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Abstract

In this Thesis, we propose to analyze three different aspects of Fundamental
Physics.

The first part is devoted to the detailed study of what is called unconventional
supersymmetry in three and four dimensions for Abelian and non-Abelian
internal groups. We show the dynamical content of the odd-dimensional
theory, counting at the same time the local degrees of freedom for some
particular sectors of the phase space. In the non-Abelian three-dimensional
case, some black hole solutions are presented, including their Killing spinors.
In four dimensions, the supersymmetry is broken explicitly and a standard
Dirac Lagrangian coupled with the electromagnetic field and the background
geometry is obtained.

In the second part, the dynamical content for the free and gauge coupled
massless Rarita-Schwinger theory is presented. We are able to do that through
the Dirac’s Hamiltonian formalism and the Faddeev-Jackiw method, showing
at the same time the symmetries of the theory. It is shown that in the gauge
extended theory, which includes extra fermionic fields to restore the fermionic
symmetries of the free case, the anticommutator of the Rarita-Schwinger
field in the canonical quantization is not positive definite in general.

As the graphene has been proposed as an on “table-top laboratory” for some
Quantum Gravity scenarios, in the third part of this Thesis we clarify some
subtle features of strained graphene in order to manage properly this material.
We show particularly that the pseudo-magnetic field induced by the in-plane
strain tensor field cannot emerge from a Quantum Field Theory in curved
spacetime approach (bottom-up approach) but from the detailed analysis of
the tight-binding Hamiltonian of 7 electrons in graphene (top-down approach)
instead.
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Resumé

Dans cette These, nous nous proposons d’analyser trois aspects différents de
la Physique Fondamentale.

La premiere partie est consacrée a 1’étude détaillée de ce qu’on appelle super-
symétrie non conventionnelle a trois et quatre dimensions pour des groupes
internes abéliens et non abéliens. Nous montrons le contenu dynamique de
la théorie de la dimension impaire, comptant en méme temps les degrés
de liberté locaux pour certains secteurs particuliers de ’espace des phases.
Dans le cas tridimensionnel non-abélien, certaines solutions de trous noirs
sont présentées, y compris leurs spinors de Killing. En quatre dimensions, la
supersymétrie est brisée explicitement et un Lagrangien de Dirac standard
couplé a I’électromagnétisme et a la géométrie d’arriére-plan est obtenu.

Dans la deuxieme partie, le contenu dynamique de la théorie de Rarita-
Schwinger libre et couplée a un champ de jauge sans masse est présenté.
Nous sommes en mesure de le faire par le formalisme Hamiltonien de Dirac
et la méthode dite de Faddeev-Jackiw, en montrant en méme temps les
symétries de la théorie. Il est démontré que dans la théorie étendue de
jauge, qui comprend des champs fermioniques supplémentaires pour restaurer
les symétries fermioniques du cas libre, 'anticommutator du champ Rarita-
Schwinger dans la quantification canonique n’est pas définiti positif en général.

Comme le graphene a été proposé comme un “laboratoire de table” pour
certains scénarios de gravité quantique, dans la troisieme partie de cette
These, nous clarifions certaines caractéristiques subtiles du graphene sous
tension afin de gérer correctement ce matériel. Nous montrons en particulier
que le champ pseudo-magnétique induit par le champ tensoriel de déformation
dans le plan ne peut pas émerger d'une théorie de champ quantique dans un
espace courbe (approche bottom-up), mais bien a partir de 'analyse détaillée
de I'Hamiltonien tight-binding des 7 électrons dans le graphéne (approche
top-down).
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Resumen

En esta Tesis se propone analizar tres aspectos diferentes de la Fisica Funda-
mental.

La primera parte estd dedicada al estudio detallado de lo que ha pasado a
llamarse supersimetria no convencional en tres y cuatro dimensiones para
grupos internos abelianos y no abelianos. Se muestra el contenido dindmico
en dimensiones impares de la teoria, contando al mismo tiempo los grados
de libertad locales para ciertos sectores del espacio de fases. En el caso
tridimensional no abeliano, se presentan algunas soluciones de agujeros
negros, incluyendo sus espinores de Killing. En cuatro dimensiones, la
supersimetria esta rota explicitamente y se obtiene un lagrangiano estandar
de Dirac acoplado con el campo electromagnético y la geometria de fondo.

En la segunda parte, se presenta el contenido dindamico de la teoria de
Rarita-Schwinger libre y con acoplamiento gauge. Esto se puede hacer a
través del formalismo hamiltoniano de Dirac y el método de Faddeev-Jackiw,
mostrando al mismo tiempo las simetrias de la teoria. Se observa que en
la teoria gauge extendida, la cual incluye campos fermionicos extra para
restaurar la simetria fermionica del caso libre, el anticonmutador del campo
de Rarita-Schwinger no es definido positivo en la cuantizaciéon candnica.

Ya que el grafeno se ha propuesto como una “mesa de laboratorio” para
algunos escenarios de gravedad cudntica, en la tercera parte de esta Tesis se
clarifican algunas caracteristicas sutiles del grafeno extendido con el objetivo
de manejar debidamente el material. Se muestra particularmente que el
campo seudo-magnético inducido por el campo de tensién planar no puede
emerger de una teoria cudntica de campos en espacios curvos (abordaje
top-down), sino de un anélisis detallado del hamiltoniano tight-binding de
los electrones 7 en el grafeno (abordaje bottom-up).
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Chapter 1

Introduction

One of the most important and exciting challenges in Theoretical Physics is
to construct a theoretical framework which reconciles the four fundamental
interactions. Three of these interactions, the electromagnetic, strong and
weak forces, are described by the Standard Model (SM), a Yang-Mills (YM)
theory with a particular internal gauge symmetry. Theories with internal
gauge symmetries with fiber bundle structure not only restrict the field
content and the possible couplings among them but are also instrumental
to ensure renormalizability of these theories [1, [2]. Renormalizable theories
are those that allow reabsorbing the divergent part calculated from the
perturbative expansion of physical measurable quantities (for instance, cross
sections and decay rates of elementary particles). This property is crucial
to treat consistently the experimental predictions of the theory and is one
of the main reasons for the predictive success of the SM, in addition to its
enormous precision corroborated in large particle colliders.

The only fundamental interaction, of the four mentioned, which does not
qualify as a YM theory is Gravitation. At large scales, Gravitation is described
by General Relativity (GR), which is invariant under diffeomorphisms of the
coordinates on the spacetime base manifold. Although these diffeomorphisms
are also local symmetry transformations, general relativity does not have a
simple fiber bundle structure as the other gauge interactions and it turns to
be non-renormalizable. One could trace the non-renormalizability of GR in
the fact that the Newton Gravitation constant G has dimensions of length
squared (in natural units, A = ¢ = 1). Thus, as more vertices are added, there
appear powers of all orders in the ultraviolet momentum cut-off A, making
it impossible to absorb all divergences of the theory with a finite number of
parameters [1]. This, in particular, makes it very difficult to quantize GR.
Nevertheless, the efforts to reconcile Gravity with Quantum Mechanics lead



2 1. Introduction

to several sensible models of Quantum Gravity (QG).

Since the internal symmetries turn out to be essential in the cancellation of
infinities in the SM, it seems plausible that, in order to unify Gravitation with
other fundamental interactions, one should formulate a theory invariant under
a gauge group containing both internal symmetries and spacetime symmetries.
The ‘no go’ Coleman-Mandula theorem [3] states that if the scattering matrix
S satisfies certain minimum technical requirements, the theory can only be
invariant under a group that is the direct product of the Poincaré group
ISO(3,1) times the group of internal symmetries K. This means that if
we want to construct a quantum field theory (QFT) with a standard Lie
algebra for an internal symmetry group G that contains IS0(3,1) and K as
subgroups, then necessarily G = 1SO(3,1) x K. The latter does not give
us much hope to cancel infinite diagrams for the Gravitation, at least as
formulated with the standard GR.

It is possible to circumvent the Coleman-Mandula theorem using instead of
a conventional Lie algebra, a graded one, i.e. if along with the commuting
generators, anticommuting generators are also included. Such graded algebras
are also known as superalgebras [4]. For instance, Haag-Lopuszanski-Sohnius
[5] shown how to extend the Poincaré algebra generators J,,, and P, including
internal symmetries T; in a nontrivial way with the addition of fermionic
generators to the algebra, i.e., generators @ that obey anticommutation rules.

If we denote in a generic way B the bosonic generators J,,, P, and T;, the
algebra can be symbolically expanded as

{Q,Q} ~B, [B,Q ~Q [BQ ~-Q [B B ~B.

Central extensions with generators Z can also be included in more general
cases. In this way, one theory is a supersymmetric (SUSY) theory if its
field equations are invariant under the symmetry group associated with a
superalgebra of this type.

There are many examples of SUSY theories, from the Wess-Zumino model in
four dimensions [6] to the different types of superstrings in d = 10 dimensions
[7, |§]. In this kind of theories, supersymmetry (SUSY) is manifested
assuming that both bosonic and fermionic fields must transform in some
vector representation under SUSY rotations,

(7)=e(7)= (& ) (7).

where () represents the exponentiation of fermionic generators ) with some
spinor parameter . Because of the superalgebra, this rotation mixes bosonic
and fermionic degrees of freedom. The invariance can be done locally, i.e.,
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making 6 = 6(z), which gives rise to supergravity (SUGRA) [|9]. These
theories were very attractive at the time because it was found that in four
dimensions they have cancellations at one-loop order due to opposite signs
of the fermionic and bosonic loops, providing a protection mechanism for
the hierarchy problen[]] and even bringing the hope for a possible mechanism
to renormalize Gravityl Moreover, many SUSY theories guarantee ener-
gies bounded from below and absence of tachyon with no more restrictions [4].

Despite the aforementioned advantages of the standard SUSY theories, the
fact that for the super-Poincaré group (the minimal SUSY extension of
the Poincaré group), P, commutes with Q implies that the masses asso-
ciated with fermionic and bosonic particles must degenerate: m% = m%.
This means that if SUSY were present in nature at current energy scales,
every elementary bosonic (fermionic) particle in the SM should have its
fermionic (bosonic) companion with the same mass. As this has not been
confirmed experimentally, even to scales of current energies reached by the
Large Hadronic Collider, SUSY must be broken at observed scales and this
symmetry breaking makes the mass of the unobserved partners too large to
be detected.

It should be noted that there are ways to implement SUSY in odd dimensions,
in which SUSY is not manifested in a vector representation as mentioned
above, but with both bosonic and fermionic fields as part of the connection
and, therefore, they are in the adjoint representation and not in the fun-
damental one [10, [L1]. This type of construction also has some attractive
features as the off-shell closure of the SUSY. As we will see below, this kind
of SUSY is in fact much more related to the first part of this Thesis. However,
the superparticle partners are still present in these kinds of SUSY models.

At this point, one may wonder whether if it is possible to relax some other
condition of previous models to allow for the existence of SUSY without
the assumption that SUSY is broken at high energies. In [12] this ques-
tion was explored in D = 3 dimensions. A model was built, in which the
fields associated with the SUSY algebra transform in the adjoint rather
than the fundamental representation and where furthermore, the dreibein is
realized in a different way than in standard SUGRA models. This model has
nontrivial dynamics and leads to a different scenario, where local SUSY is
absent (although there is still diffeomorphism invariance) but where a rigid
SUSY can survive for certain background geometries. Because there is no

!The hierarchy problem can be stated with the following question: why the energy
scale of the electroweak force is much lesser than the Planck scale (the energy scale where
it is believed the quantum gravity effects are very important)?

2However, it is still not clear if such a miracle occurs at higher orders [9)].
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local SUSY, there are no SUSY pairings. The supersymmetric backgrounds
present, however, a great interest in connection with the Part of this
Thesis and the couplings of fermions with bosons are those we found in
the SM. This model it is called unconventional supersymmetry (U-SUSY) .
Their detailed dynamical study [13], its extension to non-Abelian internal
group [14], as well as D = 4 dimensions [15], is revised in Part []

In standard SUGRA, the hypothetic superpartner of the particle associated
with the Gravity interaction (graviton), is the massless 3/2-spin, which is
called gravitino [16]. The dynamics of such a particle is described by the
Rarita-Schwinger action [17]. Although 3/2-spin particle is an important
piece of the standard SUGRA theories, it is argued is also important by
its own, playing an important role in anomaly cancellation in different QG
candidate theories or grand unified models |18, 19].

The description of massive Rarita-Schwinger (RS) fields turns out to be
problematic both at classical and quantum level |20} [21]. However, recently
the non-existence of such problems for the massless case has been claimed
[22, 23], due to the presence of a fermionic gauge symmetry in the theory.ﬁ In
Part [[T, we studied in detail if this symmetry is present for the massless RS
theory. In order to do that, we implement the Dirac’s Hamiltonian formalism
[25, 26] and Faddeed-Jackiw method [27] first for the free case and later
for the case of a 3/2-spin field coupled with an Abelian gauge field, i.e., a
Maxwell field. We conclude the fermionic gauge symmetry is not present
on-shell for the gauged RS action. Finally, we make the same dynamical
study of what is called the extended massless RS theory, where the fermionic
gauge invariance of the free theory is restored by adding spin-1/2 fields to
the gauged RS action [28].

As we mentioned above, there are several sensible models of QG, many
of them even do not make necessarily use of SUSY |29} 30]. Such models
are very attractive but, as is the case for SUSY theories, their predictions
are beyond the reach of existing hadronic colliders or from astrophysical
observations. Therefore, we are missing an important piece of information
coming from Nature: we need experiments or at least indirect observations,
to compare and select among different logically well proposed QG theories.

On this respect, Graphene is a very promising table-top laboratory to exper-
imentally probe some of the fundamental mysteries of Nature [31-33]. The
low energy regime of its 7 electrons is very well described by an effective

3There is, however, a consistent description of massive spin-3/2 fields in AdS, with its
flat limit [24].
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theory that shares many of the features of a massless Dirac QFT in the
presence of a background space(time).

The QED description for the 7 electrons is for the case of pure flat graphene:
there are no deformations, and no defects or impurities. However, real lab
graphene is not perfectly planar as it ripples [34] and, even though is very
resistant to in-plane deformations due to the strong o—electrons bonds,
it can be easily bent. In more realistic cases, taking into account these
considerations, one can still preserve the Dirac description, by introducing
extra coupling fields. Moreover, the honeycomb sheet could be induced to
take particular non-trivial geometric forms, as fullerene for positive curvature
[35] or Beltrami pseudosphere for negative curvatures [36, 37]. All these
ingredients make the graphene sheet a very good experimental tool in order

to test different QG predictions for several geometrical backgrounds in a real
lab 31} 132].

It is worth noting the (2 4 1)-dimensional U-SUSY mentioned above is a
very natural description of 7 electrons in graphene in the linear regime of
the dispersion relation, at least in the flat case. This is the case because, as
we will see in Chapter 3 the only dynamical local degrees of freedom are the
fermionic ones. Even if local bosonic degrees of freedom are not present in
(2 + 1) U-SUSY, the coupling between the fermion with such a fields, like
SU(2) spin connection (as we shall see in Chapter [4]) or torsion fields, could
give rise to interesting phenomena descriptions in different graphene regimes.

In order for graphene to keep its promises, we need to have full control
of what sort of fields are there and what they represent in a field theory
language. In the vast literature on the gauge fields of graphene (see [38-40|,
and [41] for a recent review), there are a variety of proposals, sometimes
practically valuable for the applications to condensed matter physics, but
most of the time unsatisfactory for probing fundamental physics. The
landscape of proposals ranges from SU(2) monopole-like gauge fields in the
case of graphene membranes with intrinsic curvature (the inflated graphene
buckyballs of [42]) to a concurrence of a spin-connection field and a U(1) field,
in the case of purely strained graphene [43| (although sometimes non-Abelian
fields are evoked in this case as well [44]). Even in the simplest case, that is
purely strained graphene, there is some confusion: does the spin connection
arising from straining graphene give physical effects or not? And, what is
the interpretation of the U(1) field from a fundamental point of view?

We can infer from the literature, the issue of the nature of the gauge field
arising during pure strain (which is capable to mimic magnetic fields of
more than 300 Tesla [38]), is not settled yet, see [45], and work is constantly
produced on it, see the recent [46]. Our goal in Part is to clarify the
geometric nature of all gauge fields emerging from straining graphene, having
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in mind their use to probe fundamental properties of nature. In fact, we
shall not discover any new field, as compared, for instance, to [47-49], but
we shall hopefully be able to clarify issues that are important precisely for
the use of graphene as a laboratory to realize otherwise unreachable physics,
see, e.g., [32] for the Hawking-Unruh radiation effect.

Our focus in this Part is on the deformed graphene membrane whose two-
dimensional intrinsic curvature and torsion are zero. This corresponds, in
the phenomenology of graphene, to the case of purely strained graphene. We
shall take two roads. First, we investigate whether the most straightforward
gauge field one would employ to describe a QFT in curved spacetime can
indeed explain the pure strain gauge field of graphene. This road starts from
the fundamental fully relativistic constructions and sees whether the results,
suitably adapted to graphene, can indeed describe the strain. We shall see
here the special role of Weyl symmetry. We call this a top-down approach.
The second road, instead, takes the opposite path, i.e., it is a bottom-up
approach: we start from the condensed matter non-relativistic theoretical
description of graphene, and we look for the fundamental object/gauge field
that can describe strain. This latter road is actually necessary because, as
we shall see, this kind of gauge field could not be guessed within standard
QFT in curved spacetime [50].

The three parts of this Thesis are related in the sense they deal with different
aspects we could take into account in our pursuit of a well-defined and, at
least indirectly, tested QG theory or theories. However, as these parts are
relatively independent each other, the presentation and discussion of each
one are included separately.



Part 1

Unconventional
Supersymmetry






Chapter 2

Internal U(1) group

Despite some of the appealing advantages presented in Chapter [I} no evidence
of SUSY has been found [51], at least in its standard form. This lack of
evidence of SUSY in the SM may be due to the fact that bosons and
fermions transform in the fundamental representation under standard SUSY
transformations. It is known that if the field does not transform in the
fundamental but in the adjoint representation, the dynamical content of
the theory could be very different. As we shall see, this would lead to
supermultiplets composed by matter and gauge fields, with a different number
of bosons and fermions, as well as different masses. As the first example of
this theory is given in (2 4+ 1)—dimensions for the supergroup OSP(2|2) [12],
which includes as subgroups the internal Abelian U(1) and Lorentz SO(2, 1),
we shall consider such a case in some detail in this Chapter.

In (24 1) dimensions a very curious similarity occurs between the Abelian
Chern-Simons form and the free Dirac Lagrangian, AdA ~ ¥@y). Even though
an Abelian connection A, and a complex Dirac spinor ¢ transform very
differently under gauge—U (1) transformations, they can be accommodated
as part of the same connection in the following way;,

B AOé ¢Ol
A_( %ﬁ 0 ) , (2.1)

where A% = A,(7")%, being v, the set of three 2 x 2 Dirac matrices

in three dimensions, and we consider the adjoint row v, = iw;(%)ﬁa, as
is shown in Appendix . The gauge transformation A/, = A, + d,0a,

W = e, and ¥ = e~y can be obtained as in the case of non-Abelian
gauge transformation A’ = g7'Ag + g~ 'dg, where g = exp[aK], with the

9
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3 x 3 matrices

@]
@]

7 (Z) 7 d:((W“)gﬁau 8)

O Ol
=

This observation is pointing out that we can consider U(1) as a subgroup of a
larger non-Abelian group, under which A, 1 and 1 transform as components
of the same connection. As we shall see below, this symmetry also includes
rotations which transform A, 1, and 1), into each other, a key feature of
SUSY.

2.1 Connection, Lagrangian and field equa-
tions

One can object that the expression is not truly a connection; the com-
ponents are not all one-forms. This is corrected by introducing the dreibein
e, matching in a suitable way the tangent space and the base manifoldﬂ A
more transparent expression is obtained by writing the connection as a linear
combination of generators in a 3 X 3 representation with field coefficients.
The smallest graded Lie algebra containing u(1) subalgebra is osp(2]2) [12].
Therefore, a natural connection is A = A dz*, withﬂ

A= AL 4 T0(¢,)%Q° + Tple, )Pt + il (2.2)

where Z, Q¢, @5, and J, are the U(1), SUSY and Lorentz SO(2, 1) generators,
respectively. We use the notation (¢,)%5 = €;(74)"g, being (7.)*3 the Dirac
matrices in the tangent space. An explicit expression of the 3 x 3 matrix
generators is shown in Appendix [B.1], leading to the following non-vanishing
(anti-)commutators of the osp(2]2) Lie algebra,

Uande) = eTe . {Q%Qp} = Jala)s — 1052 ,

1 — 1—
[JaaQa] = _5(7(1)&5@6 ; [Jaa(@a] - EQﬂ(Va)Ba ) (23)
)

[Zan] = 5@04 ) [Z7@o¢] = _%@a .

IThrough this work, last greek letters u,v,... denote base manifold indexes, and
lowercase latin letters a, b, ... for tangent space indexes. We reserve capital latin letters
A, B, ... to matrix generator indexes and the first greek letters «, 3, ... to denote spinorial
indexes.

2As in this Chapter we work in D = 3, we use the dual notation for the Lorentz spin

1 _a

connection, w® = 5e bcwbc and for the Lorentz generator J, = —%eachbc.
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From the above algebra, it is explicitly seen that the fermion is ‘charged’
with respect to U(1) and Lorentz subgroup SO(2,1). The geometry of the
(2 + 1) background is given by the metric g,, = nabeZeﬁ, with the convention
n = diag(—1,1,1).

The Chern-Simons (CS) form in D = 3 dimensions provides a Lagrangian
for the connection A without additional ingredients (for a detailed review of
CS forms in SUGRA see [52], and references therein). Thereford’]

2
L= (AdA + §A3), (2.4)

where (...) is a symmetrized supertrace (see Appendix for more details
on bilinear generators supertrace of the osp(2|2) superalgebra). Plugging
into , and using the algebra conventions, the following Lagrangian
is obtained

1 1 1 —
L = SAdA+ swade® + cea" + iy D-Dlw, (5
where we introduced the notatio 5 = g%—z’A— %w“'ya, B = j—iA—l—%w“’ya

for the bosonic covariant derivatives, and we suppress spinorial indexes in
(2.4)) as they are all contracted.

The Lagrangian (2.5 can be written in a more suggestive form if we expand
the derivatives acting on the fermion and on the dreibein,

1 1 1 _
L = §AdA + éwadwa + éeabcw“wbwc — 2upeT,
_
— 25 (D - D) vlelda (2.6)

where |e| = det[ef] = \/—g and T* = de® + we’ is the torsion 2—form.
The second line in the above Lagrangian describes a Dirac spinor minimally
coupled to a U(1)-gauge field A4, and to the background geometry through
the spin connection wy;. The bosonic gauge fields are described by the first
line of which is the sum of their respective CS forms. These two
facts make the Lagrangian straightforwardly invariant under U(1) and
SO(2,1), up to a boundary term.

The field equations can be obtained from ({2.5)), as usual, by varying the
action with respect to the independent fields,

0A: Fu=e€u,i", (2.7)

3Exterior product of forms is understood and wedge symbols are omitted, except where
ambiguities arise.

4For an m—form 2, we define 0d = (=1)™dqQ.
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where F,, = 0,A, — 0,4, is the electromagnetic field strength, j# =
—i@’y”wle\ is the electromagnetic current density associated with a spin-
1/2 particle,

Sw: RY® = 2pee’ , (2.8)

5o —¢ |7 —¢D] QB W =0, (2.9)

Although the dreibein was introduced as a field to connect the tangent space
with the base manifold, forming a composite field with the fermion, its
presence in the Lagrangian is dynamical as much as the other fields,

S —2T, 0 = nue’® [ﬁ - B} b (2.10)

where the derivatives act only on the fermions.

The solutions of field equations — will be studied in more detail
for the SU(2,1|2) group, which contains an additional SU(2) sector. We
anticipate that there are purely bosonic solutions for these equations (¢ =
) = 0) whose backgrounds are non-trivial [12]. Some of these backgrounds,
as AdS and extremal BTZ black holes, contain non-trivial Killing-spinors, as
we will see in Chapter [4]

2.2 Symmetries

An infinitesimal group element for OSP(2|2) can be written as g ~ 1 + A,
with
A =XK+ Qe —2Q+ XJ,,

where A\, 2, ¢ and \* are infinitesimal parameters. The transformation
A" = A + 0A, where 0A = dA + [A, A}, translates to the component fields as

6A = d\—i(dde +EH)) |
S(¢0%) = Dt M0 — N, (210
§(0h,) = ~2Da— LA+ G050 A

Sw® = d\* + €% WP\ + (Ew“g&/J + Ev“g) .

We stress the fact that the fields ¥, and ® are always coupled with the
vierbein €. Therefore, as we shall see below, we must impose some condition
in in order to split the transformation of the composite fields 1¢_ and
¢1¢*, and in this way to define how these fields transform under SUSY.
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By construction, as the CS form is a pseudo-gauge invariant form, the
variation of the action (2.4]) under the entire group OSP(22) is

5L = dCy + dC=. + dCya |

where these boundary terms are

Cy = %AdA,

Cze = Ed(fY) — d(¥g)e
1

C)\a = §dw“)\a.

The explicit changes of the fields under U(1), SO(2, 1) subgroups and SUSY

transformations in terms of the infinitesimal parameters are

e U(1) transformations: A = \Z,

A, =9\, oy = %Aw , 0, = —%wa [6et = 6 = 0

e SO(2,1) transformations: A = \*J,, of course A, = 0 is this case. The
second and third equations determine the transformation laws
for ¢4* and %éa These are not fundamental spin-3/2 but composite
fields, as mentioned above. The product of a spin-1 (the dreibein ef,)
and spin-1/2 (either v or 1) belongs to the reducible representation
1®1/2 =1/2® 3/2, according to Clebsch-Gordan coefficients [53].
In this way, § (¢¢*) = de*(74)*50" + €*(7a)*430¢” and similarly for

5 (¢¢,), with

Se* = €4.e’\, (2.12a)
1

o = —§A“(%)“g¢5, (2.12b)

_ 1—

5, = azpﬁ(%)ﬁav. (2.12¢)

The last equation in [2.11] gives us the transformation of the spin
connection omega® under SO(2, 1) transformations, i.e.,

Sw® = dA\* + €% wPA\° | (2.12d)

which is the covariant derivative acting on a Lorentz vector (see Ap-
pendix for details on this covariant derivative).
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e SUSY transformations: A = Qe — £Q, if this transformation does not
affect the dreibein one-form e®, i.e. de® = 0, therefore,

0A, = —ie, (E%s + §7a¢) , (2.13a)
1

Sy = gﬁe“, (2.13b)

— 1 <

0y = —gglpa ; (2.13c)

dwp = (e +E0) e — ey (01 —EY) . (213d)

We remark here the invariance of e}, under SUSY transformation is not
expected in the standard local form of SUSY, i.e. SUGRA. This is compatible
with the particular way the dreibein is introduced in the connection (2.2)), not
as the coefficient of the translation generators P, (as in the case of standard
SUGRA or CS-SUGRA [10]), but instead as a dictionary connecting the
tangent space and the base manifold. This is a special feature of this U-SUSY,
for which choosing de® = 0 allows to obtain a linear representation of SUSY
acting on the fields, whose consistency implies the appearance of an extra
condition, as we will see below. If the theory has nontrivial solutions for this
extra condition, this theory has a rigid SUSY.

It can be directly checked that the Lagrangian ([2.5) is real and diffeomor-
phisms invariant by construction. Due to the way in which the fermion is
introduced, i.e., always coupled to the dreibein, there is also a local scale
symmetry. This means the Lagrangian is invariant under local scale
transformations of the form

€ = €9 = pu(x)el | Y = ' = T @)WY, o — D = p (@), (2.14)

where p(z) is an invertible, but otherwise arbitrary, function on the base
manifold. This symmetry will give some interesting features to this theory,
as we shall see in Chapter |3| as well.

2.3 No-gravitini projection

The condition de® = 0 under SUSY transformation (2.13a)), implies the metric
g remains invariant under SUSY meaning the absence gravitini in this
theory. Taking a closer look to the SUSY transformation in (2.11)) expressed
in coordinate basis, we have

5(¢y°) = Dec . (2.15)
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By imposing dej, = 0, this equation becomes eZ(%)"‘Béwﬁ = <Be>#. Multi-
plying this last expression by v* gives

1

Now, multiplying this by 7,, using again (2.15) and the fact that dej, = 0,
we end up with the condition

Byéo‘ - %%v“Buga =0. (2.16)

As we mentioned above, a spinor with an extra Lorentz (or spacetime)
index, such as & = v,1*, belongs to the reducible representation 1 ® 1/2 =
1/2 @& 3/2 of the Lorentz group. Hence, it can be uniquely decomposed into
its irreducible projections as ¢, = ¥, + ®,,, where ¥, = (Py/2),"&, carries
spin-1/2, while ®, = (Ps/2),"& is the spin-3/2 part (see Appendix for
details), with

1

(Pya)a” = 0 = 37" = 6 = (Pupa)u” (2.17)

In our case, §, = €*,7,% = 7,4 and therefore the gravitino contribution van-
ishes identically, ®, = 0. Thus, according to (2.15), a SUSY transformation
of U, = e, v, gives

OV, = v,0e" b + 7,00 = Bue. (2.18)
So, the condition (2.16]) can be written simply aﬂ
(P3/2)u”l_?>us =0. (2.19)
Equation ([2.19)) can be solved by demanding that Bus belongs to the kernel
of Py, that is
Bus =YX (2.20)

for an arbitrary spinor x. Consistency of ([2.20]) induces a relation among the
field strength F),,, curvature R}, and torsion T, of the background geometry.
This leads to
7 1 .
(Buz_)),, - BVBH> e = —SFuc+ R (e
= T, (va)x = (uDy = 1w Dp)x -

On the other hand, from equation (2.20)), we can obtain y = %Bs Therefore,
1 1
_§F JE + 2RZV( Ya)E — ngy( )Bs + §(%DV — 7,,DM)Bg =0. (2.21)

SFor more details about solutions of no spin-3/2 condition see [54] and references
therein.
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So, only for very particular backgrounds there exists nontrivial fermionic
parameters €* which satisfies . The number of independent globally
well defined solutions of this equation depends on the gauge curvatures and
on possible topological obstructions. Nevertheless, in a typical experimental
setting appropriate to the strained graphene analysed in the Part [[TI] of theis
Thesis, the curvatures are negligible in the region where the experiment are
carried outﬂ The relevant regions in those cases are huge compared with
the quantum wavelength of the particles involved, but at the same time are
extremely small compared with the local radius of curvature of spacetime
and, to a good approximation the curvature can be safely assumed to vanish.
Then x can be taken equal to zero and £ approximates to a Killing spinor
of the background (we shall find in Chapter 4| some particular backgrounds
solutions with their corresponding Killing spinors solutions).

The presence of fermions requires the introduction of a soldering form (the
vielbein) in order to project properties of the dynamical fields in the tangent
space onto the base manifold. In particular, the fact that fermions belong to
a spin-1/2 representation of the Lorentz group is a feature defined on the
tangent space. On the other hand, A(z) is a one-form on the base manifold
and, the introduction of the vielbein is required by the presence of fermionic
matter so that a theory that includes fermions must also to include a metric
structure, as noted long ago by H. Weyl [55].

One of the essential features of gauge theories is the background independence
of the gauge symmetry. A gauge transformation has the form

Az) = A(z) = g7 (z) [A() + d] g(2), (2.22)

independently of the spacetime geometry. In particular, it does not depend
on the metric or affine properties of the background. The invariance of the
Yang-Mills Lagrangian, Lyy = (—1/4)/=9g"*g"" Tr (F,,,Fop) under (2.22)
holds at any spacetime point, irrespective of the coordinates, the metric, the
background curvature, torsion, etc. The decoupling between the internal
gauge symmetry and the spacetime geometry is also reflected in the fact that
the metric itself is invariant under internal gauge transformations.

Gauge invariance of the metric is ensured if under internal gauge symmetries
the vielbein is also invariant, e®,(z) — €'*,(z) = e%,(z). Actually, a weaker
condition like €7, (x) = A%(x)e’,(z), with A € SO(1,2), would suffice
to render the metric invariant. This is indeed the case when the gauge
group includes Lorentz transformations, something that is not often assumed
because the Lorentz group is not usually viewed as an internal symmetry.

SHowever, this is not longer true when we are considering the Beltrami pseudosphere
made from graphene sheet in order to test Hawking-Unruh effects, as is shown for instance
in [31]
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The distinction between internal and spacetime symmetries for the case of
the Lorentz group, however, is rather semantic.

The decoupling between the gauge transformations (internal symmetries) and
the geometric properties of spacetime (external symmetries) guarantees that
gauge invariance holds irrespective of the “environment.” Mathematically
this is reflected in the fact that a fiber bundle is locally a direct product of a
vector space and a manifold: the fibers in the bundle are identical copies of
the same algebra, regardless of what the base manifold could be. In the same
spirit, here we assume the metric structure to be decoupled from SUSY. The
vielbein plays the role of a dictionary to translate between the manifold and
the tangent space that is not transformed under SUSY. As shown in [12],
this corresponds to a projection of the local SUSY algebra on the spin-1/2
subspace, instead of projecting on the spin-3/2 space, as it is usually done in
SUGRA [56].

The consequence of this is that there is no spin-3/2 components on the right
side of , i.e., there are no gravitini. As will be confirmed in Chapter
, the SUSY of the action is not there once imposing de? = 0. At
most, for very particular backgrounds, there are solutions of implying
a global /rigid accidental SUSY.

2.4 Summary

Usually, a gauge theory constructed from a connection belonging to a super-
algebra (superconnection), defines a new field, the spin-3/2 gravitino (see
Part |lI| for more details about spin-3/2 field theory). In the model presented
in this Chapter, this is not the case being consistent to the fact that since no
spin-3/2 is required, the gravitini can be projected out. However, we must
stress here the fact that the SUSY parameter is not arbitrary but must be
constrained by the subsidiary condition (2.16)). This means, in particular,
that the realization of SUSY here is not local, but global/rigid provided
there exist nontrivial solutions. The number of independent solutions e
for this equation, if there were, will depend on the background geometry.
The fact that these parameters are not arbitrary will be reaffirmed later
in Chapter [3] where we show there is no first-class constraint associated
to SUSY transformations. However, there are background examples where
there exist solutions to condition (2.16)), as for instance in (2 + 1)-black holes
sectors, which we shall see in Chapter [4

The U-SUSY could be useful as a simple field theory for an electromagnetically
charged spin-1/2 field interacting with the (2 + 1)-dimensions background
geometry. In particular, it fits very well to the massless Dirac description of
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7 electrons in flat graphene (see Chapter E[) It was proposed that graphene
with constant negative curvatures could be used to test some features of QFT
in curved spacetime, as the Unruh radiation effect [32], as we will mention
in Part Therefore, this model could be used to describe the 7 electrons
in these backgrounds [57]. Even more, if some fixed background sheet of
graphene satisfies condition (2.16|) (diffeomorphism invariance is explicitly
broken, as there is no more dynamical background), this U-SUSY model
describing 7 electrons is a theory with a rigid accidental SUSY. It is possible
that this SUSY rigid symmetry appearing in this fixed backgrounds could
have an observable (fermionic) current associated, which in principle could
be measurable in a real lab.

The fact that fermion mass can arise as an effect of the background spacetime
through the torsion (which in the case of condensed matter corresponds to
the presence of dislocations in the crystal lattice), seems to have been put
forward by Weyl long time ago [55]. It could be interesting to explore if this
procedure could be used as a mass generation mechanism for the neutrinos,
without the necessity to break any symmetry.

This model may also be regarded as an instance that could be extended to
higher-dimensional scenarios, as a non-Abelian internal group in Chapter [4]
or more realistic D = 4 studied in Chapter [5] The crucial point here is that
rigid/global SUSY could manifest itself very differently if the fermion fields
are accommodated in the adjoint representation and the vielbein does not
make the usual role of the translation generator coefficients, as in CS-SUGRA.



Chapter 3

Dynamical Contents

It is well known that CS theories in three dimensions for any Lie algebra have
no local degrees of freedom [58]. This is true also for CS theories based on
graded Lie algebras [59], like in the case of the CS SUGRA for the osp(2|2)
algebra. By contrast, a massive spin-1/2 field in a fixed three-dimensional
background of has 2n propagating degrees of freedom, where n = 1 for
Majorana and n = 2 for Dirac spinors [26, 60]. Now, if in the osp(2|2) CS
theory the gravitino field x{; is split into a spin-1 /2 Dirac spinor ¢ and
the vielbein ej;, the fermionic sector of the reduced theory describes a Dirac
fermion in a curved background, minimally coupled to u(1) and so(2, 1) gauge
connection one-forms A = A,dz" and w®, = w®,,dz*, respectively [12]. It
is therefore only natural to inquire whether this reduced theory has zero
local degrees of freedom (DOF) as the original CS system, or has four local
degrees of freedom of a spin-1/2 Dirac fermion. The question is further
complicated by the fact that in the reduced Lagrangian the dreibein are
not Lagrange multipliers (their time derivatives é* appear explicitly in the
action) and therefore e are in principle dynamical fields as well.

The identification of the local physical DOF can be addressed by direct
application of Dirac’s analysis of constrained Hamiltonian systems [25],
which systematically separates the dynamical fields from the gauge degrees
of freedom. In the case of CS theories, however, the separation between first
and second-class constraints is a delicate issue, and the system considered

here is not an exemption. The action from ({2.5) [12] reads
17 — 1 1
I[Y,e, A w] = / 5 [2¢¢(§ — B);é@/) + AdA + §w“bdwba + gw“bwi’wg} :

In addition to the local U(1) x SO(2,1) symmetry and spacetime diffeomor-
phisms, this action is invariant under local Weyl rescalings ([2.14)),

e =N, V=AY, = AT,

19
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where A\(x) is a non-vanishing, real and differentiable function. All of these
symmetries are in principle associated with first-class constraints that reduce
the physical phase space.

Varying the action with respect to v yields the Dirac equation with a mass

term m = ﬁe“"pnabefLDyez (including hermiticity corrections), while varying
with respect to e}, implies the vanishing of the energy-momentum tensor,
T = 2‘16| ab pu gefz + (<> v), with E¥ the inverse dreibein. In particular,
the vanishing of the trace T*, = 01is consistent with the local scale invariance

of the action.

For a fixed background, the local degrees of freedom should correspond to
the 2n independent components of the Dirac field in flat spacetime. A quick
analysis suggests that six out of the nine components of the dreibein can
be eliminated by the conditions 7 = 0, while the remaining three can
be gauged away via two spatial diffeomorphisms and a Weyl scaling. In
CS theories, time diffeomorphisms are not independent, which means their
phase space generators are linear combinations of the remaining first-class
constraints [58].

As noted in [12], the closure SUSY for requires the parameter of the
SUSY transformation to satisfy a subsidiary condition to ensure the variation
01 to have spin-1/2, like ¢ itself. This subsidiary condition is satisfied if
the SUSY parameter is required to be a Killing spinor of the background
and, like in the original WZ system, this means that SUSY is a global (rigid)
symmetry |15], as we mentioned in Chapter . Since this is not a gauge
symmetry, it is not generated by a first-class constraint that would further
reduce the number of local physical DOF, as we see below.

3.1 Hamiltonian analysis

Splitting the fields and their derivatives into time (¢) and spatial components
(i,7 = 1,2), the Lagrangian (2.5 can be written, up to a boundary term, as

g 1.
L= e”[ wCeel - m”mw%]m Nastof) 5 Aid } K ALK
(3.1)
where we defined v;; = efel7,;, and

Ko = 26 [T — D + D at)] . (32)

Ja = ¢ nab(;Rb _Ecde ¢¢) (33)
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The Lagrangian describes the evolution of (21+4n) coordinate fields: ej
(nine), wy (nine), A, (three), ¢ (2n) and ¢ (2n); among them there are seven
(e, wi and A;), whose time derivatives do not appear in the Lagrangian and
are therefore Lagrange multipliers with vanishing canonical momenta. For
the remaining components, the Lagrangian contains only first time derivatives
and, therefore, each momentum is a function of the coordinate fields. Thus,
the following (14 + 4n) primary constraints are obtainedﬂ (see Appendix

for notation of the constraints)
oo = ph+2¢Inaei =0,
= x+e'w =0,

O = Y- ey~ 0, (3.5)
. ) 1 ..
¢31 = 7rtlz o §€Z]nabw? ~0,

P = 7T”—56”Aj%0.

The seven combinations K,, J,, K in are then secondary constraints
associated to the Lagrange multipliers. Moreover, the canonical Hamiltonian
weakly vanishes and the total Hamiltonian can be taken as an arbitrary
linear combination of all the constraintsP]

Hp = /d% [ef Ky — widys — AK + @A + OLAL + AQ + QA + Nio'] .
(3.6)

It can be proved that the following seven linear combinations are first-class
constraints (see Appendix for more details)

13

. 1 _ _ .
= Jot €16 + 5 (@t — 97Q) + Djd]
1 ,= - .
K — (@ —y0) + ;¢
—€jig, + QY + 90,
= K, — ¢ Dyl + Toph + D0+ OB — i Jy — AK + 9 Fy + ¢

s}

K
T
Hi
Here the (spatial) covariant derivative D; acts on each field according to its

transformation properties, as in (B.5)). Using (3.2))-(3.5)), the generators H,;

can be expressed as
Hi = (8114] — a]Al) 7Tj — Aiajﬂ'j + (&;w}’ — @w?) 7Tg — w,?ajﬂ'g
+ (82'6? — 8]-6?) pfl — 6?(%]9{; + aﬂx + X&w y

'We use the symbol ~ to denote weak equality [25].
2Hereafter we perform the integrations over the spatial slices ¥ given by t = constant,
for which we do not consider a boundary.

(3.7)
J Ro

a g
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which can be readily seen to generate spatial diffeomorphisms on phase space
functions F as {F, [ {'H;} = L¢F. This in turn means that

{Hi(x), H(y)} = Hi()0V 6P (x — y) — H;(2)0" 6P (@ —y),  (3.8)

as expected from generators of spatial diffeomorphisms [61]. On the other
hand, it can be directly checked that J,, K and T generate SO(2,1) x U(1) x
Weyl transformations over all the fields and momenta. Indeed, they satisfy
the (weakly vanishing) Poisson relations with all the constraints, and
one finds

{javjb} = Eabcjca
(KK} = {T,T}={K,T}=0, (3.9)
{J, K} = {J,,T}=0.

Together with the generators of spatial diffeomorphisms these then form a
first-class Poisson algebra.

Note that performing a shift in the Lagrange multipliers of the form
A= N = —wvel + A
AN — A = op® + AY, (3.10)
A, X — v, + A
produces a shift in the total Hamiltonian (3.6)),
Hp — Hjp = Hp + /UTdQJJ. (3.11)

This accounts for the Weyl invariance of the system. However, the
absence of spatial derivatives in T implies that such symmetry is generated
by a purely local constraint with no associated asymptotic charges (recent
examples of this fact can be found in [62] and references therein, see [63] for
a thorough discussion). Weyl symmetry is thus a local redefinition of the
fields without any observable effects. The corresponding symmetry breaking,
however, leads to physical consequences as we will discuss.

3.1.1 Generic scale invariant sector

We now assume that in a genericﬁ background the (144 4n) time preservation
equations of the primary constraints fix an equal number of Lagrange multi-
pliers (see Appendix for details). The other seven parameters remain free

3Following [58] we understand by generic sectors those with a maximum number
of degrees of freedom or, equivalently, a minimum number of independent first-class
constraints.
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in the total Hamiltonian (3.6), to form a linear combination of the first-class
constraints. Choosing {H;, T, J,, K } as the basis of these generators, the
total Hamiltonian can be written as

Hp = /d% [57{ + oY —wiJ, — A,j{] , (3.12)

Here the Lagrange multipliers £, v, w® and A; are real and arbitrary func-
tions on equal footing. As the Hamiltonian is a combination of first-class
constraints, the time preservation relations are fulfilled by construction, and
no additional (tertiary) constraints are produced in the Dirac algorithm. Note
further that for any phase space function F' the Poisson bracket {F, Hr}
coincides with the corresponding Dirac bracket.

Now, the expression ([3.12]) was obtained from ({3.6|) by choosing
et = Elet (3.13)

This means that the three components ef are functions of the two free
parameters &', while it also implies a degenerate dreibein, |e| = 0. Although
this may seem puzzling for a metric interpretation, it is dynamically consistent
and allows to do the correct counting of the local degrees of freedom (see
e.g., [58] and Appendix [C.2]). The choice (3.13)) is equivalent to the gauge
N+ = 0 in gravitation, which is perfectly acceptable as well as generic choices
in ordinary gauge systems, i.e., YM [64, [65]. Furthermore, it also allows
to write the generator of temporal diffeomorphisms as a linear combination
of generators of local spatial diffecomorphisms, rescalings, Lorentz and U(1)
transformationg’}

H=EH; + 0T — i, — AK . (3.14)

Note that the degenerate condition |e|] = 0 remains invariant under local
Weyl symmetry. Next, we consider a choice in which the Weyl symmetry
is broken and the ef remains arbitrary so that the dreibein need not be
degenerate.

3.1.2 Pure spin-1/2 generic sector

We now examine a specific sector of the theory in which is not imposed
but the Weyl invariance is fixed instead. We consider a generic sector for the
fields e and 1) that restricts the fermionic excitations to have spin-1/2 only.
A fermionic field x§ transforms as a vector in the index a and as a spinor in

“It can be explicitly shown that {---, [ NH} ~ Ly (-++), which is a general property
of coordinate invariant systems [60].
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the index « and therefore belongs to a representation 1 ® 1/2 =3/2@1/2 of
the Lorentz group, as said in Section [2.3] There is a unique decomposition

of this field into irreducible representations y, = X((f’/ 2 4 X((ll/ 2), where
1
62 = 57" =0, (3.15)

7exB = 0. (3.16)

a

In the case of the field 1, the condition that it only carries spin-1/2 requires
that D, also belongs to the spin-1/2 representation and should therefore
be in the kernel of the spin-3/2 projector, namelyﬂ

8% — 3071 Du = 0, (3.17)
where 7, = €};7,. This implies that the system does not generate local
spin-3/2 excitations —no gravitini— through parallel transport of the fermion.
It may be regarded as a consistency condition for the system if it is
meant to describe a Dirac spinor. The general solution of is, in analogy
to the solution of equation ([2.19)),

Dy =78, (3.18)

where ¢ is an arbitrary Dirac spinor.

Next, in order to study the dynamical content of the sector, we perform
a partial gauge fixing. As shown in [12], the field equations for the action
(2.5)) require the torsion to be covariantly constant, DT* = 0, where D is the
Lorentz covariant exterior derivative (see Appendix . The general solution
of this equation, with an appropriate local rescaling of the dreiben —using
the freedom due to Weyl symmetry— is of the form

bet (3.19)

a a
T = ae’y e

where « is an arbitrary (dimensionful) constant. Now, inserting (3.18)), (3.19)

in (3.2) we obtain

K, = 2€7¢elet [2ozeach — (Evam7et — 15%%%5)] : (3:20)

In order for the constraint condition K, ~ 0 not to introduce additional
restrictions on the fields, the right-hand-side of ([3.20]) must identically vanish.

SFormally, if the scale has not been fixed the sector should be defined as the equivalence
class of configurations satisfying up to Weyl transformations. A manifestly covariant
condition can be attained by introducing a gauge field for scale invariance D, — D, +W,,,
as originally proposed by Weyl [63].
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This demands £ = a®) and therefore, this selects the Sectorﬂ

Dytp = av) (3.21)

Multiplying both sides by ~*, this reduces to the Dirac equation where
the mass m = 3« is an integration constant related to the torsion of the
background, in complete agreement with [12].

Both and break local scale invariance, leaving only a global
symmetry under e® — \e?, ¥ — A", m — A 7!m for constant \. In analogy
with SUSY, this rigid symmetry does not interfere with the counting of local
DOF. As pointed out in [12} [14], the introduction of a dimensionful mass
constant m enables us to finally determine the scale for the theory.

In Appendix [C.2] we show that the sector equations (3.19) and (3.21)) can

be used to consistently solve and preserve the remaining constraints. In fact,
in this case one is enabled to explicitly determine the time evolution of e
and 1, which is equivalent to the fact that Lagrange multipliers in the total
Hamiltonian are also found in closed form (without using the ‘degenerate
gauge’ ) We now show how the first-class generators arise to recover
the residual symmetries of . In principle we will only assume the
spatial components of these equations to hold, while the temporal parts will
be recovered from Hamilton equations. Thus, note first that in this sector
the combinations

Ky = Ko— D, +20€ 0ec50) + a(Qyat) — 7a9)
+2ie0Yaptb " + 26 s, (3.22)

are first-class constraints, as can be directly checked computing the Poisson
brackets:

{Ko, 0} » {Ko, O} = {Kayipy} ~ 0, (3.23)
{Ka, 93} = {Ka 9"} ~ 0, (3.24)
{K.,,K,} ~ 0. (3.25)

These three constraints are the generators of spacetime diffeomorphisms
supplemented by gauge transformations and projected on the tangent space.
This is seen from the identity

{ et Ky~ { - Hi+ AK +w,}. (3.26)

5The projector (3.17) is a generalization of the so-called ‘twistor operator’, which
defines conformal Killing spinors (3.18) in the absence of torsion [6, 66]. Equation ((3.21])
can be regarded as the Killing spinor equation for a curved background [14]. Remarkably,

(3.18) and (3.21)) are completely equivalent by virtue of the Dirac equation.
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We now set the Lagrange multipliers associated to the primary constraints in
order to accommodate the seven first-class generators. The total Hamiltonian
reads

Hy — / P [, — Wiy — AJK + @A 4 AT+ RO+ OA + A\o]
= /de [—wfja — AK + e?f(a} =: /de’H. (3.27)

Note that here we are implicitly fixing the Weyl freedom, i.e., we have
assumed v = 0 in the shift . This is required to preserve the sector.
Indeed, the time evolution for the fields (ef,, A;,wf), by virtue of the
Hamilton equations, leads to

. 7 1
Dpp =4 — §At?/1 + §€abcwbt%¢ = any, (3.28)
T3 = Oef — éf + wgief — wpel = 2ae‘§,cefef, (3.29)
Fiu =04 — Ay = 2iefelpyat, (3.30)
RY = 0w — i + € wpiwa = 2e%.ehelil, (3.31)

These are readily seen to recover the temporal parts of equations (3.19)-(3.21))
and the constrains ([3.33.4), thus agreeing with the Euler-Lagrange equations.

As stated, an interesting feature of this gauge is that e is not restricted at
all, which is equivalent to the statement that the three constraints K, are
first-class. For regular configurations with |e| # 0, it is clear that (H,H,;)
are then three independent constraints generating temporal and spatial
diffeomorphisms, respectively. Nevertheless, even for a degenerate dreibein it
is possible to define

H, =8 ebeSK, (3.32)
which corresponds (up to normalization) to the generator of diffeomorphisms
normal to the surfaces t = constant, modulo gauge transformations. Defining
the Lagrange multipliers e, A; and wy as

ed = Nte"eeles + el N, (3.33)
A, = A= A;N', (3.34)
wd = A —w%NY, (3.35)

the generator of time evolution takes the more familiar form |61]

H=N"H, + NH; — \K — \J,. (3.36)

We thus find the expected SO(2,1) x U(1) x Diff residual symmetries and
their corresponding generators. We anticipate here that even though in this
gauge choice there exist a different set of first-class constraints associated to
diffeomorphisms, the number of DOF is the same and this is, therefore, a
generic sector. This will be discussed in Section [3.2]
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3.1.3 Bosonic Vacuum

The purely bosonic vacuum ¢ = 0 = 1) corresponds to a very particular
configuration. In principle, it should not be regarded as a subsector of the
previous case because it acquires additional degeneracies in the Dirac matrixﬂ
which lead to new first-class constraints. This is a direct consequence of
the whole energy-momentum tensor of the Lagrangian formalism vanishes
identically and there are no field equations to determine e}, so the dreibein
is a non-propagating gauge field in this case. Nevertheless, some of the first-
class constraints found in the previous section turn out to be not functionally
independent and therefore compensate the situation. As we will show, the
whole picture results into an equal number of DOF, thus we can think of the
vacuum as a generic sector.

First note if the fermions vanish, (C.3)) and (3.2)-(3.4)) imply

(ot} = {0 ={e. 9 ={p,. ¢’} = {¢l, g1} =0, (337)
{vu, K} = {¥a Jut ={¥ K} =0, (3.38)
(where we have set 1) = 0 = 1) after computing the Poisson brackets). Thus,

we find six additional first-class constraints ¢ ~ 0, which generate arbitrary
changes in the spatial components of the dreibein,

det = {e, / PPz Xopl} = A (3.39)
As the time component ef is already a Lagrange multiplier, this in turn means

that the dreibein is completely arbitrary (in particular it can be chosen to
be invertible). In this sector, the first-class constraints (3.7)) read

Jo = Ja+ € pies + Dol (3.40)
K = K+0;¢, (3.41)
T = —ebyl, (3.42)
Hi = elK,—elDjpl + Tipl —wiJ, — AiK . (3.43)

Note that the Weyl invariance has not been fixed so the torsion components
T}, remain undetermined. In this sector one can also identify K, ~ 0 as a
first-class constraint (which is identically fulfilled). However, since is
quadratic in the fermionic variables, it can be shown that it does not act on
the phase space,

{K., F} =0, (3.44)

"The Dirac matrix is defined as Qap := {¢4, ¢B}, where the indexes A, B range over
all the constraints [25].



28 CHAPTER 3. DYNAMICAL CONTENTS

\ Sector \ Gauge \ Generators \ F \ S \
Any generic | Nt =0 | J,, K, H;, ¥ 7 14+ 4n
Spin-1/2 v=20 Jo, K, K, 7 14+ 4n
Vacuum — Jo, K, o 10 8+ 4n

Table 3.1: The number of local degrees of freedom for different dynamical sectors.
In these cases, n = 1 for real Majorana spinors and n = 2 for complex Dirac
Spinors.

oL

Oef
(t — a) components of the energy-momentum tensor, is a consequence
of the fact that the linearized version of 7# = 0 is fulfilled identically.
Considering this functional degeneracy of K,, we see that diffeomorphisms
are composed only of gauge transformations plus certain particular
displacements of the vielbein. Moreover, it is clear that the SO(2,1) x
U(1) x Diff x Weyl transformations are generated by a linear combination
of the first-class constraints J,, K and ¢! only. The remaining constraints,
corresponding to €, 2, ¢} and ¢/, are second-class as can be checked from
their Poisson brackets ((C.3)).

for any function of the physical fields. As K, = can be regarded as the

3.2 Degrees of freedom counting

In a theory with N dynamical field components (that is, excluding Lagrange
multipliers), F first-class and S second-class constraints, the number of DOF
is given by [67]

2N —2F - §

DOF =
2

(3.45)

In the system discussed here there are N = 14 + 4n dynamical field com-
ponents, A;,w%,e¢,1,1. The following table gives the values of F' and S
in different cases: In all cases, formula gives DOF = 2n, in complete
agreement with the naive counting at the beginning of this chapter. Note
that the first two sectors share the same number of independent first-class
constraints. For the second, one finds an additional diffeomorphism generator
instead of the Weyl scaling.

As the possibility of finding another first-class combination cannot be ruled
out in general, one could in principle find a sector where all the three
diffeomorphism generators and the Weyl scaling (in addition to J, and
K ) are independent, even though such a configuration would certainly be
non-generic by definition. However, this would lead to an odd number of
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second-class constraints and a non-integer result for the DOF', according to
(13.45]).

3.3 Analysis

Let us remember the Lagrangian is obtained from a CS form for an
05p(2|2) connection, in which the spinorial component of the connection is a
composite field split as yég@/)ﬁ. This splitting has a number of nontrivial con-
sequences for the dynamical contents of the theory: i) Instead of zero degrees
of freedom of a generic CS action, this system has the four propagating DOF
of a Dirac spinor; ii) The system acquires a proper Weyl rescaling symmetry,
i.e., it has no associated Noether charge and can be directly fixed; iii) The
metric structures —the dreibein and the induced metric— are invariant under
SUSY, and therefore there is no need to include spin-3/2 fields (gravitini);
iv) Supersymmetry is reduced from a gauge symmetry to a rigid/global
invariance that is contingent on the features of the background geometry
and the gauge fields; v) For the vacuum sector the dreibein becomes pure
gauge and diffeomorphisms degenerate into SO(2,1) x U(1) transformations.

The Dirac formalism completely recovers the Lagrangian equations. The
equations for the gauge fields (w, A) follow from the constraints and the
Hamilton equations for these fields. Furthermore, it can be shown that
the Dirac equation and equation 7#, = 0 are respectively equivalent to
(C.94C.10|) for an invertible dreibein. In fact, after Weyl fixing and computing
the temporal evolution one gets Dyip = €2(, and T2 = ebe§T% . Then,

equations ((C.9C.10|) together with the constraint (3.2)) can be covariantized

to give

TSV@W = @EVGV[MBVWH—@E%[WMWCL@D, (3.46)
1
VD = T e (3.47)

The degeneracy of these equations follows from the fact that 7%, is pro-
portional to (3.46) and is a combination of the Dirac equation -plus its
conjugate-, and therefore identically vanishes for this theory, which is in turn
equivalent to Weyl invariance.

It should be stressed that DOF = 2n is an upper bound for the number of
local DOF since in non-generic sectors there might be additional accidental
first-class constraints and therefore fewer degrees of freedom, as it happens
in some sectors of higher-dimensional CS systems [58]. The general counting
performed in Section proceeds under the assumption that this is not
the case. The argument given there, using the ‘degenerate gauge’, even
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holds for the spin-1/2 sector of Section but for that configuration, it is
illustrative to explicitly use the Weyl fixing instead (see the end of Appendix

).

In that sense, the purpose of choosing a specific sector such as the spin-1/2
is twofold: On the one hand, the Lagrange multipliers can be readily solved,
allowing for an explicit solution of leading to a full realization
of the first-class constraints. On the other, the Weyl symmetry is “gauged
away” in this case, providing a symmetry breaking mechanism. One is left
with a global version of the scale invariance which is broken by fixing the
fermion mass or the normalization of the dreibein.

In this system, SUSY seems to play a marginal role. It starts out as part
of the gauge invariance of the action , then it is seen as a global (rigid)
symmetry without first-class constraints associated to it, contingent on
the existence of some spacetime symmetry, which need not occur in every
spacetime background. The action and the equations are invariant under

&Y = %Be oY = %EB

SA = —% (Dge + ede))

Sw = —1 (e“ + e“bceb”yc) €—F€ (6a — €abc€b”yc) Y, (3.48)
oe® = 0

where € satisfies the no-spin-3/2 condition, [6% — (1/3)7y,v*]D,e = 0. This
condition can be fulfilled provided the spacetime and the connection fields
admit a Killing spinor of a certain kind [15]. This is the case for the vacuum:
AdS or Minkowski space without fermions or electromagnetic fields. This
background is a full-BPS state preserving full supersymmetry, but there are
configurations preserving 1/2 or 1/4 of SUSY, just like in (2 + 1) SUGRA
[14, 68]. A bosonic vacuum ¢ = 0 remains invariant under provided
e = 0, which is also a requirement that the background admits a Killing
spinor.

Unconventional supersymmetries can also be constructed in higher dimensions
based on a gauge superalgebra containing so(2n,2) or s0(2n—1,1) as a proper
subalgebra. In odd dimensions D = 2n + 1 > 5, a similar CS construction
can be set up, while for D = 2n > 4, since the CS forms are not defined,
the construction requires a metric and the action can be of a Yang-Mills
type, as we shall see in detail in Chapter [5] In both cases, the fermionic
part of the connection can be construed as a composite of a vielbein and
a spin-1/2 Dirac field [15]. For all D > 4, it can be expected that, as in
the three-dimensional case discussed here, the vielbein would not contribute
to the dynamic contents unless it possesses an independent kinetic term
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of its own; the effective gauge symmetry would correspond to the bosonic
part of the superalgebra, and supersymmetry would be reduced to a rigid
invariance conditioned by the existence of globally defined Killing spinors
of the background. In other words, supersymmetry would be at most an
approximate feature in some vacuum spacetime geometries, and the main
footprint of its presence in the theory would be in the field content, the type
of couplings and the parameters in the action.

As we shall see in Chapter [9] the conduction properties of graphene [69-71]
can be very well described by the m-electrons in the two sublattices of the
honeycomb structure as massless fermions in the long-wavelength limit [40].
It was already conjectured that the system studied here could reproduce the
behaviour of these m-electrons [12, [14], while the very strong o-bond of the
remaining available electrons of the carbon atoms keep the geometry of the
graphene layer fixed. Therefore it is expected that in the low energy (long
wavelength) regime, the dynamical contents are essentially in the fermion
sector, as pointed out here. Nevertheless, note that we have introduced
a torsional mass term, which is required in principle by hermiticity. Such
construction not only leads to a symmetry breaking mechanism but, it also
allows the massive fermion to trigger a backreaction into the background,
provided we use the contorsion as an effective cosmological constant. This
implies a constant curvature background as illustrated in [12]. Following
that line, an idea to be experimentally explored is whether specific graphene
layers (or graphene-like material) can be manufactured which admit Killing-
spinors in order to measure some induced SUSY effects. This would provide
low-energy graphene models to test high-energy physics theories, whose
observable effects are beyond reach in current particle accelerators |31} 32].

Besides providing a rigorous tool for identifying the dynamical DOF, the
Hamiltonian formalism could be the preliminary warm-up towards a quanti-
zation procedure [25,|26], eventually leading to a quantum theory of graphene.
In the system described here, the only dynamical degrees of freedom are those
of the Dirac fermion; the bosonic connections A and w are described by CS
actions and therefore have no local DOF, while the dreibein is an artefact that
can be gauged away. This means that the bosonic fields could not contribute
to the QFT other than as classical external fields; their quantum excitations
would be produced by nontrivial global holonomies of a topological nature.
Such fields would not propagate and hence should not generate perturbative
corrections. In particular, there should be no perturbative corrections gener-
ated by quantum fluctuations of the bosonic fields in graphene, the system
should behave like a free electron field propagating in a curved classical
background and, therefore, one can reasonably expect to be renormalizable.
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Chapter 4

Internal SU(2) group

In this section, we shall describe an extension of the group OSP(2|2) in
order to include a particular non-Abelian internal gauge symmetry, as SU(2).
As we will see, the procedure to construct such a theory is very similar to
that followed in Chapter [2l The only difference is the addition, due to the
transformation of the fermion under SU(2) fundamental representation, of
an extra internal index for such a fermion. We also present some interesting
bosonic solutions, as AdS; and BTZ black holes, and their Killing spinors.

4.1 Connection, Lagrangian and field equa-
tions

The minimal graded Lie algebra where the fields are in a linear representation,
which includes su(2) and s0(2,1) as subgroups, is usp(2,1|2) [14]. We take
a one-form connection, which is spanned by the su(2) generators T;, the
Lorentz generators J,, SUSY generators Q%, Q,,, and it is needed an extra
generator Z (a central U(1) extension) in order to close the algebra, as we
shown in Appendix [B.2] With the role of dreibein as connecting the tangent
space and the base manifold, such a one-form connection can be written as

A= AT, +9¢Qi + Q ¢ + ', + bZ (4.1)

where this time we omitted the spinorial indexes for the sake of simple
notation. The index I = 1,2,3 is in the adjoint representation of su(2)
subalgebra, while the index ¢ = 1,2 is in the fundamental one. We define the
Dirac adjoint as

G = 1P Cad7 . (4.2)

33
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Here
(Vo) = Cr.C, Cl=-C, C*=-1.

so that CTC' = 1. In this case, the spinor need not be charged with respect
to u(1) because of Z is central. Part of the geometric structure and the
details of the representation can be readily seen from the curvature two-form[T}
F =dA + A%

F=Fla+ F T+ QF+FQ+ Fol, (4.3)

whose components are given by
F*= R — ¢ e, (4.4)
FI = FT —jegeete® ol (4.5)
F=-@¢D;, (47)
Fy = db— ieabce“ebwvczﬁ ) (4.8)
Here R* = dw® + %e“bcwbwc is the Lorentz curvature 2-form, and F! =
dAT+1e! ;i AT AR is the su(2) curvature. We use D for the exterior covariant

derivative for an so(1,2) x su(2) connection. In particular, for the spin-1/2
fundamental representation,

. , ) N
Bij = (537 — %AI(UI)iJ + §5Zj'wa7a
S O PN

In (4.9) we have used the full Lorentz connection (metric compatible) w®.
The Lorentz connection can be split uniquely as w® = w* + k%, where w®
is the torsion-free connection (de® + w%e® = 0) and x® is the contorsion

one-form, so that T% = €%, kbe®.

As before, the Lagrangian for this theory can be written as a CS form,

L= g<AdA + §A3> , (4.10)

where (...) is the invariant supertrace of su(2) graded Lie algebra [14], (see
Appendix . This way, the Lagrangian can be written simply as

1 1
L = g (AIdAI + gﬁJKAIAJAK) + g (wa’dwa + gEabcwawbwc)‘l-ll)

— 1
— K (VMBM - g,ﬁ“ + §€“bcTabC) Yle|d®x . (4.12)

'We omit internal indexes and free spinorial indexes whenever it does not lead to
ambiguities, so that ¢ = @Zwi and Yol = Ez(al)ijz/}j.
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The field equations are given by the zero-curvature conditions,
Fo=0, Fl=o0, (4.13)

the Dirac equation and the resulting equation from the variation with respect
to the local frame.

Varying with respect to 1 and dropping a boundary term 8,(—k |e|di1)), we
obtain the Dirac equation,

0 = 2[y* Dy, + mth + €apelo®, E¥ % + le| 0, ey, (4.14)

where the last two terms are required by hermiticity. In (4.14) we have
defined the quantity,

1
m = ge“bcTabC , (4.15)

associated to a nonzero torsion of the spacetime.
Varying with respect to the vierbein e, gives 6(|e|Ly,) = |e[de®, 7, "+r O, [|e[e"",de?, )],
where

Tt = HECNEde [E%d%%w + @%%Bcﬂ/f — Ez/;TadfeCdf ] : (4.16)
Therefore, the field equation
/=0, (4.17)

guarantees that the stress-energy tensor,

4 = T By [T Dt + T Bats — TToaa] + (5 0) |
(4.18)
vanishes on—shel]E| as a consequence of Weyl invariance. Another way to
read this is that the on-shell torsion acts as a source for the usual spinor
contribution to the energy-momentum tensor.

4.2 Symmetries

Due to the way the dreibein is implemented, the Lagrangian has the
scale symmetry and, because it is built from a CS form, it is immedi-
ately invariant under diffeomorphisms. A gauge transformation generated by
a local, infinitesimal, su(2, 1|2)-valued zero-form G,

G = p'T; + Qe — FQ; + \°J, + \Z, (4.19)

2Here t" = (2/v/=9)0(v/=9Ly) /09w = (1/2)n°(E 1¢ + EV7{'), and we used a
convention in which s = s(*) for symmetric tensors.
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induces transformations on the component fields w®, A, e?, 1); and b. While
the transformation laws for w®, A’ and b are straightforward to read off from
the usual rule §A = dA + [A, G] = DG, extra care is required when handling
e® and 1);, since this expression only determines the variation of the product
¢1;. In order to see the form of the transformations on the fields v; and
e, we follow the prescription given in Chapter [2, which basically ensures
that the vielbein remains invariant under gauge and SUSY transformations,
but rotates as a vector under the Lorentz subgroup. This is in line with
the standard assumption that the metric is unaffected by internal gauge
transformations like U(1) and SU(N).

4.2.1 Internal gauge symmetry.

The u(1) transformations generated by AZ affect only the u(1) field b, which
changes as b = d\. Under su(2), the nonzero transformations are

SAT = Dp", (4.20)
50 = 50 (01) 0 (4.21)
6% = —50p (o1);' (422)

where we have defined the su(2) covariant derivative in the adjoint represen-
tation, DST = dST + /7K A;Sk. It is consistent to keep the same notation
for the full so(1,2) x su(2) covariant derivative as long as it is used with the
appropriate representation of the argument. In this realization there are no
gauginos and the matter field v); transforms in the fundamental representation
of SU(2).

4.2.2 Lorentz symmetry.

Under Lorentz rotations, e® transforms as a vector while the metric g, =
nabeaueby is insensitive to the choice of local orthonormal basis in the tangent
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space. Consequently, one ﬁndsﬂ

ow® = DA, (4.23)
Set = —e™ e, (4.24)
1
51@1 = —5)\a’)/awi, (425)
— 1 i
0 =AW %, (4.26)

where DA\* = d\* + €®“wy )\, defines the Lorentz covariant derivative of \®.
Note that the matter field 1); transforms in the spin-1/2 representation
automatically, and not in the adjoint of so(1,2). Obviously, A’ remains
invariant under local Lorentz transformations.

4.2.3 Supersymmetric rotations.

Under SUSY transformations w®, A’ and b change by

Sw® = e(he + Ep) — €%’ (e — EYY) | (4.27)
SAT = —ie(Eolya1p + Yol v.e) (4.28)
§b = —ie"(Ey + V,e) (4.29)

where the su(2) indexes are traced over (and omitted). We used here the
same prescription given in Section to deal with the decomposition of the
vierbein e}, and the spinor . This leads to the infinitesimal transformations,

Suf; = %w(Dug)i , (4.30)
57 = €D, (4.31)
e =0 . (4.32)

Here, as for the OSP(2|2) case, € will be regarded as a global instead of a
local parameter.

In the next subsection, we describe the classical solutions for these field
equations that have vanishing vacuum energy but a nonzero Ag.

3In this one-index notation, eq. (4.24) is equivalent to de® = —\%e?, with \*® =
_Eabc)\c.
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4.3 Vacuum solutions

The field equations in the matter-free sector, 1) = 0 = v, imply that
spacetime is locally Lorentz flat (R%® = 0) and SU(2) flat (Ff = 0). The
interesting point is that, however, this does not necessarily imply a trivial
geometry or a trivial SU(2) configuration. The field equations admit other
nontrivial solutions depending on the topology and boundary conditions.
Moreover, these equations do not completely determine the metric structure
and there is a large family of nontrivial solutions that solve them, as discussed
in this section.

Lorentz-flat geometry

As shown in |72, the most general (2+1)-geometry compatible with R = 0 is
a geometry of constant negative (Riemann) curvature, i.e., AdSs. Minkowski
space is also allowed as a limiting case of vanishing cosmological constant.
This can be seen as follows.

The Lorentz connection w can be uniquely split into a torsion-free part and
the contorsion as
wab — d’)(lb + ffab, (433)

The torsion-free condition can be solved for w in terms of the vielbein and a
symmetric affine connection (Christoffel symbol). The Lorentz curvature R
splits into the torsion-free (Riemannian) curvature R and torsion-dependent
terms,

R® = R™ 4+ Dk + 5% 5 | (4.34)

where for D( ..) we understand the covariant derivative with respect to
the torsion-free connection w?. Clearly the Lorentz-flat condition R = 0
does not necessarily imply R* = 0. The Lorentz-flat condition (4.34),

however, implies that the torsion-free connection & is not generically flat,
but R?® = —Dkr® — k% k®. From the field equation F* = 0, we have

immediately R¢e® = 0, which means DT® = 0. In three dimensions, this
equation has the solution [72]
T4 — Eeabceb

7€ (4.35)

where [ > 0 is an arbitrary integration constant with dimensions of length
and € = £1. The introduction of a dimensionful constant fixes the scale for
the classical configuration, breaks Weyl invariance and gives us an effective
mass term for the fermion

3
2

m =

(4.36)
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Thus, from relation (4.35)), the contorsion can be written as

€

/iab = —ZGGbCGC, (437)
where we reserved the constant [ for the vacuum case and [ > 0. It can be
directly checked that Dk = 0 and finally

Hab 1 a b

RV = —pete (4.38)
The torsion-free part of the Lorentz connection defines the Riemann tensor
that accounts for the purely metric (torsion free) curvature,

R, = E*,EP,R®,,. (4.39)

Combining (4.38)) and (4.39)), the Riemann tensor for a Lorentz-flat connection

is found to be [72]
1

R, = —5 (6087 — 60677) . (4.40)
Therefore, even if the contribution to the vacuum energy from the fermion
condensate were to vanish (¢ = 0), there is an effective cosmological
constant Aeg = —l%, where [ is an arbitrary integration constant. The
solution with flat Riemann curvature can also be accommodated by taking
e =0 (or [ — o0). Note that, while there is a sign ambiguity in the torsion
(e = £1), no such ambiguity exists for the curvature, which means that
this result is not true for A > 0: de Sitter spacetime is not a Lorentz-flat

geometry.

Considering that the symmetry used to define the model is a superextension
of Lorentz symmetry, it is interesting that either flat or negative curvature
spaces could emerge spontaneously. Positive curvature, however, is not
allowed. We can compare this fact with the four-dimensional case in which
de Sitter is not favoured by SUSY either |73].

Conversely, implies that any simply connected patch of three-dimensional
anti-de Sitter space can be endowed with a flat Lorentz connection, just like
any patch of Minkowski space. This result can be seen as the Lorentzian
version of Adams’ theorem, which states that S? is parallelizable, i.e., it can
be endowed with a globally defined flat SO(3) connection [74, [75]. This
theorem is only valid for SY, S, S% and S7, so it should not surprise us to
have also a similar conclusion in D = 7 and in no other cases.

In the presence of matter the fermion condensate <¥¢> relates to the curvature
of space and the magnitude of the torsion by means of,

R® = (2 (1) — l)e“e”, (4.41)
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and therefore, the effective cosmological constant is

Aﬁp:2<a¢>—-l. (4.42)

This implies that, in order to avoid the appearance of a tachyonic mass term,
the following condition has to be satisfied,

5= 2(00) ~ A 20, (4.43)

or Aeg < 2 <E”¢)> There are three different cases: First, if <E¢> < 0 only
AdS spaces are allowed. Second, if <Ew> = 0, then spacetimes with Aeg < 0
are allowed. Finally, for <Ew> > 0, Aeg can take any values in the range
—00 < A <2 <Ew> allowing for metrics that include flat, negative, and a
small window of positive curvature spacetimes.

Summarizing, the general solution for the matter-free equations is a spacetime
that is locally AdS; (or Minkowski), where the cosmological constant A =
—1/1? is an arbitrary integration parameter. This family of geometries
includes AdS; with or without identification, in particular, the (2 + 1)-black
hole [76] and spinning point particles [77].

4.3.1 The (2+1) black hole as a Lorentz-flat geometry

The (2 + 1)-black hole is locally AdSs, and the local frame that corresponds
to the rotating solution reads [78]

e = fdt, (4.44)
el = fldr, (4.45)
e* =1 (dp + N¥dt), (4.46)
where
r2 J2\ /2
f(r) = (l_2 — M + @> ; (4.47)
N? = —2—;{2, (4.48)

and (M, J) are integration constants corresponding to the mass and angular
momentum. The vanishing torsion condition, de® + w%e® = 0, can be solved
for the connection yielding

.0 r J

= —dt — —d 4.49
w1 l2 27‘ 907 ( )
Wy = —fdyp, (4.50)
0?y = T (4.51)

_2f7“2
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The corresponding Riemannian two-form has constant, negative (or zero)

curvature, R® = —[~2¢a¢b. On the other hand, the full Lorentz connection
w®, including the contorsion (4.37)), reads
0 r J 1
=|-—€e— | |-dt+ed 4.52
< (z 627“){[ “4’ (4.52)
Wy = —f Edt + d(p] , (4.53)
1 [/ Jl
0 _
w T <ﬁ+€> dr, (4.54)
and is explicitly checked to be flat, R® = 0.

Other black holes solutions in the presence of torsion have also been derived
in detail under the Mielke-Baeckler model [79, 80|, but we want merely to
stress here the fact we can realize the BTZ solution as a Lorentz flat geometry
irrespective of the model which it is implemented.

4.3.2 Flat su(2) sector

In addition to being locally AdSs, the vacuum solutions have a locally flat
SU(2) connection. This connection is locally pure gauge and therefore can be
gauged away in any simply connected patch. But the possibility of gauging
it away everywhere depends on the topology of the manifold.

Since su(2) and so(1,2) are locally isomorphic, and the corresponding gener-
ators 1/20; and 1/27, are the same up to factors of +i [cf. eq. (B.6))], one

can use the connection (4.52)—(4.54)) to tailor the su(2) field A’ as

Al = —i% (1—nsV¥)dr, (4.55)
A2 = —p [gdtjtdgp} , (4.56)
A = —@'”—; (1 +7slV?) [gdwdg@} , (4.57)

where 7 = %1, s is an arbitrary length scale (not necessarily equal to [), and

r2 K2\ V2
K
L p— 4,
1% 0 (4.59)

The flat su(2) solution (4.55)—(4.57) makes the asymptotic behavior of the
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field as
A= —igdr : (4.60)
=" [ﬂdt + dgo} , (4.61)
S LS
= _ily [th + dgp] . (4.62)
S S

Here (W, K) are integration constants. This configuration for A’ closely
mimics the Lorentz connection w?, [cf. eqs. (4.52)—([.54)], but the field
equations allow nonetheless for independent integration constants (W, K, s).
As in the Lorentz connection, there is a sign ambiguity (7) in the solution
for F! = 0, but in this case it is not related to another structure because in
SU(2) there is no analogue for the local frame or the torsion. Additionally,
the solution f allows another sign freedom that corresponds to
the choice of sign in the square root to define h. There is no analogue of this
sign freedom in the Lorentz connection, since it would amount to choosing
a local basis in tangent space with the opposite handedness relative to the
coordinate basis.

4.3.3 Conserved Charges

In order to define conserved charges in the presence of nontrivial boundary
conditions it is necessary to add boundary terms to the action to make
sure that the action remains stationary on the classical orbits. For trivial
conditions, in which all the fields are fixed at the boundary and the space
is asymptotically flat, it is often unnecessary to take these precautions, but
for asymptotically AdS spacetimes boundary terms are often required. In
particular, the CS terms in a non-compact manifold must be supplemented
with a boundary term and appropriate boundary conditions that regularize
the action [81]. Let us assume a three-dimensional manifold whose local
geometry is of the form M = Rx 3, where R represents the time direction and
¥ is the two-dimensional spatial section. As shown in [82-84], the regularized
Chern-Simons action in three dimensions is given by the transgression form
T defined by

T = Los(A) + B(AA) — Les(A) (4.63)

where A corresponds to a fixed classical solution, that matches A at the
boundary and has zero curvature 4 = 0. The term B lives on the boundary
and is such that it makes the action gauge invariant. Varying 7 with respect

to A (with 6A = 0) yields

0T = k (SAF,) — gd (ASA) + 6B, (4.64)
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The first term on the right-hand side vanishes on-shell and therefore B must
=0. (4.65)

be such that
[53 .. / (AéA)]
2 Jom on-shell

The boundary condition A’ oM = A means that 1} is fulfilled if

B=—1 /a (aE). (4.66)

The variation of the transgression form around an arbitrary (infinitesimal)
configuration JA will be given by

5T = K{(SAT,L) + dO. (4.67)

where

o= g<5A (A—R)). (4.68)

Under gauge transformations dA = DyG, 6A = D;G, the transgression
remains invariant off-shell, dgauge 7 = 0. Consequently, by Noether’s theorem,
there is a conserved current *J = —O [84]. Demanding the reducibility
condition at spatial infinity [85],

D¢, =0, (4.69)
the conserved charge can be found as [84]
Q] =r((A-A)¢) . (4.70)

This last expression will be used now to compute the global charges of
nontrivial vacuum solutions.

The nontriviality of the configuration given in Sections |4.3.1] and [4.3.2| can
be assessed by computing the conserved charges (4.70). For a generator
& =a, + BT € so(1,2) ® su(2) we explicitly have

K a —a —!
QlEl =7 [(w — 0"+ (AT - A )61} : (4.71)
This charge requires the definition of the asymptotic behavior of w® and al
[85], given by the leading order in r for r — oo, where these connections
approach those of the massless black hole and the uncharged su(2) solution.
Therefore

Ml
W' — @ = 5 (%dt + d(p) +0(r ), (4.72)
Wt - = £ (eM + Z) dr + O(r=) (4.73)
23 l ’ '

w2—52:—i<

€
—dt+d 4.74
= (Gar+d) . (4.74)

l
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and
AL A = —228—:3 (nW + K) dr +O(r=?), (4.75)
A A = WS( dt+dgo>+0( ), (4.76)
A A = zg <;dt + d<,0> . (4.77)

Now, the reducibility condition (4.69)) for £ implies in the asymptotic region
da® + ¢4 =0, dl + e,k A'BE =0. (4.78)

The asymptotic solutions are

a® = ec; (r + #) +0(r7?), (4.79)

a' =0, 4.80)

a*=cr+0 (7"’1) , 81)
and

Bl =0, (4.82)

B3 = e (r + —USKQ_T l2W> +0(r?) (4.83)

B =incor + 0 (r71) . (4.84)

with ¢; and ¢y some arbitrary constants. Finally, the Noether charge (4.71))
is found to be

Q=r(% L (eMl =)+ 0 (r2)) ledt + 1]
+ K (E(UWS - K)+0 (7“_2)> [ndt + sdy]. (4.85)

This charge must be integrated on a circle at spatial infinity of a time slice,
to obtain the conserved quantities associated to the two symmetry groups,

X Q= (Cquou 2) + 205U (2)) 5 (4.86)
SL

where

qso,1) = €Ml —J, (4.87)
qsu) = nsW — K. (4.88)
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Each of the two symmetry groups have a single Casimir operator and this is
reflected in the two charges produced by Noether’s procedure. In order to
see how these charges determine the configuration, let us consider the charge
associated to the Lorentz group, which is determined by two continuous
parameters (M,J/l) and one sign (€). For a fixed value of ggo(2,1), there are
two sets of points in the (M — J/I) plane that correspond to it,

1
M = :|:7 (J + qSO(Q,l)) . (489)

These are two straight lines of slope £1 that intersect at the point (M, J) =
—(0,gs0(1,2))- As shown in Figure [4.1] these lines (dashed) correspond to all
states for some negative value of gso(,2), which include black holes (upper
wedge), point particles (lower wedge) and unphysical states (left and right
wedges). Each of these lines intersects an extremal black hole, M = |J|/I,
or an extremal spinning particle, M = —|J|/l [77]. As will be shown in the
next section, for gso(1,2) # 0 those extremal states admit-globally defined
Killing spinors (BPS states).

A given value of the SU(2) charge also corresponds to two lines in the
(W, K/y) plane, but in this case there is no geometric interpretation provided
by the metric, which discriminates between black holes, point particles and
unphysical states. In contrast with Poincaré or AdS gauge theories, here we
have only one independent charge asociated to space-time or Lorentz gauge
transformations [86-89|. It is important to clarify how the flat SU(2) solution
should be interpreted. The fact that the fundamental homotopy group of
SU(2) is trivial, m (SU(2)) = 0, tells us that that symmetry is necessarily
broken in the solution of Section [4.3.2] This is the result of imposing specific
asymptotic behavior —@ by demanding D3’ = 0 at spatial infinity.
In this sense is really an SU(2)-singlet charge, computed with respect
to certain “orientation” of the 3! parameter. The parameter 3 is analogous
to the Higgs-like field of the 't Hooft-Polyakov monopole solution [90/192].
Here we have not included the charge associated with the central generator
Z, which could be treated as a U(1) charge in the usual sense and added to
the other two charges trivially.

4.3.4 Killing Spinors

If a bosonic system has a classical solution, it is often sufficient to show
that it admits globally defined Killing spinors in order to prove perturbative
stability. The idea is to embed the theory into a supersymmetric one so that
the supersymmetric action is stationary around the classical solution. Then,
SUSY is typically enough to show that the classical solution is a local energy
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2+1 BH spectrum_(J#0)

A\

(point particles) N )

Figure 4.1: Mass-angular momentum phase diagram for three-dimensional so-
lutions of gravity. The upper wedge (light blue, or darker grey in the printed
version), M > |J|/l, corresponds to nonextremal black holes configurations. The
lower wedge (light yellow in the electronic version), M < —|J|/l, corresponds to
point particles. Left and right wedges, |M| < |J|/l, are unphysical configurations.
At M = —1 we have anti-de Sitter spacetime (square). Solid lines correspond to
M £ |J|/l = 0. Dotted lines in the lower wedge correspond to M =+ |J|/l = —1.
The dashed lines correspond to —1 < M £ |J|/l < 0.
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minimum and, therefore, perturbatively stable [93]. Using the covariant
derivative (4.9), the Killing spinor equation (D); = 0 can be written asﬂ

1 1
dip + §w“%@/} - §A101¢ =0, (4.90)
where w® and A! are given by Equations (4.52)—(4.52)) and (4.55)(4.57)),
respectively.
Solutions

The general solution for the Killing spinor equation is given by
w = UXU’}IUUUY ’lp(]?a (491)

where 1)y is a constant spinor and

1
Ux = X’Y_e + Yﬁ/e, (492)
1

Uy =Yo,+ vI-n (4.93)
eJ

U’Y = exp |:—9(€/l)”}/0 <|:—M + T:| Y—e + ’YE):| s (494)
K

U, = exp {—iﬁ(n/g) ([—W + %} o, + 0'77) 02} : (4.95)

In (4.92)—(4.95)) we have defined

r e 1/2
X = - — 4.96
(r+i-%) (4.96)
1/2
r nk
Y=\h+-—— 4.97
( + s 2r ) ’ ( )
1
Oy = 5 (Wt + ), (4.98)
1
Ye==1+emn), o,= 5 (14 noy). (4.99)

Note that U, and U, depend only on ¢ and ¢, while Uy and Uy depend only
on 7 (see Appendix D] for details).

4Recalling that v and o belong to different spaces and therefore act on different indexes
of v, we can safely omit all indexes and simply write v and o both acting on 1 from the
left.
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Periodicity Conditions

Let us examine the periodicity of U, and U, under ¢ — ¢ + 27 for different
values of (M, J/l) and (W, K/y). Under that rotation, the phases of U, and
Us,

J
S=— ([_M + ET} V—e + ’Ye) ) (4100)

K
7 =—i ({—W + HT] o+ 0_77) s (4.101)

get multiplied by 27. There are two possibilities for periodicity to occur: i)
if S = —1 = Z2, in which case the corresponding Us would be trigonometric
functions of #, and ii) if S? = 0 = Z?2, in which case there is no p-dependence
at all. Direct computation yields

)

=M — ‘%] (4.102)
e (- 5o
—W— % (4.103)

In the (M, J/I) plane one can distinguish three different cases: i) M —eJ/l =
—1, corresponding to two straight lines passing through the AdS point,
(—1,0); ii) the generic extremal cases, M = |J|/l # 0; and iii) the zero mass
extremal case, M = 0 = |J|. Three analogous cases can be distinguished
in the (W, K/s) plane simply replacing (e,l, M, J) by (n,s, W, K) which,
together with the other three, produce nine combined cases. In each of
these cases the number of globally-defined Killing spinors is different, as
summarized in Table , also depicted in Figure (see Appendix @ for
details).

In the case M — eJ/l = —1, for each value of € there are two well-defined
solutions, the two basis for the constant spinor 1y, represented by the solid
lines in Figure In the second case, M = |J|/l # 0, there is only one
well-defined solution corresponding to the basis spinor in the kernel of ~,,
represented by the two lines M = £J/I. We can also see that at the two
green points there are three well-defined solutions: two for the value of €
such that M — eJ/l = —1 and one for the value of € such that M —eJ/l = 0.

Since the SO(1,2) and SU(2) symmetry groups are independent, each one
with its own constants of integration, the total number of Killing spinors is
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Figure 4.2: A generic configuration has no globally-defined Killing spinors (KS),
but there may be up to 4 ks for special values of M and J. Further explanation in
the main text.
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,J/1
(W, K/S)w " (=1,0) | (0,0) | (RT, M)
(07 O) 8 4 D)
(RF, W) 4 2 1

Table 4.1: The number of Killing spinors for different values of (M, .J/l) and
(W, K/s) in the black hole region.

just the product of the number of well-defined solutions of each sector.
The number of complex components of ¢ is four, two from the spinor index
and two from the internal index. The final number of Killing spinors for
each case is given in Table These could be considered as more general
Killing-spinors solutions of the ‘standard” BTZ, which were already found

[63).

4.4 Discussion

We have considered the CS theory for the superalgebra su(2,1|2). This
algebra can be seen as the minimal supersymmetric extension of the algebra
so(1,2) @ su(2). This yields an action containing, in addition to the SU(2)
connection and (2 + 1) gravity, a Dirac field minimally coupled to gravity
and to the SU(2) gauge field. As in [12], the cosmological constant and the
mass of the fermion are related and determined by an integration constant,
instead of being fundamental parameters in the action.

This system can be viewed as a three-dimensional toy model of a more
“realistic” four-dimensional theory. However, the Dirac Lagrangian minimally
coupled to the SU(2) gauge field also seems appropriate to describe electrons
in graphene in the long wavelength limit near the Dirac point, including
the possibility of spin-spin coupling mediated by the SU(2) gauge field.
This interaction corresponds to assuming the freedom of choosing the spin
quantization axis independently at each point in the graphene lattice, as
done in the Jordan-Wigner transformation for the Hubbard model [94], 95].
Such an interaction might produce long-range correlations between electron
pairs with antiparallel spins in a manner analogous to the Cooper pairs in the
BCS theory, in which case, a superconducting phase could exist in graphene
at low temperature.

The field equations in the matter-free case obtained by setting to zero the
fermions, are those of a locally flat SU(2) connection in a background of
locally maximally symmetric three-dimensional spacetime, which includes
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AdS3, black holes, and point particles (conical singularities) in AdSs, as well
as their spinning counterparts. By exploiting the fact that for a particular
choice of the torsion a locally AdS3 geometry is Lorentz-flat, a globally
nontrivial although locally flat SU(2) connection is constructed mimicking
the geometry of a (2 + 1)-black hole. The solution has a SU(2) charge.
However, as discussed in Section [4.3.3] this is not coloured but just an Abelian
charge from the residual broken symmetry SU(2) — U(1). If the black hole
is rotating, it is characterized by a combination of the parameters (M, J)
and (W, K). For certain specific values of these parameters, the solutions
admit globally defined Killing spinors, which means that the corresponding
solutions are candidates for perturbatively stable ground state configurations
with a number of unbroken rigid supersymmetries.

By a similar procedurewe we have seen in Chapter [3, in a generic SUSY
extension of an internal non-Abelian gauge symmetry, the fermion excitations
turn out to be the only contribution to the local DOF. In order to illustrate
this, let us consider the split Lagrangian for the SU(2) theory , which,
up to a global factor, reads [14J]

o . N T
Lsuepy = €7|—nwé; 6?1/1A"¢A - Q/JA%ij + ¢A’Yij¢A + §nabwi w;? + i(leAz‘IA}I]
—ef K, + wiJ, + AT K (4.104)

Here the indexes A = 1,2 transform under the 2 X 2 vector representation
of SU(2) (Pauli matrices), while I = 1,2,3 refers to the adjoint repre-
sentation (we follow the conventions of [14]). The primary constraints
(L, ¢t ¢t Q4 Q) are defined in an analogous fashion to their U(1) coun-
terparts. If one omits the contraction in the A index, i.e. 1494 = 11, the
secondary constraints K, and J, adopt exactly the same form as
where the covariant derivatives are now gauged by SO(2,1) x SU(2). The

remaining constraint reads

g 1 - 1 .
K[ = 6”51](5172-? — Z¢7ijaj¢) =€ J(S[J(aiA}] + §€§(LA1KA]L — Z¢7ijUJ¢) .
(4.105)

5The CS form also contains an abelian form b associated to the central charge in
su(2,1|2). However, b decouples from the action and therefore does not enter in the
dynamical analysis.
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Then, one can show that

j

)
|

. 1 _ 4
= Jo T+ €006 + 5(9%2/1 — ¥7.82) + D;¢y

~ 1, = n j
Ki = Ki—5(Qor — o) + D;éy.
T = —G?QPZ + Q@Z) + &Qv
Hi = K, — etDjgh + Tigh + 0D + QD — wid, — ALKy + ¢ F) +

correspond to F' =9 first-class combinations generating SO(2,1) x SU(2) x
Weyl x Diff transformations, respectively. In account of these and the
remaining S = 18 + 8n second class constraints, the original phase space of
N = 18 4 8n variables only contains

ON —2F - S

DOFsy) = 5

4n (4.107)
degrees of freedom for a generic sector, exactly matching the double of the
U(1) case due to the doubling of the fermion fields. SUSY is again not
realized as a first-class constraint, but is a rigid transformation for certain
backgrounds. Such matters, together with the computation of the asymptotic
charges, were already treated in Section [4.3.4]

(4.106)
oL R

a“"ij *



Chapter 5

Unconventional
Supersymmetry in D =4

We would like to extend the model presented in previous chapters to D = 4,
in order to obtain a more realistic fundamental theory, or at least an effective
theory describing some particular behaviour of Nature. Following the same
logic than these ones, the most naive choice for an invariant Lagrangian in
even dimensions could be

Py, = (F---F) (5.1)

where (- - ) is a (super) trace in the Lie algebra, is an invariant polynomial 2n-
form. However, this is a topological invariant and not a suitable Lagrangian.
In fact, the Chern-Weil theorem asserts that any invariant polynomial of this
form is necessarily closed, dP,, = 0, and therefore, according to the Poincaré
lemma, it is locally an exact form: P,, = dCy, 1 |96]. This means that its
variations —under appropriate boundary conditions— identically vanish, or
are just a boundary term, while the dynamics in the bulk remains arbitrary.
Thus, in particular, there are no Lagrangians L(IF') constructed using only
exterior products, invariant under the entire gauge group; the Euler-Lagrange
equations for such “invariant Lagrangians” would have the trivial form 0 = 0.

Therefore, in order to have dynamics in even dimensions, one must give up
gauge invariance under the full gauge group. Instead, the form (/5.1 must
be constructed with a symmetric trace (---) that is not invariant under the
entire gauge symmetry group, but under a subgroup of it. This case is the
only alternative in even dimensions and corresponds to the approach taken
independently by Chamseddine and West [97], Mac Dowell and Mansouri
[98], and by Townsend [99], to construct a four-dimensional (super-)gravity
out of a superalgebra for the (super-)AdS symmetry. Those authors found
that although the fields could be described by an SO(3,2) (AdS,) connection,

23
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the four-dimensional action could be at most invariant under the Lorentz
group (SO(3, 1)-invariant).

In all dimensions, YM Lagrangians can be constructed, provided the space-
time is equipped with a metric structure with which the Hodge dual of I is
defined. Thus, we tentatively define

1
LM = —5tr [F AT, (5.2)

where ®IF is the dual of IF. The metric structure required by this construction
is provided by the vierbein form e = ejd", where ;1 € {0,1,2,3}.

5.1 The system

The simplest SUSY in 4D containing U(1) x SO(3,1) includes the (A)dSs
generators J, and J,,, the complex supercharge Q“ in a spin 1/2 repre-
sentation, and the U(1) generator IK. This is the usp(2,2|1) superalgebra,
whose essential anticommutator is (see Appendix for details on this
representation)

i

{Q",Qs} = —i(r")§Ta + 5 (v*)T — IFK, (5.3)
together with the trivial anticommutators {Q,, Qz} = 0 = {Q*, Q°}. An

explicit 6 x 6 representation for the supercharges is

7 —
Q) = = (0505 + C*05),  (Qu)'s = 0203 + 05 Cas (5.4)
where s> = —1 corresponds to de Sitter, and s> = 1 to anti-de Sitter.
Here C,5 = —Cp, is the conjugation matrix, C° is its invers. In this

representation, the U(1) and AdS generators are [15]

_ 1. 1.
(]K)AB = 1(5?553—6?6%)’ (Ja)AB = 5(7(1) 65&4627 (Jab)AB = §<7ab> gééég
(5.5)

The connection can be written as

A = AK + Q¢ + 0¢Q + fJ, + %w“blab, (5.6)

!The indices A, B = 1, ...,6 combine both spinor indices (a, 3 = 1,...,4) and those of a
two-dimensional representation (r = 5,6) of U(1), i.e., A = (a, 7).
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where A = A, dx", ¢ = v,efdz”, f¢ = fidz" and w® = wzbdxﬂ are one-form
fields (spinorial indices omitted). The curvature ' = dA + AA takes the
form FF = K+ Q,F* + F,Q* + F*J, + %F“bJab, where

Fy = F -3¢, (5.7)
F o= Vi), (5.8)
F = -@)V, (5.9)
F* = Df* = b0, (5.10)
F = R4 §2ff0 iy (5.11)

Here F' = dA, Df* = df* + w%f°, and R%, = dw?% + w®w. We have

also used the notation f = 7,f¢, and ¢ = %%bw“b.

F
[3—2&4—1—%/—1—%9&} and V = [d +iA — £f — 1| are the full bosonic

covariant derivatives in the 1/2—spin representation.

The operators =

Under SUSY transformation generated by A = Qe — €Q, the connecton A
changes by dA = dA + [A, A]. Using the (anti-) commutation relations of
the superalgebra, one finds

§A, = — (F9,0 + Pyue) (5.12)
6" = —= (@rf+ ) (5.13)
Sw™ = i (e + Yy e) (5.14)
Syl = |0, —1A,+ gf;f% + iwzb%b e=V,e. (5.15)

As discussed above, using de® = 0 = v, in (5.15)) implies 6 = 17V ¢, and

the consistency condition [55 — }1%7“} V€ = 0 eliminates the spin-3/2 part.

5.1.1 Invariant Hodge trace

Starting from the connection ({5.6|), one can construct an action of the YM
type. The Lagrangian is a four-form quadratic in curvature,

L = #(F°T) (5.16)

where ®TF stands for the dual of F with (®)?> = —1 in the Lorentzian signature.
Here we take duality as the Hodge dual (x) in the spacetime, the y5-conjugate
in spinor indices, and the dual in the AdS algebra, to wit,

F =B+ @a(sF) + FlaleQ) + X [P0+ 0] (57
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In the 6 x 6 representation, (¥)45 = (75)* 50502, or

) 0 o1
L |0
5
0 0
Y= 0 0 (5.18)
0000 0 0
0000 0 0 |

The three dualities square to minus the identity in their respective subspaces,
(x)2 = ()? = (X)? = =1 Since Y commutes with K and J, but
not with J, or Qf, the resulting quadratic form is invariant under
SO(3,1) x U(1), the only remaining symmetry of the action out of the full

AdS SUSY (5.3).

5.1.2 Four-dimensional Lagrangian

The nonvanishing supertraces, bilinear in the generators that appear in L,
are

(KK) =2,  (Q'Qy) =2i0] = —(Q,Q"),  (JuXJea) = €apea, (5.19)

and therefore,

— 1
(F°F) = 2F * Fy + 4iF o (75)5F" + Zeabchachd. (5.20)

From and it is clear that the covariant derivative acts on the
components £ = ,4* which are in the kernel of the spin-3/2 projector,
P,"v,% = 0. The second term of the r.h.s. of contains only covariant
derivatives in the spin-1/2 representation, so we can safely assume that no
dynamical channels are available to switch on a spin-3/2 excitation.

The Lagrangian can also be expressed as

L= —i(]F@B]F) = Lpule|d*z + Laav(w, f)
550 [Dasgtg + s 1¢D| 0+ 550 [1s(T 14 — ¢17)] ¥

— 352 L1 + 12 [(ys)? — (V)?] |eld*z
(5.21)

2This choice of the dual operator ® ensures that it produces the right kinetic terms for
the Maxwell filed, the gravitational action and the spinor.
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where Do = (d — iA+ 3p), 9D = d(d +id — L), Ly = —L1F,, F,
and LGrav<w7 f) 16€abcd<Rab + 52fafb) (RCd + 32f fd)

The quartic fermionic expression is the Nambu-Jona-Lasinio (NJL) term,
9l(W)? — (Pys51)?].

The field f* is undifferentiated and therefore its equation could —in principle—
be algebraically solved and substituted back in the action. Since f is a
connection component, this means that the invariance of the theory under
local AdS boosts is frozen, which is consistent with the fact that the action
is not really invariant under local AdS boosts. The same is true about
the vierbein e® in the first order formulation of four-dimensional gravity
[100]: in that case, the torsion equation can be algebraically solved for the
spin connection, underscoring the fact that 4D gravity has local SO(3,1)
invariance, and no SO(3,2), SO(4,1), or ISO(3,1) local symmetry.

The tensor character of f* and e® is the same, and it was suggested in
[99] that they should be proportional, f* = pe®, where p is a constant
with dimensions of (length)~!. This choice eliminates parity-violating terms
from the Lagrangian so that in the absence of parity changing interactions,
this sector remains self-contained, but it might be of interest to see the
consequences of relaxing this condition and to explore, in particular, whether
this could lead to new phenomena in conflict with observations.

If one follows the proposal in [99] the Lagrangian becomes

L = Lgmle|ld*s + Laray(w, €)
5SH [(@g)vad} - E’YG(B@D)} Eabcdebeced + 22'8#@’}/5’}/(1’(#(7—})61))6&

— L2 PP Pbegpeacelete? + 12 [(Yys1)? — (V)] le|d'

(5.22)
in standard units, & = ¢ = 1, p has units of mass. The spin-1/2 field with
the right physical dimensions is ¥pnysicat = /610, where we have included a
factor v/6 for later convenience. Rewriting the Lagrangian in this convention,
one obtains

L= [Lg+ Ley) v/ |gld*s + Laray (w, €), (5.23)

where the fermionic Lagrangian is

Lr= ——s [ (B - By +4MW] — ist" Y5 — W@W (¥59)7] -
(5.24)

R
Here Bw = (3 —ifd+ s&), and VD =P +if— ), are the covariant
derivatives for the connection of the SO(3,1) x U(1) gauge group in the spino-
rial representation, and following [101], we defined t* = —5e"PelT,,.|e|.
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The correct sign of Newton’s constant in (5.23) is obtained for s> = —1, that
is, for the de Sitter group only.

5.1.3 Field equations

Varying the action (5.22]) with respect to the dynamical fields yields the
following (we take the de Sitter signature):

SA, : O FM + ihyah = 0 (5.25)
Sw™, : VY WEY + 3p* [EYE)EY + 2EMEYEN TS, =0 (5.26)
5+ — D+ 2ip + st + 22 (D)5 — ()] & = 0 (5.27)
de® €aped (R — pebef)ed = 71, (5.28)

where 7, is the stress-energy three-form, defined by 0 (le|[Lr + Lgn]) =
de” A\ 7,. From the second equation it follows that 77, E = 0, which means

that torsion is determined by the local presence of fermions.

a —i — a c
TMV = 35/.1/2 @ZJ'Y bcwezeu * (529)
Contracting the third equation with 1, and its conjugate with ¥, gives
— 0L oL . —
waﬁ - &/J—a@/)a = Ou(is\/|glYy*)diz = 0, (5.30)

which expresses the conservation of electric charge and coincides with the
current conservation condition obtained from (|5.25]).

5.2 Discussion

The fermionic Lagrangian describes an electrically charged spin-1/2
field minimally coupled to the spacetime background, plus non-minimal
couplings that depend on the spacetime dimension. The coupling to torsion
is not a new feature of this model but, as noted long ago by H. Weyl [55], it
is present whenever the Dirac equation is written in a curved spacetime with
torsion. The only new fermionic piece in the Lagrangian is the NJL term in
the four-dimensional theory, which can be viewed as the main modification
predicted by this model

®If instead of the U(1) gauge group, one had considered SU(2) or SU(3), NJL term
would have been of the form Capea| (¥ 4") (@ %) — (" 159") (B 75¢?)], where Cupea is an
invariant tensor in the algebra.
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Both the four-fermion NJL coupling and the Einstein-Hilbert gravitational
action are perturbatively non-renormalizable. This strongly suggests that
the whole system should be considered as a low energy, effective model and
not a fully consistent quantum theory. However, the fact that the parameters
of the theory are so tightly constrained that it is conceivable that the two
evils may cancel each other. The exploration of this problem, however, lies
well beyond the scope of this work.

The NJL term provides a mechanism for dynamical symmetry breaking that
gives mass to the fermionic excitations in superconductivity and was originally
proposed as a way to describe massive excitations in strong interactions [102-
104]. The value of the fermion mass m is produced through the gap equation
for a cut-off M,

2 2 92
— log [1 + ﬂ] —1- (5.31)
m

For m = m. ~ 0.5MeV and M = Mpjgner = G2 =~ 2.5 x 10**m,, so that
m?/M? =~ 107% the relation between the NJL coupling g and the UV cut-off
M must be extremely fine-tuned in the range 1 < gM?/27% < 1+ 107%.

In four dimensions, the spacetime geometry is described by the Einstein-
Hilbert action with cosmological constant A = —3s?u%, where s> = —1(resp.+
1) for dS (resp. AdS) algebra [see, e.g., (B.10)]. The sign of the kinetic term
in the gravitational action is —s?, which, in the standard convention,
should be positive. Hence, both A and G should be positive. However,
depending on the vacuum structure of the theory it might be worth consider-
ing the alternative where both G and A are negative, as in the case of the
so-called topologically massive gravity in three dimensions [105, [106]. At
any rate, the effective cosmological constant in the nontrivial vacuum should
be given by Agsr = A — 2ius? (YY) + ¢?[{(Pys1)?) — ((¥1)?)]. Tt would be
premature to claim something about the sign of Agyy, especially in view of
the fine tuning between ¢, GG, A and the cut-off M.

The gravitational Lagrangian is a particular combination of the three Lovelock
terms that occur in 4D that has the form of the Pfaffian of the (A)dS
curvature. This combination can also be viewed as the gravitational analogue
of Born-Infeld electrodynamics [107], and although the Gauss-Bonnet term
has no effect on the field equations and hence is usually ignored, it can give
a significant contribution to the global charges of the theory, and acts as
a regulator that renders the charges well-defined and finite in the case of
nontrivial asymptotics [108} |L09]. It is, therefore, an interesting bonus of the
model that the gravitational action is regularized by construction and no ad
hoc counterterms are necessary to correctly define its thermodynamics.
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Even as an effective low-energy model, a healthy theory should have a well-
defined (stable) ground state, a vacuum around which it would make sense to
expand perturbatively to study the quantum features of the theory (Killing
spinors, BPS vacua). A vacuum without fermions (trivial vacuum, ¢ = 0)
would be invariant under SUSY provided §¢) = VA = 0, which means that
A must be a covariantly constant (Killing) spinor. The number of linearly
independent, globally defined solutions of this equation characterizes the
residual supersymmetries of a particular background configurations, as was
discussed in Section for D = 3 bosonic solutions. Such backgrounds
have been studied and a number of nontrivial BPS backgrounds are known
[110} |111].



Part 11

Massless Rarita-Schwinger
Theory
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Chapter 6

Free massless Rarita-Schwinger
theory

In this Chapter, we shall discuss the theory of free 3/2-spin particle field.
The action for describing this kind of particles was proposed by William
Rarita and Julian Schwinger in 1941 [17], which in a modern notation can
be written as (see next section for notational details)

S0l =5 [ dae @Gs0,0, - mG,"0) . (6)

where m is proportional to a real particle mass. When the fermions Eua
and ¢ are coupled with a Maxwell field A, through minimal substitution
0, = D, =0, —igA, (from now on, we will call it gauged RS theory), Velo
and Zwanziger (VZ) shown that some inconsistences appear [20]. First, at
classical level, the fermion wave fronts have superluminal modes, i.e., the
velocity of such modes are strictly greater than speed of light c. Second, at
quantum level, the anticommutation relation of the fermionic field operators
are not positive definite. These inconsistences were late reinforced in (2 + 1)-
dimensions by Hortagsu [112] and in non-flat metrics by Deser and Waldron
[21].

However, already in the work of VZ, we can see that the inconsistencies
appearing in the gauged RS theory are more subtle for the m = 0 case, due
to the fact that there are terms which become singular, as they contain the
reciprocal of mass. With this in mind, and motivated by the fact that in
the SM scheme the fermion mass leads to some problemsE]7 Stephen Adler

I This is why the spontaneous symmetry breaking is casting, through suitable potentials,
in the SM rather than a fermion mass term. This spontaneous symmetry breaking could
be generated either through couples to the Higgs boson or through the chiral symmetry
breaking caused by particular fermion condensates.

63
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recently reopened the discussion about the consistency of a classical and
quantum massless RS field. In his works [22, 23], Adler claims that in the
massless case there are no superluminal propagation modes and the quantum
theory is consistent, as the anticommutators of the field fermionic operator
are positive semidefinite. For some of these claims, it is used explicitly that,
when m = 0, the massless RS has a fermionic gauge symmetry, i.e., the
action is invariant under the transformation ¢ — Y Z = Y5 + Dye®, where
£% is a fermionic 1/2-spin parameter.

Although it is relatively straightforward to show the free massless RS has
this fermionic gauge invariance, the claim is more subtle for the gauged case,
as we will see in Chapter [7] As this fermionic gauge invariance is important
to avoid the inconsistencies of the massless case, it is relevant to make sure
whether the symmetry actually exists for that case. As a warming-up exercise,
we will apply the Dirac’s Hamiltonian formalism [25] to the free massless RS
case in order to compare later with the gauged case.

6.1 Classical action, symmetries and field equa-
tions

The functional action for the classical free massless RS theory (either for
Majorana or Dirac fermions) if]

S.vl = § [ dee @000 - 05,00) . (62)

where we added a boundary term (which does not alter the RS field equations)
with respect to the action defined in [22] in order to write the action in a
Hermitian way and take the conjugate convention E# = W,Tﬂo- For Majorana
fermions, the field ¢, must be anti-commuting, otherwise is a null term
without bulk field equations, as is also the case Dirac Lagrangian [113]. The

field equations are obtained by varying S|, 1] with respect to ¢ and ¥ ,
which are, respectively,

ey, 00, = 0,
05,7 = 0. (63)

2For notational simplicity, we are omitting the spinor indexes when there is no misun-
derstanding.
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The zeroth component of (6.3]) gives uﬂ

eijkaiaj’yk = 0,

With fermionic parameters (2, ) the RS fields gauge transformation is defined
as

O, =0, = U, +0F,
Yu =, = Yyt 0ue. (6.5)

Under the transformations ((6.5]), the action (6.2]) changes according

S,y = BT, (6.6)

where for BT we understand a boundary term.

The stress-energy tensor can be computed by varying with respect to g,
[114],

v / OPAT | 7. v v 1 e o v «a v
Ths = _%6 T B0 (178 +9"07) Oxtor + 100 (L5157 (0" 1185 + [1%,7"185)) ¥r |
(6.7)
which fulfills
8, Tl = 0.

Using our particular representation of the Dirac matrices (see Appendix
for the chosen representation and notation), we can write the left chiral
component of the action (6.2)) as (see Appendix for left and right-handed

components decomposition)

sL[qﬁ,qf]:}l/d4m<_@T.<5x¢7)+$T.<5x\17)+x17f-(6><\17)

where, as usual, the dot implies time derivative and V? = 9° = 9;.

3We denote by the latin indexes {4, 7, %, ...} the spatial components and define €% =
_ 0ijk
€Mr,
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6.2 Dirac’s Hamiltonian formalism
6.2.1 Momenta, Poisson brackets and canonical Hamil-

tonian
(6.9)

The canonical momenta are given byl
L R
o"L _y, _ 9, '£’
ove

Y o

ey 200 S

OV
where L is the Lagrangian density. The non-vanishing Poisson brackets at

equal time between fields and momenta are (following convention of [26])
—y). (6.10)

=W} = {Ew), v} = e

)} = —04656%) (x

{vi@).2
{Uf(2). 27} = {27(), ¥} (=)
The time and spatial components of are given by
- 1
=l = —— Ui, A
L= -7 x 3V,

!
20 =0, E=(6)% x Vs, E0 =0,

We can write the canonical Hamiltonian as
(6.11)

(V x U1 - § — Ut (5 x V)

H, / d's (E, + 0,2 - L)
(V x 0) + (V x B1) .5%)

]_ — — —
:Z/d%(—xm-(vX\y)_
VU (3 x U) + Ulg

6.2.2 Primary and secondary constraints

The primary constraints obtained from . are
1, 0 -

Yr==%~0 | )ZO‘EEOO[—ZL
O=Z0~0 X =El 4 U gm0, (6.12)
whose only non-vanishing Poisson bracket is
(y)} = — Uk’ B 63 (x—y). (6.13)
B,

{x5(=),x

“In this subsection, we will write explicitly the spinorial indexes {«, 3,
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Now, we can write the primary Hamiltonian as
HT = HO —+ /d?’.flj (ALXM + XTMAM> s (614)

where AL and A, are Lagrange multipliers.

We demand the primary constraints (6.12)) to hold as the system evolves in
time, i.e.,

@) = @), Hr) = (@) (V< )~ 0,
W) = {x0@), Hr) = —5(V x 8) - (8, ~ 0.

where in the second equalities we used (6.10]), (6.12) and (6.11]) explicitly.

This lead us to define the following secondary constraints

1 .-
« — 2\« B ~

1 - =
KI = §(V><11/g)-(5)ﬂazo, (6.15)

whose non-vanishing Poisson brackets with the rest of constraints (6.12)) are

7 1 i o T
(K@ @)} = 5600769 @ - ),

(KL@ AP} = @M@ ds0 @ —y)  (616)

Preservation in time of the rest of primary constraints determines a possible
set for the Lagrange multipliers AZT and A;.

—

KLe] io le T 1 2\« = 2\«

X)) = {X"(x), Hr} =5V x ¥ +§(a)5wi§—(a)ﬁxm~o
— A= VI +i(V x T),

<t 4 1ﬁ‘ - 1 = R .

) = {x(@), Hr} = S0 <V = SWh, x V x (6)7, + K x (6)°, % 0
KT AV — (T x T

where we used the properties (A.84A.10). The other Lagrange multipliers Ag
and Ay are undetermined.

Finally, in other to see whether there is an extra constraint, we must check
the secondary constraints KT and K are also preserved in time.

kw) = (K*(a) ) = [ @y (Ko@)} A = o) 0]

= —=((6)% - (Vx A?).
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Replacing the value of A obtained above and using the fact that V x (6\1!0) =
0, we get

(6)% - (¥ % (¥ x B%)) = — 29 ((8)2, x (¥ x §9))

K* ~~
(x) :

M| .

— —

Using ()3 K ~ 0 and the property (A.8)), we obtain i(d)*; x (V x ¥F) =
V x \I7a, SO
) 1o - o
Ka(x)zgv-(Vx\Ifa):O.
where in the last equality we assumed U is smooth. Following the same steps,
we can prove that
: 1o - -
Ky@zévvaw%zo.
This means there is no extra constraints, meaning we have the set of con-
straints: {x{¥, x**, K[, K*}.

6.2.3 First-class and second-class constraints

We already known from that % and XI) are first-class constraints.
This is why the Lagrange multipliers A(]; and Ay are undetermined. The
transformation associated to those constraints are arbitrary shifts on ) and
Uy, respectively.

As the action (6.1) has the symmetry (6.5), we can guess the following
first-class constraints

K* = Oux"* — K
Kl = - Kl (6.17)

« «

Indeed, using (6.13) and (6.16]), it can be shown that (6.17)) are first-class

constraints and generates the gauge transformation (6.5)), i.e., with arbitrary
fermionic functions parameters €' and ¢, at equal time, we have

I
<

1_
Ea s

i@ = { [ el wR . i)
{[eskime o, 00w}

ST () Ve . (6.18)

6.2.4 Degrees of freedom counting

Once we classified the constraints in first-class F' and second-class S, the
DOF are obtained following the formula already presented in (3.45]) |26].
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Constraint kind | Number of this kind | Classification
U 2 first-class
x10 2 first-class
K~ 2 first-class
K 2 first-class
X 6 second-class
X 6 second-class

Table 6.1: Constraint classification for the free left-handed massless RS theory.

In this case N =2x 16 =32, F =8 and S = 20 — 8 = 12 , as is shown
in Table [6.1] Therefore, the formula gives us DOF = 2. Of course,
this is only when we take into account the left-handed theory . In the
case of Majorana real spinors, the right-handed sector is determined by the
left-handed one [115] and does not add new local DOF. In the complex Dirac
spinor case, the right-handed sector brings in the same number of local DOF,
leading to a total of DOF = 4. It is worth to nothing that these are the
same results obtained in previous works [113, [116].

6.3 Faddeev-Jackiw method

We can apply for the free massless RS action the Faddeev-Jackiw (FJ)
method [27, |117]. Although this technique was already known and used some
time before the paper of Ludvig Faddeed and Roman Jackiw for Lagrangians
which are first order in the fields (see for instance [11§], and references
therein), we still shall call this the Faddeev-Jackiw method. This method has
the advantage we do not need to introduce superfluous constraints, given
us directly the local DOF without classifying such constraints in first and
second class (if we are able to solve them, of course). For the case of massless
RS theory, it elucidates which components of ¢} we can choose as the local
DOF of the system making use of the fact that the action has fermionic
gauge symmetry under the transformation ([6.5)).

Let us start with the Lagrangian density appearing in (6.8)), which can be
written as
£ Yt gt _ L aibgty @, 0t K Kt S0, by L kg gt
41'% € 46 0>k ¥ 0+4ij k€ +4€ WiV,
(6.19)
where K1 and K* are the constraints defined in . As we already known,
these constraints can be improved to be first-class and generates the fermionic
gauge transformation (6.5). Therefore, we have the freedom to change the



70 CHAPTER 6. FREE MASSLESS RARITA-SCHWINGER THEORY

Field Number

\Ifg/m (with corresponding momentum \If; o Tic) 2

Table 6.2: Local DOF kept after solving the constraints for the free massless
left-handed RS theory.

fermions as
\Il;fa = \Ij;Ta + algl 5
Ue = W+ 9,0*.

We can fix the gauge choosing ¢! and ¢ such that \IJ;L(O'Z)E = 0 and
(09)3W' = 0. This means (see Appendix (E.2)))

It —
\1[1/27@ - O’

/1%@' = 0.

Even more, using (E.2), we can write the constraints as

Ko = —%ﬁ g, = —iV2e" =0,
Kl = %6 B, = —ivel =0,

where we decompose \II;E Joi and W39 in their transversal (T) and longitudinal

(L) components (see Appendix . Then, the constraints KT and K can
be seen as a set of differential equations (Laplace equations) for ©], and
0%, respectively. With suitable boundary condition (for instance, these
functions decay sufficiently rapid at infinity) these equations can be solved
(6T = © =0, for the later boundary conditions). Taking all this into account
and using again for the kinetic term, we can write the Lagrangian

density (6.19) as

L= _i\I];/QT’\%/?T""i@;/2T’\I]3/2T+i‘11;/2f<vX\P3/2T)+i(vxlpg/2T)‘qj3/2Tv

(6.20)
indicating clearly W3, are the only degrees of freedom for the free massless
RS theory, as shown in Table 6.2l . Therefore, DOF = 2 for the real
Majorana spinor and, if we take into account the right-handed component
for the complex Dirac spinor case, we have DOF = 4. It reassuring that
this result coincides with the one obtained by using the Dirac’s Hamiltonian
formalism.



Chapter 7

Abelian gauged massless
Rarita-Schwinger theory

As we have a more clear picture the local DOF of the free massless RS theory
and how to apply both Dirac’s Hamiltonian formalism and FJ method, we
will move now to the gauged massless RS theory, starting from [22]. We shall
apply the same methods than the free theory to elucidate if the fermionic
gauge transformation is present in this case or not. As we mentioned before,
this symmetry is crucial to overcoming some of the inconsistencies presented
in [20], as the semidefinite positivity of the quantum field anticommutators.
This is why once clarified the dynamical contents of the theory, we will
compute the quantum fermion field anticommutators.

7.1 Classical action, symmetries and field equa-
tions

In the Abelian gauged case, the total action can be written as [22]

S[Avav 77/}] = _}l/d4xFuuFlw+i /d4xelwp0 <E;/75’71/Bp¢0 +Euﬁu757pwa> )
(7.1)

where the anti-Hermitian convention for the Abelian covariant derivatives
acting on 1 and v are, respectively,

EM%V = auwp, + ZQEMAV ’ (72>
Buwu = (9“% - igA,uwv .

71
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The action ([7.1]) has the usual Abelian symmetry

1
Ar = A=At 00,
T A N |
w,ua — 7\p,uoz =€ w,ua )
o oo 0 .«
1% — ¢u =ec o

where 6 is a local parameter and depends smoothly on the spacetime point x.

Using the two-component decomposition (E.1), we can write the left-chiral
component action ([7.1)) as

1 1 : .
SLIA Y] = = / d*zF,, F" + I / d*x [\Iﬁajxpk — \Ifjaj\pk}
1
+1/d4l’ |:\I’IO']'B]€\I/0 -+ \D}L%j()'k\po — \PgUzB]\I]k - \I]Er)ﬁl()'j‘yk]
1 .
+7 / dze 01D 0, — Wi Dw (7.3)

+ % d4xeijkA0\I/;raj\I/k.

Taking into account the Bianchi identity and varying the action ([7.3) with
respect to A, \I/L and ¥, gives us, respectivel

0, F + 0,Fyp+ 0,F, =0, 0,F" = _nge’wm\l/lap\I/T . (74)

e“”pTUVBp\IJT =0 , e“”pT\IfigpaT =0. (7.5)

The equations ([7.4]) are the Maxwell equations with a RS fermion source and
the ([7.5]) are the gauged version of (6.3)).

7.2 Dirac’s Hamiltonian formalism

7.2.1 Momenta, Poisson brackets and canonical Hamil-
tonian

The canonical momenta associated to the gauge field are

_oc

_ = 7.6
>y (7.60)

"

'As usual, we defined the cuadri-vector notation o, = (I, &) and 7, = (-1, ).
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while the fermionic canonical momenta are given again byf]

o o VL
oW,
R

Eir = oL (7.6b)
ove

The non-vanishing Poisson brackets, at equal time, between fields and mo-
menta are (following the convention of [26])

{Au(@), 7 (W)} = —{m"(y), Au)} = 5,0 (x —y) |
).z} = {Erw vw) =a60e -y, @7
(V0@ 220} = (270 @)} = 86509 — y)

The time and spatial components of ([7.6]) are given by
™=0 Wi:FiO,
) 1 ..
EOoc -0 : Tia Zez]k(o_j)aﬁ\ljg
=ti L4
a — ) ‘:‘(Tl = _Z_lejk\lj;ﬁ(o-k)ﬂa'
We can write the canonical Hamiltonian H, as
1 . g 1 g
HO = /dg.’E |:§’/T17TZ' - Ao (a{ffl + %\I’IJ]‘IJ]C) + ZEJ’FU‘|
1 -
- /d?’xe”k [Wlo, Do + W] D000 — o, D0y (73)

— U} Doy Ui+ W D0y — Wi Dw]

7.2.2 Primary and secondary constraints

The primary constraints are given by

¢0 — 7_[_0 ~ 0 ’
—0a i —iQ 1 1 a
=%~ 0 , xe=z- Ze]k(aj) 5\11/2 ~0, (7.9)
7 =1 1 i
X =EV R0 X =E 4 e (o), 2 0,

whose only non-vanishing Poisson bracket is

@AW} = Mo 0O —y) . (110)

2In this subsection, we will write explicitly the spinorial indexes {a, 3, ...}.
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Now, we write the primary Hamiltonian
Hr=Hy+ /d3x (ALx” + XT“AH) ,

where A™ and A, are Lagrange multipliers associated to the primary con-
straints, except for the constraintﬂ 0.
We demand the primary constraints (7.9)) to hold as the system evolves in
time, i.e.,

Pz) = {¢°(z), Hr} = O’ +Y¥ 5 ”k\I/TU]\I/k 0,

A a7 [e3% 1 7

XO (37) = {XO ( HT}_—§€Jk O',L B\I’ NO

XLO($) _ {X HT} - Z]k\IfT g

where in the second equalities we used ([7.7)), (7.9) and (7.8)) explicitly. This
lead us to define the following secondary constraints

k

—oymt — gge”k\lfjaj\lfk ~0,

|
K® = e ), D00 ~ 0, (7.11)

K = ieijk\lfiﬁﬁi(okﬂ

«

whose non-vanishing Poisson brackets with the rest of constraints (3.5 (and
between them) are given in Appendix [F.1]

Substituting ([7.11)) in (7.8]), we get
1 .
Hy = /d% {Aok + UK + KTo, + ST+

1 .
_Z/d%ewk Wi D,w - wDw]

1 iy
|

Preservation in time of the rest of primary constraints determines a possible
set of Lagrange multipliers (see Appendix for computational details)

NS~ igAgUe + D08 + i D, ue

AL~ —igAUt 4wl D, —iditul D

where we used the properties (A.8HA.10)).

3In Section we present 70 as a first-class constraint. Therefore, its Lagrange
multiplier is undetermined.
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Until now, everything was pretty like the free case, except the extra gauge
field momenta and the covariant derivatives. However, demanding time
preservation of the secondary constraints does not hold so easy as in the
previous case. First of all, it can be proved with a little bit of algebra that
the constraint k& does preserves in time, i.e.,

k(z) = {k(z),Hr} = 0.
But imposing preservation of K« and K, gives us

Ko@) = {K°(), Hr} = V(a) |
Kl(zx) = {Kl(x), Hr} = Vi(2),

where we defined
Ve = %EMWT(U#)QBFW\I/E ~ 0 7

vi = %ewpﬁplﬁ(@)ﬁazfm ~0. (7.12)
It is important to note that in spite we are using spacetime notation, due
to definition of spatial gauge momenta 7! = F there are no velocities in
definitions . So, in principle, it seems that are new secondary
(tertiary) constraints, as is claim in [22]. The non-vanishing Poisson brackets
of the constraints between them and the rest of primary and secondary
constraints are given in Appendix [F.1]

We can see from the first two brackets in that x° and % are not
first-class constraints as in the free case. This means, the fields ¥} and ¥
are not arbitrary anymore, but instead determined by the other canonical
fields \III and WU, respectively. In order to see this fact explicitly, let us
first define X% = €% F;., which is proportional to the magnetic field, in the
same way that 7 is proportional to the electric field. Now, we will prove a
straightforward, but a useful result.

Lemma 7.2.1. Let A be a spatial vector. Then A £0 < 7- A # 0.

Proof. (=)
Using , we have
(0 A)(o- A) = (0'07) " A, A; = A - ASS.
As A # 0, then A-A # 0 implying, due the above equality, (o - ff) £ 0.
(<)

Suppose A= (_); Then - A = 0, but by hypothesis o - A # 0, which is absurd.
So, it is true A # 0. O
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Because of the Lemma if the magnetic field is non-zero (5-% > 0), then
we can solve (7.12) for ¥y and U] as function of the remaining dynamical
fields. Indeed,

e ili[g (@)2(0) - X 425 . (7 D [7 @< 97]], (7113)
0o~ ;i[3(@)2(7)53-2[(@x?>ﬁ-ﬂ (@)% .

Demanding preservation in time of V' and V,| and using the brackets (F.2)
allows us to solve the Lagrange multipliers Ag and A(T), respectively. Indeed,

Q

S(@)g ([ 20V x 7P — 2V x 75U’ + 5 K +2[7 -7 x AP+

AL s - . - 14
0 SIS ([VXz—z‘g(\Iﬁxaqfo+\1/g&xqf—\1ﬁxw)]-(3><\1f)/3> (7.14)

Q

A 20TV x #g —20]G -V x 7g+ AL S—2[KT x 7 7p+ \ (72 8
Tt x & —V x £ 4ig (U] x U+ U x 30 — Ut x ¥ 5.5
( B g

It can be proved as a crosscheck, as W) = {U}  H;} = Al and 0§ =

{U§, Hr} = Ay, the set of equations (7.14)) is the time derivative of ([7.13]),
where the time derivatives of canonical variables were substituted by their field

equations from ([7.5)). As a byproduct of these computations, we checked there
is no more constraints for the gauged massless RS field theory. We have then
the following set of (2 + 24n) constraint: {6° k, Xt xre, K, Ko, VI Vel

7.2.3 First-class and second-class constraints
Strictly speaking, taking into account the above considerations, there is no
first-class constraint associated with the fermionic gauge transformations

unlike the free theory. It can be proved that the two first-class constraints
are ¢° and the combination

E:k—¢g<q7f->z—>z*-x17> .

This last improved version of k constraint generates the usual infinitesimal
Abelian gauge transformations, i.e.,

oots = { A [ @y} = oot
ool = { (o), [ o0} = —is0v ),
oz = {wa). [ @Fwo)} — o).

4Remember that n = 1 corresponds to real Majorana spinors, while n = 2 to complex
Dirac spinors.
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Constraint kind | Number of this kind | Classification
@0 1 first-class
k 1 first-class
e 2 second-class

10 2 second-class
X 6 second-class

I 6 second-class
K~ 2 second-class
K] 2 second-class
Vi 2 second-class
%8 2 second-class

Table 7.1: Constraint classification for the massless left-handed RS theory coupled
to a Maxwell field.

The remaining set of 24n constraints { XLQ, X I K VT V“} are second
class, as we can see for the brackets computed in Appendix [F.1]

7.2.4 Degrees of freedom counting

Applying again the formula ([3.45]), we have for this case N =2 x (16 +4) =
3248, F'=2, and S = 24, according to Table[7.I] Therefore, the number of
degrees of freedom is now DOF = 4 4+ 2 = 6 for the real Majorana spinor.
Taking into account also the right-handed fermion component for the complex
Dirac spinor, we gave DOF = 10.

The main conclusion of this section is that the gauged massless RS theory is
not invariant under fermionic gauge transformation . From the point of
view of the formalism, the reason of that is the presence of tertiary constraints
, which make the x1 x° KT, K second-class constraints (and not first-
class as the free case). So, there is a discontinuity on the DOF when one
turns on the gauge coupling constant g.

7.3 Faddeev-Jackiw method

As in the free massless RS theory in Section 6.3, we can apply the FJ method
for the gauged case. In such a case, the Lagrangian density appearing in
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(7.3) can be written as
. 1. iy 1 .. .
L = Ax'+ Z\Ifjajqfke”k - Z—lewk\pjajxpk — Aok — Ui K — Ktw,
1, 1 1 1
— St — PR+ Z\Ifjﬁjqfke”k - Ze”kqfﬁj\yk , (7.15)

where the constraints k, K] and KT were defined in (7.11]).
We first proceed by solving the constraint k. It will be useful to split the A;

adn 7' fields in their transversal (T) and longitudinal (L) components, i.e.,
Ai=Ar+ Ay, 0Ar =0, A =0,A,
T, = Ty + Tri 3 8i7rTi:0, WLi:aﬂT, (716)

where A and 7 are scalars which define locally the longitudinal components
of A; and 7, respectively. The constraint k can be read as

Lg

EMlo Uy = Vi = —p, 7.17
2 1]

7

where we defined p = %‘Je"jklllzaj\lfk. This means we can solve 7 from the
Poisson equation ((7.17)) with suitable boundary conditions. Let us write
symbolicallyf’| 7 = —(V?)~!p, meaning 7 is a solution of equation (7.17).

Now, we can observe that
At = ATﬂTiT + ;A0 + Ap;0'm + 81/17# = ATﬂT;v + A,o ,
where in the second equality we integrated by parts and used ([7.17)). Similarly,

1 . 1 -1
—§7TZ-7T’ = —§7TTi7r5f + ép(V2)_lp :

We can observe also that
Fyj = 04 — 0;Ai = 0iAr; — 0 Ar; = Fry; |

where in the second equality we considered A; as a smooth function on the
coordinates. Therefore, the Lagrangian density is

. , . 1. . 1 .. .
L = Apmi+ Ap+ Z\I/ZTUj\I/kEUk - Ze”kquajxpk ~ UK — Kty

1,1 1] a1
— §7rTi7rff+§p(V2) 1p—zl TijFT]"i_Z\IJIBj\Ijkﬁ]k_ijkqjjgj\pk-

5Being more rigourous, one solution of the Poisson equation (7.17) is n(z) =
— [ &#yG(z,y)p(y), where G(z,y) = fm is the Laplacian Green function, which

fulfils V2G(z,y) = 6@ (x — y) [119, [120].
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Field Number
Az (with corresponding momentum %) 2
\Ilg‘/QTi (with corresponding momentum \II:L) /2Tia) 2
Ve (with corresponding momentum \IJI vic) 2

Table 7.2: Degrees of freedom left after solving the constraints for the massless
left-handed RS theory coupled to a Maxwell field.

We can transform the fermions in the following way,

_‘A
xlfjm — xlfgale/jmez ,

o oo 1A\ o
e = U=
writing the lagrangian density as

. . 1. . 1 .. .
L = ATi'/ler + Z\Ij'jOj\If/kemk . ZG”’C‘I’QTUJ‘I’% _ \IJ/OTK/ . K’T\I’{)

1 o1 1 PP | y 1 ..
- it 5/)(V2)_IP = g FriFr + Z\IJ?BT]'\IJ;GZ]IC - f”k‘l’?gm .

where D;r is the covariant derivative considering only the transversal com-
ponent of the gauge field A;.

We solve now the fermionic constraints K’ and K'®, respectively

V2O 4+ L An0'0° + S Ar Vi, — DU, =0,  (7.18)

ATi - ’L\IJ/T ﬁz == O 5

i g i g
—§v2@g + S AT0 of + 2y 1260

9~ 3/2Tia

where we decompose the fermions in 3/2—spin and 1/2—spin components the
former split in its transversal, 0' ¥ s2ri = 0 and longitudinal part, W37, =
'O , (see Appendix . With suitable boundary conditions, we can solve
the above differential equations for ©% and O], respectively.

At the end, the only degrees of freedom of the gauged massless RS are in
Table . Therefore, DOF = 2 + 4 = 6 for the real Majorana spinor, as
the Dirac’s Hamiltonian formalism. If we take into account the right-handed
components for the complex Dirac spinor, we have DOF = 10. Of course,

instead of solving O and © as a function of \Ifi Joi and Wy 5 in (7.18), we
can solve the last ones as function of the formers, as the number of variables
coincides each other. In this case, the local DOF are both the transversal

and longitudinal 3/2-spin particle components.
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7.4 Wave fronts and quantization in the pres-
ence of an external magnetic field

Once the Dirac’s constraint classification is done, we are ready to the quanti-
zation of gauged RS field through the construction of Dirac bracket [26) 121].
For the sake of simplicity, we will deal with an external time-independent
gauge field which is coupled with the RS fields through the covariant deriva-
tives (7.2). In this way, we can realize there is an external magnetic field
¥ = ¢*Fy;, as defined above. The fermionic constraints are as (7.9) and

(7.11), and the total Hamiltonian reads

4
where A, and A, are Lagrange multipliers and K[, K as defined in (7.11)).

. ,
Hy = /d% {—%Aoaﬂk\pj@xpk + WK + KW+ 0! (D) = D) i+ A + ALy

For this case, we can verify preservation in time of secondary constraints K¢
and K implies the tertiary constraints
ve=—19 (zaﬁxpg g 2e%ﬂ’€(ai)a6¢,fajAo> ~ 0, (7.19)

i . ~
Vi = 29 (Wt — S, + 26704 (00)%50,40) ~ 0.

where we introduced the notation ¥ = %¥(0;)",.

Preservation in time of constraints ([7.19)), determines the Lagrange multipliers
A§ and A(T)a, respectively, while preservation of K and K, determines A
and A! respectively. Therefore, there are no extra constraints. We have

)
already shown all the constraint are second class.

In order to compute the Dirac brackets, we will proceed by steps (see for
instance Exercise 1.12 of [26]).

1. Consider the second-class constraints x'¢ and x*,. We have then the
following partial constraints matrixﬁ

X )
Xi(@) 0 —16(or)y | 8z —y) = M(z,y)
X1a<x) %ezgk(ak)aﬂ 0

whose inverse is

XJw) )

ij(x) 0 —i(0i04)% 6Oz —y) = M Ya,y) .
X(x) i(oioy)’, 0

6The following description is just mnemonic and cannot be realized as a formal
mathematical equality.
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We can immediately compute the bracket at level 1, i.e.,
(o ww} = (@) - [eed:{vlodw} 0], we (e e
= —i(0:0;)° 6@ (x —y) .

Other important brackets which are modified at this level are

K@ KW} = —08 ¥ —y),

Vi@ v} = 5 (040 — %) 61 —y).

2. Consider the second-class constraints x/°, x°, V.I and V. We have
then the following partial constraints matrix

X5 ) Vi) X% (y) VA(y)
XP@ 0 0 0 —igy”
Vi@ 0 0 —igy’ . ani (040 —i8%:) 08) | 0P (@—y) = (N)(z,y),
X% (2) 0 —49¥% 0 0
Ve(z) —ig¥%, 4% (9;40 —ig%s) 65 0 0

whose inverse is

XF@w o Vi) x®) Vi)

0 2 i 4i
X4 () 0 0 CSoamss oL s
47 W&
Vi(x) Oﬁ 0/3 X 0 0 (@—y) = (N~ (z,y)
O 2 o 4q
X*(@) (55, TEs 9T e 0 0
ve(z) gyjﬁa 0 0 0

We can see the modified bracket at level 2 of ¥ with UT and Kt with
K are unchanged, i.e.,

(vl Ww} = {\I/;fa(x),\lf?(y)}*f/d?’wd?’z [l v )} (V)] ) (Vi) )}
= —i(oio ) 6@ (z —y),
{Kl@). K ()} = — 925 3Pz —y) .

Other modified brackets are, for instance,

(@) W} = e (i) 269 — y)

(L@ B} = g5 (o) 2676 ).

ML

Mi
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3. Consider the second-class constraints K! and K®. We have then the
following partial constraints matrix

Kly)  K°(y)
KJ(z) 0 —ig¥’, | 0% (z —y) = R(z,y)
K*(z) —ig¥% 0

whose inverse is

Kiy) K’y
Kl() 0 —m5L s |60 —y) =R\ (xy).
I e

g=-%

Finally, we compute the bracket at level 3 (the Dirac bracket), i.e.,

{\pja(x),qff(y)}*** - {\Ilja(m),\llf(y)}**_/d3wd3z{\Pj&,K7(w)}**(R—l);(w,z){Ki(z),‘y?(y)}**

{v.@. v w} .

which is the same as obtained in [23].

As there are no first-class constraints in this case, the extended Hamiltonian
for the gauged RS theory coincides with the total Hamiltonian, where the
second-class constraints are strongly imposed to be zero, and is

) . 1 ..
HE = /dgiC |:—%A0€Uk‘1’i0'j‘yk + ZEUk\PZ [%J - B]] \Dk‘| . (721)

Now, we can obtain the dynamics of the canonical fields ¥! and ¥¢ (as we
saw in Subsection the fields ¥, and ¥§ do have dynamics, but they
are completely determined by W! and ¥%) with their Dirac brackets with
respect to Hg,

\Pja = {\I];‘ronHE} )
) D
v = {V7 Hejp
Kl = K*=0.

Note that the equality on the constraints are implemented strongly as the
Dirac brackets preserves the constraint surface in the phase space [26]. It can
be verified that one obtains the same field equations (7.5)) for the canonical

. B
—i(UiJj)ﬂa(S(?’) (z—y)+ % /dszBEZ) [(5(3) (x — z)] % [(5(3)(z —vy) gY)
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fields, i.e.,
. . \IJT ijﬁ _2€jquﬂ (0_ )’y O A Z:B
ol = _Z.g\I’TAo—|—Z'E-Jk\1ﬂL %k—{— 38 o i 1) gYk4304 o 52
f10% 7 i ka 2.2
@ B LIAvate:
b~ igAg + i Dyue 4 Dy | T Y 2 ()0
Z o Sy
Ko = K*=0. (7.22)

As a crosscheck, we can verify that the quantities between straight brackets
in the first two lines in (7.22) are ¥ and ¥, by solving VI and V* from

(7.19), respectively. We can see in ([7.22)), even in the case of limiting g — 0,
Y0 4 2eMY (0)8 0, Ag T
DIEDY

\i/;:l ~ ieijkﬁj\llg + 81

we cannot avoid the second term, which contains information about the
external gauge field. This is the Adler’s argument about retained memory of
gauge fields at zero amplitude limit (see Section VIILA. of [22]).

This dynamical analysis can be used to prove there are no superluminal
modes in the gauged massless RS theory. Let us consider the equation of
wave fronts in the neighborhood of a spacetime point z*, and we choose

Ap = 0. Writing (7.22)) at first order,

: . YA .
\I/? ~ iei]kajllfi‘ + 61 Z‘_ﬁ,—*_,J + A’ [\I’Z, T, LU] (723)
where ¥, = A(z,) and for A[...] we symbolically denote terms with no first

derivatives of its arguments. The term containing A can be avoided [22], as

m
0

lim [ dewe,

discontinuities across wave fronts contribute only through the first deriva-
tive terms, but when the external field S is smooth, the A[V;, z,, z| term
makes a vanishing contribution. Therefore, dropping this term in and
multiplying by 32, we get the following condition

Fe = X208 — 2I¥° 0,07 — ix2e/ 0,05 = 0. (7.24)

Besides this, we have to take into account the secondary constraint (7.11)),
which, with the same arguments given before, leads to the linear condition

G* = ¥ (0,)* 30,0 = 0. (7.25)
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Observing the two conditions ([7.24]) and (7.25) are linear equations with
constant coefficients, the general solutions are plane waves. Without lost of
generality, we can assume the vector wave kis opposite to the rs-axis, i.e.,
k= —kZs3. So, we take the ansatz

U (t,2) = Cre itz (7.26)

where €2, k, and Cf* are constants non-zero constants. Therefore, the six

conditions (|7.24)) become

QCY = —ikCY
QCy = kCY (7.27)
5, 5.005 = kXIY%,.00
while the two conditions can be read as
(02)aﬁc’15 = (Ul)a,@CéB-

Writing explicitly the Pauli matrices and splitting the constants as column

ol
spinor C; = < C} ), we get
—iCy = Cy,
icl = . (7.28)
The first two lines of together with , have solutions
cl=c , cl=iCc,Q=k,,
Cr=C , Cy=-iC,Q=—k,, (7.29)
meaning that the transversal modes are exactly luminal, as [Q2/k| = 1. For

the longitudinal modes, the third line in (7.27]), has non-trivial solution only

if
Y-YQ - k(23?2 EQ3(Q—iQ?) | 0
EQ3 (Y +iQ%) X, 8.0 — k(232 |
where we assume the magentic field is evaluated in the spacetime point z*.
Solving the wave front velocity V' = |Q/k| from the last equation, we obtain
0O (23)2
2= <1 7.30
B T @ o e < )

meaning the longitudinal modes are subluminal.

In order to quantize the theory, as this system is a second-class one, we have
to promote the canonical variables as operators acting on the Fock space,
whose quantum anticommutators [, ], are the Dirac brackets times if,

V@), W), =i {vl@), vw} (7.31)

By virtue of ([7.20)), it is verified the canonical anticommutator ([7.31]) is not
positive definite.
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7.5 Discussion

The main conclusion emerged from the detailed dynamical analysis for the
massless gauged RS theory is that, unlike to the free case, there is no fermionic
gauge invariance due to the fact there is no first-class constraint associated
with it. This implies there is a discontinuity on the DOF when it is turned on
the coupling constant g, according to our counting of first and second-class
constraints in Chapters [0 and [7] Therefore, for the gauged case, we cannot
use the fermionic gauge symmetry to restrict the quantum anticommutators
to belong to the definite positive sector, as suggested in [23]. However, from
the classical side, there are no superliminial modes for massless RS field,
even in the presence of an external magnetic field, as is claimed in [22].

As also noted in [22], we can observe directly from that perturbation
theory is not well defined as we cannot decouple the free term from the
external magnetic field term, due to the fact that there is no g-proportionality
in the last one. In order words, the asymptotic states for the gauged massless
RS theory are not well defined. Therefore, some no-go theorems about the
quantum consistency of RS fields, which make use of this fact, should be
revisited for the massless case.

We can wonder if an extension of the massless gauges RS which restore the
gauge symmetry, as proposed in [22], could have a not ill-defined quantum
physics. This extension consists in the addition of a spin-1/2 field to the
Lagrangian, which it is coupled with both, the electromagnetic and the RS
fields. The dynamical contents, including the local DOF counting, of such a
model will be discussed in Chapter [8, Even it is true that one can always
extend a second-class system, as the massless gauged RS theory, to become
it a first-class one [26], perhaps this extended model could be used also to
avoid anomalies in Grand Unified Theories [19)].
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Chapter 8

Extended gauged massless
Rarita-Schwinger theory

We saw in Chapter [7| that, by a detailed study of their dynamical contents,
the massless RS theory has not a fermionic gauge invariance. An extension
of the massless RS to restore the gauge symmetry was proposed [22], by
adding the 1/2-spin fermionic fields £, £~ as

S[Aa %7 ¢7Ea g] = _i /d4wajFﬂV + ;l /d4x€,ul/p0 (EM’)%VVB[)QZJU + Eugu’)%’pro‘)

g vpo (¢ A
— Z/d%e“ ’ (fFW%%@/)o _¢M7V75Fp0'€)

+ g/d4x€;wpa <ZFMV757pBU£ - Zﬁu"yy’)ﬁFpUS) .

The first observation we can make is that the new fermions &, ¢ are not, in
principle, auxiliary fields as they have dynamics. This fact can be seen in
the last line of the action . The second observation, is that the action
has the following (infinitesimal) fermionic gauge symmetry

5A, = 0,00, =D, 6, = D¢ 06 =C,66 = C. (8.2)

This statement can be shown immediately if we rewrite the Lagrangian
density appearing in (8.1)) in a more compact form,

L= —EFHVFWJ'F%GMWJU (%‘ - EBM) Bu’YS'Yp (¢a - Ba&)‘f’i‘dﬂ/ﬂa (EM - Egu) VS’YVB;J (wa - Bag) ’

where we integrated by parts, dropped the boundary term and used the
identity e“”””ﬁu & = —YerrroF ¢ (and similarly for 7). The action
has also the standard gauge symmetry, which can be written in an
infinitesimal form as

SA, = éaﬂa 80, = —ia®, 6, = i, 0 = —iaE ,0¢ = iaf .  (83)

87
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The transformations (8.2)) and (8.3)) are independent each other and can be
done separately.

As in the other sections, it is better to work with the left-handed decomposi-
tion shown in Appendix [E.1] In such a case, the action (8.1) can be read

as
o 1 1
S[Aa @/)» ¢7 éa g] = _Z /d4xF/u/F'uV + Z / d4l'€'ul/p7— (WLO-VB;)\I/T -+ \IjLéD_NO'p1/}T(>,4>

+ %g/délxe””mﬂw (fTUPIDT + ?/J;r,arg - %éTUPBTg - %{f%pmf) :

The field equations obtained from varying (8.1)) with respect to A, \IJL, v,
¢ and ¢ are, respectively,

- 1 1
Q,F“”—i—%e“”m {qfiapxm +9, <§To—,,\1/,, + Uhorg — & 0, D6 - 55*@075)} =0,

, .
Lwreg, [BPWT + %Fmg] — 0.

1 ’ '

e {xpﬁﬁ%gmﬁ o = 0, (8.5)
%WWFW% [xp —B,g} -0,

Lerp,, (W, —¢D,) o = 0.

We observe the second and third equations are consequence of the fourth
and last equations, respectively. This fact is a consequence of the fermionic
gauge symmetry which translates in a redundance of the dynamical content
of the action (8.4]).

8.1 Dirac’s Hamiltonian formalism

8.1.1 Momenta, Poisson brackets and canonical Hamil-
tonian

The canonical momenta associated with the gauge field A, and the fermions
Ui, W, &0, ¢ are, respectively,

_ oL :Tu_aR‘C ey 176%

oL L e
04, " 0%e T 9V,

Mo T . 7a: 0 . 86
Po= e VT (8.6)

*
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The non-vanishing Poisson brackets, at equal time, between fields and mo-
menta are (following convention of [26])

(@), 7 (W)} = = {7 () Au@)} = 520D (@ — )
{Vir(@), 2%} = {270, VM (@)} = =8,056% (@ —y) |
{w@.2w} = {Ew e} -a5Pe-y, 67
{&@). ")} = (i), &l@)} = 826Dz —y),
@} = {phw)se@] =059 -y

— ]_
=0 =0, == -0 x (@),
—0a Sa 1 7 )& U
= 0, == Z(U) R
g i o _ 1 i q
Pl = —ge]’“ﬂjfg(ak)g o P = g Fy(on)5e”

At this point, it is convenient to introduce some definitions:

o, = w25,

e = wg—%ﬁiga, (8.8)
o = (it (gTo—jekw}akg),

® = ¢ (—0D,w+ v Dw, +igk; [0, - 0j¢]) . (39)

With (8.8)), can write the canonical Hamiltonian Hy as

_ | )
Hy = / &z | Ag (—aﬂri - %xpjajxyk + %Fijéa,@g)} (8.10)
ot (1 ' )
+ /dgx Whet (—Uz‘Bj‘I’k + %Fijng) + (——\IJTB o) — Z fTak) e”"“\IJO}

1 i i 1
+ /d3:c 2( +2‘q®)<m+g®i)+41? 4 ®}




90 CHAPTER 8. EXTENDED RS THEORY

8.1.2 Primary and secondary constraints

The primary constraints are given by

& =

T )
Yr==%~0 |, faEan—i(E)aﬁx\ffgwo,
XL:”LJr}l\foE%O , X =El=o0,
o =rh+ LI EE o) o=t - LR oge . (811)
whose only non-vanishing Poisson brackets are
(@AW} = 50080 —y)
(L@@ W) =~ Ry 0@ —y) . (812

Now, we write the primary Hamiltonian
Hr = Hy+ / P (ALx“ + XT“AM + Mo+ goT)\) ,

where AT A, AT, X are Lagrange multipliers associated to the primary con-
straints, except for the constraintlﬂ 7.

We demand the primary constraints (8.11)) to hold as the system evolves in
time, i.e.,

Fx) = {¢'(x), Hp} =0 + %e”k\lﬁ U, — —F o ~0,

: 1. i

W) = {xl(), Hr} = 5 (\Pjﬁﬁ—gﬂj&ﬂ) (04)% =0,
- O o O i k B ﬁ Zg ~
X(z) = {(x™() HT}——§€j 0;)® ( VY Fyt >No,

where in the second equalities we used (8.7), (8.11)) and (8.10) explicitly.

This lead us to define the following secondary constraints

ko= —0m— 5 et (\PT%\PH YFse okg)
1 ..

Kl = —ée”’“( D, +Z~"Fmgﬁ> ()7 2 0., (8.13)
1

K* = 262]k( (B \Ilﬁ—k 55)

n Section we present 7 (= ¢°) as a first-class constraint. Therefore, its Lagrange
multiplier is undetermined.
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T he non-vanishing Poisson brackets of (8.13]) with the rest of constraints
8.11)), and between them, are shown in Appendix

Substltutlng in , and using the notation E' = m; + Y®; = F”

(E is proportlonal to the electrlc field) and 3¢ = ¢7* Fy, (Z is proportlonal
to the magnetic field), we get

, 1 . 1, 1
Hy = /ddx [Aok + UK + KTy, + SEEi + X' + Z@} :

Preservation in time of the rest of primary constraints determines a possible
set of Lagrange multipliers (see Appendix for computational details),

A;ra ~ _29140‘1’Jr + WOaﬁ + i€ qu,}aﬁk + 19 [E + 52} 7
¢*(x) = {¢"(2), Hr}

igAgU? + Biqu + z’eiﬂ'kﬁjqu + ig {E - %z} ,

=
°
%

>
Q

For —igAgl 4+ 0,

—

—y

+ %[—Z(EXZ) Jt 4 2(E - S)J - 3) — 20(S -9 B) — (5 9 (& -

XY A igAg® + U8

1 Lo Lo 4o L
+ ii[z(Exz).szz(E $)G-9) — 2(E-3)(E -9+ (£ 5)(E-

One can prove also that with these Lagrange multipliers the preservation in
time of the secondary constraints k, KT, K does not requirers extra constraints.
Therefore, we completed the set of constraints, and in the next subsection,
we will classify them according to be first-class or second-class ones.

8.1.3 First-class and second-class constraints

We already known from (8.11]) that ¢°, X(T), Y are first-class constraints. As
the action (8.1) has the symmetries (8.3)), (8.2), we can guess the following
first-class constraints
1 A . .
ko= —k+ioT, — il +igie —icty (8.14)
g
Fo = Ko gt g
Kl = Kl —ontr+¢f . (8.15)

Indeed, using (6.13) and (6.16]), it can be shown that (6.17)) are first-class
constraints and generates the gauge transformations (8.3), (8.2)), respectively.

i)}

[0}

Y
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Constraint kind | Number of this kind | Classification
@0 1 first-class
k 1 first-class

e 2 first-class
10 2 first-class
Ke 2 first-class
K I 2 first-class
X 6 second-class
I 6 second-class
ol 2* second-class
@ 2% second-class

Table 8.1: Constraint classification for the extended massless left-handed RS
theory coupled to a Maxwell field.

8.1.4 Degrees of freedom counting

Applying again the formula (3.45)), we have for this caseE] N=2x(4+16+
4*) =4+ 324 16*, F = (2+38), and S = (12 + 4*), according to Table [8.1]
Therefore, the number of degrees of freedom is now DOF = (2 + 2 4 2*) for
the real Majorana spinor. Taking into account also the right-handed fermion
component for the complex Dirac spinor case, we gave DOF = (2 + 4 + 4%).
We can see in this extended case we restore the local fermionic DOF of the

free case (see Section [3.2).

8.2 Faddeev-Jackiw method

Following the same steps and definitions as in Sections and [7.3] we
can apply the FJ method to this extended massless RS. Starting with the
Lagrangian density appearing in (8.4), we can write it as

L= At 36 (W00t — wlopby ) + Lt Ey (o - £lo)
1 ig g .11
— Ak — UK — K'Wy— =(m; + =@;) (7" + =@") — ~F;F9 — -
0 0 0 2(7T + 2 @ )(7T + 2 @ ) 4 J 4® )

where the quantities ®, ® and the constraints k, K1, KT were defined in
Sections [8.1.1] and [8.1.2] respectively.

2The asterisk * in the right of the number is just distinguish the local DOF coming
from the extra fields &' , € with respect to the original fields \III , U,
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Splitting A; and 7 in transversal and longitudinal components, defining the
transformations

@L-+%L:@La“', Wﬁ%@f:emﬁh
fT N ng — é”f efiA éa N éla — eiA a
(03 [0 [0 ) b

and solving for £ = 0, as in Section 7.3, we have

L = ATiﬂ-ZT + Z_JL(_:z]lc <\I"1-LO']-\I//k _ \I/;TO'j\I//k) + %ekaij <§/To.k§/ o élTo.kg)

1 ) A g 1 U |
— UK — K" — (7 + gQi)(W%‘ + g@l) — S Fri Y — -®,
2 2 2 4 4
where in this case ®° and ® contain primed fields and transversal covariant

derivatives Drp.

As we already known this extended massless RS has the fermionic gauge
invariance ({8.2]), we can induce a second field transformation

Wi =W =0+ 0,00 W U= U 49,07
Ghoet=al+¢l , s ="+,

where, as in Section (6.3)), we choose the fermionic parameters ¢ and ¢ such
that
\Ijgg(al)aﬁ =0= \P;/}Qia =0,

Now we left with only the 3/2—spin components of ¥' and ¥, we can split
them in transversal and longitudinal components, then we can solve the
fermionic constraints,

K" = SV20" + SA00'0% + S Ar Wy, + S Sk(0)567 = 0,

L2 94 5 9t ig .
K = —§V el + §ATia ol + 5‘1’3/2%@‘4%' - gglﬂlzk(a Ja=0,
in a frame where the magnetic field is not zero (% - % # 0). Therefore,
solving the fermionic constraints can be seen as solving the above differential
equations for ©F and © with suitable boundary conditions.

At the end, the only degrees of freedom left are those shown in Table .
Therefore, for the extended left-handed massless RS theory (real Majorana
spinor), we have dof = (2 + 2 + 2%), as the Dirac’s Hamiltonian formalism.
If we take into account the right-handed components for the complex Dirac
spinor case, we have dof =2 + 4 + 4*.
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Field Number
Az (with corresponding momentum %) 2
U)o (with corresponding momentum \Ilg JoTia) 2
¢ (with corresponding momentum &) 2*

Table 8.2: Degrees of freedom left after solving the constraints for the extended
massless left-handed RS theory.

8.3 (Quantization in the presence of an exter-
nal magnetic field

The total Hamiltonian for the extended gauged massless RS with an external
magnetic field (we choose Ay = 0) can be written as

Hy = /d% F\p} (E - Bj> U, + %gzi (ehwi - wle) + %gzigf (E - Bl) ¢

4
+ UK + K0+ LA + Ay + Ao + goT)\] , (8.16)

where the constraints are defined as (8.11]) and (8.13). Regarding the quanti-
zation of the theory, we cannot apply directly the aforementioned proceeding
as the system has first-class constraints. In order to transform the system
in a second-class one, we need to add suitable equal number gauge-fixing
condition (GFC) as first-class constraints [121]. These conditions must be
well-defined in the sense that if ® 4 are first-class constraints and I'y GFCs,
then {Ta(z), [ By®p(y)eB(y)} = 0 implies e = 0. With the addition of
these GFCs the system of constraints become second-class, and therefore, we
can apply the same procedure than the last section.

8.3.1 ¢l =¢v =0 gauge

The easiest way to implement the GFCs is to choose U2 = ¥} = 0 and
e =¢ =0, ie.,

Qa — gazoj
af = e ~o,
T = US~O0, (8.17)
TH = ¥l ~0.

The extended Dirac bracket can be obtained in steps as the previous case.
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1. Consider the second-class constraints x/, X, ¢! and ¢®. We have

(e}

then the following partial constraints matrix

We can immediately compute the bracket at level 1, i.e.,

(v, 9w}

{eh(2), ()} =

= _i(aiaj)ﬁaé(g) (Z‘ - y) ;

. 48
4i Y0 s

PSS (x—y).

[€1(2). € ()} - / Pwd®z {€1(z), ¢ (w)

{\Ifja(x), \Il?(y)} — /d3wd32 {\Pga,xkv(w)} (Mfl);w (w, 2) {

~

Other important brackets which are modified at this level are

2. Consider the first-class constraints K1, K and the GFCs Q and Q.

{Ki(x), K°(y)}" =
{Kl(2),Q(y)}

0,

{Bw.ow) - T2

5269z —y)
[00@) K )} = a6

We have then the following partial constraints matrix

Kly) QL) K°(y) Q°(y)

0 0 0 52
0 0 -5 iy’
0 -5 0 0

8z —y) = G(x,y),

95

XF) o el X))
0 0 €% ()P, 0
0 0 0 gyl | 8P (@—y) = M(a,y),
%e”k(ak)o‘ﬁ 0 0 0
0 uy®, 0 0
X ehy) Py )
0 0 —ifoy05)% 0
0 00 R 6y = M ).
0 0 0
4 ¥,
o uss ! 0

XY

(2)

oh

]

F (M) (w,2) {0h(2),6% ()}

()}
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whose inverse is

Ki(x) 0 0 4¥s g
Ol (x) 0 0 —0g 0 03 (z —y) = G Hax,y)
Ko@) 4% 58 0 0
0o (x) o 0 0 0

We can immediately compute the bracket at level 2, i.e.,
(o ww}” = {hewo) - [ee: (vl o) 6] e {Kie o)

—i(030)° 0P (x — y) + % /d(3)z [5(3)(2 — y)} E% ST% Bi [5(3)(33 — z)} :

. Finally, consider the first-class constraints x°, x** and the GFCs Y|

and 1<, which give us the final partial constraint matrix

XE W) Thy) x%) TP(y)

X)) 0 0 0 0
Ti(z) 0 0 —=6f 0 |69 —y)=H(xy),
X' (x) 0 -89 0 0
To(z) 65 0 0 0

whose inverse is

XEw) Thy) x*) TP(y)

XO(z) 0 0 0 0%
ANED 0 0 —0g 0 6z —y) = H Yx,y) .
X (z) 0 -8 0 0
To(z) & 0 0 0

We can immediately compute the bracket at level 3, i.e.,

(v vw} = {vh@.vun}
= —i(040)P, 0% (x —y) + % /d(g)z [6(3)(,2 - y)} ﬁjgréﬁz [5(3)(1‘ - z)}
= {vh@.vw} . (8.18)

which is exactly the same as the Dirac bracket for the standard gauged
case (7.20). With the GFCs Y! and Y%, we just kill the fields ¥} and
v§, respectively.
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The extended Hamiltonian is
1 .
HE = Z/dgfbéwk\yg [ﬁj - B]] \I/k . (819)

We obtain the dynamics of the canonical fields with the modified Poisson
bracket {...,...}ps, i.e.,

\P;[a = {\D;‘ronHE} )
D

\P? = {\IJ;‘X?HE}D?
K = K*=0.

Note that the equality on the constraints are implemented strongly as the
Dirac brackets preserves the constraint surface in the phase space [26]. It can
be verified that one obtains the same field equations for the canonical
fields, except now U) = ¥ = 0.

Of course we can take a different set of GFCs than (8.17)). For instance, to
get exactly the same field equations than (|7.5)), we can choose the following
set,

QO[ — 50{ ~ O ,
Qf = ¢ ~0,
Ve = —% [Zaﬁqjg - EZ\IJ?] ~ 0,
vio= % [qjgﬁzﬂa - Ei‘l’ga] ~0.

Note that V* and VI are exactly the tertiary constraints for the case of
an external magnetic field. The difference is that in this case is implemented
as a GFC form outside, where in the other case it is a constraint coming
from the Hamiltonian formalism when we require the time preservation of
the secondary constraints K« and K, respectively.

8.3.2 Extended covariant radiation gauge

As the £ has dimension of a spin-1/2 field, even another GFCs could be to

add a multiple of Y¢ to DU, to form an extended gauge covariant radiation
gauge fixing. This GFCs leads to particularly simple formulas

13- J o
a = Zhpo J ,8%0
W 2 7 +4Z: /Bg )

E—n—
Il

1 i L 9ot

—u! gz Zel ~

2 i + 4§ﬁ2 o 0 9

T = US~0, (8.20)
T = Wl ~0.
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We note the last two GFCs only rule out ¥ and ¥, of the game. The other
observation is that

(0% D(0;)2, 0] = B +i7(0,)%, B0 = w* + 20K ~ 0

So, if & - D is invertible, this means o - U ~ 0, and analogously for WT.
Therefore, according to , we are selecting the 3/2-spin component of W.
The third observation is that by gauge transformation , the first two
GFC in transform as

WY = w4 (ole?)” B B (
(,l.)/Jr = wa ;glﬁj O' O'J
meaning that, if we insist in the invertibility of & - 13, then this gauge

condition is attainable for any configuration space sector. In this case, the
non-vanishing brackets ard’|

Kl (y) wl(v) K (y) W (y)
Ki(@) 0 0 0 %fﬁ(y)%@ —y)
wh () 0 —5332&*”&% —y) UBBYIO = N(z,9)
Ko (z) 0 133(”‘”6@ (z — 0 0
W) BBy i 33“”“#” (- 0 0

where we introduced the notation ﬁg = (ai)o‘BBi. Assuming, as we said

before, that 7 - D is invertible, we define the following distribution

/dgzZs“(x,z)BB/(;)W(g)(z—y) = 525(3)(x—y) = /dgzﬁ(f)aé(s)(z—y)zg(x, Z)E :
(8.21)

Roughly speaking, Z§ is the inverse of the operator BB We can now invert
the matrix N(z,y), obtaining

Kl(y) Qf(y) KA(y) Q7 (y)
KJ(z) 0 0 iZ§(x,y)  22§(z,y)
Qf (z) 0 0 —2Z5(z,y) 0 =N"(z,y).
K*(x) iZ{(x,y) —22[(x,y) 0 0
Q(x) 2Z8(z,y) 0 0 0

3We proceed in the same lines as the Section in the sense that we first construct
level 1 brackets {...,... }* by solving the constramts xt, x, ¢ and ¢. Then we move to
level 2 brackets {...,...}**, by solving the rest of the constraints.
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Now we are ready to obtain the level 2 bracket,

(VL) W)} = —i(0i0,)09(x —y) —iDP 2}(z,5) D
e (o), B( )Zﬂ (z,) ﬁ B(y 20 (x, y)e klﬁ
{€l@. v} = ~2DY2l(,y) - M0, DY 2, y)
(VL)) = —220.9) DY + 22,9 DY/ (01),
B
{€l2), W)} = ?5; o —y) = 3iZ](xy) . (8.22)

As the effect of taking into account the YT and Y is to read off the variables
\I/(T) and Wy, respectively, the brackets (8.22)) are the Dirac brackets.

We can see from (8.22)) that once one goes to the quantum anticommutator
relations (multiplying by ih the Dirac brackets) the last term for sure is
singular when the magnetic field ¥ goes to zero.
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Chapter 9

Electronic properties of
Graphene

Besides the promising technological and industrial applications of their
electronic properties, graphene has the potential to be used as a table-top
to testing fundamental physics. A remarkable example is the possibility to
deform the graphene sheet to mimic different spacetime horizons [31} 32].
This is due to the effective Dirac massless description of the hopping electrons
in the flat case along with the possibility of the graphene sheet to acquire
different background shapes, as for instance Beltrami pseudo-sphere [36].
This Chapter is devoted to the basic electronic properties of flat graphene
without any kind of deformations (i.e, there is no curvature, no torsion).
The intention is not to be exhaustive on this topic, as there is a lot of
literature both from the theoretical and experimental point of view, but only
to introduce basic properties and some notation. In the next two chapters, we
will focus on the strained graphene and the electronic properties associated
with it.

9.1 Honeycomb lattice

Graphene is an allotrope of carbon forming a one-atom-thick, hence it is
the closest in Nature to a two-dimensional system. It is fair to say that was
first theoretically speculated in [69, 70|, and, decades later, experimentally
found [71]. The honeycomb lattice of graphene is made of two intertwined
triangular sub-lattices, which is called honeycomb latticd} Three of carbon’s

'We call the honeycomb structure a lattice even if strictly speaking the two triangular
sub-lattice structure is not a lattice, as there is not a primitive translation vector basis
associated to it [122].

103
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e = sublattice La 0 = sublattice Ls

Figure 9.1: The honeycomb lattice of graphene, and its two triangular sublattices,
with our choice of the basis vectors, (@1, d2) and (81, 82, §3). This figure was taken
from [31].

four electrons available to form covalent bonds are shared by the three nearest
neighbours, forming so-called o-bonds (associated to the atomic 2s-orbitals).
The fourth electron also forms a covalent bond, which is called m-bond
(associated to the atomic 2p-orbitals), but only with one of their neighbours.
Because the m bonds are 'weaker’ than the o ones, these m electrons can hop
more easily. It turns out that in the vicinity of the points (in the momentum
space) where the conductivity and valence bands touch, these electrons can
be well described by Dirac equation in two spatial dimensions (QEDs1)
[40], as we shall recollect below. The electronic properties of graphene are
due to the electrons belonging to the 7 orbitals.

In the honeycomb lattice, there are two inequivalent sites per unit cell,
which are symbolled as black and white dots in Figure[9.1] As the vectors
{dy, d>} are not enough to reach all black and white points, an extra set of
vectors {51, 55, 53} are needed. The last set of vectors describes the position
of the three near neighbors for each atom. The vectors of both sets are
bi-dimensional 7= (x,y), and we choose here the following convention for

them (see Figure [9.1)
. L0 Ll
5 =00,-1) , &= 5(\/5, 1), 5= 5(—\/3, 1),
( (
a = 5(\/§, 3) , d = i(ﬁ, -3), (9.1)

where ¢ ~ 1.42A is the carbon-carbon near neighbors distance [40], that
we call lattice lengthﬂ. From the three near-neighbors vectors {s;} we can

2 As usual, the lattice spacing is the length of the basis vectors |@;| = v/3¢ ~ 2.46A.
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construct the six next-to-near neighbor (NININ) vectors as

1=82—83 , ta=8 —8,13=383—351,
L= —h, fe =i, Ty = 1. (9.2)

We will use these vectors to derive the dispersion relation of the 7 electrons,
up to NNN-order corrections in Section [9.2]

9.2 Massless Dirac structure of 7 electrons

Let us briefly recapitulate the very well known facts happening at the low-
energy limit of the physics of the 7 electrons in graphene, in the half-filling
regime. The tight-binding (TB) Hamiltonian if’(using natural units # = 1)

- -y nz (b + ) + 0 (7 + 5)a())

T'GLA =1

+7 Z (7)a(7 + t;) 4 b (F)b(7 + ﬂ)) , (9.3)

where 7 is the nearest-neighbor hopping energy which is approximately 2.8
eV, 1’ is NNN hopping energyf]] (hopping in the same lattice), and a, a' (b, b7)
are the anticommuting annihilation and creation operators for the planar
electrons in the sub-lattice L4(Lp) of the honeycomb lattice realized by the

o-bonds (see Figure [0.1)).

If we make a Fourier transformation to momenta space k = (ky, k) of the
annihilation and creation operators,

o) =Y ape™ 07 = Y b (9.4)
k k

then

Tb elks’—l—bﬂa,;e 1k51) +n Z( ”ak Zktl—i-bTb*e t)]

DS

3We are not considering here the spinorial nature of the 7 electrons as its contribution
to TB Hamiltonian is weaker than the hopping energy.

4The value of 7’ is still not well determined, but it is though to be around 0.02n <
7' < 0.2n [40].

/—\
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-

Figure 9.2: (a) The dispersion relation E(k) for the 7 electrons in graphene,
setting n¢ = 1. We only take into account the near neighbors contribution in .
(b) A zoom near the Dirac point Kpy showing the linear approximation works
well in the low energies regime.

Using our conventions (9.1)) and (9.2)), we define the functions

fi(F) 1+ 2e2 % cos (?%)] : (9.5)

fg(E) N i — 2n' (cos (\/3@1%) + 4 cos (?ék:ﬁ> cOS (?ﬁk@)) ,

i=1

ezk~si — _neszy

If
Fﬂ I

Il
|
3\
o
X
B
&

leading to

1 == 37 [fiFyalbg + fi Fag + falFyafag + Fa(Fytih]

k

For the case we consider only near neighbors contribution (" = 0), the
conduction and valence bands touch each other in the first Brillouin zone
(if they do) when |f1(K)| = 0. For the case of 7 electrons in graphene they
touch at Kp4 = (i%, 0), as we can check from (9.5). Actually, there are
six of that points, but the only two shown above are inequivalent under
lattice discrete symmetry. These points are called Dirac points. A sketch
for the dispersion relation E(k) = |f(k)|, for n¢ = 1, is shown in Figure
(a). Now, let us analyze the energy behaviour of the 7 electrons around the
Dirac points Kp4. In order to do that, we expand fl(E) as ky = Kpy +p,

where it is assumed |p| < |Kp|,

fi1(P)

f(E+) = UF(px‘i‘ipy)?
fi-(B) = flk-

Jk=) = —vr(pe —ipy)
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where vp = %nf ~ ¢/300 is the Fermi velocity. We can see from this that the
dispersion relation for the 7 electrons around the fermi point is

|E+(p)] = vrlpl , (9.6)
which is the dispersion relation for a massless particle (see Figure (b)).

Defining ay = a(ky) and b = b(ky), the Hamiltonian (9.3), up to near
neighbors correction (avoiding f5), can be written as

Hiy = 3 [f+a1b+ +fat b+ ol ey + fibia_]

P
= wr > [al (s +ipy) bs — b (po = ipy) b + b (02 — ipy) 0t — B (P + ipy) a-
s

Arranging the creation (annihilation) operators as a column (row) vector

@Di:(bi); lZ(bl al ), then

a4
H=vp " [0l b, —vla | | (9.7)

where ¢ = (01,02) and & = (01, —039), being o; the Pauli matrices. The
Hamiltonian is the known Dirac massless pseudoparticles description
for the 7 electrons. This description works well for energies of order of the
hopping near neighbors energy 7, as shown in Figure (b). Also, the
velocity of the 7 electrons in this massless description is vg instead of speed
of light ¢, so they are three hundred times slower than photons. However,
this still a very high mobility for the conductor materials, being this one of
the features that make graphene appealing for electronic devices applications.

We must stress here that the spinor nature of 7 electrons emerged entirely
from the lattice honeycomb structure of graphene, as we explicitly ignore the
intrinsic spinorial nature of the electrons’}

The two spinors ¥, and 1 _ are connected by inversion of the full momentum
I?D+ +p— —I?D+ —p= Kp_ — p. This is consistent with the following
picture: if near a given Dirac point, say K p+, the physics is described by
the spinor 1, , then the physics for the upside-down inside the membrane is
described by the spinor ¢_ with opposite momentum [123|. If nothing mixes
the two sides of the graphene sheet, as is the case for no curvature and no
torsion on it, the physics of 7 electrons at low energy are described by the

5We could insist in taking into account the intrinsic spinorial nature of the electrons
with the possibility of giving rise interesting spin(intrinsic)-spin(lattice) interactions [14].

0 —1 b 0 — i
UF§[( bi a1)<pz+ipy Pz Olpy)(ai)—<bt ai)(szripy Da Olpy

)

b_

a—

)]
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spinors ¢, and 1_, belonging each one in their own world. However, as we
shall see later, this has implications when we deal with strained graphene, as
the two Dirac points react differently under same strain tensor field.

Finally, we move back to the configuration space, which is equivalent to make
the usual substitution p — —iV,

H = —ivp / a2z [wi& Vi — e W,} : (9.8)

where sums turned into integrals because continuum limit were assumed.

The next two chapters will be devoted to studying how the Hamiltonian
is modified when the graphene sheet is in-plane strained.



Chapter 10

Top-down approach:
Spin-connection and Weyl
gauge field for strained
graphene

As is we learned in Chapter |§], the physics of the long wavelength (low energy)
7 electrons in graphene, can be efficiently encoded within the Dirac massless
two-dimensional Hamiltonian ([9.8). In the approach followed in this Chapter,
time will be included to make the formalism fully relativistic, although with
the speed of light ¢ traded for the Fermi velocity vg (see, e.g., [31],32]), hence
the formalism becomes (2 + 1)-dimensional where the action is

S = ihvp/d?’qzzya RUN (10.1)

here ¢ = (t,z,y) are the flat spacetime coordinates, y* are the usual Dirac
matrices in three dimensions, and we expand around only one of the two
Dirac points.

Following the conventions in [124], the metrid]

1 0 0
v(q) = 0 10.2
T (@) 0 —Yij (z,y) ( )

can also describe strain. Hence, we shall use the customary Dirac action
in that curvilinear background. As also pointed out in [124], we recall

Tn this Chapter, we changed the signature of the (2 + 1)-dimensional metric to follow
the conventions in the literature of the subject.

109



110 10. Top-down approach

that although the system is (2 4+ 1) dimensional, the Riemann tensor R*,,,,
A, ... = 0,1,2, has only one independent component, proportional to the
Gaussian curvature . Furthermore, surfaces of zero or constant K, make
the metric flat or conformally flat, respectively, and both cases can be
treated at once within a formalism that uses

9u(Q) = @, (10.3)

where 7, = diag(1,—1, —1), and the information about the metric being
flat or not is encoded in the conformal factor . The coordinates where the
metric can be explicitly written in a conformally flat fashion,

Q"= (T, X,Y), (10.4)

and are, in general, different from the original coordinates ¢*. Therefore, the
natural candidate action to describe strained graphene is (for a while we
shall use h =1 = vp)

S=i [ CQUFIE 0.+ 20 (10.5)

where Q, = %wu“bJab, with Jy, = i[%, "), the Lorentz generators, E* is the
inverse of the three dimensional vielbein ef, (the dreibein), wlfb is the spin
connection, and being in (2+ 1) dimensions, we can write the spin connection
in the one-index notation as in Chapters [2 and ] Here, a is the non-Abelian
index of the local Lorentz group SO(2,1), and p is the vector index on the
spacetime base manifold.

The metric (10.2]) can always be written in more suitable coordinates ¢ =
(t,Z,7), where t is the same time for both coordinate systems, and (Z,y) are
the spatial isothermal coordinates of the surface

10 0
. 0¢*og" o
9u(@) = 7= aganlg) = [ 0 —e*@D 0 ] (10.6)
0q" dg 0 0 _ed

The single scalar function o identifies the surface/graphene membrane. Other
isothermal coordinates can be found, say Z, ¢y, but the function identifying
the surface is always the Sameﬂ:

o(2(2,9),9(2,9)) = 0(%,7) . (10.7)
2As an example of formula , the metric of a sphere of radius » = 1 could

be written as ds® = €% (d#? + dy*) with conformal factor o(Z,§) = In(1/coshg)
being & € [0,27] and § € (—o00,+00). On the other hand, using the coordinates

_ Jarcsin(1/cosh ), ify >0
~ |7 —arcsin(1/coshg), if§<0’

and Z = &, o(Z,¢) = Insing, with g € (0,7),

e

we recover the standard metric of the sphere ds? = sin? gdz? + dg?.
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10.1 Connecting space and spacetime confor-
mal factors

When the surface described by ¢ has zero or constant curvature, the two
metrics ((10.3)) and ((10.6)) both describe the same spacetime, although with
different coordinates,

_ 9¢* o¢ @) :
- aQ“ 8ng)\/{ q )
hence, their Gaussian curvature cannot differ. Due to the simple structure of

the metric in the two coordinate frames, it is easy to compute the Gaussian
curvature

QW<Q> = 622@)77/11/

K = —e?[V?0]
e 205 + (9,%)(0"Y))

where V? = 07 + 03, and O = 97 — 0% — 5. Clearly, the two confor-
mal factors are related, X(o): if we know Q*(§), we can write 3(Z,7) =
X(T(z,9),X(2,9),Y(%,7)), and then knowing o(Z, §), we obtain ¥(o). Nonethe-
less, we have the general equations that > has to satisfy for the two cases,
for I =0,

1
0¥ = —5(8a2)(8“2) : (10.8)
which corresponds to ¢ harmonic functions (i.e., solutions of V¢ = 0), and
for K =constant ] !
Oy = —5(&12)(8“2) + §K62E : (10.9)
which corresponds to o Liouville functions (i.e., solutions of V?o = —Ke?).

Let us focus on the flat case which, since it corresponds to pure strained
graphene, is the one of interest here. In this case, besides the obvious constant
solution of (10.8)), X, = C, we also have

Y = —In(T? — X? - Y?) + C. (10.10)

The constant C' could be set to zero, but we shall keep it, to later compare
with the curved case. For the conformal factor ([10.8]), the metric (10.3) reads

2c 1 0 0

guw(@Q) =gy, = —— o —— | 0 =1 0 | .  (10.11)
(T =X2=Y22\ o o _1

Hence, nothing constrains the norm of vectors just as for the Minkowski case

626’

IQI* = 9., Q"Q" = 0 (10.12)
1%
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that means that Q* truly describes a flat three-dimensional spacetime. In
order to see explicitly that (10.11]) is in fact the Minkowski spacetime, take
the following change of coordinates:

eCT

t = T2_X2_Y27
e“X

r = 7o x2 _ye (10.13)
Y

y = T2 _ X2 _y2

(10.14)

On these coordinates the line element is ds? = dt? — daz? — dy?, showing
that the singularities appearing in the metric (10.11)) are simply coordinates
singularities due to our choice of nonstandard coordinatesﬂ. As a result of

that, when we use X, in the spin connection of ((10.5])
wﬂab = 55(%@55 - 77cb52)2u ) (10.15)

we can safely use 0¥ as a proper dreibein, because it indeed connects the
tangent space with a flat manifold. Here ¥, = 0,3, and ¥, = 9,%, and we
used the result that in three dimensions v*J, = 7.

10.1.1 Zero curvature: no physical effects of strain
through the spin-connection

The action ((10.5) for the metric (10.3)) is
S = z’/d3Q e® Yy (0, + L), (10.16)
and when the Dirac field is properly transformed

Y = e Z @y (10.17)

where 1)’ refers to the Minkowskian flat spacetime 7, [see (10.3)], the action
(10.5)) is simply
S = i/dew’fy“ RV (10.18)

which refers to the background metric 7,,, which in turn is the unstrained
situation. Strain is gone altogether. It has no physical effects.

3To see whether one has a true or a coordinate singularity is, in general, not an easy
task. On this, see, e.g., [125].
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Another way to see this, is to stop at the action , i.e., before imple-
menting the transformation of the spinor as in , and consider the
gauge field ¥,. This gauge field is itself a pure derivative, hence it cannot
produce any physical effect through its field strength

Fup = 0,50 — 0,50 = (0a0y — 0y0,)E = 0, (10.19)

as can be seen also by explicitly computing B=at = V x & flat and ESsiat =
B v NS aTiflat with X, in (10.10). The result is zero BErat = () = Ftat,
Therefore, from here, we see that the very well-known pseudomagnetic field
(and, for what matters, even a putative pseudoelectric field) induced by pure

strain, cannot be accounted for by the spin-connection/Weyl pure-gauge
field.

Let us now comment on >,. As seen, this is a pure gauge field associated
to the local Weyl transformations (10.3)) and ((10.17). Indeed, the Weyl field

transforms as

W, — W, — 9,5 .

The reason why we do not have here the full Weyl gauge field, W,,, but only
its pure gauge part, is due to the local Weyl invariance of , see [124].
Like any other Weyl field, ¥, is an Abelian gauge field. Abelian gauge fields
are those routinely used in the graphene literature, |[40] and [43]. On the
other hand, ¥, carries information on the non-Abelian structure of the local
Lorentz group that is encoded in the spin connection. This information is
in the tangent space index “a” of ,; see and discussion below it.
Indeed, (local) Weyl transformations, in general, rephrase spacetime scaling
as an internal transformation. Non-Abelian gauge fields have also appeared
in various discussions on the gauge field approach to strained graphene |44}
126].

The above-mentioned properties are common to the full Weyl gauge field
W,; hence, they hold also for theories that do not have local Weyl invariance.
The extra property of ¥, is that it is 0,3; i.e. the true degree of freedom is
just one scalar, ¥, the one related to the two-dimensional spatial phonon, o,
of the graphene membrane.

These facts are fully transparent in the coordinates Q" in ((10.4). When the
coordinates are different, the three aspects of this gauge field—(i) scalar
nature, (ii) abelian field, and (iii) non-Abelian Lorentz structure—get mixed
together, and they may appear, in the standard coordinates/frames used in
graphene, as originating from different gauge fields, as we show in Section[10.2
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~
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Figure 10.1: (a) For X, the spacetime is essentially the same as Minkowski.
Modulo an inessential singularity at the light cone, the causal structures are
identical; hence, the spacetime is three-dimensional and flat all the way. (b) In the
case corresponding to X.uved, We see that there is a change of signature crossing
the light cone, that signals a behavior similar to a black hole horizon. In this latter
case, the true spacetime is one dimension smaller, due to the constraint
that coordinates need to satisfy when curvature is present.

10.1.2 Nonzero curvature: the classical manifestation
of the quantum Weyl anomaly

Apparently, all seems clear: when ¥ = Xy,;, which should describe pure
strain, no physical effects can be described by the QFT in the curved
spacetime approach. Nonetheless, we also saw that when the Gaussian
curvature of the membrane is constant, a similar procedure could be applied;
hence, this seems to lead to conclude that also in that case as well, there is
no physical effect. However, as we shall now show, this is not the case.

When one solves ([10.9), e.g., for negative curvature, = —r2, one obtains
1
Yicurved = _5 1H<T2 - X? - YQ) +lInr ) (1020)

and evidently the associated BEeurved and EZewrved are zero. N onetheless, this

time the metric (10.3)) reads

2 1 0 O

gu(Q) = ey = s | 0 21 0 ) (102D)

and the light-cone becomes essentially singular due to the change of signature,
typical of horizons in black hole spacetimes. Hence, the light-cone is a proper
Killing horizon, as shown already when considering Unruh effects reproduced
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on graphene; see, e.g., [31, 132]. Let us now see what happens to the length
of a position vector,

QI = g@"Q" =1*>0.

That is a dramatic difference with the previous case ((10.12) (amusingly,
the difference comes about because of the different multiplicative constant
factors: —1 for the flat vs —1/2 for the curved case). In the curved case
the coordinates obey a constraint; hence, the effective theory lives in one
dimension less, with the coordinates that we call P*, o = 0,1. The behavior
of the flat and curved case is depicted in Figure [10.1] All of this makes us
conclude that the action that corresponds to the curved case (in the negative
curvature case) is

Segy ~ i / PP/gO5° (0 + Q)

where everything has been dimensionally reduced to the two dimensions
(including the fermions writing in this reduced case as x) and, in particular,
the metric is the induced curved metric:
0Q* Q°
2
gég)(P) = nabﬁm .
As well known, this two-dimensional theory has a quantum Weyl anomaly.

Hence, interestingly, through the classical constraints we have a manifestation
of a quantum Weyl anomaly.

The Weyl (trace) anomaly is known to be in one-to-one correspondence
with the Hawking radiation [127]. This is an interesting road to pursue an
alternative computation of the Hawking phenomenon on graphene as the one
presented in other works [31} 32].

10.2 Equivalence of the static Hamiltonian
and the fully relativistic approaches

To make contact with the literature focused on the phenomenology of
graphene (see, e.g., [41]) we need first to move from the action in the
Q" coordinates to the Hamiltonian in the ¢* coordinates, keeping the cur-
vature radius r finite. For ¥ = —2In(7? — X2 — Y?) +Inr = —t/r, the Q"

coordinates are

= et/r\/QQU(g) + r2 (1022)
e’ cos & (10.23)
e/re”@ sin 7 (10.24)

<N
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To write the Hamiltonian in the ¢ coordinates, we have to consider the action

(10.16|), Legendre-transform it

A= / dtdzEdiL(q) / dtdidg H‘%—?

<w%w@—ﬂy

and follow the steps presented in the Appendix [G] This gives, for H =
J dzdyH(q),

H = —ih / didg ' (7' [op(o(@))], 95 +vrd+vpmA) ¥ (10.25)
where 7% are the Pauli matrices, we have re-introduced A and vy, and
1 20
¢=_¢"0; (10.26)

— 9 inz, (10.27)

[or(e@));? = vr ( v Uy ) | (10.28)

Uoz Uzg
with
B r e’ oy L
Vi = —\/m sin & (10.29)
vy = —6? €27 4+ r? cosx (10.30)
B r e o -
Voz = —\/ﬁ COS T (1031)
Vo = —67 e + 12 sinx . (10.32)

The computations here were carried on for the X in ((10.20)), for which we

can present the coordinates —; hence, the expressions for ¢, A;
and [vr], 7 depend of that choice. Nonetheless, even though the detailed
expression of those quantities change for ¥ in , the structure of the
Hamiltonian ((10.25)) remains the same for the case of interest of pure strain.

We see here that, through this top-down method, we were able to reproduce
all the terms except one that customarily appears in the literature of strained
graphene; see, e.g., [41]. The latter is the one gauge field that gives unam-
biguous physical effects, and that couples to the spinors with an imaginary
factor (an instance that, on its own right, is an indication that such field
cannot be a Weyl field, see, e.g., [124]). In Chapter |11| we shall extensively
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comment on this field. Before moving to that, let us get one step closer to
the language usually adopted in the graphene literature.

In fact, the former expressions are written in the language of conformal
factors o for the membrane and in isothermal coordinates whereas the usual
approach employs strain tensors w;; = 1/2(0;u; + 0;u;) (where, as customary,
the u; measures the departure from the unstrained position), and Cartesian
coordinates.

Although we started off with a fully relativistic formalism, due to the struc-
ture of the metric , everything of the previous expressions necessarily
depends only on the spatial coordinates. Henceforth, we can focus on the spa-
tial metric only and make the customary ansatz that, in Cartesian coordinates
(z,9),
9ij (@, y) = 055 + 2uy; - (10.33)
On the other hand, this metric is related through a coordinate change to the
one in (|10.6))
gl] <Q> - 8(]2 aqj

e @ = [, 2 (10.34)

This needs to be considered in its infinitesimal form, i.e., ¢*(q) ~ ¢ + @', so
that 0¢'/0¢’ ~ 6% + d;u’, which gives, at first order, L;; ~ d;; 4 2i;;; hence,

Comparing the two expressions (10.33)) and ((10.35]), we obtain the wanted

link between conformal factor, Cartesian strain tensor, and isothermal strain
tensor
Ui; = U(Sij + ﬁ,ij .
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Chapter 11

Bottom-up approach:
emergence of a honeycomb
structure gauge field

We learned in Chapter [10] that in pure in-plane strained graphene sheet, we
cannot obtain a gauge field which has physical significance from top-down
approach (fully relativistic with Weyl invariance taking into account), as the
curvature produced by it is zero, see . So, in this Chapter, we will
take the bottom-up approach: starting from strained Hamiltonian we will see
what we could learn to apply for sensible QG scenarios. As a warming-up
exercise, we start off with homogeneous strain (the strain tensor is constant
on the graphene sheet). After that, we discuss the more interesting case of
inhomogeneous strain, which give rise to measurable results as the celebrated
pseudo-magnetic field of around 300 T [38].

11.1 Homogeneous strain

Let us now take a homogeneously deformed graphene membrane. In this
case the strain tensor u;; does not depend on the coordinates Z. Allowing an
independent variation of the hopping energy of the three nearest-neighbours
tn, due to variation of the vector basis §, = §; + A, = (1 + %})8_27 where I is
the identity matrix and €;; = d;u; (see Figure , we get to first order

ti = n(l = Bd;), (11.1)

119
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Figure 11.1: Near-neighbor vectors transformation & = (1 + €’)s; under homo-
geneous strain.

with g = ‘M) the electron Griineisen parameter, and ; = p i+ A;. The
TB Hamiltonian, taking into account this displacements, is

-2 Z (F)t:b(F + ) + 01 (7 + 5))t,a(7)) . (11.2)

reELy =1

Making a Fourier transformation and with analogous replacements as those
leading to (9.7)), we obtain

H= (h(E)aT(lZ)b(E) + c.c.> , (11.3)

k

where
i=3 =3

h(E) _ _ Ztieiﬁ-sz _ _ Ztieilg’~s77

i=1 i=1

with & = (1+ %€)k. It can be checked the function (k) is the generalization
of the near neighbor function energy fi(k) in (9.5)), as they coincide when

Ai=0 (unstrained graphene case). We can note already here that the effect
of strain is twofold:

1. it changes the hopping energy (/5-dependent term in the literature);

2. it changes the reciprocal lattice in momentum space (f-independent
term).

Now we proceed in similar to the lines in Chapter |§| Expanding h(lg) to first
order in the displacements we get

h(k) = (k) + %Z (5 : &-) ¢ifsi
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EA

Y

Figure 11.2: The twofold effect of the strain: shifting of the Dirac points w4 and
changing the slope of the Fermi cone.

Making the expansion around the above Dirac points k=KD + + p, gives
us a correction respect to the unstrained graphene

H:vFZ(Ma-(ﬁM)m—w*&*-(ﬁ—fT)@w_),

where A7 = —%E‘WK Py an 18 the usual pseudo-gauge field interpretation
of the in-plane strain effect in the graphene sheet [39]. The third rank
anisotropic tensor K7™ will be soon very important (see Appendix [H for
the definition of this tensor). Going back to the configuration space, we end
up with the result

H= —z'vp/dza; (wi&- (ﬁ + M) by — e (ﬁ — z‘/Y) w,) . (114)

We can see here that the effect of strain does not break time-reversal symmetry
with respect to the two Dirac points. We also see space-dependent Fermi
velocity through ];’ vector, i.e., strain changes the slope of the Fermi cone
and shifts the Dirac points [45] (see Figure [11.2). Indeed, the zeros of
h(k) in (T1.3) are now localized in the new points ka = k? + Wy, where
Wy = qul and wys = FAy. The expansion around this shifted Dirac points
k; = k%P + p'is what gives us again the Dirac Hamiltonian for a massless
(Weyl) spinor

H:uF; [(b’j,a’j) 5-5( 21— ) - (v1ah) & -ﬁ( Z— )} ., (1L15)
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but now a' and b are taking into account that we are expanding respect

to the true Dirac points k:iD. This means that o/(Z) is the annihilation
operator on L4 but taking into account that we are now expanding around
EiD and not around lgfg . The same for the operator V/'(Z), related to Lg. In
the configuration space, the Hamiltonian takes the form

H= —wF/an; ( TGy, -yl W/_) (11.6)

We can obtain the Hamiltonian ([11.4]) if we define that the fermion transfor-
mation

Y = e T,
We could interpret this transformation, in the homogeneous strain regime,

as a phase transformation. At the end, we can relate the unstained fermion
Yo with the strained one 1/ via

1p:|: = eiw&'fzﬁOi. (117)

11.2 Inhomogeneous strain

The above analysis works very well for the homogeneous strain: we shift
the Dirac points in the Hamiltonian formulation which could be done either
adding the term i/f, or transforming the fermion as . We can wonder
what happens now in an inhomogeneous strain. From a general point of view,
this is a very complicated issue and probably is not analytically solvable.
Due to this, we shall make a reasonable approximation: the variation of the
strain is very small on the scale of the lattice length ¢. In other words, the
Fourier modes of the strain tensor u;; are much smaller than the original

Dirac points |k:_£| The modification of the Hamiltonian in the presence
of an inhomogeneous strain is computed in [43]. In the fermion response
interpretation, we can write the formal solution 1 of the of the strained
graphene Hamiltonian following the Dirac’s prescription, as [128, 129]

P(@) = e T () = FTAD By (), (113)

where 1)y is the unstrained solutionﬂ We can select a point &y as a reference
strain, i.e., a point where the strain effect w(Zy) could be gauged away.
The phase acquired in (11.8]) could be interpreted as the circulation from
the zero strain region ¥y to the strained one Z. We stress the fact that

"We can see from (11.8)) that each Dirac point is charged with opposite sign as a
consequence of time-reversal symmetry.
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Figure 11.3: Strained graphene with a deformation vector defined as @ = (2zy, x> —
2
y“)uo/L.

the solution is formal: once the curl of w is nonzero, the integral in
(11.8]) is path-dependent (is a non-reversible process). Realizing that the
effect of the inhomogeneous strain is to shift the momenta of the Fourier
modes in a space-dependent way, we can interpret the situation as the v
fermion is in presence of an effective gauge field ff, which could give us a
nonzero effective magnetic field if the curl of Ais nonzero, giving rise to
the characteristic Landau levels. This gauge field, frequently called in the
literature pseudo-gauge field, is the one we announced in the through the
Part [[T]] of this Thesis. Clearly, it could not have guessed from the QFT in
curved space description.

We can follow the trail of the non-trivial behaviour of A as the result of
the contraction of the strain tensor u;; with the third rank tensor K",
This tensor is not isotropid and its presence is due to the triad {3, 5, 53}
specific to the structure of graphene, which is built from two sub lattices [39).
The non-triviality resulting from this contraction could be seen in a simple
example [131]. Consider the deformation vector @ = (2zy, 2% — y*)uo/L,
where ug is the maximum value of the strain and L is the length of the
graphene sample, as represented in Figure|[11.3| This is a non-singular vector
field, in the sense that its curl and divergence is zero, so it is an irrotational
vector field without any source or sink.

However, the vector field A resulting from the contraction of the corresponding
strain tensor with K“* is a clockwise rotational vector field with constant
curl, as we can see in Figure[I1.4l This means that, not only the displacement
vector « matters, but also the orientation of this vector with respect to the
near-neighbour vectors triad 5;. So, the K“* carries some memory of the

2In fact, the only isotropic tensors of rank three are proportional to the Levi-Civita
antisymmetric tensor €;;, which is zero in two dimensions [130].
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Figure 11.4: Pseudo-gauge field produced using the deformation vector 4 =
(2zy, z* — y*)uo/ L.

honeycomb structure, even in the low-energy (long-wavelength) limit. To see
more concretely that this is the case, suppose that we have two unstrained
graphene sheet samples. The honeycomb orientation of both samples are
such that one of them, let us say the sample 1, has the vector 57 of the triad
parallel to the y-axis, as in the last Section and the sample 2 has vector
§1 = £(—1,0) parallel to the z-axis, see Figure m The orientation of
the triads is to both the same. A direct computation shows that the K%*
tensor are different for the sample 1 and sample 2. Now let us apply to both
samples the same strain deformation vector shown in Figure [11.3] For the
sample 1, the pseudo-gauge vector field gives us a constant pseudo-magnetic
field B = %uo, while for the sample 2 the pseudo-magnetic field is zero.
So, even if in the long wavelength limit both samples look the same, the
pseudo-magnetic field remembers the honeycomb orientation. A detailed
study of the so-called “memory tensors” in the graphene honeycomb and
Kagomé lattices is found in [132]. Once the curl of @ is not zero, equation
is not single-valued, as we can see if we take a loop around the origin.
As we said above, we are assuming that the variation of the strain tensor u;;
is very small so, following the lines of [133] |134], we can envisage a process
which we can extract a physical meaning of the solution , even if it is
not single-valued. Consider a small planar box on the graphene sheet (but
very large compared with the lattice length ) situated at R (see Figure
In the case of unstrained graphene (ff = 0), the solutions for the 7 electrons
have the for wg(f’— ﬁ) = 17,0 >. Now, the idea is to strain the graphene
sheet in such a way that in the box the strain is homogeneous (constant shift
w of the Dirac point as in the previous Section) and the associated magnetic
field is almost zero in that region. The solution of the 7 electrons in the box

3Because we are in the second quantization formalism, 1 are operators and the wave-
packets are these operators applied to the vacuum.
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Figure 11.5: Two samples of graphene unstrained sheets. Sample 2 is clockwise
rotated respect to sample 1 by /2 radians.

C

Figure 11.6: Loop C of the box (in blue) situated at E. All the fermions inside
the box could be described as (7 — R).
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could be written using the Dirac’s prescription (|11.8))
O(7 — R) = e JRAD 0y (7 ). (11.9)

We can see that v in (11.9) is single-valued in 7 and R locally. Now let the
box be transported around a loop C'. After completion of the loop, there will

be a geometrical phase change that can be computed using Berry’s formula
[96]

~(C) = z'fcwf— R)V z(7 — R) - dR (11.10)

Taking into account that the 1 are normalized, we end up with the result

() = — ]QA(R) il = —, (11.11)

where ® is the magnetic flux enclosed in the loop.

11.3 Discussion

We conclude that when only strain is present, the only gauge field that
has unambiguous physical effects is the one just discussed in this Chapter.
The structure we saw there, is reminiscent of the gauge field arising in the
Aharonov-Bohm effect, although strictly speaking, in order to have this effect,
we need a magnetic flux line crossing the loop C' and a zero magnetic field
outside the line. This is also reflected by the fact that the flux obtained
in is not constant and depends on the area enclosed by the loop.
However, it could be possible to imagine a strain vector concentrated in some
region of the graphene and assumed to be zero outside this region. Then, this
procedure, recover the Aharonov-Bohm result. The Aharonov-Bohm effect
is not new in the graphene literature and some examples of strain vectors
were proposed in order to see this effect with particular procedures, see for
instance [135] |136].

This gauge field could not have guessed from a top-down approach based
on the standard QFT in curved spacetime. In fact, we saw here that
if we define standard classical functions on graphene membrane the only
fields emerging are the metric and the spin connection, both which do not
reproduce the behaviour of this pseudogauge field. This U(1) field can be
put in correspondence with quantum field theoretical structures, such as the
quantum anomalies. To see it, one just needs to realize that the origin of
such gauge field is entirely quantum mechanical, and related to the fact that
a “translation” in configuration space T : ¥ — Z + , that is the straining of
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the graphene membrane, is necessarily associated with a “translation”ﬁ in
momentum space B : k—k+7. Hence, in the first quantization language
of the wave functions, those operations are carried on by quantum operators
U : T x B — C that, for the very meaning of quantum mechanics (that is
the Heisenberg uncertainty principle) need to obey

U(Ty, B)U(Ty, By) = e ™% 200(Ty BOU(TY, By) (11.12)

that are recognized, in the second quantization language, as instances of the
nontriviality of the quantum field theoretical vacuum, and in turn of the
quantum anomaly [138].

Therefore, our simple table-top laboratory, can help explore yet another

arena of fundamental physics, that is the deep meaning of the quantum
anomalyf’]

On the other hand, this pseudogauge field, for the use of graphene we have
in mind, is intriguing also because, as explained in the paper, it is a memory
of the lattice structure (that is the physics of the wavelengths comparable to
¢, the lattice spacing) in the continuum limit (that is the physics of the large
wavelengths). That means it is a relic at a low energy of the high-energy
behaviour of the system. This is yet another reason why we cannot reproduce
this field from a top-down approach because in such approach the isotropy
of the graphene membrane is tacitly assumed.

Effects of this kind would be of paramount importance to bring high energy
theoretical constructions under the control of experiments. One example that
comes to mind is the standard model extension of [140/{142], where tensorial
fields that are relics of the Lorentz invariant high-energy string theory combine
with the fields of the Standard Model (SM) and their derivatives within
Lorentz violating terms that have the form

T(klmy(SM fields and derivatives)* " | (11.13)

where T*) ~ 08 In our “graphene universe” Cppanei = (.

To explore these scenarios, and to address the full variety of possible gauge
fields in graphene, namely those arising beyond the pure strain limitation,
would be a good future project.

4A better name for this operation is ” Galilean boost”, that is why we use “B” for it.
On this note see, e.g., [137].

5In our view, the very existence of a quantum anomaly is a sign of lack of understanding
of how nature works at the most fundamental level, or, in other words, it is a sign of our
ignorance of what is a proper quantum Noether theorem [139].
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Appendix A

General definitions and useful
Dirac matrices properties

Al D=3

Through this work we extensively use the Clifford algebra in D = 3. Some
basic properties and definitions ard'|

1

{’Yaa ’Yb} =2Mabs  Yab = YaVb] = Eh/aa Vb] , Yab = €abcV*

1

1
5[7@()7 '70] = NocYa — MNacTb 5 Yabe = €abe = E{Vaba '70} = 7[a\’7b’7|c]

Let ¢ be a two-component Dirac spinor with odd Grassman parity . We
define its Dirac conjugate by

¢ = it (A1)

or explicitly as 15 = i1)**(70)as, @, 8 = 1,2. With this prescription, we have
the conjugacy properties

Xv)" = vx,
(Y%iﬁ)* - _(w’YaX)' (AZ)
(’YW) = _z/}’)/a
I'We adopt the convention eys = —e? = 1 and the definition Tay..ay) =
%5311'_'_2’;%1_”%, where the generalized Kronecker delta can be written as the following
5g’11 52;
determinant 5211:’.2’; = : .. 1t |. In the coordinate basis, we define €;; = €.
I

129
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A2 D=4

The y-matrices in Minkowskian D = 4 with 7, = diag(—1,1,1,1), are in
a 4 x 4 spinorial-representation of the Clifford algebra {v*,7%} = 2%, and
y® = %[fy“, 7*]. The indices of the tangent space a,b take the values 0,1,2
and 3.

From this properties, a number of useful representation independent identities
follow,

1. (Three ~’s product property)

Ya V6 Ye = NabVe — NacVb + MoeVa — eabcd’75’7d .

2. (Three 4’s +7; product property)

Y5 Ya Vo Ve = V5[MabVe — NacYo + MbeVa) + €apeaY®

3. (Four +’s 45 product property)

V5 Va Vo Ve Vd =€abed L + V5 [NabTed — NacTbd + Nadbe)
+ V5[NabYed = NacVod F+ NadVoe + MocYad — ModVac + NedVab) »

In the representation chosen here, the Dirac matrices are written in
terms of the sigma Pauli matrices and 2 x 2 identity [22]

o [0 -1
70:_7:10

Y o= vi=(0 %) (A.3)

0;

with also the v5 matrices are defined as
. 1 0
V5 = 10717273 = < 0 —1 ) : (A.4)

We take the following convention for the Levi-Civita skew-symmetric
tensor

—e1B =1, (A.5)

€0123 =

and, for the spatial Levi-Civita, the following orientation €y = €;ji-
In this case, we can take advantage of the Pauli matrices properties

0i0; = 0;j + €50k , (A.6)
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and vectorial product notation to write
(E X E) = EijkAjBk7
A (BxC) = €é*AB;Cy, (A7)

for ff, Band C arbitrary spatial vectors.

Some useful properties, could be derived from the Pauli sigma matrices
algebra, which are

Fx(GxA) = —24+idx A, (A8
(Ax &) x & —2A+iAx 3, (A9
FG-A) = A—igx A (A.10)
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Appendix B

Graded Lie Algebra
Representations

B.1 Representation of the osp(2,2) superalge-
bra

Let 24 = (£%;2') a vector constructed from odd Grassmann numbers &%,
a€{l,...,M}, and 2%, i € {1,..., N} real numbers. Defining the matrix

([ Cus O
GAB - ( 0 5U > )

where C,3 is the charge conjugation matrix. The orthosymplectic group
OSp(N|M) is the group which leaves invariant the quadratic form [143]

G ap2P = e*Chpe® + 2'x; . (B.1)

We can see immediately from (B.1]) that the OSp(M|N) group contains the
direct product of the simplectic group Sp(M) and the special ortogonal group
SO(N), i.e., Sp(M)®SO(N) C OSp(M|N). This group has M(MH);N(N_I)
bosonic generators and M x N fermionic generators.

In Chapter [2] we deal with a particular case of the orthosymplectic group,
i.e., the graded Lie algebra osp(2|2). A particular representation for such a
algebra in 3 x 3 matrices for the bosonic generators is [12]

100 ) 0
) 3%
K=|1042L0]|.,J.=[ 2 0 |, (B.2)
00 i 00 0
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while for the fermionic generators,

000 000
Q! = 000 000 |,
100 010
00 1 000
Q, = 000]|,Q=[001 (B.3)
000 000

We can verify directly from (B.2}[B.3) that
ToBi] = el 110,Q7 = —5(03Q%  [1,Q,] = 50085,
Z.Q] = Q" [2G,)=—1Q. {Q.Q}= —id5Z

which is exactly (2.3]). Asshown in (B.2}B.3]), these generators have vanishing
supertrace. However, the non-vanishing quadratic supertraces are

(b = Jnw. (BZ) =5 (@Q1 =0 (QQ) =05 (BA)

The covariant derivative D, induced by (2.3) appears naturally in (2.5)).
Acting on a Lorentz vector 3, and 1/2-spinors (¢p* and 1)) this reads

DyYa = 0,5+ €5°wh X,

B;ﬂ#a = %W‘ - %A,ﬂﬂQ + %WZ(Wa)§¢B, <B5)
Eagu = aﬂ@a + %Aﬂaa - %wﬂ(’h)gwg = (E P«w)a'

B.2 Representation of the usp(2,1|2) superal-
gebra

The following matrices provide a natural representation for the usp(2,1|2)
superalgebra,

J, = [ 5 (7a)% | Oa2xa ] T, = { 022 | Oax2 ] ’ (B.6)

0252 ‘ 0252 O2x2 ‘ —%(UUIUT)Z‘

where v,, a = 0, 1, 2, are Dirac matrices, with o, 8 = 1,2, and o7, [ = 1,2, 3,
are Pauli matrices, with 7,7 = 1,2. A metric to raise and lower latin indexes
is given by [u”] = igy. A generic supermatrix M has the following index

structure:
_ | Mg | M7y
M= { M's | M, } '
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In terms of components, are given by

1 i . )
Jo)s = 5(%)AB, (Tr)% = _§UAZ(UI)iJUjB, (B.7)

A direct calculation shows thatl]

[J(I)Jb] - Eabc«]]c )
[T/, T)] = ers" Tk,
and [J,, T;] = 0. The fermionic generators

—

(@?)AB = 5;46%7 (Qa)AB - 5:14533 ) <B8)

are defined so that

— 4 O2x2 | O2x2 = A | O2xe 1/’§]
e [ ¥s 02x2] e [Ow Ozxz |

Direct computation gives

(@, QY =0, {Q,,Q}) =0,
and
Q2 QY e = 615768 + 6556, (B.9)

The completeness relations for Dirac and Pauli matrices can be used to recast
this as

{QF, @3} = 81 (v")*sJa — 105 (0" s — i6]05Z,
where Z is a new bosonic generator represented by a diagonal matrix with
vanishing supertrace,
A loca Asi
L'p = (0505 + 67 0p)
This generator is a central charge that commutes with all generators in the
superalgebra. The only non-vanishing commutators are

2

1@ = £ o) Q5. [TnTL) = — (02),' T,

1 o — 1 —
3o Q) = =5 ()5 Qs Pan @l = 5 (1) Qs

'Flat Lorentz and SU(2) indexes in the adjoint representations are lowered and raised
using the Lorentzian and Euclidean metrics 7,5, and 67, respectively.
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This completes the algebra. It can be directly checked that each of these
generators have vanishing supertrace, while the supertrace of quadratic terms
are

1

<Ja Jb) = 577(16 5
1
(T;T,;) = §5IJ ;

Q Q) = —856 .

B.3 Representation of the usp(2,2|1) superal-
gebra

The generators J, and J,, form the 4D algebra

[J(M 'J]b] - S2Jab ) [J[“ ch] = nabJC - nacJ]b ) <B10)
[Jab, Jea] = NaaTbe — NacTod + Moedaa — Moadac » (B.11)

which corresponds to anti-de Sitter (so(3,2)) for s = 1 and to de Sitter
(so(4,1)) for s = i. The supercharge Q belongs to a spin 1/2 representation,
that is

[72,Q°] = —5(7)*5Q7,  [J0, Q) = 5Qs(7a)" . (B.12)
[Jap, Q] = _%(’yab)aﬁQﬁa [Jap, Qo) = %Qﬁ(%zb)ﬁa- (B.13)

Since @ is complex, it has the following commutators with the U(1) generator
K, QY] =iQ", K,Q,] = —iQ, . (B.14)
The algebra is completed by the anticommutators of supercharges,

l

2(7ab)gJab — 65K, (B.15)

{Qaagﬁ} = _é(,ya)g‘]]a +
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together with the trivial anticommutators {QQ,QB} =0={Q* Q°}. An
explicit 6 x 6 representation for the supercharges is the following

0
04><4 8 OaA
@)% = —i 0 = —i(3205 + C*163) , (B.16)
0% 0 0
| 0000] O 0
_ 0
B Ogxa | 04 8
(Qa)% = 0 = 6;45% + 5?0013 ) (B17)
000010 O
Cop |0 0
where C,5 = —Cj,, is the charge conjugation matrix, and C® is its inverse.

In this representation, the U(1) and (A)dS generators are

) 0 0
0 0 0
K)4, = oo = i(626% — 5466 B.18
()B_ 0 0 —1(53_63), ()
0000 i O
| 0000] 0 —i |
_ N
. 0 0
210 0 S, \a
(Ja)AB = 0 0 = 5(7(1) /5&3?5%, (B19)
0000 0 O
L 0000 0 O |
- 0 0
N 0 0
2lab g0 1, .
(), = 0 o | =30m) 50005 . (B.20)
0000 0 O
L 0000 0 0 |
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Appendix C

Dynamical details on
unconventional SUSY in D =3

C.1 Momenta, Constraints and Poisson brack-
ets

For the starting action (3.1), the canonical momenta associated to the
dynamical fields are given by

9L 1. Y 1 o ar D
L= —_— = — & 1 ! = —Y b - — —9Y b
T 6AZ 26 Aj) 7Ta aw;l 26 nabw]’ pa ae? 26 nabe‘],l?bw
X = = ()% Xa ™ = () (C.1)
o, oY

The non-vanishing Poisson brackets between the fields and their respective
momenta are defined as in [26] [[

{4in’} = —Ax A =al, {ulim) = —{m.wi} = {e.n} = —{m e} = 5,

{@Z)a’yﬁ} = {Y,37¢a} = 5%’ {Eoﬂxﬁ} = {Xﬂaaa} = _55

It is worth to note the relative sign between the two brackets on the last line:
This choice is consistent with ¢, = i1%*(v9) s and X, = ix**(70)sa. Now,
the primary constraints (3.5]) satisfy

{¢Z7w§}=4€ijnabiﬁ¢, (]} = 267y, '{Q,wi}z%%?@ﬁb%,
{Q,Q} =29y, {¢', ¢} = —€7, {¢n. 0} =—€"Nuw. (C.3)

'Hereafter we will omit the §%(z — y) factors when computing the brackets. Spinor
indexes may also be omitted for simplicity.

139

(C.2)
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Using ((C.3)) and the definitions (3.7) one can show that the generators Ja,
K and T satisfy the following:

{Jas b} = e 0 {0} = —%%Q, {Jo, 2} = %Q%, {Jas b} = € L
{jm St = €w e, {ja, Ky} =€, °K, {[N{,Q} = %Q {f(, Q} = —%%0-4)
{T.¢l} = —¢b {T.K}=-K, {1,9}=0Q ({T,9}=0,

where the remaining brackets with constraints — vanish strongly.

We then conclude that the constraints J,, K, T, together with the generator
H;, are first-class.

The consistency of the primary constraints (3.5 with respect to the extended
Hamiltonian (3.6)) yields the following set of equations
0={¢" Hr} = e (A + 2icfeldrat — N;) .
0= {bep HT} = Eij (nabDjW]lf7 + 2€abc€§6§E¢ - nabAg) )
0= {902; HT} = 2€ij (Eabcwf@Ed) - Z'Atega/}/abd) - 277abaj (efwlb) - Eabcw]b‘egaw (C5)
+eb (B D a1t + GWYa D100) + 2map N + b (Rrvats + E%%A)) ,
0={Q Hr} = —¢” (iAte?e?’yabw + eabcwfefe‘;w + 2nabe?7}? — 2e§ef%%Dj¢
+2D; (et yat) + 220 pvath — 2efelyah) |
0= {ﬁ, HT} = €Y (’L’Ate?e?@%b — eabcwfefej_ — 277,1(,6?7;(}% + 26?6?(@53»)%%

-2 (e?ef@’ya’yb) 5]- — 2)\?62@%% — Qefe?K’yab) :

This system of (14 4+ 4n) equations determines up to an equal number of
Lagrange multipliers, leaving seven free parameters. This means that in a
generic sector (maximum rank), there are S = 14+4n second-class and F' =7
first-class constraints. Also, if one choose (ef,wf, A;) as the free parameters,
the consistency of the secondary constraints K, J, and K can be readily
shown to follow. In Appendix we exhibit a solution for ((C.5)).

C.2 Solving the consistency equations

Let us now choose tensors ¢, and T4, = T"[bc], depending on the dynamical
fields, such that

T“bcefe§ = T3 (C.6)
= Die? — Dj@? s

e, = Dyb. (C.7)
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Equation relates the nine Lorentz covariant components 7% . to the three
field dependent quantities on the RHS. Similarly, equation expresses
the vector-spinor (, as a function of two components on the RHS. This means
there are six real and one spinorial indeterminate components respectivelyﬂ,
which will be fixed by the consistency equations. Now, let us take the
Lagrange multipliers in equation as

)\g? = —veb—ebcdwte + Dje; —i—Tb cere J,
7 1
A — /Uw—i_zAtw_ wt70¢+e <a7
_ 1
A = vp— —Atw + 5w S + el (C.8)
Al = Djwl+ 2efele bcaw

A= 8jAt+226tejeabcl/wc1/1.

After inserting ((C.8]) into the consistency conditions (C.5]), these reduce to

0 = (nachbww wPYa’Y[ch Cb’yc] Vaw) (Cg)

1
0 = | | abc(lyabcc 2’7arydTbcw>7 (ClO)

together with the conjugate of the last equation. For an arbitrary dreibein,
equation can be used to fix the remaining free component of (, as
a function of the dynamical fields and T“bc. On the other hand, using the
constraint K, ~ 0, one can show that ((C.9)) correspond to six independent
equations for an equal number of free components in 7°9,., once (, is replaced.

Note now that the parameter v does not show up in (C.9C.10)), this indicates
that the complete set of equations is not independent. In fact, one can readily
check that the following shift

T4 +2B04Ey »  C— C— BEW, (C.11)
leaves ((C.64C.7) and (C.9JC.10)) invariant. This is related to the Weyl invari-

ance, shifting the multiplier v — v — 3 in . We thus have the following
picture: If the three components ef remain arbitrary, then one can solve
the (14 + 4n) multipliers as in , but this leaves a degeneracy in v to
be fixed afterwards. Otherwise one may restrict one of the components e}

2For |e| # 0, one can put for instance ¢, = E. D)+ EL¢ and T, = EgEgT;; +Et E! &
for arbitrary £ and &
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while leaving the scaling parameter v completely free, as we explain below.
In view of the counting argument of Section [3.2] we expect in general that
one combination among the eight parameters (A, w, e, v) will be found
fixed in a generic sector, so that the number of functionally independent
first-class constraints is reduced to F' = 7. Note that the degeneracy in v
also suggests there could be certain configurations of the dynamical fields
such that have no solution: The consistency equations would lead
to secondary constraints in this sectors.

The above reasoning is illustrated with the spin-1/2 sector described in
Section In that case one chooses the gauge v = 0 a priori, and then
proceed to count the DOF considering the residual symmetries. This gauge
fixing is equivalent to choose the solution

a

be — 2a€abc 5 (012)
Ca = Ya¥, (C.13)

for (C.gJC.7) and (C.9]C.10), provided (3.19)3.18). Inserting this into the
multipliers (C.8]) and then into the total Hamiltonian (3.6]), one directly gets

the form (3.27). Note that this Hamiltonian preserves the gauge, and pos-
sesses only seven free parameters (A, wy, ef) corresponding to the generators
of residual symmetries.

On the other hand, in a generic sector one can always use the ‘degenerate
gauge’ for counting purposes. Using K, ~ 0, this election is readily
seen to close the consistencies and puts the total Hamiltonian in
the form . However, by doing so one needs to assume there is in fact
a solution for ¢, and 7, in order to extend the sector for non-degenerate
choices with |e| # 0. Thus, in any generic sector, a realization of the first-class
constraints can be easily obtained by means of the degenerate gauge, leaving

also F' = 7 free parameters (A;, w?, &, v).



Appendix D

Killing spinors

In this Appendix we present a detailed computation of the Killing spinors
mentioned in Table [4.1] The radial, time, and angle components of this
equation read

0 =0, + % (; - N“") F iy
_ % <g _ V@) h o, (D.1)

0 :@W% (f%w G +N‘”> 72) ¥

+ 2% <ih02 —r (g + V‘p> US) ¥, (D.2)

O:awi/}—F% (f’yo+r(§+N“") 72)1/1

+ % <ih02 - (g + W’) 03) . (D.3)

With X and Y defined in (4.96{4.97), (D.1)) becomes

d

O = o (—ey1In X)) + dii“ (o1 InY') 4, (D.4)

and the solution of (D.4]) can be written as
b = UxUy€ . (D.5)

Here ¢ is an r-independent spinor with Uy and Uy defined in (4.92)) and
(4.93). Replacing (D.5)) in (D.2) and (D.3), and using the properties of these
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projectors H leads to

|
m nk
e | (w5 - e
1 J
0 _acpg + 5’70 |:(_M + 67) V—e + ,YE:| 6

' K
+%O’2 {(W—%) ‘777_‘777] ¢,

whose solution is given by . Next, we present those solutions with well
defined periodicity conditions for different values of (M1, J) and (W1, K). As
the SO(1,2) and SU(2) sector are decoupled, we will consider in detail only
the cases where M = W and |J|l = |K|s. The remaining cases in Table
can be obtained from these in a straightforward way.

D1 Case M =W=—-1; J=K =0

In this case, the functions X and Y take the form
r 1/2 r? 1/2
X = (7+n)" ”:(ﬁH)

1/2 2 1/2
Y = (f+ﬁ> , ﬁ:(%+1> ,
S S

and (4.91)) reduces to
n4+ 1\ 2 n—1\Y2
—€
9 9 g

X (COS O(c/1y — Yo sin 9(6/1))

i1 1/2+ a—1\"?
g
2 T\ 2 !

X (COS 9(77/5) — iO‘Q sin 9(,]/3)) lbo . (D.G)

wei)e (i)

IThese projectors satisfy (i) v3 = v, (i) y2v¢ =0, (iii) 74 +7— =1, (iv) Y027+ =
Y£Y0,2, (V) Y17+ = £, and similarly for o4.

P =

As g has the form
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with a, b, ¢, d arbitrary real numbers, it can be spanned in a four dimensional
basis. Therefore, there are four spinors for each value of € and n leading to a
total of sixteen Killing spinors.

D.2 Case M=J=W=K=0

In this case U, = exp [—%9(5/1) (70 + e’yg)] and U, = exp [%H(n/s) (09 — ’iT]O'g):|.
Since (yo + €72) is nilpotent, we can write U, = 1 — 0.1y (70 + €72), and
similarly for U,. Hence, in order to get rid of the linear dependence of ¢ in
Oy and 0, /5), Yo must be in the kernel of (yy + €y2) and (o9 — inos), ie.,

(Y0 + €72) o = 0 = ¥ (02 — ino3) |

which is satisfied provided v, is one of the eigenvector of ; and o depending
on € and 7. Hence 1y can have the form

#-(2)(0)

As in this case X = (QT)l/Z and Y = (&)1/2, we obtain

T s
2r
Vis

Therefore, in this case there are four Killing spinors, one for each value of €
and 7.

¥ ==y, (D.7)

D.3 Case MW >0; M =|J|/l, W = |K|/y

Let us consider the first the option M = J/I, W = K/y. Then, (4.102)) and
(4.103) take the form

(7)) v
o (=Yoo )| =

Nilpotency is achieved in this case for e = n = 1 leading to ¢y = U )((+)U~§+)U§+)U3(/+)¢o,
where U = Ux|.,, and Uit = Uy
are nilpotent,

n=+1" Since Q(l/l)'70'7+ and 8(1/5)0-_0-2

U =1~ 0am1074, and UL =1+ i6qy50-02.
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Hence, 19 must be in the kernel of v, and o_,

Y+ = 0 = 2pgo_,

1 1
w=(h)e (1)
As in this case X = \/QZJ—%,Y: ,/%—%,We finally arrive to

AEHET o

Therefore, in this case there is only one Killing spinor. A similar analysis
can be done for all the possible particular cases of |J| = Ml and |K| = W's
leading essentially to the same result. Hence, the extreme case has always
only one well-defined Killing spinor.

which is satisfied by




Appendix E

Spinor decompositions

E.1 Two-component form decomposition

For the sake of simplicity, and because of the chiral symmetry in the massless
case in Chapter [0], it is better to work with the two-component spinors
(left chiral-component) instead of the four-component formalism. The two-
component four vector spinors ¥, and \I/L can be defined as the eigenvectors
of the left-projection operator P; = %(1 + ), i€,

o = (%)

¢LPL = (v, 0).

E.2 Spin projector operators

It is useful to decompose the left-handed spinor ¥¢ into the 3/2-spin and
1/2- spin components. This can be done using the spin projector operators
introduced by Frondsal [144] |145]. One can define the following operators

7 « Ve 1 7 e
( 3/2j) 8 = (53'55 - g(a Uj) 5) )

( 1i/2j)a5 = iaj)a,@- (E.1)

W[
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We can verify by inspection that

(Pij2)s(Poi)’ = (Pija)®,

( 1Z/2j)a6(P1]/2k)57 = ( 1/%)&7 )

(P?f/Qj)a,B(Plj/Qk)ﬁ'y = ( 1/2]) ,B( 3/2k) 0% =0 (OrthogonalltY) )

(Psjo;)%s + (Pyy;)% = 005 (Completeness) ,
(P?f/Qj)aB(JJ)/BW = (Ui)aﬁ( §/2j)5a =0.

These properties show that (E.1) are indeed projectors operators. We can
observe that, as projectors, they have eigenvalues 0 or 1. Indeed, suppose
a projector P has a non-null eigenvector v with eigenvalue A, then using
P? = P, we have \>v = P?(v) = P(v) = v, but, as v # 0, is necessarily
true that A> = )\, which proves the above claim. Therefore, the trace of each
projector tell us the dimension number they span. We have then

( ;/Zi)aa = 4,

( f/zz‘)aa = 2.
This means indeed (P5/2) projects over a vectorial space of dimension four
(3/2—spin field) and (P, /) over a vectorial space of dimension two (1/2—spin

field). With the completeness property, we can decompose the left-handed
fermions as

— T N ‘ T
\Ilja — \11366355 \Il [(P?f/m) o + (Plj/Zz) a] \113/2104 + \111/2204 )

a i con B ey j @ B _ \po
\I]i - 5]'5,3\111‘ - [(Pg/m) + (Pf/%) ,8] ‘Ijj - 3/21“‘\1’1/2@-

We can split also some operators into spinor projectors components. For
instance,

¢ (0)% = —i(Psjp)”5 + 20(Pij5)% - (E2)

E.3 Transversal and longitudinal decomposi-
tion

Besides the left-handed-right-handed and 3/2—spin—1/2—spin decomposi-
tions, we can distinguish the transversal and longitudinal part of a 3/2—spin
as
T T T
\Ijia - \IIS/QTia + \113/2L7La ’
v = lI]g/QTi + ‘Ijg/zu )

where 9'WU

0,0°.

8“II§V/2TZ — 0 and, locally ! = 0,0 and WS o =

3/2Tza 3/2Lia —



Appendix F

Constraint brackets of the
massless Rarita-Schwinger
theory

F.1 Gauged Massless Rarita-Schwinger the-
ory

In this section of the Appendix, we will write in more detail the constraint
Poisson brackets for the gauged RS theory given in Section . De-
manding preservation in time of the primary constraints ¢°, 1%, x% (7.9),
it is obtained the secondary constraints (7.11)). The non-vanishing Poisson
brackets between them are,

(K@) 0)} = ~ 2oy, 0 )6 (w — )
R@dw)) = Ll @) 09w — )
(K@) W)} = 50 s BE w — ),
(KL} = 5459 — ) Do), (F.1)
@) K )} = L (o) 0 ()09 — )
(k@) Kiw)} = Lehul)(0;) 00750 (&~ y)
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Preservation in time of the rest of primary constraints in , determines
the Lagrange multipliers Al and A% as,

Xz) = {¥*(z),Hr} = (B WY 4 j)aﬁ(ﬁkqf{f + %onpf - Af,f)) ~0
— Al ~ @gAO\w + B0g + ie B, us |
i) = (i), He) = —e <xp,1ﬁ + (W), Dy + gAO W+ Ao )ﬂa) ~ 0

— A;-ra ~ —igAO\IJIa + \Ilzr]agi — iGijk\I/Ll%j .

In fact, as the action is of first order, it is linear in time derivative.
Therefore, the Lagrange multlphers AT and A{ are \DT and \I/a respectively.
We now descent to the next level of the Dirac procedure demanding preser-
vation in time of the secondary constraint, obtaining the tertiary constraints
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(7.12), whose non-vanishing Poisson brackets are

{Va(x),xg)(y)} = %Eijk(ai)g w0 (@ —y)

Vi@ )} = LRy @ —y).,

« % Zg i « ij
{V (z), x5 (Z/)} = € T Fiu656®) (z — y) — 267 (05)5m 0¥ (2 — y) |
{(Vi(z),x"(y)} = —deijktSﬁfS(?’)(w —y) = 267 75(04) 26 (x — y) |

ig .. - i N .
V@) k@)} = S U@ 075 (@ — y) + 267 (02) 500106 (2 — ) .

(Ve(2), KP(y)} = —g{(&x@)a-(&x@ 60 —y),

Vi KW} = <L (1 x5) (ax8) 8@ —y).

{va(:c),f(g@)} - —%(Ex\ﬁ)a~(@TXE)Bé(g’)(:c—y),

{v;(x),Kg(y)} - —%Q(xfﬁxﬁ)a-(@xa) 5z —y),

(Vo). V) = ~LEx B (F980 e ) x (@W0() + T)
+9Z2 (6@)5(3)(1; y) x (30o(x) + xff(x)))“ (& x U(y))”?

(@i} = L (F950@ - ) x @U(x) - §@)" - (W) x ),
e x b)) - (FV e — ) x (W) — T w))

Viwvim} = £ (99596 —y) x (W@ - ¥(@)) - (F() x ),
@) x ) (VOO — ) x (Wh)5 — F(w))



152 APPENDIX F. CONSTRAINT BRACKETS RS THEORY

Demanding preservation of the tertiary constraints ((7.12)),

Ve(z) = —2[Vx

X (G x B)* ~ 0
\ (@) [ 2V x @ 0P -2V x 75" + 5 A4 2[7 - 7
— Oé% pry = — — —»
0% TS [ x5 —ig (Ut x g0 + Wis x ¥ — \wxqf}
Vi) = 2[\I/T-ﬁ><ﬁ]a—Q[\I!(T)E-ﬁxﬁaqLKL-i—Q[ATxc? ﬂ — (A}@)a -
g

We can check that no extra constraints are produced, meaning the algorithm
to find constraints is over at this level [26] |121].

F.2 Extended gauged Rarita-Schwinger the-
ory

Now, we show the constraints and their Poisson brackets regarding to the
extended gauged RS theory presented in Chapter B Demanding preservation
in time of the prlmary constramts #°, X1 0« (8.11)), it is obtained the
secondary constraints . The non-vanishing Poisson brackets between
them are,

+
20T .V x 7]z — 2[¥}5 - V x 7?}5+AT -2 x &7+ \ ()25
(B x )5 [~V x 5+ g<xff35qu+w><a%—qﬁxxyﬂ

@)XW} = e (o))" W @)6 (@~ )

@)} = ~ L)), )

B @) = L0076 (@006 ) + LE (00,7 ()6 @ — ).
{k@), b} = —%e“ksyx)<ak>%a§ﬂ”>a§y>6<3)<:c—y)+%j’“Fijs;(x)(ok)%a(@<x—y),
k@), KW} = L (o), 0l ()05 (x — y) — LM (00) 16 ()0 05 (w — )
{k@). KL} = SN )(0,)° 00760 (@ —y) + e el ()(0) 05" 05D (@~ y)
(K@) = 3% o) B0 —y), (F.3)
{Kl(2).X"(y)} = ;”’“5(3) ) D (04)?,,

(Ko@) ehm)} = Lt o) Fn@)i®a —y),

(L@, W)} = L Fy(@)(00)udO e —y)
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Preservation in time of the rest of primary constraints x ', x*, ¢, ¢ determines
a possible set of Lagrange multipliers.

@) =  {x"™(@),Hr} = A ~igAoP% + Bi\ygf + ieijkﬁjng +ig [E' - %zl} ,
xli@) = {Xy(x), HT} — Al ~—igAow! +wl D+ is”k‘ll;aBk +ig [E + 521} ,
¢*(z) = A{¢%(z), Hr}

.

A% A igAgE® 4 UG + ﬁ [2(8 x £) -+ 2B - )@ - 9) — 20(B - 8)(5-9) + (5-5)(5-9)] ",
ghie) = {el@,Hr}
— AL~ —igAogl + Wi+ % [72(5 x50+ 2%(E - DI - 3) —2E - I @ E) - (£ 9N D)

where we used the properties (A.81A.10). We defined also, to solve the last
two Lagrange multipliers AT, \, the quantities

9o = W - Do

19;[04 = \Ijga - glﬁl )

assuming there is a frame where 5 # 0, in order to apply Lemma 7.2.1]
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Appendix G

From (2 + 1)-dimensional
Lagrangian to static
two-dimensional Hamiltonian
of m electrons

To be specific, let us focus on the case on negative constant Gaussian
curvature, although similar formulae must hold the pure strain/fully flat case.
The coordinates are

= et/r\/eza(g) —+ r2

e!/7eW) cos &

<

et/7e? W) sin 7

and

1
Z:—§ln(T2—X2—Y2)+lnr:—t/r.

To write the Hamiltonian in the ¢ coordinates, we have to consider the action
(10.16))

S=i / dTdXdY e* [ (O + Er)y + ¢y (Ox + Ex)¢ + 7> (Oy + Sy)y] -

We have to write this in the ¢* coordinates. We need the Jacobian

HaQMH _ st T >V o5() (G.1)
g” Ve2o () 4 p2
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the three terms

T A e ——
ET = _T2 — X2 — Y2 = — 7,,2 620(y) —|— 7"2
X e—t/r B
_ _ a(9) 5
YXx = Tz _yio T2eycosx
Y —t/r ~
Yy = = ° W) gin 7

T2 — X2 _Y?2 r2

and to re-express the derivatives, e.g., 0x = Zx0; + yx0y, etc., where, as
usual, 03(9) = 050(79), Tx = 0z/0X, etc. Then we use

S = / dtdidijL(q) = / dtdidj [H‘Z—Q‘
g

from which we can read off the Hamiltonian H = [ dzdgH(g). The final
expression is

H — —z'hvp/didgj _ﬂ [W _—M ¥
‘/620_}_7»2 7’2

—o 20 2 o

<m%ww—%]

e %e e
+ wayO’yl(—e"’sin:i'a@jL— 5 cosi8g+—2cos§n>w
oy T r
f o 2f o - 6_062U+T2 . e’
+ Yy (e cos T j‘i‘o__g 5 sing g—i-ﬁSlnl’) 74

where we have reintroduced h and the Fermi velocity vr. Note that nothing
depends on t, as it must be.

The formula above for H gives a field of the type 91y in (G.2)

1 2
¢=;€Uffg,

the A; and A, fields in the non-derivative terms of (G.2) and (G.2) (here we
identify A; and Ay according the Pauli matrices 7% and 72)

1 e oy 5 1 e oy
Alz———ycosx,Agz—— Y

r ,/620_’_712 r ‘/€2U+r2

and the space-dependent, inhomogeneous Fermi velocity tensor

sin

[or(e@)); 7 = vr (ﬁ“lf Uiy )

U2z Uz
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with
re’ oy L
Vi = ————— Sing
Ve +r2
60'
vy = —— Ve +1r? cosT
r
r e o N
Vg = —————o COST

Ve 4 2

g

e L
Uy = —— Ve2 +12sging

r

Therefore, obtaining the expression (10.25)) we have in the main text.
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Appendix H

Some details of the
tight-binding computations

We start with the effective function of the hopping energy ¢; with respect to
intercarbon distance [45],

Sy

t; = —nexp [—5(' " 1)] , (H.1)

where 7 ~ 2.8 eV is the equilibrium hopping energy, s_i (with i = 1,2,3)
dlogn
dlog !
parameter. In order to deal with inhomogeneous strain, we consider the

expansion of (H.1|) up to the first derivative of the strain tensor u;;(Z), i.e.,

/6 m n /B
ti=nl|l— 6_2(81) Upn (8:)" — o

are the variation of the basis vectors s;, and 8 = ‘ is the Griineisen

(Si)k(si)m(si>nakumn:| , (H.2)

where with some abuse of notation, (s;)™ stands for the m component of the
vector §;, the indices k, m,n are contracted (dummy indices) and 0y = a%k'

The tight-binding Hamiltonian, in the second quantization formalism[] could
be written as

H=— Z i (a'(@)t:b(Z + 5;) + c.c.)

TzeLy i=1

ITf we use the second quantization formalism, some subtitles appear with respect to
the vacuum where the creation and annihilation operators act. This subtitles will not be
considerer here because the system is simple enough but, in the case of curved graphene,
extra care must be taken. This is because the presence of defects on the honeycomb makes
the vacuum nontrivial [31].
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where L, stands for the sublattice A (see Figure and, in order to have a
Hermitian Hamiltonian, we added the complex conjugate of the first term.
Using the following expressions for the Fourier transforms

a@ =" . w@ =", wn(@) =) R
k i :

we can write the Hamiltonian in the Fourier space as

= st \ /b
_ t t B 0 € 0q A
B S () (peter, 0 ) ().
: ,

Fg i=1
(H.3)
where we used the symmetry property of u;; and defined T; 7 as

Tig = 0(q) +1(8) " tm,g(5:)" — (55)" (51)™ (81)" @ @mUn.q-

Now, we expand the Hamiltonian around one Dirac point K. For the sake
of simplicity, we expand around K 4= <34—\/’T§Z, 0), such that k = K. ++p. We
can work a little bit more on the matrix content of (H.3) as

0 TT e—ilKi=a)si i T 0
g i,q = G50 (1 + i0<(D — i,q
( E#Tei(K"_iq).s:‘ 0 ga- 820-3 ( + ZO—3<p @) O E . 9

where in the last equality we made use of the identityf] [43]

0 e_i(f+_®'s_:i Z o
ei(lf+*i)-si 0 - ZU $ S5i03-

At this point, it will be useful to show the following identities [43]

1=3

> ()" =0,
=1
1=3
1 m n __ 3 mn
7 ;(sz’) (5:)" = 25 :
1 1=3 A 3 ‘
I D (s (i)™ (si)" = T
=1

2In the case of expanding around the other inequivalent Dirac point K_ = (f 33/% 7> 0),

0 i —a)si i,
ei(Kjr—@-s? 0 o 70 $5i03

the formula is
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=3
D (s (s0)™(s:)"(s1)" = % (57T - §InGT 4 5T

i=1

1
z

The tensor K/™* defined in the third identity, is an invariant under the
discrete C5 rotations. This tensor is very important in the discussion about
the anisotropy of the strain-induced gauge field. For our choice of basis vectors
{s;}, its only nonzero components are K??? = — K12 = — 121 = 12 =1,
We also note that the other three tensors are all isotropic. Making use of all
this, doing some standard algebra and going back to the configurations space
via the anti-Fourier transforms of a, b and u™, we end up with the following
Hamiltonian for the inhomogeneous strain

H=— Z wiu_o-] (U]mam + ZUFAJ - UFFj) ¢+7

where v, = vp (5jm — g(unnéjm + 2ujm)) is the celebrated space-dependent
Fermi velocity [43], A7 = 5e? KP™™y,,, is the pseudogauge field, and IV =
g (8mujm + %@-umm) is a connection-like coefficient. The Fermi velocity in

the unstrained graphene is vy = %nf.
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