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1 Introduction to the problem

1 Introduction to the problem

In high energy physics stable elementary particles are naturally associated with partic-
ular representations, irreducible representations of the universal cover of Poincaré group
‘P according to the groundbreaking paper of Wigner published in 1939( [1]]). All particles
inside the Standard Model fall inside some of these representations, which are labelled by
the value of a continuous parameter called mass m and by the value of the spin s in the
massive case or by the value of the helicity / in the massless case. But the most general type
of massless particles allowed included the so-called infinite-spin representations which are
characterized by a dimensionful scale « and reduce to familiar helicity particles only in the
limit x — 0. These particles are also called continuous spin particles (CSP). Two classes of
objections were raised in the literature against the existence of these particles, one related
to the difficulty of building CSPs covariant free quantum fields and the other concerning
the infinite number of degrees of freedom (related to a continuous parameter «).

The first problem, at least in the axiomatic quantum field theory framework, was put
in a mathematical form by Yngvason in 1970 where it was clarified that the existence of
a pointlike quantum (free) field for infinite spin representations is in contradiction with
the local commutativity and the covariance transformation law axioms( [2]). At that time
there were also many attempts to canonically quantize fields that transform covariantly
under Poincaré transformations for the infinite-spin representation, using mostly (singu-
lar) CSP wavefunctions derived from Wigner’s equations. But all of them failed to obtain
a consistent free CSP theory, since they found obstructions to build properly causal fields
and/or local Hamiltonian( [3] [4] [5]). After the development of modular localization
concepts and the natural introduction of string-localized fields, it became clear that fields
localized in semi-infinite strings extending to space-like infinity can provide CSP quantum
fields that also satisfy all axioms in the axiomatic framework. In particular the main result
is the reconciliation of the infinite-spin representations with the principle of causality in a
QFT framework. The main work, with the explicit construction of string-localized fields
for CSPs, is summarized in the paper of Mund-Schroer-Yngvason published in 2004( [|6]).
An interesting point is that string-localized fields can be used to describe both bosonic and
fermionic massive particles( [[7] [8]) other than massless particles, and also they can be
built over pointlike fields via integration. This class of fields can also provide a reformula-
tion of some perturbative gauge theories, like QED, solving the old clash between Hilbert
space positivity and pointlike localization by substituting a massless gauge potential with a
string-localized potential.

More recently Schuster and Toro worked on these infinite-spin representations from a
different point of view, finding new equations (different from Wigner’s ones) for covariant
CSPs wavefunctions and trying to build up a consistent gauge theory for CSPs. Working in
one-particle quantum mechanical setting, they managed to identify new "smooth" solutions
in addition to the "singular" ones and they wrote a gauge theory action for bosonic (free)
CSPs using pointlike fields in a spacetime enlarged by an extra coordinate n ( [9] [10]).
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The action likely has simple generalizations to describe fermionic and/or supersymmetric
CSPs, also in other spacetimes like (A)dS, and can also be extended to admit couplings
with suitable conserved background currents( [[11]] [[12]] [[13]). The action is local, Lorentz
invariant, localized on the hyperbolic surface n> = —1 and the fields show standard com-
mutation relations, but the canonical fields have non-trivial gauge variation and therefore
they are not directly observable as expected from the previous considerations( [[11]). It
is also possible to find a local "gauge-fixed" Hamiltonian, but at the price of imposing a
spatially non-local gauge fixing condition( [[10]).

For the second problem, the continuous spin particles contain indeed an infinite tower
of helicity-eigenstate with integer-spaced eigenvalues in the general case x # 0. Therefore
if all CSPs states thermalized democratically and rapidly enough, it would lead to rapid su-
percooling of all thermal systems due to infinite heat capacity per unit volume. But luckily
along with particles of spin s < 2, CSPs are the only massless states possessing covariant
soft factors, which opens the possibility that CSPs may mediate long-range forces. Indeed
for a candidate theory of interacting massless particles of higher helicities in a flat space-
time (higher-spin gravity) the two exotic properties of CSPs, namely the presence of infinite
degrees of freedom per spacetime point and the presence of a continuous mass scale x > 0,
could be two positive features. A standard feature of higher-spin theories in dimension four
(and higher) is an infinite spectrum of helicities, and the spectrum of helicities in the CSPs
case coincides with the one in higher-spin gravity([35]). Secondly higher-spin vertices are
typically higher-derivative, and a dimensionful parameter for weighting them is a necessary
feature of any interacting theory. Therefore continuous spin gauge fields might be able to
circumvent the (Weinberg’s) no-go theorems preventing the existence of interacting parti-
cles of spin greater than two in flat spacetime and might provide a "subtle flat spacetime
analogue" of higher-spin gravity. Thanks to the hierarchical coupling structure in soft fac-
tors, also the second problem could be solved in real systems that are only approximately
in thermodynamic equilibrium and only for a finite time. If additional CSP states are suf-
ficiently weakly coupled, then the timescale for quasi-thermal systems to dissipate energy
into those states is long enough to be physically irrelevant. The problem can then be traced
to find a theory which produces such CSP covariant soft factors, as Schuster and Toro ex-
plained in their papers( [9]). We still don’t know yet if these type of particles exist, but the
interest on the topic has increased a lot over recent years due to new striking discoveries
we mentioned.

The scope of the thesis is to study the general form of free quantum fields for bosonic
CSPs, particularly focusing on the structure of the intertwiners (the coefficients of the an-
nihilation and creation operators in the mode expansion of the fields). I will first establish,
parametrizing directly the orbits of the little group for massless particles F(2), a new way
to find the "smooth" and "singular" solutions of Schuster and Toro papers. Then I will make
a deep connection between the general structure of Mund-Schroer-Yngvason intertwiners
with Schuster-Toro smooth wavefunctions via Gaussian integration. Moreover [ will empha-
size the role of localization for infinite-spin intertwiners, considering both Mund-Schroer-
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Yngvason and Schuster and Toro’s works from different perspectives. The Mund-Schroer-
Yngvason bound ( [6]]) regards the admissible class of infinite-spin intertwiners. We will
give an estimate about a special type of intertwiner, showing that it will fulfill the Mund-
Schroer-Yngvason bound if it is multiplied by a suitable factor. Finally I will discuss the
properties of the 2-point function using the general structure of infinite-spin intertwiners.
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2.1 The importance of the Poincaré symmetry

Spacetime plays a fundamental role in physics: it is not only the stage in which particle
interactions take place, but it also exhibits its own dynamics. The underlying symmetries
of spacetime are divided into two classes (the nomenclature is dictated by group theory),
namely discrete symmetries (charge conjugation C, parity inversion P and time reversal
T) and continuous symmetries (Poincaré symmetry, that comprised Lorentz symmetry and
translational symmetry).

Poincaré symmetry is a cornerstone of both of our current best theories of physics: Gen-
eral Relativity (GR) and Standard Model of particle physics (SM). In fact laws of physics in
the absence of gravity are Poincaré covariant, that is they are invariant in form both under
spacetime translations and under the action of the Lorentz group (Lorentz invariance is a
global symmetry of SM in a flat spacetime) [[14]]. Moreover in GR usually the formulation of
Einstein Equivalence Principle (SEP) includes local position invariance and local Lorentz in-
variance for all test experiments (including gravity). Regarding CPT symmetry that relates
a particle to its antiparticle, the SM is CPT-invariant by construction [[15]. Considering the
broad field of applicability of these symmetries, searches for Poincaré symmetry breaking
or CPT-invariance breaking would provide a powerful test of fundamental physics (it could
be a signature of some quantum gravity effects).

In Quantum Field Theory (QFT), on which the whole SM rely, the well known CPT the-
orem ensures CPT symmetry if the theory satisfies some mild physical requirements: the
spectral condition (energy positivity), locality and relativistic covariance (Lorentz symme-
try) ( [16], [17] [18]]). It can be proved that also CPT breaking implies Lorentz violation
under quite similar assumptions ("anti-CPT theorem" [19]]), but the converse of this state-
ment is not true. Therefore Lorentz symmetry is intimately related to CPT symmetry. Now
let us suppose that translational symmetry is broken: then the energy-momentum tensor
T,.,, which is the generator of translations, is tipically no longer conserved. Then in general
the angular momentum tensor M, defined as M, = [ Bz (Topzy — Topx,), will show a
nontrivial dependence on time: with the exception of special cases, translation-symmetry
violation leads to Lorentz breakdown( [20]). This is the reason why a dedicated effec-
tive field theory has been developed in order to systematically consider all hypothetical
violations of the Lorentz invariance (IV) -and also general CPT violation-, that is called
Standard Model Extension (SME). Actually this is not a model, it is just a test framework.
The lagrangian is ( [21] [22]] [23])

L=Lgg+ Lsy +0LLy (2.1)

It contains the SM of particle physics (Lsas), GR (Einstein-Hilbert lagrangian Lgf) and
all possible Lorentz-violating terms (§£zy) that can be constructed at the level of the La-
grangian, introducing a large number of new coefficients (multiplied by a Lorentz-violating
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operator in a coordinate-independent product) that can be constrained experimentally. Any
experimental signal for Lorentz violation can be expressed in terms of one or more of these
coefficients, and it is important to identify and analyze suitable experiments that can pro-
vide ultra-sensitive tests.

The most recent and complete review on the subject is "Data Tables for Lorentz and CPT
Violation" of Kostelecky and Russell( [[24]). From all data they extracted four summary ta-
bles covering the sectors for matter (electrons, protons, neutrons, and their antiparticles),
photons, neutrinos, and gravity with the best estimates for the maximal attained sensi-
tivities to the relevant SME. The conclusion is that at the moment there is no confirmed
experimental evidence supporting Lorentz violation.

2.2 Symmetries in quantum field theory

In relativistic quantum mechanics, we are interested in the concept of Poincaré transfor-
mations acting on quantum mechanical states of the theory as symmetries, since the laws
of physics should be inertial frame invariant. A physical experiment should come up with
the same results regardless of where, when, or what orientation the experiment is done
in. The results of an experiment should also be invariant whether the experiment is done
at different uniform and constant velocities. When we combine several systems together,
the overall symmetry of the system should be related to the individual symmetries of its
components ( [25]]). The most elementary systems are identified with the concept of "el-
ementary particles", although the definition of elementary particle is not entirely rigorous
as discussed later on. In the following we will study the relationship between elementary
particles and irreducible representations of the (double cover of) restricted Poincaré group,
building them step by step.

Let’s define a separable complex Hilbert space (#, (-, -)) with an inner product (-, -) that
induces a norm ||¢| = (¢, ¢>% and hence a topology. In quantum mechanics pure states
(physical states) are represented by rays p|4 = {|v) € H|3A € C\{0} s.t. [¢)) = A |p)}. If we
define the equivalence relation |¢) ~ [¢) < |§) , [¢)) € pjyy in H, then the proper "physical"
Hilbert space would be given by the quotient space P(#) := (H \ {0})/ ~ (actually a
projective space of one dimensional linear subspaces of #).

Let’s recall that a unitary operator U on # is a C-linear bijective map U : H — H
leaving the inner product invariant: [¢),|¢) € H = (¢, ¢) = (U, U¢). The composition
U o V of two unitary operators U, V is always unitary and the inverse U~! : H — H of
a unitary operator U : ‘H — H is unitary as well. The composition of operators defines
the structure of a group on the set of all unitary operators on H, called U(#) (the unitary
group of H). Let m : H \ {0} — P(H) be the canonical map with respect to the equivalence
relation ~ defined previously, that is p = 7(|)). We define the "transition probability"
Pr:P(H) — P(H) as

(¢l ¥)I

Prowy: P19) = 1 i 2 (2.2)
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This map defines a topology on P(H) generated by the open subsets {p,y € P(H) :
Pr(piyy, pley) < 7}, 7 € R, pigy € P(H). This is the quotient topology on P(#) with re-
spect to the quotient map 7: a subset W C P(H) is open iff 7=1(W) C H is open in the
Hilbert space topology.

A Wigner symmetry (projective transformation) ¥ is deﬁnedE] as an automorphism (bi-
jective map) on P(H) that preserves the transition probabilitiesﬂ

Pr(pjyy, pley) = Pr(Z(pp ), (o)) ¥ [9) 5 |6) € H (2.3)

We define the group Aut(P(#)) of projective transformations to be the set of all projective
transformations where the group structure is again given by composition. For every U €
U(H) we define a map 7(U) : P(H) — P(H) by

T(U)(pyy) = m(U(|4))) Vpyy = 7([9)) € P(H) 2.4

Therefore 7(U) € Aut(P(#)), and the same can be done for every other antiunitary operator
V :'H — H. It can be easily shown that 7 : U(#H) — Aut(P(#)) is a group homomorphism.
Wigner’s theorem states that

Theorem 2.1 (Wigner). The symmetry Y. € Aut(P(#)) is induced by an unitary or antiunitary
operator U : P(H) — P(H) determined up to a phase factor, which satifies

S=#U) e Up=3(p) VpePH) (2.5)

We can define the group of unitary projective transformations U(P(H)) = #(U(H)) C
Aut(P(H)), so that the sequence

15 U(1) S UM) S UPH) -1 (2.6)

with «(\) = Xidy, A € U(1) defines an exact sequence of homomorphism and hence a
central extension of U(P(#H)) by U(1).

From now on we will follow mainly the nice (and logical) presentation of the topic
written by Schottenloher in his conformal field theory’s book( [27]), with some remarks
taken from the quantum field theory’s book of Weinberg ( [[28]]) and the book on quantum
mechanics written by Moretti ( [26]).

Let us consider a topological group (G, -, ¢) as a group of transformations of states acting
on a physical system described by an Hilbert space H, in such a way that every g € G is
associated to a Wigner symmetry 3,. Then the notion of symmetry can be extended to a
group of symmetry operations, and we can suppose the map G > g — X, to be a group
homomorphism from G to Aut(P(H)) (projective representation of G):

I S Y =id Sg-1= ()" 2.7)

'we are considering implicitly the case of a single sector of Hilbert space (), for the general case in which
P(H) splits coherently see [26]]

2more general kind of symmetries are allowed in the quantum mechanics framework, such as Kadison
symmetries and Jordan-Segal automorphisms (see Moretti [26]])
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where id is the identity automorphism.

This is the natural setting for the quantization of a classical phase space Y: we can
physically associate to each classical symmetry 7 : G — Aut(Y’), where Aut(Y) is a group
of transformations that leave invariant the physics of the classical system, a transformation
of the quantum phase space 7 : G — Aut(P(#)). T’ has to respect the natural structures of
G and Aut(IP(H)): since 7 is required to be a group homomorphism, then 7’; should be also
a group homomorphism which respects the physics of the quantum system and so 7 (g) :
P(H) — P(#H) has to preserve transition probabilities. If 7’; is injective, T is called (faithful)
projective representation on P(?). If 7 is continuous between the natural topologies of
G and Aut(Y), then we would require 7’ to be continuous also between the topologies
of G and Aut(P(#)). The topology on Aut(P(#)) is intended to be the strong operator
topology (which in this case corresponds to the topology of pointwise convergence), namely
W(Xo,7) = {¥ € Aut(P(H)) : Pr(Xo(py), X(py)) < r} are the open neighborhoods of
Yo € Aut(P(#)). In a similar manner we can construct the strong topology for U(#) and
U(P(H)), that are also connected and metrizable as topological spaces.

The important point is that in general the maps ¥, : P(#) — P(*) are not linear, but
with the Wigner theorem we can associate to each 3, a unitary (linear) or an antiunitary
(antilinear) operator U,, defined up to a phase, acting on the Hilbert space #. It is then
interesting to ask ourselves if the map G > g — U, could be a unitary (linear) or an an-
tiunitary (antilinear) representation of the group G on the Hilbert space . Reformulating
the question, it is equivalent to ask if (for the unitary case) given 7" : G — U(P(H)), there
could be a lift S” : G — U(H) such that 7" = 7 o S. The general answer is no. The reason is
due to the fact that the property of composition Uyo Uy = U,y V g,¢" € G can’t be satisfied,
since it holds only

UgoUy =w(9,d")\Uyy V9,9 €G (2.8)

with w(g, ¢') € C, |w(g,9')| =1 (w(g,¢') € U(1)).

But it is possible to prove explicitly that every projective unitary representation of a
group G is the restriction of a unitary representation of a suitable central extension G,
(see Appendix A). Hence, by knowing central extensions of G whose multipliers are not
equivalent and their unitary representations, we actually know the equivalence classes of
projective unitary representations of GG, and so all projective unitary representations of G.

Let’s define the second cohomology group of the group G with coefficients in U(1) as

Hy(G,U(1)) ={w:G@x G — U(1l) |wis a 2-cocycle}/ ~ (2.9)

where the equivalence relation w ~ «’ holds iff there isa x : G — U(1) with x(¢-¢') =

w(g,g)w'(g:9") "
multiplication induced by the pointwise multiplication of the maps w, and that Hy(G,U(1))

x(9) x(¢’). We can notice that Hy(G,U(1)) is an abelian group with the

is in one-to-one correspondence with the equivalence classes of central extensions of G by
U(1).

As a final comment to this question, let’s consider the physical meaning of G., when
there are no unitary representations of G, but only projective unitary representations. If

8
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we have a Wigner symmetry G > g — X, for our physical system with an Hilbert space
(of states) H, hence a projective representation on P(?) that is not describable by means
of a unitary representation. We can take the central extension from G to C/}; using the
multipliers found, and then choose G., as the true symmetry group of our physical system,
since the group action on the states of the system Gy (x,9) — xU, is unitary. A specific
central extension G, can be selected only by giving a physical meaning to the unitary
representation of é‘:: this can be done if G turns into a Lie group.

Let’s assume that G is a Lie group from now on. If G is also connected, for any projec-
tive representation G' > g — X, the images 3, can be associated to unitary operators only,
according to Wigner’s theorem. We assume then also that the projective unitary represen-
tation G > g — U, is continuous, and in general we can choose the phases (multipliers) so
that the representation G' > g — U, is strongly continuou but only around the identity
e € (G. Anyway, there exist in our hypothesis a central extension G, and a strongly contin-
uous unitary representation Gy, (X:9) = Vix,g) Withw(e,e) =1, V(, o) = x1 ¥x € U(1).

Moreover G,, is a connected Lie group; the canonical inclusion ¢ : U (1) = G, and
the canonical projection pr, : G, — G are Lie group homomorphisms. Also G, as a
differentiable manifold is, around the identity, the local product of U(1) and G and the
map (1,g) — V(14 is a strongly continuous projective unitary representation that induces
Gogr By y(p) = v(l,g)pv(;}g) VgeG,pecP(H).

At this point, we need only another result before Bargmann’s theorem. If GG is not simply
connected, we can equivalently consider the continuous unitary projective representations
of the universal covering group G of G (7 : G — G) in place of those of G. Infact continuous
projective representation ¥ : G 3 g — X, of G on the Hilbert space # arises from the
continuous projective representation ¥ : G > g — X, on H such that ker(r) C ker(X o 7),
induced by G ~ G/ ker(r). This is due to the fact that since 7 : G — G is a continuous
homomorphism of topological groups and ¥ : G > ¢g — X, is a continuous projective G-
representation, then Yo7 : G 3 h +— (Xon)(h) is a continuous projective G-representation.

We have finally the following important

Theorem 2.2 (Bargmann). Let G be a connected and simply connected finite dimensional Lie
group with Hy(g,R) = 0, where g is the Lie algebra of G. Then every continuous projective
G-representation on the Hilbert space H is induced by a strongly continuous unitary repre-
sentation on H: every continuous projective representation T : G — U(P(H)) has a lift as a
strongly unitary representation S : G — U(H) where T = 7t o S.

Bargmann’s theorem holds for simply connected Lie groups G whose Lie algebra is
simple or semisimple. Physically important cases are SL(2,C) (the universal covering of
the Lorentz group) and the universal covering of the Poincaré group, since the Lie algebras
of those groups are semisimple. Therefore, dealing with relativistic quantum theorie one
can always take advantage of Bargmann’s theorem dealing with spacetime symmetries.

3the map g — U, is strongly continuous if Uyp|yy — Ugepjyy @s g — go for each pyy € P(H)
“Conversely, for example, the treatment of spacetime symmetries in Galilean quantum mechanics is much
more complicated
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2.3 Poincaré group and relativistic wave equations

The Poincaré group arises in different contexts, as a manifestation of spacetime symme-
tries. The spacetime is usually conceived as a 4-dimensional differential manifold with
events labelled by coordinates z# = (2%, 2!, 22, 23) (Minkowskian coordinates dependent
on the reference system of the observer, see [29]). The spacetime interval between two
events x,y € M is defined as (z — y)* = (z — y)*n,, (x — y): it is said to be time-like,
light-like or spacelike if respectively (z — y)? > 0, (z — y)? = dﬂ or (x —y)? < 0.

Poincaré group arises as full symmetry group of Minkowski flat space (pseudo-Riemannian
manifold) (M, n) = (R*,n), with n =diag(1, -1, —1, —1) non degenerate bilinear symmet-
ric form on R*. The metric has signature (1, 3), so (M,7) is a Lorentzian manifold. Each
tangent vector space of a 4-dimensional Lorentzian manifold is isomorphic to Minkowski
space-time, hence the automorphism group (group of diffeomorphic isometries of (M, 7))
of such a tangent vector space T, M is the semi-direct product P := RY3 x O(1,3), the
largest possible local symmetry group of the spacetime.

The Poincaré group arises also from another point of view, namely the space of solutions
of a relativistic equation (see [30]). We want to find what field equations are compatible
with the given transformation law for the Poincaré group. In general, a phase space can be
thought of as the space of initial conditions for an equation of motion. In a non relativistic
field theory, the equation of motion is the first order in time Schrodinger equation, and
the phase space is the space of fields (wavefunctions) at a specified initial time, say at
t = 0. This space carries a representation of the time-translation group R and the Euclidean
group F(3) := R3 x SO(3). To construct a relativistic quantum field theory, we want to
find an analog of this space of wavefunctions, that will be some sort of linear space of
functions satisfying a specific equation of motion (and that we can then quantize later
by applying "harmonic oscillator" methods). The space of solutions of this equation of
motion provides a representation of the group of spacetime symmetries of the theory, that
is Poincaré group. To construct representations of P, we begin to define an action of P on
n-component wavefunctions (z) by

P(x) = UA, a)p(x) = S(A)p(A™ (z — a)) (2.10)

where S is a suitable matrix. This is the action one gets by identifying n-component wave-
functions with functions on M ® C" and using the induced action on functions for the first
factor in the tensor product, on the second factor taking S(A) to be an n-dimensional repre-
sentation of the Lorentz group. One then chooses a differential operator D on n-component
wavefunctions that commutes with the group action, so that

U(A,a)DU(A,a)"t =D (2.11)

Swe will not consider quantum gravity’s theories in the following, according to which the spacetime can be
composed of discrete pieces at sufficiently short scales

8if two events are light-like separated, they are connected with a light signal of speed c. This is due to the
postulate of costancy of the speed of light in special relativity.
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Thefore the U(A, a) give a representation of P on the space of solutions to the wave equa-
tion Dy = ¢ty with constant c. If the space of solutions is not irreducible an additional
set of "subsidiary conditions" can be used to pick out a subspace of solutions on which the
representation is irreducible.

In the same manner, if the wavefunction |¢)) refer to a free particle and satisfy some
relativistic wave equations, there exist a correspondence between the wavefunctions de-
scribing the same state in different Lorentz frames. We choose to work in the Heisenberg
representation. Let [¢)) and |¢') be the wave functions of the same state in two Lorentz
frames L and L'. Then |¢)') = U(A, a) |¢)) where U(A, a) is a linear unitary operator. Thus a
vector space contains, together with |¢)), all transforms U (A, a) [¢), where (A, a) is any ele-
ment of the Poincaré group. A classification of all unitary representations of Poincaré group
amounts to a classification of all possible relativistic wave equations. Two representations
U and V U V~! are equivalent if V is a fixed unitary operator. If the system is described by
wavefunctions |v), the description by

[y =V |) (2.12)

is isomorphic with respect to linear superposition, with respect to forming the inner prod-
uct of two wave functions, and also with respect to the transition from one Lorentz frame
to another. They belong to the same class of equivalent wave equations. The present dis-
cussion is not based on any hypothesis about the structure of the wave equations provided
that they are covariant. In particular, it is not necessary to assume differential equations
in configuration space (as we did previously). But it is a result of the group-theoretical
analysis that every irreducible wave equation is equivalent, in the sense of the equation, to
a system of differential equations for fields on Minkowski spacetime( [31]]).

It turns out that the Poincaré group, to perform transformations between any inertial
frames of reference, implements the relativity principl In quantum mechanics the iner-
tial frame of reference is connected with the totality of macroscopic devices (laboratory),
necessary for the complete description of elementary particles system under study. The
devices participate in the quantum mechanics description twice: at first, by means of some
device a quantum object state is prepared and then measurements of objects are performed
with another device.

To the Poincaré group of transformations may be assigned a double meaning. On the
one hand, it can describe a change of spacetime location of a physical system during two
measurements in the same inertial frame of reference, that is: difference in location of two
identical physical systems with respect to the given inertial frame of reference (active view-
point). On the other hand, this transformation can characterize the difference between two
inertial reference frames, in which one and the same system is being studied (passive view-
point). We will use the active interpretation of the Poincare group transformation( [|32]).

The Poincaré transformations 2/# = A", 2" + o/ with an element of the Poincaré group
g = (a, A) leave the spacetime interval (y —z)? between two events z,y € M invariant. The

’which can be stated in the form "All systems of reference are equivalent with respect to the formulation of
the fundamental laws of physics"

11
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multiplication law in the Poincaré group is (a2, A2) - (a1, A1) = (A2a1 + az, A2A1). Under
the active interpretation of the Poincaré transformation, every initial physical state ¥() is
compared with a transformed state ¥ gm) , which differs from the initial state by arrangement
of preparing devices. The state ¥, is related to a facility with preparing devices which
has been shifted, turned or is evenly moving with respect to the previous position. In
the same way, every state ¥(/), registered by measuring devices, can be compared with
a transformed state \Ilgf ). To find the probability of a transition \Ilgm) — \If(gf ), which we
denote by R;, — Ry,, we must repeat the experiment ¥(™) — W(°) (with an identical
physical system) in which all the preparing and and measuring devices must be transformed
with respect to the initial state according to the geometrical sense of g. The existence of

the Poincaré spacetime symmetry exhibits in the equality
Rig — ng =R, — Rf (2.13)

This is the reason why we can define the Wigner symmetries for the Poincaré group, and
the whole apparatus we built in the last chapter can then be used.

The main properties of the Poincaré group are listed in the appendix B, to which the in-
terested reader are referred to. The Lie algebra associated to Poincaré group is the Poincaré
algebra iso(3, 1), presented by the generators { P#, M**} and by the commutation relations

_i[M/u/a Mpa] = anM}LO' + nVJMup - nupMpV - nuUMVp (2.14)
_i[PM, Mpa] = nupPa - nuapp (2.15)
—i[Py, P} =0 (2.16)

There are two notable subalgebras of the Poincaré algebra, namely the abelian Lie algebra
of the translation group R* presented by the generators {P*} and by the commutation
relations and the (non abelian) Lorentz algebra so(3, 1) presented by the generators
{M"?} and by the commutations relations (2.14)). It is easy to see that implies that
R* is an ideal of the Poincaré algebra, so that the Poincaré algebra is the semidirect sum
is0(3,1) = R* D 50(3, 1).

The Casimir elements of a Lie algebra g are homogeneous polynomials in the gener-
ators of g, and for a finite dimensional Lie algebra they form a distinguished basis of
the center of the universal enveloping algebra Z(U(g)). Regarding the Lorentz algebra,
there are two quadratic Casimir invariants Cy(s0(3,1)) = —1M* M, and Cj(s0(3,1)) =
—%e“”p"M .w M, by Racah’s theorem since the algebra is semisimple (and also simple in
this case) and has rankﬁ 2. Poincaré algebra has rank 2, and therefore it has 2 independent
Casimir invariants:

Co(iso(3,1)) = P*P, (2.17)
Ca(iso(3,1)) = WHW, (2.18)

where WH = %e““P”MVpPJ is called Pauli-Lubanski vector.

8defined as the dimension of its maximal Cartan subalgebra

12
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Let’s recap some basic notions about helicity and spin. Given the 3-vector of rotation
generators for the Lorentz group J' = 1€'/*1/}), and the massless particle’s 3-momentum
p*, the (non-covariant) definition of the helicity h is

P

where |13) is an helicity eigenstate. On the other hand in the case of massive particles at

[Vn) = h|Yn) (2.19)

rest, the definition of the spin value s relies on the relationship

W2
m2

J? ) = |ths) = s(s+ 1) [1hs) (2.20)

where |1;) is a spin eigenstate.

2.4 Classification of irreducible representation of Poincaré group

The Poincaré group is not semisimple and moreover is not compact nor connected.
For finite-dimensional representations, the non-semisimplicity means that we cannot use
Weyl’s theorem on complete reducibility which ensures the fact that all representations are
built from the irreducible ones (unlike the Lorentz group case, for example). The lack of
connectedness means that time reversal and space inversion has to dealt with separatly for
representations of the full group, so in the following we will consider just the restricted
Poincaré group. So the representations of the Poincaré group do not follow from a general
framework of representation theory.

The representation theory of semi-direct products of the type N x K, where N and K are
topological groups, will in general be rather complicated. However when N is commutative
we can define the set of character of N, called N, that is the set of functions o : N — C
that satisfy the homomorphism property a(ning) = a(ni)a(ng) (therefore N is a group).
Since N is a Lie group, we can focus on the character that are differentiable functions on
N, and in the particular case N = R* the differentiable irreducible representations are one
dimensional and given by ap(x) = eP* with x € N. The character group is thus N =R4,
with elements labelled by the vector p. From the structure of the semi-direct product we
have an automorphism ®;, of N for each k& € K, such that &y, : n € N — ®,(n) € N and
the semi-direct product N x K is defined as the set of pairs (n, k) € N x K with group law

(nl, k‘l) . (n2, kz) = (n1<I>k1 (ng), klkz) (2.21)

Therefore from this action we get an induced action on N given by &, : N 5 o — &y (a) €
N, with &4(a)(n) = a(®; !(n)). Lets consider representations (,V) on a space V of
N x K: one can focus on the N action, decomposing V' into subspaces V, where N acts
according to the index o (v € V,, & 7(n,1)v = a(n)v). Acting by K on the element v € V,
will take it to 7(0, k)v € Vg, (a) 38 could be easily proved. Therefore for each o € N one
can look at its orbit under the action of K by ®;, which will give a subset O, C N. The
little group (or stabilizer group) is the subgroup K, C K of elements k& € K such that
®(a) = a for any given o € N. Now the action of 7 on V is completely characterized in

13
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terms of the K-orbits O, for o« € N and an irreducible representation of the little group
K,.

Regarding the physical Poincaré group 731 it is clear that N = R? is the space of char-
acters of the translation group of Minkowski space and each element « is labelled by p*,
that are the eigenvalues of the 4-momentum operator P“ﬂ It follows that the space-time
dependence of the wavefunctions is of the form e??»*", The irreducible representations are
then characterized by the values of the scalar P?, and the by the values of the other scalar
W? or by the representation of the little group K, on the eigenspace of the momentum
operators with eigenvalue p. We know that the action of the Lorentz group on the momen-
tum space R* is p — Ap and therefore we can classify representations by orbits, restricting
ourselves (for simplicity) to the (pg,p3) plane. For each orbit, we will choose a reference
momentum p..¢. It can be easily seen that there are 6 types of orbits: ( [30], [33])

O.:—I_U_U_I:l

e ——
—im

.

- —

Figure 2.1: The classification of orbits of the Lorentz group action in the momentum space (taken
from [30])

e Positive energy time-like orbits (P?2 = m? > 0, per = (m,0,0,0)): this is the upper
positive energy sheet O, ) of the massive hyperboloid p* = m?, where the lit-
tle group of K, 0, is a subgroup of SO™(1,3) isomorphic to SO(3). Irreducible
representations of this group are classified by the spin s as we can see also from the
values of the scalar W? = —m?2J% = —m?2s(s+1), where J? is the Casimir operator of

°from the equation (2.16) we can see that all the translation generators commute with each other
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the subgroup of spatial rotations. Only integer values of the spin are allowed in this
case, whereas for the the representations of the double cover of the Poincaré group
also half-integer values are allowed. Functions on the hyperboloid both correspond
to the space of all (positive energy) solutions to an appropriate wave equation (Klein-
Gordon equation for spin 0, massive Dirac equation for spin %, ...) and also carry an
irreducible representation of the Poincaré group.

Negative energy time-like orbits (P? = m? > 0, pef = (—m,0,0,0)): this is the
lower negative energy sheet O(_, o0,0) of the massive hyperboloid p? = m?, where
the little group of K(_,, 00,0 is again a subgroup of SOT(1,3) isomorphic to SO(3).
Irreducible representations of this group are classified again by the spin s (W? =
—m2J% = —m?s(s + 1)), and functions on the hyperboloid both correspond to the
space of all (negative energy) solutions to an appropriate wave equation and also
carry an irreducible representation of the Poincaré group like the previous case.

Space-like orbits (P? = —m?

< 0, pref = (0,0,0,m)): this is a one sheet hyper-
boloid O o 0,m) Where p? = —m?, where the little group of K (0,0,0,m) 18 isomorphic to
SO'(2,1) ~ SL(2,R). There is no finite dimensional unitary representations of the

Poincaré group because SL(2,R) is simple and not compact.

Positive energy null orbits (P2 = 0, per = (|p],0,0,|p])): this is the upper half
O(a,0,0,5) of the full null cone p?> = 0, where the little group of K 151,005 18 iso-
morphic to F(2), the Euclidean group of the plane. We can distinguish two main
classes of irreducible representations: the ones in which the translation subgroup of
E(2) acts trivially and the ones in which it doesn’t. The first class is related to the
one dimensional irreducible representations of SO(2) group, labelled by an integer
h called helicity (that will become an half-integer when we will consider the double
cover of the Poincaré group), whereas the second one are in correspondence with
the infinite dimensional irreducible representation on a space of functions on a cir-
cle of radius p. In the first case W2 = 0 and the eigenvalue of .J5 on the space of
energy-momentum vectors p.ef is h and different values of h bring to different wave
equations (Klein-Gordon equation for massless scalars with ~ = 0, Weyl equation for
Weyl spinors with h = £3, Maxwell equations for Photons with h = =+1,...). In the
second case W?2 = —p?, where p has the dimension of a mass, and the representations
are called infinite spin (or continuous spin) representations.

Negative energy null orbits (P? = 0, ps = (—|p],0,0, |p])): this is the bottom half
Oip1,0,0,551) of the full null cone p? = 0, where the little group of K 3,0,0,5) 18
isomorphic again to F/(2). The classification is completely analogous to the previous
case.

Zero orbit (P? = 0, per = (0,0,0,0)): this is a single point orbit O(0,0,0,0) and the
stabilizer group Ko ,0,0) is the whole Lorentz group SO™(1,3). Of course W2 = 0,
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and moreover for each finite dimensional representation of the Lorentz group one
gets a corresponding representation of the Poincaré group, but not a unitary one.

Let’s recap some definitions about the four-vectors v* on a Lorentzian manifold M. The
vector v* is said to be timelike, spacelike or lightlike if v-v > 0, v-v < 0 or v - v = 0. Since
the tangent space 7, M at an arbitrary point x of a Lorentzian manifold is isomorphic to a
Minkowski space M, then the (dual) cotangent space T M ~ R3! can be regarded as the
Minkowski energy-momentum space. Let us introduce an indefinite metric on 7 M given

by (p, p) == p? — |p|*>. We can thus define some important structures:
e Forward mass hyperboloid H;} .= {p € M : (p,p) = m?,py > 0}
e Backward mass hyperboloid H,,, := {p € M : (p,p) = m? py < 0}
e Forward light cone OVt := {p € M : (p,p) = 0,po > 0}
e Backward light cone 0V~ := {p € M : (p,p) = 0,pg < 0}

Accordingly, in the following table we summarize the extension of our previous result for
the unitary irreducible representations of P, grouping together positive and negative en-
ergy orbits ( [31]):

Table 2.1: Classification of unitary irreducible representations of P,

Spectrum of p Orbit Stability subgroup UIR'C
92 Mass (timelike) )
(p,p) =m*>0 hyperboloid F1.- U i - SO(3) Massive
.2 Spacelike 1 )
(p,p) = —m* <0 hyperboloid SO1(2,1) Tachyonic
(p,p) =0 Light cone 9V+ UV~ E(2) Massless
Pt =0 Origin SOT(3,1) Zero-momentum

where we can notice that the hypersurfaces of constant momentum square (p, p) are quadric
of curvature radius m > 0.

This concludes a generic discussion about the (unitary) irreducible representations of
the restricted Poincaré group P, that as we already mentioned permit to classify the uni-
tary action (¢(x) — U(A,a)y(z) = S(A)y(A~'(z — a))) on n-component wavefunctions
(solutions of some wave equation). However in relativistic particle physics we actually need
the unitary irreducible representations of the double cover of the physical Poincaré group

Pl = R* x SL(2,C) in order to classify relativistic one-particle states.

2.5 The method of induced representations

Let’s consider a relativistic state vector |¥) € #; (where #, is the one-particle physical
Hilbert space) on which the Poincaré group acts like

T) s U(A, a) |T) (2.22)
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We notice from the equation that the components of the energy-momentum vector
all commute with each other. Therefore it is natural to label physical states |¥) in terms
of eigenvectors of the translation generators P¥, introducing a label o to denote all other
degrees of freedom. We take as part of the definition of one-particle state that the label o
is purely discrete EL so that

PH|U(p,o)) =p' |¥(p,0)) (2.23)
Since the unitary operator for infinitesimal transformations of the Poincaré group
1
Ul,14+w)=1+ §z'wpUM”” — e, P° (2.24)

where w,, and ¢, are infinitesimal parameters, then for finite translations U(a, 1) |¥(p,0)) =
e~ud" |W(p, o)). To see the effect of an homogeneous Lorentz transformation A", on a
state |¥(p, o)), we apply the energy-momentum operator P* to the expression U (0, A) |[¥(p,0)):

PRU(0,A) [9(p, o)) =U(0, A)U~1(0, A)P*U (0, A) | (p, o)) (2.25)

=U(0
=U(0,A) (A~ 1 P?) [ (p,0)) = A ,pPU (0, A) [¥(p, 0))

where we used the equation (2.15)) and the fact that A~' / = A*,. Therefore U (0, A) |¥(p, o))
is an eigenvector of the energy-momentum operator P* with the eigenvalue Ap and it must
be a linear combination of the form

U0,A) [¥(p,0)) =Y Coro(A,p) [¥(Ap,a”)) (2.26)

(o

where he transformation matrix C,, (A, p) should be unitary with respect to the norm
(U(p,0)| ¥, 0")) = 2p06° (5~ 1) b0 (2:27)

In general it is possible to choose the o labels in such a way that each |¥(p, o)) within
the o-block furnish an unitary representation of the Poincaré group, that is each C,/, (A, p)
is block-diagonal. It is quite natural to identify the components of an irreducible unitary
representation of the Poincaré group with the states of a specific particle typePZL since
it cannot be further decomposed in this way. Thus all the states |¥(p, o)) in an unitary
irreducible representation of the Poincaré group have momenta p belonging to the orbit of
a single reference momentum p,.r. The classification of all orbits for different p,.f under the
action of the Lorentz group follows directly from the table (and also from the detailed
list before, if we consider separatly the values of p%; and p?.)). Moreover one can define the
|¥(p, o)) of momentum p#* by

(W (p,0)) = N(p)U(Bp) |¥(prer, 0)) (2.28)

in the general case for many unbound particles the label ¢ has to include also continuous labels
12yith some exceptions
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where B, is a standard boost such that p = Bpp. for each momentum of the orbit of
reference momentum p,ef and N (p) is just a normalization factor. Considering an arbitrary
Lorentz transformation one finds

A) ‘\I/(p7 U)> = N(p)U(ABp) ‘\I](prefa U)> = (2.29)
= N)U(Bap)U (B3 AB) [ (prer, 0)) (2.30)

We see that W(A,p) = BX;ABP takes prer to Bppref = p, then to Ap and finally back to
Dref, SO it belongs to the stabilizer (little group) Stab, C 111 corresponding to the reference
momentum per. For any W, W € Stab, one has

UW) ¥ (Pref, & Zda o(W) ’\II(prefa 0'/)> (2.31)

and dyro = > 1 dyrorn(W)dyne(W): the coefficients d(W) furnish a representation of the
little group. Therefore

U(0,A) [¥(p,0)) = Zdw P))U(Bap) | ¥ (pref, o)) = (2.32)

Ap ng «(W(A,p) | (Ap, o))

Finally the problem of determining the coefficients C,, has been reduced to the problem of
finding the coefficients d,.,. This is the physical picture that lies behind Mackey’s machin-
eryﬁ and that allows us to consider just the stabilizer (Little group) Stab, and the possible
orbits for our reference vectors in order to classify all unitary irreducible representations of
the Poincaré group.

The mathematical formulation of the method of the induced representations is called
Mackey’s machinery. The line of reasoning is quite similar to the one we took previ-
ously, and the strategy will turn out to be particularly useful in order to characterize com-

pletely relativistic one-particle states. Since Pl is a locally compact group, we denote by

1 nalHT e Uy the unitary representation of 771 induced by Uy, where H is a closed (normal)
+

subgroup of 7?1 and Uy is a unitary representation of H. The translation group R* is a

normal subgroup of 731, and so it is useful to consider the stabilizer Stab, of the character p

(dual group of the translations) for the (adjoint) action of 771. It is clear that this is related

to the stabilizer (Little group) Stab, for the action of £l o= SO'(1,3) acting naturally on

R* via p — Ap via Stab, = Stab, x R*, since the translation group acts trivially on itself.
Then the Mackey’s therem states that given an irreducible unitary representation U of

PI, this is induced U = Ind UStab from an irreducible unitary representation Ug;_;—

Stabpr tab,
of Stab, ( [34]). Therefore we have reduced the problem to considering only the unitary

representations of the form Usiaby» with Stab, = Stab, x R*. The following relation holds

Um(g,x) =d(g)p(z) g € Staby,x € R* (2.33)

B3see the following paragraph
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where d is an irreducible representation of Stab, and p is the character of R%.

We will focus on positive energy, massless unitary representations of 731 from now on
and thus we choose the reference vector for the boundary of the forward light cone OV ™
as pffef = (1,0,0,1). From the table We recognize that the stabilizer (Little group) for
the action of the Lorentz group El is isomorphic to the two-dimensional Euclidean group

E(2), but since in this case we deal with the the double cover of the Lorentz group El

— —

then Stab, = FE(2) = R? x O(2) = R? x T, where T is the double cover of S!. E(2) is a
3-dimensional non-compact Lie group, with 2 degrees of freedom related to translational
symmetries and 1 degree of freedom to rotational symmetry. We can parametrize this Little

—_—~

group F(2) as

o i0 ~
Stab, = B(2) = { [ P

la1, a2 € R, 0 € 0, 2#[} (2.34)

—_—~ —_~

Since E(2) = R? x T, the unitary irreducible representation d of E(2) fits into one of the
following two classes, as we will explain later in more detail:

e the restriction of d to R? is trivial: considering the dual of T, in this case UIR are
labelled by integers h € Z or half-integers h € % ;

e the restriction of d to R? is non-trivial: in this case UIR are labelled by the Pauli-
Lubanski parameter « > 0, that is related to the square of the Pauli-Lubanski vector
WH since W2 = —x? (instead in the massive case W2 = —m?2s(s + 1), with P? = m?).

To the first class belongs all massless particles of finite helicity like photons, whereas
the second class corresponds to infinite (continuous) spin particles. In particular in four
dimensions there exist only two infinite spin representations: the single-valued (bosonic)
and the double-valued (fermionic) ones, which contains a countably infinite tower of all
integer or half-integer helicity degrees of freedom respectively. It is worth mentioning
that here we are considering helicity as the eigenvalue of the helicity operator defined

K

in the equation (2.19). Indeed given an energy E, the ratio  controls the mixing of
adiacent helicity states under Lorentz boosts (in analogy for massive particles the ratio

V=WZ controls the mixing of adiacent spin states, since W2 = —mZ2s(s + 1)), and only in
the limit k — 0 helicity becomes a boost-invariant quantum number( [9]). The continuous
-and unconstrained- parameter x > 0 is dimensionful (a kind of euclidean mass) and so the
conformal invariance holds only for the first class of UIR, where x = 0. This is the origin of
the unfortunate terminology "continuous spin" particles (CSPs), even if the "spin" of these
particles are by no means continuous (in contrast with anyons in 2+1 dimensions). On the
other hand, the (discrete) helicities in the spectrum of these CSPs -for both bosonic and
fermionic cases- are unbounded. Since one definition of the “spin” is as the bound on the
(absolute value of the) helicity eigenvalues, this fact gives rise to the terminology "infinite
spin" historicall All these properties will be discussed with more details in the next

14this will become clearer when we will consider the so-called infinite-spin limit
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chapter, after the development of all the mathematical formalism required for the explicit
description of such type of representations.

In order to understand better the structure of E@/) and the implications for the infinite
spin representation, let’s define the so-called light-cone coordinates. The reference lightlike

momentum points along the third spatial direction, so it is useful to define
=043 =2l 2% =2? (2.35)

where the Minkowski metric reads 1, = n-_ = 0, ny— = n— = 2 and n;; = —9;; for
i,7 € {1,2}. In this reference frame the reference vector becomes ps = (p™,0,0,0) =
(2|p1,0,0,0) and the (transversal part of) Poincaré algebra adapted to these coordinates,
given by the generators M;; and 7; := pi My = p:;fMH, can be written as

—i[M;j, Mys| = njr Mis + 1js My — 13 Myj — 035 Mjr = 0 (2.36)
*Z'[Tria Mrs] = 0ipTs — OjsTr (2.37)
—i[ﬂ'i,ﬂ'j] =0 (238)

It is worth noticing that the generators { M/;;, 7; } span the Lie algebra of the two-dimensional
Euclidean group and that the quadratic Casimir of the Euclidean algebra iso(2) is the square
of the translation generators (joint spectrum)

Caliso(2)) = m'ms = WHWo| (2:39)
where we used the fact that (for m = 0)
1
WHW,, = —§P2MWM‘”’ + M,,P’M"° P, = M,,P°’M"° P, (2.40)

The method of induced representation can be applied also to the classification of the
UIR of the (double cover of) two-dimensional Euclidean group E(2) ( [31]). Considering
the one particle states |¥(p, o)) labelled by the (fixed) reference momentum p* and the
other physical degrees of freedom o, we can express |¥(p, o)) in terms of the eigenvectors
¢' of the translation generators 7' since the equation holds. Introducing a new label
¢ to denote all remaining physical components, one thus considers states |¥(p, ¢, ()) such
that

—

Repeating the previous arguments, all UIR of the massless little group E(2) has been re-
duced to the problem of finding all UIR of the stability subgroup of the two-dimensional
vector ¢, called short little group and isomorphic to SO(2). According to the value of ¢2,
the non-trivial representation of the (short) little group are divided into two categories: the
helicity representation and the continuous spin representation. The first one corresponds
to ¢! = 0 (the action of the translation operators 7’ is trivial) whereas the second one corre-
spons to &2 = k% & ¢ € S! C R? (the action of the translation operators 7 is non-trivial).
In the last case the non trivial orbits O, := {¢ € R?|¢% = x?} are infact circles in R? of radius
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k. Since we are dealing with first-quantized elementary particle, the number of physical
components is given by the Hilbert space carrying the UIR of the little group: in the infinite
spin case the little group is non-compact, so we have an infinite number of components. In
fact the most exotic property of CSPs is the presence of an infinite number of degrees of

freedom per spacetime point.

W2
A Spin-S

CSPs : _-"512

7
Helicity-h

Figure 2.2: UIR of the Poincaré group can be (almost) completely characterized by the Casimir
invariants W?2 and P2. The massless (with spin fixed) limit, the helicity limit and the Pauli-Lubanski
limit can be easily understood from this picture (taken from [9]], with opposite conventions about
the signature of n =diag(—1,+1,+1,+1) )

Finally, let us consider three interesting limits of the UIR of the (double cover of)
Poincaré group we have considered so far(see [35]):

e The massless limit m? — 0 (with spin fixed) of a spin s massive representation gives
the direct sum of helicity representations of helicity |h| = s,s — 1, ...,0;

e The helicity limit k — 0 of a single (bosonic or fermionic) continuous spin represen-
tation gives the direct sum of an infinite tower of helicity representations (either all

integer spins or all half-integer spins);

e The zero-mass/infinite-spin (or Pauli-Lubanski) limit m — 0, s — +oo with the prod-
uct x = ms fixed transforms the spin s massive representation into the continuous
spin representation (either bosonic or fermionic).

The last limit provides an interpretation of a continuous spin particle as the high-energy
(E > m) large-spin (s > 1) limit of a massive particle in the regime F ~ k = ms. In
particular the dimensionful energy scale « can be seen as the remnant of the mass m in a
suitable massless limit (Pauli-Lubanski limit). And this limit can explain clearly the exotic
properties of CSPs starting from the properties of the well-known massive representations.
In the figure the massless (respectively helicity) limit corresponds to going towards
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the origin along a spin s massive line (respectively along a vertical line) whereas the Pauli-
Lubanski limit corresponds to increasing the slope of the massive line till it becomes a
vertical line.

2.6 The concept of elementary particles

In high energy physics, the phrase elementary particle is unfortunately used for truly
elementary particles (these are stable particles, which do not decay into others) but also
for a lot of unstable particles. Unstable particles are elementary particles that can decay by
themselves, without interacting with another particle, into other elementary particles.

Let me start with the stable elementary particles. The very fact that they are called ele-
mentary means that all mathematical structures needed to describe their properties should
be such that these cannot be decomposed into smaller entities. Otherwise, it would be
extremely likely that the particle described with these mathematical structures could also
be decomposed into "smaller" particles, it would not be stable, or it could at least be frag-
mented by external forces. Thus, if properties of particles are related to representations of
(Lie) groups, stable elementary particles should be related to the smallest possible represen-
tations, i.e. the basic building block representations (which happen to be irreducible). All
the other particles, which happen to be unstable, will ultimately decay into stable elemen-
tary particles. Thus, they should be related to representations which can be decomposed
into the smallest ones. A particle can only decay into other particles, if the tensor prod-
uct of all the representations related to the fragments contains the representation of the
original particle. High energy experiments produce quite a lot of states which physicists
like to associate with particles or excited states of particles. Since the compact Lie groups,
which typically appear in physics, have the property that all of their finite dimensional rep-
resentations can be decomposed into direct sums of irreducible representations, it became
customary to associate the word particle in the sense of building block of physical entities
to irreducible representations. But as explained above, only stable elementary particles are
naturally associated with particular representations, the irreducible representations of uni-
versal cover of Poincaré group. For the others, it is merely a convenient way to get some
order into the zoo of high energy physics. Therefore working with the irreducible represen-
tations is a convenient choice of basis. Regarding the question of stability, in that case there
should be -also from an intuitive point of view- a time asymmetry (there is one favourite
direction for the flowing of time) and indeed some authors considerer representations of
a semigroup containing the Lorentz group and space-time translations into the future (see
(361 37D

To specify the free elementary particles capable of existing in a universe, i.e., the free
elementary "particle ontology", one therefore specifies the projective, unitary, irreducible
representations of a "local" space-time symmetry group. However, because because free
particles are physical idealisations, one works backwards from the space-time symmetry
group of interacting systems, and one bestows this symmetry group on free particles to
ensure that when the idealisation is removed, and interactions are included, the space-time
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symmetry group is correct. Thus the symmetry group for free particles can be a subgroup
determined by the space-time symmetry of interacting particles, and not necessarily the
largest local space-time symmetry group permitted by the structure of space-time. In turn,
the space-time symmetry group of interacting particles is determined by which gauge fields
exist, and the way in which matter fields couple to those gauge fields. Infact in our case the
parity and time-reversal symmetries are violated in nature, and the space-time symmetry
group of interacting particles turns out to be only the physical Poincaré group 771 and not
the full group of isometries of Minkowski space P = R* x O(1,3). However, even with
the local symmetry group fixed, the projective, unitary, irreducible representations of this
group only determine the set of possible free particles. In our universe, only a finite number
of elementary free particle types, of specific mass and spin, have been selected from the
infinite number of possible free elementary particle types. Thus, in terms of describing the
particle world in our universe at least, there is a type of ‘surplus structure’ in the SM. The
discrepancy between actual and possible particle types in the standard model is either (i)
an indication of the incomplete nature of the SM, or (ii) an indication that the masses and
spins of the actual particle types in a universe is a matter of contingency ( [38]]).

In terms of the Wigner representation, first quantization is the process of obtaining a
Hilbert space of cross-sections of a vector bundle over mass hyperboloids H and light
cones OV*. The second quantization then permits to construct a Fock space using such
Hilbert space, treating it as a "one-particle" state space. In particular free particles of mass
m and spin s correspond to vector bundles E,, s over mass hyperboloids H;: and light cones
OV* in the Minkowski energy momentum space 7 M ~ R, Thus the fiber at each point
p € H7 (or 9V¥) is the vector space E .. The physically relevant irreducible (strongly

continuous) unitary representation of the universal cover of the Poincaré group 731 are
provided by the Hilbert spaces Hi,s of square integrable (with respect to the base space)
sections I'7» (Eﬁs) of these vector bundles E,, ;. Moreover we notice that the irreducible

unitary representation of PJTr on the space I' ;2 (E,f ;) of the square-integrable cross-sections
of E;f, , (over the forward mass hyperboloid or light cone) for a particle of mass n and spin s
is unique up to unitary equivalence. The antiparticle os mass m and spin s is represented by
the conjugate representation on the space I';2(E,, ;) of the square-integrable cross sections
of the vector bundle E,, s (over the backward mass hyperboloid or light cone). Therefore
the particle is represented by the Hilbert space #, then the antiparticle is represented by
the conjugate Hilbert space H and the two representations are related by an antiunitary
transformation.

There is also another notion of elementary particles, according to which each different
type of elementary particle is specified by the values of invariant properties, such as mass,
spin and charge. This is compatible with the previous notion, since as we saw in the
previous paragraphs the positive, unitary and irreducible representations of the physical
Poincaré group are labelled by the value of the mass m and of the spin s. Regarding charges,
in relativistic quantum field theory there are superselection sectors that are eigenspaces of
the charge operators. Therefore the most general one-particle Hilbert space can be always
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decomposed as the direct sum

"= Hq1b) (2.42)
a,1,beZ

where the indexes ¢, [ and b are related to the electric, leptonic and baryonic charge re-
spectively. The entire algebra of observables is represented on the full %, and within this
algebra there are also self-adjoint operators which represent electric charge Q, leptonic
charge £ and baryonic charge B and which commute will all other operators representing
physical observables. Q, £ and B possess integer-valued spectra: each superselection sector
corresponds to a different combination (¢,l,b) € Z x Z x Z and possesses an UIR of the
(double cover of) Poincaré group.
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3 The infinite spin representation and string localized fields

3.1 The Hilbert one particle space in the infinite spin representation

As we saw in the previous chapter, an irreducible positive energy representation U; of
771 is characterized by the mass value m? := (p, p) and by an unitary irreducible represen-
tation d of the little group Stab, acting in a Hilbert space h, where p.¢ € H,!, (forward mass
hyperboloid) for m > 0 or ps € OV (forward light cone) for m = 0.

For the massive case, Stab, ~ SU(2) for each p.¢ € H, and the irreducible represen-
tations of SU(2) are parametrized by s € JZ". One possible realization of these SU(2)
representations can be the space V, of homogeneous polynomials of degree s on C2. There-
fore (by the method of induced representation) for a particle of mass m and arbitrary spin
s we obtain a vector bundle E, ; over H,; with typical fibre V, and an irreducible unitary
representation of 731 upon the space I'12(E, ) of square-integrable sections of the vector
bundle E}}, .. For the massless case, Stab, ~ 5(2/) and the orbits of m acting on R? consist
of concentric circles and the point at the origin. Considering the irreducible representations
related to the circle (infinite-spin case), the method of induced representation provides a
vector bundle over each circle and a representation of E(E/) on the space of sections of each
such vector bundle. Therefore we obtain a vector bundle E, over 9V with an infinite-

—

dimensional fibre. In the other case (helicity case), the isotropy group of the F/(2)-action is

SO(2) and its irreducible representations are 1-dimensional and parametrized by h € $Z7.
For each such representation one has a vector bundle over a single point, with typical fibre

—~

isomorphic to C! and a representation of E(2) upon the sections of such vector bundle.
This can be extended to a representation of R(!%) x L/?Z_Q/), and for each such representation
parametrized by the helicity h € 3Z7 there is a vector bundle Eaf , over OV, with typical
fibre isomorphic to C'.

Therefore the representation U; acts on
Hy = L*(H},dp) @ C* 11 dp(p) = O(po)d(p? — m?)d*p 3.1
for the massive case or
Hi=L*@OVT,dp) @b du(p) = O(po)s(p*) d'p (3.2)

for the massless case, where du is the Lorentz invariant measure du(p) on H,\ or 9V
respectively and b is the Hilbert space where d acts. Since the forward light cone oV
is parametrized as pp > 0 and |p,|*> = |p1 + ip2|?> = (po — p3)(po + p3) = p_p, where
pL = p1 +ip2 and p+ = pg % p3, then the SO'(1, 3)-invariant measure du(p) on OV T has
the form dyu(p) = ©(po)3(p*)d*p = O (po) L= dp dp .

Considering one particle states for the infinite-spin case, the Pauli-Lubanski parameter
r labels nonequivalent representations of E(Q/) and therefore the representation space of
Stab,, is the Hilbert space H,; of functions of k& € R? square integrable with respect to the

measure dv, = 0(|k|?> — x2)d%k. Let 1 (p) be an H,-valued function of p € R*, square
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3 The infinite spin representation and string localized fields

integrable with respect to the Lorentz invariant measure du on 9V *. Therefore the unitary

representation U; of PI on one particle Hilbert state
Hy = L2OVT,dp) @ He  He = L*(k,dv,) (3.3)

acts as (Ui(a,A) € B(H1), where B(H,) is the space of all bounded linear operator in 1),
generalizing the analogue equation (2.32) for the infinite spin case

(Ui(a, A)p)(p) = ePd (W (A, p))¢ (A p) (3.4)

—

where W(A,p) = B, 'ABj-1, € E(2) denotes the Wigner rotation and B,, is a boost that is
properly chosen for the reference vector p,es = (1,0,0,1). The mapping OVt — SL(2,C)
given by p.s — B, constitutes indeed a family of (Wigner) boosts such that B,p.s =
p Vp € OVT. This representation extends to the full Poincaré group by adjoining repre-
senters for the space reflection P (or parity transformation) and the time reflection 7' =
—P ([38D.

In order to describe many-particle systems consisting of a finite number of one-particle
systems, we will follow the second quantization procedure. In this paragraph we will avoid
the bra-ket notation. Let us denote by ’H%N the symmetrized (bosonic), by ”Hj%N the anti-
symmetrized (fermionic) N-fold tensor product H® = H; ® H; ® ... ® H; of the Hilbert
space H1 ( [139]):

1

) =y T
1

HR = BN (HOY) = 4 EP: sgn(P)Sp(H®") (3.6)

where EY are projection operator Sp denotes the operator representating the permu-
tation of particles Sp(¥1 ® Y2 ® ... ® Yn) = (Yp1) ® Ype) @ ... ® Ypy)) (represen-
tation of the permutation group) and sgn(P) = =+1 for even/odd permutations respec-
tively. The scalar product of two basic vectors ¥ = (¢ ® ¢y ® .... ® ¢y) € H®Y and
O = (1 Rp®....00N) € HEV is defined as (¥, )y = (1, d1)1 - (Y2, P2)1 - ... - (N, ON)1,
where (-, -); is the scalar product in the single particle Hilbert space ;. This definition can
be easily extended to the general state ¥ € H?/]\A, where ¥ can be a linear (symmetrized or
antisymmetrized) combination of tensor product of single particle states belonging to ;.
We have thus the additional feature that the particles cannot be distinguished for a many
particle system of the same kind of a particles (bosonic/fermionic statistics), and we con-
sider only observables (and so operators) which commute with all Sp and their irreducible
representations.

5The projection operators EY satisfy the properties

(EY)? =EY (3.7)
(BN = (EY) (3.8)

where  denotes the hermitian conjugate.
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Having the description of multi-particle systems with a fixed number of particles IV, we
now want to describe a system with an undertermined number of particles: the particle
number N becomes a dynamical variable ( [[40]) and we define the boson/fermion Fock
spaces as:

—+00

Fsia(Ha) = D HE, (3.9)
N=0

where #, = C is a one-dimensional space representing the vacuum state in which no parti-
cle is present. We choose one vector 2 = (1,0,0,....) € ’H?;\A and we call it the Fock vacuum.
An element of Fg/4(H1) is an infinite sequence of states ® = (C, @1, Po,....) with ¢ € C
and &y € H?/]Xr The Fock space is also an Hilbert space with a scalar product defined as
(@, W) = > 1% (®n, ¥y) and all vectors ® € Fg/4(H1) ( [41]). Second quantization is a
functor between Hilbert spaces that associates to the original one-particle space the suitable
(anti)symmetric Fock space, to self adjoint operators V' their second quantization dFg 4 (V)
and to unitary operators e~**"" the second quantization Fg/4(e™*") = e~ 47s/4(V)_ Indeed
the second quantization U of the one-particle unitary operator U; acts on Fg/4(H1) by
UAN=Aand (UP)y = (EB;V:O U1)®n and so it preserves the number of particles. To intro-
duce annihilation and creation operators one has to use "standard" quantization procedure:
for a vector ¢ € H1, they are denoted as a(¢) and a'(¢). These operators satisfy

[a(¢), a(¥)]+ = [aT(¢),a’ ()] =0 [a(¢),a'(¥)]lx = ($,)1 Vo, €Hy (3.10)
a(@)=0 V¢cH (3.1D)

where the + sign stands for commutation (bosons) and the — sign stands for anticommu-
tation (fermions). These properties pick out just one (the Fock one) of the infinitely many
unitarily inequivalent irreducible representations of the canonical commutation relations
(C*-algebra) built on such one-particle space H;.

3.2 Free quantum fields for the finite spin representation

Experiments in high energy physics are described in terms of collision processes of par-
ticles. The S matrix, central object of the description of scattering experiments involving
the interactions between the given particles, is related to the scattering amplitudes of the
physical processes and motivates the introduction of local quantum fields. Indeed the con-
struction of relativistic interactions V' (¢) using local fields can be motivated by invoking
the spatial clustering principle for relativistic scattering amplitude ( [28]]). Despite that
there exist also other ways to construct (consistent) relativistic quantum mechanical the-
ories, like direct particle interactions theories (DPI) which involves only particles and
satisfy Poincaré covariance, unitarity and macro-causality of the resulting S-matrix (which
includes spatial cluster factorization, see [42] [43]).

'°Since the S matrix has to be Lorentz invariant, V() can be written as [ d*z Hin(%, t), with Hin(z) scalar
built up with creation and annihilation operators and satisfying U; (a, A) Hine()U1 (a, A) ™' = Hine(Az + a) and
[Hine(x), Hine(z')] = 0 whenever z and x’ are spacelike separated.

7this is mainly a phenomenological framework

27
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QFT is usually formulated in terms of pointlike (covariant and local) quantum fields
Uy(z), k =1,..,N, which are operator-valued tempered distributions in #, that are maps
Uy : S(M) — O(H) such that there exists a common dense subspace B C H satisfying

e for each f € S(M) and each k = 1,..., N the domain of definition of the quantum
fields Dy, contains B

e the induced map S(M) — End(B), f — ®4(f)| is linear

e for each v € B and w € H the assignment f — (w, ®(f)(v)) is a tempered distribu-
tion

where S(M) denotes the Schwartz space of functions over the Minkowski space and O(#H)
the set of all densely defined operators in the Hilbert space H ( [27])@ The concept of a
quantum field as an operator-valued distribution corresponds better to the actual physical
situation than the more familiar notion of a field as a quantity defined at each point of
spacetime. Indeed, in experiments the field strength is always measured not at a point z of
spacetime but rather in some region of space and in a finite time interval. Therefore, such
a measurement is naturally described by the expectation value of the field as a distribution
applied to a test function with support in the given spacetime region.

The relativistic invariance of the theory is formalized by the following relativistic prop-
erties of these fields W:

e (Covariance) If one represents the operator-valued distribution ¥; symbolically by
a function ¥y (z) € O(H), then the fields transform covariantly under the Poincare
transformations U(a,A) = U(a, 1)U(0, A):

U, A(A) Wi (2)U (0, A(4) " = 3 Dp(A ) Upm(Az+ ) ¥(a,A) € PL (3.12)

where U(A(A)) (A € SL(2,C)) are (strongly continuous) unitary operators and D(A)
is a finite dimensional representation of SL(2,C). We notice that there are many
representations, including the scalar, the vector and a host of tensor and spinor rep-
resentations. These particular representations are irreducible, but we do not require
at this point that D(A) be irreducible; in general it is a block-diagonal matrix with
an arbitrary array of irreducible representations in the blocks. Therefore the index
[ includes a label that runs over the types of particle described and the irreducible
representations in the different blocks, as well as another that runs over the compo-
nents of the individual irreducible representations. This is a purely formal way of
writing the equivariance between the actions on S and H where PJTr acts on End (D)
by conjugation, i.e.

U(a, A(A) Wt (F)U(a, A(A) 7 =D DA™ )i Wi (a, M) f) Y f € S(M), (a, 4) € ;I

(3.13)

18Usually it is assumed also that the vacuum state vector 2, with the property of being the unique transla-
tionally invariant state in H, is a cyclic vector for the fields, i.e. that by applying polynomials of the (smeared)
fields to the vacuum one obtains a dense set Dy C H
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Moreover the common domain B is Poincaré invariant and also invariant under the
action of the fields:

U(a,A(A)BC B V(a,A) € Pl Wu(f)BCB VieSM)k=1,...N (3.14)

e (Microcausality or locality) The fields either commute or anticommute at spacelike
separated points

[Ur(z), U, (x)]+ =0 Vk,p=1,..,N  for (z—y)*<0 (3.15)

In this construction we mention also the fact that the joint spectrum of the generators P*
is contained in the forward closed cone V+ = {p : p? > 0,py > 0}.

For the explicit construction of the pointlike free fields of arbitrary mass and finite spin
we will follow Weinberg ( [28]). In the following we consider the k index of the set of fields
to be fixed (and so we drop it). The labels o and n we will use stand for the particle’s spin
z-components and for the species of the particle. Therefore in the following [ will denote
a generic set of dotted/undotted spinorial indices, since we are working with irreducible
representations of SL(2,C). As we discussed before, it is naturaEfl to build the interaction
density operator Hi,, out of annihilation ¢;" (z) and creation fields v, (z) defined as

(@) = Z/dgpuz(l’;ﬁaa, n)a(p,o,n) (3.16)
= Z/dgp”l(ﬂ”;ﬁv o,n)dl (p,0,n) (3.17)

with coefficients -called intertwiners- u;(x;p,o,n) and v;(x; p,o,n) chosen so that under
Lorentz transformation the fields transform as in equation (3.12). Since the transformation
rules for the annihilation a(p, o, n) and creation operators a'(p,o,n) can be read directly
from the trasformation properties of single-particle statesF;G] we can write explicitly for the
intertwiners

Zul (Az + a; Ap, ) A D)) = 1/ Z Ap)ay, (25, 0,n) (3.18)
> u(Az +a; Ap,@)dS ) (W (A, 7)) = \/ (f;)o > Dy(A)e "My (2 pom)  (3.19)
1

g

where s, is the spin of particles of species n and we are considering the group action of the
Poincaré group with elements (a, A). Considering translations, it is possible to write

w(w;p,o,n) = (2m) 2P w(p o) uzpon) = (2r) T Py o,n)  (3.20)

19due to cluster decomposition and Lorentz invariance
20under Poincaré group action, it is easy to show that a(j, o, n) transforms as

N Z(A Po (sn) - _
UA,b)a(F.o,mU™ (A, ) = e [ Z “Ha(Ap,7,n)
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In order to respect the locality property, we have to combine combine annihilation and
creation fields in linear combinations to construct fields

Vi(z) = k] (z) + A; () (3.21)

with the constants k; and ); and any other arbitrary constants in the fields adjusted to
satisfy the following equations (see (3.15)):

(@), YmW)l5 = [a(@), ¥ (y))z =0 Vim  for (z-y)*<0 (3.22)

Moreover, in order that interaction density operator Hi,, should commute with the charge
operator () (or some other symmetry generator) it is necessary that it is formed out of fields
that have simple commutation relations with Q:

(@, ¥5(2)] = —qj15(x) (3.23)

where g; is the charge ¢(n) of the field. Therefore we have to construct Hj,, as a sum of
products of fields 1,1}, ... and their adjoints zpjl zpjg ... such that ¢, +¢j, +...—¢i; —gi, —... = 0.
Using equation (3.23)), it is easy to show that to conserve quantum numbers (like electric
charge), there must be a doubling of particle species carrying non-zero values of ¢(n): if
a if a particular component of the annihilation field destroys a particle of species n, then
the same component of the creation field must create particles of a species n, known as
the antiparticles of the particles of species n, which have opposite values of all conserved
quantum numbers. This is the reason of the existence of antiparticles( [28]).

For simplicity we will restrict our attention, from now on, to fields that destroy only a
single type of particle (so dropping the label n) and create the corresponding antiparticle
and also that transform irreducibly under the Lorentz group. In the general case, one also
need to include the charge-conjugate annihilation a¢(p, o) and charge-conjugate creation
operator a“f(f, o) in order to describe particles with distinct antiparticles. We recall that
the general (finite-dimensional) irreducible representation of the Lorentz algebra so(3,1)
is non unitary and is classified by an ordered pair of half-integers A and B, that is with
the couple (A4, B This is due to the fact that in order to classify all (real linear) rep-
resentations of the semisimple Lie algebra so(3, 1), we need only the irreducible complex
linear representation@ of the complexified Lie algebra so(3,1)c. From the generators
M*" of the Lorentz algebra so(3,1), namely the canonical generators of boost K* = MY

and of rotations J* = 1€"/* M, we can define the complexified generators A" = and

Bl = L=IK which satisfy the su(2) algebra:
[AZ', AJ] = ifz‘jkAk [BZ', Bj] = iﬁijkBk [Au Bj] =0 Vi,j, ke {1, 2, 3} (324)
One has the following isomorphisms, at the level of representations( [44])

50(3,1) < s0(3,1)c ~ su(2)c ® su(2)c ~ sl(2,C) & sl(2,C) ~sl(2,C) ¢ isl(2,C) ~ s1(2,C)c(3.25)

2lthis is the so called dotted/undotted spinorial notation
2due to the semisimplicity property
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and so the complex linear irreducible representations of s((2,C) & s((2,C) are indexed by
a couple of half-integers A and B, and has dimensionality (24 + 1)(2B + 1). Then we can
associate to a general (m, s) Wigner representation a covariant quantum field

1
Z/J(A,B)(HC) (27?) Z /d3 ka(p,o )u(AB)(ﬁ, )’px—&—/\acT(p, )U(AB)(p, o)e”PT| (3.26)

where dotted/undotted spinorial indices are related to the physical spin s through the fol-
lowing inequalities (therefore for any s there are infinitely many spinorial representation
indices)

A-B|<s<|A+B| form>0 |A—B|=|h| form=0 (3.27)

It is possible to show (see Weinberg [[28]]) that the formula for the generic (A, B) field of a
given particle, that is unique up to overall scale, is

Y| &p [a(B.o)u y gy ([ 0)e®* + (=1)*Pa (5, 0)v 4 ) (7, a)e*ip-x]

og=—S8

(3.28)

We notice that whereas in the massive case the relation of the physical spin s with the
formal spin in the spinorial pointlike fields follows the angular momentum composition
rules which leads to the spinorial restrictions (but still there are infinitely many
possibilities to represent the same massive particle), the zero mass finite helicity family has
a significantly reduced number of spinorial pointlike descriptions.

One notices that in the zero mass case the vector representation (A,B) = (2, 2) for
|h| = 1 and the (A, B) = (1,1) for |h| = 2 are missing, i.e. precisely those fields which
correspond to the classic electromagnetic vector potential and to the metric tensor. This
actually holds for any |h| if A = B. For helicity |h| = 1 the best one can do is to work with
covariant field strength F** which in the spinorial formalism correspond to (1,0) @ (0,1)
instead of working with classical vector potential A* ( (A, B) = (2, 2) ) which simply does
not occur in local QFT with second quantization on the Hilbert space. I want to recap briefly
here the argument for the simplest case. Let’s try to construct a four vector A ((2, 2)) for a
massless particle of helicity h = +1, using the standard creation and annihilation operators:

AR(

@p (0@, o) (7.0)e" + ol (7, 0)uw G o)e 7| (3.29)
o=+1

where we used all equations to put v(p, o) = uk(p, o) and we normalize the coeffi-
cients A and «. In the four-vector representation D(A)*, = A", and we decide to normalize
intertwiners as u#(p, o) = (2p0)_%e“ (p, o) with the so-called polarization vectors e/ (p, o).
The transformation law for the polarization vectors should then be

et (5,0) = W(R(H), )" e (P, o) Vo==+1 (3.30)
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—

where we decomposed the little group E(2) into a rotation R(f) of an angle # and two
translation generators t = (t;,t3). It is easy to see that the two vectors (amplitudes for
circular polarized plane waves with wave vector p°)

1
egol(:l:) = 7<07 17 :l:’L7 0) (331)

V2

satisfies (3.30) for elements of the little group W (R(#)) depending only on the rotation
part. For the general transformation of the little group W (R(6), t), it can be shown that the
law holds only up to a vector proportional to p® ( [45] [28]). If we define, for any mo-
mentum p, e#(p, +) = Bpegol(j:) then the inhomogeneous transformation law for v*(p, +)
is
o V(= _ _ic6(W,p)) vine v
W (R(0), D), u” (7, +) = e (" (Ap, £) + 72 (Ap) (3.32)
with some coefficients 4 € C. This means that the fields A% (z) defined as
1 — — 1p-x — * [ = —ip-x
Ate) = o [ @l [ap e G G2 r] @
T)2

transform as gauge fields with gauge parameters I',.:

U(a, )AL (2)U(a,A) = (AH)*, (AL (Az +a) + 0'Ty) (3.34)

We have thus come to the conclusion that no four-vector field A*(z) = A% (z) + A" (z) can
be constructed from the annihilation and creation operators for a massless particle with
helicity |h| = 1.

These gaps in the massless case have important physical consequences.( [46]) The ex-
planation of this dilemma, which also leads to its cure, is that the loss of pointlike quantum
potentials is the result of a clash between the Hilbert space structure (positivity)@ and
pointlike localization (or modular localizatior@. There are two ways out: gauge theory
(in covariant gauge) which sacrifies the Hilbert space and keeps the pointlike formalism
and the use of stringlike potentials which allows to preserve the Hilbert space. In the last
case the missing spinorial fields reappear after relaxing the localization from pointlike to
stringlike.

The first is the standard path, namely to keep pointlike fields. The second way is un-
usual, and linked somehow to the infinite spin representation case we haven’t discussed so
far. The following No-Go theorem states clearly that the (axiomatic) Wightman framework
of QFT is incompatible with this class of Poincaré representations, and we need to relax
some of the assumptions of this theorem in order to go further with the construction of a
quantum (free) field.

Independently of this choice, in the pointlike case the well-studied perturbative for-
malism usually comes with the introduction of additional unphysical degrees of freedom
(ghosts) due to the indefinite metric setting. There are many formalisms (Gupta-Bleuler,

Bnotice that instead in the classical theory Hilbert space positivity doesn’t concern us
Zwe will explain briefly later the meaning of this term
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BRST for pure Yang Mills theories and Batalin-Vilkovisky for general Lagrangian gauge
theories) already developed in order to deal with the ghost structure of the QFT. Since in
typical perturbation calculations one does not use the Hilbert space norm for control of
convergence (as Schwartz inequality) there is no problem at this stage, but at the end one
has to reconvert the calculated correlation functions into a Hilbert space setting (gauge
invariant objects). The use of string-localized fields deflect the formal problems of extract-
ing quantum data from an unphysical indefinite metric setting to the ambitious problem
of extending perturbation theory to the realm of string-localized fields. For example one
recent idea regards an extension Epstein-Glaser construction of time-ordered products to
the string-localized fields setting.

3.3 The No-Go theorem by Yngvason and the modular localization

Within the (generalized) axiomatic framework of Wightman theory, a result indicating
the incompatibility of the infinite spin representations with local commutativity (that is, the
microcausality condition we mentioned in equation (3.1I5)) and covariant transformation
law has been proved by J.Yngvason( [2]). In addition to the usual requirement of the exis-
tence of an Hilbert space which carries a unitary representation of the Poincaré group, the
energy-momentum spectrum condition and the uniqueness of the vacuum he considered a
local quantum theory composed of fields that are operator-valued distributions and which
satisfy a (generalized) covariance transformation lav\E] and microcausality, as well as the
the property that repeatedly applying the field operators to the vacuum creates a dense
subspace of the Hilbert space (cyclicity of the vacuum). Under these assumptions it can be
shown that the one-particle states which the Wightman fields create from the vacuum are
orthogonal to any irreducible representation subspace of the Hilbert space for zero mass
and infinite spin, that is there are no nonvanishing matrix elements between the vacuum
and the infinite spin one-particle state. The only way to circumvent this no-go theorem is
to relax one of the assumptions, giving up pointlike localization of the Wightman fields.

An idea on how to solve this problem (as well as the previous one on the missing
spinorial fields) comes from the concept of causal localization in QFT. It is well-known that
no measurements taking place in regions of Minkowski space which are spacelike separated,
i.e. which cannot be connected by a light beam, should have an influence on each other.

In non-relativistic quantum mechanics (QM), Born’s principle of localization is as fol-
lows: for a single particle, if a wave function ¢ (z) = (x| Pk |¢) vanishes outside a
bounded spatial region K, it is said to be localized in K. Here Py := [ d®z |z) (z| denotes
the projection operator which projects state vectors ¢ in the Hilbert space # to state vectors
with support in K, and it is clear that if a spatial region K is disjoint from a spatial region
K', a wave function ¢k (z) localized in K is orthogonal to ¢ k/(x) (due to the properties
of the projection operator). Here there is also a sort of "natural duality" between local-
ization of states and localization of observables: for any observable A, due to the equality

%in order to include infinite spin representations one has to consider infinite dimensional representation of
SL(2,C)
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(V| Alxk) = [d3z d®y (| Pk APk |x) valid V [¢) ,|x) we can equally restrict states (to
|YK) , |xK)) or observables (to Px APk). This notion is limited to non-relativistic physics,
in which Z trasforms under the Galilei group. ( [47]])

The generalization of such a principle of localization for the relativistic case is called
Newton-Wigner (BNW) localization. One may characterize the BNW localization in a
bounded spatial region K at a given time in terms of a projector Px which appears in
the spectral decomposition of the selfadjoint position operator #, adapting the previous
construction to the case of an invariant scalar product of relativistic wave functions. Such
(family of) spectral projectors are supposed to measure the probability of detecting a (sin-
gle) particle in different space-time regions. To the region K corresponds the subspace
L*(K) C L*(R3) of wavefunctions with probability amplitude vanishing (almost every-
where) outside of K and -via an unitary transformation- a subspace of the Hilbert space
H. The lack of covariance of BNW localization in finite time propagation leads to frame-
dependence and superluminal effects; but still the basis for time-dependent scattering the-
ory in QM and QFT (and also various settings of measurament theory) rely on this concept
of localization. This is due to the fact that in the asymptotic limit of large timelike sep-
aration as required in scattering theory, the covariance, frame-independence and causal
relations are recovered. Anyway, such a principle of localization isn’t compatible with rela-
tivistic covariance and causality in QFT (or interacting point particles), except in an approx-
imate sense for distances of the order of the Compton wavelength or smaller: in that case
we loose the duality between localization of states and localization of observables, and we
have to look for a more intrinsic type of localization focusing only on observables.( [48],
[421)

The only concept of causal localization compatible with relativistic covariance and
causality is modular localization, that is intrinsically defined within the representation the-
ory of the Poincaré group but draws its motivation from local quantum field theory. This
concept does not refer anymore to individual operators (like the position ones) but rather
to local measuraments of observables (that is, an ensemble of observables which share the
same localization region). Having defined the algebra A of observables in QFT, to each
spacetime region O we can assign a subalgebra .A4(O) C A generated by the smeared field
operators ®(f ) with test functions f supported in O. The net structure of the observables
allows a local comparison of states: two states are locally equal in a region O iff the ex-
pectation values of all operators in .A(O) are the same in both states. Local deviation from
any state, and in particular from the vacuum state, can be measured by local comparison:
this is particularly useful in order to define "strictly localized states" for a region O, that
is states which give the same expectation values as the vacuum for all measurements in
the causal complement of O. Thus regarding causality, this is mathematically expressed by
local commutativity (i.e. mutual commutativity of the algebras .A(Q) and .A(O")) and phys-
ically connected to the possibility of preparing states that exhibit no mutual correlations for
a given pair of causally disjoint regions ©® and @'. The space H(©) obtained by applying

20r their neutral currents in case the fields are charged
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operators in A(O) to the vacuum is, for any open region O, dense in the Hilbert space
and thus far from being orthogonal to H(®') (differently from the non-relativistic case we
mentioned before). This is due to unavoidable correlations in the vacuum state between
measurements at an arbitrary distance, that is a direct consequence of Reeh-Schlieder prop-
erty (by which any state can be approximated to arbitrary precision by acting on the vacuum
with an operator selected from the local algebra). At the end, using Tomita-Takesaki theory
it is also possible to recover localized states from local algebras.

Coming now back to the original problem, there is a natural localization structure on
the representation space for any positive energy representation of the restricted Poincaré
group 771 which upon second quantization gives rise to a (local) net of operator algebras
on the Fock space over the representation Hilbert space #. The role of quantum fields is
simply to "coordinatize" localized algebras by playing the role of singular generators of all
localized algebras. Skipping many technical details that the interested reader can find in
the beautiful paper ( [49]), the outcome is that the generating fields are pointlike operator-
valued distributions for the massive case and for the helicity representation whereas they
are semiinfinite spacelike string-localized operator-valued distributions for the continuous
spin case. In the last case, to be more precise, the generating fields are distributions on
R* x {e € R* : ¢-e = —1}; moreover they are localized -in the sense of commutation
relations- along semiinfinite strings of the form z + R*e (with e - ¢ = —1, that means
spacelike strings). Both kind of fields are singular limits of operators localized in causally
closed regions; pointlike fields in case of double cone localized and semi-infinite string-
localized fields in case of spacelike cone localized operators. The physical reason of this
difference is that in the continuous spin case the faithful representation of the little group

—~

E(2) contains infinitely many degrees of freedom and doesn’t allow a compact localization.

3.4 String-localized fields

The "string" is a ray which extends from a point € R* to infinity in a space-like direc-
tion. Let’s denote by H? := {e € R* : e-e = —1} the hyperboloid of space-like directions and
by [ a collection of dotted/undotted spinor indices.Let U be a unitary irreducible (positive
energy) ray representation of the restricted Poincaré group acting on a Hilbert space H with
a unique invariant vector {2, which contains an irreducible representation U; acting on ;.
A string-localized covariant quantum field is an operator-valued (tempered) distribution
®;(x,e), where (z,e) € R* x H? and satisfies ( [7], [50])

e (String locality) if z1+R* ¢ and zo+R* e, are spacelike separated for all €} in an open
neighborhood of e; then [®;(z1,e1), ®r(z2,e2)]+ = 0 (spacelike bosonic/fermionic
commutation rule)

e (Covariance) The transformation law is consistent with localization properties

U(a, N)®y(z,e)U(a, A)" = Dy (A1) @y (Az + a, Ae) (3.35)
ll
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e (Reeh-Schlieder property) After smearing ®,(z, e) with test functions f and g in = and
e, the field operators generate a dense set in Fock space when applied to the vacuum
vector 2 (2 is cyclic for the polynomial algebra of fields ®;(z, e))

The field is called free if it creates only single particle states from the vacuum vector (2, that
is ©;(f,9)Q € Hy.

The most direct (and general) method to construct string-localized fields is to smear a
point-like field over a semi-infinite space-like line

+oo
q)smeared(wv 6) = /(; dt f(t) Z ﬁbr(af + te)zr(e) (3.36)

where f(¢) is supported in the interval [0, +-o00[,  denotes Lorentz labels and z(e) is a tensor
formed from e which is Lorentz-invariant in the sense that

Dyr(M)zr(A7te) = z.(e) VA ecLl (3.37)

Using a non-trivial theorem stated in the MSY paper ( [6]) that we will explain later, one
can show that such @ cared (7, €) satisfies the "String-locality”" and the "Covariance" property
we mentioned before.

Restricting our attention to the single particle vector V;(z,e) := ®;(x, e) for free fields,
we notice that it enjoys certain specific properties reflecting the covariance and locality of
the field. These properties are intrinsic to the representation U; and can be formulated
without reference to the field, using the concept of a modular localization we mentioned in
the previous paragraph. We will call a #;-valued distribution satisfying the ensuing prop-
erties a string-localized covariant wave function for U;. Our strategy, that we will explain
in some details in the following paragraph, is to construct such a H;-valued distribution
U%(z,e) for given U; and then to obtain the field via second quantization. Since U; is in-
duced by a representation d of a subgroup (little group) G of the Lorentz group, then U;
is contained in Uy ® V, where Uj is the scalar representation and V' is one of the exten-
sion of d to the full Lorentz group. Thus the problem can be separated, and the Uj part
can be solved via Fourier transformation whereas for the V' representation it is possible to
(implicitely) construct a localized covariant wave function living on H3. Consider then the
tensor product of a wave function localized at x for U, and a wave function localized at
e € H3 for V. The main result is that the projection onto U; of this vector turns out to be a
vector which is localized for U; in the string with initial point = and direction e.

We recall that the representation U; is induced as by d as follows. For the massive
case Hy == L*(H},du) ® b, where dy is a Lorentz invariant measure on H, and b is the
representation space of d. On the #; Hilbert space U; acts according to

(Ur(a, A))(p) = “Pd(W (A, p)w(A™'p) (3.38)

where W (A, p) is the Wigner rotation defined by W(A,p) = B, 'ABjy-1, and for almost all
p € H, B, is a Lorentz transformation which maps pf to p. Exactly the same argument
holds for the massless case, with the substitution Har < OVT. The equation (3.38) is
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not suitable for the construction of covariant and local fields by second quantization. The
first reason is that the transformation matrix d(W (A, p)) depends generically on p (except
in the scalar case), and so in the z space the transformation law is nonlocal after Fourier
transformation. The second one is that Wigner rotation factors have singularities which
cause problems with the property of local commutativity( [6]).

These two problems in the pointlike free field case are solved by using the so-called
intertwiner functions, rectangular (24 + 1)(2B + 1) ® (2s + 1) functions which intertwine
between unitary 2s + 1-component Wigner representation (the representer of the Wigner
rotation factor W (A, p)) and covariant (24 + 1)(2B + 1)-dimensional spinorial representa-
tion labeled by the semi-integers A and B (with a representer of A), that is (recall equations
(3.18)).

s

Z U[<A—]>?,5', n)d((;;‘)(W(A,p)) Y (f;)o ;Dll(A)ul(ﬁv U?”) (3.39)

S vi(Ap, o, n)dS ) (W(A, p)) = /(K)T?)o S Dy(A)u(p,o,n) (3.40)
G=—s l

Indeed these intertwiners connect the (m,s) irreducible one-particle Wigner representa-
tion with wave functions (and their associated quantum fields) transforming under certain
finite-dimensional (non-unitary) representations D of the Lorentz group.

In this case of pointlike localization the intertwiners above are determined by the co-
variant transformation law for the field Via.B) (z), but we would be lead to the same family
of distribution valued intertwiners if modular localization was required instead. In other
words, covariance in the sense of the (classical) tensor/spinor calculus is in this case equiva-
lent to the quantum requirement of modular localization. The continuous spin case instead
required stringlike localization, as we will see soon.

3.5 Construction of Mund-Schroer-Yngvason intertwiners for the infinite spin
representation

The new solution, which in contrast to the mentioned above works also for the massless
infinite spin representations which remained outside the covariant spinorial formalism, is
to look at intertwiner functions u(e, -) which depends as a distribution on the points e in the
set H? of space-like directions, and absorb the Wigner rotation factor W (A, p) by trading it
with a transformation e — Ae. We decide here to follow closely the paper of Mund, Schroer
and Yngvason ( [[6]).

Let’s define the complexification H3< of H3 as H3¢ = {e € C* : e-e = —1} where the dot
denotes bilinear extension of the Minkowski metric to C*, thatis e-e := ¢’-¢’ —e” - +2ie’ - ¢
with e = ¢’ + ie”. Let further 7, be the tuboid consisting of all e = ¢’ + ie” € H>¢ such
that e” is in the interior of the forward light cone &V . The set of p for which the canonical
boost B, is defined will be denoted by H,;ﬁ. We will consider (compact) subsets €2 of 7 of
the form © = H*¢N (Q; + iRTQy) where Q; and Q, are compact subsets of R* and (2, is
contained in the forward light cone.
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Considering the irreducible representation d of the little group, in the context of string-
localized fields we call a function u : 7, x H;} — b an intertwiner if it satisfies the inter-
twiner property

d(W(A,p))u(A_le,A_lp) = u(e,p) (3.41)

for (e,p) € T+ % H,ﬁ, A e El and for almost all p the function e — u(e, p) is analytic in the
tuboid 7... Moreover it is usually required that there is a constant N € Ny and a function
M on H; which is locally in L?(H;, dy) and polynomially bounded, and for every Q c 7.
(specified as above, in particular compact) there is a constant ¢ such that for all e € Q
holds

lu(e, p)II < caM (p)le”|~™ (3.42)

(here | - | denotes any norm in R*). This bound is chosen so that for fixed p the function
e +— u(e,p) is of moderate growth near the real boundary H® and therefore admits a
distributional boundary value in D'(H?):

Let’s now focus on the bosonic case for simplicity, restricting thus our attention to single
valued representations of the restricted Poincaré group. It is possible to prove a fundamen-
tal theorem about existence and uniqueness of string-localized fields:

Theorem 3.1 (String-localized fields (MSY [6], Theorem 3.3)). Let U' be any irreducible
positive energy representation of the Poincaré group with faithful or trivial representation of
the little group. It follows:

i) Let u be an intertwiner function for d, and let u. be the conjugate intertwine Then the
finite-spin field ¢(x, e) defined by

oz, ¢) = /H S° du(p) {ePule, p,o)al (b, 0) + e P ucle, p.oJalp, o)} (3.43)

m g—=—§

and the infinite-spin field ¢'(z, ¢) defined by
o (w,€) = / _ du(p) / Ak {e u(e, p, k)al(p, k) + ¢ Pucle.p. K)a(p. k)} - (3.44)
H st

satisfy "String-locality" and "Covariance" property. It further satisfies Reeh-Schlieder property
and moreover if the growth order N of e — u(e, p) is zero, then the field is a function in e, and
the commutativity property already holds if x1 + R e; is space-like separated from x5 + R es
ii) A non-trivial intertwiner function u with these properties exists for all mentioned represen-
tations. It is unique up to multiplication with a function of e - p, which is meromorphic in the
upper half plane (that is to say, if @ is another intertwiner function, then for almost all e € T,
and for almost all p, u(e,p) = F(e,p)u(e,p) where F is a numerical function, meromorphic
on the complex upper half-plane)

?7for the explicit definition, see the paper [6]
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iii) Conversely, let ¢ be a free string-localized field that satisfies "String-locality" and "Covari-
ance" property and which satisfies in addition the Bisognano-Wichmann propertyEgl Then it is
of the form (??), up to unitary equivalence, with the intertwiner u and its conjugate intertwiner

Uc

If for a string-like field ¢(z,e) the space-like commutation property depend only on z
and not on e, then the field turns out to be point-like localized. According to the following
theorem, this is related to analiticity property of u:

Theorem 3.2 (Point-localized fields (MSY [6], Proposition 3.4)). A string-localized field
in the sense of covariance transformation property, is point-like localized if, and only if, the
function e +— u(e, p) is analytic on the entire complexified H** and the bound on u in equation
(3:42), with growth order N = 0, holds for all compact subsets of H>*.

The reader interested in the proof of these theorems is referred directly to the MSY
paper.

It is useful to notice that the string-like field ®¢eared (2, €) that we obtained by smearing
a point-like field, in agreement with the theorem, can be written as in the equation (??),
with the intertwiner given by

u(p, €) = f(e - p)upoinc(p €) = fle-p) > _v(p)rrz(e)r (3.45)
T
where k = —s,...,s and f is the Fourier transform of f, being analytic in the upper half-
plane (but not in the whole plane, in which case one falls back to point-like localization).
In order to build up the intertwiners for the infinite spin representation, we need to
exploit the correspondence betweeen all irreducible unitary representations d of the little
group G and the representation acting naturally on functions on suitable G-orbits. Let '
be the G-orbit defined by I' := {q € H,}, : q - pref = 1}, where we have identified H," with
OV T. Then it is easy to show that I is isometric to the sphere S? for m > 0, and to R?
for m = 0. Since every isomorphism of I" extends, by linearity, to a Lorentz transformation
which leaves p,.; invariant, it follows that G is precisely the isometry group of I". Thus, the
isometry I' ~ 52 or R? establishes the isomorphism G ~ SO(3) or E(2), respectively for
m > 0 or m = 0. Let now dv denote the G-invariant measure on I', and let d be the unitary
representation of G acting on L?(T',dv) as

(d(R)v)(q) = v(R"q) (3.46)

with R € G. It is known that d decomposes into the direct sum of all irreducible repre-
sentations of G ~ SO(3) for m > 0 and into a direct integral of all faithful irreducible
representation of G ~ F(2) for m = 0. Hence for any faithful representation d of G there
exists a partial isometry V from L?(T',dv) into h which intertwines the representations d
and d: d(R)V = Vd(R) with R € G.

We don’t have the intention to explain completely the exact mathematical meaning of this property in the
context of algebraic QFT, but it is a sort of compatibility requirement between algebraic properties and unitary
group representation properties (for a wedge)
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We can now solve the intertwiner equation (3.41) by projecting a corresponding L?(T, dv)-
valued solution u(e,p) onto h. Let F' be an arbitrary numerical function of the argument
q- B, 'e and define

i(e,p)(q) == F(q- B, e) (3.47)
u(e, p) = Ve, p) (3.48)

With these definitions, then @ solves
d(W (A, p))ia(A~"e, A~"p) = i(e, p) (3.49)

since u has to solve equation (3.41)). Since the imaginary part of ¢ - e is strictly positive
if ¢ € Hf and e € Ty, then the analyticity property can be satisfied if F' has an analytic
extension into the upper complex half plane.

A good choice for F' is a generic power w® for suitable o € C. In case o ¢ Z, the
power w® is understood via the branch of the logarithm on C \ R; with In1 = 0, and
by continuous extension from the upper half plane if w € R™, i.e. lim¢ o4 (w + i€)®. In
general, the function ¢ — (g-e)® will be in L?(I", dv) only after smearing with a test function
h € D(H®), [ do(e) h(e)(q-e)®. The representation d extends naturally to the Lorentz group
on the (dense) set of functions of this form via push-forward.

We want to briefly mention here that in the massive case m > 0 with spin s we can
write the explicit expression for the intertwiners and for the two-point function in the case
of string-like localization. It is possible to show that the general structure of intertwiners is
u(e,p) = F(e - p)ul¥l(e,p), where F is an analytic function on the upper half plane which
is polynomially bounded at infinity and has moderate growth near the reals and u!*/(e, p)
can be computed explicitly. In particular since we are working in 4 dimensions u/*!(e, p) =

u (B, 'e) and each component uj(e); (k = —s, ..., s) is given by
s + k)! , . s s
uy(e)y =1 Ei — k;‘ {(e1 +i€2)Dey — (Dey + 0e,)e3}* *(e1 — iea) (3.50)

and for real e € H3
ui(e)e = (—i)*(1 + €§)2 Y71 (n(e)) (3.51)

where Y , are the spherical harmonics and n(e) :— (1+ eg)_% (e1,e9,e3) € S3. The analitic-
ity and covariance transformation properties are now evident from the equations
and respectively. Moreover, in the massive case it can be shown that every string-
localized free field can be written as an integral, along the string, of a point-localized tensor
field ®geared(, €).

In the massless infinite spin case and for ' = w®, we wish to obtain a family of in-
tertwiners u®(e, p) labeled by o« € C with Ra < qﬂ I want to recall that for m = 0 the

29This restriction is due to the fact that we want a unitary d representation in L?(T, dv), since in that case
Ra has to be — 422
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little group G is isomorphic to the euclidean group E(2) and the faithful irreducible uni-
tary representations of F(2) are labeled by x € R*. The representation d = d, acts on
h = L?(R? dv,(k)) as

(d(t, R)u)(k) = e *u(R™'k) (3.52)
where (¢, R) € E(2) and dv(k) = 6(|k|> — k?)d%k. For m = 0 and base-point pys =
(1,0,0,1) in HSF ,thesetT'of all g € Har with ¢ - pref = 1 is isometric to the euclidean space
R? via the parametrization of I" given by (in 4-dimension)

{(Z) = <; (22 + 1) » 21, 22,% (22 - 1)) (353)

where z € R? and 2? := 2? + 22. This isomorphism ¢ from R? to I identifies the action of
G in T with the action of F(2) in R?. One gets generalized intertwiners V = V,; from the
representation d, to the irreducible representation d = d,. as, where the restrictions of the
Fourier transforms to a fixed value x make sense,
(Vo) (k) = (k) = / a2z o (€(2)) (3.54)
R2
with |k|? = k2. Using equations (3.47)), we can write explicitly the following intertwiners
defined for e € T and p € H

up(e,p) = /d2zeik'zF(Bp£(z) -e) (3.55)
and in the particular case of F' = w® we have

u“(e,p) = /]R2 A%z e (BE(2) - €)® (3.56)
with |k| = k. Let’s study the structure of the intertwiner in details. The function z —

By&(z) - e is a quadratic polynomial in z. We write the scalar product in Minkowski space
with light-cone coordinates as = - p = %(erp_ +x_py) — x1p1 — T2p2, Where x4 = xg + x3,
so that £(2)+ = 22, £(2)- = 1, £(2)1 = 21 and &(2)2 = 22. Since the standard boost B, for
the choice of p..f can be written as (in the matrix 2 x 2 notation)

) .
B, = Po+ps p1—1p2 (3.57)
2(po+p3) [ O 1
therefore we have
Byé(z) - e=az* +b-z+c (3.58)
witha = §(p-e), b = —((B,'e)1, (B, 'e)2) € C* and ¢ = §(B,'e),. Taking account that
4ac —b?> = e? = —1 and of 2a = p - e > 0, we have
Byes)e—afze L) - L (3.59)
pE(2) e =alz+ 5 ” .

It is worth noticing that z — B,¢(2)-e is a polynomial in z without any real zeroes if e € T,
so that the integral in equation exists and defines a continuous function u“(e, p) of
k. It is a proper intertwiner in the sense of the definition of intertwiner we gave before, and
it is also bounded in p for Ra € [—2,0.5) after smearing with a test function h € D(H).
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3.6 Construction of CSP one particle states

We decide here to follow closely the recent paper of Schuster and Toro ( [9]]), adapt-
ing the notation to our conventions. A one-particle quantum mechanical approach to
continuous-spin particle (CSP) is look for covariant wavefunctions ) whose defining prop-
erty relates the action of a generic Lorentz transformation A to the unitary (but momentum
dependent) little group action it induces, as the intertwiners condition (3.39). Thus such
wavefunctions behave like CSP single particle states. In particular, denoting the Lorentz
labels with [, [ and the Little group labels with a, o’ we require

S w(Ap, ', Ddar (W(A,p) = 3 Dyp(A)(5,a, 1) (3.60)
a’ l

We will focus now on the explicit construction of CSP one particle states. In the massless
case CSP one particle states are characterized by W? = —x? # 0 (instead W? = 0 for
the usual helicity states) and going to a light-cone frame with momentum %k, # 0, k_ =
k1 = ko = 0 the Pauli-Lubanski vector has components W+ = 0, W~ = —3kye” J;; and
Wi=—1kieJ;_, sothat W? = —W W' and the helicity operator is h = —W ~ /k,.. Abasis
with vectors |«, h) which are simultaneously eigenvectors of W? and h, with eigenvalues
—k? and h, respectively, must satisfy

W2k, h) = —k* |k, h) K2 >0 (3.61)
h|k,h) = h |k, h) h=0,£1,+£2, .. (3.62)
Wy |k, h) = tik |k, h £ 1) (3.63)

where W, = W' 4+ iWW? increases/decreases the helicity by one unit so that the irreducible
representation comprises all basis vectors {|x, h),h = 0,£1,£2,...} and hence it is infinite
dimensional ( [13]).

To classify Lorentz transformations that leave a momentum pfef invariant, we can con-
sider the independent components of w* = %e“”p"pref7l,Mpa. The condition w - pes = 0
restricts the independent components to the three generators of the little group G, and this
motivates a decomposition of w* into a "rotation" component proportional to p’ . and two

"translation" components along polarization directions €, , with ¢ -k = 0
wh = —pl (R4 €'ty + eta (3.64)
Since pys = (1,0,0, 1), then we can expand w* in components as
wh = —pl Mo + & (Msa + Moz) + e (—(Mz1 + Mo1)) (3.65)

where Mo, (Mss + Mys) and (Ms; + My;) are the generators for Lorentz trasformations
that leave p,. invariant. If ¢ is the unique vector satisying

=0  perrg=1 q-a2=0 (3.66)
then the components R and ¢; » can be extracted as

R = q-w tl’g =€12"W (367)
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3 The infinite spin representation and string localized fields

Using the group structure of the Little group, inferred from the Pauli-Lubanski pseudo-
vector’s commutation relations (we just have to recall the Lorentz algebra)

[WH, W] = —ie""*"W, P,
we can obtain commutators
[R, tl’g} = :|:Z't271 [tl, tg] =0 (368)

so that the little group G has the structure of E(2), the isometry group of a Euclidean plane.
Defining the conjugate raising and lowering generators ¢+ = ¢; =+ its, we can decompose
any G- element in a canonical way as

W(Q,ﬂ) _ e%(ﬁtf‘f‘ﬁ*@r)e—iOR (3.69)

where 6 € [0, 27|, £ is complex and has dimensions of length (since translation generators
have units of mass). It is also useful to define a two-vector of little group translations
t = (t1,t;).For (one-dimensional) helicity representations, labelled by A, the non-compact
translation generators ¢ act trivially and the rotation R acts as a phase on single particle
states

U(W (0, 8)) [pre, ) = €™ |pres, h) (3.70)

where the requirement of periodicity under rotations by 4x restricts h to be integer or half-
integer. Since we found previously that also the set of equations holds, this means
that continuous spin one particle states are a superposition of all helicity eigenstates, either
all integer or all half-integer (bosonic and fermionic case respectively). Remembering that

the invariant W2 = w?

= —t_t, can be used to classify representations, for all helicity
representations W? = —x? = 0: these are the only finite-dimensional representations of
the little group G.

In the continuous spin case W? = —x? # 0 and there is a countable tower of states on
which all generators of the little group G act non-trivially. We can describe the action in
two different bases: eigenstates of R (the "spin basis", labelled by an integer or half-integer)

or simultaneous eigenstates of ¢; and ¢ (labelled by an angle in [0, 27]).

Spin Basis Angle Basis
2)— inb fat ", f tat
= )/e‘” n) clgenstate | AN >/ |+ 6) romations
]‘ _ \ - "t lati | F Y \‘ f; . . " lati
— Drnr (pb)|n) mix states S ™| p) eriggéisr:lgen

[ts* = »*

Figure 3.3: Comparison between the action of little group elements in the spin basis and in the
angle basis (taken from [9]], in our conventions p — « and D ~ d)
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3 The infinite spin representation and string localized fields

Let’s start from the angle basis. Eigenstates of ¢; and ¢,, written as t; o ‘ Drefs f}, are plane-
wave states in R? on which F(2) acts. A useful parametrization of these kind of states is
given by ty = (k cos(e), ksin(¢p)) for fixed x with W2 = —x2. Therefore states are labelled
by the polar angle ¢, with the periodic identification |0) = \27r)[3_01 Under rotations of the
little group,

U(W (6, 8)) |pres, &) = ev2 NN 64 0) = 3.71)
= iE-F¢+9 |pref7 ¢+ ‘9> = 6in%(ﬁﬁ€_i(¢+9)) |prefa o+ 9> = (3.72)

dé’
= / 2¢ dd)d)/ }preﬁ > (3.73)

with dgy (8, 8) = (20)8(¢) — ¢ — B)eWRV25 ) and § = \/2(R(5),3(8) P!} Conjugate
states (k, ¢| transform according to

(Dreg, | UT(W (0, B)) = e P9 (pyeg, | = (3.74)
d /
= / 2¢ <d¢>¢>’ (0,8))" <prefa ¢/| (3.75)

The above transformations are unitary with respect to the inner product

(Dref, @| Dreps @) = 2D0es0” (Pref — Pieg) 276 (¢ — ¢') (3.76)

With this formalism, we can write a generic little-group state as [¢s) = [ % f(@) o)
The spin basis, obtained by Fourier transforming in ¢, diagolizes R and makes contact
with the helicity representation. Infact by defining, for any integer n,

do .
‘prefa n> = / % em¢ ’prefv ¢> (377)
we obtain the transformation rule

UW(0,B)) |pret, n) Z i (0 ‘prefa > (3.78)

with

dpy (0, 8) = / (1‘5:)‘75 dgg (0, B)emPe ™" = emmO (il (kV2(B])  (3.79)

where 3 = |3]e’®. Conjugate states transform as

(Dress | UTW(0,8)) = (pres /| (dra (60, 8))* (3.80)

nl

and these transformations are unitary with respect to the inner product

<pref7 TL‘ p;-efv n,> = 2p?ef53 (pref - p;ef)dn’n (381)

30this is single-valued (bosonic) type of CSP; in the double-valued (fermionic( type we make the antiperiodic
identification |0) = — |27) and the spin basis states happen to be labelled by half-integer n
31This was introduced just for exhibit the F(2) structure
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3 The infinite spin representation and string localized fields

It is worth noticing that the Bessel functions are the representation functions for the group
E(2) due to their additivity property.

Considering the full unitary action of Lorentz transformations on single-particle CSP
states,

( ) |prefv - (61\,})7 BA p)) ’Aprefa ¢> (382)

/d¢¢’ Onp> Bap) ‘Apreﬁ > (3.83)

where W (0 p, Brp) = BXPIABP is used to define the little group rotation 6, , and transla-
tion [ , induced by the Lorentz transformation A. We want to underline that the standard
boost B), is uniquely chosen, for a given choice of frames for all p,.¢, as in equation (3.57).
Moreover we notice that in the limit x + 0, J,,_,s(xkv/2|3|) approaches zero for n # n’ and
1 for n = 7/, so that the tranformation rule reduces to

At (0, 8) — €795, (3.84)

and we recover as a limit the direct sum of all integer-helicity states by considering all
continuous spin states |pyef, n).

Let’s recap what is our first goal. We want to find the family of wavefunctions which
behave like continuous spin single particle states. Such wavefunctions have to transform
in infinite-dimensional Lorentz representations and since it is complicated to study infinite-
dimensional irreducible representation of SL(2, C), we decide to work with reducible ones.
In particular we consider wavefunctions 1 (n) that are functions of an auxiliary vector n*,
on which Lorentz transformation act as

D(A)Y(n,x) = ¢(An, Ax) (3.85)

The reducibility property comes from the fact that we are restricting the domain of (), x)
to the orbits of 7, that is starting from one value of n we can reach only other points on the
same orbit An. In the angle basis, the covariance equation becomes

d /
[ 5% s OV AR (Rt 61,m) = (k01 A0 (3.86

In this case it is worth noticing that the generator of Lorentz trasformations should be
written, for the transformation in the space of Lorentz four-vectors, as

(M/U/)aﬁ =1 (6ap,gl/ﬂ - 604”9“5) (3.87)
whereas in the space of coordinates (z,n)
MM — (77[“35] —i-p[“@p”]) (3.88)

To go further with calculations it is more convenient to consider an appropriate basis in
which one of the vector basis is the reference momentum vector p..f, and the other three
vectors are related to the polarization basis €; and €. In general there is an ambiguity in
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3 The infinite spin representation and string localized fields

the choice of the basis, due to the fact that we can choose different polarization vectors ¢;
and e, for the same reference vector p.f, and we can get different generators ¢4 and R for
the same little group. This is the reason why it is important to fix €; (pref) and ea(pes) for a
specific value of p..t. Having defined

s (pref) _4a (pref) \j;;GQ (pref) (3.89)

and remember the definition of the four vector ¢* according to equations (3.66)), we can
choose as the "standard" basis

1 .
Pheg = (0,0,0,p)  ¢" =(¢,0,0,—q) €ﬁ:(k):ﬁ(0717i%0) (3.90)

It is clear that the standard boost B, will take pl . to a generic p# and e+ (prf) to new
complex null €4 (p) at the same time. The following relations

(e+(p)" =(e-(p))  e+(p)-e-(p)=-1 €@ -p=0 (3.91)

are preserved so that the choice of the reference frame at p is consistent. Since the frame
form a basis for all Lorentz vectors, we can decompose the invariants ¢#*?? and ¢g"" accord-
ing to this standard basis. So using the definition (3.67), it is possible to extract R and ¢+
9D

R =ief €7 My, (3.92)
te = FivV2pL el My, (3.93)

To solve the covariance equation for ¢(z,7), we need to find the action of the little group
generators R, t4 in the space of coordinates (x,7):

R = —€ e (n,0,,0)) (3.94)
ty = i\/ipfefe;(n[paw]) (3.95)

where we used equation (3.88)).

3.7 Differential wave equations for continuous-spin particles and relation
with Wigner’s original wave equations

Let’s start from the covariance equation (3.86). Let’s study the special case A = By, B, 1
in which W (A, pref) = 1 and the equation becomes

O({Aprets 8}, A1) = ({Breh &}, 1) (3.96)

This is satisfied only iff « is a scalar-valued function of p,ef, 7 and e+ (pref). Since any Lorentz
transformation can be decomposed in a product of boosts B,, and little group elements, any
"scalar" ¢ that solves for Lorentz transformations W € E(2),, . will also solve
for general A.
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3 The infinite spin representation and string localized fields

Remembering the action of little group elements on angle-basis states (3.71)), we can
expand W in equation ([3.69) for infinitesimal values of the parameters 3, 5* and 6:

Y —10RY =1+ 0041 (3.97)
v+ \}éﬁ(tl it = o+ \%ne_wd) (3.98)
vt \jiﬁ*(tl Fito)t = 6 + \}éme% (3.99)
where we used the fact that
et — VIRPU VISP (3.100)
izl ierse] _ ei[ncos(qa)\/i(%)+nsin(¢)\/§(%)] 3.101)
from which (using (3.71))
(VIR _ ei[mos(qs)\/ﬁ(mf*)]w (3102
VIS B2y, _ [/@sin(qﬁ)ﬁ(ﬁ_z?*)]w (3.103)
(3.104)
Rewriting the system of equations explicitly
(- ) (ex - D) = Dst (3.105)
~ 10+ e2)(p-0) = (n-p) (e - D)) = e~ (3.106)
(- )P -0,) = (- D)ex - 0] = el (3.107)

We can notice that the set of partial differential equations are homogeneous
in n and Fourier-conjugate to themselvesEZL Any family of solutions ¢ to this system of
equations forms a basis of solutions to a particular covariant wave equation. It can be
easily shown (using equation (3.88)) that these differential equations imply

[2(p-n)(p-0)(n-8y) — (p- 00 —0(p-0y)* + K°] b = (W? +,%)p =0 (3.108)

Following the paper of Schuster-Toro ( [9]), the solutions can be divided into two different
classes:

e solutions smooth in pnearn-p =0
e singular solutions supported on §(7 - p)

It is interesting also to find a connection with Wigner’s covariant wave equations ( [51]]),
the solution space of which carries a continuous-spin unitary irreducible representation of
the Poincaré group. While the singular solutions are related to a basis of Wigner equations,
the smooth solutions solve a new class of wave equations.

32 ater in the next chapter we will analyze deeply the consequences of this fact
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3 The infinite spin representation and string localized fields

For later purposes, we want to define the quantity

6(pa ¢) = % <6+ (pref)e_i¢ — €— (pref)€i¢) (3109)

in order to associate the angle ¢ with a direction in the space-time, since the origin ¢ = 0

has no invariant significance. Let’s start from the singular solutions, that are parametrized
by a generic function f(r) which specifies an arbitrary profile of ¢ under rescalings of 7:

v({p, &, f}.m) = /drf(r) /d754(77 —re(p,¢) —rrp)e” T (3.110)
These solutions satisfies the Wigner’s equations for continuous spin particles
”+1=0 (3.111)
P’ =0 (3.112)
p-nyp =0 (3.113)
W2+ k) = (—n*(p- 0y)> + k%) =0 (3.114)

where we used equation (3.108). To recover a basis of solutions to the Wigner’s equa-
tions we may choose f(r) = d(r — 1). But this is not mandatory, and one can choose an
ordinary differential equation in the n-space to single out a specific profile f(r): the result-
ing ¥ (p, ¢, f,n) will then satisfy such equation and the set of Wigner’s PDE and
will provide a basis of covariant wavefunctions. A convenient choice can be to impose the
(zeroth order) homogeneity condition in 7:

N0y =0 (3.115)

Regarding smooth solutions, they are parametrized by an arbitrary function f(n - p,n?)
depending on two parameters 7 - p and 7>

i E(P:?)

b({ps b, fYm) = f(n-p,m?)e™ (3.116)

These solutions satisfy
P’y =0 (3.117)
(W2 +K%)p =0 (3.118)

and this time we need two more wave equations to fix completely the functional form of
f(n-p,n?). In order to get contact with the transverse-traceless gauge-fixed form of Fronsdal
equations for massless particles with integer n-helicity particles ( [52]), we want to choose
the following two equations

n - O = ny (3.119)
p-Opp =0 (3.120)

where we fix the degree of homogeneity in the variable 7 to be n. It is worth noticing (for
future purposes) that the choice n = 0 implies f = 1.
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4 The structure of intertwiners in the infinite spin representation

4 The structure of intertwiners in the infinite spin representa-
tion

4.1 General solution of the intertwiner condition for the infinite spin repre-
sentation

Let’s consider the intertwiner property
d(W (A, p))u(A~"e, A™"p) = u(e, p) & d(W (A, p))u(e, p) = u(Ae, Ap) (4.1)

where (e,p) € T, x H, p = Bppres, A € El and for almost all p the function e — u(e, p) is
analytic in the tuboid 77 . For the infinite spin representation, the Pauli-Lubanski parameter

x > 0 labels the faithful representations of the little group F(2) and d,, acts on L?(R?, dv,,)
according to ( [53]])

(du(@ R) f)(F) = €™F f(R™k) 4.2)

—_~

with (@, R) € E(2).

Using the surjective homomorphism SL(2,C) — SO'(1, 3), we can identify the space of
Hermitian matrices with Minkowski spacetime M in such a way that the determinant of a
Hermitian matrix is the squared length of the corresponding vector in Minkowski spacetime,
and the Lorentz transformation z — Ax corresponds to the action (by conjugation, with
S € SL(2,C)) X — S(A)XST(A) of SL(2,C) on X [

Since we can parametrize the little group EZ_Q/) C SL(2,C) with the two-dimensional
translation generators and the one-dimensional rotation generator

_ —i¢
Lo mQ] A(¢>)=[€ 0¢] 4.4)
e

Ala) =
@=1y 1 0

—

every generic element P € E(2) can be expressed as a product of these generators

' (?) A(@) A (2) (4.5)

It is also worth noticing that the Lorentz transformation corresponding to A(¢) acts like the

e a; —ias

P = A
0 et

counter-clockwise rotation R(2¢) in the 1 — 2 plane because

-1 o + 23 e (x1 — ixg)
AGXAT (@)= | L0 4.6)
e (x1 + ix2) xo + x3
*remember that, if {0, } is the set of Pauli matrices,
“ To+ T3 T1 —1iT2
z, = (zo,x1,22,23) <> X =ato, = o +izs Do — 1z (4.3)
1 2 To—T3
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4 The structure of intertwiners in the infinite spin representation

We want now to consider special cases of the intertwiner condition (4.1]). For A = B, 1
this becomes

U(prefv Bgle) = u(e,p) A u(prefv 6) = U(p, Bpe) 4.7)

since Ap = pyer and so By, = id. We can therefore restrict our attention to the function

P

u(pref, €) for all e. Moreover by choosing A..s € F(2), one has also

U(prefa Arefe) = dn (Aref)u(prefv 6) (48)

—_~—

and so it suffices to know u(pf, €) for one point e on each orbit of F(2).

Recalling the definition of the G-orbit I' = {qg € Hy : q - pref = 1}, where ps =
(1,0,0,1) € H;, it is useful to consider the invariants of the orbit. From the parametrization
of the orbit £(z), let’s define &, = £(0) = %(1,0,0, —1) so that &y - pres. Since E@/) fixes
precisely pyef, its orbits are labelled by the only /(I:(zrentz) invariants we can build, namely

X =e?and Y = e pes Using the fact that E(2) has three parameters and choosing a
reference point e = aper + 5o, we notice that the G-action on e is such that

T(@)R(¢)e = T(a)R(¢)e = T(a@) (oprer + S0) (4.9)

and so the orbits are really two-dimensional surfaces. This is the reason why we chose a
two-parametric family to exhaust all points of the orbits. With our choice of the reference
point e, we have (calculations are pretty straightforward, since pyer-pref = 00 =0) Y =
and X = 2ap.

We already know that the Lorentz transformation corresponding to A(¢) acts like R(2¢)
in the 1-2 plane and p,ef and & are invariant under R(2¢). It follows from equation
that u(pref, apres + BEo) is invariant under d;(Aef), hence u(pref, apres + 5Ep) as a function
of k € kS! is a multiple g(a, 3) - 1 of the constant function 1 with an arbitrary function
g(a, B8). Moreover the Lorentz transformation corresponding to A(d), that is 7'(a@), is such
that

e = T(a@) (oprer + BE0) = pres + BE(Q) (4.10)
where
6@ = (@ = (02 + 1.a 5 0ak - ) (411)
Therefore it follows that
u(p, €) = u(prer, T(a@ (apret + BE0)) (k) = (4.12)
= g(a, B)(du(A@)1)(F)) = glav, ) - ™7 4.13)

In order to express u(p, ¢) as a function of e, we introduce the four-vector E(k) = (0, k,0)
such that k- @ = —E(k) - £(@) = —E(k) - ¢/3. Thus

R e2 _jeBE®
u(pref7 6)(]{,‘) =g <2€ p f’ € 'pref> ce Pt (4.14)
re
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4 The structure of intertwiners in the infinite spin representation

Using also the condition (4.7]), we can determine the intertwiner function everywhere

. 2 e-Ep(K) e-Ep(K)
€ i &=pR) _ P
) =g ( p)-e ’

2% -p ev = f(e*e-p)e e (4.15)

where EP(E) = BpE(E). These solutions are parametrized by an arbitrary function f(e?, e -
p) =g (%, e- p) and they are smooth Schuster and Toro’s wavefunctions, up to an irrel-

evant sign change of k.
The parametrization we used so far misses out the singular orbits with e - p,of = 0 but
e? # 0, that would require a = co. In that case we can parametrize the orbit via

€ = cpret + E(€) (4.16)
such that e? = F(¢€)? = —é2. Acting by the translation operators T'(@) we get

1 aj] — iag 0 €1 — ieg

A@E@)A(@) = [0 1

! 0] = (4.17)

e1 + ieg 0 a1 +iag 1

B [1 a] — z’@] [(el —ieg)al + az(eg +ie1) e — z’eg]
0 1

e1 +ieg 0

2((1161 + ageg) e] — 1€y
e1 + ieo 0

and coming back to the vector notation 7'(@) E(€) = E(@)-+a-€prs. Therefore in this case e is
invariant under the translations orthogonal to €' and u(p,f, €) has support only at k parallel
to & i.e. it is an L2-valued distribution containing a é-function 8(E,(k)2e? — (E,(k) - )?),
like the singular Schuster and Toro’s wavefunctions.

4.2 Comparison of Schuster-Toro wavefunctions with Mund-Schroer-Yngvason
intertwiners

The Mund-Schroer-Yngvason intertwiner has the general form
wp(p, e)(F) = / PR (e . B¢(2)) (4.18)

with certain bounds and analyticity properties of F' in the upper half plane, explicitly stated
in the theorem 2.1. Following the proof of the theorem in the MSY paper ( [6]), it can be
easily shown that as long as up(p, e) is analytic and bounded in the tube e = ¢/ +ie” € HY,
¢ € V, the function F(e - Bp{(Z)) may be generalized to depend also on (e - p). We can
notice that multiplying a Mund-Schroer-Yngvason intertwiner with any positive power of
(p - e) does not change the localization properties, because it is just a derivative in the real
x—space. Moreover multiplying it by an inverse power with the proper ie also respects the
localization along the string because this is just an integration along the string ( [54]); but
it may introduce an IR problem at p — 0.

In order to find the relation between f(e?, e-p) and F(e-p, e- By&(Z)) such that uy = up,
we can write F'(e - p,e - Bp¢(Z)) as

Foo . .
F(e-p,e- By(2)) = / ds e Bt P e p, s) (4.19)
0
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4 The structure of intertwiners in the infinite spin representation

Indeed looking at the dependence of F and F' on the second argument, F' should be sup-
ported on R, since F' has to be analytic in C; = {z € C: &z > 0}.

It is very useful to evaluate the gaussian integral in the z variable, in order to com-
pare explicitly the structure of the MSY intertwiner with the Schuster-Toro approach. Let’s
consider the following standard integrals

/dzi exp [is (Aiz} + Bizi + C;)| = (4.20)

- Bi\? . B? o _is Bl [m
1sA; <zi + 24) exp [15421} — oi5Ci oW1, SAin —1.2

where we require R(—iA4;) > 0 & 3A > 0 due to the convergence condition. Therefore

= / dz; exp

/sz exp [is (Z Aizf + B;z; + C’i) = 4.21)
. . [ B2 B2
_ is(CrtCa) T *“{W+W} 4.22
e . AlAge (4.22)
In our case, identifying the letters A;,B; and C; with the following expressions

Ay = Ay = pT'e (4.23)

-1 kl
B1 = —/i(Bp 6)1 + ? (424)

-1 k2
By = —r(B, s+~ (4.25)

1,

Cy = §(Bp O (4.26)
Cy=0 4.27)

where (B; Le) is the 4-vector in the light-cone coordinate frame. Using equation (4.21)), we
obtain directly

= (4.28)

/d2z exp [is (Z Aiziz + B;z; + Ci>

. o KI+kD - w((By e+ (By L)) [ —k1(Bpte); —ka(By te)s
isn%(Bp_le)Jr 2im 6_25(2525(;,.@) 6_7’5 2(p-e) 6_1 ) _

=e
s(p-e)
, ((R(=(Bp 4By td—(By T3 (ER)1(By te)1+E(R)(By te)
isnl(Byle)y 20T —i( i3 ) *”( 2(p-€) ! )
= "2\ Gt ———¢e \Zle)/e e =
s(p-e)
_ _ - S n N s EBR Y (EE-By e
_ eisn%(Bgle)Jreisﬁ(—(Bp 1e)g+(Bp 13)%) 2im €7Z(W>e zs( 2(p-e) )6 Z( (p-e)
s(p-e)
In the light-cone coordinate frame, z - p = % (x4p— +x_py) — x1p1 — wop2 and SO x - x =
zyx_ — a7 — x3. Therefore, since (B, 'e)_ = pref- (B, '€) = p - e, we can write
_ . (Byley(Byle)_
. 1 1 v P
eisra(Bp e+ — t5h 3(p-e) = (4.29)

ion (B Le)2+(B, te)T+(By Le)3
e 2(p-e)
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4 The structure of intertwiners in the infinite spin representation

and therefore

= (4.30)

/d2z exp [is (Z Aizf + Bz + C’i)

—1_\2 e —1

Byl By 03 L, _ _ ; (n ) —is( B 7 (ER By o)
— pisn—E e s ae (—(By )5 +(By o)) 2im e—’(m)e B\ ) ®e) _
s(p-e)

] ) 75(351@2) .(E(E)'(B;16)>
g —r —1s -
_ 2im . Z<25(p‘e>)e i ( o) o)

s(p-e)

=

Rewriting up(p, ¢)(k) in the following Lorentz invariant expression

- —i 7(’;)'(35160 2ir [T ds . k(g2
ur(p,e)(k) =e ( o) / —F((e-p),s e2e (€719 (4.31)
F(p, ) (F) oo ) S
we can recognize the similarity with the Schuster-Toro form. Indeed, for e? = —1, we have
feten = | O (e p), )T 1) 432)
7 (p-e) Jo $ ’

and trading s for ¢ := Jlog(s) we obtain (remember the hyperbolic identity cosh(2z) =
1 4 2sinh?(x))

Ay
(p-e)
dam _i'@/ ~ 2ty —i—~ sinh?(t)
= ——¢ o dtF((e-p),e”)e @e
) A ((e-p),e™)

f(_17e'p) =

/ dtF((e - p), th)e_iﬁ(e%Jreim) = (4.33)
R

4.3 Properties of the Fourier transform of a Wigner intertwiner for the infi-
nite spin representation

Let’s consider again the intertwiner condition in equation (4.I). Although the inter-
twiner gives a string-localized field only for spacelike e, it is defined for all e € R* and
we may take the Fourier transform with respect to e. Under a Fourier transformation
up(p, e)(k) becomes

ipn)(B) = [ dtee " up(p,e)(B 4.34)

and it is easy to see that the intertwiner condition is invariant under such a transformation,
due to the fact that sending e — A~ e

/d4ee_i(’7'e)uF(p, Ae)(k) — /d4ee_i(A’7'e)uF(p, e)(k) (4.35)

Our purpose is to show that 4(p, n)(E) is supported at ?> = 0. Instead of following a direct
(but complicated) route to prove this statement (e.g. looking to the Fourier trasformation),
we prefer to take an easier route but that requires new ideas.
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4 The structure of intertwiners in the infinite spin representation

We want to focus on the differential equations that @(p,n)(k) solves. We can apply
the d’Alembert operator (Laplace operator of the Minkowski space) [J. in the variable e to

i(p, e) (k):
Oeur(p, e)(k) = O [/ dzz/dseiE'gei”s(e'BPE@)F(e ‘P, s)] = (4.36)
_ /dQZ/dseiE'g[De <eifis(€~Bp§(g))) Fe-p,e- Bye(3)) + ersle B, (p(e D, S)) +
a [, N\ O /-
Y (eins(eBpg(2)) 2 .
286# (e » ) den (F(e D, s))] 4.37)

Since (remember that {(Z) and p have to be null vectors)

0 (£ BED) = 22 (BE(2) - Bg(2) B —0 (438)
and
X 0 0 /-
De (F(e D, S)) 3€u 86” (F(e p,Ss )) (439)
0 0
_ 2 . =
=P e ot (e P) =0
then
dF(e-p,s)
Oeur(p, e = [ d?z /dselk *2iks(p- B eiis(eBpe(2) 22 A2 7)) (4.40)
= /d22/d8 2iKs eiE'Zei“S(e'Bpi(f))ag((e'p’)s)
e-p

So the last expression vanishes iff F'(e - p, s) does not depend on (p - €), as in the
original formulation of Mund-Schroer-Yngvason. In this case, and only in this case, Fourier
transforming the expression (4.40) gives an algebraic equation in the space of distributions
—n2ap(p,n) (k) = (72 — n2)r(p, n)(k) = 0. It is then obvious that the space of solutions is
supported on n? = 0. To be more precise, there are two classes of solutions to this equation
according to the fact that |7j| = 0 or |ij| # 0, but both solutions are supported on 7? = 0
( [55D).

Schuster and Toro’s work regards a one-particle quantum mechanical setting, in which
localization doesn’t play an important role and we have to talk more properly about sup-
ports of the wavefunctions. Since they found (smooth or singular) solutions to the inter-
twiner equation and such equation is invariant under Fourier transformation, it is clear
that such wavefunctions ¢ (p,n) are null-supported for an appropriate choice of the auxil-
iary variable 7. There is no dynamics in 7-space - it is just a useful book-keeping device
for compactly manipulating many tensors simultaneously - and moreover n has not direct
geometrical meaning related to localization properties.

We want to underline that there cannot be any meaningful notion of "string-localization
of wavefunctions", since such notion makes sense only in terms of commutators on the
QFT setting. Indeed regarding » as a label that carries the Lorentz representation D the
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4 The structure of intertwiners in the infinite spin representation

wavefunctions ¢ (x,n) should be considered as localized at x only; conversely regarding
n as a variable then the wavefunctions ¢ (z,7) should be considered as localized at (z, 7).
This is due to the fact that we are working in a one-particle quantum mechanical setting.

That extra-variable can be "meaningful" only after promoting wavefunctions to gauge
fields ¥(p,n), for which the role of n* is to extend Minkowski spacetime to a cotangent
bundle over Minkowski spacetime where the gauge field ¥ (p, n) lives ([[13]).

4.4 Bounds on the Schuster-Toro smooth solutions

Let us control the bounds on u; in equation (4.15) in the tube e = ¢’ +ie” € HY, where
¢’ € V. In particular we have to consider the modulus of the exponential factor

i(55) 4.41)

and to provide appropriate bounds on it. If we define f := Bp_le = f'+of”, with f/, f” € R
and f'- f” = (F% then f” € V; and f?> — f”? = —1 since ¢’ € V, and e? = —1. It is then
possible to parametrize f’ and f” as

—,

fr=apo+ 8%+ E(f) (4.42)
f// _ 04”]90 + ﬁ”{O + E( ‘7/) (4.43)

From the previous conditions
f,‘f// :0:>O/B”+O//B/—E(]E7)'E(f_‘?/) — 0= f?f?/ :alﬁ"—i—a"ﬁl (4.44)

f/2 _f//2 -1 :>2a/6/_f72 _20/1B//+JE7/2 -1

= 1
f"eVie >0 and fo>0=2a"8"> f”2 and o + 56” >0
and then also the following holds

- 5 =2 22
22/ = f?—2d"8"+ f*=-1 and 22"8" > " =28 +1> " (4.45)

=2 1
23" > 7 and o + 5&” >0=a">0 and B’ >0
We can now proceed with the calculation. Using the following identities

e p=e- Bpprf = I Dref (4.46)
c-Ey(k)=f-Bk)=—f-k (4.47)

we can rewrite the exponential factor as

i(<fl€>(f»pr%f>* >
e\ e (4.48)

39f- " = 3(f%) = 3(e?), but the complex tube is contained in the set of complex vectors with e? = —1 € R
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4 The structure of intertwiners in the infinite spin representation

so that the following inequalities hold

l( [ +i ") FIIG +ir")- pred)
|€ | f Prefl? |

(4.49)

%l [(F+if") R +i ) preg]
e | f-Pref]

<

[<F B prep) — (7B (F p,ef>]
<e |f Prefl?

But " - pres = 5" and [’ - pres = /', so using Schwartz inequality
[(f’ﬁ”—f”g’yﬁ} [|f"ﬁ”—f"’§’\n}
e |f-Prel S e |f-Prefl (4.50)

Now, using also the inequalities we found in equation (4.44) and (4.45)

178" = 78 = BT + (B IF)P - 288" f - ' < (4.51)
S (6//)2(2a/6/+ 1) + (6,)2(20//6”) . Qﬁlﬂll(a/6//+a//6) S (6 )2

and therefore finally

_,L‘(Ep(k)‘e) xB8" ER(—=if pref) §R[ —ik ]
le \ @9 | <elfrel® =7 Tep® =g LEnT] = (4.52)

= ’e((;;)*>’ = |e<ﬁ)|

As a result, one may multiply with e "D to get something bounded in the entire tube.

This property is certainly stronger than the bounds provided in the Mund-Schroer-Yngvason
paper ( [6]]) in every compact 2 that we already mentioned in the chapter 3.
Therefore if we write

f(=1,e-p) = e ' Erig((e-p)) (4.53)

where

al(e-p)) = (;"Z:”e) /R AtF (e - p), e2)e "o S0 @54

then uy(p, ¢)(k) is bounded in the tube iff g((e - p)) is bounded in C,.

4.5 Two-point function for the infinite spin representation

Let’s consider the structure of a Mund-Schroer-Yngvason string-localized field ¢z (z, e)
associated with the infinite spin representation U,, for a generic function F' and for a
generic k > 0. According to the theorem 3.3 of MSY, it can be written as

pr(z,e) = /H+ du(p) /51 du(k) {e?up(e,p,k)al (p, k) + e~ P up(e,p,k)a(p,k)} (4.55)
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4 The structure of intertwiners in the infinite spin representation

The computation of the two-point function M(x, e; ', ¢’) for our problem is then pretty
straightforward:

. / dp—————=— o
M(Qj‘, €5 xla 6/) = (ng(l‘, e)Qa QSF(m/? e/)Q) = / n d'u(p)e—zp(x—:c ) / %UF(e,p, k(b)uF(e,apa k(i))
Hy,
(4.56)

where we used the angle basis ¢ for the variable k (we will choose later ¢ as the angle
between k and a specific vector f). The kernel of the two-point function is defined as

M(z,e;a' ') = / _du(p)e” "I M (p e ) (4.57)
Hy,

and using the previous equation (4.15)) concerning the structure of smooth intertwiners we
can single out the k—dependence

d e Ep(k) e ()
M(p,e,e') = / 25? e ep f(e2e -p)f((e’)Q,e’ -p) (4.58)

The exponent of the exponential factor is linear in k and can be written as

Z, <e -egp(k) - e-Ep(kﬁ) _ (4.59)

where f is the transverse 1 — 2 part of the four-vector

/
f=B; (f - ) (4.60)
e-p e-p
Since
1 1
(f  pref) (f - &0) = §(f0 —f3)(fo+ f3) = §(f§ ~f3) (4.61)
then due to the fact that f - p.r vanishes identically we have
72 2 ¢ e \’ 72
A -0\ = 2= (5 = ) =1 (4,62
e-p e-p
Coming back to the integral, we can denote the angle between & and f as ¢ so that
M(p7e7el) f(62 €- p 6 P / ¢ 7“3]? 62 [ p 6 P / ¢ 7ZI€|f|COS
(4.63)

= J(e% e p)f((e)2 € - p)o(sl 1)

where we used the integral representation of the first type (zeroth order) Bessel function

( [56D)

d
Jn(2) = / 2;’: i(n¢—zsin(9)) (4.64)
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4 The structure of intertwiners in the infinite spin representation

In the QFT framework, since e? = (¢’)? = —1, the final result is

M(p,e,e) :f(—l,e-p)f(—l,e/~p)J0(/@]ﬂ) (4.65)

From the final result in equation we can investigate the behaviour of the two-
point function in various directions of string configuration space. We want to check first the
singular values of the argument of the Bessel function, that is the directions where e-p =0
(or ¢’ - p = 0). It is easy to see from the expression for | f] that the argument of the
Bessel function behaves like x/|e - p| (or /|’ - p| respectively) in such directions. Since at
large arguments the Bessel function behaves like

Jo(2) ~ 1/7T|2Zcos, (jul - 5) (4.66)

M(p,e,e’) "2 ye.p\iei”(ﬁ*$>g(e.p)g(e/.p)(ei<\p<e| 7) +e’i<\p‘e|*§>)p'eio+

then forp-e — 04

pe—04 1
~Y ’e .

whereas for p- e — 0_

Mp,e,e) "R le - plig0)g(e - p)(e (D) e (B7e7E)) (4.68)

For p - ¢/ — 04 the asymptotic limits of M(p, e, ') are the same, with ¢’ in place of e. Both
asymptotic behaviours indicate that M (p, e, ¢’) admits a distributional boundary value from
S(e) e VT

Away from the singular directions, the two-point kernel M (p, e, ¢’) is regular in the UV
for p — 400 (= | f| — 0), since at small arguments of the Bessel function

Jo(z) ~ 14+ 0O(2?) (4.69)
and then
M(p, e, ¢') "% g(Fo00)g(+00) (1 + O(K?| f]2)) (4.70)

At coinciding directions ¢ = ¢/ = |f| = 0 and so M (p, e, ¢') is exactly zero.
Regarding the IR behaviour away from singular directions, the Bessel function is again
dominated by rapid oscillations of a cosine function that decays proportional to |p - e|2.
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5 Conclusion

In the first chapter we built explicitly in a rigorous way the unitary irreducible (positive
energy) representations (UIR) of the Poincaré group, using the method of induced repre-
sentations and classifying all representations by the value of the two Casimir invariants,
P# P, and WHW,. In four spacetime dimensions the infinite spin representation, character-
ized by P*P, = 0 and WHWV,, = —k? with a continuous (Pauli-Lubanski) parameter x > 0,
according to Wigner interpretation of elementary particles corresponds to a new type of
exotic particles called continuous spin particles (CSPs). The exotic properties of CSPs are
the presence of infinite degrees of freedom per spacetime point and the presence of the
dimensionful scale « althought the fact that these particles are massless. In particular it is
possible to interpret physically the infinite spin representations as a limit (Pauli-Lubanski
limit) of the well-known massive spin s representations for m — 0, s — +oc while keeping
the product x := ms fixed, that is CSPs are considered as high energy (£ > m), large s
(s > 1) limit of massive particles in the regime F ~ ms.

In the second chapter we started to discuss how to construct quantum free fields and
one particle states for CSPs, starting from the finite spin case and showing which problems
arise for the extension to the infinite spin case. In particular, according to Yngvason’s theo-
rem, the pointlike localization for quantum free fields is incompatible with the Wightman’s
framework of axiomatic QFT in the infinite spin case. In fact the algebraic concept of mod-
ular localization applied to UIR of the Poincaré group, that deals with the (sub)algebra of
operators A(Q) in a given spacetime region O, and the missing spinorial fiels in the Wigner
construction of covariant (m,s) quantum free fields motivate the introduction of string-
localized fields to describe CSPs. Mathematically, it is thus necessary to introduce a new
variable e that belongs to the hyperboloid of space-like directions H?, and the quantum
free fields (or the associated intertwiners) will depend distributionally on this additional
variable and will satisfy a natural extension of the Wightman’s axioms (covariance, locality,
etc.). For bosonic CSPs, we wrote explicitly the structure of a general type of infinite spin
intertwiner (B, is the standard boost here)

up(e,p) = /d2zeik'zF(Bp§(z) -e)

with a dependence on a generic function F' that has an analytic extension to the upper
complex half plane following the paper of Mund, Schroer and Yngvason([6]]). Moreover we
reviewed the structure of CSPs states, both in the angle and in the spin basis, starting from
the construction of one particle Hilbert space in the infinite spin case H; = L?(0V T, du) ®
L?(k,dv,) with dv, = 6(|k|> — k?). Following Schuster and Toro ([9]), we considered
general solution in form of covariant wavefunctions (x, n) of the intertwiner (little group)
condition d(W (A, p))u(A~'e, A~'p) = u(e, p). There are both smooth and singular solutions
and that solutions satisfy different sets of partial differential equations.

In the third chapter, which consists entirely of original work, we developed the general
solution of the intertwiner condition using a suitable parametrization of the orbits of the
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5 Conclusion

little group for massless particles, and we established that the possible solutions are in a
bijective correspondence with Schuster and Toro smooth and singular wavefunctions. In
particular the smooth solutions have the structure (here (Ep(E) = BpE(E) and E(k) =
(0,k,0))

_eBp(k)

up(p,e)(B) = f(e%,e-p)-e ' oo

and are parametrized by an arbitrary function f(e?, e - p), whereas the singular solution are
proportional to §( E,(k)2e2—(E,(k)-¢)?). Moreover, using the explicit form of u (e, p) found
in Mund, Schroer and Yngvason’s paper, we found a direct correspondence with u¢(p, e) by
performing a Gaussian integration in the variable z. This is the main result, which allows to
establish a new relationship between F' and f. In addition to this, we found that the Fourier
transform of ux(p, e) is supported on n? = 0 by showing that O.ix(p, e) = 0, where 7 is the
Fourier conjugate variable of e. This helped us to make some deep considerations on the
role of locality regarding the infinite spin representation, comparing the works of Schuster,
Toro and Mund, Schroer and Yngvason. Then we found an estimate about a particular
type of intertwiner u(p, e)(k) with a function f of the form f(—1,e-p) = e_iﬁg((e .
p)): us(p, ¢)(k) is bounded in the tube iff g((e - p)) is bounded in C.. At the end we
considered the structure of the two-point function M (x, e; 2, e') = (¢pp(z,e), pp (2, ")),
where ¢r(z,e) is the infinite spin bosonic field with intertwiner ur(x,e). By computing
the two point kernel M(p,e,e’) explicitly, we found the behaviour in various directions
of string configuration space: it behaves like a rapid oscillating function modulated by the
factor | p'e]% in singular directions p-e — 0% or p-¢’ — 07, it is zero at coinciding directions
e = €, it is -away from singular directions- finite in the UV and again oscillating in the IR.

A future research objective is to study the Pauli-Lubanski limit in more detail (starting
from well-known objects in massive representations of the Poincaré group) and and also
to consider de Sitter infinite-spin fields of the form ¢r(z,e) = ¢r(Re,e)V R > 0 from the
point of view of local commutativity (which give rise to some paradoxes). It would be also
interesting to study the dynamics of infinite-spin fields, classifying the possible consistent
vertices for CSPs, either self-interacting or interacting with lower spin matter.
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Appendix A

Relation between projective unitary
representation of a group G and a
unitary representation of a suitable
central extension

The functions w(g, ¢’) are not totally arbitrary, because the law of associativity holds
(UgUy) Ugr = Uy (Ug Ugr) = w(g,9 ) w(g- g, 9") =w(g,g" - g")w(g’.g") (A1)

and of course w(e, e) = 1. These properties define the so called 2-cocycle on G with values
in U(1). Given two unitary projective representations G > g — U, and G > g — U,
they are said to be unitarily equivalent if there exist a unitary operator V : H — H and
amap x : G — U(1) satisfying x(g)VU,V~! = U, Vg € G. In order to ask whether a
projective unitary representation G' > g — X, of a group G can be described by a unitary
representation of GG, we fix an arbitrary representative inside the equivalence class and we
consider its multipliers.
If there isamap x : G 3 g — x(g) € C such that

Ix(9)| =1 and x(g-9) =wlg,qd)x(9)x(g") V9.9 € G (A.2)

then the projective unitary representation is equivalent to a unitary representation accord-
ing to our previous definition, and conversely if the multipliers of G > g — U, are trivial,
the y satisfies the equation (A.2).

The product G,, = U(1)x,,G endowed with the multiplication defined by (x, g)-(n,¢') =
(w(g,9)xn,9-9)V(x,9),(n,g) € Ul) x, G is a group owe to equation (A.I), and so we
can associate to each 2-cocycle w a central extension of G by U(1) (exact sequence):

15U1) S G, 2261 (A.3)

with ¢ : x — (x, e) as the canonical injection (injective homomorphism) and pr, : (x,9) — ¢
as the canonical projection (surjetive homomorphism). Since G is a topological group (as
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U(1)) then for a cocycle w : G x G — U(1) which is continuous the extension G, isa
topological group and the inclusion and projection in the exact sequence are continuous
homomorphisms. The kernel of the canonical projection pr, is a normal subgroup N (that
is the range of the canonical injection, and so isomorphic to U(1)) of pairs (x,e) with
x € U(1). Since by definition N is contained in the centre of G, in practice the group G is
naturally identified with the quotient G, /N.

Therefore we can outline the procedure for obtaining all projective unitary representa-
tions G > g — U, of G:

e If G 5 g — U, has a multiplier function w, the map G, > g = Viyg = xUy is a
unitary G,, representation on . Infact Viy.g) 1 H — H is unitary, so V(w(e,e) ", ) =

Land Vi, ) Vi gy = X Ug X' Uy = x X' w(9,9") Ugy = Vix.g)0(x'.")

e The representation of G g — U, := V| 4 obtained from any unitary representation of
e (x,9) — V(x,g) by restricting the domain of V' to elements (1,9), g € G, is a
projective unitary representation iff the following condition holds

Vie) = xw(e,e) 1 ¥Vx € U(1) (A.4)

Infact V{, 4y = xU, implies V(x,e) = xU. = xw(e,e) 1. Conversely, from (x,g) =
(xw(e,e)71,e) o (1,g), if the previous condition (A.4) holds then we could write
V(x,9) =Vixwle,e) ', e)V(l,g) = xV(1,9) = xUj.

In conclusion every projective unitary representation of a group G is the restriction of a
unitary representation of a suitable central extension G., whose multiplier function satisfies
(A.4).

However, we don’t need to know all central extension in order to classify projective
unitary representations, but only the ones which have non equivalent multipliers. Two
multiplier functions of the same group w,(g,¢’) € U(1) and wy(g,¢’) € U(1) are called
equivalent if there is a map y : G — U(1) such that w,(g,¢’) = X(g-9) wy(g9,9") V9,9 €G.

x(9) x(g")
If two projective unitary representations U,, U, of G are equivalent, they are restrictions of

unitary representations of central extensions G.,,, G, with equivalent multiplier functions

Wq, Wp.
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Appendix B

Properties of the Poincaré group

The Poincaré group is defined as P = R!Y3 x O(1,3). The semi-orthogonal group
L = 0(1,3), called also Lorentz group, is the group of linear transformations which pre-
serve a signature (1,3) symmetric bilinear forn‘E] on a real vector space. Clearly O(1,3) =
{A | ATpA = n}, that is the group of linear isometries of (M,n). R'3 is a (3 + 1)-
dimensional Euclidean space equipped with a symmetric bilinear form of signature (1, 3)
and treated as a group of translations in this context. In our universe particle interactions
involving the weak force violate space-reflection symmetry ("parity") and time reversal sym-
metry, hence the Lorentzian manifold appears to be equipped with a local time orientation
and a local space orientation. Infact time reversal operations, parity transformations and
combinations thereof, are not to be local spacetime symmetries. Hence the local spacetime
symmetry group of our universe appears to be a subgroup of the Poincaré group, called
the restricted (proper orthochronous) Poincaré group 771 = R x El with the restricted
(proper orthochronous) Lorentz group £1 = SOT(l, 3) ([38[).

There are four generators P* of R(1:3)

, corresponding to the space-time translations.
The group O(1,3) is semisimple, non compact and has four connected components. A
Lorentz transformation may or may not preserve the direction of time, and it may or may
not preserve the orientation of space; these choices correspond to the four connected com-
ponents. The two components that preserve time form the subgroup O'(1, 3), whereas the
two components that preserve the orientation of space form the subgroup SO(1, 3), which
are the elements with determinant 1.

The identity component, which preserves both time and space orientations, is the sub-
group SOT(1,3), that is the group of proper Lorentz transformations. There are six types
of transformations that generate SO'(1,3): three of the generators .J* are simple angular
momenta, and the other three K’ are time-space operators known as boosts. Accordingly,
the Poincaré group can be divided into four connected components (classes) differing ac-
cording to signs of the quantity det A and A :

o Pl (det A =1, A% > 0)

o Pt =TPl (det A =1, A% < 0)

!this symmetric bilinear form is defined, if =,y € M, as (z,y) == 270y = "1 y"
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o Pl = PPl (detA =1, A% > 0)
o P' = PTP] (det A = —1, A% < 0)

where we introduce the parity inversion matrix P = diag(1,—1,—1,—1) and the temporal
inversion matrix 7' = diag(—1, 1,1, 1). We can write the full Poincaré group as the union of
his connected components P = 731 U TPI U PPI U PTPI.

The abelian group of translations is a normal subgroup, while the Lorentz group is also a
subgroup, the stabilizer of the origin. The Poincaré group itself is also the minimal subgroup
of the affine group which includes all translations and Lorentz transformations. The proper
Lorentz group SO'(1,3) has a (two-fold) universal cover Spin(3,1) = SL(2, (C)El, which is
the group of 2 by 2 complex matrices with unit determinant. We identify R* with the space
of 2 by 2 complex self-adjoint matrices by

To+ x3 T1 — X9
(x07x17x2a$3) <~ . ] (Bl)
xr1+1Tr2 X9 — T3
with
o+ T T — 1T
det 0 ‘ 5o 2 =2 — 2 — 2l — 22 (B.2)
xr1 +1T9 X9 — T3
The linear transformation
To+x3 T —ix To+xr3 X1 — X
0 » 3 1 N N 0 . 3 1 2 At (B.3)
Tr1+1T2 T — X3 r1+1xy T — T3

for A € SL(2,C) preserves the determinant and thus the inner product and it also takes
self-adjoint matrices to self-adjoints, and thus R* to R*. Both A and —A give the same
linear transformation when they act by conjugation, and all elements of SOT(1, 3) arise as
such conjugation maps( [30]). The covering homomorphism A : SL(2,C) — SO'(1,3)
can be extended to a covering homomorphism A : R* x SL(2,C) — R* x SO'(1,3) of the

restricted Poincaré group.

%just as the groups SO(3) have double covers Spin(n)

65



Bibliography

(1]

[2]

[3]

[4]

[5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

E. WIGNER. On unitary representations of the inhomogeneous Lorentz group. Ann. Math., 40: 149-
204, 1939. por1:[10.2307/1968551] (see p. [2)

J. YNGVASON. Zero-mass infinite spin representations of the Poincaré group and quantum field theory.
Commun. Math. Phys., 18: 195-203, 1970. DOI:[10.1007/BF01649432] (see pp. [2} [33)

KoHJ1 HIRATA. Quantization of Massless Fields with Continuous Spin. Progress of Theoretical Physics,
58: 652-666, 1977. DOI:[10.1143/PTP.58.652] (see p.[2))

L. F. ABBOTT. Massless particles with continuous spin indeces. Phys.Rev. D, 13: 1976. DO1: 10.1103/
PhysRevD.13.2291| (see p.

G. J. IVERSON and G. MAcK. Quantum fields and interactions of massless particles: the continuous
spin case. Annals of Physics, 64: 211-253, 1971. DOI1:|10.1016/0003-4916 (71) 90284- 3| (see p.

J. MUND, B. SCHROER, and J. YNGVASON. String-localized quantum fields from Wigner representations.
Physics Letters B, 596: 156-162, 2000. DOI: [10.1016/j . physletb.2004.06.091 (see pp. 39]

M. PLASCHKE and J. YNGVASON. Massless, string localized quantum fields for any helicity. Journal of
Mathematical Physics, 53: 149-204, 2012. DOI:|10.1063/1.3700765| (see pp.
BERNHARD REITER “String-localized Quantum Fields for fermions” Unpublished thesis 2012 (see p.

P.ScHUSTER and N. TORO. On the theory of continuous-spin particles: wavefunctions and soft-factor
scattering amplitudes. J. High Energ. Phys., 104: 2013. Do1:[10.1007/JHEP09 (2013) 104/ (see pp.
P.ScHUSTER and N. TORO. Gauge Field Theory of Continuous-Spin Particles. J. High Energ. Phys., 61:
2013. por:[10.1007/JHEP10(2013) 061 (see pp. [2} [B)

P. SCHUSTER and N. Toro. Continuous-spin particle field theory with helicity correspondence. Phys.
Rev. D, 91: 2015. DOI: [10.1103/PhysRevD. 91.025023| (see p. [3)

X.BEKAERT, M.NAJAFIZADEH, and M.R.SETARE. A gauge field theory of fermionic continuous-spin par-
ticles. Physics Letters B, 760: 320-333, 2016. DOI:|10.1016/j .physletb.2016.07.005 (see p.

VICTOR O. RIVELLES. Remarks on a gauge theory for continuous spin particles. The European Physical
Journal C, 77: 433, 2017. DOI:[10.1140/epjc/s10052-017-4927- 1| (see pp.

E. D1 CasoLa and S. LIBERATI. Nonequivalence of equivalence principles. American Journal of Physics,
83: 39, 2015. DOI:[10.1119/1.4895342 (see p. [5)

R.LEHNERT. CPT symmetry and its violation. Symmetry, 8: 114, 2016. DOI: 10.3390/sym8110114 (see
p.
RES JOST. Helvetica Physica Acta, 30: 1957. DOI:|10.1103/PhysRevD. 18.3624 (see p.

FRANCO STROCCHI. An Introduction to Non-Perturbative Foundations of Quantum Field Theory. Oxford
University Press, 2013. (see p.

66


http://dx.doi.org/10.2307/1968551
http://dx.doi.org/10.1007/BF01649432
http://dx.doi.org/10.1143/PTP.58.652
http://dx.doi.org/10.1103/PhysRevD.13.2291
http://dx.doi.org/10.1103/PhysRevD.13.2291
http://dx.doi.org/10.1016/0003-4916(71)90284-3
http://dx.doi.org/10.1016/j.physletb.2004.06.091
http://dx.doi.org/10.1063/1.3700765
http://dx.doi.org/10.1007/JHEP09(2013)104
http://dx.doi.org/10.1007/JHEP10(2013)061
http://dx.doi.org/10.1103/PhysRevD.91.025023
http://dx.doi.org/10.1016/j.physletb.2016.07.005
http://dx.doi.org/10.1140/epjc/s10052-017-4927-1
http://dx.doi.org/10.1119/1.4895342
http://dx.doi.org/10.3390/sym8110114
http://dx.doi.org/10.1103/PhysRevD.18.3624

BIBLIOGRAPHY

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

D. GuiDO and R. LONGO. An algebraic spin and statistics theorem. Comm. Math. Phys., 172: 517-533,
1995. DOI:|10.1007/s10701-006-9070-z (see p.

O.W. GREENBERG. Why is CPT fundamental? Found.Phys., 36: 1535-1553, 2006. pDoI: 10 . 1007 /
510701-006-9070-z (see p.[5)

R. LEHNERT. CPT- and Lorentz-symmetry breaking: a review. 2006. arXiv: hep-ph/0611177v2 [hep-ph]
(see p.
R. LEHNERT. Spacetime-symmetry violations: motivations, phenomenology, and tests. Physics Procedia,

17: 135-144, 2011. DOI:[10. 1016/ . phpro.2011.06.029) (see p.[5)

J. D. TAsSsoN. What do we know about Lorentz invariance? Rep. Prog. Phys., 77: 2014. DOI:|10.1088/
0034-4885/77/6/062901| (see p.

A. HEES, Q. G. BAILEY, A. BOURGOIN, H. PIHAN-LE BARS, C. GUERLIN, and C. LE PONCIN-LAFITTE.
Tests of Lorentz symmetry in the gravitational sector. Universe, 30: 2016. DOI:/10.3390/universe2040030

(see p.

A. KOSTELECKY and N. RUSSELL. Data Tables for Lorentz and CPT Violation. 2017. arXiv: 0801.0287v10
[hep-th]| (see p.[6)

K. DRAKE, M. FEINBERG, D. GUILD, and E. TURETSKY Representations of the Symmetry Group of Space-

time Aathematics senior project http://pages.cs.wisc.edu/ guild/symmetrycompsproject .pdf
2009 (see p.[)

VALTER MORETTI. Spectral Theory and Quantum Mechanics: With an Introduction to the Algebraic For-
mulation. Springer, 2013. (see p.

MARTIN SCHOTTENLOHER. A Mathematical Introduction to Conformal Field Theory. Springer, 2008. (see
Pp.

STEVEN WEINBERG. The Quantum Theory of Fields: Volume 1, Foundations. Cambridge University Press,
2005. (see pp.

VALTER MORETTI Teoria della relativita speciale: formulazione matematica Lecture notes http://www.

science.unitn.it/%7Emoretti/RelativitaSpeciale.pdf 2016 (see p.

PETER WOIT Quantum Theory, Groups and Representations: An Introduction Draft version https://
www.math.columbia.edu/ woit/QM/qmbook.pdf 2017 (see pp.

X. BEKAERT and N. BOULANGER. The Unitary representations of the Poincare group in any spacetime
dimension. 2006. arXiv: (0611263 [hep-th]| (see pp.

OLEG BOYARKIN. Advanced Particle Physics: The Standard Model and Beyond. Taylor and Francis Inc,
2011. (see p.[II)

ToMMY OHLSSON. Relativistic Quantum Physics: From Advanced Quantum Mechanics to Introductory
Quantum Field Theory. Cambridge University Press, 2011. (see p.

R. LONGO, V. MORINELLI, and K. H. REHREN. Where Infinite Spin Particles are Localizable. Commun.
Math. Phys., 345: 587-614, 2016. DOI:[10.1007/500220-015-2475-9| (see p.[18)

X. BEKAERT and E. D. SKVORTSOV. Elementary particles with continuous spin. International Journal of
Modern Physics A, 32: 2017. DOI:[10.1142/S0217751X17300198  (see pp.

L.S. SCHULMAN. Unstable particles and the Poincaré semigroup. Annals of Physics, 59: 201-218, 1970.
DOI:[10.1016/0003-4916 (70)90400-8 (see p.[22)

A. BoHM, H. KALDASS, S. WICKRAMASEKARA, and P. KIELANOWSKI. Semigroup representations of the
Poincaré group and relativistic Gamow vectors. Phys.Lett. A, 264: 425-433, 2000. DOI: 10 . 1016/
S0375-9601(99)00829-4 (see p.

GORDON MCCABE. The Structure and Interpretation of the Standard Model. Elsevier, 2011. (see pp.

26, 64

67


http://dx.doi.org/10.1007/s10701-006-9070-z
http://dx.doi.org/10.1007/s10701-006-9070-z
http://dx.doi.org/10.1007/s10701-006-9070-z
http://arxiv.org/abs/hep-ph/0611177v2
http://dx.doi.org/10.1016/j.phpro.2011.06.029
http://dx.doi.org/10.1088/0034-4885/77/6/062901
http://dx.doi.org/10.1088/0034-4885/77/6/062901
http://dx.doi.org/10.3390/universe2040030
http://arxiv.org/abs/0801.0287v10
http://arxiv.org/abs/0801.0287v10
http://pages.cs.wisc.edu/~guild/symmetrycompsproject.pdf
http://www.science.unitn.it/%7Emoretti/RelativitaSpeciale.pdf
http://www.science.unitn.it/%7Emoretti/RelativitaSpeciale.pdf
https://www.math.columbia.edu/~woit/QM/qmbook.pdf
https://www.math.columbia.edu/~woit/QM/qmbook.pdf
http://arxiv.org/abs/0611263
http://dx.doi.org/10.1007/s00220-015-2475-9
http://dx.doi.org/10.1142/S0217751X17300198
http://dx.doi.org/10.1016/0003-4916(70)90400-8
http://dx.doi.org/10.1016/S0375-9601(99)00829-4
http://dx.doi.org/10.1016/S0375-9601(99)00829-4

BIBLIOGRAPHY

[39]
[40]
[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]
[56]

[57]
(58]
[59]
[60]

[61]

HuUZzIHIRO ARAKI. Mathematical Theory of Quantum Fields. Oxford University Press, 2009. (see p.
RUDOLF HAAG. Local Quantum Physics: Fields, Particles, Algebras. Springer, 1996. (see p.[27)

N.N. BoGoLUBOV, A. A. LOoGUNOV, A.I. OKSAK, and I.TODOROV. General Principles of Quantum Field
Theory. Kluwer Academic Print on Demand, 1989. (see p.

B. SCHROER. Localization and the interface between quantum mechanics, quantum field theory and
quantum gravity I: The two antagonistic localizations and their asymptotic compatibility. Studies in
History and Philosophy of Science Part B: Studies in History and Philosophy of Modern Physics, 41: 104—
127, 2010. DOI: [10.1016/j . shpsb.2010.03.003  (see pp.

B. SCHROER. Pascual Jordan’s legacy and the ongoing research in quantum field theory. The European
Physical Journal H, 35: 377, 2011. DOI:[10.1140/epjh/e2011-10015-8| (see p.[27)

BRIAN HALL. Lie Groups, Lie Algebras, and Representations: An Elementary Introduction. Springer, 2003.
(see p.
KARL HENNING REHREN Quantum field theory Unpublished lecture notes 2017 (see p.

B. SCHROER. Modular Localization and the Foundational Origin of Integrability. Foundations of Physics,
43: 329-372, 2013. DOI:[10.1007/510701-013-9699-3| (see p.

A. P. BALACHANDRAN. Localization in quantum field theory. International Journal of Geometric Methods
in Modern Physics, 14: 2017. DOI: [10.1142/s0219887817400084| (see p.

HANS HALVORSON. Reeh-Schlieder Defeats Newton-Wigner: On Alternative Localization Schemes in
Relativistic Quantum Field Theory. Philosophy of Science, 68: 111-133, 2001. DOI: |10. 1086 /392869

(see p.

J. MUND. String-Localized Quantum Fields, Modular Localization, and Gauge Theories. New Trends
in Mathematical Physics: Selected contributions from the XVth International Congress on Mathematical
Physics, 77: 495-508, 2009. DOI: [10.1007/978-90-481-2810-5_33| (see p.[35)

B. ScHROER. The foundational origin of integrability in quantum field theory. arXiv: 1609 . 01470
[math-ph]| (see p.

E. P. WIGNER. Relativistische Wellengleichungen. Zeitschrift fiir Physik, 124: 665-684, 1948. DOI: |10.
1142/80217751X17300198  (see p.[47)

CHRISTIAN FRONSDAL. Massless Fields with Integer Spin. Phys.Rev. D, 18: 1978. por: |10 . 1103/
PhysRevD. 18.3624 (see p.

J. MUND. String-Localized Covariant Quantum Fields. Rigorous Quantum Field Theory: A Festschrift for
Jacques Bros, 251: 199-212, 2009. DOI:[10.1007/978-3-7643-7434-1_14] (see p.

J. MUND, K-H. REHREN, and B. SCHROER. Helicity decoupling in the massless limit of massive tensor
fields. 2017. arXiv: hep-ph/1703.04407v3 [hep-ph]| (see p.[5I)

K. LECHNER. Elettrodinamica Classica. Springer Verlag, 2014. (see p.

M. ABRAMOWITZ and I. A. STEGUN. Handbook of Mathematical Functions, With Formulas, Graphs, and
Mathematical Table. Dover Pubns, 1965. (see p.

OSCAR WALLACE GREENBERG. Generalized free fields and models of local field theory. Wiley VCH, 2014.
WILLIAM FELLER. An Introduction to Probability Theory and Its Applications. Wiley, 1968.
SHLOMO STERNBERG. Group Theory and Physics. Cambridge University Press, 1995.

S. LIBERATI and L. MACCIONE. Lorentz Violation: Motivation and New Constraints. Annual Review of
Nuclear and Particle Science, 59: 245-267, 2009. DOI: 10.1146/annurev.nucl.010909.083640

M. CHAICHIANA, A. D. DOLGOVB, V. A. NovIkovD, and A. TUREANUA. CPT violation does not lead to
violation of Lorentz invariance and vice versa. Physics Letters B, 699: 177-180, 2011. DOI1:|10.1016/j .
physletb.2011.03.026

68


http://dx.doi.org/10.1016/j.shpsb.2010.03.003
http://dx.doi.org/10.1140/epjh/e2011-10015-8
http://dx.doi.org/10.1007/s10701-013-9699-3
http://dx.doi.org/10.1142/s0219887817400084
http://dx.doi.org/10.1086/392869
http://dx.doi.org/10.1007/978-90-481-2810-5_33
http://arxiv.org/abs/1609.01470
http://arxiv.org/abs/1609.01470
http://dx.doi.org/10.1142/S0217751X17300198
http://dx.doi.org/10.1142/S0217751X17300198
http://dx.doi.org/10.1103/PhysRevD.18.3624
http://dx.doi.org/10.1103/PhysRevD.18.3624
http://dx.doi.org/10.1007/978-3-7643-7434-1_14
http://arxiv.org/abs/hep-ph/1703.04407v3
http://dx.doi.org/10.1146/annurev.nucl.010909.083640
http://dx.doi.org/10.1016/j.physletb.2011.03.026
http://dx.doi.org/10.1016/j.physletb.2011.03.026

BIBLIOGRAPHY

[62]

[63]

[64]

[65]

[66]

[67]

[68]

R. LONGO, V. MoORINELLI, and K.H. REHREN. Where Infinite Spin Particles are Localizable. Com-
mun.Math.Phys., 587: 587-614, 2016. DOI:|10.1007/s00220-015-2475-9

L. FASSARELLA and B. SCHROER. Wigner particle theory and local quantum physics. J. Phys. A, 35:
9123-9164, 2002. DOI: 10.1088/0305-4470/35/43/311

B. SCHROER. Wigner Representation Theory of the Poincare Group, Localization , Statistics and the
S-Matrix. Nuclear Physics B, 499: 519-546, 1996. DOI:|10.1016/S0550-3213(97) 00358- 1

V. O. RIVELLES. Gauge theory formulations for continuous and higher spin fields. Phys. Rev. D, 91:
2015. poI1:/110.1142/50217751X17300198

BERT SCHROER. Wigner’s infinite spin representations and inert matter. Eur: Phys. J. C, 362: 2017. DOI:
10.1140/epjc/s10052-017-4903-9

CHRISTIAN KOHLER. On the Localization Properties of Quantum Fields with Zero Mass and Infinite Spin.
PhD thesis. Universitdt Wien, 2015.

FRANCISCO DEL GAUDIO OLIVEIRA FIGUEIREDO “Lightlike String-localized Free Quantum Fields for
Massive Bosons” Unpublished thesis 2017

69


http://dx.doi.org/10.1007/s00220-015-2475-9
http://dx.doi.org/10.1088/0305-4470/35/43/311
http://dx.doi.org/10.1016/S0550-3213(97)00358-1
http://dx.doi.org/10.1142/S0217751X17300198
http://dx.doi.org/10.1140/epjc/s10052-017-4903-9

	Introduction to the problem
	Poincaré representations in Quantum Field Theory
	The importance of the Poincaré symmetry
	Symmetries in quantum field theory
	Poincaré group and relativistic wave equations
	Classification of irreducible representation of Poincaré group
	The method of induced representations
	The concept of elementary particles

	The infinite spin representation and string localized fields
	The Hilbert one particle space in the infinite spin representation
	Free quantum fields for the finite spin representation
	The No-Go theorem by Yngvason and the modular localization
	String-localized fields
	Construction of Mund-Schroer-Yngvason intertwiners for the infinite spin representation
	Construction of CSP one particle states
	Differential wave equations for continuous-spin particles and relation with Wigner's original wave equations

	The structure of intertwiners in the infinite spin representation
	General solution of the intertwiner condition for the infinite spin representation
	Comparison of Schuster-Toro wavefunctions with Mund-Schroer-Yngvason intertwiners
	Properties of the Fourier transform of a Wigner intertwiner for the infinite spin representation
	Bounds on the Schuster-Toro smooth solutions
	Two-point function for the infinite spin representation

	Conclusion
	Appendices
	Relation between projective unitary representation of a group G and a unitary representation of a suitable central extension
	Properties of the Poincaré group

