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Abstract

This journal-style thesis presents chapters 2-6 in a format suitable for peer-reviewed
publication. In chapter 2, we study the quantum spinor field on N-dimensional de Sitter
spacetime (dSy) with (N — 1)-sphere (SV™!) spatial sections. We construct the mode
solutions and study their transformation properties under the de Sitter (dS) algebra,
spin(V, 1). We reproduce the expression for the massless spinor Wightman two-point
function using the mode-sum method. Then, taking advantage of the maximal symmetry
of dSy, we construct the massive Wightman two-point function. In chapter 3, we
construct the dictionary between the spaces of mode solutions for totally symmetric
spin-s = 3/2,5/2 tensor-spinors with any mass parameter on dSy (N > 3) and Unitary
Irreducible Representations (UIRs) of spin(/V, 1). Remarkably, we find that the strictly
massless spin-3/2 field, as well as the strictly and partially massless spin-5/2 fields on dSy,
are not unitary unless N = 4. Chapter 4 provides a technical explanation for the results
of chapter 3 by investigating the (non-)existence of positive-definite, dS invariant scalar
products for the mode solutions. In chapter 5, we uncover a ‘conformal-like" spin(4, 2)
symmetry for strictly massless spin-s > 3/2 tensor-spinors on d.S;. We also show that
the mode solutions form UIRs of not only the dS algebra but also of spin(4,2). In chapter
6, we shift focus to the ‘zilches’, a set of little-known conserved quantities for the free
electromagnetic (EM) field in four-dimensional Minkowski spacetime. We present, for
the first time, the derivation of all zilch conservation laws from ‘zilch symmetries’ of the
standard EM action using Noether's theorem. We also show that the zilch symmetries
belong to the enveloping algebra of a "hidden" invariance algebra of free Maxwell's

equations in potential form.
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1

Introduction

The current thesis adopts a journal-style presentation, integrating the primary chapters
(i.e., chapters 2-6) into a format suitable for publication in a peer-reviewed journal. Each
of these chapters is self-contained, incorporating its own introduction and discussion
sections, as well as background material and explanations for notation and conventions.
Additionally, each chapter includes its own reference list.

In chapter 2, the mode solutions of the Dirac equation on N-dimensional de Sitter space-
time (dSy) with (N — 1)-sphere spatial sections are obtained by analytically continuing
the spinor eigenfunctions of the Dirac operator on the N-sphere (S¥). The analogs of
flat space-time positive frequency modes are identified and a vacuum is defined. The
transformation properties of the mode solutions under the de Sitter group double cover
(Spin(N,1)) are studied. We reproduce the expression for the massless spinor Wightman
two-point function in closed form using the mode-sum method. By using this closed-form
expression and taking advantage of the maximal symmetry of dSy we find an analytic
expression for the spinor parallel propagator. The latter is used to construct the massive
Wightman two-point function in closed form.

In chapter 3, we present the dictionary between the one-particle Hilbert spaces of
totally symmetric tensor-spinor fields of spin s = 3/2,5/2 with any mass parameter
on dSy and Unitary Irreducible Representations (UIR’s) of the de Sitter (dS) algebra
spin(N,1). Our approach is based on expressing the eigenmodes on global dSy in
terms of eigenmodes of the Dirac operator on SV~! which provides a natural way to
identify the corresponding representations with known UIR’s under the decomposition
spin(N, 1) D spin(/V). Remarkably, we find that four-dimensional de Sitter space plays a
distinguished role in the case of the gauge-invariant theories. In particular, the strictly

massless spin-3/2 field, as well as the strictly and partially massless spin-5/2 fields on

13



CHAPTER 1. INTRODUCTION

dSy, are not unitary unless N = 4.

In chapter 4, we provide a technical explanation for the results of chapter 3 by studying
the (non-)existence of positive-definite, dS invariant scalar products for the spin-3/2
and spin-5/2 eigenmodes of the strictly/partially massless theories on dSy (N > 3).
In particular, we show the following. For odd N, any dS invariant scalar product is
identically zero. For even N > 4, any dS invariant scalar product must be indefinite.
This gives rise to positive-norm and negative-norm eigenmodes that mix with each other
under spin(V, 1) boosts. In the N = 4 case, the positive-norm sector decouples from the
negative-norm sector and each sector separately forms a UIR of spin(4,1). Our analysis
makes extensive use of the analytic continuation of tensor-spinor spherical harmonics on
SN to dSy.

In chapter 5, 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 dS;. The corresponding symmetry transformations are generated by
the five conformal Killing vectors of dS,, but they are not conventional conformal
transformations. We show that the algebra generated by the ten dS symmetries and the
five conformal-like symmetries closes on the conformal-like algebra spin(4, 2) up to gauge
transformations of the gauge potentials. 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 UIR's 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 UIR's of the dS algebra spin(4, 1).

In chapter 6, our attention shifts to the zilches, a set of conserved quantities in free
electromagnetism. Among the zilches, optical chirality was identified by Tang and Cohen
in 2010, serving as a measure of the handedness of light and leading to investigations into
light's interactions with chiral matter. While the symmetries underlying the conservation
of the zilches have been examined, the derivation of zilch conservation laws from
symmetries of the standard free electromagnetic (EM) action using Noether's theorem
has only been addressed in the case of optical chirality. We provide the full answer
by demonstrating that the zilch symmetry transformations of the four-potential, A,
preserve the standard free EM action. We also show that the zilch symmetries belong
to the enveloping algebra of a "hidden" invariance algebra of free Maxwell's equations.
This "hidden" algebra is generated by familiar conformal transformations and certain
"hidden" symmetry transformations of A,. Generalizations of the “hidden” symmetries

are discussed in the presence of a material four-current, as well as in the theory of a

14



complex Abelian gauge field. Additionally, we extend the zilch symmetries of the standard
free EM action to the standard interacting action (with a non-dynamical four-current),
allowing for a new derivation of the continuity equation for optical chirality in the presence
of electric charges and currents. Furthermore, new continuity equations for the remaining
zilches are derived.

While each of the main chapters (i.e., chapters 2-6) contains its own discussion section,
in chapter 7 we further expand upon these discussions and present questions that could

potentially guide future research.
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2

The eigenmodes for spinor quantum field
theory in global de Sitter space-time

Abstract

The mode solutions of the Dirac equation on N-dimensional de Sitter space-time
(dSn) with (N — 1)-sphere spatial sections are obtained by analytically continuing
the spinor eigenfunctions of the Dirac operator on the N-sphere (S™V). The
analogs of flat space-time positive frequency modes are identified and a vacuum is
defined. The transformation properties of the mode solutions under the de Sitter
group double cover (Spin(V,1)) are studied. We reproduce the expression for the
massless spinor Wightman two-point function in closed form using the mode-sum
method. By using this closed-form expression and taking advantage of the maximal
symmetry of dSy we find an analytic expression for the spinor parallel propagator.
The latter is used to construct the massive Wightman two-point function in closed

form.

2.1 INTRODUCTION
The spinor functions that satisfy the eigenvalue equation of the Dirac operator on S
Vi =i\ (2.1)

have been studied by Camporesi and Higuchi [8]. More specifically, the eigenspinors on
SN have been recursively constructed in terms of eigenspinors on SV~! using separation

of variables in geodesic polar coordinates and their eigenvalues have been calculated.
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2.1. INTRODUCTION

The line element for S may be written as
dsy = dix + sin® Ondsy_1, (2.2)

where 0 is the geodesic distance from the North Pole and ds%,_; is the line element of

SN=1_ Similarly, the line element of S™ (n = 2,3,..., N — 1) can be expressed as
ds? = df> + sin® 0,,ds>_, (2.3)

while ds? = db?.
The N-dimensional de Sitter space-time is the maximally symmetric solution of the

vacuum Einstein field equations with positive cosmological constant A [13]
1
R“y — §guyR + Agul/ =0. (24)

The cosmological constant is given by

(N—=2)(N-1)

A= 2 R ’

(2.5)

where % is the de Sitter radius. Throughout this paper we use units in which #Z = 1.
The N-dimensional de Sitter space-time can also be obtained by an “analytic continuation"

of S™. More specifically, by replacing
Oy > x=7/2—it (2.6)

in the S™ metric (2.2) we find the line element for dSy with SV~ spatial sections (see
Eq. (2.10))
ds® = —dt* + cosh® tds%,_,. (2.7)

Motivated by the above, one can obtain the mode solutions to the Dirac equation on
dSN
Vi — My =0 (2.8)

just by analytically continuing the eigenmodes of (2.1). The Dirac spinors obtained by
analytic continuation can be used to describe spin-1/2 particles in de Sitter space-time
and they form a representation of Spin(/NV,1). The latter has to be unitary to ensure that
negative probabilities will not arise. In order to study the unitarity of the representation
we are going to introduce a de Sitter invariant inner product among the analytically
continued eigenspinors (see Sec. 2.5). Note that this approach has been previously

applied for the divergence-free and traceless tensor eigenfunctions of the Laplace-Beltrami
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operator on SV [15], where the restriction of unitarity gave rise to the forbidden mass
range for the spin-2 field on dSy.
Main aim. In this paper our main aim is the identification of the mode functions for the
free Dirac field on global dSy with S¥~! spatial sections. As a consistency check, we
reproduce the expected form for the massless spinor Wightman function [19] using the
mode-sum method. We also use this Wightman function to find an analytic expression
for the spinor parallel propagator. To our knowledge, such an expression is absent from
the literature. Solutions of the free Dirac equation on de Sitter space-time with static
charts may be found in Ref. [20], with moving charts in Refs. [6, 24, 10] and with open
charts in Ref. [16].
Outline. The rest of this paper is organized as follows. In Sec. 2.2 we discuss the global
coordinate system that is relevant to the analytic continuation of SV and we review
the geodesic structure of dSy. In Sec. 2.3 we present the basics about Dirac spinors
and Clifford algebras on dSy. In Sec. 2.4 we begin by reviewing the eigenspinors of the
Dirac operator on SV following Ref. [8]. Then we obtain the mode solutions of the
Dirac equation on dSy by analytically continuing the eigenmodes on S¥ and we give a
criterion for generalized positive frequency modes. We also construct spinors satisfying
the Dirac equation with the sign of the mass term changed. These spinors are used
in Appendix 2.9 for an alternative construction of the negative frequency modes via
charge conjugation. In Sec. 2.5 we define a de Sitter invariant inner product among the
analytically continued eigenmodes and we show that the associated norm is positive-
definite (i.e. the representation is unitary). Using this norm we normalize the analytically
continued eigenspinors. Then the transformation properties of the positive frequency
solutions under Spin(V,1) are studied using the spinorial Lie derivative [18]. It is shown
that the positive frequency solution subspace is Spin(/V,1) invariant (hence, so is the
corresponding vacuum). In Sec. 2.7, after presenting the negative frequency solutions of
the Dirac equation, we perform the canonical quantization procedure for the free Dirac
quantum field. Then we review the coordinate independent construction of Dirac spinor
Green's functions on dSy following Ref. [19]. We present a closed-form expression for
the massless spinor Wightman two-point function obtained by the mode-sum method.
This closed-form expression is in agreement with the construction given in Ref. [19].
Then we find an analytic expression for the spinor parallel propagator and we use it to
obtain a closed-form expression for the massive Wightman two-point function in terms of
intrinsic geometric objects. Our summary and concluding remarks are given in Sec. 2.8.

There are six appendices. In Appendix 2.9 we construct the negative frequency solutions of
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the Dirac equation on dSy by charge conjugating our analytically continued eigenspinors.
In Appendix 2.14 we compare the mode-sum method for the massive spinor Wightman
function with the construction presented in Ref. [19] and we arrive at a closed-form
conjecture for a series containing the Gauss hypergeometric function. The rest of the
appendices concern technical details. Some minor details omitted in the main text are
presented in Appendices 2.10 and 2.11. In Appendix 2.12 we present details about the
mode-sum construction of the massless spinor Wightman function. In Appendix 2.13 we
demonstrate that our analytic expression for the spinor parallel propagator satisfies the
defining properties given in Ref. [19].

Notation and conventions. We use the mostly plus convention for the metric signature.
When it comes to tensors, lower case Greek indices refer to components with respect to
the “coordinate basis" while Latin ones refer to components with respect to the vielbein
(i.e. orthonormal frame) basis. Spinor indices (when not suppressed) are denoted with
capital Latin letters. For bitensors (or bispinors) that depend on two space-time points
x,x’, unprimed indices refer to the tangent space at x while primed ones refer to the

tangent space at x’. Summation over repeated indices is understood throughout this

paper.

2.2 GEOMETRY OF N-DIMENSIONAL DE SITTER SPACE-TIME

2.2.1 COORDINATE SYSTEM, CHRISTOFFEL SYMBOLS AND SPIN CONNECTION

The N-dimensional de Sitter space-time can be represented as a hyperboloid embedded
in (N + 1)-dimensional Minkowski space. The de Sitter hyperboloid is described by

Nap XX =1, (2.9)
where 7,, = diag(—1,1,1,....,1) (a,b = 0,1,...,N) is the flat metric for the embed-
ding space and X X!, ..., X"V are the standard Minkowski coordinates. The global

coordinates used in this paper are given by

X" = X°(t,0) = sinht
X'= X'(t,0) =cosht Z', i=1,...,N, (2.10)
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where t € R, 0 = (O _1,0n_9,...,01) and the Z''s are the spherical coordinates for

SN=1in N-dimensional Euclidean space

Z' =sinfy_; sinfy_s...sin b, sin b,

7? =sinfy_1 sinfx_o ...sin Oy cos by

ZN=1 = sinfy_1 cosfOy_s

ZN = cosOn_1, (2.11)

where 0 < 0; <27 and 0 < 6; < 7 (i # 1). Using the coordinates (2.10) we obtain the
line element (2.7) for dSx.

The non-zero Christoffel symbols for the coordinates (2.10) are

; ~ 0; ~0;
thiej = coshtsinht go,,, T'y, = tanht gy,

%, = T, 1)

where gg,g., fz’jgj are the metric tensor and the Christoffel symbols, respectively, on SV 1.
The vielbein fields are given by

1
t 0. ~0; .
eg=1, €7, = ey, 1=1,...,.N—1, 2.13
0" cosht (2.13)
where &%, are the vielbein fields on SV~=1. The latter are given by
iy =1,
1
% ;= j=1,..,N—2. 2.14
€ sinfy_; sinOy_o ... sin;q’ J T (2.14)
The spin connection Wape = Wabg = (Wabe — Wae)/2 is given by
Wape = €My (8#6’\1, + Ffwe”b) Exe (2.15)
and its only non-zero components are
wigp = Z e = tanht Sy iy ok = 1, N — 1, (2.16)
! cosht

where @;;;, are the spin connection components on SN=1 and d;; is the Kronecker delta
symbol. (Note that the sign convention we use for the spin connection is the opposite of

the one used in most supersymmetry texts.)
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2.2.2 (GEODESICS ON dSy

Geodesics on dSy are obtained by intersecting the hyperboloid (2.9) with two-planes
passing through the origin [7]. Note that, contrary to the case of maximally symmetric
Euclidean spaces (RY, S, H”), on pseudo-Riemannian spaces two points cannot always
be connected by a geodesic.

Let x, 2’ be two points on the de Sitter hyperboloid (2.9) and p(z,z’) the geodesic

distance between them. Using the scalar product of the ambient space
Z(z,2") = ngepX(2) Xb(2)) (2.17)
one can define the useful quantity
2(z,2") = ;(1 + nabX“(a:)Xb(x’)>. (2.18)

If =1 < Z(z,2") <1 (i.e. z€[0,1)) the points x, z" are spacelike separated (i € R)
and they can be connected by a spacelike geodesic. (The equality sign corresponds to
antipodal points.) The geodesic distance is then defined by Z(x,z’) = cos (u(z,x")) or

equivalently
z = cos’ g (2.19)

If Z(z,2") < —1 (i.e. z <0) the points are spacelike separated but there is no geodesic
connecting them. However, the function p(z,z’) can still be defined by Eq. (2.18) via
analytic continuation [3]. (Let & be the antipodal point of = and let 2’ be any point in
the interior of the past or future light cone of . Then there is no geodesic connecting x
and 2’ [3].) If Z(z,2") =1 (i.e. z =1) the geodesic distance is zero and the two points
can be connected by a null geodesic (or they coincide). If Z(x,2') > 1 (i.e. z > 1)
the two points are timelike separated (i = ik, k € R) and they can be connected by a
timelike geodesic. The geodesic distance for timelike separation is given by
1 K

z = cos® 5= cosh? 7 (2.20)
In the rest of this paper we suppose that the points under consideration can be connected
by a spacelike geodesic (unless otherwise stated). The corresponding results for the
timelike case can be obtained just by replacing u — ix.
The unit tangent vectors at = and 2’ to the geodesic connecting the two points are
defined by

ne(z,2') = Veu(z, o), ng(z,2')=Vep(x, '), (2.21)
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respectively. Since dSy is a maximally symmetric space-time, the unit tangents satisfy [3]

V,ny = cot pu( g — nuny), (2.22)
1
Vo, = ———— (g + 1,01, 2.23
wh Sin,u(g“ +nu77) ( )
Vg = tan %(gwnyl + G np), (2.24)

where g, (x) is the metric tensor and g,,/(z,2') is the bivector of parallel transport.
The latter is also known as the vector parallel propagator and it performs the parallel
transport of a vector field V¥ (2') from 2’ to = along the geodesic connecting these
points [3]

V(@) = ¢", V" (a"), (2.25)

where Vm(x) is the parallelly transported vector at =. (In this paper by geodesic we
mean the shortest geodesic connecting the two points.) The covariant derivative of a
vector field W*(x) for an infinitesimal interval can be expressed using the vector parallel

propagator as [9]
VW (x)da" = g"(x, 2 + dz) W (x + dz) — W5(x).
It is worth noting the relations [3]
Ny =—=9," Ny M = =g,/ Ny, (2.26)
9" 9N =" ghg =" (2.27)
Using the coordinates (2.10) we obtain the following expression for the geodesic distance:
cos (,u(x, x') ) = —sinh¢sinh ¢’ + cosh ¢ cosht’ cos Qy_1, (2.28)
where
cos ), = cos b, cos ), + sin b, sin B cosQ,_1, (2.29)
forn=2,..,N —1 and
cos )y = cos (01 — 67). (2.30)

Then the coordinate basis components of the tangent vector n,,(z, z') = (n(x, '), ng, (z, 2'))

(t=1,..,N — 1) are given by

n; = ——(coshtsinh ¢’ — sinh ¢ cosh ¢’ cos Qn_1), (2.31)
sin p
! htcosht' 0 (cosQn-1) (2.32)
ne, = — cosh ¢ cos cos QU :
4 sin 00; N=1
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where
P N—(i+1)
(cosQn_1) = < H sin O _, sin 9§V_T>
00; i
X (—sinf; cos 0] + cos b, sin 0} cos ;_1). (2.33)

The components of n,/(z,2’) are given by analogous expressions with ¢ <+ t',6; < ..
The vielbein basis components of the tangent vector at z, n,(z,2") = e* (z) n,(x,z)
(a=0,1,...,N — 1), are given by

ny =Ny, (2.34)
cosh #/
= —sinfy_ 0’
NN_1 sinu( sinfy_j cosby_,
+ cosOn_qsinfy_; cos Qy_s), (2.35)
cosh¢' ¢ N7
- net,)
ny Sn g < 71;[1 sinfy_,.
X (— sin 6, cos 0, + cos Oy, sin 0, cos 1), (2.36)
(b = 1,..,N — 2) while the components of ng(z,z') = € () ny(z,z') (af =

0',1,...,(N — 1)) can be obtained from Egs. (2.34)-(2.36) with t <> t', 6, < .
(Note that we define cos 2y = 1.)

2.3 DIRAC SPINORS AND CLIFFORD ALGEBRA ON N-DIMENSIONAL
DE SITTER SPACE-TIME

Dirac spinors are 2[V/2-dimensional column vectors that appear naturally in Clifford
algebra representations, where [N/2] = N/2 if N is even and [N/2] = (N —1)/2if N
is odd. A Clifford algebra representation in (N — 1) + 1 dimensions is generated by N

gamma matrices satisfying the anti-commutation relations
{7*,9°} = 201, a,b=0,1,..,N — 1, (2.37)

where 1 is the identity matrix and 1% is the inverse of the N-dimensional Minkowski
metric 7, = diag(—1,+1,...,+1). We follow the inductive construction of Ref. [8]
where gamma matrices in (N — 1) + 1 dimensions are expressed in terms of spacelike

gamma matrices in (N — 1) dimensions (') as follows:
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= For N even

01 | 0 7
A0 =i R L I S L (2.38)
1 0 -yt 0

where the lower-dimensional gamma matrices satisfy the Euclidean Clifford algebra

anti-commutation relations

{,71",7]'} _ 251‘3'1’ ,j=1,...,N —1. (2.39)
= For N odd
1 0 0 1
0 — 1 , N1 = )
K 0 —1 ! 10
- 0 i .
'7] = ’W = =] ,J=1 ey N =2, (240)
-1y 0

The double-tilde is used to denote gamma matrices in N — 2 dimensions. For

N =1 the only (one-dimensional) gamma matrix is equal to 1.

Note that the gamma matrices we use here for dSy can be obtained by the Euclidean
gamma matrices on S” used in Ref. [8] via the coordinate change (2.6). (Gamma
matrices transform as vectors under coordinate transformations and it can be checked
that all Euclidean v*'s remain the same under (2.6) apart from v%; the latter transforms
into the timelike gamma matrix: vV — iy =+0))

Spinors transform under 2/"/2l-dimensional spinor representations of Spin(N — 1,1)

(double cover of SO(N — 1,1)) as

b(x) = S(A(2)) ¢(), (2.41)

where S(A(x)) € Spin(IN — 1,1) is a spinorial matrix. The N(N — 1)/2 generators of
Spin(IN — 1,1) are given by the commutators

1

2 = 10" (2.42)
1 a b 1 ab
:?y 0l —57] ., a,b=0,.,.N—-1 (2.43)

and they satisfy the Spin(N — 1,1) algebra commutation relations
[Zab’ ch] — 77bczad _ naczbd + 77adzbc _ nbdzac' (244)
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The covariant derivative for a spinor along the vielbein is
Vit = ewt) — oS, (2.45)
where e, = e”,0,. The Dirac adjoint of a spinor is defined as
Y =iyl
with covariant derivative given by
Vo) = eqath + ;zﬁ Wape 2. (2.46)
The covariant derivative of the gamma matrices is

1
Va’)/k = ea’yk - wakc’)/c - iwabc[zbca ’}/k]

— 0. (2.47)

One can show the following properties of the gamma matrices given by Egs. (2.38) and
(2.40):
()" =1" ()7 = ()E(DEy (248)
(") = =", (") = (-DIE(=1)Ely, (2.49)
(r=1,..,N—1) and
(1) =99, a=0,.,N—1, (2.50)

where the star symbol denotes complex conjugation. Note that the timelike gamma

matrix is anti-hermitian while the spacelike ones are hermitian.

2.4 SOLUTIONS OF THE DIRAC EQUATION ON N-DIMENSIONAL
DE SITTER SPACE-TIME

We first present the basic results from Ref. [8] regarding the eigenmodes of the Dirac
operator on SV and then we perform analytic continuation for the two cases with IV even
and N odd.

Case 1: N even. The eigenvalue equation for the Dirac operator on SV is
8,8 . N 8,8
Vi, = Fi(n + 5w, (251)
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where n = 0,1,... and £ = 0, ..., n are the angular momentum quantum numbers on SV
and SV~ respectively. The index s indicates the two different spin projections (s = +).
The symbol ¢ stands for the angular momentum quantum numbers {y_o > (n_3 >
... 2Ly > {1 > 0 on the lower-dimensional spheres while § stands for the (N/2 — 1) spin
projection indices sy _2, Sy _u, ..., 52 on the lower-dimensional spheres SN=2 gN—4 G2
respectively. (Note that there exists one spin projection index for each lower-dimensional
sphere of even dimension.) For each value of n we have a representation of Spin(N + 1)

) with dimension [8]

$,3)

on the space of the eigenspinors wf;;?a (or w(,nga

2NN 4 — 1)

n = n!(N —1)! (2:52)

The solutions of the eigenvalue equation for the Dirac operator on S™ (2.1) are found by

writing the spinor 1 in terms of “upper” (¢ ) and “lower” (¢_) components as follows:

b = (‘”) . (2.53)
Y-

By substituting Eq. (2.53) into Eq. (2.1) one obtains two coupled differential equations
for ¢, p_. By eliminating ¢, (or ¢_) one finds [8]

1 =2 cosfy Y~7
—_— 1
sin? Oy sin? Oy P

K5’+N—1
00N 2
= Ny, (2.54)

cot QN)2 +

where Y~7 is the Dirac operator on SV~!. (Equations (2.54) are equivalent to W2¢ =
—A%).) Then, by separating variables, the normalized eigenspinors of ¥|gv are found to
be [8]

—3 cn(nl ne(0 (_g)a Qn_
UG On, Q ) = O [ OO () (255)
V2 \Eine(On)x 06 (Qv-1)
and -
s en(nl) (1 ON)X 00 (v
0y = X (BT ) (o
+One(On) X120 (v 1)
where Qy_; € S¥~1 and the normalization factor is given by
F'n—¢+1)T'(n+ N+
e (nd)|* = NIV )P (2.57)
The eigenspinors on SV, X@U(QN—l), satisfy the eigenvalue equation
% (3 , N—-1 5
WXSI:?U = (6 + 2) Xgl:zcr' (258)
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They are normalized by
/SN ldQN 1ngg(QN 1) Xslg/ (QN 1) - 555’553’500’5557 (259)
while the eigenspinors on SV are normalized by

/ dQNwin&T(eNu QN 1)“/}:‘:71/{’ ’(0N7 QN 1) - 633’5nn’638/500’588 ; (260)

where all the 1), eigenspinors are orthogonal to all the ¢)_ eigenspinors. The functions

Gne(ON), Vne(Oy) are given in terms of the Gauss hypergeometric function by

0N /41 . HN ¢
Gne(On) —KJ¢ (nﬂ) (cos 2) <sm 2)

><F<n+N+€ —n+{(;N/2+¢; 51n292N> (2.61)
and
Une(On) = Ké}N) (73\2;7:_2 N/2) (COS 9;\])‘ (sin 0;\[)“1
><F<n—|—N—|—€—n+€ N/2+ 0+ 1; 81n29§>, (2.62)
where
Kty = LN/ (2.63)

I(n—0+1)D(N/2+0)
The condition n > ¢ as well as the quantization of the eigenvalue of the Dirac operator

A = (n+N/2)* (n=0,1,...) arise by requiring that the mode functions are not singular
[8]. The functions ¢, 1,¢ are related to each other by

e et~ g (6475 Jowdow

= (n+ jzv) Yne(O), (2.64)
{dZN + N2— L otoy + SmlgN (e + N2_1> ]W(QN)

=+ (v ) uon) (2.65)

As mentioned in the Introduction, we can obtain the Dirac spinors which solve the Dirac
equation (7*V, — M)y = 0 on dSy by analytically continuing the eigenmodes of the
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Dirac operator on S™V. The eigenvalues on S¥ will be replaced by the spinor's mass M.
It is easy to check that under the replacement 0y — /2 — it one finds ¥|gv — V|asy -
Without loss of generality, we choose to analytically continue the eigenspinors ¥, with

the positive sign for the eigenvalue (see Egs. (2.55)-(2.56)) by making the replacements

N
Oy — x=m/2—it, n—>—z’M—§. (2.66)

The solutions of the Dirac equation on dSy are then

(—.8) _ en(MY) ¢Mé(t)X@a(QN—l)

wio (1) == <¢¢Me<t>x<fza<m_1>) o7
and

) _en(MO) (iare(t)X )y (1)

i (£ n-1) = V2 (?bMé(t)nga(QN—l))’ (2:68)

where ¢y (M) is a normalization factor that will be determined later (¢ = 0,1, ...).
(Alternatively, we can choose to analytically continue the eigenspinors ¢)_ in order to
obtain the solutions (2.67)-(2.68) of the Dirac equation. In this case we need to make
the replacements Oy — 7/2 —it,n — iM — N/2 in Egs. (2.55)-(2.56) instead of the
replacements (2.66).) The un-normalized functions that describe the time dependence

are
TN, . TN
Oare(t) :(0085) (s1n§)
N N N x
F~— M, — 4+ —iM; — -'2> 2.
X (2+€+2 ,2+€ i ,2—|—€7sm2 (2.69)
and
—iM AV A AN
Uare(t) = W(COS 5) (sm 5)
N N N
><F<+€+z’M,+€—iM;+€—|—1;sin2x), (2.70)
2 2 2 2
where
2 t t
COS% = \é_ <cosh2 + isinh 2> , (2.71)
2 t t
sing = \g_ (cosh2 — i sinh 2) , (2.72)
. o« 1 —isinht
-—= 2.73
sin” o 5 (2.73)
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It is clear from Eq. (2.70) that v54(t) vanishes in the massless limit. Note the analytically
continued version of Egs. (2.64) and (2.65)
d N-1 7 N -1
s tanh ¢ ¢ ) ) ¢
(dtjL 2 an +cosht ( + 2 Oue(t)
= +Mhp(t), (2.74)

d N-—-1 7 N -1
— tanht — _
<dt+ 2 an cosht (E * 2 ) >wMé(t)

= —Moar(t). (2.75)

Using the following relation [11]:
F(a,b;c;2) = (1 — 2)“PF(c—a,c — byc; 2) (2.76)

we can rewrite the functions ¢y, ¥ as

Oare(t) = ( Ccos g) e ( sin g)g

N
x F <i]\/[, —iM,; ) + £; sin® ;) (2.77)

and
—iM ( x)—N—£+2( x)1z+1

:m COS 5 sin —

Vare(t) 2

N
« F(iM+1,—iM+1;2+€+1;sin2 32”) (2.78)

The short wavelength limit (¢ > 1) of these functions can be found, by noting that the

hypergeometric functions here tend to 1 in this limit, as

Uare(t)- (2.80)

(thbMe(t) ~ =1

d
dt@DMe( ) 1 o

We see that the time derivative of our mode solutions (2.67) and (2.68) reproduces
locally the positive frequency behaviour of flat space-time. Thus, our modes can
serve as the analogs of the positive frequency modes and we can use this criterion as
well as de Sitter invariance (see Sec. 2.5) in order to define a vacuum. Our positive
frequency conditions (2.79) and (2.80) for the high frequency modes refer to the adiabatic
condition [21] [note that ¢/ cosht is the physical (angular) momentum of the particle
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with angular momentum quantum number £]. In the adiabatic limit, the high frequency
modes experience a slowly varying scale factor cosht, i.e. /cosht >> |tanht|, where
tanht is the expansion/contraction rate. Under these assumptions, we can find the

approximate WKB solution to the second order equation satisfied by ¢aze(t) [3]:

0x? ox 2 sin? x

(ML) —Z(N 1)(N —3) _(N;1)2)¢M£<t)

2 _
(3 —l—(N—l)cotxa—i-(E—l—N 1) cos e

SlIl T

= M?¢ar(t),

where x = 7/2 — it. The adiabatic positive frequency form of ¢, is the approximate
WKB positive frequency solution to this equation and corresponds to Eq. (2.79).

Note that by making the replacements (2.66) in the expressions for the spinors ¢_ with
the negative sign for the eigenvalue on S™v (see Eqs. (2.55)-(2.56)), we obtain the spinors

(=3 | et X (1)
w—MZU(taQNfl) - (—szg(t)X §O_(QN 1)> (281)
and
(+ iare ()X (A1)
Y (t Q) = (—¢Mz(t)xfzo(QN—1)) ; (2.82)

which are not solutions of the Dirac equation (2.8) on dSy. However, these spinors
satisfy the equation Y/_p; = —M1)_,; and they serve as a tool in the construction of
the negative frequency solutions of the Dirac equation (2.8) using charge conjugation in
Appendix 2.9. (Note that the negative frequency solutions are obtained in two different
ways: by separating variables in Sec. 2.6 and via charge conjugation in Appendix 2.9.)

Case 2: N odd. For the construction of the eigenmodes of Eq. (2.1) it is convenient
to consider the eigenvalue equation for the iterated Dirac operator W2w = —\%1). The

latter may be written as follows [8]:

0 N -1 2 1 =2 cosfOy o
{(891\/—’_ 2 COteN) +Sin29NW sin? Oy W

= 22, (2.83)

30
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By separating variables, the spinor eigenfunctions of the Dirac operator on S™ are found
to be [8]

o3 cy(nt
T O, ) = 2

% (Dne(On)R0) (1) £ i (O0) R (A1), (2.84)

where .
o (s, ) N (8:9)
1+ 2.85
e = 500X, (2.85)
and the eigenvalues are the same as in Eq. (2.51) (i.e. A = =+ (n+ N/2) with

(5,8) (5,8)

n=0,1,...). The spinors x.;.’ and %\, are given by

XD = 5 (2.86)
and
D = Vg, (2.87)

Here s is the spin projection index on S™¥~! and 5 stands for the rest of the spin projection
indices on the lower-dimensional spheres of even dimensions. The functions ¢,,, ¥,
are given by Eqgs. (2.61) and (2.62), while the spinors )Q(iséi)(QN_l) are eigenfunctions
of the hermitian operator VNY} (that commutes with the iterated Dirac operator W2)
satisfying [8]

s,8 N -1 ~ (8,5
PYRED = (04 S ) 25 (2388)

ss))

As in the even-dimensional case, for each value of n the eigenspinors wffg)a (or 1/)( o

form a representation of Spin(N + 1) with dimension d,, given by Eq. (2.52). (The
dimension is half the dimension for the case with N even because there is no contribution
from spin projections on SV.) Notice that on S! the Dirac operator is just 9/96; and
the eigenspinors are x ¢, (01) = exp{(£i (¢1 + 1/2)6;)} (the normalization constant is
(27)71/2). The eigenspinors (2.84) are normalized as in the case with N even and the
normalization factors are given again by Eq. (2.57).

We choose to analytically continue the 1), eigenmodes. By making the replacements
(2.66) in the expression for the eigenspinors zﬂf;;?a(GN, Qn-1) (Eq. (2.84)) we obtain the
solutions of the Dirac equation on odd-dimensional d.Sy

s.8 en (MY
it o) = 20

x (Dae() R Q1) + e ()RS (1)), (2.89)
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where the normalization factor will be determined later. The functions ¢pz(t), ¥are(t)
are given again by Eqgs. (2.69) and (2.70). Hence, the solutions (2.89) can be used as
positive frequency modes.
As in the even-dimensional case, we can analytically continue the eigenspinors 1 to
obtain

wgq]’\fl)éo'(t’ QNfl)
= ((bMé(t))A((jéi)(QNfl) - ine(t)ngé?(QNfl))a (2.90)

which satisfy the Dirac equation (2.8) with M — — M.

2.5 NORMALIZATION FACTORS AND TRANSFORMATION PROPER-
TIES UNDER SPIN(N,1) OF THE ANALYTICALLY CONTINUED
EIGENSPINORS

For each value of M the set of the analytically continued eigenspinors of the Dirac
operator V|g~ forms a representation of the Lie algebra of Spin(NV,1) (which is also
a representation of the group Spin(NV,1)). If we want to use these mode functions to
describe spin-1/2 particles on N-dimensional de Sitter space-time, the corresponding
representation has to be unitary. Unitarity ensures that no negative probabilities will
arise. A representation is unitary if there is a positive definite inner product that is
preserved under the action of the group. In this section we show that the representation
formed by our analytically continued eigenspinors is unitary by introducing a Spin(/N,1)
invariant inner product among the solutions of the Dirac equation and by verifying the
positive-definiteness of the associated norm for our positive frequency solutions. In
addition, we calculate the normalization factors ¢y (M /) and we show that the positive
frequency modes transform among themselves under the action of a boost generator. In
view of a mode expansion of the quantum Dirac field using our analytically continued
modes, the transformation properties thus obtained imply that the corresponding vacuum

is de Sitter invariant.

2.5.1 UNITARITY OF THE SPIN(/N,1) REPRESENTATION AND NORMALIZATION
FACTORS

Let v and 1)’ be any two Dirac spinors on a globally hyperbolic spacetime (global

hyperbolicity is assumed for later convenience). The Dirac inner product of 1, is then
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given by
() =i /Z dS i, Py, (2.91)

where the integration is over any Cauchy surface ¥ and 7, is the unit normal to the
Cauchy surface with 775 > 0. Below we use this inner product in order to show that our
positive frequency modes on dSx have positive norm. (The Dirac inner product is also
used in Sec. 2.6 in order to normalize the negative frequency solutions and show that
the positive and negative frequency solution subspaces are orthogonal to each other.)

Now let 10,7 in Eq. (2.91) be positive frequency solutions of the Dirac equation on global
dSy with same mass M (see Eqgs. (2.67)-(2.68)). Then the Dirac inner product (2.91)

is written as

(Wi, S =i [ dov/=g Bhiin vl (2:92)
— [a8v=g vt (2.93)
where the integration is over the Cauchy surface ¥ = SV~! and d@ stands for

df1d0s...dON_1 . The square root of the determinant of the de Sitter metric is
v—g =cosh™ 't sin™20y_;...sin 6y = cosh™ /7, (2.94)

where § is the determinant of the S™~! metric. First, we show that the inner product
(2.92) is both time independent and Spin(N,1) invariant. Let ¢)(!)| %) be two analytically
continued eigenspinors which satisfy the Dirac equation (2.8). The Dirac equation and

Eq. (2.47) imply that the vector current
It = i V@ (2.95)

is covariantly conserved. Hence, the inner product (2.92) is time independent. As for
the invariance under Spin(V,1), we can show that the change in the inner product due
to infinitesimal Spin(V,1) transformations vanishes (as in Ref. [15]). Let & be a Killing
vector of dSy satisfying

V& + V.6, =0. (2.96)

The Lie derivative of J* with respect to the Killing vector {# (£ J") gives the change

in J#* under the corresponding transformation; that is

§JM = Lt = €N, I — UV,
=V, (&N — Ve, (2.97)
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where we used the fact that both J* &* are divergence free. Then we find

1
§J =V, (€% — J ) = Do, |/—g(&0 J° — Jo=£9) ], 2.98
(€ &) = =0 [V=g(€ &) (2.98)

where k = 1,..., N — 1. By integrating Eq. (2.98) over S¥~1 we find
(™, ) = / d0r/=4 6.J° = 0. (2.99)

Below we study the positive-definiteness of the norm associated with the inner prod-
uct (2.92) for our positive frequency modes.

Case 1: IN even. Substituting the analytically continued eigenspinors (2.67) (or (2.68))
into the inner product (2.92) we find

(s,3) 8 S) _|CN(M£)|2 hN—l * * 5 5 5 5
( Mo Uatirr) - 9 cos t{ Pare(O)Pare(t) + Vage(O)ne(t) ) 0505500000
(2.100)
where the positive-definiteness is obvious (i.e. the representation is unitary).
Using Egs. (2.74) and (2.75) one finds
d N -1
%[cosh(N_l)ﬂt ngg} = —jcosh™V=9/2¢ <€ + 2)
X ¢M€+MCOSh(N_1)/2t’l/JMg, (2.101)
and
d N -1
7 [Cosh(N_l)/2 t@DMg] = + 4 coshV=3/2¢ <€ + 2)
X e — M cosh™ V2 ¢ ¢, (2.102)
respectively. Consequently
costht(<b}‘W(t)¢Mg(t) 4 ij(t)wmu)) _K (2.103)

where K is a positive real constant (since the time derivative of the left-hand side
vanishes). We can determine the value of K just by letting ¢ = 0 in Eq. (2.103). The
functions (2.69) and (2.70) for t = 0 are

V2 (1\' L 0+0% 1
¢Mg(t—0)—2<2) P66 00 (2.104)
and /2 ,
—iV2M (1 Lo 1
¢W(t_0)_w(2) F<5,6, - +1,2> (2.105)
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respectively, where
N
Using the following two formulas [1], [2]:

Faba+b1 Fa—l—b 1
(e ia) e (57)

[((a+1)/2)T'(b/2)

1
+ , 2.106
L((b+1)/2)T'(a/2) ( )
a+b 1 2\/_ a+b 1
Fla,b 1; = 1) |l ==
<a’ o ’2) a—b ( S ) T((b+1)/2)
1 1
% — 2.107
I(a/2) T((a+ 1)/2)F(b/2)] ( )
we find
K = ¢3(0)0n12(0) + ©0(0)thare(0)
r 0))?
_ovr PG HOP (2.108)
IT(§ + ¢+ iM)|?
where we also used the Legendre duplication formula
1
[(22) = —=22"'T(2)['(z + 1/2). (2.109)
NZS
Since (55 (8 = oy (MO)|2K /2, it is straightforward to calculate the normalization
factor as
F( + 0+ iM)|?
ex(MO)J2 = 20N 2.110
Our positive frequency solutions are now normalized by
( %250—7%\2; 1) = 055035500000 - (2.111)

Case 2: N odd. Substituting the analytically continued eigenspinors (2.89) into the
inner product (2.92) we obtain again Eq. (2.100). Thus, the Spin(/V,1) representation
is unitary (due to the positive-definiteness of the norm) and the normalization is again
given by Egs. (2.110) and (2.111).
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2.5.2 TRANSFORMATION PROPERTIES OF THE POSITIVE FREQUENCY SOLU-
TIONS UNDER SPIN(/V,1)

In this section we use the spinorial Lie derivative [18] with respect to the Killing vector
field £ in order to study the Spin(V,1) transformations of the analytically continued
modes of ¥|gv generated by £. More specifically, we show that our positive frequency
modes transform among themselves under the action of an infinitesimal boost in the
On_, direction.

The coordinate expression for the spinorial Lie derivative of a spinor field 1) with respect
to the Killing vector £ is [18]

LY ="V + ivﬁgwww. (2.112)

(We use the superscript s to distinguish the spinorial Lie derivative from the usual Lie

derivative.) We are interested in the transformation generated by the boost Killing vector

& = cos GN,la — tanh ¢ sin eNlm?N—l. (2.113)
After a straightforward calculation we find
9N 1
L = féer 7 Y (2.114)
= cosfOn_10;) — tanh tsinOy_10p 1/}_'_% N=1,04, (2.115)
Nt 2cosht

The spinorial Lie derivative with respect to Killing vectors commutes with the Dirac
operator [18]. Hence if ¢ is an analytically continued eigenspinor of ¥|gv we can express
Eq. (2.115) as a linear combination of other such eigenspinors. In order to proceed, it is
useful to introduce the ladder operators for the functions ¢ze(t), Yare(t), deey_,(On-1),
Yyen_,(On_1) sending the angular momentum quantum number £ to /41. (The functions
Gotn_yrVrey_, are given by Egs. (2.61) and (2.62) respectively, with N — N —1, n — ¢

and ¢ — {x_5.) The ladder operators are given by the following expressions:

d 1 i
U p— (E )t ht — — 2.11
¢ dt + 2 an 2cosht’ ( 6)
d 1 i
W = _ <£ ) tanht + — 2.117
¥ dt + 2 anit -+ 2cosht’ ( )
o d 3 i
T == (5 —)t ht+ — 2.118
¢ dt 0T 2 anht + 2cosht’ ( )
o4 (z +N - 3) famht — — (2.119)
¥ dt 2 2cosht’ '
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N-—2
D gin gy 3 O Ry
Tg, =sin eNild(ngl + (€ + N 2) cosOn_1 2+ ) (2.120)
~ . d 3 o+ X
747 =sin On g+ (€ +N— 2) cosfy_y + N(2 %i (2.121)
N—2
) d_ _ ( 1) Ovoat 75
T smHN ldeN ) COS@N_l £—|— 5 (f—l— 22) (2122)
) d 1\ Iyt 2
Té} ) = Sin eNflm — COS 9]\[71 (€ + 2) ﬁ (2123)
The corresponding ladder relations are
T30 fare(t) = K9 faren (t), (2.124)
T}_)fMﬁ(t) = k) fare-a(2), (2.125)
T}+)ﬁﬁN_2(9N—1) = l’%(—’_)ff—i-lKN_Q(eN—l)? (2126)
M Fron o (On-1) = K foorey L, (On 1), (2.127)

where faro(t) € {dare(t), Yare)}, froy (On-1) € {Geon »(On—1), Veey ,(0n-1)} and

(N/2+0)? + M?
L SR (2.128)
K = —i(NJ2 4+ € 1), (2.129)
N = b
S (N=D240=1)((N=1)/2+0)
o A , (2.131)

The ladder relations (2.124)-(2.127) can be proved using the raising and lowering operators
for the parameters of the Gauss hypergeometric function given in Appendix 2.10. Below
we describe how to express the spinorial Lie derivative (2.115) of a mode solution wﬁjo).
as a linear combination of other solutions with the same M.

Case 1: N even (> 2). Using Eq. (2.38) one finds

~N—1
_ - 0
AN = ( ~N_1> : (2.132)

Let ¢ be the eigenspinor ngﬁ)N_Q&, where ¢ stands for quantum numbers other than
l,ln_o. Since the partial derivatives in Eq. (2.115) refer only to the coordinates
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{t,0n_1} we want to extract the ¢ and 6y _; dependence from our analytically continued

eigenspinors. By combining Egs. (2.67), (2.68) and (2.84) we can express the spinors
2(s)

zbgjéi)]vfﬁ(t, Qn_1) in terms of eigenspinors on S¥72 (x5

(Qxn_2)) as follows:

O)en-1(0ln_2) ( (SKMKN L5t On_1, Qn_2)

,S CN(
WS st Qn) = ; . (2.133)
Mee \/§ \/§ D( 3\4561\[725@, 9]\[,1, QN,Q)

(5)

-(t,0 Q

w[(\}*ese)N 20.(t QN 1) CN( )CN 1(€€N 2) ?;éwééj\r QU( N—1,°¢N— 2) ’ (2134)
V2 V2 Uiiteoy o5t 0n-1,Q82)

where
Urtn ot -1, v-2) = da1e(0)(Drts (O -)R o (2-2)

¢i¢uN_2(9N1)>%(3N_25(QN2)) (2.135)

and D$MMN is given by an analogous expression with ¢ue(t) — hpe(t). By

substituting Egs. (2.133)-(2.135) into the expression for the spinorial Lie derivative (2.115)
and making use of Eqgs. (2.124)-(2.131) we find after a lengthy calculation

s N N ,8 N +,3

where the coefficients on the right-hand side are given by the following expressions:

R(N) . CN(ME) CN,I(ggN,Q) k’(+)];’(+)
MEEN—» _CN<M€ + 1) CN,1(€ + 1, 6]\[72) 2(6 + %)

i JE + 02+ M2 s t ) et N—1), (2138)

(2.137)

2 5+
—1) X en(MO) en_1(0ly_g) kK

L, = 2.1
MU= ey (M, 0= 1) en—1(€— 1, by—2) 2(0 + 1) (2.139)
= (R%Z)@fl,ﬁjv_2> ) (2140)

and
. gN 9+ N72)

e, = —in 2.141
Meln_o -1 <£+ )(g_i_ ) ( )

Notice that in the last term of the linear combination in Eq. (2.136) the spin projec-
tion sign is flipped. We have checked the validity of the above results by using the
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de Sitter invariance of the inner product (2.92). More specifically, we have verified that
(LEbre, Varexr) + (Unse, LEUprerr) = 0. (Some details regarding the derivation of
Eq. (2.136) can be found in Appendix 2.11 along with the NV = 2 case.) It is clear from
Eq. (2.136) that our positive frequency solutions transform to other positive frequency
solutions with the same M under the transformation generated by £. Based on this
observation we can conclude that the vacuum corresponding to these positive frequency
modes is de Sitter invariant (see, e.g. Refs. [26] and [14]).

Case 2: N odd. Using Eq. (2.40) we find

0 —1
N=1,0 . 2.142
YV =1 (1 o) ( )

As in the case with N even, it is convenient to express the analytically continued eigen-
spinors @/)g\f[’féwza_(t, Qn_1) (Eq. (2.89)) in terms of eigenspinors on SN2 (X(ﬂsz ,5(Qn_2)).
By combining Egs. (2.85), (2.55) and (2.56), we can rewrite Eq. (2.89) as

CN(MK) CN_l(ggN_Q) 1
t,0 Q
77Z)MMN 20( N—-1,3tN— 2) \/§ \/5

S

\ 1<)
1 ~
% (1+ Z.)éKNZN72 [Pare + @MZ]Xttév)m (2.143)
(=14 D)itbeey ,[dnme — omd X5, 45
and
en(MO) ey 1(0ly—2) 1
t,0n_1,8 5
¢MMN 20( N-1,3¢N— 2) \/5 \/§ \/§
N . ~(3)
o [+ Dy Oue + Z%Md&(gw& _ (2.144)
(=1 +9)bpoy o [One — WM@]XHN_Q&
Working as in the case with N even, we find after a lengthy calculation
S N 8 N N .
g M@cr 7RS\4Z)£N—217D](\/TK‘210 + ngng—Q 1(\45 lo + C( e)eN—Q ](\jeg). (2145)

Notice that, unlike the even-dimensional case, the two spin projections do not mix with
each other. As in the case with N even, we conclude that the vacuum is de Sitter

invariant.

2.6 CANONICAL QUANTIZATION

In this section we follow the canonical quantization procedure and give the mode

expansion for the free quantum Dirac field on N-dimensional de Sitter space-time with
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(N — 1)-sphere spatial sections using the analytically continued spinor modes of ¥|g~.
As mentioned earlier, our analytically continued eigenspinors can be used as the analogs
of the flat space-time positive frequency modes. However, the latter are not the only
solutions of the Dirac equation (2.8) on dSx. New solutions (i.e. the negative frequency
modes) can be obtained by separating variables. Below we present the negative frequency
solutions before proceeding to the canonical quantization. (Note that the negative
frequency solutions can also be obtained using charge conjugation as demonstrated in
Appendix 2.9.)

2.6.1 NEGATIVE FREQUENCY SOLUTIONS

Case 1: IV even. By making the replacements (2.66) in the expression for the iterated
Dirac operator on S (2.54) one finds
0 N-1 2 1 52  sinht 4
2Ny g b g
{((% * o ) cosh? tW cosh? tW v
= —M?p,. (2.146)

Then by separating variables (as in Ref. [8]) one finds the negative frequency solutions

-5 MY (O Qe
Vi oy ) = 2000 75?@( )Xtﬁ;’( o)) (2.147)
V2 Whre (D)X 4o (2n-1)
5 MO (i, (xS (-
V(o) = SO (WX () (2.148)
V2 Prre(t)X g (v-1)
These are normalized using the inner product (2.92) as
(V]\(/;éi)7 V]\(;;;il’)) = (538’555’5M’5aa/ (2149)
and they are orthogonal to the positive frequency solutions, i.e.
(WS Visad) = 0. (2.150)

As we can see, the negative frequency modes are given by the positive frequency solutions
(2.67) and (2.68) by replacing the functions ¢ (t), ¥are(t) with their complex conjugate
functions and by exchanging x+(Q2x-1) and x+(Qx_1). The time derivatives of the
spinors (2.147)-(2.148) reproduce the flat space-time behaviour in the large ¢ limit, i.e.
the complex conjugate of Eqgs. (2.79) and (2.80).
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Case 2: N odd. Working as in the even-dimensional case, the negative frequency

modes are found to be

VeI Q) = f[ >(¢W() R ) + s, ORSD (Qv1)  (2.151)

and they satisfy the conditions (2.149) and (2.150).

2.6.2 CANONICAL (QUANTIZATION

The Lagrangian density for a free spinor field U is

L=y=g \y(wvu - M)\If (2.152)
= VLG 5 (1) (V) - M), (2.153)

where we have written out the spinor indices explicitly in the second line (A, B,C =
1,...,2[N/2) . The corresponding equation of motion for WU is the Dirac equation (2.8).

By the standard canonical quantization procedure, we find
1
{U(t,0)4, 0 (t,0)p} = Ma“-”w — 65" 5, (2.154)
—g\t,

{U(t,0)*,W(t,0)5) = {Ui(t,0), V'(t,6)5} = 0. (2.155)
The mode expansion for the free Dirac field is

=22 ( AT (8, 0) + by Vi (t, 9)) (2.156)

lo s,5

where we are summing over all angular momentum quantum numbers and over all the
possible spin projections. (There are [IN/2] spin projection indices in total.) Using the

normalization conditions (2.111), (2.149) and the orthogonality condition (2.150) we

may express the annihilation operators, ag\j’z and bgijz)f as

aSion = (US7(t,0), U (t, )
— [dov=gu$i)t.0) v (t.0) (2.157)

and
b = /de\/_\lﬂte) V(1 9). (2.158)
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By combining Egs. (2.157)-(2.158) with the anti-commutation relations (2.154) and
(2.155) we obtain

{agélgw Mé’ T} - 655’655’5££’500 ) (2159)
{bg\sfzoﬂ ME’ } 88’555’5Z€’500’a (2160)

while all the other anti-commutators are zero. The de Sitter invariant vacuum is defined
by

aMEa 0) = szzg 0) =0, (2.161)
for all £, 0, (s,35). Using the mode expansion of the Dirac field (2.156) we can obtain the
mode-sum form for the Wightman two-point function

W((tﬂ), (t’,O’)) = (0| U(t,0)T(¢,0')|0) (2.162)
= Ut 0) (). (2.163)
Lo s,5

The high frequency behaviour of our mode solutions (2.79)-(2.80) implies that we should
adopt the —ie prescription (i.e. the time variable ¢ should be understood to have an

infinitesimal negative imaginary part: t — t — ie, € > 0).

2.7 THE WIGHTMAN TWO-POINT FUNCTION

In this section we first review the basics about the construction of Dirac spinor Green's
functions on dSy using intrinsic geometric objects following the work of Miick [19].
(Mick gave the coordinate independent construction of the spinor Green's function in
terms of intrinsic geometric objects on maximally symmetric spaces of arbitrary dimensions
using Dirac spinors. An analogous construction on 4-dimensional maximally symmetric
spaces using two-component spinors was first presented in Ref. [4].) Then using the
mode-sum method (2.163) we obtain a closed-form expression for the massless spinor
Wightman two-point function on dSy that agrees with the construction presented in
Ref. [19]. Using this massless two-point function we infer the analytic expression for
the spinor parallel propagator and then obtain the massive spinor Wightman two-point

function in a closed form.

2.7.1 THE SPINOR PARALLEL PROPAGATOR ON dSy

Let |¢) be a state invariant under the action of the de Sitter group. Then two-point
functions (such as (1| U(x)¥(2') 1)) define maximally symmetric bispinors [3]. These
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bispinors can be expressed in terms of the following “preferred geometric objects™: the
geodesic distance (2.19), the unit tangent vectors (2.21) to the geodesic with endpoints
x,x' and the bispinor of parallel transport A(z, '), also known as the spinor parallel
propagator [19, 9, 5]. The spinor parallel propagator parallel transports a spinor ()

from 2’ to z along the (shortest) geodesic joining these points, i.e.

!

() = Az, )y (@), (2.164)

where 1)) () is the parallelly transported spinor. The covariant derivative of a spinor field

for an infinitesimal interval can be expressed using the spinor parallel propagator as [9]
V,(x)da" = Az, x + dx) (x + dx) — ().

The following relations can be used as the defining properties of the spinor parallel

propagator for arbitrary space-time dimension [19]:

A’ x) = [AMz,2")] 7, (2.165)
(@) = A, :L’)fy“(x)gl’/ﬂ(x’, )A(z, 2", (2.166)
n"*V , Az, z2") =0, (2.167)

where the parallel transport equation (2.167) holds along the geodesic connecting x and
«'. Equation (2.166) describes the parallel transport of gamma matrices. By contracting
Eq. (2.166) with n,/(z,2") and using Egs. (2.26) and (2.165) we find

Az, 2] ' Az, 2') = —9f, (2.168)

where %t = y*(2)n,(z,2") and 3t’ = v (2')n(x,2"). Equation (2.168) conveniently
describes the parallel transport property of 7. In Appendix 2.13 we show that our result
for the spinor parallel propagator (given by Eq. (2.194)) is consistent with the defining
properties (2.165)-(2.168). On dSy the covariant derivatives of A(z.2") can be expressed
as [19]

/ 1L (K /
V., A(z,2") = —12 tan(2> (ot — ny )A(z, 2", (2.169)
VuA(z,2') = 5 tan(l;)/\(a:, ) (vt — ny). (2.170)

Note that 5°> = 1 and (##')? = 1’, where 1,1’ are the identity spinor matrices at x and

2', respectively.
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2.7.2 (CONSTRUCTING SPINOR GREEN’S FUNCTION ON dSy USING INTRINSIC
GEOMETRIC OBJECTS

The massive case. The massive spinor Green's function Sy (z, x’) on dSy satisfies the

inhomogeneous Dirac equation

/
The Green's function Sj/(x, z) can be expressed in terms of intrinsic geometric objects

as follows [19]:
Sula,a') = (cr () + Bur () Az, 2, (2.172)
where o (1), Bar(pe) are scalar functions of the geodesic distance. By requiring that

Sy (x,z’) in Eq. (2.172) satisfies Eq. (2.171) we find the following system of ordinary

differential equations for aps (1), Bar(p):

dOéM N -1 M

—_— = — - M = 2.1
0 5 tan 5 QM By =0, (2.173)
d N -1 o(x — o

Bar N2l gy — Mgy = 227, (2.174)
dp 2 2 —g(x)

Using the variable z = cos? (u/2) (see Eq. (2.18)) this system of equations is solved
by [19]

IT(5 + M)
- M
OJM(Z) F(5+1)(2 )N/22N/2\/E
N N N
X F ( S — M, S IM; S z) (2.175)
and
\/1 —z N -1
= — . 2.1
Using Egs. (2.175) and (2.224) we can rewrite Eq. (2.176) as
Barlz) = IT(5 +iM)J?
MDY 1 1) (2m) V2 282
N _ (N N N
l—z2—F|——itM,—+iM;—;z|. 2.1
25 (2 Z,2+Z,2,Z) (2.177)

(Note that there is a misprint in the corresponding equation for 5,/(z) - equation (29) -
in Ref. [19]. Equation (2.177) of the present paper and equation (29) of Ref. [19] agree
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with each other after inserting a missing prefactor.) The proportionality constant for
ap (1) (and hence for By(1)) has been determined by requiring that the singularity in
Eq. (2.175) for ; — 0 has the same strength as the singularity of the flat space-time
Green's function [19]. This ensures that the spinor Green's function (2.172) has the
desired short-distance behaviour. (Note that since 1, oy and [y, are known, the only
remaining step for obtaining an explicit expression for the two-point function (2.172) is
to derive an analytic expression for the spinor parallel propagator.)

The massless case. Letting A/ = 0 in Egs. (2.175) and (2.177) we find

ao(z) = 0. (2.178)
T(N/2) 1
BD(Z) = 2N/2(27T)N/2 (1 _ z)(N—l)/2’

(2.179)

(2 = cos?(u/2)) where we used Eq. (2.268). These are just the solutions (with the
appropriate singularity strength) of the decoupled system

dOé() N -1 M

_— — pu— 2.1
0 5 tan 5 0 0, (2.180)
d N -1 Sz — a2
w2 2 —g()
The massless Green's function is then given as follows:
So(x, x') = Bo(2)pA(x, ") (2.182)
L(N/2) —(N-1)/2

We find that the defining properties of A(x,z’) (Egs. (2.165)-(2.167)) translate to the

following properties for the massless Green's function:

(So(a, )] 9 = 1371'50@',:5), (2.184)
[So(z,2")] ™ = —BlgSo(a:’,:c), (2.185)
(n“vu + ]\72_1 cot g) So(z,z") = 0. (2.186)

Note that by combining Egs. (2.184) and (2.185) one obtains
So(z,z") = —So(x, 2" ), (2.187)
which is equivalent to Eq. (2.168).
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2.7.3 ANALYTIC EXPRESSIONS FOR THE MASSLESS AND MASSIVE WIGHTMAN
TWO-POINT FUNCTION AND THE SPINOR PARALLEL PROPAGATOR

In the massive case the mode-sum approach for the Wightman function (2.163) leads
to complicated series involving products of hypergeometric functions and it seems that
their corresponding closed-form expressions do not exist in the literature. Fortunately,
the situation is simpler in the massless case and we can obtain a closed-form expression
for the Wightman two-point function. This directly results in the knowledge of the spinor
parallel propagator A(z, ') due to Eq. (2.182). The spinor parallel propagator A(x, )
in turn can be used to obtain an analytic expression for the massive spinor Wightman
two-point function via Eq. (2.172).

Below we present the closed-form expression we have obtained by the mode-sum method
for the massless Wightman two-point function in agreement with Eq. (2.182). We present
the details of the lengthy calculation in Appendix 2.12 (as well as the result for the
N = 2 case).

Case 1: N even (N > 2). By letting M = 0 in Egs. (2.67)-(2.68) we obtain the

massless positive frequency modes

-8 22-N)/2 XfL(QNfl)
Q/J((Ma’ )(ta QN—l) = \/5 ¢0€<t) ( ¢ 0 ) (2188)
] 9(2—N) /2 0
Dt On1) = —d0) | . (2.189)
V2 A ()
Now the function describing the time dependence has the following form:
(tan Z)*
¢0e<t> - (COS £>2N—1’ (2190)
2
where cos(x/2) is given in Eq. (2.71) and
x 1 —1isinht
tan - = ——— 2.191
) cosht ( )
Exploiting the rotational symmetry of SV~! we may let 0, = O _, = ... = 0, =

1 = 0 in the mode-sum (2.163). After a long calculation we obtain the following

2N/2_dimensional bispinorial matrix:

Wal(t. 0). (¢, 0)] (Gl oo exp{

/\(t, 91;—1: t/)yonyq }

N-1
On , .
x I exp{ %71\””1%\[—] }, (2.192)
j=2
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where
¢|9’:0 = ’Von()[(tv 0)7 (t/7 0)] + IYN_l nN—l[(t’ 0)7 (tlv 0)] (2193)

(see Egs. (2.34)-(2.35)). By comparing Eq. (2.192) with Eq. (2.182) we find

A((t, 0), (t, 0)) - exp{ Wvoym }

N-1
On_ . .
x I] exp{ %VN*JHVN*J } (2.194)
j=2

The biscalar \(¢,0x_1,t) is defined by the following relations:

L A wing Fw_n_  wing+ weny_1
cosh = = =
2 2isin (u/2) sin(p/2) 7’
LA wing —w_n_  winy_1 + wang
A _ 2.195
S T Toisin (u/2) sin (1/2) (2.195)

where ng = ng[(t,0), (t',0)],ny_1 = ny_1[(t,0), (¢',0)] and

t—t On_1

wy(t,0n_1,t") = sinh 5 €08 o, (2.196)
t+t On—

wa(t,0n_1,t") = cosh +2 sin ]\; L (2.197)

w(t,0n_1,t") = tfwy (t, ', 0n_1) £ wa(t, On_1,t)], (2.198)

ny =Ny + ny—i. (2199)

(This definition of A is motivated naturally in the mode-sum construction of the massless
Wightman function given in Appendix 2.12.) It is worth mentioning that the biscalar
functions w, and w_ satisfy w,w_ = sin? (u/2), i.e. Bo(p) o< (wyw_)~N=D/2 (see
Egs. (2.28) and (2.179)). We have verified that Eqgs. (2.195) are consistent with the
relation cosh® (\/2) — sinh* (\/2) = 1.

It is natural that the spinor parallel propagator (2.194) is given by a product of N — 1
matrices € Spin(N — 1, 1); these correspond to one boost and N — 2 rotations (see
Appendix 2.12).

As mentioned earlier, we do not follow the mode-sum method for the construction of
the massive Wightman function. A closed-form expression for the latter can be found
using our result for the spinor parallel propagator (2.194). To be specific, by substituting
Eq. (2.194) into Eq. (2.172) one can straightforwardly obtain an analytic expression for

the massive Wightman function (with 2 = (¢,0) and 2’ = (¢,0)) in terms of intrinsic
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geometric objects. In Appendix 2.14 we compare the mode-sum form of the massive
Wightman function with timelike separated points, z = (¢,0) and 2’ = (¢,0), with
the expression coming from Eq. (2.172) with u = i(t — t’). Based on this comparison
we make a conjecture for the closed-form expression of a series containing the Gauss
hypergeometric function. Note that a closed-form expression for the spinor parallel
propagator on anti-de Sitter space-time (along with the construction of the Feynman
Green's function for the Dirac field according to Eq. (2.172)) can be found in Ref. [5].
Case 2: N odd. The massless positive frequency solutions (2.89) are given by

9(2-N)/2

(()Zf) (t,Qn-1) = ~ boe(t) )Z(fé?(QNfl). (2.200)

Working as in the even-dimensional case we obtain again Egs. (2.192) and (2.194) (where
7" is given by Eq. (2.40)) and then we can construct the massive two-point function
using Eq. (2.172).

2.8  SUMMARY AND CONCLUSIONS

In this paper we analytically continued the eigenspinors of the Dirac operator on S¥
to obtain solutions to the Dirac equation on dSy that serve as analogs of the positive
frequency modes of flat space-time. Our generalised positive frequency solutions were
used to define a vacuum for the free Dirac field. The negative frequency solutions were
also constructed. The de Sitter invariance of the vacuum was demonstrated by showing
that the positive frequency solutions transform among themselves under infinitesimal
Spin(N,1) transformations.

In order to check the validity of our mode functions, the Wightman function for massless
spinors was calculated using the mode-sum method and it was expressed in a form that is
in agreement with the construction in terms of intrinsic geometric objects (u, 7, A) given
in Ref. [19]. An analytic expression for the spinor parallel propagator was found. This
expression was tested using the defining properties of the spinor parallel propagator as
presented in Ref. [19] (see Appendix 2.13). Note that it has been checked that the spinor
Green's functions expressed in terms of 1,7, A have Minkowskian singularity strength in
the limit © — 0 [19]. Thus, the conditions for the unique vacuum [17] are satisfied by
the vacuum for the free massless Dirac field defined in this paper.

Although we did not obtain a closed-form expression for the massive spinor Wightman

function by the mode-sum method using our analytically continued eigenspinors, we
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constructed it in terms of intrinsic geometric objects. Since the short-distance behaviour
has been checked in Ref. [19], the requirements for a preferred vacuum are again satisfied.
The mode-sum method and the geometric construction of Ref. [19] should give the same
result for the massive Wightman function. This observation leads to the series conjecture
of Appendix 2.14.
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2.9 APPENDIX A - CHARGE CONJUGATION AND NEGATIVE FRE-
QUENCY MODES

In this Appendix we demonstrate how the negative frequency solutions given by Eqgs. (2.147)-
(2.148) and (2.151) are constructed by charge conjugating our analytically continued
eigenspinors. First, let us review charge conjugation for Dirac spinors on dSy and on
spheres following Ref. [25]. For convenience, our discussion will be based on the unitary
matrices B, that relate the gamma matrices to their complex conjugate matrices by

similarity transformations, i.e.
(v")"=By"By',  —(v")"=B-y"BZY, (2.201)

and not in terms of the conventional charge conjugation matrices Cy that relate 7* to
(74)T. These two ways of defining charge conjugation are equivalent [25]. From this
point we will refer to the matrices B as the charge conjugation matrices. (We should
note that the representation we use for the gamma matrices (2.38), (2.40) is different
from the one used in Ref. [25]. Also, note that charge conjugation matrices are defined

up to a phase factor and that vV = —i1?.)

2.9.1 CHARGE CONJUGATION ON N-DIMENSIONAL DE SITTER SPACE-TIME
AND ON SPHERES

For convenience, let us work in d = 7 + s dimensions, with 7 € {0,1} being the number

of timelike dimensions and s being the number of spacelike dimensions.
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For d even dimensions there are both B, and B_. For d odd dimensions we can use one
of the matrices from the (d — 1)-dimensional case [25]. (As it will be clear in the next
subsections, one needs to modify the charge conjugation matrix on dS;_; before using it
on dSy. This is not the case in Ref. [25], because a different representation for v*'s is
used.) More specifically, on odd-dimensional spaces with Lorentzian (Euclidean) metric
signature there is only B, (B_) for [d/2] odd and only B_ (B,) for [d/2] even. (See
Refs. [25] and [12] for more details.)
Let ¥ be a 2[%2-dimensional Dirac spinor transforming under Spin(s, 7). Its charge

conjugated spinor is defined with either one of the following two ways:

U = BN or O = BTN (2.202)

Suppose now that W is an eigenspinor of the Dirac operator with eigenvalue li?;s), i.e.

Y ir) Vs = K o Vs, (2.203)

where W(LN*}) = V|us, is the Dirac operator on dSy with “?El,N—n = +M and
Yon-1) = V is the Dirac operator on SN~ with k5 v ;) = Hi(£ + (N —1)/2).
The charge conjugated counterparts of the eigenspinors of the Dirac operator are also
eigenspinors. This can be understood as follows: taking the complex conjugate of
Eq. (2.203) and using Egs. (2.201) and (2.202) we find

Vi VS = +(sE )" UL, (2.204)
Vi U5 = —(kE,) U5, (2.205)

where we also used (X%)* = B.YX%®B1. It is clear from Egs. (2.204)-(2.205) that
performing charge conjugation with B_ changes the sign of the mass term on dSy.
Also, Egs. (2.204)-(2.205) imply the following relations for the eigenspinors of the Dirac
operator on S™ (with U, = XBW and /1?57”) = +i({, +n/2)):

(2,007 o xS (0,007 o xS, (2.206)
where n is arbitrary, o stands for angular momentum quantum numbers other than ¢,
and 5 represents the [n/2] spin projection indices that correspond to this eigenspinor.
The label §' is no necessarily equal to S.

Below we use the tilde notation for quantities defined on S™V—1.
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2.9.2 NEGATIVE FREQUENCY SOLUTIONS FOR N EVEN

Case 1: IN/2 even. The charge conjugation matrices B, satisfying Eq. (2.201) on

dSy, are given by the following products of gamma matrices:

(N—-4)/4

B+ — ,71 H 747‘ 47‘+1 (2207)
N/4

B = ,yO H ,}/47"72747"71. (2208)
r=1

On the odd-dimensional spatial part S¥~! there is only B_ since [(N — 1)/2] is odd.
This is given by

(N—-4)/4
B = ,71 H ;3/47‘,3/47“4-1' (2209)

r=1
For convenience, we choose to define charge conjugation using B, which preserves the
sign of the mass term in the Dirac equation. Using the representation (2.38) for the
gamma matrices we can express B, as follows:
0 iB_
B, = . . 2.210
A (_m_ . ) (2210)
The charge conjugated counterparts of the positive frequency solutions w](\;éf,) (Eq. (2.67))
can be constructed using Egs. (2.206) and (2.210). Then we have (omitting the

normalization factors)

5 ‘ ik . 0 Cc_
(W57 (t, Q1)) C* =(—0) (w*ME( 0 Z () _)
i1t (0 (Qn1))©
(L Qn_
x (Zw*m( )X(;ﬁ"< N 1)> . (2.211)

Phre ()Xo (v-1)
After normalizing these modes we find the negative frequency solutions (2.148). Similarly,
starting from the positive frequency solutions ¥1;? (Eq. (2.68)) we find the negative

frequency modes (2.147).
Case 2: N/2 odd. The charge conjugation matrices on dSy are given by

B+ — 707 H 741“ 47‘+1 (2212)
(N-2) /4
B —1x H A2 Ar1 (2.213)
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Since [(N — 1)/2] is even, the only charge conjugation matrix on SN=1is B,. The

matrices B_ and B, are related to each other as follows:

(N=2)/4 [ ~dr—2x4r—1
YT 0
B = 1:[1 ( . ?47“_2/7“_1) (2.214)

B. 0
:(0 B+)' (2.215)

In order to construct the negative frequency solutions it is convenient to use the charge
conjugation matrix B_ that flips the sign of the mass term in the Dirac equation and
the “negative mass” spinors "°;) o (Eas. (2.81)-(2.82)). Then, by working as in the
case with N/2 even, we obtain the negative frequency solutions (2.147)-(2.148) (with

=) — (5 YO _ (3 oo
Vz\(ua ) = (?/JEMQU)C and VMza = (w(fMgJC )-
2.9.3 NEGATIVE FREQUENCY SOLUTIONS FOR /N ODD

Case 1: [IN/2] even. The only charge conjugation matrix on d.Sy is B_, which changes
the sign of the mass term of the Dirac equation. It is given by

(N—1)/4
B = ,YO H 747"—2747“—1‘ (2216)

r=1
Note that this is the matrix (2.208) with N — N —1, where now 7" is given by Eq. (2.40).
Then Eq. (2.216) may be expressed in terms of the charge conjugation matrix on SV~!

as
B_ =iyVB, = B,iy". (2.217)
By performing charge conjugation for the spinors 2/1 N 1) (Eq. (2.90)) we find
(05 (1, Q)™
=~ i G (R On )+ i (5 0n) ],
(2.218)

where §y_; represents the spin projection indices Sy_1,Sy_3, ..., S4, S2 on the lower-
dimensional spheres and the charge conjugated counterparts of the “hatted" spinors can
be found using Egs. (2.85)-(2.87) and Eq. (2.206). More specifically, by introducing the

proportionality constant ¢, such that (X(‘“’g, 1))C~+ = cxié\(’, V) we find

~(5N—1 RN C/NY|
(REN-N = —iegoi . (2.219)
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By substituting this equation into Eq. (2.218) we obtain the negative frequency solu-
tion (2.151).

Case 2: [IN/2] odd. The only charge conjugation matrix on dSy is B,. This is given
by

(N—3)/4
By =y"y" [ 2", (2.220)
r=1
=°B_ = —B_~". (2.221)
As in the case with [IN/2] even, we introduce the proportionality constant m, such that

EN_1NE (By_1)
(O =y

, and we find
NG Ne ~(8_1)
(K5 = Fmgan (2.222)

Then we use the matrix (2.221) in order to find the charge conjugate of the spinors

](S}ZU‘I) (Eq. (2.89)) and working as in the previous case we obtain the negative frequency

solution (2.151).

2.10 APPENDIX B - SOME RAISING AND LOWERING OPERATORS
FOR THE PARAMETERS OF THE GAUSS HYPERGEOMETRIC
FUNCTION

The Gauss hypergeometric function F'(a, b; ¢; z) satisfies [11]

jF(a,b;c;z) :a—bF(a—i—l,b—l—l;c—I—l;z), (2.223)

z c
d

(Zdz +c— 1) F(a,b;c;2) = (¢ — 1)F(a,b;c — 1; 2), (2.224)
d

(Zd + a) F(a,b;c;2) = aF(a+ 1,b;¢;2). (2.225)
z

By combining Eq. (2.225) with the following relation [23]:
(c=bF(a+1,b—1;¢2)+ (b—a—1)(1-2)
X Fla+1,b;¢;2) = (c—a—1)F(a,b;c; 2), (2.226)
we find

(a(b —c)+a(-b+a+1)z—(=b+a+1)z(1 — z)i)

X F(a,b;c;2) =a(b—c)F(a+1,b—1;¢; 2). (2.227)
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Using Egs. (2.223) and (2.224) we can show the ladder relations (2.124) and (2.125),
while using Eq. (2.227) we can show the ladder relations (2.126) and (2.127).

2.11 APPENDIX C - TRANSFORMATION PROPERTIES OF THE
POSITIVE FREQUENCY SOLUTIONS UNDER SPIN(V,1)

2.11.1 TRANSFORMATION PROPERTIES FOR N > 2; SOME DETAILS FOR THE
DERIVATION OF EQ. (2.136)

Here, we present some details for the derivation of Eq. (2.136) that expresses the spinorial
Lie derivative (2.115) of the analytically continued eigenspinors (2.67)-(2.68) as a linear
combination of solutions of the Dirac equation. The case with N odd (i.e. Eq. (2.145))
can be proved similarly and its derivation is not presented.

In order to obtain Eq. (2.136) it is useful to introduce the following relations (where
0 = QN_l)Z

"0, (dare(t)brey_,(0)) + i Ou

To(r L N-1) (Td(f) X Téﬂ -7y x Tg(s)>¢Me(t)<5uN_2(9)

Uae(t) Peoy_,(0), (2.228)

10, (drie (W) eey (0)) — 1o
:—1<T¢(>+) X Tf) - T¢(>7) T(~ )¢M€( )Y;MN_Q(G)
M(ly_ + 52)

200+ D)0+ 32

NG TR ()} (2.229)

M(n_o+ N2 )

200+ M) (0 + 7)¢M£( t)teey_o(0), (2.230)
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0, (e, 0) ~ 122 G 5,0

:M(Tﬁ) X Tﬁ) - be X T )Wu( )beiy_,(0)
M(Un—s + 552)
200+ 2)<€+ 52

¢Mz(t)95MN,2(9)- (2.231)

We can prove relation (2.228) as follows: We express 1), , on the left-hand side
in terms of gzguNﬂ,dgz;MNﬂ/dGN_l using Eq. (2.64). As for the right-hand side, we
expand qui),ngi) using Eqs. (2.124)-(2.127) and then we express ¢y, in terms of
Gnre, dppre/dt using Eq. (2.74). Then it is straightforward to show that the two sides
are equal. Relations (2.229), (2.230) and (2.231) can be proved in the same way.

Let us now derive Eq. (2.136) for the negative spin projection solution (the positive spin
projection case can be treated in the same way). Substituting Egs. (2.132) and (2.133)
into Eq. (2.115) we find

) 0Nt 1y 5~ momai " Ukiten o
LEUiity 5 = C1Ch : (2.232)
g,ua/—"Dg\Z)ZZN,QL} + QSCI(I);fItﬁ/N 1D]\Z)Z€N 20’

where C) = cy(M0)/+/2 and Cy = cy_1(£€n_3)/v/2. Then, using

AN s Qnva) = X8 s (Qnoa)

(see Eq. (2.87)) and Eq. (2.135), it is straightforward to find

"g% ¢M€€N 2 &

X ao (€ 0ulbrebeny ) + iz drretiery )

ClC

i):((,gzNJ&(ﬁ“auWMz(deeN_Q] — 05308 ey 2>

—iisz_Q 5 (5“@[?51\4@7;@@_2] — iQifsit¢Mz¢zeN_2)
+ (2.233)

Koo (€O nreteey o) + 1525 Vrredre )
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At this point we can use relations (2.228)-(2.231) to find

LIV s
= (10,

1 T¢(6+)¢M€ 2(8) H(+) 7 2(3) ~(+) 5
X W Z‘Td(ﬁ_)wMé |:X_€N25'T(£ gzsMN 2 _ZX-MN b WeNQ}

L Ty 6\ [ 700 25 FO)
_W iTqi_)Q/}Mé |:X_£N25' é ¢”N 2 ZX—}—ZN &+ ¢MN2:|

. M(£N*2 + %) Z¢M€ |:::(§) ~ z(g) ~
- — Xty ns Pron_y + 10X N2577Z)MN2] . (2.234)
S+ D0+ 59 Lo ) [T 2

Then using Egs. (2.133) and (2.135) as well as the ladder relations (2.124)-(2.127) we
obtain Eq. (2.136).

2.11.2 TRANSFORMATION PROPERTIES FOR N = 2.

The massive positive frequency solutions (2.67)-(2.68) for N = 2 are given by

_ MY t
ufittp) = A o)) ) ey, (2.235)
2y \ivhae(t)
M) [ t
) = 2T (e ) e (2.236)
VT \ due(t)
where 0 < p = 6; < 27 and ¢ = 0,1,.... By calculating the spinorial Lie derivative

with respect to the boost Killing vector (2.113) we arrive again at Eq. (2.115), where
0 ](\2/890 = +i(0+ )y, (i) By expressing cos ¢ and sin ¢ in terms of exp{(+ip)} and
using the ladder operators (2.124), (2.125) with N = 2 it is straightforward to find

k:(+) co(MPO) (=) co(MY) )
fs 2.237
== co(M, £ + 1)%“+1 2 (M, (1) M (2.237)
T i(g +1- ZM)wMéH - §(€ + Z'M)%(\Bfr (2.238)

By using Eq. (2.238) we have verified that (Z5Vne, Yaresr) + (Vare, LEarex1) = 0,

in agreement with the de Sitter invariance of the inner product (2.92).
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2.12 APPENDIX D - DERIVATION OF THE MASSLESS WIGHTMAN
TWO-POINT FUNCTION USING THE MODE-SUM METHOD

In this Appendix we present the derivation of the massless Wightman two-point function
using the mode-sum method (2.163) for IV even. The derivation of the two-point function
for N odd has many similarities with the even-dimensional case and therefore is just
briefly discussed. The case with N = 2 is presented separately at the end.

Let us first introduce the notation and some useful relations used in the calculations.
The functions (2.61)-(2.62) used in the recursive construction of the eigenspinors of the
Dirac operator on S¥=" (N —r =1,2,..., N — 2) are denoted as

~ T(N—r 7 T(N—r
¢€N7T£N7T71 (HN_T) = ¢EN7T%N7T717 wafréN,rfl(gN—T) = ¢éN7i2N7r717 (2239)

with o8 " = cos (Oy_,/2) and %)) = sin (Oy_./2) (see Egs. (2.251) and (2.252)
below). We let On_, = (On_r,0Nn_r_1,...,01). The dimension of the Spin(N — 1,1)
representation is denoted as D = 2V/2. Also, let §y_, represent the spin projection
indices (Sy_2,SN_4, -, S4, S2), SN_4 represent (Sy_y, ..., S4, S2) and so forth. Similarly,
oN_r represents the angular momentum quantum numbers ({x_,, n_p_1, ..., {2, (1) etc.

Note that for 0_, = 0_, = ... = 0, = 0 we have
oS ft|gr—9 = — sinh t sinh ¢’ 4 cosh ¢ cosh ¢’ cos Oy _1, (2.240)

(see Eq. (2.28)) while the only non-zero (vielbein basis) components of the tangent

vector n,|g—o (see Egs. (2.34)—(2.36)) are given by

1
noler—o = —— (cosh ¢ sinh ¢’ — sinh ¢ cosh ¢’ cos Oy _1), (2.241)
sin p
cosh t/ 1
_1|¢/=0 = infy_1 = —— 1—Q- 2.242
nn 1|0 =0 sin 2 S UN_—1 coshtneN’l‘g_O ( )

(For brevity we will denote n|e/—0, nx—1]6=0, and 1t|g'—o by 10, ny—1 and 1 respectively.)

Also, notice that Spin(/N — 1, 1) transformation matrices can be expressed as

exp{a EOJ} = exp{gyovj} =1 coshg + 7%49 sinh g, (2.243)
kj b 1 b kg iy D
exp{bZ } =expy oY = 1 cos o + 747 sin Y (2.244)

(with & # j and k,7 = 1,2,..., N — 1) where a, b are the transformation parameters.
The corresponding generators are given by Eq. (2.42). Also, many of the following

calculations involve the variables x = 7/2 —it, 2’ = 7/2 — it’ (see Eq. (2.6)).
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We can now start deriving the massless Wightman two-point function for N even. By

expanding the summation over the spin projections (s = £) Eq. (2.163) becomes

WO((t Ox-1), (,0))

5 +,5 —58N_ —(—,8N—2)
Y Y [y DD (1 0) + ™2 (8, Oy 1) Do 22 (t, 0) .

N—-2
(=00N-2S8N_9

(2.245)
Then using Egs. (2.188)-(2.189) we find
WO((t eN_l) (t’ 0))
c
= |2 =S 5 puattyn e
{=00N—-2
0 (sn-2,5N—4) 0 (sn-2,5N—4) 0)'
X Z Z _ X_ZO'N72 ( N_I)X bon_2o ( )
A W On-x T 0 0
(2.246)

where ngéf,;VQ_’ZN“‘) are the eigenspinors on SY~1. In order to proceed we need to express

the eigenspinors on SY=", with N —r odd, in terms of eigenspinors on SV ~"=2. Therefore,

using Eqgs. (2.84), (2.55) and (2.56) we derive the following two recursive relations:

CN—r (eNfr ngrfl) CN77"71<£N77'71 £N7r72> 1

(—8N—r—3) 0 _
Xifzv rON—r— 1( N_T) \/5 \/§ \/5
(N—r—1 (N=7) N-—r)
(1+Z>¢€N r— IE)N r— 2[¢€N TEN r—1 ZwEN T‘ZN r— 1]

X
(N—r—1 (N—r (N—r
(1+Z>¢4N 1€)N r— 2[¢51\7 ’I‘zN r—1 :F”VDKN TzN T,l]
xS (Ona), (2.247)

(+7§N—r—3) CN—r (EN—T gN—’I‘—l) CN_T_l(gN_T_l EN—T’—Q) 1
XieN,TaN,T,l(GN—T) = -
V2 V2 V2
(N—r—1) N—r S (N—r
( 1+ Z>¢ZN 14N r— 2[¢éN7r;N7T,1 + “J}éN,Tl?N,T,l]

N—r—1) N—r . 7(N—r
( 1 _|_ Z)qsgN r—1 KN r—2 |:¢§N—r zN—r—l :F ZZDZSN—TgN—r—l]
(2.248)

x ngéVN Tr 32) ON—r— 3(0N7T72)

(for r odd and N—3 > r > 1). Since WN ’ ZN _(0)=0and qbgj :tZN __,(0) is non-zero
only for /x_,_1 = 0, it is clear from the recursive relations (2.247)-(2.248) that the only
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non-vanishing terms in Eq. (2.246) are the ones with {y_o =y 3= ... ={ly = {; = 0.
Thus, only the summation over {y_; = / survives in the mode-sum. Substituting
Eqgs. (2.247) and (2.248) (with » = 1) into Eq. (2.246) one obtains (after some

calculations)

N_l(EO) 2
V2
< 00" iy (On-1) s <9N1>7N1]

_,(00) 2
V2

CN

Wo((t,0n-1), (¥,0)) =

(£)ge(t))

I J(N=2)  T(N-2)
00 00
e (—@zw sy ) o
(5n-4) 0 (5n-4) 0
« ]I ® Z X =00 ( N— 3)X 00 ( ) o (5ys) . 7 (2249)
Sv_a 0 X+00  (@n-3)x+00 " (0)
where I; is the identity matrix of dimension d. Also, we are going to use the following
results:
ree+nre+N—-1)
1 (00)]F = 2.250
’CN 1( )‘ 2N—3|1"(€_|_ N2—1)|2 ) ( )
On_ N -1 On_
ol (On-1) = k5D (00) cos X 1F<€+N—1,—€; 5 isin’ N21> (2.251)
(N-1) ({+(N-=1)/2) . Oy
Wo (QN 1) = /% (KO) v =1)/2 sin —3
N +1 _
F <£+N —-1,-¢ ; ;sin? 9]; 1) : (2.252)
where
_ INEE)
(N-1) 2
K (00) = ——2> (2.253)
¢ e=y

(see Egs. (2.57) and (2.61)—(2.63)).

We complete the derivation of the massless two-point function in three steps: 1) we
calculate the proportionality constant (and we show that it agrees with the proportionality
constant in Eq. (2.183); 2) we obtain a closed-form result for the infinite sum over ¢
and we determine the dependence on {t,0x_1,t'}; 3) we obtain analytic expressions
for the terms of the two-point function that depend only on the angular variables

On_2,0Nn_3,...,01. We call the latter the “angular part” of the two-point function and
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we denote it as follows:

__ N-1 cN A(OO) -2 (N 2) ~(()é\f—2)
WO(QN_2> = — H2 & ~(N— ®HD 4
1= - g ) @t

e 3o (0 Oy (O .
o 0 X0 (O -s)x S5 (0)1

(2.254)
After completing these steps it will be clear that the obtained two-point function is of
the form (2.182) (i.e. it agrees with the construction presented in Ref. [19]).

2.12.1 THE PROPORTIONALITY CONSTANT

The proportionality constant for the massless two-point function arises from the normal-
ization factors in Eq. (2.249). (Note that apart from c¢x(M = 0) and cy_1(¢0) there
are N — 2 additional normalization factors; one for each lower-dimensional sphere.) The

overall contribution from the normalization factors is given by the following product:

en(M =0)12|en-1(00) (nv-1y,, | 35" [en—;(00) |2
1 CN(M = O) 2 CN,1(€0) (N-1) 2 N=2 CN,j(()O) 2
=5l /2 N (¢0) j];[z \/5‘ (2.256)

where ¢;(00) = 1/4/7 is the normalization factor for eigenspinors on S*, while the nor-
malization factors for eigenspinors on higher-dimensional spheres are given by Eq. (2.57).
Using Egs. (2.250) and (2.253) we observe that
2(N—1),
o
where (N — 1), = T(N — 1+ {¢)/T(N — 1) is the Pochhamer symbol for the rising
factorial. Using Eq. (2.257) we may rewrite Eq. (2.255) as
N—j N -1
7T2N2N 2 1_-[1 ’F N<] ‘22]{/)] 2~ ( YAl >£
W (-,
2N/2 (2m)N/2 o
where we also used Egs. (2.57), (2.110) and the Legendre duplication formula (2.109).
Equation (2.258) clearly gives the desired form for the proportionality constant (see
Eq. (2.183)). The ¢-dependence in Eq. (2.258) will be discussed later (it will be used in

the summation over /).

ex 1 (10) 50| =100 (2257)

(2.258)
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2.12.2 OBTAINING A CLOSED-FORM EXPRESSION FOR THE SERIES

Using Egs. (2.249), (2.251), (2.252) and (2.258) we collect all the /-dependent terms of
the two-point function. Then the mode-sum expression (2.249) can be written as
L(N/2)

Wo((t,05-1), (#,0)) = W[myo + BN Wo(Qn—2), (2.259)
where
On_1 (N —1 N-1 On_
A =cos 21 Z( )%Og(t)(b&(t’)F (+N—1,—¢ csin? L),
2 = 2 2
(2.260)
2sin =1 > (N — 1), N-1
o B 4 i
N1 ;0 7 t+— Poe(t)Pe(t)
N+1 On-
><F<€+N—1,—£;;;sm2 N21> (2.261)
Using Eq. (2.190) for ¢oe(t), ¢g(t') we find
cos (On_1/2) X (N —1), RV
= tt
(cos(x/2) [cos(z'/2)] )N ;0 T )
x F<€ N -1, N;I; sin’ 0N2‘1>, (2.262)
2 sin (Oy_1/2) < (N-1),, N-1 Y
B= l tt
N — 1 (cos(x/2) [cos(z’/2)]")N-1 ZE} 14 (+ 2 )(p( ’ >)
N+1 On_
><F<€+N—l,—€;;—;sin2 N21> (2.263)
where
, x 2’1" (1 —isinht)(1 4 isinht')
t, ') =tan= |tan —| = . 2.264
Pt t) g [an 21 cosht cosht/ (2.264)
Let us first find the infinite sum in A. By using the formula [22]
= (@)k Cw,a a1l 4t
R R (—k a4 ke z) = (1 — 1)U (= L c; <1 (22
k;g b E(Ckatkiez)=(1-8)"F(, — 7c7<1_t)22), t] <1 (2.265)
Eq. (2.262) can be written as
cos (Oy_1/2) N
A= 1—p(t,t) N+
(cos (@/2) [eos Ty 0~ P10
N—1 N N—1 —4ptt) | 29N_1)
F =, ; 2.2
8 ( 2 27 2 (- pt)2 " 2 (2.266)
. N\—N+1 . \\2\N/2
_ cos (On-1/2) (1 —p(,1)) (L= p(, 1)) (2.267)

(cos (/2) [eos (&' /2)I)NH[(1 = plt, 1)) + 4p(t, ) sin(5)| /2
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where we also used

1
(1=2)

(Note that since |p(t,t")| = 1 the series in Eq. (2.262) diverges. Therefore, we make the
replacement ¢t — ¢ — ie with € > 0 before applying (2.265) and then we let ¢ — 0.) By

F(a,b;b; z) = (2.268)

expressing x, 2’ and p(t,t') in terms of ¢ and ¢’ we can write Eq. (2.267) as

t—t On_
A =isinh 5 cos ]\; L (sin? %)*N/Q (2.269)
— iwy (£, On_1, 1) (sin? g)—N/z. (2.270)

(The biscalar function w; is given in Eq. (2.196), while sin? (11/2) can be found by
Eq. (2.240)).
Let us now find the infinite sum in B. We can rewrite Eq. (2.263) as

B— 2 sin (HN_1/2)
N — 1 (cos(x/2) [cos(z’/2)]")N-1
0 N -1
x (pap L >
XZMp£F<€+N—1,—€;N+1;Sin2 HN‘1>, (2.271)
2 2 2

where t should be understood as t — ie (¢ > 0) in order to achieve convergence in this
series. (We take the limit ¢ — O at the end of the calculation.) At this point we use

again the formula (2.265) and then we introduce the variable

—14 On_
X=_ P g2 N1 (2.272)
(1—p)? 2
After some calculations we can rewrite B as follows:
2 sin (On_1/2) 1+p

B =

N -1 (aCOS(fC/2) [cos(a/2)]" )N =L (1 — p)N
N-1 N-1
ox t 5 55—

where we notice the appearance of the raising operator for the first parameter of the

. X), (2.273)

hypergeometric function (2.225). Then using Eq. (2.268) we obtain
_ sin (On-1/2)
(cos (2/2) [cos (2 /2)]")¥ !
1 —i—p(t,t/) ((1 — p(t’t/))Q)N/2
(1= p(t )2 + 4p(t, 1) sin® (252 (1= p(t, )N

X (2.274)
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After a straightforward calculation Eq. (2.274) can be written as

t+t On_
B =cosh + sin % (sin? %)_N/Q (2.275)
— wy(t, On—1, ') (sin’ g)*N/% (2.276)

(The biscalar function ws is given in Eq. (2.197).)
By combining Egs. (2.270) and (2.276), the two-point function (2.259) can be written

in the following form:

Wo((t,0n-1), (,0)) = M[—wmo + woy N Wo (o), (2.277)

sin (1/2)

where fBy(y) is given by Eq. (2.179). We can simplify this expression by using 7*> = 1
and observing that

7/;[—w170 —+ U)Q’)/Nil] = (w1 o + Wo nN,1)1 + (U)Q Mo + w1 Tlel)’}/O’yNil (2278)

— sin & (1 cosh A + 4%yt sinh é) (2.279)
2 2 2
A
= sin g exp{ (5707]\[71) }, (2.280)

where in the last line we used Eq. (2.243). (For the definition of A see Eq. (2.195).)
Substituting Eq. (2.280) into the expression (2.277) of the two-point function we find

Wo((t, On-1), (t, 0)) = Bo(p)nt eXP{(QYOVN_I)} Wo(Qn_2).

The bispinor exp{(%vovN”)} WO(QN_Q) is the spinor parallel propagator (see Eq. (2.194)).

2.12.3 DETERMINING THE “ANGULAR PART” OF THE TWO-POINT FUNCTION

In this section of the Appendix we show that the “angular part” WO(QN_Q) (which
is defined in Eq. (2.254)) can be written as a product of N — 2 rotation matrices €
Spin(N — 1,1) (see Eq. (2.244)). As is well known, these rotation matrices can be
constructed by exponentiating the generators (2.42).
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It is convenient to express the 2"/2-dimensional gamma matrices (2.38) using the
tensor-product notation as follows:

’yo =0’ ® Iynj2-1,

[r/2]+1
f)/N_T — [ ® 0'1] ® 0'3 ® ]I2(N—3—'r)/27
i=1
[r/2]+1
W= R 0'1®0®@Iyw-s-rz, 7odd, 1<r<N -3,
i=1
N/2
- ®01’ (2.281)
i=1

where the Pauli matrices are given by

0 0 1 10
=" ", o= o= . (2.282)
—i 0 10 0 -1

Note that they satisfy oic? = §7 4+ iy, €¥*o*, where €% is the totally antisymmetric
tensor (the latter equals +1 if (4,7, k) is an even permutation of (1,2,3) and —1 if
it is an odd permutation). The form of the Pauli matrices we use here is related to
their conventional form as follows: o, = 0%, 0y = —0', 03 = 02, where lower indices
are used to label the conventional Pauli matrices. For later convenience, consider the
rotation generators vV "1y N=" /2 and AN N=T=1/2 (1 odd) of Spin(N — 1,1) (see
Eq. (2.42)). Using Egs. (2.281) for the gamma matrices the generators can be written as

) .
,’YN_T—H’YN_T = L2 ® (_%03) ® 0 ® Lyw-s-ry;2, 1T odd, N—=3=>r2>3,

2
(2.283)

1 7
ANTAN T = Ly @15 ® (_501) ® Iyw-s-r)2, 7 o0dd, N—=32>7r2>1

2
(2.284)

and the corresponding rotation matrices with parameters 0y _,, Oy_,_1 are respectively
found to be

On_r ~_ B 10N
eXp{nyN T‘nyN r} = H2[r/2] X exXp [_503 ® Oi;| ® H2(N*3”')/27

2
rodd, N—3>r>3 (2.285)
and
On—r-1 N—r N—r—1| _ 10N _r—1 1
exp 5 17 = Ly @expila ® (- 5 7 ) (@ Loov-s—nye,
rodd, N—-3>r>1. (2.286)
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Similarly, one can show that

0 0
exp l;7271‘| :]IQ(N,Q)/Q ® exp{—i2103}. (2287)

Our goal is to express the “angular part" of the two-point function (2.254) as a product
consisting of rotation matrices such as (2.285), (2.286) and (2.287). By using Eq. (2.286)

we can write the “angular part” (2.254) of the two point function as follows:

xXW3
112@( . , (2.288)

On_
Wo(Qy_2) = exp{[ 2 N1 N 2]} (N=3)
+

2

where we also used 45(()](\)[— ) = cos (On_2/2), ho 2 = sin (On_2/2) (see Egs. (2.251)-
(2.252)) and we defined

X1 = fo%@@*
= | V2

[ PR DI e ] (VIS v 3’<0)T] :

SN—r—3SN—r—1

rodd, N—3>r >3, (2.289)

with X\ = exp{[+i1/2]}. In order to proceed we use the recursive relations (2.247)-

(2.248) to find the following recursive relation:

G adgn o T
X 2
0 (6§ (N r)qu(N T)l %f)v r=1)4 ¢(N r=1)1
(V-r-2) 0
X
0 XSFN r—2)
eXp{(iZ 5 T)} 0 cos N =L sin On =
- ® lyv-s5-r)/2
0 exp{( )} — sin €N2, L cos 91\]27 1
K (N-r-2) 0
X , rodd, N—3>r >3, (2.290)

0 X_("-Nfer)

where we expanded the summation over the spin projection index sy_,_1 in Eq. (2.289)
and we used @\t = cos (6,,/2), ¥\ = sin (6,/2). Then, by combining Egs. (2.285),
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(2.286) and (2.290), we can show that

X0 ) )
H2[7“/2] ® = eXp{]\;_r’yN_H_lny_T} eXp{N_QT_l”yN_Tny_T_l}
0 X(+N_T)
K (N=(r+2)) 0
X | Lotrv2)/2) @ :
0 XJ(FN_(T+2))
rodd, N—3>r>3. (2.201)

We can now sequentially apply the recursive relation (2.291) for r = 3,5, ..., N — 3 in the
expression for the “angular part” of the two-point function (2.288). It is straightforward
to find

Wo(Qy—2)
On—2 N1 N On_3 N_o N 7 0
= exp{ J\; ZAN=1 N 2} exp{ J\; 2 N=2) N 3} exp{;’y?’fﬂ} exp{;’ﬁfyl}
(2.292)
N-1 9 . ) ]
=] exp{ %VN*JHVN*J } (2.293)
j=2

2.12.4 MASSLESS WIGHTMAN TWO-POINT FUNCTION FOR N ODD

The derivation for NV odd shares many similarities with the case with N even. Therefore,
we just outline the steps involved in the calculation.

Substituting the massless positive frequency modes (2.200) into the mode-sum expres-
sion (2.163) and working as in the case with N even it is straightforward to derive
Eq. (2.259) (where A, B and the proportionality constant are calculated in the same

way as for N even). The “angular part” of the two-point function is given by

WOQN25<Aﬁ )

(x%% DBy _2)x 50 (0)1 0 )
(0)!

CN— EN—;\UY) OO)

0 X5 (On )X S

(2.294)
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The gamma matrices (2.40) have dimension D = 2/"¥/2 and can be expressed in terms

of Pauli matrices as follows:

V=i ® Toivy2-1,
’}/N_l = O’2 ® ]IQ[N/2]—1,
[r/2]+1
VT =1 R 0 ® 0 @ Lyv-am,
i=1
[r/2]+1
ny_r_2 = [ ® 0'1] ® 0’2 X ]I2(N—4—7‘)/27 r= Odd, 1 S r S N — 47 (2295)
i=1
[N/2]
- ® ol (2.296)
1=1

Then, as in the case with N even, we can obtain Egs. (2.285), (2.286) and (2.291)
with N - N —1 and r odd, 1 <r < N — 4. The recursive relation (2.291) (with
N — N — 1) can be sequentially applied for r = 1,3,..., N — 4 in Eq. (2.294). Then

one obtains the final expression (2.292) for the “angular part"” .

2.12.5 MASSLESS WIGHTMAN TWO-POINT FUNCTION ON dS;

In this subsection we derive the massless spinor Wightman two-point function on dS,
using the mode-sum method (2.163) and we show that it agrees with Eq. (2.182). The
derivation is slightly different but simpler than the case with NV > 2. Note that in this
subsection we use the same (bi)scalar functions that we introduced for the case with
N > 2 withOy_1 = ¢ — ¢ and 0 < p,¢' < 27m. (See Egs. (2.195)-(2.199).) The
geodesic distance and the tangent vector components are

cos pt = —sinh ¢ sinh ¢’ 4 cosh ¢ cosh ¢’ cos(p — ¢'), (2.297)
1
ng = —— (coshtsinh ¢’ — sinh ¢ cosh ' cos (p — ¢')), (2.298)
sin 41
ny = —— cosht'sin (¢ — ¢'), (2.299)
sin p

where ny = n,/ cosht. (Note that by letting ¢ — ¢’ — 6y_; in these expressions we
obtain Egs. (2.241) and (2.242). This makes many steps of the calculation the same as
in the case with V > 2.) The massless positive frequency solutions (2.188)-(2.189) for

o7



CHAPTER 2. THE EIGENMODES FOR SPINOR QUANTUM FIELD THEORY IN GLOBAL DE
SITTER SPACE-TIME

N = 2 are given by

W) = 5 (%g@) e, (2:300)
o' (6:¢) = 2;% (%S(t)) T, (2.301)

where ¢g(t) is given as function of © = /2 — it by Eq. (2.190) (¢ = 0,1, ...). After a
straightforward calculation the mode-sum method (2.163) gives the following expression

for the Wightman two-point function:

Walls 1 )] = 3 oo G (A3 Aﬁ) o )

where

00 IEE l
M, = *ie=2)2 % (¢ Tlian Z| exite—e)
L =ce 2 an2 an2 e

1* -1
= etile=¢)/2 (1 — tang [tan 12:] eii(so‘p/)) : (2.303)

¥ . ’ . . .
Since ‘tan% [tan %} eiz(s"*‘”’ =1welett—t—ie(i.e. © — x — ¢ where e >0) in
order for the series to converge and then we let ¢ — 0. By expressing z, ' in terms of

t,t" we can show the following relations:

1
My = — (2.304)
W
W+
== 2.

S (/2 (2309
where in the second line we used the identity wyw_ = sin?(;/2). By substituting
Eq. (2.305) into the two-point function (2.302) it is straightforward to find

Bo(p)

Wol(t )] = ——— w1y’ . 2.
By repeating the same calculation that resulted in Eq. (2.280) we find
1o A 0,1
Wol(t ), (', )] = Bo(phhexpq 5777 ¢ (2.307)

where the exponential is the spinor parallel propagator (2.194) for dSs.
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2.13 APPENDIX E - TESTING OUR RESULT FOR THE SPINOR
PARALLEL PROPAGATOR

In this Appendix we show that our result for the spinor parallel propagator (i.e. Eq. (2.194))
satisfies the defining properties (2.165)— (2.167), as introduced in Ref. [19].

2.13.1 PARALLEL TRANSPORT EQUATION

Our result for the spinor parallel propagator (2.194) has to satisfy the parallel transport
equation (2.167). Starting from Eq. (2.167) and expressing the spinor parallel propagator
in terms of the massless Wightman function (using Eq. (2.182)) one can obtain Eq. (2.186).
For convenience, we use Eq. (2.186) rather than Eq. (2.167) in order to test the parallel
transport-property of the spinor parallel propagator. Let us express our two-point function
in the form (2.277). Since no derivatives act on the “angular part” it is straightforward
to write Eq. (2.186) as follows:

N -1
(D(t,0n_1,t") + 5 cot %) { sin™™ % (—wy(t, On_1, ) Y Fwa(t, On 1, ) V)
— 0, (2.308)
where the differential operator D(t,0y_1,t') is defined as
/ t 0 oy, SIDhT o Ny
D(t,0n_1,t") = [n'0y +n"N10p,_, — NNt ——~"7" 7 |gio. (2.309)

2

(The tangent vectors for ' = 0 are given by Eqgs. (2.241)-(2.242).) Now our initial
problem has reduced to a partial differential equation involving only the coordinates ¢, Oy _1
and /. This is expected because geodesics on SV ~! lie along the line (Ox_s, ..., 05,0;) =
(O 5, .,05,0)) = (0,...,0,0). In the rest of this Appendix we implicitly let ' =
0 in all relevant quantities unless otherwise stated (and hence n*d, will stand for
[n'0; +n®-19,,_ ]er—0). The parallel transport equation (2.308) gives rise to partial
differential equations involving just the biscalars wq(t,0n_1,t") and wo(t,0n_1,t’) (see
Egs. (2.196)-(2.197)). Below we derive these differential equations. Their validity has
been tested using Mathematica 11.2.
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Case 1: IN even. Using the expressions for the v*'s (2.38) we find

(—'LUl (ta 9N—17 t,) 70 + Wo (ta 9]\7—17 t/) P)/N_l)

sin™ (11/2)
0 0O w_ 0
N (2.310)
sin™ (1/2) fwy 0 0 0
0O w_ 0 0

0 W1
(W2 . ) : (2.311)

where W, and W, represent 2V/2~!_dimensional matrices and their matrix elements
can be read from above. Here 0 stands for the matrix having all entries zero. Then

Eq. (2.308) can be expanded in matrix-component form as follows:

1[n#9, + %5+ cot (11/2) ] — gn-1sinh ¢ 3N 0

0 1[n*d, + XL cot (u/2)] + $nv-1sinht V-1
0 W

Wy 0

00
= (0 o) . (2.312)

After a straightforward calculation we obtain the following two equations for the biscalar

functions w; and wy:

N -1 0 wy nfv-1 Wo
ko t— = — sinh ¢
(00 + “ty ) sin® (11/2) o M sin® (p/2)’
N -1 W Wo nfn-1 wy
o) t— = — ht . 2.313
(00 + 2 3 ) sin?V (p/2) o M sin (p/2) ( )

Then we use J,4t = n, in order to simplify Egs. (2.313). Thus, we obtain the following

system of differential equations for w; and wsy:

1+ cosp non-1
(nt(()t + neNflaGNq)wl - muh = —W2 5 sinht,
1+ cosp nin-1
(ntﬁt + neN_lagN_l)’lUQ — m?ﬂ? = —WwW 9 Slnht, (2314)
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where we also used n#n, = 1, cot (1/2) = (1 + cosp)/sinp. These equations are
expressed in a particularly convenient form since there is a factor of 1/sin pu (which can
be cancelled) in each term (see Egs. (2.31) and (2.241)). We have verified that the
formulas we have derived for wy,wy (given by Egs. (2.196) and (2.197)) satisfy the
differential equations (2.314) using Mathematica 11.2. Thus, our result for the spinor
parallel propagator (2.194) satisfies the parallel transport equation (2.167).

Case 2: N odd. Using the gamma matrices (2.40) we find

—zwll w21
—w; Y’ +wa N = ;Y :(

w21 ZU)11

Then, as in the case with N even, we substitute these into Eq. (2.308) and we obtain
the system (2.314). The latter can be solved by our results for w;, wy (Egs. (2.196) and
(2.197)). Thus, our result for the spinor parallel propagator (2.194) satisfies the parallel

transport equation, as required.

2.13.2 PARALLEL-TRANSPORT PROPERTY OF 7t

In this subsection we show that our result for the spinor parallel propagator (2.194)
satisfies Eq. (2.168) describing the parallel-transport property of 7i. Let L and R denote
the left- and right-hand sides of Eq. (2.168) respectively, i.e.

L= (A[(t, 0), (t, 0)])_1 Y nale—o A[(t,0), (t,0)], (2.316)

= —7"ng|g—o, (2.317)

where the inverse of the spinor parallel propagator can be readily found using Eq. (2.194).

The components of n,|g'—o are given in Eq. (2.241), while the components of 7n4/|¢'—0
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are found to be (see the paragraph below Egs. (2.34)- (2.36))

1
no|gr=o = —— (cosh ' sinh ¢ — sinh ¢’ cosh t cos Oy _1),
sin p
cosht .
n(N—l)”G’:O = — Sjn/jj Sin HN,l COs 6N72,
cosht
n(N_Q),]G/ZO = — SinM sin (9N,1 sin 9]\/,2 COS 91\[,3,
cosht N=2
Nolgr—o = — sin Oy _;) cos 61,
AL sin g1 (1:1_[1 N—i) 1
cosht V=1
nyle—o = — sin O _;. 2.318
tlomo =~ T sinty (2318)

We will show that the two sides of Eq. (2.168) are equal by rearranging the terms in L.
Substituting Egs. (2.193) and (2.194) into Eq. (2.316) we find

0121 _ON-2 N-1,N-2 _X_0.N—1 _
L=c¢277 e 72 7 7 e 277 4o + vV ny_1]e—o

A0 N—1 ON—2 N1 N2 01,21
xe2? VT eTz VT T e

01,21 ON—2 N-1.,N-2 0 N-1/ IN-2_ N-1.N-2 01,21
= v"noler—o (6_77 T.e Tz VT ) M (e z 7 T e VY )
N_1 _0200 _€N737N72,YN73
+ 9" nn_1le—o (6 2 €2 )
ON—2 N-1.,N—2 0 N—1/ ON-2 N-1_N-2 61,21
X etz T M (e z 7 ...e?””), (2.319)

where we used the fact that if two matrices A, B anti-commute exp{(—A)}B =
Bexp{(A)}. Our goal is to express L as a sum of N terms, where each term will
be of the form: %X (scalar) like Eq. (2.317). In order to simplify Eq. (2.319) we use
exp{)\’yony_l} = 1cosh A ++y°y¥~Lsinh \ and find

L =[ng cosh A — ny_ sinh Ngi—gy° 4 [~ng sinh A 4+ ny_; cosh AJgr—oy"™ "
y <67%7271 e "NQ—B ,YN—2,YN—3) 69N72,YN—1,YN—2 (6 9N2—3 AN=2,N-3 ...69717271) ' (2320)

Similarly, by expanding exp{@N_ﬂNflvN”} (and then all the other exponentials of the

form exp{6;77 117} that will appear, with j = N — 3, ...,2,1) we find

L = [ngcosh A — ny_y sinh N]gi—g7" — [—ngsinh A + ny_; cosh Ngi—g

cosht . _ _ _
X ( sinfy_1) " [nv_y Y™ ey 2+ o+ ney? + ney oo,

sin p
(2.321)

72



2.14. APPENDIX F - A CONJECTURE FOR THE CLOSED-FORM EXPRESSION OF A SERIES
CONTAINING THE GAUSS HYPERGEOMETRIC FUNCTION

where we also used Eq. (2.318). We have verified using Mathematica 11.2 that

[ng cosh A — ny_j sinh Ag/—o = —ny, (2.322)
ht

[—TLO sinh A +ny_1 cosh )\}9/:0 = C(_)S sin QN—I; (2323)
sin

where cosh A and sinh A can be found by Egs. (2.195). By substituting these formu-
las into Eq. (2.321) we find that L = R, i.e. our expression for the spinor parallel
propagator (2.194) satisfies Eq. (2.168).

2.13.3 THE INVERSE OF THE SPINOR PARALLEL PROPAGATOR

Finally, we show that our result for the spinor parallel propagator (2.194) satisfies the
defining property given by Eq. (2.165). First, let us derive an expression for the two-point
function with interchanged points, i.e. Wy(2/,2) = Wy[(',0), (t,0)]. This can be found
by the following relation:

Wo(2', z) = =" Wy(x, 2')'4°, (2.324)

(see Eq. (2.163)). Combining this equation with Eq. (2.192) and using 71" = 7%#~° and
YA (2, 2') 7% = —[A(z,2")]~* (this can be verified using Eq. (2.194)) we find

Wol(7, 0),1,0)] = ~o(un)(AL1,0), (.0))) oo (2.325)
— Bo(i1) ' |er—o (A[(t, 0), (¢ o)])_l, (2.326)

where in the last line we used Eq. (2.168). Equation (2.182) implies that the massless
spinor Green's function with interchanged points, = <« 2/, has the following form:

So(z',x) = Bo(u)p’ A(x',z). Thus, we conclude that our expression for the spinor

1
parallel propagator satisfies: <A[(t, 0), (t’,O)]) = A[(¥,0), (t,0)] in agreement with

the defining property (2.165).

2.14 APPENDIX F - A CONJECTURE FOR THE CLOSED-FORM
EXPRESSION OF A SERIES CONTAINING THE GAUSS HYPER-
GEOMETRIC FUNCTION

In Sec. 2.7.3 and in Appendix 2.12 we showed that the mode-sum approach (2.163) for the
massless Wightman two-point function reproduces the result of Ref. [19] (i.e. Eq. (2.182)).
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Motivated by this result, we compare the mode-sum method for the massive Wightman
two-point function (2.163) with Eq. (2.172) and we make a conjecture regarding the
closed-form expression of a series containing the Gauss hypergeometric function for N
even. For simplicity, we specialize to timelike separated points with & = 8’ = 0. For

brevity, we represent the Gauss hypergeometric function as follows:
a,b _
F5%(2) = F(a, bc; ). (2.327)

We first present our conjecture and then we give some details for the reasoning for this
conjecture.
The conjecture is

F ((ffl)) ( cosh? t)

> (a)g(b)g (N — 1)( (COSh2 t)ﬁ F(“+e’b+€)<1 — ¢ sinh t) (a_,_g’b_,_g)(l - iSiIlht>

= (Qelc+ 1) 0 4 (e+0) 9 (c+1+) 2
(2.328)

where
o= +iM, b= —iM, c=-. (2.329)

By introducing the variable w = (1 —isinht)/2 we may rewrite the conjecture as follows:

(ab) e (@)e(b)e (N —1), C (a+0,b+0) (a+0,b+0)
F(c+1>(4w(1_w))_;)(c)e(c+ b (- w) B0 (w) R (w),

(2.330)

where 4w (1 — w) = 4|w|? = cosh?¢. The time variable should be understood as ¢ — ie
with € > 0 (see the paragraph below Eq. (2.163)). This way, the branch cut of the
hypergeometric function F(A, B; C; X) along the real axis for X > 1 is avoided.

Below we describe the calculations that lead to the conjecture (2.328). For later
convenience let (), be the proportionality constant of the two-point function that

appears in Eq. (2.172), i.e.

L(5 +iM)P?

Cyu = )
T TE £ 1) (dm) N

(2.331)

For 8 = 6 = 0 Eq. (2.172) gives the following expression for the two-point function:
Sul(t,0), (¢',0)] = an ()1 + Bur(p)in®, (2.332)
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where 1 = i(t — t'), # = i7® and A = 1. The first term in Eq. (2.332) is diagonal while
the second is off-diagonal. On the other hand, the mode-sum (2.163) for massive spinors

gives the following expression:

WM[(t7 0)7<t/7 O)]

o ome O (t)  —bare( B (1)
[ & (X—tm(0)X_em(0))
e (O () —itonre () Biee(t)

CN(ME)
V2

i

—ine(t)Prre(t')  —Vnre()Vire(t')
+ ® (X—Ffm(O)X-&-Km(O)T) ) (2333)
—One(t)Phre(t)  iPnre(t) V34 (1)

where the functions ¢, and 1, are given by Egs. (2.69) and (2.70) and m stands
for the angular momentum quantum numbers and spin projection indices on the lower-
dimensional spheres. Using relations (2.258) and (2.291) the two-point function (2.333)

can be written as

W[(¢,0), (t',0)] :CMF(];[)F(];[ +1)
X g <N£—! 1) (13(1—2; %ié TME(t’t/)l +Ne(t,t')zﬂ, (2.334)

where M,(t,t'), Ny(t,t') are given by

My(t,t") = —i< — Onre(t) (') + wa(t)¢*Mé(t/)>a (2.335)

Ne(t,t') = dare(t)hs(t') + are(t)¥hse(t). (2.336)

By equating Egs. (2.332) and (2.334) we find the following conjectured equalities:

2N (MR ol 1)
Z(:) 1 T(X+0) Mf(t’t)_OMF(%)F(%H)’ (2.337)
SN =D (FHiM)e? o Bult—1)

,;) 1 T(X+0) Nf(t’t)_cMr(g)r(gﬂ)’ (2.338)

where the first relation is obtained by comparing the diagonal parts of Egs. (2.332)
and (2.334), while the second is obtained by comparing the off-diagonal parts. Equa-

tions (2.337) and (2.338) are the most general series conjectures we can find for the
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time-like case with p = i(t — t’). (We have checked that these conjectures are true
for t' = im/2 with ¢3,,(t' = in/2) = dyp and V3, (t' = im/2) = 0.) By substituting
Egs. (2.69), (2.70) and (2.175) into Eq. (2.337) and letting t' = —t we find our con-
jecture (2.330). We also made use of the following relation: cos(z/2) [sin(a’/2)]" =
I(cosh 55 + isinh 1) = [sin(2/2) [cos(2//2)]]" (see Egs. (2.71)-(2.72)).
In this Appendix, we made a series conjecture by letting ¢’ = —t in Eq. (2.337). One
can make additional series conjectures from Egs. (2.337) and (2.338) by giving various

values to ¢’ (or t) or by just leaving it arbitrary.

REFERENCES

[1] http://functions.wolfram.com/07.23.03.0024.01. visited on 14th April
2020.

[2] http://functions.wolfram.com/07.23.03.0026.01. visited on 14th April
2020.

[3] B. Allen and T. Jacobson. “Vector two-point functions in maximally symmetric
spaces”. In: Comm. Math. Phys. 103 (1986), p. 669.

[4] B. Allen and C. A. Liitken. “Spinor Two Point Functions in Maximally Symmetric
Spaces”. In: Commun. Math. Phys. 106 (1986), p. 201.

[5] V. E. Ambrus and E. Winstanley. “Thermal expectation values of fermions on
anti-de Sitter space-time”. In: Class. Quant. Grav. 34 (2017), p. 145010. eprint:
arXiv:1704.00614.

[6] A. O. Barut and I. H. Duru. “Exact Solutions of the Dirac Equation in Spatially
Flat Robertson-Walker Space-Times". In: Phys. Rev. D 36 (1987), p. 3705.

[7] J. Bros and U. Moschella. “Two-point Functions and Quantum Fields in de Sitter
Universe”. In: Rev. Math. Phys 08 (1996), p. 327.

[8] R. Camporesi and A. Higuchi. “On the eigenfunctions of the Dirac operator on
spheres and real hyperbolic spaces”. In: J. Geom. Phys. 20 (1996), p. 1.

[9] M. Clutton-Brock. "Quantum gravidynamics. Il. Path integrals with spin”. In: J.
Phys. A: Math. Gen. 8.1 (Jan. 1975), pp. 29-35.

[10] I. Cotdescu and C. Crucean. “New Dirac quantum modes in moving frames of the
de Sitter space-time". In: Int. J. Mod. Phys. A 23 (2012), pp. 3707-3720.

76


http://functions.wolfram.com/07.23.03.0024.01 
http://functions.wolfram.com/07.23.03.0026.01 
arXiv:1704.00614

REFERENCES

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

NIST Digital Library of Mathematical Functions. http://dImf.nist.gov/, Release

1.0.26 of 2020-03-15. F. W. J. Olver, A. B. Olde Daalhuis, D. W. Lozier, B. I.
Schneider, R. F. Boisvert, C. W. Clark, B. R. Miller, B. V. Saunders, H. S. Cohl,
and M. A. McClain, eds. visited on 14th April 2020.

D. Z. Freedman and A. V. Proeyen. Supergravity. Cambridge University Press,
2012.

S. W. Hawking and G. F. R. Ellis. The Large Scale Structure of Space-Time.
Cambridge University Press, 1973.

A. Higuchi. "Quantum linearization instabilities of de Sitter spacetime. I". In: Class.
Quant. Grav. 8 (1991), p. 1961.

A. Higuchi. “Symmetric tensor spherical harmonics on the N-sphere and their
application to the de Sitter group SO(N,1)". In: J. Math. Phys. 28 (1987),
p. 1553.

S. Kanno, M. Sasaki, and T. Tanaka. “Vacuum State of the Dirac Field in de
Sitter Space and Entanglement Entropy”. In: J. High Energy Phys. (2017), p. 68.

B. S. Kay and R. M. Wald. “Theorems on the uniqueness and thermal properties
of stationary, nonsingular, quasifree states on spacetimes with a bifurcate killing
horizon”. In: Phys. Rep. 207 (1991), p. 49.

Y. Kosmann. “Dérivées de Lie des spineurs”. In: Annali di Mat. Pura Appl. (V)
91 (1971), p. 317.

W. Miick. “Spinor parallel propagator and Green function in maximally symmetric
spaces”. In: J. Phys. A: Math. Gen. 33 (2000), p. 3021.

V. S. Otchik. “On the Hawking radiation of spin-1/2 particles in the de Sitter
spacetime”. In: Class. Quant. Grav. 2 (1985), p. 539.

L. Parker and D. Toms. Quantum Field Theory in Curved Spacetime. Quantized
Fields and Gravity. Cambridge University Press, 2009.

A. P. Prudnikov, Y. A. Brychkov, and O. |. Marichev. Integrals and Series. Vol. 3:
More Special Functions. Translated from the Russian by G. G. Gould, Gordon

and Breach Science Publishers, New York, Philadelphia, London, Paris, Montreux,
Tokyo and Melbourne, 1990. Moscow: Nauka, 1986.

14



CHAPTER 2. THE EIGENMODES FOR SPINOR QUANTUM FIELD THEORY IN GLOBAL DE
SITTER SPACE-TIME

[23] M. A. Rakha, A. K. Rathie, and P. Chopra. “On some new contiguous relations
for the Gauss hypergeometric function with applications”. In: Comput. Math. with
Appl. 61.3 (2011), pp. 620-629. 1SSN: 0898-1221.

[24] G. V. Shishkin. “Some exact solutions of the Dirac equation in gravitational fields".
In: Class. Quant. Grav. 8 (1991), p. 175.

[25] Y. Tanii. Introduction to supergravity. Vol. 1. Springer briefs in mathematical
physics. Tokyo, Japan: Springer, 2014.

[26] R. M. Wald. Quantum Field Theory in Curved Space-Time and Black Hole Ther-
modynamics. Chicago, IL: University of Chicago Press, 1995.

78



3.1.1

3

(Non-)unitarity of strictly and partially
massless fermions on de Sitter space

Abstract

We present the dictionary between the one-particle Hilbert spaces of totally
symmetric tensor-spinor fields of spin s = 3/2,5/2 with any mass parameter on D-
dimensional (D > 3) de Sitter space (dSp) and Unitary Irreducible Representations
(UIR’s) of the de Sitter algebra spin(D, 1). Our approach is based on expressing
the eigenmodes on global dSp in terms of eigenmodes of the Dirac operator on
the (D — 1)-sphere, which provides a natural way to identify the corresponding
representations with known UIR's under the decomposition spin(D, 1) D spin(D).
Remarkably, we find that four-dimensional de Sitter space plays a distinguished
role in the case of the gauge-invariant theories. In particular, the strictly massless
spin-3/2 field, as well as the strictly and partially massless spin-5/2 fields on dSp,

are not unitary unless D = 4.

INTRODUCTION

SPACE

The de Sitter spacetime, apart from its relevance to inflationary cosmology, is also
thought to be a good model for the asymptotic future of our Universe, as suggested by
current experimental evidence in favor of a positive cosmological constant [37, 34, 32].

The D-dimensional de Sitter spacetime (dSp) is the maximally symmetric solution of
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the vacuum Einstein field equations with positive cosmological constant A [17]
1
R,uzz - §guuR + Ag,uu = 07 (31)

where g, is the metric tensor, 1%, is the Ricci tensor and R is the Ricci scalar.

Throughout this paper we use units in which the cosmological constant is

A:(D—2)2(D—1)7 5.2

i.e. the de Sitter radius is one.

Unlike Minkowskian field theories, possible field theories of spin s on d.Sp are not restricted
to the two usual cases of massive and strictly massless theories, where for D = 4 the
former has 2s + 1 propagating degrees of freedom (DoF), while the latter has only 2
helicity DoF (+s) due to the gauge invariance of the theory [40]. On dSp there also
exist intermediate gauge-invariant theories for s > 2, known as partially massless !
theories [10, 12, 9, 11, 8]. For a given spin s > 1, there exists one strictly massless
theory and [s] — 1 different partially massless theories, where [s| = s if the spin s is
an integer and [s] = s — 1/2 if s is a half-odd integer. Partial masslessness was first
observed for the spin-2 field by Deser and Nepomechie [5, 6] and for higher integer-spin
fields by Higuchi [21]. Partially massless theories with various spins have been discussed
further in a series of papers by Deser and Waldron [10, 12, 9, 11, 8, 7]. Note that this
paragraph, as well as the rest of the paper, refers only to totally symmetric tensor and
tensor-spinor fields. Mixed-symmetry tensor fields on dSp - for which strict and partial
masslessness also occur - have been discussed in Ref. [2].

Each strictly or partially massless theory of spin s is conveniently labeled by a distinct value
of the ‘depth’ T = 1,2, ..., [s| (where the value T = 1 corresponds to strict masslessness)
and in 4 dimensions there are 2T propagating helicities, namely: (£s,+(s—1),..., (s —
T+ 1)) [9, 10, 11]. For given spin s and depth T, each of these gauge-invariant theories
corresponds to a distinct tuning of the mass parameter to the cosmological constant
A [21, 9, 10, 7, 11]. Higuchi classified the tunings of the mass parameter for all strictly
and partially massless theories with arbitrary integer spin by studying the group-theoretic
properties of the eigenmodes of the Laplace-Beltrami operator on dSp [21, 20]. Deser and
Waldron gave an analogous classification for arbitrary integer and half-odd-integer spins

by using group representation methods based on the de Sitter/CFT correspondence [7].

IPartially massless theories exist also in anti-de Sitter spacetime. Partially and strictly massless
theories on both de Sitter and anti-de Sitter spacetimes are discussed in Ref. [9].
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3.1.2 EIGENMODES, ‘FIELD THEORY-REPRESENTATION THEORY’ DICTIONARY
AND PURPOSE OF THIS PAPER

Unitarity of field theories is very important for physical problems since it ensures the
positivity of probabilities. A sufficient condition for field-theoretic unitarity on dSp
is that of the unitarity of the underlying representation of the de Sitter (dS) algebra,
spin(D, 1). Particles in a D-dimensional dS universe correspond to Unitary Irreducible
Representations (UIR's) of spin(D, 1).

Representation-theoretic insight from eigenmodes. The interplay between free field
theory on dSp and representation theory of spin(D, 1) manifests beautifully itself in the
solution space - consisting of eigenmodes - of the corresponding field equation.? Let
us briefly discuss Higuchi's work [20, 21] in order to demonstrate the great amount of
representation-theoretic knowledge that we can obtain for a free field theory on dSp by
studying its eigenmodes. In particular, in Refs. [20, 21] Higuchi studied the group-theoretic
properties of totally symmetric tensor eigenmodes of the Laplace-Beltrami operator on
dSp (D > 3). In these works, he showed that the phenomenon of partial masslessness
exists for all totally symmetric tensor fields of spin s > 2 on dSp by detecting pure
gauge modes (these eigenmodes indicate the gauge invariance of the theory). Also,
by calculating the norm of the physical strictly/partially massless eigenmodes using a
dS invariant scalar product, he showed that all strictly and partially massless theories
with arbitrary integer spin s are unitary for all D > 3. Moreover, he showed that
for all integer spins there exist mass (parameter) ranges where the eigenmodes have
negative norm - i.e. the corresponding spin(D, 1) representations are non-unitary. The
unitary strictly/partially massless theories appear at special tunings of the mass parameter
corresponding to the boundaries of the ‘forbidden’ mass ranges - see Deser and Waldron's
works for a detailed analysis and a physical insight into these ‘forbidden’ ranges [10, 12,
9, 11]. Last, Higuchi's group-theoretic analysis of the eigenmodes showed that there
is a lower bound for the mass parameter of integer-spin fields, below which the fields
can only be non-unitary®. This bound is known as the ‘Higuchi bound’ in the modern
literature - see, e.g Ref. [29, 18].

‘Field theory-representation theory’ dictionary and a gap in the literature. The

2f a dS invariant positive-definite scalar product exists for the eigenmodes, then the vector space of
eigenmodes can be identified with the one-particle Hilbert of the corresponding unitary quantum field
theory.

3The Higuchi bound depends on both the (integer) spin of the field and the spacetime dimension
D [21].
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basis elements of spin(D, 1) correspond to the (D + 1)D/2 Killing vectors of dSp and
they act on eigenmodes in terms of Lie derivatives (or spinorial generalizations thereof [25,
30]). The (spinorial) Lie derivatives with respect to Killing vectors commute with the
field equation of the free theory [25, 30] and the solution space is identified with the
representation space of a - often irreducible - representation of spin(D, 1) [20, 21]. What
we would like to know is whether this representation, which is formed by eigenmodes,
is unitary. Fortunately, all UIR's of spin(D, 1) have been classified by Ottoson and
Schwarz [31, 33] (see also Refs. [41, 22, 23]). Thus, as field theorists, we would like to
construct a dictionary between the known UIR'’s of spin(D, 1) and eigenmode spaces
(i.e. one-particle Hilbert spaces) of free field theories on dSp. Such a dictionary was
first constructed by Higuchi [20] for totally symmetric integer-spin fields* and was later
extended to mixed-symmetry integer-spin fields by Basile, Bekaert and Boulanger [2].
However, a detailed study of the dictionary for tensor-spinor fields for arbitrary D is
absent from the literature®.
Main aim. It is the purpose of the present article to construct the dictionary between
one-particle Hilbert spaces (consisting of eigenmodes) and UIR's of spin(D, 1) for the
vector-spinor (i.e. spin-3/2) field and symmetric rank-2 tensor-spinor (i.e. spin-5/2) field
on dSp.

3.1.3 MAIN RESULT FOR STRICTLY AND PARTIALLY MASSLESS THEORIES OF
SPIN s = 3/2,5/2

The dictionary between one-particle Hilbert spaces of unitary spin-s = 3/2,5/2 field
theories on dSp and UIR's of spin(D, 1) will be given in Section 3.7 (for both massive
and strictly/partially massless fields). However, here we would like to draw attention to

our remarkable main result concerning the strictly and partially massless theories:

= Main result: The strictly massless spin-3/2 field (gravitino field) and the strictly
and partially massless spin-5/2 fields on dSp (D > 3) are not unitary unless
D =4.

(The case with D = 2 is not discussed in the present article.) As we will see later, our
analysis for the spin-3/2 and spin-5/2 cases suggests that our main result should hold

for all strictly and partially massless fields with half-odd-integer spin s > 3/2.

“See also Refs. [36, 35] for more recent discussions concerning the ‘field theory-representation theory’
dictionary for integer-spin fields on dSp.
°For D = 4, a dictionary for half-odd-integer-spin fields has been obtained in Ref. [15].
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According to our main result, four-dimensional dS space plays a distinguished role in
the unitarity of the strictly massless spin-3/2 field and the strictly and partially massless
spin-5/2 fields. This is an example of a remarkable and previously unknown feature
of dS field theory that has no known field-theoretic counterparts in anti-de Sitter and
Minkowski spacetimes. As will become clear, the significance of four-dimensional dS
space is related to the representation theory of spin(D, 1), where the latter allows (totally
symmetric) fermionic strictly/partially massless UIR's only for D = 4 (corresponding to
a direct sum of spin(4,1) UIR's in the Discrete Series - see Section 3.7). Also, although
it might be a mere mathematical coincidence, it is interesting that the dimensionality
that plays a special representation-theoretic role happens to correspond to the number

of the observed macroscopic dimensions of our Universe.

3.1.4 STRATEGY

Our strategy in order to construct the dictionary between spin(D, 1) UIR's and spin-
s = 3/2,5/2 one-particle Hilbert spaces on dSp is based on constructing the dS
eigenmodes using the method of separation of variables [3, 4, 28]. More specifically, we
are going to express the spin-3/2 and spin-5/2 eigenmodes on global dSp in terms of
tensor-spinor eigenmodes of the Dirac operator on S”~!. This will help us determine
the spin(D) content of the spin(D, 1) representations formed by the eigenmodes on dSp
- by spin(D) content we mean the irreducible representations of spin(D) that appear
in a spin(D, 1) representation under the decomposition spin(D, 1) D spin(D) [31, 33].
We will also obtain the values of the spin(D, 1) quadratic Casimir corresponding to the
eigenmodes on dSp. Once we have determined both the quadratic Casimir and the
spin(D) content for the representations formed by the dS eigenmodes, we will be able to
construct the dictionary between one-particle Hilbert spaces and UIR'’s of spin(D, 1) by
using the known classification of UIR's [31, 33] under the decomposition spin(D, 1) D
spin(D). We also provide the dictionary for the spin-1/2 field (as the group-theoretic
properties of the spin-1/2 eigenmodes on global dSp have been already studied by the
author [28]), while our analysis also allows us to propose a dictionary for totally symmetric
tensor-spinors of any spin s > 3/2.

As for our main result concerning the strictly/partially massless theories of spin s =
3/2,5/2, we will show that for D # 4 there is a mismatch between the values of the
quadratic Casimir for the strictly/partially massless eigenmodes and the values corre-

sponding to the UIR's of spin(D, 1) and/or another mismatch between the representation
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labels of the eigenmodes and the allowed labels in spin(D, 1) UIR's. (The spin(D,1)
representation labels we use in this paper specify a spin(D, 1) representation under the
decomposition spin(D, 1) D spin(D) [31, 33, 20, 21] and their role is similar to the role
played by the highest weights in spin(D + 1) representations - see Section 3.3.) In other
words, we will demonstrate that there are no UIR's of spin(D, 1) that correspond to the
strictly massless spin-3/2 field and to the strictly and partially massless spin-5/2 fields on
dSp for D # 4. However, for D = 4, both the quadratic Casimir and the representation
labels of the strictly/partially massless theories correspond to the Discrete Series UIR's
of spin(4,1).
An alternative technical explanation. A technical explanation of all the results
reported in this paper can be given by studying the (non-)existence of positive-definite
dS invariant scalar products for the spin-3/2 and spin-5/2 eigenmodes on dSp. Such an
analysis has been carried out in detail by the author and will be presented in a separate
article [26, 27], in which the author has extended Higuchi's methods [20, 21] to the case
of spin-3/2 and spin-5/2 eigenmodes on dSp (D > 3). In particular, in Refs. [26, 27]
the author has proved the following results for the strictly /partially eigenmodes of spin
s =3/2,5/2 on dSp (D > 3):

» For odd D all dS invariant scalar products are identically zero.

= For even D > 4 all dS invariant scalar products are indefinite giving always rise
to positive-norm and negative-norm eigenmodes that mix with each other under
spin(D, 1) boosts.

» The D = 4 case is special as the positive-norm sector decouples from the negative-
norm sector. Then, both sectors can be viewed as positive-norm sectors and each

sector independently forms a spin(4, 1) UIR in the Discrete Series.

Although we have not performed such a technical analysis for the eigenmodes with
half-odd-integer spin s > 7/2, the analysis of our present paper suggests that our main
result extends to all strictly and partially massless fields with half-odd-integer spin s > 7/2
on dSp.

3.1.5 OUTLINE OF THE PAPER, NOTATION AND CONVENTIONS

The rest of the paper is organised as follows. In Section 3.2, we begin by presenting the
basics about tensor-spinor fields on dSp (gamma matrices, vielbein fields, spin connection,

and the spinorial generalisation of the Lie derivative) and, then, we specialise to the global
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slicing of dSp. In Section 3.3, we review the classification of the spin(D, 1) UIR's under
the decomposition spin(D, 1) D spin(D) given originally in Refs. [31, 33]. In Section 3.4,
we begin by discussing the totally symmetric tensor-spinor eigenmodes of the Dirac
operator on SP~! that are also gamma-traceless and divergence-free, as well as the way
they form representations of spin(D) (Subsection 3.4.1). Then, using the aforementioned
eigenmodes on SP~1, we present the construction of the TT eigenmodes of the spin-3/2
field on dSp for both even D > 4 (Subsecton 3.4.2) and odd D > 3 (Subsection 3.4.3),
in order to illustrate the method of separation of variables for tensor-spinor fields. The
spin(D) content of the spin(D, 1) representations formed by the spin-3/2 eigenmodes is
also identified and the main results are tabulated in Tables 3.1 and 3.2. In Subsection 3.4.4,
we present our basic results concerning the TT eigenmodes for the spin-5/2 field on dSp
(D > 3). In Section 3.5, we obtain the quadratic Casimir for the spin(D, 1) representation
formed by eigenmodes with half-odd-integer spin s > 1/2 on dSp by using “analytic
continuation" techniques that relate dSp to S”. In Section 3.6, after identifying the pure
gauge and physical modes of our strictly/partially massless theories (Subsection 3.6.1),
we prove the main result of this paper, i.e. the strictly massless spin-3/2 field, as well
as the strictly and partially massless spin-5/2 fields on dSp, are not unitary unless
D = 4 (Subsection 3.6.2). In order to achieve this, we take advantage of both the
spin(D) content and the quadratic Casimir corresponding to our physical modes on dSp
and then we show that they do not agree with any UIR of spin(D, 1) unless D = 4. In
Section 3.7, we present our dictionary between spin(D, 1) UIR's and (totally symmetric)
tensor-spinor fields with arbitrary mass parameters on dSp (D > 3). Although in the
main part of the present paper we discuss the spin-3/2 and spin-5/2 fields, our analysis
allows us to propose a dictionary for all (totally symmetric tensor-)spinor fields with spin
s>1/2.

Notation and conventions. We use the term ‘tensor-spinor field of rank 7’ in order to
refer to a r*"-rank tensor where each one of its tensor components is a spinor. Other
authors prefer the name spinor-tensors for these objects - see, e.g., Ref. [4]. We use
the mostly plus metric sign convention for dSp. Lowercase Greek tensor indices refer
to components with respect to the ‘coordinate basis’ on dSp. Coordinate basis tensor
indices on SP~1 are denoted as fiy, jis, ... . Lowercase Latin tensor indices are ‘flattened’,
i.e. they refer to components with respect to the vielbein basis (the indices a, b, ¢, d, f
run from 0 to D — 1, while the indices 4, j, k run from 1 to D — 1). Summation over
repeated indices is understood. We denote the symmetrisation of a pair of indices as
Ay = (A + Ayy)/2 and the anti-symmetrisation as Ay, = (A — Ayy)/2. Spinor
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indices are always suppressed throughout this paper. The rank of tensor-spinors on dSp
is denoted as 7, while the rank of tensor-spinors on SP~! as #. The complex conjugate

of the complex number z is z*.

3.2 BACKGROUND MATERIAL CONCERNING TENSOR-SPINORS
ON dSp

Fermionic fields with arbitrary half-odd-integer spin s = r 4+ 1/2 and mass parameter
M on dSp can be described by totally symmetric tensor-spinors W, satisfying the
onshell conditions [10, 7]:

(W + M) \I[,ul...,ur =0 (33)
vawaug...ur =0, ’Ya\poa;tz---ur =0, (34)

where Y = 4"V, is the Dirac operator. From now on, we will refer to the divergence-free
and gamma-tracelessness conditions in eq. (3.4) as the TT conditions.
The half-odd-integer-spin theories described by eqgs. (3.3) and (3.4) become gauge-
invariant (i.e. strictly/partially massless) for the following imaginary values of the mass
parameter M = iM [7]:

-~ D —2\?

M?* = -M?*= (r—1+2> (t=1,..,r) (3.5)
for m > 1 (i.e. s > 3/2). Real values of M - including M = 0 - correspond to

non-gauge-invariant theories.

3.2.1 GAMMA MATRICES, VIELBEIN FIELDS, SPIN CONNECTION AND LIE-
LORENTZ DERIVATIVE ON dSp

The 21P/2_dimensional® gamma matrices v (with ‘flattened’ indices a = 0,1, ..., D — 1)

satisfy the anti-commutation relations
{7~} = 211, a,b=0,1,....D —1, (3.6)

where 1 is the spinorial identity matrix and 7% = diag(—1,1,...,1). The vielbein fields

e, = e",0,, determining an orthonormal frame, satisfy

6ua eubnab = Guv, eua eub = 527 (37)

5For D even we have [D/2] = D/2. For D odd we have [D/2] = (D — 1)/2.
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where the co-vielbein fields e* = ¢,% dz# define the dual coframe. The gamma matrices
with coordinate basis indices are defined using the vielbein fields as v#(x) = e*,(z)y".
The covariant derivative for a vector-spinor field is

1
V.V, =0V, + Zwywbc\y# —T7,, 0y, (3.8)

where wype = Wyppe] = €,Wane is the spin connection, FAW are the Christoffel symbols

b

and 7% = 449 The covariant derivatives for higher-spin tensor-spinors are given by

straightforward generalisations of eq. (3.8). It is easy to check that the gamma matrices
bcaa a~bc

are covariantly constant, as V,7* = twuue(7"v" — 77%) + w, ¢ = 0. According to

our sign convention, we have 7
8#6”;, + Ffwegb - w“cb epc =0. (39)

For each value of the mass parameter M in eq. (3.3), the set of TT eigenmodes V,,, .
forms a representation of the de Sitter algebra spin(D, 1), which - as we will see below -
may be unitary or non-unitary depending on both M and the dimension D. The Killing
vectors generating spin(D, 1) act on tensor-spinors in terms of the spinorial generalisation

of the Lie derivative [25, 30] - also known as Lie-Lorentz derivative - as:

]L£ qj#l---ltr - gyvl/\llﬂl---llr + \I[VIQ---erngV + \I/lthNS---ltrvl/QgV + ..t \Ijlll---llrfll/vltrgy
1
+ Zvﬁg)\/yn,yA\:[jul...ura (310)

where * is any dS Killing vector - i.e. V(,£,) = 0. The Lie-Lorentz derivative satisfies [30]

L¢ e,* =0, (3.11a)
Le v =0, (3.11b)

as well as
(H“ﬁv# - VHLE) \I/ulmur =0, (3'12)

and hence Iy commutes with the Dirac operator. Moreover, the Lie-Lorentz derivative

preserves the Lie bracket between any two vectors {#, X* € spin(D, 1) as
(Lelx — LxLe) Wy, = Lig x) sy i (3.13)

As for the representation of our gamma matrices on dSp, we choose the following:

"The sign convention we use for the spin connection is the opposite of the one used in Refs. [3, 28].
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= For D even: the 2°/2_dimensional gamma matrices are

0 1 (0
OZZ 5 ‘]: . 9 314
T o) T o (3.14)

(j =1,...,D — 1) where the 2(P=2/2_dimensional gamma matrices 77 generate a

Euclidean Clifford algebra in D — 1 dimensions, as

{37,378y =26%1,  jk=1,..,D—1. (3.15)
One can construct the extra gamma matrix v”*! which is given by the product
AP = €412, 4P7140 where € is a phase factor. The matrix y”*! anti-

commutes with each of the v*'s in eq. (3.14). We choose the phase factor € such

that
1 0
DHL — . 3.16
g (0 _1) (3.16)

For D = 4 this is the familiar matrix ~°.

= For D odd: the 2(°~1/2_dimensional gamma matrices are

1 0 -
vozz’(o 1), V=5, j=1,..,D—1, (3.17)

where the 37's are 2(P~1)/2_dimensional gamma matrices generating a Euclidean
Clifford algebra in D — 1 dimensions (see eq. (3.15)).

3.2.2 SPECIALISING TO GLOBAL COORDINATES

In order to obtain explicit expressions for the TT eigenmodes of the field equation (3.3),
we will choose to work with the global slicing of dSp. In global coordinates the line
element is

ds® = —dt* + cosh®t d3, |, (3.18)
(t € R) where dQ% _, is the line element of SP~1. The line element of S™ can be

parameterised as

dQ2 = do?, + sin® 0,,d)? m=2,3,..,D—1, (3.19)

m—1>

with 0 < 6,, < 7, while denfl is the line element of S™!. For m = 1 we have
d2? = df? with 0 < 6; < 27. We will use the symbol Op_1 = (0p_1,0p_2, ..., 0;) to

denote a point on SP~1.
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The non-zero Christoffel symbols on global dSp are

1 ~ 91 _ ~0i
thiej = coshtsinht gg,,, ngt = tanht o,

T4, = L, (3.20)

where gg,p, and ff;;ej are the metric tensor and the Christoffel symbols, respectively, on

SP=1 We choose the following expressions for the vielbein fields on d.Sp:

1
eo=1, €, = e, i=1,..D—1, 3.21
0T cosht (3.21)
where &%, are the vielbein fields on SP~!. The non-zero components of the spin

connection on dSp are given by

Wijk
cosht’

Wijk = Wiok =— —Wiko = —tanht 6ik:a i,j, k= 1, ,D - 1, (322)

where @;;;, are the spin connection components on Sh=1,

3.3 CLASSIFICATION OF THE UIR'S OF SPIN(D, 1)

Here we review the classification of the spin(D, 1) UIR's by Ottoson [31] and Schwarz [33].
These authors have classified the UIR's of spin(D, 1) under the decomposition spin(D, 1) D
spin(D) - in the present paper spin(D) denotes the Lie algebra of SO(D). Under this
decomposition, an irreducible representation of spin(D) appears at most once in a UIR
of spin(D, 1) [13]. The case with D = 2p and the case with D = 2p + 1, where p is a
positive integer, are studied separately. Below we will adopt the notation for the labels
of UIR's that were used by Higuchi in Ref. [20]. However, we will use the names of the
UIR's that are used in the modern literature [2, 36, 35].

Representations of spin(D). Let us review the basics concerning spin(D) representa-
tions. As is well-known, a representation of spin(2p) or spin(2p + 1) is specified by the
highest weight of the representation [1, 14], denoted here as

—

f = (fl?f?a "'7fp)’ (323)

where
fizfo> o> fom1 > Sl for spin(2p), (3.24)
fizfo>..>foo1>f, >0, forspin(2p+1). (3.25)
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The labels f; (j =1, ...,p) in egs. (3.24) and (3.25) are all integers or all half-odd integers.
For spin(2p), the label f, can be negative, while the representation (f1, ..., fp—1, —fp) is
known as the ‘mirror image' of (fi,...,, fy—1, f,) - see, e.g. Ref. [38]. For spin(2p + 1),

any representation f is equivalent to its mirror image [38].
The quadratic Casimir for the representation f: (f1,.-., fp) is given by [14]

p

o (F) = X fifi +2p = 2)), for spin(2p), (3.26)
o (f) = Zp:fj(fj +2p+1—25), forspin(2p+1). (3.27)

UIR’s of spin(2p,1) (even D = 2p > 4). A UIR of spin(2p, 1) is specified by the
set of labels F = (Fo, F1, ..., F—1). The labels Fi, ..., F},_; satisfy

F>F>..>F_1>0 (3.28)

and they are all integers or all half-odd integers. A representation (fi, ..., f,,) of spin(2p)
that is contained in the UIR (Fp, F1, ..., F),_;) satisfies

H>2F>f(h>FH>..>f(H10>F_10>]fl (3.29)

Ottoson's labels [31] and our labels are related to each other by [20]:

fj - l2p—1,j +] - D, (] = ]-7 "-ap>7 (3303)
F}' - 12p7j +.] 2 (] = 17 P 1)7 (330b)
Fo = l2p,p — P. (330C)

Schwarz's labels [33] and our labels are related to each other by:

fj = M2pp—j+1; (.] = ]-7 "'7p)’ (3313)
.Fj = Mop+1,p—j> (] = ]_, P — ].), (331b)
F() = Zop+1,p- (331C)

The UIR's of spin(2p, 1) (even D = 2p > 4) are classified as follows:
= Principal Series D yin( ﬁ):

1 D -1

The labels F, Fs, ..., F},_; are all integers or all half-odd integers.
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= Complementary Series D comp( ﬁ) :

D-1 1
- :—p+§ < Fy<—n, (nisanintegerand0<n<p-—1).

(3.33)
If O < n < P — 1, then Frfl+1 = Frfl+2 =..= Fp,1 =0 and Fl,FQ, ,Fﬁ are all
positive integers, while for the spin(2p) content we have f10 = frys =...= f, =

0. If i =p—1, then I, Iy, ..., F,_; are all positive integers. ®

= Exceptional Series D, (F ) :

Fo=-n, (nisanintegerand1<n<p-—1). (3.34)
If1 < n < P — 1, then Fﬁ+1 = Fﬁ+2 = ...=Ilp1 = 0 and Fl,FQ, ,Fﬁ are all
positive integers, while for the spin(2p) content we have f 11 = friyo = ... = f, =

0. If i =p—1, then I, Fy, ..., F,_; are all positive integers, while f, = 0. °

= Discrete Series D¥( F ) : F, is real and it is an integer or half-odd integer at
the same time as the labels I}, Fy, ..., F,,_1.2% Also, the following conditions have

to be satisfied:

for DY (F), (3.35)

1 -
—Fa<f<s—(Fo+p) < 5 for D™(F"). (3.360)

For a UIR of spin(2p, 1) labelled by F' = (Fy, Fy, ..., F,_1) the quadratic Casimir Cy(F)
is expressed as

Cy(F) = pf Fy (Fp +2p— 2k — 1). (3.37)

k=0

80ur Complementary Series is called Exceptional Series D(e;l2p.1, ..., l2p ) in Ottoson’s classifica-
tion [31]. Also, our notation for the Complementary Series is related to Schwarz's notation [33] as follows.
The case with 0 < 7 < p — 1 corresponds to Dk(mgp_s_l,k_s_l coe M2pt1,p—1; T2pt1,p). Where k is related
ton by k = p—n—1, while the case with 7 = p—1 corresponds to Do(m2p+171 e M1 p—1; T2pt1,p)-

90ur Exceptional Series is called Supplementary Series D(s;lap. 1, .., l2p,p) in Ottoson's classi-
fication [31, 20]. Also, our notation is related to Schwarz's notation [33] as follows. The case
with 1 < 7 < p — 1 corresponds to D¥(mapi1 k41 - Mapi1p—1;M2pi1,p), Where Schwarz's la-
bel k is related to our label 7 by k¥ = p — 2 — 1, while the case with 7 = p — 1 corresponds to
Do(m2p+171 m2p+17p_1;m2p+17p).

10Qur Discrete Series D+ (ﬁ) are called Exceptional Series D(=;12p 1, ..., l2p ) in Ottoson's classifi-
cation [31, 20]. Also, our Discrete Series D= (F) correspond to D¥ (map i1 ... Mapi1,p—1;Mapi1p) in
Schwarz's classification [33].
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This expression for the quadratic Casimir can be readily obtained by applying the “analytic
continuation” techniques described in Refs. [33, 41] to the quadratic Casimir (3.27) of
spin(2p + 1). These techniques “analytically continue” 2p of the rotation generators of

spin(2p + 1) to the 2p boost generators of spin(2p, 1) - for more details see Refs. [33,

41].
Note. In the present paper, following Schwarz [33] and Ottoson [31], for even D
the value Fy = —(D — 1)/2 is not included in the Principal Series UIR's, but it is

included in the Discrete Series UIR's instead. For odd D, the value Fy = —(D —1)/2
is included in the Principal Series UIR's in the present paper. However, in Ref. [2] the
value Fy = —(D — 1)/2 (corresponding to the weight A. = (D — 1)/2) is included in
the Principal Series UIR's for arbitrary D. The present note is important for reasons of
clarity, as we are going to show that the spin-3/2 and spin-5/2 fields on even-dimensional
dSp with mass parameter M = 0 have Fy = —(D — 1)/2 and they correspond to the
Discrete Series UIR's in our paper (i.e. Principal Series in Ref. [2]) - see Section 3.7.
UIR’s of spin(2p+1,1) (odd D = 2p+1 > 3). A UIR of spin(2p+ 1, 1) is labelled
by F = (Fo, Fi, ..., F,). The labels F1, ..., F}, satisfy

F>F>..>F>0 (3.38)

and they are all integers or half-odd integers. A representation (f, ..., f,) of spin(2p+ 1)
that is contained in the UIR F = (Fy, Fh, ..., F,) satisfies

h>2F2>f>2F>.>f>F2>0 (3.39)

Ottoson's labels [31] and our labels are related to each other by [20]:

fi=lyp;j+i-p=1 (G=1,..,p), (3.40a)
Fy=lpu+i—p (G=1.,p), (3.40b)
Fo = lopr1p1 — D, (3.40c)

while Schwarz's labels [33] and our labels are related to each other by:

fj = Map+1,p—j+1 (] =1, "'7p)> (3413)
F}‘ = Map+2,p—j+1 (.7 =1, -'-7p>7 (341b)
F() = Z2p+2,p+1- (341C)

The UIR's of spin(2p + 1,1) (odd D = 2p + 1 > 3) are classified as follows:
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= Principal Series Dprin(ﬁ) :

D -1

5 T iy, (y €eR). (3.42)

Fo=—-p+iy=—

The labels Fy, Fy, ..., F}, are all integers or half-odd integers. If F}, = 0, then the
UIR with Fy = —(D — 1)/2 4 iy and the UIR with Fy = —(D — 1)/2 — iy are

equivalent, and thus we can let y > 0.

= Complementary Series D omp( F' ) :

D—-1
——y = P< Fy<—n, (nisanintegerand0<n<p-1), (3.43)
while Fy11 = Fryo = ... = I, = 0 and Fy, F5, ..., F}; are all positive integers,
where for the spin(2p + 1) content we have f; 19 = fayz3=..= f, =01

= Exceptional Series D, ( F) :

Fo=—n, (nisanintegerand 1 <n<p-—1), (3.44)
where [ = Fi9 = ... = F, = 0 and F}, Iy, ..., I} are all positive integers,
where for the spin(2p + 1) content we have f;11 = fia=..=f,=0.1

For a UIR of spin(2p + 1,1) specified by F = (Fy, F, ..., F,) the quadratic Casimir

C5(F) is expressed as'®

Cy(F) = zpj Fy (Fy, +2p — 2k). (3.45)

3.4 SPIN-3/2 AND SPIN-5/2 EIGENMODES ON dSp

In this Section, we will obtain the spin-3/2 and spin-5/2 TT eigenmodes on global dSp
satisfying eq. (3.3) using the method of separation of variables - see, e.g., Refs. [21,
3, 4]. Schematically, in this method the spin-(r + 1/2) eigenmodes, ¥,,, . (t,0p_1),
are expressed as products of two ‘parts’; namely a part describing the time-dependence

(corresponding to a function of ¢) and another part describing the 8p_;-dependence

1Qur Complementary Series corresponds to D¥(map 2 k41 - Mapi2p; Tapiapr1) in Schwarz's
classification [33], where k is related to 72 by k = p — 7.

12Qur Exceptional Series corresponds to D (mapi2 k41 -.. Mapt2,p; Mapiap1) in Schwarz's classi-
fication [33], where k is related to 7 by k = p — 7.

13This expression for the quadratic Casimir can be obtained in the same way as in the even-dimensional
case - see eq. (3.37).
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of the eigenmode (corresponding to tensor-spinor eigenmodes of the Dirac operator on
SP=1). In view of the classification of the spin(D, 1) UIR’s under the decomposition
spin(D, 1) D spin(D), expressing our eigenmodes on d.Sp in terms of eigentensor-spinors
on SP~1 offers an easy way to understand the spin(D) content of our dS eigenmodes.

The outline of this Section is:

= In Subsection 3.4.1, we review the necessary material concerning the (totally
symmetric) TT tensor-spinor eigenmodes of the Dirac operator on SP~! and the

way they form representations of spin(D) [24].

» In Subsections 3.4.2 and 3.4.3, we present the construction of spin-3/2 TT eigen-
modes on dSp in order to illustrate the method of separation of variables for

tensor-spinor fields. Some basic results are tabulated in Tables 3.1 and 3.2.

= In Subsection 3.4.4, we summarise our main results concerning the spin-5/2 TT

eigenmodes on dSp.

3.4.1 TENSOR-SPINOR EIGENMODES OF THE DIRAC OPERATOR ON SP~! AND
REPRESENTATIONS OF SPIN(D)

The spectrum of the Dirac operator acting on tensor-spinor eigenmodes on spheres, as
well as the representations of spin(D) formed by the eigenmodes, have been discussed in
Refs. [39, 3, 24, 4] (see also references therein).

Let Y~7 = ﬁk@k be the Dirac operator on SP~!, where ?j is the covariant derivative on
SP=1 We are interested in rank-7 > 0 totally symmetric TT tensor-spinor eigenmodes

1/;:(5;1%%2..‘ﬁf(gp_1) on SP~1. The eigenmodes &fﬁg.Am(OD_l) satisfy

S~ (p D —

m
W@Diﬂ]}u e = i (E"i_ 2 >¢imu2 i (3'46)
’Nym@zﬁi%)u---m = vul¢¥uTu2 =0, (3.47)

where the angular momentum quantum number on SP~1, /, is allowed to take integer
values with ¢ > 7. The two sets of eigenmodes, {@bﬂfﬁm i) [with eigenvalue +i(¢ +
L2-1)] and {w(ZMTzQ -} [with eigenvalue —i(¢ + 21)], separately form representations
of spin(D). The label m represents quantum numbers (other than ¢) the values of which
specify the content of the spin(D) representation concerning the chain of subalgebras
spin(D — 1) D spin(D —2) D ... D spin(2).

Odd D > 3 (even-dimensional spheres). For each allowed value of ¢ we have

a representation of spin(D) acting on the space of the eigenmodes {@/}Sfﬁw -t (or
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{@Z(f#%)mﬂr}) on SP~1 with highest weight (3.23) given by [24]

fr = <€+;r—|—;;;> (0=77+1,..), (3.48)
where we have used the subscript 7 in order to denote the ‘spin’ of the representation -
e.g. fB corresponds to a spinor representation, fl to a TT vector-spinor representation,
fé to a rank-2 (totally symmetric) TT tensor-spinor representation and so forth. The two
sets of eigenmodes, {1/353%%2%} and {lﬁ_[,%;QW} form equivalent representations. For
D = 5 the highest weight is f; = (¢ +1/2,7+1/2). On 52 - i.e. for D = 3 - there are
no totally symmetric TT eigenmodes satisfying eq. (3.46) with rank 7 > 1 - see Refs. [4,
26, 27] and Appendix 3.9. However, eigenmodes with 77 = 0 - i.e. eigenspinors zzgf;m)
of the Dirac operator [3] - exist on S? and the corresponding spin(3) representation is
labelled by the one-component highest weight ¢ + 1/2 (with £ =0, 1,...).
Even D > 4 (odd-dimensional spheres). For each allowed value of ¢ the eigenmodes
{z/?fﬁ,izm} on SP~! form a spin(D) representation with highest weight (3.23) given
by [24]
1 o
| 2) L (=741, (3.49)

£;m)

while the eigenmodes {zﬂ(_mﬂ?mm} form a representation with highest weight [24]

+1,..). (3.50)

il

- 1 11 1 1
5 = g - T T e i £:~
fr ( +27T+ 2727 727 2)7 ( r,

For D = 4 the highest weights corresponding to the eigenmodes {zﬁfﬁ&zﬂ} are
FE = (4 1/2,+(7 +1/2)).

For both even D [egs. (3.49) and (3.50)] and odd D [eq. (3.48)], if the aforementioned
irreducible representations of spin(D) are contained in a spin(D, 1) representation, then
the allowed values for the angular momentum quantum number ¢ might not just be
¢ = 7,74 1,...; £ might have to satisfy extra conditions because of the branching
rules (3.29) and (3.39). This will become clear in the next Subsection as ¢ will have to

satisfy £ > r, where r is the rank of the tensor-spinor eigenmodes on dSp.

3.4.2 SEPARATING VARIABLES FOR SPIN-3/2 EIGENMODES ON dSp FOR EVEN
D >4

Let us illustrate the method of separation of variables for the TT vector-spinor field
U, = (Y, %Y, ,, %Y, ,,..., Vg, ) with arbitrary mass parameter M on global dSp for
even D > 4.
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The Dirac equation (3.3) is expressed as

0 D+1 1 0 iy
— tanht | v/ 0 = MUY 3.51
<8t + g A ) T cosht (—277 0 ) b ( )

0o D-3 1 0
< + tanh t) fytllfgj + ( ~ ZW) Wy, —tanht vy, Uy = =MWy,

ot 2 cosht \ ¥ 0
(3.52)

(j =1,2,...,D — 1), where we have made use of egs. (3.8), (3.14) and (3.20)-(3.22),
while 7y, = e(,j""vk. There are two different ways in which we can separate variables for
the TT vector-spinor ¥, (t,0p_1) giving rise to two different types of eigenmodes: the
type-lI modes and the type-Il modes. These two different types of eigenmodes correspond
to spin(D) representations with different spin. In particular, the spin(D) content that is
relevant to type-l modes corresponds to the spinor representation fo = (ﬁ—i-;, ;, ey ;, +1 5)
with £ = 1,2, ... The spin(D) content that is relevant to type-1l modes corresponds
to the vector-spinor representation ﬁi = ({+ %, %, %, ey %, i%) with £ =1,2, ...

Type-l modes. Let us denote the type-I modes with spin(D) content given by foi =

(0+3.5, -5, £5) as WMT=026m)(4 @1 _,), where the label m has the same meaning
as in Subsection 3.4.1. We start with the case of f; = (£ + s a3, —1) e with

the type-l modes W(M:™=0-~6m) (¢ @p,_,). As in Refs. [3, 4, 28], we separate variables

for the t-component by expressing it in terms of upper and lower spinor components, as

) o 7 (4;m)
\IIEM;T:O, —é;m)<t7 0D—1) _ (_ZjMﬁ(( ));f([m ((095 11))) : (353)
Ml - -

where ™ are the 2°/2~1-dimensional eigenspinors of ¥ on SP-! [see Eq. (3.46)].
Now, we have to determine the functions of time (P ( ) and lI/(l)( t) - the superscript
‘(1)" in these functions has been used for later convenience. By substituting eq. (3.53)
into the Dirac equation (3.51), we can eliminate the lower component in eq. (3.53). We

find in this manner the second order equation for QSS&[)e(t)

D@\, = M? ), (3.54)

14Under the decomposition spin(D, 1) D spin(D), the branching rules (3.29) give rise to the restriction
£ > 1. One can also arrive at this restriction on ¢ by requiring the regularity of type-l eigenmodes, as we
will discuss below. See Refs. [26, 27] for more details concerning the explicit form of the eigenmodes.
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where the differential operator Z;) is a special case of the following family of differential

operators:
0? 0 D —1\ cosx
= — D+ 2a—1)cotx— 04+ — ) ——
D) 3x2+< +ea ) co x0x+( + 2 >sin2x
(+ 222 —3(D+2a—1)(D+2a—-3) (D+2a—1)?
- = - . (359)
sin“ x 4
where we have defined
x=a(t) = g — it (3.56)

with cosx = isinht and sinx = cosht. For later convenience, instead of just solving

the eigenvalue equation (3.54), we can solve the more general equation
‘@(a)ég\j)é = M? @5\(2)67 (357)

for arbitrary integer a. The solution is given by

s~ (s 2) " (10 70)

D D D t
xF(—i]\/[—l—2+€,2’M—|—€+2;€+2;sin2x(2>), (3.58)

where F'(A, B; C; z) is the Gauss hypergeometric function [16], while

08 :10(225) = (Sin x(;)) = \éﬁ <COSh ; + isinh ;) . (3.59)

Thus, we have now determined the upper component of W!*™=0 =61 i oq (3.53),
where @E\Z is given by eq. (3.58) with a = 1.
In order to determine the lower component in eq. (3.53), we substitute eq. (3.53) into

the Dirac equation (3.51) and we straightforwardly find the relations

d D+1 i+ 2=t

(dt + Ttanht — ((3()5}1{2;) W](V‘l,%(t) _ _M(pg\if)e(t)y (3.60)
d D+1 i (04 251

(dt + ;L tanh ¢ + (Coshz)> (1) = Mwp)(t). (3.61)

97



CHAPTER 3. (NON-)UNITARITY OF STRICTLY AND PARTIALLY MASSLESS FERMIONS ON
DE SITTER SPACE

Then, substituting eq. (3.58) (with @ = 1) into eq. (3.61) and using well-known properties
of the hypergeometric function [16], we find

Wi (t) = g_jj\/;{) <cos x(;))“ (sin x(;))g

2

D D D+ 2 t
xF(—iM+2+€,iM+€+2;€+ ;;sin2xé>>. (3.62)

For later convenience, let us note that W](\}%(t) corresponds to a special case (i.e. the

case with a = 1) of the following functions:

. l—a l+1—a
a —iM x(t .ozt
LUJ(\/[z(t) = 71D <COS (2)> <Sln (2)>

2

D D D+2 t
XF(—Z’M+2+€,Z'M+€+2;€+ ;;Singxé)>. (3.63)

These functions solve the differential equation (.@(a) — MQ)%(\Z%(t) = 0 where the
differential operator .@(a) is given by eq. (3.55) with = replaced by 7 — . Thus, we have
now also determined the lower component of U\*™=" 6™ in eq. (3.53),

Now, by following the same procedure as the one described above, we can separate
variables for the type-l modes W{M:™=0-T6m)(¢ @) corresponding to the spin(D)
highest weight fi = (¢ +1,1,...,1). We find

“ey 5

o . W(l) ¢ 7.(6m) 0
\IlgM,r—O,Jrf,m)(t’ 9D_1) _ ( Me( )1/1+ ( D 1) .

i\ () ™ (0p_1)

The rest of the vector components of the type-l modes, \Iléiwﬁ:o’ thm) (j=1,...,D—

1), can be straightforwardly determined by substituting the known expressions for
PgMiT=026m) Taqs (3.53) and (3.64)] into the TT conditions (3.4). By doing so,

one finds that there is a proportionality factor of % in the expressions for each of the
\I](M; 7=0,+l;m
0

) and, thus, the regularity of type-l eigenmodes gives rise to the restric-

tion ¢ > 1. However, here we will not present explicit expressions for \I/é]jwjzo’ thm)

J

(j =1,...,D — 1) as they are lengthy and they are not needed for our analysis. The
interested reader can find the explicit expressions in Refs. [26, 27].
Type-l1l modes. Let us denote the type-ll modes with spin(D) content given by

fE=+ 315,53, k3) as WMTELEEM (3 9 1) (0 > 1). The type-Il modes

are TT vector-spinors on SP~! and thus \Ing”::l’ﬂ;m)(t, 0p_1) = 0. The compo-
nents \Iléi_m "=LEEm) (1 9, 1) can be determined by applying the method of separation
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of variables as in the case of the type-l modes. However, now we have to express
\Iféiw; P=LEEM (1 95 1) in terms of TT eigenvector-spinors on SP~!, instead of eigen-
spinors on SP~!. By applying the method of separation of variables to the Dirac

equation (3.52), we find

Nu

el tem el —tm ()
gVl tm) gy \Pgw 1, é’)(t,99_1)=( ()%D ( Dp-1) )
_ZWMK (t) 9 (OD 1)
(3.65)

and

] 4l el 4 lm w Gm) g,
\I/,gM’ 1’+£’*)(t, Op_1) =0, \I’((;iw 1’#’*)(25,91)—1) = ( A(M1( )¢(4m< L 1)> )
~25) (1) 9 (0p-1)
(3.66)

(j=1,...,D — 1) where &fg%)(ep_l) are the TT eigenvector-spinors (3.46) on SP~1.
The functions @%}Kl)(t) and LDJ(\ZKI)(t) are given by egs. (3.58) and (3.63), respectively,
with a = —1.

Summary. Some basic results concerning the spin-3/2 eigenmodes for even D > 4 are
tabulated in Table 3.1.

3.4.3 SEPARATING VARIABLES FOR SPIN-3/2 EIGENMODES ON dSp FOR ODD
D >3

The Dirac equation (3.3) is expressed as

0 D+1 1 =
— tanht | AU — VU, = —-MU 3.67
(815 + g A ) Tt coshtW ! b ( )

(gt + DQ_ 3 tanh t> VW, + Coslhty?%j —tanhtvy, U, = —M Ty,  (3.68)
(j=1,2,...,D — 1), where the gamma matrices are now given by eq. (3.17). As in the
even-dimensional case, we have two different types of eigenmodes depending on their
spin(D) content.

Type-l1 modes. Let us denote the type-l modes with spin(D) content given by j?o =
(0+3, 5, 3) as WMT=06m (¢ @) (with £ > 1). As in Refs. [3, 4, 28], we separate
variables as

jﬁu + ") { =i () + i W)y} 0™ (0p 1), (3.69)

\IlgM; 7=0,0;m) (t, 0D—1> _
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where ™ are the eigenspinors (3.46) on SP1, while i)™ = )™ a5 4* anti-
commutes with Y. Substituting eq. (3.69) into the Dirac equation (3.67), we find
that @S\?g(t), W](\}%(t) must satisfy the relations (3.60) and (3.61). Then, we readily find
that @g})e(t) is given by eq. (3.58) with a = 1, while Ll'/ﬁé(t) is given by eq. (3.62).
The components \I/é?/ljzo’&m)(t, Op_1) can be determined with the use of the TT
conditions (3.4), as in the even-dimensional case.

Type-1l modes. The type-Il modes W(M:™=16m)(¢ @p_;) correspond to the following
spin(D) representation: fi= (¢ + %, %, %, - %) with ¢ > 1 and they exist for D > 3.
We separate variables as

\IlgM;f:l,Z;m)(t7 0D-1) _ 0’

ir=1,4;m 1 - - T(lm
Wy, 0p1) = 5 (19 { @ (0 = 0 (07} 05 Op-0), - (3:70)

(j = 1,...,D — 1) where zﬂ(fgjm) are the eigenvector-spinors (3.46) on SP~1, while
w(e m @D(_égjm). Substituting eq. (3.70) into the Dirac equation (3.68), we find that
@S\M (t) and Ll'/](v[_el)(t) are given by egs. (3.58) and (3.63), respectively, with a = —1.

Summary. Some basic results concerning the spin-3/2 eigenmodes for odd D > 3 are
tabulated in Table 3.2.

3.4.4 SPIN-5/2 EIGENMODES ON dSp

In the case of rank-2 totally symmetric tensor-spinors W, - which satisfy egs. (3.3) and
(3.4) with r = 2 on dSp - the method of separation of variables can be applied in a
way analogous to the case of TT vector-spinors. Depending on the spin(D) content of
the spin-5/2 dS eigenmode we can distinguish three types of modes: type-l, type-Il and
type-11l modes (the last two exist for D > 3). Here we will just summarise some basic
results for the TT spin-5/2 eigenmodes on dSp. Below we use the same notation for
the labels of the eigenmodes as in the spin-3/2 case, while we refer again to the spin(D)
content of the eigenmodes using the highest weights f,;i for even D [egs. (3.49) and
(3.50)] and f; for odd D [eq. (3.48)].

Even D > 4. The TT spin-5/2 eigenmodes on dSp and their spin(D) content are
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given by:
1 1 1 1
Type-I: fO —( + - .,,:|:2), (=23, ..
=0, —tim) _ )0 0p1)\ arir-0, st _ —z%(t) £(0p-1)
tt (gm » it = H(Em) g :
ZJ/Me w (6p-1) Me( )3 (0p-1)
(3.71)
> 131 1 1
Type-“: fl:t - ( + 5757 "727:|:2>7 l= 2737

. T (tm 7 (6m)
GO ) _ (—@;%@) 0% )<0D_1>) GO, +tim) _ (%‘4 o005 <0D_1>)

t0; 0 7 (4m t0; . (0 Zm
Vi (t) P15 (Op-1) i0(7,(t) 95 (0p_1)
(3.72)
- 151 1 1
Type-lll: i_( S22 .:l:) —9
ype f2 €+ 272a27 727 2 ) g 737
\Dgﬁ/l;&?ﬁf;m) _ qjgﬁﬁfﬁ +6m) 0,
-2 7(m
Gjek - w(72) ~(€m 0 Y
— Wy, (t) 79]9,9( p-1)
(=2 T(m
GO =2 +m) _ iy (#) ieﬁ)k(eD—ﬁ 373
0,05 = (—-2) 7 (6:m) ) ( . )
P (1) g, (0D-1)

where &fg%)k are the rank-2 tensor-spinor eigenmodes (3.46) on SP~1, while y =
t,0p_1,...,05,0y and 5,k =1,..., D — 1. The components that have not been written
down explicitly can be found from the TT conditions (3.4) (for explicit expressions for all
the components see Refs. [26, 27]).

Odd D > 3. The TT spin-5/2 eigenmodes on dSp and their spin(D) content are given

by:
11 1
Type_l fO ( +§ 5 72)7 622737
;7=0,4;m 1 7 (l;m
w0l >—f< + ) { =0t + W)y} 6 (0p-4). (3.74)

- 131 1
Type-Il (for D >3): f, (£+ 2550 .,2) Cr=23,
\IJIEM 7=1,0;m) 07
R | , , o
Wi 71+ { =i () + w00 } 5 (0p-1).  (3.75)
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. 151 1
Type-llI (for D > 3): :(e ,,,w) (=23,
ype-1ll (for D > 3): f, t555 5 3
\Ilgy;F:2,é;m) -0,
M;7=2,6m 1 -2 -2 T(m
Ui 0 = (14" {050 () — v (07} 045, Bp1),  (3.76)

V2

where = t,0p_1,....,05,6, and j,k = 1,...,D — 1. As in the even-dimensional case,
the components that have not been written down explicitly can be found from the TT
conditions (3.4).

3.5 QUADRATIC CASIMIR FOR SPIN-3/2 AND SPIN-5/2 EIGEN-
MODES ON dSp

In order to find the values of the spin(D, 1) quadratic Casimir corresponding to the
representation formed by our spin-3/2 and spin-5/2 eigenmodes we will use the “analytic
continuation” techniques that have been already used in Refs. [21, 28]. More specifically,
we will use the fact that dSp can be obtained by an “analytic continuation” of S”. The

line element of S? can be written as
dQF = db%, + sin® 0p dQ3,_,, (3.77)
where 0 < 0p < 7. By replacing the angle fp in dQ2% as:
Op — x(t) = g —it, (3.78)

(t € R) we find the line element (3.18) for global dSp (z(t) coincides with the ‘useful’
variable that we have already introduced in eq. (3.56)).

Quadratic Casimir for tensor-spinor eigenmodes on S”. Motivated by the afore-
mentioned observation, we can obtain the field equations (3.3) and (3.4) for spin-(r+1/2)
fields on dSp by analytically continuing the equations for totally symmetric TT tensor-

spinors of rank r on S:

. D
Vi = i (n 4 2) Cimos (=1 41,.0) (3.79)
vawiauz...ur = 07 f)/a’l/}ia,ug...,ur = 07 (380)

where 1., .. is a tensor-spinor on S, while n is the angular momentum quantum
number on SP. Equations (3.79) and (3.80) are essentially the D-dimensional counter-
parts of egs. (3.46) and (3.47), while now n on S? plays the role of £ on SP~1. As we
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discussed in Subsection 3.4.1, the spin(D + 1) representations formed by tensor-spinor
eigenmodes of the Dirac operator on S are known [24]. Using egs. (3.26) and (3.27),
the spin(D + 1) quadratic Casimir corresponding to the eigenmodes 4, .. on S? is

readily found to be

P L ENLE T P

eigen 2 4 8
D-2)(D-3
:—V“VunL( l‘( )—f—s(s—i—D—Q) (where s =r +1/2),
for all D > 3, while in the second line we used that V¥V, acts on 4, . as
D(D -1
v“vM=:W2+(4)—+r

Analytic continuation to dSp. Without loss of generality, we can choose to analytically
continue the eigentensor-spinors with either one of the two signs for the eigenvalue in
eq. (3.79), since each of the two sets of modes, {¢,, ..} and {¢_,, .}, forms
independently a unitary representation of spin(D + 1) labelled by n (see Subsection 3.4.1).
Here we choose to analytically continue the eigentensor-spinors ¢_,,, .. We perform

analytic continuation by making the following replacements in eqgs. (3.79) and (3.80):

D
%%x@:g—m no—iM-o  (teR) (3.82)

and we obtain egs. (3.3) and (3.4), respectively, for tensor-spinors ¥, ,, with mass
parameter M on dSp. Recall that the values of interest for M are: M € R (corresponding
to massive fermions of spin s > 3/2), as well as the purely imaginary values of M
corresponding to the strictly/partially massless tunings (3.5). The prescription for
obtaining the explicit form of dS eigenmodes by analytically continuing eigenmodes on
SP can be found in Refs. [21, 28, 26, 27].

Quadratic Casimir for tensor-spinor eigenmodes on dSp. With the use of the
replacements (3.82), we analytically continue the quadratic Casimir on S” [Eq. (3.81)],
and we find the value of the quadratic Casimir on dSp:

D(D—1)  (D—2)(D—
G a2 (4 ), ( g 3)

+s(s+D —2) (3.83)

5By making the replacements (3.82), the tensor-spinor Y_py...p, ON SP is analytically continued
to the tensor-spinor ¥, . [eq. (3.3)] on dSp. Alternatively, we could analytically continue the
eigentensor-spinors on S by making the replacement 0 — 7/2 + it instead of the replacement (3.78).
The analytically continued eigentensor-spinors with 8, — /2 — it and the ones with 8p — 7/2+ it are
related to each other by charge conjugation. However, these two cases of eigenmodes form equivalent
representations of spin(D, 1) - see Refs. [26, 27].
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Type of eigenmode Notation spin(D) content
Type-| PO=0Etm) | = (04 111 £, 0=1,2, ..
Type-I PMir=tEbm) | pE o (g 1031 L 4Ly =12,

Table 3.1: Spin-3/2 TT eigenmodes with mass parameter M on dSp (even
D > 4). For real M # 0, type-l and type-Il modes together form a spin(D, 1)
Principal Series UIR. For M = 0 the representation is reducible as the two sets of
eigenmodes {\Ifl(f””:"g?m)}f:m and {\IJLM? mH6m)Y .1 separately form Discrete Series
UIR's of spin(D,1). For M = +i(D — 2)/2 (strictly massless tuning) the type-1 modes
become pure gauge modes, while the type-Il modes are the physical modes forming
a non-unitary representation for D # 4 and a direct sum of two ‘chiral’ UIR's in the
Discrete Series for D = 4 - see Section 3.7. All these results have been also explained by
studying the group-theoretic properties of the eigenmodes in Refs. [26, 27].

Type of eigenmode | Notation spin(D) content
Type-| \I/LM;F:O,Z;m) fo = (g+%’%,m’%)7 0=1,2,..
Type-Il (for D > 3) \IILM?fZI’E?m) fi= (0+3,3,%,...%), =1,2,..

Table 3.2: Spin-3/2 TT eigenmodes with mass parameter M on dSp (odd
D > 3). Type-Il modes exist for D > 3. For real M, type-l and type-ll modes together
form a Principal Series UIR of spin(D, 1) for D > 3. For real M and D = 3, type-I
modes form a Principal Series UIR of spin(3,1). For M = +i(D — 2)/2 (strictly massless
tuning) and D > 3, the type-l modes become pure gauge modes, while the type-Il modes
are the physical modes forming a non-unitary strictly massless representation. At the
strictly massless tuning M = 4i/2 for D = 3, the type-l modes are again pure gauge
modes and they form a non-unitary representation of spin(3,1) - see Section 3.7. All
these results have been also explained by studying the group-theoretic properties of the
eigenmodes in Refs. [26, 27].

(with s = 7 + 1/2), which holds for all D > 3 and for all totally symmetric TT tensor-
spinor eigenmodes with spin s > 1/2 and mass parameter M on dSp. Specialising to

the spin-3/2 TT eigenmodes we find

(@sp) _ _ a2 (D=1)(D—8)
Cgeigeg = —M"— 3 s (384)
while for the spin-5/2 TT eigenmodes we find
(dSp) D(D —17)
Crrgon, = — M* — — s (3.85)
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3.6 STRICTLY AND PARTIALLY MASSLESS REPRESENTATIONS:
NON-UNITARITY FOR D # 4 AND UNITARITY FOR D =4

Here we will obtain the main result of this paper: the strictly massless spin-3/2 field,
as well as the strictly and partially massless spin-5/2 fields, on dSp (D > 3) cannot
be unitary unless D = 4. Note that we already know the values of the quadratic
Casimir [egs. (3.84) and (3.85)] for the representations formed by our dS eigenmodes for
any mass parameter M. By specialising to the strictly/partially massless tunings (3.5),

we find

D(D+1

%é;;iﬁ) = (8+)’ spin-3/2, strictly massless, (3.86)
D(D + 17

%éﬁqig) = (8—1_)’ spin-5/2, strictly massless, (3.87)
D+1)(D+38

%e(g”zg) = (D + é( i ), spin-5/2, partially massless. (3.88)

Apart from the values of the quadratic Casimir (3.86)-(3.88), we also know the spin(D)
content of the spin(D, 1) representations formed by our dS eigenmodes - see Tables 3.1
and 3.2, as well as Subsections 3.4.2-3.4.4. Keeping these results in mind, we can use
the classification of the UIR's in Section 3.3 in order to readily deduce the (non-)unitarity

of the representations formed by our strictly/partially massless eigenmodes on dSp.

First, let us identify which types of dS eigenmodes correspond to pure gauge modes
and which to physical modes in the strictly/partially massless theories. By ‘physical
modes’ we mean the eigenmodes that form the strictly/partially massless representation
of spin(D, 1) and that correspond to the (non-gauge) propagating degrees of freedom
of the theory. (If the representation formed by the eigenmodes is non-unitary, then
the name ‘physical modes’ could be misleading as the theory is, of course, unphysical
due to the appearance of negative probabilities.) The pure gauge modes describe pure
gauge degrees of freedom of the theory. If a dS invariant scalar product exists, then the
pure gauge modes have zero norm and they are orthogonal to all physical modes [21,
26, 27]. The generators of spin(D, 1) act in terms of the Lie-Lorentz derivative (3.10)
on equivalence classes of physical modes with equivalence relation given by: “For any
two physical modes W()  —and U2  ~we have (1) =~ W@

(2

. 1 . . . . "
difference \Ill(“)___m_ - v 1). .. 15 @ linear combination of pure gauge modes”.

if and only if their
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3.6.1 PURE GAUGE MODES AND PHYSICAL MODES

Pure gauge and physical modes for strictly massless spin-3/2 field. The mass
parameter for the strictly massless spin-3/2 field is given by M = +i(D — 2)/2 [this is
found by letting = T =1 in eq. (3.5)]. The spin-3/2 type-I modes are the pure gauge
modes of the theory, while the spin-3/2 type-1l modes are the physical modes that form
the (strictly massless) representation of spin(D, 1). More specifically, we find that for
M = +i(D — 2)/2 all type-l modes [see egs. (3.53) and (3.64) for even D > 4 and
eq. (3.69) for odd D > 3] are expressed in a pure gauge form as:

D (t,0p_,) = (vu + ;@ Aslt, 00 1), (3.89)

where for convenience we have omitted all quantum number labels from \Ili# and A..
The subscript ‘£’ in \If ) denotes the sign of the mass parameter M = +i(D —2)/2.
The spinor gauge functlons AL(t,0p_1) satisfy

.D

Pure gauge and physical modes for strictly massless spin-5/2 field. The mass
parameter for the strictly massless spin-5/2 field is given by M = +iD/2 [this is found
by letting » = 2 and T = 1 in eq. (3.5)]. There are two types of pure gauge modes,
namely the type-l and type-1l modes. The spin-5/2 type-1Il modes are the physical modes
that form the (strictly massless) representation of spin(D, 1). More specifically, we find
that for M = 4+iD/2 all type-I modes [see eq. (3.71) for even D > 4 and eq. (3.74) for
odd D > 3] and all type-1l modes [see eq. (3.72) for even D > 4 and eq. (3.75) for odd

D > 5] are expressed in a pure gauge form as:

1
\I/g:IZGV (t OD 1) <V(# + 27(,“) )\iy)(t, GD—l) (391)

for some TT vector-spinor gauge functions A, (¢,0p_1) with

D +2
W)\:I:u 9

Y Ai, = VFAL, = 0. (3.93)

(3.92)

(The gauge functions for type-I modes are different from the gauge functions for type-lIl
modes - for more details see Refs. [26, 27].)
Pure gauge and physical modes for partially massless spin-5/2 field. The mass

parameter for the partially massless spin-5/2 field is given by M = +i(D — 2)/2 [this is
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found by letting 7 = 2 and T = 2 in eq. (3.5)]. The type-l modes are the pure gauge
modes of the theory. Both type-Il and type-Ill modes are physical modes that form the
(partially massless) representation of spin(D, 1). For M = +i(D — 2)/2 all type-I modes
are expressed in a pure gauge form as:

_ 3
v (1, 0p_y) = (vau) + i,V + 49#1’) ¢+(t,0p_1), (3.94)

where the spinor gauge functions . (t,0p_1) satisfy

D42
7780124:@ 5

Pt (3.95)

Explicit expressions on global dSp for the eigenmodes corresponding to the gauge
functions in egs. (3.89), (3.91) and (3.94) can be found in Refs. [26, 27].

Remark 6.1. On dS3, both spin-3/2 and spin-5/2 theories with arbitrary mass parameters
have only type-l modes. Thus, specialising to the strictly/partially massless theories on

dS3, we conclude that all eigenmodes for these theories are pure gauge modes.

Remark 6.2. In the fermionic strictly/partially massless theories of spin s = r + 1/2
and depth T =1, ..., on global even-dimensional dSp (D > 4), we can deduce which
eigenmodes are pure gauge modes and which are physical modes from their spin(D)
content. The latter corresponds to the highest weights fi* = (¢+1/2,7+1/2,1/2,...,1/2)
and fi = ((+1/2,7+1/2,1/2,...,1/2,—1/2) with # < r < £. The pure gauge modes
correspond to the cases with 0 < 7 < r — 1, while the physical modes correspond to
r—t+1<7r<r.

Remark 6.3. In the fermionic strictly/partially massless theories of spin s = r + 1/2
and depth T =1,...,r on global odd-dimensional dSp (D > 3), we can deduce which
eigenmodes are pure gauge modes and which are physical modes from their spin(D)
content. The latter corresponds to the highest weights f = ((+1/2,7+1/2,1/2,...,1/2)
with 7 < r < /. As in the even-dimensional case, the pure gauge modes correspond to

the cases with 0 < 7 < r — 7, while the physical modes correspond tor —t+1 <7 < r.

The validity of Remarks 6.1-6.3 for the spin-3/2 and spin-5/2 fields has been demonstrated
in this paper, as well as in Refs. [26, 27]. However, we expect that these remarks also
hold for all strictly/partially massless fields with half-odd-integer spins s > 3/2. This

expectation is also motivated by the well-studied case of totally symmetric tensors [21].
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3.6.2 STUDYING THE (NON-)UNITARITY OF THE STRICTLY /PARTIALLY MASS-
LESS THEORIES WITH SPIN s = 3/2,5/2

Our ‘tools’ in order to demonstrate that the unitarity of the strictly/partially massless
fields of spin s = 3/2,5/2 occurs only for D = 4 are: on the one hand the values of the
quadratic Casimir [egs. (3.86)-(3.88)] and the spin(D) content of the physical modes
[see Tables 3.1 and 3.2 and Remarks 6.1-6.3] and, on the other hand, the classification of
the UIR's in Section 3.3. Although the readers can readily convince themselves about the
non-unitarity for D # 4 (given our aforementioned tools), we will present here a detailed
discussion concerning the strictly massless spin-3/2 field. The cases of the strictly and
partially massless spin-5/2 fields can then be treated in the same manner and, therefore,
we will not present their details here.

Non-unitarity for odd D = 2p+1 > 5. Let F = (Fo, Fi, ..., F},) be the spin(2p+1, 1)
representation formed by the physical spin-3/2 modes. The corresponding spin(D) content
is given by fi = (£ +1/2,3/2,1/2,...,1/2) with £ > 1 - see Remark 6.3. The labels
Fy, Fy, ..., F, must all be half-odd-integers. It is clear that these values for Fi, ..., F),
- as well as the spin(D) content - correspond neither to the UIR's of the Exceptional
Series (3.44), nor to the UIR's of the Complementary Series (3.43), since these UIR's
allow only integer values for Fi, ..., F,. Then, the only remaining candidate that could
accommodate the strictly massless spin-3/2 field is the Principal Series (3.42), where
Fo=—(D—-1)/2+ iy (y € R). We will readily show that the Principal Series cannot
accommodate the strictly massless spin-3/2 field. Suppose, for the sake of contradiction,
that the strictly massless spin-3/2 representation F= (Fp, .., F},) belongs to the Principal
Series UIR’s (3.42). Since we already know the spin(D) content of F, by using the
branching rules (3.39) we find that the following must hold: F} = 3/2, I, € {1/2,3/2}

and F3 = ... = F, 1 = F,, = 1/2. Moreover, the quadratic Casimir for the Principal
Series Cy(F) [eq. (3.45)] must coincide with the quadratic Casimir %e(;;i? = w

[eq. (3.86)] corresponding to the physical modes. By equating these two values for the
quadratic Casimir we find that Fy must satisfy
3 . 13

Fo(Fo+D— 1)+ F(Fy+D—5)+> =0, with F; € {2, 2} . (3.96)
For I, = 1/2 this equation gives Fy = —1/2 or Fy = —D + 3/2, i.e. we arrive at a
contradiction as these values for F;y do not correspond to the Principal Series for odd
D > 5. Similarly, for F; = 3/2 we arrive again at a contradiction because eq. (3.96)
gives Fy = —3/2 or Fy = —D +5/2 and these values do not correspond to the Principal
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Series for odd D > 5. To conclude, we have proved that the strictly massless spin-3/2
field cannot be accommodated by any UIR of spin(D, 1) for odd D > 5.
Non-unitarity for D = 3. As we discussed earlier, on dS; the strictly massless spin-
3/2 field (as well as the strictly and partially massless spin-5/2 fields) has only pure
gauge modes - see Remark 6.1. However, it is worth showing here that the spin(3,1)
representation formed by the pure gauge modes of the strictly massless spin-3/2 theory
is non-unitary. Let F' = (Fu, F1) be the spin(3,1) representation formed by the pure
gauge modes. The spin(3) content for this representation is given by ¢+ 1/2 with ¢ > 1
- see Remark 6.3. Also, the label F; must be a half-odd-integer. Thus, we can rule out
both the Complementary Series (3.43) and the Exceptional Series (3.44) [in fact, the
Exceptional Series does not exist for D = 3 [33]]. Now, as in the case with odd D > 5,

it is easy to show that the quadratic Casimir for the spin(3,1) Principal Series Cy(F)
p(dS3) _

eigen

[eq. (3.45)] does not coincide with the field-theoretic quadratic Casimir
[eq. (3.86)] on dSs.t°

Non-unitarity for even D = 2p > 6. Let F = (Fy, F, ..., F—1) be the spin(2p, 1)
representation formed by the physical spin-3/2 modes. The corresponding spin(D) content
is given by fi = ((41/2,3/2,1/2,..,1/2) and f; = ((+1/2,3/2,1/2,...,1/2,—1/2)
with ¢ > 1 (see Remark 6.1), while the labels F', F5, ..., F},_; must all be half-odd-integers.

3
2

These values are incompatible with both the UIR's of the Exceptional Series (3.34) and
the UIR's of the Complementary Series (3.33). Then, the UIR's that are still candidates
for accommodating the strictly massless spin-3/2 field are: the Principal Series (3.32)
and the Discrete Series (3.35) and (3.36). Now, the following steps are as in the case
with odd D > 5, i.e. we can prove by contradiction that the strictly massless spin-3/2
field corresponds neither to the Principal Series nor to the Discrete Series for even
D > 6. In particular, starting with the contradicting assumption that F belongs to the
Principal or Discrete Series, and making use of the branching rules (3.29), we equate
the field-theoretic Casimir (3.86) with the quadratic Casimir from the UIR's [eq. (3.37)].
By doing so, we find again that F{ must satisfy eq. (3.96). Then, we readily arrive at
a contradiction because the values of Fj that satisfy eq. (3.96) agree neither with the
Principal Series nor with the Discrete Series UIR's for even D > 6. To conclude, we
have proved that the strictly massless spin-3/2 field cannot be accommodated by any
UIR of spin(D, 1) for even D > 6.

Unitarity for D = 4. The mass parameter for the strictly massless spin-3/2 field on dS;

6For arbitrary D, the physical modes have the same value for the quadratic Casimir as the pure
gauge modes.
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is M = +i. However, the physical modes with M = i and the ones with M = —i form
equivalent representations!’. Thus, below we can just let M = i. There are two ‘chiral’
UIR's of spin(4, 1) that correspond to the strictly massless spin-3/2 field on d.S;: one UIR
for the helicity +3/2 and one UIR for the helicity —3/2. The physical modes (i.e. the type-
Il modes) with helicity +3/2 have the following spin(4) content: fi* = (¢ + 1/2, £3/2)
with ¢ > 1. Let F = (Fy, F1) be the spin(4, 1) representation formed by the physical
modes with helicity +3/2. The branching rules (3.29) give F; = 3/2. Then, by
comparing the field-theoretic expression (3.86) for the quadratic Casimir with the UIR
expression (3.37), we find that the physical modes with helicity +3/2 form the Discrete
Series UIR Dt (F) = D*(—1/2,3/2) [eq. (3.35)]. Similarly, we find that the physical
modes with helicity —3/2 form the Discrete Series UIR D~ (F) = D~(—1/2,3/2)
[eq. (3.36)]. Thus, the strictly massless spin-3/2 field on dS, corresponds to the direct
sum of Discrete Series UIR's D" (—1/2,3/2) @ D~ (—1/2,3/2)'®. More details can be
found in the dictionary in Section 3.7.

3.7 DICTIONARY BETWEEN (SYMMETRIC) TENSOR-SPINOR FIELDS
ON dSp AND UIR'S OF SPIN(D,1) FOR D >3

Here we present a ‘field theory - UIR's dictionary’ based on our analysis for the spin-
3/2 and spin-5/2 eigenmodes satisfying eq. (3.3) on dSp. This dictionary relies on
the classification of the UIR’s under the decomposition spin(D, 1) D spin(D) given in
Section 3.3 and it was constructed by taking advantage of both:

= The values for the spin(D, 1) quadratic Casimir corresponding to the eigenmodes
[egs. (3.84), (3.85) and (3.86)-(3.88)].

= The spin(D) content of the eigenmodes (see Section 3.4, Tables 3.1 and 3.2 and
Remarks 6.1-6.3).

Although until now we have mainly discussed the spin-3/2 and spin-5/2 fields, our analysis

and the classification of the UIR's in Section 3.3 allow us to propose a dictionary for totally

"This can be readily understood as follows. If we act with 7° on any spin-3/2 physical mode with
mass parameter M = £i on dS4, then the resulting eigenmode is a physical mode with the same spin(4)
content but with mass parameter M = Fi. Moreover, the matrix '75 commutes with the Lie-Lorentz
derivative (3.10) with respect to any spin(4, 1) Killing vector.

18The strictly/partially massless totally symmetric tensors of spin s = r and depth T = 1,...,7 on dS,
also form a direct sum of Discrete Series UIR’s corresponding to D™ (r—t—1,7)@ D~ (r—1t—1,7) [20,
19].
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symmetric TT tensor-spinors (3.3) with mass parameter M and any half-odd-integer
spins=r+1/2>1/20ondSp (D > 3). However, we note that we have not performed
an eigenmode analysis for the fields with half-odd-integer spin s > 7/2 yet, but this is
something that we leave for future work. In our dictionary, we give the explicit values
for all representation labels concerning the UIR's under the decomposition spin(D, 1) D
spin(D), and we also translate our results in the representation-theoretic language used
in the CFT literature [2]. While reading the following dictionary, one should recall that
the spin(D) content is described by the highest weights of the rank-7 TT tensor-spinor
eigenmodes (3.46) on SP~1: fr= (04 1/2,7+1/2,1/2,...,1/2) for odd D [eq. (3.48)]
and fF = (0+1/2,7+1/2,1/2,...,1/2,41/2) for even D [egs. (3.49) and (3.50)] -
recall also Remarks 6.1-6.3.

Dictionary for fields with half-odd-integer spin s =r+1/2>1/2for D > 3

e Real M # 0 for all D > 3: Principal Series UIR's.

(This case corresponds to the Principal Series with so(1, 1) weight A = E — M
in Ref. [2].) The representation labels are F = (22 —iM,r+ 4,3, ..
D € {3,4} we have F = (=251 —iM,r + ). The spin(D) content corresponds to
the highest weights: f; (for odd D > 3) and ﬁ;i (for even D > 4) with £ > r > 7 > 0.

For even D > 4, the eigenmodes with opposite values for their mass parameters form

2 3) Whlle for

equivalent representations.

e M = 0 for odd D > 3: Principal Series UIR's.

(This case corresponds to the Principal Series with A, = 1 in Ref. [2].) For D >3
the representation labels are F = (—%,r + %,%, ,%) while for D = 3 we have
F=(-1,r+ %). The spin(D) content corresponds to the highest weights f+ with

(>r>F>0.

e M =0 for even D > 4: Direct sum of two Discrete Series UIR's D+ (F) @ D~ (F).
(In Ref. [2], this case corresponds to a direct sum of two Principal Series UIR's with
A, = % that are related to each other by space reflection.) The eigenmodes
with spin(D) content fi (where ¢ > r > 7 > 0) form the Discrete Series UIR
DY (-2 r+ 11 1) for D> 4 and the UR D" (=2, + 1) for D = 4. The
eigenmodes with spin(D) content f. (where £ > r > 7 > 0) form the Discrete Series

URD (=22, r+1,1 . 1)for D>4and D~ (—3,r+1) for D = 4. The eigenmodes

2720
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that form the UIR D and the ones forming D~ belong to different eigenspaces of the
matrix 7”1 [eq. (3.16)].

e Strictly/partially massless fields of depth T = 1,...,7 with s > 3/2 for D # 4:
Non-unitary.

e Strictly/partially massless fields of depth T = 1,...,7 with s > 3/2 for D = 4:
Direct sum of two Discrete Series UIR’s of spin(4,1), DT (F) @ D~ (F).

(In Ref. [2], this case corresponds to a direct sum of two Discrete Series UIR's with
A, = g + r — T that are related to each other by space reflection.) The physical modes
with spin(D) content fi" = (¢ + 5,7+ 1) (where £ > 7 > F >r — 1+ 1) form the
Discrete Series UIR D (r — © — 3,7 + ). The physical modes with spin(D) content
f;_ = (0 + %, —7 — %) (where £ > r > 7 > r — 1+ 1) form the Discrete Series UIR
D~ (r—t— 3,7+ 3). In particular, the UIR D=(r —t — 1,7 + 1) corresponds to the
depth-t field with propagating helicities (£s, £(s — 1), ..., (s — T+ 1)). In the strictly
massless case (T = 1), the UIR D™ (r — 3,r + 1) corresponds to the single helicity
s, while D~ (r — %,r + %) corresponds to the single helicity —s. No physical (or pure

gauge (3.89)) mode is an eigenfunction of the matrix 7° [eq. (3.16)].

3.8 SUMMARY AND DISCUSSIONS

In the present paper, we demonstrated that four-dimensional dS space plays a distinguished
role in the unitarity of the strictly and partially massless (symmetric) tensor-spinor fields
of spin s = 3/2,5/2. In particular, the strictly massless spin-3/2 field, as well as the
strictly and partially massless spin-5/2 fields on dSp, are not unitary unless D = 4.
The explanation relies on the representation theory of spin(D, 1), where the latter
does not allow strictly/partially massless UIR’s for (symmetric) tensor-spinors unless
D = 4. This is a remarkable feature of dS field theory, while it is also very interesting
that the dimensionality that plays a special representation-theoretic role matches the
dimensionality of our physical Universe. We also expect that this result should hold for
all totally symmetric tensor-spinors with spin s > 7/2, while this expectation of ours
is justified by the classification of the spin(D, 1) UIR’s. A technical explanation of our
results in terms of the (non-)existence of positive-definite dS scalar products for the

spin-3/2 and spin-5/2 eigenmodes has been given in Refs. [26, 27].
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3.8. SUMMARY AND DISCUSSIONS

In Section 3.7, we presented a dictionary between (totally symmetric) half-odd-integer-
spin fields on dSp and UIR'’s of spin(D, 1) (D > 3). The validity of our dictionary for
the spin-3/2 and spin-5/2 fields was demonstrated in this paper. Our dictionary for
the cases with half-odd-integer spin s > 7/2 is a ‘suggestion’ that is motivated by the
classification of the UIR’s and can be confirmed by performing an eigenmode analysis for

half-odd-integer spins s > 7/2. This is something that we leave for future work.

In the present paper, ‘unitarity’ of a field theory does not just refer to the positivity of the
norm in the Hilbert space. In this paper, unitarity in the one-particle Hilbert space means
that: a positive-definite scalar product for the eigenmodes exists that is invariant under
spin(D,1). If and only if these conditions are satisfied then the space of eigenmodes
can be identified with the representation space of a unitary representation of spin(D, 1).
For example, consider the strictly massless spin-3/2 field on dS; satisfying the onshell

conditions

(Y+i) ¥, =0 (3.97)
VoU, =0, 77, =0. (3.98)

The physical eigenmodes of this theory are given by egs. (3.65) and (3.66). It is easy to

check that the following (Dirac-like) scalar product is positive-definite
/S Vg0 g UVt 05) U (1, 05) (3.99)

for any two physical modes \IIE}) and W) where g is the determinant of the d.S; metric,
while d@3 stands for dfsdf,df;. This is the scalar product for the one-particle Hilbert
space that was implicitly used in order to check the positivity property of the equal time
anti-commutators in Ref. [9]. However, while the positivity of the norm with respect to the
scalar product (3.99) is clearly necessary, it is not sufficient for representation-theoretic
unitarity. In particular, it is straightforward to check that the scalar product (3.99)
is neither conserved nor dS invariant [26, 27]. The reason is that the conventional
(Dirac-like) vector current

JH = — gy 0yng 2 (3.100)

is not covariantly conserved because of the imaginary mass parameter in eq. (3.97).
Thus, we cannot use the scalar product (3.99) in order to check the unitarity of the
spin(4, 1) representation formed by the physical modes. On the other hand, the (axial)

vector current
Th = = Wiy 0qty w2 (3.101)

113



CHAPTER 3. (NON-)UNITARITY OF STRICTLY AND PARTIALLY MASSLESS FERMIONS ON

DE SITTER SPACE
is covariantly conserved, giving rise to the time-independent and dS invariant scalar
product [26, 27]

/53 V=g 03, = /S V=g d05 ¢ IV (t, 05) 17 W) (t, 0s). (3.102)

This scalar product is a good choice in order to study the unitarity of the corresponding
spin(4, 1) representation for the reasons mentioned above. In particular, the physical
modes (3.65) form the Discrete Series UIR D~ (—1,2) with the positive-definite scalar
product (3.102), while the physical modes (3.66) form the Discrete Series UIR D (—3, 2)
with positive-definite scalar product given by the negative of eq. (3.102). The pure
gauge modes (3.89) have zero norm with respect to the scalar product (3.102) and they
are orthogonal to all physical modes. For more details concerning the eigenmodes see

Refs. [26, 27].

The fermionic strictly and partially massless tunings (3.5) were found in Ref. [7], but
the non-unitarity of the corresponding theories for D = 4 could not be revealed with the
methods used in this reference.
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3.9 APPENDIX A - THE ONLY TOTALLY SYMMETRIC TT TENSOR-
SPINOR EIGENMODES OF THE DIRAC OPERATOR THAT EXIST
ON S? ARE THE SPINOR EIGENMODES

The spinor eigenmodes of the Dirac operator on 52 (as well as on spheres of any dimension)
have been constructed in Ref. [3]. In Ref. [4], the TT vector-spinor eigenmodes of the

Dirac operator on S?% (d > 3) were obtained, while it was found that there are no TT
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vector-spinor eigenmodes on S2. In Refs. [26, 27], the author has constructed the rank-2
symmetric TT tensor-spinor eigenmodes of the Dirac operator on S (d > 3) and he
also found that such eigenmodes do not exist on S2. In this Appendix, we will show that
there are no totally symmetric TT tensor-spinor eigenmodes @ﬂl_“ﬁf of rank # > 2 on S2.
Our proof will closely follow the analogous proof for totally symmetric tensors of rank
7 > 2 on S? in Ref. [21]. For convenience, we will drop the tildes from the tensor indices
and, thus, our tensor-spinor of rank 7 > 2 on S? will be denoted as zlzm.,w.

For later convenience, note that the Riemann tensor on S? is

R,uun)\ = g;mgy)\ - gl/ﬁgu)\’ (3103)

where g, is the metric tensor on S?. The commutator of covariant derivatives acting

on a vector-spinor on S? is given by

N — | —
oyl

(Vi Voldha woinY Vo + R0 (3.104)

<
3

S
-

(;?u:yl/ - gul/)&a + Zga[;ﬂ/;y]’ (3105)

where 7, are the gamma matrices on S?. The expressions for the commutators of
covariant derivatives for tensor-spinors of higher rank are straightforward generalisations
of eq. (3.105). Also, let €,, be the anti-symmetric tensor on S%. In the coordinate
system (3.19), €,, is defined by

€0,0, = €920, = 0

€9291 = —6.9192 = sin 92, (3106)
where @aéw = 0. Now, let us define

6[91&92}#2”&% = 69192‘4#2.--#;7 (3'107)

where A, . is a totally symmetric tensor-spinor of rank 7 — 1 on S2. Then

6[;177[]1/}#2...#; = g,u,VA;,LQ...;,LT-' (3108)

By taking the trace of eq. (3.108) with respect to the indices v and p5, and by using the

fact that @51,#2,,_,” is traceless and divergence-free, we find A,, ,. = 0. In other words,

@[/ﬂzl’]uz---w = 0. (3.109)
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By taking the divergence of this equation with respect to the index p, and making use of
eq. (3.105), we find

-~ - 1\ -
ViV Yy e = (f + 2) Vo (3.110)

However, as is well-known, @u?“ is negative-definite on compact manifolds. Thus,

Qﬁym,,,w must be identically zero.
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4

(Non-)unitarity of strictly and partially
massless fermions on de Sitter space |l: a

technical explanation

Abstract

In our previous article, we showed that the strictly massless spin-3/2 field, as well
as the strictly and partially massless spin-5/2 fields, on N-dimensional (N > 3)
de Sitter spacetime (dSy) are non-unitary unless N = 4. The (non-)unitarity was
demonstrated by showing that there is a (mis-)match between the representation-
theoretic labels that correspond to the Unitary Irreducible Representations (UIR's)
of the de Sitter (dS) algebra spin(IV, 1) and the ones corresponding to the space of
eigenmodes of the field theories. In this paper, we provide a technical explanation
for this fact by studying the (non-)existence of positive-definite, dS invariant
scalar products for the spin-3/2 and spin-5/2 eigenmodes on dSy (N > 3). In
particular, we show the following. For odd NN, any dS invariant scalar product
is identically zero. For even N > 4, any dS invariant scalar product must be
indefinite. This gives rise to positive-norm and negative-norm eigenmodes that mix
with each other under spin(N, 1) boosts. In the N = 4 case, the positive-norm
sector decouples from the negative-norm sector and each sector separately forms
a UIR of spin(4, 1). Our analysis makes extensive use of the analytic continuation

of tensor-spinor spherical harmonics on the N-sphere (SV) to dSy.
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4.1 INTRODUCTION

This is a technical sequel to our previous paper [25], in which we constructed a ‘field
theory-representation theory’ dictionary for totally-symmetric spin-s = 3/2,5/2 tensor-
spinors on N-dimensional (N > 3) de Sitter spacetime (dSy). Totally symmetric
tensor-spinors, W,,, ., of spin s =7+ 1/2 on dSy satisfy [10, 7]

(Y +M)¥,, ., =0 (4.1)
va\Ilap2...pT = O, ’Ya\pa,uz...,ur = O, (42)

where ¥ = ~”V,, is the Dirac operator on dSy. (See Subsection 4.2.2 for our convention
for the gamma matrices.) From now on, we will refer to the divergence-free and

gamma-tracelessness conditions in eq. (4.2) as the TT conditions.

Main results of our previous paper. In our previous article [25], we constructed the
spin-s = 3/2,5/2 eigenmodes of egs. (4.1) and (4.2) on global dSy (N > 3). Then, we
investigated the (mis-)match between the representation-theoretic labels that correspond
to the Unitary Irreducible Representations (UIR's) of the de Sitter (dS) algebra, spin(V, 1),
and the ones corresponding to the eigenmodes. We found that for real values of M the
representations are unitary. However, the main interesting result of Ref. [25] concerns the
strictly and partially massless theories (i.e. the theories that enjoy a gauge symmetry).
In particular, the strictly and partially massless theories, for which the mass parameter is
known to be tuned to the special imaginary values M = iM [7]:
N -2

NP = —M? = (r—’c+2>2 (T=1,..,7), (4.3)

were found to be non-unitary, unless N = 4. (The analysis of the previous [25], as well
as of the present, papers focuses only on the cases with » = 1 and » = 2. However,
the ‘field theory-representation theory’ dictionary of Ref. [25] suggests that our main
result extends to all strictly/partially massless (totally symmetric) tensor-spinors of spin
s >7/2.) The quantity T is known as the depth of the strictly/partially massless field
(i.e. gauge potential). The value T =1 corresponds to strict masslessness and the values
T = 2,...,7 to partial masslessness - see Refs. [22, 21, 10, 12, 9, 11, 8, 7] for background

material concerning strict and partial masslessness.

1The imaginary values of M in eq. (4.3) imply that the action functional for strictly/partially
massless half-odd-integer-spin theories on dSy is not hermitian. The fact that the gauge-invariant
spin-3/2 field theory in de Sitter spacetime has an imaginary mass parameter had been already observed
in cosmological supergravity [28].
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4.1.1 MAIN AIM AND STRATEGY OF THE PRESENT PAPER

The main aim of this paper is to provide a technical explanation for the results of our
previous paper [25], and, in particular, of the main result:

= Main result: The strictly massless spin-3/2 field (gravitino) and the strictly and
partially massless spin-5/2 fields on dSy (N > 3) are unitary only for N = 4.

Our technical explanation relies on studying the (non-)existence of positive-definite, dS
invariant scalar products for the spin-3/2 and spin-5/2 eigenmodes on dSx (N > 3) - see
Subsection 4.1.2 for a summary of our technical explanation. Since the strictly/partially
massless theories occur for imaginary values (4.3) of the mass parameter, we will focus
our group-theoretic analysis on the case where M is an arbitrary imaginary number
M = iM (M # 0), and we will specialise to the strictly/partially massless values (4.3)
when necessary.

Our strategy is as follows:

= We re-obtain the TT vector-spinor eigenmodes ¥, (spin-3/2 modes) and the
TT symmetric tensor-spinor eigenmodes V¥, ,, (spin-5/2 modes) of eq. (4.1) with
arbitrary imaginary mass parameter M = iM (M # 0) by taking advantage of
the well-known fact that SV can be analytically continued to dSy (see Section
4.7). (In Ref. [25], these eigenmodes were constructed directly on dSy using the
method of separation of variables.) In particular, we write down explicitly the mode
solutions of the following eigenvalue equation on S¥:

qul...ur = Z'C%l...m (4'4)
Vawauz...m =0, ’Yawauz...ur =0, (4'5)

where ¢, .. is a totally symmetric tensor-spinor of rank r on S¥ which also
satisfies the TT conditions (4.5) and Y is the Dirac operator on S™V. The eigenvalue
in eq. (4.4) is imaginary [24], i.e. ( € R, since, as is well known, W2 is negative
semidefinite on compact spin manifolds. We call the eigenmodes satisfying egs. (4.4)
and (4.5) the symmetric tensor-spinor spherical harmonics (STSSH’s). In
the present work we study only the STSSH's with ranks r = 1 and » = 2 on
SN (N > 3), where we are also going to normalise them, as well as study their
transformation properties under a spin(/N + 1) transformation, where spin(N + 1)
is the Lie algebra of the isometry group of SY. Note that the unnormalised

STSSH's of rank = 1 - i.e. the TT vector-spinor eigenmodes of the Dirac
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operator ¥ on S% - have been already constructed in Ref. [6], but no emphasis
was given on their group-theoretic properties. To our knowledge, the STSSH's of
rank r = 2 are constructed in the present paper for the first time (see Section 4.5
and Appendix 4.13). By applying analytic continuation techniques to eqs. (4.4)
and (4.5), we will obtain egs. (4.1) and (4.2), respectively, on dSy.

» We study the transformation properties of the eigenmodes on dSy under a
spin(N, 1) boost. The corresponding transformation formulae are obtained by
analytically continuing the spin(/NV + 1) transformation formulae for the STSSH's

on SV,

» By exploiting the transformation properties of the eigenmodes on dSy under the
spin(V, 1) boost, we examine when their norm with respect to a dS invariant scalar

product is positive-definite.

4.1.2 TECHNICAL EXPLANATION OF THE MAIN RESULT

The explanation of our main result is given by the following technical results concerning

the spin-3/2 and spin-5/2 TT eigenmodes of eq. (4.1) with arbitrary imaginary mass
parameter M = iM (M # 0):

1. For even N > 4: all dS invariant scalar products for these eigenmodes must be

indefinite for all imaginary M = iM (M # 0). This is demonstrated by showing

that both positive-norm and negative-norm mode solutions exist and they mix

with each other under spin(IV, 1) for all M # 0 [including the strictly and partially

massless values (4.3)].

2. For N = 4: all dS invariant scalar products for these eigenmodes must be
indefinite unless M is tuned to the strictly/partially massless values (4.3). The
solution space of the strictly/partially massless theories is divided into two spin(4, 1)
invariant subspaces, denoted as .7 and 7, where all mode solutions in 77
have ‘negative helicity’, while all mode solutions in 77, have ‘positive helicity’.
Then, we introduce a specific dS invariant scalar product [eq. (4.173)] in 72
and 7, . For this choice of scalar product, it happens that the norm is positive-
definite in 77 and negative-definite in 7, . However, group-theoretically, we are
allowed to have a different scalar product for each invariant subspace (since they
correspond to different irreducible representations). Thus, by a redefinition of the

scalar product in 7, we can change the sign of the associated norm and make
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it positive-definite. This shows that 77 and 7, form a direct sum of unitary

irreducible representations of spin(4, 1).

3. For N odd: For all M = iM # 0 [including the strictly and partially massless
values (4.3)], there does not exist any dS invariant scalar product for these
eigenmodes. Thus, by definition, the corresponding spin(/V, 1) representations are

not unitary.

These findings provide a technical explanation of the results presented in our previous
article [25]. However, our findings seem to contrast with the claims made in Refs. [4, 7].
The non-unitarity of the strictly and partially massless spin-s = 3/2,5/2 fields on dSy
for N # 4 was missed in Refs. [4, 7], apparently because the norm of the corresponding
eigenmodes was not examined. Subsequent discussions with the authors of [4, 7] have
clarified that this is indeed the case.

Note on real values of M. In this paper, we do not discuss eigenmodes with real
mass parameters on dSy. However, all of our results (i.e. explicit expressions for the
eigenmodes and spin(V, 1) transformation formulae) also hold for real M. A crucial
difference between the imaginary and the real mass parameter cases on dSy, is the dS
invariant scalar product. As we will demonstrate later, in the case of imaginary mass
parameter, a dS invariant scalar product is given by (4.173) for even N, while there
is no dS invariant scalar product for odd N. In the case of real mass parameter, the
conventional Dirac-like inner product can be always defined, and is dS invariant (this
inner product corresponds to the product that results by just removing vV *! from the
scalar product (4.173)). The spin-3/2 and spin-5/2 theories with real mass parameters

on dSy are always unitary [25] - this is easy to check given the tools of the present
paper.

4.1.3 OUTLINE OF THE PAPER, NOTATION AND CONVENTIONS

The paper is organised as follows. In Section 4.2, we begin by presenting the Christoffel
symbols, vielbein fields and spin connection components on S% in geodesic polar coordi-
nates. Then, we present the basics about gamma-matrices and tensor-spinor fields on
SN We also review the eigenspinors of the Dirac operator on S¥~1. In Section 4.3,
we present the functions that describe the dependence of the STSSH's on the geodesic
distance () from the North Pole of SV. In Section 4.4, we write down explicitly the
unnormalised STSSH's of rank 1 on S¥ (which have been constructed in Ref. [6]). In

Section 4.5, we write down explicitly the unnormalised STSSH's of rank 2 on S™ (which
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we construct in Appendix 4.13). In Section 4.6, we use the Lie-Lorentz derivative [27]
in order to study the transformation properties of the STSSH's of rank r (r € {1,2})
on SV under a spin(N + 1) transformation and we give their normalisation factors. In
Section 4.7, we begin by obtaining the vector-spinor and rank-2 symmetric tensor-spinor
TT eigenmodes of the Dirac operator with arbitrary imaginary mass parameter on dSy by
analytically continuing the STSSH's of rank 1 and rank 2, respectively, on S™. Then, we
identify the ‘pure gauge' modes of the strictly/partially massless spin-3/2 and spin-5/2
theories on dSy. In Section 4.8, we derive the main result of this paper (i.e. we prove
statements 1, 2 and 3 listed above), by studying the transformation properties of the
TT eigenmodes of eq. (4.1) with arbitrary imaginary mass parameter under a spin(N, 1)
boost. More specifically, in Subsection 4.8.1, we show that all dS invariant scalar products
must be indefinite for even N > 4 (i.e. we prove statement 1). Also, for even N > 4,
we show that the ‘pure gauge' modes in the strictly/partially massless theories with spin
s € {3/2,5/2} have zero norm with respect to any dS invariant scalar product. Then,
for N = 4, we show that the requirement for dS invariance of the scalar product does not
imply the indefiniteness of the norm if and only if the imaginary mass parameter M = i M
(with M # 0) takes the strictly/partially massless values (4.3). We also find that for
the strictly/partially massless theories with spin s € {3/2,5/2} on dS4, the eigenmodes
with negative helicity and the ones with positive helicity separately form irreducible
representations of spin(4, 1) (the unitarity of these irreducible representations is proved
in Subsection 4.8.2). In Subsection 4.8.2, we calculate the norms of the eigenmodes
on dSy (for even N > 4) with respect to a specific dS invariant scalar product and
we verify statement 1 (which was proved in the previous Subsection) and we also prove
statement 2. Subsection 4.8.3 concerns the case with N odd and we prove statement 3.
Finally, in Section 4.9, we give a summary of our results. We also discuss the possible
generalisation of our results to higher half-odd-integer spins, as well as to other vacuum
spacetimes with positive cosmological constant.

There are six Appendices. In Appendix 4.13, we construct the STSSH's of rank 2 on SV
by making use of the method of separation of variables. In this method, the STSSH's
of rank 2 on S¥ are expressed in terms of STSSH's of rank 7 (0 < 7 < 2) on SN~
In Appendix 4.14, we present technical details omitted in Section 4.6. To be specific,
we first give a detailed derivation of the formulae for the spin(N + 1) transformation
of the rank-1 STSSH's and we determine their normalisation factors. Then, we discuss
briefly the derivation of the transformation formulae and the normalisation factors for
the rank-2 STSSH's on S™. The rest of the Appendices concern other technical details
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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”. Lowercase Latin tensor indices refer to components with respect to the vielbein
basis. Summation over repeated indices is understood. We denote the symmetrisation
of a pair of indices as A,y = (A4, + A4,,)/2 and the anti-symmetrisation as A},,) =
(A, — Ay,)/2. Spinor indices are always suppressed throughout this paper. We use
the term strictly/partially massless field of spin s € {3/2,5/2} to refer to either one of
the following three cases (unless otherwise stated): the strictly massless spin-3/2 field
(r =t =1), the strictly massless spin-5/2 field (r = T+ 1 = 2), the partially massless
spin-5/2 field (r = T = 2). The complex conjugate of the complex number z is denoted
as z*. The notation concerning the representation-theoretic labels of the eigenmodes is
slightly different than the notation used in our previous article [25]. However, we make
sure to explain the representation-theoretic meaning properly such that no confusion will

arise.

4.2 GEOMETRY OF THE N-SPHERE AND TENSOR-SPINOR FIELDS

4.2.1 COORDINATE SYSTEM, CHRISTOFFEL SYMBOLS AND SPIN CONNECTION

The N-sphere (SV) embedded in the Euclidean space RY*! is described by
Sap XXV =1, (4.6)

(a,b=1,2,...,N + 1) where §, is the Kronecker delta symbol and X! X2 ... XN+!

are the standard coordinates for RV*!. The ‘geodesic polar coordinates'? are given by
XN = XN (9y) = cos Oy
X' = XOy,0n_1) =sinfy X'(Oy_1), i=1,..,N, (4.7)
where 0 < 0y < 7 is the geodesic distance from the North Pole and Oy_1 = (Oy_1, ..., 01)

(where 0 < 6, <27 and 0 < 6; < 7 fori=2,3,..,N —1). The X"'sin eq. (4.7) are

the geodesic polar coordinates for SV~1 in N-dimensional Euclidean space.

2The geodesic polar coordinates are also known as hyperspherical coordinates. They correspond
to the straightforward generalisation of the standard spherical coordinates on S2. The North Pole of
SN is located at 6y = 0. The geodesic distance, pg~, between two points Oy_; = (A, ..,01) and
0y, = (0, ...,00) on SN is given by cos gy = cos Oy cos Oy + sin Oy sin 0y cos ppgn-1. If we fix
0’y to be at the North Pole, then the geodesic distance is given as cos pugn = cosfy.
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4.2. GEOMETRY OF THE N-SPHERE AND TENSOR-SPINOR FIELDS
The line element for S™ is expressed in coordinates (4.7) as
dsy = dix + sin® Ondsy_4, (4.8)

where ds3,_; is the line element for S¥~1. (Note that we define ds? = d#?.) The

non-zero Christoffel symbols in geodesic polar coordinates are

On  _ : ~ 0;  _ ~0;
Loy, = —sinbly cosOn Go,o,, 'y, = cotbn gy,
O _ 170k

where gg,9, and f“Z';gj are the metric tensor and the Christoffel symbols, respectively,
on SN71. The vielbein fields e, = e*,0, (where a = 1,...,N and u = 61, ...,0y),

determining an orthonormal frame, satisfy
e, e, 0 = g, €'ae,’ =0 (4.10)

where the co-vielbein fields e = ¢,* dx* define the dual coframe. The co-vielbein
transforms under local rotations A : SV — SO(N) as

e’ — A(x)*, e (4.11)

In geodesic polar coordinates the non-zero components of the vielbein fields are given by

1
eNy=1, e=— e, i=1..,N-1, (4.12)
sin O

0;

where &%, are the vielbein fields on SY~!'. The spin connection Wy, = Walpd =

(wabc - wacb)/Q is given by
Wabe = _e'ua (aue)\b + F2V€Vb> €c (413)

and its only non-zero components are

Wijk
sin 91\7 ’

Wijk = WiNk = —W;kN = — COt HN 5ik’7 i,j, k= 1, ey N — 1, (414)

where (0;j;, are the spin connection components on SN=1 (Note that the sign convention

we use for the spin connection is the opposite of the one used in Refs. [5, 26].)
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4.2.2 GAMMA MATRICES AND TENSOR-SPINOR FIELDS ON THE IN-SPHERE

A Clifford algebra representation in N dimensions is generated by N gamma matrices.
These are matrices of dimension 2/V/2 - where [N/2] = N/2 if N is even and [N/2] =
(N —1)/2if N is odd - satisfying the anti-commutation relations

{’VCL,’}/b} = 25ab17 a? b = 17 27 M N7 (4-15)

where 1 is the identity matrix. We adopt the representation of gamma matrices used
in Ref. [5], where gamma matrices in N dimensions are expressed in terms of gamma

matrices in N — 1 dimensions (3*) as follows:

01 , 0
N _ : J— 4 , 4.16
! (1 O) K (—ﬁj 0 ) (4.16)

(j = 1,..., N—1) where the lower-dimensional gamma matrices satisfy the Euclidean

= For N even

Clifford algebra anti-commutation relations
{37, 7" =26%1,  jk=1,..,N —1. (4.17)

By using the vielbein fields (4.12) we can express the gamma matrices (4.16) in

the "coordinate basis” as v#(x) = e*,(x)y*. Note that one can construct the
N+1 N+ = cqly2 AN,

where € is a phase factor. The matrix vV*! anti-commutes with each of the v%'s
in eq. (4.16). As in Ref. [5], we choose the phase factor € such that

ANFL = (1 0 ) : (4.18)

extra gamma matrix v 7, which is given by the product ~

0 -1

1 0 L ooxa [01
N = , YT =4 = :
0 -1 10

' ' 0 =]
N = = ( = Zg), j=1,.. N—2. (4.19)

= For N odd

The double-tilde is used to denote gamma matrices in N — 2 dimensions. In
N =1 dimension the only (one-dimensional) gamma matrix is equal to 1. The
gamma matrices (4.19) are expressed in the “coordinate basis” by using the vielbein
fields (4.12), as in the case with N even.
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4.2. GEOMETRY OF THE N-SPHERE AND TENSOR-SPINOR FIELDS

Note that all gamma matrices in egs. (4.16)-(4.19) are hermitian.

The tensor-spinor fields v, ., of rank 7 are defined as r*-rank tensors where each one
of the tensorial components transforms as a 2/¥/2_dimensional spinor under Spin(V)
(double cover of SO(N)). Tensor-spinors transform under the local rotation of the

co-vielbein in eq. (4.11) as

Uy (1) = M), A2) " S(A(T)) Yy, (), (4.20)

where the matrix A(z) € SO(N) acts on the tensor indices of 1, .. while the matrix
S(A(z)) € Spin(N) acts on the spinor indices of 1, . (the spinor indices have been

suppressed for convenience). For any A(z) € SO(N) we have [13]
S(A@) ™" S(A@) = Az)"", (4.21)

where S(A(z)) is either one of the two matrices in Spin(/NV) that correspond to A(z).
(See, e.g., Ref. [5] and Appendix D of Ref. [13] for more detailed discussions on spinor
representations of orthogonal groups.)

The covariant derivative for a vector-spinor field is given by

1
vlﬂ/),u, = zﬂ/),u + iwubczbc’(bu - F)\yu¢>\7 (422)

while the covariant derivative for a rank-2 tensor-spinor field is given by

1
vﬂ/’umz = V@Z’umz + §wubczbc¢u1u2 - F)\V,ul ¢/\u2 - FAyugwlil)\? (4-23)

where wype = €, % wae [see eq. (4.14)]. The matrices X% are the generators of the

2IN/2_dimensional spinor representation of Spin(/N) and they are given by

1
Eab Z [,ya’ ,yb] (424)
1 a b 1 ab —
= 7y - 55 ., ab=1,.. N. (4.25)

They satisfy the Spin(/N) algebra commutation relations
[Zab72cd] — 5bczad o 5ac2bd + 5ad2bc . 5bd2ac‘ (426)

(The gamma matrices are covariantly constant, i.e. V,7° = 0 - see e.g. Appendix D of
Ref. [13].)
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Eigenspinors on S~~1. For later convenience, let us introduce the spinor eigenmodes
X+¢5(0n—1) of the Dirac operator on SV~! (see also Ref. [5] and Appendix 4.11 of the

present paper). These spinor eigenmodes satisfy [5]

= ) N -1
VX405 = i (5 + 2) X+65, (4.27)

where Y~7 = fy‘lﬁa is the Dirac operator on SN~1, @a is the spinor covariant derivative on
SN=1and / is the angular momentum quantum number on SV~=1. The symbol / represents
labels other than ¢. The requirement for regularity of the spinor eigenmodes (4.27)
on SN=1 restricts /£ to take the values £ = 0,1,2,... [5]. We suppose that the spinor

eigenmodes (4.27) are normalised as

/SN71 \/ﬁdo]\f—l Xifﬁ(eN_l)T Xif’ﬁ/(aN—l) = 5€€/6ﬁﬁ/7 (428)

where dOy_1 = dfOn_1 dON_5...dO;. The square root of the determinant of the metric

on SN-1is
= . N-2 . N-3 .
— N_ p— cee .
VG = sin On_1 sin On_s ... sin by (4.29)
=sinV 20y, \/5, (4.30)

where § is the determinant of the metric on S™V~2. All the . eigenspinors are orthogonal
to all the x_ eigenspinors in eq. (4.28) [5]. For each allowed value of ¢, the eigenspinors
X+¢5 and x_g; separately form irreducible representations of spin(N) [24]. For odd
N = 2p + 1, the spinors x4 (or x_¢z) form a spin(2p + 1) representation with the
(p-component) highest weight

fo = (£+;;;> .
For even N = 2p, the spinors 145 form a spin(2p) representation with the (p-component)

+
0 (é ’27 ’2, 2)

highest weight

4.3 TECHNICAL DETAILS FOR THE FUNCTIONS DESCRIBING THE
DEPENDENCE OF STSSH'S ON 0y

Before writing down the explicit form of the STSSH's of rank r (= 1,2) on S¥, it is useful
to introduce the functions ¢\% (6y) [eq. (4.31)] and % (Ay) [eq. (4.32)] that describe
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the dependence of the STSSH's on 6, since they are going to be used extensively in the
rest of the paper. The properties of these functions play a crucial role in the normalisation
of the STSSH's and in the derivation of the formulae for the spin(N + 1) transformation
of the STSSH's (see Section 4.6 and Appendix 4.14). Most importantly, in view of the
analytic continuation of our STSSH's to dSy, the properties of the functions ¢§;}>(9N)
and 1/17(;2)(9N) will play a very important role in studying the unitarity /non-unitarity of
the spin(N, 1) representations formed by the analytically continued STSSH's.

As we will see in Sections 4.4 and 4.5, the 0y-dependence of the STSSH's on S¥ is

described by functions of the following form:

(a) o\ e\
¢n€ (0N> - H(ﬁ(ny é) COS 7 sSin ?

N
xF(—n+€,n+€—|—N;€+Q;SiHQQ;V), (4.31)

N l—a {+1—a
WY (On) = /%(n,f)m (cos 9N> (sin GN)
2

N +2 0
xF(—n+£,n+€—|—N;€—|— ;_ ;sin2;v>, (4.32)
where the normalisation factor k4(n, £) is given by

.6 — T'(n+ N/2)
RO T P — e+ DT+ NJ2)

(4.33)

while F'(A, B;C;z) is the Gauss hypergeometric function [17]. The number a in
egs. (4.31) and (4.32) is taken to be an integer for the purposes of this paper. The
functions in egs. (4.31) and (4.32) can be expressed in terms of the Jacobi polynomials [17],
where k,(n,¢) plays the role of the conventional normalisation factor for the Jacobi
polynomials [17]. (These functions with a = 0 were used to describe spinors on SV [5].)
As we will discuss in Section 4.4 and 4.5, the integer n is the angular momentum quantum
number of the STSSH's on S™ and it labels the representation of spin(/N + 1) formed
by the STSSH's. The angular momentum quantum number on SY~1, /, is initially
assumed to be a positive integer or zero®. Furthermore, the requirement for the absence

of singularity in the STSSH'’s on S¥ will give rise to the condition

n—4{ €N (434)

3This requirement on ¢ is motivated naturally in the recursive construction of the STSSH's on SV
in terms of STSSH's on SV~ - see Appendix 4.13.
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or equivalently n > ¢, where Ny is the set of positive integers including zero. (This

condition also arises from the branching rules for spin(N 4 1) D spin(/N), as we will see

below.) In particular, eq. (4.34) is obtained in Appendix 4.13, by requiring the regularity

of 'Y (0y) and % (Oy) in the limit Oy — 7.

The functions gbﬁf})(QN) and @/JSZ)(QN) are related to each other by the following formulae:

d N+2a—1 €+<N_1>/2 (a) . N (a)
(d@N + 2 cot O + sin Oy Une (On) = (n + 5 ) Gni (ON)

(4.35)

d N+2CL—1 €+(N_1)/2 (a) . N (a)
(dGN Tt gy o) = (” +5 ) Une (O)-

(4.36)

Equations (4.35) and (4.36) are proved using the raising and lowering operators for the

Gauss hypergeometric function in Appendix 4.10. Note also the relation

U (On) = (=1)" 6 (1 — O). (4.37)

4.4 THE STSSH'S OF RANK 1 ON THE N-SPHERE

In this Section, we write down explicitly the unnormalised STSSH's of rank 1 [i.e. the
TT vector-spinor eigenmodes of eq. (4.4)], by following Ref. [6] where these eigenmodes
have been originally constructed. However, we will present the results of Ref. [6] in a
slightly modified manner that is more suitable for studying the group-theoretic properties
of the eigenmodes. We also recommend that the readers refer to our previous article [25],
in which the steps in the method of separation of variables are discussed in greater detail

for spin-3/2 eigenmodes on dSy.

4.4.1 STSSH’S OF RANK 1 FOR N EVEN

Representation-theoretic background. The equations (4.4) and (4.5) for the TT
vector-spinor eigenmodes on S (N > 4) are written as

A ont;p) . A ont; p
va (A omnb;p) ’Vazb:(téo né h) _ 0. (439)
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We have denoted the TT vector-spinor eigenmodes with eigenvalue +i(n + %) as
wﬁ;am&ﬁ), where n = 1,2,... and £ = 1,...,n are the angular momentum quantum
numbers on S and SV~!, respectively.*

For each value of n we have a representation of spin(/N +1) (i.e. algebra of Spin(N +1))
acting on the space of the eigenmodes wiA'U;”&ﬁ) (or @D(_’?jamf;ﬁ)) with highest weight

L
X = (/\17 ...,)\N/g) given by [24]
= 131 1
)\— <n+272,2,,2> R (n—l,Z,) (440)

Note that for N = 4 we have X = (n 4 1/2,3/2) (n = 1,2,...). The two sets of
eigenmodes, {w(ﬁj”;"&ﬁ)} and {@/)(_’L,lja;n&ﬁ)}, form equivalent representations and they are
related to each other by 1/1%”3”&’3) = WN“w(_ﬁomé;ﬁ).

From a representation-theoretic viewpoint, the construction of eigenmodes on SV using
the method of separation of variables corresponds to specifying the basis vectors of a
spin(N + 1) representation space in the decomposition spin(/N + 1) D spin(NV). For a
spin(V +1) representation X = (Aq, ..., Any2) (N even), the spin(/V) content corresponds
to highest weights f = (f1, <.y [ny2) with [5, 3, 15]

M 2> fi 22X >0 > g 2> | el (4.41)

where fy/2 can be negative. In the case of TT vector-spinor eigenmodes on S¥,
X = (n +1,31 ., %) the spin(IN) content corresponds to representations with highest
weights: f?ﬁ’ = (€+ %,%, ...,%,a%) and f{’ = (€+ %, %,%,..., %70%) with 0 = £. We
call the index o ‘the spin projection index’ on S™. The symbol j stands for the
representation-theoretic labels concerning the chain of subalgebras spin(N — 1) D
spin(N —2) D ... D spin(2).
Depending on the ‘spin’ of the spin(/N) representations included in our spin(N + 1)
representation of interest, the solutions of equations (4.38) and (4.39) are separated
into two different types, namely, the type-I modes and the type-II modes [6]. In
particular, the type-I modes correspond to the spinor representation of spin(/V)

= (04 pigpts),
while the type-II modes correspond to the TT vector-spinor representation

= 131 1 1

fr=(t+3559%3)
*The angular momentum quantum numbers for our STSSH's of rank r € {1,2} on SV satisfy

n > £ > r. The condition n > ¢ was discussed in the previous Section - see eq. (4.34). However, as we
will see below, the condition £ > r is obtained by using the explicit expressions of the STSSH's.
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We assign to the label A the value ‘I’ in order to indicate the type-I modes (7,0 (Lointip))
and the value ‘II-A’ in order to indicate the type-II modes (¥, (I-Aiointip) ), where the
label A on SN~ corresponds to A on SN (the label A is discussed further in the passage
after eq. (4.53)).

Type-I modes. The type-I modes are expressed in their vector components as

ot (I;o3m; Liont;p
QU = (e gt (4.42)
i =1,..., N—1), where %" is a spinor on SV, while 1/1 (Lioinbif) s a vector-spinor
J +0n

on S¥=1[6]. The type-I modes with negative spin projection (a = —) on SV are given

by [6] o

. 8D (Ox)x_5(O
%EIQN DOy, 0n1)=| E(l() W)X-tp(On-) (4.43)
i“/ine (GN)X—Zﬁ(eN—l)

D (O0n) Vo, x—05(On-1) + D™ (0x) Fo, X —e5(On—1)
85" (0, O3 1) =
+iCL Y (On) Vo, x-45(On 1) £ D5 (On) F, X050 -1)
(4.44)

The type-I modes with positive spin projection (o = +) on SV are given by [6]

)
(I;45mL;p) On,On 1) = W (QN)X+65(0N_1) 4.45
1/&9N (On,On-1) (:tgﬁglg)(@N)XMﬁ(eN—l) ( )

iCY™M (0n) Vg, xw05(On—1) — DS (0n) g, x105(On—1)
(I;+;n4;0) _
o, (On,On-1) =
icq(z (QN) Ve X+05(On-1) F @D (‘9N> Yo, X+e5(On—1)
(4.46)

The eigenspinors on S™V=1, v, satisfy eq. (4.27) and they are written down explicitly
gensp p

in Appendix 4.11. The functions ¢§},} and wflle) are given by egs. (4.31) and (4.32),

)(a) C(i)(a)

respectively. The functions C'} are expressed in terms of ¢'% and 1'% as

follows [6]:
(1)(a) _ 1 - [N—l N-17
Cné (9]\7) = E(E—I—N—l){smeN 5 COS@N—FE—F 9 gbnz (QN)
N -1 N .
-—N_QOH—QﬁmWN¢JMM}, (4.47)
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. 1 . N—-1 N—17
O(\L)( )(0 )_mx {Sln0N|: 5 COS@N—E— l/Jflg)(eN)
N -1 N .
e <n 4 2) sin’ eNgzs;g(eN)}, (4.48)
while the functions D) and DY are given by:
(1)(a) —t N - (1)(a) : (@
DY) = 1 [ (1455 ) PO on) +sinoy o on)]  (4.9)
and
—1 N -1
DY 0x) = 5 | = (04 =5 ) C0w) —sinbw e 0x)] . (450)

respectively. Allowed values for angular momentum quantum numbers: The
appearance of ¢ in the denominator in egs. (4.47) and (4.48) reflects the fact that there
is no type-I eigenmode if the 6y-component (4.43) [or (4.45)] has ¢ = 0 (i.e. ¢ has
to satisfy £ > r = 1). The condition n > ¢ and the quantisation of the eigenvalue
in eq. (4.38) follow from the requirement of regularity of the functions qbff?(@N) and
%(;Z)(@N) (see Appendix 4.13). Thus, we have verified that the allowed values for the
angular momentum quantum numbers are n =1,2,...and { =1,....,n

Type-II modes. The vector components of the type-II modes are expressed as [6]

wUAanep _(0 w(HAanﬂp)’ (4.51)

(j=1,..,N — 1) where w (UI-Airintip) _ () The type-II modes (4.51) are TT vector-
spinors on SV~ Thus, they can be constructed in terms of TT vector-spinor eigenmodes
Afp (@n_1) on SV~! that satisfy

N1 i
W“” — z<£+2 ) g (4.52)
PP = VOGP = o, (4.53)

where the label A indicates the type of the eigenmode ;/Ji 44p) 5. (The TT vector-spinor

eigenmodes and the corresponding types of modes on odd—dimensional spheres are

5As in the case of the label A for eigenmodes on S, the label A in 1/3(5“9;@) refers to the ‘spin’ of
the spin(/V — 1) representations appearing in the spin(/N' — 1) content of the spin(/N) representations

formed by {1/J(A é”)}
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presented in Subsection 4.4.2.) The requirement for regularity of zLE_f;fﬁ) on SN-1 gives
the allowed values for ¢, i.e. £ =1,2,.... This requirement for ¢ follows naturally from
the recursive construction of the STSSH's of rank 1 in Ref. [6]. We suppose that the
7 (Asp)

eigenmodes wig’j are normalised on SV~ as

/ VGdoy- L POy ) P O 1) = 66550 10, (4.54)

where /7 is given by eq. (4.29). For each allowed value of ¢, the set of eigenmodes
{zﬁﬁfﬁ)} forms a spin(/N) representation with highest weight

fif=(6+3.3.3 . 5.43) [24].

The type-II modes w (I-Aonlp) oy SN with negative (0 = —) and positive (o = +) spin

projections are given by [6]
Ui T (0, By-) = 0

1 A
wie N-1) (i“ﬁng o) (, (9]\/71) (4.55)

and
U

— . (—1) A@p 0 )
@ZJSI:Ié;A#’M’p)(eNa 0N—1) = (id;:(gl)i N))¢(A Zp)(<0]2_1)>) ) (456)

(j =1,...,N — 1) respectively. The functions gbﬁlgl) and 1/17(121) are given by egs. (4.31)
and (4.32), respectively. As in the case of type-I modes, we find the allowed values
n=12..andl=1,...,n

4.4.2 STSSH’S oF RANK 1 FOR N ODD

Representation-theoretic background. The eigenvalue equation and the TT condi-

tions are given again by eqs. (4.38) and (4.39), respectively, while the gamma matrices

are now given by eq. (4.19). The TT eigenmodes on S™ are denoted as 1 A”Zp.
The allowed values for the angular momentum quantum numbers are n = 1,2, ... and
(=1,...,n

For each allowed value of n we have a representation of spin(/N + 1) acting on the

space of the eigenmodes 1/1 (Antid)  The highest weights X = (A1s o A1y /2) for these
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representations are given by [24]

131 1 1
+
= = = =y, =, k= =1,2,...). 4.
K= (n4 5.5 g gty ) (=12, (457)
Unlike the case with N even, for N odd there does not exist any spinorial matrix that
relates w( ) dw Ainbip) , since the two sets of modes form inequivalent representations

of spin(N 4 1)°. Note that for N = 3 we have \* = (n+1/2, £3/2) (n = 1,2,...).

As in the case with N even, the construction of eigenmodes on SV using the method
of separation of variables corresponds to specifying the basis vectors of a spin(N + 1)
representation space in the decomposition spin(/N + 1) D spin(/N). For a spin(/N + 1)
representation X = (A1s -, Aviny2) (IV odd), where A(ni1y/2 can be negative, the
spin(/N') content corresponds to highest weights f= (fis s fiv—1)/2) with [5, 3, 15]

M >fi > X > > Awvarye 2= fiv-1y2 2 [ Avenel (4.58)
In the case of TT vector-spinor eigenmodes on S¥, 2= (n + ;,% % % :I:%) the
spin(IN') content corresponds to representations with highest weights: f(; (€ + % % f)
and f, = (€—|— 55,2, 2) As the representation f> = (€—|— S F+3, .03, %) is equiv-

alent to f~ = (€ L —§> [15], there is no need to introduce the notion of
the ‘spin projection index’ for tensor-spinor eigenmodes on odd-dimensional S¥. As in
the case with IV even, the symbol j stands for representation-theoretic labels concerning
the chain of subalgebras spin(/N — 1) D spin(N — 2) D ... D spin(2).

As in the even-dimensional case, the label A denotes the type of the mode, i.e. the ‘spin’
of the corresponding spin(/N) representation. In particular, the type-I modes (1/11151&5))
on SY are constructed in terms of eigenspinors on S¥~! which correspond to the
spin(V) highest weight fo = <€—|— 7% N 2) The type-II modes (v HA"Z’))) on SV
are constructed in terms of TT eigenvector-spinors of type-A on SV~ which correspond
to the spin(/N) highest weight fl = (€ + %, %, %, e 2) Note that TT eigenvector-spinor
modes of any type on SV (with arbitrary N) exist only for N > 3, while type-II modes
exist only for N > 4 [6].

Type-I modes. The type-I modes are given by [6]

U O 0-) = (14 i7%) {08 0m) £ 0 O b iOv-r) (859

61n general, for N odd there does not exist any spinorial matrix that relates two STSSH's of arbitrary
rank r with different sign for the eigenvalue.
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S:Ié?&ﬁ) (On,On-1) =

Sl

(1+ ’WN){ (Oég)(l)(QN) + Z'Cr(jz)(l)(eN)VN) Vo, X—5(On-1)
+ (DS (0x) £ D5 (037" %].x_eﬁ(eN_n}, (4.60)

(j=1,...,N — 1) where x_y; are the eigenspinors on SV~ satisfying eq. (4.27). (Since
vV anti-commutes with ¥ we have YV X_t5 = X+e5 [5]-) As in the case with N even,
the functions ¢,(11@) and w,(},} are given by eqgs. (4.31) and (4.32), respectively, while
the functions Cf;)(l),C,(i)(l),DSg)(l) and ijé)(l) are given by eqs. (4.47), (4.48), (4.49)
and (4.50), respectively. As in the even-dimensional case, one finds that the angular
momentum quantum numbers are allowed to take the valuesn =1,2,...and { =1, ....n.

Type-II modes. The type-II modes are given by [6]

YA D (O, Oy_y) =0
8P On, 0n 1) = —=(1+iy™) {857 (On) £ 5 (On)7™ } 557 (On ),

(4.61)

Sl

where the functions ¢!," and 1, are given by eqs. (4.31) and (4.32), respectively,
nl nl

while the rank-1 STSSH's of type-A on SN-1, z/;(f;fﬁ), satisfy egs. (4.52)-(4.54) (where

»qu;(f})fﬁ) = qz(:;f”)) As in the case with N even, we find that the angular momentum

quantum numbers are allowed to take the values: n=1,2,...and /=1, ..., n.

45 THE STSSH'S OF RANK 2 ON THE N-SPHERE

In this Section we write down explicitly the STSSH's of rank 2 on S by using the method
of separation of variables. In this method the STSSH's of rank 2 on S are expressed in
terms of STSSH's of rank 7 (where # < 1) on SV~1. (The Oth rank STSSH's are the
eigenspinors of the Dirac operator constructed in Ref. [5].) We present the details of the
calculations in Appendix 4.13.

The representation-theoretic background concerning the STSSH's of rank 2 is very similar
to the case of STSSH's of rank 1 presented in the previous Section. Therefore, we are
not going to discuss the corresponding representation-theoretic details here; we will just
focus on the explicit expressions for the STSSH's of rank 2 on S™V. Let us recall the main

idea: the construction of eigenmodes on S using the method of separation of variables

138



4.5. THE STSSH’S OF RANK 2 ON THE NN-SPHERE

corresponds to specifying the basis vectors of a spin(N + 1) representation space in the
decomposition spin(/N + 1) D spin(N).

4.5.1 STSSH’S OF RANK 2 FOR N EVEN

The equations for the STSSH's of rank 2 are given by:

771/&%5 ) = £i[G ] 1/&%5 s (4.62)
Vo B — ey Bento) _ (4.63)
g Pl =, (4.64)

[see eqgs. (4.4) and (4.5)] where the labels o,n, ¢, p have the same meaning as in the
case of STSSH's of rank 1 [see the discussion after egs. (4.38) and (4.39)]. Note
that eq. (4.64) is not independent of the gamma-tracelessness condition, as it arises
by contracting eq. (4.63) with v”. As demonstrated in Appendix 4.13, by requiring our
eigenmodes to be non-singular, we find the quantisation condition for the eigenvalue in
eq. (4.62),

N
|Gun| =n+ 5 n € Ny, (4.65)

(Nj is the set of positive integers including zero), while the allowed values for the angular
momentum quantum numbers are found to be n =2,3,...and { =2, ....n
For each value of n we have a representation of spin(/N + 1) acting on the space of

the eigenmodes z/uif ntip) (or 1/1(,%3;"[”3)). The highest weight X = (Aq, ..., Any2) for this

representation is given by [24]

- 151 1
= T ey = =2,3,...). 4.66
(0435 50m5)  (1=23,.) (4.66)

Note that for N = 4 we have X = (n+1/2,5/2). Asin the case of STSSH's of rank 1, the
two sets of eigenmodes, {1/4#5 m6PY and {1/}(3 7m0} form equivalent representations

and they are related to each other by ¢+€L5 nbh) — N“w (Bioinkip),

spin(IN') content and types of eigenmodes. Equations (4.62)-(4.64) have three
different types of mode solutions, namely, the type-I modes, the type-II modes and
the type-IIT modes. The label B is used in order to indicate the type of the STSSH
¢£5 5P on SN In analogy with the rank-1 STSSH's discussed in Section 4.4, the

rank-2 type-I modes are constructed using the eigenspinors y1,; on SV! [eq. (4.27)],
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while the type-II modes are constructed using the TT eigenvector-spinors 1/)( gp) on
SN=1 [egs. (4.52) and (4.53)].
The rank-2 type-III modes are constructed using the STSSH's of rank 2 on SV-!

( Nfgﬁ’?), satisfying

(Bitp) ‘ N — 1\ ~(Bus
77?%9 9p =+ (g T ) (ieiei) (4.67)
- (B;£p) 7 (B;tp
9 ?ﬁie 9p - ieiei) =0, (4.68)
gl =0, (4.69)

where the label B indicates the type of the STSSH wi%p on SV1 (The rank-2
STSSH's on odd-dimensional spheres are presented in Subsection 4.5.2.) We require
¢ = 2,3,... in order for &;@;@f) to be non-singular on S¥~1.7 We suppose that the

STSSH's on SN—1, zﬂﬁig’) are normalised as

B Y(Bilp (B3 )00,
/SN—l\/EdeN_l ’QU:(':B;;?;)(ON_DT w:(tB p) J (ON—l) == (5&/555/533/, (470)
where all the &Jrgigj modes are orthogonal to all the &,gigj modes. For each value of /,
the set of eigenmodes {QZJ:(‘:BQEJJJ)} forms a spin(N) representation with highest weight [24]:

- 151 1 1
+
f2 ( +272727 727 2)

- 151 1
f2_ <€+2a2727a2>

for N even, and

for N odd.

Now let us present the explicit form of the STSSH's of rank 2 on S¥ (see Appendix 4.13
for the derivation).

Type-I modes. The type-I modes with negative spin projection (0 = —) on S¥ are
given by

(4.71)

Q/)ﬁzle_enep (On,On_1) = ( ¢£12€)(9N>X—£ﬁ(9]v_1) )

i) (On)x _05(On 1)

)P () Vo, X—e5(On— )+ D) (QN)’YG X—e5(ON-1)
iﬁfe;enz On,0n-1) =
+iC? (0x) Vo, X—05(On—1) £ iDL (O) o, x05(On 1)
(4.72)

"This requirement for ¢ is motivated naturally in the recursive construction of the STSSH's of rank
2 in Appendix 4.13.
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@/fjfe_e: 52 (0n,0n-1)

KL (0) Go,0,.X—5(On-1)

iiKr(i) (On) Go,0, X—05(ONn-1)
W (0n) Ho,0,x-05(0n-1) + T (0y) He 0, X—3(ON—1)
+ , (4.73)
iiW (QN) H9 0 X—05(On—1) iZT (GN) He 0, X~ 0p(On-1)

(j,k=1,...,N — 1) where y.; are the eigenspinors on SV ! [see eq. (4.69)] and we
have defined

]:‘IQij = @(9].@9,@) —q

96;05 77— 7 (4.74)

ﬁéjgk = (o, Voy) — G0 1 (4.75)
These differential operators satisfy §%% Hy g, = g"ﬂkﬁgj(,k = 0. Note that Y~7Xigﬁ =
+i (ﬁ—i— )Xigp [eq. (4.27)], while @Xﬂﬁ = @‘%@gkxﬂﬁ is given by eq. (4.206).
The function ¢n£ is given by eq. (4.31), the function ¢7(125) is given by eq. (4.32), the
functions C(T( ) and C’,(;)(Q) are given by eqgs. (4.47) and (4.48), respectively, while
the functions DSK)(Q) and DSZ)@) are given by eqs. (4.49) and (4.50), respectively. The

functions describing the dependence on 6y in eq. (4.73) are given by

sin? 0

K(T)(GN) ﬁ¢ (On), (4.76)
_ sin 20

K&)(QN) Nw(Q)( ) (477)
_2@‘ N -1

Tfl?(@N) N+ {sinQ C(T)@)( N) — (f + 2) Wég)(eN) } ; (4.78)
—9 N -1

00— 52 (oo (0 X ). o

W(P(QN) _ sin QN

((—1)(l+ N)(N—-1)

NN =3)(¢+21) NV +1)
8 { N—1 *

cos HN} C’ (QN)

N +1

N
— (n+ )V + 1) sinby O (O) + 5 sinfx ¢£32<9N>} (4.80)
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and
W(J’)<9N) _ SiH@N
e ((—1)(¢+N)(N—-1)
NN =3)(¢+2%2)  N(N+1
x{{— ( >( 2)—|— ( +)COSQN]C (QN)
N -1
N N+1 |
+ (n+ 5)(]\/' +1)sinfy C @ (gy) + v sin On wﬁ)(éN)}. (4.81)
The type-I modes with positive spin projection, wﬁtm&ﬁ), are given by expressions

(I;+3mt;p)

6P To be specific, the expression for Vigyoy 1S

similar to the expre55|ons for wi
found by exchanging gbng and WM and replacing x_¢; by Xx+4¢5 in eq. (4.71) and the

+nep)

expre55|on for the component ¢i9 is found using eq. (4.72) as follows: we exchange

Cne and ZCM ; we also exchange fo}@) and iDﬁfg)@) and we make the replacements
@g X—t5 — @9 X+£,o and g, X5 — —79,X+¢5- Similarly, fgj;:ﬁﬁ) is found using the
expression for gbi@ enﬁ 2 [eq. (4.73)] as follows: we exchange the functions with superscript
‘(1)" and the functions with superscript ‘(1)’, i.e., KT(L “ zK s W M @W( and
TT(LP — z’Téf (the symbol <+ denotes the exchange of the functlons appearing in the
two sides of the ‘left-right" arrow) and we also make the replacements x_y; — x5 and
ﬁéjgk — —ﬁéjgk in eq. (4.73).

Allowed values for angular momentum quantum numbers. Let us now verify that
the allowed values for the angular momentum quantum numbers n and ¢ for the type-I
modes satisfy n > ¢ > r = 2. As in the case of STSSH's of rank 1 (see Subsection 4.4.1),
the appearance of ¢ in the denominator in eqs. (4.47) and (4.48) implies that there is
no type-I mode if the d60y-component (4.71) has ¢ = 0. Similarly, as egs. (4.80) and
(4.81) indicate, there is no type-I mode with 6y0y-component given by eq. (4.71) with
¢ = 1. Also, as demonstrated in Appendix 4.13, the quantisation condition (4.65) for the
eigenvalue, as well as the condition n — ¢ > 0, arise as the requirement for the absence
of singularity in the functions gbf?z) and @/)7(123). Thus, the allowed values for n and ¢ are
n=2,3,...and £ =2, ....n, respectively.

Type-IT modes. The type-II modes with negative spin projection (o = —) on SV are
given by

¢£§NA N M;ﬁ)(QN, On_1)=0 (4.82)

[ e we”)(ezv 1)
¢ieN (9N70N—1)—(:l:“p ( ) (_ (0N71> (4.83)
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T (O8) Vi, 057 (On-1) + AN (O8) 6,857 (B-1)

WU Gy, By_1) =
+irY (05) v m“ﬂ (On_1) £iAY (0x) 7 ¢<“P>(9N )
(4.84)

(j,k=1,..,N —1), where gb ne 1S given by eq. (4.31) and 1/)9 is given by eq. (4.32).
The type-A TT vector-spinor eigenmodes wiglfp) on SV~1 satisfy eqs. (4.52)-(4.54) and
they are non-singular on S™¥=1 for £ = 1,2, ... (see Section 4.4). The functions describing

the dependence on 0y in eq. (4.84) are given by

AD@y) =i [ e+
n = F 0 0 4.
) e s smevlen)| . (e85)
AW Oy) - [ e+ N .
= el T (0x) — sin by 9 (0n) (4.86)
and
T (0x) N-17 «©
52 — (6—1 V) stN COS@N+€+72 :|¢’Ez€)(0N)
_N+1 N
(n+ =) sin? Oy (6x) . (4.87)
N 2
INVACIY) 1 " [N+ Lot ¢ N — ] 59 (0y)
= sin coslly — 0 — ———
2 ({—1)((+ N) N2 N 2
N +1 N, .
+ (n 4+ =) sin? GNQSS?(QN) . (4.88)
N 2
(IT-A;+;nt; p)
The expressions for the type-II modes with positive spin projection, ¢i,w are
similar to the expressions for wilfwA ntip) presented above. More specifically, the expres-
sion for @bﬁéNAf"M is found by exchanging ¢£f? and iwff? and making the replacement

2/}(A ) _y @D Ae”) in eq. (4.83). The steps required in order to find the expression for

y using eq. (4.84) are: we exchange and "/, as well as and 7 ,
;; ;;‘j ntip) b i 4.84 h I andirt Ilas A" and iAlY

= T(Atp SAGYZ 5 Aitp = At
and we make the replacements V(gjl/}(_e )’)) — V(gjzﬁi@k)p) and 7(9j¢(_9k)p) — —7(9].1/11916)’))
in eq. (4.84).

Allowed values for angular momentum quantum numbers. Let us now verify that
the allowed values for the angular momentum quantum numbers n and ¢ for the type-II

modes satisfy n > ¢ > r = 2. As mentioned in Section 4.4, the eigenvector-spinors on
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SN=1 (4 /;ep)) are non-singular for £ > 1. Also, since £ — 1 appears in the denominator in
egs. (4.87) and (4.88), there is no type-II mode with 6x6;-component given by eq. (4.83)
with £ = 1. As in the case of the type-I modes, the quantisation condition (4.65) and
the condition n — ¢ > 0 arise by demanding gbflof) and ¢,(L%) to be non-singular. Hence,
the allowed values for the angular momentum quantum numbers are n = 2,3, ... and
(=2 ..n
Type-IIT modes. The type-III modes with negative (¢ = —) and positive (o = +)

spin projections on SV are given by

LT P O, Oy-1) = (4.89)
Vs POy, On-1) = (4.90)
(~ ) (g
IHB—”ZP) 9 9 3 — —~6~9k~( N— 1) 491
¢i9 " ! (iwne 9N (—eeep (On-1) ( )
and
YU (O, Oy 1) = 0 (4.92)
QU (G, By 1) = 0 (4.93)
- (=2) 7(Bstp)
nt;p W (‘QN)¢+9-9 (On-1)
G (0, Oy ) = _ (B : (4.94)
o 602 (0) D50 (B _1)

(j,k=1,..., N — 1) respectively, where gbnf is given by eq. (4.31) and @D?(lf) is given
by eq. (4.32). The STSSH's of rank 2 on SV~! ﬂ’ie Zep satisfy egs. (4.67)-(4.70) and
they are non-singular for ¢ = 2,3, ... (see the next Subsection). By working as in the
case of type-I and type-II modes discussed above, we find again that the allowed values

for the angular momentum quantum numbers are n =2,3,...and { =2, ....n

4.5.2 STSSH’S OF RANK 2 FOR N ODD

The equations for the STSSH's of rank 2 are given by eqgs. (4.62)-(4.64), where the
gamma matrices are given by eq. (4.19). We denote the STSSH's of rank 2 as wﬁbf“
(withn =2,... and £ = 2,...,n), where the label B denotes the type of the mode. Note
that for NV odd there is no spin projection index on S% [see also the discussion after
eq. (4.57)]. The labels n, ¢ and p have the same meaning as in the case of the STSSH's

of rank 1 in Subsection 4.4.2.
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For each value of n we have a representation of spin(N + 1) acting on the space of the
eigenmodes wiifé ) The highest weights X = (A1 s A(v41)/2) for these representations

are [24]
151 1
Ai:<n+2,;,2,...,2,i), (n=2,3,..). (4.95)

Note that for N = 3 we have X* = (n+1/2,£5/2).
Type-I modes. The type-I modes on S™ are given by

1

VR O, 85-1) == (1 + in™) {0 (0n) £ 0 O™ fxs(By-1)  (4:96)

S-S

P8P (On, By-1) = <1+wN>{ (CP(On) £iCHP (On)7™) Vo, x—e5(Ox-1)
+ (DI (0) £ iDG (05)7) %jx_e,xezv_o} (4.97)

%Ieneékp)(QNa On_1) =

Sl

(1+ WN){ (K5 (Ow) £ K07 (0x)7™) Go,0,x0(On—1)

_|_

(Wid (0x) £ W (On)Y™) Hoyo, X501

+ (T (0n) £ 4T3 (0n) )ﬁgﬁkm(em} (4.98)

(j,k = 1,..,N — 1) where the eigenspinors X—¢5 on SN satisfy eq. (4.27). The
functions gbnz ,wffe), Cg})@), D,(Lb@)(2 an : W(b and T( (where b =1, ), describing the
dependence on 0y, are the same as in the even-dimensional case [see egs. (4.71)-(4.73)],
while Hy,q, and fféjgk are given again by egs. (4.74) and (4.75), respectively.

Type-II modes. The type-II modes on SV are given by

I (G By 1) = 0 (4.99)

1/)5]:19"6 ?Ox,0x-1) = \}5(1 + WN){%O@)(QN) + WS?(QN)VN}@/;(_%;&;)(ON—D
(4.100)

Gl (O, On) = \/15(1 + WN){ (T (On) =405 (On)7™) Vo, 0% P Ox-)

_|_

~/

AD0y) 0D (0x)7 )mw( POy 1)} (4.101)
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(j,k=1,...,N—1) where the TT eigenvector-spinors @/;(_’Zéfﬁ) on SV~ satisfy egs. (4.52)-

(4.54). Asin the even-dimensional case, the functions ¢ and 1\ are given by egs. (4.31)

and (4.32), respectively. The functions Afj}, Afj},rﬁl? and Fﬁj} are given by egs. (4.85) ,

(4.86), (4.87) and (4.88), respectively.

Type-IIT modes. The type-IIl modes on SV are given by

w(ﬁ[g\;ﬁ;nf;ﬁ) (Ox,0y_1) =0 (4.102)

¢$g;ime;ﬁ) (O, 0n_1) =0 (4.103)

¢§j§§f”“ﬁ)(91\,, Oy_ 1) = 12(1 + WN){@ZZ”(@N) iy, (HN)VN}ﬂ—g}@(ON—l)’
(4.104)

(j,k=1,...,N — 1) where the rank-2 STSSH's on SN~! (@Z)(j;@) satisfy eqs. (4.67)-
(4.70), while the functions gbflf) and ¢1(J2) are given by egs. (4.31) and (4.32), respectively.
As in the case with N even, by requiring that the rank-2 STSSH's of all types (i.e. type-I,
type-1I and type-1II) on S are non-singular, we obtain the quantisation condition (4.65)
for the eigenvalue, while the allowed values for the angular momentum quantum numbers

are found toben =2,3,...and { =2, ....n.

4.6 NORMALISATION FACTORS AND TRANSFORMATION PROP-
ERTIES UNDER SPIN(NV + 1) OF RANK-1 AND RANK-2 STSSH'S

In this Section, we study the transformation properties of a specific class of STSSH's of
ranks 1 and 2 on S™ under a spin(IN + 1) transformation. (This class will be specified
by determining the spin(/N), as well as the spin(N — 1), contents in the decomposition
spin(N + 1) D spin(N) D spin(N — 1).) We also write down explicitly the normalisation
factors for all STSSH's of ranks 1 and 2 and we make a conjecture for the normalisation
factors for STSSH's of arbitrary rank r.

In order to derive the transformation formulae and determine the normalisation factors
for STSSH's of ranks 1 and 2, we introduce an inner product on the solution space of
egs. (4.4) and (4.5) and we also exploit the spin(/N + 1) invariance of this inner product.
The transformation properties and the normalisation factors that we present in this
Section have been obtained after long and tedious calculations. For this reason, in this

Section, we simply present the results of our lengthy calculations and provide the necessary
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mathematical background (for example, we discuss the Lie-Lorentz derivative (4.105) [27]).

We refer the reader to Appendix 4.14 for details of the calculations.

4.6.1 LIE-LORENTZ DERIVATIVE AND SPIN(/N + 1) INVARIANT INNER PROD-
UCT

Let v, .. be any tensor-spinor of rank r and & be any Killing vector on SY. The
infinitesimal change d¢1,,, .., due to the spin(N + 1) transformation generated by £ is
conveniently described by the Lie-Lorentz derivative [27]

Lf wul...ur = fyvl/w}ld.‘.pq« + wlluz...urvilqu + ¢M1V}L3...urvu251j _|_ _'_ wﬂl,..y,r_ll/v}h«gl/

1
+ Ve Y (4.105)

The Lie-Lorentz derivative satisfies [27]

Le e, =0, 4.106a
€ Cu

L:y*=0 (4.106b)
3

and - after a straightforward calculation - one can verify that
(Lfvu - vuLﬁ) @bm---ur =0. (4-107)

Thus, if ¢, ,, satisfies egs. (4.4) and (4.5) (i.e., if ¢, ., is @ STSSH of rank r), then
L¢ vy, ..., also satisfies egs. (4.4) and (4.5). Also, the Lie-Lorentz derivative preserves
the Lie bracket between two Killing vectors []Lg,]Lgf] = LL¢¢n, and, thus, generates a
spin(N + 1) representation in the space of eigenmodes.

Let us introduce the following inner product on the solution space of eqgs. (4.4) and (4.5):
1) (2 1 )1 pur
(600 = [ Vadonult,, wEe, (4.108)

where d@y stands for dfy...d0, db, while Y and /3 are any two STSSH's of

B B for
rank r with the same angular momentum n on SV .8 Since the inner product (4.108) is

invariant under spin(N + 1), we have

(Lew®. @)+ (60 Ley®) =0 (4.109)

(r)

8Any two STSSH's with different signs for the eigenvalue in eq. (4.4) and/or with different n are
orthogonal to each other, since i¥ is hermitian with respect to the inner product (4.108).
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for any Killing vector £ on SV,

We will study the transformation properties of a certain class of STSSH's of ranks 1 and

2 under spin(N + 1), by specialising to the case where the Killing vector in eq. (4.105) is

given by £ = .

0 ) 0
S =10, = cosOn_y 00 cot Oy sinfn_, o

(4.110)

Now, let us discuss the certain class of STSSH's of ranks 1 and 2 on S (N > 3), the

transformation properties of which we are interested in.

» STSSH’s of rank r = 1. We will study the transformation properties of the
class of STSSH's which comprises: the type-I modes and a certain kind of type-II
modes, called type-II-I modes. The type-II-I modes on SV are defined for N > 4
and they are constructed in terms of type-I eigenvector-spinors on SV~!. Thus,
the type-II-I modes on S™ are given by letting A = I in eqgs. (4.55) and (4.56)
(for N even) and in eq. (4.61) (for N odd).

From a representation-theoretic viewpoint, the type-I modes correspond to the
following spin(N) and spin(/N — 1) highest weights:
Type-1I modes for N even:

1 1 1
ST 2,02) for spin(NV)

N | —

o= (£+
(with o0 = +) and

;) for spin(N — 1),

lqo = (m—i— 1, 1, .
2°2
where fBi has N/2 components, while lo has N/2 — 1 components. These highest
weights satisfy the branching rules for spin(/N 4 1) D spin(N) D spin(N — 1) [24,
15], which imply n > ¢ > 1 and { > m > 0.
Type-I modes for N odd:

- 11 11 .
fo= <€+2,2,...,2,2> for spin(IV)

and
11 1

1
35 2,0‘]\/_12) for spin(N — 1),
where oy, = +, fo has (N —1)/2 components, while [T also has (N —-1)/2

components. We will call the index oy_; the ‘spin projection index’ on S¥=1 (N

™ = (m +
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odd). Again, these highest weights satisfy the branching rules for spin(N + 1) D
spin(V) D spin(/N — 1) [24, 15], which imply n > ¢ > 1 and ¢ > m > 0.
Similarly, the type-II-1 modes correspond to the following spin(/N') and spin(N — 1)
highest weights:
Type-II-1 modes for N even:

= 131 1 1
f: (6‘}‘2,2,27...,2,02) for Spln(N)

(with 0 = £) and

—

11 1
lo (m + 3 50 2) for spin(N —1).
The weight f:i has N/2 components, while lg has N/2 — 1 components. Again,
these highest weights satisfy the branching rules for spin(N + 1) D spin(N) D
spin(N — 1) [24, 15], which imply n > ¢>1and £ > m > 1.
Type-1I-1 modes for N odd:

o 131 1
fl <£+272727 72> orspln( )
and 11 1 1
l_(;oNil = (m + 57 57 sy 27UN12> for spln(N - 1)’

where oy_, = =, while f; has (N — 1)/2 components, and I also has (N —1)/2
components. Again, these highest weights satisfy the branching rules for spin(/N +
1) D spin(N) D spin(N — 1) [24, 15], which imply n > ¢ >1and { > m > 1.

» STSSH’s of rank » = 2. We will study the class of STSSH's which comprises:
the type-I modes, the type-II-I modes and the type-III-I modes. As in the case
of rank-1 STSSH's, the type-II-I modes on S¥ are defined for N > 4 and they are
constructed in terms of type-I eigenvector-spinors on SV 1. Thus, these modes are
given by letting A = I in eqs. (4.82)-(4.84) (for N even) and in egs. (4.99)-(4.101)
(for N odd). The type-III-I modes on SV are defined for N > 4 and they are
constructed in terms of type-I STSSH's of rank 2 on SV~ Thus, the type-III-1
modes on SV are given by letting B = I in eqs. (4.91) and (4.94) (for N even)
and in eq. (4.104) (for N odd).

The representation-theoretic content of this class of eigenmodes concerning the
decomposition spin(N + 1) D spin(/N) D spin(/N — 1) can be found as in the case
of STSSH's of rank 1 discussed above.
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4.6.2 NORMALISATION FACTORS AND TRANSFORMATION PROPERTIES UNDER
SPIN(N + 1) or STSSH’S OF RANKS 1 AND 2

Case 1: N even. Using the inner product (4.108), we define the normalisation factors

cg\?”)(n,é) for the STSSH's of arbitrary rank r and type B on S%, #JEfmfp) as

. -2
" (n,0)

V2

(pfEent) g enan) Suwborbdyy.  (4110)

(r)

The normalised STSSH's are cng”“) (n,0) /2 q/;(B;";"é?ﬁ)_

1.
As discussed in Sections 4.4 and 4.5 (for r = 1 and r = 2, respectively), the STSSH's of

rank 7 on SV, {2759 are constructed in terms of STSSH's of rank # < 7 on S¥-1,

.
using the method of separation of variables. The type of the mode wﬁﬁffﬁp) (i.e. the

value assigned to the label B) depends on the choice of 7. For convenience, instead
of using the symbol 7, let us denote the rank of the STSSH's on SN~ as 7 (), where
the type-I STSSH's (17"”) have 71 = 0, the type-II STSSH's (¢{'1-47%?)) have

7y = 1, the type-III STSSH's (;z)ﬁf,ﬂﬂ‘i‘f”‘;ﬁ)) have 71y = 2 and so forth. As shown

in Appendix 4.14, the normalisation factors for STSSH's of rank r € {1,2} are given by

2 .
27N E) D(n— 0+ 1)D(n+ £+ N)

& (n, 0)
/2

r Ny|2
(+0) T(n+ 3]
r—1 N +] + f(B) -9 r—1
0— 7l +N—-1+7
X(H N+2j—1 AL =i+ )
J=T(B) J=7(B)
it 1 (4112)
x ; ‘ . 4112
=+ ) = (r—j+ Y52
(7(B) < 1) where (F(;)) is the binomial coefficient. Here, if 11 > vy, then [[[Z, = 1.

We have proved eq. (4.112) only for r = 1 (where B = I, II) and for r = 2 (where
B =1,1I,IIT). We make the following conjecture, which is true for r =1 and r = 2:
Conjecture: The normalisation factors for all types of STSSH's (i.e. STSSH's with all
possible values of B) of arbitrary rank r > 1 on SV are given by eq. (4.112), where
n>{>r>7p and 7(p € {0,1,...,r}. (This conjecture will be useful in future
attempts to extend our present study to the case with spin s > 7/2.)

Useful shorthand notation. Before presenting the transformation properties of our
STSSH's of rank r = 1,2 under spin(NN + 1), let us introduce the shorthand notation
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qp (Bontmin) for the STSSH's of ranks 1 and 2, defined as follows:

77Z)gﬁ;g;nem;p) _ wfi;la;ném;p) (B =1, II-I), (4.113a)

¢i§{ﬁ] joinlmip) 0, (4.113b)
(B;o;nlm;p) (Bsosntm;p) —

p(Bomtme) _ pBeninn) (g 1 g ), (4.113c)

where we have also written out explicitly the dependence on the angular momentum
quantum number on S™V=2 m, which corresponds to £ on S¥~1. The symbol p represents
labels other than o, n, £ and m. For the type-I modes we have m = 0, 1, ..., ¢, for the type-
II-1 modes we have m = 1,2, ..., ¢ and for the type-III-I modes we have m = 2,3, ..., /.
(In other words £ > m > 7p).)

Transformation formulae for type-/ modes. As demonstrated in Appendix 4.14, the

spin(N + 1) transformation of the type-I modes is expressed as

I;o;ndm; Lo (64+1) m; Lo (6—1) m; (I;—o;ntm;
Ly@DiNr RN @/)( ) + " @DiNr Dmie) _ i ¢iNr ’)
1 =) ngﬁ\,f ioinémsp) (4.114)

where the coefficients on the right-hand side of eq. (4.114) are
m+l+N)L+N+r—1)

gD T DTN T x \J(l—m+1)({+N—1+m), (4115)
0 = = mem+ N =), (4.116)
0 (n+ J)(m—+ 222)(N +2r — 2)
=3 T (4117)
and
(I—11) 4[(n—|—]§)2—(N—2)2/4 (N+r-2) N—-3 m(m+ N —2)
” - ((l+N-1)(N-2) “\N-2((+ 1)+ N-2)

(4.118)

Equations (4.114)-(4.118) hold for r = 1,2. Note that the sign of the spin projection
index ¢ is flipped in the third term of the linear combination in eq. (4.114), while i)
is the only imaginary coefficient on the right-hand side of this equation. Also, note that
U= yanishes for m = 0, i.e. for m = 0 there is no mixing between type-I and
type-II-I modes in eq. (4.114). This is consistent with the fact that type-I/-I modes
are defined only for m = 1,2, ..., /.
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Transformation formulae for type-//-/ modes. The spin(/N + 1) transformation of

the type-II-1 modes is expressed as

HIO'anp) H (II-I;o;m (£41) m;p) (I ), (I-T;05m (£—=1) m;p)
Loin, wj:Nr + A £N,

(), (I-I;—omem;p)
(%<4 wim

g D) g Lintmip) | (1) (- Tiointmip) (4.119)

where
D — _ m+l+N)L+N+r—1)
S AHEN
$Eiﬁigﬁz]z:?§<€_m+1W+m+N—1), (4.120)
m_ (n—=L+1)(l—1) (04 1)(¢ + N — 3)
ST = J My N—gz (—mtmt+N-=2)
(4.121)
jii (n+ %) (m+ 22)(N —4) N +2
. 200+ 222 (0 + YY) (N - 2) ( N > (4.122)
(4.123)
-1 T (N =3)m(m+ N —2)
7 J (N=2)((+1)(t+N—2)’ (4.124)

where r = 1,2 and

<){C/(II—UII) —

23[(“]5)2—]‘[2/4}(]\7“) N—2(m-1)m+N—1)
(- 1)+ NN NN (C+N—1)
(4.125)

[eq. (4.125) is defined only for r = 2]. The sign of the spin projection index is flipped in
the third term of the linear combination in eq. (4.119), while i5c/)) is the only imaginary
coefficient on the right-hand side of this equation. Note that »!) vanishes for N = 4
and thus type-II-I modes with different spin projections on S* do not mix with each
other under the transformation (4.119).
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Transformation formulae for type-///-I modes. The spin(/N + 1) transformation of
the rank-2 type-III-I modes is expressed as a linear combination of other STSSH's of

rank 2, as follows:

Lyqp(ﬂl-f;a;nfm;p) — gy w(m—l;a;n (€+1) m;p) + ggU) ¢(111-I;0;n (€=1) m;p)

+p1p2 L1 p2 tuipe
ey w(ilill-i;fa;ném;p) 4 (HI—1T) w(ﬁ-f}g;ném;p)’ (4.126)
where
+/(+ N) (l+2)({+N—-2)
ot — (1 X (—m+1D){l+m+N-1
200+ ) Ny omDEem )

(4.127)

) _ g&;ﬂj_ii « J CEDEENZ3) oy eems N—2),  (4.128)

T+ 5+ DN (4.129)
and
m—my L (N=2)(m—-1)(m+ N —1)
o ( ) — 4\] NI N D) ) (4.130)

As in eqs. (4.114) and (4.119), the spin projection index o has flipped sign in the third
term of the linear combination in eq. (4.126). Note that the STSSH's ¢§§,{{;[3‘;”4m”))

HI-I;4+;nbm;
and w( +nmp

T ) do not mix with each other for N = 4 since the coefficient 31!

[eq. (4.129)] vanishes for this value of N.

Case 2: N odd. As in the case with IV even, the normalisation factors for the STSSH's

1/}(3;7%;/3)

L. are defined using the inner product (4.108), as

. -2
&7 (n,0)

V2

<¢;B;n€;ﬁ)7¢§:3’;nf’;ﬁ’)) =

) 533/5@5/555/. (4131)

As demonstrated in Appendix 4.14, the normalisation factors for N odd are given again
by eq. (4.112). The conjecture for the normalisation factors of the STSSH's in the
passage below eq. (4.112) is made for both N odd and N even.
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As in the case with IV even, we introduce the shorthand notation w( IEIN=1TR) for the
STSSH's of ranks 1 and 2, as

w(iB;\;;lzé;aN,l;m;p) 1/}:5“7% 30N —1;M5P) (B = I, I]—I), (41323)
¢ﬂg\111] mbon—1;mip) _ 0, (4.132b)
p{nton-vmie) _ Binbox-mio) (g — [ 11, ITI-1), (4.132c)

where we have also written out explicitly the dependence on the angular momentum
quantum number on SY~=2, m, which corresponds to £ on SV, as well as the dependence
on the spin projection index on SN¥~! (oy_; = &). The symbol p represents labels other
than n,¢,on_1 and m.

Transformation formulae. As shown in Appendix 4.14, the spin(N + 1) (N odd)
transformation of the type-I, type-II-I and type-III-I modes are expressed as

Lyw (Iint;on—15m;p) — D ,QZ):(I:[];\TTLT(K+1);UN_1;m;p) + 20 @Dilﬁr(f*l);azv_um;p)

. 1) (Iimbon_1;m;p) I, (I-I;nton —15m;p)
:l:ZO—N_l%()'l?DiNT +=%/( )QZJ:‘:Nr 5

(4.133)
(II-Iymt;o N —1;m;p) I (II-Iym (641);0 N —15m5p) () (II-Iym (6—1);0 N —1;m5p)
Ly@/’im =" yiy + B :tN
+ion_y %(II) wiI]IVI,né,UN_umm + (%/(II—U w(l;omf;ow—l;m;p)
T ™
-1 (H-Iinto N —15m;p)
+ o T2 : (4.134)
and
(II-I;nt, O'N_l;m;p) []] (HI-Iyn (b+1);0 N —1;m5p) () (HI-I;n (L—1);0 N —1;m5p)
Lywiumz lpﬂ:mm + A wﬁ:mm
. () ) (II-Into N —15m50) (IT—1I) ,;, (I-I;nto N —1;m;p)
tioy-1x ﬂ’imm + A ¢iM1M2 )
(4.135)

respectively. [In egs. (4.133) and (4.134) we have r € {1,2}, while eq. (4.135) is relevant
only for = 2.] All coefficients in eqgs. (4.133)-(4.135) are given by the same expressions
as the coefficients in the case with N even [see egs. (4.114), (4.119) and (4.126)]. Unlike
the even-dimensional case, the two spin projections o_1 = £ do not mix with each
other in egs. (4.133)-(4.135). However, the two spin projections oy_1 = + mix with each
other under spin(NV) transformations. Note that the transformation formulae (4.134)
and (4.135) are defined only for N > 5 (N odd), since type-II and type-III modes on
SN do not exist? for N = 3.

9This is consistent with the fact that the coefficient % !=11)  given by eq. (4.118), vanishes for
N =3.
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We are now ready to analytically continue our rank-1 and rank-2 STSSH's to dSy and
study the group representation properties of the analytically continued STSSH's.

4.7 OBTAINING SPIN-3/2 AND SPIN-5/2 MODE SOLUTIONS ON
N-DIMENSIONAL DE SITTER SPACETIME BY THE ANALYTIC
CONTINUATION OF STSSH'S

4.7.1 ANALYTIC CONTINUATION TECHNIQUES

In this Section, we begin by discussing our analytic continuation techniques for STSSH's
of arbitrary rank r and then we specialise to the cases with » = 1 and r = 2.
It is well known that dSy can be obtained by an “analytic continuation” of SV (see,

e.g., Ref. [22]). By replacing the angle @y in the line element of SV (4.8) as:
m .
On — z(t) = 5 it, (4.136)
(t € R) we find the line element for global dSy:
ds? = —dt* + cosh® t ds%,_,. (4.137)

Motivated by this observation, we can obtain the field equations (4.1) and (4.2) on dSy
by analytically continuing eqgs. (4.4) and (4.5), respectively, for the STSSH's on SV. For
convenience, let us give here again egs. (4.4) and (4.5) for STSSH's on S™:

) N
Wwimmm =44 <n + 2) Yooy (m=r,r+1.) (4.138)

V%zaps.r =0, Y Yrapy.p, = 0. (4.139)

Without loss of generality, we can choose to analytically continue the STSSH's with
either one of the two signs for the eigenvalue in eq. (4.138), since each of the two sets
of modes, {t4,,. ., } and {¥b_,, ..}, forms independently a unitary representation of
spin(/V + 1) labelled by n (see the beginning of Sections 4.4 and 4.5). Here we choose
to analytically continue the STSSH's ¥_,,,

..u.- By making the following replacements in
egs. (4.138) and (4.139):

];[ (teR, MTcR\{0})  (4140)

QN%x(t)Eg—it, n— M —
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we obtain egs. (4.1) and (4.2), respectively, with imaginary mass parameter M = iM
(M # 0) on dSy. Recall that we are mainly interested in field equations with imaginary
mass parameter because our aim is to study strictly and partially massless representations
of spin(V, 1), where the mass parameter takes the imaginary values (4.3). Note that the
gamma matrices on SV [eqgs. (4.16) and (4.19)] transform under the replacement (4.136)
as: YV — ivN =P, while the 47's (j = 1,..., N — 1) remain unchanged.'®

Analytic continuation technicalities.

Let us now give a prescription for obtaining the explicit form of the spin-3/2 and spin-5/2
TT mode functions with mass parameter M = iM on dSy by analytically continuing
the STSSH's of rank 1 and 2, respectively.

Functions describing the time-dependence. The functions describing the time-
dependence of the analytically continued STSSH's are found by making the replace-
ments (4.140) in the (unnormalised) functions ¢'% (6y) [eq. (4.31)] and ¥'%(6y)
[eq. (4.32)], as

7(a "~ N ! a
@ (1) = {f% (M - 2,@)} B0 (1)) (4.141)
l+1—a l—a
t t
= <COS xé)) (sin 1:(2)>
- N N t
><F<—M 5+ M+€+—£+§ 25?) (4.142)
= e (7N (@ ¢ 4.143
¢Mg( ) = K¢ - 57 77ZJ(]\4 N)g( ( )) ( : )
~ l—a l+1—a
M t t
=7 n % (cos m(2)> (sin :10(2)>
~ N ~ N N +2 t
x F —M+—+£,M+£+—;£+—+;sin2@ , (4.144)
2 2 2 2
where £y (M — £, 0) is given by eq. (4.33) with n replaced by M — & while
0s z(t) = | sin 2(t) = @ (cosh ! + isinh t) . (4.145)
2 2 2 2 2

L0A[ternatively, we could analytically continue the STSSH’s on SV by making the replacement 6 —
/2 + it instead of the replacement (4.136). The analytically continued STSSH's with 6 — /2 — it
and the ones with O — 7/2 + it are related to each other by charge conjugation. However, these two
cases of analytically continued STSSH's form equivalent representations of spin(V, 1).
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Note that ngSEi) gb(a) and I;Ea_)M)e = —1&5\2 The condition ¢ < n does not hold for
dSy. Now £ can be any positive integer with ¢ > r.1!

Analytic continuation of eigenmodes. For brevity, let us use again the shorthand
notation introduced in eqs. (4.113) (for IV even) and (4.132) (for N odd). For N even,
we denote the analytically continued STSSH's as \II(BOMemp (t,0n_1) (where 0 = +
is the spin projection index on dSy, while m < ¢ and { =71, r+1,...). We define the
modes \I/%;U;Mém;p) by making the replacements (4.140) in the STSSH's w(j‘\}imm;p) on
SN as

s Mo ~ N B;o;(M—N/2) ém; .
‘Ilg\?,: e 7p)(ta BN—l) = |:'%¢ <M - 57 E):| wE]\Q ( / p) (7T/2 — Zt, 0]\]_1)
(4.146)

- -1
where [m¢ (M - %,6)} is essentially the factor used in eqgs. (4.141) and (4.143) [it is
used in order to cancel the normalisation factor (4.33) of the Jacobi polynomials]. Note
that, by viewing the replacement 6 — 7 — it as a coordinate change, we find that

Biointm;
Qb(_ein ™) transforms as

w(BanEmp i w(BU(M N/Q)Emp)

B o;ndm;p) (B;o;ntm;p)
Similarly, 55 and Y24 5. transform as
(B;o;nlm;p) (BU(M N/2)Zmp)
77ZJ ONON — 77/1 tt
and
(Bsoynbmp) (Bios(M—N/2) tmip)
77Z)—91\7091' - Zw h )

respectively.

For N odd, the analytically continued STSSH's are denoted as \I/
on-1=x,m<land { =7, r+1,..). They are obtained by analytically continuing
the STSSH's w(_l;}f&m’“m;p)(HNﬁN_l) on SV, as

(BsMbo —1mip) (where

o - N -1 (M — 0N 13 .
\I/(BMZ N—1;1p) (t,0y_1) = [% <M— 2%)] ¢£J?V£M N/2) tion-1 p)(w/Q—@t,ON_l).

(4.147)

Hn our previous article [25], the function ngé(t) (;5( ZA{)Z( ) is denoted as @%Z)é(t) (where

M = iM). Similarly, the function @Z)NM( )= ¢Ea_)iM)£(t) is denoted as Ll'/](\;%(t)
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Note that, unlike the case with IV even [eq. (4.146)], the analytically continued STSSH's
(4.147) have a spin projection index (onx_1) on SV~ instead of a spin projection index
on dSy.

The aforementioned analytically continued eigenmodes have been also constructed directly
on dSy using the method of separation of variables in our previous article [25], where
representation-theoretic details concerning the decomposition spin(/N, 1) D spin(/V) can

also be found.

4.7.2 PURE GAUGE MODES FOR THE STRICTLY /PARTIALLY MASSLESS SPIN-3/2
AND SPIN-5/2 THEORIES

As in Minkowski spacetime, (strictly and partially) massless field theories in dSy are
gauge invariant [9]. In terms of mode solutions of the corresponding field equations,
gauge invariance manifests itself through the appearance of ‘pure gauge' modes in the
set of mode solutions. The ‘pure gauge’ modes do not describe propagating DoF of the
field theory and - assuming that there exists an invariant inner product for the mode

solutions - these modes have zero norm (see, e.g. Ref. [22]).

For later convenience, let us present the ‘pure gauge' modes that appear among the
analytically continued STSSH's of rank r (r = 1,2) when we tune the imaginary mass pa-
rameter (M = iM) to the strictly/partially massless values M = =+ [r — T + (N — 2)/2],
where T = 1, .., 7 [see eq. (4.3)]. For each strictly/partially massless value of M, the
analytically continued STSSH's of rank r with » — T > 7 > 0 are ‘pure gauge' modes,
where 7 is the rank of the STSSH on S™V~! used in the method of separation of variables
(see Sections 4.4 and 4.5). In Section 4.8 we will verify that our ‘pure gauge' modes
have zero norm associated to a spin(N, 1) invariant scalar product for N even. We will
also demonstrate that for N odd there does not exist any spin(/N, 1) invariant scalar
product for the analytically continued STSSH's with imaginary mass parameter. Thus,
for N odd the norm of the ‘pure gauge’ modes cannot be calculated in a meaningful

way, as there is no de Sitter invariant notion of norm.

Strictly massless spin-3/2 field. The mass parameter for the strictly massless spin-3/2
field is given by M = iM = 4i(N —2)/2 [this is found by letting » = T = 1 in eq. (4.3)].
The analytically continued STSSH's of type-I (7 = 0) are ‘pure gauge' modes. As
demonstrated in Appendix 4.15, the analytically continued rank-1 STSSH's (4.146) of
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type-I with M = £(N — 2)/2 are expressed in a ‘pure gauge’ form as follows:

()

l

(£, 0y 1) = (vu .

%) A ox ), (4.148)

where for brevity we use the symbol ¢ to represent all the labels of the analytically

continued STSSH's which have not been written down explicitly. The Dirac spinors
A§f> (t,0n_1) satisfy

WA(f ) _ Fi ];[ A(f). (4.149)
The ‘pure gauge’ expression (4.148) for the type-I modes coincides with the form of
the infinitesimal gauge transformation [9] (with a specific gauge condition) that leaves
invariant the action for the strictly massless spin-3/2 field in d.S4. In Section 4.8 we show
that the ‘pure gauge’ modes (4.148) have vanishing dS invariant norm for even N > 4.
Strictly massless spin-5/2 field. The mass parameter for the strictly massless spin-5/2
field is given by M = iM = 4iN/2 [this is found by letting r = 2 and T = 1 in eq. (4.3)].
There are two types of ‘pure gauge’ modes, namely the analytically continued STSSH's of
type-I (7 = 0) and type-II (7 = 1). As demonstrated in Appendix 4.15, the analytically
continued rank-2 STSSH's (4.146) of type-I and type-II with M = +N/2 are expressed

in the following ‘pure gauge' form:

B;(:t% 0 ) Bl
w(EEDD gy ) = (Vi % 37, ey ), B=111, (4150

where the gauge functions )\(ﬁjz) (t,0n_1) (B = 1,1I) are vector-spinor fields satisfying

wAED _ 4 N2+2 AL (4.151)
,Yu)\f;%) — Vu)\ff) —0. (4.152)

The vector-spinors )\(jjg) (t,0n_1) are given by the analytic continuation of rank-1
STSSH's of type-B (B = I,II) - see Appendix 4.15. Note that the ‘pure gauge'
expressions (4.150) for the type-I and type-II modes coincide with the form of the
infinitesimal gauge transformation [9] (with a specific gauge condition) for the gauge-
invariant action for the strictly massless spin-5/2 field in dS4. In Section 4.8 we show
that the ‘pure gauge’ modes (4.150) have zero (dS invariant) norm for even N > 4.

Partially massless spin-5/2 field. The mass parameter for the partially massless
spin-5/2 field is given by M = iM = £i(N — 2)/2 [this is found by letting » = 2 and
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T = 2in eq. (4.3)]. The analytically continued STSSH's of type-/ (7 = 0) are ‘pure
gauge' modes. As demonstrated in Appendix 4.15, the analytically continued rank-2
STSSH's (4.146) of type-I with M = &(N — 2)/2 are expressed in a ‘pure gauge' form
as follows:

I; :I:% £ . 3 4
\I/fw( ) >(t, ON—l) = (V(MVZ,) + Z’Y(#vy) + 4guy> 90:(t>(ta 0N—1)7 (4153)

where the spinor modes gogf) (t,0n_1) satisfy

vl = i N;szf)-

(4.154)

In Section 4.8 we show that the ‘pure gauge’ modes (4.153) have zero (dS invariant)
norm for even N > 4. We note that we have not constructed a gauge-invariant action
for the partially massless spin-5/2 field in dSy with infinitesimal gauge transformation of
the form (4.153). However, we call the modes (4.153) 'pure gauge' modes because we
expect that such an action exists and that the expression (4.153) describes infinitesimal
gauge transformations (satisfying a specific gauge condition) for this action.

In Appendix 4.15, we discuss the relation between our ‘pure gauge’' modes (4.153) and
the gauge transformation of the partially massless spin-5/2 field in dS; given in Ref. [9].
More specifically, we observe the following intriguing fact: for a specific choice for the
spinor gauge function in the gauge transformation used in Ref. [9], the gamma-traceless

part of this gauge transformation can be expressed in our ‘pure gauge’' form (4.153).

4.8 (NON)UNITARITY OF THE STRICTLY/PARTIALLY MASSLESS
REPRESENTATIONS OF SPIN(N, 1) FORMED BY THE ANALYT-
ICALLY CONTINUED STSSH'S

For each value of the imaginary mass parameter M = iM in eq. (4.1), the TT tensor-
spinor mode solutions (i.e. the analytically continued STSSH's) form a representation
of spin(N, 1). If one introduces a dS invariant scalar product among the analytically
continued STSSH's, then the unitarity of the representation is equivalent to the positive-
definiteness of the associated norm. If there is no dS invariant scalar product, then the
corresponding representation of spin(V, 1) is, by definition, not unitary.

In this Section, we prove statements 1, 2 and 3 presented in the Introduction, which give

the technical explanation of the main result of our paper (which we mention here again
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for convenience): the strictly massless spin-3/2 field theory and the strictly and partially

massless spin-5/2 field theories on dSy (N > 3) are unitary only for N = 4.

4.8.1 THE STRICTLY/PARTIALLY MASSLESS SPIN-3/2 AND SPIN-5/2 REPRE-
SENTATIONS OF SPIN(N, 1) ARE NON-UNITARY FOR EVEN N >4

In this Subsection, we show that the representations of spin(/N, 1) with even N > 4 formed
by the spin-3/2 and spin-5/2 TT mode solutions of eq. (4.1) with arbitrary imaginary
mass parameter M = iM (M # 0) are non-unitary (i.e. we prove statement 1). In order
to arrive at this result we study the transformation properties of our analytically continued
STSSH's under a spin(N, 1) boost and then we demonstrate the indefiniteness of the
norm associated to a dS invariant scalar product for even N > 4. (In this Subsection we
work without specifying the form of the dS invariant scalar product. Thus, our results
hold for any dS invariant scalar product.) We also find that for N = 4 the requirement
for dS invariance of the scalar product does not imply the indefiniteness of the norm if
and only if the mass parameter M is tuned to the strictly/partially massless values (4.3).
Also, for even N > 4, we show that the ‘pure gauge' modes in the strictly/partially
massless theories with spin s € {3/2,5/2} have zero norm with respect to any dS
invariant scalar product. Furthermore, for N = 4 and M given by eq. (4.3), we show that
the TT modes in the strictly/partially massless theories are divided into two spin(4, 1)
invariant subspaces, denoted as .~ and J#" (where each subspace contains modes
with definite helicity). The positivity of the norm in each of these subspaces is shown
in Subsection 4.8.2 by calculating explicitly the norms of the eigenmodes with respect
to a specific dS invariant scalar product. (In Subsection 4.8.2 we also verify the results
obtained in the present Subsection for even N > 4 by explicit calculation of the norms

of the eigenmodes with arbitrary imaginary mass parameter M = iM # 0.)

The analytic continuation techniques introduced in Section 4.7 can also be applied to
the transformation properties of the STSSH's under spin(/N + 1). By doing so, one
obtains the transformation properties of the analytically continued STSSH's on dS under
spin(N, 1). Let us make the replacement (4.136) in the Killing vector .* [eq. (4.110)]
on SV. One finds that the analytically continued version of .#* is expressed as i X",

where X* is the following boost generator of spin(NV, 1):

0 0
X"0, = cosfy_1 -, —tanht sinfy_;

T FT. (4.155)
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The de Sitter algebra spin(/N, 1) is generated by the de Sitter boost (4.155) and the
generators of spin(NV).

spin(IN, 1) transformation formulae. By making the replacements (4.140) in the
spin(INV +1) transformation formulae (4.114), (4.119) and (4.126) [and using eq. (4.146)],

we find

?

LX\I,%ZT;MEWIJ) = —ic 7D \IJ%:’;M (t4+1)msp) B \I,%;U;M(ffl)m;p)
C(e—1)
. %(I) \DS\II;:U;MZm;p) - Z‘{%/(I—)II) \I]S\ITIT‘I;U;ME”’L;P)’ (4156)
LX\I,(%-TI;U;MZW;/?) _ iC(g)JZ{(H) W%-I;U%M(Z-H)mm) o C(Z )%(11) W%—I;O;M(f—l)m;p)
—1
- %(II)\P%—I;—U;Mﬁm;p) _ jp=D \Ijg\lr-;a;Mém;p)
. i%(II—)III) \IJS\I,H_I;J;MEWP) (4157)
(r=1,2,) and
III-I:0;Mtm;p) __ . I II-I;0;M (041) m; 4 I II-I;0;M (6—1) m;
LX\I]EI«UJ«Z P — _ zc(g),fz%( )\I’le (E+1)m;p) _ . 7 )\IIELLLQ (£=1) m;p)
. %(HI)\I;LI{L;I;—U;MZm;p) . Z-%/(m—m) \Ilgllli;a;Mem;p)7 (4.158)
respectively, with
koM =X 041 M—-0-X%
Co) = oM - ) - 2 (4.159)

kg(M — 5 0) (+N/2

2

where 4(M — N/2, ) is found by eq. (4.33) and Ly is the Lie-Lorentz derivative (4.105)
on dSy. The coefficients o7 (B BB) 3B) (with B = I, II, III), ¢ U= g (=1) | g (I=11)
and 7 T=1D) are found by making the replacement n — M — N/2 in the corresponding
expressions for the coefficients of STSSH's on S [see eqgs. (4.114), (4.119) and (4.126)].
Note that we use the same symbols to represent the coefficients in the transformation

formulae on S% and the analytically continued coefficients on dSy.

Investigating the (non-)existence of positive-definite, dS invariant scalar products.

Let <\Il(1)|\11(2)> be a spin(V, 1) invariant scalar product for any two analytically

(r)

continued rank-r STSSH's \115\1,3, \115\2,1 (r = 1,2) with imaginary mass parameter M = iM

162



4.8. (NON)UNITARITY OF THE STRICTLY/PARTIALLY MASSLESS REPRESENTATIONS OF
SPIN(N, 1) FORMED BY THE ANALYTICALLY CONTINUED STSSH’s

(M # 0). Due to the spin(NN, 1) invariance of the scalar product we have

<]L£\Il(1)|\11(2) (T)> + <\If(1)\L5\II(2)>(r) ) (4.160)
for any Killing vector £ on dSy. Then, by letting \Ifﬁ{ = \Ifﬁ;_mzm;p) and \Ifﬁl =
\I/(BT;J“MM;’)) (with B = I,II-1,III-]) in eq. (4.160) with £ = X and using the transfor-
mation formulae (4.156)-(4.158), we find that the norms of eigenmodes with opposite
spin projections must satisfy:

PO (<\I,(I;—;J\7Mm;p)|\I;(I;—;M€m;p)>
(r)
+ <\Ij(f§+;]\7[€m;p)|\IJ(I;+;MZW;P)> ) =0, (4.161)
(r)

D <<11;(H-I;—;1\71€m;p)|\I;(U-I;—;J\7Mm;p)>
()

+ <\1;(U—I;+;M€m;p)|\I/(U-I;+;J\7I€m;p)> ) =0, (4.162)
(r)

%(III) % (<\II(IH-I;;M@m;p)“ll(IH-I;;MZm;p)>
(r=2)

" <\D(IH-I;+;M£m;p)|\I,(IH—I;+;Mém;p)> > =0. (4.163)
(=2)

Note that, since the scalar product is also spin(/N) invariant, analytically continued
STSSH's of different type or/and with different values for ¢ are orthogonal to each other
because they correspond to inequivalent irreducible representations of spin(/V) in the
decomposition spin(V, 1) D spin(V). For convenience, we give here the explicit form of
the analytically continued coefficients ) [eq. (4.117)], »!D [eq. (4.122)] and s/
[eq. (4.129)]:

L Mm+ 52N +2r —2) o
200+ )0+ D)V -2) (r=1,2), (4.164)
o M EHN -8 NenT
- 20+ Y22)(0+ T (N - 2) X( N ) (r=12), (4.165)
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[eq. (4.166) is relevant only for spin-5/2 modes, i.e. only for r = 2]. We also give
the explicit form of the analytically continued coefficients # /=) [eq. (4.118)] and
o =10 Teq. (4.125)]:

U= _

4(M?— (N =2?/4)(N+71-2)  [N-3 m(m+N—2)
((l+ N —1)(N-2) N—-2{+1)({+N-2)

(where r =1, 2), (4.167)

pr=an _ 93

, (4.168)

(M2=N*/A)(N+1)  [N—2(m—1)(m+N—1)
({—-1)({+ N)N N (({+ N —1)

where eq. (4.168) is relevant only for r = 2. The analytically continued coefficients
=1 and ¢ (T=11) are given by the same expressions as the coefficients on SY | i.e.
eqgs. (4.124) and (4.130), respectively.

e Cases with even IN > 4. Let us first discuss the case with even N > 4, where
2D 320D and U are all non-zero (for all M # 0). The representation can be unitary
only if eqs. (4.161)-(4.163) are consistent with the positive-definiteness of the norm.
However, it is clear from egs. (4.161)-(4.163) that the norm of the modes \Ilg\%_;Mém;p)
is opposite of the norm of the modes \IJS\?TH“MM;’)) (B = I,II-1, 1II-1) for all M # 0.
Hence, for even N > 4, there are negative-norm modes for all values of M # 0, unless
all modes have zero norm. (Not all modes could have zero norm if the field were to
describe a physical particle.) Thus, we have proved statement 1.

e dS invariance requires the norm of ‘pure gauge’ modes to be zero. Before
discussing the case with N = 4, we can show that the ‘pure gauge' modes (discussed in
Subsection 4.7.2), which appear among the TT mode solutions in the strictly/partially
massless theories, have zero norm with respect to any dS invariant scalar product for
even N > 4, as follows [23]. For the strictly massless spin-3/2 theory (r =t = 1), as
well as for the partially massless spin-5/2 theory (r = T = 2), the mass parameter is
M? = (N — 2)%/4 [see eq. (4.3)], while the type-I modes are ‘pure gauge' modes. We
observe that the coefficient .7 /=) [eq. (4.167)] vanishes for M? = (N — 2)2/4 (with
r=1,2). Then, by letting W) — w{{"E=0m0) g g@ _ g (Fhnme)
eq. (4.160) with £ = X and using the transformation formulae (4.156) and (4.157), we
straightforwardly find

<qj(1;a;(iN22)€m;p) |\IJ(I;U;(iN22)€m;p)> —0
(r)
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(with r = 1,2), i.e. the type-I modes have zero norm for even N > 4. For the
strictly massless spin-5/2 theory (r = T4 1 = 2) the mass parameter is M? =
N?/4 [see eq. (4.3)], while both type-I and type-II modes are ‘pure gauge' modes.
For this value of M? the coefficient .# I~/ [eq. (4.168)] vanishes. By letting
P = g{ErERme) g @ o g(IEERm) G (4.160) with € = X
and using the transformation formulae (4.157) (with » = 2) and (4.158), we find

(4 N\ o
<\IJ<H—I;U;(:I:];’)€m;p)’lI,<II—I;U;(:t1¥)€m;p)> -0 Then, by Ietting \Ijg\lrz _ \I’,S{L;(i 3 )¢ 7,0)
(r=2)
-Lio5(£5 )emip) . : :
and \115\2,3 = ‘I’;(L{qu{ S in eq. (4.160) with £ = X and using the transformation

formulae (4.156) (with r = 2) and (4.157) (with r = 2), we find

<\P(I;U;(i]§)€m;p) ’\I,(I;o;(ig)fm;p)> —0.

(r=2)
Thus, in the strictly massless spin-5/2 theory the ‘pure gauge' modes have zero norm for
even N > 4.
e The special case N = 4. Let us now discuss the case with N = 4. First, we show
that if N = 4, then the dS invariance of the scalar product (4.160) (with £ = X) for
the analytically continued STSSH's with imaginary mass parameter M = iM # 0 does
not require indefiniteness of the norm if and only if M is tuned to the strictly/partially
massless values (4.3). This can be shown as follows. For N = 4 egs. (4.162) and (4.163)
are trivial due to the vanishing of (1) [eq. (4.165)] and (/1) [eq. (4.166)], respectively.
It is clear that if eq. (4.161) is not trivial, then the indefiniteness of the norm cannot
be avoided. Equation (4.161) becomes trivial if we tune M to the strictly/partially
massless values (4.3) because for this value of M the type-I modes are pure gauge (i.e.
zero-norm modes). Hence, for N = 4 the dS invariance of the scalar product does not
require the indefiniteness of the norm for the strictly/partially massless theories with
spin s € {3/2,5/2}. Note that, since ») and ") are zero, the (non-zero-norm)
eigenmodes with negative spin projection do not mix with the eigenmodes with positive
spin projection under the spin(4,1) boost in eqgs. (4.157) and (4.158). We have also
verified that (non-zero-norm) eigenmodes with different spin projections on dS; do not
mix each other under spin(4).
According to our analysis in the previous paragraph, in the case of strictly/partially

massless theories with spin s = +1/2 (r € {1,2}) on dS4, we conclude the following:

» The set #~ = {\IIE\%*;M&’;)} of (non-zero-norm) TT eigenmodes with negative

spin projection forms an irreducible representation of spin(4,1).
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» The set '+ = {\I/%;J“MW)} of (non-zero-norm) TT eigenmodes with positive
spin projection forms separately an irreducible representation of spin(4,1).12
Conclusion concerning the irreducibility of strictly/partially massless represen-
tations in IN = 4 dimensions. The two sets of eigenmodes, " and 7 ~, form a
direct sum of irreducible representations of spin(4, 1). In Subsection 4.8.2 we are going
to show that these irreducible representations are unitary by demonstrating the positivity
of the norm in each subspace. [As we demonstrated in our previous article [25], this is a

direct sum of Discrete Series representations of spin(4,1).]

Note. Note that zero-norm modes (i.e. ‘pure gauge' modes) transform only into zero-
norm modes under spin(4, 1) and they can be identified with zero, since, as we discussed
above, the coefficient (4.167) (in the transformation formula (4.156) with r € {1,2})
vanishes for M? = (N — 2)2/4, while the coefficient (4.168) (in the transformation
formula (4.157) with r = 2) vanishes for M? = N?/4. For the strictly massless spin-3,/2
theory (r = T = 1, M? = (N — 2)?/4) and the partially massless spin-5/2 theory
(r=1=2, M?= (N —2)%/4), where the type-I modes have zero norm, the action of
spin(4, 1) is defined on equivalence classes of the TT modes contained in J#° (o = +)

with the equivalence relation

(B;U;(i¥)f;ﬁ

o (EN=2 B
vl (Bios(£852)6p)

05 Loy (£ X225
)N\PN,« 2 +\I/](VT E5hes)

3
(with B = II-T for r = 1 and B = II-I, III-I for r = 2), where W4" 727 4
any type-I mode, i.e. the labels ¢’, ¢ and p' are no necessarily equal to o,/ and p,
respectively. For the strictly massless spin-5/2 theory (r = T+ 1 = 2, M? = N?/4),
where both type-I and type-II-1 modes have zero norm, the action of spin(4, 1) is defined

on equivalence classes of type-III-I modes in 7 (0 = %) with the equivalence relation

(III-I;U;(ig)e;ﬁ) (UI-I;U;(i%)z;ﬁ)

Wi o ~ Wi + quf,i)7

where \Iflglfﬁ;) is any (finite or infinite) linear combination of type-I and type-/I modes.

Eigenmodes and helicity for strictly/partially massless theories on dS,

For the strictly massless theories with spin s € {3/2,5/2} on dS,, the set 7~ is
identified with the set of states with ‘negative helicity’ (—s), while the set S is

12This situation is similar to the case of the strictly massless spin-2 field in dSy [19], where self-dual
and anti-self-dual modes correspond to different irreducible representations of SO(4,1).
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identified with the set of states with ‘positive helicity’ (+s). This can be understood as
follows. As in Ref. [19], let us introduce the helicity operator €9i9j9’“@9]., where €g,9.6, is
the invariant 3-form on S (i, 7,k € {1,2,3}). For the strictly massless spin-3/2 theory
on dSy, where

;oMY -I;0; N7
_ {\I/(B M p)} _ {\IJLH I; 7(:N:I)Z,p)}

9

it can readily be shown that eigenmodes with different spin projections belong to different

eigenspaces of the helicity operator, as
. 0 ekv \I](IIIJ(:tl 0:5) 77\1’ (I-Lios(£1)655) _ (E—I- 2) \II({IIU(:I:l)Kp) (4.160)

(This equation can be readily proved using the fact that €6,6,0, X V9,6,6;,,» Where Jg.g.6, IS
the third-rank gamma matrix on S% which is given by the anti-symmetrised product of
three gamma matrices ¥g,9,9, = Y9, 70,76, - see e.g. Ref. [16].) Similarly, for the strictly

massless spin-5/2 theory on dS,, where

o {\I/(B ;03 M e 5) } {qj(III I;05(£2) Zp)}

9

it can readily be shown that

~ ; -l Mo 05 . 3 _I:0: -5

£\, Wi D) o G IEET D) _ (£+ 2) Wy TR (4.170)
In the case of the partially massless spin-5/2 field on dS,, where

(B;o; Mép (II-I;0;(£1)4;5) (I-I;05(£1)¢;p)
— (W — (gD, g 7},

the helicity operator cannot be defined in the same way. However, it is natural to identify
€~ with the set of states with helicities (—5/2, —3/2) and " with the set of states
with helicities (+5/2,+3/2).

Below we choose a specific dS invariant scalar product for the analytically continued
STSSH's with imaginary mass parameter. By calculating the associated norms of the
modes we will verify the non-unitarity of the spin(/V, 1) representations for even N > 4
for arbitrary imaginary mass parameter M = iM (]\Z/ # 0). Also, in the case of
strictly /partially massless theories on dS;, we will show that each of the spin(4,1)
invariant subspaces, 7~ and ", separately forms a unitary representation of spin(4, 1)
(and, thus, we have a direct sum of UIR's of spin(4,1)).
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4.8.2 STRICTLY/PARTIALLY MASSLESS SPIN-3/2 AND SPIN-5/2 REPRESENTA-
TIONS OF SPIN(N,1) FOR N EVEN: NORMS OF THE EIGENMODES

In this Subsection, by calculating the norms of the analytically continued STSSH's
explicitly, we show that the representations of spin(/N, 1) (even N > 4) formed by the
spin-3/2 and spin-5/2 TT mode solutions of eq. (4.1) with arbitrary imaginary mass
parameter M = iM (M # () are non-unitary, unless the following two conditions hold at
the same time: i) N = 4 and ii) M is tuned to the strictly/partially massless values (4.3).
For N = 4, we show that the TT modes in the strictly/partially massless theories form a
direct sum of UIR’s of spin(4,1). In other words, in the present Subsection we verify the
results of Subsection 4.8.1 for even N > 4 and we prove statement 2.

Let UV and W@ be any two analytically continued STSSH's [satisfying eqs. (4.1)

and (4.2)] with the same imaginary mass parameter M = iM (M # 0) on dSy (N

even). The (axial) vector current

Tt =i T N @ (4.171)
is covariantly conserved [23], where @Lll)mm = WMt~ and we used the fact that
gamma matrices are covariantly constant. Then, the scalar product

<\IJ(1)]\IJ(2)> :/N V=g dOy- J° (4.172)
(r) SN

is time independent, where d@x_1 stands for df, df...df_1, while g is the determinant

of the de Sitter metric. This scalar product is equivalently written as

<\Ij(1)|\11(2)>( ) :COShNilt /SN?l \/5610]\771 \II;(¢11).J.[.;LT7N+1\IJ(2)MMW’ (4_173)
where we used (7°)? = —1, as well as
Vv—g = cosh™ 1t /3, (4.174)

while /g is given by eq. (4.29).
Now let us show that the scalar product (4.173) is de Sitter invariant. Let £* be a Killing
vector of dSy satisfying

V& +V,6, =0. (4.175)

The infinitesimal change d¢J* of the current (4.171) under the spin(XV, 1) transformation
generated by &£# is described by the Lie derivative

Se " = Lp i = €V, J" — J'V "
=V, (&1 — JUen), (4.176)
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where we used V,J# =V ,&* = 0. Then, it is straightforward to find

1
\/__g
where k = 1,..., N — 1. By integrating eq. (4.177) over S™¥~1 we find that the scalar
product (4.173) is de Sitter invariant, as

0 = —=0p, |V =g(£™° = J"€")]. (4177)

g\ — < 0 _
55<\1; I > —/SNildON_“/_g(%J — 0. (4.178)

(r)

It is possible to calculate the norms of the analytically continued STSSH's of ranks 1
and 2 [the analytically continued STSSH's are defined by eq. (4.146)] using the de Sitter
invariant scalar product (4.173). We find in this manner

<1I;(B;o;1\71€;ﬁ) ‘@(B’;U’;Mf’;ﬁ’)>
(r)

= (—0) x <~7" )2N+2r14f(3)
(B)
L+ 5P
X Ay TR
Pl+5+MTI({+5 —M)
= N+2—1
B)N—I—j—l—f(B)—Q

J=7(

r—1 1
AL <e—j>w+N—1+j>)

G (R N -2\’
X H {-Mz + (7’ — ] + 2) } 500'655/5ﬁﬁ/ (4179)
j=1

S

for r € {1,2} and B = I, II, IIl (where 0 = &, M € R\ {0}, 75 <, while 71, = 0,
7y = 1 and 7(;ry = 2). The norms of type-I and type-II spin-3/2 modes, as well as the
norms of type-II and type-III spin-5/2 modes, can be determined by direct calculation
using the time-independence of the scalar product (4.173). The calculations are simplified

by using

Dyt =0)

2N+2a—1 (¢ N2
"= T+ 35) (4.180)

~ t: 0 —_ et — -
Dps(t =0)| L+ Y+ Mre+5 — )

[This equation can readily be proved using egs. (4.192) and (4.193).] Once the norms
of type-II and type-III spin-5/2 modes have been calculated, the norm of the type-I
spin-5/2 modes is readily found using the dS invariance (4.160) of the inner product
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between type-/ and type-II modes (by making use of the transformation formulae (4.156)
and (4.157)).
Consistency check. As a consistency check, by using our result for the norms (4.179) of
the eigenmodes with spin s € {3/2,5/2}, we can reproduce the strictly/partially massless
tunings (4.3) for the imaginary mass parameter as follows. For r = 1 (spin-3/2 field), we
find that the norm (4.179) of type-I modes (71, = 0) becomes zero if M? = (N —2)2/4,
corresponding to the strictly massless spin-3/2 theory. For r = 2 (spin-5/2 field), we find
that both type-I (7(;y = 0) and type-1I (7(;) = 1) modes have zero norm (4.179) for
M? = N?/4, corresponding to the strictly massless spin-5/2 theory. Finally, for r = 2,
we find that type-I (7(;) = 0) modes have zero norm (4.179) for M? = (N — 2)%/4,
corresponding to the partially massless spin-5/2 theory.
Note. We observe that the sign of the norm (4.179) depends on the sign of the spin
projection index o = +, as expected from the dS invariance of the scalar product (4.161)-
(4.163). Thus, it is easy to understand that representations of spin(/N, 1) with spin
s € {3/2,5/2} and arbitrary imaginary mass parameter M = iM # 0 are non-unitary
for even N > 4, since positive-norm and negative-norm modes mix with each other under
spin(V, 1) [see the transformation formulae (4.157) and (4.158)]. Similarly, we find that
for N = 4 the representations of spin(4,1) are not unitary if M is not given by the
strictly /partially massless values in eq. (4.3).
Striclty /partially massless theories and direct sum of spin(4,1) UIRs. Now, let us
suppose that the following two conditions are satisfied at the same time: i) N =4 and
ii) the imaginary mass parameter is tuned to the strictly/partially massless values (4.3).
According to our discussion for the N = 4 case in Subsection 4.8.1, each of the solution
subspaces, s~ and ", forms separately an irreducible representation of spin(4,1)
with spin s = r 4+ 1/2 (r € {1,2}). (The 'pure gauge’ modes are identified with zero in
each subspace.) We can show that the subspaces .7~ and J#* form a direct sum of
UIR's of spin(4, 1) as follows. By observing that the norms (4.179) of the eigenmodes

depend on the spin projection, we have:

» For the set of eigenmodes with negative spin projection (or negative helicity),
H = {\Ifﬁ%ﬁm;ﬁ)}, the positive-definite inner product is

<\I;(B;;M€;ﬁ) ’\p(B’;;JW’;ﬁ’)>
(r)

— cosh®t /53 VG d6s; Wy (Bi—:MEp)t 75 @ (B'— MO

M1y

The explicit expression for the positive-definite norm is given by eq. (4.179).
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= For the set of eigenmodes with positive spin projection (or positive helicity),

HT = {\DE\%;JF;M&’;)}, the positive-definite inner product is

_<\I;(B;+;M€;ﬁ)’\p(B’;+;MZ’;ﬁ’)> _
(r)

The explicit expression for the positive-definite norm is given by the negative of
eq. (4.179).

4.8.3 THE STRICTLY/PARTIALLY MASSLESS SPIN-3/2 AND SPIN-5/2 REPRE-
SENTATIONS OF SPIN(/NV,1) ARE NON-UNITARY FOR N ODD

In this Subsection, we show that the strictly massless spin-3/2 field theory, as well as the
strictly and partially massless spin-5/2 field theories, on dSy (N odd) are not unitary
(i.e. we prove statement 3).

spin(IN, 1) transformation formulae. As in the case with N even, we study the
transformation properties of the analytically continued STSSH's under the de Sitter
boost (4.155). By making the replacements (4.140) in the spin(N + 1) transformation
formulae (4.133), (4.134) and (4.135) [and using eq. (4.147)], we find

LX\I}%;TM&GN_IMW) = —icy) A ‘IJE\I,TM (t+1)son—15msp) L%’(I) \II(I;TM (L=1)son—15mip)
C(e-1)
—ON_1 %(1) \Ijg\Ir;TMZ;JNA;m%P) . i%/(lﬁll) \I]%IT—I;MZ;JNA;WW)’
(4.181)

]LX\I,(%-I;M&JNAWW) _ ic(g)d(lj) \I,g\I]I—I;M(Hl);ONﬂ;m;p)

— L@(H) \I,(U-I;M(ffl);ozv_l;m;p)

Ce—1) N
—OoN_1 %(II)\P%—I;M&UN—I;WL;P) . i(}i/(]]—ﬂ) \IJE\IT;TME;UN_l;m;p)
_ 1) W%{I—I;Mﬁ;a]\;_um;p) (4.182)
(r=1,2,)) and
LX\I’,%I;I[QI;M&UN_“m;p)
= — z'c(g)g%(m) \I//(Lﬂfi';%M(“l)?"N*“m”’) _ C(Z_l)%(m) @L]fﬁj;]\?f(271);0N71;m;p)
D) W e, (4189
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respectively, where all the coefficients on the right-hand sides of eqgs. (4.181)-(4.183) are

the same as the coefficients used in the case with IV even [see eqgs. (4.156)-(4.158)].

Non-existence of positive-definite, dS invariant scalar products.

Now, we will show that the representations of spin(V, 1) (N odd) formed by the spin-
3/2 and spin-5/2 TT mode solutions of eq. (4.1) are non-unitary for all values of the
imaginary mass parameter M = iM (M # 0). Let <‘Il(1)\\11(2)> be a dS invariant
scalar product for any two analytically continued STSSH's () W) [satisfying egs. (4.1)
and (4.2)] with M = iM and M # 0. We will show that this scalar product must
vanish for all eigenmodes. First, let us make the following observation. The infinitesimal

transformations wagﬁ;m;”*“m”’) given by eqgs. (4.181)-(4.183), always give rise to

a term of the form »(®) \Iigﬁ;M&UN‘“m;p) in the linear combination on the right-hand

sides of each of eqs. (4.181)-(4.183). The coefficients »!), 1) and »D) are given
by egs. (4.164), (4.165) and (4.166), respectively, and they are all non-zero for N odd.

Thus, by combining the dS invariance of the scalar product:
<LX\I,(B;J\7M;0N1;m;p)|\p(3;ﬂ7[€;0w1;m;p)>
+ <\p(B;J\7l€;JN—1;m;p)’LX\D(B;M&JN—1;m;p)> —0 (4.184)
with the transformation formulae (4.181)-(4.183), we find
<\IJ(B§M£§‘7N—1§mSP)‘\P(B§M£§UN—1;”’L§P)> -0 (4.185)

for B = I,II-1,1II-I and for all M # 0. Then, since the eigenmodes with different
labels are orthogonal, we conclude that there is no dS invariant scalar product (which is

not identically zero).

4.9 SUMMARY AND DISCUSSIONS

Summary. In this paper, we provided a technical explanation of the results of our
previous article [25]. In particular, we showed that the strictly massless spin-3/2 field
(i.e. gravitino field) theory, as well as the strictly and partially massless spin-5/2 field
theories on dSy (N > 3) are unitary only in N = 4 dimensions. In order to arrive at

this result, we studied the group-theoretic properties of the eigenmodes for the following
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field theories with imaginary mass parameter on dSx (N > 3): the vector-spinor field
and the symmetric rank-2 tensor-spinor field. The corresponding eigenmodes satisfy
eq. (4.1) with M = iM (M # 0) and the TT conditions (4.2). These eigenmodes were
obtained by analytically continuing STSSH's on S¥. The transformation properties of
these eigenmodes under a spin(/N, 1) boost were studied. By using these transformation
properties, we showed that all dS invariant scalar products for even N > 4 are indefinite.
We also showed that all dS invariant scalar products must vanish identically for odd N.
It was found that dS invariant scalar products that are positive-definite are allowed only
for strictly and partially massless theories in N = 4 dimensions (and, thus, these theories
are unitary). Also, for these unitary spin-s (s € {3/2,5/2}) theories in dS,, we showed
that eigenmodes with positive helicity and the ones with negative helicity separately
form UIR’s of spin(4, 1). All the results mentioned in this paragraph are summarised as

statements 1, 2 and 3 in the Introduction.

Towards future work. It would also be interesting to investigate whether our result
about the non-unitarity of the gauge-invariant spin-3/2 and spin-5/2 theories on dSy
for N = 4 could be extended to other N-dimensional vacuum spacetimes with positive
cosmological constant. As an argument pointing towards the possible generalisation of
our result, we would like to mention the forbidden mass range for the symmetric spin-2
field on dSy [22, 18]. The forbidden mass range for the symmetric spin-2 field on dSy
was explained group-theoretically in Ref. [22] and it was first observed for dSy in Ref. [18].
However, it was later shown that the forbidden mass range exists in all 4-dimensional

vacuum spacetimes with positive cosmological constant [20].
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4.10 APPENDIX A - RAISING AND LOWERING OPERATORS FOR
THE GAUSS HYPERGEOMETRIC FUNCTION AND OTHER USE-
FUL FORMULAE

The Gauss hypergeometric function F'(a, b; ¢; z) satisfies [14]

ijbcz) D 1,04+ 104 1:2), (4.186)
c
d
(Zdz +c— 1) a,b;c;z) = (c—1)F(a,b;c—1;2), (4.187)
d
(z—i—a) (a,b;c;2) = aF(a+1,b;¢; 2). (4.188)

By combining eq. (4.188) with the following relation [29]:

(c=bF(a+1,b—1;¢2)+(b—a—1)(1—2)F(a+1,b;¢;2) = (¢ —a—1)F(a,b;c; 2),
(4.189)

we find

(a(b—c)+a(—b+a+1)z—(—b+a+ 1)z (1—z)ddZ>F(a,b;c;z)

=alb—c)F(a+1,b—1;¢2). (4.190)

Using eqs. (4.186) and (4.187) we can show the ladder relations (4.286) and (4.287),
while using eq. (4.190) we can show the ladder relations (4.288) and (4.289).
The behaviour of the functions (4.31) and (4.32) in the limit 6 — 7 is studied by using

the transformation formula [17]

L()I(y —a—f)

I(y —a)l'(y = B)

oL (N (=7 + a+ B)
['(a)T(B)

F(a,B;7;2) = Flo, B0+ —v+1;1—2)

+(1—2) Fly—a,y=fiv—a—-F+1;1-2).

(4.191)

Equation (4.180) is proved using [1]

a+b 1 a+b 1 1
F( "y ) ”( > lr<<a+1>/z>r<b/z> TG 1)/ a2
(4.192)
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and [2]
at+b 1\ _ 2ym fa+b
F<a’b’ 2 Jr1’2>_a—br< 2 +1>
: : ! 4.193

4.11 APPENDIX B - SPINOR EIGENMODES OF THE DIRAC OPERA-
TOR ON SV-1

The spinor eigenmodes of the Dirac operator (i.e. the STSSH's of rank 0) on spheres of
arbitrary dimension have been computed in Ref. [5]. Here we write down explicitly the
eigenspinors on SV~! that satisfy eq. (4.27). These eigenspinors play an important role
in the derivation of the formulae for the spin(/N + 1) transformation of the STSSH's in
Appendix 4.14.

Case 1: N — 1 odd. We denote the eigenspinors on S¥ =1 as Xapm,(On-1,0n_2),

where p stands for labels other than ¢ and m. These eigenspinors are given by

CN— f,m ~ S N 2
Natma(O 1, O _2) — Nf@) L3005 IR g O 2) O 1) g (O 2)

(4.194)
where gz%?,)l(QN_l) and 1;2),2(91\;_1) are given by egs. (4.273) and (4.274), respectively, and

A 1 N1 -
Ntmp(On_2) :ﬁ(lerN Y X tmp(On—2), (4.195)

"mp(On_2), (4.196)

)%+mp(0N—2) :'7N

where the spinors Y1,,,(0x_2) are the eigenspinors of the Dirac operator on SV 2.
[The gamma matrices on SV~! are denoted as 7% - see eq. (4.16).] In order for the
eigenspinors (4.194) to be non-singular we require £ > m and ¢ = 0,1, ... [5]. The
eigenspinors (4.194) satisfy the normalisation condition (4.28), while the normalisation

factor is given by [5]

i (bm)[P T —m+ )T+ N —1+m) (4.197)
V2 2N=2|D (8L 4 )2 '
Case 2: N — 1 even. We denote the eigenspinors on SV~1 as X(ﬁ,}f,;pl)(ON,l, On_2),

where o_; = =% is the spin projection index on SV¥~! and p stands for labels other than
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on_1,¢ and m. The eigenspinors with negative spin projection are given by

~ 7(0) _
_ cno1(f,m m (ON=1) X—mp(ONn—
X(ﬂznp(eN—l,ngz): M ?ZN((E)N 1)X~ p(On_2) (4.198)
\/§ j:“vzjém (GN—l) X—mp(eN—Q)
and those with positive spin projection are given by
~ . 7(0) -
en_1(6,m) [ i)y, (On— mp(ON_
2 i¢zm(9N—1> X+mp(9N—2)

and they both satisfy eq. (4.27). The normalisation factors é¢y_1(¢,m), as well as the
functions &E%(@N_l) and 1/3@2(91\;_1), have the same expressions as in the case with
N — 1 odd.

4.12 APPENDIX C - SOME USEFUL FORMULAE ON SV—1

Let §,, be the metric tensor on SV =1, The Riemann tensor on SV~ is

R,uun)\ = gMKgV)\ - gumglM- (4200)

Let 4, 1;# and z/;W be any spinor, vector-spinor and rank-2 tensor-spinor field, respectively,
on SV~1. The commutator of covariant derivatives acting on these fields is given by

[V, ViJ§ = iﬁwx"“%/? (4.201)
- ;(%% — G, (4.202)

(Vs Vil = i}?“ynw“i%a + R, 0 (4.203)
= ;(%% — Gp) o + 28afuu), (4.204)

(Vi Viltbas = ;(mu — Guv)Pap + 2005 + 20afu - (4.205)

The Laplace-Beltrami operator on SN~ is defined as (] = §"*V,. V. The eigenspinors
on SV [see eq. (4.27)] satisfy [5]

ﬁXiéﬁ = [Y~72 + = 1{4(]\[ - 2)] X445
= [— (ﬁ + ]\[2_1)2 A %N — 2>] Xet5- (4.206)
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Note also the following relations:

YV (0, V o,y X a5 = i <€ + N2_1> Vo, Xxep + T_%]Xﬂﬁ, (4.207)
956, Vo, X105 = Nglﬁejxﬂp T ig +2N2_1 Yo; X655 (4.208)
@Gi@(giﬁaj)){ﬂﬁ = @9. (ﬂ + N — i) X+t F 3; <€ + N2_1> Yo,X+e5,  (4.209)
V%560,V Xtt5 = iig - 7V9 X+e5 + ;70 (D + Al 2) X£6p; (4.210)

where in order to prove egs. (4.207) and (4.210) we have to use eq. (4.202), while in
order to prove eq. (4.209) we have to use eqgs. (4.202) and (4.204).
The TT vector-spinor eigenmodes [see eqs. (4.52)-(4.53)] satisfy

= [ (e ) - DD e ey

2 4

(j = 1,...., N —1). By combining this equation with eq. (4.204) we can prove the

following relation:

1 e
Vol = 3 (D +N - ) Do
1 ({2 N(N+
=3 (W - (4)> GHD. (4.212)

The rank-2 STSSH's on SV ™! [see eqs. (4.67)- (4.69)] satisfy

OGP = l (€ + 1\72—1> LW %N =2, ] G (4.213)

Gk=1,..,N—1).

4.13 APPENDIX D - CONSTRUCTING STSSH'S OF RANK 2 ON THE
N-SPHERE

In this Appendix, we construct the STSSH's of rank 2 on S. These STSSH's satisfy
eqgs. (4.62)-(4.64) and we construct them explicitly by using the method of separation
of variables in geodesic polar coordinates (4.7), as in Refs. [5, 6]. In the method of
separation of variables, the STSSH's of rank 2 on SV are expressed in terms of STSSH's
of rank 7 (with 7 = 0,1,2) on SV~1.
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For later convenience, note that the functions (bflag)(QN) [eq. (4.31)] satisfy the following

differential equation:

Doyl () = =Gy (On), (4.214)

where 2 v = (? = (n+ §)? is the eigenvalue of the STSSH in eq. (4.4), while the

differential operator is given by

0? 0 N — 1\ cosfOy
Dy = —— + (N +2a—1 -
@ = ggg TN +2 )COteNaeN+(“ > >sin2<9N
4+ 802 LN 42— 1)(N +2a—3 N +2a —1)2
e+ 57—l .+2 a-N+20-3) (N+2-1) . (4.215)
sin® O 4

One can readily verify that the functions (bff?(@N) [eq. (4.31)] are the unique regular
solutions (up to a normalisation constant) of the differential equation (4.214) by using

the results of Ref. [5], as follows. By expressing gbg}) as

a .0 On\ "
687 (0n) = <sm 5 cos g) 3 (6w) (4.216)
[see eq. (4.31)] we rewrite eq. (4.214) as D(O)gzbfloe) = — 27N¢£L%). The latter has been

solved in Ref. [5] and it was found that the unique regular solutions ¢§f2 are the ones
given by eq. (4.31) (with a = 0). For the rank-1 STSSH's on S¥ the integer a takes
the values @ = —1,1 (see Section 4.4), while for rank-2 STSSH's a takes the values
a = —2,0,2 (see Section 4.5). The functions ¢£LCZ)(9N) are regular for a =1 and a = 2
despite the factor (Sin  cos %N)_a in eq. (4.216) because of the restriction ¢ > r (this
restriction on ¢ is proved in Section 4.4 for r = 1 and in Section 4.5 for r = 2).

The differential equation satisfied by the functions @fo?(@N) [eq. (4.32)] is obtained from
eq. (4.214) by making the replacement 6y — m — 0 in the expression (4.215) for the
differential operator D).

Let us also briefly explain how to obtain the condition n > ¢ [eq. (4.34)]. By taking the
limit 6y — 7 for 3\% (A) and using the transformation formula (4.191) for the Gauss
hypergeometric function, we readily find that the requirement for absence of singularity

in gzﬁflag)(QN) gives rise to the condition n > ¢, as well as to the quantisation condition

N
(Gl =n+ =, neN. (4.217)
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4.13.1 CONSTRUCTING THE STSSH’S OF RANK 2 FOR N EVEN

Our aim is to obtain the STSSH's {57m47) that satisfy eqs. (4.62)-(4.64), where the
gamma matrices for N even are given by eq. (4.16). As in Ref. [5], we write ¢)(5ontP)

in terms of upper and lower 2/2-1-dimensional spinor components

DL O, Ox-1)
ST (O, Oy 1) = . (4.218)

(i)¢ii;g;n€;ﬁ) (On,0n_1)
It is clear that egs. (4.62)-(4.64) - which determine the form of our STSSH's - reduce
to a system of equations for the upper and lower components. We will now obtain
the system of equations for the upper and lower components. By using eqs. (4.9),
(4.14), (4.16), (4.23), (4.24), (4.62) and (4.63) and by expressing "7 in terms
of the upper and lower components as in (4.218), we find that the eigenvalue equation

B Z; B;oint;p) . .
Vo7 = il Gun w575 is written as

<a N+3

(B;o;nt; (B;oind;
% + 5 cot Oy + nQN W) (i)wieNeN i) ﬂ:Z|Cn N| @) wﬂ:GNON p)’ (4_2193)

o ([ N+3 J (Bioint; (Bt
<80]V + 9 cot 0]\[ - Slne W) T)wj:QNGN i) j:Z|<n N| ) wj:@NQN p). (4219b)

Similarly, we find that the eigenvalue equation Wwféjjenep :|:z|CnN|¢£]‘V’€”Z ) (j =
1,...,N —1) is written as

a N—-1 ? (B;osnd; . ~ (B;o;nd;
(891\7 * 2 cotby + sin Oy W) ¢ieN9 7 +icos O30, ¢i91v91v 7
= kil Go | D7, (4.220a)
a N-1 i B;o;nt; . ~ B;o;nt;
(89 N Ty 2 cot Oy = sin O W) 1/’§E9N9 ? —icos QN'Y@ 1/)§EGN0N 7
= kil Go | DT, (4.220b)

while Wwit;c;:z 0) :|:i|§n’N]¢$;(;;M;ﬁ) (j,k=1,..,N —1) is written as

78 N-5 ¢ (Bjosnt;p) : ~ (B;o;nt;p)
(89N + 2 sin Oy > %[0 0.+ 2icosOnYe, %Eek On
= |G ] %ﬁ;‘;;”f;ﬁ ) (4.221a)
0 N -5 - (B;osnt; . ~ (Bso;nd;
(891\7 Ty 2 cot 0N - sin 6‘N W) ¢i9 Ok P - 2i cos HN’Y(G ¢:t9k)01\7 2
= |Gy v | WGP, (4.221b)
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By making use of eq. (4.218), we express the gamma-tracelessness condition (4.63) as

(B;o;nt;p) o (Bsosnd;p)
¢:|:9N,u, Sln9 )wj:e,bu - 07
an { ~0: somlp
wi%N#ZP SinQnyel () :(EB;UL 46) :0, (,uzﬁl,...,@N and 91 :(91,...,61\/_1)
(4.222)
and the tracelessness condition (4.64) as
(B;ont;p) 1 ~0;0, (Bsombp)
D o mg i W o0, =0,
(4.223)
(Bsomt;p) 1 ~0,0; (Bsombp)
lbieNeN mg ! m@biei ; = 0.

Similarly, by substituting eq. (4.218) into the divergence-free condition (4.63), we may

express the condition V“l/}iigNM ) =0 as
b (B;o;nt;p) 1 (B;o;nt;p)
{@ + (N +3) cot GN} ™ ¢i0N0N + m ?/Jie on =0,
(4.224)
(B;o;nt; 1 (B;o;nt;
[5ay + (N 5) cot O | Dy m Wyl =0,
while the condition va@z)f;g P — 0 (j=1,...,N — 1) is expressed as
B;oint;p (B;oin¥;
(52 + (N = §) cot | Mypgomt 4 — e VO DTt — g,
(4.225)
1

Bjoint;p
[52 + (N = 1) cot Oy | Do +

&0; (1),,(Bionlp)
sin? Oy v wi@iej =0

Type-1 STSSH’s of rank 2 for IN even. Let us start by describing how to obtain
the type-I modes, given by eqs. (4.71)-(4.73). The component iﬁiga "60) is a spinor on
SN=1 Thus, in order to solve the system of equations (4.219) we separate variables as

in the case of spinor eigenmodes in Ref. [5], i.e.

Dy 352 (On, On—1) = 635 (QN)X 5(On_1),
oo™ (O, Ox-1) = £it)7) () X —45(On 1) (4.226)
M) ile,tenjfp (On,On-_1) = nz <9N) X+€p(9N 1)

Wyplirie™ (On, Oy 1) = £ (Ox) X 4e5(Ox 1), (4.227)
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where X1, are the eigenspinors on SV~ (see eq. (4.27)). By substituting eq. (4.226)
[or eq. (4.227)] into the system of equations (4.219) and eliminating “1/) s p) (or
<¢>¢§fg;;;fp ) we find that ¢*) has to satisfy the differential equation (4.214) (W|th a=2),
while w@) has to satisfy the differential equation (4.214) (a = 2) with 0y replaced by
7 — Oy in the differential operator Dy [eq. (4.215)]. Thus, we find that gbﬁ) and @07(12()
are given by egs. (4.31) and (4.32), respect|ve|y. As a check, one readily finds that the
components defined by egs. (4.226) and (4.227) satisfy the system of equations (4.219)
by making use of the formulae (4.35) and (4.36).

U”K’)) (j=1,...,N — 1) are vector-spinors on S¥~1 and thus we

The components 1/Ji9
may separate variables analogously to eqgs. (4.44) and (4.46). Thus, for STSSH's with

negative spin projection (0 = —) we separate variables as

Dyl 552 (0, On-1) = C0) P (O0n) Vo, x—e(On-1) + D' (Ox) Fo, x5O 1),
Wy (B, Ox—1) = £ 10D (O) Vo, x—e5(On—1) £ iDY (Ox) T, X—5(On-1),
(4.228)

while for STSSH's with positive spin projection (o0 = +) we separate variables as

Dyt 0y, On-_1) =iCP (Ox) Vo, Xre5(On—1) — iDE® (Ox) Fo, X05(On—1),
(“wﬁféjth;”)(@N, On_1) == Cﬁ)(z) (On) Vo, X405(On—1) F Dge)@) (On) Yo, X+e5(On—1).
(4.229)

By using the gamma-tracelessness condition (4.222) we readily find that the functions
D(b and C,; (1)) (h =1, 1) are related to each other by eqs (4.49) and (4.50). Then,
using the divergence-free condition (4.224), we find that C’ ) is given by eq. (4.47) and
C,(Lt)@) is given by eq. (4.48), where we also have used egs. (4.35), (4.36) and eq. (4.206).
One can straightforwardly verify that the components defined by eqgs. (4.228) and (4.229)
are solutions of the system of equations (4.220), where the calculations are significantly

simplified by using the following formulae:

o N-1 04 N 2i
(—1— cot Oy — ——2 )Cng (On) — .Z e (QN)

00N 2 sin 6y sin 6 Dn
N
_ (n + 2) e (g, (4.230)
o N-1 C+ 51 e 2i W)
(891\7 + — 5 cot Oy + m Coi 7 (On) + Sin eND (On)
N
_ ("%_iz> cD@ gy, (4.231)
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which can be proved by using the formulae (4.35) and (4.36).

The components @Diga nts0) (j,k=1,..., N — 1) are rank-2 symmetric tensor-spinors on

SN=L Let us first discuss the case with negative spin projection (¢ = —). We choose to

iné;p)

separate variables for wig o,  as follows:

Dl 5 (O, Ox—1) =K} () Go,0,X—1(On—1)
N

+ WTEP(QN) (ﬁ(ejﬁek) - §9j9k ]V—l) X_gﬁ(eN_l)

= 3 \%
+ T e (91\/) (’Y(ejvek) — 90,003 1 X—05(On-1),

(i)w(ilé;e;:&ﬁ)wN;gN—l) + i) (On) Go,00X—e5(On—1)

. - 0
+ @W(“(@N) (V(ejvek) — Go,0,, N—l) X—05(0n-1)

+iT (O) (’7(%%0 - §9j9kNYzl) X-e5(On-1), (4.232)

where %X_gﬁ =— (f - ) X_ (see eq. (4.27)) and Ox_y; = v9kv9kx gp is given
by eq. (4.206). By using the tracelessness condition (4.223), we find that K ) and K
are given by eqs. (4.76) and (4.77), respectively. Then, by using the gamma—tracelessness
condition (4.222) (and by making use of egs. (4.207) and (4.208)) we find that the
function T,(LP (T,(j)) is expressed in terms of W,E}) (Wéﬁ)) as in eq. (4.78) (eq. (4.79)).
Then, by making use of the divergence-free condition (4.225) (and using egs. (4.209)
and (4.210)) we find

(69 (N—lﬁm@QC (O) + ——— KB (0y)

60]\; 2 S1n QN "
N-1)?
b W90y {5 - P
sin2fy ™ N -1 4
1 () -3)_,
_ TV (Oxn) = b= . 4.2
"2 sin? On N-—-1 e (Ox) =0, T (4233)

Finally, by solving the system of equations consisting of egs. (4.78), (4.79) and (4.233)
(and using egs. (4.230) and (4.231)) we find that W} L is given by eq. (4.80), while Wéﬁ)
is given by eq. (4.81).

By working as in the case with negative spin projection, we find that the components

I;+nl;p . . . . . . . .
iéjé: ?) \ith positive spin projection are expressed in terms of upper and lower spinorial
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components as follows:

Dyt 0y, On-1) =iKS) (0n) Fo,0,X+05(On—1)

) ~ o~ 5 ]
+iW5 (0n) (V(Gj Vo) — gejek]\[_l> X+e5(On-1)

: - N \%
— T (O) (W%V@k) 900037 X+65(ON-1),

Wyt 0y, Oy 1) = £ KL (0n) Go,0, X+45(On-1)
- - 5 O
+ WP () <V(9j Vo) — 90,0 N1

- 1) X+5(On-1)

- v
T3 (0x) (’V(ejvok) = G000 57 | X+ep(On—1). (4.234)

We have verified using Mathematica 11.2 that the components defined by egs. (4.232)
and (4.234) satisfy the system of equations (4.221).
Type-II STSSH’s of rank 2 for N even. Now let us describe how to obtain the type-

IT modes given by egs. (4.83) and (4.84). The type-II modes satisfy ¢§§§;‘§;§”W =0
(II-A;o3n8;5)

by definition. The components wigNej’ (j=1,...,N — 1) may be expressed as
Dl " (O, On-1) = 617 (0) D47 (O -),
Dy ™ P O, Ov-1) = £ty (6x) 0157 (B-), (4.235)
DD (O, B -1) = i) (0x) 557 (B-1)
W iléNAeJr "D (O, On1) = £ (On) V1 Mp (On-1). (4.236)
The TT eigenvector-spinors z/;ig (j=1,. — 1) on SV~ satisfy eqgs. (4.52) and

(4.53). By working as in the case of type—I modes presented above, we find that qs;(?
has to satisfy the differential equation (4.214) with a = 0, while ’QZ}S? has to satisfy
the differential equation (4.214) (a = 0) with 6y replaced by m — 6 in the differential
operator Do) [eq. (4.215)]. Thus, we find that ¢§f}> and wff;) are given by eqgs. (4.31)
and (4.32), respectlvely. By making use of the formulae (4.35) and (4.36), one can
readily verify that the components defined by egs. (4.235) and (4.236) are solutions of
the system of equations (4.220).

The components zﬂilg ‘; iinbip) (j,k=1,..., N —1) are symmetric rank-2 tensor-spinors on
SN=1 Let us first discuss the case with negative spin projection (0 = —). We separate
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variables as

Dy o™ (0, 0y-1) =T (0x) Vo, 05D On-1) + AL (8) 710,057 (Ox-1),
Wyl (G, Oy—1) = £ 40 (On) Vio, 050 (On-1) £ 1A% (Ox) 30,057 (B-1),
(4.237)

where we have to determine the functions Fffg) and AS’Z) (with b =1,]). By using the
TT conditions as in the case of type-I modes, we find that Aff} and AS} are given by
eqgs. (4.85) and (4.86), respectively, while FS} and FSZ) are given by eqs. (4.87) and
(4.88), respectively, where we also have used egs. (4.35), (4.36) and (4.212). By using

the formulae (4.35) and (4.36), we can also prove the following formulae:

9 N-5 0+ 2i N
( + cot Oy — ) TDoy) — - AD(oy) = —(n + E)Fﬁfe)(@]\,),

90 2 sin sin 0
(4.238)
0  N-5 75\ rw 2i A N @
Lo T (0 ADOx) = (n+ )T (0y).
(aeNJr 5 0 N+ smN> nZ(N>+SiH0N o (0n) (n+2)n€(N)
(4.239)
(I-As+sntsp) ¢ -
Similarly, we find that the upper and lower components of ¢ ' (j,k=1,..,N-1)

are given by

Dy o (O, Oy_1) =iT (On) Vo, 057 (Bn-1) — iA'Y) (0x) 50, 0157 (On-1),
Wgea D) (05, 0y_1) = £ TH(On) Vo, 0157 (On-1) F AR (03) 5 wi@f” (Ox_1).
(4.240)

By making use of the formulae (4.238) and (4.239), as well as eq. (4.204), one can
readily verify that the system of equations (4.221) is satisfied by the type-II modes in
eqs. (4.237) and (4.240).

Type-1II STSSH’s of rank 2 for IN even. Finally, let us construct the type-IIT

modes, given by eqgs. (4.91) and (4.94). The type-III modes satisfy wilgvg; nbp) _ )
and w(ilgvganép) 0 (i =1,..,N — 1) by definition. The components wggé:;a;ne;ﬁ)

(j,k =1,..., N — 1) are rank-2 symmetric tensor-spinors on SV~!. Since type-III modes
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are divergence-free and gamma-traceless, we separate variables in the following way:

My EB=mD) Gy, Oy-1) = o 2>< V) DG On-),
Wm0y, 1) = £, (On) D50 (On-1), (4.241)
wilgef D G, On1) = i, (Oy) wf;%’; (On-1),
¢ilgef+n£p)( N,On1) = E neg)(eN)¢+j99££)(9N—1), (4.242)

where eq. (4.241) describes the type-III STSSH with negative spin projection, while
eq. (4.242) describes the type-1II STSSH with positive spin projection. The functions
gbflf) and Qﬁ,(lf) are given by egs. (4.31) and (4.32), respectively. It is straightforward to
verify that the type-III modes in eqgs. (4.241) and (4.242) are solutions of the system of
equations (4.221) (with the use of egs. (4.35) and (4.36)).

4.13.2 CONSTRUCTING THE STSSH’S OF RANK 2 FOR N ODD

Now the gamma matrices are given by eq. (4.19). By combining egs. (4.9), (4.14),
(4.19), (4.23) and eq. (4.24) we find

n 0 N +3
W¢igN§£ = [(801\[ + 5 cot 91\/) VN +

B;nt; . Bint;p
W] ﬂ’iewﬁ i‘@|Cn,N| ¢§EQN9£)7

(4.243)

sin O

where we have used the gamma-tracelessness condition

(Bynt;p) (B;nt;p)
¢:|:9N9N - 77Z):|:9 On

(see eq. (4.63)). Similarly, we find

(B;nt a N -1 1 (B;n¥; (B;nt
77¢i9N9p = { (89]\; + 5 cot 91\/) ’YN + SHIQNW] wio p) + cot 9N’Ye ¢i9N015)

(4.244)
(B;nt;
= iZ’Cn N ¢i9N9 7

(j=1,..,N —1) and

00y 2

0 N -5 - n
( + —cot 9N> ¥+ HW] %EE(; eip + 2 cot GN’}/(Q wﬁ;k g}s
(4.245)

(Bt
= iZ|CnN| ¢i9’;kp
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(j,k=1,...,N —1). Note that for N odd we have
WY + VN =0, (4.246)

since {vyV,57} =0(j=1,..., N — 1) - see eq. (4.19). Now let us separate variables in
eqs. (4.243)-(4.245).
Type-I STSSH’s of rank 2 for N odd. As in Ref. [5], since N is odd we choose to

express the type-I modes in terms of the following spinors on SV —1:

X-ep(On-1) = \}5(1 +ir™)x—p(On-1) (4.247)
Seap(Ox—1) =1 R ip(O—1) = jﬁu i) X (By). (4.248)

where x.¢; are the eigenspinors on SV~ (satisfying eq. (4.27)). Since N is odd, X1

and x_g; are related to each other as follows [5]:

X+ep(On-1) = v X—05(On-1). (4.249)

The spinors X5 are eigenfunctions of the operator VNY} (that commutes with W2) and

they satisfy [5]
N -1

g WXﬁ:Kp =+ <E + 2> X+05- (4.250)

In order to construct the rank-2 type-I modes on S, we separate variables as follows:

DD O, On—1) =05 (On) R —0p(On—1) £ 100 (On) 05 (On—1) (4.251)
WD O, 8n-1) =CDP(03) Vo, R —p(On—1) £iCHP (Ox) Vo, R145(On-1)

— DR (O5)70, 0 105(On—1) F DD (0)70, R —e5(On—1)
(4.252)
WP (O, On—1) =Go,0, (R—ra(On—1) KL (On) £ Rep(Oy—1) iKY (0n))
~ ~ geek ~
Vo) — —2*_[]
+ {V(nggk) N1 }
X (R-ep(On-1) WP (0x) £ Rip(On1) iV (0))

~ - geje =
+ {7(6<V0k) - : V}

N —
( X+e5(On— 1)ZT (QN):FX 05(On-1) r(j)(eN))> (4.253)

(j,k=1,...,N —1). By working as in the case with NV even, we find that the functions
¢(2£) P C(Z)(Q), DS’Z@), KSZ), WSE) and Téz) (where b =7, ), describing the dependence

nt s ¥nlr~'n
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on Oy, are the same functions as the ones used in the even-dimensional case (see
eqs. (4.71)-(4.73)). By expressing X+¢; in terms of x1¢; (by making use of egs. (4.247)
and (4.248)), it is straightforward to show that egs. (4.251), (4.252) and (4.253) are
equal to egs. (4.96), (4.97) and (4.98), respectively, as presented in Subsection 4.5.2.

Type-1I STSSH'’s of rank 2 for N odd. In order to construct the type-II STSSH's

of rank 2 on S, we use the following vector-spinors on S™V~1:

1
w(Ajéﬂ (On_1) = 7(1 + iy )w(A ép)(gN D) (4.254)
S On 1) =GP (0 ), (4.255)
where wiggp) (J ..., N — 1) are the TT eigevector-spinors on SV~! (satisfying

eqs. (4.52) and (4.53)) and ¥\ AZP = WN@(_/};;E’S) . The vector-spinors Ji@fﬁ) satisfy

NG Aep (e 4 N2_1) w(i@j 2 (4.256)

FEpLE) = O — g, (4.257)

£p)

By making use of the vector-spinors wig , we separate variables for the type-II STSSH's

(I-Asne;
w:t;w "7 on SN as follows:

WD O, 0n-1) =0 (On) 0GP (On—1) £ D (00057 (On-1)  (4.258)

ivy 3,;% DOy, 0n-1) =T\ (65)V Mp (Bn—1) 00 (08) Vs, ¢f;,fp (On-1)
—in, ><9 . em (On-1) F AL (63300, 057 (Ov-1)
(4.259)

(j,k=1,..,N —1), while dji]é A@M #) = 0 by definition. By working as in the case with
N even, we find that the functions ¢f&),w$),A ") and FS’Z) (where b =1, ) are given
by the same expressions as in the even-dimensional case (see eqgs. (4.100) and (4.101)).
By expressing 121@}4’3 in terms of @/Jieé’)) (with the use of egs. (4.254) and (4.255)), we
straightforwardly find that eqs. (4.258) and (4.259) are equal to egs. (4.100) and (4.101),
respectively.

Type-IIT STSSH’s of rank 2 for N odd. In order to construct the type-1II STSSH's

of rank 2 on S¥, we use the following rank-2 symmetric tensor-spinors on S™V~1:
1
DR On) = s+ iy Ox ) (4.260)

D Oy-1) =V O  Br), (4.261)
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where qpfj,@”K (j,k = 1,..,N — 1) are the STSSH’s of rank 2 on SN~ (satisfying
egs. (4.67)-(4.69)). Also, note that wﬁrB@Zg’; = ny&E]zf@? . The tensor-spinors &ﬁ;@
satisfy

(B;p) N —1\ 25
vaie 9pk = (5 + 5 ) 1/’5:0 (4.262)
B — B — g (4.263)
§9¢9]¢$£€) =0 (4.264)

(i,j,k=1,...,N —1).
By making use of the tensor-spinors 1/;1%;%’?

STSSH's wﬁf,,B n60) on SN as follows:

, we separate variables for the type-II1

Qﬁilélefn&ﬁ)(emazvfl) ¢ (HNWBQ?;C(HN 1)iwne (9N>¢+39£0pk(9]\’ 1) (4.265)

G,k =1,..,N — 1), while p{I" EN”“ = 0 and @g{vgw = 0 (by definition). By
working as in the case with NV even, we find that the functions ¢7(1;2) and @bﬁf) are given
by egs. (4.31) and (4.32), respectively [and, thus, eq. (4.265) is equal to eq. (4.104)].

4.14 APPENDIX E - DERIVING THE SPIN(N + 1) TRANSFORMA-
TION FORMULAE OF STSSH'S AND DETERMINING THEIR
NORMALISATION FACTORS

In Subsections 4.14.1-4.14.3 of this Appendix we derive the transformation formu-
lae (4.114), (4.119), (4.133) and (4.134) for STSSH's of rank 1 on S¥ and we calculate
the normalisation factors cg\, =1 (n () and c]\?r % (n,ﬁ) [eq. (4.112)]. The derivation
of the transformation formulae and the calculation of the normalisation factors for the
STSSH's of rank 2 have many similarities with the case of rank-1 STSSH's and, thus,
we discuss them in less detail in Subsection 4.14.4.

4.14.1 CALCULATING c%f ir=1) (n ¢) AND MAKING THE FIRST STEP TOWARDS

THE CALCULATION OF ¢y =" (n, ¢)

Since it is a quite simple task, let us start by calculating directly the normalisation
factor for type-1I STSSH's of rank 1 for arbitrary N. For N even, we substitute the
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unnormalised type-/I modes (4.55) (or (4.56)) into the inner product (4.111). Then, by

performing the integration over S =1 using eq. (4.54), we find

&m0

V2 B /OTF dfy sin™ 3 Oy {((bﬁ”(%{)f T (djﬁlzl)(eN))Q]

B 111/07T dfy sin™ " Oy {<¢£Loz)(91v))2 + (%?(9@)2} . (4.266)

where the functions QSS? and @DS}) are given by egs. (4.31) and (4.32), respectively. The
integral in the last line is the same integral that appears in the normalisation of spinor
eigenfunctions on S™ in Ref. [5]. Thus, using the result of Ref. [5] we readily find

e 2
N (n, )
V2

which is a special case of eq. (4.112). For N odd, the calculation is similar and we find
again that the normalisation factor is given by eq. (4.112).

1 T(n—L+1)I(n+L+N)
BEA N CE ST

(4.267)

The normalisation factor of the type-I modes can be found by calculating the following

integral:
C%T_U(n,g) - / 0 N-1g R(b )(0 ))2+ (¢(1)(9 ))2}
7\/5 N Sin N N ne \UN

2 i

™ 2 2
x /0 0 sin™ 3 Oy [(Cg?(”(e]v)) +(C,(j)(1)(9N)”
+ (N - 1)/ iy sin™ 3 Oy UDQ“)(@N *+ DV b)) }
+ 2t (f + Nl)

>
X/ d@N SiHN_3 9]\[
0

x (O 03D ) + OV 03) DV (0] (4.268)

N [<£+N—1> B (N—1)(N—2)1

where C’,SE) wa)(l) wa and Dne ()" are given by egs. (4.47), (4.48), (4.49) and
(4.50), respectively. For N even, eq. (4.268) is derived by substituting the expres-
sions (4.43) and (4.44) for type-I modes into the inner product (4.111) and then
performing the integration over SV~! (with the use of eqgs. (4.28) and (4.206)). For N
odd, by working similarly we find again eq. (4.268). Since the integrals in eq. (4.268)
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are not as simple as in the case of type-II modes, we are going to take an indirect

route. To be specific, we first obtain by direct calculation the normalisation factor of the
type-1 modes with the highest allowed value for /, i.e. c%"’:l)(n,ﬁ =n). Then, once we
have obtained the transformation formulae of the type-I modes under spin(N + 1), the

normalisation factor c\y" =" (n, ) (for £ =1,2,...n — 1) will be constructed in terms of

=Y (n,n) by exploiting the spin(N + 1) invariance of the inner product (4.108). To

(I;r=1)
calculate ¢y’ /(

Mathematica 11.2 we find

n,n) we let £ =n in eq. (4.268) and by calculating the integrals using

=D (n,n)

V2

B n(N —2)0(n+ & + 1)
A1+ n)(N -1y + )

(4.269)

4.14.2 DERIVATION OF THE TRANSFORMATION FORMULAE OF TYPE-I AND
TYPE-II-1 STSSH’S OF RANK 1 AND CALCULATION OF THE NORMAL-

(I;r=1)

ISATION FACTOR ¢y’ ' (n,¢) FOR N EVEN

Below we give details for the derivation of the transformation formulae (4.114) and (4.119)
for rank-1 (r = 1) modes with positive spin projection [these modes are given by
eqs. (4.45), (4.46) and (4.56)]. The calculations for the rank-1 modes with negative spin
projection are not presented here, as they can be performed in the same way.

In order to derive the desired transformation formulae (4.114) and (4.119), it is sufficient
to study the following two components of the Lie-Lorentz derivative (4.105): L 1y,

and Ly g, _,. After a straightforward calculation we find

sin Oy _ _ sinfy_
Ly g, = (5”“8# 4 N NN 1) Vo, + ng;ﬂ)e}vfl (4.270)

2sin Oy
and

sin 91\[,1 _ .
m’YN’YN 1) Voy_, —Sinly_1 Yoy,

(4.271)

Ly gy, = (Y“@u —cotfOy cosOyn_1 +

where we have substituted egs. (4.9), (4.14), (4.22) and (4.110) into eq. (4.105). Since
N is even, we express YY"V ! in eqgs. (4.270) and (4.271) as

_saN-1 0
ANANT ( WO ﬁN_l) 7 (4.272)

where we have used eq. (4.16).
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The partial derivatives in eqgs. (4.270) and (4.271) act only on the coordinates {0x,On_1}.
Thus, for later convenience let us introduce the functions ggéiz(QN_ﬁ and 1/7@2(0]\/_1)
describing the 0y_;-dependence of the STSSH's on S¥~1 . In analogy to eqs. (4.31)
and (4.32), these functions are given by

&(d)(QN,l):/%~(€ m) | cos Oy )" sin O\
fm o 2 2

N -1 On_
xF(—€+m,€+m+N—1;m+2;sin2 Nl

) . (4.273)

and

o £+ N—1 On m—a O m+1-a
(a) e 2 N-1 . UN-1
Yy (On-1) = /%(é, m) o— N;1 (cos 5 ) (sm 5 )

N+1 On_
XF<—€+m,€+m+N—1;m+;—;sin2 1\721>’ (4.274)

where the normalisation factor is given by

r(e+ 250

L(¢—m+1)T(m+ 221

g(l,m) = (4.275)

The number @ in egs. (4.273) and (4.274) is an integer and m is the angular momentum

quantum number on SV=2 [with ¢ > m, in analogy with eq. (4.34)]. The formulae
analogous to egs. (4.35) and (4.36) are given by

d N +2a—2 N=2\ N —1\ ~
( + +2a cot@N—1+m> (a):(€—|—> o (4.276)

Im

tOn_1 —
d@N_l 2 COLON-1 SiIlQN_l

N +2a—2 N2\ N —1\ -
( 4_ N+ mt )qsgzz:—(u 1Y, @)

respectively.
Motivated by the techniques used in Refs. [22] and [26], in order to derive the transfor-

mation formulae of our STSSH's we introduce the ladder operators for ¢, sending ¢ to
¢ + 1 when acting on the functions ¢\% (6 ), ¥\% (6x), 5% (y_1) and P\ (By_1). The
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ladder operators are given by the following expressions:

d

. 1
e 4 (_ _ ) - 4.2
p d9N+ (a3 )eotly + 520, (4.278)
(+;a) 1
T+ (+a—=)coth 4.27
» dé’N ( ta ) LN T ey (4.279)
. 1
T ( N+a— ) S 4.2
& + {4+ N+a cot Oy ST (4.280)
—;a) !
T = (+ N - = t 0 4.281
p _|_< +N+a )CO N+2$in0N7 ( 8)
L d m —+ N-2
8 = sinfy_ (e i+ N — ) On_ 2 4.282
3 sin NldGN_1+ +a-+ COsSUN_1 2(@4—%)7 ( )
)
qHa) d ( . 3) m+t 7y
" = On_ 14 N —— On_ 4.2
¢ sy g+ (At N =3 ) eosta + 57 Xy (4.283)
) 10 44 (—6 +a-— 1) O+ - (4.284)
o = gy ey et gy @
N ~ d 1 m + Nr—a
I = sinfy_ (—z i — ) On 4.285
sin Oy 1d9N—1 + +a 7 COSUN_1 2@_’_ ) ( )
These operators act as follows
TiH £ (0n) = KO £ (6) (4.286)
Ty 17 (0) = K >f£‘? 1(On), (4.287)
19 780 ) = KO, (), (4285)
I find (On 1) = KO J0 (0, (4.289)

where f¢(0) € {64 (0x), 09 (On)}, Fisd (On—1) € {dfi(On—1),¥ie (Ox—1)} and

k) = —(n+L+N), (4.290)

KO =n—0+1, (4.291)

P4 _ (l+N—-14+m)({—m+1)

k TN : (4.292)

5 04+ N=1 _ 1)(¢ 4 D=L

po - U - DU+ ) (4.293)
{4+ (N —2)/2

One can straightforwardly prove the ladder relations (4.286)-(4.289) using the raising

and lowering operators for the parameters of the Gauss hypergeometric function given in
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Appendix 4.10. (Similar ladder relations have been obtained by the author in Ref. [26]
while studying the Dirac field on dSy.)

Let us now proceed to the derivation of the transformation formulae of the type-I and
type-1I-1 modes. It is clear from the expressions (4.270) and (4.271) for the Lie-Lorentz
derivative that we need to express the type-I and type-II-I modes in a form where the
dependence on both 6y and 0y _; is written out explicitly. By substituting eq. (4.194)
into eqs. (4.45) and (4.46), we express the type-I modes with positive spin projection as

DT B, O 1, O —s)

i () [ B (Ox 1) X mp(On—2) + iih (On-1) X 4o (O 2))]

6N—l(& m)

V2

000 (On) [ G (ON-1) Xmp(On—2) + 04 (1) Xrmp(On—2)|
(4.294)

w:l:laj\_rnfmp)(eN70N 170]\/ 2)
N [Efwm(eN,ON 1) Xemp(On—2) + 850 (O, On—1) Xmp(On— 2)}
~ en-1(f,m)

[ H o (O8O3 1) X-mp(On—2) + G050, (O, Ox 1) K tmp(On—2) |

(4.295)

where ¢y _; (¢, m) is the normalisation factor (4.197) for the eigenspinors on SV~  while

the Spinors Xm,(On_2) on S¥=2 are defined by eq. (4.195). Also, we have defined

a a 8 . a 7
Oriom (O, O051) = O (0) 55— i) (On—1) + iDL (0) Gfyn (O—1)  (4.296)
N 1

H2,0x.05-1) = O 0w) 50— 0w-1) = D) (0n) G30-) - (297)

a a 0 N
ES) (0x,0n-1) = C' (By) S (On-1) — iDL (On) Dl (On—1)  (4.298)

861\7_1 Im
a a a . a 7
i (O, 0 1) = G On) 50— Binl(Ov—1) + D5 (O) Gii(B—1) . (4.299)
Recall that C\D@ W@ pMh@ 5nq DO are given by eqs. (4.47), (4.48), (4.49
nt n@ n€

and (4.50), respectively.) S|m||ar|y, the type-I modes with negative spin projection are
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expressed as

LT O, On1, Oy —s)

) O (O0) [ (Ox—1) Ko (On—2) — i (On—1) g (O —2)]
_ én—1(€,m)
\/§ . (1) 7(0) 2 70 2
Fit), (On) [qbfm(eN*l) Xfmp<9Nf2> Zwém(eN—l)X+mp<0N72)}

(4.300)
GO (0 Oy 1, Oy )

i H (x5, 05-1) X—mp(On—2) — 1O (On,0n_1) Xmp(On—2)
_ en—1(¢,m)
V2

i | B (08 Ov-1) Xmp(On—2) = 5000 (O8O3 -1) X (O —2)]

(4.301)

Similarly, it is straightforward to express the type-II-I modes with positive spin projec-
tion (4.56) as follows:

w(II-I;Jr;nEm;p)

Loy (On,On-1,0n—2) =0, (4.302)
WU (O Oy 1, On )
- (=1) 0 7(1) 0 2 0 - 7(1) 0 2 0
(I:7=1) iy (ON) [P (ON=1) X—mp(ONn—2) + 105, (On—1) X4mp(ON—2)
_ ooy (6m)

V2 _ . . - . ’

1685, (0x) [ G (On—1) Xomp(On—2) + ) (On—1) X (On—2)]

(4.303)
where &/ 7Y

(¢,m) is the normalisation factor of the STSSH's of rank 1 on S¥~1 and it

will be determined later. The type-II-I modes with negative spin projection (4.55) are
expressed as

¢S_59_;;_m€m;p) (On,On-1,0N—2) =0, (4.304)
Gl (O, O 1, O )

(t=) S5 (On) |G (0N 1) Xmp(Bn—2) = it040) (BN 1) X 4mp (O )]
_ CnN_1 (é, m)
V2

ity (On) |G (On-1) Xomp(On—2) = ity (On—1) X-rmp(On—2)]

(4.305)
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4.14.2.1 Derivation of the transformation formula (4.114) for type-I modes of

rank 1 and calculation of the normalisation factor c%"ﬂzl)(n, 0)

By using the expressions (4.294) and (4.295) for the type-I modes, we express the
Lie-Lorentz derivative (4.270) as

(I;+;nlm;p)
LVwiHN

Xemp(On—2) TS (O, On—1) — X smp(On—2) TS (O, On—1)

_EN_l(K,m)
_7\/5 7
iX mp(eN 2)T1 (On,On— l)j:ZX-l-mp(ON 2)T2 (On,On-1)
(4.306)
where
I) _ m (0) sm HN 1 7(0) sin 0N71 H(l) 4 7
7O {gb  2sinfy ”Z¢€m+ sin2@y = MM (4.307)
I sinfy_1 (1) 70 sinfy_1 1
) = 79, [o 0] + 5o 0 00+ — 3 0 o (4.308)
(n _ (1) 7(0) SIHGN 1 sinﬁN,l (1)
T3 - 8M [wné gbém} t o 2sin Oy né ¢ém sin2 Oy Enﬁm? (4309)
sin Oy _ 1 ) (0) sinfn_1 ()
= 719, [v)0)] - SO Mz”‘m’ (4.310)

(Recall that o4 i 7(127” Eﬁ}n and Efllg)m are given by egs. (4.296), (4.297), (4.298) and

(4.299), respectively.) In order to proceed we need to make use of the following relations:

4.311)
4.312)
4.313)
4.314)

T ORI, 0, & LRG0, 50,

T = 20 Ww“%ﬂmmm+$mM%H¢2Mﬂm—‘%ﬁ%%
1 )

Tg) = ZDEHEH) 2/JneJr1¢e+17n + 2WEOEC wnf 1 gO)lm N I)(b b
S

Im>
I 0 1 7(0 1
Ti )= D EHED ¢ne+1¢é+)1m + g(l 1/%(13) 1 é )lm + I)¢£z€)¢€m’

—~~ Y~

where k() k(5) k() and k() are given by eqgs. (4.290), (4.291), (4.292) and (4.293),
respectively, while /) is the coefficient defined in eq. (4.117) (with 7 = 1) and

0+ N i _ 1€

(1 _ A=t
< 20+ 4 (0+ N —1) 20(0 + XA

(4.315)
Let us outline the steps required for proving eq. (4.311). (Equations (4
proved similarly) First, we express ’]I‘(I) on the left-hand side of eq. (4
¢n£, dgbnz /dOy, gbfm and dgbzm/dQN 1 by making use of egs. (4.307),

.312)-(4.314) are
.311) in terms of
(4.297), (4.277),
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(4.47), (4. 49) and (4.36). As for the right-hand side, we express gbngil and ¢ei1m
in terms of (bnz, dgzﬁgg)/dHN and @m, d(bem/dQN,l, respectively, by making use of the
ladder relations (4.286)-(4.289) and we also express w,(f@) in terms of ¢5112 and dqﬁf}}/d@N
by making use of eq. (4.36). Then, it is straightforward to show that the two sides of
eq. (4.311) are equal. We have verified the calculations using Mathematica 11.2.

Then, by substituting egs. (4.311)-(4.314) into eq. (4.306), we express the latter as

(1 7(0 2 - 7(0 2

in (6, m) ) Zwr(zt?Jrl [¢é+)1m X—mp T+ Wéﬁlm X+mﬂ}

LY@Z);I@; mlmip) _ TN—1LD BDEHEE)
\/§ 2 . 7(0) 2

i¢ne+1 {¢e+1m X—mp T 101 m X-i-mp}

. 1 2 . 2
Z¢7(Lz?—1 [gbf—lm X—mp T Wé—hn X-i—mp}
+ DR EE)

0 2 .7 (0 2
¢n€ 1 [ g)lmX mp+lwé—)1mx+mp}

00 [Sbm X-mp = 14 X
— iz } (4.316)
iw(l) [(b Xfmp - “Zg)rz >%+mp}
and we straightforwardly rewrite this as
Ly¢£0;n€mp o 527([ ¢(I+n(€+1 m;p) _{_% wz(tIa:nE l)mp . ¢¥9;n€mp
(4.317)
as in eq. (4.114), where we have defined
) = 0 _nallm) (4.318)
CN 1(6 +1 m)
B0 = g _amilbm) (4.319)
in-1(€—1,m)

1)

It easy to verify that these expressions for .«7() and #) agree with the expressions

given by eqgs. (4.115) (with r = 1) and (4.116) (with r = 1), respectively.

Now, we can determine the normalisation factor C%T 2 (n () for the type-I modes. By

using the spin(N + 1) invariance of the inner product (4.109) between @D (Liomntmip) gnd

wﬁf;’ mEDmP) and using the transformation formula (4.114) we find

N (n, 0)

&V, 0+ 1)

. (n=0OL+N=1)
T U+ D)+ N+ l+ N

(4.320)
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By iterating this equation and using eq. (4.269), one can straightforwardly find

o 2
&N (n, 0)
/2

_ 1 I'n—0+1)I'(n+{+ N)
2N+1 IT(n+ 5 )2
(N —=2)((+N—1)
(N —=1) ([n+ N/2]* = [N — 2] /4)

which is eq. (4.112) with = 1 and 75y = 7(;y = 0. For later convenience, note that we

x (4.321)

can easily deduce the form of the normalisation factor for the type-I STSSH's of rank 1
on SV~ by making the replacements N — N — 1, n — £ and £ — m in eq. (4.321), as

&=V (e, m) S Frl—m+1)I'l+m+N-—1)
V2 C oy T+ 551
" (N =3)m(m+ N —2)
(N=2)((+1)(l+N—-2)

(4.322)

Let us now discuss the mixing between type-/ and type-II-I modes under the spin(N + 1)
transformation. By using the equation ¥{J"""™*) — () and egs. (4.294) and (4.303)
(or egs. (4.300) and (4.305)), one readily fmds that the component given by (4.270) of

the infinitesimal transformation of a type-II-I mode is proportional to a type-I mode, as

L (II-Liosntmip) _ sin Oy _1 (II-I;0;nlm;p)
PR N TNy

sin @y @ TON-1
=g =Dy fintmir) (4.323)
in agreement with eq. (4.119), where we have defined
(I;7=1)
=1 — leyty (¢, m) (4.324)

2 5]\[,1(6, m) ‘

It is easy to show that this expression for .7 (=1 is equal to the expression given by
eq. (4.124) (with » = 1). Then, since type-II-I modes transform into type-I modes under
the spin(/V + 1) transformation, the spin(/N + 1) invariance of the inner product (4.109)

(between L] (Liontmie) 4nd 1/);1,{[[;0;”%”))) implies that

Lyw (Losntmip) _ o %/(Hn)wgﬁf;a;nem;p)’ (4.325)

where all the STSSH's in *.! are type-I modes, while .# /1) is given by

v (n,0)

<%/(I—UI) _ _%(I]—ﬂ)* ’ (4326)
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where the asterisk denotes complex conjugation. Then, by using the expression for
o U1=1) [eq. (4.124)] and the expressions for the normalisation factors [eq. (4.112)] we
find that # (/=) in eq. (4.326) is equal to the expression given by eq. (4.118) (with
r=1).

4.14.2.2 Derivation of the transformation formula (4.119) for type-1I-I modes of
rank 1

By substituting the type-II-I mode (4.303) into the Lie-Lorentz derivative (4.271) we
find

(II-I;+;nlm;p)
L)

+0n_1
(1) iX—mp(On—2) TS (O3, On 1) = X mp(On—2) TS (B, On—1)
cNfl (Eu m)

V2 . . ’
X mp(On—2) TV (O, O 1) £ 0X 1mp (O —2) TS (O, O 1)

(4.327)
where
) 3
T = (40, — cot by cosOn_1) ngl)qb(l)} 821n nNH Lo ) o (4.328)
TUD —  (mg (—1) 7(1) sin On_ 1
5 = ( . — cot by cos HN,l) 1S } + 5, non TR (4.329)
0 ~
T = (FH0, — cot by cos 91\1—1) } + SQHSImNG Lo %2,2, (4.330)
T _ (g [pCD G sinfy— Ly DG
= i — cot O cosOy_1) | } Py o (4.331)
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Then, as in the case of the type-/ modes, we prove the following relations:

Tgm = %" ¢ne+1¢£+1m + LI )¢( ) 1¢£ 1m + % H)Qp 1)¢(1)

. PLS;Zn | (4.332)
T = BDEOEDG LG+ LRGP, — 56Dy

n Ofge)m, (4.333)
YD = ZOKDEDYCD G0, + LOKOROYD G0, — Vg

. E%)m | (4.334)
() = ZOEOEOYY I, + LOEOFOGED I, 4 5D V)

. E,Ze%? (4.335)

where () is given by eq. (4.122) (with 7 = 1) and

{+ N —2 —(1+7)
7. (S 4.336
20+ 52 (¢ + N —1) 20(0 + &) ( )
By substituting eqgs. (4.332)-(4.335) into eq. (4.327) we find
Lywilél+n€mp d([[wilél+n€+l mp)+%[]¢lll+n(£ 1) m;p)
N-1 N-1 N 1
_ Z'%(H)w:(tlé; —1 snlm;p) + % (II—=1T) wz(tlé;ﬁzm;p)? (4337)

in precise agreement with the transformation formula (4.119), where we have defined

~(I;7=1
Cs\ffl )(€7m>

o/ = gD (B () , (4.338)
~(I r:l)(g + 1’ m)
~(I;7=1)
%(H) =9 H)k( )k( ) ([CN 1 (é m) (4339)

(£—1 m)

It easy to verify that these expressions for o7 () and U agree with the expressions
given by egs. (4.120) (with » = 1) and (4.121) (with r = 1), respectively.
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4.14.3 DERIVATION OF THE TRANSFORMATION FORMULAE OF TYPE-I AND
TYPE-I/-1 STSSH’S OF RANK 1 AND CALCULATION OF THE NORMAL-

(I;r=1)

ISATION FACTOR ¢y’ ' (n,¢) FOR N ODD

The Lie-Lorentz derivative is given by eqs. (4.270) and (4.271), where v+~ ~1 is given

by
0 1
NAN=1 = : 4.340
vy (_1 0) (4.340)

where 1 is the identity spinorial matrix of dimension 2%/2.

The type-I modes on S with positive spin projection index on SN¥=! (oy_; = +) are
found by substituting eq. (4.199) into eqgs. (4.59) and (4.60), as

wj:lngz +;m;p) (0]\/7 QN—I 3 ON—Q)

Sva(tm) 1 (1+4) it (On-1) [ @4 (On) £ 1100 (On)] X1mp(On—2)
N—-1\%,

Sie
S

(1= 1) S (On—1) [~ 6% (On) £ 1) (Ox)] Xmp(On—2)
(4.341)

LT Gy Oy 1, Oy o)

(1+) [1050 (05, On-1) F Zhia (O, On-1)] Xmp(O-2)

(1 =) [=H (On, 0n 1) £ B, (08, On1)] X ymp (O )
(4.342)

(the functions describing the dependence on Oy and Oy_; in eq. (4.342) are given by
eqgs. (4.296)-(4.299)). The component zﬂilgng ) is obtained from eq. (4.341) by

making the replacement X ,,, — X_m, and exchanging z&éﬁz and gz;g?,)z The component

(I;nl;—;m;p)
¢i9N 1

exchanging zO ., and HY, @m, as well as exchanging :FZ and izE ) . The ladder
relations for the funct|ons gbng (QN),@DM (On), gbﬁm(@]\,_l),@bgm(@]\/_l) are given again by
eqs. (4.286)-(4.289). Equations (4.311)-(4.314) hold as in the even-dimensional case.

is obtained from eq. (4.342) by making the replacement )Z+mp — X—mp and

The type-1I-1 modes on S with positive spin projection index on S¥=1 (on_; = +)
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are expressed as

P (0 Oy, Ox—)
=0 gy 1 [ D Ona) [0 O) £ On)] Kemp (Bv—2)
N—1 ) T
2 2 ~ ’
v (1 =) G (O—1) |~ (On) £ 8051 (On)] Tmp(On-—2)
(4.343)

while zpﬁg‘;f‘f‘;m;p) is obtained from eq. (4.343) by making the replacement X, —
X—-mp and exchanging mﬁgg and qgéiz Equations (4.332)-(4.335) hold as in the even-
dimensional case.

The rest of the derivation of the transformation formulae is similar to that for the even-
dimensional case. We find that the transformation formulae for the type-7 and type-1I-1
modes are given by eqgs. (4.133) and (4.134), respectively, while the normalisation factor
=Y (n, 0) is given by eq. (4.321).

4.14.4 'TRANSFORMATION PROPERTIES UNDER SPIN(/N + 1) AND NORMALISA-
TION FACTORS FOR STSSH’S OF RANK 2 ON SV

As mentioned in the beginning of this Appendix, the calculations needed in order to
derive the transformation formulae and determine the normalisation factors for STSSH's
of rank 2 on SV have many similarities with the case of rank-1 STSSH's, which was
presented above. Therefore, below we just provide a brief description of the basic steps.
Let us begin by determining the normalisation factor for type-III STSSH's of rank 2,
AIr=2)(n, 0). In the case with N even, we substitute the rank-2 type-III modes (4.89)-
(4.91) into the inner product (4.111), while in the case with N odd we substitute the
type-III modes (4.102)-(4.104) into the inner product (4.131). By working as in the
case of rank-1 type-II modes, we readily find (with the use of eq. (4.70))

o 2
C%II,T‘—Q) (n’ g)

V2

for both IV even and N odd, which is eq. (4.112) with r = 7y = 2.

Now we will determine the normalisation factor for type-II STSSH's of rank 2, C%I;TZQ)(TL, 0).
For N even we substitute eqs. (4.82)-(4.84) into the inner product (4.111), while for N
odd we substitute eqgs. (4.99)-(4.101) into the inner product (4.131). By performing the

1 Tln—L+1)I'(n+¢+ N)
- 4.344
5 TmeDE (4.344)
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integration over S~ (using eqgs. (4.212) and (4.54)), we straightforwardly find

N, 0)|

— _9 /0 " A0y sinV 3 0y {(cpi%’(e]v))? + (wff?(emﬂ

+2[(£+N—1>2_N(N+1)]

2 4

[ angsr-say | (B0 (T 0m)
o NEE N 2 2

A 6y)

+ 2(N + 1) /07r dQN SiIlN_5 9]\[

+1 <g + ]V_l>
! 2
X / do sin™ =2 O [T (0x) A (0n) + TS (On) AN (08)]
0
(4.345)

where PQ,P%,A&? and Aﬁe) are given by eqs. (4.87), (4.88), (4.85) and (4.86),
respectively. The calculations can be significantly simplified by making use of the
following relations:

4
&) (0) = ¢\, (0

Sin26 ( )‘NHN+2,
4 0 )

g ¥ne (0) = %w(e)‘NﬁNHa
2 ) ~ABQ)

sinQQF”E (0) =Ce ( )’N—>N+2’
9

A (0) = DSED(0)]

sin2g "

(b=t,4) (4.346)

N—N+2’

where 6 € [0, 7], n’ =n—1 and ¢/ = ¢ — 1, while on the right-hand sides of the relations
in eq. (4.346) we have denoted the replacement of N by N +2as N — N + 2. The
relations in eq. (4.346) can be readily proved by using eqgs. (4.31), (4.32), (4.47), (4.48),
(4.49), (4.50), (4.85), (4.86) (4.87) and (4.88). By comparing eqs. (4.345) and (4.268)
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and by using eq. (4.346), we straightforwardly find

. 2 . 2
cs\I,I’ 2) (n,?) _ 93 C%’H 1)(n —1,0-1) (4.347)
V2 V2 '
1T —(+DI(n+l+N)
2N IT(n+ 52
N -1 N
<£ >(€ + ) (4.348)

(N +1) ([n+ N/2* = N2/4)’

which is eq. (4.112) with r = 2 and 75y = 7(;1) = 1.
As for the normalisation of rank-2 type-I modes, by working as in the case of rank-1

type-I modes, we calculate the normalisation factor for / = n using Mathematica 11.2

I 2
& (n,n)|

V2

(n—1)(N=2(n+ % +1)

42 n(n 4 1)(N + 1)ﬁr2(n + 2y

(4.349)

while the normalisation factor ¢\ (n, ¢) (for £ =2,3,...,n — 1) will be determined

using the spin(/N + 1) invariance of the inner product (4.109).

In order to derive the transformation formulae (4.114), (4.119), (4.126), (4.133), (4.134)
and (4.135) for the STSSH's of rank 2 it is sufficient to study the following components
of the Lie-Lorentz derivative (4.105):

2 sinOn_

L = K _— 4.350
KVwON{)N <5ﬂ au =+ 92 sin ‘9N v ¢9N9N + sin2 9N ¢9N9N—17 ( )

sin @ _ B
Lovgyon_, = (5’“8“ —cosOn_1 cotOn + — N 17N7N 1>¢9N9N_1
2sin Oy

sin O _ .
al 1”(/]0N71‘9N71 — Sin eNflweNGN (4351)

sin2 QN
and
sin O _
]LyiﬂgN_lgN_l = (5”"8# — 2cos 9]\[,1 cot 91\7 + ,Nl’}/N"}/Nl)Q/JgN_lgN_I
2sin Oy
— 2sin 49N_1 1/}9N9N71. (4352)

By working as in the case of rank-1 STSSH's, we make use of the ladder operators (4.286)-
(4.289) and (after a long calculation) we find the transformation formulae (4.114), (4.119)
and (4.126) for N even, and the transformation formulae (4.133)-(4.135) for N odd.

Then, as in the case of rank-1 type-I modes, the normalisation factor of rank-2 type-1
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modes is found by combining the spin(/N 4 1) invariance of the inner product between
P (Lonbmip) 4nd @/J (Losn(EH1)mip) vy eq. (4.349), as

Dm0l 1 -+ D0+ 0+ N)
V2 2N+ T(n+ 5)?
N2 00+ N —1)(¢ - 1)t + N)
N+1(jn+N/2P® = [N =2 /4) ([n + N/2* — N2/4)’

(4.353)
(for both N even and N odd) which is eq. (4.112) with r = 2 and 7(p) = 7(;) = 0.

4.15 APPENDIX F - PURE GAUGE MODES

In this Appendix, we present details for the derivation of the pure gauge expressions (4.148),
(4.150) and (4.153) for N even. The calculations for NV odd are similar and, thus, we do
not present them here.

For later convenience, note that by making the replacements 0y — x(t) = m/2 — it,
n — M — N/2 [eq. (4.140)] in the formulae (4.35) and (4.36) we find

d N+2a-1 (+(N—=1)/2\ ~a - )
de ' 2 T y =M o 4.354
(dx 5 cot x + pr wm(t) ¢M£(t) (4.354)
and
d N+2a—1 €+(N—1)/2 A(a) - A(a)
(mﬁ'zwm‘smx Oyre(t) = =My, (1), (4.355)

respectively, where cotx = itanht and sinx = cosht. Also, let us obtain lowering
operators for M as follows. By making the replacements N — N + 1, y_; — z(t) =
7/2 —it, { = M — N/2, & — a and m — £ in the lowering operator (4.284) we find

V@@

(4 N

2(M —1/2)
M (M —¢— N/2
_ ( 7 / >¢(1\?)1 )€<t)’ (4.356)

while by making the same replacements in the lowering operator (4.285) we find

o ) -~ N-1
L((ﬁMa)¢(a)( ) = [Sinx(%—F <_M_|_2—|—a) cos T +

A

0+ 2L (a)
+ a) cosT — A,Q] Y, (1)

2 (M;a) 7 (a a -~
wwwﬁ>[mx+@M+

O 2(M —1/2)
M (M — (- NJ2) .
M —1)2 r-e(t): (4.357)
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4.15.1 PURE GAUGE MODES FOR STRICTLY MASSLESS SPIN-3/2 FIELD, N
EVEN

The type-T modes (4.148) for the strictly massless spin-3/2 field (with M = +(N —2)/2)
are ‘pure gauge' modes. In this Subsection, we prove explicitly the t-component of
eq. (4.148) and we describe the calculations needed in order to prove the rest of the
components. Let us denote the spinors Ag_f) in eq. (4.148) as Agf;&ﬁ), where we have

written out explicitly the dependence on the spin projection index o = 4 and the angular

momentum quantum number ¢ = 1,2, .... Since these spinors satisfy the Dirac equation
(Y +iN/2)AT5) = 0, they are given by [26]
2(0)

2 [ On () X—e5(On-1)
ATEP (¢ 0y_p) = - 20 , (4.358)

W%E(t) X-5(On-1)

(+36;5) 2 “j}(ﬂO)g(t) X-|—Z/3(0N—1)
AP (4O ) = = Pk , (4.359)

C\FOY, () xa5(On-1)
where ¢, (t) and P, (t) are found by letting M = N/2 in egs. (4.142) and (4.144),
2 2

respectively, while y1,; are the eigenspinors (4.27) of the Dirac operator on S¥~!. The
factor of 2/¢ will be motivated naturally below [it arises from the use of the lowering
operators (4.356) and (4.357)]. Below we prove the t-component of eq. (4.148) only for
negative spin projection 0 = —. The case with ¢ = + can be proved in the same way.
The type-I modes \I/< S gp) for the strictly massless spin-3/2 field (M = £(N —
2)/2) are found by combining eq. (4.146) with eqs. (4.43) and (4.44), as

BB (DX—(On-)
:Fiwég—2)5<t>x—€ﬁ(0N—l)

(4.360)

é((%))e(t) @ijfﬁﬁ(eNfl) + D((Q(IQ)M@) Yo, X —5(On—1)

FiC(R (6) Vo, x-ep(On-1) FID{EE) (1) T, X-p(O—1)
(4.361)

where the functions C'](\Z)Z(l)(t) and ﬁg\%l)(t) (b =1,]) are obtained by making the
replacements Oy — /2 — it, n — M — N/2, 6 (0x) — 013, (1), ¥4 (On) — 1, (¢)
in the functions CS;)(”(@N) and Ds)g)(l)(HN) (b =T,]), respectively, in eq. (4.44).
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N 2
Now, let us prove eq. (4.148) for the t-component of \I/( ) . We will show that
the two sides of eq. (4.148) are equal by making use of the lowering operators (4.356)

and (4.357). We want to show

(4 N=2),.
g EE6) (a )A( 69) (4.362)
ot
which is expressed in terms of upper and lower components as
95(1)7_2 <t>X—Zﬁ(0N—1) %A(EO)g(t) - %Q/Z(ﬂo)e(t) X—Kﬁ(aN—l)
¢ 9 3 5
—1 = ? )
(1) PN .
Fith Nz, ()X-e(On-1) T [1599,(0) - 169,0)] x-06-1)
(4.363)
[where we have used eq. (4.16) and ' = iy"] or equivalently
2 () _ 950 70
SO0 (1) = iy ) = 00 + S ORENCE )
¢ _ 7(0) _ 950 1
SO0 = B0 (0 = 090 - 2600, (4365)

where we have used eqs. (4.142) and (4.144). Then, by using the formulae (4.354) and
(4.355) we rewrite eqgs. (4.364) and (4.365) as

(smxd — 1cotaz:—i— MV_U/Q) Qgﬁ (t) = Ak ng(;v) 2y (t) (4.366)

dr 2 N -1 N -1
and
d 1 C+(N=1)/2\ 20 . NE
(snwvalx—zcotyc—N_1 wﬁé(t)— wig ,(1), (4.367)

respectively. It is easy to verify that eq. (4.366) is equal to the lowering operator (4.356)
acting on é(ﬂo)g(t), while eq. (4.367) is equal to the lowering operator (4.357) acting on
2
zﬁ(ﬂo)e(t). Hence, the two sides of the time component of eq. (4.148) are equal. The
2 K

(4 N=2yp5
rest of the components of eq. (4.148), i.e. \Ifgf @) (V + L, )A( 40)

(j =1,..., N —1), can be proved straightforwardly just by using eqgs. (4.366) and (4.367),
as well as formulae (4.354) and (4.355).

4.15.2 PURE GAUGE MODES FOR STRICTLY MASSLESS SPIN-5/2 FIELD, N
EVEN

The type-I and type-II modes for the strictly massless spin-5/2 field (with M= +N/2

- see eq. (4.150)) are ‘pure gauge' modes. In this Subsection, we briefly describe how
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to obtain the ‘pure gauge' expression in eq. (4.150). We denote the vector-spinors
/\Sj;z>(t, On_1) in eq. (4.150) as A7 (¢, 0y _1) (0 =+, B=1,1T and { =2,3,...).
Since the calculations for ¢ = — and o = + are similar, below we discuss only the case
Pure gauge modes of type-I. The type-I modes \Il,(ii;_;(i%)&ﬁ) for the strictly massless
spin-5/2 field (M = £N/2) are found by combining eq. (4.146) with egs. (4.71). The
‘time-time component’ is

(£ 5)65) &g)g(t)X—eﬁ(eNq)

(1~ ,
] (t,0nv_1) = (1) x| 2 . (4.368)
" Fi (D) x-15(Oy-1)

with 0 = —.

Similarly, since the TT vector-spinors Aiu (t On_1) in eq. (4.150) satisfy

N +2 A
(Wiz + >)‘§:B,‘j 4p) _ 0,

they are given by the analytic continuation of the type-I STSSH's of rank 1 in egs. (4.43)
and (4.44). The ‘time component’ is given by
s 2 [ Oz, (DX-ea(On-1)
NP0y ) = — | L . (4.360)
-1 :F“p N+2) ( )Xf£ﬁ<0N71)
(The factor of 2/(¢—1) is inserted for the same reason as the factor of 2/¢ in egs. (4.358)
and (4.359).) Then, by using eqgs. (4.368) and (4.369), we expand the two sides of

(LN A o .
\IfgtL @360 _ (Vt + %w) AL5P) [see eq. (4.150)] and find

(=1 oy _ 950 1
sinx ¢%vf(t) - %Qﬁ(%)é(le) + 9 (N2+2)g(t) (4.370)
=1y 0 1.
sinx w%f(t) - %w(%)é(t) - §¢( 2+2)g<t)- (4.371)

These equations are proved in the same way as egs. (4.364) and (4.365). Thus, we

have verified the ‘time-time component’ of the 'pure gauge' expression (4.150). The

rest of the components of eq. (4.150), i.e. \I!t(g D) _ (V(t + %’y(t) )\ilé;);&ﬁ) and
\Ifgiez( D) _ (V(ek + 57(9k) )\iéj)’[’ ) can be proved using egs. (4.370) and (4.371).

Pure gauge modes of type-II. By working as in the case of type-I modes presented

above, we find

(11-Ai—3(+ X)e;7) ¢(0) (t )w(A D@y _1)

e o |
Vi (O = E 200 009 0y 4372
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and
2(=1) (A4
(H—A;f;f;ﬁ) 4 (b( +2 ( ) 70 (HN 1)
ALy t,0n_ - 4.373
+0; ( N 1) g_ 1 :F (t)wg (ON 1) ( )
(IIAO‘( %)Zp) (IIAO'Ep)

(Recall that for type-II modes we have U}, =0and \}, =0.) Then,
we can verify the ‘pure gauge’ expression (4.150) by working as in the case of type-I

modes presented above.

4.15.3 PURE GAUGE MODES FOR PARTIALLY MASSLESS SPIN-5/2 FIELD, N
EVEN

The type-I modes [eq. (4.153)] for the partially massless spin-5/2 field (with M =
+(N — 2)/2) are ‘pure gauge’ modes. Below we describe briefly how to obtain the
‘pure gauge’ expression in eq. (4.153) for N even. (We present the proof only for the
tt-component of eq. (4.153).) We denote the Dirac spinors gogf) (t,0n_1) in eq. (4.153)
as gofg;ﬁ)(t,ON_l) (c =+ and ¢ = 2,3,...). Again, the calculations for 0 = — and

o = + are similar and, thus, we discuss only the case with 0 = —.

For later convenience let us write down explicit expressions for lowering operators that
lower the parameter M to M — 2 of the functions ﬁ;é(t) € {qgg\‘j[)z(t) (a)( t)}. By
applying each of the lowering operators (4.356), (4.357) twice, we find

AN :a) 8 ~.a ~a . 62 a “(a
LSIM X )L;M’ )f(~)(t) =|sin®z —— +bp(z) — + cf(z) f(*)(t)

e 02 O e
_M(M—1)(M—£—%)(M—1—£—f)f ().
- (T~ DT~ ) i
(4.374)
(recall z = 7/2 — it) where
e - (0 + 252 (M —1)sina
bp(x) =sinxcosx (—2]\/[ + 1+ 2a+ N) + 55 (07— 1/2)(3 — 3/2) (4.375)
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and
(t+ 52
4(M —1/2)(M —3/2)
(0 +2) cosx —M—ka—i—% 1—M+a+%
- + .
2 M —3/2 M —1/2

- N -1 ~ N -1
+(—M+a—i—2) (1—M—|—a+2>

~ N -1 ~ N -1
—sinz (—M—i—a+2> (2—M—i—a+2>, (4.376)

with sp = 1if f(t) = 6% (¢) and s; = —1if () = 0'9 ().
Now we will verify the ‘time-time component’ of eq. (4.153) with negative spin projection
(0= —), ie

L—(£ 85205 3 5
\I[t(t ( ) P) (tyeN—1> - <Vtvt + Z%Vt gtt) QOE‘: i:p) (t ON 1) (4377)

cp(z) =

+Sf

Since the spinors {77 (¢, 0y _1) satisfy the Dirac equation {W +i(N + 2)/2} PP =
0, they are given by [26]

(pg:—;f;ﬁ) (t, 0N—1) _

4 ¢(N+2 ()X Zp(eN 1)
E(E_ 1) :sz(zvﬂ ()X Ep(eN 1)

) , (4.378)

7?1;((0); 2y, () X405(On-1)
3F<$E°)+ 2),(t) X+5(On-1)

where the factor 4/ (¢[¢ — 1]) is motivated naturally below. On the other hand, the
tt-component of the type-I mode of the partially massless spin-5/2 field is given by

(+:4;9) _ 4
Pr (t70N*1) - E(ﬂ — 1) (

), (@379

2(2)
I;—; +&=2 4;p ¢ —2 ( )X—KN(ON—I)
ol gy ) = (-1) e . (4.380)
¢(¥ ()X ép(eN 1)
By substituting eqgs. (4.378) and (4.380) into eq. (4.377) we find
(=1) 29 00 —1) 20
T P = S g oo )
2% 3\ - 0 -
- (W 5 ) Oz (6) + 5 dfRa () (4.381)
0 —1) ~9 L —=1) 0
4 ¢(T_2)e<t> © sin?z (T_Q)Z<t)
0 3\ 50 9 50
= <8$2 + 4) w(T”)e@) - %qﬁ(%y(t). (4.382)
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Equation (4.381) is proved using the lowering operator (4.374) as follows. First, we
express G@D(NH /Oz in eq. (4.381) in terms of 8&?@”; /O0x and QgE%T“)e by making
use of the formulae (4.354) and (4.355). Then, after a long calculation, we rewrite
eq. (4.381) as

00— 1) 5
a0, =
sin® z N(N +2)sin’x

(4.383)

N —1)(N+1) [+(Na=0)2(NE2:0—0) »
B0 (s, )

which is readily verified using the lowering relation (4.374). Equation (4.382) is proved
in the same way. Thus, we have verified the tt-component of the ‘pure gauge' expres-
sion (4.153).

Let us now show that our ‘pure gauge' expression for the type-I modes \I/,(“I,U W=+1t9)
on dSy in eq. (4.153) is equal to the gamma-traceless part of the gauge transformation
that is proposed in Ref. [9] (for a specific choice of the spinor gauge function in the gauge
transformation of Ref. [9]). In order to compare our results with the results of Ref. [9]
we let N =4 and M = +(N — 2)/2 = +1 in eq. (4.153). [Now, the spinors ©\”*" in
eq. (4.153) satisfy Vi (0i6p) —3ipy (06:7) ] By using units in which the cosmological
constant is A = 3, the gauge transformation for the partially massless spin-5/2 field v,

in Ref. [9] is

32 15
= (vau) + =YWV + 0, ) (4.385)
4 16
where we have chosen ¢ to be a solution of the equation Ve = —3ie. (For this choice

it is clear that our spinors @Sf;w) are the mode functions corresponding to the field ¢.)

Note that for this choice of € the gauge transformation of the auxiliary field is zero -
see Ref. [9]. Also, for this choice of ¢ it can be readily verified that g"d1,, = 0, but
Y6t # 0. Let 61, be the gamma-traceless part of d1,,, i.e.

0y = 0y — L - %vo‘éww, (4.386)

6
where y*d1);,, = 0 and g""01);,, = 0. Then, we can straightforwardly show that

3
o, = (v(ﬂv + iV + 49,“,) ¢, (4.387)

which is in precise agreement with the expression for our type-I modes in eq. (4.153).
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5

New conformal-like symmetry of strictly
massless fermions in four-dimensional de

Sitter space

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 (dS;). The corresponding
symmetry transformations are generated by the five conformal Killing vectors
of dSy, but they are not conventional 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. 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).

5.1 INTRODUCTION

Four-dimensional de Sitter spacetime (dS,) 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 [50, 48, 43], there is evidence to suggest that our

Universe is asymptotically approaching another de Sitter phase.
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The D-dimensional de Sitter spacetime (dSp) is the maximally symmetric solution of

the vacuum Einstein equations with positive cosmological constant A,
1
R, — §gm,R + Ag =0, (5.1)

where g,,,, is the de Sitter metric tensor, Rz, 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

R,uz/pa = Gup Gvo — Gvp Guo- (5'2)

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:

» The existence of unitarily forbidden ranges for the mass parameters of integer-spin
fields depending on both D and the spin of the fields [26, 29].

= The existence of exotic unitary “partially massless” fields for spin s > 2 [12, 13,
29, 16, 17, 18].

For the sake of completeness, let us give here some details about these two field-theoretic

characteristics. As discovered by Higuchi [26, 29, 28], massive (i.e. non-gauge-invariant)

totally symmetric tensor fields of spin s > 1, satisfying
(vava —m?+(s—2)(s+D—3)— 3) Py, e =0,
V@hap,.pu, =0, gaﬁhaﬁusmusv (5.3)
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). (5.4)

Moreover, Higuchi observed that for the following special values of the mass parameter |26,
29, 28]:

m?=(t—1)(2s+D —4—1), (t=1,..,5), (5.5)

the theory is unitary, while at the same time it enjoys a gauge symmetry. A field with

mass parameter given by Eq. (5.5) is a gauge potential known as partially massless field
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of depth T in the modern literature [16, 17, 18].! 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,4+(s —1),...,£(s =T+ 1)) [16, 17, 18]. 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 [29, 28]. More recent discussions concerning both totally symmetric and

mixed symmetry integer-spin fields can be found in Ref. [7].

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 [16, 17, 18], 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 [33, 35], 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), which correspond to strictly/partially massless totally symmetric

tensor-spinors of spin s > 3/2, are non-unitary unless D = 4 [33, 34, 35].2

1The partially massless spin-2 field was first discovered by Deser and Nepomechie [12, 13].

2Note: For the cases with spin s = 3/2,5/2, these results were obtained following two different
approaches: 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 invariant, positive definite scalar products in the space of mode solutions) [34, 35], 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) [33] and inferring (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. [33]
motivated only by the examination 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, if we wish to avoid the representation-theoretic
confusion that appeared in the past dS literature - the results of Ref. [33] 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 [34, 35]. This is something that we leave for future work.
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5.1. INTRODUCTION

In the present paper, we uncover a new group-theoretic feature of all strictly massless
totally symmetric spin-s > 3/2 tensor-spinors on dS,: 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 lIrreducible
Representations (UIRs) of the dS algebra so(4,1) [33], also form UIRs of the larger

conformal-like so(4,2) algebra.

5.1.1 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 dSj.

= We present new conformal-like infinitesimal transformations (5.80) for strictly
massless totally symmetric tensor-spinors on d.S;. These new transformations are
generated by conformal Killing vectors of d.S; and they are symmetries of the field
equations [Egs. (5.20) and (5.21)], 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 d.S; with non-vanishing divergence - see Eq. (5.77).

= The conformal-like transformations (5.80), together with the ten known dS trans-
formations (5.14), generate an algebra that is isomorphic to so(4,2). However,

this conformal-like algebra closes up to field-dependent gauge transformations.

= 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 [28]. (Recall that a strictly massless field has only two
propagating helicities +s corresponding to two sets of physical mode solutions

with opposite helicities.)

» 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 irreducibility 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 (5.14), as well as the five conformal-like

symmetries (5.80)). Then, we show that there is a so(4, 2)-invariant, and gauge-
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invariant, positive definite scalar product for each set of mode solutions with fixed

helicity.

» As the name suggests, our conformal-like symmetry transformations are not con-
ventional infinitesimal conformal transformations. This is exemplified as follows.
For the cases with spin s = 3/2,5/2, by investigating the conformal-like transfor-
mations 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 v°) 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.

We conclude this part of the Introduction with a brief literature review. The UIRs
of so(4,1) corresponding to certain fermions on dS; have been also discussed in
Ref. [21]. The mode solutions and the Quantum Field Theory of spin-1/2 fermions
on dSp have been discussed in various articles, such as Refs. [8, 36, 42, 46, 38, 40,
6, 49, 11, 10, 21, 31, 2]. The invariance of maximal-depth integer-spin partially
massless theories on dS4 under conformal transformations has been investigated in
Ref. [15] - however, interestingly, a representation-theoretic study suggests that

the associated symmetry algebra does not correspond to the conformal algebra [4].

5.1.2 OUTLINE, NOTATION, AND CONVENTIONS

The rest of this paper is organised as follows. In Section 5.2, we review the basics
concerning (strictly massless) tensor-spinors on dSy. In Section 5.3, we review the
classification of the UIRs of the dS algebra so(4,1). In Section 5.4, we discuss the (pure
gauge and physical) mode solutions for strictly massless fermions of spin s > 3/2 on
global dSy. In particular, we use the method of separation of variables to express the
physical mode solutions on global dS; in terms of tensor-spinor spherical harmonics on
S3 (these spherical harmonics are not constructed explicitly here). We also identify the
analogs of the flat-space positive and negative frequency modes. In Section 5.5, 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 5.6, we present our new

3The field strength tensor(-spinor), also known as “generalised Wey! tensor(-spinor)” (see, e.g. [4]),
is invariant under gauge transformations. It plays the role of the electromagnetic tensor F},, = 0, 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.
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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 5.7, 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 5.8, we discuss
the conformal-like transformations of the gauge invariant filed strength tensor-spinors.
There are two Appendices, 5.10 and 5.11, 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 dSj.
Lowercase Greek tensor indices refer to components with respect to the ‘coordinate basis’
on dS,. Coordinate basis tensor indices on S® are denoted as fii, jio,.... 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, + A,,)/2, and the anti-symmetrisation with the use of
square brackets, e.g. Ay, = (A — Ayyu)/2. Spinor indices are always suppressed
throughout this paper. The rank of spin-s tensor-spinors on dSy is r (i.e. s =1+ 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 d.S; with non-vanishing divergence - see
Eq. (5.77).

5.2 BACKGROUND MATERIAL FOR STRICTLY MASSLESS FERMIONS
ON dS,

5.2.1 FIELD EQUATIONS FOR HIGHER-SPIN FERMIONS ON dSy

Fermions of spin s = r + 1/2 > 3/2 on dS, can be described by totally symmetric

tensor-spinors ¥, that satisfy the on-shell conditions [17, 14, 45]:

1---Mr

(W + M) \Il,ul...pr =0 (56)
vawaug...ur = Oa ’7alllo¢u2...u7- - Oa (57)

where M is the mass parameter, 7 are the four gamma matrices and Y = "V, is
the Dirac operator. We call the conditions in Eq. (5.7) the transverse-traceless (TT)
conditions.

The ‘curved space gamma matrices’, v*(z), are defined with the use of the vierbein fields

as y(z) = e ,(x)7°, where v* (b = 0, 1,2, 3) are the spacetime-independent gamma
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matrices. The gamma matrices ~*(z) satisfy the anti-commutation relations
VA At = 2g" 1, (5.8)
where 1 is the spinorial identity matrix. The vierbein and co-vierbein fields satisfy
e, € b = Gy €'ae,’ = 6L, (5.9)
where 1y, = diag(—1,1,1,1). The fifth gamma matrix is determined as [23]
eP7 = inSyltar Py, (5.10)

where €,,,, are the components of the dS; volume element. In the vierbein (i.e.
orthonormal frame) basis we have €y193 = +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
Vol = (O 5900 ) U = 7T Vs (5.11)

where FAW are the Christoffel symbols. The spin connection, Wy = Wyb = €, Wape, is
determined as
@Lepb + Ffwe"b — wucb e’.=0. (5]_2)

The gamma matrices are covariantly constant, V,7* = 0. The commutator of covariant

derivatives acting on totally symmetric tensor-spinors is given by

1
[V/u vu]\ym...m = 5(7;/%/ - gw)\pm...ur
+r (gu(ul\ljuz---w)v ~ 9v(m \I/m---ur)/t)' (5.13)

5.2.2 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 [32, 39]. The Lie-Lorentz derivative

acts on arbitrary tensor-spinors as follows:

Lg\:[jlllmllr = SVVV\IJML../LT + vulfy \I]V;,LQ...;,LT + V/LQSV \IjulV}L&..ur + + V}Lrgu \Ijlllmlir—ll’

1
+ ZV&W”*\PM...W., (5.14)

220



5.2. BACKGROUND MATERIAL FOR STRICTLY MASSLESS FERMIONS ON dSy

where 4 = 4" The Lie-Lorentz derivative LW conveniently describes the

R
infinitesimal so(4, 1) transformation of ¥, . generated by the Killing vector £&#. From

the properties [39]:

Lg’ya = O,
Lévquul.‘.;w = VuLf\D,ul...,ur? (515)

it follows that if ¥, is a solution of Egs. (5.6) and (5.7), then so is Le W, .. 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 [39]

- L[ﬁ,ﬁ’]\yll«lmlh (516)

for any two Killing vectors & and &'

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 (5.6)
and (5.7) form an infinite-dimensional representation of so(4,1). The eigenvalue of the

quadratic Casimir for this representation is given by [33]

9
= > Lle— > Lle= —M*—=+s(s+1), (5.17)

dS boosts £€so(4) 4
where s = r +1/2 > 3/2 *. The unitarity of the representation depends on the value
of the mass parameter M [33]. In this paper, we are interested in the strictly massless
theories, which appear for special imaginary values of M (see Subsection 5.2.3) - for

discussions on arbitrary values of M in any spacetime dimension see Ref. [33].

5.2.3 STRICTLY MASSLESS FERMIONS ON d.S;

For real values of M, Egs. (5.6) and (5.7) describe a unitary massive theory with 2s + 1
propagating degrees of freedom [17, 14]. The theory enjoys a gauge symmetry for each
of the following imaginary tunings of M [17, 14]:

M?=—(r—t+41). (5.18)

“The expression (5.17) for the quadratic Casimir is also true for spin-1/2 fields.
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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,....r
corresponds to a partially massless field with 2t helicities: (£s,4+(s —1),...,£(s — T+
D) [17].
In this paper, we are interested in the equations for strictly massless fermions, i.e.
Egs. (5.6) and (5.7) with mass parameter given by [17, 14]

M ==+ir. (5.19)

Strict masslessness occurs for either of the two signs for the mass parameter in Eq. (5.19).

However, the representations of so(4, 1) corresponding to the ‘+' sign are equivalent to

the representations corresponding to the ‘—' sign [33]. This is easy to understand as, if
W, .. satisfies

W\Dm...ur =-M \I/ul...urv
then the field ¥/,  =+°¥,, ,, satisfies

Ve = MY,

Mol ?

while, also, 7> commutes with all dS transformations (5.14) [33].
Based on the discussion of the previous paragraph, below we will only discuss the field
with the '+ sign in Eq. (5.19). Thus, from now on, ¥, . denotes the strictly massless
field satisfying
(Y +ir) @y, =0, (5.20)
vaqj@ll%--ur - 07 ’7a\1104,u,2...,u,r = 0. (521)

Equations (5.6) and (5.7) are invariant under the following restricted gauge transforma-

tions:

0" Wy e = V(1 M) F %7(#1 Aia-pr) (5.22)
where the gauge functions A\, . are totally symmetric tensor-spinors of rank » — 1 that
satisfy

(V+i(r+1)) Mpgrosr =0, (5.23)
VQAuuzpr = 0, Y Aapgop, = 0. (5.24)

For r = 0, i.e. in the case of the massless spin-1/2 field satisfying Y ¥ = 0, the theory

does not have gauge symmetry.
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5.3 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, 41]. An irreducible representation of so(4) appears at most once in
a UIR of so(4,1) [19].

Let us recall that an irreducible representation of so(4) is specified by the highest
weight [5, 20]

—

f=(fi, f2), (5.25)

where

fi > | fel- (5.26)

The numbers f; and f, are both integers or half-odd integers, while f can be negative.
The representation (fi, —f2) is the ‘mirror image' of (f1, f2) [51].

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, f) contained in the UIR F = (Fy, F}) we have:

fi = Fi > [ fa. (5.27)
The UIRs of so(4, 1) are listed below [47, 41]:
= Principal Series Dprin(ﬁ):

3
Fy=—S+iy, (y>0). (5.28)

F7 is an integer or half-odd integer.

= Complementary Series D omp( ﬁ) :
3 . ~
—5 <Fy<-—-n, ne{01}. (5.29)

If n =0, then F} = 0, while for the so(4) content we have fo = 0. If 7 =1, then

F} is a positive integer.

= Exceptional Series D ( F) :
F is a positive integer, while fy = 0.
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= Discrete Series D*(F) : Fy is real, while F}, and F| are both integers or

half-odd integers. The following conditions have to be satisfied:

F>f>F+2> ; for DY(F), (5.31)
1 .
“Rsfs—(Fh+2)<—5 for D7(F) (5.32)

For any so(4,1) UIR, F = (Fy, F}), the quadratic Casimir, C,(F), is expressed as:

Co(F) = Fy (Fy+3) + Fy(Fy +1). (5.33)

5.4 MODE SOLUTIONS OF STRICTLY MASSLESS SPIN-(r + 1/2) >
3/2 FERMIONS

In this Section, we obtain the mode solutions of the spin-(r+1/2) > 3/2 strictly massless
theories [(5.20) and (5.21)]. The spin-3/2 ans spin-5/2 mode solutions (for arbitrary
spacetime dimensions) have been already studied in Refs. [33, 34, 35].

5.4.1 GLOBAL COORDINATES AND REPRESENTATION OF GAMMA MATRICES

In order to obtain the mode solutions of Egs. (5.20) and (5.21) we will work with the
global coordinates of dSy, where the line element is

ds® = —dt* + cosh® t d)?. (5.34)
The line element of S3, dQ)?, can be parameterised as
dQ* = db3 + sin” 05 (d63 + sin® 6 6} ) (5.35)

where 0 < §; < 7 (for j = 2,3) and 0 < 6; < 27. We will also use the following
notation for a point on S3: 03 = (63,05, 0,).

In global coordinates, the non-zero Christoffel symbols are

: ~ 0; ~0;
thiej = coshtsinht go,e,, T'y, = tanht gy,

Lok, =T, (5.36)
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where g9, and fz’jgj are the metric tensor and the Christoffel symbols, respectively, on

S3. The vierbein fields on dS, can be chosen to be:

1
t—1 Gii: ~9ii ' =1.2.3 37
€o 9 € COShte ) 2 ) Sy Iy (53)

; are the dreibein fields on S®. The non-zero components of the dS spin

where &%

connection are given by

_ Wijk
cosht’

where @;;;, is the spin connection on S3.

Wijk Wik = —wigo = — tanht &, 4,7,k € {1,2,3} (5.38)

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

{0 1 , 0 7
0_; A= , : 5.39
7y (1 0) ¥ (—W 0 ) (5.39)

(7 = 1,2,3) where the lower-dimensional gamma matrices, 77, satisfy
{377, 7%}y = 26°%1, 4 k=1,2,3. (5.40)

The fifth gamma matrix (5.10) is given by

S (1 0
v = (0 _1). (5.41)

5.4.2 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 [(5.20) and (5.21)] on dSy:

» The ‘physical modes’ describing the propagating degrees of freedom of the theory.

» 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 dS; 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 ¢ x function of 83". As we will see below, the functions
describing the @3-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 so(4,1) D so(4). The method of separation of variables has been applied
in Refs. [29, 27, 28] for integer-spin fields, in Refs. [8, 36] for spin-1/2 fields and in
Refs. [33, 35] for spin-3/2 and spin-5/2 fields.
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5.4.2.1 Physical spin-(r +1/2) > 3/2 modes on dS,

Let us start by obtaining the physical mode solutions of Egs. (5.20) and (5.21). 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 S3. The
latter are the totally symmetric TT tensor-spinor eigenmodes of the Dirac operator on
S3 satisfying [30, 8]

m . 3 m;
VO 82) =i (€45 ) S 1 (80). (C=rr+ 1)
Gl o (85) = VIt L (05) =0, (5.42)

+h1f2..fir

and
=~ (6m . 3 m
Y —Zluulz Jir (6s) = —i (£ + ) w(ému]; ur<93> (=rr+1,..)
gl o (05) = Vil L (85) = 0. (5.43)

B2 for A1 a2 fir

The subscripts ‘+" in 1/ij,711£) i

eigenvalue in Egs. (5.42) and (5.43), while 7, V; and Y = 4RV, are the gamma
matrices, covariant derivative and Dirac operator, respectively, on S3. The numbers

have been used in order to indicate the sign of the

¢, 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;r + 1,... is the angular
momentum quantum number 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=rmrr+1,.,0and k = —(m+1),—m,...,0,....m. The explicit form of the
fMTN’;) i, (03) is not needed for the purposes of this paper®.
The set of eigenmodes {wfﬁﬁlz)mﬁr

highest weight (5.26) given by [30]:

tensor-spinors v

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

- 1 1
ﬁu=@+2m+2>, C=rr+1,... (5.44)

5See Refs. [52, 8] for explicit expressions for the spinor eigenfunctions of the Dirac operator on
spheres and Refs. [9, 35] 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
discussed in Ref. [30].
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Similarly, the set {@Zﬂ‘u’?ﬂr} (with fixed ¢) forms a so(4) representation with highest
weight [30]:

= 1 1

- :(€+2,—7‘—2), C=rr+1,... (5.45)

Each of the so(4) UIRs f* = (f + 5, E(r + %)) has the following content concerning
its subalgebras: the so(3) content corresponds to the so(3) highest weight m + £ with
(+3>m-+%>r+3, while the so(2) content corresponds to the so(2) highest weight
k+1/2withm+1>k+3>—m— 3.

In this paper we assume that the eigenmodes in Eqs. (5.42) and (5.43) are already

normalised using the standard inner product on S3:

= ~fiiin oDy sfirdy ) (€5 5K 7,(&msk
/5'3 VG des gt ghe gt w((y’ﬁlﬂg,,?ﬁr (03)]L ¢¢S’l~/1172.)..l7r (65)

= 500’ 6%’ 6mm’6kk:’7 (546)

where 0,0” € {+, —} and d@3 = df3dh,d0;, while g is the determinant of the metric on
G536

Time dependence of physical modes

The physical modes ¥,,, ,, (t,03) on dSy are essentially TT tensor-spinors on S3, and,
thus, we have ¥, ,. =0, where o, 13, ..., it € {t,05,05,6,} - as will become clear,
the TT conditions (5.21) will be automatically satisfied by construction. The only
non-zero components of the physical modes are the spatial components ¥, _; , where
1, figy -, fiy € {03, 02,61 }. These can be determined by solving the Dirac equation (5.20).
To be specific, letting u1 = fi1, o = fia, ..., ptr = fi,, the Dirac equation (5.20) for the

physical modes is expressed as

o 3—2r 1 0 iy ,
(82& + 9 tanh t) ’Yt\];’pl...p,« + m (—2!57 0 ) \IjﬂL“[Lr = —ZT’\I/[H...[LT, (547)

where we have made use of the expressions for the Christoffel symbols, spin connection,

vierbein fields and gamma matrices from Subsection 5.4.1.

6ln Eq. (5.46), the eigenmodes with different values for ¢ = 4 and/or £ = r,r + 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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Before proceeding to the construction of the modes, note that the physical modes on
dS, are naturally split into two classes depending on their so(4) representation-theoretic
content - i.e. depending on whether their O3-dependence is given by the spherical

eigenmodes (5.42) or (5.43). Let us introduce the following notation:

= The physical modes with so(4) content given by f. [Eq. (5.45)] are denoted as
\Ilfﬁ}??{z;_é? mik) (¢, 03). We also refer to these modes as ‘physical modes with helicity
—s' (recall that s =r +1/2).

= The physical modes with so(4) content given by f. [Eq. (5.44)] are denoted as
W (phys +EmiR) (¢ G3). We also refer to these modes as ‘physical modes with helicity
+s'.

Following our previous work [33], we separate variables for W {®tvs ~6mik)(¢ @) as

7 (6m;k)
\I,(phys —0;m;k) (t 03) 0, \I,(phys @;msk)(t703) _ ( ( );pj’(llmﬂk(( >>) , (5.48)
—H1

tpo.. por Hi-..pr —Zﬁg(

where ¢ = r;r 4+ 1,..., while a,(t) and S,(t) are functions of time that we must
determine.” Substituting Eq. (5.48) into Eq. (5.47), we find

d 3-2r i(0+3) .

(dt + — 5 tanh ¢t — “eoshi Bé(t) = _@Taf(t)a (5-49)
d 3-2r i(t+3) .

(dt + 5 tanh ¢ + “eoshi ap(t) = ir By(t). (5.50)

Using these two relations, and introducing the variable
xr = — —1it, (5.51)

we find two second-order equations:

0? 0 3\ cosx
[W—i—(?) 2r)cotx+(€+ )

) 2) sin®zx
e+ jégiQ;zr)(l —2r) (3 —427')2] ar(t) = —r?ay(t)  (5.52)

"The functions a(t) and B¢(t) correspond to @S\% and !Z/](f;e respectively, with a = —r and M = ir

(in four spacetime dimensions) in our previous work [33].
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and

Ox2 ox 2) sin®x

2
[a+(3—27’)c0taza—(€+3>m

(3B -2r)  (3- 27‘)2] Bo(t) = —12 Bu(t) (5.53)

sin? x 4

where cosx = isinht, sinz = cosht and cot z = itanht.® The solutions are given in

terms of the Gauss hypergeometric function [25] as:

a(t) = (Cos “"ét)yﬂﬂ <Sin x(;) >e+r

t
><F<r+2+€,—r+€+2;€+2;sin2m(2)>, (5.54)
and
O+r l4+r+1
o ‘ x(t) . x(t)
Be(t) = 712 (cos 5 ) <sm 5 )
><F<T+2+€,—T+€+2;€+3;sin2xg)>, (5.55)
where
t t)\" 2 t t
cos 90(2) = (sin 1‘(2)> = \é_ (cosh 5T i sinh 2) . (5.56)

We have now completely determined the form of the physical modes W ~mik) (¢, @)
in Eq. (5.48).
Similarly, we find that the physical modes with so(4) content given by f [Eq. (5.44)]

are expressed as

. 7 (&msk)

s, +4;m; s, +4;m; Zﬁé<t> w ~1...~r(03)

W O (¢ gy) =0, WS TR gy) = B . (557)
—Oéf(t) w-&-ﬂl...ﬁr (93)

The functions ay(t) and 5,(t) are given again by Egs. (5.54) and (5.55), respectively.

The physical modes (5.48) and (5.57) can also be obtained by analytically continuing

tensor-spinor spherical harmonics on S* (see Refs. [36, 35, 33, 29] for details concerning

such analytic continuation techniques).

8Note that the third term of the differential operator in Eq. (5.52) has an opposite sign from the
third term of the differential operator in Eq. (5.53). This is the only difference between these two
differential operators.
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Short wavelength limit of physical modes
Using the property [25]:
F(A,B;C;2)=(1—-2)" 4B F(C—-AC-B;C;2), (5.58)

we find that in the limit ¢ >> 1 (short wavelength limit), the functions ay(t) [Eq. (5.54)]
and ((t) [Eq. (5.55)] describe the time dependence of positive frequency Minkowskian

modes, as
dOég(t) ¥4
dt  cosht a(t),
d Be(t) i
~ — t). 5.59
dt cosh t Be(t) ( )

Apart from the physical modes (5.48) and (5.57), there are also physical modes that are

the analogs of Minkowskian negative frequency modes. These are given by

tpo... phr B flr

7,(Gmik)
- - £) lmik)
wiphs HEmRC(y gy =0, WP TEmRC G g, ( o ! )wt€e~m7k)( ))) (5.60)

and

émk
_ 0
+0‘é(t)7/’ .. ,uT(03)

It is straightforward to verify that these modes satisfy Eq. (5.47). In this paper, we do

not discuss the representation-theoretic properties of the ‘negative frequency’ modes

(phys, ££; m;k) C
\Ijﬂl My

‘positive frequency’ modes W(»"

because they form the same so(4,1) UIRs as the ones formed by the

ys, £0;m; k)
M

5.4.2.2 Pure gauge spin-(r +1/2) > 3/2 modes on dS,

The pure gauge modes of the striclty massless spin-(r+1/2) equations [(5.20) and (5.21)]
satisfy the same conditions as the restricted gauge transformations (5.22). This means

that the pure gauge modes are expressed as

7 m 7,44; m)
\Iffﬁg Mﬂ m) (¢, 03) = (V(m + 27(,“> )\LZ ) (1, 03). (5.62)
The “gauge-function modes”, A"%5m) are totally symmetric tensor-spinors of rank

r — 1 and they satisfy Eqgs. (5.23) and (5.24). As in the case of physical modes, explicit
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expressions for )\f;iﬁr@ 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. (5.62)
are used to denote the so(4) content of each pure gauge mode; this corresponds to the

so(4) highest weights
;i:(£+%’:tf:i:%), 7e{0,1,....,r—1}, (5.63)

with ¢ = r,r+ 1, ... [the value 7 = r is excluded in Eq. (5.63) since it corresponds to the
so(4) content of physical modes - see Eqgs. (5.44) and (5.45)]. 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 [28, 29, 35, 33, 27]. Because of these
properties, the pure gauge modes can be identified with zero in the solution space of the
field equations (5.20) and (5.21). These properties will be demonstrated in Section 5.5

for a specific choice of dS invariant scalar product - see also Refs. [33, 35].

5.5 THE PHYSICAL MODES FORM UIRS OF THE DS ALGEBRA

In this Section, we explain how the ‘positive frequency’ physical modes (5.48) and (5.57)
of the fermionic strictly massless theories form a direct sum of Discrete Series UIRs of the
dS algebra so(4,1). In order to identify the so(4,1) UIRs formed by the mode solutions,

we follow two basic steps:

» Irreducibility: We identify the sets of 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
corresponding 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 transformations, as the Lie-Lorentz derivative (5.14) commutes
with the operator V,, + £v, in Eq. (5.62), while also, it leaves invariant the

conditions (5.23) and (5.24), which determine the restricted gauge transformations.

9Explicit expressions for the spin-3/2 and spin-5/2 cases can be found in Refs. [34, 35].
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» Unitarity: We introduce a dS invariant and gauge-invariant scalar product that is

positive definite for physical modes of fixed helicity.

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 our scalar product is positive definite for the physical
modes with helicity —s and negative definite for the 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 [33, 35].

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 5.6, 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 [Egs. (5.44) and
(5.45)] of these modes, as well as the value of the field-theoretic quadratic Casimir (5.17).
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. (5.31) and (5.32)].

5.5.1 INFINITESIMAL DS TRANSFORMATIONS OF PHYSICAL MODES AND IRRE-
DUCIBILITY OF so(4,1) REPRESENTATIONS

The infinitesimal dS transformations of the mode solutions can be studied with the use
of the Lie-Lorentz derivative (5.14) 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 5.4), 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
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boost Killing vector). We choose to work with the following boost Killing vector:

X = X"0, = cos b3 f)at — tanh ¢ sin 03 089 (5.64)
3

Our aim is to express Lix WPhvs ~6mik)(¢ 05) and Lo WPmvs H6mb) (¢ @) as linear com-
binations of other mode solutions®. There are (at least) two different ways we can follow
in order to proceed:

\If phys +£6mk) 35 3 linear combi-

= i) Direct calculation, where in order to express Lx
nation of other modes, one has to use the raising and Iowerlng differential operators

for the angular momentum quantum number ¢, as in Refs. [29, 27, 36, 35].
or

= ii) Making use of the matrix elements of so(5) generators obtained by Gelfand and
Tsetlin [24]. More specifically, one can use these matrix elements to find explicit
expressions for the so(5) transformations of tensor-spinor spherical harmonics on

S4 and then perform analytic continuation to dSy.

In this paper, we follow approach ii. Here we present the final expressions for LLx W P/ vs: £:mik)
The reader who is familiar with so(D+1) representations formed by tensor-spinor spherical
harmonics on SP [30] can infer the results from Gelfand and Tsetlin's work [24]. Technical
details for the derivation can be found in Appendix 5.10.

Without further ado, following approach ii, the infinitesimal transformation of the physical
spin-(r 4+ 1/2) > 3/2 modes under the dS boost (5.64) are found to be:

L Wiphos =6mit) = — 2(51 5 V@ +2)2 —12) (0 —m+ 1)(€+m + 3) GPhvs £ mik)

il+1) [(—=m)(l+m+2) (Phys, £(=1)smik) |
C+E—pE e

~—

(pure gauge),
(5.65)

F=r—1, £0; m;k)

where the term ‘(pure gauge)' is proportional to the pure gauge mode \If b

[see Eq. (5.62)].

Conclusion. From the transformation properties (5.65), we conclude that the modes
hys, —€;m;k hys, +€;m;k . . .

{\Dfﬁ_?{m )} and {\Ifff’l_?{ur )} separately form irreducible representations of so(4, 1)

(up to gauge equivalence).

0] the spin-3/2 and spin-5/2 cases, the transformations LxW{F"s ~5m%) (¢ 9.y and
Lx \Ilff’lhyflfé ™% (¢,05) have already been expressed as linear combinations of other mode solutions by

direct calculation in Refs. [34, 35].
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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 (5.14) essentially act on equivalence classes of physical modes, i.e. if
(2) i L @

Do and WIS the difference W0 — W is a

Leefb 1eeofbr
linear combination of pure gauge modes, then \Ifl(}l)_w and \Ijl(fl)---,ur belong to the same

for any two physical modes, W(!)
equivalence class.

5.5.2 DS INVARIANT SCALAR PRODUCT AND UNITARITY

For any two (physical or pure gauge) solutions () W@ of Egs. (5.20) and (5.21),

define the (axial) vector current J#(W™M) W) as

JHEO, ) = =i, APy (5.66)
where @(Vll)w = iWUVT A0 This is covariantly conserved, V*.J, (), ¥®@) = (o 11,

Thus, it immediately follows that the scalar product

<\p(1)’\p(2)> _ /3 V=g d0s JO(UD u®)
S
= cosh®¢ /S Vgdbs U (t,05) 7" WDV (¢, 03) (5.67)

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 (5.67)
can be demonstrated as follows. Let J¢.J* be the change of the current (5.66) under the

infinitesimal dS transformation generated by a dS Killing vector £#. Then, we have

5£Ju(q/(1)7 vy = JM(IL{\I/(U’ Ty 4 J“(\P(l),quJQ))
=V, (& (w0, w®) — g (v, W) (5.68)

1 v TR TV %
= ﬁ&, {\/—_g (§ J (\1/(1)’ \11(2)> —r g (q,(l)7 \11(2))) (5.69)

where we have used that V,J” = V,” = 0. As 0.J* is equal to the divergence of an

anti-symmetric tensor, the following integral vanishes:

5§<\1/<1>|x11<2>> = /SB V=g dB3 5. J°(TWH T@) = 0. (5.70)

11 would like to thank Atsushi Higuchi for pointing out that this current is conserved.
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In other words, the value of the scalar product (5.67) does not change under infinitesimal

dS transformations. This directly implies that
<L§\11<1>\\11<2>> + <\I/(1)HL£\I!(2)> 0, (5.71)

for any dS Killing vector &.

Gauge invariance of the scalar product. Let us show that, with respect to the scalar
product (5.67), all pure gauge modes (5.62) are orthogonal to themselves, as well as
to all physical modes. In particular, letting \Ilfi)_“ur be a pure gauge mode (5.62) - i.e.

U@ =09 = (Vi + 5700 ) Mia..ny). Where we have omitted the quantum number

labels for convenience - the current (5.66) can be expressed as
np) gy = 95 v, (G-l ul s
J (\I/ ,\I/ ) =0 VA U Yy )\y2y3...ur y (572)

where W) is any physical or pure gauge mode. As J*(¥() W(P9)) in Eq. (5.72) 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 (5.67) is invariant under restricted gauge transformations (5.22).
Positive-definiteness. Let us now calculate the norm of the physical mode solutions
with respect to the scalar product (5.67). Substituting the expressions for the physical
modes, (5.48) and (5.57), into the scalar product (5.67), we find

<\Ij(phys,a€;m;k)|\I/(phys,o’€’;m';k’)> :(_0_> « COSh3—2rt
x (loe())? = 18e(t)[?) oo Ortr O Orie,  (5.73)

where 0,0’ € {—,+}, while we have made use of the normalisation condition (5.46) 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. [35]. The result is [35]

<q;(phys, olym;k) ’q;(phys, o’f’;m’;k’)>

IT(¢+2)
T{l+2+n0(l+2—7)

= (—O’) X 23727« 500’662’5mm’5kk’- (574)

According to this equation, the physical modes with helicity —s, {\Iffﬁff_?{z;*&m?k)}, form
a UIR of so(4,1) with positive definite scalar product given by Eq. (5.67), while the
physical modes with helicity +s, {¥#"vs+6mk)} form a UIR of so(4,1) with positive

definite scalar product given by the negative of Eq. (5.67).

235



CHAPTER 5. NEW CONFORMAL-LIKE SYMMETRY OF STRICTLY MASSLESS FERMIONS IN
FOUR-DIMENSIONAL DE SITTER SPACE

5.5.3 IDENTIFYING THE DS ALGEBRA UIRS

The analysis presented in the previous Subsections has demonstrated that the physical
modes, {W{Phvs Hhmk)} and {@lphus ~Emik)} of the strictly massless theories separately
form UIRs of 50(4, 1). It can be understood that we have a direct sum of Discrete
Series UIRs (5.31) and (5.32) as follows. Combining the so(4) content of physical
modes [Eqgs. (5.44) and (5.45)] with the branching rules (5.27), we find that both
{Wphys. HEmk)} and {WPhys ~Emk)} correspond to UIRs with Fy = 7 + 1/2 (see Sec-
tion 5.3). Then, comparing the field-theoretic quadratic Casimir (5.17) (with M = ir)
with the representation-theoretic one (5.33), we find the following “field theory - repre-

sentation theory dictionary™:

= The set of physical modes with helicity +s, {\I/ phys ”mk )}, forms the Discrete
Series UIR DT (Fy, Fy) = D*(r — 2,7 + 3) [Eaq. (5.31)] of so(4,1). The so(4)
content is given by Eq. (5.44). The positive definite norm is given by the negative
of Eq. (5.74) (with 0 = +).

» The set of physical modes with helicity —s, {\If(phys —6mik)Y forms the Discrete
Series UIR D~ (Fy, Fi) = D=(r — 3,7 + 1) [Eq. (5.32)] of so(4,1). The so(4)
content is given by Eq. (5.45). The positive definite norm is given by Eq. (5.74)
(with o = —).

Thus, the set of all physical mode solutions for the strictly massless spin-(r +1/2) > 3/2
theory, satisfying Eqgs. (5.20) and (5.21), corresponds to the direct sum of Discrete Series
URs D~ (r—3,r+3)@® Dt (r—32,r+1) 12 Thisis in agreement with the “field theory

- representation theory dictionary” suggested previously by us [33].

5.6 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 dS,.

Conformal Killing vectors of dS,. For later convenience, let us review the basics
concerning the conformal Killing vectors on dS;. The five conformal Killing vectors of

12This is also true for the massless spin-1/2 field on dSy, i.e. for r = 0 [33].
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dS, satisfy

VeV,

5 (5.75)

VMVV + vuvu = 9w

with VeV, # 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:
(Mg, Morpr] = (Mg Marp + 1y Mpor) — (A" BY), (5.76)
with A’ B'.C'", D' = —1,0, ...,4, where My g = —Mp/ o and
Nyg = diag(—1,—1,1,1,1,1)

(with "y _; = n{y = —1). The generators M_; 4/, with A" =0, ..., 4, can be identified
with the five conformal Killing vectors of dS, while the generators M 45/, with A’, B’ =
0,...,4, can be identified with the ten dS Killing vectors.

Each of the five conformal Killing vectors of dS,, denoted for convenience as V(O 1/ (Dr,
.., V®E can be expressed as a gradient of a scalar function '3

VA =V, 0pm. (5.77)

I

Each of the five scalar functions ¢ya) (A = 0,1, ...,4) satisfies

V. Vooy ) = —gudya, (5.78)

ie. V, VA = —g,,0yu. The scalar functions satisfying Eq. (5.78) can be found by
analytically continuing the scalar functions that are annihilated by the operator V,V, +g,,,
on 5* ¥ If we embed dS; in 5-dimensional Minkowski space as —(X°) 243°;_,(X7) 2 =
1, then the five scalar functions ¢y are ¢y = X* (this equality holds up to a

proportionality constant, which we ignore in the present paper). In the case of global

3] would like to thank Atsushi Higuchi for pointing this out.
141t is known that such functions on S* exist [1]. More specifically, they correspond to scalar spherical
harmonics on S* [29].
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coordinates (5.34) we have

X =sinht

X* = cosht cos b

X3 = cosht sinfs cos

X2 = cosht sin 6 sin 6y cos b,

X' = cosht sin 5 sin A, sin 6;. (5.79)

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 dS, as V#* = V#¢y or WH = VH*oy,, unless

otherwise stated.

5.6.1 CONFORMAL-LIKE SYMMETRY TRANSFORMATIONS

The main new result of the present paper is:

= If U, . is a strictly massless tensor-spinor satisfying Eqgs. (5.20) and (5.21), then

these equations are also satisfied by Ty, . defined as
. . 3
Ty o = 75 (vapg'm---ur +ir VU e = 0T VY Yo i)p — §¢V \Ijm---ur)

2r 1
- m (V(#l + 27(#1) VS\DuQA..uT)pV& (5.80)

for any conformal Killing vector V# = V#g¢y,. The latter satisfies V,V# = —4¢y
[see Eq. (5.78)]. Equation (5.80) describes the new conformal-like infinitesimal
symmetry transformations for strictly massless fermions generated by conformal

Killing vectors on dS;.

The differential operator 7}, maps solutions of Egs. (5.20) and (5.21) into other solutions,
i.e. Ty corresponds to a symmetry of these equations.

Note. The term in the last line of Eq. (5.80) does not correspond to a restricted
gauge transformation (5.22). This can be understood by observing that the gauge
function, A, .. in the restricted gauge transformation (5.22) satisfies Eq. (5.23), while
YW 1. 1npV? in the last line of Eq. (5.80) does not; it satisfies the following equation
instead *°:

W'VEJ\IJM...vap =r VBWuz..-urpr-

15Although the term in the second line of Eq. (5.80) 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
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In order to prove that the conformal-like transformation (5.80) corresponds to a symmetry
we need to show that 7y W, , satisfies the same field equations as ¥, . , i.e.
Egs. (5.20) and (5.21). It is convenient to define the totally symmetric tensor-spinors

Ay ¥ and PyV,, . as

M1y
. ) 3
AV\I’M...M = 75 (vap\ljﬂlwﬂr +ar vap\ljmmur —r Vf’“y(m\ljm---ur)p - §¢V \Ijmmur>
(5.81)
and
. 2r 1 5 p
PV‘IJul...ur = _27’7—%1 (V(ul + 2%#1) Y ‘Ijuz-..ur)pv ) (5-82)
such that
TV, oy = Ay Py, (5.83)
We observe that AyV¥,,, . and PV, . have opposite gamma traces
YAV oy = Y PV = 207,y 1, V7. (5.84)

Thus, the gamma-tracelessness property of the conformal-like transformation (5.80),
70[ TV\Ija/,Lg...,LLT = 07

is straightforwardly shown.
Now let us show that, if ¥, , satisfies Eq. (5.20), then so does Ty ¥, . . In other
words, we will show that 7y W, . is an eigenfunction of the Dirac operator with

eigenvalue —ir. Acting with the Dirac operator on AyV¥,,, . and PyV¥, ., we find

. 7 N
(W + 'L’f') AV\I]NL--N/T =T (V(lﬂ - 27(u1> Y AV\IJ}&-..MT)& (585)

gauge transformations (5.22) correspond to a special case of the “off-shell” transformations). Hermitian
and gauge-invariant Lagrangians for strictly massless fermions on AdS, have been constructed in
Ref. [22] (see also Ref. [44]). By analytically continuing AdS4 to dSy, i.e. by replacing the AdS radius
as Zaas — 1#aqs, where s is the dS radius (Z4s = 1 in our units), one can extend the Lagrangians
for strictly massless fermions on AdSy [22] to gauge-invariant, but non-hermitian, Lagrangians on dSj.
The field equations derived from these non-hermitian Lagrangians on dSy are invariant under “off-shell”
gauge transformations that have the form 6V, .. = (Vi + 270 )Xus..in)r Where X, ., is a
totally symmetric tensor-spinor with v#2x,,, ... = 0. If one specialises to the TT gauge, these field
equations reduce to Egs. (5.20) and (5.21), while the initial “off-shell” gauge invariance reduces to the
restricted gauge invariance with gauge transformations given by (5.22).
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and
. ‘ a
(W + ZT) PV\I]ltl---ltr =T <V(M1 - 27(#1) Y PV\IIMQ---MT)OH (586)
respectively, where we have used Eq. (5.13). Adding Egs. (5.85) and (5.86) by parts,
and making use of Egs. (5.83) and (5.84), we find

(Y +ir) Tv 0y, 4, =0,

as required. Finally, contracting this equation with v#!, and using the gamma-traceleness

property of Ty, ¥ we find that Ty W, . is also divergence-free.

M1 fhr
To conclude, we have proved that the conformal-like transformation 7y ¥ ,,, .. [Eq. (5.80)]

satisfies

(W + ZT) TV\D,ul,..,u,T = 07 (587)
va TV\II(X/LQ.../LT - 07 ’Va TV\:[’QMQ---H/T - O (588)

for any conformal Killing vector V* and for all spins s > 3/2. In other words, the
operator Ty, [Eq. (5.80)] is a symmetry of the field equations (5.20) and (5.21) for strictly

massless fermions.

5.6.2 CONFORMAL-LIKE s0(4,2) ALGEBRA GENERATED BY THE DS SYMME-
TRIES AND THE CONFORMAL-LIKE SYMMETRIES

In order to understand the structure of the algebra generated by the dS transforma-
tions (5.14) and the conformal-like transformations (5.80) we need to study the cor-
responding Lie brackets (i.e. commutators). Below, V# = V#¢y and WH = VFoy,
denote any two conformal Killing vectors of dS, [see Eq. (5.77)].

Commutator between dS and conformal-like transformations. After a straightfor-
ward calculation, the commutator between a dS transformation (5.14) and a conformal-like
transformation (5.80) is found to be

DL& TV]\IIMWM - LSTV\IJM...W - TV]L'&\IJM...W
= Tiev1Vis s (5.89)

where [£, V] is the Lie bracket between the Killing vector £ and the conformal Killing
vector V, i.e. [§, V! = LV (£ is the usual Lie derivative with respect to &).
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Commutator between two conformal-like transformations. The calculation of the
commutator between two conformal-like transformations, [Ty, Ty |¥,,,. .. is quite long.
Thus, here we present the final result and we refer the reader to Appendix 5.11 for some

details of the calculation. The result is

2

where [W, V| = Ly VH = oy V* — ¢y WH is a Killing vector. The second term on the
right-hand side of Eq. (5.90) is a restricted gauge transformation of the form (5.22),

1
[TW> TV]\IJM.--MT = L[va]\:[}llflmﬂr + (v(ul + 7(#1) LHZW/M‘)’ (5-90)

where

4r A\ A\
Lyg.py = W ((V - 57 )‘I’pm..‘m ViW, V], = (r+1) U i W, V]p) :

(5.91)

(We have verified that L,, . satisfies Eqs. (5.23) and (5.24).)
Structure of the conformal-like algebra. To conclude, the structure of the conformal-
like algebra generated by the ten dS transformations (5.14) and the five conformal-like

transformations (5.80) is determined by the following commutation relations:

Le, Lel e = Lige1 ¥ ars (5.92a)
[Lf7 TV]\I]HLu/Lr = T’[&V]‘PML..MM (592b)
1
[TW’ TV]\IIIM---MT = L[va]\ljﬂl---ﬂr + <V(H1 + 27(#1) LMQmMr)? (592C)

where L, ,. is given by (5.91), {# and &* are any two dS Killing vectors, while
WH = VHFoy and V# = VH¢y are any two conformal Killing vectors. The commutation
relations (5.92a)-(5.92c) coincide with the so(4,2) commutation relations (5.76) up to
the restricted gauge transformation in Eq. (5.92c).

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. (5.20) and
(5.21). 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 5.5), also form a direct
sum of so(4,2) UIRs.

= 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. (5.80). 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 TT gauge:
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Consider the full Rarita-Schwinger (RS) equation for the strictly massless spin-3/2
field (gravitino) on dS, [23]
1

kpo (]
7 ( p+2

Yo)bs = 0, (5.93)
where ##7 = ~lt~r~A2l  This equation is invariant under “off-shell” gauge transfor-
mations

?

o, = (V,+ 5

V)€, (5.94)

where € is an arbitrary spinor. If we choose to work in the TT gauge, then the RS
equation reduces to Egs. (5.20) and (5.21), which have a smaller gauge invariance
corresponding to restricted gauge transformations (5.22). After a straightfor-
ward calculation, we find that the RS equation (5.93) enjoys the conformal-like

symmetry!®

. _ 3
Ay, = ~° <vapwu + 1 Vb — i VPiryuth, — §¢V wu) (5.95)

In other words, if v, satisfies the RS equation, then so does Ay1),,. Because of the
“off-shell” gauge symmetry (5.94), Eq. (5.95) does not include a part corresponding
to the second line of Eq. (5.80). Then, the commutator between two conformal-like
transformations (5.95) is found to be

1

[AW, AV]QﬁM = L[Wy]iﬁu — 2 (Vﬂ + 5

w) VP VAW, V], (5.96)

where we notice the appearance of an “off-shell” gauge transformation (which is
not a restricted gauge transformation (5.22)) on the right-hand side. The rest of
the structure of the symmetry algebra is determined by the same commutation
relations as in Egs. (5.92a) and (5.92b) (with T replaced by Ay).

Conclusion. As in the TT gauge, the full RS equation (5.93) enjoys a conformal-
like so(4,2) symmetry and the algebra closes up to “off-shell” gauge transforma-
tions (5.94) that do not correspond to restricted gauge transformations (5.22).
However, in the TT case (5.92c), the algebra closes up to restricted gauge trans-

formations.

16The expression in Eq. (5.95) corresponds just to the the first part (5.81) of the conformal-like
transformation in the TT gauge [Eq. (5.80)].
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5.7 THE PHYSICAL MODES ALSO FORM UIRS OF THE CONFORMAL-
LIKE ALGEBRA

In this Section, we show that the ‘positive frequency’ physical modes (5.48) and (5.57)
of the strictly massless spin-s > 3/2 fermionic theories form UIRs of the conformal-like
so(4,2) algebra. To be specific:

= 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 (5.80). In particular, the physical
modes with helicity +s [Eq. (5.57)], and the ones with helicity —s [Eq. (5.48)],
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 5.5.)

= As for showing the unitarity of the two aforementioned irreducible so(4,2) repre-
sentations, we work as follows. First, we recall from Section 5.5 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(5.67). 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 invariant under the conformal-like symmetries (5.80).

5.7.1 CONFORMAL-LIKE TRANSFORMATIONS OF PHYSICAL MODES AND IRRE-
DUCIBILITY OF so0(4,2) REPRESENTATIONS

Let us start with the simple observation that, according to Eq. (5.76), 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, . in Eq. (5.92b) 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 5.5), it is sufficient to study
just one of the five conformal-like transformations (5.80) 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 (5.92b).

Let us now choose to work with the conformal Killing vector V(©# [Eq. (5.77)] given by
Vu(o) =V, sinht, (5.97)
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ie. (VY V93 ,Ve2 ,V(O)) (cosht,0,0,0). The conformal-like transformation (5.80)

generated by V(0% is expressed as

Ty ¥y, u = —7° cosht

0 3
X (815 + <—r + 2> tanht — ir 7’5) U (5.98)

Specialising to the physical modes (5.48) and (5.57), and making use of Egs. (5.39),
(5.49) and (5.50), we readily find

. 3 .
Ty WP ~6mib) — (12 + 2) y phys, =t mik) (5.99)
and
. _ 3
Ty WP t6mh) = — (£ + 2) e k), (5.100)

From these equations (and from the discussion at the beginning of this Subsection),
: hys, +£; m;k hys, —€; m;k

it follows that the two sets of modes, { W '} and {WPhvs )1, separately
form irreducible representations of the conformal-like so(4,2) algebra.

5.7.2  s0(4,2)-INVARIANT SCALAR PRODUCT AND UNITARITY

In the previous Subsection, we showed that the physical modes form a direct sum
of irreducible 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 (5.67) is also invariant under the
conformal-like symmetries (5.80) - and, thus, under the whole conformal-like so(4, 2)
algebra (recall that this scalar product is also invariant under restricted gauge transfor-

mations). Let \Ifu1 and U@ be any two solutions of Egs. (5.20) and (5.21). We

M M

consider the change
oy JHUW w@) = (T, 0W @y 4 g (w® 7,03

of the vector current (5.66) under the conformal-like transformations (5.80). After a

straightforward calculation, we find

oy JHUW W@ = i v, B, (5.101)
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where E* is an anti-symmetric tensor given by:

lE}\M
2

:_@(1) v[/\fyu]g;@)m...w_i_ 2r " (qj(l) [y @) Nv2vr |

Nva...vr[A
Vi...Up 2T + 1 VQA..l/Tp/y

2
).
(5.102)

This ensures that the dS invariant scalar product (5.67) is also invariant under infinitesimal

conformal-like transformations, as

5V<\1/<1>|\1/<2>> - /3 V=g dBs 5y (WD, w2y = 0,
S

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

conclude the following:

= The set of physical modes with helicity +s, {W{P"s T6mk)} forms a UIR of so(4, 2)

with positive definite norm given by the negative of Eq. (5.74) (with o = +).

= The set of physical modes with helicity —s, { U2 ~6m#)} forms a UIR of so(4, 2)

with positive definite norm given by Eq. (5.74) (with 0 = —).

5.8 CONFORMAL-LIKE TRANSFORMATIONS OF FIELD STRENGTH
TENSOR-SPINORS

In order to gain some insight into the interpretation of the conformal-like transformations
TvV,, . . (5.80), 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.

5.8.1 SPIN-3/2 FIELD STRENGTH TENSOR-SPINOR

The field strength tensor-spinor for the strictly massless spin-3/2 field is
1

Foy = —Fyppy = (V[M + 2%) . (5.103)

For later convenience, we will denote this as F,,,, (V). The field strength F, ,, (V)
is invariant under not only restricted gauge transformations (5.22) but also “off-shell”

gauge transformations (5.94).
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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 (5.20) and (5.21)
for ¥, we find

7M1FM1”1 (\IJ) = vulFullﬂ (\IJ) = 0. (5104)

The dual field strength tensor-spinor is defined as

1
T, (V) = Z¢, " Foa (D). (5.105)

2 Hivi

Expressing ¢, " in Eq. (5.105) in terms of gamma matrices [see Eq. (5.10)], and using

pmivy
the gamma-tracelessness of F, ,,, (¥'), we find

Fruin (V) = i7" Fp, (9). (5.106)

Also, a straightforward calculation shows that the following identity holds:
i
2

It is easy to show that each of the two terms in this equation is zero by observing tha

V1F 0] () + 5V F i) (¥) = 0. (5.107)

£17
Vi Fr (¥) = 0. (5.108)

It immediately follows from Eqs. (5.106)-(5.108) that
VP () = Y F 0 (F) = 0. (5.109)

Conformal-like transformation. After a straightforward calculation, the conformal-like

transformation of the field strength, F,,,,, (T V), is expressed as
]FNIVI (TV\I]) = FIJ«1V1 (AV\I})
5 :
=72 (V9 = 500 ) Fun(9) + 307 V2 9 Fo (), (5.110)

where in the first line we have used Ty V, = AyV, + PV, [see Eq. (5.83)] and
F .0, (PyW) = 0 (the latter follows from the gauge-invariance of the field strength).
Then, using Eq. (5.109), we find

5
Foun (Ty¥) =7 <V”Vp - 2<bv) Foy (F), (5.111)

"Proof of Eq. (5.108). In order to prove Eq. (5.108), we contract V|, *F ,,,,|(¥) with ¢, ;""" and
we use the definition (5.105) of the dual field strength. Then, using well-known identities for €0p v
while also using the divergence-freedom of the field strength, we can show that €, ;7" V|, “For)(¥) = 0.
Finally, contracting this equation with emylaﬁ, we arrive at Eq. (5.108). End of proof.
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or equivalently

W) F,0 (1), (5.112)

Fru (Ty V) =+° (LV +
where Ly is the Lie-Lorentz derivative (5.14) with respect to the conformal Killing vector
V (5.77)%.

Conclusion. The expression (5.112) 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 7°) times an infinitesimal conformal

transformation (i.e. Lie-Lorentz derivative plus a conformal weight term).

5.8.2 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

FN1V1152V2(\IJ)
1 3 1 i 7
D) (Vuzv[ul + Zguz[m - Z%u[m + §Vu27[m + 27uzv[u1> Volvs — (2 < v2).
(5.113)
This is symmetric under the exchange of pairs of indices
FH2V2H1V1 (\Ij) = FMVMQIQ(\I/)‘ (5114)
It is also anti-symmetric in its first two and last two indices
F#1V1u2u2(\1[) - F[mul]uzw(qj) - me[uzw](qj)? (5115)
and satisfies the identity
Fuaﬁv(qj) + Fuvaﬁ(qj) + Fuﬂva(qj) = 0. (5-116)

As in the spin-3/2 case, the field strength is invariant under not only restricted gauge

transformations (5.22) but also gauge transformations of the following form:

50, = (v(u + ;m> € (5.117)

8The infinitesimal Lorentz transformation term VaV57a5/4 in the Lie-Lorentz derivative Ly in
Eq. (5.112) vanishes because, according to Eq. (5.77), V[, V3 = 0.

247



CHAPTER 5. NEW CONFORMAL-LIKE SYMMETRY OF STRICTLY MASSLESS FERMIONS IN
FOUR-DIMENSIONAL DE SITTER SPACE

(i.e. Fpuivipons (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 (5.113) is

gamma-traceless and divergence-free with respect to all of its indices, and it also satisfies

the identities

Vo inluars (¥) = VP wrmn)uars (¥) = 0. (5.118)

Conformal-like transformation. Let us find the conformal-like transformation of the
field strength, F 1, 400, (TvV). The calculation is similar to the spin-3/2 case, but quite
longer. The result is

7
Fltll’lquQ(TV\I[) = 75 <vap o 2¢V> FN1V1H2V2(\II)> (5119)
or equivalently
V. V"
FNU’I/‘«QVQ (TV\D) = 75 (IL’V - 8) Fullﬂuzl’z(\p)' (5120)

Conclusion. As in the spin-3/2 case (5.112), the expression (5.120) 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.

5.8.3 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 I, . .0, (V)
of the strictly massless spin-(r 4+ 1/2) > 7/2 fields.) We define the field strength

Frvs...on (¥) as the gauge-invariant rank-2r tensor-spinor that satisfies
/yul]F‘ulVl---NT'V7'(\Ij) = VulFﬂlyl---MTV'r(\Ij) = O’ (5121)

and it is also anti-symmetric under the exchange of the indices y; <» v, for [ =1, ... 7.
It is also symmetric under the exchange of any two pairs of indices as in the following

example:

JFIHIHMQVQ----LWVT(\I[) = FM2V2/111/1----M'r'Vr(\Ij) = Furwmuz----urflwfuum and so forth,
(5.122)

while it also satisfies the identities

F[M1V1M2]V2----urw(\1/) =0 (5123)
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and

V[pFu1V1]u2Vz...-url/r(qj) = 'Y[p]]-?mm]uzw....urw(kp) =0. (5-124)

Conjecture. The conformal-like transformation of the spin-(r+1/2) > 7/2 field strength

tensor-spinor is given by

3
Frvn ooy (T W) =77 (Vﬂvp = (r + 2) ¢V> Frvr i (V), (5.125)

or equivalently

V.V

Frunvn o (T ) = 77 (ILV _(2r—3) ) Foor o (1), (5.126)

This conjecture has been verified for » = 1 in Subsection 5.8.1 and for » = 2 in
Subsection 5.8.2. Our conjecture is further justified by observing that F,,,,, ... (Tv¥)
[Eq. (5.126)] satisfies Eqgs. (5.121)-(5.124).

5.9 SUMMARY AND DISCUSSIONS

In this paper, we uncovered new conformal-like symmetries (5.80) for the field equations
[(5.20) and (5.21)] of strictly massless fermions of spin s > 3/2 on dSy. The associated
symmetry algebra closes on so(4,2) up to gauge transformations [see Egs. (5.92a)-
(5.92c)]. We also showed that the physical (positive frequency) mode solutions (5.48)
and (5.57) form a direct sum of UIRs of the conformal-like so(4,2) algebra. As for the
interpretation 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 transformations: 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 5.8).

Let us discuss in passing the flat-space limit of the conformal-like symmetries (i.e. the
limit of zero cosmological constant). First, we observe that the flat-space limit of the five
conformal Killing vectors (5.77) of dS, gives rise to the four translation Killing vectors
and the generator of dilations of Minkowski spacetime (rather than the five conformal
Killing vectors of Minkowski spacetime as one might expect). This can be verified by

recovering the dS radius, Z,s, such that (5.34) is written as
ds® = A ( — d? + cosh® t [df3 + sin” 65 (d63 + sin® 0 d6} )| ) ,
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while Egs. (5.20) and (5.21) are written as
i
(W + %) \I/,u,l...,ur - 07
va\Dauz...ur = O, ’Yalpozug...ur =0.

Then, defining t = T//%4s and 03 = r/%ys and letting %5 — oo, we can find the
flat-space limit of the dS conformal Killing vectors (5.77). The flat-space version of

equations (5.20) and (5.21) corresponds to

a\llp,l...,ur = Ou
aaqjaug...ur = 07 WQ\IJW2...W =0. (5127)

The five de Sitterian conformal-like symmetries (5.80) reduce to the following flat-space
symmetries of Eq. (5.127)

Tz{lat\l/m---ur = '75wpap\11u1---/w (5-128)

where w” is a translation Killing vector or the generator of dilations (i.e., in the standard
Minkowski coordinates 2, ', 2%, z* with line element —(dz®)? + ¥°7_, (da7)?, we have
wP € {0f,07,85,05,2}). We observe that the transformation (5.128) is a product
of two transformations. However, unlike in dSy, in Minkowski spacetime, each of the
two transformations present in the product (5.128) is also a symmetry. In other words,
Eqgs. (5.127) are invariant under the replacement ¥, . — 7°¥,, . (infinitesimal axial
rotations), as well as under ¥, ,, — w”0,¥,, . .
In Ref. [54], using the unfolded formalism, Vasiliev presented a sp(8,R) invariant
formulation of free massless fields (gauge potentials) of any spin in AdS, and showed that
the free field equations are invariant under o(4, 2) (see also Ref. [53]). Although further
study is required, it is likely that the dS version of Vasiliev's conformal invariance [54] is
related to the conformal-like symmetries we presented in this paper.

It is worth recalling that unitary superconformal field theories on dS, are known to
exist [3]. 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 dS, that include strictly massless fermions of any spin s > 3/2.
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5.10 APPENDIX A - DERIVING EQ. (5.65) BY ANALYTICALLY CON-
TINUING 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. (5.65).

5.10.1 BACKGROUND MATERIAL FOR REPRESENTATIONS OF s0(5) AND GELFAND-
TSETLIN PATTERNS

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 [24].
The D(D + 1)/2 generators Iap = —Iga (A, B =1,2,...,D + 1) of so(D + 1) satisfy

the commutation relations
[[AB,[CD} = (5BC[AD+5AD[BC) — (A(—)B) (5129)

In Ref. [24], the action of the so(D + 1) generators has been determined in the decom-
position 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 representa-
tions 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 [24] determined a so(D + 1) representation
in the decomposition so(D + 1) D so(D) D ... D so(2).
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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 [24] (with slightly modified notation).

A (unitary) irreducible representation of so(5) is specified by the highest weight §'= (s, s2)
with s; > s9 > 0, where the numbers s; and sy are simultaneously integers or half-
odd-integers. The 10 anti-hermitian generators I[4p = —Ipa (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
basis vectors in the so(5) representation space. Each basis vector is uniquely labelled by

a "Gelfand-Tsetlin pattern”, «, as follows:

S1 S92

v(a) = v ol (5.130)
p
q

The labels sq, sy 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. (5.130) specify
the content of the so(5) representation concerning the chain of subalgebras so(4) D
s0(3) D so(2). In particular, the labels fi, fo correspond to a so(4) highest weight
fz (f1, f2) with fi > | f2|, where fi and f, are both integers or half-odd integers, while
fo 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(a)'s in eq. (5.130) - with fixed sy, s5 -

satisfying:

s1> f1 > 82 > |fal,
fl 2 p 2 |f2‘7
p>q>—p. (5.131)

The numbers sq, s9, f1, f2, p and g are all integers or half-odd integers.

In order to obtain the desired transformation formulae (5.65) using analytic continuation,

we need to study the action of the generator I54 on the basis vectors (5.130). This is
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given by [24]:

Loy v fi  f :—;A(fl,fg)v fl;‘l f2 —;B(fl,fg)v i e+l
q q q
S1 S92
+;A(f1—1,fz>v fimto
p
q
—i—lB(fl,fg—l)’u oo Sl , (5.132)
2 p
q
where
A(fi, fo) = (fi—p+D)(fi+p+2)(s51— fi)(s1+ fi +3)(fr = s2 + 1)(f1 + 52+ 2)
b (it ot D(fi+fot+2)(fi = fo+D(fi— f2+2)
(5.133)
and
B(fy. ) = (= f)fatp+D)(s2a=fo)lsa+ fot Disi = fo+ D(s1+ fo+2)
b (fi+t ot D(fi+ fo+2)(fr = f)(fi = fa+ 1) .

(5.134)

(Our matrix elements differ from the matrix elements of Ref. [24] by a factor of 1/2.)
Note that A(fi, —f2) = A(f1, f2) and B(f1, fo) = B(f1,—f2 —1).

5.10.2 SPECIALISING TO $o(5) REPRESENTATIONS FORMED BY TENSOR-SPINOR
SPHERICAL HARMONICS ON S

The line element of S* can be parametrised as
ds%. = df? + sin® 0, d?, (5.135)

where 0 < 0, < 7 and dQ? is the line element of S3 (5.35). For later convenience, note
that the line element (5.135) can be analytically continued to the dSy line element (5.34)
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by making the replacement
Oy =z = g — it (5.136)

- the variable = has been already introduced in Eq. (5.51).

Let V = 7"V, be the Dirac operator on S*, where 4 and V,, are the gamma matrices
and covariant derivative, respectively, on S*. We are interested in (totally symmetric)
rank-r tensor-spinor spherical harmonics 4776 ™%) (0, 63) (with o = +) on S* that
satisfy [30]

Ww(n 7, 0l; m;k) Z(n + 2) &(n, 7, ol; m;k’)’

M1 for 1o for
”me/(ﬁ’.fbf[;m i’ vmw;ﬁ Tu(:e ™k = 0, (n=rr+1,..), (5.137)

where n is the angular momentum quantum number on S* °. 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 1/3&?{3‘:& mik) (6, 03) are normalised

with respect to the standard inner product on S*

/ VG5t A0 dfs dBy dOy (T oK) s oMk e — 5 G006 0 O O ek
(5.138)

where ggs is the determinant of the S* metric. The indices i1, ..., s, run from 6; to 6y,
while the indices jiq, ..., fi, run from 6; to 65.

Gelfand-Tsetlin patterns and tensor-spinor spherical harmonics. The ten Killing
vectors of S* act on the solution space of Egs. (5.137) in terms of the Lie-Lorentz
derivatives (5.14), and the latter generate a representation of so(5) on this solution
space. In particular, for each allowed value of n, the set of eigenmodes {w T ‘74 mik) 1

forms an irreducible representation of so(5) with highest weight

1 1
§=(s1,82) = <n—|—2,r+2> (5.139)

: 0 mik
with n =r,r + 1,.... Each eigenmode #’1‘ ’”H‘: m;k)

Gelfand-Tsetlin pattern (see Eq. (5.130)):

(04, 03) corresponds to the following

n+% 7’—1—%
(+1 Pt
o= 2 o)) (5.140)
m+§
k+3

19There are also tensor-spinor spherical harmonics on S* that satisfy Eqgs. (5.137) 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. (5.137).
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The numbers ¢, m and k are the angular momentum quantum numbers on S®, S? and
S, respectively, and their allowed values are found from (5.131).

Based on the discussion in the previous paragraph, we can identify each eigenmode
Qmolimik) (9, @5) with a basis vector (5.130) labeled by the pattern (5.140). In

M1 hr
particular, we make the identifications:

n—l—% T—F%
1 ~ 1
1
k+1
and
n—l—% r—l—%
€+% _(7’:—}_%) (n'r—ka)
v m+% — —i(— )1/)“1 o (5.142)
k+3

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

5.10.3 TRANSFORMATION PROPERTIES OF TENSOR-SPINOR SPHERICAL HAR-
MONICS ON S* UNDER so(5)

In this Subsection, we find the so(5) transformation formulae for Lwaﬁ T *) that
(after analytic continuation) will give rise to the so(4, 1) transformation formulae (5.65)
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

S =10, = cos O 069 — cot 6, sin O 689
4 3

This Killing vector corresponds to the so(5) generator Iy5 = —I54 in Eq. (5.132) and by

(5.143)

making the replacement (5.136) it is analytically continued as: . — iX, where X is
the dS boost Killing vector (5.64).

We focus on the eigenmodes w/(]l‘ TnEmik)(6,, 3) and w i —bmik) (04, 03), as the

former will be analytically continued to the physical modes \Ilupf?{j’fe’m’k (t,03) (5.57)

and the latter to the physical modes W(r"s: ~6mik) (¢ gs) (5.48). We will also discuss in

n; F=r—1, £¢; m;k)
[

to the pure gauge modes W{rs-"=r=1.26mk) (¢ 9,) which appear in the transformation
formulae (5.65).

passing the eigenmodes 2/1 )(4,03) as they will be analytically continued
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Explicit expressions for the infinitesimal transformations Ly ¢ (77 £ m:k)

L @) (i 7=r=1,£6m3k) are immediately found from Eq. (5.132) with the use of Eqs. (5.141)

M1 for
and (5.142). However, these transformation properties refer to normalised eigenmodes,

and

while the desired dS transformation properties (5.65) 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 dS;.

Some useful expressions for eigenmodes on S*

For later convenience, let us present some expressions for certain tensor-spinor spherical
harmonics on S® [see Egs. (5.42) and (5.43)]. These expressions can be easily obtained
using the method of separation of variables as has been explained in Refs. [8, 9, 33].
Below, we use the notation 85 = (#3,0,,601) = (03,02). We only need the following
expressions for our computations:

e Rank-r eigenmodes wf:f k# (65,03) on S3: The component wjfe?ef 0,(03,02) is a

spinor on S2. It is given by

T(msk 6(Ta am) 1
1/):(|:9393.)..93 (937 02) =

| _ \2\/5(1 +w3>{ o (63) img;gwgw}igm;k)(ez),

(5.144)
where C(Lﬁm) is the normalisation factor, zZSm;’“(ez) are the spinor eigenfunctions of the
Dirac operator §7 on S? satisfying

Yol = —i(m + 1)),
while the spinors zzsrm;k) =53 12(,””’“) satisfy

Vo = ti(m + 1),

The functions @2(63) and @2(93) correspond to special cases of the following functions:

m+1l—a m—a
¢£m(93) = Fg(l,m) <cos 9;’) (sin 923>

6
F<—€+m,€+m+3;m+§ 51n223>, (5.145)
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) 0+ 3 03 m—a ‘ 93 m+1—a
@ 0,) = &, 5(¢,m) ﬁ (cos 2) <sm2

2

and

( €+m€—|—m—|—3m—|—251n 6;’) (5.146)

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

L+ 3)
Fl—m+1)T(m+3)

Rp(l,m) = (5.147)

7 (€;msk)

e Rank-(r — 1) eigenmodes ¢, ;"

(63,03) on S3: The component wigges 0,(03,02)
is a spinor on S2. It is given by

~ (G ér—1,6m) 1
w:(fegof) 93 (037 02) )

‘ r—1) (r—1) 3|, 7(msk)
A S i) 90, 0s) 800 )3 O 6,

(5.148)
er=1,m) - S g 7(r=1) “(r=1) .
=— — is the normalisation factor, while ¢;,,, " (f3) and 1)y, (f3) are given by
Egs. (5.145) and (5.146), respectively, with a = r — 1.

where

Expressions for the eigenmodes (7 ="£4mik) on g4

Working as in Section 5.4, we separate variables for equations (5.137) on S*. We find

@E(n; F=r, +€;m;k)(94, 03) _ 0’

Oapp2...pir

~ . (—=r) 7 (;m;k)
7 (n; F=r, +6;mik) o C(Ta n,r=r, 6) ané (94> w 1. flpr (03)
fi1...fir (04,03) = NG o0 )¢+§Lm,’5 (6,) (5.149)
nt +ir.fr \Y3

and
n; r=r, —€; m;k)
w94u2 M (64793> O

c(rm; 7 =1,0) [ 04" (02) 0" (63)
V2 —ip " (0.) 9T (85)

is a normalisation factor that will be determined below. The functions

T TETR (g, 0,) = ), (5.150)

c(r,n;i=r0)
V2

¢7(6,) and 1,7 (6,) belong to the following family of functions:

+l-a l—a
&Y (04) = rg(n, 0) (cos 624> (sin 924>

0
><F<—n—|—€,n+€—|—4;€—|—2;sin224>, (5.151)

where
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l—a {+1—a
@ gy — nt2( 0 04
Ui (0s) = n¢(n,€)£+ 5 <cos 5 sin -

0
><F<—n+€,n+€+4;€+3;sin224>, (5.152)

where the factor k4(n, £) is given by

I'(n+2)
I'(n—(+1I(0+2)

Substituting the eigenmode (5.149) (or (5.150)) into the inner product (5.138), and

using the normalisation of the tensor-spinor eigenmodes on S (5.46), we find

Ky(n, l) =

(5.153)

c(ryn; 7 =mr1{)
V2
Introducing the un-normalised eigenmodes. Now, let us define the un-normalised

eigenmodes (7 £5mk) (0, 05) (for any value of 7 € {0,...,r}) as

2 por s D=+ D04+ 0+ ()
T(n +2)[* '

(5.154)

\/§ 1 w(n 7, £0;m;k)
C(ﬂ n;r, E) Hd)(na E) HHR ot

¢(n 7, £4; mk)(e 03) =

PAH2 o

(04, 0), (5.155)

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 dSj.)

n; r=r, £0; m;k)

i . The infinitesimal

Transformation of the un-normalised eigenmodes "%

so(5) transformation of the un-normalised modes ]L,/zbﬁ#’; ’”ﬂﬂ imik) can be straightfor-
wardly found from the transformation of the normalised modes Ly t)(% =" =6k (see
the discussion at the beginning of this Subsection). We find in this manner
: (+1) |(L=m+1)({+m+3)
L n;F=r, £6mik) KJd)(n? 044
5//1/1“1#2 Hr 2K4(n, 0) (0+2)2 —r2 (n+l+4)
(n; 7=r, £(€+1); m;k)
wmuz e
C—1) |(L—m)( 2
s =) [(C=m)(Eeme2)
2k4(n, £) (L+1)2—1r2
(n; 7=r, £(€—1); m;k)
x wmuz e
(n+2)% —r? c(rym;7=r—1,0)
Kﬁm ~
2 c(ryn; 7 =r1{)
x = LG mik) (5.156)
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where

(4+1)2—712) (L+2)2—12)
Note that, under this so(5) transformation, the modes wlﬁu’; ”“je imk) do not mix with

the modes 1/1#’:“7"2 TH_Z »mik) - This observation plays a key role when performing analytic

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

o~ J . (m+172—7) (2r+1) (5.157)

to a direct sum of irreducible representations of so(4,1) - see Eq. (5.65).

7 (n; F=r—1, +£; m;k) on S4

Expressions for the eigenmodes v, "™

By separating variables again for equations (5.137) we find
@E(n;?:r—l,—&—ﬁ;m;k)(e% 03) _ 0’

0404p3...10r
c(r,n; 7 =1 —1,0) ( i (04) BN, ()

&(niFthl,*M;mik) (947 03) — —r m;
V2 o100 945, (09)

O4fia...fr

) (5.158)
and

Do (02,05) = 0
clryn;m=r—1,4) Pl ( )w(flgbkur( 5)
V2o e 0 8)
(5.159)

n; r=r—1, —¢; m;k)
w04u2 i (‘94703) =

where is the normalisation factor, while the functions ¢7(17+2)(6’4) and

wnzr+2)(94) are given by Egs. (5.151) and (5.152), respectively, with a = —r + 2.
n; 7=r—1, £4; m;k)
M1 M’V

c(r,n;i=r—1,0)
V2

The components w (04,03) can be found using the TT conditions in
Eq. (5.137).

Now that we know the expressions (5.158) and (5.159), we can perform the follow-

ing calculation for later convenience. Letting iy = 64 and py = ... = p, = 63 in
Lypg(urorbmk) [Eq. (5.156)], we find
2 _ 2 -
n; = r:l:émk) (TL+2) -r C(T’,?’L;T:T—l,g) (n; 7=r—1, ££; m;k)
Ly%wg .63 2 Kom C(T, T =r, g) w9493 .03 ’

(5.160)
while using the explicit expressions (5.149), (5.150), (5.158) and (5.159) we rewrite this

equation as

n;=r, £lm;k) 1 6(T7£7m) n;7=r—1, £¢; m;k)
Lot o, =2 —1,6m) o : (5.161)
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Then, comparing Egs. (5.160) and (5.161) we find

1

cryn;r=r—1,40) x )
(n+2)2 —r?

(5.162)

Transformation of the un-normalised eigenmodes ¢/~ - *6™#%, Again, the

infinitesimal so(5) transformation of the un-normalised modes Ly@/}fﬁbf;;l’ﬂ?m;“

can be straightforwardly found from the transformation of the normalised modes

L tp(mr=r—1.&lmik) (see the discussion at the beginning of this Subsection). We

[h1 42 fhr
find
1 g (n+2)% —r? c(r,n; 7 =nrt g
L) = IS Z 0 yurn sty
2 crynyi=r—1,0)
(5.163)
where *..." includes eigenmodes that are orthogonal to both ¢){"=" £6m:%) and

,w(n;?:rfl,ié; m;k)
K12 oy )

5.10.4 PERFORMING ANALYTIC CONTINUATION

Let us analytically continue the tensor-spinor spherical harmonics (5.137) on S* in order to
obtain tensor-spinors satisfying Egs. (5.6) and (5.7) on dS,. By making the replacements
0, — x(t) = /2 — it [see Eq. (5.136)] and

n— —2—iM, (5.164)

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

YA (0, 05) — Wl 2 TG (1), 0).

The analytically continued tensor-spinors satisfy Egs. (5.6) and (5.7) on dSy, which we

rewrite here again for convenience

W¢(—2—iM; Foolimik) _ -M @ZJ(_Q_iM; 7, 0l;m;k)

Bt B )
’Y“lw,(g_?_;iM;r’ al;mik) _ Vulzﬂ;gf.;er;r’U& mik) _ 0 . (5]_65)

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 (5.67).
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By applying the aforementioned analytic continuation techniques to the so(5) transfor-
mation formulae (5.156) and (5.163), we find

(=2—iM;7=r, £0; m;k)
Lqul;,LQn_,u,,,.

Hp(=2—iM b+ 1) |(L=—m+D{l+m+3) .
kg(—2 = iM, ) (E+2)? =1 e
« %3?3;% F=r, £(£+1); m;k)
Hig(—2 — ML= 1) [ (E—m)(t+m+2)
2rg(—2 — iM, 0) @rip—p M

% w(—?—iM; F=r, £(£—1); m;k)

W12
—M? — 2 c(r,=2—iM;7=r—1,0) — .

— 7 K m ’ ) ? (—Q—IM,T—T'—L:EZ, m,k) 5166

' 2 T e(r, =2 — M F =1, 0) Vi )

and

—2—iM;7F=r—1,+l;m;k
L >

K12 My
=71 — M2 — 2 p) C<7"7 —2— ZM7 T = r, g) ¢(—2—iM;F:r, +4; m;k) +
2 e(r, =2 —iM;F =17 —1,0) THkeeb s
(5.167)
where
1
o, 2= iM;T =r—1,0) o (5.168)

M2 — 2
Recall that we focus on imaginary values of M. For convenience we assume that

—M? > r? [the value —M? = r? corresponds to the strictly massless case (5.19)]. Using
the dS invariance (5.71) of the scalar product (5.67), we have

<wa(—2—iM; F:r,:tf;m;k’)h/](—Q—iM; F=r—1, %L, m,k)>
+ <w(—2—iM; f:7*,i€;m;k)‘]LX¢(—2—iM; r=r—1,x¥; m,k)> —0. (5169)
Then, using the transformation formulae (5.166) and (5.167), we find

<77Z)(—2—iM; F=r—1, ££; m;k) |¢(—2—iM; F=r—1,£; m,k)>

2

C(T, —2 - ZM> T = T, ﬁ) <1/}(—2—iM; F=r, £€; m;k) |77Z)(_2_iM; F=r, ¢ m;k)>

c(r,—2—iM;7=r—1,4)

(5.170)
o VM2 2. (5.171)
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(=2—iM;7=r—1, £4; m;k)

H e

have zero norm in the strictly massless limit (M? = —r?). In other words, they be-

come pure gauge modes (5.62) in this limit, i.e. (-2Err=r—LEEmk) (5(4) 03) =

M1 o
pg, F=r—1, £l ;m;k
wlpo 7= )(t, 65).

Specialising to the strictly massless case and, finally, deriving Eq. (5.65). Now

From this equation, we understand that the analytically continued eigenmodes v

we tune the mass parameter to the strictly massless value M = ir (5.19). The physical
modes are ¢(~2tTiTEEMR) (4(1) @3) = WPhys 2Emik) (¢ g.) [see Eqs. (5.48) and (5.57)].

Heepp = T
The infinitesimal dS transformation of these modes is found by letting M = ir in

Eq. (5.166). By doing so, we straightforwardly arrive at Eq. (5.65), as required.

5.11 APPENDIX B - DETAILS FOR THE COMPUTATION OF THE
COMMUTATOR (5.90) BETWEEN TWO CONFORMAL-LIKE
TRANSFORMATIONS

We wish to calculate [Ty, T ]¥,, ., in order to arrive at Eq. (5.90). For convenience,
we split each of the conformal-like transformations in the commutator in two parts as in
Eq (583), i.e. TW\IJMIMH»« = AW\II}HMMT —+ Pw‘lfulmuT and TV\IIHl-nMr = AV\I}Mlmﬂr —+

PyW,, ... Then, we split [Ty, Ty |V, into three parts as

1eeefhy

T, Ty, e = [Aw, Av]¥,, 0 + ([AW, Py] = [Ay, PW])‘I’,“...MT + [Pw, Pv]¥,, -
(5.172)

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]|* = £, V*.)
Calculating [Ayw, Ay]¥,, . ... Using Egs. (5.77) and (5.78), we find (after a long

calculation):

) 7
[Aw, AV}\DM-.#T = Liwvi¥pu.p. — 207 (V(m + 7(#1) ’}/A‘IJPNQ‘..NT) VW, V]p

2
: A A A
= 2ir VAW, V]p (WWK pluz..~ur) + 7PK(#1 geepr) T Kp(mluz..w)) ’
(5.173)
where we have used that any Killing vector £ (such as [W, V]) satisfies [37]
Vi Va&y = R0l (5.174)
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while we have also introduced the rank-(r + 1) tensor-spinor
i

Kpluspr = —Kprpoepr = Epl(uzoppr) = (v[A + 27[/\) \I]phumuw (5.175)
which is anti-symmetric in its first two indices and symmetric in its last 7 — 1 indices.
(For r =1, this tensor-spinor coincides with the rank-2 anti-symmetric gauge-invariant
field-strength tensor-spinor (V[,\ + %7[,\) W ,, while for r > 2, K,|,..., is not gauge-
invariant.) Note that because of the field equations (5.20) and (5.21), the tensor-
spinor (5.175) satisfies

Y Kplu.or = 0. (5.176)

Now we will show that

A A A _
'YMK plth---ltr + ’yme |pe2. . por +7 Kpmlug-..ur = 0. (5'177)

It is convenient to proceed by defining

G SR SV (5.178)

1
2

‘,UQ---,U"P

which satisfies

+’76*K «

Y K i s+ KT —0 (5.179)

B2l pilpe.pir

(this is easy to show by contracting with €,5,5 and using well-known properties of the
totally anti-symmetric tensor). Then, using €*#* = iy5yleyf~Ayrl [see Eq. (5.10)] and
the gamma-tracelessness property (5.176), we find that Eq. (5.178) becomes

*Ka5|u2---lh- = —3 75Koz5

(5.180)

Substituting this into Eq. (5.179), we immediately derive Eq. (5.177), and thus, we have

. 1
[Aw, Ay e = L)V, — 207 (v(m + 27(#1) ’YA\I]puz...ur) VAW, V],.

(5.181)
Calculating ([AW, Py] —[Ay, PW]>\11N1,,_M. We find
([A Pl — [Av, P ])qf R
w,4v Vyd W Wl eefbr 2T+1
i |
X (V(m + 27(u1> {Z[W VIPWss. iy — 1(2r + 1) VAW, V], 7/\\1122‘.4%)] :
(5.182)
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Calculating [Py, Py |V . We find

H1eeoflr

B 4r

1 1
% <V(m + 27(’“) {r W, V}pwuz.--ur)p + Vp[m VI (VP — *Vp)q/A

9 B2eepir) |

(5.183)

[PW7 PV]\D

Finally, adding Egs. (5.181), (5.182) and (5.183) by parts, we arrive at Eq. (5.90), as

required.
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6

Conservation of all Lipkin’s zilches from
symmetries of the standard electromagnetic

action and a hidden algebra

Abstract

In 1964, Lipkin discovered the zilches, a set of conserved quantities in free
electromagnetism. Among the zilches, optical chirality was identified by Tang and
Cohen in 2010, serving as a measure of the handedness of light and leading to
investigations into light's interactions with chiral matter. While the symmetries
underlying the conservation of the zilches have been examined, the derivation
of zilch conservation laws from symmetries of the standard free electromagnetic
(EM) action using Noether’s theorem has only been addressed in the case of
optical chirality. We provide the full answer by demonstrating that the zilch
symmetry transformations of the four-potential, A, preserve the standard free
EM action. We also show that the zilch symmetries belong to the enveloping
algebra of a "hidden" invariance algebra of free Maxwell's equations. This "hidden"
algebra is generated by familiar conformal transformations and certain "hidden"
symmetry transformations of A,. Generalizations of the “hidden” symmetries
are discussed in the presence of a material four-current, as well as in the theory
of a complex Abelian gauge field. Additionally, we extend the zilch symmetries
of the standard free EM action to the standard interacting action (with a non-
dynamical four-current), allowing for a new derivation of the continuity equation
for optical chirality in the presence of electric charges and currents. Furthermore,
new continuity equations for the remaining zilches are derived. The de Sitterian

version (for fermionic gauge potentials) of the “hidden” symmetries presented in
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this chapter corresponds to the conformal-like symmetries of chapter 5.

6.1 INTRODUCTION

Noether's seminal theorem [20] is the cornerstone in understanding the deep connection
between symmetries of physical theories and conservation laws. Starting from continuous
symmetries of the action functional of a theory, Noether's theorem can be used to derive
conservation laws for the associated Euler-Lagrange equations. In relativistic field theories,
such as electromagnetism in Minkowski spacetime, the knowledge of a symmetry leads to
a Noether (four-)current, V*, which is conserved (9,V* = 0). This conservation holds
for fields satisfying the Euler-Lagrange equations - i.e. for on-shell field configurations -
and the corresponding Noether charge, QQ = [ d3zV?, is time-independent.
An example of little-known time-independent quantities in free electromagnetism is given
by the ten zilches that were discovered by Lipkin in 1964 [16]. One of the zilches, now
known as optical chirality, started drawing renewed theoretical and experimental interest
in 2010, when Tang and Cohen realized that this particular zilch provides a measure
of the chirality (or handedness) of light [39]. The optical chirality density for the free
electromagnetic (EM) field is [16, 39]

Czé(—E-aa?—l—B-aa?), (6.1)
where E and B are the electric and magnetic fields, respectively !. (Throughout this
Letter, we adopt the system of units in which the speed of light and the permittivity of

free space are ¢ = gy = 1.) The flux of optical chirality is given by the three-vector

1 OE 1 0B

=-EX—+-Bx— 2
S=o B TP (6.2)
while the differential conservation law for optical chirality [16]
Y0iv.8-0 (6.3)
ot B '

1An alternative expression for optical chirality density that appears in the literature is
C= 3(E-VxE+B-V xB) [39]. This expression is equal to Eq. (6.1) only in the absence
of electric charges and currents. In this Letter, we use the expression (6.1) when electric charges
and currents are present. The justification for our choice is that the expression (6.1) is equal to the
000-component of the zilch tensor (6.10) (up to a factor of 1/2), while, as we show in this Letter,
the zilch tensor is the Noether current corresponding to the zilches in free electromagnetism. Also,
arguments in favor of defining the optical chirality density in the presence of electric charges and currents
using Eq. (6.1) can be found in Ref. [9].
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is satisfied if Z and B obey the free Maxwell equations

oF 0B
B=-_"" E—-_"72
V X BT V x TR

V.-E=0, V.-B=0. (6.4)

Optical chirality is given by the integral of C' over the space, [ d®z C, and is a constant
of motion for free electromagnetism [16].

In Ref. [39], Tang and Cohen demonstrated that, in the presence of an EM field, the
dissymmetry in the excitation rate of two small chiral molecules that are related to each
other by mirror reflection is determined by the optical chirality. These findings have
motivated novel investigations into chiral light-matter interactions [39, 42, 10, 38, 11,
32, 31, 33, 36, 27, 28, 18, 25]. Understanding these interactions is very important in
various disciplines. For example, it is known that deriving products of a given handedness
in chemical reactions can be crucial - because molecules of a given handedness must be
used in order to design drugs without negative side-effects [40] - and chiral light has
been suggested to serve as a useful tool in order to achieve this [34, 17, 4]. Applications
of chiral light to the detection and characterization of chiral biomolecules have been also
discussed [10]. As for the other nine zilches, recently, Smith and Strange shed light on
the mystery of their physical meaning for certain topologically non-trivial vacuum EM
fields [35].

Although the zilch symmetries - i.e. the symmetries underlying the zilch conservation laws
- and their generalization have been discussed in previous works [12, 6, 1, 14, 43, 29, 37,
5, 2, 15], there are still certain gaps concerning our mathematical understanding of them.
Most importantly, there is a gap in the literature concerning the explicit derivation of all
zilch conservation laws from symmetries of the standard free EM action using Noether's
theorem. In this Letter, we fill this gap and we also provide new insight concerning the
zilch symmetries. Before proceeding to the main part of this article, let us discuss what
is already known concerning the zilch symmetries in Subsection 6.1.1, as well as review
the main findings of the present article in Subsection 6.1.2. For later convenience, we
present here our notation and conventions.

Conventions.—Greek tensor indices run from 0 to 3 and Latin tensor indices from 1 to 3.
We follow the Einstein summation convention, while indices are raised and lowered with
the mostly plus Minkowski metric 7, = diag(—1,1,1,1). A spacetime point in standard
Minkowski coordinates is x# = (2% z', 2% %) = (¢,2%). The totally antisymmetric

tensors in 4 and 3 dimensions are €777 and €, respectively (¢*1% = —¢!? = —1).
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Let A, = (—¢, A) denote the EM four-potential. The standard free EM action

1 4
S—§/d;1:(E-E—B-B),

A
with FE = _aat —V¢, B=VxA, (6.5)
is expressed as
1 v
§=-3 /d4x FYF,,, (6.6)

where the antisymmetric EM tensor is defined as F},, = 0,4, — 0, A, (with Fy, = —E;

and Fj;, = €;xmB™). We denote the dual EM tensor as *F),, = %eWPUFP". The free

Maxwell’s equations 0V F,,, = 0 are expressed in potential form as
0A, —0,0"A, =0, (6.7)

where [0 = 0”0,. Because of the definition of F),, in terms of the four-potential, the

equation
0pFu +0,F,, +0,F,, =0 (6.8)

is identically satisfied. Equation (6.7), as well as the action (6.6), are invariant under

infinitesimal gauge-transformations
09I A, = Oya, (6.9)

where a is an arbitrary scalar function.

6.1.1 WHAT IS KNOWN ABOUT THE ZILCH SYMMETRIES?

The zilch conservation laws can be conveniently described in terms of the zilch tensor [16,
13]
Zr, = — *FM0,F\, + F" 0,*F)y,. (6.10)

vp

This is conserved on-shell, 9°Z",, = 0, and the ten time-independent quantities [16]:
g — = [ dazm

are the ten zilches (see Section 6.2 for background material concerning the zilches). The
optical chirality density (6.1) is related to the zilch tensor as Z%%° = 2C'.
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At the level of free Maxwell's equations expressed in terms of the EM tensor, the zilch

symmetries are known [14, 2]. More specifically, the zilch symmetry transformations of
the EM tensor are [14, 2]

AF,, = 70 8,0, F,, (6.11)

where % and n” are two arbitrary constant four-vectors. These transformations are
symmetries of free Maxwell's equations, i.e. if I}, is a solution, then so is AF},,. In
Ref. [2], a complete classification of all independent local conservation laws of Maxwell's
equations was given by using the methods described in Refs. [21, 3]. Using these methods,
it was shown that the zilch symmetries (6.11) of free Maxwell's equations give rise to
the conservation of the zilch tensor (6.10). However, in Ref. [2] the invariance of the
standard EM action (6.6) was not discussed.

The zilch symmetries have also been studied in the case of duality-symmetric electro-

magnetism [1]. The duality-symmetric EM action is [6]
~ 1
§=-3 / 'z (F* o+ G'G). (6.12)

This theory is an extension of the standard EM theory as it has two four-potentials,
A, and C,, and two EM tensors F,, = 0,4, — 0,4, and G, = 0,C, — 0,C,,. The
duality-symmetric theory coincides with the standard EM theory only after we impose
the duality constraint G, = *F),,. In Ref. [1], following the reverse Noether procedure,

it was shown that the ‘generalized’ version of the zilch tensor:

1 1
2, = — 3 G*"0,Fy, + iF“A 0,G

1
5F,,A 9,G " (6.13)

is the Noether current corresponding to the following zilch symmetry transformations [1]:

1
— §G3 0,F\" +

AA, = n"7" 9,G,,
AC, = —nit Q,F,,. (6.14)

It has been shown that these transformations leave invariant the duality-symmetric
action (6.12) [1]. Then, the conservation of the zilches follows from the fact that the
tensor (6.13) coincides with the zilch tensor (6.20) of the standard EM theory if we apply
the duality constraint.

The derivation of the zilch conservation laws from symmetries of alternative actions has
been studied in Refs. [37, 14].
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6.1.2 FILLING A GAP IN THE LITERATURE, MAIN RESULTS AND OUTLINE

In order to derive all zilch conservation laws using Noether's theorem in the case of
standard electromagnetism, one needs to find the zilch symmetry transformations of the
four-potential that leave the standard action (6.6) invariant. It is easy to observe that
the zilch symmetry transformations AF),, [Eq. (6.11)] of free Maxwell's equations are

induced by the following zilch transformations of the four-potential:
AA, = nPit € o 8"(3PA’\ =n"n" 0, F, (6.15)

with AF,, = 0,AA, — 0,AA, for on-shell field configurations. (The transforma-
tions (6.15) coincide with AA,, in Eq. (6.14) if we apply the duality constraint.) Interest-
ingly, the variation of the standard action (6.6) under the zilch transformations (6.15)
has not been studied in the literature. This means that the following question is still

open:

How can we derive all zilch conservation laws from
symmetries of the standard free EM action using

Noether's theorem?

In this Letter, we give the full answer to this question by showing that the zilch
transformations (6.15) leave the standard EM action (6.6) invariant, and, then, we derive
all zilch conservation laws using the standard Noether procedure (see, e.g. Ref. [41]).

Note that the only zilch conservation law that has hitherto been derived from symmetries
of the standard action (6.5) is the one concerning the conservation of optical chirality [22].
In particular, Philbin showed that optical chirality is the Noether charge corresponding to

the following symmetry transformations [22]:

Ap=0, AA=V X %;1 (6.16)
This equation corresponds to a special case of the zilch symmetry transformation (6.15)
with 7 = n# = 6}, In this article we provide an alternative (and covariant) derivation
of Philbin's [22] result for optical chirality.
Outline and main results. The basics concerning the zilch tensor and the zilches are
reviewed in Section 6.2. The derivation of all zilch conservation laws using the invariance
of the standard action (6.6) under the zilch symmetries (6.15) is presented in Section 6.3.

Then, we proceed by providing new insight concerning the conservation of the zilches
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and their underlying symmetries. More specifically, the rest of the investigations and

findings of this article are summarized as follows:

= A hidden invariance algebra of free Maxwell’s equations and the zilch
symmetries (Subsection 6.4.1).—We show that the zilch symmetry trans-
formations (6.15) of the four-potential belong to the enveloping algebra of a
“hidden” invariance algebra of free Maxwell's equations in potential form. This
“hidden” algebra closes on the 30-dimensional real Lie algebra so(6,C)g - i.e. the
‘realification’ of the complex Lie algebra so(6,C) - up to gauge transformations
of the four-potential. (The so(6,C)g invariance of free Maxwell's equations in
terms of the electric and magnetic fields was uncovered in Ref. [23], but the
potential form of Maxwell's equations was not discussed.) The 30 generators of
the “hidden” algebra correspond to the 15 well-known infinitesimal conformal
transformations [Eq. (6.40)] and to 15 little-known (“hidden") infinitesimal trans-
formations [Eq. (6.41)]. The "hidden” transformations (6.41) take a simpler form
when acting on the EM tensor; that is a product of a duality transformation with

an infinitesimal conformal transformation [14, 43] (see Eq. (6.42)) .

= Hidden symmetries in the presence of matter (Subsection 6.4.2) and in
the theory of a complex gauge field (Subsection 6.4.3).—We show that
the “hidden” symmetries [Eq. (6.41)] of free Maxwell's equations persist in the
presence of a material four-current [see Eq. (6.50)]. However, unlike the free
case, the invariance algebra does not close on so(6,C)g. Then, we observe that
the “hidden” symmetries of the real potential A, also exist for the free field
equations (6.56) of a complex Abelian gauge field <7, - this is related to the
complex formulation of duality-symmetric electromagnetism with the complex
potential given by <7, = A, +iC,, [1]. We show that if we redefine the “hidden”
transformations of .7, by multiplying with i = /=1, the 30-dimensional algebra
becomes so(4,2) @ so(4,2) (it closes again up to gauge transformations of the

complex potential).

= Zilch continuity equations from symmetries in the presence of matter (Sec-
tion 6.5) and a new question (Section 6.6).—We also study the derivation
of zilch continuity equations in the presence of electric charges and currents by

extending the zilch symmetries of the standard free action (6.6) to zilch symmetries

2The fact that the product of a duality transformation with an infinitesimal conformal transformation
is a symmetry of Maxwell's equations expressed in terms of the EM tensor was first observed by Krivskii
and Simulik [14, 43].
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[Egs. (6.60) and (6.61)] of the standard interacting action (6.59) (in which A,
couples to a non-dynamical material four-current J#*). Taking advantage of the
invariance of the interacting action under the zilch symmetries, we present a new
way to derive the known continuity equation for optical chirality [9]
;C’JrV-S:;(j-a;:—%Z-B) (6.17)
(7 is the material electric current density). In Ref. [9], the continuity equation (6.17)
was obtained from the complementary fields formalism, while a similar continuity
equation had been first obtained in Ref. [39]. Apart from Eq. (6.17), in this Letter,
we also obtain new continuity equations [Eqs. (6.65) and (6.68)] for the rest of
the zilches in the presence of electric charges and currents from symmetries of
the interacting EM action (6.59). Then, we pose the interesting open question
of whether the aforementioned invariance of the interacting EM action with a
non-dynamical material four-current can be extended to the case where the material

four-current is dynamical.

6.2 BACKGROUND MATERIAL CONCERNING THE ZILCH TENSOR
AND THE ZILCHES

In this Section we review the basics concerning the zilch tensor and the zilches.
The zilch tensor (6.10) can be expressed in various forms [16, 13]. For example, using
the following identity [13]:

1
0, ("Fan, ™) = —00 0, (FF™Fy) (6.18)
the zilch tensor (6.10) can be equivalently expressed as

1
zr = — *F“/\apF)\u - *FV/\(‘?pF/\” - 565 *F/\HapFM' (6.19)

vp

This expression makes manifest that the properties 2 = Z"% and Z"  , = 0 are
identically satisfied. Moreover, by using free Maxwell’s equations, it is straightforward to
show that the zilch tensor is divergence-free with respect to all of its indices and also

satisfies Z# , = 0 [13]. Using the fact that the zilch tensor is symmetric in its first two
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indices we can rewrite Eq. (6.10) as

1 1
2= =5 0, Py + 5F" 0, Fyy

vp

1 1
-3 *ErO, R+ §Fy’\ 9, F\. (6.20)

As mentioned in the Introduction, the ten zilches are given by the following ten time-

independent quantities [16, 13]:
g = g = / &2, (6.21)

with 02# /0t = 0. Only nine zilches in Eq. (6.21) are independent since Z",, = 0.
The pv0-component (Z#9) of the zilch tensor is the spatial density of the zilch 27+,
and the pvj-components (Z#7) are the components of the three-vector describing the
corresponding flux [16]. The time-independence of the ten zilches follows from the ten
differential conservation laws described by 0,Z#*? = 0. The conservation law (6.3) for
optical chirality corresponds to 3 (9Z%° 4 9;2%7) = 0.

For later convenience, note that the integral in Eq. (6.21) has the symmetry property

/ & 7m0 — / 3z 210 (: / d3xZ°“”> (6.22)

because the difference Z**0 — Z1% can always be expressed as a spatial divergence [13]
0 o _ j
M0 — ZY = 0;A"7
where the explicit expression for the tensor A is not needed for the present discussion 3.
It immediately follows that the difference Z#% — Z*%* can also be written as a spatial
divergence. Hence, the pv-zilch, Z°*, can be actually interpreted as the time-independent
quantity that corresponds to any of the three differential conservation laws: 9,2 = 0
(which is the one used by Lipkin [16]), d,Z#”” = 0 and 0,Z""* = 0. These differential
conservation laws are not independent of each other. For example, the conservation law

0,Z"? = ( can be re-written as 0,Z"”” = ( by using the relations

02" = 0y (21 + 0;A") (6.23)
and

;217 = 0; (2" — 9o\ ) (6.24)

for the corresponding spatial densities and fluxes, respectively.

3The interested reader can find the expression for A from equation (14) of Ref. [13] or they can set
J# =0 and let p =0 in Eq. (6.66) of the present article.
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6.3 CONSERVATION LAWS FOR ALL ZILCHES FROM THE INVARI-
ANCE OF THE STANDARD ACTION UNDER THE ZILCH TRANS-
FORMATIONS

In this Section we show that the zilch symmetry transformation (6.15), which is given

here again for convenience:
AA, = 0Pt €00 0°0,A = nPit 0, F,,, (6.25)

is a symmetry of the standard free EM action (6.6). Then, we derive all zilch conservation
laws using Noether's theorem.
Let us start by examining the way in which the zilch symmetry transformation (6.25)

acts on the EM tensor for off-shell field configurations; that is

AF, = 0,AA, —0,AA,
= 1" (0ap* Fuv — €apa0pOrF™) , (6.26)
where we have made use of the following important off-shell identity *:
Oo* Fluw + 0y *Fop + 0, Fra = €000’ Fj°. (6.27)

We now proceed to demonstrate that the zilch symmetry transformation (6.25) is indeed

a symmetry of the action (6.6) and then apply Noether's theorem. We find that the

variation
AS = —; / d'z F' AF,, (6.28)
is given by a total divergence (without making use of the equations of motion), as
AS = / d'z 8,D" (6.29)
with
D’ = ;n"ﬁ“ (2*F0,Fun+ 2,0, + 0, *Fup 0°F) (6.30)

- see Appendix 6.8 for some details of the calculation. Now, the usual procedure [41] can
be followed in order to construct the conserved Noether current, V¥, associated with the
zilch symmetry transformation (6.25), as

0ZL

V= "L _AA, - D" 31
v Fo A A : (6.31)

%

“Equation (6.27) can be readily proved by contracting with €5
properties of the totally antisymmetric tensor.

and then using well-known
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where £ = —1F°PF, ;5 is the free EM Lagrangian density. Substituting the expression
for D” [Eq. (6.30)] into Eq. (6.31) and making use of the identity (6.18), we find

v 1 = v UV x g
V= ontit (2, — 8, Fu OFY). (6.32)

The definition of a conserved Noether current is not unique; we are free to add any term
that vanishes on-shell and/or any term that is equal to the divergence of any rank-2
antisymmetric tensor to the expression for the Noether current [30]. Thus, we are allowed

to express the Noether current in Eq. (6.32) as
v 1 P 7 vV

with 9,V = 0. Since the constant four-vectors n” and n* in Eq. (6.33) are arbitrary,

we conclude that
0, 2P = 0. (6.34)

In other words, the zilch tensor is the conserved Noether current corresponding to the
zilch symmetries (6.25) of the standard free action (6.6), while the corresponding Noether
charges are the zilches (6.21).

6.4 “HIDDEN" SYMMETRIES

6.4.1 “HIDDEN” INVARIANCE ALGEBRA OF FREE MAXWELL’S EQUATIONS
AND THE ZILCH SYMMETRIES

Here we investigate the relation of the zilch symmetry transformations (6.25) to a “hidden”
s0(6, C)g invariance algebra of free Maxwell’s equations in potential form (6.7).
Let & denote any of the fifteen conformal Killing vectors of Minkowski spacetime
satisfying

0%,

a,ugu + 8Z/£,u = 9 Nyw- (635)

The conformal Killing vectors £# of Minkowski spacetime consist of [8]: the four generators

of spacetime translations,

Pla) = Py 0u = Oa; (6.36)
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the six generators of the Lorentz algebra so(3, 1),
Mgy = M50 = 250, — 2,03, (6.37)
the generator of dilations
D = D"9,, = "0, (6.38)
and the four generators of special conformal transformations
K(a) = K30 = 22,00 — 23,20, (6.39)

These fifteen vectors form a basis for the algebra of infinitesimal conformal transformations
of Minkowski spacetime which is isomorphic to so(4, 2).

The “hidden” invariance algebra of free Maxwell's equations (6.7) is generated by two
types of infinitesimal symmetry transformations of the four-potential. The first type
corresponds to the well-known infinitesimal conformal transformations, conveniently

described by the Lie derivative
LeA, = E0\A, + 400,68, € € s0(4,2). (6.40)

These transformations generate a representation of so(4,2) on the solution space of
Maxwell's equations (6.7). The second type of transformations corresponds to the
little-known (“hidden™) transformations [24]

T:A, = 5”6,,”0,\8”14’\, € € s0(4,2). (6.41)

If A, is a solution of Maxwell's equations, then so are LA, and T¢A, for all £ €
so(4,2) [24]. The effect of the “hidden” transformation (6.41) on F),, corresponds to

the product of a duality transformation with an infinitesimal conformal transformation as

TeF,, = 0,1:A, — 0,T¢A, = Le *FW, (6.42)
where
Le*F,, =£°0, *FW + *F,, 0,8 + *FW, 0,&°. (6.43)

This symmetry transformation of the EM tensor was first found in Refs. [14, 43].
The structure of the “hidden” invariance algebra of Maxwell's equations in potential form

is determined by the Lie brackets:

[LE’: LE]AH = L[E’,E]Au (6-44)
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[Le, Tl Ay = Tie g Ay (6.45)
and
[Tgl, Tg]A# = — L[E’,E]Au + @L ([fl, f]OAO — égprJp) , (6.46)

where, e.g., [L¢, Le] = LgLe — LeLg, while § and £ are any two basis elements of
so(4,2) with [¢',£]? = Lg&P. We observe the appearance of a gauge transformation of
the form (6.9) in the last term of Eq. (6.46). To the best of our knowledge, the explicit
expressions for the commutators (6.45) and (6.46) appear here for the first time. The
commutation relations in Eqs. (6.44)-(6.46) coincide with the commutation relations of
the 30-dimensional real Lie algebra so(6,C)g [23] (up to the gauge transformation in
Eq. (6.46)).

Now, let us denote the zilch symmetry transformation (6.25) with associated Noether
current corresponding to Z,” 5 (a and 3 have fixed values) as A(g)A,. The latter is

readily expressed as [see Eq. (6.25)]

It is obvious from this expression that A3,y A4, is given by the product of a “hidden”
transformation (6.41) with respect to the translation Killing vector P,y = d, and a Lie
derivative (6.40) with respect to the translation Killing vector Pgy = 0s. This makes
clear that the zilch symmetry transformation Az ) A, belongs to the enveloping algebra

of our “hidden” invariance algebra [and so do all transformations of the form (6.25)].

6.4.2 “HIDDEN” SYMMETRIES OF MAXWELL'S EQUATIONS IN THE PRESENCE
OF A MATERIAL FOUR-CURRENT

In the presence of a material four-current Maxwell's equations are
A, = 0,0"A, = —J,, (6.48)

where J* = (p, ) and 9,J" = 0. Maxwell's equations remain invariant under simulta-
neous infinitesimal conformal transformations of A, and J,, i.e. Eq. (6.48) will still be

satisfied if we make the following replacements:

A,u — LgA#,
Da"

J'u — Lg(]'u + Tj'u’ g S 80(47 2), (649)
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where L is the Lie derivative (6.40). It is interesting to investigate whether the “hidden”
symmetries (6.41) of free Maxwell's equations also persist in the presence of matter.
Indeed, we find that if A, and J, satisfy Eq. (6.48), then Eq. (6.48) will still be satisfied
if we make the following replacements:

A,u — TgAH,

Ju = 080, = €puond” (£7Y), € € s0(4,2), (6.50)
where T¢ A, is given by Eq. (6.41), while we call §2.J, in the second line the “hidden”
transformation of the four-current. Equation (6.50) describes the “hidden” symmetries
of Maxwell's equations in the presence of a material four-current.

Unlike the free case, in the presence of matter, the algebra does not close on so(6, C)g
up to gauge transformations of the four-potential ®>. This can be readily understood from
the following example. By calculating the commutator between “hidden” symmetries
generated by translation Killing vectors (6.36), we find:
[T70ys Trip) A

= 0 (= PGy PlsyFop) + (PlayPlyy = PlyPioyn) 0 Fop (6.51)
(compare this equation with Eq. (6.46)). In the absence of matter, the second
term in Eq. (6.51) vanishes and the algebra closes up to the gauge transformation
Oy (—P(‘(;)P(%)ng) - see Eq. (6.46). However, in the presence of matter, the second
term in Eq. (6.51) seems to describe a new symmetry transformation. Similarly, we find
the commutator for the four-current:

hid hid _

[5P< )’5P<B)]J = Oy (_P( Ple) (05, =0 ‘]"))

+ (PPl — PhyPiay) O, (6.52)
From Egs. (6.51) and (6.52), it follows that Maxwell's equations (6.48) will still be
satisfied (this is easy to verify) if we simultaneously make the replacements:

and

T = 0 (= PGy Py (96T, — 0,J5))
+ (PlayuPly) = Py Poyu) O, (6.54)

®If one considers only the familiar conformal transformations (6.49), then the algebra closes on
so(4,2).
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The study of the full structure of the algebra in the presence of matter is something that

we leave for future work.

6.4.3 “HIDDEN” SYMMETRIES FOR THE COMPLEX ABELIAN GAUGE FIELD

The free (hermitian) action for the complex Abelian gauge field, a7, is
1
— [daz), 7, (6.55)

where { denotes complex conjugation, while .#,,, = 0,4, — 0,.4,. Expressing <7, as
o, = A, +1iC,, the action (6.55) takes the form of the duality-symmetric action (6.12).

The field equation for the complex potential is
U, — 0,0" e, = 0. (6.56)

This equation is invariant under the infinitesimal conformal transformations L7, in
Eq. (6.40) (with A, replaced by 7,), as well as under the “hidden"” transformations
Tea, in Eq. (6.41) (with A, replaced by .27,). As in the case of the real potential, the
structure of the algebra generated by the conformal and the “hidden” transformations is
determined by the commutators in Eqs. (6.44)-(6.46) with A, replaced by .27, and F?
replaced by % °°.

Now, we will show that if we redefine the “hidden” transformations 7;.<7,, the “hidden”
algebra of Eq. (6.56) will be isomorphic to so(4,2) @ so(4,2). Let us redefine T¢.a7, by

multiplying with 7 as
Tid, = iTedd, = i €m0’ >, & € 50(4,2). (6.57)

These transformations leave both the action (6.55) and Eq. (6.56) invariant (on the
other hand, T is a symmetry of the field equation only). Now, the “hidden” algebra of
the field equation (6.56) is generated by the conformal transformations L7, and the

redefined “hidden” transformations T;.<7,. If we now define the new generators:

1
TE o, = NG (Le £ TY) ., € € 50(4,2), (6.58)
it is easy to see that the ﬁg’s generate a so(4,2) algebra on their own, and so do
the transformations .7;~, while [7;", 7] = 0 for any &,&" € so(4,2) [these follow
directly from Eqgs. (6.44)-(6.46)]. Thus, the “hidden” algebra is now isomorphic to

50(4,2) @ so(4,2) and closes up to gauge transformations of the complex potential .«7,.
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6.5 ZILCH CONTINUITY EQUATIONS IN THE PRESENCE OF ELEC-
TRIC CHARGES AND CURRENTS FROM SYMMETRIES OF THE
STANDARD INTERACTING ACTION

In the presence of a non-dynamical material four-current, J* = (p, ), the standard

interacting EM action is
1
=S+ [dvrra, = [d (—4F“”FW + J”AV) . (6.59)

Let us consider the variation of S’ under the following simultaneous transformations of
A, and J":

AA, = nPit" €400 070,A%, (6.60)
AJY =nfite,” 070,07, (6.61)

un o

where n? and 7# are two arbitrary constant four-vectors, while Eq. (6.60) coincides with
the zilch symmetry transformation (6.25). The variation of the free action, S, is already
known to be a total divergence [see Eq. (6.29)]. Also, after a straightforward calculation,

we find that the variation of the interaction term is a total divergence, as

A( [t J”A,,) = [z (A4, + 174, (6.62)
- / d'z9,D".,,
where
Dy, =it (00 JM Fy — 9,07 A% ") (6.63)

Thus, the variation of the interacting action is

AS' = / d'zd, (D" + D%,), (6.64)

int

where D" is given by Eq. (6.30).
Now, by applying the standard Noether algorithm [41], we find the following continuity

equations for the zilch tensor:
NI = O I — TRy, (6.65)

These continuity equations determine the rate of gain or loss of the quantity [ d3xzZ+%,

with spatial density given by Z#% and flux components given by Z*/".
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The continuity equations (6.65) can be re-expressed in the form of continuity equations
for the zilches (6.21), with spatial density given by Z#*° and flux components given by
ZM3  as follows. First, we observe that, although in the presence of electric charges and
currents the quantity [ d®zZ"" and the pv-zilch, [d3zZ"° [Eq. (6.21)] are not equal
to each other unless v = 0 (because the symmetry property (6.22) no longer holds), they

are related to each other by °

1
ZWP—ZW%:Qwaaﬂz—f“W@T@—fWM@TQ+fWM@TQ

—2F@ﬁ”ﬂ@+2ﬂ“FW) (6.66)
where
1
T% = ~F*Fyg — [0§F™ Fo (6.67)

is the Maxwell stress-energy tensor (with 0,7 = J*F,z). Then, by taking the diver-
gence of Eq. (6.66) with respect to the index p and using the continuity equation (6.65)

we find

0,210 = 1 By, QN7 — FFR (97, — 9,07
_ xfwo (aujg _ am]#)‘ (668)

These are the ten continuity equations determining the rate of gain (or loss) for the
ten zilches (6.21) in the presence of electric charges and currents. For u = v = 0,
both continuity equations (6.65) and (6.68) coincide with the known equation (6.17) for
optical chirality. To the best of our knowledge, the other nine continuity equations in

Eq. (6.68) are presented here for the first time.

6.6 AN INTERESTING OPEN QUESTION

Let us suppose that the EM field interacts with a dynamical matter field with corresponding

four-current J*. Now, the action of the full interacting theory is

1 ~
[ (= Fu P 4+ 7 AL) + Smater (6.69)

®Equation (6.66) is obtained following analogous steps as the ones described by Kibble in order to
derive equation (14) (for the free EM field) in Ref. [13]. Our Eq. (6.66) coincides with equation (14) of
Ref. [13] if no electric charges and currents are present.
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where Spatter i the action corresponding to the free matter field. According to our earlier
discussion, the simultaneous transformations (6.60) and (6.61) (with J* replaced by J*)
are symmetries of the first two terms in Eq. (6.69). Motivated by this observation, we
may pose the question of whether one could identify symmetries of the full interacting
theory (i.e. symmetries of all three terms in Eq. (6.69)). In other words, is it possible to
identify a transformation of the matter field such that: this transformation is a symmetry

of Smatter, While the four-current J* transforms as in Eq. (6.61)?

6.7 DISCUSSION

The results of the present Letter establish a clear connection between all zilch continuity
equations and symmetries of the standard EM action via Noether's theorem. Having
identified all zilches with Noether charges, we can interpret them as the generators of
the corresponding symmetry transformations (6.25) of the four-potential in the standard
(classical or quantum) EM theory [41, 19, 22]. In the case of optical chirality, the explicit
knowledge of the underlying symmetry generator is known to offer physical insight, since
it allows the identification of the optical chirality eigenstates with plane waves of circular
polarization [22]. Similarly, the symmetry transformations (6.25) can be used to identify
the eigenstates of all zilches, which is something that we leave for future work.

A particularly interesting uninvestigated question is the one concerning the role of all
zilches in light-matter interactions - the case of optical chirality is the only exception
since its role has been studied [39]. The importance of this question becomes manifest
by considering the fact that a physical interpretation for all zilches has been recently
provided [35]. In particular, in Ref. [35] it was found that the zilches of a certain class
of topologically non-trivial EM fields in vacuum can be expressed in terms of energy,
momentum, angular momentum and helicity of the fields. Also, it was demonstrated
that the zilches of these fields encode information about the topology of the field lines.
We hope that the results presented in this Letter will be useful in future attempts to
study the role of all zilches in light-matter interactions. More specifically, motivated by
the interpretation and applications of the known continuity equation (6.17) for optical
chirality [39, 9, 26, 7, 19], it is natural to interpret each of our new zilch continuity
equations [Eq. (6.68)] as determining the rate of loss or gain of the corresponding “zilch
quantity” of the EM field.
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6.8 APPENDIX A - INVARIANCE OF THE STANDARD FREE EM
ACTION UNDER THE ZILCH SYMMETRIES

Here we present some details for the calculation concerning the invariance of the standard
free EM action (6.6) under the zilch symmetry transformation (6.25). For convenience,
we focus only on the invariance of the action and not on the derivation of the associated
Noether current (6.32). Also, we drop all terms that are total divergences in order to
simplify the presentation. However, note that one needs to keep all such terms if they
wish to re-derive Eq. (6.29).
Varying the action (6.6) with respect to the zilch symmetry transformation (6.25) we
find
—2AS = / d*z F™ AF,,

= /d4x (F’“’ﬁan” 0,00 F — F”“ﬁo‘npeauyg@p(?AFA”> , (6.70)

where in the second line we used Eq. (6.26). The first term is readily shown to be equal

to a total divergence as follows:
/d4x F'p*nf 0,0, F, = — /d4x 0, F"'n*n? 0, F,
=2 [d' 0°F," @0 0, F
=2 / d433' 0" (Fp'u nn’ aa*Fuu) )

where in the second line we used Eq. (6.8), and in the third line we used that the
divergence of *F),,, vanishes identically because of Eq. (6.8). We now drop the first term

in Eq. (6.70) (since we showed that it is a total divergence) and we express Eq. (6.70) as

_9AS = -2 / d*z *Fop 700 9,00F. (6.71)
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On the other hand, keeping both terms in Eq. (6.70) and using the off-shell identity (6.27),
Eq. (6.70) is re-written as

2AS =2 / d'z F*ion 9,0, Fay. (6.72)
Integrating by parts twice, we find
2AS =2 / 'z *Fop %0 9,00F. (6.73)

Comparing this equation with Eq. (6.71), we find AS = 0 (i.e. AS is equal to the

integral of a total divergence), as required.
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7

Discussion and Future Perspectives

While each of the main chapters (i.e., chapters 2-6) contains its own discussion section,
our aim here is to further expand upon these discussions and present intriguing questions

that could potentially guide future research.

Discussing the results of chapters 3 and 4

(Here our notation for the physical modes is as in chapter 5.) Let us first recall our
main result from chapters 3 and 4: the strictly massless spin-3/2 field (i.e. gravitino),
as well as the strictly and partially massless spin-5/2 fields on dSp (D > 3), are not
unitary unless D = 4. In chapter 3, we also suggested that this result extends to
all strictly/partially massless (totally symmetric) tensor-spinors of spin s > 7/2 - this
suggestion was motivated by investigating the (mis-)match between the representation-
theoretic labels of the eigenmodes and the representation-theoretic labels corresponding
to UIRs of the dS algebra so(D,1). In order to verify this suggestion, one should extend
the technical analysis of chapter 4 to all half-odd-integer spins s > 7/2. This is expected

to be a very cumbersome process that will include?:

= Constructing the spin-s > 7/2 eigenmodes on S, and then on dSp by analytic

continuation.

» Determining the transformation formulae for the eigenmodes under an infinitesimal
dS boost and investigating whether these are compatible with the existence of dS

invariant scalar products that are also positive-definite.

1The integer-spin analog of this technical analysis has been carried out by Higuchi [5], and Higuchi's
calculations can be characterized, at the very least, as heroic. The haf-odd-integer spin-s > 7/2 cases
are expected to be even more complicated, as it is already evident from the spin-s = 3/2,5/2 cases
presented in chapter 3 and 4.
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= |dentifying the physical and the pure gauge modes of the strictly/partially massless
theories. All pure gauge modes are expected to have zero norm with respect to

any dS invariant scalar product.

Motivated by our technical findings for the strictly/partially massless spin-s = 3/2,5/2
cases in chapter 4, we expect that for s > 7/2 there will be no dS invariant scalar
products for odd D. We also expect that for even D > 4, the physical modes will be
separated into a positive-norm and a negative-norm sector that mix with each other
under dS boosts. The D = 4 case is expected to be special and the negative-norm
sector will decouple from the positive-norm one. Then, both sectors will essentially be
positive-norm sectors, and the strictly/partially massless theories will correspond to a
direct sum of Discrete Series UIRs of the dS algebra so(4,1) - see our ‘field theory -

representation theory dictionary’ in chapter 3.

However, it recently occurred to us that there are certain group-theoretic tools, which
are not widely known among mathematical physicists at the moment, and which we feel
can help streamline certain cumbersome calculations. In particular, we are referring to
the work of Gelfand and Tsetlin [4], in which the matrix elements of all so(D) generators
acting on so(D — 1) representation spaces were determined. In Appendix A of chapter 5,
we explain in detail how to analytically continue Gelfand's and Tsetlin's results for so(5)
(i.e. we translate these results in the language of tensor-spinor spherical harmonics
on S%) in order to find explicit expressions for the so(4,1) transformation formulae of
spin-s > 3/2 mode solutions for the strictly massless theories on dS,. We leave the
generalisation of our results to arbitrary dimensions, as well as to partially massless fields

of any depth, for future work.

Quantisation. In this thesis, we have not discussed the quantization of the spin-s > 3/2
fermionic fields. However, it is already evident that there are certain complications in
the striclty/partially massless cases, which we can exemplify as follows. Consider the
strictly massless spin-3/2 field on dSy. First, we recall that the usual Rarita-Schwinger
Lagrangian density [3]

7

~L=V=g T, (Vo + 5

) o (1)

is known to be non-hermitian. This ‘reality problem’ can be fixed by considering a new
hermitian Lagrangian that gives rise to the same equations of motion, as follows:
7

I = VEG 8,05 (V2 ) o (7.2)
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This Lagrangian density also has the pleasant feature that it gives rise to a dS invariant
scalar product?. This is a necessary ingredient for unitarity in the one-particle Hilbert
space. To be specific, the one-particle Hilbert space we are referring to here coincides
with the space of physical mode solutions. This means that we are considering the
completely gauge-fixed quantum gravitino field, i.e. we are referring to the field satisfying

the equations of motion in the ‘Coulomb-like’ gauge

Yy =0, le/}j =0
(7 is a spatial index) and
(W + Z>wu =
This gauge is the one that the physical modes come with naturally.
Now, one might think that we can straightforwardly proceed by expanding the gravitino
field in terms of the physical modes and introducing annihilation and creation operators,

as
C+2

u(t, 03) = ZZZ Z 0+

o=%¢=1m=1k= —(m+1)
% (a'g;)k \Il(phys ol; mk)(t 0 ) + b (o)t \I/ (phys, ot mk’)C’(t 0 )) (73)

However, recall from chapters 3 and 4 that the physical modes with helicity —3/2 have
an opposite positive-definite, dS invariant scalar product from the physical modes with
helicity +3/2. Thus, the quantum field (7.3) that contains both helicity degrees of
freedom does not correspond to a unitary theory. On the other hand, one can consider
two separate chiral unitary quantum fields, one with helicity —3/2 and one with helicity
+3/2, as

R - {42 (phys —t:mik) ()t 1y (phys, +6 msk)C
—;n;k %H) 00+ 1) emk (t,03) + by V! (t>93)> ;
(7.4)
1 (t,03)
S o i e e e ]
=1m= m+1)
(7.5)

2This dS invariant scalar product arises as the Noether charge associated with the invariance under
infinitesimal (global) u(1) transformations é1,, = ia%,,, with a € R.
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However, this splitting of helicities cannot be achieved locally at the level of the Lagrangian
(or action). On the other hand, at the level of the equations of motion, we are free to
focus on solution spaces with definite helicity, as they separately form chiral UIRs of
so(4,1). (In order to define the helicity projector one needs to introduce the inverse of
the Dirac operator on S3, which is, of course, a non-local operator.) Does this mean
that there is no satisfactory Lagrangian description for the free quantum gravitino field
on dSy?

Some philosophical thoughts. Here | would like to take a short break from the
mathematically focused presentation and entertain some philosophical thoughts (I will
also shift from the collective "we" to the individual "I" for this paragraph). The starting
point of my thought process is the aforementioned observation that four-dimensional de
Sitter space, unlike its higher-dimensional counterparts, plays a distinguished role in the
unitarity of strictly/partially fermions, and of course, the fact that our four-dimensional
Universe was/is/will be approximated by de Sitter space. | feel it is worth wondering

whether these findings could have any relation to the following quote by Dirac [2]:

At present we are, of course, very far from this stage [where pure mathematics and
physics unify], even with regard to some of the most elementary questions. For example,
only four-dimensional space is of importance in physics, while spaces with other numbers
of dimensions are of about equal interest in mathematics. It may well be, however, that
this discrepancy is due to the incompleteness of present-day knowledge, and that future
developments will show four-dimensional space to be of far greater mathematical interest
than all the others.

In this quote, Dirac highlights the idea that pure mathematics and physics have the
potential to unify. But, in order to achieve this unification we have to understand the
discrepancy concerning the role of four dimensions in physics and mathematics. The
question | would like to pose, assuming Dirac’s viewpoint, is: can we view the existence
of fermionic strictly/partially massless UIRs of so(D, 1) only for D = 4, as a sign of

mathematical interest of four-dimensional space?
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Discussing the results of chapter 5

In chapter 5, we uncovered new conformal-like symmetries for the field equations of

strictly massless fermions of spin s =7+ 1/2 > 3/2 on dSy

(V+ir) @y, =0,
vaqjam---ur =0, ’70[‘110412---117- = 0.

In particular, we showed that these equations enjoy infinitesimal conformal-like symmetries

given by
Tw¥,,

. . 3 o
= 75 (vap\llmmur +ir Why Uy, — 0T WpV(m Wiioir)p T gvaW \IINL“;U"P)
2r

1
2r+1

(V(M + 27(“1> 75\I]N2~~~ur),0VVp7

where W is any conformal Killing vector (with non-vanishing divergence) of dS;. The
conformal-like symmetries, together with the dS symmetries, generate the algebra so(4, 2),
which closes up to gauge transformations. We also showed that the physical (positive
frequency) mode solutions form a direct sum of UIRs of the conformal-like so(4,2)
algebra.

SUSY in de Sitter. Now, we would like to turn our attention to the topic of supersym-
metry (SUSY) in de Sitter space. As is well-known, the role (if any) played by SUSY
in a dS Universe is a longstanding question, while the most popular results indicate
that unbroken SUSY must be non-unitary in dS, (if the bosonic subalgebra closes on
the dS algebra [6]). However, interestingly, unitary superconformal field theories (with
unbroken SUSY) on dS, are known to exist [1]. Motivated by this and by our newly
discovered conformal-like symmetries for strictly massless fermions, it is interesting to
look for new (and possibly unitary) supersymmetric theories on d.S; that include strictly
massless fermions of spin s > 3/2. For example, although we are not going to present
details here, we have performed calculations suggesting that the following pair of complex

strictly massless fields (of spins 1 and 3/2) on dSy

VH(V,A, — V,A,) =0, (7.6)

yHeT (Vp + ;%) Yo =0 (7-7)
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realise a representation of unbroken SUSY, where the commutator of two SUSY variations
closes on the conformal-like so(4,2) bosonic algebra. The representation is likely to
be unitary, but we aim to present more details in a separate article in the future. The
bosonic dS symmetries act on 1, in terms of the Lie-Lorentz derivative, while the
bosonic conformal-like ones act in terms of Ty1),. As for the spin-1 field, the bosonic
dS symmetries act on it in terms of the familiar Lie derivative, while the conformal-like

symmetries correspond to the following expressions:
Sw A, =iWPe, VAN (7.8)

This expression describes new conformal-like symmetries of the spin-1 equation (7.6) on
dS4, and has been discovered collaboratively by Atsushi Higuchi and myself. (This is out
of the scope of my PhD work. We aim to present more details in a joint paper in the
future.)

Although it plays no role in the aforementioned supersymmetric theory, it is worth
mentioning that the strictly massless spin-1 equations (7.6) on d.S4 enjoy more symmetries

than the ones in (7.8), namely
S A, = iK€,V A, (7.9)

where K is any Killing or conformal Killing vector of dS, (i.e. K € so(4,2)).

Discussing the results of chapter 6

As for the discussions concerning the results of chapter 6, our primary focus has centered
around the two main points highlighted in the concluding sections of the same chapter.
To briefly recap these points, the first concerns the possibility of extending the zilch
symmetries to a classical interacting theory of the electromagnetic and matter (e.g.
spinor) fields. The second point concerns the potential application of our new zilch
continuity equations to experimental investigations into the role of all zilches in light-
matter interactions.

For the sake of completeness, let us also explain how chapter 6 relates to chapter 5 from
the viewpoint of symmetries. The answer lies in the “hidden” symmetries of the four-
potential in Minkowski spacetime presented in chapter 6, which underlie the conservation
of the zilches. These “hidden” symmetries correspond to the symmetries (7.9) of the
gauge potential on dS; (where, of course, we have to remove the factor of ‘i’ from
Eq. (7.9) if we want to focus on symmetries of the real gauge potential on dS;). This
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naturally leads us to pose the question: Do the zilches also exist in dS;? If so, how

can we derive them from the symmetries of the standard Maxwell action in dS, using

Noether's theorem?

REFERENCES

[1]

2]

&

[4]

[5]

[6]

T. Anous, D. Z. Freedman, and A. Maloney. “de Sitter supersymmetry revisited”.
In: J. High Energ. Phys. 2014 (2014), p. 119.

P. A. M. Dirac. “The Relation between Mathematics and Physics”. In: Proceedings
of the Royal Society (Edinburgh) 59.Part Il (1938-39). Lecture delivered on
presentation of the JAMES SCOTT prize, February 6, 1939, pp. 122-129.

D. Z. Freedman and A. V. Proeyen. Supergravity. Cambridge University Press,
2012.

[. M. Gelfand and M. L. Tsetlin. “Finite-dimensional representations of groups of
orthogonal matrices". In: Dokl. Akad. Nauk SSSR 71 (1950). English translation
in: 1. M. Gelfand, “Collected papers”. Vol Il, Berlin: Springer-Verlag 1988, pp.
657-661, pp. 1017-1020.

A. Higuchi. “Symmetric tensor spherical harmonics on the N-sphere and their
application to the de Sitter group SO(N,1)". In: J. Math. Phys. 28 (1987),
p. 1553.

K. Pilch, P. van Nieuwenhuizen, and M. F. Sohnius. “De Sitter Superalgebras and
Supergravity”. In: Communications in Mathematical Physics 98 (1985), p. 105.

298



	Abstract
	Contents
	Acknowledgments
	Author's declaration
	Introduction
	The eigenmodes for spinor quantum field theory in global de Sitter space-time
	Introduction
	Geometry of N-dimensional de Sitter space-time
	Coordinate system, Christoffel symbols and spin connection
	Geodesics on dSN

	Dirac Spinors and Clifford Algebra on N-dimensional de Sitter space-time
	Solutions of the Dirac equation on N-dimensional  de Sitter space-time
	Normalization factors and Transformation properties under Spin(N,1) of the analytically continued eigenspinors
	Unitarity of the Spin(N,1) representation and normalization factors
	Transformation properties of the positive frequency solutions under Spin(N,1)

	Canonical quantization
	Negative frequency solutions
	Canonical Quantization

	The Wightman two-point function
	The spinor parallel propagator on dSN 
	Constructing spinor Green's function on dSN using intrinsic geometric objects
	Analytic expressions for the massless and massive Wightman two-point function and the spinor parallel propagator

	Summary and conclusions
	Appendix A - Charge conjugation and negative frequency modes
	Charge conjugation on N-dimensional de Sitter space-time and on spheres
	Negative frequency solutions for N even
	Negative frequency solutions for N odd

	Appendix B - Some raising and lowering operators for the parameters of the Gauss hypergeometric function
	Appendix C - Transformation properties of the positive frequency solutions under Spin(N,1)
	Transformation properties for N>2; some details for the derivation of Eq. (2.136)
	Transformation properties for N=2.

	Appendix D - Derivation of the massless Wightman two-point function using the mode-sum method
	The proportionality constant
	Obtaining a closed-form expression for the series
	Determining the ``angular part'' of the two-point function
	Massless Wightman two-point function for N odd
	Massless Wightman two-point function on dS2

	Appendix E - Testing our result for the spinor  parallel propagator
	Parallel transport equation
	Parallel-transport property of slashedn
	The inverse of the spinor parallel propagator

	Appendix F - A conjecture for the closed-form expression of a series containing the Gauss hypergeometric function
	References

	(Non-)unitarity of strictly and partially massless fermions on de Sitter space
	Introduction
	Strictly and partially massless field theories in de Sitter space
	Eigenmodes, `field theory-representation theory' dictionary and purpose of this paper
	Main result for strictly and partially massless theories of spin ..
	Strategy
	Outline of the paper, notation and conventions

	Background material concerning tensor-spinors on dS
	Gamma matrices, vielbein fields, spin connection and Lie-Lorentz derivative on dSD
	Specialising to global coordinates

	Classification of the UIR's of spin(D,1)
	Spin-3/2 and spin-5/2 eigenmodes on dS
	Tensor-spinor eigenmodes of the Dirac operator on SD-1 and representations of spinD
	Separating variables for spin-3/2 eigenmodes on dS for even D
	Separating variables for spin-3/2 eigenmodes on dS for odd D
	Spin-5/2 eigenmodes on dS

	Quadratic Casimir for spin-3/2 and spin-5/2 eigenmodes on dSD
	Strictly and partially massless representations: non-unitarity for Dneq4 and unitarity for D=4
	Pure gauge modes and physical modes
	Studying the (non-)unitarity of the strictly/partially massless theories with spin s

	Dictionary between (symmetric) tensor-spinor fields on dSD and UIR's of spind,1 for d>=3
	Summary and discussions
	Appendix A - The only totally symmetric TT tensor-spinor eigenmodes of the Dirac operator that exist on S2 are the spinor eigenmodes
	References

	(Non-)unitarity of strictly and partially massless fermions on de Sitter space II: a technical explanation
	Introduction
	Main aim and strategy of the present paper
	Technical explanation of the main result
	Outline of the paper, notation and conventions

	Geometry of the N-sphere and tensor-spinor fields
	Coordinate system, Christoffel symbols and spin connection
	Gamma matrices and tensor-spinor fields on the N-sphere

	Technical details for the functions describing the dependence of STSSH's on thetaN
	The STSSH's of rank 1 on the N-sphere
	STSSH's of rank 1 for N even
	STSSH's of rank 1 for N odd

	The STSSH's of rank 2 on the N-sphere
	STSSH's of rank 2 for N even
	STSSH's of rank 2 for N odd

	Normalisation factors and transformation properties under spin(Nplus1) of rank-1 and rank-2 STSSH's
	Lie-Lorentz derivative and spin(N+1) invariant inner product
	Normalisation factors and transformation properties under spin(N+1) of STSSH's of ranks 1 and 2

	Obtaining spin-3/2 and spin-5/2 mode solutions on N-dimensional de Sitter spacetime by the analytic continuation of STSSH's
	Analytic continuation techniques
	Pure gauge modes for the strictly/partially massless spin-3/2 and spin-5/2 theories

	(Non)unitarity of the strictly/partially massless representations of spin(N,1) formed by the analytically continued STSSH's
	The strictly/partially massless spin-3/2 and spin-5/2 representations of spin(N,1) are non-unitary for even N>4
	Strictly/partially massless spin-3/2 and spin-5/2 representations of spin(N,1) for N even: norms of the eigenmodes
	The strictly/partially massless spin-3/2 and spin-5/2 representations of spin(N,1) are non-unitary for N odd

	Summary and discussions
	Appendix A - Raising and lowering operators for the Gauss hypergeometric function and other useful formulae
	Appendix B - Spinor eigenmodes of the Dirac operator on N-1
	Appendix C - Some useful formulae on SN-1
	Appendix D - Constructing STSSH's of rank 2 on the N-sphere
	Constructing the STSSH's of rank 2 for N even
	Constructing the STSSH's of rank 2 for N odd

	Appendix E - Deriving the spin(N+1) transformation formulae of STSSH's and determining their normalisation factors
	Calculating CII and making the first step towards the calculation of CI
	Derivation of the transformation formulae of type-I and type-II-I STSSH's of rank 1 and calculation of the normalisation factor cI for N even
	Derivation of the transformation formula (4.114) for type-I modes of rank 1 and calculation of the normalisation factor cIr=1
	Derivation of the transformation formula (4.119) for type-II-I modes of rank 1

	Derivation of the transformation formulae of type-I and type-II-I STSSH's of rank 1 and calculation of the normalisation factor cI for N odd
	Transformation properties under spinN+1 and normalisation factors for STSSH's of rank 2 on SN

	Appendix F - Pure gauge modes
	Pure gauge modes for strictly massless spin-3/2 field, N even
	Pure gauge modes for strictly massless spin-5/2 field, N even
	Pure gauge modes for partially massless spin-5/2 field, N even

	References

	New conformal-like symmetry of strictly massless fermions in four-dimensional de Sitter space
	Introduction
	List of main results and methodology
	Outline, notation, and conventions

	Background material for strictly massless fermions on dS
	Field equations for higher-spin fermions on dS
	Basics about dS symmetries of the field equations
	Strictly massless fermions on dS

	Classification of the UIRs of the dS algebra
	Mode solutions of strictly massless spin-r+1/2 fermions
	Global coordinates and representation of gamma matrices
	Constructing the mode solutions of the strictly massless theories
	Physical spin-r+/2 modes on dS
	Pure gauge spin-r+/2 modes on dS


	The physical modes form UIRs of the dS algebra
	Infinitesimal dS transformations of physical modes and irreducibility of so(4,1) representations
	dS invariant scalar product and unitarity
	Identifying the dS algebra UIRs

	Conformal-like symmetries for strictly massless fermions
	Conformal-like symmetry transformations
	Conformal-like so(4,2) algebra generated by the dS symmetries and the conformal-like symmetries

	The physical modes also form UIRs of the conformal-like algebra
	Conformal-like transformations of physical modes and irreducibility of so(4,1) representations
	so(4,1)-invariant scalar product and unitarity

	Conformal-like transformations of field strength tensor-spinors
	Spin-3/2 field strength tensor-spinor
	Spin-5/2 field strength tensor-spinor
	A conjecture for the spin-7/2 field strength tensor-spinors

	Summary and Discussions
	Appendix A - Deriving Eq. (5.65) by analytically continuing so(5) rotation generators and their matrix elements to so(4,1)
	Background material for representations of so(5) and Gelfand-Tsetlin patterns
	Specialising to so(5) representations formed by tensor-spinor spherical harmonics on S
	Transformation properties of tensor-spinor spherical harmonics on S under so
	Performing analytic continuation

	Appendix B - Details for the computation of the commutator (5.90) between two conformal-like transformations
	References

	Conservation of all Lipkin's zilches from symmetries of the standard electromagnetic action and a hidden algebra
	Introduction
	What is known about the zilch symmetries?
	Filling a gap in the literature, main results and outline

	Background material concerning the zilch tensor and the zilches
	Conservation laws for all zilches from the invariance of the standard action under the zilch transformations 
	``Hidden'' symmetries
	``Hidden'' invariance algebra of free Maxwell's equations and the zilch symmetries
	``Hidden'' symmetries of Maxwell's equations in the presence of a material four-current
	``Hidden'' symmetries for the complex Abelian gauge field

	Zilch continuity equations in the presence of electric charges and currents from symmetries of the standard interacting action
	An interesting open question
	Discussion
	Appendix A - Invariance of the standard free EM action under the zilch symmetries
	References

	Discussion and Future Perspectives
	References


