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Abstract

This thesis investigates the interactions of partially massless (PM) fields in 4-dimensional (anti-
)de Sitter spaces, along with conformal higher spin fields and their coupling to matter in
arbitrary dimensions. The first part of the thesis deals with PM fields and PM algebras. A
reformulation of PM fields is proposed and studied using a novel chiral formulation, inspired by
Penrose’s twistor approach to massless fields in Minkowski space. This reformulation enables
explicit construction of Yang-Mills-type interactions and current couplings. Next, an oscillator
realisation for PM higher spin algebras is given in terms of bosonic and fermionic oscillators.
The construction is based on the Weyl-Clifford algebra.

The second part of the thesis derives the coupling between a massless scalar field and a
background of higher spin fields within a manifestly covariant framework, employing Fedosov
quantization techniques, called the ”parent formulation”. This formalism yields, in particular,
an explicit covariant expression for the coupling between scalar fields and higher spin conformal

gravity.
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An Invitation

One of the most enduring challenges in modern theoretical physics is to formulate a consistent
theory of quantum gravity that is, a framework unifying Einstein’s General Relativity (GR)
with the quantum field theoretic description of the other fundamental forces encapsulated in
the Standard Model (SM). GR describes gravity as the geometry of spacetime, while the SM
describes the electromagnetic, weak, and strong interactions. In their current forms, these
two theories are entirely independent: each is brilliantly successful within its domain, yet
fundamentally incompatible with the other.

The SM’s unification of three forces suggests that gravity, the lone force outside its remit,
should also fit into the same framework. Pursuing this idea broadly termed “quantum gravity”
requires both pushing experimental probes beyond the SM’s energy reach and challenging the
foundational assumptions of our existing theories. Unfortunately, the Planck scale at which
quantum-gravitational effects become significant lies far beyond the capabilities of any foresee-
able collider, so progress must rely primarily on theoretical innovation.

Over the past half-century, physicists have explored a variety of radical approaches, such
as string theory and loop quantum gravity, that replace one or both standard frameworks with
entirely new structures and then attempted to recover GR and the SM as low-energy limits.
These efforts have yielded remarkable insights, including the AdS/CFT correspondence, but
the overarching goal of a complete quantum gravity remains elusive.

In parallel, more conservative extensions adhere closely to the SM’s and GR’s established
principles, adding new symmetries or fields without discarding the underlying framework.
Examples include emergent-gravity scenarios motivated by black-hole thermodynamics, Holo-
graphic duality and higher spin gauge theories. The latter one investigates whether a theory
of fundamental particles of spin greater than two might play a role in our universe or not.
This offers a promising avenue for extending the SM and probing the deep connections between
geometry, quantum mechanics, and fundamental interactions.

Another compelling motivation for studying higher spin particles comes from string the-
ory [1], see also [2-4]. String theory contains an infinite tower of massive higher spin fields
that interact consistently. By taking the low-tension limit, in which these masses vanish, one
can extract hints about their interactions. Conversely, a deeper understanding of higher spin
dynamics may shed new light on string theory itself, which has so far focused primarily on its
low-spin, massless sector and its low-energy interactions. Thus, in this low-tension limit, there

exists an underlying symmetry called higher spin symmetry, which leads many to conjecture
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that string theory could be a broken phase of a higher spin symmetric theory [5].

Although higher spin theory in its modern form has developed over the last 20-30 years, its
roots trace back to E. Majorana’s 1932 work [6] and Dirac’s 1936 equations for arbitrary spin [7].
These were the first instances of Lorentz-covariant equations of motion for particles of arbitrary
spin. A proper mathematical foundation arrived in 1939 with E. Wigner’s group-theoretic
classification of one-particle states as unitary irreducible representations of the Poincaré group
IS0(3,1) [8]. One fixes the invariant p> = m? > 0 (massive vs. massless), and then classifies
states by their little-group representations: SO(3) for m > 0 (spin s, dimension 2s + 1) and
SO(2) for m = 0 (helicity £\).

Fierz’s seminal 1939 paper [9] then gave the first comprehensive treatment of free higher
spin fields in tensor language, and Frgnsdal [10] introduced a consistent free gauge theory of
the massless higher spins in flat spacetime via symmetric tensors with trace constraints. The
central question of whether one can construct consistent interacting theories that include at
least one massless field of spin s > 2 remains notoriously difficult. Various no-go theorems
(see [11] for details) demonstrate severe obstructions to coupling such fields to gravity or to
themselves while preserving both gauge invariance and locality. Briefly, a few of them are as

follows (see [11] for more detail),

1. Weinberg’s Low-Energy Theorem (1964) [12]

In the soft limit of emitting a massless spin-s particle, one finds the conservation condition

> gTpt gt = 0.

The symbol gl@ represents the coupling constant associated with the emission of a soft

massless particle of spin s from the i-th external hard particle in a scattering amplitude.
(1
i

) is the electric charge of particle 4, and the soft factor ). gl-(l) enforces
(2)

%

For s =1, ¢g
charge conservation. For s = 2, ¢. is the gravitational coupling. Hence, soft theorem
encodes both momentum conservation and the equivalence principle. For s > 2, this
(s)

forces all couplings g, to vanish, forbidding most of the nontrivial interactions.

2. Coleman-Mandula Theorem (1967) [13]
Any nontrivial, analytic S-matrix in four dimensions with finitely many particle species
can only realize a direct product of the Poincaré algebra with internal symmetries. No

extra higher spin conserved charges are allowed.

3. Weinberg—Witten Theorem (1980) [14]
Massless particles of spin > 1 cannot carry a Lorentz-covariant, gauge-invariant stress-
energy tensor. Equivalently, no universal two-derivative coupling to gravity exists for

s > 2 in flat space.

These classic no-go theorems for interacting massless higher spin fields rest on flat-space as-

sumptions, a Poincaré-invariant S-matrix, minimal two-derivative couplings, and well-defined
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asymptotic states. Of course, one may relax any of these hypotheses as long as no physical or
mathematical inconsistency arises. In particular, a nonzero cosmological constant A eliminates
the very notion of an S-matrix, but, as later turned out, the appropriate observables are the
boundary correlation functions®. Before AdS/CFT was established, this argument presented a
possibility to evade one or more of the flat-space conditions and thus motivates the study of
higher spin theories in (A)dS. Indeed, Fradkin and Vasiliev [15,16] showed that A # 0 permits
nontrivial cubic vertices.? At first sight, their construction in (A)dS, appears to “circumvent”
the flat-space no-go theorems simply by exploiting the dimensionful scale A. However, full
consistency demands quartic and higher order interactions. Although Vasiliev later formu-
lated a non-linear system of interacting higher spin equations in (A)dS [19-21], those equations
inevitably generate infinite-derivative (i.e. non-local) interactions and contain infinitely many
free coefficients that crucially affect physical observables, hence no local quartic and higher-
order interactions can be obtained from Vasiliev’s equations. Due to this, one can’t interpret
the equations as providing a (local) higher-spin field theory in AdS and it remains an open
question whether and how one can extract physical observables from this system, for details
see [22].

Also, many of the arguments of the no-go theorems are based on manifest Lorentz invariance,
but it turns out that in the light cone approach, one directly deals with physical degrees of
freedom and avoids the dependence on a particular description of fields. Such an approach was
used to classify cubic interactions [17,18,23,24] and in [25] it was finally shown how to avoid
no-go theorems and establish consistent non-trivial higher spin gravity in flat spacetime. Based
on these results, it was further shown that there exists a complete and consistent theory, called
Chiral higher spin theory, in four dimensions [25].

Chiral Higher spin gravity (HISGRA) is of huge interest as this is the only perturbatively
local field theory with propagating massless fields. It is at least one loop finite [26-28]. Also,
recently, chiral higher spin theory has been fully developed in a covariant manner in a series
of works [29-31]. This description is inspired by the pure-connection formalism of gravity by
Plebanski [32] and [33]. Chiral HISGRA admits two simple, consistent truncations which are
to be seen as higher spin extensions of self-dual Yang-Mills (HS-SDYM) and self-dual gravity
(HS-SDGRA) [34,35]. These theories are also the subject of huge interest from the twistor
front, as this description is very twistor-friendly. Indeed, in [36], a twistor description of HS-
SDYM and HS-SDGRA is given, extending the famous Ward correspondence and Non-linear
graviton theorem for the low spin case. This naturally suggests that the twistor formulation
for full chiral higher spin theory must exist, see [37] for recent progress on this front. All of

these make Chiral HISGRA a very interesting, important tool to explore higher spin gravity in

'In ordinary flat-space QFT, the S-matrix is the set of transition amplitudes between ‘in’ and ‘out’ states
defined on asymptotic Minkowski null infinity. In AdS there is no such notion (particles can never “escape” to
infinity), so the role of scattering amplitudes is played instead by boundary correlators in the dual CFT. The

“holographic S-matrix” is then recovered by taking an appropriate flat-space limit of those correlators.
2Tt is worth mentioning that there are nontrivial cubic interactions of massless higher-spin fields in flat space

as well, including the gravitational ones, as was shown around the same time in [17,18].
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general?.

Now, from the point of view of the AdS/CFT correspondence [39-41], it became apparent
that a consistent theory of massless higher spin fields is very natural. In particular, these fields
possess precisely the structure required to be holographically dual to a free or critical vector
model, a correspondence first conjectured in [42,43], and admit fermionic generalizations, as
described in [44,45]. One of the crucial results in this context is that in three-dimensional CFTs,
the existence of a stress tensor and a single conserved higher spin current forces the theory to
be free [46]. It was proved that such a current generates an infinite tower of conserved currents,
and the resulting Ward identities uniquely fix all stress-tensor and higher spin correlators to
coincide with those of either a free boson or a free fermion. Hence, no nontrivial interacting
CFT can possess exact higher spin symmetry. Subsequently, such investigation is extended to
four dimensions in [47] and then to d dimensions in [48]. This result, from the point of view
of AdS/CFT, must be dual to some bulk higher spin theory. Indeed, in [49], a classification of
higher-spin algebras in AdS, for d > 3 is done. Under mild assumptions, they obtain a complete
solution in d = 4 and d > 7, demonstrating that the algebra governing symmetric higher spin
fields in the bulk and, equivalently, the algebra of exactly conserved, totally symmetric higher-
spin currents in the boundary CFT,_; is unique.

In this context, a foundational result in representation theory is the Flato-Fronsdal theorem
[50], which lies at the heart of higher spin holography by demonstrating how bulk higher spin
gauge fields emerge from simpler boundary degrees of freedom. This relationship is encapsulated

in the following group-theoretic statement:

Flato-Frgnsdal Theorem: “In AdSy, the tensor product of two singletons decomposes into
a tower of massless bulk fields.”

This is understood as follows:

e A scalar singleton (or “Rac”) is a lowest-weight module D(3,0) of s0(3,2) that has no
propagating bulk degrees of freedom, but corresponds to a free conformal field on the
AdS, boundary. The tensor product of two such singletons decomposes into an infinite

direct sum of s0(3,2) irreducible modules:

D(3.0) © D(L.0) = PD(s+1.5).
s=0

where each D(s + 1,s) is the lowest-weight module describing a massless spin-s field
in AdS;. Thus, although an individual singleton does not propagate in the bulk, two

singletons together generate the full spectrum of massless higher spin fields.

3Very recently, [38] presented a complete classification of chiral higher spin theories with one- and two-
derivative vertices. Remarkably, this gives the first examples of gravitational (self-dual) theories with only a
finite number of interacting higher spin fields and greatly expands the known landscape. Such truncations also

appear to be realizable within covariant chiral higher spin actions [35] and developed in [29, 31].
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e On boundary side: Conserved spin-s currents J®(z) in the free CFT and

On bulk side: Free massless spin-s gauge fields ¢ in AdS.

The Flato—Frgnsdal theorem guarantees the correspondence so that the infinite tower of bound-
ary currents matches exactly the infinite tower of bulk higher spin fields.

Thus, it is evident that understanding the physics of (Anti-)de Sitter space is of particular
importance for higher spin theories and vice versa. From a physical standpoint, including a
cosmological constant also aligns with observations: our universe’s accelerated expansion [51]
implies a small but positive A, realizing de Sitter spacetime. These backgrounds exhibit features
without flat-space counterparts. In Minkowski space, for example, the Poincaré group (via
Wigner’s classification) admits only strictly massless gauge fields. By contrast, the isometry
algebra with A # 0, so(d,2) in AdSgyq or so(d+1,1) in dSyy1, supports a much richer spectrum
of irreducible representations [52-55] which leads bigger set of gauge fields then just massless
gauge fields. Besides the familiar massive and massless cases, one also finds what is known as
partially massless (PM) gauge fields, whose gauge symmetries have no analogue in flat space
and are thus a distinctive hallmark of (A)dS [56,57]. For a geometrical formulation of such
fields, see [58].

More precisely, a partially massless field of spin s and depth t is described by a symmetric

(s,t) . . . . . . .
tensor ¢, 4, in AdS. Its gauge invariance involves ¢ derivatives on the parameter §,,. . .-

5¢(S’t) XX V(IHVMZ e Vut é-,ut+1~~-/l5) :

[ s
Here, the integer ¢ (with 1 <t < s) is the depth of the partially massless gauge symmetry?: it
counts the number of covariant derivatives acting on the gauge parameter. Compared to the
single-derivative gauge transformation of a strictly massless spin-s field (which has ¢ = 1), this
higher-derivative structure in the gauge transformation is responsible for keeping the number of
physical degrees of freedom to an intermediate value between the massless case and the massive
case. It is in this sense that PM fields are a generalization of the massless case. It is important
to note that the partially massless fields are not unitary in (A)dS, but they are unitary in dS,
thus making them more physical and important in the latter case [59].
The global symmetry, corresponding to the above PM higher spin local gauge symmetry, is
called the PM higher spin algebra. Remarkably, these PM higher—spin algebras, with odd depth
=1,3,...,2¢ — 1, are isomorphic to the higher symmetries of the so—called “higher—order sin-
gleton” (satisfying (‘¢ = 0). In this way, the well-known correspondence between higher—spin
algebras and singleton symmetries generalizes directly to a bijection between PM higher—spin
algebras and the symmetries of higher—order singletons. (Note that even though a higher
power of [J may seem unphysical from a unitarity point of view, they may have a chance to
arise in a real physical situation. For example (12> = 0 operator, which is called the ”Bihar-
monic equation”, describes many interesting physical situations in elasticity, fluids, etc., see for
details [60-63)]).

4Note that in the literature, there are different conventions used for depth ¢ depending upon for what value
t one recovers the massless case. In this thesis, we will always make the convention clear and explicit whenever

we discuss it.
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From the holographic point of view, these fields again play an important role. A generalized
holographic dictionary between boundary conserved currents and bulk gauge fields was proposed
in [64]. It turns out that the boundary dual of a tower of partially massless fields is the higher-
order scalar singleton ((J‘¢(z) = 0) [65]. This leads to a generalization of Flato-Fronsdal
theorem for massless fields [66].

ItD (%, 0) is the space of solutions of (I ¢(x) = 0 in d dimensions then the tensor product
of two higher-order scalar singletons decomposes into a direct sum of so(d, 2) irreducible modules
describing partially conserved currents (or massless fields) of all integer ranks s > 0 and all odd
depths t =2k — 1 with k=1,..., ¢

[e.9]

¢
D(42,0) @ D(42,0) = @ PD(d+s—2k, ).
s=0 k=1

This formula generalises the original Flato-Frgnsdal theorem to higher order ¢ > 1 and to
depths t > 1. In the holographic duality, the left-hand side corresponds to the singlet sector of
the U(N) (or for O(N), the symmetric) vector model, while the right-hand side can be viewed
either as the spectrum of composite primary operators in the CF'T or as the spectrum of fields
n (A)dSg1 (for details, see [66]). Just like the massless higher spin algebra, the PM higher
spin algebra is also an infinite-dimensional algebra generalizing the massless case by adding
more generators corresponding to non-trivial depth ¢.

The above theorem is very promising and provides a huge motivation to study PM fields
seriously. It turns out that PM fields are more difficult to handle. One of the major prob-
lems in the context of PM higher spin theory is constructing an interacting theory. Even for
the simplest case of spin s = 2 and ¢t = 2 (PM graviton), where we expect its cosmological
relevance (see [59]), fully consistent and realistic models of interacting partially massless fields
remain elusive. The central obstacle (or a part of it) is enforcing gauge invariance beyond the
linearized level: this requirement alone suffices to forbid any theory of a single, self-interacting
PM spin-2 field (see, e.g., [67-69]). Such no-go results naturally raise the question of whether a
deeper obstruction prevents nontrivial PM dynamics altogether. As of today, there is no fully
satisfactory, nontrivial interacting theory of a single partially massless higher-spin field that is

both local and unitary. What does exist falls into two categories:

e Cubic and higher-derivative vertices in (A)dS [70,71]. For any spin s > 2, one con-
structs and classifies a large, explicitly solvable sector of PM cubic interactions in (A)dS,
identifies a sharp mass/depth selection rule, governing when PM couplings exist, and
provides explicit PM vertices. These cubic results are expected to be further constrained
by the higher-order consistency, but no general quartic completion is known. Specifically
for the spin-2 case in [68], it was concluded that there cannot exist a unitary theory of
a PM spin-two field coupled to Einstein gravity with a perturbatively local Lagrangian.

Hence, the problem of PM interaction is still wide open®.

5In this thesis, we will provide examples of the interacting theory of partially massless field via chiral

approach.
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e Multi-field, non-unitary constructions [72]. It was shown that one can indeed build
a complete interacting theory for a multiplet of PM gravitons in (A)dS,, provided that the
internal metric is not positive definite (thus relaxing classical unitarity). This construction
shows that gauge invariance per se does not fundamentally rule out nontrivial PM spin-2
interactions; only the combined insistence on unitarity and single-field self-couplings does
(see also [73]).

Therefore, even though partially massless fields are a natural extension of the strictly mass-
less case, they present formidable obstacles to constructing a fully interacting theory. Achieving
such a theory would not only deepen our understanding of (A)dS physics but also shed new
light on higher spin holography and higher spin gravity in general.

Motivated by these challenges and successes of Chiral massless higher spin gravity, as dis-
cussed above, it is natural to seek an analogous chiral, twistor-inspired description of PM fields,
with the hope that such a framework might finally unlock the problem of consistent PM inter-
actions. With these goals in mind, the first part of this thesis is therefore devoted to exploring
chiral formulation of partially massless higher spin fields and partially massless algebra in four
dimensions, and we will see that indeed this allows us to write some non-trivial interactions
(see chapter 2).

There is another important class of higher spin theory called Conformal Higher Spin (CHS)
theory. Just as higher spin theory is an extension of Einstein gravity, CHS theory is a higher
spin extension of conformal gravity. CHS theory provides a remarkable example of a consistent
interacting higher spin theory in a flat space background, which is local to all orders, and
its generalization to arbitrary curved spacetime has been achieved. These theories have, in
addition to diffeomorphism symmetry, the Weyl symmetry. This is first suggested by Fradkin-
Tseytlin’s [74], and developed in [75-78].

These CHS models appear to be important for various reasons.

1. In the framework of the AdS/CFT correspondence [39,79,80] conformal higher-spin fields
in d dimensions arise precisely as the boundary values of massless higher-spin fields prop-
agating in AdSg4, ;. This construction directly generalizes the standard AdS/CFT to its
higher spin extension. Thus, a detailed study of conformal higher-spin theories in d di-

mensions can shed light on the properties and interactions of their bulk AdS counterparts.

2. Just as conformal gravity leads to Cartan geometry, when seen as a gauge theory of
s0(d,2) in terms of a Cartan-connection one-form valued in the (conformal) isometry
algebra, conformal higher spin gravity offers a broader laboratory for studying “higher
spin geometry”. The geometries probed by conformal higher spin theories are gener-
ally parameterized by two data: by the type of matter fields we start with and by the
conformally-invariant equation they obey. Also, the fact that CHS is a generalization of

Conformal gravity leads to a variety of conformal invariants [81-85].

3. Another motivation for examining conformal higher spin theories in four dimensions stems

from the availability of twistor methods [86,87]. Since twistors are inherently adapted to
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conformal structures, a twistor description of CHS could yield deeper geometric insight
into it. Conformal gravity in twistor space was first written in [88]. To date, only the
linearized conformal higher spin equations have been cast in twistor language [89-91],

and a fully nonlinear formulation remains out of reach.

Also, there is another vantage point where partially massless fields make their appearance,
namely, their embedding in Conformal Higher Spin theory. The fact that CHS’s symmetries
coincide with symmetries of massless HS theory in one higher dimension allows PM to be
embedded inside conformal higher spin theory. Indeed (d+ 1)-dimensional free conformal spin-
s field can be decomposed, around AdSy;.1, into the set of spin-s PM fields with all depths
[81,92,93],

8+%

CHS, = 5 PM,
t=1

where PM,; with ¢t > s are massive fields. For a bottom-up approach to this, see [68]. CHS
theory is non-unitary since its linearized spectrum is described by a higher derivative action.
Also, this non-unitary nature is much more apparent if one sees that the CHS action can be

decomposed as (see e.g., [94] and references therein),

s_i_%

SSCHS' — Z (_1)(t+1)s(s,t)

t=1

The alternating sign between even and odd depth in the action shows the non-unitary nature
of CHS. This non-unitarity should not be discouraging, as unitarity is not mandatory for the
physical applications in condensed matter and statistical physics.

In [78], a fully non-linear, manifestly covariant action for conformal higher spin gravity in
an arbitrary curved spacetime was constructed using Fedosov—type deformation quantization
techniques [95,96]. While the full consequences of this framework remain to be explored, it
opens many intriguing directions—for instance, one may hope that its Fedosov formulation will
guide the development of a complete twistor description of CHS fields. More broadly, it reveals
a deep link between deformation quantization and higher spin geometry in general.

In the second part of the thesis, it is this formulation of CHS that we will explore and show

how to couple matter to a higher spin background in a covariant manner.



Summary and Structure of the Thesis

In this thesis, I investigate the interactions of two classes of higher spin theories: partially
massless fields and Conformal Higher Spin fields. The whole thesis is based on the following

three papers:

e Thomas Basile and Shailesh Dhasmana, Partially massless higher spin algebras in four
dimensions, JHEP 12 (2024) 152. DOI:10.1007/JHEP12(2024)152.

e Thomas Basile, Shailesh Dhasmana and Evgeny Skvortsov, Chiral approach to partially
massless fields, JHEP 05 (2023) 136. DOI:10.1007/JHEP05(2023)136.

e Thomas Basile, Shailesh Dhasmana, and Evgeny Skvortsov, Scalar field on a higher-spin
background via Fedosov quantization. JHEP, 149 (2025). , DOI:10.1007/JHEPO07(2025)149.

Structure of the Thesis

Chapter 0: Introduction In this chapter, we introduce the history, motivation, overview of

challenges, and the role of higher spin theories in various contexts.

Chapter 1: Review of Free Higher Spin Theory An introduction to Frgnsdal formalism,
describing free massless higher spin fields, is given. We review both the metric-like and

the frame-like formulation of higher spin fields.

Chapter 2: Chiral Formulation of Partially Massless Fields Here we start by review-
ing the chiral approach to gravity and generalize it to a new (chiral) description of partially
massless higher spin fields in 4D. Then we will work out the interactions and construct
complete examples of higher spin gravities with (partially)massless fields that feature

Yang—Mills and current interactions.

Chapter 3: (Partially) Massless Higher Spin Algebra Starting with a review on Higher
spin algebra, we will discuss a new realisation of partially massless higher spin algebras
in four dimensions in terms of bosonic and fermionic oscillators, using Howe duality
between sp(4,R) ~ s0(2,3) and osp(1|2(¢ —1),R). We also discuss the possible existence

of a deformation of this algebra, which would encode interactions for the type-A, theory.
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Chapter 4: Conformal Higher Spin and Matter Coupling In this chapter, we will first
review Conformal Higher Spin and their formulation based on Tseytlin and Segal’s ap-
proach. I will introduce Fedosov techniques used to formulate covariant action for Con-
formal Higher Spin fields, and we finally revisit the problem of a scalar field in a higher

spin background and explain the proposed, manifestly covariant formulation.

Notation Used

Even though in every chapter we explicitly stated the notation used here are some of the

commonly used notations throughout the thesis.
e D is the dimension of spacetime.

e d=D — 1 is to denote the dimension of the boundary.

e 4, v.. are spacetime indices 4 = 0,1,...,D and a,b--- = 0,1,...D — 1 = d are Lorentz
indices

e Indices A,B...=0,1,...D are used to denote s0(2,d) tensor indices.

e Indices A,B,.. = 0,1 and A, B"--- = (0,1’ are used to denote 2-component spinor indices

mainly used in chapter 2.

o T,

Tus) = Tlprops) = %(Tm“#s + permutation).

(s) is used to denote symmetric indices with the convention

e The trace of a tensor is denoted by prime as ¢L(s_2) = " u(s—2)-



Chapter 1

Review of Free Higher Spin Fields

In this chapter, we review free massless fields of arbitrary spin s, considering both the metric
and frame-like formulations. Our discussion is restricted to bosonic fields and focuses solely on
the free theory, thus omitting several interesting features that are significant in their own right.
For those aspects, we refer the interested reader to the original literature [2,10,97-100] and to

some recent reviews [101-103] (An expert can skip this chapter completely).

1.1 Metric Formulation

The metric-like formulation is a specific approach to describe higher spin fields using totally
symmetric rank-s Lorentz tensors, denoted by ¢,s) = ©u,..u,, Which represent integer spin-
s gauge fields. This is known as the Fronsdal formulation of linear higher spin (HS) gauge
theories. It naturally generalizes the familiar Maxwell and linearized Einstein equations. To
provide context and highlight the natural progression to higher spins, we begin by briefly

reviewing the spin-2 case below.

1.1.1 Linearised Einstein Gravity and the Spin-2 Field

In Einstein gravity, the fundamental dynamical object is the metric g,,. In the linearized
theory, the dynamics is approximated by considering small fluctuations around a flat Minkowski

background, i.e., we assume:

Guv :nuu+hyy (111)

where h,, is some small perturbation around the flat background. The linearized Einstein
equations describe massless spin-2 particles propagating on a flat background. At this level,

dynamical gravity can be viewed as a classical field theory of gravitons in flat spacetime.

The Christoffel symbols are given by:

1 1
Lo = §(augw + OuGup — OpGw) = §(auhv,o + Ovhyp — Ophyu) (1.1.2)

13



14 CHAPTER 1. REVIEW OF FREE HIGHER SPIN FIELDS

Using this result, we find that the linearized Riemann tensor is:

2Rype = 0oL iow — Ol s + Tipn Ty = DAl = 0,0, + 0,05y — 0,0, — 0,05y

(1.1.3)
The Ricci tensor is the contraction R, = R,,09”°. The linearised Ricci tensor is:
1
R, = 5 (8,,8th” +9,0,h, — 0,0,h — DhW) (1.1.4)
The vacuum Einstein equations are:
1
G =R, — §R9uv =0 (1.1.5)

Contracting with g"” gives R = 0, so the vacuum Einstein equations reduce to the Ricci flat

condition R, = 0. Using this, we obtain a second-order equation for h,,:
Ohyw — (0,0°hy, + 0,0°h,,,) + 0,0,h =0 (1.1.6)

This is the equation that describes the spin-2 field classically, called the graviton field. It is this
equation that is generalized to higher spin naturally. Note that this equation is gauge invariant

under the linearized diffeomorphism (spin-2 gauge transformation):
Ohyw = Ouey + Ove, (1.1.7)

where €,(z) is an arbitrary vector field. We will choose the gauge condition,
1
0" hyy — iﬁyh =0 (1.1.8)

This is sometimes called the De Donder gauge condition. Substituting this, we get the wave

equation for a massless, symmetric tensor field as,
Uhy, =0 (1.1.9)

To confirm that the linearized Einstein equations indeed describe a massless spin-2 field, (as per
group representation theory, which is the dimension of the little group SO(2) in four dimensions
gives us 2 degrees of freedom). Achieving this requires further gauge fixing, which results in
complete gauge fixing.

Even after taking the De-Donder gauge, further gauge transformations are possible because
the gauge variation of the left-hand side of equation (1.1.8) takes the form:

0"0,€, + 0"0,¢, — 0,0"¢, = e, (1.1.10)

This implies that equation (1.1.8) is invariant under gauge transformations whose gauge pa-
rameter ¢, satisfies the wave equation e, = 0. Thus, there remains sufficient residual gauge
freedom to impose additional constraints.

We now aim to use this freedom to gauge away the trace of the metric perturbation h,, .

Specifically, we want to find a gauge transformation such that the trace of the transformed field



1.1. METRIC FORMULATION 15

vanishes: i = h + 6h = 0, where the trace is defined as h = n*h,,. The gauge variation of
the trace is given by —0h = —n*"oh,, = —20”¢, = h To make this concrete, we consider plane

wave solutions for both the field and the gauge parameter:
h,uzz — !weikac, €y = C#eik:p

where H,, and C, are constant tensors, and the wavevector k* satisfies k* = 0, since we are

dealing with massless excitations. We get,
Sh(z) =20,e” =2 (ik,CP) ™" = (20 k-C) **

Now demanding that the new trace vanish, i.e., we want h(z) = h(z) + Oh(z) to satisfy

h(z) = 0. Equivalently,

. H
He*® 4 6h(z) = 0 = H+2i(k-C) =0 — k- C=—

Choose light-cone momentum k* = (k*,0,0,0). Then gives k-C = kT CT kT Ct = £ —

ot = — % Therefore, we can eliminate the trace of h,, by an appropriate gauge choice.

After removing the trace, the gauge condition (4.6) becomes:
0"hy =0

which is precisely the transversality condition, ensuring that the field is divergence-free.

At this stage, residual gauge transformations are still possible, provided they do not alter
the trace, i.e. 6h = —0”¢, = 0. This implies that the residual gauge parameter is divergenceless:
0%¢, = 0. Such a condition reduces the number of independent components in €, from 4 to 3.

Let us now count degrees of freedom: The symmetric tensor h,,, initially has 10 components.
The De Donder gauge condition 0*h,,, = 0 fixes 4 components. Gauging away the trace removes
1 more. The residual divergenceless gauge transformations remove 3 additional components.
This leaves:

10-4-1-3=2

independent components, which correspond exactly to the two physical polarizations of a mass-
less spin-2 particle.

Hence, we conclude that the transverse-traceless (TT) gauge can be reached via gauge fixing,
and that the linearized Einstein equations describe precisely the correct number of degrees of
freedom. This validates the interpretation of linearized Einstein gravity as a classical field

theory of massless spin-2 particles (gravitons) propagating in flat spacetime.

1.1.2 Frgnsdal Formulation

Motivated by the spin-2 case discussed above, we seek to generalize to the case of arbitrary
spin. We can easily construct higher spin generalizations of the linearised Christoffel symbols

(1.1.2) and use these to derive a gauge-invariant second-order equation for higher spin fields,
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which serves as the analog of the vacuum equation (1.1.6) for the spin-2 field. This method
was considered by de Wit and Freedman in [104] and gives generalized Christoffel symbols for
the spin-s gauge field as! ,

FI(II;ZLL..,LLS = Vﬁbm...us - Sa(u1¢u2---us)u (1‘1‘11)

Clearly, for s = 2 we recover the usual formula up to a sign and numerical factors that we
ignore,

The gauge-invariant second-order equation they obtained is precisely the one previously
found by Frensdal in [10]. The Frgnsdal equation reduces to the wave equation for massless
fields upon gauge fixing, although the resulting free theory requires double-traceless fields and
traceless gauge parameters.

In [104], they further recursively define the higher-rank Christoffel symbols,

r(m) — 9 TmD _ %a(mp(m*” (1.1.12)

V1oV, 41 oo fhs V1" VeV, il - s V2. Vm, V1| 2. hs)

where (a;...|b;...]c;...) denotes symmetrisation over the indices a; and ¢; only and omission of
b;. We will not go into much detail and refer the reader to [104] for details. For us, only the

second order in recursion is enough, for which we get,

2 _ (1 S (1)

Fl(/l)m,ul...us - 8V1FV2),N1...MS - 58(“1F|V2,l/1|u2...u5) (1113)
1
= 8V1al/2¢#1'~-us - Salllﬁ(mqbuz---us)m + 58(8 - 1)a(u1au2¢u3---us)vw2 (1‘1‘14)
Now if we contract the first two indices to get I’ (2)’;“1._,“5, the right-hand side becomes, what
is known as, "Frgnsdal tensor”. Let us call it F,, ,, = F(Z)ZM,_,MS, then F,, ,. = 0 refers to
Frgnsdal equation of spin-s field as:
1

Futoope = B0y — 801, 0Py pi)p + 55(5 - 1)6(#18u2¢p p3eps)p 0 (1.1.15)

This is exactly what was found by Frgnsdal [10] that describes massless bosons of arbitrary
spin.
Indeed, Frgnsdal’s equation generalises the case of Maxwell’'s and the linearised vacuum

Einstein equations, as can be seen for the spin-1 field we get,
O¢, — 0,(0"¢y) = 0"(0u¢), — Oupy) = 0"F, =0 (1.1.16)

which are exactly Maxwell’s equations with F),, = 0,¢, — 0,¢, as field-strength. Similarly, for

the spin-2 case, the Frgnsdal equation is reduced to,

Fow =08y — (0,0°0, + 0,0°0,,) + 0,056 = 0 (1.1.17)

n fact, a priori you could try many different linear combinations of first (or higher) derivatives of your
rank-s field ¢, ...,,. De Wit & Freedman show that the only choice which carries the correct index symmetries,
and transforms correctly under 6¢@,, ..., = O(u, §py-.-p. )50 that each successive Christoffel drops one derivative

off the gauge parameter, and eventually becomes exactly gauge invariant, is unique as used above.
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which agrees exactly with (1.1.6). For convenience, let us use the prime over fields to indicate
that a trace is being taken, i.e. ‘le...us) = N"20, s, - With this we get that in D = d + 1-

dimensional Minkowski spacetime the equation of motion for massless spin s field is given by

_ s(s —1)
Fus) =00uy e — 80,0 - Ppy.opi) + — s Oy Dy = 0, (1.1.18)
where the indices within parentheses are intended to be symmetrized. Note that the convention
for symmetrization used is T{,, 1, Sys..0s) = ﬁ(Tmm Shigps T permutation).

Let us check that (1.1.18) is gauge invariant under the spin-s gauge transformation ¢, ., =

501, Cus...ns) Where € is totally symmetric. We get under the gauge transformation that

5(5’”@“,,,#5) = Duses + (s — 1)6P8(#2Cp H3.efhs)

S bpapig..ns) = 20" ooy + (5 = 2)0uaC” Ha.ephs)P (1.1.19)
Using these, we find that the variation of the Frgnsdal tensor is:
1
S F e = 5505 = (5 = 2000000 1 (1120

Clearly, this variation does not vanish for spin > 2 unless the trace of the gauge parameter
vanishes, which is non-trivial only for spin > 3. Thus, to achieve invariance of Frgnsdal operator

Fu..ns» it is necessary to restrict the gauge freedom to traceless gauge parameters,

CL(S_3)(x) = 0. (1.1.21)

Recalling the notion of generalized Christoffel symbols from equation (1.1.2). One can further

extend this analogy with the usual Christoffel symbol and construct a generalized curvature.

Indeed, from [105] we have that such a curvature is given in terms of derivatives of the field ¢
as,

Ry piovopisvs = =2 Pl [uge[pasvs]--volin] (1.1.22)

Here the symbol , v indicate a partial derivative 0,. This curvature is gauge invariant even

when the gauge parameter is not traceless. Importantly, this curvature is related to the anti-

symmetrisation of the Frgnsdal tensor, given in [105-107] as,

1%R% 1
Ry por ™ = _§‘FM1M2[#3},...[us,us],...[u3} (1.1.23)
For clarity, one must check that for spin-2, it gives,
1
Rupuanpa = R/u/ = _§Fuy (1124)

Thus, Frgnsdal equation for spin-2, F = 0, gave us the Ricci flat condition.
Motivated by this, we can write a generalised Einstein tensor G for arbitrary spin. This is

given in terms of the Frgnsdal tensor as follows [10]:

1

g#1-~~us = ‘F;U«l---,us - ZS(S - 1)77(#1,&12‘/__.;/;3...“5) (1-1-25)

The equation G, ,, = 0, then implies that the terms on the right above vanish. Also, con-

tracting with n*1#2 gives n*1#2G, ., ~ F, So, considering the equation G = 0, the trace of

H3eeephs
the Frgnsdal tensor has to vanish, which means that G, . = 0 implies the equation of motion

‘meus =0.
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Frgnsdal Action: Now, with this Einstein-like tensor for higher spin, one can write the

action principle very easily as,

s 1 ,
101 == [ a2 @ 00
-1
_3(32 ) aygb)\)\ugmusanbppllS..-us + S(S . 1) 6V¢/\>\M3musap¢upu3...us (1126)
s(s = (s 2)

s ay¢ummusap¢pu2---us _

4 ayqbypﬂl@---lﬁs aAgbO')\o-me'us) '

and in terms of G,,, ,, one can simplify the action as,
Sés) [¢] ~ /de gz5,LL1...,LLsg‘ulm‘us

X s(s —1)
= /del? (Zs,u ol (ful...us - Tn(#1#2f;lxs--./ts)> )

Under gauge transformation, one can easily see that up to boundary terms, S ~ 0*G,, , where

(1.1.27)

y (s=1(s—=2)(s—3)
d gl/#lmusf:l == 4 a(ulauzaﬂ

Clearly, for s > 3 the divergence does not vanish, and hence we have that for s > 3 the so-called

(1.1.28)

/!
3P pa.pis—1)

doubly-traceless condition, which is imposed by requiring a gauge invariant action principle for
the Fronsdal field.

Now, similar to what we have seen in the spin — 2 case, we would like to check that the
Frgnsdal equation indeed describes 2 degrees of freedom for any integer spin. We have to ensure
that the transverse-traceless gauge can be reached. In the spin-2 case, choosing the De Donder
gauge condition reduced the linearized equations to a wave equation. Clearly, by eliminating
the last two terms on the right of (1.1.18) with some gauge choice reduces it to a wave equation.
The correct choice is the generalized De Donder gauge condition:

1
Duz---us = ap¢pu2---us - 5(5 - 1)a(u2¢/ U3ephs) 0 (1-1-29)

Using this condition, the second term in (1.1.18) cancels the third term, and the wave equation

becomes:
Oép.pe =0 (1.1.30)

Now the condition (1.1.29) is traceless i.e. n#*2#3D,, , ~ 0¢" = 0, since the double-trace

vanishes. Further gauge transformations are possible because
0Dy e = UG, e (1.1.31)

where, as we recall, the trace of the gauge parameter vanishes. Therefore (1.1.29) holds for
gauge transformations with parameter ¢ satisfying the wave equation [I(,, ,, = 0. In this

gauge, the solution for the Frgnsdal equation therefore takes the form

G (1) = / Pete, (k) (1.1.32)
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with k2 = 0. The completely symmetric tensor €u,..us 18 double-traceless and therefore has

D—-1+s D—-5+s
_ 1.1.33
) 1139
independent components. Now, some components are related by the gauge condition (1.1.29),

and we also know that the de Donder tensor is traceless; all of this imposes

D -2 D—4
) e (1.1.34)
s—1 s—3
conditions on e, ,,,. Now, similar to the wave equation, the residual gauge symmetry LI, .. , =

0 has a solution,

Cureepior () = / d”x € Gy, (k) (1.1.35)

with k2 = 0. Since (~ is traceless, again, this allows us to eliminate

(P20 () 1159

components from e,, .. So overall, we get the total degree of freedom as,
D—1+s D—-5+s D—2+s D—4+s
— -2 — 1.1.
) CET)C0) O e
This further simplifies to
D—-3+s D—-5+s

_ 1.1.38
)00 139

Note that this number coincides with the dimension of the space of completely symmetric,
traceless, rank-s tensors of the little group SO(D — 2). Indeed, a massless spin-s particle in D
dimensions is classified by its transformation under the rotations that leave its null momentum
invariant, namely SO(D — 2). The corresponding irreducible representation is precisely the
space of symmetric, traceless, rank-s tensors on RP~2. Hence, the Frgnsdal equation propagates

exactly the correct number of physical degrees of freedom.

1.1.3 Frgnsdal Formulation in (A)dS
Maximally Symmetric Space-times

Now we wish to extend the flat spacetime construction to any maximally symmetric background,
D(D+1)
2
dimensions, with nonvanishing cosmological constant. Notable examples are, together with

which is a space-time whose metric has the maximum number, , of isometries in D
(A)dSp, their euclidean versions: the hyperbolic space Hp, obtained from AdSp through a
"Wick rotation” of the time direction, and the sphere S”, obtained from dSp through a ”Wick
rotation” of the time direction. In their turn, AdSp and dSp are connected by a change in
the sign of the curvature (i.e., of the cosmological constant), and the same is true for Hp and

SP . In other words, all such spaces admit a unified description characterized by two relevant
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parameters: the signature of their tangent-space metric nag and the sign of the cosmological
constant. The simplest one is given in terms of flat coordinates that describe the embedding of
any D-dimensional maximally symmetric space-time in a flat, (D + 1)-dimensional one via the

condition
knax®a® + 22 =L1*  a,b=0,1,...,D —1, (1.1.39)

where L is a constant called radius of (A)dSp, and for the moment we do not specify the

signature of 7,,, with the flat embedding space metric

1
ds® = nedx®dz’ + %sz. (1.1.40)

Only the sign of k£ will be of relevance, since any rescaling with a positive factor can be
absorbed into the definition of the coordinates z*. Solving z from (1.1.39), differentiating and

substituting dz? in (1.1.40) one gets

cpnd
a NacTbd X~ T a
d82 = ’r]abdﬂf dl’b + kmdl’ d.ﬁl?b, (1141)

From which it follows that the metric for a maximally symmetric space can be written as

d
NacNbd T T

b = Nap + b——"7""", 1.1.42
Gab = Tab + L? — kngxoaxb ( )
that has the inverse
ab ab xaxb
9" =" -k T2 (1.1.43)
It is a simple computation to show that,
k
Rcdab - ﬁ(gcagdb - gcbgda)' (1144)
The Ricei tensor is .
Ry = RS, = E(D — 1)gap, (1.1.45)
and the curvature scalar )
R=R, = ﬁD(D —1). (1.1.46)

Therefore, the Riemann tensor for a constant curvature space-time is completely determined

by the curvature scalar R, and

1
Rcdab = )R(gcagdb - gcbgda)v (1147)

D(D—1

Moreover, the scalar curvature is proportional to k, whose sign distinguishes the corresponding

space—time:
e k=0 gives a flat metric 7, (of arbitrary signature).

e k=41 (resp. —1) yields a constant positive (resp. negative) curvature manifold.
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If 7,, is Euclidean, then k& = +1 (resp. —1) defines the sphere S” (resp. hyperbolic space
Hp); if n,, is Lorentzian, k = +1 (resp. —1) defines de Sitter (dS) (resp. anti-de Sitter, AdS)
space—time.

All of these are vacuum solutions of Einstein’s equations with cosmological constant A.

1
Rap — §9abR = —Agap, (1-1-48)

that are extrema of the Einstein-Hilbert action

! u/de¢iEU%—2A) (1.1.49)

- 167TGD
From (1.1.45) and (1.1.46) it follows that

1 (D —1)(D —2)
_ = = —]{/‘
Rab 9 gabR 2L2

Gab (1.1.50)

and by comparison with (1.1.48) one has

D —1)(D —2)
212 ’

A=kl (1.1.51)

from which one reads that the sign of A is related to that of k, i.e., of the curvature, for any?
D > 2. Thus, SP and dSp space-times have a positive cosmological constant, and Hp and

AdSp have a negative one.

Free Equations in (A)dS Space-time

The interaction with the fixed gravitational background is introduced, as usual, by covariantiz-
ing derivatives with respect to the (A)dS Levi-Civita connection 9 — V = 0 + I'. Moreover,

Chigis = 9" Ppr iy (1.1.52)

where g is the (A)dS metric tensor, and we are assuming ¢” = 0 and ¢ = 0. Now, because
the commutator of two covariant derivatives does not vanish, it turns out that in (A)dS, these
two conditions are no longer sufficient to ensure the invariance under the covariantized spin-s

gauge transformation
&pul---us = SV(MCM...MS), (1153)
Indeed, we compute, say for AdS, that

S
[Vw VV]QDm---ps = 72 (gu(m‘zpulpz-..ps) - gM(P1|(IOV|P2-~~P5)) ) (1-1-54)

Now using covariant derivatives, the covariantized Frgnsdal kinetic operator,

Fr (QP) = D‘Pm---us - SV(MV “Pug.ps) T S(S - l)v(mv,uz%o:;g...us) (1-1-55)

H1---Ms

2D = 1,2 are trivial cases, since in D = 1 there is no curvature, and in D = 2, although a curvature can
be defined, the Einstein-Hilbert action, that encodes the dynamics of the gravitational field, is a topological

invariant, the Euler characteristic.
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(where 0 = ¢V, V, ). Now, under gauge transformation (1.1.53), the variation of the Frgnsdal

kinetic operator produces terms such as

1
S[Dv V(Hl]E#Z---Hs) + ﬁs(s - 1)(D + 85— 3>V(l~‘1€#2---#s)' (1‘1'56)

To eliminate these terms, it is necessary to modify the kinetic operator with appropriate
terms of order 1/L? that cancel the variation of (1.1.55) and vanish in the flat limit L — oo.
By explicitly calculating the commutator in (1.1.56), one can check that the invariant Frgnsdal
equation in AdSp is

cov 1 S(S — 1)
.F!f(s) = M(S) - ﬁ {[(3 - D - S)(2 - S) - S}SO,UI(S) + Tg(u1#290L3.._M5)} - O (1157)

Notice that, although we deal with massless fields, requiring the invariance of the Frgnsdal
equations in a space-time with a non-vanishing cosmological constant result in the appearance of
a mass-like term, which originates from the coupling with the (constant) space-time curvature.
One can repeat now for (1.1.57) the same considerations made above for the flat case. Again,

the Frgnsdal equations are non-Lagrangian, and one can Define a generalized Einstein tensor

s(s—1)

L L L
Gus) = Futs) — Tg(ul,mfég,,,#s)? (1.1.58)

In terms of which one can construct a Lagrangian from which (1.1.57) follows.

Now it is important to note that, once the background deviates from (anti)de Sitter or
Minkowski, the Frgnsdal operator ceases to be gauge invariant. In verifying gauge invariance,
one must commute covariant derivatives V. In Minkowski space, these simply commute, while
in constant curvature (Anti-)de Sitter space, their commutator yields terms proportional to
the background metric, producing harmless “mass-like” contributions. However, on a generic

background, the commutator involves the full Riemann tensor, one finds schematically
IF=R-VE+VR-£#0,

where R is the Riemann tensor. As a result, the Frgnsdal operator loses its gauge invariance

and propagates unwanted degrees of freedom on arbitrary metric backgrounds.

1.2 Frame Formulation

In gravitational theories, there’s a well-established approach that uses a first-order formalism
built on a frame field and a Lorentz connection. This framework highlights the role of gauging
the isometries of the tangent space, such as the Poincaré or (A)dS groups, in a way that parallels
the treatment of gauge symmetries in Yang-Mills theories. Inspired by this analogy, it becomes
natural to explore whether massless higher spin theories can also be reformulated in terms of
one-form fields that correspond to generators of a deeper symmetry structure. Doing so may

shed light on the algebraic foundations needed for consistent higher spin interactions. If such a
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symmetry algebra exists, then the free field equations could be viewed as linear approximations
of a more general interacting theory, where the fields take values in a non-abelian algebra
whose generators align with the internal index structure of the connections themselves. Indeed,
similar to spin-2 fields, spin-s fields can also be described in a frame-like approach [108]. This
section is dedicated to presenting this frame-like formulation of higher spin theory. We begin by
reviewing the Einstein—Cartan approach to gravity, which leads to an elegant action for gravity
proposed by MacDowell and Mansouri, along with its refined version developed by Stelle and
West, in which full covariance under all symmetries is made manifest. Finally, we will see how

to extend such a formulation to higher spin.

1.2.1 Frame Formulation of Gravity

Einstein-Cartan action In the traditional formulation of gravity is given by the Einstein
Hilbert action, which is expressed in terms of the spacetime metric and leads to second-order
field equations for the metric tensor. In this formulation, vanishing of torsion is a fundamen-
tal assumption of the theory. However, an alternative but equivalent formulation known as
the Einstein-Cartan (EC) action, in which, instead of treating the metric as a fundamental
field, one uses the vielbein to define the geometry, while the spin connection encodes how local
Lorentz frames are patched together. A key feature of the Einstein—Cartan formalism is that
the spin connection is not assumed a priori to be torsion-free; instead, its equation of motion
determines the vanishing torsion. It is this formalism that allows a clearer geometric interpre-
tation, especially in the context of gauge-theoretic formulations of gravity, making it closer to
Yang-Mills theory in spirit. The conventional formulation of gravity in terms of metric tensor

guv s described by Einstein-Hilbert action

where R is the curvature scalar and « is a constant, later chosen conveniently.
The basic dynamical fields in the Einstein-Cartan (EC) formulation are two Lorentz algebra

50(3,1) valued one-forms:
e A l-form field e® = efdx", called the frame field (or vielbein),
e A l-form field w*, = wydz”, called the spin connection.

Here, Latin indices denote Lorentz indices, which describe the local Lorentz frame on the
tangent space T'M of the spacetime manifold M. In the language of principal fibre bundles,
these are also referred to as fibre indices; we avoid the language of Bundles here and refer
interested readers to [33] for further details on this aspect.

The formalism in terms of differential form provides a powerful and geometrically natural
framework for describing gravity, significantly simplifying both conceptual understanding and

computational clarity. In this approach, the conventional metric tensor g,, is reconstructed
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from the frame field through the relation:
G = Nab€irel. (1.2.2)
The first Cartan structure is given by,
T = de” + w’, A €. (1.2.3)

Here, the 2-form T* represents the torsion. In conventional gravity theories, it is typically
assumed that the torsion vanishes, and the metric satisfies the compatibility condition, which
implies that the spin connection satisfies wy, = —wy,. Furthermore, the vanishing of the torsion
2-form, expressed as

de® + wy Aeb =0,

ensures that w depends on the vielbein e, rendering w an auxiliary field. The curvature 2-form
R%, of the spin connection is given by (for a detailed discussion on the frame formulation, its

relation to the standard formulation, and explicit computations, see [109]),
Rab = dw“b + w“c N wcb. (124)
These objects further satisfy the Bianchi identities,

VT :=dT* + w'% ANT° = R% A e,
VR :=dR% + w* N R, —w% AN R*. = 0. (125)

The familiar usual spacetime curvature tensor is given by

1
R% = §Rabcd66 VAN e ,

b d
Ruupa - egeu epcea Rabcd, (126)

where the first equation is the fact that R%, is a 2-form. For simplicity, we will work in four
dimensions here. Now, one can start with the Einstein-Hilbert action and plug all these familiar

objects into it, and we will get the action as (modulo some constant coefficient),
Skl = [ diele] R(e)), 2 ehe 127

where e = det (eZ). While this action depend only on the frame field e (since R depends on e
through w(e)), Palatini observed [110] (and later work gave this a more geometrical interpre-
tation using differential forms [111]) that promoting w to an independent variable yields a new

action:

Sle,w] = a/d4x le] R(w)wj‘b el ey, (1.2.8)

which remains equivalent to (1.2.7). This equivalence arises because the equation of motion for

w enforces T* = 0, thereby recovering the original relationship between w and e.
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Expressing everything in differential form notation - using the volume form |e|d*z =
ﬁeabcd e* AeP AeAe and the curvature 2-form R® = %Rzll’, dx* ANdx¥ leads to the Einstein-Cartan

action:

Secle,w] = /eabcd e® A el A R(w)™, (1.2.9)

where « is chosen so that the overall factor is unity.

In the presence of cosmological constant A this generalizes to,
a b cd A c d
Sgc = €aped € N €7 N (R [w] — ge Ae ) (1.2.10)
M
The equations of motion obtained by varying with respect to e and w are:

bw: de® +wy Ae’ =0 (Torsion-free condition), (1.2.11)

2A
de:  €uped (eb A R — ?eb AeS A ed) =0. (1.2.12)

By solving the torsion-free condition (1.2.11) to determine w(e) and substituting into (1.2.12),
we recover the standard Einstein field equations with cosmological constant A. This demon-
strates the equivalence between the Einstein-Cartan formulation and the conventional Einstein-
Hilbert formulation of general relativity.

Now it is important to note that the EC formulation is a polynomial in fields even when
A # 0. This fact and the necessity of frame formulation in the presence of fermions make EC
theory much more fundamental than metric formulation. The Einstein-Cartan action serves
as the foundation for several important formulations of gravity, including the pure connection
formulation and chiral formulation (see e.g., [35,112]). For comprehensive discussions of these
developments based on the EC action, we refer to [33].

In what follows, we will focus on one particular line of development, the MacDowell-

Mansouri formulation, which admits a natural frame-like extension to higher spin theories.

MacDowell-Mansouri Formulation We begin with the fundamental observation that in

Lab

Einstein-Cartan theory, the basic ingredients - the one-form fields e® and w”” - can be naturally

combined into a single object (Note that we have used the superscript L to indicate the usual

Lorentz connection we discussed above). This unification is motivated by the fact that in D-
(D-1) _ D(D+1

2 2

which precisely matches the dimension of the Poincaré group 1SO(D — 1,1).

dimensional spacetime, the pair (e, w) comprises D + D ) independent one-forms,

The MacDowell-Mansouri approach elegantly combines e® and w® into a single connection

one-form valued in the Poincaré algebra:
L
Q= eaPa + Ewa Maba (1213)

where P, and M, are the generators of translations and Lorentz transformations, respectively,
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in the Poincaré algebra iso(D — 1, 1),

P, P =0
[Maba Pc] = 7IbcPa - nach
[Maba Mcd] = nadec - naCMbd - nbdMac + nbcMad-

The corresponding curvature two-form is given by:
1
RE=dQ+QAQ=T"P, + 5RL“”MM,, (1.2.14)

where R” is the Lorentz algebra valued curvature 2-form, 7% = de® 4+ w”%, A €’ is the torsion.
Now we know that the most symmetrical solutions are constant curvature solutions, for example,
AdS or dS, or Minkowski, corresponding to negative, positive, and zero cosmological constants,
respectively. In the D = 4 case, they are given by,

2A

— (1.2.15)

RLab —
3

So, if we want to encode the most symmetrical solution by some flat connection, we need to
define

1 1 2A
Ri=d2+ 5[0,0) = TP, + 5(RLOL” -3 A ") M. (1.2.16)
which amounts to modify the Poincare algebra to
A
[PGJPb] - _g aby

[Maba Pc] = nbcpa - nacha
[Maba Mcd] - nadec - nachd - nbdMac + nbcMad

This is s0(3,2) or s0(4, 1) depending on the sign of A. With this let us consider the the action

1
Suyay = _/ R#2 A RUS0c, (1.2.17)
A MD
We can see that
ab cd Lab Lcd 4A Lab A a b c d
€abed B N R = €,pca R AR — ?szcd(R — ge Ne ) Ne Ne, (1.2.18)

Hence, the action becomes

1
SMM = K/ RLa1a2 A RLa3a4 €ai...a4
MD
4 A
- —/ REma2 o1 p g2 ) A A eMe, (1.2.19)
3 MD 3

The first term becomes singular in the limit A — 0, whereas the remaining terms remain well-

defined. In D = 4, the first term is the Gauss-Bonnet term, which is a topological invariant
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3. This also explains the choice of the coefficient

and does not affect the equations of motion
1/A: it ensures that the second and third terms behave properly in the A — 0 limit. Therefore,
modulo the topological term in four dimensions, the MacDowell-Mansouri action is equivalent

to the Einstein—Cartan action. That is,
Sy = Sec + (Topological term).

We will not explicitly verify it here, but it is straightforward to see that the symmetries of the
MacDowell-Mansouri action (1.2.17) are diffeomorphisms and local Lorentz transformations.
Now the action Sy in the form (1.2.17) can easily be generalized to D dimensions by extending
the epsilon tensor to €4, q,. Also one can make the full so(D—1,2) symmetry manifest by
embedding the vielbein e* and the spin connection wi’ into a single so(D—1,2)- or so(D, 1)-

valued connection 1-form:
Q = Q)P da* Mg,

where the indices A,B =0,1,..., D, and A = (a, D)and Mag are the generators of so(D—1,2),
satisfying the algebra:

[Mag, Mcp] = napMec — nacMep — 18pMac + nec Map.

Here, nag denotes the invariant metric of either the so(D—1,2) or so(D, 1) algebra.

The embedding is carried out by identifying the generators as M,p = \/@Pa. Note that in
the expression M,p, the symbol D refers to the numerical label of the extra dimension, not a
tensor index. To avoid confusion, following conventions common in the literature, we will refer
to the D™ direction as the “5'" component,” and accordingly write A = (a,5). In this notation,

|A]

we have My; = /5 F,. For further details and a more in-depth discussion of the underlying

symmetry structure, see [101]. The curvature 2-form is given by:
R = dO® + QP A QP

With this structure in place, we can now reformulate the action (1.2.17) in a manifestly
s50(D—1,2)-invariant form.
Since we are now working in an extended algebra with an additional dimension, we must

use the corresponding epsilon tensor €, If we fix the last index to be 5, i.e., €a,. ay5, then

~Apgr-
the remaining indices must be Lorentz indices, and we can write:

€AL..Ap5 = €ay..ap5 = €ay...ap-

Using this, we can extend the D-dimensional MacDowell-Mansouri action to:

1
Swnt = 5 /MD R™92 A RO% A % Ao A ™ €q aps- (1.2.20)

3It is important to note that in dimensions D > 4, this singular term poses a problem because it is not

topological and thus contributes nontrivially to the dynamics.
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Now, we define a new frame field EA, valued in the AdS algebra, such that:
EA = (e*, E° =0).

With this, the action becomes:
1
Swn = 5 / RMA N\ RAA A BAS A N B ep s (1.2.21)
However, this expression is still not manifestly so(D—1,2)-invariant, as the appearance of the
fixed index 5 in the epsilon tensor breaks manifest covariance. To restore full covariance, we
introduce an additional field: a time-like vector VA, known as the compensator field.
Using this compensator, we can now write the action in a manifestly so(D—1,2) or so(D, 1)-

invariant form as:

1

S = K/RA1A2 A RAsAs A A A ... A FAD A J/ADH €A,. (1222)

.AAD+1 .

This is called MacDowell-Mansouri-Stelle-West gravity. Clearly, choosing VA = 62 re-
covers the previous expression. This choice is referred to as the standard gauge. More generally,

we impose that VA has constant norm:
VAVBU/—\B =p,

The reverse argument is, in fact, more natural: suppose we begin with a manifestly so(D—1, 2)-
invariant formulation. To recover a Lorentz-invariant theory, we must break the so(D—1,2)
symmetry down to the Lorentz subalgebra so(D—1,1). This is achieved by introducing an AdS
vector VA, which defines the Lorentz subalgebra as the stability subalgebra of VA, i.e., the set
of generators that leave V* invariant.

We know that the connection is 2 = QﬁBdJZ“MAB, and in the standard gauge, this implies
Q9 = e, Since we also have E* = e%, one might be tempted to write EA = Q*BVs. However,

this expression does not transform covariantly under local so(D—1,2) transformations. To
resolve this, we instead define the AdS frame field as:

EA = dVh + QR VP
With this definition, the symmetry transformations of the fields become transparent:
QM8 = Doe™B, oVA = —gVB,  and 0EM = —MgEB. (1.2.23)

These variations show that the action is invariant under local Lorentz transformations, local
translations (via the compensator VA), and diffeomorphisms, provided the variations above are
assumed. The action thus possesses full (A)dS gauge symmetry, since all (A)dS indices are
fully contracted.

Finally, note that the definition

EA = dVA + QR VE
combined with the constraint VAVEnag = p, implies
EAVA =0,

as a consequence of the anti-symmetry of the connection QA8 = —QBA,
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1.2.2 Frame-like Formulation of Higher Spin Fields

Similar to the spin-2 case reviewed above, spin-s fields can also be described using the frame-
like formalism [108,113,114]. The core idea behind this approach to higher spin gauge fields
is to extend the (A)dS isometry algebra, so(D—1,2) or so(D, 1), to a larger algebra known as
the higher spin algebra. In this framework, higher spin fields are described by one-forms valued
in this extended algebra, in analogy with how gravity is formulated as a gauge theory in the
MacDowell-Mansouri-Stelle-West construction for so(D—1,2) or so(D,1). Importantly, this
higher spin algebra is infinite-dimensional, reflecting the fact that a consistent higher spin theory
necessarily involves an infinite tower of gauge fields. We extend the usual fields, e® and w®,

o(s=1) which is symmetric and traceless in its

of the spin-2 case to the generalized frame field e
Lorentz indices. That is, it takes values in the irreducible representation of so(D—1,1) labeled
by a Young diagram with a single row of length s—1. The linearized gauge transformation of
the frame field will be,

56(1(571) _ vea(sfl) + hbea(sfl), N

where h is the background frame field and the zero-form €**~Y is a gauge parameter. The second

s=1):b representing the generalized local

a(s—1),b

term is called shift-symmetry, with gauge parameter e
Lorentz transformations. Now the gauge field associated with e is a one-form is given by

wfi(sfl)’bdx“, such that, the field strength of this w1 is given as,

Ra(s—l) _ vea(s—l) + hb A wa(s—l)’

This is invariant not only under e**=1) and (=1 transformations but under certain algebraic

transformations of wz(sfl)’bdx“ so that the full gauge transformation,

5wa(371),b — Vea(sfl),b + hCGa(sfl),bc’

s=1):bb syggests that there has to be another gauge field associated

b(s—l)'

Now again the parameter ¢
to it, say w1 and this process continues [115] till w?(>=Y: In summary, we have a

collection of 1-forms as,

6a(s—l) wa(s—l),b wa(s—l),bb . wa(s—l),b(s—l)
p— s—1 | s—1 | s—1
B [ ] s—1

Here, the Young diagrams indicate the irreducible so(D — 1, 1) representations carried by each
field. The first field, e®*~V is the generalized frame (or vielbein), and the second, ws=1:b,
plays the role of the primary spin-s connection—exactly as e® and w® do in the spin-2 (gravity)
case. All subsequent fields, commonly referred to as “extra fields”, are algebraically expressed
in terms of derivatives of the frame field. Although they do not introduce new propagating
degrees of freedom at the free level, these extra fields are essential for constructing consistent

cubic interactions (see [15]).
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Remark: Just like spin-2 case, it is possible to connect to a metric-like Frgnsdal for-
mulation. Since the primary frame field e*~Y = eZ(S_l)dﬂL is the fundamental variable,
we take the background frame hj, which is invertible and convert spacetime indices into

(s—1)[b.

fibre/Lorentz indices to get e” This is a reducible Lorentz tensor that decomposes

into irreducible parts,

a1 as—1 |b _ e(aynasflb) (ealmasfl |6 6(a1~~-a571b)) gb(a1 tagmasfl) )
traceless traceless R ,
TV VvV
[s] [s—1,1] [s—2]

The last term represents the trace given by %21 := baz-as—ile Tp terms of

1
Di2s—4 Joc€

s—1

b =" o[ s—2 &
Now we have shift symmetries de®1) = hye®s=1):b the parameter ¢

symmetry type and hence we can gauge away the last irreducible part :'EL which
left us with

young diagram this means e

a(s=1).b {5 of same

e [ e[ s—2 ] (1.2.24)

These components combine into Frgnsdal’s field of rank-s. This follows from the follow-
ing fact: Any symmetric, double-traceless rank-s tensor 7),,..,,, can be decomposed into a

traceless rank-s part and a traceless rank-(s — 2) part. Explicitly,

Thsoops = Ppaeepss + Mpspz Ungeopis) »
where
1" Ouppgns =0 and 07 Uypps.cp, = 0.

Here ¢,,...., is the traceless spin-s part and U,,..,,, , is the traceless spin-(s — 2) part.

Double-tracelessness of T' ensures no further trace components appear.

Furthermore, the pattern of Young diagrams—and the corresponding branching rules of
representation theory—strongly suggests that one may combine all of these one-forms into a
single (A)dS connection. This master one-form takes values in the irreducible two-row Young
diagram of length (s — 1), thereby unifying the entire spin-s field content in a manifestly

(A)dS—covariant way as,

s—1 s—1 | s—1 | s—1
s — 1 lso(p—12) =L_s —1 EBJ ® [ ] SRl
Let’s call such a so(D — 1, 2) object,
8-y [ s = % lso(p—12)  where now A,\B=10,1,2...D (1.2.25)
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Remark. In (A)dS space, gauge fields include not only the usual massless higher spin
fields but also the so-called partially massless (PM) fields. A PM field of spin s and depth
t is described by a single one-form connection, say W, valued in an irreducible (A)dS
representation whose Young diagram has two rows of lengths (s — 1) and (s — ¢). The

integer ¢ counts the number of derivatives in the gauge transformation,

WAG—1),B(s—t) _ Z_Sﬁl_lfsow—l,z) with 0 = V-V €poy. tEL2...s

t

Here ¢, is the corresponding field in the metric-like approach (see chapter 2). The mass-
less case is recovered for t = 1. We will discuss partially massless fields/algebra in four
dimensions in detail in the next two chapters. For a very general discussion on possible

gauge fields and their connection in (A)dS see [116]

Now, as in the case of spin-2, one also introduces a time-like compensator vector VA of

A(s—1),B

constant norm p. Then the component of the connection €2, =1 that is mostly in the

direction of VA is the frame-like field while contraction with less Va- are the other connections

EA(S‘” = QATDBLBayn Ve (1.2.26)

WAETDBI) = QA= BB Baayy VR, (1.2.27)

Note that contraction with Vi more than s — 1 times will vanish due to the Young symmetry.
Clearly in standard gauge VA = §% we get, the Lorentz frame and connection field

pts=1) _ als—1)5..5
W=D, Broby _ H(QA(S—1),31...B7.5...5) (1.2.28)
where II is a projector to the Lorentz-traceless part of a Lorentz tensor, which is needed for

t>1

The linearized curvature of the connection QAG—
RA(S 1),B(s dQA s—1),B(s—1) + (S . 1) QQCQCAQ...AS—I,BL..BS—I+
+ (S _ 1) QOB1CQAl...AS_l,CBQ...BS_l

D-B(=1) is defined as,

(1.2.29)

where Qg is the so(d — 1,2) connection associated with the AdS space solution defining the

covariant derivative Dy such that DZ = 0.

Action for HS gauge fields

Just as in the MacDowell-Mansouri—Stelle-West formulation of gravity, one can construct the
higher spin action quadatric in linearized curvature by using the compensator field V4 the most
general so(D — 1, 2)-invariant action is given in terms of background frame field EZ = V VB

as,

l\D

S—

SO, V] = a(s,p)SEPQ, V] (1.2.30)

1
2

I
=)

p
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where a(s, p) is the a priori arbitrary coefficient of the term

SEPQ, V] = ea,. a 1/ Epe  EfPVAPH Ve g 4 g X
vir [ 0" ( 2 (1.2.31)

« RMB(s-2),A2C(s—2-p)D(p) RAs B(S_2)A4 C(s—2-p) b(@)-

Now, by imposing the higher-spin analogue of the torsion constraint, one finds that each con-
nection w® %-1:51% can be solved in terms of ¢ derivatives of the frame-like field. To achieve
this, the coefficients a(s, p) in the action must be chosen so that the Euler-Lagrange equations
are nontrivial only for the frame field and the first connection (¢ = 1). All other connections,
WM as=1:010¢ wwith + > 1, then enter the action only through total derivatives. This condition
ensures the absence of higher-derivative terms in the free theory and uniquely fixes the spin-s

quadratic action—up to an overall normalization b(s). Concretely, one finds [117]

D—-542(s—p—2)1(s—p—1)
(s —p—2)! ’

where b(s) remains an arbitrary, spin-dependent constant.

a(s,p) = b(s) (—=A)~7P7D ( (1.2.32)

Thus, we get an action which is manifestly invariant under diffeomorphisms, local so(D —

1,2) transformations of the spin-2 sector,
SwhB = DyeB, VA = —AgVE, (1.2.33)

and HS gauge transformations

5QA(S—1),B(S—1) — DOEA(S_l)vB(S_l)‘ (1234)
Finally we see that the equation of motion for WA= are
RAG-DBG-DL Ve =0, (1.2.35)

which is nothing but the zero-torsion condition. Solving this, we can get the w®*=D? in terms
of derivatives of the frame field, which leads to an action that depends on the frame field and

its derivatives. Effectively, it depends on the Fronsdal field’s component of the frame field.



Chapter 2

Chiral Approach to Partially Massless
Fields

Introduction

General Relativity describes gravity as the geometry of spacetime. From a field-theoretic point
of view, gravity is seen as mediated by a particle called the graviton, which is a self-interacting,
massless spin-2 particle. A natural physical question is whether the graviton could have a small
mass—that is, whether small mass corrections to General Relativity might be present. This
question has attracted significant interest, particularly in the context of modifying gravity at
large distances. Specifically, the observed acceleration of the expansion of the universe has
led some physicists to propose that this phenomenon could be explained if the graviton were
massive [118-120].

Another motivation for considering a massive graviton arises when the background space-
time is not flat. In curved spacetimes, particularly those with constant curvature, such as de
Sitter (dS) space, the spectrum of allowed gauge fields is broader than in flat spacetime. While
flat spacetime admits only massless and massive particles, constant curvature spacetimes allow
for additional possibilities. Notably, on the dS space, there exists a mathematical possibility
of a graviton that is neither fully massless nor fully massive. Such gravitons propagate more
degrees of freedom than a massless graviton but fewer than a massive one. These are known
as partially massless (PM) gravitons, and they exhibit a scalar gauge symmetry that removes
one of the degrees of freedom associated with a massive graviton. [121-124] .

This structure generalizes to higher spin fields (s > 2), but with an important distinction:
for spins greater than 2, there exists multiple partially massless modes, each labeled by an
integer t, known as the depth. The depth determines both the number of derivatives appearing
in the gauge transformation and the number of propagating modes. We refer to such fields as
partially massless higher spin fields.

In this way, we see that partially massless fields, in general, constitute a novel class of

gauge fields that emerge in the presence of a non-vanishing cosmological constant [55,56, 125]

33
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(see also [57,121,124,126-128]). These fields correspond to special mass values at which we
get an extra Noether identity of higher order, which further implies higher-derivative gauge
symmetry. As a result, they propagate an intermediate number of degrees of freedom: more
than a massless field (which has single-derivative gauge symmetry), but fewer than a massive
field (which lacks any gauge symmetry).

Partially massless fields are unitary in de Sitter space and may have phenomenological
applications (see e.g. [59,129] and references therein). Despite being non-unitary around anti-
de Sitter spacetime, partially massless fields are nevertheless of interest, if only because they are
dual to partially-conserved currents, that is, currents which are annihilated after taking several
divergences [64]. These kinds of currents naturally appear in free conformal field theories
of higher-derivative scalar fields, i.e., scalar fields subject to polywave equations of the type
06 = 0, with £ > 1 [65], which are known to describe special RG fixed points called ‘multi-
critical isotropic Lifshitz points!’ [130]. The holographic dual of this theory would be a theory
of both massless and partially massless fields of arbitrary spin in anti-de Sitter space, which
has been studied in [65,131,132] (see also [94,133-135] for works on the corresponding higher
spin algebras), but not worked out in full details yet. One reason is that holographic duals
of vector models feature severe nonlocalities that invalidate the usual field theory methods to
construct them [136-139).

Nevertheless, cubic interactions for partially massless fields of any spins have been studied
[70,71,140], but complete interacting theories featuring partially massless fields in the spectrum
are still lacking. Particular attention has been given to the problem of finding gravitational
interactions and constructing what one might want to call a theory of partially massless gravity,
i.e., an interacting theory of a massless and a partially massless spin-2 field. Unfortunately,
the search for such a non-linear theory led to several no-go theorems, whether it is in relation
to massive and/or bimetric gravity [67,69,141-143], with conformal gravity [122,123], or on
general grounds [68,73]. A notable exception is the recent work [72], wherein an interacting
theory of a multiplet of spin-2 partially massless fields has been found.

All of the aforementioned results were obtained by working with symmetric rank-s tensors
to describe partially massless fields of spin-s. In this chapter, we introduce a new description
of partially massless fields in 4d, inspired by twistor theory and the description of massless
fields given in [35]%, based on a pair of a 1-form and a O-form which are also SL(2,C) spin-
tensors (see also [33,112,146] for a pure connection formulation of gravity, which is closely
related). In terms of these new field variables, the free action for partially massless fields takes
a fairly simple form, and more importantly, one can construct complete interacting theories
featuring partially massless fields. We will illustrate this last fact by spelling out a partially
massless higher spin extension of self-dual Yang—Mills, which is a generalization of the higher

spin extension discussed in [35], and a theory featuring current interactions between a couple

LA Lifshitz point is a special multicritical point in the phase diagram of a condensed matter system, where
a disordered phase, a uniformly ordered phase, and a spatially modulated phase all meet. It occurs when

competing interactions present in the system.
2For more twistor literature on massless fields equation see [87,144,145].
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of massless fields with a partially massless one, which is complete at the cubic order.

The organization of this chapter is as follows: in section 2.1, we will start by discussing
the spin-2 case to motivate and illustrate the concept of partially masslessness. In section 2.2,
we briefly recall the metric- and frame-like description of free partially massless fields before
introducing a new description based on twistor-inspired, two-component spin-tensors, in Section
2.3, describes the Plebanski formulation. This forms the basis for chiral higher spin formulation
for both massless and partially massless fields, which is the content of section 2.3.2. Finally, we
will discuss two simple examples of fully interacting theories featuring partially massless fields
in section 2.4, and we end up with a discussion on beyond maximal depth (i.e., ¢ > s) in section

2.5 and a summary in section 2.6.

2.1 Partially Massless Gravitons

As we have already seen in the previous chapter, how the massless spin-2 case provides the
motivation for higher spin case, similarly, we will start by considering a massive spin-2 field in

a 4-dimensional constant curvature background with background metric g,

uv = guu + huu

The Fierz—Pauli action for a massive spin-2 field h,,, on a 4-dimensional spacetime with constant

curvature (i.e., R, = Ag,) is:

S = /d4x V=g [Ekm(hw) — %mQ (h#,,h’“’ — hz)}

with the kinetic term Ly, () given by:

1 1 1
Lign(hw) = — §VAhMVV*h“” + VN hyy, — VWY b+ EVAhVAh —A (h,wh"” — §h2)

Here:
e h = g"h,, is the trace of the field,
e V, is the covariant derivative compatible with the background metric g,
e A is the cosmological constant.

The equation of motion is given by

b 1 m? ~
IC;W hpa —A hwj — §gm,h -+ 7 (hw, — g,u,h) = 0, (211)

where

KL gy = —1{ 820592 + 7V, Y, — 80V°V, — 00V V, = 0GPV + G VIV | . (2.1.2)
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For convenience, let’s use the notation &, for the L.H.S of the equation of motion as,

m2
2

1

2 (h,ul/ - g,ul/h> . (213)

We now see how to count the degrees of freedom in this model in a covariant way. One first
notices that, due to the Bianchi identities identically satisfied by the kinetic operator,

1
v {Kuﬁahpa —A (hW - §guyh)} ~0, (2.1.4)

one has from the definition (2.1.3)

2

VHE,, = % (V*hyw — 37V o) - (2.1.5)
Thus on-shell we get the relation (assuming m? # 0)
V*h — Vyh ~ 0. (2.1.6)

This is a vector constraint and thus provides four constraint equations. These eliminate four

degrees of freedom from the original 10 components of the symmetric tensor h,,,, leaving six.

ma
Now, a second covariant divergence of the field equations gives,

m2

VIV = (V*V¥hy — VD) . (2.1.7)

On the other hand, taking trace the field &, gives,

— v 2 v 3m2
" & = V°h — VN, + A_T h. (2.1.8)
From the above two equations, we see that,
m2
2VIVYE,, +mP g E,, = - (2A —3m?) h. (2.1.9)
Hence, on-shell, it constitutes a scalar constraint reading,
(2A = 3m®) h ~ 0. (2.1.10)

Case : m? # 2A/3 1In this case this constraint implies & ~ 0 which reduces the system to 5
degree of freedom. Together with vector constraint (2.1.6) and scalar constraint (2.1.10) gives,
V#h,, ~ 0, means that h,, is transverse-traceless in vacuum. By enforcing these constraints,

the equations of motion are reduced to the following system,

2
(V> —m?) hs + Py =0, Vi, =0, h=0. (2.1.11)

Hence, on a generic Einstein spacetime, the above theory describes a massive graviton with five

degrees of freedom.
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Case: 2A = 3m? (Higuchi bound [124]) In this case, we get an off-shell relation, signaling
a Noether identity, as
2VIVYE,, +m* g E,, = 0. (2.1.12)

The existence of such a Noether identity indicates that there must be a two-derivative gauge

symmetry available. Indeed the transformation

2

m A

Ohu, = (V,NV + Tgw) &(x) = (VHVV + gg,w) &(x), (2.1.13)

The scalar gauge symmetry, parametrized by the gauge parameter &, eliminates an additional
degree of freedom, reducing the total number of propagating degrees of freedom to four. This
places the partially massless graviton in an intermediate regime between the massless case
(which has 2 degrees of freedom) and the fully massive case (which has 5 degrees of freedom)-

hence the name partially massless.
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2.2 PM Higher Spin: Metric and Frame-Like descrip-

tions

2.2.1 Metric-like Approach

Free fields are known to be in one-to-one correspondence with irreducible representations of the
spacetime isometry group. For de Sitter (dS) space in (d 4 1)-dimensions, the isometry algebra
is s0(1,d+1), whereas for anti-de Sitter (AdS) space in (d+1)-dimensions, it is s0(2, d). We will
hereafter denote these algebras collectively by gx. One new feature of the representation theory
of (anti-)de Sitter algebras, as compared to that of the Poincaré algebra, is that they admit
irreducible representations that are realized as fields propagating an intermediate number of
degrees of freedom between that of a massless field and that of a massive one, for a fixed value
of the spin [55,56,125]. Consequently, these fields are called partially massless (PM). A spin-s
partially massless field of depth-t, with 1 <t < s, can be represented by a rank-s symmetric

tensor ®*-% = &) that is subject to®

0 @) = . vegls 4 (2.2.1)

t times
where the dots denote lower-order derivative terms. In other words, the depth of a partially
massless field is nothing but the number of derivatives in its gauge transformation, and the
massless case corresponds to t = 1 in our convention. Omitting the transversality and trace-

lessness constraints for @ and &, the equations of motion reduce to
(O —m?) o) =0, m*=—-A((d+s—t—1)(s—t—1)—s). (2.2.2)

where, as for the massless case, the mass-like term is proportional to the cosmological constant
and depends on the spin-s, depth-t and spacetime dimension d + 1. The mass-like term is fixed
by the gauge symmetry. While equations of motion are simple, the action requires an intricate

pattern of auxiliary fields? [127].

2.2.2 Frame Formulation of PM Fields

As noted in the previous chapter, in (A)dS space the spectrum of gauge fields contains not only
the familiar massless higher spin fields but also partially massless (PM) fields. A PM field of
spin s and depth t is described by a single one-form connection taking values in the irreducible
(A)dS representation whose Young diagram has two rows of lengths s —1 and s —¢. The integer
t specifies the number of derivatives that appear in its gauge transformation as,

Ve def ppAG=1)Bls—1) _ ngl o(p_12)  with t€1,2... s

3In trying to save letters we abbreviate a group of symmetric indices a; ...as as a(s) and, more generally,

denote all indices to be symmetrized by the same letter.
4This is because partially massless fields are closer to the massive ones. For a massive spin-s field, one has

to impose transversality on top of the Klein—-Gordon equation, which starting from s = 2 requires auxiliary
fields [9,147].
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The massless case is recovered for ¢ = 1. Similar to the massless case, PM fields also admit a
frame formulation as follows.

The gauge transformation and curvature of the connection are given by,

5wA(371),B(57t) _ DgA(sfl),B(sft)

)

RAG=DB(s—t) — DypAG—1).Bs—t) (2.2.3)

where D is the covariant derivative with respect to the background connection Wj. The field

strength is invariant because D? = 0, and it satisfies the usual Bianchi identity, DR = 0.

Remark: For more clarity, it is instructive to see this in terms of the Lorentz tensor.
Upon decomposing it with respect to the Lorentz algebra (using the branching rule), one

gets many auxiliary fields,
What = {el=Rbe=m = with ke {1,2,...,t}, me{t,t+1,...,s}. (2.24)
The gauge-invariant curvature R for W, then given by,
RW]=VW 4+ e Ap(P,) W, (2.2.5)

where p is the representation Y of the (anti-)de Sitter algebra®. This curvature is invariant
under the gauge transformations generated by a 0-form £ valued in the same representation
Y

0eW =VE+e"p(P,)¢ (2.2.6)

on an (anti-)de Sitter background, i.e. defined by a vielbein e and spin-connection ww®®

obeying
Ve =0, R® —elipel =0, (2.2.7)

where V is the covariant derivative induced by w and R*’ = dw®® + @ A @’ is its
usual Lorentz curvature 2-form. Note in particular that the second piece of this gauge
transformation, the one generated by the action of the transvection generators, is algebraic

(it is given by symmetrization and contraction of the background vielbein with the gauge

parameters, and does not involve any derivatives).

As in the massless case, the dynamical fields—those embedded in WAG=DB6E=8 can be
extracted using the compensator field V4 (Note: Dynamical fields are defined as fields that are

neither pure gauge nor expressible in terms of derivatives of other fields via any constraints).

5This expression can be thought of as originating from the curvature F[A] = dA + $[A, A] of a connection
A taking values in the algebra gp €, Y, which is the semi-direct sum of the (anti-)de Sitter algebra gp with the
representation Y, considered as an Abelian subalgebra. The component of this curvature taking values in gp is
the usual curvature of the (A)dS algebra, and is assumed to vanish here, while the component in Y reproduces

the above formula.
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Following [58], the action in the frame formulation is given by,

1 ,
337,5 = 5 Z as’t(/{, m) /EAI,”ADHVc(2k+2m)VA5EA° c. EAD+1
k,m

RMBG—E-DCMADG—t—m-1)Cm) phay o CERA L Clm),
(2.2.8)
where,
a®'(k,m) = b (k,m)0(m)0(k)0(s —t —m — 1)0(s —m — k — 2)
O(n)=1forn >0 and O(n) =0 for n < 0. (2.2.9)

Clearly, for the massless case t = 1, one can then convince oneself that, for £ = 0 and (m =
s — 2 — p), the structure of the massless action in (1.2.31) is recovered. Note that, in general,
different choices of the coefficients b%'(k.m) give rise to different dynamical systems; however,
requiring gauge invariance, the correct number of degrees of freedom, and the proper flat-space
limit fixes these coefficients up to an overall coefficient (for details see [58]),
(s—k—m—1DID—542(k+m))!l

E'ml(s — k —2)!(s — m)!

b (ke.m) = b*

Bs—1) into com-

Dynamical Fields To isolate the dynamical fields, we decompose WAG=D:
ponents transverse and longitudinal to the compensator VA (a fixed vector in (A)dS space
satisfying VAVa = const). This is done by contracting with VA or projecting orthogonally to
it.

The compensator VA breaks so(d,2) down to the Lorentz algebra so(d, 1), and the gauge

field splits into Lorentz tensors. We define dynamical fields as
(1) ¢a(5) —1I [Wa(s—l),C’l...CS,daVCl . VCS%} 7

where Wle = Wl;'e‘”“ is the gauge field with one form index converted to a fiber index
using the vielbein. The projection Il enforces tracelessness, hence gives a symmetric, traceless
rank-s tensor ¢*%. The contraction with (s — t) compensators V¢ isolates the part of W
that transforms nontrivially under the gauge symmetry; This is the ”"primary” dynamical field,
analogous to the Frgnsdal field in massless HS theories. Its gauge transformation involves ¢

derivatives of the gauge parameter £4)| characteristic of partial masslessness:

§¢°) =TI [V(@ ... yorgarn-a] (2.2.10)
where the parameter €26~ is defined, via the gauge parameter £AG=1:86=1 of 1/ as

g8 = AG=DS=y, Y (2.2.11)

One can see that it is traceless by choosing the standard gauge VA = §5. Indeed by recalling
that neg =180 = 0 we see that,

RN e Rl a) TN RN U e 1} (2.2.12)

We have used the Young condition in the last step.
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(2) ¢a(s—t) _ onﬁl(S_t)mC(t_m’c(s_t)Vc1 Ve, + 6W7;zl(s—t)c(t—1),C(s_t_1)|mVCl Ve,

This field is a linear combination of two components of WW. The first term involves a trace
over the form index m (after turned into fibre index via e ) and one of the a indices in the first
group. The second term involves a contraction of the form index m with one of the b indices, and
the coefficients «, 5 are chosen to ensure consistency with the gauge transformations [148]. It is
symmetric, and note that we didn’t use the traceless projector Il because these are automatically

traceless; again, we can see this by using the standard gauge for the compensator, as in (2.2.12).
(3) ¢a(s—t—1) _ WTTG(S*t*UC(t*U:C(S*UVcl Ve,

This is a lower-spin field (rank-(s — ¢ — 1) tensor) and is absent for t = s (called the max-
imal depth partially massless case). It ensures the consistency of the gauge algebra and the
correct counting of degrees of freedom.

These three fields ¢**), $*® and ¢**~1 are sufficient because the gauge transformations of
W allow all other components to be either gauged away (Stueckelberg) or expressed in terms
of derivatives (auxiliary). The Young symmetry of W ensures that no additional independent
tensors can be formed without violating tracelessness or symmetry properties. In the flat space
limit, the theory must reduce to a sum of massless Fronsdal actions for spins (s—t+1), ... s [128].
Example: Spin-2 Case The s = 2 case is described by the connection 1-form W4B2-9
which for ¢ = 1 becomes W## which is the adjoint representation H This describes massless
gravity for which the connection W4-# contains® two one-forms valued in finite-dimensional
representations of the Lorentz subalgebra so(1, d), namely the vielbein e* = W** and the spin-
connection w®® = W For t = 2 we get a genuine and the only PM case for spin-2 called
partially massless graviton. It is described in this language by a connection W4, taking values
in Y = [, the fundamental (or vector) representation of the (anti-)de Sitter algebra gp. The

gauge transformation and curvature become, in this case,
SWA =Der, RM=DWA (2.2.13)

Such a connection has components WA = {w® w}, i.e. it is composed of two 1-forms, valued
in the vector and scalar representation of the Lorentz algebra respectively. Their curvature
simply read

R*=Vuw'+e*Nw, R=Vw-—e"Nw,, (2.2.14)

while the gauge transformations are given by

decw® = VE e, decw =Ve—e"E,, (2.2.15)

6Indices A,B,... = 0,...,d + 1 are of gy and we can decompose them as A = a, e, where indices a, b, c, ... are

of the Lorentz algebra.



42 CHAPTER 2. CHIRAL APPROACH TO PARTIALLY MASSLESS FIELDS

where £* and € are the two O-form gauge parameters. Let us briefly review how one can recover
the metric-like formulation discussed previously [58, Sec. 5.1]. First, note that one can gauge-
fix to zero the component w upon using its gauge symmetry generated by £%. The residual
gauge transformations (i.e. which preserve the gauge choice w = 0) are those generated by e
and £, = —V,e, i.e.

dewqpp = =V Vi e+ nap €, (2.2.16)

where wy), = €} WY, Nae- Imposing that the curvature R of w vanishes in the gauge w = 0 implies

that the antisymmetric part of w,, vanishes,
R|w:0 =0 = Wa|p] = 0. (2.2.17)

This is a first sign that one can recover the symmetric rank-2 tensor subject to a two-derivative
gauge transformation, which encodes the PM spin-2 field in the metric-like formulation, as the
symmetric part of the 1-form w®. Inspecting the Bianchi identities for the curvature R®, one

finds that its only possible non-trivial component is encoded by a hook, so that one can impose
R = ey Ne, C™ (2.2.18)

where C%¢ is a O-form which takes values in the irrep H:I of the Lorentz algebra. The above
example is representative of the frame-like description of partially massless field: for a spin-s

and depth-t field, one can impose the zero-curvature equations
Rals=m)bls=n) — m#1 and n#t, (2.2.19)

and
Ra(s—l),b(s_t) — Ca(s_l)cvb(s_t)d € A\ eq, (2220)

where C' is a 0-form, that can be thought of as a partially massless version of the Weyl tensor.

s—1

The metric-like partially massless field can be found in the connection e**~1 valued in the

totally symmetric irrep of the Lorentz algebra, and the above zero-curvature equations expresses

a(s=1)b(m) with m = 1,...,s —t — 1 as m derivatives of

the intermediate/auxiliary connections w
the PM field, while the last equation equates the O-form C' to a particular traceless projection
of s —t + 1 derivatives of the PM field.

One can build a gauge-invariant action from the above curvature, however, this action ex-
hibits an intricate pattern involving the ‘auxiliary connections’ [58]. Let us specialize this
construction to 4d, where it is advantageous to use the two-component spinor language (ex-

plained below).

2.3  Chiral Approach

The chiral approach to gravity, and its extension to higher spin, provides an alternative for-
mulation in which the degrees of freedom are encoded using variables that naturally split into

self-dual and anti-self-dual components. In four dimensions, this framework leverages the fact
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that at the level of complexified lie algebra the Lorentz algebra so(3, 1) is locally isomorphic to
s[(2,C), allowing the spin connection and curvature to be decomposed into left-handed (self-
dual) and right-handed (anti-self-dual) parts. This decomposition simplifies the structure of the
theory, particularly in the self-dual (chiral) sector, where the theory becomes more tractable
and admits elegant reformulations. Chiral formulation has been instrumental in developing
twistor methods [86, 149], Ashtekar variables for canonical quantum gravity [150], and more
recently, in the study of chiral higher spin theories [29-31, 151-153]. In these contexts, the
chiral sector offers a useful laboratory for exploring quantum properties of gravity and possible
UV-completions. With this backdrop, it is natural to explore a chiral-type formulation for
partially massless fields. We begin by reviewing the chiral formulation of gravity introduced by
Plebanski [32], and then show how its linearized version can be naturally extended to a chiral

formulation of partially massless higher spin fields.

2.3.1 Plebanski Formulation

Let M be an oriented 4-dimensional manifold. As we have seen before, in the frame formulation

of gravity, the basic objects are e, such that the metric is given by
G = nabe‘;eg (2.3.1)
For convenience, let us collect all the formulas here. The first Cartan structure is given by,
T = de® +w A€’ (2.3.2)

The curvature 2-form R%,
Rab = dw“b + w“c A wcb (233)

Using these objects, one describes what is called Einstein-Cartan theory in the presence of

cosmological constant A as,
Sgc = / eabcd(ea Ae’ A Rw] —e* AeP Aef A ed) (2.3.4)
M

Now, since we are working in 4 dimensions, we must use for simplicity in computation, the
isomorphism sl(2, C) = so(1,3). The latter relates a Lorentz vector V* to a sl(2, C)-bi-spinor
VAY  via an object (constant matrices) 044" such that V44" = ¢A4'V® where both A = 1,2
and A" = 1,2 are two-component spinor indices. These two-component spinor techniques are
very handy when it comes to explicit computation in 4-dimension. More generally, finite-
dimensional irreducible representations of so(1,3), which are mixed-symmetric traceless tensor
T(m):b(") correspond to a spin-tensor carrying two groups of m-+n and m—n totally symmetrized

(un)primed indices,

a(m) b(n) (/_Z—uél(m—&-n),A’(m—n)7 TA(m—n),A’(m—i—n)) ) (2,3,5)

As usual, in the Lorentzian signature, the two spin-tensors are complex conjugates of each

other. In the Euclidean or split signature, they are independent real spin-tensors.
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b

For example vierbein e, the spin connection w®, curvature 2-form R, epsilon tensor and

€abed 1N two-component spinor notation becomes

Wab > WABEA'B' + WA/ B/ €EAB (236)
R, < Rapean + Rapean (237)
€abed 7 (GACEBDEA’D’EB’C’ — €AD€BC€A’C’€B’D’), (238)

where Rp, wap are symmetric and €45 and €4 g are the component of the symplectic form
defined on (un)primed spaces such that g, x €apeap. One important thing to note is that,
since e4p is antisymmetric, raising and lowering using them requires a choice of convention.
We choose that unprimed spinor indices are raised and lowered with the invariant tensor e g

AB

and its inverse ¢AZ, in the sense that ¢1¢ epc = 05, via

=P ep, {p =& ean, (2.3.9)

and similarly for primed indices. In this two-component spinor language, we call the primed part
wA4" and Ry p are called anti-self-dual part of the spin connection and curvature. Similarly,
the unprimed parts are called self-dual. Now will all of this technology we can write our action

in terms of two-component spinor language, we get,
Sgc = —2/ AN BB A (RAB(—:A/B/ — RA/B/(—:AB) - %BAA/ N eg/ Neper  (2.3.10)
M
Note that the self-dual and anti-self-dual part of the curvature is given by
Rap = dwap +wa® Awes (2.3.11)

and similarly for R p.

Plebanski’s formulation In the above EC action, the fundamental dynamical variables are

A

1-forms e and wAB. Plebanski’s formulation has a triple of 2-forms H,p as fundamental

variables replacing e*4’. The key observation is that the vielbein field in the above action

appears only in the combination
HAB = A N eBY HAYB = e N eP'C (2.3.12)
which appears in the decomposition,

MNP = —(HABN B 1 B eAB) (2.3.13)

DO | —

Note that HAB, HAP are symmetric by construction. Also if d*z = dz® Adz' Ada? Ada® Ada?,
one finds that,
H*B A Hep = 40565/ |g| d*z (2.3.14)

There is also the 3-form basis, defined as

éAA’ = HAB VAN eBA/ . (2315)
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In particular, the 2-forms Hx4 and H 44 verify
Hyp NHyp =0, (2.3.16)

and the identities
HiaNeap =0 = HiasNHpp =0, (2.3.17)

which will be useful later on (for more details, see e.g. [154]). Now, in terms of these two

2-forms, the action becomes,
g A
Spe =2 / H*P ANRap — HYP AN Ryp + §HAB A Hyp, (2.3.18)

where it is understood that R depends on w and H depends on e. Plebanski’s insight was to

promote the two-form H4P and the connection one-form w4?

(and their complex conjugates)
to fundamental variables, rather than e and w. However, the resulting action—with H4? and
wAB treated independently—fails to reproduce Einstein-Cartan gravity: since H4? no longer
depends on e, the theory is not equivalent to the usual formulation.

To overcome this, Plebanski introduced the simplicity constraint H42 A HP) = 0, which,
by the classical result that a two-form 7 in four dimensions is decomposable (7 = o A p) if and
only if 7 AT = 0, guarantees that HA8 = e A eBY (and similarly in the primed sector). This
dynamically recovers the tetrad e?4” from H4Z. Imposing this constraint at the level of the

action leads to the Plebanski action for general relativity

' R/ A A. 'R’
|:HAB AN Rip — HAB AN Rpp — gHAB AN Hyp+ gHAB A Hyp

Sp[H, w] = 2/

M

1 ]_ ’ ! ’ /
—é‘I/ABCDHAB/\HCD—F§\I’A/BIC/D/HAB A HEP , (2319)

where ¥ 4gcep, Va g corp are completely symmetric traceless objects called Lagrange multipliers

for the aforementioned constraints. Now, the equations of motion coming from the above action

are
dHAP — 2,0 A HPC =0 (2.3.20)
A
Rap — VapepHOP — S Hap =0 (2.3.21)
HWB A HEP) =0 (2.3.22)

and a similar equation for the primed sector. All these equations together constitute the
Einstein equation as before and hence are equivalent to Einstein gravity in the presence of a
cosmological constant. Note that the equation HA% A HEP) = ( clearly has a solution given
by HAB = e4, A P because efﬁ AeB A eg,) = 0 since the expression is totally antisymmetric
in A’B’C" and hence vanishes because the spin space is 2-dimensional. This is sometimes in
the literature called the Fierz identity. The advantage of Plebanski’s action is that it has scope
to give different possible formulations for gravity by integrating out different fields from the

action. For example, integrating out HZ, one gets the pure connection formulation. We will
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not go into this interesting line of thought. But for the detail see [112, 155] and references
therein. The other advantage is that the action gets nicely separated between the primed and
unprimed sectors (self-dual and anti-self-dual, respectively). Now, the idea behind the chiral
formulation is that it is sufficient to have access to only one of the curvatures, out of SD and
ASD parts, because it then becomes possible to impose the Einstein condition, working with
only one of the chiral parts of the spin connection, for details and proofs, see [33]. Hence, from

here on, we will only consider the unprimed sector,

Sp[H, w] = 2/ L

A
[HAB/\RAB — 5(\IJABCD+ §€CA€DB)HAB/\HCD]. (2.3.23)
M

Now the equation of motion is RAB—\I/ABCDHCD—%HAB =0or RAB = (\I’ABCD—F%(;(CAég))HCD.

If we assume that (UA8,p + %(5(0’45?) is not singular, then we can invert this relation and get

A
HOP = [(v+3) ] an B, (2.3.24)
We get Plebanski Chiral action as,
A
Sp[H,w] = / [(+5)71%" Ras A Ro. (2.3.25)
M

Now, on expanding, the first factor we get is a topological term [ R A R, which we ignore, and

a linear term in W as
SChiral = / UAPPRp A Rep (2.3.26)
M

and we ignore higher order terms O(¥?). Note that now ¥ is no longer a Lagrange mul-
tiplier; rather, it becomes a dynamical field. This action is an action for self-dual GR and
the reason it is called self-dual because the equation of motion in the inverted form H¢P =
(U + %)_I]CD 45 RAE becomes in the leading order as H4? = RAB_ that is the chiral 2-form

becomes the curvature itself. For such self-dual curvature, the metric is famously given by
Gap < € (R )ac (RE)va (RS )es- (2.3.27)

This metric now describes a self-dual solution of GR with cosmological constant, with vanishing
left-handed Weyl curvature. The field ¥ gcp then describes a linearized left-handed Weyl
tensor, not derived from g,;, but propagating on top of it. Finally, we will expand this chiral
action around some background (note that the background value of ¥ is zero) and see that the

free action is given by,
SChiral = / UAPPHyp A Vwep, (2.3.28)
M

where H 4p is the background self-dual 2-form basis. It is this linearization that we are interested
in because this simple-looking linearized action can be generalized to higher spin massless
theory, ”Chiral Higher Spin theory”. Such a massless higher spin case was first given [35] and
has seen great progress in recent times, see, for example, [29]. Hence, in the next section, we
will explore its further generalization to Partially massless (PM) field and study in detail its

chiral action for arbitrary spin and depth in 4-dimensions.
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2.3.2 Chiral Action for PM Higher Spin Fields

In this section we will seek a generalization of the chiral action in (2.3.28) to an action for
Partially massless higher spin fields. It was shown in [35] that for massless fields, we can take
the self-dual parts of the very ‘last’ spin-connection (by which we mean the component of the
ga-connection valued in the ‘biggest’ Lorentz Young diagram, that is, the Young diagram with
the same shape as the one labelling the gj-irrep) and of the Weyl tensor as our dynamical
variables. Indeed, we will see that, similar to massless case [35], the PM generalization of
(2.3.28) leads to a simple action. In tensor language, the last spin-connection for a spin-s and

a(s=1)b(s=1) and the Weyl tensor is of the form

depth-t partially massless field is a one-form w
C()b(s=t+1) wwhere the indices merely indicate the symmetry type of a tensor. In the spinorial

language, the self-dual components of these two fields are thus

A@s—t=1), A (t-1) PARs—t+1),A' (t-1) ’ (2.3.29)

and their anti-self-dual cousins can be obtained via t — 2s — t for w and t — 2s — t + 2 for W.
The chiral approach deals with one pair of such fields and ignores the duals thereof (See figure
below),

#A
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CA(E=1),A"(25—t+1)

25 —t 4 11 m zero-forms, C'

WA=1),A (25—t-1) @ one-forms, w
2 —t—14----

WARs—t—1),4(t-1)

2s —2tQ. @
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Figure 2.1: A diagram to show fields/coordinates involved into the description of partially
massless higher spin fields. Along the horizontal /vertical axe, we have the number of un-
primed /primed indices on a spin-tensor. Components of the 1-form connection are represented
by green circles, while the 0-forms (the Weyl tensor and its descendants) are represented by
red rectangles. By descendants we mean the on-shell nontrivial derivatives of the Weyl tensor,

which are associated with the coordinates on the on-shell jet space [156].
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Action Using the fields description discussed above we generalize the Chiral action of (2.3.28)
to PM higher spin field of spin-s and depth-t as,

Seplw, ¥] = /‘IJA(ZSHU’A/@D Haa NVwas—i—1),ar(-1) - (2.3.30)

In particular, for the spin-2 field with depth ¢ = 1, we recover the standard massless action

shown in (2.3.28). For the spin-2 field with depth ¢ = 2, we obtain the chiral description of the

so-called partially massless graviton, expressed in terms of w4" and wA®)A",

This action is invariant under the gauge transformation of w reads as,

5£7nwA(2s—t—1),A’(t—1) — VARt A (1)

AA" A(2s—t—2),A’ (t—2) A A(25—t—2),A’(t—1)B’ (2'3'31)
+e" " n +epn .

To show the invariance, we have used the well-known Fierz identities shown in (2.3.17). Note

that the transformation contains both a differential part (the first term) and an algebraic part

(the second and third terms). The latter, hereafter, is referred to as a shift symmetry. This is

nothing but a direct translation of (2.2.6) into 2-component spinor notation. Now, in general,

the field w decomposes into irreducible spin-tensors as,

WA@s— =D A(=1) A pAQs—t=2) A(=)B | A GARs—1=1)BA(1-2)

+ eBB/(I)A(2s—t—1)B,A’(t—1)B/ + eAA’CI)A(2s—t—2),A’(t—2) (2'3'32)

Y

where @ are 0-forms. Two of these components are unphysical as they can be gauged away.
Indeed shift symmetry, can be used to gauge away the first and fourth terms in the irreducible

decomposition (2.3.32). After this gauge fixing, the connection w is given by

WwA2s—t=1),A"(t-1) _ eBA’ PAQRs—t=1)BA'(t=2) eBB/(I)A(2s—t—1)B,A’(t—1)B/, (2.3.33)

and is subject to the residual gauge symmetry
SPAR—A(=2) g A, cAQs—t-1) A (1=2)B" (2.3.34a)
SPARs—1),A(t) _ VAA’gA(ZS—t—l)ﬁA/(t—l) , (2.3.34b)

expressed in terms of its two irreducible components. Note that the gauge symmetry (2.3.31) is
nothing but the two-component spinor translation of the gauge symmetry (2.2.6) in the frame-
like approach, and in particular, the shift symmetry here is simply the algebraic part of the
gauge symmetry of the ‘last connection’.

Notice also that this action is of presymplectic AKSZ-type [157], which is not that surprising
considering that the frame-like action for Gravity [158] and Conformal/Weyl Gravity [159] are
also of this type, and that the relevance of this approach for higher spin theories is established
[160,161].

Also, this new description of PM higher spin fields (which includes the massless case) in
terms of (w, V) is very "twistor friendly” in the sense that such fields occur very naturally in

Twistor theory via Penrose transform. Twistor theory leads to a new geometrical understanding



2.3. CHIRAL APPROACH 49

of massless fields in 4d in terms of holomorphic structures on a 3d complex manifold that is
twistor space [87,145,162] (see also the textbooks [156,163-165] and, for instance, the recent
review [166]). Although we will not use twistor theory directly in our description of partially
massless fields, it is very much inspired by it, and is a straightforward extension of the approach
proposed for massless fields in [35,145]. The current formulation strongly suggests that a
completely twistor-based chiral description of PM fields exists, and it will be interesting to
explore this line of research, similarly to the massless case.

Another noteworthy feature of the above action is that it is not manifestly real in the
Lorentzian signature, as is the well-known cases of (self-dual) Yang-Mills theory [167] and
gravity [33,112,146] that can be formulated in terms of chiral field variables. Nevertheless,
it is worth mentioning that the use of chiral field variables does not imply that the theory is
actually chiral (parity-violating) or non-unitary. This is always true for free theories that have
the same degrees of freedom as their non-chiral relatives. The free action of [167] corresponds
tos=1,t=1of (2.3.30).

Now the equations of motion obtained from (2.3.30) are
Hpa N Vwa@s—t—1),a/1-1) =0 Hyq A VOAC—HDAED) —

There are two noteworthy cases: ¢ = 1 which corresponds to massless fields, and in which case
the above action reproduces the one proposed in [35], and ¢ = s, which corresponds to maximal
depth partially massless fields, and for which the spin-connection is balanced (meaning it has
the same number of primed and unprimed indices, as opposed to the massless case where it is
completely unbalanced).

These equations can be taken as a starting point to build a free differential algebra (FDA)
formulation of partially massless fields, see [58,116, 148, 168-170]. Indeed, they can be read
as expressing the fact that the first derivatives of w and ¥ are in the kernel of an operator
determined by the background self-dual 2-form H 44 (symmetrization for w, contraction for ¥).
These operators are nothing but components of the presymplectic form used to build the action
(2.3.30). The FDA is obtained by parametrizing Vw and VWU as the most general elements in

the kernel of this presymplectic form, i.e.

Vwa@s—t-1).40(t-1) = €AL Was_t—2).4t-1)B + €aar WA2s—t—2) A/(1—2) (2.3.35a)

VU 425ty ari-1) = €7 a4 Wags—iinyaru—2) + €77 Va5 141)B,4/—1)B' » (2.3.35b)

and imposing that the resulting equations are integrable. Typically, this condition leads to
constraints on the first derivatives of the components of the elements in the kernel of the
symplectic form, and one should repeat the procedure (i.e. find the most general form of the
first derivatives of these new fields compatible with integrability, thereby introducing new fields,
and imposing once more the integrability of this equation, etc ...). See e.g. [157] or [161, Sec.

4] for a review. The outcome of this procedure is to build two modules of the (A)dS algebra

gA:
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e A finite-dimensional one, which is spanned by the 1-forms wA@s—m=m).4"("=m) an(q their

complex conjugate, with 1 < m <t and t < n < s. This corresponds to the gy-module
EI used in the frame-like formulation;

e An infinite-dimensional one, spanned by the 0-forms WA®@s—ttm+n).A'(t=m+n) with pn > (
and 1 < m < t, which corresponds to the derivatives of the self-dual Weyl tensors

unconstrained by equations of motion or Bianchi identities.

The pattern of connections, and descendants of the Weyl tensor, for a fixed spin-s and depth-t
is illustrated in Figure 2.1 and was already detailed in [58] (see also [116,148,168,169,171-173]),
while the pattern of pairs made of a connection one-form and a Weyl tensor zero-form, for a
fixed spin-s and different values of the depth-t is displayed in Figure 2.2.

Let us dwell a little on the maximal depth case t = s. In vector language, the last connection

decomposes as

WO [T el e =7 (2.3.36)

under the Lorentz group, and is subject to the algebraic symmetry
5w = ela gals=2)} (2.3.37)

where {...} denotes the traceless projection of symmetrized indices. This algebraic symmetry
removes the trace part =21 in the irreducible decomposition of w®*~Y. It may, however, be
surprising at first glance that in the two-component spinor language, one has two parameters
for the algebraic symmetry of w, namely n4(=2-4(=2) and nAG=24() " The first one simply
corresponds to €, converted in spinor language, but the second one appears to have no counter-
part in the vector language. This is not accidental: in fact, this additional parameter has the
same symmetry as the anti-self-dual part of the hook component of w, and its role is simply
to remove it. This is consistent with the fact that, in spinor language, w has two irreducible
components, corresponding respectively to a symmetric rank-s tensor and the self-dual part of
a hook tensor, and is also in accordance with the counting of degrees of freedom detailed below.
Such additional symmetry is also present in the FDA form [168,170] of Zinoviev’s description
of partially massless fields [127,174].

Massless spinning fields, described as in [35,145], can propagate on self-dual backgrounds.
This is due to the fact that the fields ¥4 and w4®?*=2) do not have any primed indices, hence,
V26425-2) = () on a self-dual background, which ensures the gauge invariance of the action.
However, partially massless fields are always described by mixed spin-tensors, i.e. have both
primed and unprimed indices. The action (2.3.30) as well as the equations of motion (2.3.35a)
remain consistent in Minkowski space, the difference being that the corresponding solution

space is not an irreducible representation of the Poincaré group (see e.g. [169,171-173,175]).

Degrees of freedom. Let us justify the main claim of the previous paragraphs, which is
that the action (2.3.30) does describe a partially massless spin-s and depth-t field in 4d. To do
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Figure 2.2: For a given spin-s, the fields grouped horizontally/vertically correspond to
chiral /anti-chiral description of depth-t partially massless fields. There are two descriptions
for each admissible s, and ¢. The group on each of the axes describes massless fields in terms of
(anti-)chiral variables. It is clear that extrapolation of one description beyond ¢ > s does give

the other one.

so, we will show that the solutions of the resulting equations of motion propagate the correct
number of degrees of freedom, namely 2¢ (irrespectively of the spin). In our case, the equations
of motion are first order differential equations for the fields ¥ and w. The number of physical
degrees of freedom propagated by an arbitrary field, which is a solution of an involutive system

of equations, is given by the formula [176]

Niog = 3 Z k(er —ix —gr) , (2.3.38)

k=0
where e is the number of equations of order k in the system, i, number of (gauge) identities
of k-th order, and gy, is the number of gauge symmetry generators of order k (here, the order is
the number of derivatives). Let us recall that an involutive system of order n is defined in [176]
as a system of equations such that any differential consequence of these equations, of order n
or less, is already a part of the system. In our case, the equation of motion for the field ¥ is

given by,
HAA A V\I]A(Qs—t-i-l),A/(t—l) o EAB’VAB, \I]A(Qs—t-f—l),A'(t—l) _ 07 (2339)

where é4p are the basis 3-forms introduced in (2.3.15) above. Using it, we can write down the

set of independent equations of motion as

FACsDA-DIB _ 7 B yBACs—).A'(t-1) _ (2.3.40)
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and easily count that these are e; = 2t(2s —t+ 1) equations of first order. The field ¥ does not
have any gauge symmetry, hence g, = 0 for all k. Now since the field w has a first order gauge
symmetry, the U-field, after integrating by parts in the action, satisfies the Bianchi identity of
second order. Explicitly, this identity is given by,

V o BFACs =D F A1) _ (2.3.41)

which consists of i, = ¢ (2s — t) identities of the second order. Thus, the number of physical
degrees of freedom described by the field ¥ is

Naop () =2 [2t(2s —t +1) — 2t(2s — t)] =¢. (2.3.42)

1
2
Similarly, the equations of motion for the field w read

Haa A va(2s—t—1),A’(t—1) =Haa N €DD/VDDIWA(2s—t—1),A’(t—1) =0, (2'3'43)

and, upon using the decomposition of w into its irreducible components,

WA DA (-1) A AR~ t=2) A G-)B | AT ARt 1)BA(1-2)

4 epp®ARDBA (=) | AN §ARs-1-2) A (1-2) (2.3.44)

takes the form
V" ®as sy rrari1) + Van®as a2 = 0. (2.3.45)

These are e; = t(2s — t + 2) equations of first order. The gauge transformations are of first
order, and generated by g; = t (2s —t) parameters. Since there are no additional identities, the

number of degrees of freedom propagated by w is

Noop(w) =2 [(2s —t +2)t — (2s — t)t] = ¢, (2.3.46)

and hence ¥ and w contain, in total, 2t physical degrees of freedom. In particular, for massless
field (t = 1), we recover 2 degrees of freedom, as expected, while for the partially massless
graviton (¢ = 2), we find 4 degrees of freedom, in conformity with expectations.”

Note that the counting of degrees of freedom presented here applies for any values of ¢. In
particular, when ¢t > s, we see that the number of degrees of freedom keeps increasing and is
larger than the one expected for a spin-s field of any depth. This is another indication that,
despite the fact that the pairs of fields (w, ¥) can still be considered for ¢ > s, and the action
(2.3.30) still makes sense, their interpretation remains elusive and should not be related to PM

fields (see the discussion in the section 2.5).

2.4 Interactions

Since we have a well-defined free action, the next task is to look for interacting theories. In
this section, we will consider two simple types of possible interactions using the new description

discussed above.

"The same counting of degrees of freedom is suggested by the first step (2.3.35) towards the FDA form of

the equations.
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2.4.1 Yang—Mills Interactions

First, we will consider Yang—Mills interactions for partially massless fields, which are straight-
forward generalization of the higher spin extension of self-dual Yang—Mills theory introduced
in [35], and recently revisited in [36,177—179], see also [180]. This type of interaction is obtained
by first extending the spin-connection wA®*—t=D-A=1 and the Weyl tensor WAZs—tH1),A(t=1) of
a partially massless spin-s and depth-t field to take values in a Lie algebra g equipped with an
ad-invariant bilinear form® that we will denote by (—, —). Next, we can pack up together the

spin-connections for partially massless fields of all spin and depth into a single 1-form,

% WA(2s—t—1)A/(t—1) A A A A
= s , R = - . , 2.4.1
w ;;w,t(xly) ws 1 (T]y) @tV Y (2.4.1)

whose curvature is defined by the usual formula
F=Vw+3wuwl, (2.4.2)

where the bracket above should be understood as the Cly, y]-linear extension of the Lie bracket

of the Yang—Mills algebra g. More concretely, the Lie algebraof w with itself is given by

[w7w]$,t = Z [WS1,t17w$2,t2] 3 (243)

S1+s2=s+1
t1+to=t+1

where the subscript (s, t) denotes the component of degree 2s—t—11in y and ¢t —1 in 3. Packing
up in a similar way the differential gauge parameters associated with each spin-connection into

a 0-form &, we can define an extension of the free gauge symmetry (2.3.31) via
dew = VE+ [w, €], 0V = [V, €], (2.4.4)
under which the curvature transforms according to
0F = V¢ + [F¢], (2.4.5)
where the first term can be re-written as
V2 = (HAB y* 05+ HaP 5V 05/ €. (2.4.6)
Similarly, we can pack up the shift symmetry parameters into a single O-form 7, and write it as
dyw = ean y* (5" +0")n, (2.4.7)
so that the curvature transforms as

opF = —ean y” (Z?Al + 3Al) (Vn + [w,n)), (2.4.8)

8Recall that a bilinear form is called ad-invariant if it verifies ([z, ], 2) = (z, [y, 2]) for any elements =, y, 2 € g.
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since the vierbein is torsionless and does not take values in the Lie algebra g. We will consider

the action

Spavymlw, U] = (U | 2 Hya y'yt A F)

=D, e / (A, Hag A Fagaoin,are-1) (

1<t<s

2.4.9)

which defines a complete interacting theory for partially massless fields. The interactions are
of Yang—Mills type. This action is invariant under shift symmetry since its variation under this
transformation will produce a term Hau A eap = 0, as can be seen from (2.4.8). Its variation

under the gauge transformations (2.4.4) is given by
0eSparya = (U, €] | § Haay y* ANF) + (W | 3 Haay 'y A (VZE+[FE)) =0,  (24.10)

and vanishes due to the fact that the term V3¢ produces Huu A Hap = 0 = Huu A Hyp
according to (2.4.6), and the two remaining terms cancel one another due to the ad-invariance

of the bilinear form on g.%

2.4.2 Current Interactions

Consider the functional
Smt[OJ,\I’] = /TA(Qs_t)’A,(t)(‘I’)WA(zst1),A'(t1) ean (2-4-11)

where é44 := Hp A eP 4 and the spin-tensor 74Cs=+DAM (W) is a 0-form built out of Weyl

tensors of some (partially-)massless fields (of possibly different spins and depths), which verifies
Vg TAZHBACDE (y) ~ 0 (2.4.12)

where the symbol & signifies that the spin-tensor T'(¥) is divergenceless only on-shell. This

term is invariant under the shift symmetry, as a consequence of the fact that
ean N\ eppr :_iGABEA’B/V()l = ean Néag =0, (2.4.13)

where ‘vol’ denotes a volume form on the background, and the fact that ¥ is assumed to be

inert under this symmetry. Under the differential gauge symmetry, the variation of this term

reads
O¢ Sint|w, V] = / TACTOAD (W) VE g 5t-1),ar0-1) Eanr (2.4.14a)
= — / VBB pACs=OA W (W) €490 1 1) ar-1) €BB Ean (2.4.14b)
—1 / Vg DA DBA DB (G €40y 1) arg—y vol & 0, (2.4.14c)

9Very recently, in [38], a full solution to the holomorphic quartic constraint was obtained, leading to a
complete classification of chiral higher spin theories involving one- and two-derivative vertices. This suggests
that consistent truncations in the partially massless one-derivative actions exists [181], thereby enabling finite

higher spin models involving partially massless fields and the standard self-dual Yang-Mills vertex.
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and vanishes on-shell. It therefore provides a good starting point to construct interactions for
partially massless fields.
Indeed, divergenceless spin-tensors are fairly easy to construct out of the Weyl tensors of a

pair of massless fields. Consider for instance the Bell-Robinson tensor
Topea = 2 (CaPy?Clpag + *CoPs" % Cupag) (2.4.15)

where Cgpq is the gravitational Weyl tensor and * is the Hodge dual operator, i.e. *Cypeq =
€at??Cpgea- This tensor is divergenceless as a consequence of Einstein’s equation in vacuum. In
spinor notations, this tensor takes an especially simple form, namely it is given by the product

of the self-dual and anti-self-dual Weyl tensor,
TA(4)7A/(4) = \I/A(4) \I/A/(4) , (2416)
and suggests the generalization (see [182] for a complete set of currents)

Ta(2s1).4(25) = Va(2sy) Yar(ass) » (2.4.17)

given by the product of the Weyl tensors of two massless fields of spin s; and s3. This spin-tensor

will be divergence-free as a consequence of the equation of motion
VP W aas,-1)8 ~ 0, V" VU ar(2s5-1)8 = 0, (2.4.18)

for these Weyl tensors.

We will consider the one-parameter family of actions
Slw, V] = Strec|w, Y] + a Sintw, V], aeC, (2.4.19)
whose first piece,

Sfree [(JJ, \Ij] = /\IJA(ZS_t) HAA A\ VU)A(QS,t,Q) + \I’A,(t) HA’A/ A\ VwA,(t,2) (2 A 20)

+ PACEDACD [ 0 A Vaei1).a-1)
t
2
partially massless field of spin-s and depth-¢, and the second piece is the current interaction

is the sum of the free actions for the massless fields of spin s — = and % as well as for the

Sint|w, ¥] = /‘IJA(%” T 600 A was—i-1).4(-1) (2.4.21)

made out of the current associated with the previous pair of massless fields and the partially
massless field. Note that we will restrict ourselves to bosonic fields, and hence will assume
that t is even. As already argued before, all of these pieces are invariant under shift symmetry.

Moreover, the free action is invariant under the differential gauge symmetry

dewa(25—t—2) = VEA(25—t—2) 5 dewart—2y = Vear(—2) (2.4.22)
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for the massless fields, and

OeWA(25—t—1),A" (t—1) = VEA(25—t—1),4/(t—1) 5 (2.4.23)

for the partially massless field. Under this last gauge transformation, the variation of the

current interaction term reads
O¢ Sime[w, U] = / V(UACD GO ¢4 1) Exsminyar(e—1) (2.4.24)

and vanishes only on-shell as explained before. It can be compensated off-shell by deforming

the gauge symmetry of the pair of massless fields as follows,

O¢wa(as—t-2) = +5 @ yrW B, §A(25—1-2)BA/(1-1) » (2.4.25a)

Oewar(t—2) = —% a YA ¢ B §A(25—t—1),A' (t—2) B’ » (2.4.25D)

i.e. with terms depending on the gauge parameter of the partially massless field. The variation
of the free actions for the massless fields under this modification of their gauge symmetry then
reads

O¢Sfrec|w, U] = =3 a /V‘I’A@St) U HageP 4 Easmiaypa—n)

(2.4.26)
+3a /‘I’A(2s_t) VIO Hyarea® Ea@omiony,au—2p
which, upon using
HasePu =+2e4n0 68,  Haowea® =—2é40 0% (2.4.27)
can be brought to the form
8¢S frec|w, V] = —a / V (WA @AY ¢ 44 Eaast1)a-1) 5 (2.4.28)

so that the full action (2.4.19) is gauge invariant. Note that the deformations (2.4.25) of the
gauge symmetries are Abelian, which is not the case for the current interactions in the non-
chiral formulation. A straightforward generalization of these current interactions is to take
advantage of other conserved currents that involve derivatives, see e.g. [182]. Schematically
they read Jag, +£2s9+k ~ \Pgslvk@m. In all these cases, except for s; = sy = 0, the action does
not require any higher order corrections.

Note also that this type of interaction is simply a Noether coupling, which is similar to
the one explored in [72]. The spectrum of the two resulting theories are however different:
here, we find interactions between a partially massless field of spin-s and even depth-t, and two
massless fields of spin s — % and %, whereas the interacting theory constructed in [72] involves

only partially massless spin-2 fields.
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2.5 Beyond Maximal Depth

As is clear from the discussion in Section 2.2, the action (2.3.30) and equations of motion
(2.3.35a) are formally well-defined beyond the maximal depth ¢ = s. Moreover, the number
of physical degrees of freedom still follows the 2t-track. While it is beyond the scope of the
present thesis to analyze the t > s case in detail, let us make a few remarks.

For t = s + 1, we are presented with the puzzle that the 0-form WA®)4'() is balanced, and
hence in vector language corresponds to a symmetric tensor. It therefore cannot be related to
any Weyl tensor, since the latter are always valued in two-row diagrams. Fort = s+2,...,2s—1,
let us define t = 2s — 7, with 7 = 1,...,s — 2, so that the pairs of fields in these cases take

A=) A 2s=7=1) yAr+1),A2s=7=1)) " In this parametrization, the 1-form w seems

the forms (w
like the anti-self-dual part of the last connection for a spin-s field of depth-7, but the 0-form
does not have the required symmetry to be considered as the corresponding Weyl tensor. This
can be traced back to the fact that we used the self-dual basis 2-forms H44 in the action to
contract the O-form W. Consequently, the number of unprimed indices in w and ¥ differs by 2,
but when crossing the boundary ¢ = s + 1, this difference is now the source of the mismatch
between the pairs of indices for them to be identified with the anti-self-dual part of the last
connection and Weyl tensor for a partially massless field.

More importantly, the equations of motion obtained in these cases do not describe the
propagation of a partially massless field: one can check that the first few descendants of the
Weyl tensor which are not constrained by Bianchi identities do not generate the usual module
of a PM anti-self-dual Weyl tensor. Indeed, consider a O-form WAC—DACs—41D) where the
parametrization of its indices suggests that it corresponds to the anti-self-dual part of the Weyl
tensor of a spin-s and depth-t PM field, subject to the equation of motion

HPP NV 535 ar2s-1-1) = 0. (2.5.1)
Then, one finds
VU g1y ar@s—i41) = €2 ar Wag-1)par2s—1) + P W 1yBars 1B (2.5.2)
instead of
VU a1y, a@s—t+1) = €a” Wag—o)a@s—ir1yp + €25 Uau_1)B,ar@s—t+1)8" » (2.5.3)

as would be expected for the anti-self-dual part of a spin-s and depth-t Weyl tensor. One
can notice that, though the second term on the right hand side of these two expressions are
identical, the first one is not. In vector language, the expected spectrum of 0-forms is given by

Young diagrams of the Lorentz group of the form

s n__|
— T | (2.5.4)

with n > 0 and m = 0,...,t — 1. This simply corresponds to the fact that the derivatives of

the Weyl tensor that are unconstrained by equations of motion and Bianchi identities are those
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projected in the first two rows of the Weyl tensor Young diagram (in arbitrary number in the
first row, or only up to ¢ — 1 in the second row). The equation (2.5.2) is not compatible with

this because the two O-forms appearing on the right hand side correspond to the diagrams

s [ s [ |
s—t |x] s—t+1 | (2:5.5)

so that in particular, the first diagram is unexpected (see [58,168]), due to the fact that a box

has been removed in the second row (crossed hereabove) instead of being added. Due to this
early departure in the descendants of W, the whole module generated by the infinite tower of
0-form required to build an FDA will not correspond to that of a PM Weyl tensor. Once again,
this can be traced back to the fact that the expected equations (2.5.3) is the parametrization of
a generic element in the kernel of the symplectic form determined by H 4/ 4/, i.e. it is a solution
of HB'B'W 4, 1) aras—1-1ypr ~ 0.

A possible scenario would be that this system, fort = s+ k and k =1,...,s — 1, describes
a reducible representation of g,, composed of two massive fields of spin-s and k£ — 1. A trivial,
but necessary, check is that the counting of degrees of freedom is consistent, since 2t = 2s +
14+2(k—1)+1. A more significant hint, which motivates our conjecture, is that the spectrum
of 0-forms in this case, represented in Fig. 2.5, agrees with this proposal. Indeed, when the
depth t goes beyond s, the two strips of O-forms start overlapping. The whole region covered by
these strips corresponds to the spectrum of O-forms of a massive spin-s field [168], when each
0-form appears with multiplicity 1. The overlapping region could similarly be interpreted as
the collection of O-forms describing a massive spin-(k — 1) field, due to the width of this strip,
but that would be represented by spin-tensors of higher ranks than expected. In other words,
this massive spin-(k — 1) field could appear in our system as a spin-tensor, which, due to some
equation of motion, should be expressed as derivative of a lower rank spin-tensor, the latter
being the genuine massive spin-(k — 1) field. Note that this is to be taken, for the time being,
only as a proposal since proving rigorously the above statement would go beyond the scope of

this chapter, and is left for potential future work.

2.6 Discussion and Summary

We have studied the simplest types of interactions: Yang—Mills and current ones. It would be
interesting to classify all possible interactions within the new approach to partially massless
fields advocated in the present chapter. For example, there should exist partially massless
theories featuring gravitational interactions. Another important omission is to have genuine
non-Abelian higher spin higher derivative interactions. Such interactions, as different from, say,
the Yang—Mills ones, introduce nontrivial constraints that fix the spectrum of a theory together
with all the couplings.

The elephant in the room is twistor theory, which played an important, but silent, role in
the chapter. Indeed, the twistor approach directly leads to field variables ¥4 and w4(2s=2)

for massless fields [145]. This was the starting point of our generalization to partially massless
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#A'}

2sf.

: : ~ > HA
s—k+1 s+k+1 2s 7*
Figure 2.3: In blue, the region covered by descendants of WAG—F+1),A"(s+k=1) iy red the descen-

dants of WAGTF—1.4(s=k+1) an( in gray the overlap between these two regions.

fields. However, the original twistor formulation of partially massless fields seems to be missing
at the moment. It would be interesting to bridge this gap.

At least for the purely massless case there exists a complete, local higher spin gravity —
Chiral Theory [23-26], which in addition to Yang—Mills and gravitational interactions incor-
porates genuine higher spin interactions. The theory admits any value of the cosmological
constant, including zero. As was shown in [34], Chiral Theory has two contractions where the
scalar field can be dropped while either Yang—Mills or gravitational interactions are kept (no
genuine higher spin interactions are present). These two contractions have simple covariant
actions [35] and twistor origin [36,177,178]. Within AdS/CFT duality, Chiral Theory should
be dual to a subsector of Chern—Simons matter theories [152].

In view of the facts collected here-above, it looks plausible that there exist (Chiral) higher
spin gravities with partially massless fields in the spectrum [152]. These theories should admit
contractions that feature either Yang—Mills or gravitational interactions, the former of which
are considered in the present chapter. Within AdS/CFT duality, such theories should be dual
to a subsector of isotropic (Chern-Simons) Lifshitz CFT’s [65], i.e. of vector models with
higher-derivative kinetic terms.!°

Lastly, it would be interesting to explore a family of deformations of the actions proposed
in the chapter via the W2-terms. Such deformation mimics the well-known result on how
Yang-Mills theory can be represented as a deformation of the self-dual Yang-Mills theory [167]:
U F'(w)-type actions need to be completed with W2-terms. This idea can be interesting already

for free fields, resulting in a new second-order action for partially massless fields, which is still

10Chern-Simons extension of these models have not been explored so far. It also remains unclear if the 3d

bosonization duality can be extended to these models.
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simpler than its cousins in terms of non-chiral field variables. For massless fields, the ¥2-
deformation was also shown to give higher spin theories with nontrivial scattering already in

flat space case. [178].



Chapter 3

(Partially massless) Higher Spin

algebras

Introduction

In the preceding chapters, we have seen that free higher spin (HS) gravity can be formulated via
an action principle in either the metric-like or the frame-like language. We also reviewed how
chiral formulations of both massless and partially massless higher spin theories emerge naturally
within the frame-like approach in four dimensions. In each of these formulations—just as in
conventional lower-spin (s < 3) gauge theories—a gauge algebra, known as the higher spin
algebra (HSA), underlies the theory.

Conversely, one may begin with this algebra as a global symmetry and then construct the
corresponding field theory by gauging it: for instance, Maxwell’s theory and the Cartan (frame)
formulation of gravity arise in precisely this way. Accordingly, a detailed understanding of the
global higher spin algebra is essential, since gauging it yields the associated higher spin gravity
theory.

From a field-theoretic perspective, the higher spin algebra is simply the Lie algebra of the
theory’s global symmetries, encompassing its entire higher spin spectrum. In four dimensions,
Fradkin and Vasiliev demonstrated its relevance for cubic interactions [15, 16]; extensions to
higher dimensions have likewise been developed [183,184]. Moreover, from the standpoint of
holography, a theory of massless higher spin fields in AdSp should be dual to a free conformal
field theory (CFT) in (D — 1) dimensions. Consequently, the higher spin algebra in AdSp
is isomorphic to the conformal higher spin symmetry algebra of a free massless scalar in d
dimensions. This is sometimes even taken as the definition of higher spin algebras in many
contexts. A detailed review of massless and partially massless higher spin algebra can be found
in [94,185] and references therein.

Although the explicit form of the gauge symmetries depends on whether one employs a
frame-like or metric-like formalism, the underlying global higher spin algebra remains the same.

Consequently, there exists a formulation of the higher spin algebra that is independent of any

61
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particular field-theoretic description: namely, as a quotient of the universal enveloping algebra
(often called the coset construction) of the spacetime symmetry algebra g. Every higher spin
algebra arising in field theory admits such a coset realisation. Concretely, the choice of higher
spin algebra is determined by two ingredients: the background symmetry algebra g, and the
two-sided ideal by which one quotients of U(g). Different ideals correspond to different spectra
of higher spin fields.

Even though the coset construction provides a conceptually elegant definition of the higher
spin algebra, implementing the quotient by various two-sided ideals in U(g) can be techni-
cally challenging. To circumvent this difficulty, one often employs alternative realisations of
g that either simplify or automatically enforce the desired quotient. In particular, oscillator
realisations have proven to be invaluable computational tools in higher spin theory. In four
dimensions, these oscillators are naturally represented by two-component spinors, whereas in
higher dimensions, one works with vector oscillators.

Another important tool for identifying higher spin algebras is the notion of a ”Reductive
(Howe) dual pair” (See [94] for a review in the HS context). A reductive dual pair (G4, G2)
in a group G consists of two subgroups whose Lie algebras g; and g, are maximal mutual

centralizers in g,

[91&!2] = 0.

Whenever a reductive dual pair (G1,G2) C G acts on a G module M, a lack of multiplicity
freeness i.e. when some irreducible representation of (G; appears more than once prevents a
clean one-to-one correspondence between the irreducibles of G and those of G5 in M. By
contrast, when the action is multiplicity-free, there is a natural bijection between the two sets
of irreducible representations.

In practical applications, one often uses such a dual pair to realize the higher spin algebra
associated to, say, g; as the centralizer of gs. In many examples, this construction automatically
enforces the necessary quotient of the universal enveloping algebra, without the need to impose
the ideal explicitly.

Combined with an oscillator realisation, Howe duality thus provides a powerful and com-
putationally efficient framework for constructing higher spin algebras.

In this chapter, we will motivate the definition of higher spin algebra in terms of the quotient
universal enveloping algebra, then present oscillator realisations and the role of Howe dual pairs
in implementing the ideal quotient. Finally, we will specialize to four dimensions and define
the partially massless higher spin algebra via bosonic and fermionic oscillators and explore the

possibility of deformations of these algebras to incorporate interactions.

3.1 Motivation

From the previous chapters, we see that higher spin gravity is a theory that contains gauge

fields with spin taking any integer value. We know that the gauge symmetry for the lower spins
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is given by,
0A, =0,6+ O(A), spin-1
W uf ( ) p (3.1.1)
Shuw = V&) + O(h),  spin-2

As we have mentioned in the introduction that a gauge symmetry must come from gauging
a global symmetry. Such global symmetry can be seen from above mentioned gauge transfor-
mation. Indeed the first term in the above equation defines the global symmetry if the gauge

parameter satisfies the Killing equation as,

2,£=0 — ¢ = constant spin-1,
¢ ‘ 0 (3.1.2)
Viéy =0, = & =P, + M,2" spin-2,

where the P and M are translation and Lorentz generators. Similarly, for higher spin fields in

arbitrary dimension we have'

5¢(u1u2-~us) = Viu&usps) (®) (3.1.3)

with &, ., are traceless as we have seen in chapter one. The Killing equation is given by

v(mém...us) = 0. (3.1.4)

This implies
v 1 1% 1Z
Spnopr = My + My 2 + "‘mMmmmm...unﬁ voatn (3.1.5)

Here M, ., v:..1, the translation an Lorentz generator to higher spin. It is easy to see that

the Killing condition V(,,,,.. ) = 0 implies that
M(p,l...,u,r v1)ep — 0. (316)

This condition is nothing but the Young condition, which means such tensor objects have the

symmetry of the Young diagram of the type

s VP 317

Thus, in this way we see that a global symmetry associated with a massless spin-s field is a

collection of finite-dimensional Lorentz irreducible representations labeled by Young diagrams

of the form,

s 1 bt =t (3.1.8)

In other words, if we begin with an internal symmetry algebra and the usual Lorentz (spin)
symmetry—and then seek a massless higher spin extension—we are forced to enlarge the gauge
symmetry so that the resulting spectrum matches the desired higher spin multiplets. Concretely,

this amounts to extending the Poincaré algebra into a higher spin algebra.

We consider symmetric fields, but in higher dimension we can also have fields with more complicated

symmetry structure, which we do not consider here.
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A further subtlety arises from general covariance (diffeomorphism invariance): any Killing
tensor defining a higher spin gauge parameter must itself furnish a representation of the back-
ground’s isometry group. This requirement is neatly met in anti-de Sitter space, where the
nonzero cosmological constant enhances the isometry algebra to so0(2,d). In fact, one can show
that all of the higher spin generators—those descending from the “internal” and spin symme-
tries—fit together precisely as the components of a single representation of so(2,d), once one

performs the appropriate branching.

ooz = =1 =]

s — 1 s50(2,d) — S — |sa(1,d—1)7 J so(1 d—l)’ S s s — 1 ‘50(1,d—1) .
(3.1.9)

Thus if a theory contains gauge fields ¢,, ,. then there should exist a global symmetry (Lie

algebra)

hSZSpanR{ g:% \ﬁo(m} (3.1.10)

Note that these are traceless tensors. The resulting structure—first identified by Fradkin and
Vasiliev—is known as the higher—spin algebra. This observation implies that no consistent
higher—spin theory can exist without such an algebra. Accordingly, one naturally begins by
constructing the higher—spin algebra, which encodes the global symmetry, and then gauges this
algebra to obtain the full higher—spin theory. Let us set some notation first: We will denote
by D = d + 1 the spacetime dimension and denote by Mag the generator of the Lie algebra
50(2,d), with indices A, B, ... taking d+ 2 values, and by 7ag the (components of the diagonal)

metric of signature (—, —,+,...,+). Then, s0(2,d) traceless generators are given as
T, = —=1 3.1.11
Al.‘.AS,I Bl.‘.BS,1 - S — 1 |50(2,d) . ( R )

It turns out that such a higher spin generator can be formed using the s0(2, d) generator Map

as,
TAl...AS_l By..B_1 — TA(S—l)B(s—l) = traceless part Of {MAlB1MA2Bz"'MA5_1BS_1}7 (3112)

where it is understood that all A-indices and B-indices are symmetrized separately. This con-
struction shows that the higher—spin generators T()g(r lie naturally in the universal enveloping
algebra U(so(2,d)). Indeed, motivated by holography, one finds that the higher—spin symmetry
in AdSg,; is isomorphic to the conformal higher—spin symmetry of the free scalar “singleton”
satisfying [J¢ = 0 in d dimensions.

However, U(s0(2,d)) is much larger than the subspace spanned by the traceless, two-row
tensors Tans(r). To extract the genuine higher—spin algebra, one therefore quotients U (so(2, d))
by the two—sided ideal generated by all elements that are not of the Killing—tensor type Ta(g(r)-
This quotienting procedure simultaneously fixes the values of all Casimir operators and isolates
the correct spectrum of representations. Eastwood in [183] first established that the space of
all the symmetries of (¢ = 0 is isomorphic to U(so(2,d)) modulo a certain ideal (more details

in the next section).
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We can further enlarge the massless higher spin algebra hs that we discussed above in
constant-curvature spacetime, say AdSy.1, by generalizing the gauge transformation to a higher

derivative gauge transformation as
5(;521...“5 = V(M...vmgimmus) + O(A). (3.1.13)

Here A is the cosmological constant, t = 1,2,...,s is the so-called “depth,” and V denotes
the AdS covariant derivative. For ¢ = 1, one recovers the standard massless spin—s gauge
transformation, while each ¢ > 1 corresponds to a gauge parameter ¢ of lower rank than in
the massless case. Consequently, a depth-t field propagates more degrees of freedom than a
massless spin—s field but fewer than a fully massive one. Such fields are therefore called partially
massless (PM) fields. Similarly to what we did above, we can write the corresponding Killing
equation for PM symmetries from the above gauge transformation as,

ViV Y = 0. (3.1.14)

LSy ps) T

The solution is again given by a two-row s0(2,d) young diagram, but this time the length of

the second row depends on depth t as s — t, i.e,

s—1 |
s—1

(3.1.15)

Remarkably, the algebra generated by these generators for ¢ = 1,3...(2¢ — 1) is isomorphic to
the higher symmetries of the so—called “higher-order singleton” (satisfying [1‘¢ = 0). This
algebra is called the partially massless higher—spin algebra. In this way, the well-known cor-
respondence between higher—spin algebras and singleton symmetries generalizes directly to a
bijection between PM higher—spin algebras and the symmetries of higher—order singletons. We

will examine this in detail in the next section.

3.1.1 Universal Enveloping Algebra: Quotient Construction

Let g be an arbitrary Lie algebra. We define the Universal Enveloping algebra (UEA) as the
tensor algebra 7 (g) quotiented by the two-sided ideal Z = (x ® y — y ® x — [z,y]) for any
r,y € gC T(g),ie,

U(g) =TI(g)/Z. (3.1.16)

Now, if we consider g to be the isometry algebra of the spacetime, then we define an abstract

higher spin algebra as follows.

Definition 3.1.1
The higher spin algebra associated with a Lie algebra g is defined as the quotient of the universal

enveloping algebra L{(g) by its Joseph ideal I, 1i.e.

bs = U(s0(2,d)) /T, (3.1.17)
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where the Joseph ideal Z C U(g) is the (unique) ideal in the universal enveloping algebra of a
simple Lie algebra g that annihilates its minimal nontrivial representation [186].

Different Lie groups and ideals chosen will give different higher spin algebras [94, 185].
As an illustration, let us briefly consider the construction of higher spin algebra in the three-
dimensional case. We know that the 3d-gravity is topological and is equivalent to Chern-Simons
theory. More precisely 3d-gravity on AdSj is based on Lie algebra s[(2,R)). A higher spin
extension of the above scenario will be to have HS-gravity on AdS; with s[(2,R)) replaced with
its higher spin extension, usually denoted by hs[A]. In other words we need to consider the

UEA U(sl(2,R)) and define 3d HS algebra as

U(sl(2,R))
((c— B4

Here C, is the quadratic Casimir?. Now we know that the s[(2,R) generators are given by
Jo, Jy, J_ and satisfy,

B\ =

(3.1.18)

[Ty, J_] =2 e, Jol=Jo I, Jo]l = —Jo (3.1.19)

1
@:ﬁ—?LL+Lh) (3.1.20)

An easy way to remember what is the universal enveloping algebra, of any finite dimensional
Lie algebra, is to assume the generators of the Lie algebra as letters of an alphabet, then the
UEA will be the collection of all the words you can write (using these generators) provided we
assume the commutation relation of the Lie algebra. For s[(2,R) this means that U(s((2,R))
contains all the words formed by Jy, J;, J_ with commutation relation (3.1.19) imposed on
them. So for example, if the word is J,J;JyJ_ then using commutation relation it can be
always be rearranged in a given order say, JoJ.J,J_ plus lower order terms. We can always
do this to any string of J's and put them in the form JyJoJy....J s Jy Jy....d_J_J_.... plus lower
order terms which themselves are in the same order. Hence a typical element of U (s[(2,R)) can
be written as a sum of elements (monomials), each of which is written as JoJo....J4 J ... J_J_....
with specific number of Jy, J; and J_ (This in the literature is called Poincare-Birkhoff-Witt
(PBW) theorem). Hence the set {Jj*J7J"} forms a basis of U(sl(2,R)). Also, if you have two
such words, you can multiply them, and using the commutation relation, rearrange them again

in the desired order. Now to get the HS-algebra U (sl(2,R)) we need to quotient U (sl(2,R)) by
(-1

the ideal generated by C; — ~—;

, which means that we need to impose the relation

(3 -1

1
ﬁ—;LL+LLﬁ: 1

(3.1.21)

Now, we have learned that the basis set for B[)] is given by {J§"J}J"}, we can look at some
lower order basis (lower values of m,n,r) to get more clarity>. We start with zero letter

(generator) words which means no J's, clearly we only have identity in U(s[(2,R)) as a vector

2The notation <( = )> means that the ideal is generated by the elements inside the bracket.
3This further elaboration is just for the sake of completeness but can be skipped without any loss.
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space, one letter words are Jy, J4, J_, two letter words are J3, JyJo, JyJ_, J§, JoJ_ and J2.

These are six words but since we have a non-trivial relation due to ideal relation JZ — %(J+ J_+

J_Jy) = (’\2;1) we can eliminate one of the word say J, J_, hence it gives us only 5 independent

two letter words. Similarly we can go on up to arbitrary numbers.

# of generators ‘ Words (basis) ‘ Independent # of words
0 1 1
1 Jo, Jy, J_ 3
2 2, Jido, JG, Jod—, J? 5
3 Jh 7
4 Jh 9

Table 3.1: Number of independent words in the universal-enveloping algebra up to given word-

length (generator count).

We can generate the basis of any order as follows: We start from Ji‘l and successively
commute it with J_ and use the quadratic ideal relation. We will see that the basis elements

are generated by,

s s—1
‘/sfl - ‘]Jr )

%_2)1!)!LJ_’[J:;“"[J;"/sil]]---]' In| < (s—1)

(s—n—1) commutators

Vs = (_1)s—n—1 (

n

In this way, we generate all the basis of the vector space U(sl(2,R)) and the associative mul-
tiplication between two such basis elements is done by concatenation or juxtaposition* of the
basis elements. Now, given an associative algebra with a multiplication, we can convert it into a
Lie algebra by simply defining the Lie algebra’s commutator as [A, B] = AB — BA. In our case
A, B are of the form A = Jy"' J{*J™ and B = Jy"*J*J™. Hence, we get an infinite-dimensional
Lie algebra, which we again call B[A]. Now, clearly, if we take two arbitrary basis elements
from table 3.1, except for the first row, their commutator will never give us the identity. It
means that the first row itself constitutes a Lie algebra. Since its basis is just the identity, it
is nothing but the abelian Lie algebra C. Hence, we can write B[] = C @ hs[A]. Note that
in the literature it is this infinite-dimensional, one-parameter family of algebras, hs[A], that

is called 3d higher spin algebra. One important observation worth noting is that if one takes

[V, V#] for s =3, then n = —2,—1,0, 1,2 and five commutators will give you five quadratic

basis elements which we showed in the third row of the table. In particular for n = —1 we get,
1

V, V] = 6V + 2 (2 — )P (3.1.22)

This shows that for an arbitrary parameter A, the commutator of two quadratic basis elements

gives you one cubic basis element and one linear basis element. From the table’s point of view,

4Concatenation means joining together, for example, concatenating two basis elements Jy.JJ, and JoJ_ is

just writing them together as JyJ;JyJ_ and one can use commutation rule to bring them into desired order.
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it means that the commutator of two elements of the 3"%-row lies in 2"® and 4** rows. But if
we take an integer value for A\ = 2 then [V}, V3] = 6V )i.e, the commutator lies below 2"-
row. It is true for any two basis elements from the second row or below that the commutator
lies below the second row. This means that the basis generators below the second row form
an infinite-dimensional ideal and can be mod out and leave behind a finite-dimensional Lie
algebra with basis from the first and second row, which is nothing but B[A = 2] = C & sl(2).
Similarly, it can be checked by explicit computation that when A = 3,4, .. we get an infinite-
dimensional ideal below the third row, fourth row, and so on, and by modding them out we are
left with a finite-dimensional Lie algebra. Thus, in conclusion, we have a one-parameter family
of infinite-dimensional higher spin extensions of 3d gravity, and when the parameter takes an
integer value, it develops an infinite-dimensional ideal and gives us a finite-dimensional higher
spin extension of 3d gravity. It is important to remark that this 3d example is one of the
simplest examples and also a unique instance, where there exists a finite-dimensional higher
spin algebra, see also for recent developments [38]. This is all possible because the ideal, which
needs to be taken out, simply fixes the quadratic Casimir in terms of the parameter \.

In higher dimensions, the ideal will be much more difficult to handle, and we need different

techniques to implement the quotient of the UEA. This is what we will discuss next.

3.1.2 Quotient Construction: In Arbitrary dimension > 3

Higher spin algebras in dimensions greater than three have a complicated ideal. As we have
already mentioned that HS-algebra requires two things to be identified: one is the Lie algebra of
which we will construct the UEA, and the second is the ideal Z. We will consider the isometry
algebra of the AdS i.e, s0(2,d), to build U(so(2,d)).

First, we recall some notation again: we will denote by Mag the generator of the Lie algebra
50(2,d), with indices A, B, ... taking d+ 2 values, and by nag the (components of the diagonal)
metric of signature (—, —,+,...,+). The Lie bracket of these s0(2,d) generators reads

[Mag, Mcp] = nec Map — nac Mep — nep Mac + 1nap Mac - (3.1.23)

And, as we have seen above, we will simply denote the associative product in the universal

enveloping algebra U (50(2, d)) by juxtaposition, for instance, we will write
Co = —1 Mpg M"®, (3.1.24)

for the quadratic Casimir operator of s0(2,d), where the indices have been raised with the

inverse metric n*B. The higher spin algebra of type-A, is the quotient [134,135]
bs, =U(s0(2,d)) /Ly, (3.1.25)
of the universal enveloping algebra of s0(2, d) by the (two-sided) ideal

7, - <VABCD & (Cy + (d—%L(d—&-%) 1) & jA(2€)>7 (3.1.26)
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where
VABCD = M[AB MCD] s jA(Qg) = ]\4AB1 MA81 C M/_\BZ MABg — traces, (3127)

and where we used the convention (standard in the higher spin literature) that symmetrised
indices are denoted by the same letter, with their number being indicated in parenthesis when
necessary, e.g. A(l) = (A4;...4)).

Recall that the universal enveloping algebra of a Lie algebra g is isomorphic, as vector
space’, to the symmetric algebra S(g). This space is, by definition, the symmetrised tensor
product of the adjoint representation H of 50(2,d), and can be decomposed into a direct sum of
finite-dimensional irreducible representations that we will denote by the corresponding Young

diagram. In such terms, the subspace of elements quadratic in the Lie algebra generators reads

E|@2%EE|@H@|I|@-, (3.1.28)

where in particular

E — VABCD and o — CQ . (3.1‘29)

When modding out the ideal Z,, the totally antisymmetric diagram is removed, whereas the
quadratic Casimir operator is related to a multiple of the identity. More precisely, the quadratic
Casimir operator is set to take the value —1(d — 2¢)(d + 2(), which is the same value it takes
when acting on the order-¢ singleton module. Next we can look at the subspace of the universal

enveloping algebra spanned by elements cubic in the Lie algebra,

HQ?)%IEEE@HH@E@E]@EFD@H, (3.1.30)

and make the following observations.

(7) First, the three diagrams with more than two rows are contained in the product of the

ideal generators Vagcp and the Lie algebra generators Mag, and hence belong to the ideal

IE?
E@Ea@ﬁjczg, (3.1.31)

so that they are removed once Z, is modded out from the universal enveloping algebra
of s0(2,d). This is, in fact, a general pattern: Young diagrams with more than two
rows appearing in the decomposition of U (50(2, d)) all belong to the ideal Z,, and more
specifically, to the ideal generated by Vagcp. As a consequence, the higher spin algebra

bs, contains only Young diagrams with one or two rows.

(73) Second, the diagram E is obtained as the product of the quadratic Casimir operator Co
with the Lie algebra generators Mag. Since, after modding out the ideal Z;, the value of

C, is fixed, the adjoint representation only appears with multiplicity one in bs,.

®Actually as a g-module, and as a (co-commutative) coalgebra.
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One can immediately extract from the previous item the following lesson: in order for the
quotient algebra hs, to admit a multiplicity-free decomposition under so(2,d), i.e. that all
irreducible representations (irreps) appear only once in the decomposition of hs, under the
adjoint action of s0(2,d), the center of the universal enveloping algebra has to be fixed. In
other words, modding out the ideal Z, should fix the values of all Casimir operators (quadratic
and higher), as the latter form a basis of the center of U (s0(2, d)).

Finally, since s0(2,d)-module appearing in the decomposition of the universal enveloping
algebra U (50(27 d)) are contained, by definition, in tensor product of its adjoint representation,
all these irreps are characterised by Young diagrams with an even number of boxes. In view
of the previous discussion, this means that they are necessarily of the form EI, where
difference between the number of boxes in the first and in the second row is even. This difference
equals t — 1 where, as before, t is the depth of the partially massless field. Modding out by the
symmetric diagram effectively removes all diagrams with ¢ > 2¢ — 1, as they would

belong to the product of the former with another diagram in the spectrum.

Howe duality in the Weyl algebra. Now consider the Weyl algebra As(4,9) generated by
{YA} where i = +, and with the Moyal-Weyl star-product

-
fxg=fexp (% nPe; (%3) g, (3.1.32)

where ¢;; are the components of the canonical 2 x 2 symplectic matrix, as associative product.

Quadratic monomials in YA, i.e. linear combinations of the generators
AB ._ 1v/AyB
K7 =35Y"Y", (3.1.33)
span a Lie subalgebra isomorphic to sp(Z(d +2), R),

[KSB, KPPl = 1% K4P + e KjBlD +nBPej KEE + nPe stkc ) (3.1.34)

where [—, —]4 denotes the commutator with respect to the star-product. The index structure

on display here allows one to easily identify two mutually commuting Lie subalgebras,
s0(2,d) ®sp(2,R) C sp(2(d +2),R), (3.1.35)
respectively generated by
Mpg =3/ YAYP,  and 7= s YY]. (3.1.36)

Such pairs of algebras are usually called reductive dual pairs, or Howe dual pairs [187-189] (this
will be discussed in more generality in the next subsection), and can be used to construct a
realisation of the type-A, higher spin algebra in the Weyl algebra.

To construct such a realisation, we will first need to identify the centraliser Z 4, (@42) (5p(2, ]R))
of sp(2,R) in the Weyl algebra Ay 442), which is the space of elements annihilated by

[7ij, =l = Y(/; €j)k % ; (3.1.37)



3.1. MOTIVATION 71

or equivalently by the three operators

A_0 A_9d A 9 A O
Yior — Yo o7 Yoo YA 5o (3.1.38)

The first operator imposes that elements in the centraliser of sp(2,R) be of the same degree in

Yf and Y, while the other two operators both impose that the coefficients of monomials in

Y have the symmetry of a rectangular Young diagram in the s0(2, d) indices. In other words,

FY) € Zuprn (sP(2R)) = fY) = fapneen YLV YEETD 0 (3.1.39)
s=1

with fas—1),AB(s—2) = 0. Note, however, that these tensors are still traceful, and hence are
reducible representations of s0(2,d). Decomposing them into irreducible representations, one
would find all possible finite-dimensional irreps of s0(2,d) labelled by Young diagrams of the

form

T | with  s>1, te2N+1, (3.1.40)

i.e., all Young diagrams with two rows whose lengths differ by an even number of boxes. Com-
pared to the universal enveloping algebra construction reviewed previously, we found ourselves
with the same content as we do after modding out U (50(2, d)) by the ideal generated by Vagcp.
We also face the same multiplicity problem: recall that we need to fix the center of the uni-
versal enveloping algebra in order to obtain a multiplicity-free spectrum. Here, the source of
multiplicities is not only the center of the universal enveloping algebra of so(2,d), but also
that of sp(2,R) which is, by definition, also contained in the centraliser of sp(2,R) in As(gt2).
Fortunately, both problems can be solved at once, thanks to the fact that the quadratic Casimir
operators of s0(2,d) and sp(2,R) are related via

Cals0(2, d)] + Calsp(2,R)] = —1 (d — 2)(d + 2), (3.1.41)

and similarly for higher order Casimir operators (see e.g. [190-193] and [194, Sec. 9] for more
details). Since sp(2,R) only has one independent Casimir operator, it is sufficient to fix its

value to also fix the values of all Casimir operators of s0(2,d). In particular, imposing
Colsp(2,R)| = —=({—1)(£+1), (3.1.42)
sets the quadratic Casimir operator of s0(2,d) to
Colso(2,d)] = —3 (d —20)(d + 20) (3.1.43)

as it should in the type-A, algebra bhs,. Finally, notice that the diagrams of shape (s —1,s —t)
with t = 2k + 1 and k > 0 appear as the kth trace of rectangular diagrams, and that these
traces are proportional to k times the sp(2,R) generators. As a consequence, one can recover

the partially massless higher spin algebra as the quotient®

08¢ & Zuty ey (92 B)) /(s iy @ Calsp(2 B = (= D+ D)LY, (31.44)

5Note that T(irjy - - - Tieje) gemerate the annihilator of the finite-dimensional sp(2, R)-irrep of highest weight
£ — 1, which is a reflection of the fact that the order-¢ singleton is Howe dual to this ¢-dimensional irrep of
sp(2,R) [94,131].
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as modding out the ideal generated by the elements 7(;,;, ...7;,;,) guarantees that only so(2,d)
Young diagrams corresponding to partially massless fields of depth ¢t = 1,3,...,2¢ — 1 remain.
See e.g. [94,101,184,195-197] for more details on the construction of higher spin algebras from
the perspective of Howe duality.

3.1.3 Four-dimensional Specificities

Dual pairs and the Weyl—Clifford algebra. Consider a set of bosonic (Y4) and fermionic
(¢') oscillators, where the capital indices A, B, ... take 2n values and the lower case indices
i,7,... take 2p values. These oscillators are subject to the commutation and anticommutation

relations

[VAYP] =201, (3.1.45a)
{QgiAa @B} = 2CAB€zj1 ; (3.1.45b)

where C4P = —CP4 and ¢; = —¢;; are two antisymmetric, non-degenerate matrices, with

inverses given by
CA%Cpc =65, Fep=20,. (3.1.46)

We can therefore use these matrices to raise and lower indices, which we will do using the

convention

CAP Xp=X4,  XACup=Xs, (3.1.47)

and similar convention for €;;. The associative algebra generated by these oscillators modulo
the above anti/commutation relations forms the Weyl-Clifford algebra Aspj4np, which is simply
the tensor product of the Weyl algebra generated by the bosonic oscillators, and the Clifford
algebra generated by the fermionic ones.

The elements quadratic in these oscillators (modulo the previous anti/commutation rela-
tions),

KAP .= LIyA By (AP = L8 6B QMNP = 1y44P, (3.1.48)

17

form a subalgebra isomorphic to osp(4np|2n, R), whose bosonic subalgebra o(4np) @ sp(2n,R)
is generated by MZ?B and K4P and the odd/fermionic generators — the supercharges —

correspond to Qle. Their anti/commutation relations read

[KAB KCD} CBC KAD + OAC KBD 4 CBD KAC + OAD KBC, (3149&)
(M2, MGP] = Oy MjP — CAC%) MEP — CPPey M{C + C4Peyy MEC,  (3.1.49b)
[KAB C\D} _ B¢ Q{‘HD CAC Q~B|D (3 1.490)
[MiAB, QC\D} CBPe QC|A CADe,, Q](-’Y‘B, (3.1.49d)
{Q?|C’QB|DJ} _ AB MEP 4 CPe;; KAB (3.1.49¢)

Note that the orthogonal algebra is presented in a slightly unconventional basis here: one should

think of the pair of indices (A, ) on the generators M/” and QflA as a single index for the
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fundamental representation of o(4np). This is in accordance with the fact that only the first
capital index of the fermionic generators Q.7 (the index ‘A’ here) is rotated by the sp(2n, R)
generators KB, whereas the second capital index is rotated, along with the lower case index
(the indices ‘B’ and ‘i’ here) are rotated together by the o(4np) generators M;}”.

This unusual structure of indices for the o(4np) generators, which stems from the choice
of indices carried out by the fermionic oscillators ¢7', is motivated by the fact that we are

interested in singling out the pair of subalgebras
sp(2n,R) & sp(2p, R) C o(4np), (3.1.50)

generated by

AB .__ _ij A fAB ) AB
i.e. the generators obtained by contracting those of o(4np) with the invariant tensors € of
sp(2p,R), and Cyp of sp(2n,R), respectively. As is clear from the index structure of these
generators, these two subalgebras commute with one another, i.e. they are contained in each

other’s centraliser in 0(4np), and in fact they are exactly their respective centralisers.

An interlude on Howe duality. Such a pair of subalgebras are usually called ‘dual pairs’
and have particularly interesting applications in representation theory and physics. The most
famous examples come from dual pairs in a symplectic group Sp(2N,R), which are the central
objects of study of Howe duality [187,188]. In this case, one can show that the oscillator
representation of Sp(2N,R), i.e. the Fock space generated by N pairs of bosonic creation-
annihilation operators admit a decomposition into the direct sum of the tensor product of a
representation of each group of the dual pair.

Another variation on the same theme consists of considering dual pairs in an orthogonal
group, say O(2N). This is precisely the case we are presented with above, with the pair
(5p(2n, R), sp(2p, R)) C o(4np). For such dual pairs, the natural representation of the orthog-
onal group is the Fock space generated by fermionic pairs of creation-annihilation operators.
Indeed, bilinears in these operators define a representation of the orthogonal group (or the
double cover thereof) on the fermionic Fock space, which can then be decomposed into irre-
ducible representations of the dual pair of interest. See e.g. [198,199] for more details on this
‘skew-Howe’ duality.

Since we have both bosonic and fermionic oscillators at hand, we can consider dual pairs in
the orthosymplectic group [200-202]. In our case, the relevant pair is composed of sp(2n,R),
generated by

T8 = KB — ¢ MAP = LIy A VB) — 168 6P (3.1.52)

and satisfying the commutation relations
[T48YC) = c4°YE 4 cBCy4, (3.1.53a)
[T4P,67] = CA° 6P + CP g1, (3.1.53b)

[/IvAB7 TCD] — CAC TBD + CAD TBC + CBD TAC + CBC TAD ’ (3153(3)
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and 0sp(1|2p,R), generated by

Qi=3CapY" 07, and 7y ={QiQs} =1 Canld], 67, (3.1.54)

obeying,
[7ij, Qk] = €x; Qi + € Q; (3.1.55a)
[Tijs Thil = €xiTji + €xTar + €Tjn + €1 - (3.1.55b)

Casimir operators. The quadratic Casimir operators for sp(2n,R) and osp(1]2p,R) are
respectively given by,

Colsp(2n,R)] = =1 TupT*",  Cofosp(1|2p,R)] = -2 Q,;Q" — 1 777, (3.1.56)

-2

and a direct computation shows that, in the previously described oscillator realisation, these

Casimir operators are related to one another via

Colsp(2n,R)] = 2 (2p — 1)(2p + 2n + 1) — Ca[osp(1]2p, R)] . (3.1.57)
In particular, for n = 2 and p = ¢ — 1, one finds

Cosp(4,R)| + Colosp(1[2(€ — 1), R)] = —1 (3 — 20)(3 + 20), (3.1.58)

this last number being the value of the quadratic Casimir operator of s0(2,3) = sp(4,R) on the
module of the order-¢ scalar singleton. This is a first hint that one may recover the type-A,
higher spin algebra as the centraliser of 0sp(1|2(¢ — 1), R) in the Weyl-Clifford algebra, modulo
osp(1]2(¢ — 1), R) generators, as we shall prove in the next paragraphs.

Partially massless higher spin algebra. In order to identify the type-A, higher spin alge-
bra, let us first give an equivalent presentation of the Weyl-Clifford algebra in terms of symbols
of the previous oscillators, that we will denote by Y4 and ¢ and which are commuting and
anticommuting, respectively. Their product is the graded version of the previously discussed
Moyal-Weyl product”

)

W_B_}'WCABG 79)

f*xg=[exp (ayA ij W) g, (3.1.59)

where f and g are arbitrary polynomials in Y4 and ¢?. The symbols of the sp(2n,R) and
osp(1]2p, R) generators are simply

g 1
TAP = LyAy P — L glte? Qi=3Cap Y97, Tii = 5 Cap ¢i'¢] , (3.1.60)

2 =3

respectively.

"Note that, for a homogeneous element f € Agzpjanp of degree |f], the left and right derivatives with respect
— —
to Y4 and ¢7' are related by fa% = a%f and f&% = — (=1l &%f.
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Now let us characterise the centraliser of 0sp(1]2p, R) in Aj,janp, that is the space of elements

annihilated by

(@i =) = 0 grx — e Y 581 (3.1.61)
where [—, —], should be understood as the graded commutator (i.e. [f, g], = fxg— (=119l g« f

for homogeneous elements of the Weyl-Clifford algebra f and ¢). This condition is solved by

considering any function of the symbol of the sp(2n, R) generators T45

fY4,67) € Za,,,, (0sp(12p.R)) & f(Y467) = f(T7F), (3.1.62)

since the symbols T2 are characteristics of the first order partial differential equations [Q;, f], =
0. Due to the fact that the sp(2n,R) algebra contain a piece quadratic in the anticommuting
variables ¢, the only possible diagram that can appear when decomposing the centraliser of
osp(1]2p,R) are those whose second row (and by extension, all rows except the first one) are

of length smaller than 2p. Indeed, upon splitting the sp(2p, R) indices as i = (+a, —«) with

a=1,...,p, we have
~ P A B
% Elj (bf ¢f - Z SpﬁB ) QpéB = ¢S—a ¢—())¢ ) (3163)
a=1
where
SO&AB ngD) =0, (3.1.64)

by virtue of the fact that ¢ are anticommuting. Note also that since the ‘building blocks’ of
the centraliser of osp(1|2p, R) are rank-2 symmetric tensors of sp(2n, R), all diagrams appearing
will have an even number of boxes, and in particular, each row will be of even length. This

means that, for n = 2, diagrams appearing in the centraliser of 0sp(1|2p, R) will be of the form

251 } (3.1.65)

with s > 1and ¢t =1,3,...,2p+ 1, so that upon setting p = £ — 1 as before, we recover exactly

the spectrum of diagrams expected to appear in the higher spin algebra bhs, (in the sp(4, R)
basis). However, these diagrams are not traceless in sp(4, R) sense a priori: consider for instance

the product of two sp(4,R) generators, which can be projected onto a totally symmetric part,
TABCD . (AB CD) — o1, (3.1.66)

and a piece with the symmetry of a ‘window-shaped’ diagram,
TABCD .- pABTCD _pacTDs - HH. (3.1.67)
While the first one, the totally symmetric part, is trivially traceless, the second one is not since
Cpo TAPCP o 267 gbz[«AYD] Q; — €7 ool T (3.1.68)

does not vanish identically, but is proportional to the osp(1|2(¢ — 1), R) generators. This is in

fact a general feature, namely all traces are proportional to these generators. Indeed, taking
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a trace in the sp(4,R) sense means contracting the capital latin indices A, B,... with the
invariant tensor C'4p, which thereby produces the generators (); and 7;;. Consequently, we can
remove traces by modding out the centraliser of osp(1]2(¢ — 1), R) by the ideal generated by @;

and 7;;, and thereby obtain the type-A, higher spin algebra in four dimensions as the quotient®

050 = 24, (03P (1120 = 1), R)) /(Qs @ 75) (3.1.69)

The main difference compared to the realisation reviewed in the previous section is that here,
the ‘order’ ¢ of the theory is no longer controlled by choosing different ideal to mod out from
the centraliser of the Howe dual algebra, but by the choice of the Howe dual algebra itself.
This allows us to slightly simplify the identification of the type-A, higher spin algebra in four
dimensions with respect to the arbitrary dimension construction.

Given that hs, is the symmetry algebra of the order-¢ scalar singleton, and having found
a realisation of it within the Weyl-Clifford algebra, it is natural to seek a realisation of the
order-¢ singleton in the Fock space generated by the bosonic and fermionic oscillators used

above, which we will do in the next section.

3.2 Higher order singleton module

The Weyl-Clifford algebra generated by the oscillators Y4 and ggf‘ introduced in Section 3

naturally acts on the Fock space generated by n pairs of bosonic creation-annihilation operators,
[a,,3] =61, a%:=(a,)', ab,---=1,...,n, (3.2.1)

and 2np fermionic ones,
{c,.&}y=0a001, c=()', ige-=1,....2p. (3.2.2)

In fact, the Weyl-Clifford algebra is the algebra of endomorphisms of this Fock space. Bilinears
in these creation-annihilation operators form a Lie subalgebra isomorphic to osp(2n|4np, R),
which contain the dual pair sp(2n,R) @ osp(1]|2p, R) discussed previously. Introducing the
notation,

vew =€’ v w; = € 0" W, (3.2.3)

for the contraction of the sp(2p, R) indices, the generators of sp(2n,R) are given by
T% .= 33" —¢*. ¢, T :=agap —Cq - Cp, (3.2.4a)

T% :=a"ay+¢" ¢+ 5261, (3.2.4b)

8Note that this definition also works for £ = 1, even though this case may seem degenerate at first glance.
Indeed, in this case the Howe dual algebra becomes trivial, which is simply a consequence of the fact the relevant
Howe dual group is the finite group Z,. This group acts on the Weyl algebra by reflections Y4 — —Y4, so that

its centraliser is nothing but the even subalgebra, the subalgebra of polynomials in an even number of Y 4’s.
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while the generators of osp(1|2p, R) read
Q; = %(c a, —a%e;cl), Tij 1= €k ) c’;. (3.2.5)

Now let us isolate the sp(2n,R) representation dual to the trivial irrep of osp(1]2p,R).
Doing so amounts to finding states in the Fock space which are annihilated by the action of
the osp(1|2p, R) supercharges, i.e.

Q: f(3,0)|0)y =0, (3.2.6)
which is solved by
f(a,c) = f(T), (3.2.7)

that is, any function of the sp(2n,R) raising operators 7%. Since the vacuum |0) of the Fock
space is 0sp(1]2p, R)-invariant, it defines a lowest weight vector for the dual sp(2n,R)-module,

with weight
(1__2p7"'7ﬂ)7 (328)

2 2

n times
with respect to the Cartan subalgebra spanned by the generators 7%, (no summation implied).
The subspace of homogeneous polynomials of degree k in 7% is preserved by the action of the
u(n) subalgebra generated by T, (since the latter preserve the number of creation/annihilation
operators). The decomposition of these subspaces into irreducible representations of u(n) con-
sists of all Young diagram with 2k boxes, whose rows are all of even length and such that the
second row is of length at most 2p. In particular, for n = 2, the lowest weight sp(4, R)-module

dual to the trivial osp(1]|2p, R)-representation admits the decomposition

Depar) (52, 152) EB@ (152 + 25+ 2k, 152 4+ 2] (3.2.9)
s=0 k=0

under the maximal compact subalgebra u(2) C sp(4,R). Taking into account the isomorphism

A1, AaJu(e) & [2522, A5

2 }50(2)@50(3) ) (3.2.10)

between finite-dimensional irreps of u(2) and so(2) & so(3) and setting p = ¢ — 1, this decom-

position matches the one of the order-¢ singleton module

oo 20—1

—2€ ~ 3 2(
Daoi23) (3524,0) =D @D B2+t =1+ 55) om0 (3.2.11)

s=0 t=1,3,...
in three dimensions (see e.g. [203, Sec. 3.4.2]).
A word about non-unitarity. Let us conclude this section by commenting on the non-

unitarity of these modules. Recall that higher-order singletons are lowest weight irreps of

$0(2,d), which can therefore be described by its lowest weight vector |¢), obeying

(D=2 o) =0,  Julg)=0,  K.|¢)=0, (3.2.12)
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where D, J,, and K, are the dilation, Lorentz, and special conformal transformation generators.
All states of the modules are obtained by repeated application of the translation generators P,

on |¢). Using the relations
[KLU Pb] = nab D - Mab7 [D7 Pa] - Pa ) [Mabu PC] == 2 nc[b Pa] 9 (3213)

one finds
K, P?|¢) =2(8y — 15%) Pul9) (3.2.14)

and with P/ = K, this implies

1P 16} II” = 2d Ay (Ag = 552) (6]6) - (3.2.15)

The above identities tells us that P? |¢) is singular and null for A, = %, while for A, < %

d-2¢
2
the presence of P?|@) is one of the first indications that the module is non-unitary.

it is not singular but acquires a negative norm. For the order-¢ singleton, Ay = and hence

Now coming back to our construction, it may be surprising that such a non-unitary module
can be realised in a Fock space, which is usually itself a unitary module (for the Heisenberg
algebra, or its supersymmetric version relevant here). A first consistency check is that this
negative norm state P?|¢) is indeed present, since we recover the correct 1(2) decomposition.
More importantly, the Hermitian conjugation does not preserve the osp(1]2p, R) generators in

this realisation, which is why we have a non-unitary module in a Fock space.

Higher order spinor singleton? Note that one could look for other representation of
osp(1]2p,R) than the trivial one. For instance, the ‘next-to-simplest’ representation is of di-
mension 2p+1 = 2¢—1 and splits into a direct sum of sp(2p, R) irreps, the trivial and the vector
(or fundamental) one. It can be realised in the Fock space considered here as the subspace with
basis

a“0) and ¢t 0) , (3.2.16)

which are indeed, for osp(1|2p, R), a scalar and a vector respectively. This subspace is preserved
by the action of osp(1]2p, R) since

Qi a“ |0> = %E? |0> 5 Qz E? ‘O) = —% €ij a“ |0> R (3217)

while the sp(2p, R) generators 7;; merely rotate this states, as expected. As usual in the context
of Howe duality, this representation appears with a multiplicity, as indicated by the fact that
the above basis vectors also carry an sp(2n,R) index. In fact, as in the case of the trivial
representation, any state obtained from the above basis vectors by the action of osp(1|2p, R)-
invariant operators, which are generated by the Howe dual algebra sp(2n, R), will not change the
representation. In other words, this finite-dimensional representation of osp(1]2p, R) appears
with infinite multiplicity in the Fock space, but this feature is merely the reflection of the fact

that it is Howe dual to a lowest weight module of sp(2n,R), which is infinite-dimensional.
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The lowest weight sp(2n, R)-module in question is induced by the lowest u(n)-irrep spanned
by the state a%|0) and € |0), and generated by the action of the raising operators T%°. The
lowest weight reads

(52,2 ) (3.2.18)

2 2 0 2

which, in the case of sp(4,R) = s0(2, 3), corresponds to the lowest weight

[%’ 1_T2p]u(2) - [2 o E, %} s0(2)@so(3) ’

(3.2.19)
whose components are respectively the conformal weight and spin of the spinor singleton of
order / (i.e. a free spinor 1 subject to the higher order Dirac equation 9* 11 ~ 0 as recalled

in the Introduction). In other words, we find that the higher order spinor singleton
Dﬁp(‘LR)(%» %) > Do) (2 — 4 3) » (3.2.20)

is Howe dual to the finite-dimensional osp(1|2p, R) representation made out of the trivial and
vector sp(2p, R)-irreps.

This therefore begs the question: can we find the type-B, higher spin algebra in our construc-
tion? To do so, one would need to quotient the centraliser of osp(1|2p, R) in the Weyl-Clifford
algebra by a different ideal than the one generated by osp(1|2p,R). Indeed, we saw previously
that the scalar singleton is Howe dual to the trivial representation of osp(1]2p,R), and hence
the full algebra is the annihilator of this representation. The quotient by osp(1|2p, R) should be
understood as the quotient by the annihilator of this trivial representation—as recalled above
when we discussed the definition of the type-A, algebra in arbitrary dimensions. Having this
framework in mind, we should quotient the centraliser of 0sp(1]|2p, R) by the annihilator of its
(2¢ — 1)-dimensional irrep in order to obtain the type-B, higher spin algebra. Schematically,
this means modding out by higher powers of the osp(1|2p, R) generators, which in turn amounts
to keeping some of the traces in the diagrams (3.1.65), as may be expected to reproduce the
spectrum of the type-B, algebra. Such an analysis is however beyond the scope of this chapter,

and we leave for potential future work.

3.3 Formal partially massless higher spin gravity

Having built an oscillator realisation of the higher spin algebra hs, in four dimensions, we will
now use it to try and construct an interacting theory of partially massless higher spin fields.
The most common way of constructing formal higher spin gravities is to consider a gauge
connection w of the relevant higher spin algebra hs, together with a zero-form C' taking value
in a module of this algebra (see e.g. [19,101, 131,171,172, 184, 195,204-206]). This data is
associated with the coordinates on a @-manifold, which we denote by the same symbols, and
whose (co)homological vector field ) encodes the interactions. More precisely, one is then

charged with constructing equations of motion

dw =V(w,w) + V(w,w,C) + ..., (3.3.1)
dC =Uw,C)+U(w,C,C)+ ..., (3.3.2)
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where V and U are the component of (), and the initial data for the deformation problem reads
V(a,b) = axb, U(a,u) =a*u—ux*m(a), (3.3.3)

where 7 is an anti-involution of the higher spin algebra. At this point it is convenient to define
L2h5 = hs X Zy, where Zy = {1,7}. In practice, one adds an element k such that k> = 1 and
kxaxk=m(a).

Under some fairly general assumptions, one can show that the problem of constructing the
Ao-algebra underlying the Q-manifold reduces to a much simpler problem of deforming %2hs
as an associative algebra [197,206-208]. Moreover, often times it is easy to see that Z2hs can
be deformed and even construct such a deformation, which we call A,,, explicitly. Once A, is

available, there is an explicit procedure to construct all vertices. For example,
V(a,b,u) = ¢1(a,b) x m(u), (3.3.4)
where ¢, is a (Hochschild) 2-cocycle that determines the first order deformation of 22hs to A,:
aob=axb+udpi(a,b)k+Ou?). (3.3.5)

It has to be noted that the above form of the vertices is non-minimal: the equations, in general,
‘mix’ different spins even at the free level. One therefore needs to find a suitable field redefinition
to bring the vertex in its ‘minimal’ form wherein such mixing are absent.

The deformed algebra A, is defined from hs, the latter being usually obtained via either

one of the following constructions:

(a) A quotient of the universal enveloping algebra U (ﬁo(d, 2)) by a two-sided ideal Z (in most
cases called the Joseph ideal), which corresponds to the annihilator of a given irreducible
50(2, d)-module, e.g. [94,183,184,209-211];

(b) Using an oscillator realisation, wherein one embeds s0(2, d) and its enveloping algebra in
a Weyl(—Clifford) algebra and typically obtain hs as the quotient of the centraliser of a
Howe dual algebra, as discussed above for the type-A, algebra, as well as in [101,184,195,
210,212, 213] and references therein;

(c¢) Via the quasi-conformal realisation, which consists in explicitly solving the defining rela-

tions of the (Joseph) ideal mentioned previously, see e.g. [210,214-216].

The first order deformation defined by the 2-cocycle ¢, makes its presence felt already at

the free level. Indeed, linearizing the above equations around an (A)dS,y; background,
Wy = e? Pa -+ %wa,b Lab, CO - 0, dwo + % [WO,W()] - 0, (336)

their first order in the field fluctuations should reproduce the free field equations for partially

massless fields in the frame-like formalism [58], whose schematic form reads

R[wl]a(s—l),b(s—t) —e. N ey Ciz(s—l)c,b(s—t)d’ R[Wl]a(s—l—m),b(s—t—n) — 07 (337)
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where R[wl]a(s—l—m),b(s—t—n) — VWT(S—l—m)vb(s_t_”) 4.

.., with w;y the first order fluctuations
of a 1-form valued in hs,. More specifically, the components of 1-form w; take values in the
finite-dimensional representations of s0(2,d) labelled by the two-row Young diagrams of the

form

s—1 |
s—1

which corresponds to generators of the form

t=1,3,....20—1, s=tt+1,..., (3.3.8)

Ma(s—1),8(s—t) = Mag - - - Mag, MA® Mac -+ MA® Mac + . ..., (3.3.9)

- -
s—t

o~
—

>
where the dots denote terms ensuring that the right hand side has the symmetry of the above
Young diagram, and is traceless. The first order fluctuation of the zero-form takes values in a
representation of hs,, usually called the ‘twisted-adjoint representation’.’ This module of the
type-A, algebra is defined on the same vector space as hs,, but where the latter acts via a
‘twisted commutator’

Z/I(wg,C’l) = WO*Cl — Cl*ﬂ'((,UQ>, (3310)

hence the name of this representation. The zero-forms can therefore be expanded in a basis of
generators of the (partially massless) higher spin algebra [184,203]. Typically, the Weyl tensor
C):b(s=1+1)  for the spin-s and depth-t partially massless field is the component of C; along
the generator of hs, which schematically reads,

Loy Lay Py Py P27 4 (3.3.11)
—_———— ——

s—t+1 t—1
where we separated generators of s0(2, d) into those of the Lorentz subalgebra so(1, d), denoted
by Lap, and the transvection (or AdS-translation) generators denoted by P,.

The low spin (s = 1 and 2) components of these fluctuations are given by
w=A-14+h"P,+ 3w L+ ..., Cr=32F"Map+ ..., (3.3.12)

where, to keep this discussion fairly general, we denoted by M,; the generator of hs along
which one finds the Maxwell tensor, independently of the higher spin algebra of interest. In the
type-A case, it would simply be M, ;, = L, while in the type-A, case, it would be of the form
Loy P21 + (...) instead. When comparing (3.3.1) to the previous free equations of motion,
e.g. in the spin-1 sector,

dA=e, Ney P + ..., (3.3.13)

we can deduce that V yields
V(Pa, Py Mea) = 20aieap 1+ .., (3.3.14)

when evaluated on P, ® P,® M., 4. From (3.3.4), we know that the dots in the previous equation

originate from the expression

01(Po, Py) * Map = 21aieap 1 + - ., (3.3.15)

9Although it may be more relevant to think of it as a coadjoint module [29, App. B].



82 CHAPTER 3. (PARTIALLY MASSLESS) HIGHER SPIN ALGEBRAS

modulo the field-redefinition bringing the vertex in its ‘minimal’ form. In other words, the
product of ¢;(P,, P,) and the generator that corresponds to the Maxwell tensor must contain
the unit of hs. Let us note that ¢(P,, B,) is also the simplest term to probe the deformation
since ¢1(1,0) = 0 and ¢1(Lyp, ®) = 0. The first condition means that the unit is not deformed
and the second one protects Lorentz symmetry.

Recalling that hs has an invariant trace tr (defined as the projection onto the unit), the

above condition can also be rewritten as
tr (¢1(Pa, P) * Mgp) # 0. (3.3.16)

Since the basis of any higher spin algebra hs can be decomposed into finite-dimensional so(d, 2)-
modules, and that the trace respects so(d, 2), different generators are orthogonal to each other.

As a result, we have to have
¢1(Pa, Pb) X Nap + Tab 4+ ... tr (Tab * M%b) 7£ 0, (3317)

where T}, is a generator of A, that deforms the commutator [P,, P,]. In other words, the
generator T,, of this deformation is a multiple of the dual of the Maxwell tensor generator
M. p. In order to define A,, one needs to define [P,, P,| = Lap + uk Ty, and deform the Joseph
ideal accordingly.

The Maxwell tensor (and the whole decomposition) can be found by decomposing the
twisted-adjoint action {F,, e} of translations on C'. The adjoint of the Lorentz algebra may
appear with multiplicity greater than 1 (this happens for instance in the type-B or Type-Ay,

¢ > 1, cases). The Maxwell equations should have the form

VF*" = p et (3.3.18)
VFab’C o h(an),c . éhx (nach,X . 77c(aFvb),X) 4. 7 (3319)

where the first line comes from the anticommutator {P,,, M.}, where Mg, . is a traceless and
hook-symmetric generator of the form M, ,P.+ (...), and in the second line from {P,,, M,;}.
Most importantly, F** must not contribute anywhere else. The second equation means that,

at the algebra level, one finds
{P(m Mb),c} = Mab,c . (3320)

which implies that {P% M,;} = 0, and hence this anticommutator must be a part of the
two-sided ideal defining hs. This is indeed the case for the Type-A algebra, whose Joseph ideal
contains { P™, L, } = 0. For the type-A, case, M, ;, must be in the adjoint representation that
sits inside the subspace of monomials of order £ — 1 in the so(2,d) generator (i.e. one degree
less than the generator Ja(2¢) of the Joseph ideal).

Probing deformation through cycles. Cocycles are more complicated to derive than cycles

since cocycles are defined on the whole algebra (must be assigned some value for all possible
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arguments), while cycles involve few specific elements of the algebra. Nontrivial cocycles can
be evaluated on nontrivial cycles, the result being nonzero. We start by recalling the definition

of the Hochschild chain complex,

Definition 3.3.1

Let A be an associative algebra over a field, and let M be an A-bimodule. The Hochschild
chain complex C, (A, M) is defined by C,(A, M) = M @ A®", with boundary map O :
Cn(A, M) — C,—1(A, M) given by

n—1
8(m®a1®---®an):m<1a1®a2®~--®an+2(—1)im®al®...®aiai+1®...®an
i=1

+(=D"ap>mRa; @+ ap_1.

foray...a, € Aandm € M and <, > are the left and right action. An element ¢ € C,,(A, M)
is called a Hochschild cycle if it satisfies O(c) = 0.1

Now, in the type-A case, the Maxwell equation probes the cycle ¢4y € M @ A®? [197, App.
B
cy=Lapy @ P @ P +1(10Ly0L®) - 1o 1e1el), Op=-%2 (3321

which is closed by virtue of the fact that {La, P’} ~ 0 and —3 Ly L* ~ Cp 1 due to the
quotient by the Joseph ideal. Note that we have taken the module M to be the algebra A = hs

itself. As it turns out, one can find a counterpart of this cycle in hs,, namely
ey =Map@P'@P' +1 (1M, LY —P'@ P’ @M,y — P @My, @ PP) +..., (3.3.22)

which is closed as a consequence of the fact that { Mgy, P’} ~ 0, up to a term 1 ® M, L%
(hence the dots). To verify that this is indeed a cycle, first note that

O(Map @ P*@ P) = {Mgp, P} @ PP — 1Moy @ L ~ —I M, @ L, (3.3.23)

as we have previously argued that {M,;, P*} belongs to the defining ideal of hs, (in fact, any
higher spin algebra containing a massless spin-1 fields in its spectrum), and hence is modded

out. The remaining term is compensated thanks to
1R Map @LP) = Mypy @ L® — 1@ Myy L% + L% @ M,,, (3.3.24)
which however brings in two other terms. The last one can be cancelled using
I(P*® P @ My + P*® Muy @ P°) ~ L @ My, (3.3.25)

where we made use of {M,, P’} ~ 0 again, which leaves us with the final task of eliminating

the term proportional to 1 ® M,; L%. In the type-A example, we could take advantage of the

ONow in our case we take A = hs, and M = hsj called twisted adjoint module. This means that the

m < a = ma while the right multiplication is twisted as a > m = w(a)m. In our case, 7 is implemented as
W(P) = —P and W(La’b) = La,b'
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fact that the term L., L% is proportional to the identity in hs. This is a simple consequence
of quotienting U (50(2, d)) by the Joseph ideal.!! We can expect that a similar property also
holds for type-A, algebras, by inspecting its spectrum: since Mg, = Ly P?“~Y 4 (...) belongs
to the s0(2, d)-irrep (2¢ — 1, 1), the contraction M, ; L® belongs to (2¢),

Myer2—— = MyL'e] 57 1, (3.3.26)

since the latter is the only so(2,d) diagram susceptible to contain a Lorentz scalar. In other
words, M, L% is related to the scalar part of the generator JA(2¢), whose structure is discussed
in Appendix A. We can expect that M, L is proportional to P~V or a polynomial in P?
of degree ¢ — 1 more generally.

This is indeed the case for the type-A, algebra, where M, L% ~ # P? as we show in
Appendix A. We can therefore use this identity and compensate the term 1 ® M, L by
adding

1P, P =  010P®P")=-18FP°, (3.3.27)

which, when added with the proper coefficient to c(2) above, defines a cycle of bs,.

Oscillator realisation for type-A,. Let us compute the Maxwell generator in our oscillator

realisation. To do so, first recall that the Lorentz generators are embedded in sp(4,R) as
R S BTN e T A R A S R U i R T A b (3.3.28)

where we split the oscillators (3.1.45a) as Y4 = (42, §*') with a,a’ € {1,2} indices for two-

components spinors. Similarly, the transvection generators read
P =3 {9%, 9"} — 17 (o7, 95 ] (3.3.29)

Let us also introduce the notation

~ ol

G=30a00, @=30097 . ty=ics [0 0]],  fy =G [67.9]], (33.30)
in terms of which the osp(1|2p, R) generators read
Qi=q+a, Tij = bij + Lij - (3.3.31)

Note that ¢; and t;; form an osp(1|2p,R) algebra, and g and ¢;; as well. The square of the

translation generators can be written as
P?= 1P P =204 g g+ Lt,17, (3.3.32)

where the factor —% comes from the y-matrices used to convert vector indices into spinor ones.!?

1 More precisely, the scalar component of the generator Jap, when decomposed under the Lorentz algebra,
relates P? to the quadratic Casimir operator of s0(2,d) which is itself proportional to the identity. Since

Cy = —% Loy L + P2, one therefore concludes that —% Lo L is also proportional to the identity.
12This can also be check by comparing [Lgp, P’] and [P,, P?] with their spinor counterparts, which shows

that one should use L, — % (eaﬁLazgl + eafglLag) and P, — % P
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The Maxwell generator for p = 1 < ¢ = 2 therefore becomes
Mas = Log (: 7 + 58557 + 1), (3.3.33)
and similarly for M, 4, upon exchanging L,p with L,p. A direct computation leads to
{Maus, PP} ~ 0, (3.3.34)
upon using the identities
U= 20517, tuth=-2t;+ 51t and  (ty +2e;)tP =61, (3.3.35)

with ¢? = ¢;; ¢, which can be proved thanks to Fierz identities.
Let us conclude this section by pointing a subtlety in the computation of the ideal generators

in our oscillator realisation. Introducing # in the canonical anti/commutation relations as
YA YP =2rCAP . {916} =2nC*P ¢, (3.3.36)
the osp(1]2p, R) anti/commutation relations read

{Qi,Q;} =hmy, (75, Qr] = 2h e Qjy (i ma] = A (e T+ ...) (3.3.37)

i.e. the right hand side of any anti/commutator is proportional to i. Contracting the second

relation with e/* yields

ham gl @] = R= e (. @a), (3339

which could, in the absence of h, lead one to conclude that ¢, and ¢;; can be set to zero
(and similarly for ¢; and ¢;;), when taking the quotient by osp(1|2p, R). This would however
be incorrect since it would amount to quotienting by osp(1]2p,R) @ osp(1]2p,R), one copy
generated by ¢; and t;;, and another copy by ¢ and ¢;;. This direct sum is Howe dual to
sp(2,R) @ sp(2,R), and not to sp(4,R), as each copy of osp(1|2p, R) does not commute with
the transvection generators P,.. Consequently, it would be inconsistent to mod out ¢; and §;
separately (and similarly for ¢;; and ¢;;) in the centraliser of sp(4,R) — in the sense that the
resulting algebra would not be related to the type-A, higher spin algebra.

The introduction of A in computation also proves useful when it comes to checking that the

scalar generator of the ideal also vanishes: the expression (3.3.32) of P? can be re-written as
AP P =02 g ¢+ Lt 0T = R 4 g (Q — ) + Lty (7Y — 1), (3.3.39)
Evaluating j.(Q), which involves the previous equation for p = 1 and modulo @); and 7;;, yields
i ij i i5) 2
TP = (P2=) (P22 ~ (g '+ 1 i t7) (qu "+t P42 12) ~ (i g+ t;67)°, (3.3.40)
upon using fig; ~ 0 ~ h*t;;. Using again Fierz identity and (3.3.35), one can show that
(g +1tt9)°~0  ie. TP ~0, (3.3.41)

modulo ); and 7;;, as required.
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3.4 Discussion

In this chapter, we proposed a new realisation of the type-A, higher spin algebra in four
dimensions, based on extending the Weyl algebra with a Clifford algebra. This allows for
an arguably simpler realisation of hs,, wherein the limit of the range of values of the depth
of the partially massless fields is constrained by the dimension of the Clifford algebra. We
also exhibited a Hochschild 3-cycle of hs,, which suggests that there should exist non-trivial
deformations of the partially massless higher spin algebras.

Unfortunately, the usual technique used to construct deformation of higher spin algebra

that consists in using deformed oscillators [217], i.e. trading Y4 for ¢4 which satisfy
(4,65 =2C*P (1 +kv), (3.4.1)

where k is the generator of the Zy action on the Weyl algebra, discussed in the previous section,
does not seem to work: we were unable to use this deformation and preserve a realisation of the
osp(1]2p, R) algebra undeformed. Indeed, note first that, assuming that the deformed oscillators

¢4 still commute with the fermionic oscillators implies

7

0= (61" ¢ =20 C" ¢/ k] = [¢f' k=0, (3.4.2)

i.e. the fermionic oscillators should also commute with the generator of the Z, action—also

called the Klein operator. A direct computation yields
{QiQi} = +kv)m;,  with Qi =1Capd*dP, 7y=1Cuplof o7], (34.3)
which deforms the osp(1|2p, R) algebra. One could think of modifying the odd generators as
QY = f(k,v)Q;, flk,v)=a(v)1+b(v)k, a(0)=1, b0)=0, (3.4.4)
however, this leads to

{Q, Q5 = f(k,v)f(=k,v) (A + kv) 7, (3.4.5)

which does not allow us to remove the factor 1 4+ kv by suitably choosing f(k,v), since the
combination that appears, f(k,v)f(—k,v) = (a(u)2 — b(V)Q) 1, as it is only proportional to the
identity. If one could require that the Z, generator anticommute with the fermionic oscillators,
{k, ¢} = 0, the right hand side of the above equation could be fixed to be the (undeformed)
generators of the sp(2p, R) subalgebra 7;; by suitably choosing f(k,v), thereby providing us
with a realisation of 0sp(1|2p, R) in the deformed oscillator algebra. Unfortunately, we saw that
requiring the Klein operator and the fermionic oscillators to anticommute is inconsistent.
This situation seems surprising since in the case of the type-B algebra, whose realisation is
also based on a quotient of the Weyl-Clifford algebra [218], and are known to admit deforma-
tions of this type [205,206]. The deformed oscillator algebra, which first appeared in a paper of
Wigner [219], is one of the simplest example of a symplectic reflection algebra (originally intro-

duced by Etingof and Ginzburg [220], see also [221-223] for more recent reviews). The algebras



3.4. DISCUSSION 87

are deformations of the smash product of the Weyl algebra with a finite group (acting on it
by automorphisms). The latter naturally contains reductive dual pairs (g, g’) of bosonic type,
which can — at least in some cases [224-226] — be deformed by finding a realisation of one of
the algebra of the pair, say g, in a symplectic reflection algebra. Typically, the other algebra g’ is
deformed to an associative (not Lie) algebra. In any case, both algebras are mutual centralisers
of one another, and hence one again finds a bijection between their representations (appearing
in the appropriate Fock space). Recently, some examples of dual pairs of Lie superalgebras have
been deformed [227,228] using symplectic reflection algebras. The difference with respect to
the pair (sp(2n,R), 0sp(1]2p,R)) of interest for us is that the superalgebra osp(1]2p, R) that we
would like to preserve when using the deformed oscillator has its bosonic subalgebra sp(2p, R)
realised using only fermionic oscillators which are not deformed (since they generate a Clifford
algebra which is finite-dimensional, it does not admit a non-trivial deformation). This seems
to be one of the reasons why preserving osp(1|2p, R) appears impossible, at least if we simply

replace the bosonic oscillators vA by deformed ones ¢4 in our realisation.
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A More on the Type-A,; Algebra

Any higher spin algebra whose spectrum consists of totally symmetric fields only, and defined as

a quotient of U (50(2, d)) by an ideal Z, will necessarily contain the antisymmetric generator'3
Vasco = 4 Miag Mcp) = Miag Mcjp — Miag 0o (A1)

in its defining ideal Z. We will therefore start this appendix by reviewing how factoring out
Vaspc relates all Casimir operators to the quadratic one (see also [203, Sec. 2.1] and [229]).
Let us illustrate this mechanism in the case of the quartic Casimir operator, defined as'*

Ci= 3 MA® Mg“ Mc® Mp?,  Co=—1 Mg M"®. (A.2)
A direct computation yields!?
Vasc® Mpe = Mag Mc® Mpe + 2 Mcjp Mp® Mgje + Mag Mcp — 2(d — 1) Mcja Mgp,  (A.3)
which, upon taking a trace in CD and contracting with Mag, gives

Vascp ~ 0 = Cs~Co (Co+ @) ; (A4)

in agreement with [203, Sec. 2.1] in the special case of the singleton, and with [230] in general.
Similarly, taking the Lorentz components V.4, and contracting them with L% (on the left)
and L (on the right), one finds

Vaa~0 = Cin (G- P (G- P 4 (d-1)d-2)), (A.5)

where Cf = 3 L," L,® L. Ly" is the quartic Casimir operator of the Lorentz subalgebra. This is
the same type of relation as (A.4) with d — d — 1, upon using the fact the quadratic Casimir
operator C¥ of so(1,d) is given in terms of that of s0(2,d) by C¥ = C, — P?. Contracting
Vagep with more generators produces similar identities, relating Casimir operators of order 2n
to lower order ones, and ultimately to Cs.

When decomposing the generator Vagcp under so(1,d), one finds an additional antisym-
metric generator of rank 3, namely V. Contracting it with L® (on the left) and P¢ (on the
right) yields the identity

Voo ~0 = L Lu{PPh~=2(C - P?) (P4 5, (A.6)

which will be useful for us later on.

13The factor 4 in Vagcp has been added for simplicity.
MMore generally, we follow the convention that the Casimir operator of s0(2,d) of order 2n is given by
CQTL = %MA].AZ MA2A3 A MAZnAl'
BFor all computations in this appendix, one needs to use a few identities that are specific to orthogonal
algebra, which we will list here. For soy, with generators R;y = —Rj; obeying |R;j, Rxr]| =nsx Rir + (...
Ui

with n of arbitrary signature, one has
[Ri*,Rje] = —(N —2) Ry, [V, Rre] =—(N—-1) V7, R’ R;® Rg! = -8=2 Ry, R,

where V7 is any vector of soy.
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Type-A,. Let us define
Wag = Ma“ Mpc, (A7)

and consider the symmetric generator for the ideal defining the partially massless higher spin
algebra A,, which is the traceless part of WAB WD) given by,

Jaco = Wias Wep) — 715 1(AB (WM Woym — Co Wep))
+ (d+4;4(d+6) n(AB Tlcb) (C4 + C2 [CQ - (%1)2]) s

where we used the relation
T Wae W8 =Cy — (£)Ca, (A.9)

relating the contraction of the generator W4 with itself and the quadratic and quartic Casimir

operators. Note that we can also express this generator of the ideal Z, as

Jasco = Jas Jeo) — 715 M Jc* Toye + m naeneo) (Co — 75 C3 — (2)°C2),  (A.10)

where
TIng = Mz Mgyc + 755 748 Cz (A.11)

is the traceless part of Wag, which is also one of the generator of the Joseph ideal of the type-A

algebra, and where we used
LT T =Ci— 50 — (4)°C. (A.12)

This generator can be decomposed under the Lorentz subalgebra, and in particular contains a

scalar piece,
TP = $2 P4 s (3 {Lab, PH{L™, P} — Co P?) + gy (Ca+ CalCo — (£)7]) 5 (A13)

which can be re-written in terms of C4, Co, P* and P2, using some previously discussed results.
To do so, notice first that

I Lapy PPY{L% P} = L L,* Lya {P%, P'} + &L (C, — P?) — £ P2, (A.14)

The first term on the right hand side can be eliminated using (A.6), and using the relation
(A.4) between Cy and C,, as well as imposing Cy ~ —1(d — 4)(d + 4), we end up with

I = (P 458) (P4 42). (19
The symmetric generator Ja(2) of the defining ideal for the type-A, higher algebra verifies
[Mag, Tc20] = 4€nce Tajc2e-1) » (A.16)

by definition. Decomposing this identity under the Lorentz subalgebra yields

14 L {4
[PCH k7b((2)g_k)] - (2€ - k) Tab ‘717((2)€—k—1) + k ja(b()%—k) ) (A].?)
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for k = 0,...,20. We can use the above equation to express the various Lorentz generators,

obtained by decomposing Ja(2e), in terms of the scalar one

¢
T =" vap(Can) P, (A.18)
k=0

where v, are polynomials in the Casimir operators of s0(2,d), and v9, = 1. Indeed, for k = 2/
the equality (A.17) yields

T =L 1P, JY, (A.19)
while for k = 2¢ — 1 it gives,

l
ja(b) = m [P(u [Plh jo(e)u + (251,1) Nab \7.(@ y <A20)

which can then be used to obtain, recursively, expressions for all generators ja(&_k) given by
various linear combinations of nested commutators of P, and J©. Schematically,
[k/2]
Vi Z # Naa -+ Mo [Pas -, [P, T, (A.21)

~
J times k— 2] times

where # generically denotes combinatorial coefficients that can be obtained by recursion. For

instance, for the £ = 1 case, i.e. the usual type-A higher spin algebra, the symmetric generator
TIne = M(n" Meyc + 755 148 C2 (A.22)
decomposes into three generators,
jab - L(ac Lb)c - P(a Pb) + ﬁ nabC2 ) ja(l) = % {Labu Pb} ) j.(l) = P d+2 CQ ) <A23)
and one can check that the rank-2 symmetric and the vector generators can be re-written as
T = 3 [Pu, [P PY)) 4w (P2 = 25C0), TV =1[P, PY. (A.24)
For ¢ = 2, one finds
TE =3 {La (PP +d-3),P'}. (A.25)

which is similar to the ¢ = 1 case, in that it is given by the anticommutator of P’ with a
monomial of order 2/ — 1 = 3 in generators, which is an antisymmetric Lorentz tensor. In light
of the discussion in Section 3.3, the generator in 3 (L »P? + d — 3) can be identified as the
Maxwell generator in type-A,. In fact, this pattern holds for arbitrary values of ¢: a simple

recursion leads to

K
[P, P%] = Z 2 — 8;4) P { Loy PP PPy k>, (A.26)
which yields
-1 ¢
T = % Za% {La P, Pb} ) with ag = (2 = 0k0) Z A (A.27)
P j=k+1

where 1 denote the coefficients in the expression of T as a polynomial in P2 (A.18).



Chapter 4

Conformal Higher Spin and Matter
Coupling

4.1 Introduction

Conformal higher spin (CHS) gravity extends both conformal gravity and higher spin gauge
theory, describing an infinite tower of symmetric, traceless tensor fields {®,, ..., }32, in any
dimension d > 2. Just as Weyl gravity is formulated in terms of a conformal equivalence class

of metrics, subject to the transformation,

Ot oGur = LeGuw + 20 g,

with £#(x)d,, generating diffeomorphisms and o(z) parameterizing local Weyl rescalings g, =
0%g,, with Q = e?@  the CHS gauge algebra enlarges these transformations to act on each
field ®,, ., by

5§,U(I)M1---Ms - ‘qu)m---us +wso (I),ul---us + V(mguz.--us) + Ypapz Ous...us) +oeee (4~1~1)

This infinite-dimensional algebra underlies the consistent coupling of all spins s > 0 in a
conformally invariant background.

Two complementary frameworks establish the existence, locality, and gauge invariance of
CHS gravity. In Tseytlin’s induced-action approach, one couples a conformal scalar to higher
spin currents and identifies the logarithmically divergent part of its one-loop effective action with
the CHS action [75,77]. In Segal’s worldline formulation', a first-quantized particle propagating
in a higher spin background reproduces the same action through Fedosov-type deformation
quantization of the cotangent bundle [76]. Although these two perspectives coincide via a
symbol map, neither is manifestly coordinate-independent.

This shortcoming was resolved in [78], where Segal’s off-shell system was embedded into a

Fedosov parent formalism. There, the higher spin gauge symmetries are encoded in the flatness

1Strictly speaking, Segal gives formal arguments, very convincing, but only formal, but perturbative com-

putations agree.
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of an extended connection on the cotangent bundle, while the action arises from an invariant
trace functional furnished by the Feigin—Felder—Shoikhet cocycle—an explicit realisation of
Shoikhet—Tsygan—Kontsevich formality [231-233]. The result is a fully nonlinear, manifestly
covariant CHS action valid on any curved spacetime.

In this chapter, we focus on coupling a massless scalar field to an off-shell background of
conformal higher spin fields within that covariant Fedosov framework. While Segal’s original
construction effectively fixed the CHS action by gauge invariance, the true challenge lies in
covariantizing the scalar matter coupling. After reviewing Tseytlin’s and Segal’s approach
in section (4.2), we will discuss Fedosov deformation quantization and the covariant action
for CHS called parent formulation in Section 4.3. In Section 4.4, we introduce a Wigner-
function—inspired formalism to build the scalar action. Section 4.5 illustrates the conformally
coupled scalar case, demonstrating how Weyl symmetry and higher spin gauge invariance are
realized. We conclude in Section 3.4 with possible future directions. Technical details on Weyl
calculus, the FFS cocycle, and the curvature expansion of the Fedosov connection are collected

in Appendices A-D.

4.2 Review of Conformal Higher Spin Fields

In the following sub-sections, we review two complementary formulations of conformal higher
spin gravity. First, we summarize Tseytlin’s induced-action approach, and then we turn to

Segal’s worldline framework, concluding with a discussion of their equivalence.

4.2.1 Induced Action Approach

The route between the free scalar field and conformal higher spin fields is as follows. Being a
free theory, the massless scalar on flat space possesses an infinite tower of on-shell conserved
currents for all integer spin s > 0, which comes from the invariance of the d’Alembert equation
under the action of conformal Killing tensors [183]. The existence of these conserved currents
opens the possibility of introducing interactions between the scalar field ¢, and gauge fields of
arbitrary spin, starting with the Noether coupling and completing it to all orders. For instance,

the currents of spin 1 and 2,

Jui= (0 0,0 00,67) T = 6 00,0~ B 0600+ 00,0,6"  (traces), (12.1)

can be used to introduce gauge fields, say A, and h,, respectively, to the free scalar action, via

S[o, A] = / APzl 0¢+e A, ", and  S[o,h] = / APz i¢*0¢ + kT hy,
RD = (4.2.2)
where e and k are coupling constants. Since both currents are divergenceless on-shell (meaning
modulo the scalar field equation of motion (¢ ~ 0), and the spin 2 one is also traceless, the

gauge transformations
0:A, = 0,¢, O¢hpw = 0u&w) + N o, (4.2.3)
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together with the transformations of the scalar field
0.0 = —iec @, and dep = £10,0, (4.2.4)

leave the respective actions invariant up to second order in the coupling constants. The spin 1
case can be completed to a gauge-invariant action to all orders by adding a quadratic term in

the gauge field A,, which amounts to reconstruction of scalar electrodynamics,

Slg, A] =1 /RD APz ¢*Oud,  where Oy = (9, +ie A,)(0" + ic A). (4.2.5)

The spin 2 case is technically more involved, though similar in spirit. It requires infinitely many
correction terms, which can be summed up into the action for the conformally-coupled scalar
field,

Sogl =& [ APevEG 6 (P BE RO gw =t VR VLT

. (4.2.6)
expanded around flat spacetime. In both of these low-spin cases, The Noether coupling is
completed by higher-order terms in the gauge fields and suitable deformations of their gauge
symmetries. The output of this procedure is an action, quadratic in the scalar field, and non-
linear in the gauge fields. The all order coupling of the former to the latter is encoded in a
covariant differential operator—the square of the covariant derivative in the spin 1 case and
the conformal Laplacian in the spin 2 case. From this point of view, these gauge fields are
background fields for the scalar field ¢.

One can then integrate out the scalar field to derive an action for the background fields. To
be more precise, the effective action for the scalar field ¢ can be interpreted as an action for
the background fields, a point of view already advocated by Sakharov [234] in his approach to
gravity as an ‘induced theory’. This procedure generalizes to the higher spin currents, thereby
producing a coupling of the original complex scalar to a background of higher spin gauge fields,
via a differential operator, covariant under the associated higher spin symmetries, which define

a non-linear completion of the linear gauge transformations

55,0hu1...us = a(NI£N2---ﬂs) + N(pipz Opg..ps) » (4'2'7)

for all integers s > 1. These were identified as the linear symmetries of conformal higher
spin gravity (CHSGra), a higher spin generalization of conformal (super)gravity proposed by
Fradkin and Tseytlin [74] at the free level, and studied further at the cubic level [235]

More concretely, the idea of Tseytlin [75], which was fully developed in detail in [77], was
to consider a massless complex scalar field in the flat spacetime of even dimension D. The free

action is given by,
Sol¢] = / dPx 0" 0,6 (4.2.8)

Such a complex scalar field gives rise to an infinite tower of conserved currents of the form,

Tue) = 0 Opr - Opo+ ...,
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for an arbitrary integer spin s. These currents are conserved (0”.J,us—1) = 0) and traceless
(J*
conformal higher spin fields (CHS), as Noether interactions

Sint[® Z S| /d% JHE) (4.2.9)

Let’s introduce generating functions as,

Z Sl T ()t uts = Z Js(x,u). (4.2.10)
s=0

With this, the conservation law becomes 0, - 0,J(z,u) ~ 0 and the tracelessness becomes

92 J(x,u) ~ 0. One can write

J(x,u) =1pJ(z,u), JT(x,u):=0¢" (x+u/2)p(x—u/2), (4.2.11)

op(s—2) = 0) on-shell O¢ ~ 0. Using these currents, one introduces another field, called

where J (x, u) generates conserved (though not traceless) currents, and the operator I1 projects

these onto their traceless sector, see e.g [77].

o0

1 0?—g 1"
Mp =Y T =Ty { T D] : (4.2.12)

n=0

where (a), = F(Faf" and N :=u-0,, 0 :=u- 0y, g := u®. Let’s also write the higher spin field

in terms of a generating function as,

oo 1 o

E —hyy o (@)utt ot = E hs(z,u), (4.2.13)
s!

s=0 s=0

Now, with this and along with the conserved current, the Noether interaction can be written

as

Sine[6, 1] = / 0P T (2, i) H (@, 1) s (4.2.14)

_ / P 69 T (2, 0V H (2, 1) oo (4.2.15)

where we have used the integration by parts, the derivatives in II such that,

= 1 02 —TrO]"
= Pph = g - 4.2.1
H(ZE,U) 7DD (I7U>7 7DD par n‘(N—i—n—l— D;?’)n |: 16 :| ) ( 6)
This operator Pp admits an inverse, given by,
o R G VN G A e e
h(z,u) =Py H(xz,u), Pp = nEO N T b [ G : (4.2.17)

where we defined trace Tr := 9 operators. Despite the infinite series, each spin-s component
of the conformal fields hy produces a finite tail of traces and divergences, as can be seen by

rewriting
oo [s/2]

ZZH. n1+5> {a* IGTID} hs(x,u). (4.2.18)

s=0 n=0
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By introducing the Fourier transform of J(z,v) in v-space:

de —1v-p
J(xv)= | gope " op), (4.2.19)
the interaction term becomes,
dPzdPp
S0, ] = / oo pH(rp). (4.2.20)

This form of the interaction is very suggestive of the fact that p can be interpreted as ’density
matrix’. But we know from quantum mechanics that the density matrix is nothing but a ” Weyl-
symbol” of the projector operator |¢)(¢|. In this language, the field ¢(x) can be written as the
wave function (z|¢p). This allows us to employ the tools of Weyl-quantization (more details in

the Appendix), to get the action as,

Sl h] = Tr [|0) (01| = (6]1116) (4.2.21)
where fI(X, P) is the operator with Weyl symbol given by H(z, p), i.e.,
A dede dDyde ) L .
H(X,P) = — ke X)ilp=P) 4.2.22
(%.P) = [ et [ e (1222)

The total action entering the path integral (12) can thus be written as

Slp, h] = (3|0 + H|¢) = (¢|F|¢) (4.2.23)
for ' =0 + H.

In this form, it is now much easier to see the full symmetries of the action as it is

invariant under infinitesimal transformation,
S F=0toF+Foa,  6,]¢)=—il|e), (4.2.24)
If we define 4 = h_lé + w, we get
[F,&] +{F, i} (4.2.25)
5e 0 = — (% £ 4 w> &, (4.2.26)

where the gauge parameters é and w are Hermitian operators: éT = f , W = . We will see
all of this in much more detail in later sections, but for the moment, we quote a result here

that these transformations give
5570-]16“'"% — 2v(a1€a2...as) + 277(a1a20,a3...a5) + (8 . 2) g hot-as 4.

Here, the parameter o is related to w. It is because of this transformation structure, the
parameter é is said to correspond to gauge symmetries, while the generator w corresponds

to the generalized Weyl symmetry.




96 CHAPTER 4. CONFORMAL HIGHER SPIN AND MATTER COUPLING

Effective Action The effective action is given by

A > dt .
Wh] = Trlog (D + H) _ / ST [e_t(D+H)] , (4.2.27)
1
A2
where we have introduced an ultraviolet cutoff A in the small-t regime and K;[h] := Tr[e_t(m+ﬁ)] )

is called the heat-kernel trace, which, upon treating the higher-spin terms in H asa perturba-
tion of the flat-space operator 152, admits an expansion in the parameter ¢. The regularized
effective action can then be organized according to its divergent contributions as,

o0

Walh] = — /Oo %Kt[h] = SO APWL R + W lhlog A+ Wyl + O(A™2).  (4.2.28)

Some important remarks to note,
1. The coefficient W% is non-vanishing only in even dimensions and is gauge invariant.
2. The finite part Wy;, contains the contribution from all the coefficient W,, for n > %.

3. Coefficients W, as well as the finite part of the effective action Wy;, are invariant under
gauge transformation with parameter {. This is because the heat kernel K;[h] is gauge

invariant under this part of the transformation.

4. Under Weyl symmetry: In odd dimensions, no coefficient is Weyl invariant. In even

dimension only the coefficient Wp/, is Weyl-invariant

The last point is the most crucial because it suggests that in even dimensions, the only coefficient
that is invariant under both parameters, £ and w, is the coefficient in the logarithmically
divergent term. Thus, it is the perfect candidate for the definition of the conformal higher spin
action. So we define,

Scrs = W%. (4.2.29)

In words, the CHS gravity action in Tseytlin’s approach is defined as the logarithmically di-
vergent piece of the effective action of a scalar field conformally coupled to a background of
CHS fields. It is also well-known that for the low-spin background fields A, and g,, in, four

dimensions, one has [236] the following conformal anomaly

1 1 |
W, = d* — —F2 + —C, ,,CHr
2 (47r)2/ V9 (= 5 F + 155 Chme )

where C),, 5, is the Weyl tensor, and the topological Euler term has been omitted. Therefore,
it should not be so surprising that the log-divergence coefficient acquires well-defined, local
higher spin corrections once the higher spin background fields are turned on. Even though
conceptually this definition of CHS is clean and simple, in practice, we have to compute this
action perturbatively, and it becomes cumbersome as we go higher in spin. For higher spin, the
linearized action turned out to be

D—-4

7 hiy(s), (4.2.30)

Sy[h] = / Pz b P ()0
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where P is the traceless and transverse projector, ensuring the invariance under linear trans-

formation,
55,0hu1~-us = a(ulguz---us) + Mprpz Ops.pss) - (4‘2‘31)

The action can be put into a more suggestive form by integrating by parts as,
S.[h] = / APz C*DPIT% Cogy b, (4.2.32)

where C*®)%() is the linearized Weyl-tensor. This mimics the structure of the familiar spin-2

conformal gravity action in four dimensions.

4.2.2 Segal’s Approach

As we have seen that Tseytlin proposed to define conformal higher spin gravity as the coefficient
of the logarithmically divergent piece of the effective action of a scalar field in a higher spin
background [75]. However, working out perturbatively the exact expression of the relevant
differential operator encoding this coupling for all spins s > 2 seems unrealistic. This is not to
say that with a perturbative approach to this problem, it is impossible to get/recover manifestly
(higher spin) covariant objects. It allows one to compute the conformal higher spin gravity
action at the lowest orders, and confirm that the quadratic piece is the expected one [74], as
argued in [75] and worked out in details in [77]. But as we go to higher orders, the procedure
quickly becomes impractically difficult.

A. Segal proposed an elegant solution to the problem of coupling a (complex) scalar field
to a background of higher spin fields and computing its effective action, by resorting to symbol
calculus, and more generally, to deformation quantization [76]. That is to work with Moyal-
Weyl algebra. The idea is to translate action (as we already did above in 4.2.34) and its gauge

symmetries, which formally read
S[o, ] = 5 (0|H[D] |9) | o H =a'H+Hi,  6.|¢)=—a|g),  (42.33)

where H and ¢ are differential operators, respectively encoding the coupling to background fields
hs and gauge parameters (which appear as coefficients of these operators), into the language of
symbols, i.e., functions on the cotangent bundle T*R”. This approach has some computational
advantages, and in particular, the cubic part of the action for CHSGra was derived [76] in this
framework.

Concretely, in phase-space coordinates, the star product is

= = =
T = 0y, 00

%
(fxg)(z,p)=f eXp[g( 0
so that [z#, p,], = hd”. Hermitian conjugation acts as?

et =2, pl=p, K =—-h (axb) =bxa.

2Note that in our notation, we have absorbed the factor of i, which is present in the conventional formula

for Moyal-Weyl product, in the constant % and hence we have that At = —A.
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~

The quantization map sends any symbol f(x, p) to the symmetrically-ordered operator f(x,d,),
with the inverse given by the symbol map. The adjoint { then matches the formal adjoint under

the standard inner product
(60) = [ P26 (@)0(a),

provided ¢, ¢ are half-densities. A generic Hermitian symbol F'(z,p) = > F*" s (2) pu, -+ Py,

encodes background fields. The scalar action reads
S, F] = (¢, F ¢), (4.2.34)
with £ = O+ H. Its full gauge symmetry is
O¢wF = 3 [F, €l + {F,w}s, Sewtd = —(LE+ @) ¢, (4.2.35)
where &(x,p) and w(x,p) are Hermitian symbols. Defining u = h~1¢ 4+ w, one writes
S F =u'x F+Fxu, 0,6=—00.

Note that in terms of symbols of operators, u ¢ should be understood as an operator u

acting on ¢ via quantization map given by,
7 DydP z4v Lp(z—v
(@g)(x) = / e u(Zr, p) en P p(v), (4.2.36)

For more details on the Quantization map, see the appendix (A).

Now the system with field F' subject to above mention gauge symmetries gives us what is
known as off-shell Segal system. In other words, the off-shell Segal system gives completion of
the CHS transformations (4.1.1) and also solves the problem of how to couple matter fields to

a higher spin background by including the ¢-part of the transformation. Now restricting to
§=8"(2)pu, w=o(x)
one finds that the commutator two such parameter u; = ¢ &'()p,+0;(z) for i = 1,2, reproduces
(w1, ua]s = 7 (E0uEY — E10u85)py + 50401 — §{ 0,02,

and hence, this sub-algebra is isomorphic to the semidirect product of the algebra of diffeomor-

phisms and Weyl rescalings. Indeed one can verify that for F' = % 9" pupy we get,
Oewg"” = Leg" + 209", (4.2.37)

which clearly shows that ¢g"” transforms as conformal metric. To see linearized CHS transfor-

mation we expand around the vacuum F© = %pz, the transformation becomes,

6£,wf - %’L [p27 g]* + % {p27 w}*7
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We see that upon using the Taylor expansion,

f= ", o p
5 — s e _|_ 51/1.”1/3_1131/1 . -pys_l + L
o=+ 2, Dyt (4.2.38)
the transformation becomes,
Oe wh " = QWrgravs) 4 piva gis.vs) (4.2.39)

which is the standard higher spin diffeomorphisms and Weyl transformations to the leading
order in h.

Also, the vacuum symmetry algebra solves
uxp? 4+ p? xu =0,

modulo trivial generators u = iv x p?. This reproduces the higher-symmetry algebra of the
Laplacian, which is the deformation quantization of the coadjoint orbit for the free conformal
scalar (¢ = 0, equivalent to a quotient of U(s0(n,2)) by the Joseph ideal. Finally, Segal’s

action for the background fields arises as the trace of a phase-space Lagrangian,
S[F] = trLy,,(F) == / dPxd"p L, ,(F),

where tr is the usual trace in Weyl quantization. Now under the gauge transformation d¢ ., F' =
L [F, €. + {F,w},, the variation d¢,,S[F] involves commutator and anti-commutator. Because
of the cyclic property of trace operation (tr[f, g, = 0), the commutator term vanishes. The

anti-commutator term gives us
Se.0S|F)] = 2tr [ﬁ’m’p(F) « F % w] (4.2.40)
Thus, to ensure invariance, we get that
E;vp(F) * =0,

Clearly, the solution is £, ,(F) = ©,(F), the star-product Heaviside function, which ensures
the invariance under Weyl-type gauge transformations. This defines the conformal higher spin

gravity action in Segal’s framework as,
S[F] = /d% d’p O, (F). (4.2.41)

Note that the star Heaviside function is defined in the integral form as,

211 T — 1€

1 dr
O, (F) = lim,_o+ — / AT girF

iTF

where e’

is the usual exponential function with the usual product replaced by x-product.
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Tseytlin/Segal Dictionary At first glance, Tseytlin’s and Segal’s constructions appear un-
related: Tseytlin extracts the logarithmic divergence from one-loop matter diagrams with higher
spin external legs, while Segal expands a star-product Heaviside function. However, one can
show [76] that they coincide.

Starting from Tseytlin’s definition

and using the heat-kernel expansion

~

Tr(e_tﬁ) =t Ztk ag|F,
k=0

we write | @t
S[F] = %%7 Tr(eitF) .
Noting that the ’symbol’ of et is the star-exponential
00 ¢ k
e_tF :Z% Fx---x F

* N———
k=0 k

and that trace on operators Tr (B) is replaced by trace on its Weyl 'symbol’ tr(D), we obtain

S[F] L]{% tr(e;"").

- 211

CHS gravity action as

Now, consider a circle |t| = § > 0 around ¢ = 0 as contour we get,

tr(e; ).

~ 1 dt
S[F| = 57 —
e |t|=6 t

Under the assumptions

e tr(e; ') is analytic for Re ¢ > 0,
o tr(e;'") — 0 as || = oo in the half-plane Re ¢ > 0,
we deform the small circle into the boundary of the half-plane Re ¢t > —&, consisting of

{t=—c+ir:7€(—00,00)} and the large semicircle at |t| — co.

On the large arc, Re t — 400 implies e, " — 0, so its contribution vanishes. Hence, only the

integral along the vertical line remains:

~ 1 [ dt
S[F] = lim — — tr(e;™)
e—0+t 2 J_o T = etir
Parameterizing t = —¢ + 17 gives % = TdTZs and substituting into the integral yields,
~ 1 *© d )
S[F]= lim — . tr(e/™),

e—0+ 20 J_ o T — 1€
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Exchanging trace with integral and noting that O,(a) := lim_,o+ 5 [ oo dr_gira

2wt J—o0 T—i€

will give us,
S[F] = tr(6,(F)),

which is precisely Segal’s action (4.2.41) in terms of star-Heaviside function. Thus, we get the
formal equivalence of the Segal and Tseytlin approaches.

One of the drawbacks of both approaches outlined above, however, is that they are defined
around flat spacetime. Working out the expression of conserved currents for a free scalar field on
a more general background can be rather challenging, although the case of Weyl-flat space (and
N = 1 supersymmetrization thereof) has been successfully worked out [237]. More generally,
formulating CHSGra around an arbitrary background or in a manifestly covariant manner, has
been the subject of several works [82-85,237] (see also [238-242] for supersymmetric extensions,
and [243] for an approach to conformal gravity using ‘unfolding’).

In the next section, we describe the tools of Fedosov quantization and related concepts,
which leads us to a way to write a covariant action for Conformal higher spin theory in arbitrary

spacetime as in [78] followed by a section describing matter coupling in a covariant way.

4.3 Elements of Fedosov quantization

Before spelling out our action for a complex scalar coupled to an arbitrary higher spin back-
ground, we shall briefly review some constructions proposed by Fedosov in his seminal paper [95]
on the deformation quantization of symplectic manifolds (see also his textbook [96] for more
details). Readers familiar with these ideas may safely skip this section, while unfamiliar readers
interested in complementary references may consult [82, App. A] which we closely follow, as
well as [78] where these techniques have been used in the context of conformal higher spin

gravity.

Building the Fedosov connection. The ingredient we need is a flat connection on the Weyl
bundle,
Wy 1= S(TX) ® S(T*X) - X, (4.3.1)

where X denotes our D-dimensional spacetime manifold, and S (...) the completion of the

symmetric algebra. To be concrete, a typical section of this bundle locally takes the form

T(Wx) 3 a(w;y,p) = > amh (@) y™ .. 4" po - Dy, (4.3.2)

k,l
where {y*} and {p}, for a,b = 1,..., D := dim X, respectively define a basis of its cotangent
and tangent space over the point x € X. The above section is polynomial in p, but is allowed
to be a formal power series in y, in accordance with the fact that the Weyl bundle is the tensor
product of the symmetric algebra of T'X, and the completion of the symmetric algebra of T*X.
The fiber at each point is isomorphic, upon extending it over R[A], to that of the Weyl

algebra A,p generated by the 2D variables y and p, whose associative (but non-commutative)



102 CHAPTER 4. CONFORMAL HIGHER SPIN AND MATTER COUPLING

product * is given by

(f*9)(y,p) = f(y.p) exp (2 2-Z-2. %}) 9(y:p), (4.3.3)

where we denoted the contraction of Latin indices by a dot, i.e. y-p = y*p,. This product
is called the Moyal-Weyl product, see Appendix A for a review of its derivation from the

perspective of symbol calculus. Note that the operation?

hT = —h, (yCL)T = ya ) (pa)T = Da (4'3'4)

which also acts by complex conjugation on coefficients, defines an anti-involution of the Weyl

algebra, that is
(fxg)=g"+fT, (4.3.5)
for any pair of elements f and g. The sections of the Weyl bundle can therefore be multiplied,

using the Moyal-Weyl product fiberwise, and thereby making Wy into a bundle of associative
algebras. The Weyl algebra can be endowed with a grading, namely

deg(y”) =1=deg(h),  deg(ps) =0, (4.3.6)

with respect to which the Moyal-Weyl product is of degree 0.

Having recalled the definition of the Weyl bundle, we can come back to our initial goal which
is to construct a flat connection on it. As it turns out, this is relatively simple, as one can show
that any 1-form connection of the form Ag = da* € p, +. .., where €, are the components of an
invertible frame field on X and the dots denote higher order terms in y and p, can be extended

into a flat connection on Wy,
dA+ 5[4, A, =0, with A = Ay + (corrections) . (4.3.7)
A simple way of constructing such a flat connection is to start from
Ay = da* (ez Da + w/‘j’b Da yb) , (4.3.8)

where w®? := dz* wz’b are the components of the torsionless spin-connection with respect to the
vielbein ef,, which preserves the fiber metric 7%, used to raise and lower the fiber (i.e. Latin)

indices. Let us introduce

0= —% [dz" €}, pa, —]x, Vi=d+ % [da* wZ’bpa Yo, —]e, RY = (dwa’b + w“’cwc’b) Da Yb,
(4.3.9)
so that the curvature of V is simply given by

V?=1[RY, ., (4.3.10)

30ne can think of it as essentially complex conjugation, upon considering A as a purely imaginary formal
parameter. When deriving the Moyal-Weyl product from the point of view of symbol calculus, as recalled in
Appendix A, the & factor in its definition appears multiplied by the imaginary unit, which we chose to absorb

in A itself here to simplify computations.
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and one can easily check that
SV +V6=0, (4.3.11)

as a consequence of the torsionlessness of V. Note that 0 and V are respectively of degree —1
and 0 with respect to the previously introduced grading (4.3.6). One can then show that there
exists a unique 1-form y € Q1(X, Wy) of degree > 2 such that

A=Ay+7, (4.3.12)

defines a flat connection on the Weyl bundle, with 4 linear in p and obeying hy = 0, and where

1 ,a o) a0 o)
hi= %yt el gl N =y 5o+ da gy (4.3.13)

with NV the number operator returning the sum of the form degree and y-degree of its argument.

Equivalently, the associated covariant derivative
D:=d+;[A - =-6+V+1[y, -], (4.3.14)

defines a differential, i.e. squares to zero, on the Weyl bundle. The 1-form < can be computed

order by order in y via the recursive formulae

k—1
Yoy =h(RY)  and Y = h<V7(k) + 3 Zh(zwmﬂ—w]*) for k=2, (43.15)
=2

which yield

v =~ da" RuSy y’pe — 35 de” Vo R,y y v pa

(4.3.16)
— da* [ VaVoRuca + 5 Roa®s Ruc™a) v"0"y Y pe + (-++)
where the dots denote terms of higher order in y.* Introducing the notation
R :=hRY, and Oy :=hV, (4.3.17)
we can re-sum the defining relations of 7y as
Y =R+ 0y + 5= h[1, 7], (4.3.18)
so that the first few orders of 7 in y can be re-written as
Yo =R, Y3 =0R, Yu=0RR+5h[RR], . (4.3.19)

As mentioned above, any 1-form connection valued in the Weyl algebra whose component

along p, is an invertible vielbein can be extended to a flat connection by the same mechanism

4Remark that the grading (4.3.6) with respect to which the defining recursion relation for 4 is given, reduces
to the degree of homogeneity in y. This is a consequence of the fact that the first correction 2y is linear in p
so that, not only all higher order correction stay linear in p, but also the star-commutator in (4.3.15) reduces
to the Poisson bracket piece, i.e. to its piece of order h'. Consequently, no & correction appear in 4 in the case
of interest here.



104 CHAPTER 4. CONFORMAL HIGHER SPIN AND MATTER COUPLING

as above: the vielbein piece gives rise to the differential 9, and the components of the 1-form
valued in the Weyl bundle needed to flatten the original connection can be computed recursively
using its contracting homotopy h. In particular, one may start from a connection containing
higher spin components which appear as terms of higher order in p (and y) in the initial data,
e.g.

Ag = " pa+ W Payp + € papy + W paprye + - - (4.3.20)

and find v so that A = Ay + 7y is flat, though the 1-form v will also involve the curvature of
these higher spin components.”> The higher components of (4.3.20) correspond to vielbeins and
spin-connections of conformal higher spin fields within the frame-like formulation, which was
developed in [244,245].

Lift of symbols and invariant trace. Once the Fedosov connection ® is constructed, we can
define the lift of the symbol of a differential operator on X, that is a function on the cotangent
bundle T*X, say f(z,p) € €25, (T*X) = I'(STX), as the (unique) section F(z;y,p) € I'(X, Wx)
verifying

DF =0, Flyo="1, (4.3.21)

i.e. the (unique) covariantly constant section of the Weyl bundle whose order 0 in y is f. In
other words, starting from a function only of z*# and p,, one reconstruct a flat section of the Weyl
bundle, which is a function of z*, p, and y*, whose dependency on y is completely determined
by the covariant constancy condition, and the coefficients of these terms proportional to y are
obtained from the original function of  and p. To do so, one simply needs to solve the covariant

constancy condition, which can be done iteratively via

k+1

F(O) = f and F(k:—i—l) = h(VF(k) + % Z[’Y(l), F(k:-i—l—l)]*) for k Z 0, (4.3.22)
=2

where F{,) denotes the component of the lift /" homogeneous of degree n with respect to grading
(4.3.6), i.e. it corresponds to the homogeneity both in y and /. This leads to

F(z;y,p) = [+ 9" Vaf + 59" (VaVi + § Raa“bpe 50) [+ (-.2), (4.3.23)

at the first few orders. This lift of (fiberwise polynomial) functions establishes a bijection

between the latter and covariantly constant sections of the Weyl bundle,

7:C®(T*X) — Ker(D) C I'(Wy)

(4.3.24)
flx,p) +— F(z;y,p) =7(f)(z;y,p),

®Note that in the case where the initial data Ay contain higher spin components (higher orders in p), one
should use a slightly different degree, namely one should assign degree 1 to both y and p and degree 2 to ,
so that the Moyal-Weyl product remains of degree 0 with respect to this new grading. This is actually the
gradation used originally by Fedosov [95,96], for more details see also, e.g., [78, App. EJ.
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and allows us to define a star-product, i.e. an associative but non-commutative deformation of

the pointwise product, via the simple formula®

frg=(F*G)| .  f.geCr(TX), (4.3.25)

where F,G € T'(Wx) are the lifts of f and g respectively. Associativity simply follows from
the fact that the Moyal-Weyl product in the fiber is itself associative. To summarize, we are
able to define a star-product on the cotangent bundle of our spacetime 7*X thanks to the fact
that any function can be lifted to a flat section of the Weyl bundle, wherein we can use the
Moyal-Weyl star-product to multiply the flat sections corresponding to two functions on X,

and evaluate the result at y = 0 thereby producing another function on 7*X.

Invariant Trace: There exists a trace (essentially unique) on the space of covariantly con-
stant sections of the Weyl bundle, which takes the form [78§]

Tra(F / / dPp w(F| A, - ) (4.3.26)
zeX *

D times

where p @ AYE @ Asp — R[p,] is a multilinear map valued in polynomials in p, obtained from
the Feigin—Felder—Shoikhet cocycle [246]. The fact that p is obtained from a Hochschild cocycle
for the Weyl algebra ensures two important properties of this trace: it is invariant under the
gauge transformations

0eA = d£+ [A, €., EeT(Wy), (4.3.27)

of the flat connection A up to boundary terms, i.e.

O¢ Tra(F / / dPp )+ (-l 5 (4.3.28)

and it is cyclic, also up to boundary terms,

Tra([F,G). / / dPp )+ (-l 5 (4.3.29)

for any covariantly constant sections F' and G.
The detailed expression for p is given in Appendix C, for the moment it is enough for our
purpose to know that, for a flat connection A which is linear in p as the example reviewed

previously, the associated trace of any lifted symbol F' boils down to

ak

D D

Tru(F) = /d - dPp > pS f)])l—f)]?F|y:0’ (4.3.30)
. o or - OPa,

SRemark that, by construction, the evaluation of a covariantly constant section at y = 0 yields the function
on the cotangent bundle that it is the lift of. In other words, this simple operation is the inverse of the lift 7, i.e.
771(=) = (=)|y=0- The star-product on T*X can therefore be written as fxg = 77! (7(f) *7(f)) which makes
it clear that the lift 7 is a morphism of algebras between (Ker(@), *) and (60" (T*DC),*), the star-product on
the latter being ‘pulled-back’ from the Moyal-Weyl one defined fiberwise.
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where py, . (7) are polynomials in the curvature of V and covariant derivatives thereof.

What has been reviewed above is just the Fedosov approach to deformation quantization for
the particular case of the symplectic manifold being the cotangent bundle (of the spacetime),
which was also studied by Fedosov himself [247]. A development since [247] is the construction
of the invariant trace by Feigin, Felder and Shoikhet [246]. Let us briefly explain now, see [78§]
for more details, how this is related to conformal higher spin fields. To begin with, an off-shell
description of conformal higher spin fields requires the Fedosov connection A and a covariantly
constant section of the Weyl bundle F'. Different types of scalar matter, i.e. whether we start
out with £ ~ ¢0¢ or L ~ ¢l0%¢, k > 1, lead to different spectra of (higher spin) currents
and, hence, to different spectra of sources/background (higher spin) fields. An immediate
consequence is that it is necessary to fix the background value for F' to land on a specific
theory. We will consider F' of the form

F=p"+Y h™ () pa - Pas - (4.3.31)

5>2
where the presence of p? here implies that we are coupling the usual free scalar field £ ~ ¢ to
(higher spin) background fields A%%s. The formalism is flexible enough to allow one to realize
conformal higher spin fields both in the frame-like, cf. (4.3.20), and in the metric-like ways, as
below. In this chapter, we prefer to keep A purely gravitational, i.e. it is completely expressed
in terms of a vielbein e*. With the help of the £ gauge symmetry one can move between the

frame-like and metric-like formulations.

Fock space bundle. Having constructed a bundle of Weyl algebra, let us now proceed with
the definition of a vector bundle associated with the Fock representation. As a vector space,
the latter can be identified with the subspace of Ayp = R[y®, py] consisting of polynomials (or
even formal power series) in y, that we shall denote by §p = R[y“]. The representation is given

by the quantization map,

(0(H2) (W) = Fly ) expo (—h 2 [ 2+ Z]) o), (43.32)

for any element f(y,p) € Asp of the Weyl algebra and ¢(y) € §, of the Fock space. That it

defines a representation of the Weyl algebra means that it verifies

p(f)oplg)=p(fxg),  fig€Awp. (4.3.33)

The name ‘quantization map’ comes from the fact that it allows one to associate, to any
(polynomial) function of R?? = T*RP which are nothing but elements of the Weyl algebra, a
differential operator acting on the space of ‘wave functions’, i.e. smooth functions on R¥, which
we consider as elements of the Fock space (via for instance their Taylor series). Put differently,
the pair (Wap,§p) can be thought of as a flat model for the quantization of a cotangent bundle
T*X with dim X = n, wherein the Weyl algebra models the algebra of functions on 7*X, while
the Fock space models smooth functions on the base manifold X, on which functions on the

cotangent bundle act as a differential operators.
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Given now an arbitrary smooth manifold X, one can consider the ‘bundle of Fock spaces’
defined as

Fx == S(IT"X) - X, (4.3.34)
whose sections are
P(§x) 2 (xiy) =D L0y, (@)y™ ...y, (4.3.35)
k>0

that we shall extend as formal power series in A. A Fedosov connection A defines a flat covariant

derivative on this Fock bundle, whose local expression is
D =d+1p(4), (4.3.36)
with p is the quantization map above. A simple computation leads to
pa) = —Tigzs  py'm) = =5 (V" o5 + 5 ¥") = —h (Y5 +565) (4.3.37)
and more generally,
—s oy ytp) =y oy 6%1, + %52‘“34“2 oy (4.3.38)

so that, upon choosing V to be a metric connection, and A the flat connection (4.3.12) built

from it as explained above, one finds

Do = (— §+V + p(’y))@, with = ¢t 2 (4.3.39)

aya )

which in particular, contains the same acyclic piece § as in the Fedosov connection (4.3.12),
which is an operator of degree n—1 in y. As a consequence, we can solve for covariantly constant

sections of the Fock bundle in a similar manner as we did in the Weyl bundle: expanding the

condition
De=0, with & _ =9, (4.3.40)
order by order in y yields
n+1
011y = V() + 7 > p(V(1) Pni1r (4.3.41)
k=2

which gives us a definition of the order n + 1 term in the y expansion of ® thanks to the

contracting homotopy (4.3.13) introduced before, i.e.

n+1

ity = B[V + 1 3 16) P ) - (4.3.42)

k=2

The whole covariant section |®) only depends on its value at y = 0, which is a function on X,

thereby establishing a bijection

7:C®(X) > Ker(D) C I'(Fx) (4.3.43)
- 3.

o(x) (z;y) = 7(0)(73y)
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between C*(X) and covariantly constant sections of the Fock bundle (that we denoted by the
same symbol 7 as the isomorphism between functions on the cotangent bundle and flat sections
of Weyl bundle, in a slight abuse of notation). The first few order of the covariantly constant

section associated with ¢(z) read
O(z;y) =+ y*'Vad + 2y’ (VoVs — L Rap) o + . .. (4.3.44)

where R,, denotes the Ricci tensor of V, and the dots denote terms of order 3 or higher in .

We can now define a quantization map in this curved setting, that is to say, a way to associate

o0

oo1(T7X), that is any fiberwise polynomial function on the cotangent bundle

to any symbol f € €

of X, a differential operator f which acts on ‘wave functions’, i.e. functions ¢ € €>°(X) on the

base, defined as follows”
(f0)(x) = p(F)®],_,, (4.3.45)

where F' € I'(Wy) and ® € I'(Fx) are the lifts of f and ¢ respectively as a covariantly constant
section of the Weyl and Fock bundles. This defines a representation of the star-product algebra

( oo (T70), *) on the space of ‘wave functions’ €>*(X), i.e.

~

Fog=Fxg VYf.geCTX), (4.3.46)

pol

where « is the star-product defined in (4.3.25). Here again, this is simply a consequence of
the fact that (§,,p) is a representation of (Asp,*), i.e. we sort of ‘pullback’ the algebra and
representation structure from the fiber to the base manifold X. Note that this approach was
already outlined in [82, App. A].

4.3.1 Covariant Action for CHS/Parent Formulation

We now have all the ingredients needed to express the action of CHS in a covariant manner.
The CHS fields are encoded in a pair of fields, namely a flat connection A and a covariantly
constant section F' of the Weyl bundle [82,248],

dA+ 5 [A, Al =0, dF + 1 [A,F]. =0, (4.3.47)
which is invariant under the gauge transformations
0eA =dE+ A €., el = 1 [F. & + {F,w},, dw + 1 [A, w].=0, (4.3.48)

where &, w € I'(Wx) are 0-form valued in the Weyl bundle, with w required to be covariantly
constant, while ¢ is unconstrained. The sum ¢ = %f -+ w corresponds to the symbol of an

arbitrary differential operator, such as € appearing in (4.2.33), and it splits into its Hermitian

“Let us note that, as for the star-product, writing the quantization map in terms of the lift 7, namely
fqb =71 [p(T( f ))T(gb)], makes it apparent that the latter defines a morphism of pairs algebra-module between
(€>°(T*X),C>(X)) and flat sections of the Weyl and Fock bundles. This also shows that the quantization map
on C*°(X) is ‘pulled-back’ from that on flat sections of the Fock bundle, in complete parallel with the definition
of the star-product on 7*X.
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and anti-Hermitian part, respectively w and £ (though both are real, the latter is dressed with
h that we take as imaginary in the sense that At = —h)8. Such a description is obtained from
an approach known as the ‘parent formulation’ of gauge theories, developed in [249-252] and
references therein. Now using the trace described in the previous section in (4.3.26) we can

write a covariant CHS action as,

Scus[A, F]=Tra (I //deu )]A L A). (4.3.49)
zeX *

D times

where /,(F) is some star-function? of F. Now the gauge variation of this action comes from
two sources: the variation of A with respect to ¢ and the variation of ' under both &, w. As
mentioned in (4.3.28), the trace is already invariant under the gauge transformations J¢A =
d¢ + - [ ,&].« of the flat connection A. Also, because of the cyclicity of trace, the variation

coming from the commutator part of 0 F vanishes, and we are only left with the variation of

OewS // p(ll(F)* Fxw|A,- ) (4.3.50)
p—fibre

D times

action as,

As we have seen in the Segal case, we can set [,(F') = O,(F) to ensure the invariance of the
action under higher spin Weyl transformation. Note that to get the action on the spacetime

(base) we have set y = 0 and we get the spacetime action in the form

S oume = | / A i1 (F) A Ao (4.351)
xE *

D times

Indeed if we take flat space then e}, = 47 and our flat connection becomes A = dz*p, globally

and with F|,_o = f, the action reduces to Segal action

st= [ e.n
flat
In the next sections, we will see how matter can be coupled with CHS in a covariant manner
using similar tools as we used in this section.
4.4 Wigner function and quadratic actions

As usual, when dealing with gauge theories, matter fields consist of sections of vector bundles

associated with a representation of the gauge algebra (meaning here, the algebra in which gauge

8Note that we reuse the symbols &, w, and F from Segal’s formulation; here, however, they denote the lifts

of the base-space (spacetime) symbols, whereas in Segal’s approach they are defined directly on the base.
9Any such star function can be expanded as a formal power series in 7, of the form

FH@) =YY" f®(a) pola).
n=0 k=2

where f(k) denotes the kth derivative of f and p, x(a) are monomials of k in the first 4n derivatives of a with

respect to the variables of the Weyl algebra.
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fields take values). Accordingly, we add the scalar field ¢ to the previous system in the guise

of its lift as a covariantly constant section of the Fock bundle,
d® + 1 p(A)P =0, (4.4.1)
which transforms in the corresponding representation,
Oew® = —p(3 £+ w)®, (4.4.2)

thereby preserving the covariant constancy condition. Now all we need is an action functional
implementing the coupling of ¢ to the higher spin background in a gauge-invariant manner.
Around flat space, Segal’s approach consisted in considering a quadratic action for a complex

scalar field ¢ in flat spacetime,
st = [ | aPr ¢ (@) (o)), (143

for some differential operator H which encodes the coupling of ¢ to a background of gauge
fields, the latter being related to the ‘coefficients’ of this operator. For instance, in the case of
the conformally-coupled scalar, H would be the conformal Laplacian whose expression depends
on a metric g (via its inverse contracting two covariant derivatives, and via the Ricci scalar
term), and which implements the coupling of ¢ to conformal gravity. The above action can

formally be written as
Slo] = (ol H |9) (4.4.4)

so that it becomes relatively simple to see that it is invariant under the following infinitesimal

transformations

Sclp) =—2l¢), O.H=e'oH+HoE, (4.4.5)

where ¢ is another, arbitrary, differential operator. Assuming that the space of operators we

are working with possesses a trace, we can further re-write the action as
Sl = Te(H ol6)(a]) (4.4.6)

that is the trace of the operator H composed with the projector |p)(¢|. In this form, the action

can be more easily translated in terms of symbols, leading to
Slg] = / dPpdPz (H W) (z,p) (4.4.7)
T*RD

where H(x,p) and Wy (z,p) are the symbols of the kinetic operator H and the projector |¢){¢|,
also known as the Wigner function, respectively. The integration over the cotangent bundle
T*RP defines a trace over the space of symbols, at least those which are compactly supported

or vanish at infinity sufficiently fast. Indeed, in this case one finds

() = |

T*RD

Asd% (frg)wp) = [ aP0d% o) gle.p) = Telg =), (449

T*RD
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for any symbols f and g, since all higher order terms in the star product are total derivatives
on T*RP, and hence can be ignored for the aforementioned suitable class of symbols. The

transformation rule, in terms of symbols, becomes
S.H=e'xH+Hxe, and 6Wy=—exWy—Wyxel, (4.4.9)
under which the action transform as
0.5[¢] = — Tr ([H W, ,e'],) =0, (4.4.10)

i.e. the action is left invariant as a consequence of the cyclicity of the trace.

We have seen in the previous section how to define a star-product and construct the asso-
ciated invariant trace via the FF'S cocycle for any, possibly curved, manifold X so that we only
need to find a suitable generalization of the Wigner function to curved settings. One can think

of the Wigner function as a bilinear map
W3SD®{§D—>A2D7 (4411)

taking two elements of the Fock representation and constructing an element of the Weyl algebra
out of them. For our purpose, what matters is that it possesses the following couple of properties

(whose proofs are recalled in Appendix A).

(7) First, it intertwines the left and right multiplication in the Weyl algebra with the Fock

action
FxW[® U] = W[p(F)®, V], W[, U]« FT = W[, p(F)¥], (4.4.12)
for any element F(y,p) € Ayp and any pair of Fock space states ®(y), ¥(y) € §n.

(73) Second, integrating it over momenta yields

/RD "D o2 W10, W] = b0 O(y) W (y) (4.4.13)

8pa1 ---31?%

for any Fock space elements ®, U € §, which are seen as embedded in the Weyl algebra
on the right hand side.

A first naive guess for a curved version W, of the Wigner function associated with a scalar
field ¢ € C>(X) is to simply apply the above bilinear map to two copies of its lift as covariantly

constant sections of the Fock bundle, i.e.
Wy(x;y,p) := W[d, @] = /dDu en P O(zyy+ 2u) N (z;y — ). (4.4.14)

First of all, let us note that this is a covariantly constant section of the Weyl bundle. Indeed,
upon writing it as Wy = W[®, ®] in order to highlight the fact that it is bilinear in the

covariantly constant section of the Fock bundle ®, one finds that it verifies

LIA W) = tAx WD, @] + W[, @] x (+ A)f = Wp(3 A)®, ®] + W@, p(3 A)D], (4.4.15)

— h
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where we used the properties in (7). We can then use the covariant constancy of ®, to show
that
AW, + 3 [A W] =0, (4.4.16)

i.e. our curved version of the Wigner function W is a covariantly constant section of the Weyl

bundle. Moreover, property (i) also ensure that W, transforms as
Oe.Ws = 3 We, €l — {Ws, 0} . (4.4.17)
which implies that its star-product with the covariantly constant lift F' behaves as
Og(F % Wy) = [F Wy, 1 € —wl., (4.4.18)
under the gauge transformations of the system. As a consequence, the functional®”
Slp]l = Tra(F «W,), (4.4.19)

is well-defined, being the trace of the star-product of two covariantly constant sections of the
Weyl bundle, as well as gauge invariant under all transformations listed above, thanks to the
cyclicity of the FFS trace, which holds up to boundary terms. Let us remark that, contrary
to the action for CHS gravity, which is expressed as the FFS trace of a symbol that dies off
at infinity both in spacetime and in the fiber/momenta directions [78], this is not necessarily
the case here: the p-dependency of the integrand may not allow us to discard boundary terms
for arbitrary gauge parameters. In other words, we expect that the gauge parameters £ and
w should be restricted so as to ensure that the boundary terms appearing when checking
the cyclicity/gauge invariance of the FFS trace (see [78, App. C]) can actually be neglected.
Modulo this subtlety, eq. (4.4.19) gives a manifestly covariant and higher spin invariant form
of a coupling between the scalar field and a background of conformal higher spin fields, which is
one of the main results of this chapter. On the other hand, irrespectively of the action principle,
the equations of motion p(F )<I>|y:0 = 0 are well-defined and, in particular, gauge invariant. As

it turns out, in the case where A is linear in p, this expression simplifies to

st = [aalel [ WiR®.), = [ allo'@ (Foe). @420

Ty
as a consequence of the properties (i) and (ii) of the Wigner function, and the fact that the
trace takes the form (4.3.30).

4.5 Conformally-coupled scalar and higher spins

Let us give two examples to show how the formalism and the action (4.4.19) can reproduce
what it has to, e.g. the coupling to low-spin background fields and to higher spin background.
The latter problem was studied in d = 4 for a coupling to a spin-three field in [83].

10Note that the dependence on conformal higher spin fields in the action (4.4.19) is a little subtle to read-off:
as explained in [78], they can be moved around between A and F' via gauge transformations, which can therefore

encode field redefinitions.
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4.5.1 Conformally Invariant Laplacian

As an illustration, let us show how we can recover the conformally-coupled scalar. This boils
down to identifying the symbol of the conformal Laplacian,

V- P2 R (4.5.1)

T 4(D-1)

which we can do in a couple of ways: either by working out its quantization, or by imposing
that it transforms correctly under the above gauge transformations.

Let us start with the former. Considering that the quantization map yields p, = —hAV,, we
should consider the Ansatz f = p? + a R for the symbol of the conformal Laplacian, where o
is a numerical coefficient to be fixed. It is then enough to compute the lift of this symbol, up

to order 2 in y,
F=7+aR)=p>+ Ly R pepa+ a (R+y* VoR+ Ly"’ V,VyR) + ...  (4.5.2)
as well as that of the scalar field ¢ at order 2 in y given previously in (4.3.44), and use
p(0°)|y=0 = h* 83, Py Y Pepa)ly—o = & 616 (4.5.3)
to find that the quantization of the Ansatz f reads
fo =10 (V> +[% - 1R)oe, (4.5.4)

which implies ,

a:h = f:pQ—i-%R, (4.5.5)
upon imposing that it reproduces the conformal Laplacian. Note that this computation also
shows that, perhaps contrary to one’s intuition, the symbol of the ordinary Laplacian is not p?,
but should instead be corrected by a curvature dependent term % R.

Let us now turn our attention to the symmetries of our action, focusing on Weyl symmetry.
Having constructed the 1-form connection A from a torsionless and metric connection, its
coefficients when expanded order by order in y are tensors built out of the vielbein and its

derivatives only, and hence have a definite behavior under Weyl transformations*!
SVVle® = e (4.5.6)

These Weyl transformations can be realized as gauge symmetries of A, by suitably choosing
the gauge parameters Eweyl, Wweyt € ['(Wy). In other words, we can embed the geometric
transformations that are Weyl rescalings, as gauge transformations of the system of fields A, F’
and ® (which are affected by both types of parameters, £ and w). To explicitly find the gauge

parameter wey1, one needs to solve the condition

dgVVeyl + % [A, gWeyl]* ; 5;‘147 (457)

UFor instance, recall that the spin-connection transforms as §¥lw®b = 2 el* Vo under Weyl rescaling.
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for &weyr in terms of o. This can be done as before, namely order by order in y, using the
contracting h. More precisely, for wey = Zk21 §ky With ) of order £ in y and linear in p,

one finds the recursion

k
S = h(VEw + 1 DA, prrople — & Aw) (4.5.8)

=2

which yields
Sweyt = =0y p— Voo Yy -p—329y*p") — iV Veo (' y-p— 22y ") +...,  (4.5.9)

where as usual, the dots denote higher order terms in y. Now we can focus on the symbol
of our differential operator, that we assume to be of the form p? + o R for some coefficient o
to be fixed by requiring that, here again, Weyl transformation can be implemented as gauge

symmetries. In other words, we want to impose

0 = Y (p® +aR), (4.5.10)

(% [F, Ewey]« + { F, wWeyl}*)

Y=

with F' = 7(p*> + a R) its covariantly constant lift, and where the gauge parameter wyey is

assumed to be proportional to the lift of the Weyl parameter o, i.e.

Wweyl = f7(0) = Z Sy Y™ Ve, . V0, (4.5.11)

k>0
with 8 a coefficient to be determined as well. Note that at this point, the choice of wyyey is
merely an educated guess: it should be covariantly constant, and related to the Weyl parameter
o, hence this is the simplest option—which turns out to be the correct one as we shall see. Using

the previous formulae, one finds on the one hand,
<6§WethWeylF> |y =20 (B+1)p* + & 300 +20 a8 R, (4.5.12)
while on the other hand
YN p*+aR)=—2a(c R+ (D—1)00), (4.5.13)

which implies

B=-1, and a:%, (4.5.14)

thereby fixing the symbol of the conformal Laplacian in accordance with the previous discussion.
As a final consistency check, one can compute the gauge transformation of the lift of the
scalar ¢ generated by the parameter &wey and wyey identified previously, and recover

5§Wey17wWeyl

o _,=-5209, (4.5.15)

as expected for a conformally-coupled scalar field.
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4.5.2 Higher Spin Background

Let us recall that A is kept purely gravitational and background conformal higher spin fields

are placed into I as an uplift of!?

=P+ g5 R+ D> ™" (2) pay - - - Pa, - (4.5.16)

s>2

It is instructive to work out the gauge transformations of this symbol generated by the gauge

parameters
5 = €Wey1 - T(Z €a1..-as_1(x) Pa,y - - ‘pas—1> ’ (4517)
s>2
w=wwey + 7( 300 ) by P ) (4.5.18)
5>2

that is, we simply append to the gauge parameters identified previously the covariantly constant
uplift of arbitrary monomials in p. Indeed, in this manner the gauge variation of A is unaffected
by this new term,

0eA = g A, (4.5.19)

and thus boils down to a Weyl transformation of the gravitational sector. It does, however,
affect the gauge transformation of f. Computing ¢, F|,—o and extracting the piece of order
s > 2 in p, one finds

Seghti0e = 2 V(@1 g020s) 4 9 (0102 50805) 4 (g 9) g 10 4 (4.5.20)

where the dots denote curvature corrections. The first two terms correspond to the ‘naive’ co-
variantization of the linearized gauge transformations initially proposed by Fradkin and Tseytlin
for conformal higher spin fields, i.e. the flat space ones wherein partial derivatives are replaced
by covariant derivatives. The third term tells us that the Weyl weight of a conformal higher
spin field with spin s is s — 2, which is also in accordance with expectations [74].12 This can be
seen as another sign of relevance for this framework in the problem of formulating CHS gravity

in a manifestly covariant manner.

Higher spin currents. As a final application, we can derive the higher spin currents for an
arbitrary curved spacetime. To do so, let us split the previous symbol (4.5.16) into that of the

conformal Laplacian and the conformal higher spin fields,

f=P+ 1 R+ hslep),  fas(e,p) =Y b pa, .. pa, (4.5.21)

s>2

12Tf one wants to consider all integer spins, a spin-one has to be included, which is naively missing above.
Alternatively, it is possible to truncate the system to even spins only.
13Note that the Weyl weight of a metric-like field ¢,,, . is 2s—2, e.g. it is 2 for metric g,,,,.. Its fiber version,

to which h®t~% should be compared to, is obtained by contracting it with s inverse vielbeins e¥, giving Weyl
weight of s — 2.



116 CHAPTER 4. CONFORMAL HIGHER SPIN AND MATTER COUPLING

according to which the action obtained from f is the sum of the conformally-coupled scalar and

a Noether coupling part,

SNoether[ha ¢] =1 TIA(Fhs * W(b) / d -T| |¢ [ (Fhs)q)} |y:0, (4522)

corresponding to the contribution of the higher spin currents coupled to higher spin sources/
background fields h*®. In other words, we can identify the higher spin current by putting

the above functional in the form

SNoether[h7¢] /dD | | Zhdl e Ja1 as(¢)7 (4523)

s>2

where the spin s current J,, ,. here is by definition bilinear in the scalar field ¢.

This computation involves the action of the quantization map on the lift of f,,, which is
of arbitrary order in p. As a consequence, the relevant terms to compute in this lift, meaning
those that will contribute to the final result after applying the quantization of Fj, to & and
setting y = 0, are those that are y-independent or contain ezxactly the same number of y’s and

p’s. Indeed, the quantization map applied to a monomial of order [ in y and m in p reads

min(l,m)
p(y‘“ Ly Dby - - -pbm — m Z & (m k)' o ! k)ly( Lyt k(saélﬂ k '52)—83/’2“ - —8?;?7”) ,
k=0
(4.5.24)

so that when setting y = 0, only monomials with [ < m, i.e. less y’s than p’s, remain. This
would be difficult to compute for arbitrary spin s > 2, so we will focus on the curvature
independent part of the current. The relevant part of the lift of fj, is therefore given by its

‘covariant Taylor series’,

Var -V fos+ -, (4.5.25)

??"H

e

where the dots denote curvature corrections. Applying the quantization map on this (partial)

lift, and evaluating the result at y = 0, one ends up with

s

p(Fhs)|y:O = Z(—h)s Z %ﬁlk)' Val C vakh(n...ak Gkt1--Bs ByaLkH c.. ayaas “+.... (4526)

s>2 k=0

Under the same restrictions, the lift of the scalar field reads

@:Z%ym,.yakval...Vak¢+..., (4.5.27)
k>0
so that
p(Fhs)(I)’yzo = Z(—h)s Q%k!(ssik)! Val o Vakhm...ak ak+1"'aSVak+1 . va5¢ + ..., (4528)
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again keeping only curvature independent terms. Upon integration by parts, one finds

S

Joror = (=5 Y S Vi - Va6 Ve, - Vo o+ (4.5.29)
k=0

as one may have expected. This is the covariantized version of the well-known ‘dipole’ generat-
ing function ¢*(z — y)¢(x + y) that yields conserved quasi-primary (higher spin) currents with
an admixture of descendants in the flat space. The curvature corrections can systematically be
worked out, see [83] for the spin-three example in the bottom-up approach. However, it is clear
that the higher the spin the more non-linearities in the Riemann tensor R and its derivatives
will enter. Therefore, eq. (4.4.19) seems to be the most compact way of writing the coupling

of the free scalar field to a higher spin background.

First order correction in curvature. If we focus on the spin-3 case, then we only need to
compute the lift of f._3 = h® p,pyp. to order 3. Pushing the computation of the lift of any
symbol f(z,p) presented in (4.3.23) to the next order, thanks to the recursion (4.3.22), yields

r(f) = (14 9"Vt 29" [V + & Rado pe 2] (4.5.30)
+ 3 yaybyc [vavac + % vafgdbec De 8;211 + Rdaeb Pe 3;2(1 vc] (4531)

3

n? ., a d _9? o
+ 12Y [Rab c mv VbRac d Pe m} + .. ) f, (4532)

and applying it to fs—3, one finds that Fs_3 = 7(fs—3) is given by

Fs:3 — <habc + yz Vihabc + %ylyj [vivjhabc + Rdiajhbccq (4533)
+ 3 Y'Yt [ViVVeh™e + 3V, Ry B + 3 Ry Vih™] + ... ) PaPbPe

(4.5.34)

+ 2y [Raye Vah®™® — LV, Ri® g W po + .. | (4.5.35)

where the dots denote terms of order 4 or higher, and its quantization evaluated at y = 0 reads

aoc aoc 2 aoc aoc
— 7 p(Fas)lymo = W™ 5t + 8V h™° 0 + 4 [3VL VA — Ry h™] 2= (4.5.36)
+ 1 [VaVpVeh™ — Vo Ry B — Ry Voh™] . (4.5.37)

Similarly, we can use (4.3.42) to compute the lift of the scalar field ¢ to order 3,

®=¢+y' Vo + 2y s (VaV — L Ra) 0 + 2 y*4"y (VaViVe — 1 VoRy — S Ry Vo) 04 ...,
(4.5.38)

so that one finds

— 5 p(Fyes)®|ym0 = h™ (VoVyVe — 2V Ry — 3 Ry, V) ¢ + 2V A (Vo Vy — 2 Ryp) &
(4.5.39)

+ 3V Vb Ve + § Vo ViV h™ ¢
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which leads to the following expression
Juse =~ (VaViVayd & —3VaVib Voo +3 Vb ViVad' — 0V ViVad®  (45.40)

— 3R Veypo* + 3R(ab¢vc>¢*) ;
(4.5.41)

for the spin-3 current. More generally, the currents up to first order in the curvature tensor

(and its derivatives) are obtained from the generating function

J(z|u) = e~ 3 wlVi=Vl (1—% sinhc(2 u-V3) Ry (23) u“ub+(9(R2)> b(x1) qﬁ*(:cg)‘xi:x, (4.5.42)
where -
J(x|u) := Z (2:,2'3 Jayas (@) u™ o ou® sinhc(z) := sinh(2) : (4.5.43)
' z

5>0
and V; denotes the covariant derivative with respect to z; (see Appendix D for the derivation
of this formula). Let us remark here that, in order to make contact with, say the computation
of [83] for the spin-three current or even the standard computation of the energy-momentum
tensor, one should find the correct field redefinition bringing the components of monomials in
p into the appropriate field frame (combination of conformal higher spin fields and derivatives

thereof), see e.g. [76, App. F| and [77] for an instance of the same issue around a flat background.

4.6 Discussion and Summary

The work presented in this chapter is a natural continuation of the quest to covariantize the
construction of conformal higher spin gravities started in [78]. Now, both the action for con-
formal higher spin gravity Scps[hs] and the coupling of the scalar matter to the higher spin
background, (P H [¢s] |®), can be written in a covariant way. The result completes the study
initiated in [83], where the mixing between covariant spin-three and spin-one currents that
couple to background fields have been discussed in D = 4. In addition, one can consider the
matter coupled conformal higher spin gravity, see [253] for some amplitudes in this theory over
flat background. Note, however, that while the scalar matter can be coupled to a higher spin
background for any n the conformal anomaly recipe gives Scps|hs| only for n even.

The results open up the possibility of considering more general matter fields in the relevant
higher spin background, such as the higher-derivative scalar fields (also known as higher order
singletons [65]), or spinor (and its higher-derivative counterpart), see [205]. The latter would in
principle require the use of the supersymmetry version of the FF'S cocycle, i.e. the representative
of the cohomology class of the Clifford—Weyl algebra dual to the unique Hochschild homology
class of the same algebra [254].

Another possible application of the results is to conformally-invariant differential operators.
Conformal geometry (in the sense of gauge symmetries realized by diffeomorphisms and Weyl
transformations) is a part of the higher spin system. As we showed, one can derive the con-

formal Laplacian as a particular instance of the scalar field coupled to the conformal gravity
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background. Generalizations such as Paneitz [255] or Fradkin-Tseytlin [256] operators and
GJMS operators [257] can also be recovered by considering F' = (p?)* + ... that would lead to
operators of type (V2)¥ 4+ ..., i.e. starting with the kth power of the Laplacian, and corrected
by curvature terms.

It would also be interesting to apply the deformation quantization techniques to the self-
dual conformal higher spin gravity [90,258] that is natural to formulate on twistor space. Here,
the underlying space CP? is already symplectic. The twistor description of low-spin fields,
s = 1,2, requires usual (holomorphic) connections and vector-valued one-forms, which can be
understood as differential operators of zeroth and first order. An extension to higher spin calls
for differential operators of arbitrary order, i.e. to the quantization of the cotangent bundle
again (see also [259] for additional discussions of the quantization of the cotangent in relation
with the definition of higher spin diffeomorphisms).

Let us also note that the results and techniques of this chapter bridges a gap in the phase
space approach to quantum mechanics. Indeed, one can attempt to extend the Fedosov con-
struction to accommodate all the usual ingredients required in quantum mechanics. The trace
is, obviously, given by the Feigin—Felder—Shoikhet cocycle; wave functions can be understood
as covariantly constant elements in the Fock representation obtained via the quantization map.
Wigner function takes exactly the same form as in the flat space, but in the fiber. The basic
ingredients above do not rely on the phase space being a cotangent bundle and should extend to
arbitrary symplectic manifolds (a polarization is needed to define the Fock space). This seems
to depart from the usual approach of symbol calculus on curved background, e.g. [260-266] and
references therein.

Finally, it would be interesting to construct the 3d matter-coupled conformal higher spin
gravity, where the ‘dynamics’ of conformal higher spin fields is given by the Chern—Simons
action (as there is no conformal anomaly in 3d). Such a theory, namely the one based on
fermionic matter, can be seen to exist with the help of the argument based on the parity
anomaly [267] (see e.g. [268-270] for original papers on the derivation of Chern-Simons theory
from the parity anomaly and [271] for the spin-three case). An alternative idea along the

AdS/CFT correspondence lines was recently explored in [272,273].
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A A Brief Review of Weyl Calculus

Let us give a brief summary of the definition and construction of the Wigner function in flat
space (following e.g. the textbook [274], or the papers [76,77,275,276]).

Quantization map in flat space. The deformation quantization of R?” = T*RP” amounts
to defining an isomorphism

C=(T*RP) —~ D(RP), (A1)

where D(RP) stands for the space of differential operators on R”. This map is referred to as a
‘quantization map’ since, as we will recall shortly, it allows one to define a star-product on the
algebra of functions T*RP, and hence a quantization thereof. To do so, we can take advantage

of the Fourier transform in flat space, that we denote by

FRwo) = [ GEE fap)e iy, (A2)

for a symbol f(x,p). Given a choice of quantization for the phase space coordinates z* — &#

and p, — p,, where hatted symbols denote the corresponding operator, we want to associate
Schematically, we want to write something like “f(2, ) ~ f(z,p)(x — &) d(p — p)”, where

f(z, p) is the symbol of the operator f This sketchy formula can be given a precise sense, using

the Fourier representation of the Dirac distribution, leading to

f@.p) = / edre (FF)(u,v) ef watvr), (A.3)

and which is called the Weyl ordering of operators. Note that the exponential operator can be

re-written as
exp (% (u-z+wv- p)) = €27 %V exp (% u - :%) exp (% v -]5) , (A.4)
since we assume [2#,p,] = thd*. Choosing the usual coordinate representation,

=gt p,=—ihd,, (A.5)

the action of this operator on a wave function ¢(z) is given by

(Fola) = [ S5uioe (Fruw,0) e eh v ola+ 0 (A6)
— [ o e f(a' e brr ek v D ol 1 o) (A7)
— [y f(”;”,p)e%p'(””‘”)sow), (A8)

where the first equation is obtained using (A.4) and the action of the translation operator,
the second line is merely the definition of the Fourier transform, and the last one is the result

of integrating over u, which gives a Dirac distribution, and then evaluating it by integrating
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over z’. Upon Taylor expanding f and integrating by part, one can put this formula into an

operatorial form

(Fo) (@) = f(a.p) exp (—in - [L 2+ Z]) (o), (A.9)

The Moyal-Weyl star-product can be recovered from the composition of the two operators
associated with two symbols via the above symbol, or quantization, map. More precisely, it

can be defined as the symbol of the composition of the quantization of two symbols, i.e.

fo?]:f*g. (A.10)

To do so, let us start by recalling that the action of a symbol f given above exhibits the kernel

of that associated operator, namely

(fo)(z) = /RD d”q Ky(z,q) ¢(q), with K¢(x,q) := /RD %f(%ﬂ’p) eh P@—a)
(A.11)

The symbol of the operator fcan be extract back from its kernel, via its inverse transform
f(:r,p)z/ dPqKp(z + Lq,0— S q) e ir, (A.12)
RD

and therefore, using this together with the fact that the integral kernel of the composition of

two operators is given by

Kfog(w,2") = /RD dPq K (x,q) K3 (q,2"). (A.13)

one ends up with

(f*g)(z,p) = W /dDUl APy dPwy APy e (rwz—vzw) flx+v,p+w) g(z+ve, p+ws).
(A.14)
Upon Taylor expanding the two functions f and g around (z,p), and integrating by part, one

(f % 9)(w.p) = flep) exp (L[ 22— 2 Z]) gla,p). (A15)

Note that the Moyal-Weyl star-product is Hermitian, meaning that it satisfies

(f*xg)" =g xf", (A.16)

where (—)* denotes the complex conjugation, i.e. the latter is an anti-involution of the Weyl
algebra.

One can think of the quantization map as providing a representation of the Weyl algebra:
identifying the latter as the subalgebra of polynomial functions on T*RP wave functions which
are nothing but functions on R”, the base of the cotangent bundle T*R”, are acted upon by
the former via the quantization map. This subspace can be thought of as a Fock space, which

carries a representation of the Weyl algebra as can be seen from the defining relation (A.10).
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The integration over the cotangent bundle T*R” defines a trace over the space of symbols,
at least those which are compactly supported or vanish at infinity sufficiently fast. Indeed, in

this case one finds

Ti(f +g) = |

T*RDP

472 dp (f % g)(x.p) = / 4z dPp f(x.p) glz,p) = Te(g = f), (A.17)

T*RD

for any symbols f and g, since all higher order terms in the star product are total derivatives

on T*RP and hence can be ignored for the aforementioned suitable class of symbols.

Wigner function in flat space. Having worked out how to translate the action and the
composition of differential operators in terms of their symbol, as well as their trace, we can
now turn our attention to the computation of matrix elements for these operators, expressing

the transition probability from one state to another. Since the latter can be expressed as

Wl |6) = Tr(H o |o)(wl) (A.18)

we have everything we need to derive such quantities using symbols, provided that we know
that of the projector |¢)(¢)|. In light of the relation between the symbol of an operator and
its integral kernel, we may first focus on that of the projector. This integral kernel is easily

computed,
(10) () ) (x) = é(x) /RD g (@) ple) = Kigwile,) = o(2)v7(q), (A19)
which leads to

Wio,vl(e.p) = |

dPq px + D) *(x — T) e 7P, (A.20)
RD

for its symbol. It obey the following useful properties

ExWlp W] = WED, W],  Wp, o]« =Wlp, €], (A.21)

in accordance with the fact that it is the symbol of the projector |¢) (|, and
[ 4 Wio. v, p) = o(a) 0" ). (A.22)
RD

Now we can replace the right hand side of (A.18) with its symbol counterpart, leading to

Te(H « W6, ) = T (W(Ho,0]) = [

T*RD

A d?p WiHo. ) = [ aPev(o) (Ho)a).
RD (A.23)

upon using the previously listed properties of W, 1], thereby reproducing the expected result

for the quantity (1| H |¢) from a quantum mechanical point of view. The Wigner function W,

associated with a wave function ¢ is the symbol of the projector |¢)(¢], i.e.

Wl p) = W6, ]z, p) = /

[ g o+ ) ola ), (A21)
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whose integral over p is nothing but the probability density defined by ¢.

To conclude this appendix, let us prove the identity (A.22) and a small variation on it (the
intertwining property (A.21) can be proved by direct computation using the integral formulae
for the star-product and the quantization map), by expressing the Wigner function in terms of
star-product. To achieve this, recall that the star-product of a phase factor eh TP , where ¢ is a

fixed parameter, with any symbol f(z,p) yields
ehx fla,p) =€ Tf(e+Ep),  flap) ket = b f(z —1p), (A.25)
i.e. it implements translations in = up to a phase.'* Integrating these formulae over ¢ yields
(Fed)an) = [ Pae i fertn). G Nep) = [ et a4,
(A.26)

where 9, is the Dirac distribution in the space of momenta p,. With these simple identities at

hand, one finds

GxOp*xYP" = /RD dPq () * [e‘lﬁq'p@b*(x — %q)] (A.27)
= [ @alo@) =t~ 4o (A.28)
= [, Paota+ Hva—Heirr= Wi, (429

where to pass from the first to the second line, one should notice that since ¢ only depends
on x, its star-product with any other Weyl algebra element will produce only derivatives with
respect to p on the latter.

Now this expression makes it relatively easy to evaluate the integral over momenta of the
Wigner function and its derivatives with respect to p. Indeed, since the only term of this
star-product that depends on momenta is the Dirac distribution, the result is of the form

Gx by x "~ Y i x OEH(p) x DLy, (A.30)

k,1>0

so that the integral over p schematically reads

[ Wi~ Y [P s x @0 oke). (A31)

k,1>0
which identically vanishes for k + [ > 0 since both ¢ and ¥ do not depend on p, and yields
(A.22) for k = 0 = . On top of that, since taking partial derivative with respect to x or p
commutes with the star-product, the derivatives of the Wigner function with respect to p are
of the form 8§W[¢, O] ~ ¢ 85(5]0 * 1%, and hence the same argument shows that the integral

over the momenta identically vanishes,

/ i dPp ap—affap% Wi, 4] =0,  Vk>0. (A.32)
R

14To be more precise, the action of translation on elements depending on z only is generated by

R % pa) ke HIT = gz +q),

which can be recovered from the formulae (A.25).
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B More on Weyl Transformations

In this appendix, we provide more details concerning the computation of the gauge variation

of the symbol p? + o R. For convenience, let us introduce the tensor
Pade = 6(0(155) - %WAB nCdv (Bl)

with which the gauge parameter ey, identified in (4.5.9) as the one generating Weyl trans-

formations for the components of the 1-form connection A, is given by
Eweyl = —0Y - D — Poc" Y’ ypa Vo — 1y Pedy Yy pe Vo Vo + ..., (B.2)

plus terms of order 3 and higher in y, but all linear in p. In order to compute the gauge

transformation of F' = T(p2 + o R) generated by Eweyl, and wyey given by
wWeylzﬁT(a):6(1+yava+%vavb+...)a, (B.3)

one needs to compute the star-product between elements of the Weyl algebra which are at most
quadratic in p. For our purpose, it will be enough to compute neglecting terms with less, or as

many, y’s than p’s. We therefore only need the lift of p? and R up to order 2 in y,
7(p%) = p* + 5 YY" Ra" pepa + - T(R)= R+y" Vo R+ 3y"y’ V,V,R+ ..., (B4)
which yields

L[P?, Eweyt], = 209" + A Po" Y ppa Vao + 24y Peg™® 9" pa Vi Vo (B.5)
+ ‘51 YO Py pip, ViVeo + ... (B.6)

=2p° (0 +y* Vo + éy“y”vavba) +2(y-py" — 1y p )PP Voo + ...,
(B.7)

while the commutator of &we,1 with other terms in the lift of p* or R do not contribute terms

with less y’s than p’s, and

{7(p?), wwey }, = (2 P” + 3 Ry pepa] + 5 [0 + 3 R y*y") 5955 wwen + - .. (B.8)

:2/8]?2 (O"i_yavaa"i‘%yaybvavu)—)—f—?O'Racb y Yy pcpd+/8§|:]0'+

(B.9)

{7(R), wwen}, =27(R) wwey =280 R+ . .. (B.10)

where again the dots denote terms of order 3 or higher in y. Putting everything together, we
end up with

Otwestwwen I = 20 [(5 +1)p* + af R} + % Oo 4+ 2(8 + 1) p*y* Vo (B.11)

+ ¥y’ pepa ([ﬁ + %] N8y + %nxc 5dop — g NAB nxcn'd) VyVer + ...
(B.12)
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whose value at y = 0, which we gave earlier in (4.5.15), can be compared to the Weyl variation

of p? + a R and imposing that the two agree implies
o= f=-1. (B.13)

A(D-1)
From now on, we will fix these values, and will denote the gauge transformations generated by

Eweyr and wyyey1 With the same symbol as for a Weyl transformation generated by o,

L= ot (B.14)

5§Wey1 Wey

since the two agree with the aforementioned values of a and . As a final cross-check, let us

compute the Weyl transformation of the equation of motion
fo=(O- 2 R)o, (B.15)
which, in our formalism, is obtained by evaluating
05 (p(F) @) = p(85 ' F) @ + p(F) 6, @, (B.16)

at y = 0, where recall that ® = 7(¢) is the lift of ¢ as a flat section of the Fock bundle, whose
first order in y are given in (4.3.44). To compute the first term, we only need to use the simple

quantization formula (4.5.3), to find
p(OF V' F) @, = h* 222 (0o + 55 Ro) ¢. (B.17)

D—-1

To compute the second term, we should also use

p(F)|y=0 = K’ Uab aygayb - % B:? R, (B.18)

as well as

—PH eV, Vo +1y*Oo+..., (B.19)

%p(£Weyl) = —(U+ya Vao') (yr%_}_%)—'_%yz Va -

and
p(wWeyl) (1 +y “Vao+ 5 [V Vy — Rab} + ... )O’ . (BQO)
Acting with the last two operators on the lift of ¢, one finds
0570 = —p(f Eweyt + Wwey) @ (B.21)
= L2200 - 5y'Vio9) - DZQy“y”a(V Vi—L1R)¢ (B.22)
Dy VoV — 22y ¢V Vo + 3y° (Vo - Vo + :¢0o) +...,  (B.23)
which leads to
p(F) 63 ®|,g = —h* 220 0¢ — h* L4 ¢ Oo + 1 2E554 " 0 Ro. (B.24)

Collecting the two terms (B.17) and (B.24), we finally obtain the action of a Weyl transforma-

tion on the equation of motion,
o (fo) = 220 (O - 545 R) 6, (B.25)

as expected: we recover the fact that the conformal Laplacian sends functions of Weyl weight

D=2 {6 functions of Weyl weight —%.
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C Feigin—Felder—Shoikhet Invariant Trace

The Hochschild cohomology of the Weyl algebra Ay, with values in its linear dual A} is
known to be concentrated in degree 2n and to be one-dimensional [277]. A representative for
this cohomology class, that we will denote by ® hereafter, was given explicitly by Feigin, Felder
and Shoikhet [246], and reads as follows:

O(aglay, . .., a,) :/ exp [h Z (A +u—u )mj} det}ap,,ay

u€lay 0<i<j<2n

(C.1)

=1,..,2n
X ao(yo,po) a1<ybp1) cee a2n(y2n>p2n)|yk=0 )
where A,, is the standard 2n-simplex which can be defined as
Ay, = {(ul,...,u%) ERY™ |ug=0<u; <up < -+ < gy < 1}, (C.2)

and

S C.3
" oyt ol Owl, Oy ¥

and the determinant is taken over the 2n x 2n matrix whose entries are the operators 88[ and

a_a where the index I runs over 1 to 2n, so that the argument ay remains unaffected by this

determlnant operator.
In practice, we need only the Chevalley—Eilenberg cocycle obtained from ® by skew-symmetrisation

of its arguments,'® which we will denote by,
[@)(aolas, ..., az) = Y (=1)7 (aolac,, -, ao,,) (C.4)
O'ESQn

where (—1)? denotes the signature of the permutation . The n-cochain defined by

wlaglay, ... ay) = # €vy.n, [ @] (aoly™, ..y an, .. an), (C.5)

is almost a Chevalley—Eilenberg cocycle, in the sense that it satisfies

n

Z(_l)l ﬂ([a—ly ai]*|a07 B aan>+ Z (_I)H_J M(a—1|[ai7 aj]*? ag, - - - 7an) = a;za ¢a(a—1|a07 B 7an) )
=0 0<i<j<n
(C.6)

where

wala_1]ag,...,a,) = ﬁ €aby by [ @ (a_1|y™, ...yt Cy ), (C.7)

i.e. it verifies the cocycle condition modulo a total derivative in p. As a first step towards

simplifying the expression of p, let us note that

0 0 0 0
= E —1)7 ¢uan C.8
( ) € ayg} ay b1 bn apo'n+1 8pgjn ( )

det ’ By

77 8pa
O'ESn‘n

15Recall that the skew-symmetrisation map is a morphism of complexes between the Hochschild complex of

an associative algebra, and the Chevalley—Eilenberg of its commutator Lie algebra.
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where S,),, denotes the set of permutations of 2n elements which preserve the order of the first

n and the last n elements separately, i.e. 0y < 09 < -+ < 0, and 0,41 < Opao < -+ < Oy, and

Leaan Y (D)7 YR Yo 01 (Yousrs Ponis) -+ On (Yo Do) (C.9)
0’63271
= €ay..an Z (=1)%y5 - yor Z (=1)7 ar, (Yons1 Ponis) - - - O (Yorzns Posn)
O'ESTL‘” T7€SH

so that, put together, these two formulae yield

det |aya7 apl ‘ (% €ay...an Z (=1)7 ygi . ‘ygzal(y0n+17p0'n+1) - -an(yaznapazn)> (C.10)

0'68211

da da
= ! E E 20 () ) Z0n (). .
(271) Eal -an ap (yll7pll) ct apan (yzrmpm) Y (Cll)

{i1<-<in} 0ESH

c{1,...,.2n}
where the first sum is taken over all ordered subsets of n integers in the set {1,...,2n}. We
are now in position of writing down the cochain p: for any ag,aq,...,a, € As,, it is given

explicitly by

wlaglay, ... an) = (2n)! Z(—l)“/ D(u; a0, Agys - - - » Gy ) y—0 5 (C.12)

cES, u€EAay,
where
@(U7_> = Z exXp |:h Z +Uf Uf(])) 7Tz‘ji| €a1...an (1®%®®ap‘zn) , (013)
FeA([n],[2n]) 0<i<j<n
and

A(KL D) ={f {12, k} —{1,2,.... 1} | fG) < f(j), 1 <i<j<k} (C.14)

denotes the set of order-preserving maps from the set [k] of the first &k integers, to the set [[] of

the first [ integers. Note that by convention, we put f(0) =0 and uy = 0.

Trace on the deformed algebra of functions. Suppose that aq,...,a, are linear in p, and

write g—; = a’(y) for their derivative with respect to p. Then the above operator collapses to

D(u;ag, ar, -+ ,an) = Y, exp [hz up)—3) 50 5o | @0(y, P X€n, 0, @ (1) 0l ()
fea(nlf2n)

(C.15)
thereby exhibiting a clear distinction between the arguments: the zeroth one will only receive
derivative with respect to p, while the remaining n arguments will only receive derivatives with
respect to y. Now consider the case where ay = F(y,p), and all other arguments are equal to

the Fedosov connection, a; = --- = a,, = A. Since A is linear in p we can write it as

Aly,p) = da €% A (y) py (C.16)
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and introducing the notation

Ay, yn) =€ ey b, Ao (1) -+ Aa, (Un) 5 (C.17)

we end up with

n

D(u; F,A,...,A) =dPz e Z exp [hz uf

feA([n],[2n])

3pa 8zzi| F(y’p) X A(yh cee ayn)a

wl»—‘

(C.18)

where |e| is the determinant of the vielbein. This formula exhibits a couple of properties:

e First, as we noticed earlier, the argument F'(y,p) is the only one to receive derivatives
with respect to p. This means that in order to compute p(F|A,..., A), one only needs
to know F|,—o, the y-independent part of the symbol F.

e Second, the integral over the simplex will produce some combinatorial coefficients

/ (g — 4) - (upen — 3, (C.19)
A2'rL

feA([n],[2n])

which depends on a k-tuple of integers ({1, ..., ¢;) comprised between 1 and n. In fact,
one can refine this dependency a little bit by remarking that if two k-tuple are related by
a permutation 7 € S, the associated coefficients are equal, so that these coefficients may

as well be labeled by partitions of k.

Putting this together, one ends up with

ak
I FAJ dD € lual .a —F Y P)l,—g> C.20
(7| 16l ) (.20
where 17, (x) are polynomials in the (covariant derivatives of the) curvature of V, which is

obtained by computing the term of order A* in

/A exp hz Ufi) — 3) pyF ® %] Ay, .. yn) ® F(y,p)|yi:0. (C.21)

feA([n],[2n])

D Curvature expansion

Since the components of 4 are constructed from the curvature tensor of V| its covariant deriva-
tives and contractions thereof, we can rearrange its expansion in the power of the curvature,
which appears through

R = —% da! R vy’ pe (D.1)

namely we write v = Zkzl'y(k) where 4% is of order k in R and its derivatives. Let us now

evaluate its defining equation (4.3.18) at order n in R,

k—1
'Y(k) - Rék,l + 8V’Y(k) + Z %’l h [’Y(l)a’)’(k_l)} %) (DQ)

=1
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which we can re-write, for k£ > 1, as

k—1 i
, B . . 1 m
YW =5 2 aeh YAt with e g = ) 0t (D5)
=1 v m=0

The first few orders in this curvature expansion
'Y(l) = .]VR ) 7(2) - %‘z jV{R7 R} ) 7(3) - # jV{Rv {Rv R}} ) (D4)

7(4) = # jV{R7 {R7 {R7 R}}} + 8% ]V{{Rv R}v {Rv R}} ’ (D5)

where we introduce the bracket

{_? _} =h [jV(_>7jV(_)]* ) (D6)

as a shorthand notation. This approach has a couple of advantages: first, it allows us to access
in one go whole pieces of y at arbitrary order in y, and second, the recursion in order of curvature
exhibits an interesting structure, namely it appears that it is controlled by the grafting (non-
planar) binary trees. Indeed, denoting the operator jy by an edge, and the composition of the

star-commutator with the contracting homotopy by a vertex, i.e.

X X Y
Je(X)=| F X, Y] = Oy (D.7)

where the diagrams should be read from top to bottom, so that for instance

X Y

XY} = Y (D.8)

one can re-write the recursion relation (D.3) as

e Y

k) = Z T (D.9)

=1

for all £ > 1. Now it becomes relatively easy to see that the result of this recursion relation is
to express %) as a sum over all rooted planar binary trees with k leaves. Indeed, the latter can
be obtained by successively grafting—meaning summing over all trees resulting from attaching
the root of a tree to the leaves of another one—the rooted binary tree with a single vertex to
itself, k& times, which is exactly what the above relation produces. Taking into account the fact
that {—, —} is antisymmetric amounts to identifying any two rooted planar binary trees which
can be related by permuting the two leaves at each node, that is, one should sum over rooted
non-planar binary trees and take into account the number of planar ones that it is equivalent

to as a multiplicity.
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Having worked out the recursion formula for 4 in order of the curvature, we can do the same

for the lift of symbols. Indeed, resumming the defining relation (4.3.22) for the lift F'(x;y, p)
of a symbol f(x,p) yields,

F=0¢F+3;hly,Fl. (D.10)

from which we can extract the order k piece via
k—1
FO=jof, PO =13 johy® 0, FOL. (D-11)
1=0

The first few orders are given by

FO = Ljo{Rf}, F® = g jo ({RRY f} + 2{R AR 1Y) (D-12)

and

F® = o5 jv ({{R, {R. R} R, REAR, R {{R. R}, 1 +2{R AR {R, f}}}) :
(D.13)

Finally, the same can be done for the lift of a function ¢(x) to a covariantly constant section

®(z;y) of the Fock bundle: the re-summed for of the recursion relation (4.3.42) reads
O =0,D+ Lhp(y). (D.14)

which, when evaluated at order n in R gives us

k—1
o0 =jgp, oWV =1% jehpy" )2l (D.15)
=0
The first few orders read
oW = Ljs(Rog), 0¥ = hjc({RR}po+2R> (RoG)),  (D.16)

and
¥ = o5 jy ({R, {R, R}}>o+{R, R}>(R>))+R>({R, R}>¢) +2 Re> (RD(R>¢))> , (D.17)
where we introduced the shorthand notation

o> (=) = hp(jv(e)) jv(-), (D.18)

for the sakes of conciseness. The term of order k will be almost identical to that of F', except for
the replacement of f with ¢, and any bracket of the form {—, f}, i.e. whose second argument
is f, with (=) > ¢. This is of course not surprising since the only difference between the two
case is the representation of the Weyl algebra in which the covariantly constant section that

we are solving for sits in: the adjoint for symbols like f and the Fock one for functions like ¢.
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Simplifying the elementary operations. Let us try to find a concise expression for the

operator jy. To do so, first notice that
Ova = hVa =+ (y*V,a — VN ha) (D.19)

so that, on forms valued in the Weyl algebra which are annihilated by the homotopy operator
h, one finds

ha =0 = dea=xy-Va=y-Vgza, (D.20)
where we used the fact that y-V is obviously of degree 1 in y, and hence increases the eigenvalue
of the number operator N, a fact we should take into account when moving the latter to the
right of the former. Repeating this operation, we end up with

o= V) =Dk e V) iy = AN+ Ly V] (D.21)

k>0 k>0

where (a)r = a(a+1)...(a+k—1) is the raising Pochhammer symbol, and where we used the
fact that (1), = k! to recognize the confluent hypergeometric function. Let us stress that the
above expression is valid only for jy acting on elements in Ker(h), which is enough for us since
we are interested in applying it to either 4 or a O-form, both annihilated by h, by definition.

We can now use the integral representation of the confluent hypergeometric function,

I'(b) ! _ e
Folabg] e S 2t @ _ / te ja—1 (| _ pjp-a—1 D.92
1y [a; b; 2] 20 T @t a) Jy dtet® o1 (1 — 1) : (D.22)

which holds for Re(b) > Re(a) > 0. In our case, both parameters are positive integer, and
verify the inequality except if N = 0, i.e. if we act on a y-independent O-form. This case is
particularly simple to treat since the hypergeometric series collapses to an ordinary exponential,
ie.

Jvlese o) = €V . (D.23)

We can therefore exclude this case, that is consider N > 0, and use the above integral repre-

sentation to re-write jv as
1 1
jv=N /O dte'vV (1 - )V = /0 dt e =0vV 4N (D.24)

where we used the change of variable t — 1 — ¢ before recognizing the derivative. We therefore
find

1
Jv(a) = / dt et vV da(z, tdz, ty,p) (D.25)
0
1
=a+vy-V / dt =YY o (z, tdx, ty, p), (D.26)
0

for any Weyl algebra-valued form « such that ha = 0. Remark that this last form obtained by
integrating by part, namely

1
jv=1- / dt & (e YY) (D.27)
0

also makes sense for N = 0, since it reproduces (D.23).
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Lifts at first order in curvature. Let us now use this operator to compute the lift of
symbols and wave functions at first order in curvature. Starting with the latter, we need to

first compute

1
p(vR) jvo = exp (= hdy - [39y, +9y.] ) / duu? 1= (= dat Ry yiyipe) x e V9

p=0,y1=y=y2

1

=1 / duu? et=wvV (A" Ruay®) x eV +(---), (D.28)
0

where the dots denote terms annihilated by the contracting homotopy h. Applying the latter

composed with jy, we end up with

oM =15 hp(jyR) jvp = —3 / dt ds du et DY V1+V2l (D.29)

[0,1]3
% % (s 1242 et v [Vit+(1-u) V2]¢($l) R (2) yayb> T

where V; denotes the covariant derivative with respect to z;. Evaluating this formula up to

third order in y yields

P = ¢ + ya Va¢ + % yayb (Vavb - % Rab)qb + % yaybyc (vavbvc - % Rab vc - le vaRbc)¢ + ( e ) )
(D.30)
as previously derived from the defining recursion relation for the lift of the wave function ¢ in

the Fock bundle. We can re-write this lift up to first order in curvature as

D(z;y) = (T(O’(y V1) + 70y Vi, y - Va) 2y Rap(wa) + ... ><b(x1)

ri—1 s (D.31)
with 7(9(2;) = e* and

7 (21, 29) = —/ dt ds duy et [zt2] % <s 2 u? etsltri-w z2]> = —% etk [2; 4; 22}
[0,1

(D.32)
which, upon using the integral representation (D.22), can be expressed as
1
T (21, 25) = €3 / dt (t—1)te'™. (D.33)
0
and hence
1
O(x;y) = (1 + 1y / dtt(t—1)e'"VV Ry + .. ) V. (D.34)
0

Now let us turn our attention to the piece of first order in curvature of the lift of f, for



D. CURVATURE EXPANSION 133

which we need to compute

[ivR, jv [« Z o exp (% - Opy — Oy - 8y2}> (D.35)
1
x / du etV (= da Ry o Sytyt pie) x e f(p2 yr=y=pe
0 -
(D.36)
1
= Z o exp (%ﬁ Oy, - 8p2> / dy et vV (v dz" R, 0% yiy}) (D.37)
o==% 0
X (=pic+2V.)e”Y f(p2) |%i “y=w» (D.38)
1
“ 8 [ OB (a0 [ % 5] (.39)
X (—pé-l- %VC> e’ FO)p=p+(..), (D.40)
where the dots denote terms that are annihilated by h. Applying it followed by jv, one finds
FO = 150h [j9R, jv fle Z/ ds dt du eIy V14Vl (D.41)
0,1)3

% E <tu 8ty [(1=u) Vi+Val+ G (1-u) 9,V e Rya® o(z1) (D.42)

x [ty s+ 58] (= ph+ %) f(w2,p) ) [rize=sa

p'=p
(D.43)
After explicitly performing the integrals as for the lift of ¢, one finds
1 . _ V1 (8p-V2)* V
FO(z,pyy) = § e Z (% ) Ol (l " Raa“o(2) (k+1)(l+k+2)(l+k+3) (D.44)
=
b_o oh I+2k+4 _ 02
X |:y a_pd+7 J(rk;_,_;r) 5pbapd:| (pc——V)f(J;l p) p
(D.45)
Z / dsdt t (1 —t)erVittltsZ alva [y ahyg ] (D.46)
[0,1]2
Xy (?J +oh[1+5(1—s)y- Vs 8_pb> Raap(22) a%df(xhp) o
(D.47)

for the piece of first order in curvature of the lift 7(f) of any symbol f(x,p).

Generating function. Combining the first order lift ®() of the scalar field given in (D.34)
with the fact that
(D.48)

y=0=p

o Dl=o = exp (= 1, - [V +8,]) |
for a symbol f = f(x,p), i.e. y-independent, one ends up with
1
p(FOpW| o = 1 / dt (t— 1)t x e oI Vat3 Val g0 ) R () #Zpbf(xg,p)}m:w:o,
0

(D.49)
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upon using the BCH formula. Note that the commutator appearing in these manipulations can
be discarded as a consequence of the fact that we are working at first order in curvature. Now
applying the quantization map to the first order lift F(!) of a symbol given in (D.46), we end
up with,

PO, = Z/ dsdt t(t — 1) e73 Y11= Vot Vil (D.50)
0

[0,1]2

x [(1=20) + % 11 = )0, - Vo 6(1) Run(i02) 255 [ (w5,1)

=z, ,

after using the BCH formula a few times as before. Performing the integrals, multiplying the
result by ¢*, and integrating by part so that all derivatives on f are re-distributed on ¢, ¢* and

the curvature, one ends up with
T (x|u) = e~ 3wlv1- J(1 2 sinhe(% v - Vg)Rab(xg)u“ub+(9(R2)> (1) ¢ (w2)| _, (D51)

where
T(@lu) = G oy () u™ (D.52)

s>0

is the generating function for the higher spin currents, and

sinhc(z) := sinh(z) : (D.53)

z

is the hyperbolic version of the sinc function.
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