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Introduction and motivations

The main object of this thesis is the analysis and the quantization of spinning particle models
which employ extended ”one dimensional supergravity” on the worldline, and their relation
to the theory of higher spin fields (HS).

In the first part of this work we will describe the classical theory of massless spinning
particles with an SO(N) extended supergravity multiplet on the worldline, in flat and more
generally in maximally symmetric backgrounds. These (non)linear sigma models describe,
upon quantization, the dynamics of particles with spin & [1] [2] (see also [3] [4] [5] for further
analysis on the N = 2 case).

Then we will analyze carefully the quantization of spinning particles with SO(N) ex-
tended supergravity on the worldline, for every N and in every dimension D. The physical
sector of the Hilbert space reveals an interesting geometrical structure: the generalized higher
spin curvature (HSC). We will see, in particular, that these models of spinning particles de-
scribe a subclass of HS fields whose equations of motions are conformally invariant at the
free level [6] [7] [8] [9] [10]; in D = 4 this subclass describes all massless representations of
the Poincaré group.

In the third part of this work we will consider the one-loop quantization of SO(N) spin-
ning particle models by studying the corresponding partition function on the circle. After
gauge fixing the supergravity multiplet, the partition function reduces to an integral over the
corresponding moduli space which will be computed using orthogonal polynomial techniques.

Finally we will extend our canonical analysis, described previously for flat space, to max-
imally symmetric target spaces (i.e. (A)dS background). The quantization of these models
produce (A)dS HSC as the physical states of the Hilbert space; we will then use an iterative
procedure and Pochhammer functions to solve the differential Bianchi identity in maximally
symmetric spaces.

In the last part of this work we will construct spinning particle models with sp(2) R
symmetry, coupled to Hyper Kahler and Quaternionic Kahler (QK) backgrounds®.

!Spinning particle models with U(N) R symmetry in Kihler background have been considered in [11].
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Motivated by the correspondence between SO(N) spinning particle models and HS gauge
theory, and by the notorious difficulty one finds in constructing an interacting theory for
fields with spin greater than two [12], we intend to employ these one dimensional supergrav-
ity models to study and extract informations on HS.

One advantage of using the ”"worldline” point of view, for studying HS fields, is the fact that
this approach gives a quite interesting representation of the one-loop quantum field theory
(qft) effective action in terms of a quantum mechanical model (qm) (see [13] [14] [15] and
references therein). Let us briefly review the relation of first quantized particle to the for-
malism of gft.

The worldline approach to qft is a powerful technique to calculate effective actions in
quantum field theories and study anomalies, amplitudes etc... . The main idea can
be introduced as follows: consider a qft action principle and use a path integral on
the fields ¢(z) to construct the effective action I'ys; (second quantization); after that,
one can convert I';y, into a path integral over space-time coordinate z (first quantized
theory, or equivalently particle theory). These two kinds of approaches are equivalent,
at least at the perturbative level.

As an example one may consider the simple case of a free scalar field ¢
1 1
Sulé) = [ de50r00,0 = [ dtago-one. (1)

The partition function reads
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Then the effective action 'y, can be re-expressed as
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where (3, the Schwinger parameter, will be recognized as the proper time of a relativistic
particle and PBC means that we take periodic boundary conditions z(5) = x(0). In
the second line of (3) there appears the operator (—%D) which may be interpreted as
the hamiltonian operator of a suitable qm model. The trace is then computed by using
the path integral for the qm action S, given by

B
Symlir] = /0 ar i (4)
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Originally this qm model was considered to be "fictitious”; however, later, it has been
realized that it arises from the quantization of the bosonic particle model

S ]_/WZ )
qu,e— ; T2€

with a suitable gauge fixing of the one dimensional einbein e?. The partition function
on the circle (PBC), for the model (5) reads formally as

DxDe
7 = e —Semlx.e]. 6
¢ /PBC Vol(Gauge)e ’ (6)

the gauge fixing of the einbein to the proper time (e = (3) produces an integral over
the modulus 3 [16]. The gauge fixed partition function is:
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and reproduces (3). Concluding one has:
DxDe
I ~ —Sqm|z,€] ]
at /PBC Vol(Gauge) ‘ (®)

Thus we see that a qft object (in particular I'js;) can be calculated by using a gm
model.

After having emphasized the relations between particle and fields (first and second
quantization) let us focus our attention on qm path integrals.
Consider the action principle

1
Sqm = % /0 dr[%:'c%ﬂéaﬁ + 3V () (9)

where V (z) is a scalar potential. To compute the path integral one can extracts the
dependence on the zero modes

(1) = x5 + Y% (10)

y® is the quantum fluctuation and we impose Dirichlet boundary conditions y*(0) =

y*(1) = 0. This describes a loop with a fixed point.

2Note that a canonical analysis of (5) produces the massless Klein-Gordon equation of motion as a
constraint of the physical sector of the Hilbert space.
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At this point the computation is straightforward and the qm path integral can be
evaluated in perturbative expansion:

) 1
Dme—%fol dT[%xz‘f‘BQV(I)] — —2 /le'O (CLO + alﬁ + a/2/62 + o ) <11)
PBC (27 ) h o ’

=0 in the free case

where the coefficients a; are the so called Seeley-DeWitt coefficients [17] in the coin-
cidence limit; they characterize the quantum theory, for example we can use them to
identify the counterterms needed to renormalize the full one loop effective action. In
the free case limit one finds that a; = 0 Vi # 0 whiel ay counts the degrees of freedom
(Dof) propagated into the loop. In the example discussed above one finds, in fact,
ag = 1, that coincide with the degrees of freedom associated to a scalar field.

At this point one can introduce more general backgrounds, for example electromag-
netic background (V(z, &) = —igA(z) - &) or gravitational background, (dag — g ()
and V(z) = £R(z)). In this cases, in order to define properly the path integrals, one
requires the introduction of a regularization scheme to make sense on the integration
over paths, and the fixing of certain renormalization conditions, which makes sure that
different regularization schemes will produce the same results. We are not going to
describe all the details, since regularization is not the main object of our work (more
details on path integral and anomalies could be found in [18]).

The previous considerations can be extended to the spinning case by introducing extra
fermionic degrees of freedom ¢, the supersymmetric partner of z®, on the worldline [19]
[20] [21].

Note that supersymmetry on the worldline does not imply supersymmetry on space-time. In
fact all the spinning particle models we will deal with describe the propagation of multiplets
of the same statistical nature (either fermionic or bosonic).

In fact it is well known that the dynamics of a spin 1/2 particle in D = 4 Minkowsky
background can be described by using a quantum mechanical model with N = 1 local
supersymmetry on the worldline:

S0 = [ dtlpa® + 30— e(3p°pa) — ix(0°pa)] (12)
A canonical analysis of this model produces the massless Dirac equation as constraints for
the physical sector of the Hilbert space. In (2.30) e and x are lagrangian multipliers intro-
duced to implement into the action the first class constraints H = p? (i.e. the hamiltonian,
the generator of worldline diffecomorphism) and @ = ¥“p, (i.e. supercharge, the generator
of supersymmetry).

More in general, in this work, we will study spinning particle models enjoying /N local world-
line supersymmetries, SO(N) gauge symmetry and worldline diffeomorphism: the SO(N)
spinning particle models.

The SO(N) spinning particle models have been extensively studied in [1] [2] [3] [8] [22]
[23] [24] [25] [26].
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In Chapter 1 we will start describing the model in flat Minkowsky target space and
we will analyze in details its symmetries and the first class constraints algebra, namely
the SO(N) extended supersymmetry algebra. After that we will focus our attention on
the possible coupling with gravitational background preserving one dimensional local
supersymmetry. Howe et al. have analyzed this problem in [2] and have concluded
that, with a given generalization of the worldline local supersymmetry transformation,
SO(N) spinning particle models can be consistently coupled to a gravitational back-
ground only when N = 0,1,2; however Kuzenko and Yarevskaya have relaxed this
no go theorem introducing in [27] a coupling with maximally symmetric space (i.e.
(A)dS) for every N, by extending in a clever way the local worldline supersymmetry
transformation rules. In Chapter 1 we will propose also an alternative approach to
this problem; we will work in first order formalism and we will study the first class
constraints algebra in curved space showing explicitly that in maximally symmetric
space, turns out to be closed, yet non linear. Finally we will compare our results with
the Kuzenko and Yarewskaya ones. In Appendix B we will also discuss the construc-
tion of the BRST charge associated to this non linear SO(N) extended supersymmetry
algebra.

The SO(N) spinning particles, from our point of view, are very interesting because in D = 4
Minkowskian background, one finds, via canonical analysis, the well known Bargman Wigner
equation of motion [28] describing the dynamics of spin s = & fields (i.e. Higher Spin Field).

Higher Spin Fields and in particular HS gauge theory have attracted a great deal of
attention in the search for generalizations of the known gauge theories of fields of spin
1 (Maxwell and Yang-Mills theory), spin 2 (Einstein general relativity) and spin %

(supergravity); see [29] [30] [31] [32] [33] and references therein.

Further motivations in studying HS arise from Superstring Theory; superstring theory

is, in fact, the most important candidate for a unified theory of interactions. The key

idea of string theory is very simple: extension of point particles (i.e. 0 dimensional

object) to one dimensional object (i.e. string) with length I, ~ 10733cm. The Regge

slope o’ and the string tension 7" are defined as

1
ls = V2 = . 13
=V = (13)
Vibrational string states generate an infinite number of states with mass m, and spin
s given by:

miw%(s—l)NT(s—l). (14)

String theory naturally describes an infinite number of excited massive states, with
increasing mass and spin. String tension is usually taken to be of the same order of the
Plank mass (M, ~ 10YGev), for this reason at low energy just the massless modes
are exited (with s < 2) and HS states are too heavy and cannot be not observed at
low energy. In the high energy limit, all the HS string states may effectively become
massless, so that one may be left with an infinite number of massless HS states, i.e. a
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HS gauge theory [35].

For all this reason a better understanding of the dynamics of HS states is important
for the analysis of quantum properties of String Theory.

The construction of an interacting HS theory is a main long standing problem (see
[36] for recent developments in the spin 3 case); the general Coleman-Mandula and
Haag-Lopuszanski-Sohnius theorem of the possible symmetries of the unitary S-matrix
of the quantum field theory in D = 4 Minkowsky space [37] does not allow conserved
currents associated with the symmetries of fields with spin greater than two to con-
tribute to the S-matrix (see also [38]). This no-go theorem might be overcome if the
higher spin symmetries would be spontaneously broken. There exists also another way
out: one could construct the interacting HS field theory in a vacuum background with
a non-zero cosmological constant (i.e. (A)dS), in which the S-matrix theorem does not
apply. Positive results along these lines have been achieved and the most notorious is
perhaps the Vasilievs interacting field equations, which involve an infinite number of
fields with higher spin [12], but an action principle for them is still lacking; further and
interesting analysis on HS fields in (A)dS background can be found in [39] and [40] [41].

Relations between HS field theory and Superstring Theory suggest us that one has
to study the HS dynamics in D # 4 and in particular in D = 10, that is the super-
string critical dimension. Note now that in D = 4 symmetric tensors of rank s (that
we denote with ¢,, . ., ) describe all possible higher spin representation of the Poincaré
group; in this case, in fact, all the irreducible massless representations of the Poincaré
group are classified by using the group SO(2) whose Young tableaux are single rows;
this implies that massless HS fields could be represented by totally symmetric tensors.
Something news happens in D # 4; in higher dimension, symmetric tensors do not
describe all possible HS fields. For example in D = 10 the compact subgroup of the
little group is SO(8); the representations of SO(8) are, in general, Young tableaux
with mixed symmetry; see [42] for a recent review on this topics.

In Appendix A we will discuss different approaches to HS gauge theory. In particular we
will focus our attention on the geometric approach to HS and conformal HS gauge theory.
Conformal HS is an interesting and important subclass of HS fields whose (at least linearized)
equations of motion are conformally invariant; it’s important to observe that in this case,
in every even D > 4 dimensions, conformal HS fields are not completely symmetric tensors,
and the corresponding Young tableaux are rectangles with s columns and % —1=n—1rows
(i.e. s® (n—1) Young tableaux); fields with this kind of symmetries will be denoted with
Ppn—1],-jn—1), (further analysis and references on conformal HS gauge theory can be found in
[43]).

In general, integer HS fields dynamics, both for completely symmetric or with the symmetries
of a rectangular Young tableaux, is described by the Frosndal (for completely symmetric
tensor) and Fronsdal-Labastida (that is the generalization for tensors with mixed symmetry)
equation of motion:

G(boél...o[S =0 and G¢[n_1]1...[n_1]s =0 (15)
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where G is the Fronsdal-Labastidal kinetic operator. It is important to emphasize that this
operator is a second order differential operator which guarantees the unitary of the theory.

Generalized Higher Spin Curvatures (HSC), or equivalently HS field strengths, are the
key ingredients of the geometrical approach to HS gauge theory.
More in general gauge theories are usually presented in terms of a local symmetry of
an action principle. Other ingredients, however, are gauge parameters, gauge fields
equation of motion and Bianchi identities.

Let now Y, be a Young diagram such that the number of cells of Y}, is p. We define
QI(DY) (RP) to be the vector space of tensor fields of rank p on R? which have the Young
symmetry type Y,. We define now the differential operator

d=(=)"Ypu10: Q?Y) (RP) — Q?}J/F)I<RD)- (16)

This operator acts as partial derivative of the tensor 7' € ny) (RP), then we have to

apply the Young symmetrizer Y,;; to obtain a tensor in Qz(’;)l; note that in general
d* # 0.

Let us restrict now ourselves to tensor fields in R” with the symmetries of a Young
tableaux with number of columns strictly smaller than s 4+ 1, and we consider gauge
potential with the symmetry of a rectangular Young tableaux with s columns®. Gauge
theory for arbitrary spin s in RP, by using the differential operator (16), can be pack-
aged into a complex, that schematically one can writes as:

|
4 & <4 ; (17)

~
Gauge parameter Potential Curvature Diff. Bianchi id.

the fact that (17) is a complex follows form the property d*™' = 0 [44]; moreover the
generalized Poincaré Lemma implies that the complex (17) is also an exact sequence.
This assures that the the differential Bianchi identity can be solved by introducing the
gauge potential, and this solution is unique (at least in R”); moreover exactness of
(17) implies that the curvature is gauge invariant only with respect the transformation
d(potential) = d(gauge parameter).

In particular, let now d; be the usual exterior derivative acting on the i** column so
that:

d; [Jd; =0 Vi=1,.5. (18)
j=1
In virtue of the generalized Poincaré Lemma one has

dR=0V i=12..,s = R=]][d¢ (19)
j=1

3Let us recall that in D = 4 gauge fields have the symmetry of a Young tableaux s ® 1 while in D # 4
and in particular in even dimension D = 2n we can construct also representation of the Poincaré group with
the symmetry of the Young tableaux s ® (n — 1).
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where R (i.e. curvature) and ¢ (i.e. potential) are multiforms which components are
irreducible tensor fields with the symmetry of the Young tableaux s® (m+1) and s@m
respectively, for some m. More details and generalization to tensor with different kind
of symmetries can be found in [45] [46].

Higher spin curvatures are constructed as the natural generalization of the spin 1
Maxwell field strength and of the linearized Riemann tensor in the case of spin 2. HS
gauge potential can be introduced by solving the differential Bianchi identity (19). The
main advantage one has by using this geometrical approach, is the fact that the theory
is automatically gauge invariant; otherwise HS potential equation of motion (obtained
from the traceless condition on the HSC) suffers for higher derivative problem, and
this implies that the theory is not unitary. This problem can be cured as follows: in
virtue of the generalized Poincaré Lemma one can introduce the so called compensator
field and after having gauge fixed it to zero the HS equation of motion reduces to (15)
(more details can be found in Appendix A).

In Chapter 2 we will analyze the physical contents of spinning particle models with
SO(N) extended supergravity multiplet on the world line, in flat target space, and for
every dimension D. We will focus our attention on the integer spin case (even N), and
we will quantize the model "4 la Dirac”; the phase space coordinates will be turned into
operators and the Hamiltonian, supersymmetry and SO(N) constraints are imposed as
operatorial constraints on the Hilbert space states. We will compare our results with
the conformal HS gauge theory and we will show that a canonical analysis produce
”conformal” HSC as physical states of the Hilbert space.

After having analyzed the spectrum of the SO(NV) spinning particle model, and after having
understood its physical contents we proceed computing the path integral.

One loop quantization of spinning particles is the main objective of Chapter 3. First
of all we will gauge fix the one dimensional supergravity multiplet on the circle and
we will introduce the Faddeev-Popov determinant to extract the volume of the gauge
group. We will calculate the path integral on the one-dimensional torus in order
to obtain a compact formula which gives the number of physical degrees of freedom
of the spinning particles for all N in every dimensions D. Let us emphasize that
the computation of the path integral allows us to obtain the correct measure on the
moduli space of the supergravity multiplet on the circle; this is going to be extremely
useful also to compute more general quantum corrections arising when couplings to
background fields are introduced.

Spinning particles with SO(N) supergravity multiplet on the worldline, can also propa-
gate, in fact, in maximally symmetric space (i.e. (A)dS). In this work we intend to analyze
the physical content of the spinning particle model with SO(NN) supergravity multiplet on
the worldline, coupled to maximally symmetric space. In the literature the dynamics of HS
in (A)dS background has been extensively studied; in (A)dSy, for example, integer HS gauge
potential ¢,,..., equation of motion reads

G p o =0; (20)
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where G4 is the Fronsdal-Labastida kinetic operator obtained starting from G by minimal
coupling plus terms introduced to restore gauge invariance. However it is not yet clear how
to obtain this operator starting from a pure geometrical object (i.e. (A)dS HSC). A possible
explicative scheme is the following:

s HSC _ _
HS Pl (A)dS HSC
5 l
{ .
Fronsdal—Labastida\e.o.m. HS

Fronsdal-Labastida e.o.m in (A)dS

where:

A~~=DB

e means that we go from A to B by using the generalized Poincaré Lemma

A---B

e means that B is obtained by minimal covariantization of A.

A—+B
e means that one should obtain B, starting from A by using the generalized Poincaré

Lemma; the interrogation point on the arrow emphasizes that an extension of this
Lemma in (A)dS space is still lacking, and we cannot use it as a guide line.

Recently some progresses in constructing (A)dS HSC have been obtained by Enquist and
Hohm in [47] where they have studied the dynamic of HS in (A)dS in frame-like formula-
tion?, and by Manvelyan and Ruhl in [49].

Conformal HSC in (A)dS,, will be extensively studied in Chapter 4. A canonical anal-
ysis of SO(N) spinning particles produces (A)dS HSC as the physical sector of the
Hilbert space. In order to find the relation between HS field strength and the gauge
potential, and in particular construct the Fronsdal-Labastida operator in (A)dS, we
cannot reproduce the procedure described for the flat case because the generalized
Poincaré Lemma is the key ingredient one needs to extract the potential from the cur-
vature (equivalently solve differential Bianchi identity) and construct gauge theories.

4Gravity (i.e. spin 2 theory) could be described using metric and curvature, or vielbein and spin connec-
tion. Frame-like approach is based on the generalization of vielbein and spin connection, instead of metric
and curvature, to the HS case (see [48] for a pedagogical review and references therein).



For this reason we will propose a different approach: we start from the results obtained
in the flat case limit, we will add suitable (A)dS corrections and we will use super-
charges constraints (i.e. differential Bianchi identity) to fix extra terms. In particular
we will propose an iteration procedure that let us to solve differential Bianchi identity
for every even dimension D and every integer spin s. The analysis is technically com-
plicated, for this reason we have decided to postpone part of it, regarding Pochhammer
function, in Appendix C.

Recently spinning particle models with Hyper Kahler (HK) and Quaternionic-Kéhler (QK)
background have attracted a great deal of attention in the context of studying radial quan-
tization of BPS black-hole [50].

HK and QK N =4 one dimensional supergravity will be analyzed in Chapter 5.
HK and QK geometries in dimension 4n and signature (2n,2n) enjoy sp(2n) and
sp(2) ® sp(2n) holonomy, respectively. Thus we will decompose SO(2n,2n) tangent
space indices with respect to the sp(2) ® sp(2n) subgroup and we will construct spin-
ning particle models with N = 4 supersymmetry and sp(2) ”internal” symmetry: the
sp(2) spinning particle model.

In HK this model enjoys rigid worldline translation, sp(2) symmetry and N = 4 su-
persymmetry. We will thus gauge these symmetries and we will study the first class
constraints algebra.

Then we will analyze the model with QK background and we will show that in QK
target space is no longer possible to maintain rigid supersymmetry, just a model with
local supersymmetry is allowed. We will analyze the first class constraints algebra, that
in this case becomes a non Lie algebra, and we will show that two possible interesting
gauged model should be studied with:

- Rigid sp(2) symmetry, local supersymmetry and worldline diffeomorphism.
- Local sp(2) symmetry, local supersymmetry and worldline diffeomorphism.
We will focus our attention on the first one and we will construct the BRST charge.

Moreover we will gauge fix the one dimensional supergravity multiplet on the circle
and we will construct also the gauge fixed action.
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Notations

During this work we will use the following notation:

Notation Meaning

D Space time dimension
D =2n Even space time dimension
a, 3, ...

Flat space time indices
Nap ~ (_7 +7 cey +)

Minkowskyan metric
dap ~ (+,+, ..., +)

Euclidean metric

100 7 Curved space time indices
[ Curved metric
N

Number of one dimensional supercharges
0J,..=1,2,..,N

SO(N) vector indices
1,J,..=1,2,...,N/2

SO(N) vector indices in complex base
Contraction over space time indices

Contraction over SO(N) vector indices

o

Poisson and Dirac bracket

Commutators or anticommutators

[zy] = 3 Antisimmetrization
[m] m indices totally antisimmetrized
{zy} = 2 (zy + yo) symmetrization
HS Higher Spin field
HSC Generalized Higher Spin Curvature
R Background curvature
HSC
¢

Integer HS field







Chapter 1

SO(N) spinning particle model

In this Chapter we will describe in details the main object of our study: the spinning
particle model with SO(N) extended supergravity multiplet on the worldline. This model
has attracted a great deal of attention in the context of studying the dynamics of higher spin
field (HS). As was shown by Gershun and Tkach in [1], and later by Howe et al. in [2], the
mechanics action of spinning particle with a gauged N-extended worldline supersymmetry
and a local SO(N) invariance, in D = 4 Minkowskian background, describes the dynamics of
free massless HS. In Ref [1] the massive case was completely treated too. For even dimension
it was thoroughly shown in [2] that upon quantization, the physical wave functions are
subject to a relativistic conformally invariant equation for pure spin % Let us postpone the
canonical analysis to the next Chapter; in the following we shall focus our attention on the
symmetries of the model and on the interaction with gravitational background preserving
one dimensional supersymmetry.

These one dimensional supergravity models were thought for a while to be consistently
extended to include coupling with an arbitrary gravitational background only for N =0, 1, 2.
When N is bigger than 2, it was originally concluded in [2] that the only space compatible
with " standard” local worldline supersymmetry transformations rules, is the flat one.

Nevertheless Kuzenko and Yarevskaya have shown in [27] that, with a suitable generalization
of worldline supersymmetry transformation rules, this statement can be generalized, for every
N, to space-time with constant non-zero curvature (i.e. maximally symmetric space):

Rul/po‘ = b(gupgyo’ - guagup) — R=10 d(d — 1) (11)
where b is a parameter related to the cosmological A by the relation

A= bw . (1.2)
2
The case b > 0 corresponds to d.S space, b < 0 to AdS.
In the following we intend to discuss and analyze the results obtained by Howe et al. in [2]
and Kuzenko and Yeravskaya in [27]; we will rederive them by using Hamiltonian analysis
that reveals an interesting non linear structure of the SO(N) extended superalgebra.

The SO(N) spinning particle action principle is characterized by a N extended supergravity
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multiplet on the worldline. The gauge fields (e, x;, a;;) of the N supergravity contain in
particular the einbein e which gauges worldline translation, N gravitinos x; which gauges
the N worldline supersymmetry, and the standard SO(N) gauge fields. The einbein and
the gravitinos correspond to constraints that eliminate negative norm state and make the
particle model consistent with unitarity [1]. Let us start discussing the ”rigid” model. The
coordinate space is spanned by the real bosonic variable 2%(7), that represents a map from
the worldline to the D-dimensional Minkowsky space time, and its supersymmetric partners
wiﬂ; a, =1,.., D are Lorentz indices, while 7,j = 1,..., N are SO(N) vector indices.

The dynamics is governed by the simple action principle

1
5= [ a5 + v mea) (13

This model is invariant with respect rigid time translation, SO(N) and rigid supersymmetry;
the corresponding Noether charges are

1

H = Zi%,
2

Qi = j?aw;x

Jij = “/Jff?ﬁﬁﬁaﬁ-

We extend now the model by gauging the symmetry generated by H, @); and J;;:
1 _ e’ . ay (s . i o, i !
S = /dtb@ "as(d® — ixapf) (@ — ixal) + MgV 9 — 50 ¥i w?naa] (1.4)

where (e, X;, a;;) is the one dimensional SO(N) extended supergravity multiplet; thus (1.4)
enjoys local symmetries

Supersymmetry
o’ = ieiz/)f
51/)15 = —eie_l(x'ﬁ—ile/)f)
5XZ = éi—aijej
(5011‘]' =0
Local SO(N)
sz = 0
5%@ = Oév:jlbf
de = 0 (1.6)
OXi = QijXj

. k
5@@' = Oéij + ozikakj — OéjCLki



Worldline diffeomorphism

oz = ¢&if
o) = &y
de = 0.() (1.7)

oxi = 0-(§xi)
(5aij = &(faij).

We introduce now p,, the conjugated momentum to x®; in first order formalism the action
(1.4) becomes:

2

In the previous expression we recognize the constraints

e i o, 1 (e . « i a
S = /dt [Poﬂ? +5%i U ag — e(50"Pa) — iXi (VD) — 50 (Vi Y ag) | - (1.8)

Qi = pty
1 (0]
H = 3Snasp P’

Jij = iwﬁdﬁfmag :
Note that these constraints are first class and the algebra reads:
{Qi, Qb = =205 H,  {Jij, Qutp = —200,Qy,  {Jijy M pp = —i6; T (1.9)

Let us recall to the reader that in the fermionic sector we have eliminated the second-class
constraint

i
P+ 5vt A0 (1.10)

and we use Dirac bracket
{0, b = —idim™. (1.11)

We intend now to extend the analysis introducing a coupling with gravitational background.
Our convention is the following: pu,v, ... are curved indices, we use the flat ones «, 3, .. for
worldline fermions and we introduce the vielbein e/ to raise and lower these indices:

ezegnaﬁ = Guv ¢7 - %“L@ff . (112)

The action proposed in [2], as the natural extension of (1.4) to the curved background case,
reads:

S = /dt [%guu(l’“ —ixavieh) (& —ixivier,) + §¢?(¢ia — @ + ' Wapt))

1
+ 2] Y]] Ragys (1.13)
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where w,qg is the spin connection field, and R.g4s is the curvature tensor.
A suitable generalization of (1.5) to the curved target space case, reads’:

dzt = et

b = —ee (el — ixUf) + i) U e,

de = 2ix€

OXi = € — aij€j

S (1.14)

The Action (1.13) transforms under (1.14) as

1 1 1
08 = /dt[i(ei){k - §5ik€le)¢/?¢f¢]¢?Rama + geek?ﬁz%ﬁﬁ%ﬁfﬂ}%ﬁﬁvﬂ%am&] . (1.15)

Howe, Penati, Pernici and Towsend have shown in [2] that this term vanishes only for N = 0, 1
or 2:

o N =1— 2Py R,p5,s vanishes because of the cyclic symmetry of Riemann tensor;

o N =2 — iy’ Y119V, Rapys vanishes because of Bianchi identity, while the first
one is zero because in this case the contraction of Riemann tensor with four Grassmann
variables has to be proportional to ;.

Thus for N = 0, 1,2 there are no constraints on the background; if N > 3 equation (1.15)
vanishes only if the space time is flat: R,g,5 = 0. This suggests that worldline supersymmetry
(1.14) is not compatible with gravitational background.

Howe, Penati, Pernici and Towsend concluded that this result seems to be very "natural”
and strictly related to the old problem of constructing interaction between massless higher
spin field and gravitational background.

However there is still an opportunity to construct SO(NV) spinning particle models coupled
to gravitational background: modify (1.14). We will discuss it in the next section.

1.1 Kuzenko and Yarevskaya construction

Kuzenko and Yeravskaya in [27] have shown how to introduce a coupling to constant non zero
curvature space. The starting point is the ansatz proposed by Siegel in [51] in which he has
constructed the D-dimensional action principle (1.4) starting from an explicitly conformal
O(D, 2) invariant mechanics action in D space and 2 time dimensions; Siegel has also shown
in [52] that all conformal wave equations, in all dimensions, can be derived in this way.

In the following will not focus our attention on the technique proposed in [27] to introduce a
coupling with maximally symmetric space; more details can be found in the original paper.

INote that this generalization in phase space coordinate corresponds with the minimal substitution of
the momentum p with covariant momentum 7.
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We limit ourselves in describing the results, and we will compare them with our Hamiltonian
analysis in the next section.
The action principle proposed by Kuzenko and Yarevskaya reads:

1 . . a v . a, v i o ~ .
SEY = /dt [%gwf@u —ixayieh) (& —ixabien) + sz (Yia — Qijthja + x“wuaﬁwzp) , (1.16)

where g, is the (A)dS metric.
This action enjoys local supersymmetry:

dzt = det
oUR = —eae @ty — ixguf) + et U] e,
oe = 22)(261
5Xz = 6z — Q€5
5C~Lij = —ibe[ﬂ/}j]a:'c“ez . (117)

Note now that in maximally symmetric space (i.e. Ragys = 0(1ay18s — NasN3y)) the action
principle (1.16) coincides with (1.13) except for the following redefinition of the SO(NV) gauge
field.

_ i
Q5 = Qjj — §€bwl wjoz . (118)

Thus we can conclude that spinning particle models with SO(N) extended supergravity on
the worldline, can be coupled to (A)dS background. In order to preserve local worldline
supersymmetry, the SO(N) gauge field has to transform under supersymmertry. In partic-
ular, from (1.17) and (1.18), one finds that (1.13) is invariant with respect to the following
supersymmetry transformation rules:

dzt = det
Ouf = —ee ! (itel — ixgUf) e ehw,,”
de = 2iy€;
OXi = € — aj€;
dai; = —bxr(exihjo + VR etja)- (1.19)

1.2 Hamiltonian analysis

We would like now to reanalyze, and extend just a little bit, the results discussed above by
using Hamiltonian approach.

First of all let us recall some useful formula [53].

Le X be matter fields both fermonic and bosonic and Px their conjugated momentum. We
consider the action principle, written in first order formalism

S = /dt[XPX — Hy) . (1.20)



6 SO(N) spinning particle model

We introduce now a set of gauge fields G, to enforce into the action a set of constraints
V, =0

S = /dt[XPX — Hy — G,V?] . (1.21)

These constraints are first class and the algebra reads
{‘/177 Vq}pb — C;qv;f
{Ho, Vot = K3V, (1.22)

where C;q and K are, in general, functions of the phase space coordinates.
Action (1.21) is invariant with respect the following transformation:

(5€X = {X, EpGp}pb
3.G1 = ¢+ GlePCY, — K (1.23)

where in an obvious notation €? is the gauge parameter associated to the gauge generator
(or equivalentely first class constraint) V7.

We use now relations (1.22) and (1.23) to analyze spinning particle model in (A)dS. Let us
recall that the SO(N) extended algebra in flat background reads

{Qi,Qj}pp = —2i6;;H, {Jij, Qutpp = —2i6,:Q;1, {Jijy T = —if5[[f<]ﬂ -

In a generic curved space one may attempt to covariantize it. Using tangent space flat indices
instead of curved ones it is straightforward to generalize the SO(N) generators, and using
the vielbein e#, one obtains the covariantization of susy generators that thus reads

Qi =V eqmy (1.24)

where 7, is the “covariant” momentum 7, = p, — %wm[gwamﬁ,and 1@ o1)? /2i the generators
of the SO(D) Lorentz group. In our notation o means contraction over SO(N) vector indices.
The Hamiltonian constraint in (A)dS background becomes

—~

1 1
H = §7T”7TV9W — ng 0 P9 0 Y Rypeq - (1.25)
Ho Hr

After a straightforward computation one obtains

-y v a

{Qi7 Qj}pb = _Zgu TuTy 5ij + éRaﬁ'y(S ?ﬂ{z%ﬁ} w’y o Ws (126)
1

{H,Qi}p —gvaRama YT 0 pPpT o (1.27)

The latter vanishes for locally (Riemannian) symmetric spaces. However, even in such a case
the closure of (1.26) seems not to be guaranteed, at least not in a trivail way. Let us now
restrict ourselves to manifolds equipped with the Riemann tensor

Ropys = f(x)(naynﬁa - 77a677,8'y)- (1.28)
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The algebra now reads

{Qi, Qjtpp = —20Hodij + if (x) JinJjk

= —2iHé;; +if(x)JixJjx — zf(x) Jie i
1 .
{Qi, H}py = Zwauf(ﬁ)%‘kﬂk
{Qi, Jjk}pp = 200:Q
{Jij, Jlm}pb = SO(N) algebra . (129)

from which one can compute the transformation rules for the SO(N) gauge fields:

7 ay = T e et ue) - T2 upvatge + )
FF@WGaxren + Y U a0, (@)ees (1.30)
ki)
§ay = 0,(Eay) + 3 ULV (@) (131)

ki,

when f(z) = b one recovers the transformation rules (1.23).
Equation (1.23) and (1.30) are not exactly the same, but they differ for a trivial symmetry
0" which vanishes on shell. In particular

new 1 i 7 7 7 7
0" ai; = S¥uk(Xwesn) = —5¥p¥a(S0mXica + 50X + 50X + 50%aXpen) (1.32)
that looks like 5o Cijpg With Cijpy = —Clgij; note that the variation of the action with

respect (1.32) vanishes, in fact, only for symmetry reason.

We will analyze now, for every dimension D, the space-time with non constant curvature we
have used above (1.28):

Roprs = J(2)(Marnps — NasNpr) (1.33)
Rgs = R%3,5 = (D — 1) f(z)ngs (1.34)
R=R", =D(D—1)f(x). (1.35)

We impose the Bianchi identity:
voRaﬂ’yJ + VcRaﬂéa + vdRaﬂa-fy = 0. (136)

Let us now contract the previous formula with n®/n*

1
Val(R = S05R) = 0. (1.37)
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When we substitute (1.34) (1.35) in (1.37) we obtain

(D-1)(D-2)
2

B3 f(x) = 0. (1.38)

This condition is satisfied in every dimension when f(z) is a constant ((A)dS and Minkowsky)
and just in dimension two for every f(z).

Finally the SO(N) extended algebra (1.29) in (A)dS background becomes:

{Qi,Qitpy = —2iHo;; +ibJyJj — Znglek(Sij

{Qis Jigtpy = 205:Q (1.39)
okl

{Jij, MYy = —id; ]

In Appendix B we will use Koszul-Tate algorithm to the construct the BRST charge associ-
ated to this quadratic superalgebra.

1.3 Comments

In this Chapter we have constructed and analyzed spinning particles with SO(N) extended
supergravity on the worldline. In particular we have rederived the model coupled to maxi-
mally symmetric background, with a canonical analysis at the classical level. This approach
has produced as a byproduct more general coupling in D = 2, and has revealed an interesting
non linear structure of the first class constraints algebra. The action principle we started
with is the one proposed by Kuzenko and Yarevskaya in [27]

1 . . « 7 . o, v i a ~ .
S = /dt[Q—eguu(l’“ —0aYien) (@ — ixivieq) + Ui (Yia — Gigthja + gty
Let us redefine now the SO(N) gauge fields a;; as (this is obviously legal):
CNLZ'j = Qyj + ibk e ¢?¢ja (140)

where k is an arbitrary constant. The first class constraints become

Qi = IMLT‘-M
H = 1 2 k a,;b,c dR
- §7T +Z¢z¢z¢]¢] abed
Jij = Wi (1.41)
and the algebra reads:
. 1 .
{Qi» Qj}pb = _2ZH5ij —+ Zb(§ — k)Jsz]k + zkallekéij

(QuHYp = =2ib(5+KQuy. (1.42)
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During this work we prefer to use k = —% because with this choice the gauge fixing procedure
seems to be easier. In Appendix B we will discuss also the gauge fixing of the SO(N) spinning
particles in (A)dS background and we will construct the gauge fixed action.

We resume now, for commodity, the results obtained in this chapter, regarding spinning
particles models with SO(N) extended supergravity multiplet on the worldline with (A)dS
background:

e Action:

S = /dt [%gw(wu —axaiel) (3 —dixayter) + §¢?(¢m — @i¥ja + T'Wuasty)

1
eV U]V Ragas |

e Symmetries:

Supersymmetry
dxt = et
BU = el (e — ixgu) e vl el
de = 2ix€
OXi = € — Qij€j
daij = —bxi(exdiVja + Vi €ia)-
Local SO(N)
oxt = 0
o = aydf
de = 0
OXi = ujX;
5aij = O.éij‘i‘OCik@kj_Oé;gaki

Worldline diffeomorphism

Szt = it
o = &y
de = 0;(&e)

oxi = 0:(&xa)
daij = Or(8as).
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SO(N) spinning particle model

e Algebra:

{Qi: Qj}pb
{Qi Tk b
{Jij, T oo

b
—2ZH5” -+ ZbJZkJ]k — Z§Jlkt]lk(sz]
201 Q51
ok ]
0y



Chapter 2

From spinning particle to HS

In this Chapter we give a detailed analysis of the quantization of the SO(N) spinning parti-
cle models with flat background. We will show that spinning particles with SO(N) extended
local supersymmetries on the worldline, constructed and analyzed in the previous Chapter,
describe the propagation of particles of spin N/2 in four dimension. A canonical analysis
produces, in fact, the massless Bargmann-Wigner equations [28] as constraints for the phys-
ical sector of the Hilbert space, and these equations are known to describe massless free
particles of arbitrary spin.

We proceed analyzing in details two very interesting cases, N = 3 and 4, corresponding to
spin % and 2, in order to derive explicitly the well known massless Rarita-Schwinger and
graviton equation of motion in D = 4.

More generally, SO(N) spinning particles are conformally invariant and describe all pos-
sible conformal free particles in arbitrary dimensions, as shown by Siegel in [7]. In the second
part of this Chapter we will analyze carefully the even N case (i.e. integer spin) in every
even dimension D = 2n. In particular we will show that SO(N) spinning particle models
produce, upon quantization, conformal higher spin curvature (HSC) as physical states of the
Hilbert space; more details about HSC and the geometrical approach to HS fields can be
found in Appendix A.

Finally we will solve the differential Bianchi identity and we will derive the Fronsdal-
Labastida kinetic operator, describing the dynamics of free HS fields with mixed symmetry.

2.1 Bargman Wigner equation of motion

It is well known that the Klein-Gordon equation for a spin 0 particle can be obtained by
quantization of a relativistic particle model. Moreover a canonical analysis of spinning par-
ticles with N = 1 worldline supersymmetry produce the massless Dirac equation of motion.
More in general the wave equations for arbitrary spin can be obtained by quantization of
spinning particle models with SO(N) extended local worldline supersymmetry [2]. Precisely,
in D =4, SO(N) spinning particle action describes, upon quantization, a massless particle
of spin %
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Let us rewrite for commodity, the one dimensional supergravity model we would like to
analyze from a first quantized point of view:

l

2aijjij] (21)

S = /dt[paj;a + %W%ﬁﬁaﬁ —eH —ixiQi -

where (e, x;, a;;) is the one dimensional supergravity multiplet we introduce to enforce into
the action the constraints

H=-p*~0 (2.2)

Qi - ¢?pa ~0 (23)

Jij = 1ije =0 I . (2.4)

When one quantizes “a la Dirac” these models, the constraints H, ); and J;; have to be
imposed as operatorial conditions on the states on the Hilbert space. In principle these states
are complex, but in what follows we shall suppose that they satisfy a reality condition. This
is possible for arbitrary even D when N is even. The required reality condition takes the
form of identification under worldline time reversal and was discussed in [54] for the spin 3
particle. We shall now show that the equations obtained in this way are relativistic wave
equations for spin % For the sake of concreteness we shall discuss the D = 4 case, extension
to D # 4 will be analyzed later.

To perform the quantization let us turn phase space variables into operators
O— 0O ; (2.5)

Poisson and Dirac brackets are promoted to (anti)commutators (we use h = 1)

{"'}pb _)Z[’] : (2'6)
Phase space coordinates, both bosonic and fermionic, satisfy:
[x%, pg| = 05 [, ) = 6,17 (2.7)

and the SO(N) extended supersymmetry algebra (1.9) becomes:

Qi Q) =20;H  [Ji, Q)] = 26:;iQ; [T, J™) = 5[[5J?] - (2.8)
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From the previous algebra one can observe that, after having imposed the condition Q,|¢) =
Jij|l¢) = 0 the constraint H|¢) = 0 is automatically satisfied.

The wave function is a multispinor ¢(x)a, . 4y, Where a; are spinorial indices.

The Grassmann operators 1] are the generators of Clifford algebra; they can be represented
in terms of Dirac y-matrices as follows!

1
= Y ®. RYNVRI® .21 . 2.9
P 75 Y QY 81 (2.9)

i—1 N—i

In the bosonic sector the @, p commutation relation is realized in the usual way by settings

(e — xa

.0
P = ore

We start imposing the constraint (2.3); this implies that, with respect each spinorial index,
®ay....ay Satisfies a Dirac-type equation:

Qz|¢> =0 = (&)bai¢a1-..ai.--a1\r =0. (2'10)

Let us now use the operator J;;. It could be written in gamma matrices basis as

7
Jii=—1®..... 1 Y . . W R1I®..®1 . 2.11
j 2®.1® RV R Ve @ Vo Ve ® ®N~® (2.11)
i j—i—1 —j

The relation J;;|¢) = 0 yields

(Y)a, ™ (1) 0, Pariis -y = O- (2.12)

We contract the previous expression with any element I'™ of the four-dimensional Clifford
algebra basis

L = (1,9%,7%%, 7", 7") (2.13)
and we obtain a set of relations:
(’Var(m)’ya)aiaj(bal...&i...dj...aN = 0 . (214)
Note that we use the charge conjugation matrix to lower and riser spinorial indices

(D™ = (1) 2Cy, (2.15)

a

We use now the identity

(v°T ™) = (=1)"(D — 2m)T™ (2.16)

"'We work, now, in four dimension; this construction could be generalized to every even D. Let us
comment that v* plays a fundamental role to realize the anticommutation relation (2.7), this is one of the
most relevant obstacle in generalizing this construction for odd D where v* = 1.
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and in D = 4 equation (2.14) reduces to
(F(m))&i&j¢a1...ai...aj...aN =0 with T £ nab (2.17)

Since in D = 4 7*# is symmetric in spinor indices, the previous relation implies that
Pay...a;...a;..ay 15 @ completely symmetric multispinor. This could be easily understood by ex-
panding ¢ on the Clifford algebra basis; relation (2.17) implies that just terms proportional
to v survive. This conclude the proof since from (2.17) and (2.10) we obtain explicitly the
Bargman-Wigner e.o.m.

(D) ¢ay.aran =0 where  @q,. 4y is a completely symmetric multispinor

(2.18)

2.2 Gravitino

In this section we will show that, by solving explicitly the equation (2.17) for N = 3in D = 4,

one obtains the massless Rarita-Schwinger equation of motion describing the dynamics of a
in 2 field%:

spin 3 field®:

(%), 05U = 770505 = 0 (2.19)
with

off B .« ad . B

e e L e i A AR A

It is very useful to rewrite (2.19) by contracting it with v, and d,:

Yy P05Us =0 = Ply-V)—9- V=0 (2.20)
0y P0s¥s =0 = PPy V)~ P(y- ) =0. (2.21)

We expand now the wave function on the gamma matrix basis, in this way:

¢abc - (F(n)>abX(n)|c (222)

As was just discussed in the previous section, J;j|¢) = 0, in four dimension implies:

2Where we don’t write spinor indices a, b, c, .. it means that they are contracted.
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(D)"Y Gayaza5 = O (2.23)
(V)" Garazas = 0. (2.24)

From (2.22), (2.23) and (2.24) one finds that the wave function can be written as

Gave = (V7 )abXaslc (2.25)
and Xag|c has to satisfy the relation
(v*)*Xagle =0 . (2.26)
Now we use the supercharges constraint (2.3) and we obtain:
(V)2  Opbarazas =0 i=1,2,3. (2.27)

This relation plays a key role; it implies that x,g|. is a closed two form, so it could be written
as
Xagle = 0a¥pie — OpWalc - (2.28)

We substitute now the previous expression in (2.26) and we obtain:
DU, — Dy - W) = 0 (2.29)
Contraction of the previous relation with v* and v*@ produces

YDV — Ou(y- V) =0 = J-V—P(vy-¥)=0 (2.30)

VPPPa—Oa(y-¥) =0 = PPy V)= (y-¥)=0. (2.31)

Note now that (2.30) and (2.31) coincide with (2.20) and (2.21) and this conclude our proof.

2.3 Graviton

In this section we will discuss the case N = 4 (i.e. spin 2) in D = 4. This example reveals to
be very useful for future analysis; we will use a different way, with respect the one we have
discussed in the previous section, to realize the algebra.

In particular we use complex combination of SO(N) vector indices

Wi vg.vs.uf) = (ALATAL A (2.32)
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where
o o Ui o VB 08
2 2
g - o o

Equations (2.2) (2.3) and (2.4) in this complex base become.

H:%p2

QI = A?pa QI = x?poc
Jrg = iy JY = ixA
JIJ - %[AI7 XJ] .
where I, J = 1,2. In our notation raised indices are complex indices
Jiy=J/’ Jig=J" .

In the following we prefer, sometimes, consider the operators J;” with I # J and I = J
separately; to this aim we introduce the notation

J;7 when I#J
JIJ = ) (2-33)
J/' when I=J

note that this notation doesn’t imply in J;/, where is not explicitly indicated, a sum over
complex SO(N) vector indices.
In this new base Grassmann variables satisfy the anticommutation relation

(AT, AJ] = 6rm™ (2.34)

and the algebra is realized by setting

0
0N

AY = \¢ A7 (2.35)

Note that in writing J;/ we have fixed the following ordering

é(A“ 0 —iA?):m 0 o

J! = —
! Faxe — axe Faxe

States of the full Hilbert space can be described as functions of the coordinates x® and A7.
We denote, as usual, with ¢ the eigenvalues of the operator x®, while for the fermionic
variables we use bra coherent states defined by

(ATIAT = ATIAT
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Any state |¢) can then be described by the wave function

¢(x, Ar) = ({z] @ (M| @ (A2])]9). (2.36)

Since A\; are anticommuting variables, the wave function has a finite expansion

Gz, A1) = A(z)+ A@x) N+ A()  APN2 + A(2)L AT+

aron a11

FA()I NIN92\9E L A(g) I ey \B (2.37)

ajazag arazf

We start solving the constraint J;!. In particular we use the relation J;%|¢) = 0 to select
only one tensorial structure on the expression (2.37):

JII¢(x7 >‘I) =0 = ¢(I7 /\I) = A(I)ala25152)‘?1)‘?2>‘§1/\52' (238)
From the other SO(4) operator we learn that:

']12¢ = 0 = nalﬁlA(x)mO@ﬁlﬁz =0 (239>

J12¢ = 0 = A(x)[amz@ﬂﬁz =0. (2'40)

It is not hard to show that at this point the constraint J2|R) = 0 is automatically satisfied.
Let us now resume the informations we have obtained above:

e The wave function is proportional to a 4-rank tensor ¢(x) “» A(Z)aya0p 6, -

From (2.38) one can easily reads the symmetry property of A:

A(x)oqozzﬁl@ = _A(x)oczoclmﬁz = A(x)ﬁlﬁzoqaz = _A(x)alazﬁzﬂl

The 4-rank tensor A(Z)a,a,p 3, satisfies the algebraic Bianchi identity (2.40);

Note also that A, a,s 8, has to be traceless (2.57).

We use now supercharges and we obtain:

Q0v=0 = 05 A(%)ayas)818, = 0 A closed (2.41)

and

Q'¢o=0 = 0° A(T)s0ppr = 0 A co-closed. (2.42)

We proceed now analyzing carefully relations (2.39)-(2.42).

Note that equation (2.41) implies that A(z) is a closed multiform, equivalently satisfies
differential Bianchi identity with respect the first couple of indices aq, s or the second
couple (31, 32. Thus we can use the Poincaré Lemma to introduce a rank-3 tensor K, g3,

defined by:
A(x)a1a25152 = amKaQﬁlﬁz - aaQKOllﬁlﬁz' (2'43)
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We substitute now (2.43) in (2.40), and we solve it as a function of K; explicitly we obtain:

a[alka2ﬁl]ﬁ2 =0 = Ka25152 = 80225152 - 851)26032 (244)

where K, 8182 = Kazp)s,; this tensor with mixed symmetry is strictly related to the Fierz-
field that has been extensively studied by Novello and Neves in [55] as an alternative approach
to describe gravity (known in literature as Teleparallel gravity [56]).

An iterative procedure let us write (2.44) in terms of K and in particular one finds:

2K&25152 = 80425%[/31[32] - aﬁlxazﬁz + 8ﬁ2Xa2ﬂ1 (245)

where we have defined x.3 = X{ag}-
We are ready now to write the rank-4 tensor A(zx) as a function of a rank-2 tensor x:

A(x)a1a251ﬂ2 = aﬁla[azxal]ﬁ2 - aﬁ2a[&2xa1]31 . (2'46)

Note that, at this point, condition (2.42) is automatically satisfied.
We substitute now (2.46) in (2.57), and we obtain the graviton e.o.m.

9095Xas — 0aOsXap — Oxsp — Jp0sx = 0 (2.47)

where y = n®’y,s. Finally it’s not hard to prove that (2.47) enjoys the gauge symmetry:

5Xo¢[3 = a{agﬂ} (248)

2.4 From spinning particle to integer higher spin gauge
theory

We use now the idea inherited from the N = 4 case. We consider even N = 2s and we work
in even dimension D = 2n. Let us forget, in the following, about the bold font, as its obvious
that we are now dealing with quantum operators.

We use complex combinations of the SO(N) vector indices

P with i=1,...,N=2s, = (A% NY) with T=1,.,s (2.49)
so that B
A N =P, (2.50)
with
- %)
Aot = 557 - (2.51)

Explicitly the SO(N) generators are:

Jig = AT A (2.52)
o 0

J! = Z/\IG_)\‘} indy (2.53)

J = ia 0 (2.54)
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and the algebra is
[QI; QJ] = 26IJH

[J15,Q%] = i6,"Qy [Ji7,Qk] = 0k7Qr
[JIJ,QK] — i(SK[‘]QI] [J[J,QK] _ —iCs]KQ']-

The wave function, R(z%, \¢) = ({(z] ® (A\7])|R), depends on the coordinate z* and on the
fermionic degrees of freedom A}; in analogy with the spin 2 case, it can be Taylor expanded
in terms of A.

We start imposing the constraint J;/|R) = 0 and we find that:

JIR) = 0= R(2*,AY) = Ry an|pr. o (T) AT AT AT A (2.55)

Note that this implies that in the wave function survives only a tensor structure that has
s blocks of n antisymmetric indices. For commodity in the following we prefer to use the
shortcut notation R[nhm[nh)\[lnh N

We proceed now imposing the other constraints on the wave function (2.55).

The constraint J;7 remove a A% from the Jt block and add a A{ in the I th one; it
produces the condition
Rinjy-nt1]7-[n-1]y.n]s = 0 - (2.56)

This is a constraints that guaranties the algebraic Bianchi identity.

We use now J'/. It removes two Grassmann variables, one from the I** and one from
the J block; the corresponding vector indices are contracted and the condition J//|R) =0
yields:

UJVR[nh,W,U[n—1]1,~~~,W[n—l]w--,[n]s =0. (2.57)

Thus this constraint remove all the traces into R.

One can notes that at this point the condition J;;|R) = 0 is automatically satisfied. It
does not arise as a consequence of the algebra, but it is related to the hermiticity properties.
One could view it as a consequence of a duality symmetry which takes the dual in the I*"
block of indices by the operation

which can be obtained with a discrete O(N) transformation and in particular a reflection on
one real coordinate. In particular Jr;|R) = 0 reduces to a sum of traceless constraints that
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are just implemented into the condition J/|R) = 0. Explicitly one has that the operator
Jr; adds two Grassmann variables into the I*" and J* block:

Ry AT AT Al e — g, (2.59)

Note now that when vector indices into [n|; and [n]; assume the value o the previous relation
vanishes identically because of the property of the Grassmann variables. Let us recall that
2n = D, for this reason

Ry g AT AP ARy Al

S

does not vanish identically only if at least one index into the I** block is contracted with
one index into the J block; it implies that the constraint Jr;|R) = 0 produces a sum of
traceless, double traceless and multiple traceless conditions

Z th’r'kR[n]l...MS =0 (2.60)
k=1

for some coeflicients cy,.

We are ready now to attack the supercharges constraints. ); adds a Grassmann variable
into the I™* block and its vector index is contracted with a partial derivative

Do Ryt M-+ AT - Al = 0; (2.61)

thus @7 produces the differential Bianchi identity (i.e. closing condition) as a constraint on
the wave function.
In addition )7 removes a Grassmann variable from the J! block and substitute it with a
partial derivative:

aJR[n]l---,[nfl]Ia,---,[n]s/\[lnh . )\[In—l]l . )\Ln].s _ 0’ (2.62)

that is the co-closing condition on R, that at this point it is automatically satisfied as a
consequence of the algebra ([J1/, Qx] = idx’ Q! — idx Q7).

Let us recall that [Q7, Q] = 2H; it implies that, at this point, also the constraint H is
automatically satisfied.

Let us summarize and explain further what we have obtained before:

e The constraints J;/|R) = 0 correspond to the subgroup U(s) C SO(2s), which is
manifestly realized in the complex basis. The curvature R that solves these U(s)

constraints has “s” symmetric blocks of “n” antisymmetric indices each, and satisfies
the algebraic Bianchi identities . Antisymmetry in each block is manifest.

e Symmetry between blocks can be shown by using finite SO(s) C U(s) rotations. For
example, consider the rotation that exchanges \; — \; and A\; — —\; for fixed I and
J. This proves symmetry under exchange of the block relative to the fermions A; with
the one relative to the fermion A ;.
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e Note that the fermionic Fock vacuum |V') ~ V() is not invariant under the subgroup

[U(1)]* € U(s), as the generators J;' for I =
phase (J;'|V) = —iZ|V)). It is the vector |R)

This is collected in the following table:

J]I|R> = 0 = |R>NR[n}1---[n]5

IRy =0 = Rint1hfn-1ls..fn)s =
QiR) = 0 = g Ran.anlinlz..fnls =
‘]IJ|R> = 0 = Ra[n—l]ho‘[n—l}g...[n]s =
JulR) = 0 = Y atr*Ryy ., =0 =

QI|R> =0 = aalRal..an[n}g...[n]s =

1,..,s transform it by an infinitesimal
in eq. (2.55) that is left invariant.

HSC
0 Algebraic Bianchi identity
0 R closed

0 R traceless

0 Sum of traceless conditions

0 R co-closed

These coincides with the geometrical equations of de Wit-Freedman [31] but in a differ-

ent basis [29] [9].

Thus we can conclude that spinning particle models with SO(N) extended supergravity

on the worldline, produce, upon quantization, confor

mal HSC as the physical sector of the

Hilbert space (more details could be found in Appendix A).

In Young tableaux language we have:

R) ~ Ratoad). fagas, =

and

OaRat-ab)..la a5 =

al al
(2.63)
ay, ap
al aj
=0 (2.64)
a'7lL afb
9]
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2.5 HS gauge potential

We would like now to solve the differential Bianchi identity (2.40) and introduce the gauge
potential (i.e. HS field).
We define the operator

qs = Q1Q2-'Qs (265)

which satisfies Qrqs = ¢sQ; = 0 for any I. In fact, powers of the (J; may be non vanishing up
to the s-th power, since then any additional application of any of the ();’s makes it vanish,
because of the algebra [Q, Q;] = 0 which in particular implies Q? = 0 at fixed I. Then the
differential Bianchi identity (i.e. Q;|R) = 0) can be solved by using the generalized Poincaré
Lemma?® [45] [46] as

|R) = gs|¢) - (2.66)
We focus now our attention on the U(S) constraints; we compute
JIJQS‘¢> = ([JIJ> qs) + quIJ)|¢> = qs(i51J + JIJ)W) =0 (2.67)
which can be solved by requiring that
i’ |6) = —idr’|9) (2.68)
which says that |¢) has the form
16) ~ Barocan s s () ATATT LA A (2.69)
and satisfies the algebraic Bianchi identities. In particular, the tensor ¢ is symmetric under
block exchange. Thus equation (2.55), the algebraic and differential Bianchi identity are

solved.
Note now that ¢ and is represented by the Young tableaux:

¢a1..an_1\...|a1.‘an_1 (ZL‘) = (270)

One may now implement the traceless condition and then all the other constraints are solved
automatically. We force now the generalized curvature to be traceless (in our mind this step

3This Lemma assures also that the solution we are going to propose is unique.
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coincides with the computation of the e.o.m.):

T2 qld) = T Q1Q2Qs..Qsl0) = Q3..Q T Q1Q2]9)
——

Gextra

[J'2,Q1]Q2 + Q1[J"%, Qa] + Q1Q2J12} |p)
Qs | — 1Q°Q2 +1Q1Q" + Q1 Q2" [0)
= G| = 2H +i(Q1Q" + Q2Q%) + Q12272 [0)

- 1 -
= Qo | — 20H +iQQ" + EQIQJJ]J o)
= Qourra!G|0) (2.71)

where we have defined the Fronsdal-Labastida operator

qemtra

G=—2H+Q;Q"+ %QIQJJJI (2.72)

which is manifestly U(s) invariant. In fact, one may compute [J;7,G] = 0. A similar
expression holds for J'2 — JI/ so that imposing the traceless condition one obtains (in an
obvious notation)

Qevtrars ZG‘¢> =0. (2'73)

Before describing a solution to this equation let us discuss the gauge symmetries. Using an
arbitrary vector field V#(z) we may define

I 1 uyT
Vi=VHEX, (2.74)
and use it to describe the following gauge transformation
8|g) = QrV*E) (2.75)
which is a gauge symmetry of |R) = ¢|¢). Since [J;7,QxVE] = 0, one requires that
J7|€) = —idr7|€) to guarantee that |¢) and d|¢) describe tensors with the same Young

tableaux. Having familiarized with these techniques, let us describe the solution to eq.
(2.73). Recalling that the product of s + 1 @;’s must vanish, one obtains the following
solution

Glo) = QrQ,QxW W/ W!|p) (2.76)

which depends on an arbitrary vector field contained in W’ = W#A. and on [p) which
satisfies J;7|p) = —idr”|p) (so that it belongs to the same space of |@) and |£), i.e. it has the
same Young tableaux). These are the equation of motion for HS fields written using the so
called compensator fields described by WEW W |p) (see Appendix A, [29] and references
therein). To study how gauge symmetries act on these equations, one may compute the
gauge variation of G|¢) using (2.75)

Go|p) = %QIQJQKVKJ‘HK) : (2.77)
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This implies that the compensator field transforms as:
SVEW W) = SVIETNg) (2.78)

With the choice V# = W* and J/!|¢ >= —W/W!|p > we can gauge fix the compensator to
Zero.
Now the HS potential e.o.m. reads

Gl >=0. (2.79)

The previous e.o.m. is gauge invariant
G3l¢ >= 2QiQuQr IV Vg > (2.80)

only if we force the gauge parameter to be traceless. Thus we have obtained the Fronsdal-
Labastida equation of motion, with the correct traceless condition on the gauge parameter.
We apply now the operator

o + %QJJ‘H (2.81)

on (A.38) one obtains the relation

1
ZQJQKQMJKMJ‘HW) = Q QrQu(—iQ" —iQnJ N YW WEWM QYW WEWT)|p)
(2.82)
which implies that the gauge fixing of the compensator to zero forces the HS spin field to be
double traceless.

This conclude our analysis; we have in fact solved explicitly (2.2) (2.3) and (2.4) for every
even N (i.e. integer spin) in every dimension D = 2n. In particular we have reobtained,
by using our language and notations, the well known Fornsdal-Labastida e.o.m. describing
the dynamics of free higher spin field with mixed symmetry. One advantage one finds by
using the approach described above is the fact that equations are quite compact and do not
depend on the space time dimension.



Chapter 3

One loop quantization and counting
degrees of freedom

In this Chapter we study the one-loop quantization of the spinning particle model with
a SO(N) extended local supersymmetry on the worldline. We restrict our analysis to flat
space, and we will calculate the path integral on the one-dimensional torus to obtain compact
formulas which give the number of physical degrees of freedom of the spinning particles for
all V in every dimensions. We will obtain also the correct measure on the moduli space
of the supergravity multiplet on the one-dimensional torus; this should be useful also to
construct the quantum field theory effective action and to compute more general quantum
corrections arising when couplings to background fields are introduced.

Our starting point is the Minkowskian action (1.4) or equivalently (1.8). In the following we
prefer to use euclidean conventions, and perform a Wick rotation to euclidean time t — —i7,
accompanied by the Wick rotations of the SO(N) gauge fields a;; — ia;j, just as done in [4]
for the N = 2 model. We obtain the euclidean action

! 1 -1/ a)2 1 e’
Sl = [ ar |57 - x4 3060, — o) 5.1)

where X = (2, 9¢¢) collectively describes the coordinates  and the extra fermionic degrees
of freedom ¢ of the spinning particle, and G = (e, x;, a;;) represents the set of gauge fields
of the SO(N) extended worldline supergravity. The euclidean model (3.1) enjoys the gauge
symmetries on the supergravity multiplet given by

56 = £+ ZX,LGZ
OXi = € — Qij€j + ;X
5a,»j = Oé” + ozimamj + ozjma,»m (32)
where (¢, €, a;;) are diffeomorphism, supersymmetry and SO(N) gauge parameters; in the

previous formula we have also Wick rotated the gauge parameters ¢; — —ie;, & — —i€.

In this chapter, in particular, we would like to study the partition function on the one-
dimensional torus 7T
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DXDG _ _gxg)

Z ~ —_—
1 Vol (Gauge)

(3.3)

Bosonic coordinates have periodic boundary conditions (PBC), while we will take fermions
and gravitini with antiperiodic boundary conditions (ABC) on the one dimensional torus.
This choice will reveals to be very useful soon.

Our strategy reads:

e Gauge fix the local symmetries (3.2). In particular we will choose a gauge which fixes
completely the supergravity multiplet up to some moduli.

e Use the Faddeev-Popov method to extract the volume of the gauge group.

e Calculate the path integral.

3.1 Gauge fixing on the torus

We start now fixing the gauge freedom. In particular using (3.2) we choose the convenient
gauge configuration

(€7Xi7aij> = (ﬁa Oadij) (34)

where 3 and a;; are constants. Let us now discuss in more details this gauge choice.

EINBEIN:

The gauge choice of the einbein is rather standard, and produces an integral over
the proper time [ [16].

GRAVITINI:

The fermions and the gravitinis are taken with antiperiodic boundary conditions (ABC).
This implies that the gravitino can be completely gauged away as there are no zero
modes for the differential operator that relates the gauge parameters ¢; to the graviti-
nos, see eq. (3.2).

SO(N) GAUGE FIELDS:

For the SO(N) gauge fields, the gauge conditions a;; = ;;(0)) can be chosen to depend
on a set of constant angles 6y, with k = 1, ..., 7, where r is the rank of group SO(N),
taking values on the Cartan torus of the Lie algebra of SO(N). These angles are the
moduli of the gauge fields on the torus and must be integrated over a fundamental
region. Let us now show explicitly how to reach this gauge configuration.

We parametrize the one-dimensional torus of the worldline by 7 € [0, 1] with periodic
boundary conditions on 7.
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Let us start with the simpler SO(2) = U(1) group. For this case the finite version of
the gauge transformations (3.2) looks similar to the infinitesimal one

ad = a+«

1 .
= a+;g—1g, g=e*cU(l). (3.5)
One could try to fix the gauge field to zero by solving
a+ca=0 = a(r) = —/ dta(t) , (3.6)
0

but this would not be correct as the gauge transformation
g(r) = e o Ha®) (3.7)

is not periodic on the torus, §(0) # g(1). In general this gauge transformation is not
admissible as it modifies the boundary conditions of the fermions. Thus one introduces
the constant

6= / " dta(t) (3.8)

and uses it to construct a periodic gauge transformation connected to the identity
(“small” gauge transformation)

9(7_) = 67if07— dta(t) eiGT . (39)
This transformation brings the gauge field to a constant value on the torus
a(t)=20. (3.10)

Now “large” gauge transformations '™ with a(7) = 27n7 are periodic and allow to
identify
0~ 0+2mn, n integer . (3.11)

Therefore 6 is an angle, and one can take 6 € [0, 27] as the fundamental region of the
moduli space for the SO(2) gauge fields on the one-dimensional torus.

The general case of SO(N) can be treated similarly, using path ordering prescrip-
tions to take into account the non-commutative character of the group. Finite gauge
transformations can be written as

1 .
d =glag+-g7'g, g=¢e", a € Lie(SO(N)) . (3.12)
i
One can define the gauge transformation
§(1) = Pe~tJo dta® (3.13)

where “P” stands for path ordering. This path ordered expression solves the equation

9-9(1) = —ia(T)g(7) (3.14)
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and could be used to set a’ to zero, but it is not periodic on the torus, §(0) # g(1),
and thus is not admissible. Therefore one identifies the Lie algebra valued constant A
by

— Peido dtalt) (3.15)

so that the gauge transformation given by
g(1) = Pe~ s dtalt) giAr (3.16)
is periodic and brings the gauge potential equal to a constant
a(t) = A. (3.17)

Since the constant A is Lie algebra valued, it is given in the vector representation
by an antisymmetric N x N matrix, which can always be skew diagonalized by an
orthogonal transformation. One can recognize that the parameters 6; contained in
the latter equations are angles, since one can use “large” U(1) gauge transformation
contained in SO(N) to identify

0; ~ 0; +2mn; , n; integer . (3.18)

The range of these angles can be taken as 0; € [0,27] for i = 1,...,r, with r the rank
of the group. Further identifications restricting the range to a fundamental region are
discussed in the next sections.

3.2 Computing the partition function

We are ready now to write the gauge fixed partition function

:__/ dﬁ/ (215)% )

2 dek . , .
x Ky U"[l /0 g} (Det (&—avec)wc) Det' (0; — Gag) ppe (3-19)
(1) \__::___\,_______/

~ g @

2) (3)

The previous formula contains the well-known proper time integral with the appropriate
measure for one-loop am;gitudes, and the spacetime volume integral with the standard free
particle measure ((273)~2). In addition we have:

(1) Ky is a normalization factor that implements the reduction to a fundamental region of
moduli space and will be discussed in the next section separately for even and odd N .

(2) This contribution contains the integrals over the SO(N) moduli 65, and the determinants
of the ghosts and of the remaining fermion fields.

(3) This is the determinants of the susy ghosts and of the Majorana fermions ¢ which all

have antiperiodic boundary conditions (ABC) and transform in the vector representa-
tion of SO(N).
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(4) This determinant is due to the ghosts for the SO(N) gauge symmetry. They transform
in the adjoint representation and have periodic boundary conditions (PBC), so they
have zero modes (corresponding to the moduli directions) which are excluded from the
determinant (this is indicated by the prime on Det’).

The whole second line (1) 4+ (2) 4+ (3) 4+ (4) computes the number of physical degrees of
freedom, normalized to one for a real scalar field,

T 2T d‘g g_l
Dof(D,N) = KN[H /0 Q—H (Det (0, — am)ABc> Det' (9 — tag)ppe | (3:20)
k=1

In fact, for N = 0 there are neither gravitinos nor gauge fields, Ky = 1, and all other terms
in the formula are absent [19], so that

Dof(D,0) =1 (3.21)

as it should, since the N = 0 model describes a real scalar field in target spacetime. We now
present separate discussions for even N and odd N, as typical for the orthogonal groups,
and explicitate further the previous general formula.

3.2.1 Even case: N = 2r

To get a flavor of the general formula let us briefly review the N = 2 case treated in [4]. We
have a SO(2) = U(1) gauge field a;; which can be gauge fixed to the constant value

dj = ( _09 g ) (3.22)

where 6 is an angle that corresponds to the SO(2) modulus. A fundamental region of
gauge inequivalent configurations is given by 6 € [0, 2xr| with identified boundary values: it
corresponds to a one-dimensional torus. The factor Ky = 1 because there are no further
identifications on moduli space, and the formula reads

2m do %71
Dof(D,2) = / o (Det (Or — Gyec) spe ) Det’ (0;) ppe
0 ~~ 4 —
(2cosg)2
(D-2)!
_ ) @oE e b (3.23)
0 odd D

This formula correctly reproduces the number of physical degrees of freedoms of a gauge
(% —1)—form in even dimensions D. Instead, for odd D, the above integral vanishes and one
has no degrees of freedom left. This may be interpreted as due to the anomalous behavior
of an odd number of Majorana fermions under large gauge transformations [57]. In this

D

formula the first determinant is due to the D Majorana fermions, responsible for a power 3
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of the first determinant, and to the bosonic susy ghosts, i.e. the Faddeev—Popov determinant
for local susy, responsible for the power —1 of the first determinant. This determinant is
more easily computed using the U(1) basis which diagonalizes the gauge field in (3.22). The
second determinant is due the SO(2) ghosts which of course do not couple to the gauge
field in the abelian case. A zero mode is present since these ghosts have periodic boundary
conditions and is excluded from the determinant. This last determinant does not contribute
to the SO(2) modular measure.

In the general case, the rank of SO(N) is r = % for even N, and by constant gauge
transformations one can always put a constant field a;; in a skew diagonal form

0O 6 0 0 . 0 0
—6, 0 0 0 . 0 0
0 0 0 6 . 0 0
aj=| 0 0 —6, 0 0 0 (3.24)
0 0 0 0 . 0 6
0 0 0 0 . -6, 0

The 6, are angles since large gauge transformations can be used to identify 6 ~ 0y + 27n
with integer n. The determinants are easily computed pairing up coordinates into complex
variables that diagonalize the matrix (B.15). Then

Det (0; — Giyee) H Det (0, + i6,.) Det (0, — i6,.) (3.25)
and thus 5
z-b T 0\ D2
(Det 8, — am)ABC) - ]I[l (2 cos 5) . (3.26)
Similarly

Det (0 — @agj) ppe = | [ Det’ (@

X i_[Det (0, + 0y, + 6,)) Det (0, — i(0x + 61))

k<l
x [ ] Det (0: +i(6) — 6:)) Det (9, — i(6), — 6,))
k<l
O+ 0N O — 0\2
= 2 2 . 2
g<sm2)<sm2> (3.27)

2
277!

= ol {I—I/27r il 2COS@>D 2}
x H<2sin9’“;0l>2(2sm9’“;91)2. (3.28)

k<l

Thus, with the normalization factor Ky = one obtains the final formula

Dof(D, N)
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The normalization Ky = 23 ; can be understood as follows. A factor = is due to the fact that

with a SO(N) constant gauge transformatlon one can permute the angles 0y and there are r
angles in total. The remaining factor = can be understood as follows. One could change any
angle 05 to —0; if pamty would be allowed (i.e. reflections of a single coordinate) and this
would give the factor . Thus we introduce parity transformations, which is an invariance of
(3.28), by enlarging the gauge group by a Z, factor and obtain the group O(NV). This justifies
the identification of 6, with —#, and explains the remaining factor 2; equivalently, within
SO(N) gauge transformations one can only change signs to pairs of angles simultaneously.
It is perhaps more convenient to use some trigonometric identities and write the number of
degrees of freedom as

Dof(D,N) = 5 H /27T a0 2 cos —k>

< ]1 l(QCOS—) (2003%)2r : (3.29)

k<l

3.2.2 0Odd case: N =2r+1

The case of odd N describes a fermionic system in target space. In fact, the simplest example
is for N = 1, which gives a spin 1/2 fermion. It has been treated in [20] on a general curved
background, but there are no worldline gauge fields in this case. For odd N > 1 the rank of
the gauge group is r = N L and the gauge field in the vector representation a;; can be gauge
fixed to a constant matrlx of the form

0 6 0 0 0O 0 O
-6, 0 0 0 0O 0 O
0 0 0 6, 0 0 0
iy — 0O 0 -6, 0 . 0 0 O . (3.30)
0 0 0 0 0 6, 0
0 0 0 0 -6, 0 0
0O 0 0 O 0O 0 0

Then, in a way somewhat similar to the even case, one gets

Det (0 — dyec) = Det (3;) | [ Det (9, + i6y,) Det (0: — i6y) (3.31)
k=1
and thus
-1 b r 0,.\ D—2
<Det @, — aveC)ABC> — %1 (2 cos 5’“) . (3.32)
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Similarly for the determinant in the adjoint representation

Det' (07 — adj) ppe = HDet ) Det (0, + 6x) Det (0, — i6y)

X H Det (0, + i(6x + 6;)) Det (0 — i(6 + 6,))

k<l
x [ Det (0 + i(6x — 6,)) Det (3 — i(6x — 6)) (3.33)
k<l
which gives
T 0 2
Det’ (0r — Gadj) ppe = H (2 sin f)
k=1
O+ 0N . O — 01\
X H <2 sin —— ) <2 sin —— ) . (3.34)
k<l
Thus, with a factor
1
Ky = 5] (3.35)
one gets the formula
2%_1 - m do, 0\ P2 A
Dof(D,N) = ] H/o o (26085) (281115)
k=1

X

H (2 sin O + 91) (2 sin O ; 9l>2 : (3.36)
<l

In the expression for Ky the factor 2 that appeared in the even case is now not included,
since in the gauge (3.30) one can always reflect the last coordinate to obtain a SO(N)
transformation that changes 6 into —0y.

For explicit computations it is perhaps more convenient to write the number of degrees
of freedom as

Dof(D,N) = 2 i ,}_[1/0% 45 (2005%) <2sin€2—k>2

< T\ (o) - (2 )] (3.57)

Let us resume, for commodity, the results we have obtained in this section
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Dof(D,2r) = H/% DOr (5 o8 _’f>

2Tl

< TT [(esd) - o) (3.3%)

1<k<I<r

T

Dof(D,2r+1) = 2 1_[/27r o <2(:os 6—k> <251n %)2
0

27! Pl 2m 2
0 2
X 1<£[l<r {(2 oS 2) (2 oS 2) ] (3.39)

with N = 2r and N = 2r + 1, respectively. It is obvious that Dof(D, N) vanishes for an
odd number of dimensions

Dof(2d+1,N)=0, VYN >1 (3.40)

as in such case the integrands are odd under the Z; symmetry g — T — g. Only for N =0, 1
these models have a non-vanishing number of degrees of freedom propagating in an odd-
dimensional spacetime, as in such cases there are no constraints coming from the vector
gauge fields. Also for N = 2 these models can have degrees of freedom propagating in odd-
dimensional target spaces, provided a suitable Chern-Simons term is added to the worldline
action [2]. However, Chern-Simons couplings are not possible for N > 2.

To compute (3.38) and (3.39) for an even-dimensional target space and for every N we
need to introduce a strong mathematical technique. In the next sections we will describe the
orthogonal polynomials method and we will use it to solve explicitly the integral (3.38) and
(3.39).

3.3 Orthogonal Polynomials method

Let us now briefly review some properties of the Van der Monde determinant and the or-
thogonal polynomials method. Further details and applications of the method can be found
in Mehta’s book on random matrices [58]. The Van der Monde determinant is defined by

x,° x,0
xll PR :Crl
Az)= ][] @—-z)=| | : (3.41)
1<k<I<r ) ’
xlr—l xrr—l

where the second identity can be easily proved by induction; one can observe that:
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1. the determinant on the right hand side vanishes if x, = x;, 1 =1,...,r—1

2. the coefficient of z,”~! is the determinant of order r» — 1.

Furthermore, using basic theorems of linear algebra the Van der Monde determinant can be
written as

po(z1) -+ polzy)
Al = pl(::m) pl(::rr) (3.42)
Pro1(z1) - prfl(xr)

where pi(z) is an arbitrary, order—k polynomial in the variable z, with the only constraint
of being monic, that is py(x) = 2* + a8~ 1 + - -+

Interesting properties are associated with the square of the Van der Monde determinant,
which can be written as

po(xl) T pr—1(I1) po(%) T po(%)
A2(z;) = det Po(:@) o Pr—1:($2) P1 (:1’1) R 2| (:l’r)
po(%) T pr—l(fr) pr—l(ifl) T pr—l(fr)
= det K(x;, z;) (3.43)

where the kernel matrix K reads as
r—1
K(zi, ;) = pula)p(a;) . (3.44)
k=0

The above polynomials can be chosen to be orthogonal with respect to a certain positive
weight w(z) in a domain D

/Dd:c W(x)pp(2)pm(x) = hpdpm - (3.45)

However, monic polynomials cannot in general be chosen to be orthonormal. Of course, one
can relate them to a set of orthonormal polynomials p,(z)

Pu(@) = /iy () (3.46)

and the square of the Van der Monde determinant can be written in terms of a rescaled
kernel
r—1
N (2;) = [ [ e det K (a7, ) (3.47)
k=0
with an obvious definition of the latter kernel in terms of the orthonormal polynomials.
Thanks to the orthonormality condition, the rescaled kernel can be shown to satisfy the

property

/Ddz w(2)K (2, 2)K (z,y) = K(x,y) , (3.48)
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that can be applied to prove (once again by induction) the following identity

/ dx, w(wr)/ dx,—1 w(z,—1)- / dzpyy w(zpy) det K (24, 2;)
D D ) D
= (r — h)!det K™ (2;, ;)

where K™ (z;, x;) is the order—h minor obtained by removing from the kernel the last r — h
rows and columns. In particular

/der w(xr)---/]del w(zr) det K (z:, 7;)

=(r— 1)!/Ddx1 w(z)) K (x1,21) = 7! (3.49)

and

1
'l

dmr w(x,) - /Ddxl w(zy) Hhk . (3.50)

3.4 Counting degrees of freedom

We are ready now to solve explicitly (3.38) and (3.39). We first observe that the integrands
are even under the aforementioned Z, symmetry, and thus we can restrict the range of
integration

D-2
Dof(D,2r) = o H/ D 2cos —)
2

I [<zmg>2_<2m%ﬂ o

X
1<k<I<r
D r
2271 T d@k ek 9k 2
Dof(D,2r+1) = . ,n/o o (2 cos E) (2 sin 3>
% 0\ 2]°
X H [(2008 §l> - <2COS f) } : (3.52)
1<k<i<r
Now, upon performing the transformations xj = sin? %’“, we get
22(d—1)r+(r—1)(2r—1)
Dof(2d,2r) = ;
!
X H/ dxy, x_l/ xk)d_g/QH(m —x)?, (3.53)
0

k<l

2(d— 1)+r(2r+2d—3)

Dof(2d,2r+1) = ]
wrr!

T
< 11 / da 2 (1 = )2 T [ (o0 — m0)? (3.54)
k=10

k<l
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We have made explicit in the integrands the square of the Van der Monde determinant: it is
then possible to use the orthogonal polynomials method to perform the multiple integrals.
Note in fact that in (3.53) and (3.54) the prefactors of the Van der Monde determinant have

the correct form to be weights w®9(z) = 29-(1 — 2)P~4 for the Jacobi polynomials G\"?
with (p,q) = (d — 1,1/2) and (p,q) = (d, 3/2), respectively. The integration domain is also
the correct one to set the orthogonality conditions

/01 dx w(z)Gr(z)G(x) = hi(p, q) O (3.55)

with the normalizations given by

KT(k+q)T(k+p)(k+p—q+1)
(2k + p)I'2(2k + p) ’

hi(p,q) = (3.56)

see [59] for details about the known orthogonal polynomials. Since the Jacobi polynomials
G,(Cp D are all monic, the even— N formula reduces to

92(d—1)r+(r—1)(2r-1) 71
Dof(2d,2r) = Hhk —~1,1/2)

ﬂ-T'

. red—1) 1 t+
_ 9(r=1)(2r+2d-3) NORCE 1Hhk —1,1/2) (3.57)

where in the second identity we have factored out the normalization of the zero-th order
polynomial. It is straightforward algebra to get rid of all the irrational terms and reach the
final expression

r—1

(2d — 2)!
[(d =D

k (2k —1)! (2k + 2d — 3)!
L (2k+d—=2)! 2k+d—1)1

Dof(2d,2r) =2""1 (3.58)

For odd N we have instead

9(d—1)+r(2r+2d—3) T—1

Dof(2d,2r +1) = [ 7(d.3/2)

T
k=0

2(27d)+r(2r+2d73) F(Qd _ 1) 1 r—1
= hi(d,3/2 .
. g s 359

which can be reduced to

9d-2+r (2 (k4 d—1) (2k + 1)! (2k + 2d — 3)!
d '2 2k +d— 1) (2k + d)!

Dof(2d,2r +1) =

.’:l

(3.60)
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From these final expressions we can single out a few interesting special cases

(i) Dof(2,N) =1, VN (3.61)
(i) Dof(4,N) =2, VN (3.62)
(iii) Dof(2d,2) — T%;%;i§%g (3.63)
(iv) Dof(2d,3) — 2;4&2€;;§%; (3.64)
1 (2d)1 >
() Dof(d4) = oo ([d!P) (3.65)
. B 3. 2042 (2d+2)!\?
(vi) ~ Dof(2d,5) = @d—&)@d+4xmﬁ+m2(Kd+1ﬂP) (3.66)
g B 12 (2d+2)!\?
(vit)  Dof(2d,6) = G ma6)@dT 12@d T 17 ([(d+1)!]2> - (367)

In particular, in D = 4 one recognizes the two polarizations of massless particles of spin N/2.
The cases of N = 3 and N = 4 correspond to free gravitino and graviton, respectively, but
this is true only in D = 4. In other dimensions one has a different field content compatible
with conformal invariance.

Let us resume our results:

r—1

- IIka—1 (2k + 2d — 3)!
[(@=1)2 L @rrd—2) 2k+d—1)

Dof(2d,2r) = 2" 1 (3.68)

k=1

and

24-2+1 (24 — 2)! ¢ —1) (2 2% + 2d — 3)!
Dof(2d.2r + 1) = ( }2 H (k+d—-1) (2k+1)! (2k +2d - 3)

d 2k +d—1)! (2k + d)!

k=1

(3.69)

3.5 Rectangular SO(D — 2) Young tableaux

In the following we would like to prove that (3.68) coincide with the dimensions of the
rectangular SO(D — 2) Young tableaux with (D — 2)/2 rows and N/2 columns .

'Equivalently one can show that (3.69) coincide with the dimension of a spinorial rectangular SO(D — 2)
Young tableaux with (D —2)/2 rows and (N —1)/2 columns; extension to the odd N case is straightforward
and will not be discussed in this section.
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Let us start fixing the notation; our convention is to label a rectangular young tableaux with
n row and A column with

M LA =[N = (3.70)

q times

We indicate with dpe)(SO(D —2)) the dimension of the representation [A?] of the SO(D —2)
Lie group. In order to explicitly compute dj»-1;(SO(D —2)) we use the hook rule algorithm
(more details about this technique could be found in [60]). In particular after a straightfor-
ward and boring computation one can note some recursive relation that let us to write:

dyny(SO(D - ) = 3 (3.71)
where
and
Y, = ﬁ M (3.73)

We would like now to show that (3.71) reproduce (3.68) for every r and n; to this aim we
use a very simple trick. First of all it’s easy to verify that (3.71)=(3.68) for the first few
simple case.

Now we fix r and if we calculate how d»(SO(2n — 2)) and Dof(2n,2r) scale when one
increases the number of the dimensions; in particular we obtain:

dpn-SO(2n—2)  Dof(2n,2r)  2(n—1)(2r +2n — 3) 374
dpSO(2n)  Dof(2n+2,2r)  (2r+n—2)!(2n —2)! (3.74)

We reverse now the point of view. We fix D and we calculate the scale factor when one r
increases:

d[(H_l)n—l]SO(Qn) . Dof(2n, 2r + 2) . 27”(27’ — 1)!(27" +2n — 3) (3 75)
dpSO(2n)  Dof(2n,2r) — (2r+n—2)!(2r +n —1)! ’

This conclude our proof since d»)(SO(2n —2)) = Dof(2n,2r) fot n = 1 and r = 1 and they
scale in the same way with respect r and n.
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3.6 The case of N =4 and the Pashnev—Sorokin model

We would like now to analyze the so called N = 4 Pashnev and Sorokin model (PS) con-
structed in [22]; possible couplings to curved backgrounds have been studied in [61]. This
model is constructed writing the R symmetry group as SO(4) = SU(2)10ca1 X SU(2)global-
In the analysis of Pashnev and Sorokin the model corresponds to a conformal gravitational
multiplet, and it was left undecided if the field content in D = 4 is that of a graviton plus
three scalars (five degrees of freedom) or that of a graviton plus two scalars (four degrees of
freedom). Thus, we apply the techniques discussed in the previous chapter, to compute the
number of physical degrees of freedom to clarify the field content of the PS model.

In order to count the physical degrees of freedom let us consider the change of variables

e G (3.76)
where
(6) = (=il 0)™ ,  (07) = (il,0)s = —cweny (6°)"

The transformation (3.76) can be inverted as 2

(3.77)

P = %W’ (7). (3.78)

The reality condition on v, along with the expressions (3.77), allows to write it also in the
form

U = Paa (5,)" (3.79)
with
Vaa = —€ap €0 . (3.80)
Thus, the fermion part of the lagrangian can be written as
1 . o . , ,
QW(%@T — i)W = 1haq (0%50%0r — A%%) ™ (3.81)
where
a a 1 —i\aa ¢ j
A% = Sai; (@)™ (o), (3.82)
and
1 ' .
aij = 5 (0i)ag (3,)" A% . (3.83)

The SU(2) x SU(2) gauge invariance of the action is now manifest. To gauge only a SU(2)
subgroup one may choose

. . 1
Aabai) = 5abBai) = Q= §tr (UiB5'j> (384)

2Here we make use of the well-known properties (Uiﬁj —&—oj&i)ab = 20%6,°, (6i0j +5jai)ai7 =
26106%., (07) . (3,)" = 28,°0;°.
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and gauge fix B to

By =26 (50%)", = i0 (o) (3.85)
which gives
00 0 -1
00 —1 0
10 0 0

so that
[ v esp (<5 [ i85 - apid) = DO, 4 i) D0, 8),.

= (zcosg>w. (3.87)

The Faddeev-Popov determinant associated to the gauge-fixing of the SU(2) gauge group
reads

Det (0r1agi — Bagj) ppe = (250 0) (3.88)
since eq. (3.85) in the adjoint representation becomes
0 -1 0
Bay=20( 1 0 0 ) (3.89)
0 0 0

Finally, the Faddeev-Popov determinant associated to gauge-fixing the local supersymmetry
reads

-4
Det ™ (0,05 — ij) 1pe = (2 cos g) . (3.90)

Assembling all determinants one gets (3.91), where the factor 1/2 is due to the parity trans-
formation 6§ — —6.
We are ready now to write the counting Dof formula that reads:

1 [*"df 0 2(D-2) 2
Dof(D,PS) = 5/0 o <2005 5) (25in9> . (3.91)
This can be cast in a form similar to those obtained in the previous section in order to

extract the Van der Monde determinant
22D 1
Dof(D,PS) = Z— [ dv(1- x)P=3/212, (3.92)

T Jo
Expilcitly computation gives
=2 — (3.93)
producing Dof(D,PS) = (1,2,5,14,42,132,429,...) for D = (2,3,4,5,6,7,8,...). Thus
in D = 4 one gets 5 degrees of freedom, which must correspond to a graviton plus three

scalars. Notice that the Pashnev—Sorokin model contains physical degrees of freedom also
in spacetimes of odd dimensions.

Dof(D,PS)



Chapter 4

Higher spin generalized curvature in

<A>ds2n

In Chapter 1 we have studied spinning particle models with SO(N) supergravity multiplet
on the worldline, coupled with gravitational background; we have shown explicitly that only
maximally symmetric spaces (i.e. (A)dS space) preserve local worldline supersymmetry; we
would like now to analyze the physical content of this model. The flat case was extensively
analyzed in Chapter 2, where, in particular, we have shown that for every even dimension
D = 2n and for every integer spin (even N) a canonical analysis produces conformal HSC
as physical sector of the Hilbert space; we have then used the generalized Poincaré Lemma
to solve the differential Bianchi identity and introduce the HS gauge potential.

In the following we intend to quantize d la Dirac SO(N) spinning particle model, with
N extended supergravity multiplet on the worldline, coupled with (A)dS background and
analyze carefully higher spin curvature in maximally symmetric background.

Let us recall, for commodity, the non linear sigma model we are going to study

i , i
S(l) = /dT[p,u,x# + §¢z ¢iﬂnaﬂ — €H — ZXZQ, — éaij,],;j] . (41)

In the previous action principle H, ); and J;; are the constraints we have to impose as
operatorial conditions on the Hilbert space states

1
7 = SR U]V Rags 0 (42)

~~
~J2

N —
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(4.4)

where (i, v, ... are curved indices, «, 3, ... flat ones, Rugys = b(1ay"gs — NasNpy) is the (A)dS
curvature and 7, is the covariant momentum. It’s very important to note that in maximally
symmetric space the term proportional to the curvature in the r.h.s. of (4.2) it’s proportional
to the product of two SO(N) generators.

4.1 (A)dS quantum Algebra

First of all we need to discuss the quantization of the supersymmetry algebra (1.39) described
in Chapter 1. We will thus replace as usual, coordinate with operator and Poisson brackets
with (anti)-commutators:

[2#, p] = id) [V, 951 = 9" i - (4.5)

The Grassmann variables are respresented as Gamma matrices of a multiple Clifford algebra
(more details could be found in Chapter 2); we recall to the reader that the operator v/2i)®

is the Gamma matrix (y*), , in the basis |a;,--- ,ax). The SO(N) and susy generators
become
1
Jig = 5 Wiy = i) (4.6)
Qi = U0elm, | (47)

The covariant momentum acts on the state of the Hilbert space as the covariant derivative

Ty = _ZaH B Ewﬂaﬁ¢a o ¢ﬂ = —Zv“(w) (48)
where the symbol o means contraction over SO(N) vector indices. The ordering in (4.7) is
the one suggested by Einstein covariance, in other words the operators written in such a form
will give rise to Einstein covariant (anti)-commutators. At this point one may start checking
the algebra and identify a suitable quantum hamiltonian operator. We get the preliminary
result

[Jijy Tl = 0 — 16 — 1050 Jik + 10T,
[Jij, Q] = 10,,Q; — 16:£Q;
1
(Qi, Q;] = 26;;Hy — 51/)?%330(5751\475 (4.9)

where M is the Lorenz generator defined as M7 = 1[4}, ¢?] and Hj is

1
H, = 3 <7r°‘7ra — iwo‘amrﬁ); (4.10)
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note that this is the correct quantum ordering one must choose in order to reproduce the
laplacian operator in curved space.
We restrict now ourselves to maximally symmetric spaces in which one can rewrite the term
appearing in (4.9) as
D D?

1[)?7,0]@}%&675]\/!75 = b[<(2 — N); — 7)5@' + JinJjr + ijn]ik]‘ (4.11)
Let us write now the complete hamiltonian as H = Hy + AH; we have now to fix AH in
order to close the algebra quadratically. We start computing

[Ho, Q] = ig(QkJm- — JixQk) - (4.12)

The clever choice

b bC D D?

produce the desired commutator
[H,Q] = 0. (4.14)

Thus the algebra is closed. The constant C' in (4.13) is needed to have a consistent first class
algebra of constraints.

In summary, we have the quantum constraints
/i (0%
Jig = W el

Qi = v (pu -

0

WP ) = Vi,

2
H = %(ﬁra — i) — ZJijJij = % (4.15)
satisfying the following quadratic algebra
[Jijs Jit) = @00 Ju — 101 — 1651 ik + 10uJ j
[Jij, Qr] = 10,,Q; — 10 Q;
Qi, Q] = 20;;H — g(Jiijk + Jikdik — 0ii Tk Jii) - (4.16)

One may check that this algebra coincides with the zero mode restriction in the Ramond
sector of the nonlinear superconformal algebras discovered by Knizhnik and Bershadsky in
two dimensions [62], [63].

4.1.1 The special even N case

Reveals to be very useful for future analysis write the quantum algebra, discussed above, for
even N, by using complex combinations of the SO(N) indices.

%’ - ()\1,5\1)
1=1,2,...,2s 1=1,2 ..s
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so that!
(NN = o™ (4.17)
and the supercharges are
. . 0
Q[ = —Z)\’Iy 65 <0,L + Wyap )\Jm) (418)
0 0
=i a0, op Ng=——— | . 4.19
Q Za)\l’y e’y( N_I_w,u B Ja)\]ﬁ) ( )

The most interesting and useful (anti)commutators in this base are

(I, 0,5 = e St —io P as

(I ) = 0,5 Jrp

Q1 Q7] = b(J I + JEIR)

Q1. Q7 = b(Jrr ;™ + Tk Ji™)

Q1, Q7] = b(JixJ* + 5Tk with [ #J

Q. Q"] = 2Hy+b(Jx" T — Ji ") +ibJ = ib> " Ik + A(D)  (4.20)
K

where AS(D) = b%(s + % — 1); note also that in the last anticommutator [ is a fixed index
while K runs from 1 to s and just in some particular case one can write ), J K =sJl

4.2 Canonical analysis and the generalized Poincaré
Lemma

We are now ready to analyze the physical states of the Hilbert space. We focus our attention
on the even N (i.e. integer spin) case and even dimension D = 2n. We proceed in analogy
with the flat case and we start imposing the condition J;/|R) = 0 and we obtain

J'R) =0 = R(T,A) = R an| 160 (T) AT AT AT NG (4.21)

From the other constraints constraints we learn:

o)

! As in the flat case we realize the algebra by setting A\¢ = T
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J'R) = 0 = Rpsihpm-ip.n, = 0 Algebraic Bianchi identity

QrR) = 0 = VRu . = 0 R V-closed

JYIR) = 0 = Ru[n—l]l,o—[n—ug...[n]s =0 R traceless

JiyR) = 0 = Y tr*Ry)..[, = 0 Sum of traceless conditions
Q'R) = 0 = VR b, = 0 R V-co-closed

Using the Young tableaux language we have:

e
|R> ~ Roafna%\...\afma% = . . (422)
T ke
such that
ai as
ViaRatal]l. Jasa = | =0 (4.23)
o, o,

Note that the relations we have obtained above are the minimal coupling of the flat one.
In the following we will give a detailed analysis of the differential Bianchi identity in maxi-
mally symmetric space (V-closed condition).
In the flat case we have solved the differential Bianchi identity by using the the generalized
Poincaré Lemma. Unfortunately in (A)dS we can’t use this Lemma as a guide line. Let us
emphasize that in literature it is well known how to make covariant and gauge invariant the
Fronsdal-kinetic operator (see Appendix A fot more details and references), but it is not yet
clear how to derive it starting from (A)dS higher spin curvature.

In the following we will look for a solution of the differential Bianchi identity in curved
space, but note that this could be just a particular solution and probably not the most
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generical one.

4.3 Warm up examples in D=2

We start considering some examples in D = 2.
Our strategy reads:

1. write the (A)dS HSC as
RIS — RIet 1 (A)dS corrections; (4.24)

note that in the r.h.s. of the previous relation we put all possible correction proportional
to the (A)dS curvature, preserving the symmetry of R.

2. Impose closing condition (i.e. differentialBianchi identity) to fix the extra terms.

3. Use the traceless condition to find the HS gauge potential e.o.m..

Spin 1 in two dimension:

This is rather trivial. We start with R,. Then
ViRy=0 — R,=0,¢ (4.25)
so that

VAR,=0 — V?¢=0 (4.26)
Spin 2 in two dimension:

The HSC is now the symmetric tensor R,,. We relax the trace constraint and try
to solve Bianchi by using the ansatz

R =V, Vo0 +aguo . (4.27)
The differential Bianchi constraints fix a = 1, i.e.
ViRypr=0 — a=1. (4.28)
Imposing the trace constraint gives an e.o.m. on the potential
R'L=0 — (VP+2)p=0 (4.29)

which corresponds to a nonminimally coupled scalar. Co-closing condition is consis-
tently satisfied, as one can compute

VAR, =0 — V,(V*+2)p=0 (4.30)
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Spin 3 in two dimension:

In this case we use the following ansatz
Ruwx = (ViuV, V6 + agyw Vo) (4.31)
Imposing Bianchi identities we find
ViaRyr=0 — a=4. (4.32)
Finally we compute e.o.m. from the traceless condition
REA=0 — 3Vy(V*+6)9p=0 (4.33)

that is also consistent with co-closing condition.

4.4 Fixing the strategy

In (A)dS target space, in order to solve the differential Bianchi identity, we use as a
guide line the results obtained in the flat limit case, resumed in Chapter 2. Let us
emphasize that by using the algebra, the results we obtain do not depend on the target
space dimension.

In particular our strategy for future analysis reads:

1. Write
R) = (Qp....Qq + (A)dS corrections)|e) ; (4.34)

The HS potential |¢) satisfies the condition
Jr'|¢) = —id7|) (4.35)

that
- for I # J implies that the potential satisfies the algebraic Bianchi identity

- for I = J one has that [¢) = @p_1],.fn-1], AT - AL o AL NIt

Note that the r.h.s. of (4.34) has to be U(s) invariant and we have to take into
account it in adding (A)dS corrections, in order to preserve all the symmetry of
the HSC.

2. Impose differential Bianchi identity (i.e. Q;R) =0 V I = 1,....s) to fix the
extra terms

and for the first few N case

3. Analyze the gauge symmetry
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4. Extract the higher derivative e.o.m.

5. Introduce the compensator field

6. Extract the linearized e.o.m.
In order to fix the notation and the idea we start considering the first easier example,
N =4,6,8 (i.e. spin 2,3,4). Note that in (A)dS supercharges do not anticommute; for

this reason we prefer to start with an explicitly U(s) invariant ansatz. The calculation
become more complicated but also more controlable.

4.4.1 Spin 2 in (A)dSs,

Curvature: The starting point is the manifest U(2)-invariant expression

IR) = %61112 [QAQIQ + qJ1112] @) . (4.36)

We impose now the differential Bianchi identity on the latter curvature
QR)=0. (4.37)

This will suffice to fix the constant ¢. In particular, thanks to the symmetry
property of (4.36) it will be enough to require Q1|R) = 0. Let us rewrite (4.36)
in a less elegant yet more convenient form. By making use of the commutators

Q1,Q,] = —b (JILJJL + JJLJ[L> (4.38)
[Ji7,Qk] = 6% Qr (4.39)
one can easily get
IR) = [QlQQ +q Jm] ) (4.40)
and @1|R) = 0 uniquely fixes
q=1b (4.41)
so that
1 .
R) = 5611[2 [Q11Q12 + b J1112] |9). (4.42)

We conclude that the final form of the spin-2 curvature is

'R) = [QlQQ ~+ b J12] |®) (4.43)
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Gauge invariance: Let us consider the transformation

5l6) = QuVEle) (4.44)

where VE = V™ (z) AK; note that |¢) and |¢) have the same Young tableaux. In
particular it’s easy to verify that:

(I VE] = —iskvY (4.45)
and Qg VX is then a U(2)-scalar
J7,QxVE] = 0. (4.46)

By using the previous relations it’s thus easy to obtain:
Q@) =0 Q7™ = SR =0,

This prove that the spin 2 curvature is invariant with respect the gauge transfor-
mation (4.44).

Equation of motion: We derive now the equation of motion satisfied by the spin-
2 potential. The curvature |R) constructed previously satisfies all the required
constraints except the trace J'/|R) = 0. Imposing the latter condition we will
obtain the equation of motion satisfied by the potential; using the susy algebra

we obtain
JPR) =0
4
i|—2Ho + QiQ" — :Q1QsJ" + b J" +bAs(D)|[|¢) =0 (4.47)
where

Ay(D) =4 — Ay(D) . (4.48)

Into the bracket we recognize the spin 2 Fronsdal-Labastida kinetic operator

GV = —2H, + Q,Q" — %QIQJJU +bJrs " + bAx(D) (4.49)

.

~~
G flat
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Graviton in (A)dSp: We would like now to show that this is the correct result by
rederiving it starting from Einstein general relativity principles.
We consider a small perturbation to the background metric

9aB = Gap + hagp (4.50)
Our convention for the connection and curvature reads:

[5(g+h) =T, + 0%,

Raﬁég(g + h) = Raﬁ&a + 6Ro¢ﬂ5a + ...

The linearised contribution to the Christoffel connection can be written as

1
SThg = §g>‘g (—vghaﬁ + Vhoo + Vahﬂg) (4.51)
and, since the Riemann tensor is given by
A A A

Raﬁ o — Varmg‘ - Vgraw (452)
where the notation |- - - | means that the covariant derivative does not act on such
index, we have

SRop’s = Vadl'h, — VoI, (4.53)

that, using (4.51), reduces to

1
6Rap"y = 59” (—vavphﬁg +VaVohos + VaVshs,

+V5V,,hm, — ngghpa — ngahgp) (4.54)
from which it’s easy to compute the linearized Ricci tensor:

1
6Ros = —3 (VQhag + VQVQh) + V)\v{ah,@})\ (4.55)

1
= -3 (V2ha5 + Vavgh) + Vo Vhayn + R ophpy + R o hi{4.56)
In (A)dSp background the previous formula reduce to
1
OR.3 = 5 (VQhag + VQVQh) + V{av)‘hgp\ +0 (Dhaﬁ — gagh) . (4.57)

We are ready now to compute the the Einstein equation in (A)dS that at the
linearised level reads:
dRwg = (D — 1)bhag (4.58)

We substitute now (4.50) and (4.57) in (4.58) and we find:
1
—3 <V2ha5 + Vanh) + Vi Vhayr + b (has — gaph) =0 (4.59)

that is the equation of motion for a graviton in (A)dSp space. Note that in D =4
(4.59) coincides with (4.47) and it is just written in a different language.
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4.4.2 Spin 3 in (A)dSs,

Curvature: Similarly to the previous section we start from the most generic U(3)-
invariant expression

|R> = %6111213 [Q11Q12Q13 +pJ11[2QI3] |¢> : (460)

We solve now the constraint )1|R) = 0 that uniquely fixes
p = 4ib (4.61)

so that one can write

IR) = %611[2[3 [Q11Q12Q13 + i4b J1112Q13] [2) (4.62)
or equivalently
R) = [Q1Q2Q3 +1b (J12Q3 + Js -Q2) +i2b Jo3Q1 | [9) (4.63)

We use the trace operator to extract the gauge potential e.o.m.. To this aim the
following algebraic identities reveal to be very useful:

2iJ12Q3J% ~ Q1Q1QxJ™ +iQ1 i + algebraic Bianchi identity”

iJikQF ~ Q1Q,Q" + "algebraic Bianchi identity” .
By using the previous relations we obtain a very elegant and explicitly U(3) result:

JBIR) = 0
U

iQ1|—2Hy + Q1Q" — $QQ,J" + bJ1 ;7 +bAs(D) ||p) =0  (4.64)

where
As(D) =9 — As(D) (4.65)

In the formula (4.64) we can read inside the square bracket the spin the spin 3
Fronsdal-Labastida kinetic operator

Gy = —2Hy + Q,Q" — %QIQJJIJ +0Jr7 T + bA3(d) (4.66)

(.

~~
G flat



52 Higher spin generalized curvature in (A)dSs,

Gauge invariance: Using the experience inherited from the flat case, we would like
now to study the gauge invariance; we introduce also the compensator field

WEW W p) (4.67)

in order to linearize the e.o.m.. First of all, by using (4.63) and (4.64) we can
write

GV = (QrQ Qe + i4bJr,Qr)WEW W p) (4.68)
The gauge transformation:
3lg) = QrV*™[E) (4.69)
leaves (4.63) invariant, while (4.66) trasforms as:

GgA)dS(S‘@ - %(QIQJQK +idbJ Qi) JHTVIg) (4.70)

From the previous expression is manifest that the Fronsdal-Labastida spin 3 ki-
netic operator isn’t gauge invariant.

Equation of motion: Let us analyze how the compensator field transform under
(4.69). After some straightforward computation it’s easy to obtain:

SOVEW W | p)) = %ﬂﬂx?%) | (4.71)

The previous expression plays a key role. We use it to gauge fix the compensator
to zero; this gauge choice let us write

=0 = G =0 (4.72)

that is the ”linearized” spin 3 e.o.m. in (A)dS. Let us emphasize that this relation
is gauge invariant only if we force the gauge parameter to be traceless.

4.4.3 Spin 4 in (A)dS,,

Curvature: We start from the manifestly U(4)-invariant expression

|6) (4.73)

1
IR) = 3611[21314 [Q11Q12Q13Q14 +3!'p K1,,Qr,Qr + 3¢ K, K1,

and use the commutation rules to bring ), in front of everything. After some
straightforward yet tedious algebra one gets

R) = [Q1Q2Q3Q4 + (p - %b> <K12Q3Q4 + K31Q4Q2 + K14Q2Q3) +

(P + %b) K34Q1Q2 + (p + %b) (K42Q1Q3 + K23Q1Q4) +

Q(K12K34 + K31 Koy + K14K23)] |®) (4.74)
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so that requiring @1|R) = 0, it yields p = %b and ¢ = —3b%. Hence one has

R) = [Q1Q2Q3Q4 + b (K12Q3Q4 + K31Q4Q2 + K14Q2Q3> + 130 K34Q1Q2 +
@20 (K42Q1Q3 + K23Q1Q4)
—30 (K12K34 + K31 Koy + K14K23)] ) (4.75)

or equivalently

1 ‘ .
|R> = _61112[314 [Q11Q12Q13QI4 + ZlOb K11[2Q13Q14 - 9b2 KIlIQKI3I4] |¢>

4!
(4.76)
that is the final form of the spin-4 curvature.
Equation of motion: The traceless condition produces
. 1

(1QuQp — Jap) [—2}10 +QQ" - §Q1QJJ” +bJp T+ bAUD) | |6) =0 (4.77)

where .
Ay(D) =16 — Ay(D) (4.78)

In analogy with the other case we define

G = —2Hy + Q1Q" = SQiQuT" +bJ1sJ" +bA(D)  (479)

.

-~

G flat

4.4.4 Conjecture

The results we have obtained above suggest us that, for every spin and for every even
dimension D, the Fronsdal-Labastida kinetic operator in (A)dS becomes:

GV = | —2H, + Q,Q" — %QIQJJIJ +0J1y 0" + bAL(D) (4.80)

where
Ay(D) =% — = (s + D_ 1). (4.81)
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Let us emphasize that in D = 4 this operator reproduces the extension of the Fronsdal
one in (A)dS spaces: moreover if we force the HS field (|¢)) to be double traceless
and the gauge parameter (|€)) to be traceless it is invariant with respect the gauge
tranformations:

3|¢) = QrV*[E) .

4.5 HSC in (A)dSs,

Before starting, for matter of convenience, we change our notation and we indicate
with K]J = J[J and KI‘] = JIJ.

In this section we will look for for a generic U (s)-invariant expression (N = 2s,s € N)
of the form:

[s/2]
R) = (ib)"ra(s)Ru(s) |¢) , with ro(s) =1 (4.82)

n=0
where in this case [s/2] means integer part and
L .
Rn(S) = 5611[2 [5K1112 U Kfzn—lfanIQn-H U QIS . (483)
We fix the numerical coefficients r,(s) by requiring

QrIR)=0. (4.84)

In particular, thanks to the symmetry properties of (4.82) it will suffice to require
(1/R) = 0. In order to achieve such a task we shall need a few recursive relations that
we now derive using the commutation relations

Qr, Q] = —b (KILJJL + KJLJ]L) (4.85)
[Jr7,Qk] = 0k Qi (4.86)
(K15, Kxr] = [K1,Qk] =0 (4.87)

and the condition (4.35). Let us split now the s indices into a “time-like” index 1 and
s — 1 “space-like” indices

I=(1,9), i=2...,s (4.88)
and let us first define a shortcut notation that reveals to be extremely useful

Qi Qi Q1 Qiyyy Qi L [0) = Qu@iQps1n) (4.89)
B Ky Qi Qi Q1Qiy Qi 1 |9) = Kiiy Queg)@1Qps1-n) (4.90)

and whenever we encounter a K;; tensor we use the commutation rules above and the
antisymmetry provided by the e tensor to bring them in front of everything and give
them the first indices of the set iy, is,.. ..

After some algebraic manipulation, and by using the quantum algebra (4.20), it’s easy
to prove the following Lemma:
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Lemma 1.

—1
M K1, Qps—2)

(=)"Qu@1Q-1-n) = Q1Qs—1) — b [n(s —-2)— 5

+szmQZ Z ) Q@1 Qs—r—3)- (4.91)

m=1k=m—1

Note now that the previous formula can be easily iterated by noting that the last term
15 Just equal to the l.h.s. if one performs the substitution s — s — 2. The iteration
process thus yields

s—1

> ()" QuQ1Qps-1-n] = 5Q1 Qs

n=0

()09 K Qs ~ Ko Qi
_(ib)2a4(5) <K121 7,223@8 4] — 1122 1314Q1Q[s 5])

—(10)Pasp(8) Kiy Kigig -+ Kiy_yyiny—1 Qls—2p)

s—1 ko s—3 kp—1 s—2p—1
+(ib)pz Z Z Z Z )" Q) Q1 Qp—2p-1-k,)  (4.92)
ko=1mi1=1ki=m1—1 mp=1kp,=mp—1
with
s—1 ko s—3 kyu—1 s—2n—1
SEES D3 D I S (o
ko=1mi1=1ki=mi—1 my=1kp=m,—1

the iterative expression (4.92) stops at the last-but-one entry if s = 2p whereas it stops
at the last if s =2p + 1.

We will analyze carefully relation (4.93) In Appendix C, where, in particular, we will
show that as,(s) "factorize” as

asn(s) = f(n) (s—1)(s —2)--- (s —2n) (4.94)

for some function f(n) defined as

f(n) = X_; %f(n —g-1)+ (;;>—j_11), with  f(0)=0.  (4.95)

The (A)dS quantum algebra could be used to derive other very useful relations. In
particular it’s not hard to prove that
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Lemma 2.

s—2

Q1Qu—1 = —ibK1;, Y (=) Q@1 Qps—2n; (4.96)

n=0

that by using Lemma 1, could be reduced to
Q%Q[s—l] = _ibKlil (ao(S - 1) QlQ[s—Q} + 1b GQ(S - ].) Ki2i3Q1Q[S—4}

4+ (ib)p_l Cl2(p—1)(3 — 1) Kigig -+ Ki2(p1)i2P1Q1)
(4.97)

noting that expressions containing Ki;, Ky, are vanishing thanks to the implied anti-
symmetrization. In the latter we have defined ap(s) = s.

It is easy now to convince ourselves that the zero-th order operator Ry(s) can be
written as

s—1

S| Ro($)[6) = > ()" Q@1 Q-1 (4.98)

n=0

so that making use of (4.92), and assuming for definiteness that s = 2p one gets
sl QiRo(s)|d) = ao(s)QIQs—1]
—(ib)as(s) (KlilQlQ[s—Q] - Kﬁ@@%@@;—?;])

—(ib)?ay(s) (Klil KiyisQ1Qs—a) — Ky, Ki3i4Q%Q[s—5]>

—(ib)Pagy(8) Kiy Kigiy = Ky 1ying 1 Q1 - (4.99)
One can now easily use Lemma 2 and get

s/2

s! Q1Ro(s)|¢) = =) (i) 0z (s)Q11n(s) (4.100)

where

ITL(S> = KlilKizig T Kiz(n_1>’i2n_1 Q[S—Qn] (4101)



4.5 HSC in (A)dS,, 57

and
agn(s) = Z a2k (S)ao(m-1-k)(s — 1 — 2k) (4.102)
k=0

with a_s(u) = 1. This completes the first part of the analysis.

The next step will be to rewrite expression (4.100) in terms of SU (s)-covariant tensors.
The covariantization of the tensors I,,(s) is again an iterative process. Note in fact that
one can write

1
- on

I,,(s) (Jn(s) — Kiyiy - Ky, 10, (8 — 20)! Ro(s — 2n)> (4.103)

that using (4.100) and noting that
Kiliz T KZ’27L717:27LIm<S - 2”) = n+m(3) (4‘104>

allows to write

s/2
I,(s) = L (Jn(s) + Z (i0)™ ™™ Qa(m—n) (5 — 2n) ]m(s)) : (4.105)

15/2]
Q1 D (@0)"u(5)Ra(s)]6) = 0 (4.106)
with
Tn(s) = % Tnok(8)aok(s — 2(n — k)) . (4.107)
k=1

Note that in (4.106) we have replaced s/2 with its integer part: it is in fact not difficult
to check that the latter holds for odd s as well, with that precise replacement.

In order to save the iteration process reveals to be very important the following Lemma:

Lemma 3.

a2, (8) = ag(s+ 1) (4.108)

or equivalently

i
L

fk+1)fln—k)=2n+1)f(n+1) (4.109)

i
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The proof of the previous Lemma can be found in Appendix C.

From the definition of r,(s), and by using (4.108) we find

rals) = % St k(s) as(s — 2(n — k) +1) . (4.110)
k=1
We thus have

ro(s) = 1

1 _ (s—1)s(s+1)
ri(s) = §a2(8 +1)= G
ra(s) = i(a4(s +1)+ %ag(s + Dag(s — 1))

= ﬁ(&s +7)(s+ 1)s(s—1)(s—2)(s —3)

1 1 1
r3(s) = 6 (aﬁ(s +1)+ Za4(s + Das(s —3) + §a2(s + Day(s — 1)
1
+§a2(3 + Das(s — 1)as(s — 3))
_ m(%s? 1125 4 93)(s + 1)5(s — 1)(s — 2)(s — 3)(s — 4)(s — 5)

(4.111)

Note now that substituting (4.110) and (4.111) into (4.82) we produce the correct
result obtained in the previous sections (4.43), (4.63) and (4.76).
In addition we have the following predictions for s = 5,6 and s =7

R) = %611'"15 _Qh - Qpy +20ib K1, 1,Qp, -+ - Qp, — 6407 K1112K1314QI5] )
_ (4.112)
R) = éﬁhm[ﬁ _Qh Qe + 3510 K1, 1,Qr, -+ - Qg — 2590° K1, 1, K1,1, Q1 Q1
—225ib K1112K[314K1516] B, (4.113)
R) = %Ehmh Qr -+ Qr, +56ib K1, 1,Qr, - - Qr, — 7840 K1, 1, K1,1,Qr,Q1,Qr,
—2304ib’ K[112K1314K1516Q17] ) . (4.114)

More in general, starting from the relations (4.82), (4.94), (4.95) and (4.110) one can con-
struct HSC for every integer spin in every even dimension D = 2n.



Chapter 5

HK and QK N =4 one dimensional
SUGRA

Recently supersymmetric non linear sigma model on Quaternionic-Kéhler manifold (QK)
have attracted a great deal of attention in the context of studying radial quantization of
BPS black-hole [50].

In this chapter chapter we intend to construct and analyze N = 4, one dimensional super-
gravity model on Hyper Kahler (HK) and QK background. In particular we will analyze the
symmetries of these models and we will study the first class constraints algebra that in QK
case reveals an interesting “non Lie” structure. In addition we construct the BRST charge
and the gauge fixed action on the circle.

5.1 Special Geometry

Let us consider HyperKdahler and Quaternionic Kdahler geometries in dimension 4n and sig-
nature (2n,2n); they enjoy sp(2n) and sp(2) ® sp(2n) holonomy, respectively; more details
on HK and QK geometry can be found in [64] [65] and references therein.

In this Chapter we will use the following notation

Curved indices wv =12 .. 4n
Flat indices m,n=1,2,..4n
Fund. representation of sp(2n) | A,B=1,2,...,2n
Fund. representation of sp(2) | o, =1,2

The symplectic special holonomies allow us to decompose SO(2n,2n) tangent space indices
with respect to the sp(2) ® sp(2n) subgroup.

m = Aa. (5.1)
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The invariant SO(2n, 2n) metric decomposes as

Nmn = EQQEAB (52)

where €,5 and €45 are the sp(2) and sp(2n) invariant, antysimmetric tensors, that we use to
raise and lower sp(2) and sp(2n) indices by using the following rules

VA = EAB’UB UA = UBEBA
Vo = €050"° v® = vge® (5.3)
and in our notation we take €5 = 6F = —e¢ ﬁo‘. We denote the vielbein as V"
V;nVym - guy V,umvn“ = nmn (54)
or equivalently
V;f(lx Voj4 = —Y9uv, V/%yvlgﬂ = —(55(55 (55)
Special holonomy implies also that
1 1
Ay B8 B A a B
Vv{,uavy}A - _égﬂl’écw Vv{,ua vy — _%QMV(;A : (56>
The einbein covariantly constant condition reads
V™ =dV™+ P, AV" =0 (5.7)

where the spin connection P, decomposes as
P,™ = daws® + 6,04 . (5.8)

The one-forms wj and Q4 are symmetric in their sympectic indices. On HK manifold just
the sp(2n) connection Q5 is non vanishing while both are present for QK manifold. Let us
also emphasize that the tangent bundle decompose into rank 2 and rank 2n vector bundles

TM =H® E; (5.9)
the connection acts on sections of H and E respecively as:
VX =dX" 4 ws"XP, VXA =adX* +wptX? . (5.10)
We need now another geometric ingredient, that is the Riemann tensor:
1
R™, =dP™ + P". P =05R%+ 6pR; = SVIAVIR,, (5.11)

It decompose as

Rinnrs = A€(aly|€8)5€ABECD + €apErs|Ne(ajci€B)D + QaBep) - (5.12)

The sp(2n) curvature Qapcp is totally symmetric while the Bianchi identities force the
sp(2) curvature to vanish. The terms proportional to the constant A are present just in QK
manifold and vanisch in HK case. It is important also to note that these are not proportional
t0 MrfmMn)s, the constant curvature Riemann tensor, since constant curvature manifolds are
not QK.
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5.2 HK Sigma Model

Our starting point is the N = 4 susy algebra
{QL, QYo = —€eag; (5.13)

the indices i,j = 1,2 label the fundamental representation of an sp(2) R-symmetry with
invariant tensor €. Let now (M, g,,) be the 4n-dimensional HK target space. The field
content of the model consists of bosonic worldline embedding coordinate x#(t), and fermionic
spinning degrees of freedom 1%, (¢). The model is governed by the simple action

vy

1 TER2 7
S = 3 /dt [m“m G + VY o (5.14)
where we have defined the covariant derivative V;/;’A = Ot + 740 #éwic . This model enjoys
the rigid symmetry
Worldline translation:
oxt = &t
oy = & (5.15)
sp(2) symmetry:
ozt = 0,
Sy = ANy (5.16)
N = 4 supersymmetry:
= VI,
oy = —i"Ve, + ViTYLelQ Qv . (5.17)
The model (5.14) in first order form reads
1) Y lia_1 g
SO — [ gt [pux + YA - Smmg ] (5.18)

with the canonical Poisson bracket

{pp. 2"}y = =67, (V' Vbt = —€7eap . (5.19)

In the equations above, 7, is the covariant momentum

i
T = D = 5 P M (5.20)

where M™" are quadratic in spinning degree of freedom and generate the Lorentz algebra

{an’ Mm}pb — _ZM[m|s\77n}r + ZM[mM??"]S (521)
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For special holonomy manifolds just a subgroup of the full orthogonal group need appear.
In particular, in our case, for HK manifolds we have

P M™ = QupT4P (5.22)
where TP generates sp(2n)
{TAB TP} = —jATBID _ jeMOTDYB, (5.23)
Explicitly one has
TAB = jypitAy B (5.24)
and
1 i A B
Ty = Pu — §¢AQMB¢i : (525)

The diffeomorphism, sp(2) and susy conserved charges associated to the symmetry (5.15),
(5.16) and (5.17) are

1 . . .
H = 57# Ly = —igypita Q! = VL, VHiT, (5.26)

It remains to compute the superalgebra. This computation is greatly simplified by using the
central relations

7
{Ta0:TBs}pp = {Taa,TBa} e = éeaBQABCDTCD + QBmiﬂca - QAa|g7T0ﬁ (5.27)
{7TA047 ¢f}pb = VXQQMMN@/}?/[ENC (528)

Let us emphasize that in the r.h.s. of the previous relations, only the sp(2n) component of
the connection and curvature appear.
After some straightforward computation one finds

{Q Qi = —easH {17, Qb = 260Q))
(LU LMYy = —iek fil — jekd fil _ jli pik _ eli pik
{H, L7}y = {H, Qi3 =0 . (5.29)

53 QK N=4d=1SUGRA

We replace the HK target space with a QK one. First of all one has to observe that is no
longer possible to maintain the N = 4 supersymmetry algebra (5.29); this is due to the fact
that the central relations (5.27) changes when one turns on the sp(2) connection:

i c c
{7 a0 TBB b = §€aﬁQABCDTCD + QpgaTca =y pTos

+ wBBIZWA"Y — WAa\gWBW (5.30)
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The superalgebra (5.29) becomes:

{Qio, Qg = (—€ijeap) H + (=007 w55, Qi + (07w 4015 ) Qi (5.31)

Qo b = (1%,7)Qu + (G0ia ™) Qs (532)

where in the r.h.s. of (5.31) we have recognized the Hamiltonian

H = §maam™® + 304 0 hBipy 0 1)p.

where ¢4 o B = B The algebra, QK supersymmetry algebra (5.32), has some very
important consequences:

e In QK manifold is no longer possible to maintain rigid supersymmetry, just a model
with local susy is allowed.

e The algebra is no more a Lie algebra since structure functions appear in the r.h.s. of
(5.31) (5.32).

e In QK manifold one has to introduce a curvature coupling with fermions.

e One can also observe that in (5.32) we have choosen to use just the supercharges but
also the sp(2) generator is present in the r.h.s.. The reason is just matter of convenience
and will be clarified in 2 minutes.

In QK the bracket involving the operator L;; doesn’t change with respect the one we have
computed in HK.
Two possible interesting gauged model should be studied

’ \ Constraints \ Gauge fields

H=0 one dimensional einbein N
1.

Q=0 one dimensional gravitini "

H=0 one dimensional einbein N
2. | LYW =0 Yang-Mills f%

Q=0 one dimensional gravitini x§

In the following we concentrate our attention on the first one because intimately related to
black hole supersymmetric quantum mechanics [50]. In particular we will study the first
order action with QK background

S0 = / dtlpyi” + S0 = NH = x0Ql] (5.33)
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and after Legendre transformation one obtains

1 ] sV v N Vv 2 j
S = [atly (" — VAN = Vg + GUh e+ Sl (5.3
wich enjoys the symmeties
Local worldline reparametrizations:
oxt = &at
Wy = &Yy
ox; = 9(&x7)
(5.35)
Local N =4 supersymmetry:
ozt = V“ﬁ Qef‘
) 1 . . )
oy = (@ = VIRV de + VIUhg Q0
ON = Xoef
; Ve, AN , 4
o = —&+ 5 vav el + VIivhelw,ax (5-36)
Rigid sp(2):
Sy = Ay,
XL, = Ay (5.37)

5.4 BRST charge and gauge fixed action

We construct now the BRST charge associated to the algebra (5.31) and (5.32); note that this
algebra is a non Lie. We define the fermi (c, p) and bosonic (', Py,) fields corresponding
to reparametrization and susy ghost, and ghost momenta respectively, equipped with the
Poisson structure bracket

{e,p} ={p,c} =1 {n'*, Pog} = —{Pup, 0"} = 6,05 . (5.38)

The BRST charge reads:

Q"' = Qia + cH — 1117 Y Wi Pry — ' en@wiy Py
1. . A
—§nlanjﬁeijea5p - anw‘czﬁicwchM + higher order terms; (5.39)
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We have now to fix the higher order terms in ghost momenta. In order to do that we will
use a very funny and elegant trick; in the previous BRST expansion, infact, we recognize a
covariant structure underlining. We define the ghost generator

h e
ngj = 77{1'Pj }e
8 = 2l pi} (5.40)

The sp(2) generators ijh obey the sp(2) algebra; the holonomy generators similarly are
subject to
{70‘5, TV‘;} = 100 4 Brad 4 darhy 4 (OB rar (5.41)

Therefore we can construct a covariant momentum in the extended (i.e. sp(2) ® sp(2n))
sense

) 1
H,u =DPu— §QMABTAB - 50‘)#&67—&6 . (542)

Observing carefully (5.39), one can observe that by adding the higher order terms propor-
tional to 7%%7%7 everything could be written in terms of the extended hamiltonian and
supercharges

1 A
H = 51_[2 + ZonwaAowB

Qr = YLV

Therefore we can immediately construct the covariant, in the extended sense, BRST charge

, 1 . A
Qbrst — 77104 Qia + cH — inaniap o §nlac¢i0wkcpka (543)

and it’s easy to verify that the higher order corrections we have added by using the argument
proposed above, play a fundamental role in order to make (5.43) nilpotent.

We intend now to gauge fix the supergravity multiplet on the circle and construct the
gauge fixed action.
The trasformation rule for gravitini and einbein are:

de = S—Xiaejﬁ(eijeaﬁ)
. i g 4 1
o = €y em(@bjcwcma oF + wicwCMB 5;“)
e 6 )\ (Yo% 1 >\
—ee (WBﬁWBma 5 + E%CWC(Si) +X S(WBBWBma 5y + §¢ic¢kc52> :
(5.44)

We choose antiperiodic boundary condition for fermions and gravitini and this let us to gauge
fix gravitini to zero. At this point the transformation rule for the einbein coincide with the
one we have discussed in the SO(N) spinning particle models. Thus the einbein could be
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gauge fixed to the proper time (5.
We introduce the gauge fixing fermion:

K =—pfp
that let us to implement the gauge choice
(e,x7") = (6,0)
The gauge fixed action can be computed by
HE = H + {K, Q")

and explicitly we obtain the gauge fixed Hamiltonian

) 1
a9 = g(pu - §QuABTAB - 5“’#&57&5)2

A ) A
—5§¢ic¢kcﬁmpka + BZTABTAB -

(5.45)

(5.46)

(5.47)

(5.48)



Appendix A

Tour on higher spin gauge theory

In this appendix we intend to describe briefly some aspect of massless higher spin theory (HS
gauge theory). In the first part we will focus our attention on the ”linearized approach” to HS;
we will derive, in D = 4, the Fronsdal (for bosons) and Fang-Fronsdal (for fermions) e.o.m., as
the natural generalization of the KleinGordon/Einstein and Dirac/Rarita-Schwinger e.o.m.,
respectively.

We proceed analyzing an important subclass of HS field, conformal HS gauge theory, in
various dimensions, because strictly related to SO(N) spinning particle. We will focus
our attention on the relation between geometrical approach to higher spin, that is higher
derivative, and the linearized one; we will study the flat case and we will show how to obtain
the e.o.m. and the Fronsdal-Labastida kinetic operator, which generalize those of Fronsdal
for mixed symmetry fields.

Finally we will discuss how to modify the Fronsdal operator in (A)dS; background. Let
us emphasize that in literature is well known how to make covariant and gauge invariant
the Fronsdal kinetic operator, but is not clear how to derive it starting from geometrical
objects: HSC or equivalently HS field strength. For a review on related topics and additional
references see [33] [32] [29].

Let us start discussing the D = 4 case. In D = 4 symmetric tensor describe all possible
representetion of the Poincaré group; to describe integer HS we use the completely symmetric

tensor ¢q,...o, while physical states of half integer spin s are indicated with ¥g ., .

We resume, for commodity, quantum field theory for spin lower than 2, in the following
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tableaux:

Spin Equation of motion Gauge symmetry

Scalar field

() (s =0) O¢ =0 No gauge symmetry
Spinor field
Yo (5= 1) ()% 6Bt = 0 No gauge symmetry
Maxwell field
A, (s=1) OA, — 0,03A° =0 0As = 0,€
Rarita-Schwinger
wg (5 = %) P)/aﬁ’yaﬁwg =0 (ij‘ = 8a£a
Graviton

hag (s=2) | 0a0shas + 0aOshag — Ohss — 0305h = 0 | 6hag = Vals + Vita

Note now that except for the scalar and the spinor field, all other massless fields are gauge
fields. For these reason seems to be reasonable assuming that all massless higher spin fields
are also gauge fields.

HS gauge theory is constructed as the natural generalization of the well known massless
quantum field theory; in the following, we will discuss gauge symmetry and equations of
motion.

Gauge transformations are assumed to be

Sboros = OgorEapas (A1)
a = Dby ) (A.2)

Note that for s = 1, %, 2 the previous relations reproduce the well known transforma-

tions rule for Maxwell, Rarita-Schwinger and graviton field.

Free equations of motion of the HS are second order linear differential equations in the
case of the integer spins and the first order differential equations in the case of the
half integer spins. This is required by the unitary and ensures that the fields have
a positive-definite norm. The massless higher spin equations have been derived from
the massive higher spin equations [66] by Fronsdal for bosons [30] and by Fang and
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Fronsdal for fermions [67], and studied in more detail in [31] .
In our convention the symbol > denote symmetrized sum with respect free indices. In
the bosonic case, the dynamics is governed by the so called Fronsdal e.o.m

Gayay = Daya,(T) — Z aa18ﬂ¢6a2ma5 () + Z aa1aa2¢ﬁ,3a3...as () =0

= Gdoya. (A.3)
where G is the Fronsdal-Labastida kinetic operator that in an obvious notation we
write as:

G = O-—grad div +grad® tr . (A.4)

In the fermionic sector the first order equations are a natural generalization of the

Dirac and Rarita—Schwinger equation
G (@) = (PN

2

— 3 00 (), = 0 (A.5)

Constraints on higher spin gauge parameters is the next arguments we intend to an-
alyze.
Let us now analyze how equations of motion (A.3) and (A.5) transform under gauge
transformations (A.1) and (A.2). The direct computations gives

0Garear = 3D 08 s sasn: (A.6)
6G31"'as—% = 2 Z a§1a27ﬁab€bﬂa3"'as—% ’ <A7)
where 02, = 0a, 00, and 93 . = 0n, 00,00,

Note now that the previous relations vanish only if the parameters of the transforma-
tions (A.6), for s > 3, are traceless, equivalently for (A.7) and s > 5/2 are ~y-traceless.

apa, = 0 (A.8)
(’yﬁg)aﬁagmasi% = 0. (Ag)

Another key ingredient we have to take into account is the Bianchi identities that
imply that the traceless divergence on the left-hand-side of equations of motion must
vanish; equivalently the currents of the matter fields if coupled to the gauge fields are
conserved.

Let us consider Maxwell theory:
0u(05F*) = 0, (A.10)

where F,3 is the field strength defined as F3 = 0,¢3 — Ospo. Electric current into the
Maxwell equations 9, F*? = J? is conserved 0,J% = 0.

In the spin 2 case (theory of gravity) coupled to matter fields and described by the

Einstein equation
1
Raﬁ - §gaﬁR = Taﬁ
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the energy-momentum conservation V7%’ = 0 is related to the Bianchi identity
VR — —VﬁRO‘ = (A.11)

Generalization of (A.11) to the case of the bosonic higher spin fields reads:
1 8 S IS
aﬂG ageos 5 Zaa?G Baz-os _5 a2a3a4¢ Byas-as * (Alz)

Note now that the previous relation vanishes only if the HS fields for s > 4 are double-
traceless

2 B —
t,r. ¢Oél Qg T ¢ ,8'7045 ‘o 0 (A]‘g)
In analogy, in the fermionic sector we have
1
af a n a
9G0 —= Z%G bageea,_y ~ 5PV C)saza,_,
Z 822063 (’yﬁw)a’yﬁ’ya4---a5_% (A]_4)

that vanishes only if

(YY) groasa E(@M5w4m%=0- (A.15)

1
2
We can conclude that in order to obtain a consistent gauge theory we have to force
the HS fields to be double traceless or gamma-triple traceless.

We would like now to show that the traceless condition on integer HS field is important
in order to obtain the correct number of independent polarization a massless integer
spin s field field propagates. We start imposing the de Donder gauge condition

Daz-~~as - a¢ az-as 0 Z aa2¢ ooz (A16)

Then the HS equation of motion reduces to the Klein Gordon one
O¢ay-a, = 0. (A.17)

Note now that under (A.1) de Donder gauge transforms as

( U(b g o Zaa2¢ ocaz--as I:|£041“'C'és—1 (Alg)

so we have further gauge freedom if OE,,...,, , = 0. We are ready now to count the
number of degree of freedom the HS field propagates; a totally symmetric rank tensor
in D = 4 has 2(s*> + 1) indipendent components. Note now that double traceless
condition on HS implies that de Donder gauge is traceless:

Ua1 ‘Qg—4 Zaal(b e POQR g4 = 0 (Alg)

and contains s? independent constraints. Furthermore gauge fields components, not
till fixed, satisfies wave function e.o.m. and we can use residual gauge freedom to
eliminate further s independent components. Finally we have 2s% + 2 — 25 = 2
degrees of freedom corresponding to the two polarization of a massless field.
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The HS action are:

e Bosonic case
S _ dD 1 a1 G 1 1 Bag---as GO’ A 20
B — Z §¢ opeos g S(S - )¢ﬁ ooz ( ) )

This action enjoys local symmetry (A.1) only if the gauge parameter is traceless
and the gauge field double traceless.

e Fermionic case

e —aga._1n
Sp= [dPz <—§¢ A Gy, 50 0 G

_ Baz-a,_,

+2s(s — 1), 2Gam3,_as_%> , (A.21)

This action enjoys local symmetry (A.2) only if the gauge parameter is gamma-
traceless the gauge field gamma-tripletraceless.

The presence of constraint on HS field and on gauge parameter suggest that the formu-
lation discussed above is incomplete.
Different approach to analyze this problem have been suggested in literature. Let us analyze
them briefly:

- In order to remove trecelessness constraints has been proposed to add an appropriate
number of auxiliary fields, satisfying certain equation of motion. The main advantage
of this approach is the fact that HS equation of motion remain lagrangian [69] [39].

- Another interesting way out was proposed by Francia and Sagnotti in [32] [34]. The
key idea of this approach is the renounce of the locality of the theory. In particular
they have shown that equations of motion for unconstrained HS and the HS actions
can be implemented to an invariant form with respect unconstrained gauge parameter
if enlarged with non local terms.

- Another approach to remove constraints on gauge fields and gauge parameters is based
on the consideration that gauge theory can be easily constructed in terms of the field
strength (HSC). Geometric formulation of free HS have been considered for the first
time many years ago by Bargmann and Wigner [28] .The one advantage one has by
using geometrical approach is the fact that the theory is manifestly gauge invariant in
the unconstrained sense; however HS potential e.o.m. is higher derivative. Otherwise
this does not spoil the unitarity of the theory and it’s possible to show that, upon some
manipulations, HS e.o.m. reduces to the Fronsdal-Labastida one.

In the next section we will focus our attention on the geometrical approach to HS. In par-
ticular we will discuss conformal HS theory that is an important and interesting subclass of
HS field whose (at least linearized) equation of motion are conformally invariant.
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A.1 Conformal HS theory in various dimension

In D = 4 symmetric tensors describe all possible higher spin representation of the Poincaré
group; in this case, in fact, all the irreducible massless representation of the Poicaré group
are classified by using the group SO(2) whose Young tableaux is a single rows; this implies
that massless integer HS fields could be represented by totally symmetric tensor.

Gayeoare = 21 [ ] (A.22)

In higher dimension, symmetric tensors do not describe all possible HS fields, and one
has to take into account also tensor with mixed symmetry.
In this section we would like to construct conformal HSC for integer spin, and we will show
how to obtain the linearized HS field e.o.m. (i.e. Fronsdal-Labastida e.o.m).

We will work in even D = 2n dimension and we will use the following notation:
[n] =ap - an, (A.23)

stands for n antisymmetrized indices. In particular, in this appendix, two cumulative indices
which denote the same number of antisymmetric indices will be assumed to be symmetric

[n]1[n]e = [nla[n]: . (A.24)

We define the curvature (or the field strength) of a conformal integer spin s as

R[n]l---[n]s =R .1 ol as) (A.25)

Qe Qs

note that its Young diagram is a rectangle with n rows and s columns. The curvature tensor,
by construction, is symmetric under exchange of any two blocks of antisymmetrized indices.
In addition

e it satisfies the algebraic Bianchi identity

R 1 n—1)anJs -], = 0-

e The curvature is closed (i.e. satisfies the differential Bianchi identity)

8[5}%@1..%””}2...[,1]5 =0, (A.26)

e and is co-closed
8’8}%5[”,1]1[71]2,,,[”}5 =0. (A.27)

Note now that that the Bianchi identity can be written as an exterior derivative acting on
one of the groups of antisymmetric indices of the multiform R, ..(n,
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where in our notation d; means derivative and the index of the derivative is antisymmetrized
together with the i’* group of antisymmetric indices (i.e. exterior derivative acting on the
it" column):

OiBimjr--inlio-tnls = O, s g nligaoo s (A.29)
note now that

We introduce now the differential operator

S

o=1J o (A.31)

i=1
It’s not hard to convince ourselves, since 9? = 0, that
F=00=0 Vi=1,.,s. (A.32)

The generalized Poincaré Lemma [45], and Bianchi identity (A.26) implies that (at least
locally) the curvature can be written as the s-th derivative of a potential:

Rinjyon)s = 01+ Os@pn—1]y-[n—1], » (A.33)

where the field ¢ = ¢p,—1,...n—1), is the conformal HS gauge potential of integer spin s and
is characterized by the rectangular Young diagram s ® (n — 1) and satisfies the algebraic
Bianchi identity

é = 0.

[n]1 [n—2]p [n—1]3-[n—1]4

One can observe that (A.33) is the generalization to the higher spin s case of the well known
expression of the electromagnetic field strength in terms of the potential F' = 0 A.

HSC, due to (A.30), are invariant under the following gauge transformations of the gauge
potential [45]

5¢[n—l]1---[n—l]s = Z aié[n,1]1m[n,g]im[n,us7 (A34)
i=1

where () is an unconstrained gauge function characterized by the Young tableaux (s, - , s, s—
1) ® [n—1].
Equation of motion are obtained by imposing tracelessness condition of the curvature tensor

trR,, ., =0. (A.35)
Note that this is the field equation that generalizes the linearized Einstein equation R,z = 0.
In terms of the gauge field potential, equation (A.35) implies a generalization of the spin 3
Damour-Deser identity [68]

tr R = 81 s 85_2 G[n 1 =0 (A36)

[n]1-[n]s 1] [n=1]g_g [n=1]g_1 [n—1]4
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where G is the kinetic operator acting on the gauge field potential

_ &)
G["l*l]l"'[nflls - D¢n 1y - Za a QS" 1]1 [n=2]; - [n—1]4
S
9. nB
D 00 Gy il e (A.37)
j>i=1

The left hand side of eq. (A.36) vanishes and this implies that G is 9* 2-closed and the
generalized Poincaré lemma [45] implies that G is also 9%-exact

Gl o U, Z 0; 0; O, pr,_y,... =2y (2l e [n-1] (A.38)

k>j>i=1

where we have introduced the so called ‘compensator’ field since its gauge transformation
compensates the non-invariance of the kinetic operator G(x) under the unconstrained local
variations (A.34) of the gauge field potential ¢(z).

The gauge variation of G(z) is

5G[n 1)1 [n—1]g4 Z 8 a akn S[TL 1], [n=2]; - [7L72]ja,~-[7L72]kﬁ,~-[n71]s (A39)

k>j5>i=1

and it is compensated by the gauge shift of the field p(x) with the trace of the gauge
parameter

(A.40)

_ a8
p[n—Qh [n—2]y [n—2]3 [n—1]4 - [n—1]g n g["—211 a,[n=2]3 B, [n=2]3 [n—1]g - [n—1]5 *

Now we can gauge fix the compensator to zero. Then the equations of motion of the gauge
field ¢(z) become the second order differential equations of Fronsdal-Labastida, which gen-
eralize those of Fronsdal for mixed symmetry fields

G el G ¢[n,1 =0. (A41)

[n—1]y I [n—1]

where G is the Fronsdal-Labastida kinetic operator, that in D = 4 coincide with the Fronsdal
one (A.4). Note also that (A.41) is invariant under the gauge transformations (A.34) only if
&(x) is tracelss and the HS gauge field is double traceless.

A.2 1Integer HS in (A)dS,

We intend now to analyze the dynamics of HS in (A)dS; background. In literature this
problem has been extensively studied from the linearized point of view. In literature it is
not yet clear how to derive the Fronsdal e.om. in (A)dS, from the (A)dS HSC since in
maximally symmetric space an extension of the generalized Poincaré Lemma is still lacking
and one cannot use it as a guide line.
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We will focus now our attention on integer spin in (A)dSs. We assume also that the HS
gauge field is double traceless and the gauge parameter is traceless.
In order to become familiar with our notation let us recall that covariant derivatives don’t
commute and in (A)dS one finds that

Rp,upo‘ = b(gupguo - gHO’gl/p) - [v,ua vl/]‘/;) = R#ypUVU = b(gupvl/ - gVPV,u) (A42)

for some vector V#; we will replace now, as usual, ordinary derivative with the covariant one
0o — V,, in (A.3). Non commutativity implies that the covariant Fronsdal kinetic operator

Gzolvﬂs = V2¢M1'”¢S - Z vulqusp M2 s + Z{vul’ vu2}¢p PH3---Hs (A43)
is not invariant with a suitable covariantization of (A.1):

0Pur-os(®) = Vi &upns) (A.44)

In order to solve this problem one has to add a new covariant term that cancels the ”extra
contributions”. Explicitly one obtains

Gl = Gt B =205+ Db 20D G pso (A.45)

and the Fronsdal kinetic operator (A.4) in (A)dS,; becomes
GWIS = (V? — div grad + div? tr + 2b g tr + bA,) (A.46)

where

Ay =5 —2(s+1). (A.47)

and the operator g acts on a completely symmetric tensor V.., as:

WViseose = O Guryis Visosn (A.48)

Note now that in (A.46) a mass term associated to the curvature appears. Further analysis
about massless HS and partially massless HS in (A)dS can be found in [41].
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Appendix B

Koszul-Tate alghoritm and gauge
fixed action

In this appendix we will describe a very useful technique to construct BRST charges, known
as Koszul-Tate alghoritm. In particular we will use it to study an interesting class of non lie
superalgebra, and to construct SO(N) spinning particle in (A)dS background gauge fixed
action on the circle. More details about our analysis can be found in [53].

B.1 Koszul-Tate differential

We start considering Hamiltonian system with first class constraints
Ga=0. (B.1)

Let 2" be a set of phase space variable (including bosons fermions and gauge fields); we
extend now this space by introducing as many ghost n and ghost momenta P, as there are
constraints G4, and with opposite grading:

€<GA) = €A
E(PA) = €A + 1
e = ea+1.

In this extended phase space the Koszul-Tate differential ¢ acts in the following way:

oM = 0
ont =0
(573,4 = —GA§ (BZ)

on an arbitrary polymonial in the P4’s, 6 acts as an odd-right derivative. Since §? vanishes
on all the generators, ¢ is nilpotent. We use now this operator to construct the BRST
generator Q.
To this aim let us write

Q=) (B.3)

p=>0
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where Q° = n4G 4 and

¥ = UP, ... P,
Ual...ap — nbln.nprranL..ap

at...a . . . .
The coefficents " U, bll...bpi | are only functions of the original phase space. Now one can rewrite

the nilpotency condition {Q"!, Q*"*'},, = 0 as a set of equation for the unknown function
QP

ot = —Dr (B.4)
where
P p—1
2D" = Z{Qk’ Qpik}ﬁb + Z{QkJrla Qpik}ghost' (B5)
k=0 k=0

In the previous formula {, },; refers to the poisson bracket in the original phase space (without
ghost), whereas {, },nost refers to the poisson bracket acting only on the ghost and ghost
momenta:

{PA» nB}ghost - _(_)(GB+1)(6A+1){77B7 7DA}ghost = _55 (B6)

B.2 Non linear supersymmetry algebra

Let L; and T, be some bosonic and fermionic generators respectively and the superalgebra

{Li, Li}pp = cijk

{Li7 T }pb =
(T Ty = BL DY L (B.7)

with CJ; cl ‘s Dy ] some structure constants.

We Would like now to use the Koszul-Tate algorithm described in the previous section to
construct the BRST generator associated to this algebra.

First of all we use the generalized Jacobi identity in order to extract the following very useful
relations:

CICP, 4 (=) CCP, + (=) CmCP, =
Cﬁ + (=)« Cl, Cﬁj (=), Cﬂ@ =0
( )e@ewoﬁz L+ (_)e,eagc«] C’?- =0
C%CZ; (=) Ct CF, s+ (= )60‘65‘30550‘7 =0
(i Dk 4 (—)estigos DI (_>€p(1+€aﬁlj)6]€aﬁc;iDZpﬁ
+(- )5”(1+6°‘"”“)+€““"Ck Dyl =0
D” o+ (=)es DI Co %+ (— )EQ%D” s, = (B.8)

[0}
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where €, ; = € + .. + €.
Let us define A = (i, ) and G4 = (L;, T,,); our starting point is the linear term

QO = T]AGA. (BQ)

We use now (B.4) and relations (B.8), and we obtain:

1 € 1 €a gy ij
o = —5(—) AntnPCEAPD — 5(—) “n°n’ Dy, LiP;
0 =0

1 3
Q= ()t n DY, Do CPAPLP

Qr =0 Vp >3
We conclude that the Q! associated to the algebra (B.7) reads:

1 1 i
Q" = —5(—)5A71A7730§A73D - 5(—)6“77“77@52%7%
1 y
_ﬂ (_)6a6l+6i€klﬁéo—6ij n5nananﬂDgaD§ngk'Pt7)l7)j (B10>

B.3 Spinning particle in (A)ds: gauge fixing

We would like now to use the Koszul-Tate algorithm to analyze spinning particle model in
(A)dS space.! We rewrite the action principle (1.43) using euclidean convention?

1 . «a N a v 1 af,] .
S = /dT[Q—eguu(fB“ — X ea) (2 = xivileq) + Ui (Yia — aijthja + P Wpapty)

1
— g EUR VY] Rogs).

This action enjoys local supersymmetry (gauge parameter ¢;) local SO(N) (gauge parame-
ter oy;;) and worldline diffeomorphism (gauge parameter §). The corresponding constraints
Qi, Jij, H are first class and the algebra reads

. . b
{Qi, Q]} = —2ZH5Z‘]‘ + Zinijk — Z§Jlk<]lk;5ij (B.ll)
{Qi, Jjr} = 201:Q; (B.12)
{Jij, Jim} = SO(N) algebra . (B.13)

The gauge field transforms as:
56 = £+ 2X7,€z
OXi = € — aij€j + ayX;
da;; = Qij + QimQmj — Qjmmi
—5’1/1?’(/)A:Q(Xi€k + Xk€i) + Vi Vra (Xj€k + Xu€j) — DU ja xR (B.14)

'We recall to the reader that in our convention (A)dS curvature is Rivpe = b(GupGve — GuoGuvp)-
2We Wick rotate the time as t — —ir and a;; — 1a;5; note that we rotate also the gauge parameters
€; — —ie; and & — —i&.
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One can note that, except for the susy a;; transformation rule (that we have emphasized
writing it in red), relations (B.14) coincides with the one we have discussed in the flat case
in Chapter 3 (3.2).

Let us restrict ourselves to periodic boundary conditions for bosons and antiperiodic
boundary conditions for fermions and this let us gauge fix gravtini to zero, as was extensively
discussed in Chapter 3. It is interesting to note that when gravitini vanish one leaves with
the same flat case transformation rules for the SO(N) gauge fields and for the einbein e.
This simplify strongly the rest of the discussion; by using the same arguments we have used
in Chapter 3 one can bring the gauge configuration (e, x, a;;) = (8,0, a;;) where

0O 6 0 0 0 O
-6, 0 0 O 0O O
0O 0 0 6, 0 O
a;j = 0O 0 -6, 0 0 O (B.15)
O 0 0 0 0 6,
O 0 0 0 -6, 0
for even N = 2r and
0O 6 0 0 0 0 0
-6, 0 0 O 0 0 0
0O 0 0 6, 0 0 0
I R (B.16)
O 0 0 0 0 6., 0
O 0 0 0 -6, 0 O
O 0 0 0 0 0 0

for odd N =2r — 1.

We would like now to construct the gauge fixed action. The extended phase space contains
the original variables (z#,¢¢), the gauge field A = (e, x;,a;;) and their momenta 74 =
(Tre, Tys> Tay;) and the ghost (n',7*",7*7), and ghost momenta (Py, Py, Psij) associated with
the first class constraints (H, Q;, Ji;).

From equations (B.4) and (B.8)we find explicitly

1
Qbrst — an +772le _|_773UJZ] -+ 2 277 77 <_6ij5pk5ql — 5ik5pj5ql)JklP3pq

—i(n*)*Pr — 3”77 — """ Py

b 772%25( BB — 8380 5 S — D) BB PP P
= n'H+17"Qi + 773ljjij + %nZin2j<16ij5pk5ql — 0ik0p;Oq1) Jri Papq

—i(1*)* Py — ' Poj — "™ Py

+ ! 477 n n2tn28(5ij5t57)3hv733mv7331m — 3015 P30 P3moPsim) (B.17)

24r
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In order to implement the ”temporal gauge fixing” (e, x;, aij) = (5,0, a;;), we choose the
gauge fixing fermion
K= —67)1 — dijpgij (B18>

The gauge fixed Hamiltonian reads:

(B.19)
HGaugeFi:ped =H+ [K, Qbrst]
Y
HGaugeFioced - H+ 6H + dz’jJij _ dijn2i7)2j (BQO)
We are now ready to write the gauge fixed action and in particular we obtain
SGaugeFixed[ZF’ €, Xi, Gijy 77A7 PA] — /dT [j:,upu + iw'?wi?nab + ﬁAPA . HGaugeFi:ced]
= S[zF,e=6,x; =0, a;; = Gij, Pa
.
+/d7'7)2 (E — aij)n23. (B21)

The last term is exactly the Faddeev-Popov determinant. This is not obvious at all because
the algebra is non linear; otherwise one can notes that the higher order terms vanish when
we gauge fix gravitini to zero, thus everything reduces to the usual Lie algebra case.
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Appendix C

Summing with Mr. Pochhammer

In this appendix we will solve explicitly the series (4.93). The results we will obtain plays
a fundamental role in constructing higher spin curvature, and reveals also a funny and
interesting mathematical structure.

C.1 Pochhammer function

We start defining Pochhammer function. Let k,I,m,i € N and z,y € R. We define the

function P(z, k) as:
k

P(z, k) = [[(x - ) (C.1)

1=0

that is related to the well known Pochhammer function P(x, k) by the relation
P(x, k) = (=) P(—z, k + 1); (C.2)

for matter of convenience we use P instead of P and, sometimes, we refer to it as ”modified
Pocchammer function”. By definition one also has:

P(x,—1)=1  VzeR; (C.3)
by using (C.1) and (C.3) it’s not hard to prove that P(k,[) satisfies the following relations:

Property 1:

“ 1
Pk l)=——P 1,1 +1

Property 2:

P(S + 2k, 2k) = P(S +2(k — 1), 2(k — 1)) P(S + 2k, 20 — 1) (C.5)
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C.2 Solution by iteration

We consider now the function asg,(s), defined in (4.94) as

s—1 ko s—3 kn—2 s—2n—3 kn-1 s—2n—1
am(s) = ) D, D > > X

k:()Zl mi1=1 k1:m1—1 mp—1=1 k‘nflimnfl—l mp=1 k‘n:mn—l
s—1 ko s—3 kn— s—2n—3

- > > > Y 25—2n+1—mn>
ko=1mi1=1ki=m1—1 mp—1=1kp_1=mnp_1—1mp=1
s—1 ko 5—3 kn— s—2n—3 1

= E E E v E E k‘n,1 (S — QTL) — 5 k'nfl(k‘nfl — 1) .

—— —_——

k():l m1:1 klzmlfl mn—l 1 k —1=Mn— 171 u ﬂ

(C.6)

Note that in the last line of the previous equation we recognize the modified Pochhammer
functions P(k,,0) (§) and P(k,,1) (). This observation plays a key role in our analysis.
Let us start fixing the notation. We introduce the step parameter z = 0,1, ...,n — 1; in our
language doing a step means that we solve a couple of summatories :

ku182

Z Z pw=n—2z2=0,1,...,n—1; (C.7)

myu=1k,=my—1

1 STEP

equivalently we define the 2! step as the result we obtain after having solved z couple of
sommatories (i.e. after z step)

kn—z s—2(n—z+1)—1 kp—2 s—2n—3 kn—1 s—2n-—1
> )R DI DD DI DS (C8)
Mp—z41=1 kn—z+1:mn—z+1_1 mp—1=1k,_1=mn_1—1mp=1kp=myp—1
N _ N P 2
vV Vs Vv
zthcouple 2ndcouple 15tcouple

Sometimes, in the following, we prefer to use the shortcut notation

Pk, q) = [q], (C.9)

and the step parameter (i.e. n — z) will be clear from the context.

In order to become familiar with this language let us reanalyze, from this point of view,
equation (4.82). In the first line of (4.82) we start summing ”1” that could be thought
as P(k,,—1). In the third line we have a linear combination of P(k,_1,0) and P(k,_1,1).
Formally we say that [—1] generates [0] and [1]'; this could be resumed in the following

Tn the first part of this analysis we don’t care about the coefficients in front of the P functions. we will
fix them later.
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diagram:
ol (C.10)

The above consideration could be generalized to every step z; by using the Property 1,
infact, we have:

kn—z—1 s—2(n—z)—1

S Y Plheg = qT12P(5—2(n—z),q+1)P(knz1,0)

Mp—2=1kp_=mp_.—1

—%P(kn_z_l,q +2). (C.11)

The previous formula implies that, for every [¢] and z, the modified Pochhammer function
[q] generates in the (z + 1)™ step [0] and [g + 2]:

e
N\

la+2]

(o] (C.12)

ld]

Start to become clear that after z step we leave with a linear combination of [¢] function;
this could be understood better looking at the diagramm (C.1):

At this point it’s not hard to convince ourselves that, after z steps, the parameter ¢ can
take the values 2§ with ¢ =0,1,...,2 — 1, or 2z — 1. In particular at the z*" step we obtain:

i C(2,29)[2q) + C(z,22 — 1)[22 — 1] (C.13)

G=0

for some function C(+,-) that we have to evaluate step by step. From the diagram (C.1) we
can observe that the "odd” coefficient C(z,2z — 1) is obtained by itering z times the second
line of equation (C.11). In particular one finds:

C(z,22—1) = (_>z. (C.14)

Computing the other coefficients seems to be too hard because at every step we double the
number of [g] functions. Fortunately we can simplify the computation by using the following
Lemma:
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[o]---

7

(0]

N\

[2]---

o]+

4] -

[o]---

v
N

2]---

[o]---

v
N

[5]---

Figure C.1: Pochhammer family tree
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Lemma 4.

At every step z one has
C(z,0) =g(z)P(s —2(n—2z+1),2(z — 1)) Vz=0,1,...,n—1 (C.15)

for some function g(z).

Proof:

We prove this Lemma by induction.?

Using equation (C.11) and the Property 2 one can verify explicitly that for 2 = 0,1,2,3
equation (C.15) is satisfied (base of induction porcedure).

Let us now suppose that (C.15) is satisfied till the (z — 1) step (induction HP). This as-
sumption has an interesting consequence; it implies, infact, that the diagram (C.1) collaps
into (C.2).

In particular, the modified Pochhammer function P(k,_,,0) is generated by P(k,_._1,2q)
and P(k,_._1,2z — 3). Observing carefully the diagram (C.2) we learn that the coeffi-
cients P(k,_,_1,2q) could be obtained just by applying ¢ times the second line of (C.11) to
C(z—1-¢q,0). So we can conclude that

0(2_1726) = 0(2_1_670)61—

- %g@_ 1= P(s—2(n—2+G+2),2(:—G—2) (C.16)

Using the first line of (C.11) and the Property 2 it’s easy to show that going from z—1 = 2
one obtains (induction step)
C(z,0) « P(s—2(n—2z+1),2¢+1)P(s—2(n—2z+q§+2),2(z —q— 2))
v P(s—=2n—z+1),2(z—1)) (C.17)
Let me emphasize that in the previous formula we don’t care about the contribution arising

from the odd modified Pocchammer function [2z — 3]. Otherwise it is still proportional to
P(s —2(n—z+1),2(z — 1)). This conclude the proof.

2In particular we are going to use the so called ”extended” induction principle. Let Prop(n) be some
preposition depending on n € N.

1. Prop(no) is true for some ng € N (base of induction porcedure)
2. we suppose now that Vk > n, Prop(k) is true (induction HP)
3. if Prop(k) true = Prop(k + 1) true (induction step)

we can conclude that Prop(n) is true for every n € N.



88

Summing with Mr. Pochhammer

Figure C.2: Pochhammer family tree modified. Note that we have used the red square
bracket [0] to emphasize that the coefficient that multiply the function [0], at every step, is
just summed by using the hypothesis of the Lemma 4.
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We resume now the results obtained from the Lemmad4:

C(z,22—-1) = (=)

C(z,2q) = C(z—4q, O)q—
C(2,0) = g(=)P(s —2n—2+1),2(: = 1)) ;
in particular we also find that:

z—

g(z) = Z ﬁg(z —1—q)+ % with  ¢(0)=0.

We are ready now to calculate as,(s). After n step equation (C.11) reduces to:

asm(s) = g(n)P(s—2n,2(n—1)) i P(ky,0)
+C(,20) Y Plko,20)

(=) ! > Plko,2n—1) .

(C.18)

(C.19)
(C.20)

(C.21)

(C.22)

We use now Property 1 and Property 2, and (C.18)-(C.20), in order to write the previous
equation in a more compact and elegant form. In particular we can write the first n lines of

the previous equation as

(—)7 !g(n —)P(s —2(G+1),2(n —G—1)) ip(/meQ)

(2¢+1)
B (2c(j_+)q2)!9(” —DL6—2q+ )20 -7 - 1)P(s, 24+ 1)
P(s,2n)

_ ﬁgm—w(s?zn)

We substitute now (C.23) into (C.22) and we find:

asn(s) = f(n)P(s,2n)

(C.23)

(C.24)
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where

f(n) = i (_—)q)!g(n —q)+ ((_—)n (C.25)

pr (24 + 2 2n+ 1)
It’s interesting to note that f(n) is defined in terms of linear combination of function g.

Everything become easier noting that f(n) = g(n + 1).
Finally we have:

asn(s) = f(n)s(s —1)(s —2)--- (s —2n+ 1)(s — 2n) (C.26)

where f(n) is defined by recurrence as

n—

f(n)—zoﬁf(n—d—lw(é;)—jj)!, (C.27)

and this conclude the first part our analysis of equation (4.82).

In the second part of this appendix we would like to discuss an important property of
the function f(n). We introduce the shortcut notation:

n—2 Alg) = 2q+2)!
f(n) = A(Q)f(n—q—1)+C(n) with 1 (C.28)
7=0 C(”) = ((Q_n)fl)l

Omne can observes that for the first few case the function f(n) satisfies (base of induction
procedure):

Property 3:

n—1

S fk+D)f(n—k)=@2n+1)f(n+1)

k=0

(C.29)

We would like to prove that this relation is valid for every n by using only (C.28) and the
initial condition f(0) =0 (i.e. f(1) =1). In order to fix the notation and the ideas we start
considering the case f(6). Let us suppose that (C.29) is satisfied for every n < 4 (induction
HP), or equivalentlly

[\

n—

flk+1)f(n—k—1)=2n—1)f(n) Y

0

N
ot

(C.30)

£
I

We would like to recognize and isolate terms proportional to (2¢ — 1) f(¢). In particular one
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has:

= /05 —af4) +af(3) -2 +f) -

= O +CQfHE) +CB)FB3) +CMA)f(2) +COB)F()

+A0)9f(5) +AMTF(4) +A(2)5f(3) +A(3)3f(2) +A(4)3f(1)
Note now that:
o Terms in red looks like f(6 — p)C(p)
e Terms in blue looks like f(p)(2p — 1)

We apply now the induction HP (C.30) on the blue terms and we can observe that
everything collapses into

F)(C5) + A(0)f(4) + A1) f(3) + A(2) f(2) + AB) f(1))

N J
-

+ f(2)(CH) +A0)f(3) +é(1);((52)) +A(2)f(1))

+ 1)) + A0)f(2) +f§)(1)f(1))

+ f(4)(C(2) +i1(0)1{((31)))

+ f(5)(C(1) v (C.31)

——
fm

Explicitly one finds the desired result
f6) =(fB)fA) + F(AF2)+ F3)fB) + f(2)f(4) + f(1)f(5)) (C.32)

We are ready now to attack the general n case. In analogy with the example discussed above
we suppose that

- flk+1)fim—k—1)=2m—1)f(m) V. m<n—1 (C.33)

3

i

Another ingredient we need is the following relation:

(2n — 1)A(k) = (2(n — k — 1) — DA(k) + C(k + 1). (C.34)
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We write now f(n) using the previous relation and its definition, in a clever way :

w

n— n—2

@n—1f(n) =3 fln—k-1)2n—k—1) - DARK) +Y_ f(k+1)C(n—k—1). (C.35)

0 k=0

e
Il

We apply now the induction HP on the blue part of the previous relation

n—3 n—k—3 n—2
AR fn—k—q-2)f(g+ 1)+ > fk+1)C(n—k-1). (C.36)
k=0 ¢=0 k=0

It’s very important to note that

n—3 n—k—3 n—3 n—k—3
S AR)fn—k—q-2)f(g+1) =) _flk+1) > Alq)f(n—k—q—2) (C.37)
k=0 ¢=0 k=0 q=0

Substituting (C.37) and (C.36) into (C.35) we obtain:

n—3 n—k—3
@2n—1)f(n) = kof(k+ 1)<C(n—k— 1)+ q:ZO A(q)f(n—k—q—2)) + f(n— 1)%%2
Fn—k—1)
_ ¥ flk+1)f(n—k—1) (C.38)

B
Il

0

and this conclude our proof.
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In this thesis we have studied spinning particles with an SO(N) extended supergravity mul-
tiplet on the worldline. In particular we have analyzed the symmetries of these models with
flat and curved background and we have shown explicitly that in maximally symmetric space
the first class constraints algebra, for every N, turns out to be closed, yet non linear; this
approach has produced, as a byproduct, a more general coupling in D = 2 with certains
spaces with non constant curvatures. An action principle with gauge symmetries (i.e. local
symmetries), contains a 1° class constraints algebra, but it need not be necessary a Lie alge-
bra but could be more complicated. It would be interesting, by using the idea we have used
in Chapter 1, to study SO(N) spinning particles coupled to a more general background.
In order to preserve local symmetries one can try to close SO(N) extended supersymmetry
algebra by admitting structure functions, instead of structure constant, or a more general
non linear structure of the algebra.

This problem might be overcome also by adding one more constraint (constructed for ex-
ample with four Grassmann variables), but note that at this point, in general, the physical
meaning of the model could be modified and become less interesting.

In Chapter 2 we have shown that, in every even space time dimensions D = 2n and
for every even N, a canonical analysis of SO(NN) spinning particles with flat background,
produces as physical sector of the Hilbert space, tensors with mixed symmetry, and in par-
ticular with the symmetries of a rectangular Young tableaux with s columns and n rows
(i.e. s ® n Young tableaux). These tensors have to be closed and co-closed and we have
recognized them as the conformal higher spin curvatures (HSC) describing the dynamic of
conformal higher spin fields (HS) whose Young tableaux are s ® (n — 1) rectangles. We
have also solved, by using the generalized Poincaré Lemma, the differential Bianchi iden-
tity (i.e. closing condition) and we have shown that the traceless condition on the HSC
(that arise naturally from the quantization of spinning particles) produces an higher order
derivative equation of motion for the HS fields. These equations, in virtue of the general-
1zed Poincaré Lemma and after having introduced and gauge fixed to zero the compensator
field, can be linearized; this analysis produces in particular, the Fronsdal-Labastida equation
of motion, describing the dynamics of massless HS with mixed symmetry, and the correct
traceless condition and double traceless conditions on the gauge parameters and gauge fields.

In Chapter 3 we have studied the one loop quantization of SO(N) spinning particles
on the circle. We have considered propagation on a flat target space time and obtained the
measure on the moduli space of the SO(N) supergravity on the circle. We have used it to
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compute the propagating physical degrees of freedom for every N and every D, described
by the spinning particles. In particular we have shown explicitly that spinning particles do
not contain physical degrees of freedom in space times of odd dimensions. It would be very
interesting, in a future project, to study the one loop quantization of a bigger class of models,
orthosymplectic spinning particle models, describing tensors with mixed symmetry [70].

Let us also emphasize that the correct measure on the moduli space of the SO(N) supergrav-
ity multiplet on the circle, we have obtained in this work, is necessary for computing more
general quantum corrections arising when couplings to background fields are introduced.
SO(N) spinning particles, in fact, can consistently propagate in maximally symmetric space.

In Chapter 4 we have studied the physical contents of SO(N) spinning particles on
(A)dS backgrounds, via a canonical analysis. We have focused our attention on the integer
spin case in every even dimension D = 2n and we have shown explicitly that the quantization
4 la Dirac produces (A)dS HSC as the physical states of the Hilbert space.

The dynamics of massless integer HS in (A)dS background is described by the generalization
of the Fronsdal-Labastida equation of motion in maximally symmetric space. However in
the literature it is not yet clear how to derive these equations of motion starting from
pure geometrical object (i.e. HSC); in curved space, in order to solve the differential Bianchi
identity, one cannot use the generalized Poincaré Lemma as a guide line (covariant derivative

do not commute). For this reasons we have proposed a different approach; we have written
the (A)dS HSC |R) as

[s/2]

R) =D ()" ru(s)Ru(s) |0)

m=0

where in this case [s/2] means integer part, R,,(s) is an operator containing s —2m covariant
derivatives and |¢) is the HS gauge potential. We have then imposed the Bianchi identity to
fix the functions r,,(s); these functions have been carefully evaluated by using the Pochham-
mer functions in Appendix C and we have found an elegant way to write them by using
recursive relation with themselves.

More in general during this work, we have proposed a solution of the ”V-closed” condition
of multiforms with the symmetries of rectangular s ® n Young tableaux, living in maximally
symmetric space; thus could be very interesting to study possible extensions to maximally
symmetric space of the generalized Poincaré Lemma, by using our results as a guideline.

In the cases of N = 4,6,8 we have solved explicitly the differential Bianchi identity
and we have shown that traceless condition on the HSC produces the Fronsdal-Labastida
equation of motion in (A)dS with the correct traceless and double traceless constraint on
the gauge parameter and HS gauge potential.

It would be interesting, for further analysis, impose the traceless condition on the (A)dS
HSC for every integer spin. We expect that the higher derivative equations of motion for HS
gauge fields reduce to a suitable generalization to curved space of the 79°~2” closed condition
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for the Fronsdal-Labastida operator GgA)dS that we write as

[s/2-1]

> (@)™, ()R ()G g) = 0

m=0

for some functions 77, (s); at this point one can try to introduce the compensator field and
gauge fix it to zero and obtain the Fronsdal-Labastida equation of motion in (A)dS back-
ground

GW|g) =0 .

After having checked explicitly that SO(N) spinning particle models describe, also in max-
imally symmetric background, the dynamics of conformal HS fields, it would be interesting
to calculate the one loop partition function on the circle. To this aim we have constructed
in Appendix B, by using the Koszul-Tate algorithm, the BRST charge associated to the
SO(N) extended supersymmetry algebra, that, in maximally symmetric space is a quadratic
superalgebra; moreover we have gauge fixed the SO(N) supergravity multiplet on the circle,
and we have used the BRST charge to construct the gauge fixed action.

Note that in D = 4 flat target space, massless HS fields propagate 2 degrees of freedom
associated to the two independent polarization, while massive fields with arbitrary spin s
propagate 2s+ 1 independent polarizations. In AdS, partially massless states appear. These
states propagate, for some particular values of the mass m and the cosmological constant A,
25 + 1 — 2¢ degrees of freedom, for some ¢ = 0, 1,2, ..., s that is called step parameter [41].

For all the reasons discussed above another possible direction in which this work might
be developed is the analysis of the massive SO(N) spinning particles in (A)dS target space.
The computation of the partition function and the calculation of the degrees of freedom
should be very interesting in order to study partially massless states in D = 4 and more in
general in every dimension D = 2n.

In Chapter 5 we have constructed N = 4 one dimensional supergravity models on Hy-
per Kahler (HK) and quaternionic Kdhler (QK) manifolds. In particular we have analyzed
the symmetries of these models and in the QK background case, we have constructed the
BRST charge and the gauge fixed action on the circle. Thus, in the future, should be very
interesting calculate the one loop partition function.

HK manifold endowed with homothetic killing vector have been extensively studied in
literature (see for example [65] [71] and references therein); this is, in fact, an important
subclass of HK manifolds admitting conformal symmetry and we refer to them as Hyper
Kéhler Cone (HKC). A map from a 4(n + 1) HKC to a 4n dimensional QK manifold for
bosonic non linear sigma models, have been constructed and analyzed carefully in [72]. This

procedure, known as superconformal reduction, is based on the gauging of the isometry of
the HKC.
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In a forthcoming paper [73] we will consider, as a toy model, supersymmetric (non linear)
sigma model on flat and curved D + 1 dimensional cones; in particular we propose a map
for SO(N) spinning particle and U(1) spinning particle models, from the cone to the D
dimensional base manifold.

It would be interesting to extend our analysis to sp(2) spinning particle models with (4n+1)
dimensional HKC background, and by gauging conformal and sp(2) isometry, obtain sp(2)
spinning particle models propagating in 4n dimensional QK target space.
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