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Introduction

Higher spin (HS) theories have attracted a great attention among theo-
retical physicists since the early days of relativistic field theories. In the spirit
of quantum field theory (QFT), a free propagating particle is represented as
a quantum state of the Fock space of the theory. This state is associated
to a classical solution of the corresponding relativistic wave equation and it
is characterized, in flat spacetime, by a unitary irreducible representation of
the Poincaré group’. In four dimensions, these irreducible representations
are uniquely individuated by the spin s and the mass m of the field. It was
thus natural to study generalizations of the known Klein-Gordon, Dirac and
Maxwell-Proca equations to describe the relativistic propagation of parti-
cles of arbitrary spin. This pioneering research was pursued, for example,
by Dirac [1], Fierz and Pauli [2], Bargmann and Wigner [3, 4], Rarita and
Schwinger [5], and already in 1939 Fierz and Pauli found the correct field
equation for free massive HS fields. They realized that a spin s physical
boson with mass squared m?, should be represented as a symmetric, trace-
less and divergenceless, rank s tensor field ®,, ., obeying a massive Klein-
Gordon equation: (O — m?)®,, ,. = 0. Analogously, a physical massive
fermion of spin s + % had to be represented by a symmetric, vy-traceless and
divergenceless spinor-tensor ¥, . obeying a massive Dirac equation.

Even if the massive equations are the obvious generalizations of the Proca
system, with the additional trace constraint removing the non irreducible
parts of the field, a lagrangian formulation was provided by Singh and Hagen
[6, 7] only in 1974, by adding to the model a bunch of auxiliary fields of
decreasing spin, from s — 2 down to zero. The massless limit of the Singh-
Hagen lagrangian was studied in 1978 by Fronsdal [8] for bosons and by
Fang and Fronsdal [9] for fermions. Focussing on the bosonic case, it was
seen that when m? tends to zero, all the auxiliaries but the spin s — 2 one
decouple, while the latter combines with the traceless spin s field to give a

!The Poincaré group ISO(D — 1,1) is the global isometry group of flat Minkowski
space. The very notion of particle in curved spacetimes is related to their isometry group.
For example, particles in AdS space are labeled by SO(D, 2) representations.



double traceless, massless field ¢, .. The resulting Fronsdal equations are
the straightforward HS generalization of Maxwell and linearized Einstein’s
equations, and share with them the most important feature of all known field
theories, namely, gauge symmetry.

Since massless irreducible representations carry less degrees of freedom
than the massive ones, it is well known that the covariant field content is
redundant, and gauge freedom precisely allow to remove all the unphysical
polarizations. Moreover, gauge symmetry elevated to a fundamental principle
strongly constrains the form of the allowed lagrangians and field equations.
This led, as the most striking successes, to the formulation of the Standard
Model as a SU(3) x SU(2) x U(1) gauge theory, and General Relativity,
which showed an enormous predictive power.

However, non-abelian gauge symmetry and diffeomorphism invariance
turned out to be so powerful in that they determine the structure of interac-
tions, while Fronsdal’s HS gauge symmetry is an abelian symmetry enjoyed
by free fields. In fact, finding a consistent theory of interacting HS’s is still
a really tough challenge. Subtleties start to arise already with spin % fields:
the massless Rarita-Schwinger equation correctly describes free spin % parti-
cles, but it was realized that consistent interactions could be achieved only
in the framework of supergravity. The Rarita-Schwinger field is included as
superpartner of the metric, i.e. a gravitino, and the associated fermionic
gauge symmetry is then interpreted as local supersymmetry. Real obstacles
in finding consistent interactions for HS arise thus from spin g, and nowadays
we do not have a theory of interacting HS involving a finite number of fields.
Vasiliev’s theory is indeed a full non-linear theory of HS in interaction, see
e.g. [10, 11] for a review, but it does involve an infinite number of fields,
with arbitrary large spin. Moreover, it turns out that such HS interactions
are higher derivative and, being non-analytic in the cosmological constant A,
they cannot be formulated in flat spacetime.

Although we do not observe HS particles, a better understanding of their
dynamics is desirable. String theory, which is one of the leading candidates
for a quantum theory of gravity, is related to HS theories, and this relation-
ship is not fully uncovered yet. Since the fundamental strings are extended
objects, they allow infinitely many vibrational states with increasing spin
and mass; hence, the presence of infinite states with arbitrary spin is inher-
ent to string theory. Actually, since the order of magnitude of their mass
squared is the string tension, they can be safely discarded in a low energy
effective theory. Nomnetheless, in order to ensure the UV finiteness of the
theory the full string spectrum, including higher spins, have to play a role.
Moreover, in the tensionless limit of string theory this infinite tower becomes
massless and should reveal its huge gauge structure [12, 13]. Deeper insight
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into this feature comes from the AdS/CFT correspondence. The standard
conjecture involves type IIB superstring theory on AdSs x S° background,
that is claimed to be dual to N' = 4 super Yang-Mills (SYM) defined on the
four-dimensional boundary of AdSs. The correspondence is at the level of
generating functionals, and relates strong and weak coupling regimes on the
two sides. Usually, the conjecture is tested in the regime where string theory
is safely treated as low energy supergravity, and the dual superconformal field
theory is strongly coupled. On the other hand, when the boundary theory
is weakly coupled, or even free, an infinite number of conserved currents of
arbitrary spin appear, while on the string side the tensionless limit should
be realized, with the appearance of infinitely many massless HS [14, 15].

Spinning particles, first quantized approach to QFT

Having sketched the very basic concepts of HS theories, we can now turn
to the main subject of this thesis work, namely, the study of worldline quan-
tum mechanical (QM) models that allow to treat several QFT aspects in first
quantization. Of course, among the field theories that can be described by
using such worldline methods, we will be mainly interested in higher spin the-
ories and eventual generalizations. Quantum mechanical models have been
very useful, at first, to compute in an efficient and quite simple way chiral
anomalies, as it was shown by Alvarez-Gaumé and Witten [16, 17], and the
method was later generalized to include trace anomalies by Bastianelli and
van Nieuwenhuizen [18, 19]. Basically, following the Fujikawa approach, the
anomaly is represented as a trace over an infinite dimensional jacobian J
that requires to be regularized. Having chosen a suitable regulator operator
R, the anomaly is given by

An = lim Tr J e % .
B—0

The worldline model comes into the game when one interprets the regulator
as a quantum mechanical hamiltonian, the jacobian is written in terms of
QM operators, and the trace is taken over the Hilbert space of the particle
model. This is a sensible choice since, usually, the regulator’s leading term
is a covariantized laplacian: R = —V? + stuff that can be converted into
H = %2 + stuff. More generally, the worldline quantization of a relativistic
particle theory describes field propagation in spacetime, and we will be in-
terested in the so called spinning particle theories, that enjoy extended local
worldine supersymmetries. In fact, it is known that a spinning particle with
N local supersymmetries, that is an extended supergravity in one dimension,
describes spin & fields in four dimensional spacetime [20, 21]. This is a re-
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ally interesting and flexible model, since just by modifying the number of
fermionic worldline symmetries, one can deal different spins in field theory.
It will turn out that the key features of the worldline canonical quanti-
zation are the gauge symmetries of the particle theory. They will produce,
as usual in the canonical quantization of gauge theories, constraints on the
Hilbert space that select the physical subspace, in the very same way the
Virasoro constraints do in string theory. In order to get a more precise idea
of the relation between the particle quantization and the spacetime field
propagation, let us briefly sketch the strategy in the most simple case, i.e.
the scalar particle. The worldline evolution of a relativistic particle is de-
scribed by its spacetime coordinates x#(7). The usual form of its lagrangian
is L = —m,/—1a#2,, and is invariant under local reparametrizations of the
worldline: 7 — 7/ = f(7) . In order to avoid the cumbersome square root
in the action, it is useful to introduce an intrinsic einbein of the worldline
e(7), playing the role of a gauge field for time reparametrizations. This is
exactly the same reasoning that leads in string theory from the Nambu-Goto
geometric action to the quadratic Polyakov action, by adding the intrinsic
worldsheet metric h,g. In order to perform canonical quantization, one in-
troduces the particle momenta p,, and the phase space action reads
Slp,x,e] = /dT [puzt” - g (p* + mQ)] ,
and we note thats the massless limit is now completely smooth. In one
dimension the gauge field e does not have any dynamics, and its equation of
motion enforces the classical constraint H = p? +m? = 0. At the classical
level this restricts the unphysical covariant phase space to the physical mass-
shell sector. Upon canonical quantization, the Hilbert space of the particle
consists on functions of the spacetime coordinates ¢(x), i.e. scalar fields,
where the momentum acts as p, = —i0,. At this juncture, the classical
constraint H = 0 enters the game and translates, as usual, in a constraint
over the physical states of the theory: H|¢) = 0, that is nothing but a
massive Klein-Gordon equation

(O0—m?)p=0.

We have thus shown that a first quantized free relativistic particle describes
the propagation of a free scalar field in spacetime. Following the same strat-
egy, one can achieve higher spin propagation by quantizing a particle with
an arbitrary number of local supersymmetries.

The present discussion concerned free particles only but, although free
HS propagation is an interesting subject in its own, spinning particle mod-
els become much richer tools when coupled to nontrivial backgrounds. If the
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spinning particle is consistently coupled? to an external field, its quantization
reproduces the propagation of the corresponding quantum field interacting
with the background of interest. This allows for many interesting applica-
tions, such as the computation of one-loop effective actions, propagators and
so on, by using quantum mechanical path integrals [22, 23, 24, 25, 26, 27, 28|.
One can achieve, for instance, interactions with scalars, gauge fields and grav-
ity, and we will be mostly interested in the last case, due to the universality
of the gravitational coupling and the intriguing feature of defining HS theo-
ries on curved backgrounds. Again, to be more concrete, we briefly present
the method for the simple case of scalar electrodynamics. In order to make
the scalar particle interact with an external electromagnetic field A, (x), it
is sufficient to replace the momentum p,, in the hamiltonian with the covari-
ant one p, — qA,. The action for the massless scalar particle becomes in
configuration space

ol
_ 1o A ”
S /0 dT[Qex &, +q A, ()T

If the electromagnetic coupling is small, the path integral can be cast as a
perturbative expansion in powers of ¢ and the interactions appear as inser-
tions of the vertex operator

T
V= iq/ dr A, (z)z"
0

in the worldline free propagation, exactly as it happens in string perturbation
theory, where vertex operators are inserted in the free worldsheet. The path
integral in fact becomes

DzxDe o, = 1
Vol Gauge e [szo N! <VA)N] ’

where Sy is the free action and we schematically took into account gauge
redundancy by dividing the volume of the gauge group. By modifying the
geometry of our worldlines we can produce various QFT quantities. For
instance, performing the functional integral over paths with fixed endpoints
one obtains the propagator in the electromagnetic background:

*M=v  DxDe |,
A — et N
(z.9)a /x(o)z Vol Gaugee g g g

2The worldline couplings have to respect the gauge symmetries of the particle, properly
deformed by the interactions.




while a worldline representation of the one-loop effective action due to a
charged scalar loop is obtained by quantizing the particle on a circle. It is
worth noticing that in the factorization procedure of the gauge group vol-
ume by the Faddeev Popov method, one is often left with finite dimensional
integrals over moduli of the worldline gauge field. The omnipresent modulus
on the circle is the proper time 71" associated to the closed loop, that comes
from the gauge fixed einbein e(7)|ixeqa = 7. From the field theory viewpoint,
it results that the limit 7" — 0 is the ultraviolet limit of the QFT. In many
applications one indeed studies the QM path integral as a perturbation se-
ries in T', and the resulting coefficients in the QFT effective action are the
so called Seeley-DeWitt coefficients that investigate the UV structure of the
theory [29].

DxDe ¢

A —_—
4] 11 Vol Gauge ‘

+
_l_
+

A notable feature of the worldline representation of effective actions is that
the spin of the field running in the loop can be changed by simply modifying
the number of fermionic species 1! in the particle theory. Of course new
kind of worldline vertices can appear but, once the two basic propagators ar
given for quantum mechanical fields, roughly speaking (xx) and (1), the
perturbative structure is exactly the same, and one can easily keep track
of the contributions coming from various spins. Moreover, one has not to
deal with the complications of divergent momentum loop integrals, the QM
perturbation theory being always finite. Indeed, we already mentioned that
the UV divergencies of the quantum field theory are encoded in certain inte-
gration regions of the moduli space of the particle, exactly as it happens to
be in string theory.

This brief description was carried on using scalar electrodynamics as a
simple example, but we anticipated that our main focus will be on interac-
tions with gravity and on higher spin fields. It is in fact obvious that we
can make a scalar field interact with any desirable background, but this is
not true anymore once we increase the spin of the field beyond the higher
spin barrier. This is indeed clear from the spinning particle viewpoint: if we
deform the QM operators of interest by coupling with a certain background,
we must retain consistency with the gauge symmetries of the system. In gen-
eral, the free generators of the worldline gauge transformations 74 will form
a Lie superalgebra: [T4, TP} = fAPTC. The closure of the superalgebra
is essential to the consistency of the theory, but it can be broken by cou-
plings with nontrivial backgrounds, as it happens. In the scalar particle case
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no problems can arise since the only gauge generator is the hamiltonian H.
Let us, instead, consider a spinning particle with N local supersymmetries
generated by N real supercharges ();. Its quantization was studied in flat
space in [30] and in (A)dS in [31, 32, 33]. In the free theory the fundamental
anti-commutator closes as {Q;, Q;} = 20;;H, where H is the hamiltonian.
When this system is coupled to gravity, the algebra still closes on any back-
ground manifold, with covariantized operators, only for N = 0, 1,2 that is
for scalars, spin % fermions and vectors. For higher spin fields, i.e. for larger
N, the algebra ceases to be first class, since new operators appear coupled
to the curvature:

{Qi,Q;} ~ 204 H + RWAJ?/#%/?P/\ 7,

and the quantization on general backgrounds is inconsistent. The problem
can be overcome by restricting the allowed background spacetime: for in-
stance, on conformally flat manifolds, among which special importance is
held by maximally symmetric spaces, the above superalgebra is again first
class [32], and a consistent quantization is allowed. More specific aspects and
subtleties of the worldline formalism we will be concerned with will be briefly
discussed in the forthcoming description of the thesis content.

Let us now outline the structure and content of this thesis work. The first
part, consisting in five chapters, is devoted to the research work, conducted
at Bologna University, on higher spin fields from a worldline perspective,
with special interest on a novel class of complex HS fields related to the
so called U(N) spinning particles. The second part of the thesis, instead,
consists on the two last chapters and concerns the development of Weyl
invariant field theories by means of a particular Weyl covariant formalism,
called tractor calculus, that was carried on at UC Davis in collaboration with
the Mathematics Department.

In the first, introductory, chapter we give a brief description of HS theo-
ries for the simplest case of completely symmetric tensors, deriving Fronsdal
equations for massless HS in flat Minkowski space, in the constrained formu-
lation. We then turn to the worldline formalism, and to get familiarity with
the first quantized approach, we warm up with the two simplest examples of
the N =1 and the O(2) spinning particles, describing Dirac spinors and dif-
ferential p-forms. We proceed then by reviewing the canonical quantization
of the O(NV) spinning particles in flat space. These particle models possess
indeed N local worldline supersymmetries with O(N) as R-symmetry group,
and will describe HS conformal fields with the symmetry of a rectangular
Young tableau, that reduce to the Fronsdal’s completely symmetric tensors
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only in four dimensions. We show, following [32, 33|, that their Dirac quanti-
zation produces HS equations in the geometrical formulation, which are first
order equations on the Freedman-de Wit generalized curvatures. Integrat-
ing a subset of these equations one introduces the gauge fields, and readily
recovers Fronsdal-Labastida and Fang-Fronsdal equations, for bosons and
fermions respectively, in the compensator formalism of Francia and Sagnotti
[34, 35, 36]. Moreover, in the worldline language, algebraic and differential
operators of interest are naturally encoded in a compact form in the QM
operators and all the manipulations and equations show up in an elegant
and concise manner, the meaning of which becomes clear keeping in mind
the dictionary that relates worldline operators to the usual tensor formalism.

In the second chapter we pursue the coupling of such models to back-
ground gravity. In order to build O(V) spinning particle models, it is often
useful to start with a particle model enjoying N global supersymmetries, as
well as global time translation symmetry and O(N) symmetry, to which we
will refer as O(N) SUSY quantum mechanics. In a second step, if the alge-
bra of the symmetry generators is first class, one can couple such generators
to gauge fields and obtain the O(N) spinning particle®. The study of the
O(N) quantum mechanics is by the way an important issue: it provides the
algebra of the symmetry generators, allowing to recognize which kind of spin-
ning particles can be constructed. Moreover, it is tightly related to the gauge
fixed version of the latter, to be used in quantum computation. For this last
reason, the O(NN) SUSY quantum mechanics, and precisely its heat kernel
coefficients, represents a milestone in performing path integral calculations
for spinning particles. Given this state of things, we start the second chapter
by presenting the O(N) quantum mechanics and its OSp(N|2M) general-
ization, that is constructed by adding 2M bosonic “supersymmetries” which
enlarge the R-symmetry to the orthosymplectic supergroup. The models are
then coupled to a general background metric g, (x) by introducing suitable
covariant versions of the (super)-symmetry generators, and their quantum
algebra is computed. We show that the superalgebra is first class only for
N =0,1,2 and M = 0, the corresponding spinning particles thus reducing
to the known cases of scalars, spin one half fermions and p-forms coupled
to gravity. As already mentioned for the O(/N) model, at generic N and M
the restriction to maximally symmetric spaces makes the superalgebra first
class and allows the construction of the corresponding spinning particle, al-
though the superalgebra is not anymore a Lie superalgebra but a quadratic
deformation thereof. Having individuated all the operators of interest, par-

31t is possible, to obtain different models, to gauge only a subset of generators, provided
they form a first class subalgebra
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ticularly the hamiltonian H, and their algebra, we then focus on the more
familiar O(N) SUSY quantum mechanics and start studying its heat kernel.
By explicitly using the fundamental (anti)-commutation relations, we com-
pute the matrix elements of the evolution operator, or transition amplitude,
in euclidian time for all N:

(zXle” P |yn)

as a perturbative expansion in 3, that indeed defines the heat kernel coeffi-
cients. The result, given at first perturbative order, is well defined and can
thus be used as a bench mark for the correct definition of the correspond-
ing path integral, that is pursued later on in the chapter. In fact, it is well
known that the definition of quantum mechanical path integrals in curved
backgrounds involves some subtleties: carrying on perturbative calculations
on the worldline one has to face with ill defined products of distributions*, so
that a regularization scheme is needed in order to produce a non-ambiguous
result. Moreover, once the scheme is chosen, still the naive classical action
does not reproduce the correct amplitude for the desired hamiltonian, and a
suitable local counterterm Ver(z) is needed in the path integral action. For
a detailed treatment of quantum mechanical path integrals on curved spaces
see [37]. The amplitude for the O(N) quantum mechanics is computed by
path integral methods in the three most used regularization schemes, namely
time slicing (TS), mode regularization (MR) and dimensional regularization
(DR), and the corresponding counterterms are recognized by comparing path
integral results for the amplitude with the well defined operatorial one. The
proper definition of the functional integral is a first milestone for future ap-
plications in studying quantum properties of the O(N) spinning particles.
In the third chapter we turn to the analysis of a different class of spinning
particle models that will lead to novel HS equations on complex spaces. The
so called U(N) spinning particles are a complex generalization of the O(N)
models. They naturally live on Kahler backgrounds and enjoy N complex
local supersymmetries, with U(N) as R-symmetry group. For the lowest
N = 1,2 they were introduced in [38], while the general model was presented
in [39]. Here we present both their canonical and path integral quantiza-
tion in flat complex space C¢, and find new HS equations obeyed by the
corresponding complex higher spin fields [40]. They are very reminiscent of
Fronsdal-Labastida equations, except that the usual trace constraints are re-
placed in this framework by differential ones. The model is then coupled to
an arbitrary Kéahler manifold with metric g,», and the constraint superalge-
bra is studied. We find that the quantization is allowed, the algebra being

4They arise since the covariant kinetic term guuEH & contains double derivative inter-
actions.
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first class, on every background only for N = 1,2, as it was already known.
On the other hand, in analogy with the real models, it results that one can
quantize the model at generic N on Kahler spaces with constant holomor-
phic curvature. These manifolds are characterized by a Riemann tensor of
the form

RW,\a =k (guf,g,\a + g,wgﬁ,) , k= constant

and are the Kahler analogue of maximally symmetric spaces.

Having in mind that it is possible to quantize the U(1) and U(2) spinning
particles on every Kéhler space, and even the generic U(N) on nontrivial
backgrounds, we turn in the fourth chapter to study the associated U(N)
quantum mechanics®. The model is first generalized to the superunitary
U(N|M) SUSY quantum mechanics by adding new bosonic “supersymme-
tries”, and the larger symmetry algebra is studied on generic Kahler spaces.
Having chosen a suitable hamiltonian, we evaluate the corresponding tran-
sition amplitude by operator methods, result that again will allow to set up
the path integral in a non-ambiguous way [41].

With the transition amplitude at hand, we are able to properly set up
the functional integral. Indeed, in the fifth chapter we quantize the U(1)
spinning particle on an arbitrary Kahler background. In its standard form,
that demands to gauge both supersymmetries @ and ), the hamiltonian
H and the U(1) generator J, the model describes massless holomorphic p-
forms but, by considering different gaugings, we are able to give a worldline
representation of the one-loop effective action for massless holomorphic p-
forms, Dirac fermions and “non gauge” differential forms®. This is done
in practice by very simple manipulations on the moduli space of the basic
transition amplitude, and is indeed a good example of the aforementioned
flexibility of worldline models. One can also show exact dualities at the level
of partition functions in analogous way to what was done for the O(2) particle
in [28].

In the second part of the thesis we will explore the tractor formalism, a
mathematical machinery that allows to construct Weyl invariant field theories
in a nice geometric way that makes Weyl covariance manifest at each step.
Let us see this in more detail.

Weyl invariance and tractor formalism

SWe refer here to “quantum mechanics” as opposed to “spinning particle” in the very
same way as we explained before.

6We mean that these differential forms do not come from integrating a gauge invariant
field strength, and have a generalized Laplacian as kinetic operator.



The history of Weyl invariance [42] as a principle for developing physical
theories is a long one. Notable early examples include Dirac’s formulation of
conformally invariant four-dimensional wave equations in six dimensions [43]
and Zumino’s work relating Weyl transformations to the conformal group
[44] and the introduction of Weyl compensator fields by Deser and Zumino
[44, 45]. Under a Weyl transformation the metric undergoes the following
local scaling:

Guv — QZ(w) Guv

and we say that it has Weyl weight w = 2, while the matter fields can have in
principle any transformation rule, that commonly reduces to a simple power
law for so called weight w; fields: ®; — Q"i(x) ®;. Usually Weyl invariance,
that is local symmetry in the choice of unit systems, is regarded as a symme-
try principle obeyed by special classes of field theories, among which notable
examples” include four-dimensional Maxwell theory, conformally improved
scalars, the massless Dirac equation and Weyl-squared gravity. We will fol-
low, instead, a different perspective, where local unit invariance is required
as a principle for all field theories [46], and the usual systems are recovered
as gauge fixed versions of Weyl invariant ones.

Global scale invariance is obeyed by every reasonable field theory as the
freedom of choosing an arbitrary unit system, and gives the usual scaling di-
mensions of fields and coupling constants. To promote it to a local symmetry
we need in general to add a gauge field o(z), that behaves as a spacetime
varying scale. This field has weight one, so that ¢ — Q(z)o, and can be
coupled to any physical system to ensure Weyl invariance, deserving its com-
mon name of Weyl compensator. Once a field theory is presented in a Weyl
invariant way, the canonical choice is a constant unit system over spacetime
that translates in the gauge fixing choice o(x) = 0y. In general the gauge
fixing procedure breaks Weyl symmetry, and one is left with the familiar non
invariant theory. In special cases, however, the scale field decouples. When
this happens, Weyl symmetry cannot be spoiled by any gauge fixing, and the
resulting theory is invariant in its own in the usual sense.

Restoring Weyl symmetry by directly compensating the familiar field the-
ories can be rather painful. If the local choices of unit systems could not
possibly change the outcome of any physical measurement [46], therefore
there should exist a formulation of physics that makes this symmetry man-
ifest. For instance, in formulating general relativity it would be extremely
hard to predict gravitational couplings by requiring at hand diffeomorphism
invariance. Obviously, we know that the correct framework to do this is Rie-

"We refer here to the classical symmetry, that can be eventually spoiled at the quantum
level by the presence of trace anomalies.
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mannian geometry. If, in addition to diffeomorphism invariance, we require
also invariance under Weyl rescalings, the physical information of the metric
is encoded in the double equivalence class

[07 g/w] = [QU, QZQMV]

telling us that the relevant geometry is the so called conformal geometry,
that deals with conformal classes of metrics. Without a tensor calculus for
rapidly constructing Weyl invariant quantities, the above local unit invari-
ance principle would not be particularly enlightening. Fortunately, such a
calculus already exists in the mathematical literature and goes under the
name “tractor calculus” [47, 48, 49, 50, 51]. Tt is the mathematical machin-
ery required to replace Riemannian geometry with conformal geometry as the
underpinning of physics. A particularly appealing implication is that in a de-
scription of physics that manifests local unit invariance, masses are replaced
by Weyl weights which measure the response of physical fields to changes of
unit systems. This will allow, for instance, to deal with massive, massless
and even partially massless theories in a single stroke using tractors, just by
tuning Weyl weights. Tractor fields are to conformal geometry what tensor
fields are to Riemannan geometry: relativistic covariance is made manifest
by grouping physical and unphysical fields into Lorentz tensors® Tm™i-mn,
where m = 0,...,D — 1 is an SO(D — 1,1) index. To achieve manifest Weyl
covariance, tractor fields in D dimensions have to be (D + 2)-dimensional
multiplets 7M1 with SO(D, 2) indices M = (+,m,—). This is not sur-
prising, since we know that the D-dimensional conformal group acts nicely in
D + 2 dimensions, and we will see that in the so called “ambient approach”
tractor fields naturally live as tensor fields of a (D + 2)-dimensional ambient
space.

The basic ingredients of tractor calculus are presented in chapter 6, to-
gether with the tractor construction of scalar and vector theories, along the
lines of [46]. In the rest of the chapter we describe the tractor formula-
tion of Einstein’s equations coupled to matter, and start to address tractor
back-reaction [52].

Finally, in the last chapter we explore the interplay between a six dimen-
sional quantum mechanical model, presented by Bars in the framework of
two times physics [53], and four dimensional tractor gravity. The analysis is
performed by heavily using the ambient tractor approach, that nicely maps
six dimensional geometry to four dimensional conformal geometry.

We conclude the present discussion by stressing that all the tractor anal-
ysis carried on in the last two chapters is purely classical. Quantum attempts

8Let us restrict the discussion to bosonic theories. Moreover, we think to spacetime
indices as flattened by means of the vielbein ej;'.
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to tractor theories seem to be really appealing, especially for what concerns
trace anomalies and holographic renormalization in AdS/CFT. We refer to
the conclusions for some speculative ideas for future research.
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Chapter 1

Higher spins and O(N) spinning
particles in flat spacetime

It is well known that gauge theories involving massless fields of spin not
greater than two can handle all the observed elementary particles and forces
in nature. Despite of this, in the last decades a great amount of theoretical
work was devoted to the study of higher spin field theories (For an introduc-
tion see for example [54, 55]). Pioneering works date back to Dirac [1], Fierz,
Pauli [2], Bargmann and Wigner [3, 4], who tried to generalize to particles
of arbitrary spin the relativistic wave equations already known. Four dimen-
sional Lorentz invariant lagrangians for massless fields of arbitrary integer
spin were introduced by Fronsdal [8], then generalized to half integer spins
by Fang and Fronsdal [9] and to arbitrary dimensions and mixed symmetry
tensors by Labastida [56]. These theories of free massless spin s fields en-
joy a gauge invariance that naturally generalizes the Maxwell and linearized
Einstein cases, and therefore are interesting in their own. Moreover, String
Theory exhibits in its spectrum an infinite tower of massive states of increas-
ing spin and mass, that become massless in the limit of tensionless string.
This observation led, for example, to the theoretical conjecture that the
tension-full string could be viewed as a broken phase of a huge higher spin
gauge symmetry [12, 13]. Another link between String Theory and higher
spins is in the context of AdS/CFT, where massless higher spin excitations
emerge in the limit of large AdS curvature [14, 15].

Finally, a hard theoretical challenge is to develop a consistent theory of
interacting higher spins. So far, we do not have a consistent full interacting
theory of higher spins involving a finite number of fields. The full non-linear
Vasiliev’s theory, that generalizes spin one Yang-Mills and spin two Einstein
gauge symmetries, involves indeed an infinite number of fields of arbitrary
high spin, see e.g. [10, 11]



In this chapter we will first give a brief introduction to Fronsdal’s formula-
tion of higher spin equations in terms of both constrained and unconstrained
gauge parameters and fields, following the Francia Sagnotti compensator for-
malism [34, 35, 36].

The main part of the chapter will be devoted to the description and
canonical quantization of the O(N) spinning particle, a worldline model that
in flat spacetime produces Fronsdal-Labastida equations in first quantization.
The extension to the U(NN) spinning particle on complex manifolds, and the
related complex higher spin equations, that are the principal focus of my
PhD, will be presented in the subsequent chapters.

1.1 Fronsdal’s equations for symmetric ten-
sors

In the present section we will obtain Fronsdal’s equations for symmetric
tensors starting from Maxwell’s equations for spin one, and trying to gener-
alize the gauge principle for higher rank tensors, following the treatment of
[55]. For the spin two case one recovers the linearized version of Einsteins’s
equations in vacuum, and for s > 2 one has the Fronsdal’s equations for
higher spin fields. It will be immediately clear that the new gauge invari-
ance holds only for constrained, traceless, parameters, and further analysis
reveals that the Lagrangian is invariant only for double traceless fields. We
will restrict here to the simpler case of symmetric tensors; this is exhaustive
only in four spacetime dimensions, though, it is sufficient to display all the
main features of bosonic massless higher spin fields. Fermionic higher spin
equations will be outlined directly in the context of first quantized spinning
particles in the following.

Let us start with the well known Maxwell equations in vacuum: they were
firstly discovered in terms of the physically relevant field strength F),, as

k=0, 0'F, =0,

so that one solves the integrability condition setting F),, = 20;,A4,;", and the
massless spin one equation reduces to

OA, — 0,0-A=0,

"'We will use everywhere square and round brackets for weighted anti-symmetrization
and symmetrization, respectively. For example, A, . .. = %(Am---un +
all permutations)



enjoying the gauge invariance under the U(1) transformation 64, = 0,A.
Taking gauge invariance as a fundamental guide, one can recover Maxwell’s
equations from another perspective, that will lead us to Fronsdal’s equations.
Let us start with the most general linear differential equation, of second order
in derivatives, and Lorentz covariant as a D-vector; it reads:

OA, +0ad,0-A=0. (1.1)

If now one pretend (1.1) to be invariant under the U(1) gauge transformation
0A, = 0,A, the parameter « is uniquely fixed, « = —1, and (1.1) reduces
to Maxwell’s equation. As a further example we are now able to write down
free field equations for massless spin two. The most general equation for a
symmetric tensor h,, reads:

thj + 20&1 8(M8 . h,,) + o GM&,h’ =0 s (12)

where I/ = h®,. We now generalize the gauge principle to spin two requir-
ing invariance under 0h,, = d,A, + 0,A,, that is the linearized version of
diffeomorphism invariance. Again, the two free parameters are fixed to be
ay = —ap = 1, and (1.2) becomes

Ohyy — 8,0 - hy — 8,0 - hyy + 0,01 =0 . (1.3)

This is nothing but the linearized Einstein’s equation for the metric g,, =
Nuw + Py, and (1.3) is the linearized Ricci tensor.

Now we consider a symmetric, spin s, tensor field: ¢, . . Following the
same procedure of spin one and two, we claim the gauge invariance under
the transformation

0prpe = S O Npia.uy) (1.4)

where the gauge parameter is a symmetric s — 1 tensor. The general equation

for spin s, that we denote F,, .. = 0, will be the straightforward general-

ization of (1.2), but one cannot find any value of ay and s for which F,,, ..

is completely gauge invariant under (1.4). If one does not want to introduce

other ingredients into the game, full gauge invariance under (1.4) cannot be

s(s—1)
2

achieved. The best one can obtain is for a; = s and ay = , where the

gauge variation of the equations of motion reduces to

S !/
5]:ul~..us =3 (3) a(ulamausAm.--us) :

Fronsdal’s equations for massless symmetric tensor fields then read:

s(s—1)

9 a(u1al£290:m...us) =0, (15)

Frgpe = O0py s — Sa(ma “Pug..ps) T



where we denoted the traces A, = A%u; .y and @ = O%ps .-
We can notice the first significant difference with respect to the lower spin
situation: for spin greater than two, the field equations are no longer gauge
invariant for arbitrary gauge parameters; instead, the simple Fronsdal’s for-
mulation of higher spin equations is gauge invariant only for traceless gauge
parameters:

Aaa,ug...,us,l =0. (16)

A second constraint arises when one studies Bianchi identities for Fronsdal’s
equations, or considering the lagrangian formulation. To derive them, let us
differentiate (1.5) and its trace:

a * f#2~~-ﬂ8 = (S - 1) (Da(MQSO,/ug...,LLS) - a(P@a : a : 90“3---“5))

s—1)(s—2
+ ()2# 0200~ P

ft/Lsmus = QDQOL&.-#S —20-0- Pugps T (8 - 2)a(u3a ’ 90114--.#3)
s—2)(s—3
+ ()2# a(#3a#490;:5...u3)

a(uzfilts.‘.#s) = ZDa(Hz@:le..us) - 26(“26 0 Piis--tt) i (S - 2) a(mam)a | 90;4“.#3)
s—2)(s—3
+ ()2# a(maugaMSOL..#s) ’

putting the various pieces together we obtain the so called “anomalous”
Bianchi identities:

s—1 3 (s—1
- Fu2...us - Ta(uzf;/@,...us) + 5 < 3 ) 8(;126“38“4@;:5_”“3) =0 (17)

We see that, if the field equations F,, ,, = 0 hold, the gauge field is con-
strained to be double traceless:

0%’ g = 0, (1.8)

a feature that comes into the game starting from spin four. This restriction
as well is related to gauge invariance: if the gauge parameter is not traceless
the field equations themselves are not invariant; gauge invariance of (1.5)
does not require any constraint on ¢, but gauge invariance of the Lagrangian
does, so let us briefly investigate it.

To construct an action principle leading to Fronsdal’s field equations one
could start from the naive Lagrangian £, = @#<F, ., but this is not
enough, since the Fronsdal operator, defined by F = F @ is not self adjoint,

that is:
/dD:Egp-(S}"#/dDatégo-]:.
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We need therefore a self adjoint modification of F, just as in general relativity
the Einstein tensor is the self adjoint modification of the Ricci tensor. In fact
for the spin two case the Fronsdal operator is just the linearized Ricci tensor:
Fu = REIVI, so that F,, — %n,w}" ""is the linearized Einstein tensor. The
generalization to spin s is straightforward, and the Einstein-like operator

reads: (s 1)
s(s —
g,ul...,us = fm...,us - Tn(;nuz f[Lg...HS) ’ (19)
and inherits the corresponding anomalous Bianchi identity:

3(s—1 (s —1)(s—2)
-5 ( 3 ) 112003 0Py i) = =3 Mpans O Fpuy ) -

2 4
(1.10)
By means of G the Fronsdal Lagrangian is readily recovered in the form

a ' gﬂQn',us

1
L= _5 pHats gm---us ’ (1.11)
that produces the field equations G, ,, = 0. The form F, , = 0is

obtained combining the former equation of motion with its traces, just as in
Einstein’s case in vacuum.

Given the Lagrangian (1.11), we can check its gauge invariance performing
the variation (1.4) with a traceless parameter. The action varies as

58 = / Pz [— §phhs gm,,,us] = s / Pz [amAm...us Qul...us] :

integrating by parts and using (1.10) we find that the action is gauge invari-
ant, provided that A is traceless, only for double traceless ¢:

—1
oS = —% (8 3 > /le' [ANZ'”#S amausam(p;ismus] ’

We can resume the Fronsdal’s formulation for completely symmetric tensors,
omitting all the indices? that are to be intended as totally symmetrized. The
field equations, Einstein like tensor and the action in this compact notation
simply read:

./—":DQD—Saa'QD+S(s2_1)82$0,:07

—1
sz—S(ST)nF, (1.12)

sz/d%[—%gp-g}.

2For example ¢ - F = prrts Fulngy 00 - @ = 03,0y, ), and 0y =
0

2 Ppus...psg2)

2l

M1



They are invariant under the gauge transformation
dp = 0N, (1.13)
provided the Fronsdal’s constraints:
N=0, ¢ =0. (1.14)

The present formulation is quite simple, although these constraints seem to
be rather unnatural. Indeed, they can be overcome following different routes.
One approach is to extend the Fronsdal operator with non-local terms that
can cancel the gauge variation for arbitrary gauge parameters [34]: Frew =
F + Funt, with 0 F, e = 0. This amounts to demand § Fnp, = —3(;) A3A’. One
can then define a new Einstein like operator G,., that enjoys an ordinary
Bianchi identity: 0 - Guew = 0, and ensures therefore the invariance of the
action for unconstrained field.

An alternative to the non-local extension of Fronsdal’s equations is the
introduction of auxiliary fields p,, . 5, called compensators [34, 35, 36], that
transform as the trace of the gauge parameter, dp ~ A’ and modify the field
equations like

F=0.

Gauge fixing the compensator fields to zero one recovers, with the residue
gauge invariance, the constrained Fronsdal formulation. The compensator
formalism is naturally introduced studying the higher spin equations in their
geometric formulation, that starts from the generalized curvatures, as will
emerge from the quantization of the O(/N) spinning particle in the next sec-
tion. Recalling general relativity one can think of the Riemann tensor or,
better, its linearized version, as the gauge invariant curvature to start with.
In fact, the Einstein’s field equations amount to setting to zero its trace, and
the linearized Riemann tensor can be expressed in terms of the metric fluc-
tuation A, in order to solve the Bianchi integrability equation ), R, ,, = 0.
Following this reasoning one can introduce the so called de Wit-Freedman
generalized curvatures R, invariant under unconstrained gauge transforma-
tions and obeying generalized Bianchi integrability conditions. The field
equations then read as TrR = 0 and solving Bianchi’s by expressing the cur-
vatures in terms of gauge potentials one recovers the Fronsdal formulation
with compensators, as we will describe in the next section.
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1.2 O(N) spinning particles and higher spin
fields

It is known [20, 21, 31] that the quantization of the worldline action of a
spinning particle, enjoying N-extended local supersymmetries, leads to field
equations for spin N/2 fields in the geometrical formulation. This is seen by
recalling that gauge symmetries of the worldline theory give rise to first class
constraints that select physical states from the Hilbert space. In flat space
the constraints of the O(N) spinning particle produce equations of motion
written in terms of tensors that are interpreted as generalized curvatures
describing higher spin fields. Gauge potentials, as mentioned before, can be
introduced by solving Bianchi integrability conditions.

We will present the O(N) spinning particle and its canonical quantization
in flat space, following [32] for the case of even N (i.e. bosonic higher spins),
while the odd N case will be sketched along the recent work [33]. Spinning
particle models others than the O(N)’s are related as well to higher spin field
equations, and generalizations of the O(/N) spinning particle can be intro-
duced, see for example [57, 58, 59, 60]. In the following only the OSp(N|2M)
generalization will be discussed in detail. To warm up our notation and get
closer to the interplay between the supersymmetric spinning particle on the
worldline and the spacetime field it describes, we will start our discussion
by investigating the well known N = 1 and O(2) models, describing Dirac
spinors and spin one (or more generally p-form) fields, respectively.

1.2.1 N =1 supersymmetry, the Dirac field

As we mentioned in the introduction, in order to write down a worldline
action enjoing local supersymmetry, it is simpler to start with a theory in-
variant under rigid symmetries that will be gauged in a second step. Let
us consider a particle moving in flat Minkowski space, with metric 7,,, with
coordinates z#(7), being 7 the worldline affine parameter. The particle is
dressed in its motion with fermionic degrees of freedom described by the
worldline Majorana fermions (just real Grassmann variables in one dimen-
sion) ¥*(7). The phase space action describing its motion is

. ' 1
S = /dT [pua’:“ + %Q/JMQ/JM — §pup“ , (1.15)
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from which we read off the fundamental Poisson brackets3:

{muapu}pb =", {v, @ij}pb = —in". (1.16)

The symmetries we want to gauge in the following are: time translations,
generated by the Hamiltonian H = %pZ, and supersymmetry, generated by
the supercharge () = 1 - p. The above action is indeed invariant under the

transformations
dxt =Ep! +iept, Op, =0, Y= —ep”

for constant time translations ¢ and Grassmann supersymmetry parameter
€. The Hamiltonian and the supercharge form a first class algebra:

{Q)Q}pb =—-2iH ) {Q7 H}pb =0 ) (117)

so that we can gauge it and make the symmetries local. To this aim one
introduces gauge fields: an einbein e(7) and a real gravitino x(7), to be cou-
pled to the Hamiltonian and the supercharge respectively. The final action,
enjoing N = 1 local supersymmetry on the worldline is thus [61, 27]:

S:/dr [pu¢”+%¢“¢“—ixQ—eH] . (1.18)

We stress that the equations of motion of the gauge fields force the Noether
charges to vanish: ) = H = 0. This classical statement will be turned in
the quantum theory to the constraints that the physical sector of the Hilbert
space has to satisfy.

Let us perform the canonical quantization of the above model. All the
phase space variables become operators, and the fundamental Poisson brakets
turn into the (anti)-commutators:

[qu,py] =1i0", ) ‘W”,W’} = 77”” ) (119)
while the supersymmetry algebra becomes
{Q.Qt=2H, [Q H]=0. (1.20)

The classical constraints H = () = 0 do not hold at the operator level, but,
just as in the case of Virasoro constraints in string theory, they select the
physical Hilbert space:

0) € Honys & Qo) = H[¢) =0. (1.21)

3Actuallt, they are Dirac brakets, since the fermionic phase space is subject to the
second class constraint 7 = —ZyH




Since H|p) = 0, the system does not evolve in the worldline time 7, and
the whole dynamics is encoded in (1.21). As usual, z and p operators are
represented as multiplication by x# and derivative —id,,, acting on functions
belonging to L2(RP). The v algebra, on the other hand, is nothing but
a Clifford algebra, and we shall represent * = \/ii”y“ acting on a Dirac
spinor. The whole wave function is thus a Dirac field: |¢) ~ ¢, (x), and the
operators () and H are just the massless Dirac operator and d’Alembertian:
Q= _\/LE @, H= —% 0. Since the relation H = ? holds, the only nontrivial
dynamical equation among (1.21) is

Qo)=0 = Po=0. (1.22)

We have showed that the worldline quantization of a spinning particle enjoy-
ing N = 1 local supersymmetry describes a spacetime spinor field obeying the
massless Dirac equation.* In this sketch the spacetime was the flat Minkowski
one, but this model can be consistently quantized on any curved background,
as will be discussed in the next chapter.

1.2.2 N = 2 supersymmetry, Maxwell field and p-forms

To build up the action for the N = 2 spinning particle [62, 28|, one has
to add to the x and v variables a second fermionic species, so that we get
the O(2) doublet ¢! = (¢}, 4). Tt is more convenient to work in a U(1)
complex basis so we introduce complex Dirac fermions

1 - 1
o= s W), 0=

The action with rigid N = 2 supersymmetry in complex basis reads:

(W — i) .

- . 1
S = /dT [p“L'U'u + Z"lb‘u'lb’u — §pﬂp“ s (123)

where the {x, p},, Poisson brackets are the common ones and {¢*, "}, =
—im*. The charges generating the extended N = 2 rigid supersymmetry,
i.e. the Hamiltonian H = %2, the two supercharges Q = ¢ -p and Q = v - p,
and the U(1) R-symmetry generator J = 1 - 1, close under Poisson brackets
and will be gauged. Following the same route we displayed for the N =1
model, we introduce the gauge fields G = (e, x, X, a): the einbein and the two
complex gravitini to gauge time translations and the two supersymmetries,

4To add mass in this formulation a simple technique is to add a spacetime dimension
and perform a Kaluza-Klein reduction.



and the gauge field a for the U(1) symmetry. The complete action enjoys
local O(2)-extended supersymmetry and reads:

S= [ar [pt i, —ixQ - Q- cH-a(l-q)]. (120

where we added a Chern-Simons piece Scg = ¢ [ dr a invariant by itself. Just
as for the previous model, the gauge fields’ equations of motion impose the
vanishing of the N = 2 charges: H = Q = Q = J — ¢ = 0, that in the
quantum theory translate to the constraint equations:

[0) € Hotys & Qo) = Qlo) = H|d) = (J —q)|¢) =0, (1.25)

that are consistent at the quantum level since the charges form a first class
algebra, namely:

{Q.Q}=2H, [Q,J]=-Q, [Q,J]=Q, (1.26)

where J = J — ¢, and the other commutators vanish. In the definition of
the quantum J there is an ordering ambiguity, not modifying the algebra
though, that we fix by a graded symmetric ordering prescription:

1 B ] — __B
=S bl =0 =5

Let us turn to the representation of the fundamental quantum algebra: the
[z, p| algebra is treated in the usual manner, while we can see that the
fermionic anti-commutator {i* 1} = n* is a creation-annihilation alge-
bra. We use a Schrodinger like basis for fermions, so that the 1 operator is
represented by multiplication by the Grassmann classical variable ¥*, and the
1) operator by fermionic derivative 50+ The wave function can be expanded

¢
in a finite power series in 1, that is:

Zgbm uk wul s

Since the ¥* are anti-commuting, they can be effectively thought as basis
one-forms dx* endowed with the exterior product, and we get for the wave
function and all the operators an enlightening geometric interpretation. The
Hilbert space consist in a collection of differential forms®:

Z (@) dat A LA da (1.27)

5We use the letter F to stress the analogy with electromagnetism, and we will soon
drop the wedge symbol that will have to be understood in multiplicating dx’s.
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while the supercharges and the Hamiltonian are represented by the exterior
derivative, divergence and d’Alembertian:

0 o =d'

. _ m _ ._:
iQ=daf0,=d, Q=750 (1.28)

—2H =09, =0 ={d,d'} .

Consider now the U(1) generator: the operator ¢ -1 = du - a%x = N is the
number operator that counts the number of dx’s, i.e. the form degree. Its
spectrum is therefore integer and this constrains the Chern-Simons coupling;:
q=p+1-— %, where p is an integer. We are now ready to impose the
independent dynamical equations. Let us start from the J equation, that is

solved fixing the form degree to be p + 1:

(J=gIF)=N-p=-1[F)=0 =
|F> =F dx™ ... dxtrtt = F(p+1) .

H1---fp41

(1.29)

Now, the only independent equations left are Q|F) = Q|F) = 0, that are
precisely Bianchi and Maxwell equations for a (p + 1)-form field strength:
b sy = OT’ " Fup.pipr =0 01 (1.30)
dF(p+1) - O 5 d F(p+1) — O .

For p =1, (1.30) reduce to usual electromagnetism, but they are as well the
spin one version of the geometric equations involving higher spin curvatures
that we will encounter in the following. Using the Poincaré lemma, we can
integrate the first of (1.30) in each topologically trivial patch and write the
field strength in term of a p-form gauge potential:

FH1~-~Mp+1 = a[ulAm---#erl] or Fiyny = dA, . (1.31)

The physical field strength is left unchanged by a gauge transformation of
the potential:

8 Ay = Oy A or A, =dA; 1, (1.32)

2. fip]
where A, ; is a (p — 1)-form, and the field equations, that read®

DA#l...up - pa[ula ’ Auz---ﬂp} =0 or

1.33
d'dA, = 0OA, —dd'A, =0, (1.33)

6The dot denotes contraction with the first index.
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are invariant as well. As for the N = 1 spinning particle, also the O(2) model
can be coupled to any background metric. In fact, its canonical quantization
shows that the N = 2 spinning particle describes the propagation of gauge
p-forms in spacetime, and we know that the description in terms of exterior
calculus does not rely on any use of the metric, and can thus be extended to
any curved spacetime.

1.2.3 N = 2s, bosonic higher spins

After having displayed how the canonical quantization of spinning parti-
cle models produces free field equations for spacetime spin % and 1 fields we
are ready to generalize the same concepts to arbitrary spin. The gauging of
extended worldline supergravities will lead to geometrical field equations for
generalized curvatures that will be integrated in terms of gauge potentials.
One ends up with higher derivative equations that can be modified and re-
duced to second order equations that are nothing but the Fronsdal-Labastida
field equations in the compensator formalism.

To produce the O(NV) spinning particle model we first generalize the O(2)
particle previously described introducing a /N-multiplet of Majorana world-
line fermions: ¢! (7), where i = 1,..., N is a O(NN) index. The Hamiltonian
is left unchanged, and supercharges and SO(N) generators are readily con-
structed:

p2

1
Ty =S Wil Qi=viop, H=7, (1.34)

where, thinking to the quantized model, we already prescribed the ordering
in defining J;;. The classical action for the O(N) spinning particle is the
natural extension of the N = 2 model presented before:

SZ/CZT [pua':u%w;w—zxi@—ef[—%aifjij , (1.35)
where O(N) indices are raised and lowered with the unit metric d;; and its
inverse, and a SO(N) gauge field a* (1) and N real gravitini y*(7) have been
introduced.

The action is invariant under N-extended local supersymmetry transfor-
mations with time translation parameter £, supersymmetry parameters ¢;
and SO(N) parameters ;, that read:

§x“:§p"’—|—iei¢f, op, =0

St = —€; p" + vy Y (1.36)
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for the “matter” fields, and

de =& +2ix'e;, Oxi=¢ —a;e + oy’ (1.37)

5aij = Oé” + (0775 amj + Oéjm aim
for the gauge fields. The transformation rules for the N = 1 and N = 2
models are just particular cases of the ones above. The symmetry genera-

tors form the O(N) extended superalgebra, that we present already in the
quantum form:

{Qi,Q,} =26;; H |
[Jijs @il = 105, Qi — 161, Qj (1.38)
[‘]ija Jkl] = Z(Sjk Jil - Zdlk le +Z§ll ij — i(Sjl Jzk .

It is a first class algebra indeed, and it is thus consistent to impose the
constraints coming from the gauge fields’ equations of motion, but in order
to make contact more directly with the standard field theory, it is better to
switch again to a complex basis in order to represent our quantum operators.
As already done in the previous section, since we have an even number of
Y’s, we introduce Dirac fermions”:

w:%(wﬂms), ¢“f=%<¢f—i £,

where [ =1,...;s is a U(s) index. The fermionic anti-commutators become
{0y =n"or . {vfwsr =0, {9} =0

and are s copies of the creation-annihilation algebra. Accordingly, the su-
percharges and SO(N) generators split, and produce:

o~ {gzut

Th= s~ 2 (1.39)
Jij — Kry=vr-v,

K1J = wl . wJ

As for the O(2) model, we shall represent ¢’s as multiplication by ¢4, and

their momenta 1)’s as %, and the wave function can be expressed as a power
I

In this formula the index i runs only form 1 to s = N/2.
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series in the Grassmann variables. The general wave function can thus be
written in this rather involved form:

D
1 /1, #3
Z R TSR R (x) i‘l,, k1’ ¢u1 ks Z Rk (ko] [ke]
ki=0

ki=0
(1.40)
and represents a bunch of multi-form tensors with s blocks of k; indices each,
with every k; ranging from 0 to D.
Our operators, in a geometrical language, appear as:

9 =949, =0
. - 9,
iQr=1r-0 —(1 ZQIZa—wl'(‘?:(I)dT,
D 1.41
=y - 8¢ §5§7 Kry=vr-v;=28uy , (L41)
*IJ_i 0

= o =Trgy ,
Oy Oy {a7)

where we denote with (yd and I)dT the operators acting as exterior derivative
and divergence on the I-th block of indices, while g ;) acts by multiplication
by the metric tensor 7,,, where the two indices pv have to be intended as
belonging to the I-th and .J-th blocks of the whole tensor and finally, Tr(;
takes the trace over one index from block I and one from block J.

The superalgebra (1.38) splits as well in complex basis (look at [32]) and
as a result the independent dynamical equations to be imposed are®:

JIR) = Q/|R) = K" |R) =0, (1.42)

and will be examined in the order presented above. First of all, let us consider
the JI constraint for I = J. The corresponding SO(N) generator is a shifted
number operator (I is fixed and not summed): Jf = N — % and one
immediately see that, since IN(;) has integer eigenvalues for each I, the model
is empty for an odd number of spacetime dimensions. Restricting thus to
D = 2d, the equation J?|R) = 0 is solved restricting the physical field to a

multi-form of s blocks of d antisymmetric indices each:

’R>:Rﬂl-nﬂd»m,yln-l/d(x) i“" 1 y e wyl 2ﬂVdNR[ﬂl]l Ad]s - (1'43>

Requiring the remaining J} equations one has algebraic Bianchi identities
involving the /-th and J-th blocks, e.g.:

J]?‘R> — 0 :> R[,ul...,U‘d,,lt}l/2..~1/d,~u7)\1-~>\d = O (144>

- 8The K constraint does not appear to be dependent from the algebra, but it acts as
K7 on the Hodge dual curvature, see [32].
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and analogous relations for the other blocks. This restricts the R tensor to
belong to the rectangular GL(D) Young tableau with d rows and s columns:

Ry, ~

that implies the multi-form is symmetric under the exchange of two blocks.
The @1 equation enforces a Bianchi integrability condition involving the
I-th block: (ndR = 0 that reads

QIR)=0 = OBy gy ovg = 0 (1.45)

where, using symmetry in block exchange, we moved the /-th block of indices
in first position. To solve the Bianchi equation for the curvature, we have to
express it as a derivative operator, that should annihilate the @), acting on
a potential: |R) = ¢|¢). Using the anti-commutation relation {Q;, @} =0
we see that a suitable operator is

1
q=1Q2..Qs = Sl el s Qr---Q1,
and the integrability condition is solved in terms of the potential ¢:
Qi) =0 = |R)=qlo). (1.46)

Since [J1,q] = qd%, the J constraints on R are still satisfied provided that ¢
is described by the Young tableau with d — 1 rows and s columns:

Pld—1)1..[d—1]s ™~ ; Ry, .1, = dyd2).--d(s)Pa—1);..[d-1), >

and ¢ is symmetric in exchanging blocks of indices as well. The operator ¢
is of s-th order in derivatives and so the generalized curvature is expressed
as s derivatives of the potential and will produce an higher derivative field
equation for ¢ for spin greater than two.

At this stage we can introduce the gauge invariance of the theory: having
solved |R) = q|¢), we see that the physical curvature is left unchanged if we
transform the gauge field as §|¢) = @Q.... By means of an arbitrary vector
field V*, we define

0
oy
0

where A is a tensor with the same Young tableau of ¢. The operator V' - 5 o7
saturates one index in the I-th block with the vector V', and thus the gauge
parameter A has the Young tableau

A =V A)

Y ‘ .

I
Mgy, fa—2)y...ja-1),
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The gauge transformation that leaves the curvature invariant can be written
as

8|g) = QA" (1.47)

The remaining dynamical equation is K'/|R) = 0 i.e. traceless curvature,
that in the gravitational case is Ricci-flatness. The equation of motion

K"|R) = K™ ql) = 0 (1.48)

is of order s in derivatives. We want to isolate a second order differential

operator and, using the extended superalgebra, on can see [32] that K'/q =
q¢"’ G, where ¢!’ is the product of all but the I-th and J-th Q’s

C]U =Q1...Qr1Qr41.-.Qr1Qy11..Qs

while G is the second order operator we were looking for, the Fronsdal-
Labastida operator:

G=—2H+Q;Q"+ % QQ K" (1.49)

that in differential operators language reads

1
GrB=2 wdwd =5 wdudTray
I 1J

and is U(s) invariant, since [J1, G] = 0. However, the field equation is still
in a not suitable form: ¢’/G|¢) = 0. Since ¢!7 contains s — 2 @Q’s, and the
product of s+1 @Q’s is forced to vanish, we can parameterize the kernel of ¢!/
using the product of three supercharges. In analogy to what we said for the
gauge parameter, we introduce the new field p, with the same Young tableau
as ¢ and A and define the compensator fields:

0 0 0
IJK\ _ W - . W - ’
=W 55 a0

where WH# is a generic vector field, with the gun-like Young tableau:

~U ‘ ‘ ‘ .

IJK
Pld—1]1..[d=2];..[d—2] s ..][d—2] k...][d—1]s

One can now solve the equation ¢’/G|¢) = 0 by demanding:

Glo) = QrQ,Qxlp™™) (1.50)
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that is fully gauge invariant under (1.47), provided that the compensators
transform as?

1
8| p" 7Ky = —§V[KK‘”]|A> (1.51)

in order to cancel the gauge variation Gd|¢).

What we described in the language of our quantum mechanical operators
are the Fronsdal-Labastida equations for spin s fields in D = 2d spacetime
dimensions. The gauge field

¢P41~--/—’4d—17-~~7l’1~~~l’d71

obeys the field equations with compensators:

Glo) = Q1Q.Qk|p™™)

T _ 1.52)
G=—2H+QQ"+ 3 QrQ,K", (
that are gauge invariant under the combined transformations:
_ 1- _
0l6) = QrV'IA) . 6lp™") = —SVIFKIA) (1.53)

One can easily recover the original form of the Fronsdal-Labastida equa-
tions with constrained gauge parameters by partially gauge fixing: using

the transformation rule (1.51), the compensators can be gauge fixed to zero,

p'7E = 0; the gauge freedom left is then subject to the tracelessness condition

K!7|A) = 0. The field equations and gauge invariance take the form

Glg) =0,

S0y = Qi VIAY, KMIA) =0 (1:54)

In the gauge fixed formulation a constraint on the gauge field appears as well.
In fact, an anomalous Bianchi identity holds:

~ 1. - 1 o
(QI - §QJKU) Glo) = _ZQJQKQLK[JKKL|¢> (1.55)
which, to be consistent with the gauge fixed field equation G|¢p) = 0, requires

K" KRE|g) =0 (1.56)

i.e. that the gauge field ¢ must be double traceless.

9We denote VE =V . WLK
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In four spacetime dimensions things simplifies: the gauge field is a com-
pletely symmetric tensor

S~ L LI

while the curvature has s symmetric couples of antisymmetric indices:

RH1V1~-MSVS = aﬂl"‘a,us ¢V1~-~Vs ~ ’

where antisymmetrization is understood in the couples (u;, ;). The gauge
parameter and compensator reduce to a rank s — 1 and s — 3 symmetric ten-
sors respectively, and the field equations become the compensated Fronsdal’s
equations:

s(s—1
O0us.pns = 8040+ Ppy.pn) + ( 2 : 01 Opa T Py i) = Oy Oy O Ppag..pn)

or, using the compact notation introduced in the first section, the equations
and gauge transformations read

O¢ — 590 - ¢+ 2L 9% = 0°p

, (1.57)
0p=0A, dp=AN",
and, after gauge fixing the compensator to zero,
Od — 9 - s(s—1) 82 I
¢—s500- ¢+ LMY =0, (158)

Sp=0N, AN=0, ¢ =0,

The coupling of the O(N) spinning particle to curved spacetimes reflects the
troubles one encounters in field theory in trying to make higher spin fields
interact with gravity, and will be studied in the next chapter. Let us now turn
to a brief description of half integer higher spin in the worldline formalism
we developed so far.

1.2.4 N =2s+ 1, fermionic higher spins

All the discussion of the previous part on O(2s) spinning particles is
valid until the introduction of the complex basis. In the present case, we will
isolate the very last fermion %, and treat the other 2s exactly as before,
constructing the s Dirac fermions ¢} and *!. The non vanishing anti-
commutators read

{7y = ) Ukt =0
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that are precisely s copies of fermionic oscillator relations plus a Clifford
algebra. We rescale the fermion left alone in order to match with gamma
matrices normalization: i = \%7#’ and the Hilbert space basis will be the

tensor product of L2(R?), the fermionic oscillator basis, and a spinor space.
The wave function will be a multi-form spinor-tensor

1
Hq

D

75 s My

|R>:ZRZ}-..uily...,ui-..uis(x) (TR 1 S
ki=0

D
a) ~ > Riikal..[h.]
k;=0

(1.59)
where in the last compact notation we left implicit the spinor index a.
The extended superalgebra has the same form as before if we use SO(N)
indices, but using the U(s) indices I and gamma matrices for 4, ;, the
charges split further:

Qr=1vr-p
Qi — Q' =4"-p
P =vr
Jp =1 -9t =565 (1.60)
Ky =414,
Jij N KIJ:¢['¢J
{/IZW'@
LI:’}/-Q/JI

The set of operators already encountered in the O(2s) case have the same
geometric interpretation. The new ones act as:

7 =
P=r (1.61)
LI = 7> L = (DY s

denoting the Dirac operator, the product with 7, and anti-symmetrization in
the I-th block, and vy-trace in the I-th block, respectively. The superalgebra
(1.38) splits again among these new operators, see [33], and as a result the
independent dynamical equations now read!’:

JJIR) = QiIR) = L'|R) = 0. (1.62)

Exactly as in the bosonic case, solving J/|R) = 0 restricts the tensor struc-
ture to the rectangular d x s Young tableau:

Rigy.ja, ~ ;

OFor the K7s constraint the same remark mentioned in the previous section holds.
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as well, the (Q; equation imposes Bianchi conditions:

9, R =0 (1.63)

Ml---MdL---yVl---Vd

and the L' finally entails y-tracelessness on the curvature:

"R, =0, (1.64)

Hp2. g sV Vg

where in both equations we moved the I-th block of indices to the first place
thanks to the exchange symmetry.

Following exactly the same strategy used for integer spins one solves the
Bianchi constraint by means of the g operator:

QiR) =0 = [R)=ql¥), (1.65)

for the spin s—i—% spinor-tensor gauge field Wj;
Young tableau

o eV ooy with rectangular

Vla-1)y.fa-1), ™ o Rigyqa. = dayd)--dis) Yia-1);...[a-1), -

Gauge invariance of the R curvature and of the field equations has the same
form as before: B
3|w) = QiV'|E)

where Z is a spinor-tensor of the same species of ¥. To deal with the final
equation of motion L!|R) = 0 one has to use the superalgebra in the new
basis to find:

L'q|¥) = ¢'G|¥) =0, (1.66)

where ¢ = Q1..Q;_1Q141..Qs, and the G is the Fang-Fronsdal operator writ-
ten in terms of the supercharges:

G=(=)"(P +QxL") . (1.67)
To get rid of the ¢’ operator we introduce compensator fields
") = W p)

where p has the same structure as W, and we obtain the Fang-Fronsdal equa-
tions for spin s + % fields in D = 2d dimensional spacetime:

Gl¥) = Q:Q,lp"") (1.68)

gauge invariant under the transformations:

S|W)y =Q; V), d|p') = (=) WILIE) . (1.69)
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Using part of the gauge invariance one can set the compensators to zero, and
the residual gauge freedom is constrained to v-traceless parameters:

glw) =0,

I |= 7= (1.70)
o) =@, V*E), LZE)=0.

The gauge fixed theory satisfy a fermionic version of the anomalous Bianchi

identity, see [33], and therefore inherits an algebraic constraint on the gauge

field, namely triple v-tracelessness:

L'LYLX|W) =0. (1.71)

We finish here the outline of the canonical quantization of O(N) spinning
particle in Minkowski spacetime. We have reviewed how the worldline models
are related to the propagation in spacetime of spin % fields, and we will
pursue the analysis of the coupling to curved backgrounds in the next chapter,
where we will focus also on the definition of the functional integral for these

classes of quantum mechanical models.
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Chapter 2

Transition amplitudes and path
integrals

Quantum mechanical models with extended supersymmetry find useful
applications in the worldline description of relativistic field theories. Indeed
fields with spin S can be described in four dimensions by quantizing particle
actions with NV = 25 extended local supersymmetry on the worldline [20, 21].
While complete in four dimensions, these models describe only conformal
invariant fields in other dimensions [63]. They can be consistenly defined not
only in Minkowski space, but also in maximally symmetric spacetimes [31]
and, more generally, in conformally flat spacetimes [32]. Upon gauge fixing,
the worldline actions of the spinning particles moving on such spaces give rise
to an interesting class of one-dimensional nonlinear sigma models possessing
extended rigid supersymmetries. The goal of this chapter is to analyze the
corresponding quantum mechanics.

In particular, we are interested in computing the transition amplitude for
the O(N) extended supersymmetric nonlinear sigma models in a euclidean
short time expansion since, in applications to higher spin field theory, the
transition amplitude can be used to study ultraviolet properties of propa-
gators and one-loop effective actions [29]. We will achieve this result using
two different methods. The first method employs canonical quantization,
and starting from the operatorial definition of the transition amplitude we
compute it perturbatively in the euclidean time S by using the commutation
properties of the various operators. The final result yields a perturbative so-
lution to the heat equation (the Schrédinger equation with imaginary time)
and identifies a benchmark for equivalent calculations in terms of path in-
tegrals. This canonical approach has been already employed in [64] for the
N = 0,1, 2 supersymmetric quantum mechanics, that can be defined on any
curved manifold (see [37] for a review of the method in the bosonic case). We
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extend that computation to arbitrary N for the O(N) extended supersym-
metric nonlinear sigma models. For N > 2 extended supersymmetry may
be broken by a generic curved target space, though it can be maintained
on locally symmetric spaces. Nevertheless, we use an arbitrary target space
geometry since for the present purposes we do not need to gauge supersym-
metry, and can view the latter just as an accidental symmetry emerging on
particular backgrounds.

The second method we employ for computing the transition amplitude
makes use of path integrals. Our reason for considering this approach is
that, in typical first-quantized applications, canonical methods are first used
to identify the precise operators of interest and path integrals are next used
to perform more extensive calculations and manipulations. A classical ex-
ample is the calculation of chiral anomalies and the proof of index theorems
[16, 17, 65]. It is therefore important to be able to reproduce the transition
amplitude with path integrals. Path integrals for particles moving on curved
spaces can be quite subtle, and their consistent definition needs the specifica-
tion of a regularization scheme which carry finite counterterms to guarantee
scheme independence, see [37] for an extensive treatment and [66] for a short
discussion. We will use three different schemes, for completeness and be-
cause each one carries its own advantages. The first scheme, time slicing
(TS), can be deduced directly by using operatorial methods [67, 68] and can
be related to the lattice approximation of the propagation time. A second
scheme, mode regularization (MR), is related to a momentum cut-off (or,
more properly, energy cut-off in quantum mechanics) and allows the intro-
duction of a regulated functional space to integrate over [18, 19, 69, 70, 71].
Finally, dimensional regularization (DR) is defined as a purely perturbative
regularization but has the advantage of carrying only covariant counterterms
[72, 73, 27, 28]. For each of the three regularization schemes we find the
corresponding counterterms that ensure scheme independence, making them
ready for extending the worldline approach to higher spin fields initiated in
[30] to curved backgrounds.

Let us now describe the precise form of the (supersymmetric) quantum
mechanics we are interested in. We consider a particle moving in a curved
space M of dimensions D and metric g,,. It is described in phase space by
bosonic coordinates and momenta (z*,p,), where p = 1,..., D is a curved
spacetime index, and by N fermionic Majorana variables ¢, where i =
1,...,Nis aflavour index and a = 1, ..., D is a flat spacetime index related
to curved indices by the vielbein e, defined by g, = nabeZeﬁ with 7, the flat
tangent space metric (which can be taken either minkowskian or euclidean,
according to the desired applications). Quantum mechanically the bosonic
variables satisfy the usual commutation relations [z*,p,] = 0¥, and the
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fermionic ones give rise to a multi Clifford algebra {¢¢, ¢} = 1*d;;. The
general hamiltonian operator we wish to consider involves a free covariant
kinetic term Hy, a four-Fermi interaction depending on the Riemann tensor
and carrying a coupling constant «, and a contribution from an arbitrary
scalar potential V' which depends only on the spacetime coordinates z* (and
which in most applications is proportional to the curvature scalar R)

H = Hy + aRgpea ViY{0500 + V (2.1)
where
H, _ 1( a . ba)
0 B ™ Wy Tq
_ ? a
Ta = €Tu, Ty= 91/417#9 Y iwuabwi Wy (2:2)

with w,. the spin connection and wgy = ehw, . Note the appearance of
the spin connection, required by covariance, and the powers of g next to the
momentum operator that ensure hermiticity of the hamiltonian. This hamil-
tonian is general enough to allow future applications to the first-quantized
theory of higher spin fields on curved backgrounds, and we will see how it
emerges by studying the extended susy algebra in the following.

The corresponding euclidian classical action in configuration space is
given by

7ol 1
S = / dr bgﬂya&“a’:" t 5% Det + aRapeat Y055 + V] (23)
0

where D ¢ = 0,98 4+ it w, %P Tt describes the particle propagation for
an euclidean time  and will be used in the path integral quantization. For
notational simplicity we do not make explicit distinction between quantum
operators and classical variables, as it will be clear from the context which
one is used.

Having defined the model, we proceed and start describing the O(N)
extended superalgebra, that allows to fix a suitable hamiltonian. We move
next to the computation of the transition amplitude. In section 2.2 we use
operatorial methods. In section 2.3 we consider path integrals in various
regularization schemes, namely TS, MR and DR, calculating the correspond-
ing counterterms and finding complete agreement with the expression of the
transition amplitude found in the previous section.

2.1 O(N) superalgebra in curved space

In this section we will review the O(N) extended supersymmetry algebra
on curved space, in order to see all the restrictions to the allowed backgrounds
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in defining higher spin fields, as well as to fix a suitable hamiltonian operator
to be used in the following.

First, let us recall the O(NN) extended supersymmetry algebra in flat
space, that was already presented in the previous chapter. The hermitian
quantum symmetry charges entering the symmetry algebra are the hamilto-
nian H, the supersymmetry charges @); and the SO(N) generators J;;

i
H=35pp" . Q=vpu, Jy=50l vl (2.4)
and satisfy the quantum algebra

{Qi,Q5} =26;H
[Jij, Qi) = 106 Qs — 1041.Q; (2.5)
[Jij, Ju) = 1650t — 0w Sy — 05Tk + 10T,

where other (anti)-commutators vanish.

In curved space, we use the vielbein ef.(z) to flatten indices on fermions

Y = gy’ which we now use as independent variables that commute with x
and p. The algebra of the SO(N) hermitian currents J;; = £[1)¢, 1hy;] is then
unchanged. In order to build Lorentz covariant momenta, it is also useful to
introduce the SO(D) Lorentz generators

a 1 a a N a
where a dot denotes contraction of the SO(N) indices, obeying the algebra

[Mab’ Mcd] — nbcMad o nachd + 77ad]\4bc o nbdMac

(M J;]=0. (2.7)

Then one introduces the spin connection w,q, and Lorentz covariant mo-
mental

T =g"" (P — %wuabM g 1, =t (2.8)
which satisfy
1 ab
[ﬂ—ua 7Tl/] = _§Rw/abM

2 d (2.9)
[Ta, ) = _§Rabchc + i(wWap” — wa)%) ,

'The powers of the metric determinant g ensure hermiticity of the supercharges:
(Q:)" = Q; and hence of the hamiltonian.
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where we denoted wupe = €f wype. With covariant momenta at hand, the
supercharges are uniquely covariantized as

Q; = Vi, (2.10)

and we can see that their algebra does not close anymore on the desired
operators:

1
{Qi, Q;} = 204Ho — Elb??/}?RabchCd (2.11)
where the minimally covariantized hamiltonian reads?
Hy = 5(7?“ — iwp )T, - (2.12)

Hence, we see that on generally curved manifolds the superalgebra is not
first class. Moreover, the evolution generated by the minimal H, does not
conserve the supercharges, and the supersymmetry is broken by the target
space geometry:

1 7 1
(Qi, Ho| = _§Rabcdw5MCdﬂ-b - §VbRca¢gMbC + §Rabw?7‘-b . (2.13)

For these reasons a redefinition of the hamiltonian may be useful in showing
that the susy charges can be conserved on any space for N = 1,2 and on
locally symmetric spaces for arbitrary N. A tentative redefinition is of the
form

H = Hy + aRgpegM™ M +V (2.14)

It is precisely the hamiltonian (2.1) we wish to study in the following, as
one can easily see looking at the form of Lorentz generators. We kept as
general as possible the scalar potential V' (z), that in most applications will
be proportional to the scalar curvature R. The non minimal hamiltonian H
gives the modified commutator:

1
[Qi’ H] - iaveRabcd¢fMabMCd - <§ + 404) RabcdngCdﬂ-b

_ appee (1 a b (2.15)
SVoReatf MY + (5 +da) Ryt

SAVA TS

2Reminding that Majorana fermions give rise to a multi Clifford algebra, so that ¢¢ =
%’y&.), the covariant momentum acts as a Lorentz covariant derivative on a multi spinor:

Ty = —iVELL), and Hy acts indeed as the covariant laplacian Hy = —%ngﬂvy. Let
us stress that, acting on a multispinor, the covariant derivatives appearing in the last
expression are fully covariant, and the first V,, does contain a Christoffel piece.
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This result shows that for a = —% the susy charges are conserved on locally
symmetric spaces®, though the QQ commutator gives rise to a non standard
susy algebra with additional conserved charges appearing on the right hand
side together with the hamiltonian. These results hold for arbitrary N, but
stronger results can be proven for lower values of N. In fact, it is well
known that for N = 1 and V = %R one obtains a standard susy algebra
on any curved manifold, in which case the supercharge describes the Dirac
operator Y . Similarly, for N = 2 and V' = 0 the superalgebra closes on any
curved manifold and the supercharges describe the exterior derivative d and
its adjoint d'.

Let us summarize: we collect here the algebra of the charges J;;, Q;, H.

1

For H we take at the moment o = —¢ and V' = (Sllv—élR (i.e. a nonvanishing
V' is present only for N = 1). Apart from the obvious SO(N) relations the
relevant part of the algebra reads

1 1 1
{Qi; Q]} = 251]H — iRade(w?w? — EdijMab)MCd — é

Qi H) = GVeRupatf MM — 59, Regif M (2.16)

51\7’15in

i
— —O0n1 Vo RYY .
10N Velt ¥
For N =1, 2 the algebra reduces to

{Qi, Q;} = 26;;H | [Qi, H] =0

thanks to the properties of the Riemann tensor. For arbitrary N on locally
symmetric spaces (V,Rpeqe = 0) one has

1 1 1
{Qi, Q;} = 26;;H — §Rabcd(¢?¢? - §5ijMab)MCd - §5N,15in
Qi H] =0.

However, when considering the transition amplitude we will be more general,
and will find the result for the hamiltonian (2.1), that is for arbitrary « and
a generic scalar potential V (z).

We stressed several times that the extended superalgebra is still first class
on maximally symmetric spaces for generic N, allowing thus to define the
spinning particle. Hence, let us briefly recall the form of the relevant part of
the algebra on these very interesting backgrounds. The Riemann tensor is
given by

Ruvye = A (guAgua - gl/Ag;w) ) (2.17)

3Such manifolds are indeed defined by VR, s, = 0.
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where A is the cosmological constant in a suitable normalization. One can
see that, for such a curvature tensor, all the operators appearing on the
righthand sides of the (anti)-commutators give rise to .J;; SO(N) generators,
and one obtains a quadratic deformation proportional to A of the flat Lie
superalgebra [32]:

A
{Qi,Q;} =26;,;H + 3 (Jikjjk + Jipdi — 5ij<]k:l<]kl> ;

[Qi, H] =0, (2.18)
A AD
where H:H0+ZJZ]J1]+?(D+N—2)
Actually, as was showed in [32], more general backgrounds seem to be al-
lowed. If one considers conformally flat manifolds, the curvature tensor can
be expressed in terms of the metric and the Ricci tensor:

1
R;U//\J = m <gu)\RVJ + gl/O'R/,L)\ - gl/)\Rua - guaRV)\>
M (2.19)
- (D _ 2>(D _ 1) <g,u)\gucr - gl/)x.Q/JU) )

and the algebra turns out to be again first class, although becoming a com-
plicate functional deformation of a Lie superalgebra.

2.2 Transition amplitude with operator meth-
ods

The aim of this section is the explicit computation of the transition ampli-
tude for an euclidean time 3 determined by the quantum mechanical hamilto-
nian H given in (2.1). We will compute the matrix elements of the evolution
operator e ?H between position eigenstates for the bosonic variables and
suitable coherent states for the fermionic ones. We consider a short time
expansion, and using systematically the fundamental (anti)-commutation re-
lations of the basic operators z,p and 1 we obtain the final perturbative
answer. The calculation is tailored after similar ones performed in [64] for
the N = 0,1, 2 supersymmetric quantum mechanics, explained carefully in
[37] for the bosonic case, and in [41] for a class of supersymmetric sigma mod-
els on Kahler spaces. As typical in semiclassical approximations, the result
can be cast as the product of three terms: i) the exponential of the classical
action evaluated on the (perturbative) classical solution, ii) a standard lead-

ing prefactor depending on the propagation time as 5’%, usually arranged in
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the so-called Van Vleck determinant, iii) a power series in positive powers of
the propagation time, which identify the heat-kernel coefficients [29]. In our
calculation we keep the approximation up to the first non trivial heat kernel
coefficient, i.e. up to order [ in the power series, keeping in mind that the
bosonic displacement z# = y* — a* can be considered of order 1/f3, as will be
explained later on.

In this section we restrict the calculation to even N = 25, with S an
integer, which allows us to introduce complex combinations of the fermionic
operators and consider the corresponding coherent states as a complete ba-
sis of the associated Hilbert space. This is appropriate for applications to
fields of integer spin. The method can be easily extended to the case of odd
N, appropriate for applications to fields with half-integer spin: one way is
to introduce another set of auxiliary Majorana fermions (“doubling trick”)
to be able to consider complex (Dirac) fermions and their coherent states.
However, we refrain in doing that at this stage, as we employ it in the path
integral approach of the following section.

Thus, we consider N = 2S5 and introduce S Dirac worldline fermions

(W +ivis) (e —it ), i, I=1,...,5 (2.20)

e — 1 al __ 1
V2 V2
so that the new variables display the usual creation-annihilation algebra
{05, 9} = 5]

With these complex fields at hand we can readily construct coherent states
such that Uen) = n?n) and (A = (A, with usual normalization
(A|n) = e (other properties of fermionic coherent states can be found in
appendix A). Denoting by |yn) = |y) ® |n) where |y) is the usual position
eigenstate, the euclidean heat kernel we want to compute is

(z Ne My n) (2.21)

where the quantum hamiltonian (2.1) and the covariant momentum, written
in terms of the new complex variables, read

H = Hy + 4aR g & WO 0 0 4+ V

el T (2.22)
= 9" (py — 1w ¥ W) g~

with 0o Wb = po! \I/b In close analogy with the procedure employed in [64]
we first focus on the mixed amplitude containing momentum eigenstates on
the right hand side

% k
(X ) = 3 CL g M ) (229

k=0
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From the above expansion in 3 one could naively think to retain only the
linear term: e % = 1—BH+O(/3?) to get the answer up to the desired order.
This is not the case for nonlinear sigma models, as well-known (see [64]). In
fact it is necessary to take into account contributions for every order k, the
only truncation being the number of (anti)-commutators to keep track of. In
order to evaluate (2.23), we push all p’s and ¥’s in each factor H* to the right
and all 2’s and ¥’s to the left, taking into account all (anti)-commutators,
and substitute with the corresponding eigenvalues. Since the hamiltonian is
quadratic in momenta, the matrix element of H* is a polinomial of degree
2k in p, so that in general one finds structures of the form

(@ N H*pn) = ZBz (1, Np (zlp) (Aln) (2.24)

where p! stands for the part of such polinomial with precisely I-th powers
of p eigenvalues, and the coefficients BF are computed in appendix B. For
plane waves we use the normalization

(zlp) = (2m)~D/2g~ VA (z) P

so, inserting in (4.41) a momentum completeness relation: 1 = [ d”plp) (p|,
and rescaling momenta by p, = \/LB qu, we obtain for the transition amplitude

(@ Xle My n) = (4578) P Plg(a)gy)) [ dPgedsrechn

o ( ) 2k ~
XZ X Z BE2BE (2, N) ¢
k=0 1=0

Let us look at this formula: it is well-known that the leadlng free particle

(2.25)

contribution to (4.41) contains the exponential exp{— (x y } that gives the

effective order of magnitude (z — y) ~ /f. Therefore, we see that ¢ ~ [3°
and it is immediate to realize that, for all k, only the terms BS,, BS, | and
BE_, will contribute up to order 3. Taking for BF the expressions given in
appendix B, it is immediate to sum the series in k£, and one gets

(z Me Hlyn) = (47T2ﬁ)*D/ *lg(x)g(y)] / dPg e 29" Wt IRy ey
o 1
{1+ \/_[ 9" = § 2" g5 @ g + ig" wuqy] +ﬂ[— 350u g0 Ing
} 1M (VR S N
—gf)uf) lng—gg 8H1ng—(zlﬁg —i-ggg +§gg +8g >quV
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g ) O\ Gy o G o Gp — 50 (900 4o — =0 W, 4rGo

32 1
v o 1 v apo 1 v
= 50" " Wlo + 79" Wy g % o Gats — 19" @y Ing
1 1 _

+ D,V W] + = (0" Wuabwrea — 8 Rapea) (A% 0P + A% nP X% n?)

1 — _ _
V= §g“yw,u,abg)\gwx\cd(>\a' ndnbc + )\a' nb}\c. ,’7d>quai| } 7 (226)

where we remind that all the geometric quantities are evaluated at the fi-
nal point z, unless otherwise specified, and we used the following compact
notations:

W, = wuabS\“ . T]b , 8H...8Ag”“ = gZUA , g“”gi‘g = g)‘U“
g’ =g", 909" =0"g".

Y

Now we are ready to perform the ¢ integration, that reduces to a bunch of
gaussian integrals. Defining the coordinate displacement as z# = y* —x*, one
obtains the transition amplitude, expanded up to order [, in a cumbersome
form that hides manifest covariance

1/4 )
(@ M= |yn) = 2rp)~"" {—‘Z 8} e~ 39 Aan® {1 + 2t g9, g
1

14 1 v — 1
— Ea,\gm, Mz Z)\ + 52“2 g 1/4 8u8,/gl/4 — E
1 1 v 2 1 1 T 14 g
+ 5 [E O\Guw 2% z’\} — m [&ﬁc,gm, = 59 e, /\g} MV

1 1
+ T2 R, 22" + 2w, + §z“z” Ly + é—lz“wu 2 00,050

z“gfl/‘lﬁﬂgl/‘l@,\ggf, 2227 2P

1 - 1 1
+ §z“z”wwbwybc)\“. n¢ + Q(Z“WM)Z — 2w, (Ez”z’\z” l,g,\o>

o - 1
n 5[ — 40 Ropea ™ PN 0+ A RN + = R = v} } . (2.27)

This form is quite explicit. It can be simplified and cast in alternative and
more suggestive forms. Keeping in mind that the exponent of the on-shell ac-
tion should appear in the final result, one can factorize (2.27) in the following
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way?
v A

. . 1 1
(x Ale ﬁH!yn) = (275) D/ exp{ — B [5 G 212" + Zaugm M2z

1 1 _ _
+ 2 (@L&,g,\g ~ 3 Gpr FZZ, F,T\U) z”z“z’\z"} } exp {)\“~ Na + 2" Wuap A™ nb

1 - - _
+ §Z,UZV <8uw1/ab + wuacwucb) A% 77b - 4@5 Rabcd>\a' nb)\c' 77d}

1 ) 1
x 1+ R+ B(4aRaXof + Sh - V)] (2.28)

The first exponential is the expansion up to order S of the on-shell bosonic
action evaluated with the boundary conditions z#(0) = y* and z*(8) = z*

ol
So= [ d [— M]
/0 4 Zg# v on shell

1711
= B [ Guw 242" + = @LQM MV T2 <3 Ore —

1 T v g
LT3 ]
(2.29)
where all functions in the second line are evaluated at the point x. Similarly,
one can see that the second exponential in (4.50) is the expansion, up to
order f3, of the fermionic action evaluated on-shell, with boundary conditions

Ue(0) = n¢ and ¥ (B) = A, and with the usual boundary term added

B
Sy = ( / dr [\IngT\IJ? + 4o Rypeg U WO \yd} — o (B) - \If“(ﬁ))
0

on shell
_ _ 1 _
_ _{)\a, Na + Zuw/mb)\a, nb 4 52“2’/ (aﬂwyab + w,uacwycb> 2o 77b

- 4045 Rabcdj\a' ij\c' Ud}
(2.30)

where the covariant time derivative reads D, W% = W% + i#w,, Uh. Similar
calculations of on-shell actions can be found, for instance, in [64]. Once
the expansions of the on-shell classical actions have been recognized, the
transition amplitude can be cast in the following covariant form

(e Xe#lyn) = o exp {~ (S, + Su))

(2m 5)
[1 * 12R“”Zuzy i 5(4O‘R“bxa’ o 1_12R N V> * Ofﬂ )
2.31

4The factors [g(x)/g(y)]'/* of the metric determinants cancel against their Taylor ex-
pansion around z, that can be factored out from (2.27).

33



with all functions evaluated at point x. This is our final result for the tran-
sition amplitude.

For comparison purposes, it may be useful to present the result after
tracing over the fermionic Hilbert space

ND

— 272 N v a
(| Trg (e ?M)|y) = 275D exp {—S5;} [1 - EZ“?«’ WpabWy b]
1+ 6aN

x [1 n %sz“z” n 5( R— V) + (9(52)} |

(2.32)

12

Evaluated at coinciding points (z* = 0) it reads as

(2| Trg (e ™) |z) = @;ﬁ [1 + ﬁ(#}g — V) + (’)(52)} (2.33)

which shows the first heat kernel coefficient at coinciding points for our model.
As we shall see the last two formulas remain valid also for odd N.

2.3 Transition amplitude from path integrals

In the present section we compute the transition amplitude by making
use of path integral methods. To define the path integrals we fix a suitable
regularization scheme, and compute the transition amplitude. Then, by com-
paring with the previous section or by imposing the Schrodinger equation, we
identify the corresponding counterterms that ensure scheme independence.

Unlike the previous section here we treat together both the cases with
even and odd numbers of Majorana variables. In order to do so, we found
it convenient to use the so-called “doubling trick” that consists in doubling
the number of fermionic variables by adding “spectator” Majorana fermions
Yi* that satisfy free anticommutation relations. These new fermions are
spectators in that they do not enter the interactions. With the help of these
new variables one can consider Dirac fermions

wi= s (vrrav). 0= (v - i) (230

that satisfy )
{7, ‘I’?} = "0y (2.35)

giving rise to a set of fermionic harmonic oscillators, whose Hilbert space can
be represented in terms of bra and ket coherent states

Uen) = niln)y,  (AT§ = (A (2.36)
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and whose properties are briefly recalled in appendix A. The wave function
of the system ®(z, \) = (x A|®), with (z \| = (2| ® ()|, evolves in time as
O(x, X 8) = (zAe @)
— [ @y /sto) [ g et Ale (. o) (237)

where we have used the spectral decomposition of unity for the bosonic and
fermionic sectors

1, = / Pyl 1, = / dCdn T . (2.38)

The evolution is generated by the basic transition amplitude that can be
written in terms of a path integral as

(@ Me™lyn) = (x X; Blyn; 0)
z(0)=z T(0)=vBx ) 939
= / DIDCLD()DC/ DU DV e—S[z,a,b,c,\Il,\I/} ( )
z(—1)=y U(—1)=+/Bn

where

_ 1 /0
Slx,a,b,c, ¥, V] = % / dt g (z(1))(2"E" + a'a” 4 bHc”)
1

1/ 1. o0 b
+B /1 dr U, v — B\IIM(O)\I’;I(O) + % » dr 2wy (2 (7)) Y;

a 0 0

e @iy A% . 2.40
+5 / dr a7 010505 + / drV(a(r) (2.40)

Here, and in the following, we use a shifted and rescaled euclidean time
7 € [—1,0] to make comparison with the literature easier. We use bosonic
(a*) and fermionic (b*, ¢*) ghosts to reproduce the reparametrization invari-
ant measure Dz = [[_+/g(z(7))d”z(7). We also rescaled fermionic “co-
ordinates” and ghosts so that all propagators are of order 5, and added a
fermionic boundary term to be able to set boundary conditions at initial time
for ¥ and at final time for . Finally, let us note that the arbitrary potential
V will eventually be modified by the addition of a counterterm Vr related to
the regularization chosen. Apart form these modifications, this is the same
action given in eq. (2.3).

We are interested in the short-time perturbative expansion of the tran-
sition amplitude. Thus we expand all geometric expressions about the fi-
nal point z*, and split the action into a quadratic part plus interactions,
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S == SQ + Smt, with

1 0 1 /9 _ . 1=
ﬁguy dr (#"3" + a*a” + ') + 3 / dr U, U — =W, (0)W?(0) .
-1

-1 tp
(2.41)
Here and in the following, geometric quantities with no explicit functional
dependence are meant to be evaluated at the final point z(0) = =, such
as gu = gu(x). We can thus split the fields into backgrounds, satisfying
the free equations of motion with corresponding boundary conditions, and
quantum fluctuations; namely

Sy =

D(r) = F(1) +q(r),  F(r)=at =T, ¢"(0)=¢"(-1) =0 (242)
Wi(r) = WHr) + Qi(), Wir) =/Buf  Qi(=1) =0 (2.43)
Ui(r) = Ui(r) + Qi(r), Wi(r)=VBAI, Qi(0)=0 (2.44)

where z# = y* — z¥. The free on-shell classical action reads (henceforth we
use a dot to indicate the contraction of whatever type of free flat indices)

LM — X (2.45)

and the free propagators for the quantum fields are

(¢"(1)q"(0)) = —Bg"A(r,0)= ——r (2.46)
T o R VN Ep— (247)
(W(1)c" (o)) = —=2Bg"Ay(1,0) = =-==-==-- (2.48)
(@Q}(T)Q%(0)) = Bn™6;;G(r,0) (2.49)

where the right-hand sides are given, at the unregulated level, by the follow-
ing distributions

Alr,o)=71(c+1)0(t —0)+0o(r+1)8(c — 1)
Agp(1,0) =6(1 —0) (2.50)
G(r,0) = —0(c — 1)
which obey the Green equations **A(7,0) = Ay, (1,0) = 6(1 — o) and

*G(t,0) = §(7—0), with boundary conditions A(0,0) = A(7,0) = A(—1,0) =
A(1,—1) = 0 and G(0,0) = G(1,—1) = 0. Dots to the left (right) indicate
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derivatives with respect to the first (second) variable. These propagators have
to be regulated in order to deal with divergences and ambiguities present in
some diagrams. However, for each regularization scheme, one is able to cast
all expressions in a way that can be unambiguously computed by directly
using the expressions (2.50).

Since fermions enter the interactions only through the combination ¢ =
\/ii(\ll‘f + W%) it is convenient to write backgrounds and propagators for these

fields as well. We split them as ¢(7) = ¢ 4+ x%(7) with

it =2+ 30 (251)

<X?(7)Xg(a)> = B Ap(T,0) = e (2.52)

and

satisfying *Ap(1,0) = —A%(7,0) = 0(7 — o) and given at the unregulated
level by
1 1
Ap(T,0) = 5(9(7 —0)—0(c—71)) = 56(7’ —0). (2.53)

We only wrote propagators for unprimed fermionic fields since only they enter
the interactions. The primed fields instead only contribute to the one-loop
semiclassical factor that normalizes the path integral and drop out of the
computation immediately.

The interaction vertices that enter the perturbative expansion can be
obtained by Taylor expanding the action (2.40) about the final point z(0) = «
and read Si = Y. 5 S,, with

1 0 - -
% = ﬁ%ab/ dr(g" — 2") (" + x*) - (* + x°)

-1
0
’ @(M’” / ar(q = 27) (@ = #)(¢" = =) + a'a” + be”)
O ~ ~
=BV + g0 [ dr(e = 0@ = ) ) - (0 )
0 ~ ~ ~ ~

n %R / T ) (0 ) - )

1 0

+ E@,\&,gw /_1 dr(q¢* — 2*7)(¢° — 2°7) ((q'“ —2M)(¢" = 2") + a*a” + b“c”)
(2.54)
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Higher order terms are not reported because we compute the transition am-
plitude to order 3, for which only the previous two terms are needed; all
fields, classical and quantum, count as 5/2.

The transition amplitude can now be computed perturbatively using
Wick-contractions of the quantum fields

(z, A Bly,m;0) = A e_§2<@—5mt>

7 (2.55)
. — gtz Ay 1 2
— A ¢ 289 exp [— (S3) — (S4) + §<S3>c

with the suffix ¢ indicating connected diagrams only and with the prefactor
A soon to be commented upon. The various Wick-contractions produce

1 1 S

exp [— (S3) — (Sa) + §<5§>c] = exp[ 453/\9;w2 242" + 26wAabZ)\¢ 'l/)b
1 1

— <§a)\g11 + gx Ig) — 125&609”%%2 oH Y 662 I; — 68/\809)\0 1,

1 1
+ 000,922 I + —02gr0 2727 Ig + Orgp 27 2% 17 + awmw wb o

4 4 43
1 B
+ §3waab1/}a PP Ty — BRabcd¢a Pt gt — BV
P00 To — L0300 00m Lo — L (000 T — LondngLie - D21
4 2 8 2 2
1 / 1 , 1 /
+ 53,\9uu8,\9u/u2“3“ L+ 5@9“,/@/9#'%“2“ Lis + Z—laxguya,\/ng/\z)‘ Lis

y 1 1
+ G Op G2 2 Ti7 + ZaAgWa,\gz“z” 118 + —aAguVQAZ“ZV L

1 / !
+ —Ogu0,972" oo + O\Gu gz 2" Tog — akg;w(%\gu 22 2 2 Ty

2 84
2/86)\_9#1,8)\/9/\1/2#2 Z Z 123 - 256)\_9#”8)\/9#”/2)\2 z ZV/ 124
ﬁN N a o 1 cla 7
+ 1 —wi Ios — 4 Wb Wo b2z 126 + 3WAac W UARRTLE B
25wxac Wopt 2 27 - PP Tog — 86(4‘))\ab Wreah™ - PPP° - h? g
1 ~ . 1 ~
+ Zwab@xgw“ P Iz + §wmb9A¢a PP Iy — 45wAab3AguuZ”ZV¢a PP Isy
25Wuab6)\gm/z Zyd)a &b I33 (256)
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where we made use of several shortcut notations, including g, = g 9\g,uw,
hg = g"O\Guw, O00sg = g"O\Dsgu and 0% = g 0,0,. The integrals I
are reported in appendix C along with the pictorial representation of the
diagrams they belong to (an integral named Ig is absent, but we kept the
same notation as in [37], where such an integral arose from the coupling to
external gauge fields, to allow easy comparison). We compute them in the
following subsections, using the different regularization schemes discussed in
the introduction. The purely bosonic contributions (k < 24) are well-known
from many previous computations, see [37] for example; the remaining ones
have been computed, for N < 2. in the time-slicing regularization technique
[68], in dimensional regularization [27, 28], and in mode regularization [71].
However, in the last two schemes fermions were traced out to compute di-
rectly heat kernel coefficients and trace anomalies. In the present case we
are interested in the full transition amplitude and wish to keep N generic,
so that we need to reconsider all such integrals with fermionic contributions.
Finally, the prefactor A can be fixed by requiring that, in the limit 8 — 0,
the transition amplitude reduces to (x, A; 8|y, n;0) — d(x — y) ™", which in

MR and DR gives
1
A= —o—- . 2.57
(2mB)Pr2 (257)
In TS such prefactor can be deduced as well starting from operatorial meth-
ods, and reads

et 1
4= [g(y)] (27B3)07 (2.58)

We are now ready to consider the various regularization schemes.

2.3.1 Time-slicing regularization

Time-sliced path integrals in curved space were extensively discussed
in [67, 68]. In essence time-slicing regularization consists in studying the
discretized version of the path integral, as derived form the operatorial pic-
ture by using Weyl ordering and midpoint rule, and recognizing the action
with the correct counterterms and the rules how to compute Feynman graphs
that are to be used directly in the continuum limit. These rules state that
the Dirac delta functions should always be implemented as if they were Kro-
necker delta’s, using the value 6(0) = 3 for the discontinuous step function.
We do not need to repeat here many computations, namely the bosonic ones,
though one can easily compute them using the explicit expressions collected
in appendix C, or extract them directly from [37]. Tt is enough to focus on
the graphs containing fermionic lines, i.e. I with k£ > 25.

39



Thus, let us start with I, that is the only diagram that depends heavily
on the regularization chosen. Following the T'S prescriptions, we have

Ly — /O/Odea'A’ A? :/O/Odea 1—5(7—0))(56(7—0))2
_ /1/1de06 r—o) //dea— (2.59)

since *A* = 1 — §(7 — o) and €(0) = 0, as follows form 6(0) = 3 and eq.

(2.53). The regular Iy does not need any prescription and corresponds to

the last line above, giving Iy = i. Similarly, one finds that the integrals Ij

with & > 27 yield a vanishing result (those with & > 28 actually contain only

bosonic propagators, but depend on the external fermionic backgrounds).
The transition amplitude, in an obvious notation, finally reads

~ g+ A

Y. . _ . 1 AJa . 7b
<l‘ >‘7 B|y Uk 0> - (271’5)[)/2 exp <bOSOIllC>TS + %wkabz @D : ¢
N
4Ba>\waabz Zawa 77Z)b 6 abcd¢a ¢ ¢C 77Z)d w)\abwoabzAZ
BN
+Ew§ab (260)

where (bosonic),, contains the purely bosonic contributions contained in
(2.56), including the metric factors appearing in (2.58). It can be extracted
from the literature, or easily recomputed with the set-up described above,
and reads

0 8Vg>\o -

1
= 9o 10, T ) 2H2¥ 22

oV A
\ 2PV z
2

(bosonic) .., =

43 Ougv 123 (
|
+ ERM% + 5( Gl — 57— v) . (2.61)

This transition amplitude is the one computed with a TS regularization
of the Feynman diagrams, and in general it differs form those computed with
other regularizations if no counterterms are introduced. In particular, eq.
(2.60) satisfies a Schrodinger equation with a non-covariant hamiltonian that
differs from the one given in eq. (2.1). One expects different regularizations
to be related by finite local counterterms, so we need to identify the correct
counterterm that make sure that we are discussing the same quantum theory
as the one associated to the hamiltonian H in eq. (2.1). To achieve this
we can either compare with the transition amplitude obtained by operatorial
methods, or compute directly the hamiltonian associated with the transition
amplitude above. We shall follow both methods as a check of our calculations.
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As it stands the transition amplitude calculated above cannot be com-
pared directly with the result from canonical methods in eq. (2.31): the
latter is valid for even N and is written in terms of fermionic coherent states
that correspond to the physical fermions only, while the present result, valid
for any integer N, contains also the Majorana spectator fields introduced
in the fermion doubling trick. To overcome these differences, we can take
a trace over the fermionic Hilbert space and eliminate the contribution of
the decoupled spectator variables by subtracting their degrees of freedom.
Thus, let us compute the trace in the fermionic sector of eq. (2.60) by inte-
grating over the Grassmann variables with measure [ dnd\ e, see appendix
A. The final result can be obtained, for instance, using the standard Wick-
contractions associated to the gaussian integral [ dndX e** (note the factor
2 in the exponent arising form the trace measure and the leading part of
(2.60)), which gives the following propagators

177‘”’5@ — @f@% =0 (2.62)

ya, by

where we used (2.51). Note that the normalization factor [ dnd\ e = 2NP

has to be renormalized to 2°2° to undo the fermion doubling. Taking all this
into account, and setting z = y — x = 0 for simplicity, we obtain

2% /dndj\ Mz X Blan; 0) =
2%
(27 3)P/

(2.63)
1 | BN
[1 + B(ggﬂ Fu)\ri\a - ﬂR - V> + 1_6w§ab + O(ﬁQ)]

where the first term in round brackets is due to the purely bosonic contribu-
tions. Comparing with (2.33) one recognizes the counterterm that needs to
be added to the potential V' in the path integral action to achieve equality

A (% + gﬁ + %g“”FZAFﬁJ + %wwbwb L (2.64)
Power counting shows that no higher order corrections to the counterterm
are to be expected.

Alternatively, one may compute the hamiltonian appearing in the Schro-
dinger equation satisfied by the amplitude (2.60). To do this we insert the
latter into (2.37), Taylor-expand to order § all terms in the right hand side
about the final point and identify the Schrodinger equation associated to
it. Comparing with the Schrédinger equation due to the hamiltonian (2.1)
one deduces eventual counterterms. Let us describe this computation. We
perform the Gaussian integrals over d”y = d”z and the integrals over the
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fermionic coherent states using the properties summarized in appendix A.
The purely bosonic contributions of the diagrammatic expansion yield the
standard TS result

o, NB) = (1-50—BHp+0(5))0(x, X f)  (2.69)

with

Hp = w G0, + V (R T, ) 2.66
It requires the addition of the familiar countertermVT(g) = —3(R— g Ts,)
in order to get the covariant H = _ﬁg ,9""\/90, + V. We need to dress

this result with the fermionic contributions. One way to perform the integrals
over the fermionic coherent states is to use the procedure briefly explained
at the end of section A. By defining the full hamiltonian Hr as

Hp=Hp+ A (2.67)

and using (2.65), we obtain

1 1 1
A= __8/\W/\abMab + Zg’\"F’;UwaM“b - §W“abMabau
1 alN N

— W pwred MM + QR ypea MM + —R

2 - 16(%“[’) (2.68)

with M = %(J\a AP e 5‘/2\; — b L -+ a(z ) being Lorentz generators.
Finally we observe that the noncovarlant terms in the line above are those
necessary to render the scalar laplacian completely covariant, namely

1
HF = HB + A= _§guuvuvu + aRabchabMCd + V

1 aN o N
S YR ZTI T — () 2.
(545 LB g9 Dbor = 75 (@rar) (2.69)
so that in order to have®
1
H = _Eguyvuvu + aRabcdwa : ¢b¢c : ¢d + V (270)

one needs to add to the path integral the same counterterm found before in
eq. (2.64). Thus we found complete agreement.

Here we use (A[¢*|®) = % (a% + X“i) ®()), so that the Lorentz generators can be
written as M = L (@ - pb — b - p2).
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The above expression for the counterterm matches all the previously
known cases [67, 68]: the purely bosonic case (N = 0) is obviously repro-
duced. For N = 1 supersymmetry fixes &« = —1/4 and V = 0 so that

VT(l) = %g‘“’l“z)\f‘ﬁo + %(Wuab>2 comes out correctly. Note that in this case
the relation Rgpeq0® ) = —%R allows to use the notation previously em-
ployed: o = —% and V = 1—16R as well to identify the same supersymmetric

hamitonian. For NV = 2, supersymmetry requires o = —% and V' = 0, so that

again VT(2S) = 39" Ty + §(Wuap)? is correctly reproduced.

2.3.2 Mode regularization

In this section we approach the previous computation using mode regu-
larization (MR). It can be considered as the worldline equivalent of a cut-off
regularization in momentum space of usual quantum field theories. Mode
regularization starts by expanding all fields in Fourier sums, thus identifying
a suitable functional space to integrate over in the path integral. The reg-
ularization is achieved by truncating the Fourier sums at a fixed mode M,
so that all distributions appearing in Feynman graphs become well-behaved
functions. Eventually one takes the limit M — oo to obtain a unique (fi-
nite) result. Often one can proceed faster: performing manipulations that
are guaranteed to be valid at the regulated level one may try to cast the inte-
grands in alternative forms that can be computed directly in the continuum
limit, without encountering any ambiguity.

The boundary conditions for the bosonic variables are as in (2.42), so
that the bosonic quantum fluctuations, as well as the ghosts, are naturally
expanded in a Fourier sine series

g (T) = Z ¢h sin(mmr) (2.71)

where the mode M is the regulating cut-off that is eventually sent to infinity,
as in [18]. This choice preserves the boundary conditions imposed at initial
and final times. On the other hand, fermionic fields satisfy first order differ-
ential equation and carry boundary conditions only at initial or final times,
but not at both, see eqgs. (2.43) and (2.44). Thus we find it useful to expand
the fermionic quantum fields in half integers modes as follows

M— M,%
Q™(7) = Q™ sin(7rr) , QY (1) = Z Q™ cos(mrT) . (2.72)

== r==

2

D=

-

2
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This choice preserves the boundary conditions imposed and provides us with
a regulated functional space to integrate over also for the fermions. In ad-
dition, it produces a simple regulated kinetic term that is easily inverted to
obtain the propagators. Finally, the path integral is defined as a regulated
integration over the Fourier coefficients of the various fields.

Perturbatively, the propagators are as in eqs. (2.46)—(2.49) and are reg-
ulated as follows

M

A(r,0) = — m221 # sin (mm7) sin (mmo) (2.73)
M
Agh(T,0) = > 2sin(wm7)sin (rmo) (2.74)
m=1
M-1 5
G(r,0) = Z — sin (7r7) cos (7ro) . (2.75)
o
As a consequence
M-1 1
Ap(t,0) = — sin (7r(7 — o)) (2.76)
T

1
r=3

for (2.52) that turns out to be translational invariant. Note that in the limit
M — oo the previous formulas reproduce egs. (2.50) and (2.53).

We are now ready to compute the Feynman integrals with fermionic con-
tributions in MR (the purely bosonic ones are standard and can be extracted
from [37]). Using the regularized expressions one obtains Iy; = Ips = ... =
Is3 = 0. Also, one finds Is = }l, as it is unambiguous and gives the same
result in all regularization schemes. The only tricky integral is Io;. It turns
out that it is pretty hard to calculate it analytically in mode regularization.
Following quite a long detour, it was done in [71] with antiperiodic fermions,
yielding I5 = %. With the present boundary conditions we are still working
on it and, although numerical approximations seem to hint at the same result
I; = %, its careful computation deserves further investigation and will be
presented in a forthcoming publication.

With the preliminary result Io; = % the transition amplitude computed
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in mode regularization would read

_ L BV ).
2g9pvzT 2 +An ~
e 28 b

<$ 5\; ﬁ|y n; O> = (27T6>D/2 exp [<bOSODiC>MR + %Wuab z* J}a ’ w

1 ~ ~ o ~ ~ o~ ~ N
+@ 8,uwl/ab 22 wa ' wb - E Rabcd wa ' wbwc : wd - E Whab wyab 2H2"
N

where (bosonic),,, is the purely bosonic contribution that can be found in
[37]. Comparing the above result with the TS one given in eq. (2.60), we
notice that the only difference coming from the fermionic sector sits in the
coefficients of the last w? term, which is due to Iys. As the bosonic part of
the MR calculation requires the counterterm

0 1 1 2
Vitr = —gR— 5, (T0)
to reproduce the heat kernel for H = —ﬁgaugw\/gay, where (I%))* =

g””/gAA'gNM/FQ‘AF’lf:/\,, we see that, in order to obtain the correct amplitude
for (2.1), we need the counterterm

X 1 N 1 N )
Wi = (5 + 5 ) B gg (Th) + e (278)

that again would match all the known results valid for N = 0,1,2 [69, 71].

2.3.3 Dimensional regularization

Finally, we reconsider the previous calculations using dimensional regu-
larization. This is a perturbative regularization that uses an adaptation of
standard dimensional regularization to regulate the distributions defined on
the one dimensional compact space I = [0,5]. One adds d extra infinite
dimensions and perform all computations of ambiguous Feynman graphs in
d + 1 dimensions. Extra dimensions act as a regulator when d is extended
analytically to the complex plane, as in the usual QFT case. After evaluation
of the various integrals one should take the d — 0 limit. This is quite difficult
in general, since the compact space I produces sums over discrete momenta,
and standard formulas of dimensional regularization do not include that sit-
uation. However one may use manipulations valid at the regulated level, like
differential equations satisfied by the Green functions and partial integra-
tion, to cast the integrand in equivalent forms that can be unambiguously
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computed in the d — 0 limit. While purely perturbative, this method carries
a covariant counterterm that simplify extensive calculations, as the one per-
formed in [74] to obtain trace anomalies for a scalar field in six dimensions
using worldline methods.

In DR the computation turns out to be quite simple for most diagrams:
I,7 = Ios = 0 because the integrand is odd, whereas Iyg = --- = I33 = 0 as
can be shown by integrating by parts. Also Iy = %, as it is regular and can
be safely evaluated by using the unregulated expression for the propagator.
As usual, more care is needed to compute I»5 since the integral is ambiguous
(products of distributions). By dimensionally extending the cubic vertex

grpipt = Ottt A=1,....d+1, (2.79)

where the bar denotes Majorana conjugation, the above integral becomes

0 0
125 = / / drdo *A* A%—‘
-1J-1

R / / dtdt’ 1Aty ApyP Ar] (2.80)

where A(t,t') = =87 Hq(t)q(t')) and Ap(t,t') = B~ (x(t)x(t')) are the di-
—
mensionally regulated propagators where vA9,Ap = —Apy2 9= (¢, 1),
and 4 Ap(t,t') = 0405A(t,t'). One can partially integrate the above integral
without picking boundary terms since, in the compact direction bosonic fields
vanish at the boundary, and in the extended directions Poincaré invariance
allows partial integration as usual. Hence the above expression becomes

— / / dtdt’ Ag 04 try ' ApyP AR

= —2//dtdt, AB tr(yAéAAp)yBAF (281)

0

= —Q/dt Ap tr’yBAF(t,t) — Iy = 2/ dr °A Apl.,- =0
1

where we have used the regulated Green equation and used that A vanishes
for coinciding points. The transition amplitude in DR thus reads

—%guyz’*z"—ﬁ—;\-n

3. . . . 1 ATa b
<.f17 )‘7 ﬂ'y 777 0> - (27Tﬁ)D/2 eXp |:<bOSOHIC>DR + 2ﬁw)\abz @D ¢ (2 82)
1 ~ o~ o B N '
+ Ea\waabz)‘zafﬂa : @Db - BRabcdwa : ¢b"¢fc : @Dd - 1_6w)\abwaabz)\za] .
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where the bosonic contribution (bosonic) ,,, can be extracted from [37]. Com-
paring this result with the ones obtained before in other regularizations we
note that, thanks to the vanishing of I,5, the diagrammatic expansion does
not produce the term proportional to w? which previously had to be canceled
by the counterterms. Thus, the standard bosonic counterterm Vg}% = —:R
is dressed up to

7/ (1 + ﬂ)R . (2.83)
8 2
This matches known results for N =0, 1,2 [73, 27, 28|.

In this chapter we have studied the quantum mechanics of one dimen-
sional nonlinear sigma models possessing a O(N) extended supersymmetry
on suitable target space backgrounds. In particular, we have computed the
transition amplitude for short propagation time using both canonical and
path integrals methods, obtaining in the latter case the correct countert-
erms associated to various regularization schemes needed to define the path
integrals.

A possible use of our result may be in the discussion of higher spin fields in
a first quantized picture. Worldline approaches are useful in finding efficient
way of computing amplitudes for relativistic processes both in flat space
[25] and curved space [26], and the quantum mechanical nonlinear sigma
model discussed here arose precisely in an attempt to use worldlines methods
to describe one loop effective action due to higher spin fields in a curved
background [30, 32]. In future works we plan indeed to use the path integrals
constructed here to study effective actions induced by higher spin fields and
compute corresponding heat kernel coefficients.
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Chapter 3

U(N) spinning particles and
complex higher spins

In this chapter, based on [40], we analyze spinning particles with gauged
U(N)-extended susy on the worldline and use them to derive gauge invariant
higher spin equations on certain complex manifolds. The U(N) particles
for N = 1,2 were originally introduced in [38] as a dimensional reduction
of the N = 2 string, and generalized to arbitrary N in [39]. Their Dirac
quantization introduces constraints on the particle Hilbert space that are
interpreted as equations of motion for certain tensor fields with holomorphic
indices satisfying the symmetries of a rectangular Young tableau [39]. We
analyze these equations on the flat complex space C¢. By integrating a
subset of them in terms of gauge potentials we are led to gauge invariant
field equations which are quite similar in form to the higher spin equations
introduced by Fronsdal [8].

An example of these equations is that of a gauge field ¢, ,, with N
symmetric holomorphic indices (we use complex coordinates x#, 7% of C¢;
tensor indices are raised and lowered with the flat hermitian metric 6,;). It
satisfies the equation

N
aagagp,ulm,uz\r - Z améas%l..a..m =0 (31)
i=1

where the « index in the second term is located in i-th position. The gauge
invariance is given by

0@ty = Ops Aoy + cyclic perm. (3.2)

where the gauge parameter A, ,, has N — 1 symmetric holomorphic in-
dices and is constrained by 9*A,,,.. .y = 0. For consistency the gauge field
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must also satisfy a differential constraint éo‘gﬁgoagusmw = 0. These equa-
tions are very much reminiscent of Fronsdal’s equations. Since there is no
invariant concept of taking traces on holomorphic indices, the usual trace
constraints that appear in Fronsdal’s formulation are naturally substituted
here by differential constraints.

The constraints on gauge fields and on gauge parameters can be relaxed
by adding compensator fields. For example in the above case with N = 2,
one can introduce a single compensator field p and the equation reads

8a6a(plﬂj - augagpay — a,,gagpua = aua’/p (33)
with gauge symmetry
0o = Ouhu + 0N, , §p=—20%N\, . (3.4)

This is reminiscent of the Francia-Sagnotti construction [34] for relaxing the
trace constraints of standard higher spin gauge theories using compensator
fields.

We derive equations also for more general tensor fields with the symmetry
type of a rectangular Young tableaux with p rows and N columns. We
do so by using the compact notation provided by the quantum mechanical
operators of the spinning particle.

The equations just discussed are defined on a flat complex space, viewed
as a Kahler manifold, but it is interesting to study if they can be extended to
more general Kdhler spaces. While it is known that the U(N) particles for
N = 1,2 can be coupled to any Kahler manifold [38], it was thought that for
N > 2 these particles could only be consistent on flat manifolds, as the stan-
dard susy transformation rules do not leave the particle action invariant on
a curved space [39]. We can actually show that a coupling is still possible for
Kahler manifolds with constant holomorphic curvature. To achieve this result
we use a hamiltonian approach and notice that the first class algebra defining
the model closes on Kahler manifolds with constant holomorphic curvature,
though in a nonlinear way. In fact we obtain a quadratic first class algebra
that, quite interestingly, is seen to coincide with the zero mode sector of two
dimensional nonlinear U(N) superconformal algebras, introduced sometimes
ago by Bershadsky and Knizhnik [75, 76]. This result is consistent with [39]
in that the susy transformations rules associated to a nonlinear algebra differ
from the one employed in [39]. The corresponding gauge invariant differential
equations can similarly be defined on such complex spaces.

Having understood that U(NV) particles and related gauge invariant field
equations can be defined on a non trivial class of curved spaces, it is interest-
ing to study their quantum properties. We begin this analysis using a first

50



quantized path integral description. This worldline approach is quite flexi-
ble and efficient, and by using closed worldlines one can study directly the
one loop effective action associated to the field equations described above.
To construct the path integral is necessary to gauge-fix the particle action
and identify the correct measure over the moduli space of inequivalent gauge
choices. We start considering a flat target space and compute the physical
degrees of freedom. This gives a check on the path integral measure, which
can be used to compute more general observables.

While the complex nature of target space does not suggest us an imme-
diate physical application of these higher spin equations (either the target
space has an even number of times, or no time direction at all) they might
still be useful to describe properties of complex manifolds or for developing
additional intuition on the standard theory of higher spin fields. From this
point of view it would be quite interesting to search for consistent nonlinear
extensions of the free equations described here.

3.1 The U(N) spinning particle in flat space

We consider an even dimensional flat space, viewed as the flat Kahler
manifold C¢, with D = 2d real dimensions; the bosonic fields z(7), inter-
preted as space-time coordinates, split into complex components x#(7) and
zH(7), with u = 1...d. They are paired with fermionic superpartners ¢} (1)
and ¢#(7), i = 1... N, belonging to the N and N of U(N), respectively.
The flat metric in complex coordinates is simply d,, the other components
being zero. With these ingredients the phase space action

1
5= / a7 [pui* + 5 + it — pup'] (3.5)
0

describes the motion of a free particle with a pseudoclassical spin associated
to the Grassmann coordinates. This system enjoys various conserved quan-
tities, including those corresponding to the U(NV)-extended supersymmetry
on the worldline

H=pp", Q=v'p,, Q=1v0"p;, J =) (3.6)

where indices are lowered and raised using the 6,; metric and its inverse. We
have chosen normalizations so that H is real, (Q;)* = @', and (J/)* = J}, 50
that J! is real for any fixed ¢. The fundamental Poisson brackets are easily
read off from the symplectic term of the action

{x’u’pV}PB = 55 ) {fﬂ’pD}PB = 51’/} ) {1/}?712117.]-}PB = _iéupdg (3'7)
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and the above conserved charges generate symmetry transformations through

Poisson brackets (using 6z = {z,G},, with G = £H +i'Q; + i,Q" + ol J})

i

Sxt = &Pt + el | 6zt = EpF + ieh
oYy = —ep! +iayy oYMt = —e'p! —iajyPt (3.8)
5pu207 525/1207

which correspond to rigid time translations with parameter &, N complex su-
persymmetries with grassmannian parameters ¢; and €, and U(N) rotations
parametrized by a§. The explicit U(N)-extended supersymmetry algebra is
easily computed

{Qia Qj}PB = _155]{
{sza Qk}PB = _Zain ’ {sza Qk}PB = 2656_2] (39)
{szv ‘]Ilc}PB = Zdzljlg - Zéi‘]zl

with other independent Poisson brackets vanishing.

The model we are interested in is obtained by gauging this first class
algebra through the introduction of corresponding gauge fields: an einbein
e(7) for time translations, complex gravitini x;(7) and y*(7) for the extended
supersymmetry, and a U(N) gauge field a’(7) for the rotations. These fields
correspond to the gauge fields of a U(N)-extended supergravity on the world-
line, and the full action of the U(N) spinning particle becomes

1
S _/dT [puj:“—i—ﬁﬂa_:“—l—iwzwf—epuﬁ“ —iX' puty’ —ixi pp™’ —a; (wﬁ% —357,]')}
0 —~— —— —— —

(3.10)
where we have inserted also a Chern-Simons coupling s for the U(1) part of
the gauge group U(N), since it is invariant by itself. The supergravity gauge
fields turn the rigid symmetries of egs. (3.8) into local ones and transform

as follows
de = &+ ix'e + ixie
Sxi = € —ia¥e, +iakx, = De; +iak e (3.11)
ox' = & +ialé® —ialx* = Dé —ial " '
(5(1; = d; — z'afa}; + iaZaf = Da;-
where D stands for the U(N) covariant derivative.
From the phase space action (3.10) it is immediate to see that the equations
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of motion of the gauge fields G = (e, x, X, a) constrain the Noether charges
to vanish

05

so=0 = H=Q=Q=J-s5=0. (3.12)

The Poisson brackets of these generators form the U(N)-extended super-
symmetry algebra that, as we shall see, ceases to be first class for N > 2 on
arbitrary curved manifolds. This hints to a fundamental obstruction in im-
posing the constraints listed above and is the signal, from a worldline point of
view, of the difficulties that arise in coupling higher spin particles to curved
spaces. We will discuss this issue in more depth in section 4.

Eliminating the momenta p and p one obtains the action in configuration
space

1
S[X,G] = /0 drle ! (& — ix'yl) (z, — ixs)) + il (610, — ial) ¢! + sal]
(3.13)

where X = (2,Z,v,9) and G = (e, X, X,a). We shall use this form when
constructing the path integral in section 5.

3.2 Equations of motion in flat space

We now use canonical quantization and obtain the equations of motion
in flat space. From the constraint H = 0, we see that the system has a
constant 7 evolution. The dynamics of the particle is then entirely contained
in the constraints H = Q; = Q' = J/ — 56 = 0: these classical statements
translate, in the quantum theory, into the selection of the physical Hilbert
space, which is obtained by requiring the symmetry generators to annihilate
physical states, i.e.

|(P> € thys 1 Ta|q>> =0 y Ta = (H7 Qi7 in Jz] - S(;i) (314)

where the generators T}, are now to be understood as operators. The Chern-
Simons coupling s will satisfy a quantization condition that can be stated
precisely once a prescription for resolving the ordering ambiguities contained
in Jij is taken care of. What we have just described is the Dirac quantization
procedure, which generalizes the quantization a la Gupta-Bleuler of electro-
dynamics. As already discussed in [39], the particle states can be represented
by generalized field strengths of the form Fj1 1 -~ ,~, where the integer
m is related to the quantized Chern-Simons coupling s. In particular, the J
constraints require that F' is antisymmetric within each block of m indices,
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symmetric in exchanging entire blocks, and in addition satisfies algebraic
Bianchi identities, i.e. it belongs to an irreducible representation of U(d)
with rectangular m x N Young tableau:

F ~ m . (3.15)

BTN 2 AR 174

———
N

The Q and @ constraints enforce generalized Maxwell equations, while the

H constraint is automatically satisfied in virtue of the constraint algebra.
We now proceed in deriving the results stated above: looking at the

fundamental (anti)-commutation relations, which follows from the classical

Poisson brackets (3.7),

[x# ) pl/] = MSLL ) [fiﬁ ) pl‘/] = 265 ) {1#57 1;9]'} - 5#1_’65 ) (316)
one can decide to project the states of the Hilbert space onto the x*, 7 and
(Vi eigenstates. In this way z, Z and ¢ act by multiplication, while momenta
p, p and ¢ act as derivatives: p, ~ —id,, pp ~ —id; and P* ~ %. The

states are thus represented by functions of z, & and ¢: |F) ~ (x,Z, ¢|F> =
F(x,z,v). With this realization the symmetry generators T, read

0

JI— s0) =ap; - — —m !
(3 1 QZJ aw] 1
Qi = —ipt'o
¢a“ (3.17)
sz_iﬁ_wfa“
H:—(Sulja,uép

where 0¥ = §V# 5,;. Ordering ambiguities are only present in the J constraint.
We have resolved them by using a graded-symmetric ordering, which coin-
cides with the natural regularization that arises form the path integral of

section 9,
Jj_l Ko g 73 o\ — ol o] d(;j J? 5 = 0
i—§(¢i¢u—¢“¢i)—¢i¢u—§i = ;= s0; =y -

95

—md!

(3.18)
where we have set m = (g +s). The quantum constraints satisfy a first class
algebra corresponding to the quantum version of (3.9)

gl -ge. P -s  B1)
(7. i) = 8L = 6]
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while other independent graded-commutators vanish. Here we have used
the simple sz generators, but it is evident that the same result holds by
substituting them with J/ — s67 since the Chern-Simons term is central and
in addition it cancels on right hand sides.

Due to the grassmannian nature of the 1) variables, the states have a finite
Taylor expansion in ’s

1 N
Hay HA

d
1 N
yF>NZFM%”%MM{V”%(a;,a—:) VLMY Ly (3.20)
A;=0

and we can now study which of them survive the constraint equations.

First we consider the .J/ constraints. The Ji constraint at fixed i counts
fermions of i-th type and fixes them to be m in number, see (3.18). Thus m
must be an integer and this, in turn, fixes the possible quantized values of
the Chern-Simons coupling s. Hence, the only term of (4.10) surviving this
constraint is

1 1 N N
M1 Hom, Hy Him,
Fy%..u%@,...,p{\j..u% 1/}1 %1 - ¥N ¥N (32]‘)

i.e. a tensor with N blocks of m indices. In term of complex geometry, the
tensor F1 1 v~ (2,Z) can be thought of a differential multiple (m, 0)-
form: in fact each v; block in (3.21) plays the role of a basis for the (m,0)-
forms, dx** A ... A dxt™. The Jij constraint for ¢ # j then ensures algebraic
Bianchi identities: it picks an index of the j-th block, antisymmetrizes it with
those of the ¢-th block, and set the resulting tensor to zero. For example, the
J? constraint gives

Fi. 0 (3.22)

iy 13 Al T

and so on. As a consequence, the tensor Fj1 1~ .~ has N blocks of
m antisymmetric indices and is symmetric under exchanges of blocks. The
antisymmetry within each block is evident from the Grassmann nature of the
1’s, while symmetry between blocks can be understood considering particular
U(N) transformations. In fact, a 7 rotation in the ¢ — j plane sends 1); in v);
and ¢; in —1);. The final effect of this U (V) transformation is to exchange the
i-th and j-th blocks of indices on the tensor F' in (3.21) without any additional
sign. Since this is a U(N) transformation connected to the identity, it can be
cast in the form €% for some a§ with i # j. Requiring Jij |’y = 0 produces
the anticipated symmetry between the i-th and j-th blocks of indices of the
tensor ['. All these algebraic symmetries are summarized by saying that F'
belongs to an irreducible representation of the group U(d) described by the
Young tableau in eq. (3.15). Finally, using the representation (3.17) of the
operators @; and @, it is straightforward to see that their constraints impose
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the following generalized Maxwell equations on the curvature F’

8[HF,ui..u71n] ,...,u{v..u% =0 ) (323)
5HF,LL..H}”,...,;L{V..#TN” =0. (324)

3.2.1 Gauge fields

In analogy with Maxwell, Yang-Mills and higher spin gauge theories, we
first try to solve eq. (3.23). This equation can be interpreted as an integra-
bility condition. In the absence of topological obstructions, the closure of a
form F' is achieved expressing it as the exterior derivative of a gauge field:
F =d¢ — dF = 0. In our context we are dealing with N-multiple (m, 0)-
forms, and we are going to show that (3.23), that is to say @Q;|F) = 0, can be
solved writing F' as the multiple action (one for each block of indices) of the
holomorphic Dolbeault operator 0, that sends forms of bidegree (p,q) into
(p+ 1,¢)-forms. As the 9; operator' in our quantum mechanical notation
is simply @);, it is useful to define

1 ..
q= Q1Q2-'- QN — m 6“”'“\]@1'1--'@1‘1\; (325)
which is identically annihilated by the Q;’s: ¢Q; = Q;q = 0, due to Q% =0
and to the fact that ¢ contains already all of the @);’s. Setting

|F) = qlo) (3.26)

automatically satisfies the () constraints and, writing down (3.26) in com-
ponents, we see that ' ~ ... On)¢, where each Dolbeault operator an-
tisymmetrizes only over the corresponding block of indices. To solve the J
constraints one can take ¢ to be a N-multiple (p,0)-form with p = m — 1
that forms a U(d) irreducible tensor (a rectangular p x N Young tableau)

9~ e~ NER T

———
N

In fact, we note that J? ¢ = ¢ (J/ 4+ 67). Thus (J! — s67)|F) = 0 is satisfied
if one requires

(J] = (s = 1)) |¢) =0, (3.28)

I'The index ¢ refers to the block on which the Dolbeault operator O acts, while other
blocks are treated as spectators.
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that is, N; = m—1 = p if taking i = j (by N; = 1 - 8%1_ at fixed ¢ we indicate
the number operator that counts the fermions of the i-th type), while the
off diagonal equations are the same as for F: they impose algebraic Bianchi
identities and, in particular, symmetry between block exchanges.

Next it remains to implement the last independent constraint, Q*|F) = 0.
This produces generalized Maxwell equations for the gauge field. From (3.26)
it is clear that Q?¢|¢) = 0 is an higher derivative equation of motion for the
gauge potential, precisely of order N + 1. It is convenient to use some Q, Q
algebra in order to factorize from the operator Q) ¢ a second order differential
operator GG, that will play a role analogous to the Fronsdal-Labastida operator
8, 56] for higher spin fields. Iterated use of {Q;, @, } = 0 and {Q;, @'} = 6/ H
gives (in the following equation j is fixed, not summed)

Qq=0Q Q2.Qn = (-1 7'Q1.Q°Q;.Qn
= (—l)j_l(Ql..Qj_1Qj+1~QN)Qij
= (=171 (Q1..Q;-1Q;41-Qn) (H — Q;Q7) .

At this point is possible to sum over j in H — Q;@Q7, since the extra terms
vanish anyhow, and cast the equation of motion in the form

Q’ql¢) = ¢'Glo) =0 (3-29)
where, in an obvious notation,

: : (=17
¢ = (1) Q1..Qj-1Qj11.Qn = N1 1)!6”2"'jNQj2---QjN '
G is the second order operator we were looking for, analogous to the Fronsdal-
Labastida operator without the trace term

G=—H+QQ" ~ 0,0°— 2 9 0,0” . (3.30)
20
To obtain a second order equation of motion from (3.29) it is necessary
to eliminate the operator ¢/. One way to do this is recalling that a generic
expression containing two Qs represents the kernel of ¢/, that is ¢Q,Q; = 0,
and so a general solution of qi(G |gb)) =01is

Glo) = QiQ;]p") (3.31)

where |p*) are the compensator fields. One can present the compensators also
in the form |p”) = V*V7|p). This second form of writing the compensators
is slightly more convenient. Here V¢ = V‘Lwi depends on an arbitrary vector
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field V*, and |p) is a state that must satisfy (J/ — (s—1)d7)|p) = 0 (because of
eq. (3.28) and [G, J7] = 0) and thus is represented by a tensor with the same
structure and Young tableau of ¢. The action of V? is to eliminate one 1)
from the ¢-th block and saturate the corresponding index of the p tensor with
V#. Therefore the compensator p has N — 2 blocks with p antisymmetric
indices and two blocks, the i-th and j-th ones, with p — 1 indices. Its Young
tableau has the form

P~ p : (3.32)

—_———
N

The key feature of eq. (3.31) is to be a second order wave equation. The
price for this is the introduction of the auxiliary fields p”. Of course one
would like also to obtain an equation without compensators, G|¢) = 0. This
is indeed possible using gauge symmetries. In fact, in theories where the
physical field strength is expressed in terms of a potential, one expects the
presence of a gauge symmetry.

Gauge symmetry

In term of forms if F' = d¢, the gauge transformation leaving F' invariant is
0¢ = dA. In our model the gauge symmetry enjoyed by the curvature F is
an “higher spin” generalization of the linearized diffeomorphisms of general
relativity, like the gauge transformations of standard higher spin fields. In
our operator formalism, exterior holomorphic derivatives acting on the i-th
block are represented by the supercharge @);. Thus, recalling that |F) = ¢|¢)
and ¢@); = 0, one finds immediately an invariant way of writing down the
gauge transformations that leave the F' tensor invariant

3l¢) = QilA") (3.33)

where |A?) are the gauge parameters. Again a slightly more convenient way of
writing the gauge parameters is in the form |A*) = W¥[A), where W' = Wy,
with W* a vector field and |A) a state containing a tensor with the same index
structure and Young tableau of |¢). These gauge transformations clearly do
not affect |F') = g|¢), but let us compute how the left hand side of (3.31)
transforms. Making use of the Q, ) algebra the gauge variation can be
written as

Gilg) = —QiQ;(Q'|A)) (3.34)
and if we want the equations of motion to be gauge invariant, the com-
pensator field (from this its name) has to cancel the above expression and
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transform as
51y = —QU|ATY (3.35)
It is well known from higher spin field theories [54, 55, 34] that the equa-
tions of motion in the compensator formalism are invariant for general gauge
transformations, but if we try to gauge fix the compensators to zero, con-
straints on gauge parameters and on gauge fields appear, namely the gauge
parameters must be traceless and the gauge fields double traceless. In our
framework there are no ways of taking the trace of completely holomorphic
tensors, instead differential constraints appear on gauge parameters and on
gauge fields. To see this, let us use part of the gauge freedom in (3.33)
and (3.35) to make the compensators vanish: p” = 0. The residual gauge
symmetry must satisfy QF|A7l) = 0, and this can be achieved if the gauge
parameters are taken to be “divergenceless”: Q'|A7) = 0 for i # j. Similarly,
the gauge choice p” = 0 imposes constraints also on the gauge field ¢. This
can be seen by acting with Q* on both sides of eq. (3.31) to obtain

QiQ*Q'¢) = Qi [Q*Q;1p"7) — H|p")] . (3.36)

The right hand side of this equation vanishes in the partially gauge fixed
theory with p” = 0. For consistency the left hand side must vanish as well,
and this is guaranteed if Q*Q?|¢) = 0, that corresponds to setting to zero all
possible double divergences. One may check that this constraint is kept in-
variant by gauge transformations with parameters satisfying Q?|A’) = 0 with
t # j. Once the compensator fields have been eliminated, the gauge poten-
tial describing the particle satisfies the simpler second order wave equation
G|¢) = 0 that, in tensorial language, reads

aaaa(lﬁ,ul..,up,...,ul..yp —D amaa(ba,uz..yp,...,yl..up —...—D aulaa(bul..up,...,aug..yp =0

(3.37)
where p = m — 1, and weighted antisymmetrization is understood on u’s, v’s
and so on.

In order to clarify the meaning of our quantum mechanical notation, let
us analyze in tensorial language a specific case: N = 2, p = 2. This is the
simplest model where all of the issues treated so far appear in a non trivial
way. The gauge field ¢ has the structure

¢u1u2,u11/2 ~ (338)

while the unique independent compensator is a symmetric tensor p,,. The
gauge invariant equations of motion read

aaéagb,uwz,ml@ - 28uléa¢au2,u11/2 - 281/15&@5#1#2,041/2 = 28#18V1PM2V2 (3-39)
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with an understood weighted antisymmetrization on the p and v group of
indices, that will be employed in all of the following equations as well. The
gauge transformations for the field ¢ and the compensator are given by

5¢u1,u2,V1V2 - 8#1AV1V2,M2 + aVlAMIMQWQ ) 5:011»1/ = _5QA0¢M7V - 5(1/\&%# (3'40)

where a factor of —2¢ has been absorbed in the definition of the gauge pa-
rameter, whose Young tableau is

|
Ao ~ . (3.41)

Using part of the gauge freedom, one can fix the compensator to zero, ob-
taining the gauge invariant equation

aaéa(b#lw,l/ll/z - 28#1 5a¢aﬂ2,llll/2 - 281/1 5a¢#1#2,al/2 =0 (342>

which is left invariant by the gauge transformations (3.40) with constrained
gauge parameters -
0“Napy =0 (3.43)

For consistency, the gauge field appearing in this equation must also satisfy
a differential constraint

9°0” Poy gy = 0 (3.44)

which is preserved by the gauge transformations with constrained gauge pa-
rameters.

To count the physical degrees of freedom, one has to use the remaining
gauge freedom to eliminate unphysical “polarizations” from ¢. This way
one ends up with a gauge field ¢, .m,,...n,..n,» Where indices run over d —
2 directions, 7.e. m,n = 1,2,...,d — 2. Perhaps this is best seen in the
particle language, since by using the complex N supersymmetries one can
eliminate the fermionic fields ¢! and their complex conjugates with the index
4 pointing along two chosen directions. In this “light cone gauge” the tensor
®my..mp,...n1..m, describes an irreducible representation of the little group for
massless particles, U(d — 2), with the same Young tableau of eq. (3.27).
The dimension of such representation corresponds to the number of physical
degrees of freedom of the particle. Using the “factors over hook” rule it
is easy to compute the dimension of this Young tableau, and the resulting
degrees of freedom, for all d, N and p, are

N-1
j+d 2)!
Dof(d, N,p) ” 3.45
oI P) Foj+p j+d—2—p)! (3.45)
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where we recall that p=m — 1 = % + s — 1. We note that in the case of an
odd number of complex dimensions the physical spectrum is empty unless
the Chern-Simons term is added, i.e. s # 0. The quantization of this Chern-
Simons coupling can be understood also from the requirement of cancelling
gauge anomalies [77].

Let us analyze a few examples. From (3.45) one can see that in d =
2 (four real dimensions) without Chern-Simons coupling, there is always
one degree of freedom for any value of N: Dof(2,N,0) = 1. So, with
s = 0, all the U(N) spinning particle theories propagate only a scalar field
in two complex dimensions, and share for this aspect the features of N =
2 superstrings, where only the scalar ground states survive at the critical
dimension d = 2, see for example the review [78]. Another simple case
is the N = 1 theory in arbitrary complex dimensions: the field strengths
are (p + 1,0)-forms F),, ,, .., the gauge potentials are (p,0)-forms ¢, .,
and (3.45) gives Dof(d,1,p) = (dj); that is the number of independent
components of an antisymmetric tensor of U(d — 2) with p indices, Omy.my-
In the last section we will compute the one-loop partition function for the
U(N) spinning particle. After covariantly gauge fixing the action (3.13) on
the torus, the path integral reduces to an integral over a corresponding moduli
space which computes the number of physical degrees of freedom. Indeed, we
shall see that they coincide with the canonical computation just presented.

To summarize, we have described gauge invariant equations with com-
pensators

Glg) = QiQjlp”) (3.46)
with G = —H + Q;Q°, and gauge symmetries given by
0oy = QilA") . dlpY) = —QU|AY) (347)

where |p¥) = ViVI|p), |A?) = W|A) and with |¢), |p), |A) describing tensors
with rectangular p x N Young tableaux of U(d), as in (3.27).
Similarly, gauge invariant equations without compensators are given by

Glg) =0 (3.48)

with gauge symmetry
dl¢) = Qi|A) (3.49)

where |A?) = WFA), with fields and gauge parameters satisfying the differ-
ential constraints

Q@) =0, Q) =0  (i#)). (3.50)
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3.3 Supersymmetry algebra in curved Kahler
manifolds

We now turn to study the supersymmetry algebra on arbitrary Kéahler
manifolds. It will be shown that for all NV it is possible to close the al-
gebra, though quadratically, on Kahler manifolds of constant holomorphic
curvature, and so even for N > 2 a consistent quantization can be obtained
beyond the case of flat space.

Looking at the quantum algebra (3.19), we note that the last three rela-
tions just state that erj are U(N) generators and that Q;, Q7 belong to the N,
N of U(N), and presumably these relations should be left unchanged even in
curved space. The first equation is the key ingredient of the supersymmetry
algebra, and is going to be modified by a nonvanishing curvature. Our aim is
to deform the algebra (3.19) introducing curvature, but keeping it first class,
as necessary if we want to impose the corresponding constraints consistently.

Thus, let us consider the theory on an arbitrary Kahler manifold. The
only non vanishing components of the metric are g,;(z, Z) = gy,u(z, Z), which
lead to nonvanishing Christoffel coefficients for the total holomorphic or anti-
holomorphic parts only: e, r ’;5\. In curved space we will use fermions with
flat indices: ¢ and ¢®; the U(N) generators are essentially unchanged, be-
ing defined by J/ = L[we,¥I] (the flat tangent metric is simply 8,5), but the
supercharges need a suitable covariantization. Since the holonomy group of
Kahler manifolds of real dimension D = 2d is U(d), the connection would be
a U(d) spin connection, and the covariant derivative reads

V=0 + W, M®

where M® are the U(d) generators. In the particle model these generators
can be realized by

%5“5 (3.51)

Mab — %[ ?AZZ”} _ iﬁf@& _
as they satisfy indeed the Lie algebra of U(d)
[P Mped] = b pged — godpgeh
In this way we construct covariantized momenta?
T, = g1/2 (p“ . iwuazBMaB)g_l/Z

, ) (3.52)
Ta =g (D — iwps M®) g™ * |

*We denote g = detg,» and the g factors ensure hermiticity.
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and supercharges
Qi=lelm, . Q =9ein,. (3.53)

With these charges the J.J, J@) and J () commutators are the same as before,
but the Q@ anticommutator now reads

{Qi, @7} = 6] Hy — Rypoq bt M | (3.54)

where Hy = ¢g"'@;m, is the minimal covariantization of the hamiltonian. As
in the case of O(N) supersymmetry [31, 32], we can achieve the closure of
the algebra on particular manifolds, namely Kéhler manifolds with constant
holomorphic curvature, which admit a Riemann tensor of the form [79]

Reped = A (05500 + 0udde) (3.55)

with constant A. As for real manifolds maximally symmetric spacetimes
are de Sitter, anti-de Sitter and flat Minkowski space, prototypes of Kéhler
manifolds with a Riemann tensor of the form (3.55) are the complex pro-
jective space CP?, complex hyperbolic space CH? and, of course, flat com-
plex space C? viewed as a Kéhler manifold. Inserting the U(d) generators
M = L[4¢, ¢, the {Q,Q} anticommutator closes quadratically (up to
an obvious redefinition of the hamiltonian)

{Qi,Q"} =6 (Ho—aJ —b) —ANJ J+5{JF, J} (3.56)

)

with J = JF, a = A% and b = AW. The hamiltonian Hy has, however,

an unusual commutator with the supercharges, namely

[H07Qi}:_AJika—‘—AJQi‘FA%Qi ) (3.57)
[Ho, Q'] = —[Ho, Q" |

so we add to Hy a hermitian and U(N) neutral J combination in order to
cancel the commutators above. We recall that, including a Chern-Simons
coupling, the quantum constraint on J is J} — sé] = 0 and so, in order to
make manifest the quadratic closure of our algebra, we set J] = J/ —sd] and
J = J!, finally obtaining

H.E] = [1.0] = 1,0 =0

[, 1] = 0 i = 6

. , e I U .
(Qu. @'y =61 4 AT JiT i+ 58 (P = Tt + th)] |
(3.58)
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where the complete hamiltonian reads
A .
H=Hy+ 5 [JFTL — J? — hsd — ha] (3.59)
with the h; being defined by

= (2-N)s— 2

2
hy=2s(N—2)+1, hy=d+1, (3.60)
h= SV d) 2N 1) (N -2)

This is no more a Lie algebra but, being still first class, permits a consis-
tent realization of the constraints J/ = H = Q; = @’ = 0, which define
higher spin equations on such curved backgrounds. As the analogous result
obtained in [32] for the O(N) spinning particle, the quadratic algebra (3.58)
coincides with the zero mode, in the Ramond sector, of the quadratic U(N)
superconformal algebra found by Bershadsky and Knizhnik in [75, 76].

Up to now we have used U(d) generators with the preferred ordering
given in (3.51), but a quadratic closure of the supersymmetry algebra can be
achieved with an arbitrary ordering, corresponding to a different coupling to
the U(1) part of the spin connection w,, = w50 if in eq. (3.52) we choose
as U(d) generators ) ) )

M = it — 5 (3.61)
with arbitrary ¢, (3.54) remains unchanged in form, and choosing the Rie-
mann tensor as in (3.55), the quadratic algebra in (3.58) and (3.59) maintains

the same structure but with different numerical coefficients h; — h;(c), given
by

hi(c) = (2—N)s—g(N—20)—|—c—N

ho(c) = (d+1) (N —2¢) +2s(N —2) + 1

hs(c) = (d+1)(N —2c¢+1) (3.62)
ha(c) =d g(N—Zc—l—l)—i—N—c +s(N —1)

X [(d+1)(2¢c—=N) —s(N—-2)] .

To recover the previous results is sufficient to put ¢ = N/2 in the above
formulas.

With this constraint algebra at hand it is possible to achieve the quan-
tization of the U(N) particle, for all N, on Kéhler manifolds of constant
holomorphic curvature.
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3.4 Partition function and degrees of freedom

In order to extract from the U(N) spinning particle action (3.13) the
number of physical excitations, we proceed in computing the one-loop par-
tition function that gives, as its first Seeley-DeWitt coefficient, the number
of degrees of freedom. Of course, other heat kernel coefficients vanish in flat
space, but once the measure over the moduli space arising from the gauge
fixing procedure is correctly identified, one could perform, in principle, more
general path integral calculations to investigate the quantum properties of
the field equations on the backgrounds described previously.

In order to deal with gaussian path integrals rather than oscillating ones,
we perform as usual a Wick rotation on the proper time 7 — —i7 and on the
gauge field aé» — m;i. The resulting euclidean action reads

1 . . .
S[X,G] = /0 dr [e’l (9'5“ — )‘(iwf) (:i‘# — qu/;i) + &L (5387 - ia{)wf — isaﬂ
(3.63)

and is invariant under the supergravity transformations in euclidean time

de = £ + )_(iEi -+ Xigi
ox; = € — iafek + iaka.

—k

L ) : 3.64
oY = € +iale” —ialx" (3.64)

day = & —iajay +iapa;
The partition function is obtained by performing the functional integral on
a circle, taking periodic boundary conditions for the bosonic fields, and an-

tiperiodic ones for the fermionic fields

DXDG _ _gxg,

Z7= | =77
51 Vol(Gauge)

(3.65)

where, in condensed notation, X = (z,7,1,v) refers to the matter fields,
while G = (e, x, X, a) represents the supergravity multiplet. Since our model
is a gauge theory, it is necessary to divide by the volume of the gauge group.
The gauge fixing procedure can be achieved with the standard Faddeev-
Popov method. We select a covariant gauge by imposing gauge fixing con-
ditions on the worldline supergravity fields. The latter can be gauged away,
except for a remaining finite number of modular integrations that take into
account gauge inequivalent configurations. We follow the same strategy em-
ployed in [30] for the O(NN) spinning particle, to which we refer for additional
details.
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Gauge fixing on the circle
The einbein e(7) has periodic boundary conditions and is characterized by
the gauge invariant quantity § = fol e(7)dr, which represents the invariant
length of the circle. A standard gauge for worldline reparametrizations is to
fix e(t) = 3, and the path integral over e reduces to an ordinary integral
over the usual proper time [, with the familiar “one-loop” measure

~d3
o B

Due to antiperiodic boundary conditions, the complex gravitini y; and ¥
can be completely gauged away, x;(7) = X'(7) = 0, leaving corresponding
Faddeev-Popov determinants of the differential operators that can be ex-
tracted from (3.64). Finally, the gauge field a/ can have nontrivial Wilson
loops around the circle, that capture the complete gauge invariant informa-
tion contained in them. They can be gauge fixed to a constant hermitian
N x N matrix, al (1) = 67, that can be always diagonalized through a constant
U(N) gauge transformation

61
- . (3.66)
On

Recalling that o belongs to the Lie algebra of U(N), we see by exponen-
tiation that the 6#; are in fact angles ranging from 0 to 27. Now, the path
integral over z and T gives as usual V (273)74, where V = ¢ [ d?z,d?Z, (the
integral over the z zero modes) is the spacetime volume. The D) D1} integral
gives Det A((SZ 0y — z€f )4, while integrals over the susy ghosts give a power —2
of the same determinant. Subscripts P and A keep track of the periodic or
antiperiodic boundary conditions. From the diagonalization (3.66), we see
that the integration over the moduli space of a] reduces to integration over

the angles
1 T d;
i 11 /0 o (3.67)
1

and division by N! is needed to eliminate the overcounting due to the per-
mutations of the 6’s, that are all gauge equivalent. The last integration
to be performed is over the ghosts for the gauge group U(N), that gives
Det/n(0; + iaq;), i.e. with the zero modes removed and the gauge fixed a?
taken in the adjoint representation, as follows from da¥ = Dal in (3.64).
Now, we use the diagonalized form (3.66), and putting together the various

66



contributions we obtain for the partition function

2w
Z xV Tdf_1 H/ db; e "% Det 4 (0, — i6;)"

o B (2rB)¢N! (3.68)
x [ [ Detp(d: —i(0x — 6)) -
k#l

These determinants are standard ones and can be computed using operator
methods with simple fermionic systems Namely, they are: Det (0, —i0) =

2 cos g and Detp(0, —i0) = 2i sm 5. Substituting in the expression for Z one
finally finds

N 27 d—2
*df 1 1 / do; _ 9,( 9,»)
ZxV | | 50 (9 cos —
0 5 (ZWB) [ 170 27 2

<] (2sin 9’“;9’>2] .

k<l

(3.69)

The part in square brackets of the above formula gives the number of
degrees of freedom of the particle, since the rest is simply the partition func-
tion for the center of mass, and so we have the following expression for the
physical degrees of freedom

R A =0\
Dof(d,N;s) N'H/ i (200s5> H (2s111 5 )

k<l
(3.70)
It is normalized to Dof(d,0;0) = 1 for N = 0, which corresponds to a simple
scalar field. It is now convenient to go to complex coordinates: z; = e
Recalling that s = m — %l =p+1- %l, the above expression in terms of p
becomes

dz; 1
Dof(d,N.p) = + H]{ i pH D T [z — 2l (3.71)

k<l

where the integration contour is the unit circle around the origin in C, V.

Now, we perform a new change of variables, passing from the unit complex

circle to the real line by means of stereographic projection: z; = Z;i] . The
J

integral becomes

9N?+Nd—3N N (1— Z'xj)(p—l-Z—d—N)

N 2
NgN /szd z [A@)] H (14 iz;)NV+p) (3.72)

J=1

Dof(d,N,p) =
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where we have recognized the square of the Van der Monde determinant

Alz) = [ (@i — ) - (3.73)

i<j

Written in term of the z; variables, (3.72) is seen to belong to a wide class of
Selberg’s integrals, that can be computed by means of orthogonal polynomi-
als techniques®. The known Selberg’s integral in question, that can be found
in [80], reads

n

J(a,b, a0, B,,m) = / 5 | AP [0+ i) (0 — iz;)~?
RN i

_ (2m)" II 1+7+Jw(a+ﬂ—%n+j—D7—U
(a4 b)letfn=ymin=1)= L1+ (e = 390 = j7)

(3.74)

valid for Rea, Reb, Rea, Reff > 0, Re(a+ ) > 1, and

1 1
1 Rey < min ( Rea ReB Re(a+ [+ ))
n

n—1"n—-1  2(n-1)

Our eq. (3.72) corresponds to this form of the Selberg’s integral with (a =
b=~v=1lL,a=N+p 8=d+ N —p—2,n=N) so, with (3.74) at hand,
after a little algebra, we obtain the final result

N24Nd—3N

NizN
Jh ]+d 2)
il J+p (J+d—2-p)

that agrees with the dimension of the rectangular Young tableau of U(d — 2)
with p rows and N columns, as in (3.45), thus reproducing the number of
physical polarizations predicted by canonical quantization.

In conclusion, by means of Dirac canonical quantization we analyzed the
U(N) spinning particle models and found new higher spin equations obeyed
by complex HS fields in flat space. We found the correct measure on the
moduli space for the U(N) extended supergravity, and we realized that such
HS equations can be defined also on constant holomorphic curvature (CHC)
Kéhler manifolds. We will pursue the quantization of the U(1) particle on

Dof(d,N,p) = J(1,1,N+p,d+N—p—2,1,N)

(3.75)

3Much information and many details about these techniques can be found in [80].
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arbitrary curved Kahler backgrounds in chapter 5, but it would be very inter-
esting to investigate the quantum properties of the higher spin U(N) particle
on CHC spaces, and an even more exciting route would be to find consistent
non-linear extensions of our linear equations in the spirit of Vasiliev’s theory.
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Chapter 4

U(N|M) quantum mechanics on
Kahler manifolds

O(N) spinning particles [20, 21, 31] have been useful to describe higher
spin fields in first quantization [30, 81]. Similarly, U(N) spinning particles
[38, 39] have been instrumental to discover a new class of higher spin field
equations which possess a novel type of gauge invariance [40]. To investigate
the quantum properties of these equations in their worldline formulation, it
is important to study the related quantum mechanics. It is the purpose of
this chapter to discuss these quantum mechanics, which in the most general
case take the form of nonlinear sigma models.

First we shall discuss linear sigma models, i.e. models with flat com-
plex space C? as target space. These sigma models exhibit a U(N) extended
supersymmetry on the worldline. They define “spinning particle” models
once the extended supersymmetry is made local. It is useful, and almost
effortless, to extend these models by adding extra bosonic coordinates. This
extension produces U(N|M) sigma models, by which we mean sigma mod-
els with a worldline extended supersymmetry characterized by supercharges
transforming in the fundamental representation of U(N|M) (i.e. U(N|M)
is the R-symmetry group of the supersymmetry algebra). This extension
may be useful for constructing wider classes of spinning particles, as hap-
pened in the case of the OSp(N|2M) extension [57] of the standard O(N)
supersymmetric quantum mechanics, used for example in [59, 60, 82, 83] to
describe higher spin fields. We present these quantum mechanical models and
their symmetry algebra in the first section. Next, we consider sigma models
with generic Kéhler manifolds as target spaces. The symmetry algebra gets
modified by the geometry, so that it will not be always possible to gauge
the extended supersymmetry to obtain spinning particles and correspond-
ing higher spin equations. This signals the difficulties of coupling higher spin
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fields to generic backgrounds, not to mention the even more difficult problem
of constructing nonlinear field equations. However, on special backgrounds
one can find a deformed U(N|M) susy algebra that becomes first class, so
that it can be gauged to produce consistent spinning particles. An example is
the case of Kahler manifolds with constant holomorphic sectional curvature.
No restrictions apply to the special cases of U(1]|0) and U(2|0), whose susy
algebra can be gauged to produce nontrivial field equations on any Kéhler
space, in analogy with standard N =1 and N = 2 susy quantum mechanics
on arbitrary riemannian manifolds (i.e. O(1) and O(2) quantum mechanics
in the language used above).

Nevertheless, before gauging, the U(N|M) quantum mechanics here con-
structed are perfectly consistent on any Kéhler manifold, and even posses
conserved supercharges when the Riemann tensor obeys a locally symmetric
space condition (again in close analogy with the riemannian case [57]). Thus,
we will work with an arbitrary Kahler manifold and compute the quantum
mechanical transition amplitude in euclidean time (i.e. the heat kernel) in
the limit of short propagation time and using operatorial methods. This
last result is going to be particularly useful for obtaining an unambiguous
construction of the corresponding path integral, which is needed when con-
sidering worldline applications. This is indeed one of our future aims, namely
using worldline descriptions of higher spin fields to obtain useful and com-
putable representations of their one-loop effective actions, as done in [28§]
for the O(2) spinning particle. In that case a worldline representation al-
lowed to compute in a single stroke the first few heat kernel coefficients and
prove various duality relations for massless and massive p-forms in arbitrary
dimensions. Finally, we confine to the appendices details of our calculations.

4.1 Linear U(N|M) sigma model

We introduce here the U(N|M) extended supersymmetric quantum me-
chanics. In the most simple case it describes the motion of a particle in C¢,
the flat complex space of d complex dimensions with coordinates (z*, z#),
i =1,...,d. The flat metric in these complex coordinates is simply d,, and
we use it to raise and lower indices. In addition, the particle carries extra
degrees of freedom described by worldline Dirac fermions (¢, &g) and com-
plex bosons (zf, z;), where a = 1,..., N and a = 1,..., M are indices in the
U(N) and U(M) subgroups of U(N|M), respectively. These extra degrees
of freedom can be interpreted as worldline superpartners of the coordinates
(a#, T"). Of course, when the superpartners have bosonic character one finds

a kind of “bosonic” supersymmetry, that generalizes usual concepts. With
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these degrees of freedom at hand the phase space lagrangian defining our
model has the standard form £ ~ pg — H, namely
L = pud" + ppt’ + itk +iZ00 — pp (4.1)

This model enjoys a U(N|M) extended supersymmetry, which we are going
to describe directly in the quantum case
The fundamental (anti)-commutators are easily read off from (4.1)

(2", pu] = ihd} (7", ps] = i},

_ 4.2
[ 00} = habor . o 5] = haer (42)

The U(N|M) charges are readily constructed from the worldline operators

1 B
Jy = [ sy ] — chdy = Py — mhdy U(N) subgroup,

Jg = 5{2;‘, zg} + chdy = Z;“zg + mhdg U(M) subgroup,

Jy =z J§ =zl U(N|M) fermionic generators,
(4.3)

where m = ¢ + £. They obey the U(N|M) algebra

[y, T3] = (05 g — g ;)
[Jg,J3] = h(03J5 — 65 J3)
[Jb> ] _h(San ) [Jb ) Jé] = hélfJg (4'4)

[J5, ] =hoyJs,  [Jg,J5) = —hésJg
{ a,Jﬁ} h(&bJﬁ +66Jb)

In the definition of these charges we have used a “graded symmetric” or-
dering prescription modified by an arbitrary central charge ¢ that specifies
possible different orderings allowed by the symmetry algebra. The possi-
bility of inserting the central charge is related to the algebraic fact that
U(N|M)=U(1) x SU(N|M). All these charges commute with the hamilto-
nian H = p,p" and are conserved.

Other conserved quantities are the supersymmetric charges involving the
space momenta: there are 2N fermionic supercharges Q, = ¥4 p,, Q¢ =
@Efj p*, and 2M bosonic charges Q, = 2/ p,, Q* = zy p. All these operators
form the U(N|M) extended superalgebra that, together with the U(N|M)
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internal algebra (4.4), is given by the following relations

Q= —hot Q. Q= ho; Q"
[J5.Q)) = ~hd5 Qs U5, Q1 =he}Q

[J8,Qa] = —hd5 Qu . [J3, Q") =hdl Q" (4.5)
{J0: @} =héy Qo {J, Q=06 Q"
{QaaQb}:h52H7 [Qm@ﬁ]:h(ng'

(Anti)-commutators needed to close the algebra and not explicitly reported
vanish.

All these relations can be written in a more covariant way. In order
to show up the full supergroup structure, let us introduce the superindex
A = (a,«) and the U(N|M) metrics

o 0 —of 0
5A—<b a), eA—< b a). (4.6)

B 0 dF B 0 43
The internal fermions and bosons are grouped into the fundamental and
anti-fundamental representations of the supergroup, Z% = (Y4, z#), Z;j‘ =

a’) o
(_Z, z). The fundamental (anti)-commutation relations can be written as
(Zh,ZP} = héFor, or equivalently as [ZB,Z),} = —hef . Here the
graded commutator is used: [A, B} is defined as anti-commutator for A and
B both fermionic, and as a commutator otherwise. Then we collect all the

U(N|M) generators in

Jg Jg .
JA:< b g):ZAZ“erheA. 4.7
B Jb ‘]5 w B B ( )

With these notations at hand the entire superalgebra (4.4) is packaged into
the single relation
(5,5} = h (65 Jp £ 65 J5) (4.8)

where the plus sign refers to the case with J§ and J§ both fermionic, and
the minus sign to the other possibilities.
By means of this supergroup notation, the supercharges are written as

Qs = (Q4,Q,) and Q4 = (Q% Q%), and the above superalgebra is summa-
rized by
[J§7QC}:ih5éQBv [ngéo}:hégQA
[QA?QB} = hdf H s

where = stands for plus for J3 and Q¢ both fermionic, and minus otherwise.

(4.9)

74



All these quantum mechanical operators have simple geometrical mean-
ings in terms of differential operators living on C?. Let us give a brief de-
scription. Generic wave functions of the Hilbert space can be represented by
functions of the coordinates (x, z, v, z). Expanding them in ¢* and z* shows
how they contain all possible tensors with N + M blocks of holomorphic
indices. Each of the first N blocks of indices is totally antisymmetric, while
each of the last M blocks of indices is totally symmetric. In formulae

¢ x,T 77Z) Z Z ¢H1 /J,Al, 5 .,uXN],(Vll..V}Bl),...,(Vy..yg/[M)CE?J_:)

A;=0 B;=0
vM “?S/IM
ZM ..ZM .

><< u “Al) (1/1 . ’“‘AN)(Z;%..Zl”lBI)
(4.10)

The quantum mechanical operators take the form of differential operators
acting on these tensors. The hamiltonian is proportional the standard lapla-
cian H ~ 0, oM = §Hv oy 0y. The supercharge @, acts as the Dolbeault oper-
ator 0 restrlcted to the antisymmetric indices of block “a”, and Q® as its ad-
joint OT. Similarly the “bosonic” supercharge Q. is reahzed as a symmetrized
gradient acting on the symmetric indices of block “a”, and Q® is its adjoint,

taking the form of a divergence. The action of the U (N|M) operators, i.e.
the J§ charges, is also amusing: they perform certain (anti)-symmetrizations
on the tensors indices, and we leave it to the interested reader to work them
out explicitly. The algebra of these differential/algebraic operators, as en-
coded in the susy algebra, is only valid in flat space. In the next section we
will see how this algebra extends to generic Kahler manifolds.

4.2 Nonlinear U(N|M) sigma model

We now extend the previous construction to nonlinear sigma models with
generic Kéhler manifolds as target spaces. On Kahler manifolds, in holo-
morphic coordinates, the only non vanishing components of the metric are
Gus = Gy, and similarly ', and ng\ are the only non vanishing components
of the connection. We use the following conventions for curvatures

R\ =050, , Rf=—g"*R" R=R:, (4.11)

and denote by g = det(g,») the determinant of the metric, as standard in
Kéahler geometry.

The classical phase space lagrangian with a minimally covariantized hamil-
tonian becomes

L = pui* + put” +iZ; 24 — 9" (pu — iU, 23 Z3) o (4.12)

vax VG
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though, for future applications, it will be useful to consider more general
hamiltonians. The corresponding configuration space lagrangian is the typi-
cal one for nonlinear sigma models

. ._.Dz*
L= gupi's" +iZ; th (4.13)

where the covariant time derivative is given by Dd—th‘; = Zh + @' TH 79,

In the quantum case, it will be crucial to resolve ordering ambiguities
by demanding target space covariance. Before discussing the quantum op-
erators, let us make a few comments. We treat the Zl‘f fields as momenta,
as such they have a natural lower holomorphic curved index. In this situ-
ation there is no real advantage in introducing a vielbein, so we will avoid
introducing one. Also, the holonomy group of a Kahler manifold of complex
dimensions d is U(d), and it will be convenient to define the U(d) generators

1 - 1
e A A R EE S R (4.14)

I3 9 p Ca

where k is a central charge parametrizing different orderings allowed by the
U(d) =U(1) x SU(d) symmetry. These generators can be written as well as

MY = Z2Z} — shd, (4.15)

with s =k + X ;M . They satisfy the correct U(d) algebra

(MY, M?] = hol M? — hét MY . (4.16)

We are now ready to discuss the covariantization of the quantum oper-
ators belonging to the U(N|M) extended supersymmetry algebra. As we
shall see, not all of the charges generate symmetries on generic Kahler man-
ifolds: some of them do not commute with the hamiltonian and thus are not
conserved.

It is easiest to start with the generators of U(N|M). They are left un-
changed as the metric does not enter their definition: Jj = Z!Z%; + mhej.
They satisfy the same U(N|M) symmetry algebra given in eq. (4.8).

Now we consider the () supercharges. To covariantize them we introduce
covariant momenta

T=9"pag ", mu=9" (p— i), MJ) g, (4.17)
and write down covariantized supercharges as
Qa= 287, , Q=7 g 7, . (4.18)
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Similarly, the covariant hamiltonian operator is given by
Hy = g™ 7pm, = 9" 6" (py — i Thy MY) g™ /2 . (4.19)

At this stage it is worthwhile to spend some words on the hermiticity
properties of our operators: since the Z:‘ fields are defined as independent
variables with lower holomorphic indices, but hermitian conjugation of vector
indices naturally sends holomorphic into anti-holomorphic indices, and vice
versa, the natural definition of the adjoint of Z/ is (Z4) = ZZ' g**. In this
way, hermitian conjugation of the momentum is nontrivial: if [p,, Z4] = 0,
it must hold that [(p,)', (Z4)] = [(pu)T, Z5 ¢*] = 0 as well. Requiring this
property we find

(pu)T =Pp— irg& M? 905g>\5\ . (4-20)
Now, if we define the supercharges in the natural way written above, namely
Qa = Z47m, and Q* = Z;‘ g"” T, then it results that (Q4)T = Q# and
H} = H,. Note that the power of the metric determinant entering the
various operators is necessary for verifying the hermiticity properties.

Let us now consider their algebra. The first line of (4.9) simply states that
Q4 and Q* belong to the fundamental and anti-fundamental representation
of U(N|M), and one can check that these relations remain unchanged even
in curved space,

[J4,Qc} = £hé4 Qg , [J5,Q°) = hoG Q" . (4.21)
On the other hand the last relation becomes
[Qa,Q"} = h6¥ Hy+ 2427 R",) M . (4.22)

The minimal covariant hamiltonian Hj,, emerging from this commutator as
the term multiplying 65 and already given in (4.19), does not conserve the
supercharges except than in flat space; in fact the commutator between H,
and () does not vanish and reads

[Qa. Ho] = hZ4 R* *, M, + h* Z4 Ri\m,
[Q%, Ho] = —[Qa, Ho]" .

Hj is a central operator only in flat space. Finally, it is simple to verify that

[Q4,Q5} =1Q%,Q%}=0. (4.24)

Relations (4.21), (4.22), (4.23) and (7.20), together with (4.8), describe the
deformation of the U(N|M) supersymmetry algebra realized by our quantum

(4.23)
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nonlinear sigma model on a Kéahler manifold. Supersymmetry is broken as
the supercharges are not conserved. Only on flat spaces the hamiltonian H
becomes central and the supercharges get conserved.

Given this state of affairs, one may try to redefine the hamiltonian in
an attempt to make it central on more general backgrounds, thus recovering
conserved supercharges. For this purpose, we add to Hj several non minimal
couplings

H = Hy+ iR, Ml MJ + o h R MY + e B°R (4.25)
With these generic couplings (4.23) becomes
[Qa, H =h(1+2¢) Z4 R" ), M m, + h* (14 c1 + o) Z4 R,

—ihe, Z4V R N ME MY — ihPey Z5V Rl MY — ilics 24V R .
(4.26)

We see that for the choice ¢; = —%, Cy = —% and generic cg, the terms in the
first line proportional to the covariant momentum 7, vanish and, choosing
c3 = 0 for simplicity, we identify a canonical hamiltonian H(. so that eq.
(4.26) reduces to
. Zh o v oA i o ZhZ o 1 v
(Qa, H) = 5 ZLV,R",) My M + == Z5 Vo Ry Mj, (4.27)

showing that H. is central on locally symmetric spaces. Of course, also the
graded commutator (4.22) changes and becomes

_ _ 1 1
[Q4,QP} = ho% Hipy + hR”,ﬁJ (Zng + 3 6% My) M + 3 n? 6% R" My

(4.28)
Thus one concludes that with the redefinition of the hamiltonian given above
the supercharges are conserved on locally symmetric Kahler manifolds.

One of the most interesting applications of the nonlinear sigma models
discussed so far is to use them to construct spinning particles and related
higher spin equations. This is achieved by gauging the extended susy alge-
bra identified by the charges (H,Q,Q%, J¥), possibly with a suitable re-
definition of the hamiltonian. Unfortunately, we see that on generic Kéhler
manifolds the U(N|M) extended susy algebra is not first class, as additional
independent operators appear on the right hand sides, as evident for exam-
ple in egs. (4.27) and (4.28). However, there are special cases, namely the
U(1]0) and U(2]|0) quantum mechanics, which generate first class superalge-
bras with a central hamiltonian on any Kéahler background. In fact, for the
U(1]0) = U(1) model the algebra reduces to

{Q.Qy=nH, [QH =0 (4.29)
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where the hamiltonian is now defined by

H=H, hR“J\/[”—i—th—Hsym—i—hQR (4.30)
I T I '
with Hy"™ = Lg#”(m, 7y + @ym,). For the U(2|0) = U(2) model the choice of
the hamiltonian is the canonical one, i.e. the one in (4.25) with ¢; = ¢ = —%
and c3 = 0, and the superalgebra closes as
{Qu.Qy=06H, [Q.H=0. (4.31)

For the general U(N|M) extended susy algebras one cannot achieve such
generality. Nevertheless, one may look for special backgrounds that make
(4.27) and (4.28) first class. A nontrivial class of Kéahler manifolds where
the first class property can be achieved is that of manifolds with constant
holomorphic sectional curvature. On these manifolds, the Riemann and Ricci
tensors take the form

R R
R pox = —m(gwgax + 9ov9u3) R,y = 7 I (4.32)

where R is the constant scalar curvature. Substituting these relations into
the algebra, one notices that the metric tensor gets contracted with the 7
and Z operators, producing additional charges J¥ on the right hand side, so
that with a suitable redefinition of the hamiltonian one obtains a first class
algebra for generic m, s, ¢; and ¢, while ¢z gets fixed to a unique value.
There is no loss of generality in choosing ¢; and ¢y equal to their canonical
values, ¢; = ¢ = —%, when using the algebra as a first class constraint
algebra. In this case

m

= BT
+E<1+2(d_m) s )

«N—A@2+QV—AQMd—&n—%+4y+mm—d0

2 d  d+1

(4.33)

and the algebra can be casted in the following form
5B B hR (A+B)C 7C 1B AB B AB B
[Q4,Q7} = hoy H — dd+1) {(—) Jido + (=) T5T + (=) hka 4

1 1
+ﬁ@f&gﬁ+§ﬁ+ﬁbﬁ},
[Qa, H] =0

(4.34)
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where
ki=d—s(d+1)+m(N —-M—2)

1 1 (4.35)
ko =d—s(d+1) — <m+§>(N—M)+§.
We denoted J = J4 and used the notation (—)4 with A = 0 for a bosonic
index and A = 1 for a fermionic one. Gauging this first class algebra produces
“U(N|M) spinning particles” on Kéhler manifolds with constant holomorphic
curvature, in a way analogous to the coupling of standard “O(N) spinning
particles” to (A)dS spaces constructed in [31].

One may recall that Kahler spaces with constant holomorphic sectional
curvature are a subclass of spaces with vanishing Bochner tensor. The latter

is a sort of complex analogue of the riemannian Weyl tensor, introduced in
[84] and defined by

1
BMDU:\ = R,LLDUS\ + m(g,uﬂRcr;\ + goj\RuD + gaDR,uX + g/J\RUD)
R

- m(f]wggx + Gov9u3) -

(4.36)

It satisfies the nice property of being traceless, g"’B,,;,5 = 0. It seems likely
that on spaces with vanishing Bochner tensor one may obtain a first class
algebra, indeed it is relatively easy to verify it at the classical level, but we
do not wish to pursue the detailed quantum analysis here.

4.3 'Transition amplitude

Up to now we have discussed nonlinear sigma models with U(N|M) ex-
tended supersymmetry, broken at times by the target space geometry, and
used them to analyze algebraic properties of differential operators defined on
Kéhler manifolds. The aim of this section is the explicit computation of the
transition amplitude in euclidean time, that is (z ﬁ|e*%H |y &), in the limit
of short propagation time and using operatorial methods. Such a calcula-
tion was presented for standard nonlinear sigma models with one, two or no
supersymmetries in [64], see also [37], with the main purpose of identifying
a benchmark to which compare path integral evaluations of the same heat
kernel. As we wish to be able to master path integrals for U(N|M) sigma
models, and eventually use them to address quantum properties of higher
spin equations on Kahler manifolds, we compute here the heat kernel us-
ing the operatorial formulation of quantum mechanics. To achieve sufficient
generality and allow diverse applications, we compute the heat kernel for the
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general hamiltonian (4.25) containing three arbitrary couplings (c1, ¢z, ¢3) to
the background curvature plus a fourth one, the charge s, hidden in the U(1)
part of the connection, see eq. (4.15).

Before starting the actual computation, we shall review our set up. We
work on a 2d real dimensional Kahler manifold as target space. Holomorphic
and anti-holomorphic vector indices will be often grouped into a riemannian
index ¢ = (u, 1) for sake of brevity. The metric in holomorphic coordinates

factorizes as follows
0 9w )
w=( o % (4.7
For determinants we use the conventions g = det(g,,) and G = |det(g;;)| =
lg|?. The dynamical variables of the U(N|M) supersymmetric quantum me-
chanics consist of the following operators: target space coordinates (xk, ZH) =
z', conjugate momenta p;, and graded vectors Z/ and ZA. Their fundamental
(anti)-commutation relations are given in (4.2). For computational advan-
tages we recast the full quantum hamiltonian (4.25) in a way that directly
shows the dependence on the Z operators

H=Hy+ AH with
Hy = g™ g"* pa (py — i T, M3) g~*/* (4.38)
AH=a R, Z, Z"Zy-Z° +ashRE 2, - Z" + as W’ R,
where the a couplings are related to the ¢ couplings by
a1 =¢1, Gy =Cy+2sc;, a3=cC3—SCy— S°c . (4.39)

Finally, it useful to recall that the final answer for the heat kernel will contain
the exponent of the classical action, suitably Wick-rotated to euclidean time
7 (t — —i7), which in phase space takes the form

0
S = / Jdr | = g — b+ Z 2+ Ha (4.40)
where H,; is the classical hamiltonian, a function, modified by suitable quan-
tum corrections depending on h.

Now we are ready for the explicit computation of the transition amplitude,
through order 5 (up to the leading free particle propagator), between position
eigenstates and coherent states for the internal degrees of freedom, i.e.

_, _B
(zqle”nfly¢) (4.41)
where Z4|€) = &4¢) and (7]Z} = (q|}. Of course, |x) and [y) denote
eigenvectors of the position operator x' as usual, |y &) = |y) ® |€), and so
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on. For convenience in the normalization of the coherent states, from now
on we rescale the Z fields by a factor of v/, so that [Z/{, ZP} = &% 5. We
are going to insert in (4.41) a complete set of momentum eigenstates, and as
an intermediate stage we need to compute

(wile T |pe) (4.42)

pushing all p’s and Z’s to the right, all ’s and Z’s to the left, taking into
account all (anti)-commutators and then substituting these operators with
the corresponding eigenvalues. Let us focus on the evaluation of (4.42);
clearly we have

et =35 () @il @y

k=0

It is well known that, in the case of a nonlinear sigma model, it is not sufficient
to expand the exponent to first order, i.e. e #H/" ~ 1 — %H, to obtain the
correct transition amplitude to order 3, see [64, 37]. Contributions for all
k must be retained in the sum (4.43), but taking into account at most two
[z, p] commutators. Let us see this in more detail. In a factor of H*, pushing
all p’s to the right by repeated use of the [x,p] commutator, one obtains,
remembering that each H can give at most two p eigenvalues,

2k
(| HHp€) =S Bl(z,7,6)p (2 nlpE) | (4.44)
=0

where p' stands for a homogeneous polynomial in p of degree I. For the
position eigenstates we use the normalization: (z|2') = ¢~V/2(2)8*(z — 2'),
while the standard normalization is employed for p-eigenstates. In this way
the completeness relations read

1— / Plplp)p| L 1= / P g2 (x| (4.45)

while the plane waves are given by: (z|p) = (2rh)~%g~/?(x)e™*, with p-2 =
pir’ = p,a* + ppz”. Finally, coherent states are normalized as (7j|¢) = e7*.
Having set our normalizations, we expand the transition amplitude as follows

., _B _ _ . | —
(wleFy &) = (20h) 4 g2 (y) / Plp et (2, gl P p )

0 2k
i o) B\" 1 i
= G / d*lp ity sty 7 (‘g 5 Bilwn.)p

k=0 =0
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Now, to make the § dependence explicit, we rescale momenta as p; = \/h/fq;
and obtain

ile 7 - - TR 1q-(x— 1
(ileF |y &) = (4n°hB) g (x)g(y)]/2em ¢ / g ¢t a=i) VB

() g\ (4.47)
XZ i Z( ) By (x,7,€)q" .
=0

k=0

After momentum integration, in configuration space the leading term in (z —
y) will be of the form exp[—(x — y)?/28H], showing that effectively (x —y) ~
O(B'?). Then, looking at (4.47), we see that ¢ ~ O(8°) and so in the sum
over [ only BY,, BY, | and B, _, will contribute, for all k, to the order 3
amplitude, as anticipated®.

The B} coefficients are explicitly derived in appendix D, and inserting
(D.3) and (D.4) into (4.47), one can see that the sum in &k can be immediately
performed, producing the gaussian exponential exp[—¢?/2]. The transition
amplitude (4.47) then becomes

<xﬁ|6_§H|y§> = (47r2hﬁ)_d[g(x)g(y)}—1/26%'5” /deq o—/2—iq-z/v/Bh

{1+\/ [gqj——g g qr @ + g™ T (ﬁ)ﬂgg)/(jﬁ}
—|—B7”l[—ilnGlnGZ —InG! — 1ghrlG

32
1. 1 . 1 1 1 1 1
—(Zp7 Z 040 k gl J”f) ) ( mmnkl klm n ikl _mn
(709 + 579+ gtall + ol wa+ (7597 + 5o"m9" + 9™
1 kl mnz) <1 klj pqm)
+ 2491 g Qk Q1 Gm Gn 329 9 qj Gk Q1 Gm 9p 4q

- 59”@ (g“” F20> (ﬁA : 50) qi 9o

]' oy o 1 1 — oa
= 59" 10, (- € ) ( "G5 + 94 G — 29’“” %Gk dn+ 9 aﬁQA&)
—a1 R, 70, 'y - 67 — (ag — a1 + 1) RY 7, - £ — (as — S) R

L g /(= a\/ T = o
= ST T G e (- €Y (o €7 + 57 €7 |
(4.48)

where 2' = y" — ' and (7], - £7) = (7» - €7 — s0%). In order to lighten the

Note that in Bf at most 2k — [ [z, p] commutators are taken into account.
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formulae we have used the following compact notation
ik _ gk ij Kl kli ij _ i
01O =g, 9797 =9, 9/ =g
7FOg" =g, 0InG=InG;, ¢79,0;lnG =G, .

Now we can complete squares in the exponent of (4.48), shift integration
variables and perform the gaussian integral over momenta. The transition
amplitude, up to order (3, is then given by

(wle ]y ) = @mhB)~ [g(x) /gly)] " e o= gns”

. o 1 . .
X {1 + g2 9,94 — Ongij 227 2% + 3 220 g V2 9,0,9"?

1L 171
_ ~1/29.41/29 k_m._n [

1 1 m TN [ U
— % [8kalgij — §gmn I Fkl]z 2k 4 6 Rm—, 2z

P2 T (- € + [T - €] [l 007 4 5 [T (- €]

4ph

2
Okgw z z]zk}

1 v — o\/ 1 7 A — o\/
—4ﬂh8]gklz]z z < Lo (- € ))—1-52 21O, (1 - €7)
1
+ 5 2 TS e € — ay Bh R0, - €11, - €
1 v 3/2
+<a1—a2—§>ﬁhR T €+ ( +2 a3>BhR+(’)(6 )}

(4.49)

All functions in (4.49), if not specified otherwise, are evaluated at point x.
Keeping in mind that the transition amplitude is a bi-scalar, and that in a
semiclassical expansion the classical action evaluated on-shell should appear
in the exponent, we factorize and exponentiate, up to order (3, four terms

(x ﬁ]e_%H]y@ == (ZWhﬁ)_d (y )_1/2 [91/2 + 2'9;¢"% + 3 zizjai(?jglm

1
exp{ 5h[ ngz]—i— @gjkzz]zk

1 S
5 Jii I Fi,m> zkzlzmz"] }
1 .
exp {1+ € + 2 T2, (i - €7) + 52200y (i €7) + 5
—alﬁhRM o €01 € = ay B R - € — a3 PR |

[1 + R+ (a1 - %) BRRET, - € + (% + %) mm] .

1
— ( 0101gmn —
+12<k19

Z)\ Fﬁorip ﬁ,u ’ gp

(4.50)
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The first term contains the Taylor expansion around z of g(y)/2, that cancel
the g(y)~'/? factor. The second and third terms should be the expansions of
the exponential of the classical action, and the fourth is evidently covariant.
The detailed study of the expansion of the on-shell action is demanded to
appendix E. Comparing the result (E.11) for the classical on-shell action Sos
with the expansion (4.50), we see that, as expected, the transition amplitude
can finally be cast in an explicitly covariant form

g 1 5 1
(wile 7y €) = (mhB) = S/ Lt ¢ Ry 22 4 (a1 = 5 ) ShRER, - €

+ (é +2) Bk + O8]
(4.51)

where the coordinate displacements z* are considered of order /f3.

The transition amplitude computed here can be used in order to define
functional integrals for the corresponding spinning particle models. For ex-
ample, it will be useful in the next chapter to fix the correct counterterm
needed in performing the path integral for the U(1) spinning particle on
general Kahler backgrounds. More generally, it is the fundamental start-
ing point for every future calculation involving the complex HS related to
U(N|M) spinning particles.
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Chapter 5

Quantum theory of massless
(p, 0)-forms

In the previous chapters we have analyzed complex spinning particles
with U(NV) extended supersymmetries on the worldline. We noticed that
the U(1) spinning particle describes massless (p, 0)-forms, it can be consis-
tently quantized on arbitrary Kahler backgrounds and we individuated its
quantum hamiltonian. Indeed, in this chapter we are going to perform its
path integral quantization in order to obtain a worldline representation of
the one-loop effective action of the (p,0)-form. This representation allows to
discuss exact duality relations and address a related topological mismatch.
We also compute the first few heat kernel coefficients appearing in the local
expansion of the effective action.

5.1 Free particles and canonical quantization

In this section we review the free particle model and its Dirac quantization
to describe how the Maxwell equations for a (p, 0)-form in flat complex space
C? emerge naturally from first-quantizing a particle system. We first consider
a supersymmetric particle that produces a Hilbert space H formed by the
(p, 0)-forms with arbitrary p

d
"= A
p=0

where by AP? we indicate the space of (p_, q)-forms. This mechanical model
contains conserved supercharges () and () realized on the Hilbert space by
the Dolbeault operator @ and its hermitian conjugate d7. The supercharges
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belong to a multiplet of conserved charges containing also the hamiltonian
H and a U(1) charge J. This multiplet satisfies a U(1) extended supersym-
metry algebra. Gauging all these charges produces the action of the U(1)
spinning particle that leads to the quantum theory of a (p,0)-form obeying
holomorphic Maxwell equations. The details are as follows.

Let us consider a particle moving in flat complex space C? and described
by the complex coordinates (z*,z"), with u = 1,..,d. The particle carries
additional degrees of freedom associated to the Grassmann variable ¥* and
complex conjugate ¥". Indices are lowered and raised with the flat metric
0,5 and its inverse. With these ingredients, the ungauged model is identified
by the phase space action

1
S = / dr [pud* + paa® + i, " — pup”] (5.1)
0

that indeed describes the motion of a free particle on C? . The conserved
charges

H=pp", Q=9"pu, Q=9"pp, J=1¢"y (5.2)
guarantee the existence of a U(1)-extended supersymmetry on the worldline.
Canonical quantization shows immediately that the corresponding Hilbert
space can be realized by the set of all (p,0)-forms with p = 0,1, ..,d. In fact,

the elementary commutation relations obtained from the classical Poisson
brackets read

[z, p) =46k, [T ps) =0k, {YM ) =61 (5.3)
By considering (z#, 7%, 9") as coordinates and (p,,, bz, ?,) as momenta, one
can realize the latter as differential operators with respect to the former,

. _ = - 0
Pu = _Zau 5 Pn = _Zaﬂ y ¢u - 8_W

(we use left derivative for Grassmann variables), so that a generic wave func-
tion ¢(x, Z, 1)) has a finite expansion with respect to the Grassmann variables
and contains all differential (p, 0)-forms up to p =d

d
Sla, 7,0) =) 7 P (2, 7)1 (5.4)

k=0

There are a total of 2¢ independent components, which equals the number of
the independent components of a Dirac fermion. This is not a coincidence, as
it is known that on Kéhler manifolds the space of all (p, 0)-forms is equivalent
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to the Hilbert space of a Dirac fermion [85]. The Hilbert space metric is
the one that emerges naturally by considering coherent states for worldline
fermions, and takes the following schematic form

(xé) = / drdzdpd ™ X(z,7,9) dlx, 7,9) | (5.5)

On the Hilbert space thus constructed the quantized conserved charges are
represented by differential operators. In particular, the operator @ = —i*0,
naturally acts as the Dolbeault operator 0 = dx* A 0, on (p,0)-forms. Then,
Q = —15“% corresponds to the adjoint of () and is realized by the O
operator acting on (p,0)-forms. The Hamiltonian is given by the laplacian
H = —0"9,. Finally, the U(1) charge operator J = W‘% counts the rank p
of a (p,0)-form, up to a normal ordering ambiguity that we shall discuss in
a short while.

The U(1) extended supersymmetry algebra satisfied by these operators is
easily computed and reads

{Q.Qt=H, [JQ=Q, [1Q=-Q (5.6)

while other (anti)-commutators vanish.

The U(1) spinning particle we shall consider is obtained by gauging all of
the symmetries generated by the charges in (5.2). The emerging model has a
U(1) extended local supersymmetry on the worldline, and it is characterized
by the phase space action

S = /dt [puft“ + pazh + MZMW‘ —eH —ixQ — ixQ + a(J — s) (5.7)

where G' = (e, x, X, a) are the worldline gauge fields that make local the sym-
metries generated by the constraints T' = (H, @, Q, J — s). The coupling s in
(5.7) can be considered as a Chern-Simons coupling (note that its redefini-
tion can take into account different ordering prescriptions that may be chosen
when constructing the operator J in canonical quantization). It is crucial for
obtaining a non-empty model, and for this purpose it must be quantized
to integer values. In a Dirac quantization scheme, one can gauge-fix the
worldline gauge fields to predetermined values, and require the constraints
to annihilate physical states: T'|¢pnys) = 0. The constraint J — s = 0 selects
(s,0)-forms

oy, 0) = Py (0. 005 5:5)

so that the model may be non-empty if the coupling s in an integer with
values 0 < s < d. For convenience we set s = p+ 1, so that the J constraint
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selects the (p + 1,0)-form F{;,;1,0). Then the @ constraints is equivalent to
6F(p+170) = 0 (59)

which can be solved by Fiyy10 = 0Ap0), up to a gauge transformation
0Apo) = OAp—1,0). Finally, the ) constraint gives the remaining Maxwell
equation

" Fpi1,0) =0 (5.10)

that reads as 8T8A(p70) = ( in terms of the gauge potential.
In components, the equations of motion of the field strength take the form

Ol ) =0, O Fpy ey =0 (5.11)
and are expressed in terms of the gauge potential by

F

Blefpt1 amA

5“6,“4“1,_,@ +(=1)"p 5Ma[u1Auz..up]u =0

pa.ipsr T Cyclic permutations

(5.12)

with square brackets indicating weighted antisymmetrization. These equa-
tions are invariant under gauge transformations 0 A, o) = OAp—-1,0), 1.€.

0A

g1ty = Ops Ay, = cyclic permutations of the indices .
In particular, for p = 1 one obtains the simple holomorphic Maxwell equa-
tions

OMF,, =0, F,=0,A,—-0,A, (5.13)

with gauge symmetry 04, = d,\.

Of course, different models can be obtained by gauging different sub-
groups of the U(1) extended supermultiplet of charges. In particular, if one
decides to gauge the hamiltonian H and the linear combination of the super-
charges @ 4+ @, one obtains a first quantized description of a massless Dirac
field. In fact, on Kahler manifolds the Hilbert space of a fermion corresponds
to the collection of all (p,0)-forms, and the Dirac operator corresponds to
the real supercharge Q + Q ~ 0 + 07, see [85]. Thus, its first quantization is
obtained by quantizing the worldline action

S = /dt [pujs“ + Ppdt + i, " — eH —ix(Q + Q) (5.14)
where x is now a real gravitino on the worldline.
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5.2 Coupling to gravity and the Dirac index

We are now going to consider the coupling to an arbitrary background
Kéhler metric. For curvature tensors we will employ the following Kéahlerian
conventions:

R' =0, | Rt=—g™R" R=R!

(VR

OR = g¢""V,;V,.R.

(5.15)
It is useful to start with the ungauged version of the particle, as it provides us
with a nonlinear sigma model that contains already all operators of interest.
As a first application we use it to compute the Dirac index by calculating
the partition function with periodic boundary conditions.

A simple way to introduce couplings to the background Kéahler metric,
while maintaining the U(1) extended supersymmetry, is to consider the co-
variantization of the symmetry charges J, Q, Q, and then imposing the susy
algebra to obtain the correct hamiltonian H. The covariantization, at the
classical level, is achieved by introducing “covariant” momenta (their Pois-
son bracket is proportional to the curvature tensor) in the supersymmetry
charges

T=v",  Q=v"(p— L), Q=1ug"p.  (5.16)

Now one can compute their Poisson bracket algebra and check that the U(1)-
extended supersymmetry algebra is realized with the hamiltonian

H = g" Py (pu — il 0a7) (5.17)

No non-minimal terms arise form requiring supersymmetry at the classical
level. With this H the searched for model reads

S = / dt [pui’“ + it it — H} . (5.18)

vaA )

Eliminating the momenta (p,p) one obtains the corresponding nonlinear
sigma model in configuration space

S = / dt [gupx'“ff’ + z’zZMth} (5.19)

where the covariant time derivative is given by Dyt = W‘ + #*T¥ >, The
covariant supersymmetry charges are the same we introduced in chapter 4,
and we already discussed their tricky hermiticity properties. Although they
seem to be asymmetric the action is real, up to boundary terms. The afore-
mentioned asymmetry between @ and @ is just due to our choice of vari-
ables, that indeed simplifies computations, but a canonical transformation
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Y= el YH, PO = e zﬁu brings back the action to a perfectly symmetric
form:

Sfermion — Z/dt "Z,u <¢H + quﬁAwA)
o (5.20)
=1 /dt Vg (@/}“ + x'“wuabd)b + iﬁwﬂ“bwb>

that descends from the symmetric supercharges employed in chapter 3. The
two canonically related choices of variables show up in the quantum theory
as states and operators related by a similarity transformation. As already
outlined for the flat space case, canonical quantization produces an Hilbert
space formed by the space of all (p,0)-forms living on the Kéhler manifold
M, that is H = @ZZO APO(M). One may again expect the susy charges @
and Q to be represented by the Dolbeault operators @ and 9%, and the real
charge @@ + @ by the Dirac operator Y = y*V, + 4°V,. This is indeed
correct on manifolds of SU(d) holonomy, where the Dirac operator satisfies
V ="V, +75"V, ~ 0+ 0. However, on generic Kéhler manifolds of U(d)
holonomy, one may find a nontrivial coupling to the U(1) part of the U(d) =
U(1) x SU(d) connection. Therefore, let us analyze in more details the
operatorial realization of the susy charges in terms of differential operators to
unearth the precise couplings to the U(1) part of the connection, as this will
be crucial for the interpretation of the path integral calculations described
in the next section.

The quantum realization of the holomorphic covariant momentum, as
shown in chapter 4, reads

T =g'? (pu —ily, Mi’)g‘”z (5.21)

where the U(d) “Lorentz” generator can be realized as

M} = %[wu,w = —p*h, + %55 : (5.22)

Let us stress that the ordering prescription used in defining M}/ can shift
the central charge by any amount. If one chooses M¥ = —i*, + qd¥, the
holomorphic charge ) will be represented by

iQ=V,=0+¢ql,

where I' = I') dx* is the U(1) connection one form, obeying Vg = 0. Con-
versely, the anti-holomorphic charge is given by the usual adjoint Dolbeault
operator

iQ=0" = 90y ,

J(dxH)
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and the hamiltonian is represented by
9 1 v q q 1
Hq = {Qa Q} = _59 <vuvl7 + VDVH> + Z R )

where the holomorphic covariant derivative V¢ contains a U(1) piece with
coupling ¢ that acts even on scalars as Vi¢ = (Op +qT'))¢. The precise
understanding of the relation between the ¢ charge chosen in the operatorial
picture and its realization in the path integral is still under investigation;
nonetheless, a previous heat kernel computation, carried on by using flat in-
dices and the spin connection, showed that the path integral without explicit
coupling to the U(1) part of the connection, reproduces the “canonical” value
q= % given in (5.22). Hence, for the time being, we will choose no explicit
U(1) charge in the path integral action.

Let us now review the calculation of the Dirac index using this super-
symmetric sigma model [16, 65], as it will enter subsequent discussions. The
connection between index theorems and supersymmetric quantum mechanics
makes use of the concept of the Witten index, defined as Tr (—1), where F
is the fermion number and the trace is over the quantum mechanical Hilbert
space. Standard reasonings show that the Witten index counts the number of
bosonic zero energy states minus the number of fermionic zero energy states
[86]. It is a topological invariant that computes the index of the differential
operator representing the hermitian supercharge @ + @, the Dirac operator
0+ 0" in our case. In the Hilbert space of the particle system, bosonic states
are given by (p,0)-forms with even p, and fermionic states by forms with
odd p. They correspond to positive chirality and negative chirality spinors,
respectively. Thus for our quantum mechanical model the Witten index re-
duces to the Dirac index. Being a topological invariant it can be regulated as
Tr (—1)¥e P where H is the hamiltonian, and computed for small 3 using
its path integral representation

ind(Y ) =Tr (=1)"e ¥ = / DxDype™® (5.23)
P
where the subscript P indicates periodic boundary conditions for all bosonic
and fermionic fields, and S is the Wick rotated version of the action in (5.19),
namely

S = /0 " [gwsi:ﬂi:” + z/ZMDTw} . (5.24)

To calculate (5.23) one expands all periodic fields in Fourier series with fre-
quencies 2”7" For small 8 the zero modes dominate, and one only needs to

take care of the semiclassical corrections due to a bosonic determinant. It is
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useful to use Riemann normal coordinates adapted to the Kahler structure,
. . . 1 .
scale suitably the fermionic zero mode by 572 and obtain

_ ) .
nd(7 ) = / d24z0d%pod%dg {Det (=02 + RO,) (5.25)

(271)d Det'(—02)

where Det’ indicates a functional determinant on the space of periodic fields
orthogonal to the zero modes, the subscript 0 indicates zero modes, and R =
R* 5,08 describes a matrix valued two-form. Now one can compute the
functional determinant and express it in terms of a standard d xd determinant
of a function of the matrix R

Det'(—82 + RO:) d sinh R /2
Det'(—02) R/2

(5.26)

Berezin integration over the Grassmann variables extracts from the expansion
of this determinant the contribution of the top 2d-form only. Thus one can
reabsorb the measure factor into the determinant and present the final answer

as
R /47

ind = | det | ———=— 5.27
ind(Y') /M ¢ (sinhR/47r> (5:27)

where now R = R“V;\Udixdm".
Note that, as just mentioned, for a given Kahler manifold M only the top
form from the expansion of the determinant in (5.27) contributes. But since
the determinant of an even function of R has an expansion in terms of R2,

the index is nonvanishing only for manifolds of even complex dimensions.
The first example is for d = 2, where the above formula gives

- 1 2 2 12 7 PAG
ind(V ) = ~ 062 /Mtr R = T /Md xd’zg (R R" — RupysR*)

(5.28)

5.3 Effective action of quantized (p,0)-forms

We are now ready to come to the main part of the chapter, and discuss the
quantization of (p,0)-forms and corresponding effective actions using world-
line methods. Generically one is not able to compute the effective action
exactly, but here we aim at obtaining a useful worldline representation of the
one-loop effective action in an arbitrary Kéahler background. The effective
action may be depicted by the Feynman diagram in Figure 1, where a quan-
tum (p, 0)-form circulates in the loop and external lines represent the curved
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Figure 5.1: Feynman diagram for the one-loop effective action. A quan-
tum (p, 0)-form circulates in the loop and external lines represent the curved
background.

background. Its worldline representation allows to study various quantum
properties and derive exact duality relations. One may then try to compute
it in some perturbative expansion. Here, we compute the first few heat kernel
coefficients appearing when considering a short time approximation.

As discussed, to obtain the Maxwell equation for a (p, 0)-form we need to
gauge the whole U (1) supersymmetry algebra carried by the ungauged model
in (5.18). The suitable covariantization of the charges has been described
in the previous section, see eqs. (5.16) and (5.17). The action with local
symmetries is obtained by coupling gauge fields to the charges and adding a
Chern-Simons coupling s. Thus one obtains an action of the same form as
in (5.7), but with covariantized charges. To recover the euclidean action in
configuration space we first eliminate momenta by means of their equations
of motion, and then perform a Wick rotation, obtaining finally

fﬂxyG]:u/df[ngm4¢ﬂ—x¢ﬂ(f?—xiﬂ4ﬂhﬁln+u4¢w+wa},(52%

where we denoted 7 = g""1,, X = (2,7,9,v), G = (e, x, X, a), and where
the covariant time derivative is given by D, y* = P+ T *. Note that
along with the Wick rotation ¢ — —i7, we have rotated also the gauge field
a — ia to keep the U(1) gauge group compact.

Quantization of this spinning particle model on a circle parametrized by
7 € [0, 1] gives the partition function for the holomorphic (p, 0)-form coupled
to a Kahler curved space

DXDG

Zlg] o Vol(Gauge) ¢

(5.30)
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and corresponds to Figure 1. A point that it is worth stressing is that we will
regulate the path integral, and the related functional determinants, so that
they correspond to a graded-symmetric operatorial ordering of the current J,
namely J = %(@Z’”@Eu — ") = ), — 2, an ordering that is responsible for
the standard fermionic zero point energy Then the projection to the physical
field strenght F{,,10) is obtained by using the Chern-Simons coupling s =
p+1—4% (sothat J —s =11 — (p+ 1) as an operator).

Using the standard Fadeev-Popov procedure to get rid of gauge redun-
dancy, we fix gauge fields to the constant values G = (f3,0,0,¢), and we
are left with modular integrations over  and ¢, with the following one-loop
measure that was carefully studied in [28§]

Zlg / a5 /27r d¢ (2(308—) /Dxpx/D¢D¢e Set (5.31)

with Sg¢ denoting the gauge fixed action, and P and A denoting periodic
and antiperiodic boundary conditions, respectively. The integral over [ is
the usual proper time integral with the well known one-loop measure, while
the factor (2 coS %)_2 is the Fadeev-Popov determinant of the bosonic su-
perghosts associated to y and y. We denote with Dx the general coordinate
invariant measure, i.e. D ~ [[L_, d%x(7)g"/*(2(1)), with g = det g,, while
D ~ T]L_,d%)(r) is the simple translational invariant measure.! Now,
we choose an arbitrary xy as a base-point for our loop. The path integral
then factorizes as fP DaDz = [ dzod?Tog(wo) f( 0)=a(1)=2 DzDz. It is possi-
ble then to perform background-fluctuations splitting as x“( ) = xf +q"(7),
with ¢#(0) = ¢*(1) = 0. Clearly the x path integral becomes fD DqDgq,
where D stands for Dirichlet boundary conditions, i.e. fields are taken to
vanish at boundaries. The next step is that of getting rid of the field de-
pendent measure DgDq. Following the trick of [18, 19] we exponentiate
the g factors with a path integral over fermionic complex ghosts b* and ¢”:
DqDg = DqDq [ DbDe e Sen. At this stage the gauge fixed action plus the
ghost action takes the following form?

1
Sat + Sen = %/0 dr [gw; ("7 + V") + (D +ig)* | +is¢ . (5.32)

In order to perform perturbative calculations we expand all background
fields around the fixed point xy. The action written above splits into a

I'Note that, since v’s are spacetime vectors, while ¢’s are covectors, one has DD =

DD
2We rescaled fermions by 1 — ﬁw in order to extract a common 3 as loop counting
parameter.
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quadratic part Sy giving propagators, as usual, and an interaction part. We
denote as (e) the quantum average weighted with the free path integral:
(o) = —L [ e e752. The partition function (5.31) now reads

Jem=2

/ 5 / e ( )H e / %9(%0)(6‘&% . (5.33)

where (2 cos £ ) (273)~? is the usual free path integral normalization, and the
interaction part is

Sint = %/0 dr [(gw;(x) — gu,j(xo)) (quq*ﬂ + bﬂaﬂ) + q-VFZA(x)@MwA]. (5.34)

For our computation we can choose any coordinate system so, in order to
have manifest covariance at each step, and at the same time to maintain
holomorphic coordinates, we use Kéhler normal coordinates (see [87], for
example) centered at . Denoting with S, the part of Sj, containing n-
fields vertices, it results that, in Kahler normal coordinates, the only terms
giving non vanishing contribution up to order 3? are the following ones

1 % JR—
Si= 5 [ 7 [Runot @ (@' + V') + Byt

1 1 T o R =0 —
Se = 3 /dT [Z [V VaRumpm) + BRT(pAF@R,u&p)q——]q/\q ¢"q" (" + v'e”)

1 _ _ R
+ 5 [V(Ffv)\RquR) + 3RT(§)\RRM6;))"F - QRTﬁARRu&pf}qu#q qu ¢zﬂ/}p]
(5.35)

where all tensors are calculated at zy and round brackets denote weighted
symmetrization, separately among holomorphic and anti-holomorphic in-
dices, ie A(M1 dimroim) = AQurepn)r.vm)-  From the quadratic action
Sy = 3 L [19u0(20) (¢"G" + V*E”) + 1,0y + id)1*] one extracts the following
two point functions

(@"(1)q"(0)) = =Bg"" (wo)Alr,0) . (P(7)¢(0)) = =Bg" (20)d(7, ) ,
(W (T)9H(0)) = —BoyA (o — T,9)
(5.36)

where
A(r,o0)=(t—=1)ob(t — o)+ (0 — 1)70(0c — 7) ,

e~ ioT [elge(x) B e*’%@(_lﬁ)} (537)

Af(xa ):

2cos =
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with 6(z) the step function and (7, o) the Dirac delta acting on functions
vanishing at the boundaries. We note that in performing perturbative cal-
culations one encounters products and derivatives of such distributions, that
are ill defined. To resolve this ambiguity we will use Time Slicing (TS) regu-
larization [67, 37], that gives well known prescriptions on how to handle such
products of distributions and necessitates no counterterms (the standard TS
counterterm vanish on Kéhler manifolds). The rules are as follows: when
computing the various Feynmann diagrams all delta functions should be im-
plemented with the prescription of considering 6(0) = % for the step function,
while the ghost system guarantees that no products of delta functions can
ever arise.

Looking at (5.36) we immediately see that each piece S,, of Sy gives a
contribution of order ™2~1. Therefore, our quantum average can be written
explicitly as

(o) = 1= (4} — {So) + 5 (53) . (539

Using the expressions given in (5.35) and Time Slicing prescriptions in cal-
culating Feynman diagrams, one finally obtains

§ (L L o (19
mt —_ 1 _ o . . UV AT -
() =1- 15 R+B [(180 06 2> Fuma 77 + ( 1440
1,6 P
— z R~ R?2_ _— OR|.
* 9 ° 2) Ry B + 5eg "= 155 R]
(5.39)

Plugging this result in the partition function (5.31) one can perform the ¢
integral, taking care of the possible pole arising at ¢ = w. Switching to
the Wilson loop variable w = €** one has a contour integral on the unit
circle surrounding the origin, with a possible pole on the integration path at
w = —1. If we slightly deform our path in a way that excludes the pole, as
in Figure 2, we finally obtain for our partition function

o [

2 (d p—2) UDAG
+ [(180 24 (d—2)(d—3))RuMaR A (5.40)
pld—p—2) 19 P T
+ <24(d—2)(d—3) - 1440) R B + 5o B —mDR]}

The present formula is valid for d > 3, while for lower d’s one has to take
care of the pole arising at w = —1. From this answer one can easily extract
the first few heat kernel coefficients associated to the quantum theory of
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Figure 5.2: Contour modular integration excluding the pole at w = —1.

the gauge (p,0)-form. As we see, the answer is manifestly dual under the
exchange p <> (d — p — 2), expressing the duality between a (p,0)-form and
a (d—p—2,0)-form. If one tries to set p = 0 in the above formula, it is easy
to see that does not recover the well known result for a scalar in a curved
background. This is due to the aforementioned U(1) piece of the holonomy,
that gives rise to an “electromagnetic” coupling to the Ricci tensor R,;.
Topological mismatches in the duality will show up, for d > 3, in higher
order terms in the expansion. On the other hand, if we take, for instance,
d = 3, the model propagates only p = 0, 1 forms. Restricting thus top =0,1
and excluding the pole as depicted in Figure 2 one obtains, in d = 3:

/ dﬁ/d?)x();lj::ﬁog o) {1—%3

2 p ) 2Y, (5.41)
+6 [(180 51 ) Fumalt

D 19 ) o I 5 1 ]}

- - . — R°——0O
+ (24 1440 Ry 17 + 288 1 120 I

that indeed is not invariant upon p <> 1 — p because of the topological
mismatch we will analyze in the following.

We now turn to different gauging choices of our U(1) extended supergrav-
ity. For instance, if we choose not to gauge the U(1) part of the first class
algebra, we do not have a modular integration over ¢ any more. Then, the
result for this new model is obtained for free by setting ¢ = 0 in the above
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formulas, giving

/ dﬁ/dd%;zi?g xo){l_%R

1 1
20 " 112N ;Ll/ - p2_ - O
+8 [ 1440 Fynaa R 360 el 555 U 1o R} } '

(5.42)

It corresponds to the quantum theory of the sum of all (p,0)-forms with
dynamics dictated by the Maxwell equations. As a check of this result, one
may observe that this effective action must be proportional to the one-loop
effective action of a Dirac field. In fact, the path integral over the complex
gravitino present in (5.42) can at most change the overall normalization of the
partition function if compared with the path integral over the real gravitino
needed for the Dirac field, recall eq. (5.14). Indeed, one may check that
fixing suitably the overall normalization of (5.42), one recovers the heat kernel
coefficients of a Dirac spinor, compare for example with [88, 27].

Figure 5.3: Contour encircling the pole in the dual variable.

Finally, one might wish not to gauge the two supersymmetries at all, but
gauge the U(1) charge instead. This produce the effective action of a single
(p, 0)-form, but now with the dynamics dictated by the hamiltonian H only,
namely a (p,0)-form A, without any gauge invariance but with dynamical
equation (99" + 0'9)A, = 0. To achieve this, we only need to drop from

(5.31) the Faddeev-Popov determinat (2 cos %)_2 due to the gauge fixing of
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the gravitini, fix the Chern-Simons coupling s = p — d/2, and obtain

dﬁ dzod®Tog(xo) (d 16
/ / (2m5)4 <p> {1 12 i
p(d—p)

o (s 2y e oo

pld—p) 19
+ (34 dd—1) 1440

_ 1 1
e o)
)R”VR +288R 120 &

5.4 Dualities

Let us now discuss in more depth the issue of duality and prove some exact
relations between dual formulations. It is useful to start from the classical
particle actions in (5.7) and (5.29), which are characterized by the Chern-
Simons coupling s. One may start noticing that the model with coupling —s
is equivalent to the model with coupling s. In fact, one obtains the latter
from the former by a suitable transformation of the dynamical variables: one
needs to exchange 1) <+ 1) and change the sign of the U(1) gauge field a — —a.
The equivalence of these two models corresponds at the quantum level to a
duality between different forms. In fact, the constraint selecting the physical
form degree reads as (J —s)|F) = 0 that, recalling that s = p+1—%, amounts
to (N — (p+1))|F) = 0. This constraint selects a (p + 1,0) field strength
Fipi1,0) of a (p,0)-form Ag, ). Sending s — —s switches the constraint to
(N —(d—p—1))|F) =0 that reduces to a (d —p — 2,0)-form Ag_p—2,0).

To discuss duality issues, it is useful to switch to an operatorial picture
and cast the effective action (5.33) as follows

- -2
/ dﬁ /2 9 (2 COS ) Tr [ew(‘]—‘s)e_ﬁH]

ds s 8
/ ?{ 2miw (1 4 w) Tr %6 (5.44)

/ dﬁ% Tr[ N- (p+1)e—5H] )
2miw (

Zs (ﬁ)

where we have used different notations to be able to underline various proper-
ties. Here J and H are quantum operators, and in the last two expressions we
have employed the Wilson loop variable w = e, and the countour integral
is along the unit circle |w| = 1. In the last expression we have explicitated
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the fermion number operator N = Y1), used in the Dirac index computation.
As J = LW —¢y) = ¢ — ¢ and s = p+ 1 — ¢, one may check that
J—s=N-(p+1).

Let us now analyze these formulas in various cases.

1) If susy is not gauged, the corresponding ghost term i g (FemE is absent
and one obtains using a similar notation as in (5.44)
10 susy(ﬁ) _ f dw Tr [wN*(PJrl)ef,BH]
s 2miw
(5.45)

j{ 27rzw ni(pﬂ)tn(ﬁ) = tp11(8)

where t,,(3) arises from the trace restricted to the Hilbert space with fermion
number N = n. No poles are present along the contour |w| = 1, and the
integral extracts the contibution due to a p 4+ 1 form. It corresponds to the
quantum theory of a (p+ 1, 0)-form with kinetic term given by the Dolbeault
laplacian and satisfying no other constraints (thus there is no gauge invari-
ance for the QFT in question). The classical equivalence s — —s corresponds
to the equivalence of the (p, 0)-form and (d—p, 0)-form effective actions, with
0 < p < d. Indeed, one may compute

2(E) = § o e e

- 2miw

duw’ _
:j{ il [w! e 8 ) (5.46)

oy
—y 2miw

d
— % w Tr [wasef,BH] — Z;lo susy(ﬁ)

~ 2miw

where we have first changed J — —J to take into account the role exchange
of 1 and 1 and used w — w’ = i to take into account the sign change of the
gauge field ¢ — —¢. Note that in terms of the coordinate w’ the countour
v is traced with the reverse orientation. Then, returning to the coordinate
w = # by means of a change of variables reproduces the result of the model
with CS coupling s. This proves the Hodge duality between (p, 0)-form and
(d — p,0)-form at the quantum level, namely to(B) = ta—p(0).

2) If susy is gauged, the ghost term T (TmE is present and one must use a
prescription to integrate over w. We exclude the pole and should check that
this is the correct prescription. Duality is again obtained by s — —s, but
now the mapping w — w’' = % sends a contour that excludes the pole, like in
Figure 2, to one that encircles it, and this results in a mismatch proportional
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to the residue

1
Res | ———Tr [wN~ e PH] 4y = —1
(1+w)?

from which, using the same manipulations of [28], we get

%(B8) = za—p—2(0) + (=1)"(p + 1) md(¥ ) + (=1)"z4-1(5) (5.47)

where the last term is due to a topological (d — 1)-form which carries no
degrees of freedom. The precise relative coefficients of the above relation are
still under study but, as a promising check, we can take d = 2 in (5.47). The
only propagating field is then p = 0 and one gets

2y =—ind(YV ) .

Excluding the pole in w = —1, one plugs (5.39) in (5.33) for d = 2 and p = 1,
and finds for the topological (1,0)-form

[RWRW — Rupao R | |

1
Z1 X /dzxdza_cg% 5
s

that perfectly matches the result for the Dirac index given in (5.28).
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Chapter 6

Weyl invariant field theories
and Tractors

The history of Weyl invariance [42] as a principle for developing physical
theories is a long one. Notable early examples include Dirac’s formulation of
conformally invariant four-dimensional wave equations in six dimensions [43]
and Zumino’s work relating Weyl transformations to the conformal group
[44] and the introduction of Weyl compensator fields by Deser and Zumino
[44, 45]. Tf the local choices of unit systems, that is local unit invariance,
could not possibly change the outcome of any physical measurement [46],
therefore there should exist a formulation of physics that makes this symme-
try manifest. A similar line of reasoning led Einstein to postulate a theory of
gravitation in terms of (pseudo)-Riemannian geometry in order to manifest
a local coordinate invariance. This simple idea led Weyl to a study of local
metric transformations of the form [89]

G > (1) g,

which are by now called Weyl transformations. There exist relatively few
physical models that exhibit this symmetry, notable examples include four-
dimensional Maxwell theory, conformally improved scalars, the massless Dirac
equation and Weyl-squared gravity. In general, just as general coordinate in-
variant theories typically require the introduction of a metric g,,(z), local
unit invariant theories require a new gauge field called the scale o(x), whose
value at differing spacetime points reflects the ratio of unit systems at those
points. It can also be viewed as a spacetime dependent Newton constant. In
the physics literature, the scale o(x) is often called a dilaton or Weyl com-
pensator [44, 45] . Under local changes of unit systems, the scale transforms
as
o Qx)o
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In mathematical terms, the symmetry under the above transformation im-
plies that physics can be formulated in terms of conformal geometry, the
theory of conformal classes of metrics [g,,] = [2%g,,]. It is important to note
that the choice of gauge (local Weyl frame)

both yields the standard description of physics with a constant value of the
Newton constant or equivalently, Planck mass, and selects a distinguished or
“canonical” metric from the double equivalence class [g,,, 0] = [Q%g.., Qa].
In other words the scale is precisely the field that defines the gravitational
coupling. Without a tensor calculus for rapidly constructing Weyl invariant
quantities, the above local unit invariance principle would not be particularly
enlightening. Fortunately, such a calculus already exists in the mathematical
literature and goes under the name “tractor calculus” [47, 48, 49, 50, 51]. Tt
is the mathematical machinery required to replace Riemannian geometry
with conformal geometry as the underpinning of physics. A particularly
appealing implication is that in a description of physics that manifests local
unit invariance, masses are replaced by Weyl weights which measure the
response of physical fields to changes of unit systems. In particular, mass
terms become spacetime dependent in general gravitational backgrounds,
yet constant when these backgrounds are Einstein. We will describe in the
present chapter the basics of the Tractor formalism following [46], and the
construction of Weyl invariant massive and massless field theories for scalars
and vectors, and we will conclude by providing the tractor formulation of
Einstein’s gravity coupled to matter

6.1 The Tractor formalism

The main idea underlying the tractor philosophy is to develop a machinery
that allows to keep under control Weyl invariance in a manifest covariant
way. Under a Weyl transformation, the metric undergoes the following local
scaling:

G — (2 g - (6.1)

In the context of conformal geometry and for the tractor calculus, it is useful
to define a trace-adjusted version of the Ricci tensor: the so called Schouten

tensor P,

1 11 R
= - =pPr - __ "
P d—z(R“” 2d—1g“”R)’ P=P= o
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that allows to express the Riemann curvature as

Ryzx)\a' = W,uu)\a =+ 2P)\[,u vlo — 2Po’[/1, gux

where W, 5, is the traceless Weyl tensor, that in d > 3 represents the ob-
struction to conformal flatness.
Let us denote
T,=w'9,0=0,logQ.

We define a weight w tractor scalar ¢ a field that under (6.1) transforms as

¢ — QY(x)o .

It is well known that the conformal group of a d-dimensional spacetime with
minkowskian signature is SO(d,2), and it acts nicely as the Lorentz group
on a d + 2 dimensional spacetime with an extra time-like direction. It is
therefore not surprising that the natural tensor objects of the tractor calculus,
whose aim is to make Weyl transformations geometrically clear, are SO(d, 2)
multiplets. The simplest example is the tractor scalar already mentioned.
Let us consider now a d-dimensional vector 7™ with a flat Lorentz index,
and two spacetime scalars that we will denote T and T'~. If they transform
under a Weyl transformation (6.1) as

T Qw+1T+
" — QY(T™ +Y™T) (6.2)
T = QN T™ -7, T" - i1, 1"T7),

they can be packaged in a weight w tractor vector 7™, where M = (+,m, —)
is an SO(d, 2) index, that indeed transforms covariantly under Weyl rescal-
ings:

™ - QuUMNTN . (6.3)
The matrix U(2) belongs to a parabolic subgroup of SO(d,2) and is called
a tractor gauge transformation. In components it reads

Q 0 0
UMn(Q) = T om0, (6.4)

n

—lo-lv2 _o-ir, 0

and allows to define the tractor gauge transformation for every tractor tensor,
following the usual tensor product rule. Just as in the Yang-Mills construc-
tion, once we have the gauge transformation, we need to find a covariant
derivative that determines a connection on the gauge bundle. In the case at
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hand we have a weighted SO(d,2) bundle, the so called tractor bundle. In
fact, with the help of the Schouten tensor P,, and of the vielbein e, we
construct the tractor covariant derivative Dul

Oy —€un O
D'u == (9“ + AH — Pum Vumn e,um ) (65)
0 —Pu 0,
that transforms as
D, — UD, U

when the metric undergoes (6.1). On a tractor scalar it acts as a simple
derivative: D,¢ = 0,¢ while, for instance, on a tractor vector it produces
0, -1,
M m m m—
DTIT" =| VvV, 7"+ P, Tt +¢,"T
0, = —P,T"

where obviously 7, = e,,,T™. At this stage it is useful to introduce an
SO(d,2) flat metric, the tractor metric

0O 0 1
1 0 0

that is a weight zero, symmetric, rank two tractor tensor that is parallel with
respect to D,,. Using the last fact it is safe in calculations to use the tractor
metric and its inverse to raise and lower tractor indices M, NN, ... in the usual
fashion, and this we shall do without further mention. Along similar lines,
it is easy to see that

XM=1o0 (6.7)
1

is a (Weyl invariant) weight one tractor vector, often called “canonical trac-
tor”. Note that, by contraction, X may be used to project out the top slot
of a tractor vector field, i.e. XMTy, = TT.

!This connection was first encountered in a study of conformal gravity [90] undertaken
as a stepping stone to theories of conformal supergravity. Indeed this approach is part of
a general program for gauging spacetime algebras [91, 92, 93]. For a detailed derivation
see also [94]
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The covariant derivative presented in (6.5), is useful to maintain tractor
covariance but, on the other hand, it does not map tractors into tractors. It
is, however, the building block of a genuine tractor operator that will be of
fundamental importance in what follows. This is the Thomas D-operator,
that acts on weight w tractors as

(d+ 2w —2)w
DM = (d+2w—2)D™ | . (6.8)
—(D*D,, + wP)
This is a weight —1 tractor vector, it is nilpotent
DYDy =0,
and it acts on its argument by tensor product
(d+ 2w — 2)wTN
DMTN = | (d+ 2w —2)D"TN
—(D'"D,, + wP)TN
As we can see by inspecting the bottom slot D™, a second order operator,
the tractor laplacian D?, appears in the definition of the Thomas D-operator.
Therefore it should not be confused with a generalized covariant derivative
and, in fact, it is not leibnitzian. In spite of this, it can often be employed
to similar effect.
Let us give a look at the Thomas D acting on a scalar . The tractor
laplacian D? = ¢**D, D, reduces on scalars to the usual curved space lapla-

cian that we denote A = ¢"V,V,, and if we take the scalar field to have
weight 1 — % we get:

0
DMy = 0 . (6.9)
(- 579)
Recalling that P = mR we can see that the bottom slot is nothing but

the conformally improved scalar wave operator, so that the improved wave
equation reads in tractor language as DMy = 0. This is valid only for a
scalar of weight w =1 — 521, but it will be extremely important in looking for
a general scalar tractor equation.

In order to construct tractor actions out of the Thomas D, we need a
rule to integrate it by parts. It is not obvious, since it contains a second
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order operator, that such a rule should exists. Nonetheless, at commensurate
weights, an integration by parts formula does hold. For example, if V¥ is a
weight w tractor vector and ¢ is a weight 1 —d —w scalar then (see e.g. [95])

Q/VCEVMDszi/vcngMVM- (6.10)

Notice, there is no sign flip in this formula and that the integral itself is
Weyl invariant because the metric determinant carries Weyl weight d. An
analogous formula holds for tractor tensors.

The final piece of the tractor formalism we need, is a method that can
handle the choice of a scale without spoiling the tractor covariance of the
system. The answer will be the introduction of a scale field, i.e. a space-
time dependent scale that can compensate Weyl transformations. Let us
consider a conformal class of metrics [g,,] = [2%g,,]. We now introduce a
non-vanishing weight one scalar field o(x) with equivalence

[QWMU] = [Q2g,uzu Qo] (6.11)

we can use o to uniquely (up to an overall constant factor) pick a metric
ggy from this equivalence class by requiring the accompanying representative
scalar og is constant for that choice.

The Thomas D-operator acting on the scale o plays an extremely impor-
tant and distinguished role. In fact, it defines the scale tractor

o
1
]MZZEDMOZ Vo : (6.12)
1
—ﬂA+ﬂa
that controls in a Weyl covariant way the coupling of matter with the scale.
When the physical gauge o = o is chosen, the scale tractor parametrizes
the breaking of Weyl symmetry. On the other hand, I is closely related to
gravity itself: remarkably, the gravity-dilaton action, that we will describe in
the following chapters, can be written entirely in terms of the scale tractor.
Moreover, we can see that a tractor-parallel scale tractor, i.e. D, /M = 0,
amounts to Einstein’s equations in vacuum. To see this we explicitly compute

the tractor derivative of I™ that, once evaluated at the choice of constant
scale 0 = 0, reads

0
DH]M|U:UO = 0o P,um - ClleumP . (613)
_19,P

110



Setting this to zero says R, = égu,,R and R = constant, so that g, is
precisely an Einstein manifold. This happens at the choice of scale o = oy,
so we can say that the scale tractor is parallel when the metric is conformally
Einstein. In addition, when the scale tractor is tractor-parallel, one has

I? =const, [DM IV]=0.

We have assembled all the ingredients needed to the formulation of physically
relevant models using tractors. Hence, we will review the construction of
scalar and vector models following [46].

6.2 Scalar fields

Let us now review the construction of a tractor scalar theory. We have
seen that, when the Weyl weight of the scalar field is 1 — g, the improved
wave equation is produced by the tractor equation DMy = 0. For generic
weights this will not be true anymore. The scalar field will transform under
(6.1) as

¢ —= 2%,

and it will couple to the scale o to ensure Weyl symmetry. We have no-
ticed that a coupling to the scale respecting Weyl covariance and the tractor
framework is accomplished via the scale tractor I*. In fact, we will demand
that in the field equations the scale couples to the matter system only by
means of I™. The natural field equation arising for the scalar field is thus:

IyDMp=0. (6.14)
In components it reads?
2P
A—I—Fw(d%—w—1)]@+(d+2w—2)[%(b2+v.b) —bV|p=0,

where b, = 07'9,0. This equation is completely Weyl invariant when the
metric g,,, the scale o and the scalar ¢ are transformed simultaneously.
Choosing the scale to be constant for the background metric we are interested
in, we see that in the physical gauge o = 0y, we have b, = 0 and the field
equation (6.14) reduces to

2P
<A+7w(d+w—1))¢20. (6.15)
2We denote contraction of d-dimensional indices by a dot “.” while contractions of

tractor indices are given by a slightly higher dot “.”
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First of all, we notice that at the special weight w =1 — g, (6.15) becomes
ld—2
(A———R)wzo, (6.16)

that is precisely the conformally improved scalar equation. We know that
the improved scalar theory is Weyl invariant, and so it does not need the
introduction of any scale. This can be interpreted nicely in the present
context: looking at (6.9), we know that at the special weight w =1 — ¢ the
only non-zero component of DMy is precisely the left-hand side of (6.16).
Hence, we can say that at the conformal weight 1 — %l the scale tractor IM
decouples, and Weyl invariance is ensured without the introduction of any
scale.

I-Dp=20 athl—g s DMp=0

It is simple to write down a Weyl invariant action that produces (6.14) as
field equation. It reads

1 —d—2w
S[Qumaa@] = 5/ \/_gal d-2 QOIMDMQO, (617)

and it is immediate to see that for w = 1 — g the above action does not
depend on o.

For generic weights, we can consider the equation (6.15) as a massive
scalar equation on constant curvature backgrounds, where P = (5171/)\%7
and the mass-Weyl weight relation reads:

(OIS I BT

In summary, we reviewed that the Weyl covariant equation I - Dy = 0 de-
scribes massive propagation for generic weights on constant curvature back-
grounds. At the conformal weight w =1 — g the scale decouples and one can
demand the equation DMy = 0, that is invariant in its own.

Looking at the mass formula (6.18), we see that for every real weight w,
one has the following lower bound on negative curvature spaces:

P
2> (d—1)? )
m? > = (d = 1), (6.19)

that is, in the present formulation, the Breitenlohner—Freedman bound [96,
97] for stable scalar propagation in Anti de Sitter space. It is saturated by
1_d

setting the second term in (6.18) to zero, so that w = 5 — 5.
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6.3 Vector fields

In this section we are going to describe the tractor construction of Weyl
invariant vector theories. First of all, in order to deal with a vector field V*
within the tractor formalism, it is necessary to add two auxiliary scalar fields
V* and V™ that, together with V™ = e,”"V*#, form the weight w tractor
vector

VvVt
VM — Vm
V-
According to the tractor gauge transformation (7.5), the above fields have to
transform under Weyl rescalings as 3

V+ - Qw+lv+ ,
VH — Qutt (V# -+ TMV+) , (6.20)

1
Vo= QU NV = TV, + §TMV+]) .

These are rather unfamiliar transformations: recall, for example, that in the
four dimensional Weyl invariant Maxwell theory the vector is inert under
Weyl transformations. It will turn out that the present field content is too
large, although necessary to make Weyl covariance manifest, and one aux-
iliary can be removed by adding a Weyl covariant constraint. For special
weights both the auxiliaries will decouple and can be set to zero consistently;
for generic weights, one auxiliary remains and will be a Stiickelberg field en-
abling us to deal with massive fields in a gauge invariant way. To reduce the
number of independent fields we can impose the Weyl covariant constraint

DyVM =0, (6.21)
that can be solved algebraically for V'~ giving
as
VM = v : (6.22)
i (V.V— A (drw— 1)P]V+>

d+2w

for w # —g, 1 — d, although these two weights have nothing special for the
theory, see [46]. Having removed the auxiliary field V'~ we still have to treat

3notice that the vielbein transforms as e, — Qe,™.
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V*. To do so we rely, as usual in physics, on gauge invariance. Therefore we
require invariance under the local transformation

sVM = DM¢ (6.23)

where £ is a weight w+ 1 tractor scalar. We see that, due to the nilpotence of
the Thomas D-operator, the constraint (6.21) is gauge invariant and hence
consistent. The two independent components explicitly transform as

oVt = (d+2w)(w+1)¢,
8V, = (d+2w)V,E. (6.24)

Interestingly, the middle slot of our tractor vector undergoes the usual Maxwell
gauge transformation for w # —g, while the auxiliary V't exhibits, for
w # —g, —1, a Stiickelberg shift symmetry. Special values for w that seem
to appear from (6.24) will be described in the following.

In order to write down a consistent field equation, we look for gauge
invariant and Weyl covariant quantities built from V*. The nice-looking

analogue of the Maxwell curvature is a strong candidate:
FMN = pMy~N _ pNyM (6.25)

which we shall call the tractor Mazwell curvature, even though it is not the
curvature of a connection. Its gauge invariance is manifest because Thomas
D-operators commute acting on scalars (for any conformal class of metrics).

For w # —g, —1, it is possible to build a new gauge invariant object out
of VM This is a new tractor vector VM , where the V™ dependence has been
absorbed in the middle and bottom slots. To clarify, let us write down it
both in tractor form and in components:

0
~ 1 ~
yM—yM_ DMX .V = ym 26
(d+ 2w)(w + 1) S (6:26)
AL

where

1
VH = V,u — w—HVMVJ“ 5

is the usual Stiickelberg combination, invariant under (6.24). Moreover, let
us stress that the tractor Maxwell curvature can be built out of VM or VM
indifferently, since Thomas D’s commute acting on scalars.

114



Once we have all the kinematic building blocks, we are ready to give a
dynamical equation. Generalizing the scalar case, we couple FM¥ to the
scale via the scale tractor, and propose as field equations [46]

IyFMN =GN =0, (6.27)
that generalize the scalar one, as we can see expressing them in terms of V:
I-DVN —IyD VM =0. (6.28)

With these Weyl covariant field equations at hand, it is now time to study the
physics they describe. The gauge transformations (6.24) point out that the
weights w = —g, —1 can play special roles. The w = —% case is misleading.
In fact, it describes exactly the same Proca system as the generic w values
do, as it is shown in the original work. Conversely, the w = —1 value is far
more interesting. At this special weight, the V' auxiliary field is inert under
the gauge transformation (6.24), and we can consistently impose the further
constraint XMV,; = V* = 0, that is gauge invariant at w = —1. Having
constrained V' to vanish, it is easy to see that the tractor Maxwell curvature

at w = —1 reads:

0 0 0
FMN — | a/s (d—4)F™ V,.F™
a/s a/s 0

where F,, = V,V, — V,V, is the usual Maxwell curvature. At constant o it
is the immediate to see that the field equations I, F*" = 0 reduce to

—oV,F™=0.

We can see thus that at w = —1 we have just the familiar Maxwell equations
in curved space as it was expected, since at this weight we have only one
independent vector field V,, endowed with the Maxwell gauge invariance.
Concerning Weyl invariance, notice that in order to obtain Maxwell equations
at w = —1, we do couple the theory to scale:

IyF"™W =0, atw=-1 & V,F™=0,
and in fact the Maxwell theory is not Weyl invariant in arbitrary dimensions.

We notice further that, having set V* = 0 and at w = —1, according to (6.20)
the vector V), is inert under Weyl, as it happens in the usual Maxwell theory.
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To proceed in analyzing the tractor vector theory, let us compute, for
arbitrary weight, the tractor Maxwell curvature, satisfying the constraint
(6.21):

n d+2w—2)(w+1
0 (d+2w—2)(w+1)V %V\/
MN
A R T T
afs afs 0

(6.29)
We can see that, at the special weight w = 1 — g, that is the engineering
dimension of a field in d-dimensional spacetime, the only non-vanishing com-
ponent of FMN is F™~ and the field equation I;; F*N = 0 is equivalent to
FMN — (. This implies that at this particular weight, as it happened for the
scalar field, the theory decouples from scale and is Weyl invariant in its own.
One can get rid of the auxiliary V* using the gauge transformation (6.24),
and define the only independent field as A, = ‘7u|V+:0a that transforms as

A, = QT A,
The Weyl covariant field equations now read

) d—4, d+2 B
AA, —C—ZVVA +—(2PA —TPA)_O.

- (6.30)

These rather unfamiliar equations are the Weyl invariant, though not gauge
invariant, vector equations introduced by Deser and Nepomechie [98]. In
tractor language they simply arise, with all the correct couplings to curvature,
from the general equation ,; FMY = 0 when the scale decouples at w = 1— %.
In fact, at this weight, the equation (6.27) is equivalent to

FMN =0 .

These Weyl invariant vector equations turn into ordinary Maxwell equations
at d = 4. Maxwell equations are indeed Weyl invariant only in four di-
mensions and the Maxwell branch w = —1 intersects the conformal branch
w=1-% pre(:lsely at d = 4, giving an elegant and unifying viewpoint within
the tractor framework.

In order to deal with arbitrary weights w, let us specialize to a conformally
Einstein background. The scale tractor is then tractor parallel: D, I =
and commutes with the Thomas D-operator. At constant scale one has

1
PWZEQWP, VHPZO
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The proposed field equations (6.27) obey the Bianchi-like identity and the
constraint [ -G = 0 and D - G = 0 and explicitly read, at the choice of
constant scale

(d+2w—2)(w+1) — 77
o V.V

0=G" =0 | Vb — 22 (44 1)(d+w -2V + L YOV

P (d+2w—2)(w+1) v ‘7
d d+w—1 :
(6.31)

Combining the top and middle slots of the above equation one recovers it in
a more suggestive form:

1 2P ~
Gm -~ YTGt = — ( W T (w4 1)(d —2vm)z m.
d+2w_2V o(V +d(w+ )(d+w—2) g
(6.32)
At w = —1 the mass term vanishes, and one gets back Maxwell equations?,

but for generic weights (6.32) gives the gauge invariant Stiickelberg formu-
lation of a Proca massive field. Gauge invariance is manifest, since only the
F™ and V™ combinations appear. One can use the Stiickelberg gauge in-
variance to get rid of V'*, and is left with the original vector field V,,. Taking
the divergence of the equation of motion (6.32), we obtain the usual con-
straint V,V# = 0, and the Proca equation for a massive, divergence free
vector field:

(A+%[w(w+d—1)—1])vuzo,

VAV, =0.

The ordinary Proca mass is the coefficient of V), in (6.32): V, F" —
m2V" = 0 and it turns out to be

(6.33)

2P r/d—3\2 d—1\2
2 AP (@ =9\ -2
m_d[( 2 ) <w+ 2 H (6:34)
This result implies a Breitenlohner—Freedman bound
2P sd — 3\2
2> (—= 6.35
"= ( 2 ) (6.35)

for the massive vector. Instead of the standard definition of the mass given
above, one can define a mass parameter 42 as the eigenvalue of the Laplacian,
in order to mimic the scalar case:

AV, = p*V,, (6.36)

4After having constrained V* = 0.
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then the mass-Weyl weight relation is slightly modified, but can unify the
spin s = 0 scalar and s = 1 Proca vector in

(OIS I T

This result holds at arbitrary spin s (see [46]), and predicts an arbitrary spin
Breitenlohner—Freedman bound

2T ]

As for the scalar theory, it is possible to write down a Weyl invariant tractor
action for the Maxwell-Proca system, but we do not want to lengthen the
discussion, and refer to the original work for this construction.

We have seen how the tractor formalism allows to represent in a unified
and elegant way massive and massless fields, keeping explicitly Weyl covari-
ance. The tractor construction can be extended to spin two and further to
arbitrary spin, as described in [46]. Starting from spin two, a new branch of
partially massless fields arise, that again are treated in a single stroke within
the tractor field equations. In order to avoid a lengthy discussion, we prefer
to skip the tractor higher spin theories, and start to describe in the following
chapters the tractor formulation of gravity.

6.4 Tractor formulation of Einstein’s gravity
coupled to scalars

In the previous sections we introduced the tractor formalism and de-

scribed the construction of tractor theories for scalar and vector fields. With

no more than this tractor machinery, we can describe gravity and bosonic

theories in a manifestly local unit invariant way [52].
Let us remind the form of the scale tractor:

1
™M = 1DMUZU b , b, =0"'0,0.

~4[P+v.b+b0

The scale tractor controls the coupling of matter to scale, but we can see
that its length squared, once evaluated at constant choice of scale, is just
proportional to the scalar curvature R = 2(d — 1)P. This allows to rephrase
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the Einstein Hilbert action principle in terms of I*. In fact the action for
cosmological Einstein gravity coupled to a massive scalar field is given by °
did—1) [ /=g 2\
S =— [I T —}
> p MFTCEEY

1 _
o I 1D,

2 O-d+2w—1

(6.39)

Here we have introduced the dimensionless combination of the cosmological
4
constant and Newton’s constant A\ = ka2 A. We recall that the scale tractor

is tractor parallel
D, IM =0,

exactly when the metric g, is conformally Einstein. Its length I-1 is therefore
constant in this case. In general however, the length of the scale tractor is
Weyl invariant but spacetime dependent.

The action S above is Weyl invariant precisely when the scalar ¢ has
weight w

Sguws 0, 9] = S[Q%g,, Qo, Q¥ . (6.40)

Moreover the scalar equation of motion I - D ¢ = 0 explicitly says

— 02"V, V, +m2, |0 =0.

grav

The first term is the Weyl compensated scalar wave equation where the 6#
denotes the Weyl compensated covariant derivative (it acts on scalars as
%u = V, —wb,). The second term in the scalar equation of motion is a
“gravitational mass” term

Mmey =w(d+w—1)1-1. (6.41)
If the gravitational background is taken on-shell and back-reaction is ignored,
then the square of the scale tractor [ - I is constant and the above “mass-
Weyl weight relationship” relates masses to weights of tractors. In fact,
it generalizes to all higher spins, and allows mass to be reinterpreted as
weight [46]. However, since the constant of proportionality is of order of
the cosmological constant this introduces an unnatural tuning of weights to
masses. We explore further this situation in the next sections by accounting
for back reaction.

SRemind that we denote the inner product of two tractors with the tractor metric by a
dot, so A- B = AMpnynBY (not to be confused with a period for the dot product of four
vectors a.b = a'b,,).
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6.4.1 Tractor Stress Tensors

In the previous sections, we saw that tractors were the natural language in
which to formulate physics in a way manifestly independent of local choices
of unit systems. Once matter systems are coupled to gravity, the natural
way to present the field equations is a tractor generalization of Einstein’s
equations, along the lines of

SMN 4\ MV = MV (6.42)

where &MY and TMY are symmetric tractor tensors built from the usual
stress energy tensor and Einstein tensor. Our first step is to construct a
“tractor stress tensor” TMYN  transforming correctly under Weyl rescalings.
A locally unit invariant description of the matter sector of a theory yields,
in general, a Weyl invariant action for the matter fields ¢;:

SMatter[ga g, sz] = SMatter[Q2ga QU: E(Q, ¢z)] .

In this formula the transformation of the matter fields ¢; — F;(Q, ¢;) is
denoted by some function F;, which can often be easily determined using
tractor technology along the lines of [46]. For the following arguments, its
precise form is irrelevant.

The standard stress energy tensor of general relativity is given by

2 5SMatter
[ J(g,0, Cbz N i
m (g ) /—g (59’“’

Clearly, under Weyl transformations, it obeys
Ty — 7T, .

Thus, the most natural ingredient of our construction will be the Weyl in-
variant stress tensor:

T"(g, 0, ¢;) = —\/L__gade“me”"% : (6.43)
It is worthwhile noting that the scale o enters in ™" in a non trivial way,
and that the usual stress tensor (apart from some powers of k) is recovered
once one chooses the canonical constant scale ¢ = Ki-2.

The tractor stress tensor we want to construct should contain various
physical objects related to ™", its trace T = T, divergence V.T™ and so
on. The only requirement needed to completely fix T is Weyl covariance,
namely

TMN s UM UN o THS (6.44)
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where the tractor gauge transformation is given by (7.5). Imposing this
transformation law, we are able to package T™", its trace and derivatives,
into the following tractor stress tensor:

0 0 T
TMN - 0 g —lygm | (6.45)
g dyagm g
with
1 AT
-— _ V. P dsmn _ pmn .
R AR mn(z 7 z)}

These couplings of the stress tensor to the curvature are precisely those re-
quired to ensure that TV is a rank 2, weight zero, symmetric tractor tensor.
Now, let us turn to the gravity side. Of course, exactly the same proce-
dure as for the matter sector applies. One starts by making any choice of
gravitational theory with action principle built from the metric. Then, by
introducing the scale o, one rewrites the theory in a locally invariant way:

SGravity [97 U] = SGravity [9297 QU] .

Then one computes the tensor T¢p . by exactly the same procedure as
above with Sgravity in the place of Syfatter and forms the tractor tensor TN, -

The equations of motion are then simply T(Afr]a\i,ity +TMN = (). Specializing to

the case of the Einstein-Hilbert action, the gravity stress tensor is minus the
Einstein tensor, and the same applies to its tractor generalization in (6.42).

An explicit computation (by varying the action S = —d(dT_l) | \{7—?"] 1) yields

™ = g2 G (0 %)
= o2 {Gm”(g) +(d-2) [vmza" BT — (Vb — ? b.b)] } .

where G, is the standard Einstein tensor and the first line, of course, is
the invariant tensor obtained from it by Weyl compensating. The tractor
Einstein tensor is therefore

0 16
g™ —iv.em| |
16 —ivem & -



with &=~ given by the analogous formula to €~ in (6.45). At the canonical
choice of scale & = k72 we find

0 0 é G
GMN (g, kT7) = ka2 0 Gmn 0 . (6.46)
_2
G 0 &6 (g9,k72)
where i 9 ) .
G (g, kT 7) = —— P (P™ — Zi™P) — ZAP.
(9,57%) = S Prua(P™ = ~™"P) —
Vanishing of &M (g, /@ﬁ) is exactly Einstein’s equations in vacuum. For
general choices of local unit systems, &MY = 0, implies that the metric is

conformally Ricci flat. Adding the cosmological term, so that &MY 4 \pMN
0, says the metric is conformally Einstein.

It is worth mentioning that the conformally Einstein condition can also
be simply expressed as

DMIN =0.
Indeed, this relationship holds because the tractor Einstein tensor can be
written as
d—1)(d—-2
BYN = gpM Y xupvp. gy 2D Z2) >2( )nMNI 1

1 M N RyS
(e <DRISD I )

(6.47)

where XM = ( ?1) ) is the Weyl-invariant weight one “canonical tractor.”

Finally, we have so far discussed variations with respect to the metric, but
in a locally unit invariant description of physics, one generally incorporates
the scale field o which must also be varied. However, for any locally unit
invariant action S[g, o] = S[Q?g, Qo] we have

55lg.0) _ S0, 1) _ VG

oo oo o

Examining (6.45), we see therefore that the o field equation is not a new re-
lation but simply implies® T4/ Gravity T TM = 0. Specializing to cosmological
Einstein gravity coupled to matter, this field equation reads

B+ (d+2))N =T, (6.48)

and will play a special réle in our treatment of back-reaction in the next
section.

6One might be tempted to think that the Weyl invariance of S[g, o] would imply van-
ishing of the stress energy trace as identity (i.e., off-shell). However, since this invariance
is achieved via compensating, in fact no new identity follows.
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6.4.2 Tractor Back-reaction

We showed how local unit invariance implied that mass could be replaced
with the more fundamental geometric notion of weight. (To be precise the
weight of a tractor field.) This has the advantage that masses no longer
need be defined in terms of quadratic Casimirs of the spacetime isometries,
but rather in terms of the geometric field content of the theory. This is ex-
tremely appealing, because no recourse to backgrounds with special isome-
tries is needed. The drawback of this approach is the unnaturalness of the
relationship between masses and weights (6.41), relying on the cosmological
constant to set fundamental mass scales. We now turn to set up the tractor
back-reaction to have further insight into the problem.

Consider the simplest case of a massive scalar field coupled to cosmological
Einstein gravity (whose tractor version of the standard action principle is
given in (6.39)). The full equations of motion, including back-reaction are

I-Dye = 0,

In the lowest approximation, ignoring back-reaction, the solution of the sec-
ond equation is an Einstein metric with constant scalar curvature, or in trac-
tor language, constant length scale tractor, I - I = constant. As explained
in section 6.2, the first equation describes a standard massive scalar field
in an Einstein background with constant mass determined by the weight w
of ¢ by (6.41). Once we include back-reaction, we are faced with the above
coupled set of equations, whose novel feature is that the mass term for the
scalar field is proportional to the spacetime dependent (but Weyl invariant)
quantity I - I. Explicitly (transcribing (6.40)) this reads

029“”6M6V p=wld+w—-1I-Ty. (6.49)

However, in vacua, the length of the scale tractor is set by the trace of the
tractor Einstein tensor (or in commonplace language, the trace of the Einstein
tensor is proportional to the scalar curvature). We must therefore correct
this relationship to include backreaction. To be precise, tracing (6.47) with
the tractor metric and using (6.48,6.45) we obtain

1
§(d—1)(d—2)(d+2)]-]+(d+2))\:‘3%.
Hence 2u(d 0 )
2 W7 - _ wid + w — S
YNV = T d = 2) AT
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In the canonical choice of scale we have

2w(d+w — 1) K~ a-2
(d—1)(d—2) A==

Ap = T(g,¢)| ¢, (6.50)

where T'(g, ) is the trace of the standard stress tensor for this system. In a
theory with a constant mass term, the right hand side of (6.49) would not
have been modified as it is above by back-reaction. The tractor theory, on
the other hand, coincides with the standard theory in the absence of back-
reaction, but replaces the cosmological constant A by

K ;102

d

A— A— T

in the back-reacting mass term.

Now let us recompute the mass-Weyl weight relationship to include back-
reaction. For that, there are two routes we could take. The first route is
to insert the trace of the matter stress tensor computed from the classical
matter action. There is no way for this computation to know about scales
where particle physics takes place, so it is unlikely that it can solve our
naturalness problem. Nonetheless, the classical computation does generate
a non trivial non-linear potential for the scalar field. The second route is
a phenomenological approach taking into account quantum effects. Once
we introduce a particle physics scale into the problem, either by cutting off
divergences at some characteristic scale, or augmenting the toy-scalar field
model with standard model fields, the expectation of the trace of the stress
tensor will be of the same scale. To investigate the leading order quantum
effects of integrating out the gravity modes, therefore, we must replace the
trace of the stress tensor with its vacuum expectation value and find

4w

2w(d+w-—1) [ B /{C;2 <T>]

2
MBack—reaction — (d — 1)(d - 2)

No longer does the cosmological constant alone set the scale of the mass term,
but instead it appears in combination with a particle physics scale object,
the trace of the stress tensor.

We close this section by noting that the above mechanism is germane to
particles of arbitrary spin. The idea is no different to above. In the work
of [46], it was shown that massive, massless and partially massless [98, 99, 100]
fields of arbitrary spin s could be written in a manifestly unit covariant way
using symmetric, weight w tractors @Mi~Ms of rank s. The equations of
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motion are simply

I . DgOMlmMS —

D X QOMQ...MS
] . gOMQ...Z\JS

o O O O

MMs...M, N
Pr ° =

(6.51)
The last three equations are constraints (or generalized Feynman-type gauges
for massless theories) ensuring the correct propagating degrees of freedom.
The first equation implies a Klein—Gordon equation for the physical modes
gpﬂln-ﬂs (subject to Vﬂwumu#s =0 = Soll:u:am#s)

029“1’%“6%0“1‘““5 = [w(w+d—1)—s] I -TpHHe.

This brings us to the starting point (6.49) for our discussion of the back-
reacting massive scalar field. From here the discussion proceeds exactly as
above. Moreover, an analogous discussion for Fermi fields can be carried out,
since a Weitzenbock type identity for those models yields again an equation
of the above Klein-Gordon type (see [101] for details). Finally, we make
note that our analysis applies equally well to massless and partially massless
theories since they are described also by (6.51): Strictly massless theories
are obtained by setting the weight w to w = s — 2 while depth ¢ partially
massless theories (which enjoy higher derivative gauge symmetries of order ¢)
occur at w=s—t¢t—1for 2<¢t <s.

6.4.3 Higher Order Classical Back-reaction

In this section we compute the higher order classical corrections to the
equation of motion for a massive scalar with a unit-covariant, scale tractor
coupling to cosmological Einstein gravity. Starting from the central equation
(6.50), we must first compute the trace of the stress energy tensor. We find

d+2w)(d+ 2w — 2 5 2w(d+w—1
T(g, %) = : L : — 0up g™ Oup + ( >P<p2] :
2d d
Firstly notice that the latter vanishes for w = 1 — g, —g. These weights

correspond to having a scalar field conformally coupled to gravity [ go(A —
@P)gp. The first special weight is the engineering dimension for the con-

formal scalar field in d-dimensions, whereas the second simply amounts to
a trivial field redefinition of the conformal scalar ¢ — ¢/Mp,. For generic
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Definite sign kinetic term  1—d -¢ 14 1-¢ o Definite sign kinetic term
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Positive AdS potential Definite sign kinetic term Positive AdS potential

N J/

P
Positive dS potential

Figure 6.1: Behavior of kinetic and potential terms as a function of w.
The circle o denotes the value of w corresponding to a mass saturating the
Breitenlohner—Freedman bound. The value corresponding to a conformally
improved scalar field is denoted by (©).

weights the trace of the Schouten tensor P can be computed in terms of ¢
from (6.48) which yields

(d + 2w)(d + 2w — 2) c;Ap? — D0 g O, p

T(g,p) = 6.52
(0.9) = . (652
where ¢; = 2294t0=D) 4hd ¢y = w(d+2“;)2(&t“&;)_(g;“2w_2) . Note that both ¢; and

1= @12
¢y are invariant under w — 1 —w — d.

Putting classical gravity on-shell (i.e. tree-level graviton exchange”) gen-
erates effectively non-linear scalar self interactions since the scalar equation
(6.50) now takes the explicit form:

w O, g0, w A3
Ap+eihptegr iz BT NP it Ld
1 —+ CQl'iiﬂ (p2

=0. (6.53)

1 + Cgliiﬁ g02

However this equation in fact follows by varying the simple non-linear sigma
model action:

1
5= [ V=3 - 56 g o - U] (650
with sigma model metric and potential given by
Glp)=1+anr i2g?, Ulp)=—oAg*.

(Classical back-reaction has thus generated scalar interactions that are en-
coded in the above lagrangian. By means of a field redefinition

Glp)dp® = dx*, (6.55)

TActually we are putting R(g) on-shell, but the as-yet unknown, dynamical, metric g,
still resides in the terms 0,9 g"*0,¢ and Ap.
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one can generically put (6.54) in the form of a linear sigma model with a non
trivial potential, i.e.

1 c
S = /\/—g[— 5 qulWaVX‘{’ElA‘PQ(X)] :

The above field redefinition comes with a caveat: the kinetic term must have
definite sign for all field configurations. This is true only when ¢, is positive
which only holds for certain values of w. Another interesting feature of the
model is that the potential is only positive when —Ac; > 0 which again holds
only for certain ranges of w. These ranges are depicted in figure 6.1. We
do not perform a detailed phenomenological analysis of this model here, but
note that it is rather interesting to see the rich structure introduced by this
simple toy model.
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Chapter 7

Gravity, two times physics and
tractors

Theories with extra dimensions have been heavily scrutinized since the
time of Kaluza and Klein [102]. The terminus of this train of thought is String
Theory which attempts to encode the couplings of four dimensional theories
in the geometry of hidden higher dimensions. A simpler and more generic
rationale for further dimensions, however, might follow a line of reasoning
similar to Einstein’s original identification of time as an additional coordi-
nate, along with a gauge principle—general coordinate invariance—guiding
the construction of physical theories in terms of Riemannian geometry.

In this chapter, following [103], we focus on two fairly recent suggestions
that physics is inherently six dimensional. Firstly, motivated by duality
and holographic arguments, Bars observed that many seemingly different
four dimensional particle models could be regarded as gauge fixed versions
of a single underlying six dimensional model. In fact the idea of using six
dimensions to describe four dimensional physics dates back to Dirac [43].
What is notable about Bars’ “two times physics” [104] (see [105] for an
overview) is that it aims ultimately to describe any physical system, whereas
Dirac’s work pertained only to models with conformal symmetry*.

The second approach relies on replacing Riemannian geometry with con-
formal geometry so that physics is described by conformal classes of metrics
and all equations are manifestly locally Weyl invariant. This is achieved by
utilizing the simple physical principle that no physical quantity can depend

In fact there is a extensive literature on the handling of four dimensional conformal
theories using six dimensional methods. Pertinent contributions include Boulanger’s con-
formal tensor calculus [106], the conformal space method of [107], the conformal higher
spin studies [108], the BRST conformal parent action method of [109], and the application
to scattering amplitudes in [110].

129



on local choices of unit system which implies there must exist a way to write
any physical system in a Weyl invariant way [46, 101, 94]. Weyl invariance
is intimately related to conformal symmetry, and for reasons very similar
to those first observed by Dirac, manifest Weyl invariance can be achieved
by grouping existing four dimensional physical quantities in six dimensional
multiplets known as “tractors”. This approach relies heavily on tractor calcu-
lus [47, 111, 50], a mathematical machinery designed for efficiently handling
conformal geometries. Not only does the tractor approach identify a simple
gauge principle—local unit invariance—for constructing models, it also iden-
tifies the additional timelike coordinate in two times physics as the choice of
scale.

We map out the relationship between the two times and tractor ap-
proaches, since they are in fact highly complementary, and in doing so present
seven different formulations of four dimensional Einstein gravity?, several of
which are novel. Of these, the action (7.27) can be viewed as a parent ac-
tion depending on infinitely many fields living in a six dimensional spacetime
while all other theories are gauge fixed versions of this parent action. This
starting point was first proposed by Bars as part of his two times description
of physics although not precisely as a four dimensional theory of gravity [53].
This action comes from a BRST quantization of the worldline conformal
group gauge symmetries of a two times particle model®>. The operators gen-
erating local worldline conformal transformations form the gravity multiplet
of the model. Bars’ action couples this gravity multiplet to a scalar multiplet
which can be viewed as a dilaton. This fits extremely well with the tractor
description of gravity in terms of a conformal class of metrics coupled to a
scale field—the gauge field for local changes of unit systems.

There is an alternative proposal for a two times description of four di-
mensional gravity due to Bars [112]. It has the advantage that at least part
of the equations for the generators of worldline conformal transformations
follow from an action principle. On the other hand, unlike the action (7.27),
it does not make the worldline conformal group sp(2) symmetry—a central
component of the two times set-up—manifest. It turns out that the two
approaches are in fact equivalent, a fact that follows rapidly using tractor
technology.

The tractor approach takes standard four dimensional physical quanti-

20ur results are valid for any spacetime dimensionality, and all formulee will be pre-
sented as functions of d, the spacetime dimension. We will, however often use the short-
hand “four” to stand for d-dimensional and “six” to stand for (d + 2)-dimensional.

3Massless four dimensional spinning particles were obtained earlier from six dimensions

by Siegel in [63] and further studied in [31].
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ties and groups them in Weyl-multiplets labeled by SO(d, 2) representations?
known as tractors. These tractors are functions of four dimensional space-
time. In particular, from the scale field o (the spacetime dependent Planck’s
constant), one builds a tractor vector I known as the scale tractor. Like
any tractor, under Weyl transformations it undergoes a tractor gauge trans-
formation which in turn defines a covariant derivative known as the tractor
connection® [111]. The beauty of this approach is that the Einstein condition
amounts to the scale tractor being parallel with respect to this connection.
The length of the scale tractor is therefore parallel for physical geometries
and in fact measures the cosmological constant. Upon coupling to matter,
it also provides a massive coupling constant. Remarkably, even though the
small size of the cosmological constant might seem to make the length of the
scale tractor inappropriate for setting particle physics mass scales, including
backreaction immediately solves this “cosmological constant hierachy prob-
lem” [52]. In fact, parallel scale tractors form the first part of a link between
the tractor and two times descriptions of gravity.

The link between two times physics and tractors is completed by the am-
bient formulation of tractor calculus developed by [51, 50, 114]. The main
idea underlying ambient tractors relies on the Fefferman-Graham descrip-
tion of four dimensional conformal geometries in terms of six dimensional
Ricci flat geometries admitting a closed homothety [115]. The latter con-
dition implies that the six dimensional ambient geometry enjoys a curved
null cone with a dilation-like vector field. This allows four dimensional con-
formal geometries to be realized as rays in this ambient lightcone. Bars’
sp(2) triplet of worldline conformal group Noether charges can be viewed,
respectively, as the defining function for the ambient null cone, dilation gen-
erator and the harmonic condition obeyed by the Weyl tensor for a Ricci
flat geometry. Essentially taking the old Fefferman—Graham ambient metric
construction, alongside with the idea of describing unit invariant four di-
mensional physics with conformal geometry leads one directly to Bars’ two
times physics program. Needless to say, this confluence of mathematical and
physical technologies is likely to lead to major advances in both fields.

The present chapter is organized as follows: In section 7.1 we recall how
Einstein gravity can be recovered in the tractor framework as a parallel con-
dition on the scale tractor. In section 7.2, we set out the ambient description

“For example, for a relativistic particle, from the four-velocity v, the component of
the four-acceleration a* and the vanishing function, one can build a tractor “six-velocity”
Vi = (52, e' vy, 0) transforming as a multiplet under Weyl transformations according
to (7.5).

5In fact, the tractor connection also appears in the Yang-Mills-like construction of
conformal supergravity [113].
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of tractors and introduce the triplet of sp(2) operators underlying the two
times approach. We discuss the latter in detail in section 7.3, where we intro-
duce the most general deformation of the flat sp(2) algebra which contains
an infinite tower of background fields. In section 7.4 we give the main new
results based on a detailed analysis of Bars’ BRST parent field theory action.
By careful gauge choices and identification of the dilaton field we produce
the slew of new descriptions of four dimensional gravity mentioned above as
well as establishing the link between tractor and two times approaches. In
section 7.4.1 we give a succinct tractor analysis of Bars’ alternate proposal
for a two times gravity theory. We conclude discussing the six dimensional
quantum mechanical origin of four dimensional gravity, a candidate master
theory generating the sp(2) and dilaton dynamics, a frame-like formulation
of two times physics and the relation between the towers of auxiliary fields
of the two times approach and an unfolding of the full (non-linear) four di-
mensional Einstein’s equations.

7.1 Gravity and Parallel Scale Tractors

It is well known that the Einstein—Hilbert gravitational action can be

viewed as the gauge fixed version of a conformally improved scalar field the-
ory (44, 45]

_ 1 1 d-—2
Sle. g = —4((;_21)) /ddmv —g [5 (Vg)? + sg_1 = ¢, (T

which is invariant under local Weyl rescalings Q(z), transforming ¢ — 0%
and
Guv QQQ;W- (72)

On the one hand this seems a rather trivial observation because choosing the
gauge in which ¢ is constant and equal to ™!, one recovers the usual gravity
action S(g,x™') = —555 [ d?z/=gR. To see that this is in fact a statement
of fundamental importance, first note that the Weyl transformation (7.2)
defines the equivalence class relation g, ~ Q2g,, of a conformal class of
metrics [g,,], so that physics can be cast in terms of conformal, rather than
Riemannian geometry. Secondly, note that the Weyl transformation (7.2)
amounts to making local redefinitions of unit systems, which along with
general coordinate invariance, is a symmetry that any formulation of physics
must enjoy.

So far there is no hint of any six dimensional quantities. To see these,
we attempt to write the Weyl invariant formulation (7.1) of Einstein-Hilbert
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gravity as the square of a single vector IM
ﬂ%g%:ﬂ%i{/d%ﬁgﬁthm (7.3)
o

The six component vector

o
™ = V"o : (7.4)
—ﬂA+ﬂa

is the scale tractor we defined in the previous chapter and is distinguished by
its transformation properties under Weyl transformations. Here the scalar
o= gpﬁ is simply a relabeling of the dilaton ¢ so that it has unit Weyl
weight

o—Qo.

The field o is nothing but the previously encountered scale field, that mea-
sures the relative choice of unit system from point to point in spacetime.
Also, we recall the Schouten tensor P,, which is the trace adjusted Ricci-
type tensor, defined by

Pro = 75 (e = =gy -

and its trace is denoted P = P/
The main features of the action (7.3) are

e It depends on conformal classes of metrics, embedded in the double
equivalence class (g, 0] ~ [Q2%g,,, Qo]. This allows for manifest Weyl
invariance while still specifying a canonical metric ggy in the conformal

class satisfying [g,.,, 0] ~ [g;,, Kﬁ]_

e The measure \/—g o~ % is separately Weyl invariant, as is also the square
of the scale tractor I2. This holds because the scale tractor I trans-
forms under particular local SO(d, 2) transformations known as tractor
gauge transformations.

e Einstein’s equations amount to the scale tractor being parallel with re-
spect to the tractor connection, exactly the covariant derivative implied
by tractor gauge transformations.

e The “length” of the scale tractor measures the cosmological constant.
Hence Ricci flatness implies a lightlike scale tractor.
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We already set up the tractor formalism in the previous chapter from a purely
four-dimensional viewpoint. Let us briefly remind the main ingredients that
will be useful in the six-dimensional description we will pursue in the follow-
ing.

From the four dimensional viewpoint, a six-component multiplet (V*,
V™ V7)) with m = 0,..,d — 1, forms a weight w tractor vector VM, M =
(4, m, —), if under Weyl transformations it obeys the tractor gauge transfor-
mation :

Q 0 0
VML QUM VY UMy=1 Y™ o6 0], (7.5)

0 G V|

2Q) Q Q

where T, = ¢, Y, = Q_laﬂﬁ. In section 7.2 we will see that tractors
naturally live as six-vectors in a six dimensional, signature (4, 2) spacetime
endowed with a curved light-cone structure. The reduction to four dimen-
sions induces a tractor-covariant connection:

Oy —€un O
D,=|P/™ V," €|, (7.6)
0 —Pu. 0,

such that
DVM = QUM [D, + wX, | VY.

By means of the tractor connection one can construct a weight —1 tractor-
vector operator, the so called “Thomas D-operator”, which acting on weight w
tractors reads:
w(d 4 2w — 2)
DM = | (d+2w—2)D" | . (7.7)
—(D, D" + wP)

Acting with the Thomas D-operator on the scale o, we obtain a weight 0
tractor-vector, the scale tractor
M _ Lo
I = ED g,
which has components exactly given by (7.4).
The scale tractor’s main importance is twofold: first, in tractor theories
it controls the coupling of matter to scale in a Weyl-covariant way [101],
parametrizing the breaking of local scale invariance in the ¢ = constant
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physical gauge. On the other hand, I is closely related to gravity itself:
remarkably, the gravity-dilaton action (7.1), can be written entirely in terms
of the scale tractor as in (7.3) where tractor indices are raised and lowered
with the SO(d, 2) invariant metric

0 0 1
nvN = 0 Nmn 0
1 0 O

To see that a tractor-parallel scale tractor, i.e. D, /" = 0, amounts to
Einstein’s equations we explicitly compute the tractor derivative of I that,
once evaluated at the choice of constant scale o = g, reads

0

D IM|oesy = 00 | P, — Le,mP | (7.8)

~19,p

Setting this to zero says R,, = égWR and R = constant, so that g, is
precisely an Einstein manifold. This happens at the choice of scale o = oy,
so we can say that the scale tractor is parallel when the metric is conformally
Einstein:

DIV =0 & g.= QQggy with R, (¢°) gfw )
Moreover, if the scale tractor is parallel then its length squared 12 = M),
is constant, and proportional to the cosmological constant.

Geometrically the scale tractor can be viewed as coming from a vector
perpendicular to a hypersurface in six dimensions. The intersection of that
hypersurface with a (curved) lightcone defines a conformal class of metrics
on the four dimensional intersection. This picture relies on a six dimensional
ambient description of tractors which we describe in the next section. Given
the significance of the scale tractor I, it would be extremely interesting to
formulate four dimensional gravity in terms of an independent six component
vector field. That result is obtained by combining ambient tractors with Bars’
two times physics proposal and is given in section 7.4.

7.2 Ambient Tractors

The importance of six-dimensional spacetimes for describing conformally
invariant four-dimensional theories has been clear since the work of Dirac [43].
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(Perhaps the simplest motivation for this is that the Minkowski space con-
formal group SO(4,2) acts naturally on the flat Lorentzian space R*2.) Weyl
invariance ensures rigid conformal symmetry whenever the metric enjoys con-
formal isometries; this suggests that four-dimensional conformal geometries
can be studied in terms of six-dimensional Riemannian geometries. This was
shown to be the case by Fefferman and Graham [115] who formulated the
problem of constructing conformal invariants in terms of a six-dimensional
ambient metric. This idea was extended to the tractor calculus description
of conformal geometry in the series of articles [51, 50] (see also [114]).

Based on duality and holographic arguments, the two times approach
of Bars advocates that four dimensional physics (irrespective of whether it
enjoys rigid conformal symmetry or not) can be described using a six di-
mensional spacetime. The tractor approach of Gover et al uses the simple
principle of invariance under local choices of unit system to argue that four
dimensional physics should be formulated in terms of conformal geometry.
Since the latter, in turn, enjoys an ambient six dimensional formulation, local
unit invariance and tractors also support a formulation of four dimensional
physics using a six dimensional spacetime. In this section we give the main
ingredients of the six dimensional ambient description of tractor calculus.

A four dimensional conformal manifold equipped with an equivalence class
of metrics [g,,], with equivalence defined by local Weyl transformations

G = VG

can be viewed as the space of rays in a five dimensional null hypersur-
face embedded in a six dimensional Riemannian ambient space with metric
Gy Specializing to the conformally flat case, consider the ambient space
R*? with the standard flat Lorentzian metric dXnynydX?, which enjoys
a closed (and therefore hypersurface orthogonal) homothety given by the
dilation/Euler operator X %. The zero locus of the homothetic poten-
tial XM X,; = X? defines a five dimensional null cone so the space of null
rays &M subject to the equivalence relation €Y ~ Q&M (where Q2 € RT) is
four dimensional and determines a (conformally flat) four dimensional con-
formal structure. The conformal class of metrics follows by letting &M (x)
be a section of the null cone. The ambient metric then pulls back to a four
dimensional metric ds®> = dé™d¢y,. Choosing a different section £ (x) re-
sults in a conformally related metric. For example, in the conformally flat
setting, de Sitter, Minkowski and anti de Sitter space all inhabit the same
conformal class. In this case the tractor connection of (7.6) is the pullback of
the Cartan-Maurer form of SO(4, 2) to the conformally flat four dimensional
space time described as a coset SO(4,2)/P where P stabilizes a lightlike ray.
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The above flat model of conformal geometry, as the space of lightlike
rays in a six dimension ambient space, extends to curved spaces and general
conformal structures as follows: A four dimensional conformal structure de-
termines a Fefferman—Graham ambient metric which admits a hypersurface
orthogonal homothety. In the flat case this homothety is generated by the
Euler vector field whose components coincide with the standard Cartesian co-
ordinates. In the curved ambient construction, the corresponding homothetic
vector field will still be denoted by X (which are not generally coordinates
for which we reserve the notation Y*). The key identity is then the equation

GMN:VMXN, (79)

where Gy is the ambient metric and V is its Levi-Civita covariant deriva-
tive. This condition already suffices to uniquely determine a four dimensional
conformal structure. The symmetric part of (7.9) implies the homothetic con-
formal Killing equation while its antisymmetric part says that the one-form
dual to XM is closed. Indeed this one form is exact

1

Clearly, the ambient metric is the double gradient of the homothetic potential
Gun = 3VmOnX? The zero locus of the potential X? defines a curved
cone, a quotient of which recovers the four dimensional conformal manifold.
Observe that the above identities for the ambient metric imply

XM Rynrs = 0= (XTVr +2)Ryns.

To ensure uniqueness of the ambient metric for a given four dimensional
structure, Fefferman and Graham require that the ambient metric is for-
mally Ricci flat in any odd dimension (to all orders), and Ricci flat to finite
order in the defining function X? in even dimensions greater than or equaling
four. For our purposes, uniqueness of the underlying four dimensional con-
formal structure is all we need, so we will typically work with six dimensional
ambient metrics subject to (7.9) but need not impose six dimensional Ricci
flatness.

The Rosetta Stone between six dimensional ambient space operators and
the Thomas D-tractor operator (7.7) on a four dimensional conformal man-
ifold was first given in [50] and simply reads

Dy = Vu(d+2X"Vy—2)— Xy A. (7.10)

The canonical tractor of [111] corresponds to the vector field X while trac-
tor weights are eigenvalues of the operator XV y,. (In [114], it was realized
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that these operators are related to a momentum space representation of the
ambient space conformal group.) Tractor tensors T -Ms(z) (sections of
weighted tractor tensor bundles over four dimensional spacetime) can then
be viewed as equivalence classes of six dimensional ambient space tensors

MM (y) o MM (Y 4 X2 UMM (Y (7.11)
subject to a weight constraint
XMV TMeMe — qp MM (7.12)

The equivalence relation can also be handled by working with weight w — 2
ambient space tensors of the form

5(X2) 7’!]\41...M5 ’

subject to the constraint X2 = 0. It is not difficult to check that the ambient
operator (7.10) is well defined on equivalence classes defined by the cone
condition (7.11).

The equivalence relation (7.11) and weight constraint (7.12) do not define
a unique extension of a four dimensional tractor to the six dimensional ambi-
ent space. For that, one needs to “fix a gauge” for the equivalence relation. A
convenient choice is to require that six dimensional quantities are harmonic.
The first example of this is the Ricci flat condition of Fefferman—Graham
(because the remaining Weyl part of the ambient Riemann curvature is then
harmonic). In fact, it is easily verified that the triplet of operators

d+2
(X2 XMV + % A}, (7.13)

obey an sp(2) Lie algebra. This algebraic fact underlies Bars’ two times
approach described in the next section.

7.3 'Two Times Physics

A simple starting point for understanding two times physics, is the Howe
dual pair [116]

sp(2(d+2)) D sp(2) ®so(d,2). (7.14)

This Lie algebra statement—namely that sp(2) and so(d,2) are maximal

cocommutants in sp(2(d + 2))—says that imposing as constraints an sp(2)

subalgebra of the natural sp (Q(d + 2)) algebra acting on a d + 2 dimensional
phase space, leaves a residual so(d,2) global symmetry algebra. This latter
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algebra generates the conformal isometries of d-dimensional Minkowski (or
more generally conformally flat) spacetime.

Consider, for example, Bars’ approach to the relativistic particle [117,
118]. Instead of requiring worldline reparameterization invariance and there-
fore a four dimensional Hamiltonian constraint, Bars requires local worldline
conformal invariance under so(2,1) = sp(2) which imposes a triplet of first
class constraints. In four dimensions a three dimensional constraint alge-
bra would be too constraining, but as is clear from the Fefferman-Graham
ambient space construction described above, if this constraint algebra acts
in six dimensions as in (7.13), the null cone and weight constraints perform
the reduction to four dimensions leaving a single Hamiltonian constraint
just as in the standard approach. By making different gauge choices for
the local sp(2) symmetry, one can obtain a plethora of four dimensional
models— “holographic shadows”—all encompassed by a single six dimen-
sional one [119].

The above discussion pertains to single particle models propagating in
fixed backgrounds. Our chief interest is a description of four dimensional
field theories and in particular four dimensional gravity. For that, two main
ingredients are required. Firstly we must quantize the underlying particle
model so that, in turn, quantum mechanical wave functions can be reinter-
preted as quantum fields. Secondly we need to write equations of motion for
the background fields. Both steps can be achieved in a unified way by work-
ing with quantum mechanical operators. (An alternative approach employed
heavily by Bars [118, 120] is to employ phase space quantization technol-
ogy [121], but we find working directly with quantum mechanical operators
to be more direct.)

Our model, described in detail in the next section, will be built from two
multiplets, the first “gravity multiplet” will describe ambiently a conformal
class of metrics along with an additional vector field intimately related to
the scale tractor of section 7.1. The second “dilaton multiplet” describes
the dilaton or scale field (or in other words a spacetime-varying Planck’s
constant). Equations of motion for the gravity multiplet have already been
proposed by Bars [122]. Classically they amount to a triplet of Hamiltonians
Qij = Qji (1,7 = 1,2) on a 2(d + 2) dimensional phase space subject to an
sp(2) algebra under Poisson brackets

{Qij, Qu} = € Qur + €kiQj1 + €1;Qir + €1 Qi - (7.15)

Here one must solve for the ();; modulo gauge transformations corresponding
to canonical transformations

Qij — Qij + {6, Qs5} - (7.16)

139



An elegant solution has been found by Bars [122] by choosing Darboux coordi-
nates { Py, YV} = 61, expanding in powers of the momentum Py, shifted by
some vector field A/ (Y'), and then partially fixing the gauge invariance (7.15)
so that

XMG N (V)X XM Py
Q= N ~ ~ ~ o (7.17)
XMPy, S(Y) + PyGMN(Y) Py + H(P,Y)

where

S () P P
k=2

H(P,Y)

In addition, this result is intimately connected to ambient tractors, because
the algebra (7.15) requires the metric Gy appearing in (7.17) to obey the
closed homethety condition (7.9). Moreover the vector field A,; appearing
in PM obeys

XMFyn=(£x + DAy — Vn(XMAy) =0, (7.18)

and the scalar ¥ and totally symmetric tensors HM1Mk are subject to weight
conditions

(£x+2)2 = (XMVy+2)2=0,
(£x +2)HM M = (XMV )y 4+ 2 — k) HM-Me =0, (7.19)

Classically the tensors H™1-Ms must also be transverse to the homothetic
vector field X . The above solution still enjoys residual gauge symmetries
of the form (7.16). The beauty of Bars’ solution is that these residual trans-
formations amount to diffeomorphisms of the tensors X, Gyn, Ay, ¥ and
HMi-My - abelian Maxwell gauge transformations of Ay, as well as a certain
class of higher rank symmetries of the symmetric tensors H™Mr which we
will discuss in detail later.

To quantize the Hamiltonians @);;, we look for operators acting on wave-
functions depending on coordinates Y™, We express these as expansions
in the covariant derivatives V; = Vi + Ay. This amounts to a choice
of quantum orderings for a basis of all operators acting on wavefunctions.
More precisely, momenta P,; act on wavefunctions as derivatives 0y, but
we add subleading ordering terms to higher powers of momenta in order to
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maintain covariance. We then require that the quantum commutator of the
Qij’s obeys the sp(2) algebra

(Qij, Qi) = €riQu + ki@t + €1;Qik + €1 Qi » (7.20)

modulo the quantum symmetry

Qij = Qij + [€,Qy] (7.21)

whose parameter € is now itself an operator. This system of equations has
been proposed by Bars in an equivalent phase space and star product quanti-
zation [122]. Quantization necessitates a slight modification of Bars’ classical
solution to

X2 XMTyp + 42
Q= N (7.22)
XMy +42 S+ VE+H(V,Y)
with .
H(V,Y) =Y HMM (V)T Vi,
k=2

Here the closed homothety, curvature and weight conditions are unaltered
from their classical counterparts (7.9,7.18,7.19), but the transverse conditions
on the symmetric tensors HM1 M are modified to read

2X p HM M2 Me g (f 4 1) H MMM = 0 (7.23)

From this we learn iteratively that the trace of H™¥ vanishes, the trace of
HMNE is the part of HMYN parallel to XM etcetera. More succinctly, the

condition (7.23) just says
(X2 H(V,Y)]=0.

But now let us examine which gauge symmetries respect the quantum solu-
tion (7.22). Firstly, expanding the gauge parameter in powers of V

e(V,Y) = —a(Y) + M)V +e(V,Y),

where all terms of quadratic order and higher are stored in ¢, it is easy to
verify that the zeroth and first order terms generate abelian gauge transfor-
mations

A M A M+ \Y Mo,
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and diffeomorphisms with parameter ™. These are desirable symmetries,
so we do not want to gauge fix them at this juncture. We still have the
higher order gauge freedoms in €, although these are not completely arbitrary:
Requiring Q11 = X? to be inert, the gauge parameter ¢ obeys the same
commutation relation with the homothetic potential as H

[X2,¢] =0. (7.24)
Furthermore, invariance of )1o implies that
[XMﬁM, 6] =0.

It follows that 0Qs = [, % + V2 + H] obeys the same conditions as H,
namely

[X2,6Q2] = 0 = [XMV 1, Qo] + 2Qas .
Now we define a vector

UM = VMZ s
and note that

o)
[8, E] = %&TMNfUGMN + &TMNUM%N + Z ]{?<€M1"'Mk(UM16M2 s ﬁMk)W ,
k=3
(7.25)
where (e)y denotes Weyl ordering in the symbols (U, V).

We now make the assumption that the vector U, is non-vanishing. Cer-
tainly, the set of vanishing U, is measure zero (a situation similar to non-
invertible metrics among the space of 4 x 4 matrices). Bars has suggested
that models with vanishing Uj; might describe a novel “higher spin branch”,
but we do not pursue this line of argument any further here. With Uj; non-
vanishing the space of rank two and higher symmetric tensors U, e Mi--Ms
appearing in the summation in formula (7.25) suffices to gauge away the op-
erators H (%, Y’). One might worry that this reintroduces new contributions
to Q92 at order zero and one in 6, but we have as yet not used the freedom
to choose the first two terms in (7.25). Clearly, when Uy, # 0, we can choose
eMNT s to ensure that Qg has no term linear in V. Finally, when U,; is not
a conformal Killing vector (notice that (7.24) implies that ™% is trace-free)
we can try to use the first term in (7.25) to remove ¥. A generic choice of
metric Gy will not admit conformal Killing vectors so we may safely® pick
a gauge for which > = 0.

61t is possible that X can still be gauged away even if the metric G 3;y admits conformal
Killing vectors UM = VMY, We have not analyzed this issue in detail, but it interesting
to note that the condition V(3;Uyy o< Gy along with the weight condition (7.19) for ¥
implies that ¥ is an eigenstate of the quadratic Casimir of the triplet of operators (7.13).
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Thus, we arrive at our final solution for the quantum equations (7.20)

X2 XMV + 422
2
Q(Gun, Am) = _ o ~ . (7.26)
XMV + 42 v?

It is parameterized, modulo diffeomorphisms and SO(1, 1) gauge transforma-
tions by a metric Gy and abelian gauge field Ay, subject to the closed ho-
mothety and transverse curvature requirements in equations (7.9) and (7.18),
respectively. This is the gravity mulitplet of our model. It describes space-
time geometry but does not describe gravitational dynamics. From the trac-
tor viewpoint, that requires coupling to scale. Or in other words, a dilaton.
Therefore, we now describe the coupling of the gravity multiplet to the dila-
ton multiplet.

7.4 Main Results: Gravity

In section 7.1 we saw that instead of formulating gravity in terms of an
Einstein—Hilbert action functional depending on four-metrics, one could build
from the square of the scale tractor /™ an equivalent action depending on the
scale (or dilaton) o and a conformal class of four dimensional metrics [g,,].
The operator @ of the previous section depended on (i) a six dimensional
metric Gy with closed homothety and (ii) a six dimensional vector Ajy.
Since the metric Gj;ny encodes a four dimensional conformal class of met-
rics [g,,] one can hope that the vector Ay, is somehow related to the scale
tractor and so that a theory built from the operator ) could amount to a
tractor description of Einstein—Hilbert gravity. For this proposal to work, we
still need to couple to a dilaton field, or in other words scalar matter. From a
two times physics perspective this coupling should respect the gauge symme-
try (7.21) as well as the sp(2) gauge symmetry generated by the operators Q.
A coupling to scalars with exactly these symmetries has been computed by
Bars using first quantized BRST techniques [53] and reads

S(Q.9,0,A,T) = %/dmy\@ [QQa + O Qra+ AQu V. (7.27)

Our claim is that this action principle, along with the conditions (7.20) on the
operator () amounts to the tractor description of four dimensional Einstein—
Hilbert gravity.

The action (7.27) depends (from a six dimensional viewpoint) on an in-
finite set of fields through the operator (). However it also enjoys infinitely
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many local symmetries generated by an operator parameter € as well as a
local sp(2) invariance with local parameters (A(Y),0(Y),w(Y"))

Q — Q+]eQ],

U = U+4el,

QO = Q—€Q—0Qlo+[Ql,+ 2w,
0 — 0-do+QiN-Qluw—40,
A = A=A+ QLo —[Q, —2).

Here the dagger operation is the standard adjoint with respect to the six
dimensional measure appearing in (7.27). We are now ready to verify our
claim that (7.27) is the theory of gravity.

The first step is use the gauge freedom € to reach the gauge (7.26) for
the operator (). This yields a standard, generally covariant, six dimensional
action depending only on finitely many fields (Gan, Ay, 2,0, A)

B - ~ 2
g Z(dd—zl) /dd“Y\/E [Q V2 4+ O(XMVy + d%) +AX2]\IJ, (7.28)

with gauge invariance

Ay = Ay + Vo,

U—av,
Q+aQ—X20—(XM§M+¥—2)w,
O+ a0+ X2\ — Vi —46,

~ ~ d+2
A+aA+V29+(XMVM+%+2>)\. (7.29)

> © D <
I 1 11

The action (7.28) is four dimensional gravity wearing a six dimensional
disguise. To disrobe it further, we use the SO(1,1) gauge symmetry « to
choose a gauge

XMAy = —w which implies ~ XN VyAy = —Ay. (7.30)

Here w is an arbitrary real number. We could equally well have chosen w = 0,
but we prefer the above since it will imply the most general assignments of
tractor weights to the scalar fields. In any case, w will drop out at the end of
our computation, and thereby serves as a check on our algebra. Notice that
using (7.18), the potential Ay, now has weight —1 with respect to the weight
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operator XMV ;. Note that the vector A, still enjoys residual abelian gauge
transformations with weight zero gauge parameter X"V ;a0 = 0.

We now integrate out the Lagrange multipliers (©, A) which imposes con-
straints

d
XMVM\I/:(w—E—l)\I/, X0 =0.

Solving the latter constraint via
U=0(X%¢, o~ o+ X,

and comparing with (7.11) and (7.12), we see that ¢ is a weight w — £ + 1
tractor scalar.

There is still the freedom using the gauge parameter w to gauge away {2
save for gauge transformations w in the kernel of X™V ; +w + %l — 1. Hence
all that remains is the part of €2 of weight —w — g + 1. The remaining field
content along with their weights are summarized in the following table

Field Weight
Q —w — %l +1
0] w — %’ +1

Ay -1

Integrating by parts to ensure no derivatives act on the delta function in W,
the action now takes the extremely simple form

d—
§ =20 [ g2y Gs(X?) T, (7.31)
where
T = (VM — AM)(V )y — Ap)Q2. (7.32)

Since T~ T + X?U, it is a tractor scalar with weight —d (see the above
table). We would like to express the action (7.31) as a four dimensional
integral over tractor-valued objects”. To that end we need to express (7.32)
in terms of ambient tractor operators: Using the ambient expression (7.10)

"Bars handles delta-function valued ambient space integrals by developing a calculus
for derivative of delta functions [112]. The simple tractor analysis given here, obviates the
need for such methods.
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for the Thomas D-operator, we easily derive the following ambient tractor
identities

1
AQ —24AMV,,Q = —AMDMQ,

VMAy = —— Dy AM . (7.33)
d 2
(There is no pole at w = 0 in the first identity, as can be easily verified
by using the four dimensional component expression (7.7) for the Thomas
D-operator.) Hence

|
T= ¢>< AMDM—W(DMAM)+A2)Q

The beauty of this expression is that §(X?)T now only depends on equiv-
alence classes Ay ~ Ay + X?Byy, Q ~ Q 4+ X?=. Therefore all fields are
now tractor valued. Hence we may replace the ambient space integral (7.31),
with a four dimensional integral depending on tractors (¢, €2, Anr)

§ =20 [ gly /=g ¢[ AMD,, — m(DMAM) + A2l (7.34)
Note that the integrand has weight —d while the metric determinant has
weight d under Weyl transformations so this action principle is now mani-
festly Weyl invariant. Our claim is now that this tractor action is equivalent
to the formulation of the Einstein—Hilbert action in terms of the square of
the scale tractor (7.3).

To verify our final claim we must examine the remaining SO(1,1) gauge
symmetry

1
Ay — Ay + —DMa

d_
Q= Q1+ aQ,
6 = ¢ — ag, (7.35)

where the gauge parameter o is a weight zero tractor scalar. Notice that
the gauge transformation of A,; respects the condition XM Ay, = —w. Now
observe that the action depends only algebraically on the SO(1,1) gauge
field Ay, and the pair of fields (¢,Q2) form a doublet under this symmetry.
Hence, we expect that upon integrating out A,s, only the gauge invariant
combination ¢ () should survive. This computation can be performed either
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using component expressions for the tractor quantities in (7.34) or directly
using tractors. In components, one finds that the bottom slot A~ of the
gauge field decouples completely from the action and that integrating out
the middle slot of Ay sets it equal to the SO(1,1) current 1V, log(€2/9).
This yields the four dimensional action for a conformally improved scalar
field

2(d—1 d—2
S = (dz)/ddff\/—_QSD[A——Q Ple,
where ¢ is the weight 1 — g scalar field defined by

0’ =0Q.

In other words it is the dilaton. Using the relationship between the dilaton

d . . . . .
and scale, ¢ = 0172, we obtain as explained in section 7.1 the tractor version
of the Einstein—Hilbert action in terms of the square of the scale tractor

§ =40 / ddx—vg_dg ™My (7.36)

This completes our demonstration that the sp(2) invariant theory (7.27)
amounts to a theory of four dimensional gravity. We conclude this section by
briefly recalling the alternative six dimensional gravitational model proposed
by Bars in [112].

7.4.1 An Alternative Six Dimensional Formulation of
Gravity

In [112] Bars proposed the following six dimensional field theory model
for gravity coupled to scalar field

S = _% / 42y VG [6(W> <R<G)¢2+Q<W)2 _A‘P%>

— (W) ((AW ) P -V W VMgo2>]  (7.37)

4(d—1)

with o = and for some \ playing the rdle of the cosmological constant.
A distinguishing feature of this action is that the homothetic condition and
the weight condition on ¢ follow from its equations of motion; they indeed
arise from the field equations for G,y and ¢ instead of requiring closure of
the sp(2) algebra. Partially solving those equations, one obtains the following
set of relations

d
W:XQ, CJJ\/[N:VMAXVN7 XMVMQD:(l—ﬁ)(p
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Plugging these back in (7.37) we get the following model

1 )
S = —E/dd“Y\/acS(XQ) R(G)¢* —apAp — Apiz| . (7.38)

2

Now note that, introducing the scale tractor I constructed from o = @2-4
in the usual way (see section 7.1), the action (7.38) becomes

1 y
S = -3 /dd+2Y\/55(X2) [R(G)gﬂ + % o IMDy o — A@m} ,

that in turn, by using the relation I Dy0% = k(d + k — 1)o*"11%, can be
rewritten as

S = —%/dd”Y\/@(S(XQ) id[R(G)(ﬂ —d(d— 1)1 — )\] . (7.39)

g

Let us observe at this point that, as was shown by Fefferman and Graham
in [115], a conformal class of d-dimensional metrics [g,,| determines a Ricci
flat ambient space if d is odd, and a Ricci flat ambient space modulo (X 2)%
Hence, since the action (7.39) depends only on the conformal class of met-
rics [g,,] and includes the delta function §(X?), we can set to zero the cur-
vature term in (7.39). In fact, another way to see this, is that we could have
chosen a gauge in section 7.3 where ¥ = R(G).

Now that the model is completely written in terms of tractor objects it
may be directly written in four dimensional language as

1 d \/_ M A
= dld )/d I IM+m]. (7.40)

When A = 0, this model coincides with (7.36) demonstrating the equiv-
alence of these two models in that case. The formulation (7.37) has the
advantage that it includes a cosmological constant and partially imposes the
relations (7.20) as equations of motion coming from a variational principle.
Its disadvantage is that the manifest sp(2) symmetry is lost.

7.5 Outlook

In this chapter [103], we formulated the Einstein—Hilbert action as a trace
S=trQP (7.41)
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over quantum mechanical operators @ (as in (7.26)) and

p:< Al é|\11><@r>
el )

In this formulation, second quantization amounts to integrating over the
space of operators () and P in the path integral. This leads one to won-
der whether quantum field theory effects, such as Weyl anomalies, can be
understood from this six-dimensional quantum mechanical picture. An ad-
vantage of this two times approach is that it formulates gravity in terms of
a very limited field content: the three components of () viewed as functions
of a twelve dimensional phase space. Weyl and diffeomorphism symmetries
are neatly encoded in the algebra (7.20) and its gauge invariance (7.21). A
pressing question therefore is to compute anomalies in the sp(2) symmetry.

Another benefit of the two times starting point (7.27) is that it yields
a new tractor formulation of the conformally Einstein condition (see the
action (7.34)). At the very least, this should have implications for conformal
geometry; the triplet of tractor fields (¢, Q, Ays) underly the scale tractor 1.
This observation deserves further investigation.

Another interesting avenue for further research is whether there exists
a framelike formulation of two times physics. This is based on the simple
observation that the operator (7.26) can be factorized as

(;(z) (x o)

The operator VY = (XM vM ) can then be interpreted as a two times frame
field, so one could try to impose the Howe dual pair (7.14) decomposition
as equations of motion for fundamental fields V. This might be particu-
larly interesting when one considers the interpretation of the infinite tower
of six dimensional auxiliary fields appearing in the parent action (7.27). In
particular, one wonders whether these fields solve the problem posed, and
partially solved in [123], of finding an unfolding of the full nonlinear Ein-
stein’s equations. The relation between these two approaches may be clearer
in a framelike formulation, since (unlike unfolding constructions) two times
models are typically constructed in a metric formulation.

Finally, a gravitational two times action principle that simultaneously in-
corporates the benefits of both actions (7.27) and (7.37)—mnamely producing
the sp(2) algebra as equations of motion while maintaining manifest sp(2)
symmetry—would be very desirable. In fact, once we understand that our
work implies that the coupling of the gravity multiplet (built from sp(2)

Q=

w
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generators) to scalars really amounts to a gravity-dilaton coupling, then we
can identify yet another action principle proposed by Bars as a candidate
model for cosmological four dimensional Einstein gravity. Bars’ proposal is
to produce the equations of motion for the operator ) from a Chern—Simons
action [120]

Scsz/[Q*QJrQ*Q*Q},

(where the Moyal star product * is employed to produce operator equations
of motion from phase space valued fields). Hence the sum of this action plus
the BRST action Sgrgr in (7.27)

S = Scs + ASBRsT , (7.42)

deforms the sp(2) relations by dilaton dependent terms (see [120] for explicit
formulae). A simple conjecture, therefore, is that these produce the cosmo-
logical constant coupling missing from the action (7.27). In particular, the
relative coefficient A in the total action (7.42) could be identified with the
cosmological constant.
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Conclusions

The main subject of my PhD research work has been the study of world-
line supersymmetric models in curved backgrounds. O(N) spinning particles
describe conformal HS fields in first quantization. Their worldline descrip-
tion has been pursued in flat space in [30] and has been reviewed in the
first chapter of this thesis, while the canonical quantization in (A)dS was
performed in [32, 33]. As it is explained in chapter 2, we computed the tran-
sition amplitude for the related N-extended SUSY quantum mechanics in
curved space by both operatorial and functional methods, and this allowed
us to find the proper counterterms that are needed in defining the path in-
tegral. With these counterterms at hand, as a future interesting work, one
can perform the functional quantization of O(N) spinning particles an (A)dS
backgrounds, or on even more general conformally flat manifolds, and study
the quantum properties of the related HS fields.

The less familiar U(N) spinning particles instead, describe holomorphic
HS on Kahler spaces. They have been quantized in flat complex space in
[40], and it was shown that they describe a novel class of HS fields obeying
gauge invariant equations similar to Fronsdal-Labastida equations, that are
presented in the third chapter of this thesis. We noticed that they can be
consistently quantized on Kahler manifolds with constant holomorphic cur-
vature (CHC), a sort of complex version of maximally symmetric spaces. In
chapter 4 we showed how the model has been extended to a U(N|M) super-
symmetric quantum mechanics, whose algebra has been studied on general
Kahler backgrounds. This allowed to recognize a suitable hamiltonian opera-
tor for the model, and the corresponding transition amplitude was computed
by using operatorial methods [41]. The non-ambiguous result for the tran-
sition amplitude is the bench mark for path integral calculations. In fact,
in the fifth chapter we set up the functional integral for the U(1) spinning
particle on a generic Kahler background, and studied the quantum properties
of holomorphic p-forms. Namely, we obtained a worldline representation of
the one-loop effective action for holomorphic differential forms as well as for
Dirac fermions and “non gauge” forms. The quantum mechanical represen-
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tation allowed, moreover, to establish duality relations including topological
mismatches, in close analogy to the O(2) particle case of [28]. An interest-
ing future development would be the quantization of the U(2) particle on
general backgrounds, as well as the “higher spin” U(/NV) spinning particle on
CHC backgrounds. Finally, an even more intriguing subject would be the
search for non-linear extensions of our complex HS equations, in the spirit of
Vasiliev’s theory.

The two last chapters of the thesis are devoted, instead, to the second
research line I followed during my PhD, namely the study and application
of tractor formalism in field theory. In chapter 6 we presented the basic
ingredients of the tractor machinery as well as the construction of tractor
scalar and vector theories following [46]. Already in describing such simple
field theories, the tractor formalism turns out to be a powerful and unifying
tool. Indeed, one is able to cast in a unique tractor action massless, massive
and conformally improved scalars, as well as massive, massless and Weyl
invariant vectors, and one can switch between the different branches just by
tuning the Weyl weights of the fields. The rest of the chapter is devoted to
the study of cosmological Einstein’s gravity coupled to matter in the tractor
framework. The tractor theory of free spin two fields is known [46], but here
we find the tractor formulation of the complete non-linear Einstein theory,
and set up tractor backreaction [52].

Finally, in the last chapter we analyzed the relationship between six di-
mensional quantum mechanical models presented by Bars in the “two times
physics” approach, ambient tractors and gravity. We have seen that Ein-
stein’s equations are equivalent to the existence of a parallel scale tractor (a
six component vector subject to a certain first order covariant constancy con-
dition at every point in four dimensional spacetime). These results suggest
a six dimensional description of four dimensional physics, a viewpoint pro-
mulgated by the two times physics program of Bars, see e.g. [104, 105]. We
recast four dimensional gravity in terms of six dimensional quantum mechan-
ics by melding the two times and tractor approaches [103]. This “parent”
formulation of gravity is built from an infinite set of six dimensional fields.
Successively integrating out these fields yields various novel descriptions of
gravity including a new four dimensional one built from a scalar doublet, a
tractor vector multiplet and a conformal class of metrics.

So far we have concerned ourselves with an essentially classical, but mani-
festly unit invariant, analysis of field theories. However, since Weyl and scale
invariances are typically anomalous, it is extremely interesting to apply our
ideas to quantum field theories. Among the more stunning implications of
Maldacena’s AdS/CFT correspondence [124] is the formulation of renormal-
ization group flows of boundary quantum field theories in terms of geometry
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of a bulk theory of one higher dimension [125]. In particular, boundary Weyl
anomalies appear as coefficients of logarithms of the radial coordinate when
attempting to perform expansion of the bulk metric away from the boundary
characterized by a conformal class of boundary metrics [126]. An intriguing
future research route would be to undertake the holographic renormalization
program from a tractor perspective. It would be advantageous in that the
tractor formulation manifests scale invariance at each step, and the key idea
would be to substitute the AdS radial coordinate with the scale field itself,
that controls the breaking of Weyl invariance, to expand bulk quantities.
An ambient space scalar o subject to a unit weight condition, amounts to a
canonical choice of metric in the D-dimensional conformal class of metrics
(the field o is the ambient version of the scale o(x)). In particular, choos-
ing o so that the scale tractor is parallel and non-null yields an Einstein
manifold with non-zero cosmological constant. Then identifying this man-
ifold with the bulk theory one can try to construct a correspondence with
a (D — 1)-dimensional boundary conformal field theory. Since the canoni-
cal bulk metric appears at constant values of the scale o, it makes sense to
express bulk quantities as power series in . Again, one could study obstruc-
tions in this expansion to obtain boundary Weyl anomalies.
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Appendix A

Fermionic coherent states

The even-dimensional Clifford algebra
M YNy =MV M N =1,...,2 (A1)

can be written as a set of [ fermionic harmonic oscillators (the index M may
collectively denote a set of indices that may involve internal indices as well as
a space-time index), by simply taking complex combinations of the previous
operators

a™ = % (™ 4 ™) (A.2)
a,ﬁl:%(w—wm“) , m=1,...,1 (A.3)
{a™, a;rl} =or (A.4)

and it can be thus represented in the vector space spanned by the 2! or-
thonormal states |k) = [], (al,)*|0) with a,,|0) = 0 and the vector k with
elements taking only two possible values, k,, = 0,1. This basis (often called
spin-basis) yields a standard representation of the Clifford algebra, i.e. of
the gamma matrices.

An alternative overcomplete basis is given by the coherent states that are
eigenstates of creation and annihilation operators.

€) = e™E"10) = am[E) = 7| = |e)em (A.5)
(] = (0le™*" = (qlal, = (@]7m = G 7] - (A.6)

Below we list some of the useful properties satisfied by these states. Using the
Baker-Campbell-Hausdorff formula eXe¥ = e¥eXelXY] valid if [X,Y] = ¢
number, one finds

(7€) = €™ (A7)



that in turn implies

(a™l€) = € (ale) = 50— (rl) (A8)
(lal,1€) = 7 (7€) (A.9)
so that {52-,7,} = d;". Defining
dij = dij; - - - dify | d¢ = det- - - deé! (A.10)
so that dijdé = dijyd€ dij,d€? - - - dijd€!, we have the following relations
/ didé e =1 (A.11)
[ dnde < )l =1 (A12)

where 1 is the identity in the Fock space. One can also define a fermionic
delta function with respect to the measure (A.10) by

/ de eOE = (7' =N (7 = N)=6(n—N) . (A.13)

Finally, the trace of an arbitrary operator can be written as

TrA = / dndé e " (— ) Al€) = / dedn Al . (Ad)

As a check one may compute the trace of the identity

Tr1 = / dedi e (nl¢) = / dédi 27t =2 (A.15)

Let us end this section by listing a few expressions that are helpful in
the computation of section 2.3.1 (here fermions are labelled by two indices,
a tangent space index a and an SO(N) R-symmetry index i)

= @(a; +x) [ dC 5~ p)

where the above apparently baroque notation is used because the fermionic
derivatives only act upon the delta-function and not on eventual A-dependent
expression that may appear next to it. We thus have

/ dCdy O-Oge b = NI / 4 5(C - 7)] (A17)

p=A

(A.16)

p=A
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with

~ /<, ~p ~, O < O o 0
M® = (A A+ — =\ P A8
SO X ) A
and one can then eventually switch to the Lorentz generators
/<, < <, O o, 0 0
M® = (X XN — =\ = — - — A.19
(MR G = o) (A.19)

by suitably subtracting those terms that appear when derivatives on A act
on the neighbor M¢. In the computation of section 2.3.1 it tuns out that
such additional terms are provided in the transition amplitude.
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Appendix B

B coefficients for the O(N)
quantum mechanics

The coefficients BF(z,1, &), defined in (2.24), can be computed following
the strategy described in detail in [64] for N = 0,1,2, and in [41] for the
complex U(N|M) sigma model. First of all we divide the hamiltonian (2.22)
into three pieces contributing at most two, one or none p eigenvalues:

H=Hp+ H, + Hy, where

Hp = %g‘” ug'?g" pug
Hy = —i g"0w,q, 0% N (gl/4pyg—l/4)
Hy = —%9‘” 20, (929" wyap) U U
- % <9quabwucd — 8« Rabcd) VARVAER LI /a8 (B.1)

First of all, notice that Hpg is precisely the usual bosonic quantum hamilto-
nian, carefully studied in the literature [64, 37]. Let us start with B, : the
only way to have 2k p eigenvalues is from k factors of Hp and no commutators
taken into account, giving simply

B () B.2
2kp—§ . (B.2)

For BY | we can have two kinds of terms. The first comes from k factors
of Hp with one p acting as a derivative; this gives the corresponding B%,
of the purely bosonic model, whose computation is explained in detail in
[64, 37]. The other term comes from k — 1 factors of Hg and one Hy, by
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substituting all operators with the corresponding eigenvalues. Putting things
together we obtain

- ik (p*\F! R\ (P71,
ng—1p% b= Y (§> 9" pu—1 9 5 59 A”I’MUVP,\

p2 k—1
—ik (5> 9" wupy

For B , four types of term contribute: i) k factors of Hp, giving the
coefficient of the corresponding bosonic model, ii) k — 1 factors of Hg and
one Hy, with one p acting as a derivative. This contribution gives four terms:
the derivative acting from one Hg to Hy, from H; to one Hpg, within H; or
within the & — 1 Hp’s. i) k — 1 factors of Hg and one H,, substituting
all operators with their eigenvalues, and i) k — 2 factors of Hp and two
H,, substituting all with eigenvalues. Remember that in i) and iv) {¥, U}
anticommutators have to be taken into account in order to obtain eigenvalues
on the coherent states. Altogether it results in

(B.3)

2\ k—1
1 1 1
ngfg p?F? = (%) [@@ Ingod*Ing + gaua“ Ing + gg“au In g}

E\ (p*\" 11 1 1 I
_ L oMY + Zgtg” + =g gt _W} Y
(2><2> 509 T 99 99 T 9N | Pup
k p2 ko 1 Aouv 3 UV o 1 puY Ao 1 uv Aop
— (3> <5> .59 + Zg g~ + ig g, + ng g ]pupup)\pa
K\ (PN 13 s o
— (4> <5> 19 A g ]pupupxpapppf
k’ p2 k—2 _ 1 1 p2 k—2
o o a,u VA N 7 2 i| y_k|:_ k—l I o
(2> <2> 9" (97wr) = 59" wr|pup sk=D(5 ) 9P
E—1\ (p2\" "1, . 1\ L
+ ( 5 ) (5) 59 A“pupypx}g Pwappt k| 9" wu0, Ing
1 p2 k—1
— ék <5> {gilﬂau (gl/2g“ywy) + (gﬂuwuabwucd — 8« Rabcd) |:77a. édnbc
+ ﬁa_ é-bﬁc gd] _ 2v}
K\ [P\ A d, b boc ¢d
~(5) (%) o ralr e+ 1 € €, (B.4)

where again we use the compact notations for tensors introduced below eq.
(2.26).
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Appendix C

Feynman diagrams

We list the set of Feynman diagrams and the associated worldline inte-
grals that enter the computation of the transition amplitude to order g in
section 2.3. We are not reporting here those diagrams that involve fermionic
self-contractions as with the rules of section 2.3 such self-contrations are triv-
ial. Hence, the a priori non-trivial diagrams entering the contribution (S3)

are

TS0 0
I, = —O R — ) :/ dr T(°A* + *°A)|,
-1

0
L= —) = [ aral
-1

Those contributing to (S,) are

N 0
OO0 O [
~__.’ —1

0
—1

N 0
\\_,’ 1

0

- SO [
-1
0

I, = >O:/ dr TA|, .
-1
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The remaining ones contributing to (S2). can be divided into purely bosonic

contributions

o 0 (0
A )://drdaA'A‘z—"AQ
’ S N —1J-1 ( )
0 0
I = @ - drdo "ANA°
—-1J-1
w- | O— + OO + =

|
- [ ° / Cdrdo (00 4 A)], A (A 4 )],

e OO ¢+ =0 |

0 0
:/ / drdo *Al, *A (A 1 **A)],
1/

0 r0
e OO = [ [amosics
-1J-1

0 /0

L, = = / / drdo *A* A
—1J-1
0 ;0

Iis = = / / drdo *A A°
“1J-1
//'—\\\ 0 0

L = —O——F—(\ —= / / drdo To(®A*? — *°A?)
\\_’,/ —1J-1
0 0

Li; = —O— = / / drdo *A* °A
“1J-1
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(C.11)

(C.12)

(C.13)

(C.14)

(C.15)

(C.16)



P, 0 /0
Lis = >7 {—O + —( ) } =/ / drdo A ('A'+°'A)|(,
S~-r —-1J-1

0 0
Iy = >—{> = / / drdo A* A*|,
—1J-1

o 0 0
I20:>k{—0 + — i ]://deUT.A(.A.—i—
it -1J-1

0 /0
I, = >-‘—{_> :/ / drdo 7 °A° A°|,
—1J-1
0 /0
122: >—< :/ / drdo A
—1J-1
0 /0
Iz = >—°—< :/ / drdo o A*
-1/
0 /0
Iy = >—°—’-< =/ / drdo o °A°
-1/

and those with mixed bosonic-fermionic contributions

R 0 0
125 = —O—O— = / / drdo *A° A%‘
R -1J-1

o 0 0

0 0
127 — s {_\’ ...... — / / deU .A. AF
R : —-1J-1

0 0
128:} .......... {\:/_1/_1deOAF

0 0
I 29 = —.—.— = / / d T d g .A.
-1J-1

(C.17)

(C.18)

*A)lo
(C.19)

(C.20)

(C.21)

(C.22)

(C.23)

(C.24)

(C.25)

(C.26)

(C.27)

(C.28)

— 0 /0
Iy = "— [—O + —': ) } = / / drdo °A (°A* + *°A)|,
AT -1 -1
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0 0

I = 4_..(> = / / drdo *A* A°|, (C.30)
—1J-1
0 0

I = ::Z:h< = / / drdo A (C.31)
—1J-1
0 0

I3 = 4—o< = / / drdo o *A° (C.32)
—1J-1
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Appendix D

B coefficients for the U(N|M)
quantum mechanics

In order to compute the B coefficients defined in eq. (4.44) we follow the
strategy explained in [64], and divide the hamiltonian (4.38) in three pieces,
contributing at most two, one or no p eigenvalues, respectively?

H=Hpg+ H+ H, where
_ 1 .
Hp =g" g papy g™ = 5 Gipi G2 g7 p; GTH,
Hy = —ihg™ T3, (Zy 27~ 55) 6" pg™?
Hy=aW R} Z,-Z"Zy - Z° + (ay + V)W’ R}, Z,, - Z" + (a3 — s) B> R .
(D.1)

First of all, notice that Hp is precisely the usual bosonic quantum hamilto-
nian, carefully studied in the literature [64, 37]. Let us start with BS,: the
only way to have 2k p eigenvalues is k factors of Hp and no commutators
taken into account, giving simply

k
P D.2
P = 5 ) ( : )

where we use the notation p* = ¢g¥p;p; = 2g"”p,py. For B, | we can have
two terms. The first term comes from k factors of Hp with one p acting
as a derivative; this gives the corresponding B, , coefficient, that we call
Ak, of the purely bosonic model, whose computation is explained in detail
in [64, 37]. The other term comes from k — 1 factors of Hg and one H;, by

'Remember that we are using rescaled Z’s.
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substituting all operators with the corresponding eigenvalues. Putting things
together we obtain

2\ k—1
_ . p _ N
ng 1pk ! Agkﬂp% ' —ihk (3) Fia( A€ ) 9" ba

ink (PN R (P,
) > sri=in(y) \3) 39 mmen (D3

b

where we denoted (7 - £7)" = (7x - €7 — s0%), ¢ = 9;9" and g* = gkl 94"
For B% ., four types of term contribute: i) k factors of Hp, giving the
corresponding coefficient A%, . ii) k —1 factors of Hg and one H;, with one
p acting as a derivative. This contribution gives four terms: the derivative
acting from one Hg to Hy, from H; to one Hpg, within H; or within the £ —1
Hpg’s. iii) k — 1 factors of Hp and one Hs, substituting all operators with
their eigenvalues, and iv) k — 2 factors of Hp and two H;, substituting all
with eigenvalues. Remember that in #ii) and ) [Z, Z} (anti)-commutators
have to be taken into account in order to obtain eigenvalues on the coherent
states. Altogether it results in

k 2\ k—2 B B ,
B, _,p 7 = Al — 1 (2) (%) 9" 0; <guyri\o’> (77>\ : fa> Di Pp

_hQ( )( ) 9T, (7x - €7) 039" p, Bs

k—
L (2) et e

2\ k—1
nv — o\’ = p vV o — —
—ihk AL ™ g T, (- €7) B + 12k (5> <a1 R, 0, - £, - &
k p2 k—27 B
+(ag —a1 + 1) Ry 7, - & + <a3 - s> R) — h2( > (5) i Nl Ny

2
< (- €) (1, €)' + 071, - €]
(D.4)
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In the formulae above the bosonic coefficients are given by

ok ih 2\ . dnk—1\ [P\,
AL ph Tt = _E(k_ 1) (5) 9’pj — 0 o 5 9 pipepr

k 2k—2 2 P T . i1
A5, _op =h'k | — [—lnGilnG’ —|—§lnGi+—g lnG]}

2 32 8
2\ %1, 1., 1, ., 1.
- K (2) (5) 509+ 0+ gl + Zgi”“] p;pi

k p2 b _1 mn 3 m . _n 1 ) mn 1 mni
—h2(3) (5) 59 kl+19kl g +§9kl£li +nglg ]pkplpmpn

2K\ (P S klj
—h (4) (5) _Zg TGP | Dj Dk PLPm Pp Py (D.5)
and we recall that the following compact notation was employed

G og =g, 0InG =G, ¢70,0;InG =G, .
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Appendix E

The on-shell action

The euclidean action generated by the hamiltonian (4.38) is given by!
0 s - DzH
S = / dr [g,“; Y +hZ,- e shT,i" + h* AH| , (E.1)
-8 T

where I'), = T, is the U(1) piece of the Kéhler connection and s plays the
role of an additional U(1) coupling. The additional piece

AH=a R Z, 2"Zy- 2" +as R Z, - Z" + az R (E.2)

contains the generalized couplings to curvatures, and the covariant time
derivative on Z fields reads

DZI’; DZ(;4
dr dr

From the action (E.1) the following equations of motion arise

= 2N 4 @' T 75 = Z4 —i'Te 74 (E.3)

i Tl iR~ R, 0 (2, 27— s0)) = 12 g OAH =0
ZH 4T & 7% 4 20h R\ Z4 2y - Z* + ash R* 7% = 0 (E.4)
ZA —Te @7 Z8 —2ah R 727, 7 — ash REZ2 = 0.
Now, we have to expand the action (El) up to'ord'er B, Wi‘ph the fields obeying
(E.4), with boundary conditions: z*'(—/f) = y*, 2'(0) = «*, Z% (=) = &} and

Z(0) = 77!, Expanding fields in a Taylor series around 7 = 0, we will see
that, for small 5, we have

drat d"ZY

drm drm

'Remember that we are using rescaled Z’s.

5—71/2 )
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Expanding also the on-shell lagrangian, we can write

1 d" Lo,
Sos - nZ:O (TL + 1), (_) dTn

and one notices that, for all pieces of the lagrangian but the U(1) one, it is
sufficient to keep the order zero: S,s = 8 L,s(0). For the U(1) piece, it is
necessary the next order: [ L,s(0) — %BQ£OS(O). Let us begin with the x’s:
we expand in Taylor series and obtain

i) =3 I ) (E.6)

Chan (E.5)

=0

— n! drm
setting 7 = —f and using the boundary conditions we have
o , 32 33
y’:xz—ﬁx'l()qL?x(O)—F:U()+... (E.7)
and similarly for the first derivative
g 2t B g d .,
‘0)=——+=2'(0) — — — 2" E.
'(0) 6—1-23:(0) 6d7_x(0)+ (E.8)

Now one uses the equations of motion (E.4) and solves by iteration. To order
BY? we obtain

, 21 , S
'(0) = 335 It 272" — 63 <8lI”k+F le> 2k — 5 hR'}, (7.-€)" .
' (E.9)
Adopting the same procedure for Z and Z we have
Z{(0) = &4 + T, 2764,
o Zh0) =€k 1 -
" _“A A " Ve o v A
Z4(0) = T - ﬁa L 272780 + 25 LT, 2727EY (E.10)
1 12 g
-+ % F'u F Z z ﬁg .
Now we can substitute the above expansions in 3 £,,(0) and in —5 EU(I)(O).

Remembering that in fermionic actions one needs also a boundary term, it
is convenient to use the modified action S = S — hZ,(0) - Z#(0), and using
(E.1) for S we ﬁnally arrive at the following expansion

5'os 26 Gij 2 Z] 46 ag]k z Z]Z + @ (akalgmn -

h h
= i € = BTG, (i - 7)) = 52210, (- €)' = 5 272 T TS, - €
a1 BRE R,y - €Tl - €+ ay I RY T - €+ ag SR R+ .

1 S
5 i r, . > 2Rt

(E.11)
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which appears in the final result (4.51).
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