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ABSTRACT: We present new infinitesimal ‘conformal-like’ symmetries for the field equations
of strictly massless spin-s > 3/2 totally symmetric tensor-spinors (i.e. gauge potentials)
on 4-dimensional de Sitter spacetime (dSy). The corresponding symmetry transformations
are generated by the five closed conformal Killing vectors of dSy, but they are not con-
ventional conformal transformations. We show that the algebra generated by the ten de
Sitter (dS) symmetries and the five conformal-like symmetries closes on the conformal-like
algebra so(4,2) up to gauge transformations of the gauge potentials. The transformations
of the gauge-invariant field strength tensor-spinors under the conformal-like symmetries
are given by the product of 4° times a usual infinitesimal conformal transformation of the
field strengths. Furthermore, we demonstrate that the two sets of physical mode solutions,
corresponding to the two helicities +s of the strictly massless theories, form a direct sum
of Unitary Irreducible Representations (UIRs) of the conformal-like algebra. We also fill a
gap in the literature by explaining how these physical modes form a direct sum of Discrete
Series UIRs of the dS algebra so(4,1).
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1 Introduction

Four-dimensional de Sitter spacetime (dSy) is believed to be a good approximation of the
very early epoch of our Universe (Inflation). Also, according to recent data indicating
the accelerated expansion of space [1-3], there is evidence to suggest that our Universe is
asymptotically approaching another de Sitter phase.

The D-dimensional de Sitter spacetime (dSp) is the maximally symmetric solution of
the vacuum Einstein equations with positive cosmological constant A,

1
R, — §gw,R +Agu =0, (1.1)

where g, is the de Sitter metric tensor, R, is the Ricci tensor and R is the Ricci scalar.
In this paper, we use units in which 2A = (D — 1)(D — 2), while the Riemann tensor is

Ruupa = Gup Yvo — Gup Guo- (12)

De Sitter (dS) field theories are known to exhibit characteristics with no Minkowskian
analogs. Two such interesting characteristics of integer-spin fields on dSp - related to the
representation theory of the dS algebra so(D, 1) - are:

e The existence of unitarily forbidden ranges for the mass parameters of integer-spin
fields depending on both D and the spin of the fields [14, 41].

e The existence of exotic unitary “partially massless” fields for spin s > 2 [6, 8, 9, 11,
12, 14].

For the sake of completeness, let us give here some details about these two field-theoretic
characteristics. As discovered by Higuchi [14, 16, 41|, massive totally symmetric tensor fields
of spin s > 1 (here by “massive” we mean theories that do not enjoy a gauge symmetry),
satisfying

(VVa —m® + (s = 2)(s + D = 8) =) by, = 0.

vaha,ug...,us =0, gaﬁhoaﬁu;g...psv (13)



are always non-unitary for the following values of the mass parameter:
m? < (s—1)(s+ D —4).
Unitary massive theories thus obey the ‘Higuchi bound’
m? > (s —1)(s + D — 4). (1.4)

Moreover, Higuchi observed that for the following special values of the mass parameter [14,
16, 41]:

m?=(t—1)2s+D —4—1), (t=1,...,8), (1.5)

the theory is unitary, while at the same time it enjoys a gauge symmetry. A field with
mass parameter given by Eq. (1.5) is a gauge potential known as partially massless field of
depth T in the modern literature [6, 8, 9].! The case with T = 1 corresponds to the theory
known as strictly massless. In 4 dimensions, a strictly massless field has two propagating
helicity degrees of freedom +s, while a partially massless field of depth T has 2T of them:
(£s,£(s—1),...,£(s—1+1)) [6, 8, 9]. In dS field theory, the strictly massless fields are the
closest analogs of Minkowskian massless fields, while partially massless fields of depth T > 1
have no Minkowsian counterparts. The Unitary Irreducible Representations (UIRs) of the
dS algebra so(D, 1) corresponding to totally symmetric strictly/partially massless integer-
spin fields were first discussed in Higuchi’s PhD thesis [14, 16]. More recent discussions
concerning both totally symmetric and mixed symmetry integer-spin fields can be found in
Ref. [17].

From a cosmological viewpoint, the UIRs of the dS algebra have been useful for the com-
putation of late time correlators in the cosmological bootstrap program - see, e.g. Ref. [63]
and references therein. Also, the physical significance of studying dS representation theory
becomes clear in the “cosmological collider” approach, in which dS symmetries (which are
slightly broken in a standard slow roll inflation scenario) play a central role in determining
the outcome of calculations [64].

What about the representation theory of fermions on dSp?

Unlike the integer-spin case, the representation-theoretic properties of fermionic fields on
dSp are not well-studied.

Recent results. Although the phenomena of strict and partial masslessness also occur in
the case of spin-s > 3/2 fermionic fields on dSp [6, 8, 9], the study of the corresponding
unitarity properties was absent from the (mathematical) physics literature for a long time.
Interestingly, as the author has recently shown [18, 19], four-dimensional dS space plays a
distinguished role in the unitarity of strictly /partially massless (totally symmetric) tensor-
spinors on dSp (D > 3). More specifically, the representations of the dS algebra so(D, 1),

IThe partially massless spin-2 field was first discovered by Deser and Nepomechie [11, 12].



which correspond to strictly/partially massless totally symmetric tensor-spinors of spin
s > 3/2, are non-unitary unless D = 4 [18, 19].2

In the present paper, we uncover a new group-theoretic feature of all strictly massless
totally symmetric spin-s > 3/2 tensor-spinors on dSs: these fermionic gauge potentials
possess a conformal-like so(4, 2) global symmetry algebra. Moreover, we show that the mode
solutions with fixed helicity, i.e. the modes forming Unitary Irreducible Representations
(UIRs) of the dS algebra so(4,1) [18], also form UIRs of the larger conformal-like so(4,2)
algebra.

1.1 List of main results and methodology

Here we give some information about our main results and investigations concerning the
new conformal-like symmetries of strictly massless fermions on dSy.

e We present new conformal-like infinitesimal transformations (6.6) for strictly massless
totally symmetric tensor-spinors on dSs. These new transformations are generated
by conformal Killing vectors of dSy and they are symmetries of the field equations
[Egs. (2.15) and (2.16)], i.e. they preserve the solution space of the field equations. In
this paper, by conformal Killing vectors we mean the five genuine conformal Killing
vectors of dS4 with non-vanishing divergence - see Eq. (6.3).

Note. We call our new symmetries conformal-like, instead of just conformal, because
they are not expressed in the conventional form of infinitesimal conformal transfor-
mations (i.e. they are not expressed in terms of the Lie-Lorentz derivative (2.9) with
respect to conformal Killing vectors plus a conformal weight term). Also, the name
“conformal-like” will be justified further in Section 8, where the conformal-like trans-
formation of the field strengths (i.e. curvatures) of the strictly massless tensor-spinors
will be studied (see also the last bullet point in the present list of results).

e The conformal-like transformations (6.6), together with the ten known dS trans-
formations (2.9), generate an algebra that is isomorphic to so(4,2). However, this
conformal-like algebra closes up to field-dependent gauge transformations.

2Note: For the cases with spin s = 3/2,5/2, these results were obtained following two different ap-
proaches: a) on the one hand, by performing a technical analysis of the representation-theoretic properties
of the mode solutions on global dSp (this includes constructing the mode solutions explicitly, studying
their transformation properties under so(D, 1), and investigating the existence/non-existence of dS invari-
ant, positive definite scalar products in the space of mode solutions) [19], and, b) on the other hand, by
carefully examining the list of the dS algebra UIRs in the decomposition so(D,1) D so(D) [18] and infer-
ring (non-)unitarity from the (mis-)match between the UIR and the field-theoretic representation labels.
For the cases with spin s > 7/2, the results were obtained in Ref. [18] motivated only by the examina-
tion of the so(D, 1) UIRs and the (mis-)match of the representation labels. The technical analysis of the
representation-theoretic properties of the mode solutions with spin s > 7/2 is still absent from the literature
for D # 4 (the D = 4 case is studied in the present paper). Thus, if we want to be careful - as we should
- the results of Ref. [18] for s > 7/2 may be viewed as a “suggestion” motivated by the examination of the
so(D, 1) UIRs. This suggestion can be confirmed by studying the representation-theoretic properties of the
spin-s > 7/2 mode solutions on dSp, as in the spin-s = 3/2,5/2 cases [19]. This is something that we leave
for future work.



e We fill a gap in the literature by clarifying the way in which the spin-s > 3/2 physical
(i.e. non-gauge) mode solutions with fixed helicity form a direct sum of Discrete
Series UIRs of the dS algebra so(4,1). The modes with opposite helicity correspond
to different UIRs - this is also true in the case of strictly massless totally symmetric
tensors [16]. (Recall that a strictly massless field has only two propagating helicities
+5 [8] corresponding to two sets of physical mode solutions with opposite helicities.)

e Then, we show that the physical mode solutions also form a direct sum of UIRs of
the conformal-like so(4,2) algebra. We arrive at this result by following two basic
steps (which stem from the mathematical definitions of representation-theoretic irre-
ducibility and unitarity). First, we show that the mode solutions with fixed helicity
transform among themselves under all so(4, 2) transformations (this means under the
ten dS isometries (2.9), as well as the five conformal-like symmetries (6.6)). Then,
we show that there is a so(4, 2)-invariant, and gauge-invariant, positive definite scalar
product for each set of mode solutions with fixed helicity.

e As the name suggests, our conformal-like symmetry transformations are not conven-
tional infinitesimal conformal transformations. This is exemplified as follows. For the
cases with spin s = 3/2,5/2, by investigating the conformal-like transformations of
the field strength tensor-spinors (i.e. curvatures) of the strictly massless fermions?,
we find that these transformations correspond to the product of two transformations:
an infinitesimal axial rotation (i.e. multiplication with 4°) times an infinitesimal
conformal transformation. For the cases with spin s > 7/2, we present a (justified)
conjecture concerning the expressions for the conformal-like transformations of the

field strength tensor-spinors.

Literature review. We conclude this part of the Introduction with a brief literature
review that is relevant to our present work. The UIRs of so(4,1) corresponding to
certain fermions on dS; have been also discussed in Ref. [28]. The mode solutions
and the Quantum Field Theory of spin-1/2 fermions on dSp have been discussed in
various articles, such as Refs. [13, 21, 23, 24, 28, 33—40]. The invariance of maximal-
depth integer-spin partially massless theories on dS4 under conformal transformations
has been investigated in Ref. [10] - however, interestingly, a representation-theoretic
study [42]| suggests that the associated symmetry algebra does not correspond to the
conformal algebra. Recently, I have shed some light on the unconventional conformal
symmetry of the maximal-depth partially massless bosons [43| (and its relation to
SUSY) on dSy. (For recent discussions on scale vs conformal invariance for integer-
spin fields on maximally symmetric spacetimes see Ref. [45].) Discrete Series UIRs,
which play a central role in the present paper, also exist in the case of the isometry
group of dSy. Recently, operators furnishing the discrete series UIRs of so(2,1) in

3The field strength tensor(-spinor), also known as “generalised Weyl tensor(-spinor)” (see, e.g. [42]), is
invariant under gauge transformations. It plays the role of the electromagnetic tensor F,, = 9|, A, in the
case of the U(1) gauge potential A, - or, likewise, the role of the linearised Weyl tensor in the case of the
spin-2 gauge potential (graviton) in linearised gravity.



BF-type gauge theories on dSs were constructed [56]. Quantum aspects of de Sitter
space have been reviewed in [60, 61].

1.2 Outline, notation, and conventions

The rest of this paper is organised as follows. In Section 2, we review the basics concerning
(strictly massless) tensor-spinors on dSs. In Section 3, we review the classification of the
UIRs of the dS algebra so(4,1). In Section 4, we discuss the (pure gauge and physical)
mode solutions for strictly massless fermions of spin s > 3/2 on global dS4. In particular,
we use the method of separation of variables to express the physical mode solutions on
global dSy in terms of tensor-spinor spherical harmonics on S® (these spherical harmonics
are not constructed explicitly here). We also identify the analogs of the flat-space positive
and negative frequency modes. In Section 5, we discuss the way in which the (positive
frequency) physical modes with fixed helicity form a direct sum of Discrete Series UIRs of
so(4,1). In Section 6, we present our new conformal-like symmetry transformations and
we show that the associated symmetry algebra (generated by both dS and conformal-like
transformations) closes on so(4,2) up to gauge transformations. In Section 7, we show
that the physical modes that form a direct sum of so(4,1) UIRs, also form a direct sum
of so(4,2) UIRs. In Section 8, we discuss the conformal-like transformations of the gauge
invariant filed strength tensor-spinors.

There are two Appendices, A and B, in which we include technical details that were
omitted in the main text.

Notation and conventions. We use the mostly plus metric sign convention for dSy.
Lowercase Greek tensor indices refer to components with respect to the ‘coordinate basis’
on dS;. Coordinate basis tensor indices on S? are denoted as fiy, fiz, ... . Lowercase Latin
tensor indices refer to components with respect to the vielbein basis. Repeated indices are
summer over. We denote the symmetrisation of indices with the use of round brackets, e.g.
Ay = (A + Ayy)/2, and the anti-symmetrisation with the use of square brackets, e.g.
A = (Aw — Ayy)/2. Spinor indices are always suppressed throughout this paper. The
rank of spin-s tensor-spinors on dSy is r (i.e. s = r + 1/2). The complex conjugate of
the number z is denoted as z*. By conformal Killing vector we mean a genuine conformal
Killing vector of dS; with non-vanishing divergence - see Eq. (6.3).

2 Background material for strictly massless fermions on dJS,

2.1 Field equations for higher-spin fermions on dS;

Fermions of spin s =7+ 1/2 > 3/2 on dSy can be described by totally symmetric tensor-
spinors W, . that satisfy the on-shell conditions [6, 15, 49]:

(Y+M) Py 0 =0 (2.1)
Vaqja,uz...,uT =0, 'Ya\:[]a,ugu.,ur =0, (22)

where M is the mass parameter, v are the four gamma matrices and Y = 7*V,, is the
Dirac operator. We call the conditions in Eq. (2.2) the transverse-traceless (TT) conditions.



The ‘curved space gamma matrices’, v#(z), are defined with the use of the vierbein
fields as v#(z) = e/, (z)7?, where 4* (b =0,1,2,3) are the spacetime-independent gamma
matrices. The gamma matrices v*(x) satisfy the anti-commutation relations

P M =201, (2.3)
where 1 is the spinorial identity matrix. The vierbein and co-vierbein fields satisfy
e,ua eybnab = Guv, e“a eub = 527 <2~4)
where 14, = diag(—1,1,1,1). The fifth gamma matrix 7° is determined as [26]
HP7 = Pl yPasl, (2.5)

where €., are the components of the dS; volume element. In the vierbein (i.e. orthonor-
mal frame) basis we have €p123 = +1. The matrix 7 anti-commutes with the other four
gamma matrices, and, hence, with the Dirac operator.

The derivative V,, acts on our totally symmetric tensor-spinors as

1
vu\yul...ur = <81/ + 4wubc’7b'yc> \Ilul...ur - TP)\V(M \I];Lg.“ur)/h (26)

where F’\W are the Christoffel symbols, while wype = w5 = €, Wapc is the spin connection.
We have
0ue’y +175e% —w,pe’c = 0. (2.7)

The gamma matrices are covariantly constant, V,v* = 0. The commutator of covariant
derivatives acting on totally symmetric tensor-spinors on dSy is given by

1
[v;u Vu]\l’m---ur = 5(7;/}% - g,uu)\llm---ur

+r <gu(u1 Wtg )y = v \Ijuzmur)u)' (2.8)
2.2 Basics about dS symmetries of the field equations

The dS algebra is generated by the ten Killing vectors of dS; satisfying V(,§,) = 0. The
dS generators act on solutions ¥, ., in terms of the spinorial generalisation of the Lie
derivative - also known as the Lie-Lorentz derivative |25, 29]. The Lie-Lorentz derivative
acts on arbitrary tensor-spinors as follows:

Lglll,ul...,ur = gljvlj\pul...ur + qugy \I’I/,u,g...,u,r + V}LQ&-V \I]/JJVMSMMT + + vﬂrfy \Ilul..,p,r_ll/

1
AL T 29)

where 7”)‘ = 7[”7/\}. The Lie-Lorentz derivative L¢W,,, . conveniently describes the in-
finitesimal so(4,1) transformation of W, . generated by the Killing vector £&*. From the
properties [25]:

Lg’}/a = 0,

Lﬁvvq’mmur = VVLE\I'M--#M (2'10)



it follows that if ¥, ,, is a solution of Egs. (2.1) and (2.2), then so is L¢¥,,, .. In other
words, the Lie-Lorentz derivative is a symmetry of the field equations for any value of M.
It is easy to conclude that the associated symmetry algebra is isomorphic to so(4,1) as [25]

Lo Ler 1 Whr iy = L g Vs (2.11)

for any two Killing vectors &# and 5/“.

The dS algebra, so(4, 1), has four non-compact generators (‘dS boosts’) and six compact
ones (‘dS rotations’). The compact generators generate the so(4) rotational subalgebra of
so(4,1). For any fixed value of M, the mode solutions of the field equations (2.1) and (2.2)
form an infinite-dimensional representation of so(4,1). The eigenvalue of the quadratic
Casimir for this representation is given by [18]

9
T= Y Lle— ) Lele= — M- +s(s+1), (2.12)
dS boosts £eso(4)

where s = r+1/2 > 3/2 4. The unitarity of the representation depends on the value of the
mass parameter M [18]. In this paper, we are interested in the strictly massless theories,
which appear for special imaginary values of M (see Subsection 2.3) - for discussions on
arbitrary values of M in any spacetime dimension see Ref. [18].

2.3 Strictly massless fermions on dS,

For real values of M, Egs. (2.1) and (2.2) describe a unitary massive theory with 2s + 1
propagating degrees of freedom [6, 15]. The theory enjoys a gauge symmetry for each of
the following imaginary tunings of M [6, 15]:

M? = —(r—t+1)>2. (2.13)

As in the bosonic case discussed in the Introduction, the value T = 1 corresponds to
the strictly massless theory with two propagating helicities. Each of the values T=2,...,7
corresponds to a partially massless field with 27 helicities: (+s,+(s—1),...,£(s—1+1)) [6].

In this paper, we are interested in the equations for strictly massless fermions, i.e.
Egs. (2.1) and (2.2) with mass parameter given by [6, 15]

M = +ir. (2.14)

Strict masslessness occurs for either of the two signs for the mass parameter in Eq. (2.14).
However, the representations of so(4,1) corresponding to the ‘+’ sign are equivalent to the
representations corresponding to the ‘=’ sign [18]|. This is easy to understand as, if U, .
satisfies

W\Ijul...ur =-M ‘llul,..,uﬂ

then the field W), =~°¥,, ,, satisfies
/ . /
W\Ilm...,ur =+MY, ...

“The expression (2.12) for the quadratic Casimir is also true for spin-1/2 fields.



while, also, v° commutes with all dS transformations (2.9) [18].

Based on the discussion of the previous paragraph, below we will only discuss the field
with the ‘4 sign in Eq. (2.14). Thus, from now on, ¥, . denotes the strictly massless
field satisfying

(Y +ir) Uy, =0, (2.15)
VYspr =0, YWy . =0. (2.16)

Equations (2.1) and (2.2) are invariant under the following restricted gauge transformations:

i
57‘63\]?“1._.“7_ = V(M AIU‘Z'“)U‘T) + 5’}/(/“ /\M2~~-Hr)’ (2.17)
where the gauge functions A,,. ,, are totally symmetric tensor-spinors of rank r — 1 that
satisfy
(V+i(r+1)) Ay = 0, (2.18)
VQAauzomr =0, Y Az = 0. (2.19)

For 7 = 0, i.e. in the case of the massless spin-1/2 field satisfying Y¥ = 0, the theory does
not have gauge symmetry.

3 Classification of the UIRs of the dS algebra

In this Section, we review the classification of the so(4,1) UIRs in the decomposition
so(4,1) D so(4) [47, 48]. An irreducible representation of so(4) appears at most once
in a UIR of so(4,1) [53].

Let us recall that an irreducible representation of so(4) is specified by the highest
weight [54, 55|

—

f=(f1, f2), (3.1)

where

fi =2 1l (3.2)

The numbers f; and fo are both integers or half-odd integers, while fo can be negative.
The representation (f1, —f2) is the ‘mirror image’ of (f1, f2) [30].

UIRs of so(4,1). A UIR of so(4,1) is specified by two numbers F = (Fy, F}). The
number F; > 0 is an integer or half-odd integer. For the so(4) representations f= (f1, f2)
contained in the UIR F = (Fp, F}) we have:

fi = Fi > |fa. (3.3)
The UIRs of so(4,1) are listed below [47, 48]:

e Principal Series Dpyin( F ):

3 .
Fo=—2+iy, (y>0) (3.4)

F1 is an integer or half-odd integer.



e Complementary Series Dcomp( F E
3
~3 <Fy<-—-n, ne{0,1}. (3.5)

If n =0, then F; = 0, while for the so(4) content we have fo = 0. If n = 1, then F}
is a positive integer.

e Exceptional Series Doy (F) :
Fy=—1. (3.6)
F is a positive integer, while fo = 0.

e Discrete Series Di( F ) : Fp is real, while Fjy and F; are both integers or half-odd
integers. The following conditions have to be satisfied:

1 _,
F12f22F0+225 for D+(F), (37)
1 _,
“Rsfh<s-(Fo+2)s—5 for D7(F). (3.8)

For any so(4,1) UIR, F= (Fo, F1), the quadratic Casimir, C’g(ﬁ), is expressed as:

Co(F) = Fy (Fo +3) + Fy(Fy +1). (3.9)

4 Mode solutions of strictly massless spin-(r + 1/2) > 3/2 fermions

In this Section, we obtain the mode solutions of the spin-(r 4+ 1/2) > 3/2 strictly mass-
less theories [(2.15) and (2.16)]. The spin-3/2 and spin-5/2 mode solutions (for arbitrary
spacetime dimensions) have been already studied in Refs. [18, 19].

4.1 Global coordinates and representation of gamma matrices

In order to obtain the mode solutions of Egs. (2.15) and (2.16) we will work with the global
coordinates of dS4, where the line element is

ds* = —dt* + cosh? t dQ?. (4.1)
The line element of S3, dQ2?, can be parameterised as
dQ? = do3 + sin’ 03 (d63 + sin® 6, db7) , (4.2)

where 0 < 0; < 7 (for j =2,3) and 0 < §; < 27. We will also use the following notation
for a point on S3: 83 = (03, 02,61).
In global coordinates, the non-zero Christoffel symbols are
I’t@i(;j = coshisinht gg,g,, Fz;t = tanht ggj,

7 =0,
rory =14, . (4.3)



where gg,9, and fg’:ej are the metric tensor and the Christoffel symbols, respectively, on S3.
The vierbein fields on dS4 can be chosen to be:

1

t 0; -0, :

€0 ) € COShte 29 2 ) &y Dy ( )
where €% ; are the dreibein fields on S®. The non-zero components of the dS spin connection

are given by

Wijk

oy Wik = —wiko = —tanht g, 45k € {1,2,3} (4.5)

Wijk =

where w;;i is the spin connection on S3.

We will work with the following representation of gamma matrices on dSy:

(01 : 0 i
0 _ J = A 4.
¥ Z<1 0>, ¥ (—W 0>, (4.6)

(j = 1,2,3) where the lower-dimensional gamma matrices, 7/, satisfy
.3y =26%1, jk=1,2,3. (4.7)

The fifth gamma matrix (2.5) is given by

v = <; _01) : (4.8)

4.2 Constructing the mode solutions of the strictly massless theories

There are two kinds of spin-(r + 1/2) TT mode solutions satisfying the strictly massless
field equations [(2.15) and (2.16)| on dS4:

e The ‘physical modes’ describing the propagating degrees of freedom of the theory.
e The ‘pure gauge modes’ describing the gauge degrees of freedom of the theory.

In this Subsection, we present some details for the construction of these mode solutions.

The mode solutions on global dS4 can be constructed using the method of separation
variables. Schematically, this means that we are looking for solutions that can be expressed
as a product “function of ¢t x function of 83”. As we will see below, the functions describing
the O3-dependence are tensor-spinor spherical harmonics on S forming UIRs of so(4).
Thus, from a representation-theoretic viewpoint, the solutions on global dS, obtained with
the method of separation of variables form so(4,1) representations in the decomposition
s0(4,1) D so(4). The method of separation of variables has been applied in Refs. [14, 16, 52]
for integer-spin fields, in Refs. |23, 24] for spin-1/2 fields and in Refs. [18, 19] for spin-3/2
and spin-5/2 fields.
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4.2.1 Physical spin-(r 4+ 1/2) > 3/2 modes on dS,

Let us start by obtaining the physical mode solutions of Egs. (2.15) and (2.16). We first
discuss the spherical eigenmodes on S? that describe the spatial dependence of physical
modes. Then, we discuss the time dependence of physical modes and we apply the method
of separation of variables.

Spatial dependence and so(4) content of physical modes

The spatial dependence of the spin-(r + 1/2) physical mode solutions on dSy is expressed
in terms of (totally symmetric) tensor-spinor spherical harmonics of rank r on S®. The
latter are the totally symmetric TT tensor-spinor eigenmodes of the Dirac operator on S°
satisfying |23, 57|

wa;:u]z fir (63) = ( ) wﬁf,m i 03), (L=nrr+1,..)

~ Z m:k O;m; k
g () = VG L (6s) =0, (4.9)

and
(&;m;k) £;mi;k)
Ww—ulug fiy (03) < > 1/)(—M1u2 MT(GB)’ (€ =rr + ]., )
~jin 7 (Gmik) = (L;mik)
VUG i (03) = V’”w-#lm 7, (03) =0. (4.10)

7 (€;msk)
+ii1 fia...fir

value in Eqs. (4.9) and (4.10), while 7z, V; and Y = 4RV are the gamma matrices,

The subscripts ‘+’ in 1) have been used in order to indicate the sign of the eigen-

covariant derivative and Dirac operator, respectively, on S%. The numbers £, m, and k are
representation-theoretic labels corresponding to the chain of subalgebras so(4) D so(3) D
so(2). In particular, the number ¢ = r,7 4+ 1, ... is the angular momentum quantum num-
ber on S3. The numbers m and k are the angular momentum quantum numbers on S?
and S, respectively, and they are allowed to take the values: m = r,r + 1,...,¢ and

k=—(m+1),—m,...,0,...,m. The exphClt form of the tensor-spinors wfﬂ? (03) is not

iy
needed for the purposes of this paper”.
The set of eigenmodes {v _f ;ZZIZ i

highest weight (3.2) given by [57]:

} (with fixed ¢) forms a so(4) representation with

= 1 1
fj:(£+2,r+2)7 C=rr+1,... (4.11)
Similarly, the set {w_g}ffu’; g, (with fixed £) forms a so(4) representation with highest
weight [57]:
> 1 1
1 :<€+2,—T—2>, L=rr+1, ... (4.12)

5See Refs. [23, 31] for explicit expressions for the spinor eigenfunctions of the Dirac operator on
spheres and Refs. [19, 58] for the vector-spinor and symmetric rank-2 tensor-spinor cases. The general
representation-theoretic properties of tensor-spinor spherical harmonics of arbitrary rank have been dis-
cussed in Ref. [57].
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Each of the so(4) UIRs f* = (¢+1,£(r+3)) has the following content concerning its
subalgebras: the so(3) content corresponds to the so(3) highest weight m + 3 with ¢+ 1 >
m+ 1 > r+ 1, while the so(2) content corresponds to the so(2) highest weight k + 1/2
Withm+% Zk+% > —m—%.

In this paper we assume that the eigenmodes in Egs. (4.9) and (4.10) are already
normalised using the standard inner product on S3:

~ ~f1D1 ~fioDy  =firpe T m/E 7 (l;msk
/S3 \/§d03 G gz | gt @Dg,ﬂlm“?ﬂr(egﬁ @pgﬂlﬂz')“ﬂr(eg)
= 50'0'/ (562/ 5mm’5kk’> (413)

where 0,0’ € {+, —} and df3 = df3df>df;, while g is the determinant of the metric on $3.6

Time dependence of physical modes

The physical modes ¥, ,.(t,03) on dSy are essentially TT tensor-spinors on S3, and,
thus, we have W, ,. = 0, where o, us, ..., € {t,03,62,01} - as will become clear,
the TT conditions (2.16) will be automatically satisfied by construction. The only non-zero
components of the physical modes are the spatial components W, ., where ji1, fig, ..., fi, €
{03,02,01}. These can be determined by solving the Dirac equation (2.15). To be specific,
letting 1 = fu1, po = fig, ..., ir = fiy, the Dirac equation (2.15) for the physical modes is
expressed as

(gt 43 22T tanht) Y, + ﬁ <_?§7 ZZ) Viroir = =¥ s (4.14)
where we have made use of the expressions for the Christoffel symbols, spin connection,
vierbein fields and gamma matrices from Subsection 4.1.

Before proceeding to the construction of the modes, note that the physical modes on dSy
are naturally split into two classes depending on their so(4) representation-theoretic content
- i.e. depending on whether their 83-dependence is given by the spherical eigenmodes (4.9)
or (4.10). Let us introduce the following notation:

e The physical modes with so(4) content given by f. [Eq. (4.12)] are denoted as

\Ilfﬁ},l?{f[r_& mik) (t,03). We also refer to these modes as ‘physical modes with helicity

—s’ (recall that s =r +1/2).

e The physical modes with so(4) content given by f. [Eq. (4.11)] are denoted as

\Ilftpl},l?{f[r%; mik) (t,03). We also refer to these modes as ‘physical modes with helicity

+s’.

°In Eq. (4.13), the eigenmodes with different values for ¢ = + and/or £ = 7,7 + 1,... are orthogonal
to each other because they belong to different so(4) representations. Similarly, eigenmodes with different
values of m and/or k are orthogonal to each other because, in the decomposition so(4) D so(3) D so(2),
they correspond to representations with different content concerning the chain of subalgebras so(3) D so(2).
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Following our previous work [18], we separate variables for \IJ,(LPI}_L,Z,'Z’f&m;k) (t,03) as:

(1) (4 7. (Gmsk)
(phys, —4; m;k) (phys, —€; m;k) o, () n T (03)
v t,03) =0, W7 t,03) = , I ) 4.15

tuo.. iy ( 3) 1.l ( 3) (—iﬁé )(t) ¢(_e/,11',.12r(03) ( )

(r)

where ¢ = r,r + 1,..., while o, ’(¢) and ﬁy) (t) are functions of time that we must deter-
mine.” Substituting Eq. (4.15) into Eq. (4.14), we find

d 3-2r i+ N\ o

<dt + 5 tanht — “eosht B, (t) = —ira, (t), (4.16)
d 3-2r i)\ o am

(dt + 2 tanht + m (Xe (t) =1r 5£ (t) (417)

Using these two relations, and introducing the variable

x:g—u, (4.18)

we find two second-order equations:

0? 0 3
[W+(3—2r)cotx8%+ (€+2>

Ccos ¥
sin? x

e+ 32 —13-2r)(1-2r) s 27“)2] ag’”)(t) _ _TZQET)(t) (4.19)

sin? z 4

and

sin“ x

H? 0 3\ coszx
[W+(3—2T)cotx8$—<€+2> 2

SRS ik ]k )N e 2T)2] 50w =260, (4.20)

sin“ x 4

where cosz = isinht, sinx = cosht and cotz = itanht.® The solutions are given in terms
of the Gauss hypergeometric function [59] as:

agr) () = (cos x(;))é-i-l-i-r <Sin 95(2t)>e+7"

. 9 x(?
xF(r+2+&—r+€+Zf+2mm2§R>, (4.21)
"The functions aEZT)(t) and Bér> (t) correspond to 455\71)@ and &17](\;2, respectively, with @ = —r and M = ir

(in four spacetime dimensions) in our previous work [18].

8Note that the third term of the differential operator in Eq. (4.19) has an opposite sign from the third
term of the differential operator in Eq. (4.20). This is the only difference between these two differential
operators.

~13 -



and

") B r x(t) l+r . ZC(t) l+r+1
By (t) = 52 <cos 2) <Sln 2>

t
><F<r+2+€,—r+€+2;€+3;sin2x(2)>, (4.22)
where
t H\" 2 t t
cos 56(2) = (sin x(2)> = \g (cosh 3 + isinh 2> . (4.23)
We have now completely determined the form of the physical modes \I/Lplhyz; bmik) (t,03) in
Eq. (4.15).

Similarly, we find that the physical modes with so(4) content given by f. [Eq. (4.11)]
are expressed as

. () (8 m; k)
S ;Mg 5 s (3

The functions ay) (t) and By) (t) are given again by Egs. (4.21) and (4.22), respectively.

The physical modes (4.15) and (4.24) can also be obtained by analytically continuing
tensor-spinor spherical harmonics on S* (see Refs. [14, 18, 19, 24| for details concerning
such analytic continuation techniques).

Short wavelength limit of physical modes and ‘positive frequency’ condition
Using the property [59]:
F(A,B;C;2)=(1-2)4BF(C—-AC-B;C;2), (4.25)

we find that in the limit £ >> 1 (short wavelength/high frequency limit), the functions
ozér) (t) [Eq. (4.21)] and Bér)(t) |[Eq. (4.22)] describe the time dependence of positive fre-
quency Minkowskian modes, as

(r) .
doy (1) il )
~ — t
dt cosh ®),
g it
iit ™ T cosht ﬁé )(t)’ (4.26)
and thus,
9 (phys, ££; m;k) il (phys, ££; m;k)
E\IIMM“’T TR~ ~oshi W e (for £ >>1). (4.27)

Equation (4.27) holds for all (fixed) times ¢ and it has the form of the standard ‘positive
frequency’ condition for the Euclidean vacuum in global dSy4 [66]. Note that, as we will show
in Section 5, our ‘positive frequency’ physical modes transform among themselves under dS
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transformations (5.2). We can express the ‘positive frequency’ condition (4.27) in a more
familiar form as follows. Introducing the conformal time parameter, n (with tann = sinht
and /2 > n > —n/2), the dS line element (4.1) is expressed as

ds® = (—dn® 4+ d2?)

cosZn

while the ‘positive frequency’ condition (4.27) becomes

%xyg@?{;’r EEmik) g @Phys EEmR) - (for ¢ > 1), (4.28)
This is the standard ‘positive frequency’ behaviour (for large £) used to define the Euclidean
vacuum in the case of the scalar field in global dSy in Ref. [66] (with the use of the conformal
time parameter).

The condition in Eq. (4.27) is not an exact positive frequency condition in the Minkowskian
sense, as indicated by the time-dependent ‘frequency’. However, the Euclidean vacuum -
for which the notion of ‘particles’ is defined with the help of (4.27), (4.28) - is a good
‘no-particle’ state for local observers in the high-frequency limit [66]. (In global dSy, it is
this limit - and not the limit ¢ — oo - where one can define an adiabatic vacuum with
no particle production as explained in [66].) Moreover, the Euclidean vacuum ‘positive fre-
quency’ condition [(4.27), (4.28)] is often preferred in the mathematical physics community
because, as is well-known, the Euclidean vacuum in the unique dS invariant vacuum for
which the 2-point functions obey the Hadamard condition, i.e. their singularity structure
matches the flat-space one. For example, apart from the well-studied scalar case (discussed
in, e.g., [66]), the graviton and spinor mode functions that satisfy the positive frequency
condition (4.27) on global dS spacetime have been used to construct the Wightman 2-point
functions with Minkowskian short-distance behaviour in Refs. [67] and [24], respectively.
However, there are also other positive frequency conditions giving rise to different vacua,
such as the in/out vacuua in Ref. [65] (these do not correspond to Hadamard states).
‘Negative frequency’ physical modes. Apart from the physical modes (4.15) and (4.24),
there are also physical modes that are the analogs of Minkowskian negative frequency modes.
These are given by

T)* ( k)

(phys, +£; m;k)C (phys, +¢; m;k)C (t) +i ( 3)

\Ilt vl (t503) = 0’ v cefi (t703) = ( ) ~ 1m}7€r (429)
H2--- H1ee-pt +Zﬂg (t) _H“ lir 3)

and

NGE
hys, —; mik)C hys, —; mik)C is, ()L (63)
) <0 g — ( O ) o
_Ml Nr

It is straightforward to verify that these modes satisfy Eq. (4.14), as well as the complex

conjugate of Eq. (4.27). In this paper, we do not discuss the representation-theoretic prop-

erties of the ‘negative frequency’ modes \I’,(ﬁ@z;ﬂ; m;k)c, because they form the same so(4, 1)

UIRs as the ones formed by the ‘positive frequency’ modes \I',(ﬁhyZTﬂ mik),
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4.2.2 Pure gauge spin-(r +1/2) > 3/2 modes on dS;

The pure gauge modes of the striclty massless spin-(r + 1/2) equations [(2.15) and (2.16)]
satisfy the same conditions as the restricted gauge transformations (2.17). This means that
the pure gauge modes are expressed as

VTRl m _ i (7, £4;m)
\Iffﬁg..M )(t,65) = (v(m + 27(“1) Ay (t,03). (4.31)

The “gauge-function modes”, A,(,Zfﬁ;@, are totally symmetric tensor-spinors of rank r — 1

and they satisfy Eqgs. (2.18) and (2.19). Asin the case of physical modes, explicit expressions
for )\,(;’”j_:ﬁ;@ can be obtained using the method of separation of variables, but they are not
needed for the purposes of this paper?. The two labels 7, £/ in Eq. (4.31) are used to denote

the so(4) content of each pure gauge mode; this corresponds to the so(4) highest weights
fE=0+i+7r+)), 7e{01,..,r—1} (4.32)

with £ = r,r + 1,... [the value 7 = r is excluded in Eq. (4.32) since it corresponds to
the so(4) content of physical modes - see Egs. (4.11) and (4.12)]. The label m represents
angular momentum quantum numbers corresponding to the subalgebras so(3) D so(2).

The pure gauge modes must have zero norm with respect to any dS invariant scalar
product and be orthogonal to all physical modes [14, 16, 18, 19, 52]. Because of these
properties, the pure gauge modes can be identified with zero in the solution space of the
field equations (2.15) and (2.16). These properties will be demonstrated in Section 5 for a
specific choice of dS invariant scalar product - see also Refs. [18, 19].

5 The physical modes form UIRs of the dS algebra

In this Section, we explain how the ‘positive frequency’ physical modes (4.15) and (4.24)
of the fermionic strictly massless theories form a direct sum of Discrete Series UIRs of the
dS algebra so(4,1). (Below we often use the terms ‘positive frequency’ physical modes
and physical modes interchangeably.) To identify the so(4,1) UIRs formed by these mode
solutions, we follow two basic steps:

e Irreducibility: We identify the sets of ‘positive frequency’ physical modes that form
irreducible representations of so(4, 1).

This means that we need to study the infinitesimal dS transformations of the physical
mode solutions. We show that the physical modes with fixed helicity +s transform
among themselves under all so(4, 1) transformations (up to gauge equivalence). Thus,
the physical modes form a direct sum of irreducible representations - one correspond-
ing to the helicity +s and one to —s. Moreover, it is already easy to see that pure
gauge modes transform only into other pure gauge modes under infinitesimal dS trans-
formations, as the Lie-Lorentz derivative (2.9) commutes with the operator V,, + %7ﬂ
in Eq. (4.31), while also, it leaves invariant the conditions (2.18) and (2.19), which
determine the restricted gauge transformations.

9Explicit expressions for the spin-3/2 and spin-5/2 cases can be found in Ref. [19].
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e Unitarity: We introduce a positive definite dS invariant and gauge-invariant scalar
product for each set of ‘positive frequency’ physical modes of fixed helicity.

In particular, we start by introducing the scalar product (5.4) and we show that
it is dS invariant. With respect to this scalar product, the pure gauge modes are
shown to be orthogonal to themselves, as well as to all physical modes (i.e. it is
demonstrated that the pure gauge modes can be identified with zero in the solution
space). Interestingly, it turns out that the scalar product (5.4) is positive definite for
the ‘positive frequency’ physical modes with helicity —s and negative definite for the
‘positive frequency’ physical modes with helicity +s. However, as these two sets of
fixed-helicity modes form different irreducible so(4, 1) representations, we are allowed
to use a different scalar product for each set. We thus redefine the scalar product for
the +s modes by introducing a factor of —1, in order to achieve positive-definiteness.
This peculiarity - i.e. having a different positive definite scalar product for physical
modes with different helicity - is already known to appear in the spin-3/2 and spin-5/2
cases on even-dimensional dSp for D > 4 [18, 19]|. See the end of this Section for
more comments on this peculiarity.

Note. Although unitarity is often considered to be equivalent to the positive-definiteness
of the scalar product in the Hilbert space of mode solutions, this is not a sufficient
requirement. For representation-theoretic unitarity, the scalar product must be both
positive definite and invariant under the symmetry algebra (or group) of interest.
In this Section, the symmetries of interest correspond to the dS algebra, while, in
Section 6, they correspond to the conformal-like so(4,2) algebra.

Once we ensure both the unitarity and irreducibility of the so(4, 1) representations formed
by the physical modes with fixed helicity, we will recall the so(4) content [Eqgs. (4.11) and
(4.12)] of these modes, as well as the value of the field-theoretic quadratic Casimir (2.12).
Then, it will be straightforward to identify the UIRs formed by the physical modes with a
direct sum of Discrete Series UIRs of so(4,1) [Egs. (3.7) and (3.8)].

5.1 Infinitesimal dS transformations of physical modes and irreducibility of
so(4,1) representations

The infinitesimal dS transformations of the mode solutions can be studied with the use
of the Lie-Lorentz derivative (2.9) with respect to the dS Killing vectors. Since the so(4)
content of the so(4,1) representations formed by mode solutions is already known (see
Section 4), we just need to study the transformation properties of our mode solutions
under dS boosts. In fact, it is sufficient to focus on just one dS boost (the reason is that the
Lie bracket between a boost Killing vector and a rotational one is equal to another boost
Killing vector). We choose to work with the following boost Killing vector:

X:X“E)u:cos%aat—tanhtsinﬂg 823 (5.1)
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Our aim is to express LX\IJ,(ﬁ}_L?Z’f& mik) (t,03) and LX\IJ,(LPI},Z?Z’TM; mik) (t,053) as linear com-

binations of other mode solutions!’. There are (at least) two different ways we can follow
in order to proceed:

. . . . hys, ££; m;k . .
e i) Direct calculation, where in order to express L X‘IJ,(ﬁ,ijT ™k) as a linear combina-

tion of other modes, one has to use the raising and lowering differential operators for
the angular momentum quantum number ¢, as in Refs. [14, 19, 24, 52|.

or

e ii) Making use of the matrix elements of so(5) generators obtained by Gelfand and
Tsetlin [46]. More specifically, one can use these matrix elements to find explicit
expressions for the so(5) transformations of tensor-spinor spherical harmonics on S*
and then perform analytic continuation to d.Sy.

In this paper, we follow approach ii. Here we present the final expressions for L x \I/Eﬁ?ﬁ;ﬂ; mik).

The reader who is familiar with so(D+ 1) representations formed by tensor-spinor spherical
harmonics on SP [57] can infer the results from Gelfand and Tsetlin’s work [46]. Technical
details for the derivation can be found in Appendix A.

Without further ado, following approach ii, the infinitesimal transformation of the
physical spin-(r + 1/2) > 3/2 modes under the dS boost (5.1) are found to be:

S sm; Z S smy
LA = = gy VT DR =) (e (s 3) W RO
i(l+1) [(—m)(l+m+2 o (01} o
S ¢ ol a2 (pure g,
(5.2)

is proportional to the pure gauge mode \Ifl(tplg,f‘ﬁr_l’ﬂ; msk)

)

where the term ‘(pure gauge)
[see Eq. (4.31)].
Conclusion. From the transformation properties (5.2), we conclude that the modes
{\I',(ipl’?_l./z;_&m;k)} and {\I/,(f’l}_L_Z{Z;,Jré;m;k)} separately form irreducible representations of so(4,1)
(up to gauge equivalence).

In the next Subsection, by making a choice of a dS invariant scalar product, we will
explicitly show that all pure gauge modes have zero associated norm. Thus, the Lie-Lorentz
derivatives (2.9) essentially act on equivalence classes of physical modes, i.e. if for any two

physical modes, \1181) . and \Ifﬁ) > the difference \I/l(}l) e — \Iffi) 4 18 a linear combination

(1)

of pure gauge modes, then ¥,/ , and \I/fi)mw belong to the same equivalence class.

5.2 dS invariant scalar product and unitarity of so(4,1) representations

For any two (physical or pure gauge) solutions \I/,(ill)__m, \I/,(i)__m of Egs. (2.15) and (2.16),
define the (axial) vector current JH#(¥(M) W) as

1 2 (1) 5 2)v1..up
JHEM gy = U, AP v (5.3)
10 D ; . . fna (phys, —£; m;k)
In the spin-3/2 and spin-5/2 cases, the transformations LxW¥;"Y) (t,03) and
]]_4)(\If£flhyi,+ & m‘k)(m 63) have already been expressed as linear combinations of other mode solutions

by direct calculation in Ref. [19].
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where @(1) = i\IJ,(,ll),T,,,T’yO. This is covariantly conserved, V“JM(\II(I), \11(2)) =0 1. Thus,

Vi...Ur

it immediately follows that the scalar product
WO = [ =gds 1w, )
S3
= cosh®t / V§ds U (t,05) > WDt 93) (5.4)
S3

is time-independent, where cosh®t\/§ = \/—g, while g is the determinant of the dS metric.
dS invariance of the scalar product. The dS invariance of the scalar product (5.4)
can be demonstrated as follows. Let d¢J* be the change of the current (5.3) under the
infinitesimal dS transformation generated by a dS Killing vector £#. Then, we have

5£JM<\I/(1)’\IJ(2)> - JM(Lf\I/(l), @(2)) + JIU'(\IJ(]-),]Lg\Ij(2))
-V, (gu TR, g@)y e JV(\I;(U’\I;(Q)))’ (5.5)

5th<w<l>,w<2>>=¢1_fgaﬁ[F—g (wt(w(”,w@))—ftﬁ(w(”,w@))) : (5.6)

where we have used that V,J” = V,£” = 0. As §¢J# is equal to the divergence of an
anti-symmetric tensor, the following integral vanishes:

S (W w@) :/ V=g dB3 5:J (UM ¥ = 0. (5.7)
5'3

In other words, the value of the scalar product (5.4) does not change under infinitesimal dS
transformations. This directly implies that

(Lew D w®) + (WL w®) =0, (5.8)

for any dS Killing vector &.
Gauge invariance of the scalar product. Let us show that, with respect to the scalar
product (5.4), all pure gauge modes (4.31) are orthogonal to themselves, as well as to all

physical modes. In particular, letting ‘1’;(31)...u7» be a pure gauge mode (4.31) - i.e. ‘I’/(i)...ur =

\Il,(flg_,)_m = (Vi + %7(u1)>‘u2...ur)v where we have omitted the quantum number labels for

convenience - the current (5.3) can be expressed as
J“(\Il(l), \I,(pg)) =2iV, (@(1)V2V3...Vr[)\’y#],y5 )\VQV&“VT) 7 (59)

where U is any physical or pure gauge mode. As J#(¥M), w(P9)) in Eq. (5.9) is equal to the
divergence of an anti-symmetric tensor, the scalar product between any pure gauge mode
and any other mode is always zero. Also, this directly implies that the scalar product (5.4)
is invariant under restricted gauge transformations (2.17).

Positive-definiteness. Let us now calculate the norm of the physical ‘positive frequency’
mode solutions with respect to the scalar product (5.4). Substituting the expressions for

1T would like to thank Atsushi Higuchi for pointing out that this current is conserved.
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the physical modes, (4.15) and (4.24), into the scalar product (5.4), we find

<\I](phys,0'€;m;k:)‘\I/(phys,a’ﬁ’;m’;k’)> Z(—O') % Cosh372rt
X (\a;) ®)* - |5§T) (75)|2) 50000 Omm Opkr,  (5.10)

where 0,0’ € {—,+}, while we have made use of the normalisation condition (4.13) of the
tensor-spinor spherical harmonics on S3. This expression is time-independent and its value
has been calculated in equation (8.26) of Ref. [19]. The result is [19]

T +2)?

\Il(phys,o'é;m;k) \I](phys,o"é’;m’;k’) - (_ 23727'
{ | ) =(=0) % Fl+2+r)(l+2-r)

500’ 5@(’ 5mm’ 6kk’ .

(5.11)

(phys, —L;m;k)

According to this equation, the ‘positive frequency’ physical modes with helicity —s, {¥,;,.",.
form a UIR of so(4,1) with positive definite scalar product given by Eq. (5.4), while the
‘positive frequency’ physical modes with helicity +s, {mLﬁ’??{,i;*f;m;’“)}, form a UIR of so(4, 1)
with positive definite scalar product given by the negative of Eq. (5.4).

For the sake of completeness, we note that the norm of the physical ‘negative frequency’
modes [Egs. (4.29) and (4.30)] is given by

L +2))?

\I,(phys,aé;m;k)c \Ij(phys,o’f’;m’;k’)C _ 23727'
< | )= o) N s T+ 2= )

500’ 5%’ 6mm’ 6kk’ .

(5.12)

5.3 Some comments on why the scalar product (5.4) is not positive definite
for both helicities

As we mentioned at the beginning of this Section, the physical ‘positive frequency’ modes
with helicity —s have a different positive definite scalar product from the physical ‘pos-
itive frequency’ modes with helicity +s [recall our definition of ‘positive frequency’ con-
ditions (4.27)]. The two scalar products differ in their definition by a factor of —1: the
scalar product for the —s modes is given by (5.4), while the scalar product for the +s
modes is given by the negative of (5.4). This means that if we use the same scalar prod-
uct (5.4) for both helicities, then the physical ‘positive frequency’ modes with helicity —s
will have positive definite norm, while the physical ‘positive frequency’ modes with helicity
+s will have negative definite norm [this becomes clear from Eq. (5.11)]. However, from
the representation theory point of view, we are allowed to use a different scalar product
for each set of fixed-helicity ‘positive frequency’ modes because each set separately forms
an irreducible so(4, 1) representation. This peculiarity of having a different positive defi-
nite scalar product for each fixed-helicity set of ‘positive frequency’ modes stems from the

appearance of 7° in the scalar product (5.4). ~°

is necessary to achieve dS invariance of
the scalar product in the case of tensor-spinors with an imaginary mass parameter [19]. If
we remove 7> from the scalar product (5.4), then we will obtain an inner product which
is always positive definite but is not dS invariant for tensor-spinors with imaginary mass
parameters. However, the scalar product with 7 removed is dS invariant for tensor-spinors

with real mass parameters. [19]
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Comparing to the Klein-Gordon case. At first sight, the aforementioned indefiniteness
of the norm for strictly massless spin-s > 3/2 fermions might remind us of the indefiniteness
of the Klein-Gordon norm in the case of the scalar field. The mode functions of the scalar
field on global dS4 (4.1) can be found in, e.g., Refs. [14, 65]. However, the indefiniteness of
the Klein-Gordon norm is of a different kind. The scalar field mode functions on global dSy
that satisfy a generalised positive frequency condition at short wavelengths as in Eq. (4.27)
[these are called CTBD (Chernikov-Tagirov-Bunch-Davies) mode functions in Ref. [65]] have
positive definite norm associated with the Klein-Gordon scalar product!?. The complex
conjugate mode functions satisfy generalised negative frequency conditions [corresponding
to the complex conjugate of Eq. (4.27)] and have negative definite norm associated with the
Klein-Gordon scalar product. To sum up, in the case of the scalar field - unlike in the case
of strictly massless spin-s > 3/2 fermions - the positive-definiteness or negative-definiteness
of the dS invariant norm can be used to distinguish between modes with generalised positive
or negative frequency behaviour. On the other hand, the special feature of the strictly
massless spin-s > 3/2 theories is that indefiniteness of the norm appears among the set of
‘positive frequency’ modes [see Eq. (5.11)], as well as among the set of ‘negative frequency’
modes [see Eq. (5.12)]. This happens because the sign of the norm is related to the helicity
and not to the positive or negative frequency behaviour.

Comparing to the massless spin-1/2 case. It is worth recalling that in the spin-
1/2 (massive and massless) case, the standard dS invariant Dirac norm is always positive
definite and is not related to the ‘positive frequency’ and ‘negative frequency’ behaviour
of the modes - see, e.g., Ref. [24]. Below, to get some more insight into the peculiarities of
the strictly massless spin-s > 3/2 fermions, we briefly discuss the massless spin-1/2 field on
global dS4, which is the simplest strictly massless fermion on dS;. We will use this example
to demonstrate that the appearance of 4° in the scalar product leads to the indefiniteness of
the norm among the ‘positive frequency’ modes, as well as among the ‘negative frequency’
modes, as in the case of strictly massless spin-s > 3/2 fields.

The massless spin-1/2 field

The massless spin-1/2 field on dS, satisfies the massless Dirac equation
V¥ =0.

We will show that the indefiniteness of the norm (5.11) for the ‘positive frequency’ modes
of the strictly massless spin-s > 3/2 theories can also appear in the massless spin-1/2 case
by making an unconventional choice of a dS invariant scalar product. (The unconventional
choice corresponds to the scalar product (5.4) for spin-1/2 fields, i.e. with » = 0, while the
conventional choice corresponds to the Dirac inner product discussed below.)

The mode functions of the massless Dirac equation on global dS; (4.1) can be found
in Ref. [24]. Both ‘positive frequency’ and ‘negative frequency’ modes (of any helicity
+1/2) have positive definite norm associated with the standard dS invariant Dirac inner

12Recall that the Klein-Gordon scalar product is dS invariant [14].
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product [24] 3. The Dirac inner product is defined as
(WO w®) ), = cosh®t /S Vdos vV (1,05) VO (. 65).

where ¥() and ¥ are any two solutions of the massless Dirac equation. By inserting 4°
in the Dirac inner product, we can define the modified /unconventional scalar product (as
in Eq. (5.4)):

WO, = costt [ /502 W1 1,0)1°¥(t,60).
S

(This is just the conserved charge corresponding to the axial current iw'y“'ﬁ\lf@).) We
will show that the ‘positive frequency’ modes with helicity —1/2 (41/2) have positive
(negative) norm with respect to the modified /unconventional scalar product, as in the case
of the strictly massless fermions of spin s > 3/2 (5.11).
Note. In the case of the massless spin-1/2 field, both the Dirac and the modified /unconventional
scalar products are dS invariant!*. As is well-known, the conventional choice is the (always
positive definite) Dirac inner product. On the other hand, in the case of strictly massless
spin-s > 3/2 fermions, there seems to be only one dS invariant choice for the scalar product;
the scalar product that includes 7% given by Eq. (5.4).
Spin-1/2 mode functions. The ‘positive frequency’ modes with helicities +1/2 and —1/2
are given by 24|

0
TEEmR (1 05) = ol (1) | - ,
(t,03) = ay (1) FEmH) (g

and

7 (6msk)
\I;(—f;m;k)(t, 63) = aéo)(t) (1/}— . (03)> ’

respectively, where ago) (t) is found by letting » = 0 in Eq. (4.21) as

tan 20!
o= 22
(cos =~)3
while £ =0,1,.... m=0,....,¢, and k = —m —1,...,0, ..., m. The spinor spherical harmonics

wﬁf?m;’“)(eg) on S? satisfy Eqgs. (4.9) and (4.10) with » = 0 (see also Ref. [23]). In the
limit ¢ >> 1, the ‘positive frequency’ modes satisfy the generalised positive frequency
condition [24]

O WEEME) (1 93) il

~

ot ~ cosht

13Unlike the Klein-Gordon norm, the Dirac norm is always positive definite (in both dS and Minkowski

\Il(ie; mik) (t7 03)7

spacetimes).
14The dS invariance of the Dirac inner product follows from the covariant conservation of the Dirac current

PAIEOEV AC [24]. Similarly, the dS invariance of the modified /unconventional scalar product follows from

the covariant conservation of axial current i\Il(l)v“'ys\I/@).
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as in the higher-spin case (4.27). The two sets of mode functions, { W6 mk)} and {w(=6m:k)}
separately form UIRs of so(4, 1) [18, 24|. Thus, it is group-theoretically allowed to have a
different scalar product for each set of mode functions.

The ‘negative frequency’ modes with helicities +1/2 and —1/2 are given by [24]

(—t;m;k)C (0 ) 0
\\J (t703) = (O‘z (t)> (J}(f,m,k)(03)> s

« [ 7E&msk)
\Ij(—l—&m;k)C(t’ 03) _ (Oégo)(t)) ( + . (93)) )

In the limit £ >> 1, the ‘negative frequency’ modes satisfy the generalised negative fre-
quency condition [24]
O WEEMKC (¢ gy) it

N \I/(ié;m;k)C t.0-2).
ot +cosht (t,65)

dS invariant norm of spin-1/2 mode functions. As we mentioned earlier, there are two
choices of dS invariant scalar products for the massless spin-1/2 field. Using the conventional
Dirac inner product we find [24]

<\I](Ué;m;k) ’\P(U’Z’;m’;k”)> _ <\Il(af;m;k)0’\II(U’Z’;m’;k’)C’>

3
Dirac — Dirac — 2° 0561000 O Okeke »

while using the modified scalar product we find
<\Ij(o'€;m;k) |ql(g'/€/;m/;k‘/)> (—O’) % 23 500’5€€’6mm’5kk’7

(+U) X 23 500’565/5mm’6kk’a

mod —

<\Ij(0€;m;k)0‘\II(U’K';m’;k’)C>

mod —

where we have used the fact that the massless spin-1/2 mode functions are eigenfunctions
of v° [Eq. (4.8)]:

75@(0[;m;k) — (_0_) \I](Jﬂ;m;k)’ ,YS\II(Jﬂ;m;k)C — (+U) \II(UZ;m;k)C.

It is clear that using the modified scalar product we have indefiniteness of the norm among
the ‘positive frequency’ and among the ‘negative frequency’ massless spin-1/2 modes, as in
the case of strictly massless spin-s > 3/2 fermions. However, in the spin-1/2 case, this is
easily explained because the mode functions are eigenfunctions of 4% with eigenvalues +1
that determine the sign of the norm. In the spin-s > 3/2 cases, the mode functions are not
eigenfunctions of ® (see Section 4), but still, it is natural to blame the appearance of 7%
for the indefiniteness of the norm (recall that 7° is needed to ensure the dS invariance of
the scalar product in the presence of an imaginary mass parameter [19]).

5.4 Identifying the dS algebra UIRs

The analysis presented in the previous Subsections has demonstrated that the physical
modes, {\Ill(f’l],lﬂi’f&m;k)} and {\Il,(ﬁ}f?f’z;%;m;k)}, of the strictly massless theories separately
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form UIRs of so(4,1). It can be understood that we have a direct sum of Discrete Se-
ries UIRs (3.7) and (3.8) as follows. Combining the so(4) content of physical modes
[Egs. (4.11) and (4.12)] with the branching rules (3.3), we find that both {\I';(ﬁ@,‘iﬁé;m;k)}
and {\Ill(ﬁ]%i’:&m;k)} correspond to UIRs with Fy = r+1/2 (see Section 3). Then, comparing
the field-theoretic quadratic Casimir (2.12) (with M = ir) with the representation-theoretic
one (3.9), we find the following “field theory - representation theory dictionary”:

e The set of physical modes with helicity +s, {\Il,(ﬁ,yj’rﬁ;m;k)}, forms the Discrete Series

UIR D*(Fy, F1) = DT (r— 3,r+3) [Eq. (3.7)] of so(4,1). The so(4) content is given
by Eq. (4.11). The positive definite norm is given by the negative of Eq. (5.11) (with
o=+).

e The set of physical modes with helicity —s, {\Il,(ﬁ},l?{,‘i’;&m;k)}, forms the Discrete Series

UIR D~ (Fy, F1) = D~ (r—3,r+3) [Eq. (3.8)] of so(4,1). The so(4) content is given
by Eq. (4.12). The positive definite norm is given by Eq. (5.11) (with o = —).

Thus, the set of all physical mode solutions for the strictly massless spin-(r + 1/2) > 3/2
theory, satisfying Eqs. (2.15) and (2.16), corresponds to the direct sum of Discrete Series
UIRs D~ (r—3,r+ 1)@ DT (r — 3,r+ 1) 5. This is in agreement with the “field theory -
representation theory dictionary” suggested previously by us [18].

6 Conformal-like symmetries for strictly massless fermions

In this Section, we present our main results, i.e. we present and study new conformal-like
symmetries for strictly massless spin-s > 3/2 fermions on dSy.

Conformal Killing vectors of dSy. For later convenience, let us review the basics con-
cerning the conformal Killing vectors on dSs. The five conformal Killing vectors of dSy
satisfy

VeV,

ViV + ViV = g 2

(6.1)

with V¥V, # 0. (The ten dS Killing vectors, &, satisfy the same equation, but they
are divergence-free.) The 15-dimensional Lie algebra generated by the dS Killing vectors
and the conformal Killing vectors is isomorphic to so(4,2). The Lie bracket between a dS
Killing vector and a conformal Killing vector is equal to a conformal Killing vector, while
the Lie bracket between two conformal Killing vectors closes on so(4,1). These facts can
be understood from the so(4,2) commutation relations:

My, Morpr] = (prerMarpr + 0y pMprcr) — (A < B'), (6.2)

with A', B',C", D" = —1,0, ...,4, where My g = —Mpra» and 'y, p, = diag(—1,-1,1,1,1,1)
(with ’_;_; = npp = —1). The generators M_; 4/, with A’ =0, ..., 4, can be identified with
the five conformal Killing vectors of dSy, while the generators M g/, with A’, B' =0, ..., 4,
can be identified with the ten dS Killing vectors.

5This is also true for the massless spin-1/2 field on dSy, i.e. for r = 0 [18].
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Each of the five conformal Killing vectors of dSy, denoted for convenience as V (O# vk

., VL can be expressed as a gradient of a scalar function '6

VH(A) = Vudyn). (6.3)
Each of the five scalar functions ¢4y (A =0,1,...,4) satisfies
VuVidy ) = =gudya), (6.4)

ie. V, l,(A) = —guw®y (4. The scalar functions satisfying Eq. (6.4) can be found by analyt-
ically continuing the scalar functions that are annihilated by the operator V,V, + g,, on
S4 17 If we embed dS, in 5-dimensional Minkowski space as —(X°) 2 + Z?Zl(Xj) 2 =1,
then the five scalar functions ¢y, (a) are ¢y,a) = X 4 (this equality holds up to a proportion-
ality constant, which we ignore in the present paper). In the case of global coordinates (4.1)
we have

X° =sinht

X4 = cosht cosf;

X3 = cosh t sin 03 cos 6

X2 = cosht sin 03 sin 6 cos 6

X1 = cosht sin 3 sin 6y sin 6;. (6.5)

Below we will often drop the label ‘(A)’ from V{4# and ¢y (4. Thus, from now on,
we will denote conformal Killing vectors of dSy as V# = VH¢y or WH = VHey, unless
otherwise stated.

6.1 Conformal-like symmetry transformations
The main new result of the present paper is:

o If U, ,, is a strictly massless tensor-spinor satisfying Eqs. (2.15) and (2.16), then
these equations are also satisfied by Ty ¥, ., defined as

. . 3
TP =77 (vap\lj“l“-“r Fir VOV =0 V%0 Yy i)p — §¢V ‘I’m...m)
2r i 5
B 27= + 1 (v(ﬂl + 2’7(M1> fy ‘Iluz.,.ur)pvpa (66)

for any conformal Killing vector V# = V#¢y,. The latter satisfies V,V# = —4¢y [see
Eq. (6.4)]. Equation (6.6) describes the new conformal-like infinitesimal symmetry

transformations for strictly massless fermions generated by conformal Killing vectors
on dSy.

18T would like to thank Atsushi Higuchi for pointing this out.
1Tt is known that such functions on S* exist [22]. More specifically, they correspond to scalar spherical
harmonics on S* [14].
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The differential operator Ty maps solutions of Egs. (2.15) and (2.16) into other solutions,
i.e. Ty corresponds to a symmetry of these equations.

Note. The term in the last line of Eq. (6.6) does not correspond to a restricted gauge trans-
formation (2.17). This can be understood by observing that the gauge function, A, ..,
in the restricted gauge transformation (2.17) satisfies Eq. (2.18), while v°¥,,, , ,V? in the
last line of Eq. (6.6) does not; it satisfies the following equation instead

W’y5\11u2murpr =T f’\IJquTpr.

In order to prove that the conformal-like transformation (6.6) corresponds to a sym-
metry we need to show that Ty W, ,, satisfies the same field equations as ¥, , i.e.
Egs. (2.15) and (2.16). It is convenient to define the totally symmetric tensor-spinors
Ay, 4 and Py¥, ., as

. . 3
AvVUpp, = 7 (vap‘l’ul..~ur +ir VW, —ir VpV(m‘I’uz...m)P o §¢V \Ijulu.ur)
(6.7)
and
o 2r 7 5 o
Py, e = T 11 Vi + 57(u1 YV i)V (6.8)
such that
Ty Wy = AvW e + Pr¥p - (6.9)
We observe that Ay W, . and Py¥, . have opposite gamma traces
YAV Y asn e = Y Py Vass i = 207y pVP. (6.10)

Thus, the gamma-tracelessness property of the conformal-like transformation (6.6),
7a TV\Ila,ug...uT =0,

is straightforwardly shown.

18 Although the term in the second line of Eq. (6.6) is not a restricted gauge transformation, it still
corresponds to an “off-shell” gauge transformation - by “off-shell” gauge transformation we mean any gauge
transformation that leaves invariant the Lagrangian for strictly massless fermions (the restricted gauge
transformations (2.17) correspond to a special case of the “off-shell” transformations). Hermitian and
gauge-invariant Lagrangians for strictly massless fermions on AdSs have been constructed in Ref. [32] (see
also Ref. [27]). By analytically continuing AdSs to dS4, i.e. by replacing the AdS radius as Zaqs — i%as,
where Zqs is the dS radius (Za4s = 1 in our units), one can extend the Lagrangians for strictly massless
fermions on AdSs [32] to non-hermitian Lagrangians on dSs. The field equations derived from these non-
hermitian Lagrangians on dSs are invariant under “off-shell” gauge transformations that have the form
Oy e = (Vi —|—%’y(m )Xpz...ur)» Where Xy, i, 18 a totally symmetric tensor-spinor with v#2x ., 4, = 0.
If one specialises to the TT gauge, these field equations reduce to Egs. (2.15) and (2.16), while the initial
“off-shell” gauge invariance reduces to the restricted gauge invariance with gauge transformations given
by (2.17).
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Now let us show that, if ¥, satisfies Eq. (2.15), then so does Ty ¥, .. In other
words, we will show that Ty ¥, ., is an eigenfunction of the Dirac operator with eigenvalue
—ir. Acting with the Dirac operator on AyV,, . and PyV, ., , we find

: i a
(W + Z’I") AV\I/,ul...,ur =r (V(m - 2’7(,“) 7 AV\IJMQ...W)a (6'11)

and

. i a
(V + ”) Py, = <V(u1 - 27(/“) VPV ) (6.12)

respectively, where we have used Eq. (2.8). Adding Egs. (6.11) and (6.12) by parts, and
making use of Egs. (6.9) and (6.10), we find

(Y +ir) Ty ¥, =0,

as required. Finally, contracting this equation with v#!, and using the gamma-traceleness
property of Ty W, ., we find that Ty V¥, is also divergence-free.

To conclude, we have proved that the conformal-like transformation Ty W, .. [Eq. (6.6)]
satisfies

(V +ir) Tv ¥, =0, (6.13)
ve TV\I/aug...ur =0, '7a TV\I/a,ug...,ur =0 (6'14)

for any conformal Killing vector V# and for all spins s > 3/2. In other words, the operator
Ty |[Eq. (6.6)] is a symmetry of the field equations (2.15) and (2.16) for strictly massless
fermions.

6.2 Conformal-like so(4,2) algebra generated by the dS symmetries and the
conformal-like symmetries

In order to understand the structure of the algebra generated by the dS transformations (2.9)
and the conformal-like transformations (6.6) we need to study the corresponding Lie brack-
ets (i.e. commutators). Below, V# = VF¢y and WH# = VH¢y, denote any two conformal
Killing vectors of dSy [see Eq. (6.3)].

Commutator between dS and conformal-like transformations. After a straightfor-
ward calculation, the commutator between a dS transformation (2.9) and a conformal-like
transformation (6.6) is found to be

[L£7 TV]\Ijﬂl---llr = LfTV\Ilul..,ur - TvaqlMl---Mr
= Tlev)¥Ypuropirs (6.15)

where [£, V] is the Lie bracket between the Killing vector £ and the conformal Killing vector
V,ie. [§V]F =L VH (£ is the usual Lie derivative with respect to §).

Commutator between two conformal-like transformations. The calculation of the
commutator between two conformal-like transformations, [Tw,Tv|¥,,. .., is quite long.
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Thus, here we present the final result and we refer the reader to Appendix B for some
details of the calculation. The result is

/)
Tw, Tv]®py, . = Liw v ¥y e + (v(ul + 2’7(u1> Ly i) (6.16)

where [W, V] = Ly VH = oy VH# — ¢y WH is a Killing vector. The second term on the
right-hand side of Eq. (6.16) is a restricted gauge transformation of the form (2.17), where

4r Y
Lisee = s (7 = 50y TV =+ D00, W) (617)
(We have verified that L,,.. ,, satisfies Egs. (2.18) and (2.19).)

Structure of the conformal-like algebra. To conclude, the structure of the conformal-
like algebra generated by the ten dS transformations (2.9) and the five conformal-like trans-
formations (6.6) is determined by the following commutation relations:

[Lf7 Lﬁ/]\llﬂl-u/tr = L[&,f’]\y,ul..‘,ura (6.18&)
L, TV Wi = Tl vV par i (6.18Db)

)
Tws Ty = Ly Wy + (v(ul + 27(N1> Ly, 1) (6.18c¢)

where Ly, ,, is given by (6.17), {&# and {'* are any two dS Killing vectors, while W# =
Vtow and V#* = VH¢y are any two conformal Killing vectors. The commutation re-
lations (6.18a)-(6.18c) coincide with the so(4,2) commutation relations (6.2) up to the
restricted gauge transformation in Eq. (6.18c).

Our results demonstrate that there is a representation of so(4,2) (which closes up
to field-dependent gauge transformations) acting on the solution space of Egs. (2.15) and
(2.16). In the following Subsection, we will show that the physical modes, which have been
shown to form a direct sum of so(4,1) UIRs (see Section 5), also form a direct sum of
so(4,2) UlRs.

e Note. One might think that the closure of the conformal-like algebra up to (field-
dependent) gauge transformations is a consequence of the term in the second line of
Eq. (6.6). In order to argue that this is not the case, let us focus on the strictly
massless spin-3/2 field and depart from the T'T gauge:

Consider the full Rarita-Schwinger (RS) equation for the strictly massless spin-3/2
field (gravitino) on dSy [26]
i

PYNPU(VP + 5

Vo) =0, (6.19)
where 4#P7 = ~l~P~7] This equation is invariant under “off-shell” gauge transforma-
tions

i

V)€, (6.20)
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where € is an arbitrary spinor. If we choose to work in the TT gauge, then the RS
equation reduces to Eqs. (2.15) and (2.16), which have a smaller gauge invariance
corresponding to restricted gauge transformations (2.17). After a straightforward
calculation, we find that the RS equation (6.19) enjoys the conformal-like symmetry!?

) . 3
Ay, = ’YS (va/ﬂ/’u + i VEPypthy — i VPt — §¢V 7/’/1)' (6.21)

In other words, if ¢, satisfies the RS equation, then so does Ay1,. Because of the
“off-shell” gauge symmetry (6.20), Eq. (6.21) does not include a part corresponding
to the second line of Eq. (6.6). Then, the commutator between two conformal-like
transformations (6.21) is found to be

. 7
[Aw, AVWM = L[WVWM —2i (vu + 27’#) 7A¢p VAW, V]pa (6.22)

where we notice the appearance of an “off-shell” gauge transformation (which is not
a restricted gauge transformation (2.17)) on the right-hand side. The rest of the
structure of the symmetry algebra is determined by the same commutation relations
as in Eqgs. (6.18a) and (6.18b) (with Ty replaced by Ay).

Conclusion. As in the TT gauge, the full RS equation (6.19) enjoys a conformal-like
so(4,2) symmetry and the algebra closes up to “off-shell” gauge transformations (6.20)
that do not correspond to restricted gauge transformations (2.17). However, in the
TT case (6.18¢), the algebra closes up to restricted gauge transformations.

7 The physical modes also form UIRs of the conformal-like algebra

In this Section, we show that the ‘positive frequency’ physical modes (4.15) and (4.24) of
the strictly massless spin-s > 3/2 fermionic theories form UIRs of the conformal-like so(4, 2)
algebra. To be specific:

e The irreducibility of the so(4,2) representations will be demonstrated by showing
that the physical modes with fixed helicity transform among themselves under the
infinitesimal conformal-like transformations (6.6). In particular, the physical modes
with helicity +s [Eq. (4.24)], and the ones with helicity —s [Eq. (4.15)], will be shown
to separately form irreducible representations of so(4,2). (Recall that we have already
shown that these modes form a direct sum of UIRs of the dS algebra so(4,1) - see
Section 5.)

e As for showing the unitarity of the two aforementioned irreducible so(4,2) represen-
tations, we work as follows. First, we recall from Section 5 that the physical modes
with helicity Fs form a so(4,1) UIR with dS invariant and positive definite scalar
product given by (£1)x(5.4). Then, since a positive definite and so(4, 1)-invariant
scalar product is known, it is sufficient to show that this scalar product is also invari-
ant under the conformal-like symmetries (6.6).

19The expression in Eq. (6.21) corresponds just to the first part (6.7) of the conformal-like transformation
in the TT gauge [Eq. (6.6)].
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7.1 Conformal-like transformations of physical modes and irreducibility of
so(4,2) representations

Let us start with the simple observation that, according to Eq. (6.2), the Lie bracket
between a conformal Killing vector and a dS Killing vector is equal to a conformal Killing
vector. Similarly, the commutator [L¢, Ty )Wy, ,, in Eq. (6.18b) is equal to a conformal-
like symmetry transformation. Thus, as the so(4,1) representation-theoretic properties
of the physical modes are known (see Section 5), it is sufficient to study just one of the
five conformal-like transformations (6.6) for our physical modes. Then, the transformation
properties of the physical modes under the rest of the conformal-like transformations can
be found using the commutation relations (6.18b).

Let us now choose to work with the conformal Killing vector V(O [Eq. (6.3)] given by

VM(O) =V sinht, (7.1)

ie. (Vt(o), 1/9(30), 1/9(20), V9(10)> = (cosht,0,0,0). The conformal-like transformation (6.6) gen-
erated by V(04 ig expressed as

Ty Yyy..p, = —7° cosht

0 3 .
% (875 + (—r + 2) tanht — ir 7t> Vi (7.2)

Specialising to the physical modes (4.15) and (4.24), and making use of Egs. (4.6), (4.16)
and (4.17), we readily find

- 3
Ty o) UPmys —6mik) = 4 <£ + 2) p(phys, ~Limik) (7.3)
and
. 3
Ty UM 6mH) = — <€ + 2) phus TR, (7.4)

From these equations (and from the discussion at the beginning of this Subsection), it
follows that the two sets of modes, {\Ifuplhy,if&m ) }and {0, ( hys —Gmik) }, separately form

irreducible representations of the conformal-like so(4, 2) algebra

7.2  so(4,2)-invariant scalar product and unitarity

In the previous Subsection, we showed that the physical modes form a direct sum of irre-
ducible representations of the conformal-like algebra. The only remaining step for showing
that this is a direct sum of so(4,2) UIRs is to ensure the existence of a so(4,2)-invariant
and positive definite scalar product.

Let us show that the dS invariant scalar product (5.4) is also invariant under the
conformal-like symmetries (6.6) - and, thus, under the whole conformal-like so(4, 2) algebra
(recall that this scalar product is also invariant under restricted gauge transformations).

— 30 —



Let \I’,(}l),,,m and \I’;(i)-..ur be any two solutions of Eqs. (2.15) and (2.16). We consider the
change
Sy JH UM w@)y = g1, e vy 4 o™ 7, e?)

of the vector current (5.3) under the conformal-like transformations (6.6). After a straight-

forward calculation, we find
Sy JH UM w2y = v EM, (7.5)

where EM is an anti-symmetric tensor given by:

T A 2)vy...vr 2r (1) DNvg..vr | w(Dva..vpA 2
= —\I/ V[ ’}/M}\II( ) 1 + THVP (‘IlyzmyTpfy['LLlI/( ) ] 2 + ‘ll 2 /Yu]\IJZ(IQ)...l/rp> :

(7.6)

This ensures that the dS invariant scalar product (5.4) is also invariant under infinitesimal
conformal-like transformations, as

Sy (T e@)y = / V=gd0s sy J° (¥ w®) =0,
5’3

Based on the discussions in the previous paragraph (and in the previous Subsection),
we conclude the following:

e The set of physical modes with helicity +s, {\IIELI;}.L?{Z;M;m;k)}, forms a UIR of so(4,2)

with positive definite norm given by the negative of Eq. (5.11) (with o = +).

e The set of physical modes with helicity —s, {\I/fﬁ}?z;_&m;k)}, forms a UIR of so(4,2)
with positive definite norm given by Eq. (5.11) (with o = —).

8 Conformal-like transformations of field strength tensor-spinors

In order to gain some insight into the interpretation of the conformal-like transformations
Tv¥,, . 4 (6.6), we study the corresponding transformations of the field strength tensor-
spinors (i.e. curvatures). In particular, we study the transformations of the spin-s =
3/2,5/2 field strengths explicitly, while in the spin-s > 7/2 cases we make a conjecture for
the expressions of the transformations.

8.1 Spin-3/2 field strength tensor-spinor
The field strength tensor-spinor for the strictly massless spin-3/2 field is

?
Fulm = *qul = (v[,ul + 2’7[;11) \I’y1]~ (8'1)
For later convenience, we will denote this as F,,,, (V). The field strength F,,,, (¥) is

invariant under not only restricted gauge transformations (2.17) but also “off-shell” gauge
transformations (6.20).
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Useful properties. Let us discuss some of the properties of F,,,, (¥) that will be useful
in studying its conformal-like transformation. Using the field equations (2.15) and (2.16)
for ¥,,, we find

’YM]FMW (\IJ) = vulFmvl (\Ij) =0. (8'2)

The dual field strength tensor-spinor is defined as

1

>k]F,UdVl(\Ij) = ieulyln)\ FI{)\<\I}) (83)

Expressing emyl’”\ in Eq. (8.3) in terms of gamma matrices [see Eq. (2.5)], and using the

gamma-tracelessness of F, ., (¥), we find
*]leq (V) = _i’YSme (D). (8.4)

Also, a straightforward calculation shows that the following identity holds:

Vi) (9) + 22y (%) = 0. (5.5)
It is easy to show that each of the two terms in this equation is zero by observing that?’
Vi Fpu(¥) =0. (8.6)
It immediately follows from Egs. (8.4)-(8.6) that
VioF 101 (¥) = 5 F ) (¥) = 0. (8.7)

Conformal-like transformation. After a straightforward calculation, the conformal-like
transformation of the field strength, F,,,, (TvV), is expressed as

IE‘/J“lljl (TV\II) == F“lyl (AV\I/)
5 .
= ")/5 <vap - 2¢V) me (\I/) + 32*}/5 VP 7[,01?#11/1](\1/)7 (8.8)

where in the first line we have used Ty ¥, = Ay V¥, +Py ¥, [see Eq. (6.9)] and F,,,, (Py V) =
0 (the latter follows from the gauge-invariance of the field strength). Then, using Eq. (8.7),
we find

5
Fup (T ) =7 (vap — 2¢V> F (9), (8.9)
or equivalently
V.VE
s (0 0) =7* (L + 5 ) By () (8.10)

20Proof of Eq. (8.6). In order to prove Eq. (8.6), we contract Vi, *F ¥) with €_4 "' and we
q p q » lp Tpivi] af

use the definition (8.3) of the dual field strength. Then, using well-known identities for €,,"'"

also using the divergence-freedom of the field strength, we can show that e,z 7" V{, "Fs.)(¥) = 0. Finally,

, while

contracting this equation with €,,,, *B we arrive at Eq. (8.6). End of proof.
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where Ly is the Lie-Lorentz derivative (2.9) with respect to the conformal Killing vector
V (6.3)%L

Conclusion. The expression (8.10) makes clear that the conformal-like transformation of
the spin-3/2 field strength tensor-spinor corresponds to the product of two transformations:
an infinitesimal axial rotation (i.e. multiplication with 4®) times an infinitesimal conformal
transformation (i.e. Lie-Lorentz derivative plus a conformal weight term).

8.2 Spin-5/2 field strength tensor-spinor

The field strength tensor-spinor for the strictly massless spin-5/2 field is a rank-4 tensor-
spinor given by

F v pian (9)
1 3 1 1 1
) Vo Vi, + 1 9m2lm = 3 V2l + Qvﬂﬂ[m + §Wzv[m Uy, — (2 < v2).
(8.11)
This is symmetric under the exchange of pairs of indices
F#zl’zull/l (\Il) = qumzug (‘Ij) (8.12)

It is also anti-symmetric in its first two and last two indices

]FM1V1,M2V2(‘1J) = F[,u,luﬂ,u,guz (\Ij) = sz/l [;Lgyg](\lj)7 (8'13)
and satisfies the identity
Frapy(¥) + Fruyap(¥) + Fupya () = 0. (8.14)

As in the spin-3/2 case, the field strength is invariant under not only restricted gauge
transformations (2.17) but also gauge transformations of the following form:

1
o0V, = <V(u + 2’}/@) €v) (8.15)

(i.e. Fpuyvpons (0¥) = 0), where €, is an arbitrary vector-spinor.

Working as in the spin-3/2 case, we can show that the spin-5/2 field strength (8.11) is
gamma-traceless and divergence-free with respect to all of its indices, and it also satisfies
the identities

VioF unuore (Y) = YoF pyv)pore (¥) = 0. (8.16)

Conformal-like transformation. Let us find the conformal-like transformation of the
field strength, F ., uow, (T ¥). The calculation is similar to the spin-3/2 case, but quite
longer. The result is

7
IFu1l/1u2l/2 (TV\II) = 75 (vap - 2¢V) ]F,U«1V1M2V2(\II)7 (8'17)

21 The infinitesimal Lorentz transformation term V, V3v*? /4 in the Lie-Lorentz derivative Ly in Eq. (8.10)
vanishes because, according to Eq. (6.3), V[,V = 0.
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or equivalently

V. VF

F oo o (T V) = +° (]LV - ) F v piawn (0). (8.18)

Conclusion. As in the spin-3/2 case (8.10), the expression (8.18) makes clear that the
conformal-like transformation of the spin-5/2 field strength corresponds to the product:
infinitesimal axial rotation times infinitesimal conformal transformation.

8.3 A conjecture for the spin-(r +1/2) > 7/2 field strength tensor-spinors

(Here we do not present explicit expressions for the field strength tensor-spinors F, ;. 0, (¥)
of the strictly massless spin-(r+1/2) > 7/2 fields.) We define the field strength F,,, ;... (V)
as the gauge-invariant rank-2r tensor-spinor that satisfies

'Ymme-..urVr(‘I’) = VMFuwl..-urw (V) =0, (8.19)

and it is also anti-symmetric under the exchange of the indices u; <> vy for Il =1, ...,r. It is
also symmetric under the exchange of any two pairs of indices as in the following example:

Frvipave.piovy (¥) = Fusvopivncoopiovy (%) = Frpvrpovs.ip—1ve_1jnvy - and so forth,  (8.20)
while it also satisfies the identities
Pl polvse g (¥) =0 (8.21)
and
VioF uuzvn.opiore (¥) = Vol iy ugve..pwre (%) = 0. (8.22)

Conjecture. The conformal-like transformation of the spin-(r 4+ 1/2) > 7/2 field strength
tensor-spinor is given by

3
me...urw (TV\I/) - ’75 (vap - (r + 2) ¢V> F#l”l-n#rl/r(ql)? (8-23)

or equivalently

\n %
FMI”I---MT‘”T‘ (TV\II) = 75 <IL’V - (2T - 3)>

FﬂlVl---MrVr(\I/)' (824)

This conjecture has been verified for » = 1 in Subsection 8.1 and for » = 2 in Subsection 8.2.
Our conjecture is further justified by observing that Fy, ., .0, (Tv¥) [Eq. (8.24)] satisfies
Egs. (8.19)-(8.22).
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9 Summary and Discussions

In this paper, we uncovered new conformal-like symmetries (6.6) for the field equations
[(2.15) and (2.16)| of strictly massless fermionic potentials of spin s > 3/2 on dSs. The
associated symmetry algebra closes on so(4, 2) up to gauge transformations [see Egs. (6.18a)-
(6.18¢)]. We also showed that the physical (positive frequency) mode solutions (4.15) and
(4.24) form a direct sum of UIRs of the conformal-like so(4,2) algebra. As for the inter-
pretation of the conformal-like symmetries, we found that, at the level of the field strength
tensor-spinors, each conformal-like transformation is expressed as a product of two trans-
formations: an infinitesimal axial rotation and an infinitesimal conformal transformation
(this was shown explicitly for the spin-s = 3/2,5/2 cases and conjectured for the cases with
s > 7/2 - see Section 8).

Flat-space limit

Let us discuss the flat-space limit of the conformal-like symmetries (i.e. the limit of zero
cosmological constant). We will start by observing that the flat-space limit of the five
conformal Killing vectors (6.3) of dSys gives rise to the four translation Killing vectors and
the generator of dilatations of Minkowski spacetime (rather than the five conformal Killing
vectors - i.e. four special conformal transformations and one dilatation - of Minkowski
spacetime, as one might expect). Using this observation, we will show that the flat-space
limits of the conformal-like symmetries (6.6) are ‘trivial’, in the sense that they correspond
to known symmetries of the flat-space theories: usual infinitesimal spacetime translations
and scale transformations. (At the level of the potentials, massless higher-spin fields on
Minkowski spacetime do not enjoy the full so(4,2) symmetry of infinitesimal conformal
transformations [42]. They are only invariant under usual iso(3,1) isometries and scale
transformations. However, massless higher-spin fields enjoy the full so(4,2) symmetry at
the level of the gauge-invariant field strengths. See Ref. [42] and references therein for
group-theoretic discussions. Also, note that the 2-point function for the gauge-invariant
field strength of the massless spin-3/2 field on Minkowski spacetime has the expected form
for conformal primaries [44].)

To take the flat-space limit, let us recover the dS radius, Z,g, such that (4.1) is written
as

ds? = 9?33 ( — dt? + cosh?t [d@g +sin? 63 (d9% + sin” 6, dQ%)] ) )

and Egs. (2.15) and (2.16) as

i
(W + %> ‘ljul...ur =0,
Vauipr =0, Y VUouy.p. = 0.
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Also, recovering Z,g, the conformal-like transformations (6.6) are written as

ir 3oa
TvVy, o = ’75 (vapg'ul---m- + % VP Wy e — %’d R \Ijuz...ur)p + gv Va qjm---w)

2r ) 5
2 +1 (v(m + %7(u1> VY sV

Now let us define t = T/%4s and 03 = 0/Rqs. Letting Zys — oo, we can obtain the
Minkowskian line element as

3
dSQ‘%ds—}oo = _dT2 + dQ2 + QQ (d@% + Sin2 92 dG%) = 2 + Z d.’L’j
7j=1

where 20 = T, 2! = psinfysinf;, 22 = psinfycosf; and 2° = pcosfy. The flat-space
version of the field equations for massless higher-spin fermions is

a\l’m-..ur =0,
O Vaps..ppr =0, Y Wapy.p, = 0. (9.1)

Now, let us find the flat-space limit of the dS conformal Killing vectors (6.3) (by re-scaling
them appropriately). In particular, the four translation Killing vectors, 4, 6), 0% and &%,
of Minkowski spacetime are obtained from the following limits:

(~2asV,) |ras oo = =00 = =042, (ZasVV) laus o0 = 8 = D’
(#5V, ) itas oo = 02 = 0>, (RasVi®) ltss o0 = 05 = 0™, (92)

while the dilatation conformal Killing vector z* is obtained as

1 1
( %dsv ) | Bas—00 = 58“ (-T% + ) = 5% (x%Tq) = zp, (9.3)

where, here, p takes the values {0, 1, 2,3} corresponding to the standard Minkowski coor-
dinates g = —2%, 2!, 22, 23. It is natural that the flat-space limit of the five exact dS con-
formal Killing vectors (6.3) corresponds to the five exact so(4,2) generators on Minkowski
spacetime (recall that, unlike the generators of spacetime translations and dilatations, the
Killing vectors of Lorentz transformations and the conformal Killing vectors of special con-
formal transformations are not exact).

Following the aforementioned limiting procedure, it is straightforward to show that the
five de Sitterian conformal-like symmetries (6.6) reduce to five not interesting (i.e. known)

flat-space symmetries as:

2r

TV(A) \I/lil---ur — 758,4\1//11---/1‘7" - 27,7“8(“1

(Vs p)pa) . for A=0,1,2,3,

and

3 2r
Ty Yy, — 7 <J3pap‘1’u1-.-ur + 3 Dp” qjﬂl---ﬂr) - ma(m (VS\I’uz...ur)pxp) :
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These are known flat-space symmetries of Eqgs. (9.1) - they correspond to infinitesimal
translations and scale transformations (times 7°) accompanied by gauge transformations.
We can re-express these symmetries in a more familiar form using (the flat-space version

of) the Lie-Lorentz derivative (2.9) and dropping the gauge transformations®?, as

3—2r

Ty, =0 (Lw\pm,,,m + aawaqu,,,ur> : (9.4)
where w? € {8f), 67,065,065, 2°}. The conformal weight term in Eq. (9.4) is non-zero only if
w is a dilatation conformal Killing vector. Also, Eq. (9.4) continues describing a symmetry
transformation if we replace w with any of the six Killing vectors of the Lorentz algebra in
Minkowski spacetime (this is not true however in the case of the conformal Killing vectors
of special conformal transformations).

Last, we observe that the transformation (9.4) is a product of two transformations.
Unlike in dS4, in Minkowski spacetime, each of the two transformations present in the
product (9.4) is also a symmetry. To be specific, the flat-space equations (9.1) are invariant
under the replacement ¥, . — ’YS‘I’m... Lo (infinitesimal axial rotations), as well as under
Ve = LWy, + % 0wy, . pr (infinitesimal translations and scale transforma-
tions).

Further discussions

The main result of the present paper, i.e. the fact that strictly massless spin-s > 3/2
fermionic gauge potentials on dS; have so(4,2) symmetry, is a new interesting feature
of field theory on dS; (and possibly on AdSy, although this has not been verified yet).
Such a so(4,2) symmetry at the level of gauge potentials does not appear on Minkowski
spacetime [42]. However, at the level of the gauge-invariant field strengths, (bosonic and
fermionic) strictly massless theories have so(4,2) symmetry on both (A)dS, and Minkowski
spacetimes [42]. Interestingly, our result does not contradict the no-go theorem of Ref. [42],
according to which there cannot be so(4, 2) symmetry at the level of strictly massless gauge
potentials on (A)dSy, because our gauge potentials are complex (Dirac) tensor-spinors.

In Ref. [50], using the unfolded formalism, Vasiliev presented a sp(8,R) invariant for-
mulation of free massless fields (gauge potentials) of any spin in AdS4 and showed that the
free field equations are invariant under o(4,2) (see also Ref. [51]). Although further study
is required, it is likely that the dS version of Vasiliev’s conformal invariance [50] is related
to the conformal-like symmetries we presented in this paper.

Last, it is worth recalling that unitary superconformal field theories on dSy are known
to exist [20]. In view of our newly discovered conformal-like symmetries for strictly massless
fermions, it is interesting to look for new (and possibly unitary) supersymmetric theories

on dSy4 that include strictly massless fermions of any spin s > 3/2 - see also Ref. [43]. 23

22The gauge transformations in the dS conformal-like symmetries (6.6) were necessary to ensure that the
transformed tensor-spinor remains in the TT gauge. However, in the case of the flat-space symmetries, the
corresponding gauge transformations are not necessary.

Z3Recent interesting discussions on dS> supergravity can be found in Ref. [62].
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A Deriving Eq. (5.2) by analytically continuing so(5) rotation generators
and their matrix elements to so(4,1)

The aim of this Appendix is to explain how to use group-theoretic tools and analytic
continuation techniques in order to derive the transformation properties of physical modes
in Eq. (5.2).

A.1 Background material for representations of so(5) and Gelfand-Tsetlin pat-
terns

The representations of the algebra so(D + 1) - with arbitrary D - and the specification of
the matrix elements of the generators have been studied by Gelfand and Tsetlin [46].

The D(D + 1)/2 generators Iyp = —Ipa (A,B =1,2,....,D + 1) of so(D + 1) satisfy
the commutation relations

[Iap,Icp] = (0pclap + daplpc) — (A < B). (A1)

In Ref. [46], the action of the so(D+1) generators has been determined in the decomposition
so(D + 1) D so(D). In particular, the representation space for a so(D + 1) representation
is chosen to be the direct sum of the representation spaces of all representations of so(D)
that appear in the so(D + 1) representation. (If a representation of so(D) appears in a
representation of so(D+1), then it appears with multiplicity one.) Similarly, the generators
of so(D) are determined in the decomposition so(D) D so(D — 1) and so forth. In other
words, Gelfand and Tsetlin [46] determined a so(D + 1) representation in the decomposition
so(D +1) D so(D) D ... D so(2).

Focusing on so(5). We now specialise to so(5) - since this is the non-compact partner
of the dS algebra so(4,1). Let us review some basic results obtained by Gelfand and
Tsetlin [46] (with slightly modified notation).

A (unitary) irreducible representation of so(5) is specified by the highest weight § =
(s1,82) with s > s > 0, where the numbers s; and sy are simultaneously integers or
half-odd-integers. The 10 anti-hermitian generators Iyp = —Ipsa (A,B = 1,...,5) act
on a finite-dimensional vector space corresponding to a direct sum of so(4) representation
spaces (as described at the beginning of the Subsection). Let v denote the orthonormal
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basis vectors in the so(5) representation space. Each basis vector is uniquely labelled by a
“Gelfand-Tsetlin pattern”, «, as follows:

v(ia)=v e . (A.2)

The labels s1,s9 are the same for all basis vectors, since they correspond to the highest
weight specifying the so(5) representation. The rest of the labels in Eq. (A.2) specify the
content of the so(5) representation concerning the chain of subalgebras so(4) D so(3) D
so(2). In particular, the labels fi, fo correspond to a so(4) highest weight fz (f1, f2) with
f1 > |f2l|, where fi; and fo are both integers or half-odd integers, while fs can be negative.
The so(3) weight p > 0 is an integer or half-odd integer. The full basis of the representation
space is given by all v(«)’s in eq. (A.2) - with fixed s1, s2 - satisfying:

51> f1 > s2 > | fal,
fi 2 p > |fal;
p>q> —p. (A.3)
The numbers s1, s2, f1, f2,p and ¢ are all integers or half-odd integers.
In order to obtain the desired transformation formulae (5.2) using analytic continuation,

we need to study the action of the generator Is4 on the basis vectors (A.2). This is given
by [46]:

51 82 S1 S9 s S9
—I5q v ];1 f2 :_%A(fl,fg)v fi+1l fo —%B(fhfg) ot
q q ¢
51 52 S1 S9
+%A(f1—1,f2)v fimlop + 3B f2=1) v fr =1
p
K q
(A.4)

where

A(f1, f2) = (fi—p+1)(fi+p+2)(s1— fi)(s1+ fr +3)(f1 — s2 + 1)(f1 + 52 +2)
1 f A+ h+)A+R+2)(fi—f+0)(fi—f2+2)

(A.5)

and

=) fatp+D(s2— fo)(s2+ fo+1)(s1 — fo+1)(s1+ f2 +2)
B(f“fz)‘\/ it ot D+ fot 20— )i — fat 1) - (A9

(Our matrix elements differ from the matrix elements of Ref. [46] by a factor of 1/2.) Note
that A(f1, —f2) = A(f1, f2) and B(f1, f2) = B(f1,—f> — 1).
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A.2 Specialising to so(5) representations formed by tensor-spinor spherical
harmonics on S*

The line element of S* can be parametrised as
dsgs = dfj + sin® 0, dQ?, (A7)

where 0 < 0; < 7 and d2? is the line element of S3 (4.2). For later convenience, note
that the line element (A.7) can be analytically continued to the dS4 line element (4.1) by
making the replacement

04—>:c:g—z't (A.8)

- the variable z has been already introduced in Eq. (4.18).

Let V = vV, be the Dirac operator on 5S4, where y* and V,, are the gamma matrices
and covariant derivative, respectively, on S*. We are interested in (totally symmetric)
rank-r tensor-spinor spherical harmonics Q/J,ﬁ T,ﬁg mk)(04,93) (with ¢ = £) on S* that
satisfy [57]

qu n T, olmik) ( + 2) ,(L(n;qz, Uf;m;k)’

[ e 1 flr
V“”/’ig T#(rfe mik) ”1¢£ Tﬂié k) = 0, (n=rr+1,..), (A9)

where n is the angular momentum quantum number on S* 24, The representation-theoretic
meaning of the labels n, o, £, 7, m and k will be discussed below. The hat has been used in
order to indicate that the eigenmodes %ﬁ T#(,fe m;k)(94, 03) are normalised with respect to

the standard inner product on S*

/ Vst d01.dfs dy by (T RO s T BRI i — 6401 O G Ok
(A.10)

where gg4 is the determinant of the S* metric. The indices W1y -ees b TUN from 01 to Oy,

while the indices fi1, ..., fi, run from 6; to 6s.

Gelfand-Tsetlin patterns and tensor-spinor spherical harmonics. The ten Killing

vectors of S* act on the solution space of Egs. (A.9) in terms of the Lie-Lorentz deriva-

tives (2.9), and the latter generate a representation of so(5) on thi? S(zl)ution space. In
n; T, ol;m;

particular, for each allowed value of n, the set of eigenmodes {wm e } forms an irre-
ducible representation of so(5) with highest weight

1 1
§=(s1,82) = <n+2,r+2> (A.11)

24There are also tensor-spinor spherical harmonics on S* that satisfy Eqs. (A.9) but with an opposite
sign for the eigenvalue. We will not discuss these here as they form equivalent so(5) representations with
the tensor-spinor spherical harmonics in Eq. (A.9).
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with n =7, r+1,.... Each eigenmode w i 7 ae i k)(64, 03) corresponds to a Gelfand-Tsetlin
pattern (see Eq. (A.2))

n—i—% r+%
(+3 o(F+3)
m+%
k+ 3

(A.12)

o =

The numbers ¢, m and k are the angular momentum quantum numbers on S3, $? and S*,
respectively, and their allowed values are found from (A.3).
Based on the discussion in the previous paragraph, we can identify each eigenmode
n; 7, ol; m;k)

@Z)m e (04,03) with a basis vector (A.2) labeled by the pattern (A.12). In particular,

we make the identifications:

n—l—lé r—i—%
€+§ 7:+§ AnrJrfm‘k)
v | e (A.13)
m+1§ M. p
k+ 5
and
n—|—% r+%
(+3 —(F+1) . (i, —mik)
v m+% — —i(=1)" wul i m; (A.14)
k+3

where the phase factor —i(—1)" has been introduced for convenience.

A.3 Transformation properties of tensor-spinor spherical harmonics on $* un-
der so(5)

In this Subsection, we find the so(5) transformation formulae for L /QM(E TWT EEmE) hat

(after analytic continuation) will give rise to the so(4, 1) transformation formulae (5.2) for
the physical modes of the strictly massless fermions on dS;. Here L& is the Lie-Lorentz
derivative on S* with respect to the Killing vector

0 . 0
S = S0, = cos b3 0, cot 04 sin 3 90, (A.15)

This Killing vector corresponds to the so(5) generator Iy5 = —Is4 in Eq. (A.4) and by
making the replacement (A.8) it is analytically continued as: . — iX, where X is the dS
boost Killing vector (5.1).

We focus on the eigenmodes Q/J,ﬁ TH: i mik) (04,03) and zﬂ,ﬁf;f —mik) (04,03), as the
former will be analytically continued to the physical modes \Il,(flhy,ife mik) (t,03) (4.24) and

the latter to the phys1cal modes \Il(p hy,i —mik) (t,03) (4.15). We will also discuss in passing

the eigenmodes w,ﬁ TM: LEbm; k>(94, 03) as they will be analytically continued to the pure

gauge modes \Il/(f’lg ,er LEbm; k)(t, 03), which appear in the transformation formulae (5.2).
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Explicit expressions for the infinitesimal transformations IL yw,ﬁ Turr EEmE) and

Lyw(n rereLEEmE) are immediately found from Eq. (A.4) with the use of Egs. (A.13) and
(A.14). However, these transformation properties refer to normalised eigenmodes, while the
desired dS transformation properties (5.2) refer to un-normalised eigenmodes. Therefore,
we will first find the so(5) transformation properties for the un-normalised eigenmodes
on S* (the un-normalised eigenmodes will be defined below), and then perform analytic
continuation to dSy.

Some useful expressions for eigenmodes on S3

For later convenience, let us present some expressions for certain tensor-spinor spherical
harmonics on S [see Eqs. (4.9) and (4.10)]. These expressions can be easily obtained using
the method of separation of variables as has been explained in Refs. [18, 23, 58|. Below,
we use the notation O3 = (03,62, 61) = (63,02). We only need the following expressions for

our computations:
7 (U;misk)

ih i (03,62) on S§3: The component wi@g@g) 0,(03,02) is a

e Rank-r eigenmodes v

spinor on S2. It is given by
7 (Emsk) _ &(r,tsm) 1 (msk)
Dy 0,(05,02) = -2 (1 ) {90 0) 00 (69)5° 9 82), - (A16)

where é(L\;’im) is the normalisation factor, @Z)(_m;’“)(az) are the spinor eigenfunctions of the

Dirac operator Y~7 on S? satisfying

%W —i(m + 1",

while the spinors 1/1 =7 1/; satisfy

W k) i(m + 1),

The functions qggg (03) and @Eein (03) correspond to special cases of the following functions:

m+1—a m—a
qb(a)( 03) = Rg(€,m) (cos?) (sin 023)

3 0
><F<—€—|—m,£+m—|—3;m+2 sm223>, (A.17)

and

2

3 m—a m+1—a
(@) o {4+ 5 03 . 03
we (05) = Ej(¢,m) e <cos 2> (sm 5

5 6
><F<—€+m,€+m—|—3;m+2 Sln223>, (A.18)

where @ is an integer, while the factor £;(¢, m) is given by

L+ 3)
T(l—m+1)T(m+3)

(6, m) = (A.19)

e
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fmk)

e Rank-(r — 1) eigenmodes @Z)im i, (03,02) on S3: The component 1/119?65 05(03,62)

is a spinor on S2. It is given by

B 4, (00.00) = S m)\lﬂum{é(’” D (0s) i), V(807 }0 U (0),

r—1 times

(A.20)
where €U=LEm) 45 the normalisation factor, while (b[ 1)(93) and % (03) are given by
Eqgs. (A.17) and (A.18), respectively, with a = r — 1.

. . *(nyr= £; msk
Expressions for the eigenmodes @b,&?’,z;r,;it imsk) on §4

Working as in Section 4, we separate variables for equations (A.9) on S*. We find

12) n; r=r, +4; m;k)(94’03) _ 07

94#2 Sy
- . (= T(Lm;k
gor=rttim) g g _ lrmir=r.0) (wa ’(94%4151.%%(93)) (A.21)
i NG —60," (02) B (8s)
and
n; F=r, —€; m;k
Py =68 (94, 05) = 0,
- 7 (&mik)
N (s P — 0 c(ryn;m=r0 fir.../i
Gt g, 0y) = ST =) (G 00) G, (B (4.22)
V2 —“/1 ( 4) _;1 7,1 (63)
where rmir=r,t) is a normalisation factor that will be determined below. The functions

¢, (64) and ¥, (84) belong to the following family of functions:

04 l+1—-a 0, l—a
6D (01) = rg(n, 0) (c052> (Sm 2)

><F<—n—|—€,n—|—€+4;€—|—2 51112924), (A.23)

l—a l+1—a
@ VAT
P,/ (04) = Kg(n, €)£+2 <cos 2) <sm 5

><F< n—|—€n—|—€—|—4f—|—351n2924>, (A.24)

where the factor k4(n,¢) is given by
I'(n+2)
F'n—L+1)I(+2)

Substituting the eigenmode (A.21) (or (A.22)) into the inner product (A.10), and using the
normalisation of the tensor-spinor eigenmodes on S2 (4.13), we find

kg(n,l) =

(A.25)

c(ryn; 7 =r4) 2

V2

Y =L+ 1)T(4+n+1)

IT(n +2)? (4.26)
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Introducing the un-normalised eigenmodes. Now, let us define the un-normalised

eigenmodes w;ﬁ,}; i,im k)(04, 03) (for any value of 7 € {0, ...,7}) as

\/§ 1 zﬂ(n, 7, £0; m;k)
c(r,n; 7, 0) ky(n, £) "HLH2Hr

w(n; 7, £0; m;k) (947 03) =

U1 42 (04,03), (A.27)

where the normalisation factors ¢(r, n; 7, £) that are needed for our computations (and have
not been defined yet) will be defined later. (Recall that the un-normalised eigenmodes are

the ones that will be analytically continued to dSy.)

+b;,msk
Transformation of the un-normalised eigenmodes 7,/}”7}/;; B )

so(5) transformation of the un-normalised modes L ywu’},}; Tuitz ymik)

. The infinitesimal
can be straightfor-
wardly found from the transformation of the normalised modes IL, ,/1/1;3;;2 Tuid mik) (see the

discussion at the beginning of this Subsection). We find in this manner

n;r=r, 2lmik) H(ﬁ(n?E + 1) (E —m+ 1)(£ +m+ 3) (n; F=r, £(L+1); m;k)
L ¢u1u2 fr 2 (1, () ((+2)2— 2 (n+ L+ 4

1) ufe

N ke(n, € — 1)\/(€—m)(€+m+2)(n
2k4(n,0) (0+1)2 —r2

(n+2)2—r2K c(ryn;7F=r—1,0)

(n;7=r—1, £¢; mk) A28
2 tm c(rnr—rﬁ) ¥ ( )

K12y

where

B (m+1)2—=7r2) (2r+1)
mm_¢«uﬂv—ﬂuw+mkw%' (429

Note that, under this so(5) transformation, the modes wu?urz TH;M k) 4o not mix with

—4;msk
the modes %ﬁurz B ),

continuation to dSy, as it implies that the strictly massless fermions on d.Sy correspond to

This observation plays a key role when performing analytic

a direct sum of irreducible representations of so(4,1) - see Eq. (5.2).

Expressions for the eigenmodes '(p;(ZLZ; T“Tl 6mk) on g4

By separating variables again for equations (A.9) we find

n; r=r—1, +¢; m;k)
1/}9404/13 o (64,63) =0

n; F=r—1, +£; m;k) o (T?’LT’—’I“—l K) 1117(1gr+2( )wf?k)r( )
¢94H2 S (04,03) - \/5 <_¢( r+2) ( )wf::?; ]é;r( ) (ABO)

and

n;f=r—1,—£; m;k
1/}9494% P )(04’ 03) =0

c(rymF=r—1,0) 65,2 (0)“") (65)
ﬂ (_aner+2)(04> w(_ﬁﬂ'r;zk) (93) ) (A31)

n; r=r—1, —¢; m;k)
¢94N2 i (04’03) =
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lrmit=r=1.0 i¢ the normalisation factor, while the functions ¢7(12 )(94) and w ~T+2) ( 04)

are given by Eqs. (A.23) and (A.24), respectively, with a = —r 4+ 2. The components

11;}({5;“7?;:—1,15; mik) (04,03) can be found using the TT conditions in Eq. (A.9).
Now that we know the expressions (A.30) and (A.31), we can perform the following cal-
culation for later convenience. Letting p1 = 64 and pg = ... = p, =03 in L 5/1,[}#711 TWT £ mik)

[Eq. (A.28)], we find

where

c(ryn; ™ =1 —1,0)  (njf=r—1,+6msk)

n;r= 'r:l:émk) (n+2)2_T2 A
.32
c(ryn; 7 =rf) 1%493 03 » )

LS” % 4105...03 2

KZm

while using the explicit expressions (A.21), (A.22), (A.30) and (A.31) we rewrite this equa-
tion as

(n7=r, kmik) _ 1 e(r, ym)
Loo,05..04 T 2&(r —1,6,m)

Then, comparing Egs. (A.32) and (A.33) we find

n;r=r—1,£l;m;k
Y= ), (A.33)

c(ryn;t=r—1,0) x = . (A.34)
(n+2)2—1r2

(We have used that Ky, is given by Eq. (A.29), while ¢(r, n; 7 = 7',,6) is givgn by Eq. (A.26).)
Transformation of the un-normalised eigenmodes w,ﬁ’}u’;:’,;l Elmik) Again, the in-
finitesimal so(5) transformation of the un-normalised modes L yzp,j}u’; TuTl £6mik) can be

straightforwardly found from the transformation of the normalised modes L y¢/ﬁ JQ TMTI £t mik)

(see the discussion at the beginning of this Subsection). We find

L;”/) nyf=r—1,+6mk) (n+2)*—r? K, c(r,n; 7 =r,0) ¢(H;F:T’ £lmk) |
M1u2 Br 9 mc(r, nF=r—1, g) M2 e
(A.35)
where ... includes eigenmodes that are orthogonal to both Qj)JlL JZ ruitg imik) and @ZJS}’IZ:T#—TI’ Hlmik),

A.4 Performing analytic continuation

Let us analytically continue the tensor-spinor spherical harmonics (A.9) on S in order to
obtain tensor-spinors satisfying Eqs. (2.1) and (2.2) on dS4. By making the replacements
04 — x(t) = m/2 — it [see Eq. (A.8)] and

—2 —iM, (A.36)

we analytically continue the un-normalised tensor-spinor spherical harmonics on S* to
tensor-spinors on dSy as

wlgnl,fpié, m;k) (94’03) N w,ul uZTM 37, ol msk) (x(t)703),

The analytically continued tensor-spinors satisfy Eqs. (2.1) and (2.2) on dS4, which we
rewrite here again for convenience

2—iM; 0, msk M ; 0, msk
qul iM; 7, ol msk) Mwul uj 7, 0l;m; )
7“1711,(“,2_#1_]\/[;7:’ olymik) _ vmwl(“QMiM 7ol m; k) -0 . (A.37)
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Let us focus on imaginary values of the mass parameter M. For these values of M, a dS
invariant (and time-independent) scalar product is given by (5.4).

By applying the aforementioned analytic continuation techniques to the so(5) trans-
formation formulae (A.28) and (A.35), we find

iM; 7=r, £0; m;k)
Lx wmuz Hr

B ili¢(—2—iM,€+1) (—m+1)({+m+3)
0 2ke(—2—iM,0) (0 +2)2 —r2

k(=2 —iM, 0 —1) [({—m)(L+m+2)
2kp(—2 —iM, 1) (C+1)2—1r?

( iM + 0+ 2) w;(u,uz z]\,uJ F=r, £({+1); m;k)

( iM —f — 1) w;(uuz zi\ir r, £(£—1); m;k)

NV=M? — 2 c(r, =2 —iM;7 =r—1,0) M F=r 1, £ mik)
! 2 Kem c(r,=2—iM;7 =r{) %““2 Hr (A.38)
and
]LXT,Z) —iM;7=r—1,+f;m;k)
Hlﬂ? Hr
—M? —r? c(r, =2 —iM;7 =1,{) (—2—iM; F=r, £6;m;k)
= ! ’ ’ et T, 5 T A.39
! 2 ch(r, —2—iM;7=1r—1,0) Vtor oz to )
while the analytically continued version of Eq. (A.34) gives
1
c(r,=2—iM;7=r—1,{) X ———. (A.40)
M2 _ 2

Recall that we focus on imaginary values of M. For convenience we assume that
—M? > 72 [the value —M? = r? corresponds to the strictly massless case (2.14)]. Using
the dS invariance (5.8) of the scalar product (5.4), we have

<LX¢(727iM;F:r,iZ; m;k)‘w(f27iM;f:r71,i€; m,k)>
+ <w(f2fiM; r=r, £/; m;k)‘]wa(727iM;f:r71,i€; m,k)> = 0. (A41)

Then, using the transformation formulae (A.38) and (A.39), we find

<¢(—2—iM; r=r—1, £0;m;k) WJ(—2—7LM; r=r—1,+¥; m,k)>

_ C(?", -2 - ZMa T = ) E) 2 <¢(—2—iM; r=r,+Ll; m;k)‘w(—2—iM;F:'r,:|:€; m,k)) (A42)

e(r, =2 —iM;F =1 —1,0)
2
xV-M?—-r?. (A.43)

From this equation, we understand that the analytically continued eigenmodes @ZJM JTM rer—1, 6 mik)

have zero norm in the strictly massless limit (M? = —r2). In other words, they become pure

2+7‘r r—1, :I:Emk:)( (t),05) = \Ilflpl%ZTT lzl:émk)(t703).

Specialising to the strictly massless case and, finally, deriving Eq. (5.2). Now

gauge modes (4.31) in this limit, i.e. ¢u1

we tune the mass parameter to the strictly massless value M = ir (2.14). The physical
modes are %1 2T Ehm; k)(:c(t), 03) = \Il,(fl}.l_‘l{,‘i’rﬂ; mik) (t,03) [see Egs. (4.15) and (4.24)]. The
infinitesimal dS transformation of these modes is found by letting M = ir in Eq. (A.38).
By doing so, we straightforwardly arrive at Eq. (5.2), as required.
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B Details for the computation of the commutator (6.16) between two
conformal-like transformations

We wish to calculate [Ty, Ty ¥, ., in order to arrive at Eq. (6.16). For convenience,
we split each of the conformal-like transformations in the commutator in two parts as
in Eq. (6.9), i.e. Tw¥,, . pu = AwWp p + Pw¥, p and Ty, . = AyW,, . +
PyV,,, .- Then, we split [Tyw,Tv]V,, . ., into three parts as

Tw, Tv]¥, . = [Aw, Av]¥,, o + ([AW7PV] - [AV7PW])\I/M1...M,. + [Pw, Pv]¥,, .,

(B.1)
Let us now calculate each of the three parts in this equation. (Recall that we denote the
Lie bracket between two vectors as [W, V|* = L VH*.)

Calculating [Aw, Ay ]|¥,, ..., Using Egs. (6.3) and (6.4), we find (after a long calcula-
tion):

. )
[Aw, Av]¥p, o, = Liw v ¥ o, — 2ir <V(u1 + 27(#1) e’ VAW, V],

M2 pr)

. Ap A AP
— 2ir VAW, V]p (WMK |p2.. ) + ’ypK(#l g2 ) K (u1|u2---uv~)> ’

(B.2)
where we have used that any Killing vector £ (such as [W, V]) satisfies [4]
Viu V& = Rpxunoé?, (B.3)
while we have also introduced the rank-(r + 1) tensor-spinor
Koplpgoir = Kooy = Epl(ugepr) = (V[A + Zm) Yz (B.4)

which is anti-symmetric in its first two indices and symmetric in its last » — 1 indices. (For
r = 1, this tensor-spinor coincides with the rank-2 anti-symmetric gauge-invariant field
strength tensor-spinor (V[)\ + %’Y[A) W, while for r > 2, Ky,|,,..,, s not gauge-invariant.)
Note that because of the field equations (2.15) and (2.16), the tensor-spinor (B.4) satisfies

Y E sl = 0. (B.5)
Now we will show that

Ap p A AP —
7N1K |2 i +7 K,ul |2 i +7 K w1l e 0. (B6)

It is convenient to proceed by defining

1
ap — B
K o pr = §€a SV (B.7)
which satisfies
* P B * o a * -0 o
Y K |2 pir T Km |2 o 77K plpo e 0 (B.8)
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(this is easy to show by contracting with e,50,3 and using well-known properties of the
totally anti-symmetric tensor). Then, using e*#* = inP~l@yPrAyrl [see Eq. (2.5)] and the
gamma-tracelessness property (B.5), we find that Eq. (B.7) becomes

* Kaﬁ -5 Ko‘ﬁ

ooty = Y (B.9)

|2 pr

Substituting this into Eq. (B.8), we immediately derive Eq. (B.6), and thus, we have

) VA[VVa V]p' (B.lO)

. /)
[Aw, Av]Wup, = Liwy) Yoy, — 2ir <v(u1 + 2’7(!“) ’VA‘IJPMQ...W

Calculating ([AW, Py] — [Av, PW])\IIM_,,M. We find

2r
([AWJDV] - [AV7PW]>\IIH1--~HT = o1
) .
X <V(M + 27(,“) [2[I/V, VIPU . )p — (20 + 1) VAW, V]pq/\\I/ZQmW) )
(B.11)
Calculating [Pw, Py]¥,,,...4,.. We find
4r
[PWuPV]\I’m---ur = W
7 )
X (v(#l + 2’7(/“) [T W, V]p‘ym...ur)p + Vo [W, VA (VP = 57/))\1/22...;%)
(B.12)

Finally, adding Egs. (B.10), (B.11) and (B.12) by parts, we arrive at Eq. (6.16), as required.
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