising effects spin has on the motion of particles, as discussed in Chapter 6, may be
observable although the predicted effects would need to be formalized. The spinoral param-
eterization introduced in that Chapter could also provide a framework for incorporating

fermions into DPS.

One of the least developed ideas presented in this thesis was the incorporation of con-
tinuous spin particles into the Dual Phase Space framework. As shown in Chapter 7, CSP’s
behave much differently than either the massive or massless helicity particle, and we have
no intuition for why that should be. Schuster and Toro [84, 85, 86] have developed a field
theoretic description of CSP’s and it would be interesting to see how our formulation is
related to theirs. Additional study of the curved spacetime formalism developed in Chap-
ter 7 is also warranted. In particular, we would like to explore the equations of motion
for each type of spinning particle with special attention payed to how the behavior of the
dual coordinate x* differs from flat space. Finally, it is reasonable to assume that a bilocal
version of the curved DPS model can be developed as per Chapter 5, which may provide
a path to quantization.
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Appendix A

The Worldfunction and the Parallel
Propagator

In what follows we provided a detailed exploration of the relationship between the world-
function and the parallel propagator. Consider two points in spacetime z,x’ € M joined
by a geodesic 7,,/. The parallel propagator, denoted U" M,(x, '), is the operator which takes
a vector field at 2’ and parallel transports along ~,, to a vector field at z. By definition,
a geodesic is a curve which parallel transports its own tangent vector, i.e. T*V T, = 0,
where T = dv"' , /dr for some affine parameter 7. In terms of the parallel propagator this

becomes

/

T(z) = U" (v, 2)T" (x),  T"(a!) = U, (x,2")T"(x). (A1)

The tangent vectors T%(z) and T* (2') are related to the derivative of the worldfunction

at x and 2’ via eq. (2.28) and eq. (2.30), respectively. In particular,

A . e ! !
o'(x,2") =T"=U",T" (") = =U* 0" (z,2'), (A.2)

with a similar computation holding for ¢*. Substituting into eq. (A.1) we find

o'(x,x') + U“M,(x,x’)au (x, )

/
T,z
o (z,2') + U“,;(x, ot (x, x')

0, (A.3)
0,

which justifies the statement made in the text that, when acting on o, or o,/, the second
order mixed derivative of the worldfunction behaves like the parallel propagator (up to

a sign). These equations can be written in the tetrad basis, e, by making a couple of
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observations. Focusing on eq. (A.3), we have

o(x,2') = Vy,0(x,2') = Vy,0(x,2") = e(x)o(z,2') = o(2,2), (A.5)
Ut ot =U" e (2)ey, (2')o” = U" el (2')o", (A.6)

with similar results holding for (A.4). Thus, we obtain the form of these equations used in
the text

0, (A7)
o (z,2') + U (2, 2")o" (', z) = 0. (A.8)
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Appendix B

Covariant Fourier Representation of
Delta Function

In this appendix we explicitly verify some technical details regarding the covariant Fourier
transform of the delta function. Let us begin with eq. (2.43) which gives the Fourier
representation of d(x,y); the delta function on M. Assuming z,y € C, and f(z) €
L} (Cyr) we put

F(y) = /C du()5(z, ) ()

g

X exp [z’pul (a“

dta) [ v o)V V)

(v,2) = 0 (y,2')) | f(a), (B.1)

GC/

’

where the second equality follows by using eq. (2.43). The integral over p covers the entire
cotangent space M, and therefore turns the exponential into 6(o (z,2")—0,/(y, ")) which
can be decomposed in the standard fashion. To do this we note that the uniqueness of
the geodesic connecting 2’ to « and 2’ to y implies that o,/ (x,2") = 0,/ (y,2’) if an only if
x =1y, and so

VY,

6 (op(x,a") —op(y,a’)) = Wd(w,y) = \/§I,V’1(9c, )o(x,y), (B.2)

where the definition of the Van—Vleck Morette determinant along with the indentity
|gerdet(at,)| = |det(c"")| were used in the last equality. Substituting eq. (B.2) into

our expression for f(y) and noting that the presence of §(z,y) allows us to replace all
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occurrences of y with z we find
fo) = [ du()s(e.)f@) = ), (B.3)
Cpr
where we used z,y € C, in the second equality. This demonstrates the validity of eq. (2.43)
as a representation of the delta function.
The Fourier representation of d,/(p, ¢), the “delta function” on M/, is given in eq. (2.46).
Unless C,» = M this representaion will not correspond to the standard delta function; how-

ever there are at least two important properties it should satisfy:

1. 6. (p,q) is a projector.

2. The image of d,/(p, q) is identical to the image of F,.
To demonstrate the first item, make the change of variables z# — Y* = o*(z,2') in
eq. (2.46) to find
d*y’
P \/gx/

where C; — Y, under the coordinate change. The convolution product of §,, with itself

00 (P, q) = exp [iY“/ (P — qﬂz)] , (B.4)

can now be expressed as:

/M v (q)0ar (p, )00 (¢, k) = / S (/M

/
2/ Cx/XCx/ ‘gI 2/

dvy (q)eiqu“’—Z“’))

. ’ . ’
% esz/Z“ efsz/Y“

dty’d*z’ N

— / 5(}/1’ Z/)GZp“/Z e—zkqu
Cx/XCx/ \/gz’

= 517’ (CL’, Z)?

which confirms that d,/(p, q) is a projector, i.e. identity onto its image.
For the second item, suppose fo(p) € fw/(EEI/(Cx/)) so there exists a function f(x) €
L?(C,) such that

/

Folo) = [ au@y . ayesp (=ingo” (a.4)) £@) (85

Evaluating the convolution of d,, with fur we find

oo f)0) = [ ane(p) [ duteiea)esp [io¥ (@) (e — )]

x! x!

134



X
S
—

du(y)V'?(y, a') exp <_¢p,,au’ (v, m’)) (1)

I

:/ du(z)dp(y) VY2 (z, ') exp (—iquxa“ (x,2")
c
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U
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where we have used the Fourier representation of §(z,y) in going from the third line to the
fourth. This shows that the image of §,» under convolution is identical with the image of

For, as required.
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Appendix C

Geodesics in Relative Locality

In this appendix we provide additional details on the definition of a geodesic in Relative
Locality. A geodesic can be defined as a path, p(7), which parallel transports its own
tangent vector. This requires p,V®p, = 0 and so the geodesic equation is given by:
Py, papWPadps _
dr? Bodr dr

Alternatively, we can define a geodesic as a path which extremizes the distance between two

0. (C.1)

points on the manifold. In general relativity, where the connection is metric compatible,
these definitions are equivalent. This is not the case in relative locality where the connection
is derived, not from a metric, but from the combination rule @. In choosing between these
definitions we note that the distance function D, (po,p1) is tied to the notion of mass and
features prominently in the structure of relative locality. As such, it is natural to have
a definition of geodesic which extremizes D,, and so we make this choice. We will now
present a detailed derivation of the geodesic equation and explore some of its properties.

Following the argument given in [J1], suppose we have two points P,) € P and an
infinity of curves, p,(u,v) interpolating between P and ). The parameter v indicates
which curve is being considered while u parametrizes the selected curve. We assume that u
varies between uy and u; so that P, () have coordinates p,(ug,v) and p,(uy,v) respectively.
A geodesic is then a curve which gives a stationary value to the following integral for
variations which leave the endpoints fixed!:

1 [ dp,dp,
I(v) == pe 28R 22 du. 2
=5 [ o (€2)

!Such a curve will also give a stationary value to D, so we are justified in considering the simpler
function I(v).
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Introduce the tangent vectors U, = 9Jp,/0u and V, = 0Op,/0u, where V, vanishes at

u = ug, u;. We then define the covariant derivative along the path p, by

DA dA N DA dA N
duM = d_u“ + FMBAQUB and dvﬂ = d_vu + FuﬁAan, (C.3)

where these definitions are extended to arbitrary tensors in the standard way. A brief
calculation shows that DU, /dv = DV,,/du, which we will make use of shortly. Demanding
that I(v) be stationary under variations which leave the end-points fixed is equivalent to
the condition: dI(v)/dv = 0 for V,, arbitrary, except at the end-points. Thus we proceed
by differentiating I(v), making use of the fact that d/dv and D/dv are interchangeable

when applied to a scalar:

dI(v) 1 el DU
= ~(uy — v L+ 29U, ) d 4
T = glu w)/m (Vg VoUpUy + 29U, = ) du (C.4)
1 w DU,
= 5 (1 — u) / ([N’W — AN V,U,U, — QQ’WVMd—Z) du. (C.5)
uo

Setting this to zero and expanding DU, /du using (C.3) we find the geodesic equation:

dUa 1 v v v
= e [N = 2N"| U, U, = T4 U, U, (C.6)

This result can be simplified using equation (3.14) which gives

[NPHY — 2NHP1 UL U, = 2 [T + N2 ¢ U, U,.
Substituting this back into (C.6), noting that I'**U,U, = FE,W)UMU,, and using N* =
) — {~V} we find

dU,
du

_ (gpanW —{ny }>UMUV7 (C.7)

which is the final form of the geodesic equation.
A particularly useful feature of geodesics in the case of a metric compatible connection
is that the quantity L = ¢g"”U,U, is constant along a geodesic. It turns out that this holds

for our definition as well:

d Y y )

7u (¢"U,U,) = 0°¢"U,U,U, + 2¢* Uyd—u”
= (0°g™ + 217% — 2g"° { "Y' 1) UsU, U,
— (apgﬁv _ 29u5 {puv }) U,BUVUp

=0.
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This is extremely fortunate because it allows us to relate the distance function Di(T)(P, Q),

c.f. eq. (3.21), directly to the integral I(v), in particular

1= D} (P.Q) (©8)
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Appendix D

Second Order Formulation of DPS

In this appendix we show how the second-order formulation of the DPS action can be
obtained from eq. (4.33) by integrating out the momenta and all Lagrange multipliers.

Begin by rewriting the action as

N N
S = /dT [p#(jc“ — Nyx") + (X" — Nox#) — 5(}72 +m?) — 5(72 —€?s%) — N3(p - 7)
M
—5 (- AQ)] , (D.1)
where we have introduced
~ (M—Nl) ~ 82(M+N1)
N — 6—27 M — T. (D.2)
The equations of motion for the momenta read
Npu‘i‘Ng’/TM = (i’M—N4XM), (DB)
NSPM + Nﬂ-u = (Xu - NQXM)v (D4)
and upon inverting these we obtain
(NN—N??)pu = N(jju_Nleu) — N3(Xu — Naxp), (D.5)
(NN—NBQ)WM = _NS(Z‘UM _N4Xu) ‘I'N(XM_NQXM)' (D'G)
Substituting this result into Eq. (D.1), we find
P M 2 2 N V 2.2
S = /dT — — — (X" = X)) — —m” + —€“s7| D.7



where p is given by

p = % N(d — Nax)? + N(x — Nax)® — 2N3(x — Nox) - (& — N4X)] . (D3

We can now start integrating out the constraints, beginning by varying Chapter D with
respect to Ny and Ny, then

Nox*=x-x, Nox*=i-x. (D.9)
This suggests the notation

(XX;QX)X#, (D.10)

. (@x) :
Dz, ==z, — 2 X Dixp = Xp —

where Dy is the time derivative projected orthogonal to x. We can now compute the

variation with respect to the Lagrange multipliers N, N, and Ns; after some algebra we

find

(Dyx)? = N2€2s* — N2m?, (D.11)
(Dyx)* = Nie*s* — N*m? (D.12)
(Dex) - (D) = N3Ne*s® — NaNm?. (D.13)

To solve for these equations, it will be convenient to define
D := (NN — N2)sem, T := (Né*s®> — Nm?), (D.14)
which allow us to rewrite Egs. (D.11)—(D.13) as

(DtX)2 = NT+ mD

se ?

(Dyx) - (Dyz) = NsT, (Dyx)? = NT —=*£ (D.15)

These relations are straightforward to invert, and we find

D = B\/[(DtX) : (thl?)]Q — (Dyx)*(Dix)? = B(Dex) A (Dex)] (D.16)
T = a\/e2s2(Dyx)? — m2(Dyx)? — 2Bsem |(Dyx) A (Dyx)l, (D.17)

where = 1 and 8 = +1 are signs needed to define the square root. For definiteness, we
choose both signs to be positive from now on. Thus, after integration of Ny, Ny and N, N

and N3 the action becomes

5= [ar [we%?wtx)? — (D~ 2semB D) A Do] ~ 1 (- ﬂ] .

(D.18)
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Observe that we cannot integrate out the final Lagrange multiplier, since the variation of
S with respect to M is just the constraint y2 = A\2. We can, however, obtain expressions
for some of the other Lagrange multipliers, viz.

m(Dyx)* + seB|(Dyx) A (Dix)]

N = T , (D.19)
[ se(Dyx)? — mi|;Dtx) A (Dtx)|’ (D.20)

T
The conjugate momenta are now obtained via the standard prescription p, = 95/9% and

7, = 05/0x. We find

m [Bse
D :—? <thZEM + W—DtXl [(Dtx : DtX)DtXu - (DtX)th:B;J) ) (D.22)
se mp
Ty = T (SEDtXu — m [(Dtx : DtX)Dtxu - (Dtx)thXu}> . (D23)
It can be checked that these momenta satisfy the constraints
p2=—m? 7T>2< =es’, m-x=0, p,-m =0, p,-x=0. (D.24)

The variation of the action with respect to z,, and x, determines the Lagrange equations

of motion, in particular

p:}c,u = O> #x,u = _<X : jj)px,u - (X ' X)Wx,u - MX/A' (DQB)

Provided we implement x*> = X?, these equations preserve p? = —m?® and 2 = €’s%

demanding that 7, - x = 0 also be preserved in time determines the Lagrange multiplier

M:

M= EA—"; . (D.26)
On the other hand, for the remaining two constraints we have
d m2 d 2 .
g e ) = =7 (D) - (Dex), (P m) = m (- &), (D.27)

Therefore, ensuring that these quantities are stationary in time requires that we impose
constraints on the initial conditions, specifically (D;x) - (Dyx) = @ - x = 0. These are
equivalent, when y? = A2, to @ -y = - ¥ = 0 which implies that the dual motion is always
orthogonal to the particle velocity. Once these extra constraints are imposed, the action

simplifies to the one quoted in the main text [Eq. (4.52)],
S:oz/d7'|m|5c| — Bes|ll., (D.28)

where we have defined || = /=42 and |x| = /X2
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Appendix E

Dirac Brackets for DPS

We include here an explicit formulation of the Dirac brackets for DPS. Assuming m # 0 a

direct computation gives

(F,0hom = 14,9} + g (181} (82,9} — 1, 82} {1, 9))

1 (E.1)
T3 ({f, @3} {Pa, g} — {[f, P} {P3,9}).

The commutation relations between the phase space variables are now given by
2. Yo = 1, (2,20 = (AT, (B
(@ X Yon = 7", D X0 =~ (XA, (B3)
{z",7"}pp = %W“pl’, {m", 7" }pp = —28—;2()( AT (EA4)

{x*, 7 }og =" — Q%QX“X” —gagt Tt %p"p”- (E.5)

To obtain the brackets for a massless particle let m — oo in the above relations.

142



Appendix F

Fermionic Spherical Harmonics

In this appendix we include a brief discussion on “fermionic spherical harmonics” Y, (0, ¢)
which allow for half-integer values of m, ¢, see [109, ]. We begin with the standard

differential equation
1 0 0 1 02
smooe "8 ) T zaaar| ¥ =—AY F.1
{$n989<$n009>_+sm?08¢4 (8,6) = —AY(6,9), (F.1)

which is separable and we make the assumption that A > 0. Putting Y (6, ¢) = ©(0)®(¢)
we find

. ,d (. dO .5
sin 9@ (Sln 0@) + (Asin®0 — K)O =0 (F.2)
d*®
kD F.
T (F3)

where k is the separation constant. The second equation is straightforward to solve
D, (0) = a1e™? + ape ™9, (F.4)

where m? = k and oy, sy are integration constants. It is standard to argue that m should
be an integer since ¢ has period 27 and ®(¢) must be single valued, however this reasoning
is spurious. It is only the probability density |®(¢)| which needs to be single valued since it
is this quantity which has a physical interpretation. Under this less restrictive assumption
we only require that ®,,(¢) is periodic and therefore that 2m € N.

Put A = ¢(¢+1) in equation (F.2) and make the change of variables x = cos  to obtain

2

(Lﬂﬂé—%@+@w+n— m )@:a (F.5)

1—22
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where a dot indicates a derivative with respect to x. Notice that since A is assumed to be
non-negative £ is real valued. This is the associated Legendre equation and it’s solution
is well known, namely ©(x) = 5, P"(z) + [2Q}'(x) for some constants [, 52. To have a
normalizable wavefunction it is sufficient to require that O(z) be regular on the interval
[—1,1]; to this end let us examine the behavior of PJ"(z) and Q}'(z) as  — 17. As

eq. (F.2) is invariant under m — —m we can restrict to m > 0 without loss of generality,

we find
Plz)~(1—2)™*  m#£1,2,... (F.6)
P (a) ~ (1 —z)™?, m=1,2..., (—m#-1,-2,... (F.7)
Q(x) ~log (1 —x), 0#—1,-2,... (F.8)
. 13
m(r) ~ (1 —z)™?, m:%,g,..., C—m#—-1,-2,.... (F.10)

It follows that a regular solution is only possible if m is either an integer or half-integer, in
the former case we have ©(x) = 1 P)"(x) and in the latter O(z) = 52Q}"(z). The values
of ¢ are as yet unrestricted, but we still need to consider regularity of the wavefunction as

x — —17, which can be determined from the following relations
Pr(—2) = cos((€ — m)m)PI(x) — = sin((¢ — m)m) Q7 (x). (F.11)
0
2 . m
Q' (—z) = —cos(({ —m)m)Qy* (z) — - sin((¢ —m)m) P (z).. (F.12)

When m is an integer/half-integer eqs. (F.6)—(F.10) imply that only P;*(z) respectively
Q7'(z) are finite in the limit x — 17. Therefore, if the wavefunction is to be regular
as r — —1% we require that terms containing the other Legendre function vanish from
eq. (F.11)/eq. (F.12). In each case this implies that £ — m is an integer and so if m is an
integer /half-integer ¢ is as well. Furthermore, in each case we have that ¢ —m > 0 and
since this should be symmetric with respect to m — —m we also have {+m > 0, combining
these conditions gives —¢ < m < (. Noting that for m a half-integer Q" (x) o P, " (z) we

can write the most general solution to eq. (F.2) as

1.3
oy (z) = BPM™(x), =0, g lige m=—L—l+1. (=10  (F13)
(F.14)
where ¢, = (—1)%. This result can now be combined with ®,,(¢) to obtain the full

solution to eq. (F.1) namely Y;" (6, ¢) = ©7"(0)P,,(¢). When m is an integer these are the
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standard spherical harmonics, however if m is a half-integer we obtain “fermonic” spherical
harmonics which change sign under ¢ — ¢ + 27. As mentioned earlier, a multivalued
wavefunction is acceptable provided that the probability density is single valued and it is

easy to verify that this property holds for “fermonic” spherical harmonics.
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Appendix G

Unequal Massess

This appendix examines the effect of allowing for unequal masses in the relativistic bilocal
model of Section 5.3. In the non-relativistic model the form of the final Hamiltonian was
independent of any mass difference between the constituent particles. This is decidedly
not the case when considering the relativistic setting, as will be explored in the current
appendix. We begin by defining the masses M = my + my and p = myms/(m; + ms) and

the four-vector coordinates

m m
XH = Mlx’f MZ.CI?'%, Azt = ZE’f - ZE';, a
1
Pho— g Apt = Lo = (GD)
Py T D2, my ma

which have Poisson brackets {X*, P"} = {Axz* Ap”} = n*” and total angular momenta
J =X NP+ Az A Ap. Generalizing the analysis of Section 5.3, there are two mass-shell

constraints
2 2 _ S
p; +m; =0, 1 =1,2 (G.2)

both of which must leave (Az)? = ¢? and (Ax A Ap) = h?s® stationary. Again we find that
that the constraints p; - Az = po- Az = 0 must be included, and noting that p; = 51 P+Ap
and py = T2 P — Ap the full Hamiltonian can be written as

H =5 (P4 02+ 2(ap2) + N (P Ap) — 82(Ap)?) + & ((Ax) = 2)
+% ((Ap)? — €25%) + (Asmy + Aama) (P - Az) + (A3 — \y)(Ap - Ax), (G.3)

where we have introduced the mass difference Am = m; — mo.
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We see that the four constraints
(P-Ax) =0, (Ap-Ax)=0, (Az)*=¢ (Ap)? =és? (G.4)

are identical to the equal mass case, whereas the mass shell and final orthogonality con-
straint are modified. Specifically, define

M A
M? = M? + —€s?, p = —m€2827 (G.5)
I 24
then the modified constraints are
P? 4+ M?* =0, (P-Ap) = p. (G.6)

No further constraints need to be added but demanding that the existing constraints Pois-

son commute with H imposes the following conditions among the Lagrange multipliers

A3 =M\ =0, (G.7)
M -~ Am )\162 ~ 2
N— - N—— =—=N—r1. .
( p 2M +A2) €?s? p (G8)

It follows that the reduced Hamiltonian involves two unconstrained Lagrange multipliers

which correspond to the first class constraints

dp = P?+ M?, (G.9)
Ap)? Ax)?
by = ( 62) §2 14 ( £2> —2h232+ﬁ[(P'Ap)—P]- (G.10)

There are an additional four second class constraints: a modified one P-Ap = p and three
unmodified

P-Ar =0, Ap-Ar=0, és*(Ax)*—*(Ap)*=0. (G.11)

The key difference from the equal mass case is the fact that P - Ap # 0 which gives rise to

the addtional complexity in the spin cosntraint ®g.

From these expressions it is clear that the case of continuous spin particles® [33, ,
| can then be obtained in the limit where M — 0 while keeping p fixed. Indeed, in this

limit we recover the constraints

P*=0, P-Ax=0, P-Ap=p (G.12)

IThe idea of continuous spin particles in the DPS framework will be discussed more fully in Chapter 7.
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together with €?s*(Ax)? + (2(Ap)? = 2h*s* and Ap - Az = 0, €?s*(Ax)* = (*(Ap)?. These
are the constraints for a continuous spin particle.

At the outset of this appendix we put X, as the “center of mass” but this choice was
arbitrary. Another option is to look for a definition of X’ which leads to a vanishing mixing
parameter p. Note that in order to keep the canonical algebra, changing X also means
that we are changing Ap. Lets consider

Am e%s? Am e*s?

X/:X—— P’ Ap,:Ap+_

2 ME o M (G-13)

which preserve the canonical algebra by construction and satisfy P - Ap’ = 0. This change
of coordinates can be seen as a redefinition of the effective spin, which is now given by
€25 = (Ap')?, while also rendering the position coordinate X’ momentum dependent. For
example, imagine coupling the massive spinning particle to an external electromagnetic
field: With a vanishing mixing parameter it is natural to consider the coupling A(X'),
however when expressed in the CSP frame where the mixing doesn’t vanish this reads

A(X + aP) and the location of the coupling is now momentum dependent.
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Appendix H

Spinor Formalism

In this appendix we present a brief review of the spinor helicity formalism, see |

) Y

]. Let x® be a complex spinor and Y% = (x®)' it’s complex conjugate. Indices are raised
and lowered with the epsilon tensor €,3, which is totally skew symmetric and normalized
by € =1, i.e.

(o [

X = 6alBXﬁ7 Xa = Eaﬁxﬁv X = 66[6)2/3"7 Xa = EQBXIB7
and these quantities are represented as
X) = Xas (x| =x", IX] =X X =Xa-  (H.1)

so we see that if |£) is our spinor, the hermitian conjugate spinor is denoted by [£] as usual
while |¢] denotes the same spinor but with indices raised. Note that we adopt a convention

in which the epsilon tensor satisfies €,,€7? = 7. Contractions between spinors are simply

(e =%, g =0EY Kl =—(le). (H.2)

Let (0%)as = (lag,0as) be the standard four vector of sigma matrices, and (%)% =

(%) ﬁgeaﬁ €% the same vector but with indices raised, then the following relations hold
Tr(a“&b) = —Qnab, Uab(O'a)ad(Jb)BB' = —2606,36@5. (HB)

Generically, a matrix with an overbar is assumed to have upper indices M%®, whereas an
unadorned matrix will have lower indices M,4. In matrix notation we have that M =
eM'e! and det(M) = —1Tr(MAM). Multiplication between a matrix and a spinor is

denoted by juxtaposition
MaaX® = M|X], X*Maa = (X|M, M*xq = M|x), XaM** =[x|M. (H.4)
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Any vector p* can be represented as a matrix by contracting it with the vector of sigma
matrices

1

bu = _2<5u)dapaa <~  DPas = pu(”“)ad- (H.5)

It follows from eq. (H.3) that p,.p®® = —p?d? and pdo‘paﬁ- = —p25§, so that the inner
product of two vectors p* and ¢* is given by

1 _
Pug” = —§Tr(pq)-

Let A*,b” be a Lorentz transformation, then the action of A on a spinor is represented by
matrices (Lo, L*;), that is

[€) = LIS), (€l — (€lL™, (H.6)
€] = (L7)1e], (€] — []LT. (H.7)

The relationship between A and (L, L) is obtained through
LML = A"67,  L'o"L = A',0”, (H.8)

with the (L, L) satisfying

L=, @ LoPeps= (L7 (L) pe”’ = (L7)6 = (L)% (H9)
Observe that the contractions we have introduced above are indeed Lorentz invariant.
Let us now introduce a structure that involves the contraction of two conjugate spinors

along a vector
p**Caa = [C[DIE) = (€IpIC]- (H.10)
Although this contraction is only invariant under Lorentz transformations that fix p, it

does have the advantage of defining a hermitian form

[CIple)” = [€lp'IC) = [€lpIC)- (H.11)

Furthermore, if p is a timelike vector p? + m? = 0, this contraction defines a norm [£|p|€)
and in the center of mass frame this norm square is simply given by +m(|&|*+ |£1|%). The
sign of the this scalar product is the sign of the energy + = sign(py).

The next thing to consider is the spinorial expression of a bivector. We begin by defining

the rotation matrices

(0‘“’)0/3 = —(ota” — J”&“)aﬁ, (6“”)0"5 = —(a"0” — 5”0“)‘5‘3, (H.12)

]~
|
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which can be used to expand the anti-symmetric combination of Pauli matrices

v

Taa045 = i€45(0" )ap — 1€ap(0") 43, (H.13)
5{‘;{155]6 = —ieg5(0™ )ap + i€ap () 45 (H.14)

The rotation matrices possess self-duality properties

(ko) = ioh”, (%01 = —ich”, (H.15)
where (xM)" = 1eP7M,, and we have assumed €’'?* = 1. A bi-vector S, can be
decomposed into self-dual S,” = S, (6"),” and anti self-dual S* 5= Su,,(ﬁ“”)dg parts,
specifically

Suvagaagg = (iS(aﬁ)Eas_iS(a6)5a6)7 (H.16)

(*S);wagaagg = _(S(aﬁ)eaé"‘s(aé)eaﬂ)- (H.17)

With the spinor indices raised the decomposition is the negative of the one presented above.

If the bivector is simple, i.e. S, = (x A 7)., then we have

i, _ Gié Lo _N\a
Sa” = 5(xm = mx)a”, 5% = 5 (vr =) (H.18)

or

Sap = —H(TX) (@), Sap = HNT)(ap): (H.19)
In other words we can express the matrix product of two vectors as
(Xﬁ)aﬁ = —(Xuﬂu)ég —i(x A W)aﬁ, ()_(W)dﬁ' = —(XMWM>(SE —i(x A W)dB. (H.20)
The matrix corresponding to a vector p, can be expressed explicitly as

D — ( (Po+ps)  (p1—ip2) ) L e ( (Po—ps)  —(p1 —ip2) > (H21)

(p1 +ip2)  (po — p3) —(p1 +ip2)  (po + p3)

We see that the bar operator corresponds to parity reversal, that is, if we denote the parity

transformed vector p,, = (po, —p;) then p = p as matrices. We also find that

J: K J 1K) — i(J K
(x)a” = (xu)1 + ChAils i) =il i) (H.22)
(Jl +’LK1> +Z(J2 +ZK2) —(Jg +ZK3)
where we have defined
Ki = (X A7)0, Ji = ein(x A ), (H.23)

as “boost” and “rotation” generators respectively.
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Appendix 1

Details on the Spinoral

Parameterization of DPS

This appendix provides extra details for some of the results presented in Chapter 6.

I.1 Classical Spin Motion

We show explictly that the spin state does not evolve during classical motion. The equa-

tions of motion associated with the Lagrangian eq. (6.22) are given by

d

EP =0, (I.1)
(P = — (1€ + 2id(el) P (12)

where we have defined .
Pi= < (@ + 0(e"¢)) . (13)

The first of these implies that P,s is constant, and inserting this result into the second

equation gives

d

(€l+ide)c=0 = Z () =0. (14)

It follows that e is a constant of motion and so §(e*?¢) vanishes on-shell.
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I.2 Second Order Equations of Motion

In what follows we derive the equations of motion resulting from the second order ac-
tioneq. (6.31). Begin by defining the momentum p, conjugate to z, in the usual manner
pu = 05/d3*, then the equation of motion for x is determined by conservation of momenta
p = 0. As an important aside, the relationship between pns and §5/67% isn’t quite as
expected, specifically

5L 5L 07" JL

H —
sir (%a)mﬁ gan — 2gzea (15)

Paa = (Uu)adpp = (O-gd)

Recalling the definitions of a and b from eq. (6.36) we find that the momenta p, is given
by

~ 5 = mgr /TP = 2 (1ol = o) (L6)
2hs mlbf )il o

= Dol el = R

It follows from this lengthy expression that

T (ble] +i0°10)).

AT

where p is the unit momenta p = p/m. The spin equations of motion can now be written

in matrix form as

[6?

_m ; _mb &
5 ( 10) ): = 9 1_|h2!93| QhSW < |p) >
T N mb* T " im b . N .
p|p] 2hs /17‘[,‘2 a + ﬁ 1*‘[]‘2 |.Z'| p|p]

To simplify the presentation we introduce the notation

D 4 — Re oo mo
p—(mp}), 0 =Re(a), o %Sml (b),

m_ |7 m___ |6

n Re(b), a3 =Im(a) — ——— 20 |4,

2hs /1 — b2
and so the spin equations of motion become

d.p = ( ap +1az a1 + as ) o (L7)

a9 — —

ia1 — Qa2 Qg — ia3
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= (aol +1d - &) p, (1.8)
where @ = (a1, as, a3). To solve this equation we introduce a vector & which satisfies
p = elo ao®dte (1.9)
Eq. (I.8) then implies 0.& = ia@ - €, which has the formal solution
&=Texp (i5~ /T Ei(t)dt) £(0). (I.10)
0
It is only in the special case where at most one component of @ is non-zero that we could

obtain an explicit expression for &.

1.3 Poisson Brackets

Here we include the explicit derivation of the Poisson brackets between 2%, £, and £°.
Equations (6.48)—(6.51) together with the expression for # and A in terms of J given by
(6.54) imply that

{(;z +iA)e (T +iA)P8 } 0, {(:z + Ay (3 — iA)P8 } - %p@ﬁﬁa, (L.11)
{(:?: iA)oe (7 @A)ﬂﬁ} 0, {(:?: i) (F + ZA)W} :—%pﬁmaﬁ, (1.12)
which combine to give
{f"“‘,fﬂﬁ} = {Aé‘“, Nw} = %(pdﬁﬁ’éa —pBO‘Adf’), (L13)
zoo APPY — (OB AP 4 pPeAGR), (L14)
R )

Noting that the brackets in eq. (I.13) are anti-symmetric under interchange of («, ¢) with

(8, 5) allows us to re-write them in a more revealing form

{jaa,jﬁﬁ} _ {Ada’ABﬁ} _ b [Gdﬁ(pg)(aﬁ) _ Eaﬁ<Ap)(dB)} . (L15)

m2

A further application of eqs. (6.48)—(6.49) to ¢ and € in conjunction with the decomposition
(6.54) yields

{ga,fﬂﬁ} — %ﬁﬁagﬁ’ {gd’fﬁ’ﬁ} :%ﬁdﬁfﬁ” (1.16)
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{50&7535} :__2]730155’ {gd’ Aﬁﬁ} :#ﬁdﬁgﬁ_ (I1.17)

It remains to compute the brackets between € and €. We begin by substituting the definition
of A, see eq. (6.52), into eq. (I.17), whence

L il (¢ (&€} + € {er.)) =~ +

S (118)

Contract either side with {3 to obtain {§ 3 B} &s = 0 which, by virtue of the anti-symmetry
of the bracket, implies

{é&a’ 55} = 0. (I]_g)
Upon substituting the above result into eq. (I.18) and contracting with (p|£])s we obtain
. is - _
.67 = —o s (20Eplelp™ — m?eeT) 1.20
U8 =~ e (26l ) (1:20)
Similar results hold for &, in particular

{8 =0, &) = 0 bl -miPe) . a2y

SI IE]
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Appendix J

Constraint Algebra for the Covariant
DPS Model

In what follows we provide additional details on the computation of the constraint alge-
bra for the covariant DPS model discussed in Chapter 7. The algebra between x and 7w

constraints is straighforward to compute

{®,,®,} =4, ~0 (J.1)
{ @y, Prn} = 2 (D) + N?s7) = 20757 (J.2)
{0, ®,,} = —2(P, + E?) ~ —2F* (J.3)

For constraints involving p the computation is much more challenging, lets proceed system-
atically by first computing the Poisson brackets of these constraints with the coordinate
vectors x*, m, and p,. In doing so it will be useful to know the Poisson bracket between

pu and the metric

2¢ o
{p,m gup} = %gupnuax - g,u'yr;{pa <J4)
v 26 14 o av
{pu, 9"} = "R ’Nuat™ + GurLo59 9% (J.5)

Keeping in mind that indices are raised and lowered by the metric and its inverse, we find

{Xu7 (I)PX} = _FﬁpXVXp7
{mus P} = = + X",
{Pus @py} =T X pu + R T XX,
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and

X", Qpr} = p" — X7

{mu, Ppr} = Wyﬂar,pwa

2¢ Y Y
{pm (I)pﬂ} = _%pl//T nupl'p + g,uurpfypp'ﬁﬂ/
+ RP 7 — I, p T,

and finally
{X q)p} - _2FVpX p )
{mu, ©p} = 2sz/p Dp,
{Pu, @} = R2 w5 P Dunpp®” + gL 07
+2R%,,, T X"D".

It is now a tedious but straightforward task to compute the constraint algebra. We find

{q)xvq)px} =0, (J-6)
2¢f 2¢f
{q)ﬂ'?q)px} = _2(Pp7r - WE — —?E (J?)
ef? ef?
{Pyr, Py} = =Py + 7 —— A~ f)\ (J.8)
and
2¢ f2 2e f?
{@y, Ppr} =20, — Ej‘%f A~ — 6}{ A, (J.9)
{(I)7ﬁ (I)pﬂ} = 07 (J10>
{Pyr, Ppr} = Ppre + %E ~ EfE (J.11)
and
{®,,®,} =0, (J.12)
{®r, @y} =0, (J.13)
{Pyr, 0} =0, (J.14)
and

{0,,D,,} = ;2 ((@m + £E> (D, + \25%) — Dy, (<I>px — %A)) (J.15)
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%A) (Pr + E2))

= (Pr + B7) (B + N'57))

(J.16)

(J.17)

(J.18)

(J.19)

(J.20)
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