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Chapter 1

Introduction
Diffeomorphisms in non-relativistic systems has gained a renewed importance due to
major applications in the field of condensed matter physics, such as in the descriptions of
the fractional quantum Hall effect (FQHE), trapped electron gas, and various transport
phenomena, to name a few [1–8]. This was initiated in [1], where the role of nonrelativistic diffeomorphism invariance (NRDI) to analyze the motion of two dimensional
trapped electrons in the context of the FQHE was discussed. This work was inspired by
the fact that at low temperatures a Fermi gas behaves as a superfluid. Experimental
studies suggest that for the two component Fermi gas an interesting regime exists
between Bardeen-Cooper-Schrieffer (BCS) and Bose-Einstein condensate (BEC) known
as the “unitary Fermi gas”. The relevant effective field theories used to describe this
regime involve some variant of the Schrödinger theory on a (2+1)d manifold with
universal time. Interestingly, within this effective field theory description [1]- [6] the
fields were found minimally coupled to the Newton-Cartan (NC) geometry [3], [5] which
provide a covariant description of Newtonian gravity.
The main motivation of this thesis is to investigate diffeomorphism invariance of
non-relativistic matter fields. Covariance in non-relativistic physics is subtle due to the
absolute nature of time i.e. does not depend on space. NRDI thus has certain distinct
features that sets it apart from usual (i.e. relativistic) diffeomorphism invariance. We
proposed a field theoretic method to attain NRDI in our work [9, 10], wherein the localization of the Galilean symmetry for field theories in flat spacetime was carried out.
The geometrical interpretation of the resulting theory provides a dynamical construction of the NC spacetime as the most general Galilean invariant curved background [11].
We will address this formalism as the “Galilean Gauge theory”(GGT) inspired by the
“Poincaré gauge theory” (PGT) [12]. Our method also incorporates torsion in the connection in a straightforward manner. In the process we formulate a massive field theory
minimally coupled to the NC background. Local Galilean invariance would be manifest
for these fields on this background, similar to the role of Lorentz invariance in the relativistic case. It may appear that a suitable construction of diffeomorphism invariant
non-relativistic theories can be obtained from relativistic theories through contraction
(light-cone reduction, Wigner-Inonu transformation). While the resulting connection
of the manifold would be decomposed into an inertial part and a non-inertial part, in
6
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the absence of special boundary conditions this decomposition will not be unique [13].
In addition, the dynamics of fields coupled to the background, particularly to the gauge
field contained in the non-inertial part of the connection, are not trivial consequences
of known non-relativistic contractions.
In relativistic theories, PGT provides a derivation of matter fields minimally coupled to curved backgrounds through the localization of spacetime symmetries of the
fields in flat spacetime [14–16]. The localization procedure for a matter theory invariant under global Poincaré transformations involves promoting the parameters of the
transformation to local functions of space and time. The invariance of the theory is
broken upon localization. To restore the invariance, compensating fields are introduced
in the process by defining covariant derivatives [12]. A very important aspect of this approach is the correspondence of these new fields with the vierbeins and spin-connection
of the Riemann-Cartan spacetime. The resulting theory identifies local Poincaré transformations as diffeomorphisms in Riemann-Cartan spacetime. The key difference of
this localization method when applied to Galilean invariant field theories will be the
nature of the vierbeins. These will differ with the relativistic case not only due to the
absolute nature of time, but also on account of the degenerate metrics which they provide a map for. For the Riemann-Cartan spacetime, the vierbein formulation is related
directly with the metric formulation because the spacetime manifold is endowed with
a nondegenerate metric. In the case of Galilean space and universal time there is no
such structure.
In this context it is useful to recall that, following the footsteps of Einstein gravity, a
covariant geometrical formulation of Newtonian gravity was worked out by Elie Cartan
[17] and subsequently developed in other works [13, 18–23]. This construction is well
known as the NC geometry in the literature and helps in appreciating Newtonian gravity
as a non-relativistic limit of General Relativity. In Cartan’s viewpoint, universal time
was regarded as a scalar function. The trajectories of neutral test particles can be
viewed as geodesics in curved spacetime. The curved background has to be invariant
under Galilean transformations. Each space slice at constant time is flat and endowed
with a three dimensional metric with an orthonormal coordinate basis. This implies
that the parallel transport of a vector around a closed curve entirely in space will return
it to its initial position. However, if we consider the transport forward in time followed
by a spatial one and then trace it back by a temporal and a following spatial transport,
it can be observed that the vector will not return to its original position. Thus geodesics
along a spatial slice that are initially parallel remain always parallel but initially parallel
geodesics of spacetime will get pushed away by spacetime curvature [24].
We will now briefly discuss other approaches used in the derivation of minimal
coupling to, and the geometry of, curved non-relativistic backgrounds. This will serve
to place our work in a clear context with respect to these approaches. The minimal
gravitational coupling of the Newtonian theory had been initially considered in [25,26],
whose results have been reviewed in [8]. In [27] it was demonstrated that the 4-d NC
geometry can also be formulated on a 5-d spacetime through Bargmann lifting. Using
this method one can avoid the degenerate metric structure of the NC geometry and can
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formulate a corresponding action principle. It gained renewed attention in [1] where the
minimal coupling of non-relativistic particles (electrons) to the external gauge field and
the metric were determined by using principles of effective field theory. The invariance
of the derived action under time dependent diffeomorphisms had been restored by
demanding non-canonical transformations of the spatial external gauge fields, which
leads to problems when considering the flat space limit [9, 28]. In this limit, the flat
space Galilean transformations are restored through a specific assumption, involving a
particular relation between the gauge parameter and the boost parameter. In contrast,
the flat limit can easily be obtained in our field theoretic approach [9].
Other approaches have been put forward to determine the nature of curved nonrelativistic backgrounds directly from the consideration of non-relativistic symmetries.
One of these involves the derivation of the background geometry with appropriate
metric and curvature tensors, by gauging the centrally extended Galilean algebra
(Bargmann algebra) [29]. The conformal extension of this procedure has been carried out in [30]. However, it should be stressed that this is a strictly algebraic approach
without reference to any dynamical content of the underlying theory. In addition, the
approach necessarily requires the imposition of curvature constraints in order to derive
the connection, which formally results in a torsionless theory. Torsion is eventually
accounted for in [30] by defining it as the antisymmetric piece of a metric compatible
and boost invariant connection, with the further definition of the dilatation gauge field
in terms of temporal one-form and its generalized inverse. Yet another approach, which
is very closely related to the gauging approach mentioned above is the coset construction [7, 31, 32]. Given a particular symmetry group, and through a prudent choice of a
subgroup within it, a coset can be defined which determines the background geometry
invariant under the symmetry group. The main feature of this approach is that different choices of the subgroup can lead to several possible realizations of non-relativistic
curved backgrounds [31]. The general spacetime connection follows directly from the
construction of the Maurer-Cartan form within the coset formalism.
Central to the success of these approaches, as well as our own, are the presence
of vierbeins. The coset construction for any non-local symmetry group necessarily involves the use of vierbeins. The same holds true for gauging the algebra directly as
in [30], and the localization of symmetries in our work [9, 11]. In these works, either
implicitly or explicitly, the flat space theory corresponds to the tangent frame on which
the given theory is invariant under global spacetime transformations. The vierbeins
serve to map the theory to the appropriate curved spacetime, which in turn renders the
theory invariant under local spacetime transformations. Through their involvement,
the end result is guaranteed to be manifestly covariant and independent of any specific
choice of coordinates. In the context of the coset construction, this statement corresponds to a gauge fixing choice of the parameters [31]. Vierbeins are also central to
the description in non-relativistic theories. In relativistic theories diffeomorphism invariance implies the invariance of any theory under general coordinate transformations.
In non-relativistic physics it involves a mixing of actual diffeomorphisms with tangent
space transformations that act on the vierbeins of the geometry.

9

In contrast to the approaches described in previous paragraphs, localizing the spacetime symmetries has two specific advantages. The first is that it can study NRDI and
determine the minimal coupling of any non-relativistic field theory (scalar, vector, etc.)
to the corresponding curved background by its direct involvement from the onset. The
second feature is that it reveals that the vierbeins and the relations between them, as
well as the form of the connection, are as much a result of the generators being considered as they are of the dependence on the coordinates used at the time of localization.
In particular, bearing the non-relativistic nature of absolute time, the parameters of
temporal transformations depend only on time and not space. This in turn affects which
vierbeins do result from the procedure and serves to elucidate the relation between the
vierbeins and the localization of the parameters one begins with.
In general, non-relativistic many particle systems are described by tensor products
of the Hilbert space and a many particle Hamiltonian on the product space. An alternative formalism is second quantization. This can be reinterpreted as non-relativistic field
theory (NRFT) which can be regarded as low energy effective theories of relativistic
systems. When the momentum is much less than the rest mass, NRFT is expected to be
a good description of the physics. However, for momentum greater than rest mass, ultraviolet divergences arise in the NRFT. These field theories have to be invariant under
the Galilean transformations and unlike the relativistic case, particle number is always
conserved here. Galilean transformations involve a time translation, spatial translation,
spatial rotation and a boost. The Galilean algebra can be further extended to include
a mass operator as a Casimir invariant. This whole algebra is known as the Bargmann
algebra (centrally extended Galilean algebra) [33]. Other symmetries, such as gauge
invariance and conformal invariance can also be included. Non-relativistic conformal
field theories can be ‘massive’ as mass is a passive parameter in such theories.
Scale transformations in non-relativistic systems are in general anisotropic due to
the unequal footing of space and time [34]. One well known non-relativistic scale
transformation is ‘Lifshitz scaling’. In this case time gets rescaled ‘z’ times as compared
to the space coordinates, where ‘z’ is called the dynamical exponent. This scaling
plays an important role in strongly coupled systems. Holographic investigations have
demonstrated that they are relevant in the description of strange metals [35]. It is also
relevant in the description of the FQHE [36], the Aharanov-Bohm effect [37], as well as
the temperature dependence of transport coefficients in the hydrodynamic description
of condensed matter systems with ordinary critical points [38]. Motivated by these
observations we will also investigate scale invariant non-relativistic field theories on
curved backgrounds. The Bargmann algebra with z = 2 Lifshitz scaling and special
conformal transformations is known as the Schrödinger algebra. This algebra can be
viewed as a non-relativistic extension of the relativistic conformal algebra.
Many continuum non-relativistic field theories admit a fluid description and are
expected to be realised in low energy physics experiments. Thus the covariant description of such fluids will be relevant in several condensed matter applications. The recent
literature on the NC background in large part addresses some of these topics. A fluid
is characterized by its conservation and continuity equations. In considering the NC
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background, one finds that stress and energy are separately conserved, as is expected
from a non-relativistic field theory. The additional non-inertial part of the connection
provides corrections to the usual stress tensor of flat space [25], [39]. In considering
the scale invariant extension of the NC background, further corrections result due to
the gauge field related to non-relativistic dilations [40]. However, the laws of thermodynamics are not affected, and one of the main applications in our treatment of
fluids is to demonstrate that the second law continues to hold. Exploring the modification of transport properties requires the consideration of specific systems, for which we
have considered the effective field theory of the Quantum Hall fluid. This is described
through the Landau-Ginzburg model, which involves the Schrödinger field minimally
coupled to a background electromagnetic field as well as a statistical gauge field [41–43].
Coupling with the spin connection of the curved background follows from considering
the Schrödinger field as a composite boson, which was first demonstrated by Wen and
Zee [44]. This coupling does modify the usual transport relation of the stress-energy
tensor in the fractional Quantum Hall effect. In considering the scale invariant NC
background, we have demonstrated that there is in addition to the usual Hall viscosity
an additional term which can be interpreted as an expansion. This follows from the
lowest order correction to the effective field theory due to the scale invariant NC background. Clearly a more detailed investigation into the quantization of the composite
boson model and its loop effects promise to be even more interesting.
The NC background can have additional consequences related to the quantization
of non-relativistic field theories. Classical dynamics deals with tree level processes of
a quantum field theory. One of the simplest quantum corrections which occur at one
loop involves the presence of anomalies. Anomalies arise due to the consideration of
quantum fields in the presence of external gravitational or gauge fields and represent
the failure of classically conserved currents to hold at the quantum level. We have
derived the trace and diffeomorphism anomalies of the Schrödinger field minimally
coupled to the NC background using Fujikawa’s path integral approach [45]. This
approach enables us to determine the anomaly corresponding to a classical symmetry
transformation by evaluating the regulated trace of the Jacobian for the quantized fields.
This trace is evaluated for the Schrödinger fields on the torsion-free NC background
using a non-relativistic plane wave basis. We find that in 2 + 1 dimensions the trace
anomaly contains terms which have a form similar to that of the 1 + 1 and 3 + 1
dimensional relativistic anomalies. This result demonstrates that the NC background
which satisfies the Frobenius condition possesses a Type A trace anomaly, in contrast
with the result of Lishitz spacetimes. Through the derivation, we also determine the
coefficients and demonstrate that gravitational anomalies for this theory always arise
in odd dimensions [46]. This is in contrast with relativistic theories which always arise
in an even number of dimensions [47]. We further demonstrate that the coefficient
of the term similar to the 1 + 1 dimensional relativistic anomaly satisfies a c-theorem
condition. This allows us to further investigate the RG flow of certain systems on
the NC background, part of which was initiated in [99]. Such investigations will be
relevant in understanding the response of condensed matter systems to spatial stresses
and deformations.

1.1. Outline of the thesis

1.1
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Outline of the thesis

I will now briefly describe the outline of my thesis
• Chapter 2 considers a detailed discussion on the different approaches to Poincaré
gauge theory, beginning with the Lie algebraic approach. The connection between
Lie algebraic and field theoretic approaches has been highlighted to better understand the Galilean Gauge theory (GGT) formulated in the following chapter. The
field theoretic approach has been demonstrated through the example of the complex Klein-Gordon field. In the last subsection, the geometrical interpretation of
the local Poincaré invariant action is discussed. This will help in appreciating the
construction of the NC geometry from the localization of Galilean transformations
in chapter 5.
• Chapter 3 begins with a brief description of Schrödinger fields and the Bargmann
group. Following this, we present our proposed formalism for localizing the
Galilean symmetry of non-relativistic scalar fields. This localization procedure
results in a local Galilean invariant scalar action. New gauge fields which were
introduced during localization will be identified with the geometrical objects in
chapter 5. As an example we consider the complex Schrödinger scalar field in
3 + 1 dimensions. As an application of the localization procedure we also achieve
a spatial diffeomorphism invariant action from the local one by introducing a
spatial metric.
• Chapter 4 demonstrates that our formalism can be easily generalized to couple
vector fields to non-relativistic curved backgrounds. We begin by considering a
complex scalar field interacting with an external gauge field in flat space. By
localising the corresponding spacetime symmetries we formulate this theory in
curved space. For time dependent diffeomorphisms our theory predicts the appearance of a new auxiliary field which has no kinetic term in the action. It can
be considered as an external field acting on the electron which originates due to
the curved background. As an example of a dynamical gauge field we consider
the Chern-Simons theory. In contrast to the literature where it has been reported
that the Chern-Simons term obstructs the formulation of NRDI, we have successfully derived the Chern-Simons action on non-relativistic curved backgrounds. In
addition we have demonstrated that the original gauge symmetry of the model is
unaffected by the localization procedure.
• Chapter 5 begins with a review of the basic properties of the NC geometry which
have been derived over the years. A comparison of the results with the ADM
decomposition of general relativity is briefly discussed. An analysis of the Lie
derivatives acting on the metrics and the NC gauge field has also been provided.
Much of these properties will be essential in understanding the dynamics of fields
considered on this background, covered in subsequent chapters. In the following
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section a dynamical construction of the NC background has been provided using
the results of GGT from the earlier chapters. The fields introduced during the
localization procedure are used to derive the structures of the NC geometry.
• Chapter 6 includes the anisotropic scale transformation in the localization procedure. Here we demonstrate that the resulting scale covariant NC background
involves an additional gauge field related to these dilatations. We further exhibit
how this background admits a Weyl tensor analogous to that of relativistic backgrounds. The construction of this section will be necessary in understanding the
dynamics of fields on the scale covariant NC background, which is discussed in
the next chapter.
• Chapter 7 reviews basic properties and applications of fluids on non-relativistic
curved backgrounds. First, we review the covariant description of fluids on the
usual NC background - the expressions for its shear, acceleration, expansion and
vorticity, as well as the stress tensor and currents. These relations and expressions are then considered on the scale covariant NC background through the
construction of a Weyl covariant formalism. As an application I consider the
Landau-Ginzburg effective model for the FQHE. I demonstrate that there exists
a response function related to the expansion of the Hall droplet which results due
to perturbations of the spatial metric.
• Chapter 8 considers the trace and diffeomorphism gravitational anomalies resulting from the Schrödinger field on the NC background. It is shown using Fujikawa’s
approach that the trace anomaly of the Schrödinger field in 2 + 1 dimensions involves a result with two parts - one which takes the form of the 3 + 1 dimensional
relativistic trace anomaly and another which is of the form of the 1+1 dimensional
anomaly. It is the latter piece which is shown to satisfy a c-theorem condition
through the local RG formalism and the Wess-Zumino consistency condition. The
result for the diffeomorphism anomaly further demonstrates that the trace and
diffeomorphism anomalies for the Schrödinger field in 2 + 1 dimensions share
analogous relations with those of the scalar field in 1 + 1 dimensional relativistic
backgrounds.
• Chapter 9 contains the conclusions and future directions.

Chapter 2

Localization of Poincaré
symmetry
Poincaré gauge theory (PGT) is an alternative approach to Gravitation theory
pioneered by Utiyama [14], Kibble [15] and Sciama [16]. The idea was to localize the corresponding spacetime symmetry- Poincaré symmetry of a field theory
in Minkowski spacetime. The importance of this procedure is that gauging the
Poincaré symmetry in Minkowski spacetime results in a diffeomorphism (diff)
invariant theory in the Riemann-Cartan spacetime. The global Poincaré transformation in global Cartesian coordinates in Minkowski space is,
xµ → xµ + µ + ω µ ν xν = xµ + ξ µ

(2.1)

where µ is the translation parameter and ω µ ν is the rotation parameter. These
parameters are constants as the corresponding transformations are global. In the
Utiyama procedure, the following step is to consider the local version of Poincaré
transformations where the parameters will now depend on spacetime. However,
following localization the rotation part is no longer independent since we can
write the local transformations as,
xµ → xµ + ξ µ (x), ξ µ (x) = µ (x) + ω µ ν (x)xν

(2.2)

This feature in Utiyama’s approach was later revisited and successfully interpreted. To begin with Utiyama’s approach one has to start with a field theory in
Minkowski space,
L = L(φ, ∂µ φ)
(2.3)
In the following step one has to implement an active Poincaré transformation
on the fields due to the shortcoming of local passive Poincaré transformations
Eq. (2.2) described in the previous paragraph. This implies that we replace the
original fields by other fields which have been rotated and translated with respect
to their former ones. In addition, one has to introduce a coordinate independent
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coframe. In Minkowski space the tetrad bases (eα ) and the Cartesian coordinate
bases are related to each other via
eα = δαi ei , eα = δiα ei

(2.4)

The fields transform under the active Poincaré transformation in the following
manner,
h
i
φ(x) → φ̃(x) = 1 + ω̃ αβ Mαβ − ˜α ∂α φ(x)
(2.5)
where ω̃ αβ = ω αβ and ˜α = α + ωβ α δiβ xi . Therefore the translation part (˜
α )
in Eq. (2.5) consists of the original translation part of Eq. (2.1) and a rotation
induced translation. In this set up, during localization, the rotation part retains
its independent character and the matter fields are described with respect to the
tetrad frame.
Upon localization the invariance of the action Eq. (2.3) is lost. To restore
invariance, gauge potentials corresponding to the translation and rotation have
to be introduced. Translational gauge potentials are identified with the tetrads.
Rotational gauge fields are included through the definition of covariant derivatives
and can be interpreted as the connection of the background. Inhomogeneous
transformations of these gauge potentials will ensure the local Poincaré invariance
of the theory. The field strengths corresponding to the translation and rotation
can be identified geometrically with the torsion and Riemann-Cartan curvature
respectively.
The drawback of Utiyama’s approach to identify the diffeomorphism parameter as a combination of an independent translation parameter and an independent rotation parameter inspired a different approach to PGT. This approach
is algebraic and concerns itself with gauging the Poincaré group directly. This
is similar to the procedure introduced by Stelle and West [48] for the SO(3, 2)
group spontaneously broken to the Lorentz group. In the group gauging framework, one considers the Poincare gauge theory similar to any ordinary nonabelian
gauge theory, without discarding the translation part of the Poincaré symmetry
in favour of general coordinate transformations. However, the translation part of
the transformation does not allow the Poincaré group to have a pure Yang-Mills
type gauge description. In the next subsection we will briefly discuss the group
gauging procedure.

2.1

Lie algebraic approach to PGT

The Poincaré group is a composition of translation and Lorentz generators. The
group has ten parameters. Four of them correspond to translations (µ ) and six
of them correspond to Lorentz transformations (ω µν ). The Lorentz parameters
and generators are antisymmetric. We denote the generators of translation and
Lorentz transformations as Pµ and Mµν respectively. These generators satisfy the
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following commutation relations,
[Pµ , Pν ] = 0
[Mµν , Pσ ] = ηµσ Pν − ηνσ Pµ
[Mµν , Mρσ ] = ηµρ Mνσ − ηµσ Mνρ + ηνσ Mµρ − ηνρ Mµσ

(2.6)

The parameters µ , ω µν are constant for the global Poincaré group. The global
symmetry is transformed to a local one if the parameters are considered as functions of spacetime. To restore the algebra Eq. (2.6) new gauge fields are introduced. The transformations of these new gauge fields are derived within the
framework of nonabelian gauge theories. Different techniques have been proposed
to find the connection between the diffeomorphism and translation parameters.
We will try to highlight the main results of this Lie algebraic approach.
A Lie algebra valued gauge potential can be introduced in the following manner,
1
Aµ = Pa eµ a + Mab $µab
(2.7)
2
where ‘a’ represent local indices while ‘µ’ represent global ones. The introduced
gauge fields eµ a and $µab are associated with translations and Lorentz transformations respectively. They will be identified as the vierbein and spin connection
of Riemann-Cartan spacetime. The gauge transformation for the potential Aµ is
given by
δAµ = Dµ Λ = ∂µ Λ + [Aµ , Λ]
(2.8)
where ‘Λ’ is the gauge parameter and ‘Dµ ’ is the covariant derivative. The gauge
parameter can be expressed in terms of the Poincaré group parameters and generators as,
1
Λ = α Pα + ω αβ Mαβ
2

(2.9)

where α and ω αβ are now functions of spacetime. Using Eq. (2.7), Eq. (2.8) and
Eq. (2.9) and by exploiting the Poincaré algebra Eq. (2.6), we obtain the following
transformation rules for eµ a and $µab ,
δeaµ = ∂µ a − $µ a b b + ω a b ebµ
δ$µab = ∂µ ω ab + ω a e $µeb + ω b e $µae

(2.10)

The field strength Fµν is given by its usual definition
Fµν = [Dµ , Dν ]
1
= Pa F a µν + Mab F ab µν
2

(2.11)

where
Fµν a = ∂µ eaν − ∂ν eaµ − $µ a c eν c + $ν a c eµ c
F ab µν = ∂µ $ab ν − ∂ν $ab µ − $µ a c $c ν b + $ν a c $c µ b

(2.12)
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The field strength transforms covariantly under the nonabelian gauge transformation.
The main aim of this gauging procedure is to relate the transformations
Eq. (2.10) with appropriate spacetime transformations. Analysing Eq. (2.10)
it can be realized that the variation of eaµ is determined by both translation and
rotations whereas the transformation of $µab is entirely determined by the local Lorentz rotations. This suggests that diffeomorphisms can be connected to
the translation parameter a in this Lie algebraic approach. To understand this
connection we define the diffeomorphism parameter,
ξ λ = eλ a a

(2.13)

where eλ a is the inverse of eaµ following,
eλ d eλe = δed ; eλ d eµd = δλµ

(2.14)

The vierbein helps to express any vector or tensor in the flat Minkowski spacetime
to that of the curved spacetime. However we still have to show that it satisfies
the correct transformation rules under general coordinate transformations.
To study the dependence of $µ a b on eλ d we have to impose a curvature constraint,
Fµν a = 0
(2.15)
Eq. (2.15) and Eq. (2.12) together imply,
∂µ eaν − ∂ν eaµ − $µ a c eν c + $ν a c eµ c = 0

(2.16)

To get an expression of $µab in terms of eµ a we contract Eq. (2.16) by eµd eνb ,
0 = eµd eνb ∂µ eaν − eµd eνb ∂ν eaµ − $µab eµd + $µad eµb

(2.17)

Changing d, b and a cyclically will provide the following two expressions,
0 = eµb eνa ∂µ edν − eµb eνa ∂ν edµ − $µda eµb + $µdb eµa

(2.18)

0 = eµa eνd ∂µ ebν − eµa eνd ∂ν ebµ − $µb d eµa + $µb a eµd

(2.19)

and
Now by adding Eq. (2.17) and Eq. (2.18) , and subtracting Eq. (2.19) from the
sum, we obtain,
$µab =



1 h λa 
−e
∂µ ebλ − ∂λ ebµ + eλb ∂µ eaλ − ∂λ eaµ
2
i
+ecµ eλa eρb ∂λ ecρ − ∂ρ ecλ

(2.20)

The next step will be to verify that this expression of $µab Eq. (2.20) is consistent
with the variation of eaµ under a diffeomorphism. To do this one has to substitute
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$µab in δeµ a by Eq. (2.20). First we will simplify the second term of the right
hand side of the first equation of Eq. (2.10),
$µab b = ∂µ ζ a − ξ λ ∂λ eµ a − ∂µ ξ λ eλ a +

1h λ
ξ ∂µ eλ a − ξ λ ∂λ eaµ
2

+b eλb ∂µ eλ a + b eλa ∂λ eµ b + b eµ c ∂ρ eλ c (eρa eλb − eλa eρb )

i

(2.21)

Substituting Eq. (2.21) in Eq. (2.10) gives,

b h λa
e ∂λ eµ b + ebλ ∂µ eλa
δeaµ = ξ λ ∂λ eµ a + ∂µ ξ λ eλ a + ω ab ebµ +


2
i
λb
a
a
λb
c λa
+ e ∂λ eµ + eλ ∂µ e
− eµ e
eρb ∂ρ eλ c + eρ c ∂λ eρb

(2.22)

The expected transformation of eaµ will be obtained provided the term in the
parenthesis vanish. However, this term does not vanish by algebraic means. One
way to achieve this is to invoke a flat geometry in the tangent space and introduce
the basis vectors e(a) along with the basis one forms ω (a) . Then the Lie derivative
of ω (a) along e(b) must vanish. Thus, in this coordinate basis [49]
eλa ∂λ eµ b + eλ b ∂µ eλa = 0

(2.23)

This relation Eq. (2.23) ensures that eaµ transforms correctly under diffeomorphisms. Thus the Lie algebraic approach helps in identifying the Poincaré group
in Minkowski spacetime with the tangent space at a point in the curved spacetime.
Note that one shortcoming of this approach is that setting the gauge curvature to
zero was not sufficient to ensure the identification of the translation gauge field
with the vierbein. This required an additional geometrical input. In contrast,
one directly finds this connection between the translation gauge field and the
vierbein in Utiyama’s approach. The connection between the Utiyama approach
and the Lie algebraic approach has been established in [48] by introducing an
extra Poincaré translation vector. In the following section we will briefly discuss
this aspect.

2.2 Connection between Lie algebraic and field theoretic approach to PGT
In this section we will highlight the connection between the algebraic and
field theoretic approaches following [48]. According to [48] to construct a gauge
theory of the Poincaré group, nondynamical gauge degrees of freedom q a have to
be introduced in addition to the gauge potentials. q a will transform under the
infinitesimal global Poincaré transformations,
δq a = ω a b q b + a

(2.24)
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If we consider local transformations where the parameters are functions of spacetime, then an action invariant under the global transformation Eq. (2.24) would
no longer be invariant. In order to restore the invariance, the ordinary derivatives have to be replaced by suitable covariant derivatives. Two types of covariant
derivatives can be introduced. One is Dµ q a , such that it transforms inhomogeneously like q a .
Dµ q a = ∂µ q a + Qab µ qb
(2.25)
This new derivative in Eq. (2.25) will transform as a covariant derivative on
Eq. (2.24) should,
(2.26)
δ(Dµ q a ) = ω a b Dµ q b + Dµ a
Eq. (2.24), Eq. (2.25) and Eq. (2.26) enforces the transformation of Qab µ ,
δQab µ = ∂µ ω ab + ω a e Qeb µ + ω b e Qae µ

(2.27)

It is clear that the new field Qab µ transforms like $ab µ introduced in the last
section. Thus Qab µ can be identified with $ab µ .
The second kind of covariant derivative can be introduced to restore the invariance of the action under local transformations provided the covariant derivative
transforms homogeneously. We will define this derivative as,
Dµ q a = Dµ q a + Qaµ

(2.28)

We demand that this derivative will transform like,
δ(Dµ q a ) = ω a b Dµ q b

(2.29)

where Qa µ is the new gauge field. The condition Eq. (2.29) ensures the following
transformation of Qa µ ,
δQa µ = ∂µ a − Qµ a b b + ω a b Qb µ

(2.30)

Eq. (2.30) implies that the gauge field Qa µ can be identified with ea µ of the
last section. The next step will be same as the Lie algebraic approach - the
introduction of a Lie algebra valued gauge potential Eq. (2.7). In the next section
a brief analysis of gauging the Poincaré symmetry of a Klein-Gordon field in
Minkowski spacetime will be given. This will help in understanding the formalism
proposed by us for the non-relativistic case.

2.3 Gauging the Poincaré symmetry for a field theoretic model
In this section we will revisit PGT as a field theoretic approach. This approach can
be applied to any Poincaré invariant field theory of interest, defined on Minkowski
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space. As an example we will here consider the complex Klein-Gordon scalar field.
The corresponding action is given by
Z


S = d4 x η µν ∂µ φ∗ ∂ν φ − m2 φ∗ φ
(2.31)
The action Eq. (2.31) is invariant under Eq. (2.1). It can be demonstrated using
the following variation of the action under any coordinate transformation,
Z
Z
∆S = d4 x0 L0 (x0 ) − d4 x L(x)
Z
Z
= d4 x [L0 (x0 ) − L0 (x) + L0 (x) − L(x)] + d4 x ∂µ ξ µ L(x)]
Z
= d4 x [ξ µ ∂µ L(x) + δ0 L(x) + ∂µ ξ µ L(x)]
(2.32)
The action is invariant when ∆S = 0. This results from L satisfying,
4L = ξ µ ∂µ L(x) + δ0 L(x) + ∂µ ξ µ L(x) = 0

(2.33)

To verify whether the complex scalar field satisfies the condition Eq. (2.33) one
has to use the form variation of the field. The form variation is defined as, δ0 φ =
φ0 (x, t) − φ(x, t). Note that we are dealing with scalar fields for which φ0 (x0 , t0 ) =
φ(x, t). Therefore under the transformation Eq. (2.1) the form variation of φ is,
δ0 φ = −[ω µ ν xν + µ ]∂µ φ




1 λν
1 λν
ν
ν
=−
ω Mλν −  Pν φ = − ω Σλν + ξ Pν φ
2
2

(2.34)

where ω µν xν + µ = ξ µ . Mµν and Pµ are rotation and translation generators
respectively. Σµν is the generator corresponding to the spin part in the rotation.
The derivative of φ will transform as,
δ0 (∂µ φ) = −[ω ρ σ xσ + ρ ]∂µ ∂ρ φ − ω ρ µ ∂ρ φ
1
= − ω αβ Σαβ ∂µ φ − ξ ν ∂ν ∂µ φ − ω λµ ∂λ φ
2

(2.35)

Applying Eq. (2.34), Eq. (2.35) in Eq. (2.33) one can prove that the action
Eq. (2.31) satisfies 4L = 0. The total variation of the field and the coordinates
under localized Poincaré transformations are defined as,
1
δφ = − ω ij (x)Σij φ
2
µ
µ
δx = ξ (x)

(2.36)

where we have labelled the total variation of the field in Latin indices and those
of the coordinates in Greek indices.
For global infinitesimal transformations, the parameters are constants. When
this symmetry is localised the parameters will depend on spacetime. One can
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separate coordinate and field transformations by choosing ξ µ in δxµ = ξ µ as
the independent parameter instead of µ . This choice allows one to consider
generalised transformations with ξ µ = 0 but having non-zero ω µν . The action
would not be invariant under this local transformation as the transformation of
the field derivatives given in Eq. (2.35) now changes to,
1
1
δ0 (∂k φ) = − ω ij Σij ∂k φ − (∂k ω ij )Σij φ − ξ λ ∂λ ∂k φ − ∂k ξ λ ∂λ φ
2
2

(2.37)

Therefore to restore the invariance under this local transformation we have to
proceed with the following two steps;
– Introduce tetrads (vierbeins) to relate between global and local coordinates
– Introduce some new gauge fields by defining covariant derivatives
The covariant derivative with respect to the global coordinates is,
1
∇µ φ = ∂µ φ + $µij (x)Σij φ
2

(2.38)

To restore the invariance we require this derivative Eq. (2.38) to transform as,
1
δ0 (∇µ φ) = − ω ij Σij ∇µ φ − (∂µ ξ λ )∇λ φ − ξ λ ∂λ ∇µ φ
2

(2.39)

This enforces the transformation of the new fields $ij µ as,
δ0 $ij µ = ∂µ ω ij − (∂µ ξ λ )$ij λ − ξ λ ∂λ $ij µ + ω im $m j µ − ω jm $m i µ

(2.40)

The total variation of ∇µ φ can be determined from its form variation Eq. (2.39),
1
δ(∇µ φ) = δ0 (∇µ φ) + ξ λ ∂λ ∇µ φ = − ω ij Σij ∇µ φ − (∂µ ξ λ )∇λ φ
2

(2.41)

It is evident that the total variation Eq. (2.41) is not covariant due to the presence
of the last term. Therefore we have to define another covariant derivative with
respect to local coordinates which will provide the required transformation. This
is unlike an ordinary gauge theory where one covariant derivative is sufficient to
restore the invariance. This reflects the fact that the theory cannot be described
as a pure gauge theory due to the consideration of both translations and Lorentz
transformations.
As Eq. (2.38) is not sufficient to restore the local invariance we will define the
second covariant derivative as,
∇k φ = ek µ ∇µ φ

(2.42)

To transform covariantly under local Poincaré transformations this derivative
Eq. (2.42) has to vary as,
1
δ(∇k φ) = − ω ij Σij ∇k φ − ω i k ∇i φ
2

(2.43)
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This will be satisfied provided the new introduced fields bk µ transform under the
local transformation in the following manner,
δek µ = ωk i ei µ + ek λ ∂λ ξ µ

(2.44)

It is easily understood that ek µ is the vierbein. After acquiring the required
covariant derivatives, the next step is to construct the invariant action. To achieve
this we will follow two steps,
– L(φ, ∂µ φ) → L0 (φ, ∇α φ)
– Change the measure to account for ∂µ ξ µ 6= 0 under local transformations
A suitable choice of measure is e = det (ei µ ) as it satisfies,
δe + (∂µ ξ µ )e = 0

(2.45)

which is necessary to satisfy ∆L = 0 under the local transformation. Thus
following the two steps we finally attain an action which preserve its invariance
under the local Poincaré transformation.
Z
S = d4 x eL(φ, ∇k φ)
(2.46)
The local Klein-Gordon action will be as follows,
Z
h
i
S = d4 x e η αβ eα µ ∇µ φ∗ eβ ν ∇ν φ − m2 φ∗ φ

2.4

(2.47)

Geometrical interpretation of PGT

It is possible to develop a geometric interpretation of the background from both
the Lie algebraic and field theoretic approaches to PGT. One has to begin by
introducing a metric in terms of the tetrad (vierbein).
gµν = ηαβ eαµ eβν , g µν = η αβ eµα eνβ

(2.48)

Using Eq. (2.44) we can attain the appropriate transformations of the metric
under the diffeomorphism as follows,
δgµν = −∂µ ξ ρ gρν − ∂ν ξ ρ gµρ − ξ ρ ∂ρ gµν .

(2.49)

We thus identify the gauge fields bi µ introduced during localization as vierbeins.
Now we can appreciate the action Eq. (2.47) as the complex Klein-Gordon scalar
minimally coupled to a curved background (M),
Z

√ 
(2.50)
S = d4 x g g µν ∇µ φ∗ ∇ν φ − m2 φ∗ φ
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Next we will derive some relevant quantities corresponding to the background.
The two types of covariant derivatives Eq. (2.38), Eq. (2.42) will give rise to two
distinct field strengths,
1
[∇µ , ∇ν ] φ = Rij µν Σij φ
2
1
[∇k , ∇l ] φ = Rij kl Σij φ − T i kl ∇i φ
2

(2.51)

where
i
i
Rij µν =∂µ $νij − ∂ν $µij + $lµ
$lj ν − $lν
$lj µ
i
T i kl =ek µ el ν Tµν
= ek µ el ν (∇µ eiν − ∇ν eiµ )

(2.52)

i are called the Lorentz field strength and translational
The quantities Rij µν , Tµν
field strength respectively. The Jacobi identities for the commutators results in
the following Bianchi identities [12],

µνρσ ∇ν T i ρσ = µνρσ Ri kρσ ek ν
ij
µνρσ ∇ρ Rνσ
=0

(2.53)

If we consider the dynamical curved background and minimally coupled matter
fields to it, the free Lagrangian should be an invariant density depending only on
the field strengths. Thus the complete Lagrangian [12] is of the following form,
i
) + eLM (φ, ∇k φ)
L̃ = eLB (Rij µν , Tµν

(2.54)

where LB and LM are the Lagrangians corresponding to the dynamical curved
background and the matter coupled to it respectively. In contrast to the YangMills theory, in PGT an invariant quantity linear in field derivatives can be constructed,
R = ei µ ej ν Rij µν
(2.55)
Therefore from Eq. (2.55) one can construct the Einstein-Cartan action [15, 16],
Z
SEC =
d4 x (−aR + LM )
(2.56)
We can further determine the connection for the curved manifold (M) using the
‘vierbein postulate’. For any general curved background (C) the metric obeys the
metricity condition, i.e. vanishing covariant derivative of the metric (Dµ (Γ)gνλ =
0). The manifold (C) is equipped with a linear connection Γ. If the connection
is symmetric it has the following expression,
1
Γµνρ = g µλ (∂ρ gλν + ∂ν gλρ − ∂λ gνρ ) .
2

(2.57)

From the commutator of the covariant derivatives the Riemann tensor can be
derived,
Rµνλρ = ∂λ Γµνρ + Γµσλ Γσνρ − ∂ρ Γµνλ − Γµσρ Γσνλ ,

(2.58)
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A general connection also has the antisymmetric component called the torsion,
T µλρ = Γµρλ − Γµλρ .

(2.59)

Note that the notion of parallel transport in the M -frame works through the spin
connection $ij µ , while in the C-frame it is described by the manifold connection
Γµνρ . However the two notions will agree as $ and Γ are connected through the
‘vierbein postulate’:
i s
Dµ ($ + Γ)ei ν = ∂µ ei ν + $sµ
e ν − Γλνµ ei λ = 0.

(2.60)

From Eq. (2.60) one can get Γ in terms of the spin connection $.
Γµνλ = ei µ ∂λ ei ν + $i jλ ei µ ejν

(2.61)

Deriving the variation of Γµνλ from Eq. (2.61) and comparing with the variation
of Γµνλ under diffeomorphism,
δΓµνλ = −∂ν ξ ρ Γµρλ − ∂λ ξ ρ Γµνρ + ∂ρ ξ µ Γρνλ − ∂ν ∂λ ξ µ − ξ ρ ∂ρ Γµνλ

(2.62)

we observe a similar variation of δ$ij µ in Eq. (2.40). Identifying the tetrad
and the spin connection with the ‘gauge potentials’ ei µ and $ij λ , one can say
that spacetime symmetry transformations (namely diffeomorphisms) generate the
same transformations as the Poincaré gauge transformations. Using this expression of Γ Eq. (2.61) in the geometric definitions of the Riemann Eq. (2.58) and
torsion Eq. (2.59) tensors, we can conclude that [12],
T µνλ (Γ) = ei µ T iνλ ($)
Rµνλρ (Γ) = ei µ ejν Rij λρ

(2.63)

Thus we see that the translational and rotational field strengths (T iνλ , Rij λρ ) are
interpreted as the torsion and the Riemann tensor respectively. In addition, using
(Eq. (2.60)) and Eq. (2.48) we recover the ‘metricity condition’:
Dµ (Γ)gνλ = Dµ ($ + Γ)gνλ = Dµ ($ + Γ)ηij ei ν ejλ = 0.

(2.64)

Therefore the correspondence of the Poincaré gauge structure with the geometrical manifold picture has been established. We thus observe that the Poincaré
gauge theory lives on a Riemann-Cartan manifold with torsion. In the next chapter we will formulate the localization prescription of Galilean symmetry.

Chapter 3

Localisation of the Galilean
symmetry for scalar fields
We begin with a basic description of Schrödinger fields on flat space and its
symmetry algebra. Following this a detailed discussion on the localization of
the Galilean symmetry for scalar fields is given. As an application the resulting
theory is shown to satisfy NRDI.

3.1

Schrödinger fields on flat space

Two fundamental requirements of non-relativistic field theories are that they be
Galilean invariant and that the number of particles is a conserved quantity. The
conserved particle number is a reflection of the global U(1) symmetry of the
theory. Other symmetries like conformal invariance may be imposed to restrict
the theory further. A simple example of such a theory is the complex scalar field
with the following action,


Z
i ∗
1
3
∗
∗ k
S = dtd x (φ ∂t φ − φ∂t φ ) −
∂k φ ∂ φ
(3.1)
2
2m
The first parenthesis of Eq. (3.1) ensures the hermiticity of the action. ρ = φ∗ φ is
the conserved particle number density. The most important feature of this theory
is that the kinetic term contains a first order time derivative as well as a second
order space derivative. This is sufficient to ensure that φ contains an annihilation
part and the corresponding particle propagates forward in time. The theory
contains no antiparticles by construction. Unlike relativistic theories where mass
enters as a coefficient of the potential, here mass is a passive parameter in the
kinetic term. The equations of motion for φ and φ∗ following the Euler-Lagrange
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equation are,
1
φ
2m
1
i∂t φ∗ =
φ∗
2m
The action Eq. (3.1) is invariant under the global gauge transformation,
−i∂t φ =

0

φ (x, t) = eiα φ(x, t)

(3.2)

(3.3)

where α is the gauge parameter. Under this transformation the derivatives acting
on the field transform homogeneously. Now if we consider local gauge transformations i.e. the gauge parameter α also depends on spacetime, the action is no
longer invariant. To recover the homogeneous transformations of the derivatives
on the fields, one has to introduce new covariant derivatives,
Dt φ = ∂t φ + iA0 φ
Dk φ = ∂k φ + iAk φ

(3.4)

These derivatives will transform covariantly provided the gauge fields A0 and Ai
transform under local gauge transformations in the following way,
A00 = A0 − ∂t α
A0i = Ai − ∂i α

(3.5)

Replacing partial derivatives by gauge covariant derivatives helps to recover the
invariance under local gauge transformations. A0 and Ai can be identified as
scalar and vector potentials respectively in Maxwell’s electromagnetism. The
application of Noether’s theorem results in the conserved current, which for global
gauge transformations provide
i ∗
[φ ∂i φ − φ∂i φ∗ ]
2m
Similarly, the conserved current under the local gauge transformation is,
Ji =

i ∗
[φ Di φ − φDi φ∗ ]
2m

Ji =

3.2

(3.6)

(3.7)

Bargmann group

Spacetime symmetries of non-relativistic systems can be represented in terms of
the Galilean group. The flat spacetime symmetry group corresponds to spatial rotations, Galilean boosts, time and space translations. The generators for rotation,
boost, time translation and spatial translation are respectively,
λab =xa ∂b − xb ∂a
Ka =mxa
H =∂t
Pa =∂a

(3.8)
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The Galilean group has 10 parameters and is thus 10 dimensional. Unlike Lorentz
transformations every parameter of the Galilean group is real. This group is completely determined by the composition rule. According to the Wigner theorem,
for every continuous spacetime transformation there exists an unitary operator
which acts on the space of states and observables. The corresponding Lie algebra is spanned by the generators Eq. (3.8), subject to the following commutation
relations,
[H, Pa ] = 0
[Pa , Pb ] = 0
[λab , H] = 0
[Ka , Kb ] = 0
[λab , λcd ] = δac λbd − δad λcb + δbd λac − δbc λad
[λab , Pc ] = δac Pb − δbc Pa
[λab , Kc ] = δac Kb − δbc Ka
[Ka , H] = iPa
[Ka , Pb ] = 0

(3.9)

This Lie algebra can be appreciated as the classical limit of the Poincaré algebra
in the c → ∞ limit. However, we will be concerned with massive theories which
are not faithfully represented in Eq. (3.9). We will thus be interested in defining
a Casimir invariant for this group and will deal with projective representations of
the Galilean group. This is equivalent to the unitary representations of the nontrivial central extension of the universal Galilean group by a one dimensional Lie
group. The corresponding Lie group is known in the literature as the Bargmann
group [33]. In contrast to the Galilean group, this group has a central charge M
which is a Casimir invariant i.e. commutes with all other generators of the group
Eq. (3.8). The last commutation relation of Eq. (3.9) will be modified for the
Bargmann group as follows,
[Ka , Pb ] = M δab

(3.10)

In the next section we will discuss our proposed formalism to attain NRDI.

3.3

Gauging the Galilean symmetry

In [9] the Galilean symmetry was localized for a non-relativistic field theoretic
model. In this section, the localization procedure and its key results will be
discussed in detail. The first step of the procedure involves the consideration of a
general non-relativistic action invariant under global Galilean transformations,
Z
S = dtd3 xL (φ, ∂t φ, ∂k φ)
(3.11)
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where the index ‘t’ and ‘k = 1, 2, 3’ denote time and spatial coordinates respectively. In covariant notation, these can be represented collectively by µ. However,
in the localization of the Galilean transformations it will be important to maintain
the distinction between space and time. This will be further elaborated below.
The infinitesimal global Galilean transformations under which the action
Eq. (3.11) is invariant, will be parametrized in the following way :
xµ −→ xµ + ξ µ

(3.12)

where
ξ 0 = −,

ξ i = i + ω i j xj − v i t = η i − v i t

(3.13)

, i , ω ij and v i are the parameters corresponding to the time translation, space
translation, spatial rotation and boost respectively. The rotation parameters ω ij
are antisymmetric under the interchange of indices. These parameters are constant for the global transformation. The invariance of the action Eq. (3.11) under
Eq. (3.12) requires that ∆L either vanish or be a total derivative (Eq. (2.33)).
This will be ensured by two conditions, the first being that ∂µ ξ µ = 0 for the
global case. The second condition is that the field and its derivatives will transform under Eq. (3.12) as follows,
δ0G φ = ∂t φ − η i ∂i φ + tv i ∂i φ − imv i xi φ

δ0G ∂k φ = ∂t (∂k φ) − η i − v i t ∂i (∂k φ) − imv i ∂k (xi φ) + ωk m ∂m φ
δ0G ∂t φ = ∂t (∂t φ) − (η i − tv i )∂i (∂t φ) − imv i xi ∂t φ + v i ∂i φ

(3.14)

Note that under Galilean boosts the field transforms as,
i

φ0 (t0 , x0 ) = e 2 mv

2 t−imv

ix

i

φ(t, x)

(3.15)

As our procedure deals with infinitesimal transformations, we will be interested
in the term linearly proportional to the boost parameter. When we localize the
Galilean transformations, the transformation parameters , i , ω ij and v i are
no longer constants, and hence ∂µ ξ µ 6= 0. Keeping in mind the nature of nonrelativistic spacetime, the most general local transformations are given by
t → t − (t),

xi → xi + i (x, t) + ω i j (x, t)xj − v i (x, t)t

(3.16)

The action which was invariant under global Galilean transformations is clearly
no longer invariant under the local ones. This follows from ∂µ ξ µ 6= 0 and hence
the derivatives of φ do not vary as stated in Eq. (3.14).
δ0 ∂k φ = −ξ µ ∂µ (∂k φ) − ∂k ξ µ ∂µ φ − im∂k (v i xi φ)
δ0 ∂t φ = −ξ µ ∂µ (∂t φ) − ∂t ξ µ ∂µ φ − imxi ∂t (v i φ)

(3.17)

To retain the invariance, the next step involves the introduction of additional
gauge fields which are defined through covariant derivatives. Like other gauge
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theories, the gauge covariant derivatives with respect to the global coordinates
are defined as,
Dk φ = ∂k φ + iBk φ
Dt φ = ∂t φ + iBt φ

(3.18)

where Bk and Bt are new fields. Using Eq. (3.17) and Eq. (3.18) the variations
of these covariant derivatives can be derived as follows,
δ0 Dt φ = − ξ µ ∂µ Dt φ − ∂t ξ µ Dµ φ − imv i xi Dt φ
iφ(δ0 Bt + ξ µ ∂µ Bt + ∂t ξ µ Bµ − mv̇ i xi )
δ0 Dk φ = − ξ µ ∂µ Dk φ − ∂k ξ µ Dµ φ − imv i xi Dk φ
iφ(δ0 Bk + ξ µ ∂µ Bk + ∂k ξ µ Bµ − mvk − m∂k v i xi )

(3.19)

It can be noted that choosing δ0 Bt , δ0 Bk appropriately to make the term in
the parenthesis of Eq. (3.19) vanish is not sufficient to restore invariance as
Dk φ and Dt φ do not vary like Eq. (3.14). This is similar to what one observes in
PGT. In order to remedy this, we proceed in two steps inspired by PGT. First,
local spatial coordinates ‘xa ’ (a =1,2,3) are introduced, which will also help in
providing a geometrical framework to the local Galilean transformations. Local
spatial coordinates xa , a = 1, 2 are trivially connected with the global coordinates
xi by,
xa = δia xi
(3.20)
We then introduce additional gauge fields by defining the local covariant derivatives in the following way
D̃0 φ = Σ0 0 Dt φ + Σ0 k Dk φ
D̃a φ = Σa k Dk φ

(3.21)

D̃a φ now transforms as required,
δ0 D̃a φ = −ξ µ ∂µ D̃a φ − imv b xb D̃a φ − imva φ + ωa b D̃b φ

(3.22)

if the fields Bk and Σa k vary according to,
δ0G Bk = −ξ µ ∂µ Bk − ∂k ξ i Bi + m∂k v i xi + m (vk − Λk a va )
δ0G Σa k = −ξ µ ∂µ Σa k + Σa i ∂i ξ k + ωa b Σb k

(3.23)

Similarly D̃0 φ would do the same,
δ0 D̃0 φ = −ξ µ ∂µ D̃0 φ − imv b xb D̃0 φ + v b D̃b φ

(3.24)

provided the variations of Bt , Σ0 0 and Σ0 k satisfy,
δ0G Bt = −ξ µ ∂µ Bt − ∂t ξ µ Bµ + mΣ0 k Λk a va + mv̇ i xi
δ0G Σ0 0 = −ξ 0 ∂t Σ0 0 + ∂t ξ 0 Σ0 0
δ0G Σ0 k = −ξ µ ∂µ Σ0 k + ∂i ξ k Σ0 i + ∂t ξ k +

1 b k
v Σb
Σ0 0

(3.25)
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Thus it can be observed that the local covariant derivatives transform as required.
In the following step, the partial derivatives in the action Eq. (3.11) are replaced
by these local covariant derivatives.
L(φ, ∂t φ, ∂k φ) → L0 (φ, D̃0 φ, D̃a φ)
L0 now satisfies,
δ0 L0 + ξ µ ∂µ L0 = 0

(3.26)

Note that the condition Eq. (2.33) still does not hold. As the factor ∂µ ξ µ in
Eq. (2.33) comes from the Jacobian of the coordinate transformations, the invariance of the total action under the local transformations can be accounted for by
a change in the measure. If we rescale the Lagrangian density by Λ,
L0 → ΛL0

(3.27)

then to preserve the invariance under the local Galilean transformation, Λ has to
satisfy,
δ0 Λ + ξ µ ∂µ Λ + ∂µ ξ µ Λ = 0
(3.28)
The relation Eq. (3.28) follows from Eq. (2.33). It can be demonstrated that the
appropriate Jacobian for the Galilean transformations is,
Λ=

det Λk a
Σ0 0

(3.29)

where Λk a is the inverse of Σa k , satisfying the relations
Λk a Σa l = δkl ; Σa k Λk b = δab

(3.30)

The variation of Λk a can be derived using Eq. (3.23),
δ0 Λa k = −ξ µ ∂µ Λak − Λa l ∂k ξ l − ωb a Λb l

(3.31)

Using Eq. (3.25) and the following relation,
δ0 M = −M Λa k δ0 Σa k , M = det Λk a

(3.32)

One can see that the Λ Eq. (3.29) satisfies Eq. (3.28).
The result of our whole procedure is the following action which is invariant
under local Galilean transformations,
Z


S = dtd3 x Λ L φ, D̃0 φ, D̃a φ
(3.33)
As a concrete example we will consider the complex Schrödinger scalar field on
Euclidean space,


Z
Z
i ∗
1
3
∗
∗
S = dt d x
(φ ∂t φ − φ∂t φ ) −
∂k φ ∂k φ
(3.34)
2
2m
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This action is invariant under the global Galilean transformations Eq. (3.12) and
the U(1) gauge transformation considered in section Section 3.1. Following the
localization procedure described above, the Schrödinger action invariant under
the local Galilean transformations is,
 

Z
Z

i
1
3
∗
∗ a
∗
S = dt d x Λ
(3.35)
D̃a φ D̃ φ
φ D̃0 φ − φD̃0 φ −
2
2m
In the following section we will demonstrate the NRDI of this action.

3.4

Application of the localisation procedure

The importance of the construction Eq. (3.35) will be appreciated in this section.
This construction naturally leads to a 3-d spatial diffeomorphism invariant action.
To demonstrate that Eq. (3.35) corresponds to a matter field coupled to a curved
background, we need the spatial metric to be manifest in the action. It is instructive to recall a property of differential manifolds equipped with a metric, that the
determinant of the metric tensor is equivalent to the square of the Jacobian. This
property is reflected
in the invariant measure in the relativistic context, which
p
n
is given by |h|d x, where |h| is the (positive) determinant of the metric. In
Eq. (3.35) the invariant measure is given by Eq. (3.29), which suggests that the
‘Σ’ and ‘Λ’ fields are related with the metric. In the following subsection, it will
be demonstrated that this is indeed the case.

3.4.1

Non-relativistic spatial diffeomorphism invariance

In order to achieve 3-d spatial diffeomorphism we have to consider constant time
indicating that time translation ξ 0 = − should be vanishing. Then the local
Galilean transformation is equivalent to the transformation,
xi −→ xi + ξ i (x, t)

(3.36)

where ξ i is an arbitrary function of x and t. From the set of transformations
Eq. (3.25) one can find that when  = 0, Σ0 0 = constant. Without any loss of
generality we can take Σ0 0 = 1. Note that even with this choice of time, Eq. (3.36)
actually represents time dependent diffeomorphisms.
To get a geometrical picture we introduce the spatial ‘metric tensor’ hij ,
hij = δcd Λc i Λd j

(3.37)

Using the transformation relation of Λa k from Eq. (3.31) the metric transforms
as,
δ0 hij = −ξ k ∂k hij − hik ∂j ξ k − hkj ∂i ξ k
(3.38)
We find that the transformation of hij is the same as those under a diffeomorphism. Thus Λa k √
can be identified with the inverse vierbein. The change in
measure Λ will be h.
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Using these in Eq. (3.33) the local Galilean invariant action reduces to,
Z

√ 
S = dtd3 x hL φ, D̃t φ, D̃a φ
(3.39)
which is invariant under 3-d non-relativistic spatial diffeomorphism Eq. (3.36).
We can appreciate the action Eq. (3.39) as matter fields coupled to a curved
background. As an example, the action of the complex Schrödinger field on a
curved background will be,


Z
Z

√ i ∗
1
3
∗
∗
S = dt d x h
φ D̃t φ − φD̃t φ −
D̃a φ D̃a φ
(3.40)
2
2m
Now one can simplify the last term in the parenthesis as,
D̃a φ∗ D̃a φ = δ ab Σa k Σb l Dk φ∗ Dl φ = hkl Dk φ∗ Dl φ

(3.41)

hkl = δ ab Σa k Σb l

(3.42)

hkl hln = δnk

(3.43)

where
is the inverse metric satisfying,

The Σa k are the vierbeins connecting the tangent space and the curved 3-d
space, on which the theory is now formulated. Using Eq. (3.41) in Eq. (3.40) we
obtain the most general 3-d diffeomorphism invariant Schrödinger action as,


Z
Z

√ i ∗
1 kl
∗
∗
3
φ D̃t φ − φD̃t φ −
g Dk φ Dl φ
(3.44)
S = dt d x h
2
2m
Note that it is very easy to take the flat limit of Eq. (3.44); one simply replaces
g kl by δ kl and substitutes covariant derivatives by ordinary derivatives. This
immediately reproduces Eq. (3.34). We will provide the total covariant expression
for Eq. (3.44) in Chapter 5, where the geometric properties of the background
will be identified with the NC geometry.
In the following chapter we will extend this localization procedure to consider
vector fields in addition to the scalar fields. It will be demonstrated that spatial
diffeomorphism will still be preserved.

Chapter 4

Localisation of Galilean
symmetry for vector fields
In the previous chapter we explicitly discussed the localisation of spacetime symmetries, specifically the Galilean symmetry, for non-relativistic scalar fields. We
have successfully derived a 3-d spatial diffeomorphism invariant theory. In this
chapter we will include gauge fields in our formalism. As an example first we
consider the scalar field interacting with an external gauge field in 2 + 1 dimensions. Following this we will explore spatial diffeomorphism in dynamical gauge
theories - in particular the Chern-Simons theory.

4.1 Gauging the Galilean symmetry of a model with
scalar and vector fields
We start with a theory where the set of fields contain a gauge field corresponding
to electromagnetic interaction in addition to the scalar field. In other words, we
consider the non-relativistic complex scalar fields minimally interacting with a
vector gauge field in 2 + 1 dimensions, invariant under global Galilean transformations Eq. (3.12). The action will be of the following form,
Z
S = dt d2 x L (φ, ∂µ φ, Aµ , ∂µ Aν )
(4.1)
The action Eq. (4.1) is assumed to be invariant under the local Abelian gauge
transformations,
φ → φ + iαφ
Aµ → Aµ − ∂µ α

(4.2)

Under the global Galilean transformation Eq. (3.12) the action Eq. (4.1) would
be invariant provided the scalar field transforms as Eq. (3.14) and the gauge field
32
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transforms as [50],
δ0 A0 = ∂0 A0 − η l ∂l A0 + tv l ∂l A0 + v l Al = −ξ µ ∂µ A0 + v l Al
δ0 Ai = ∂0 Ai − η l ∂l Ai + tv l ∂l Ai + ωi l Al = −ξ µ ∂µ Ai + ωi l Al

(4.3)

where η i = i + ω i j xj . Ak transforms as a vector under rotation while A0 transforms as a scalar under the same. Consequently, the derivatives acting on A0 and
Ai will vary as,
δ0 ∂k A0 = −ξ µ ∂µ (∂k A0 ) + ωk l ∂l A0 + v l ∂k Al
δ0 ∂0 A0 = −ξ µ ∂µ (∂0 A0 ) + v l ∂l A0 + v l ∂0 Al

(4.4)

and
δ0 ∂k Ai = −ξ µ ∂µ (∂k Ai ) + ωk l ∂l Ai + ωi l ∂k Al
δ0 ∂0 Ak = −ξ µ ∂µ (∂0 Ak ) + v l ∂l Ak + ωk l ∂0 Al

(4.5)

These transformations ensure the following relation,
δ0 L + ξ µ ∂µ L = 0

(4.6)

For global transformations ∂µ ξ µ = 0. Together they keep δS = 0 under the global
Galilean transformations, where S is given by Eq. (4.1).
Now we make the transformations local Eq. (3.16). Similar to the case of
the scalar field when the parameters of the transformations are local, the partial
derivatives of φ, A0 , Ai with respect to space and time will no longer transform
as Eq. (3.17), Eq. (4.4), Eq. (4.5). Following the localization procedure stated
in the previous chapter, one needs to introduce covariant derivatives which will
transform covariantly as Eq. (3.17), Eq. (4.4), Eq. (4.5) with respect to the local
coordinates. The first step in the process of localization is to introduce covariant
derivatives with respect to the global coordinates. We have already introduced
the gauge fields Bµ in Section 3.3 to define covariant derivatives Eq. (3.18) acting
on the complex scalar field φ with respect to global coordinate.
In addition, new gauge fields Cµ , Fµ will be introduced here to define the global
covariant derivatives for the fields Aµ as,
D̃µ A0 = ∂µ A0 + iCµ A0
D̃µ Ai = ∂µ Ai + iFµ Ai

(4.7)

Note that different sets of gauge fields are introduced for A0 and Ai due to the
nature of Galilean spacetime. As these global covariant derivatives do not ensure
the invariance of the action under local transformations, in the next step we
define the local coordinates and then the covariant derivatives with respect to
them. For the complex scalar field these local covariant derivatives were already
defined in Eq. (3.21). Introducing additional fields Σ0 0 (t), Σ0 k (x0 , r), Σa k (x0 , r)
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in the process we found that the local covariant derivative transform covariantly
Eq. (3.22), Eq. (3.24).
We will follow a similar procedure to construct the appropriate local covariant
derivatives for the gauge fields Aµ ,
D̃a A0̄ = Σa k Dk A0
D̃0̄ A0̄ = Σ0 0 D0 A0 + Σ0 k Dk A0
D̃a Ab = (Σa k Dk Ai )δ i b
D̃0̄ Ab = (Σ0 0 D0 Ai + Σ0 k Dk Ai )δ i b

(4.8)

where we have denotes the local time coordinate by 0̄. Plugging the expression
of δ0 Σa k , δ0 Σ0 k , δ0 Σ0 0 from Eq. (3.23), Eq. (3.25) in the variation of the local
covariant derivatives one can observe that these will transform as required,
δ0 (D̃a A0̄ ) = −ξ µ ∂µ (∇a A0̄ ) + ωa b ∇b A0̄ + v b ∇a Ab
δ0 (D̃0̄ A0̄ ) = −ξ µ ∂µ (∇0̄ A0̄ ) + v b ∇b A0̄ + v b ∇0̄ Ab
δ0 (D̃a Ab ) = −ξ µ ∂µ ∂0 (∇a Ab ) + ωa c ∇c Ab + ωb c ∇a Ac
δ0 (D̃0̄ Ab ) = −ξ µ ∂µ ∂0 (∇0̄ Ab ) + v a ∇a Ab + ωb c ∇0̄ Ac

(4.9)

provided
δ0 C0 = −ξ µ ∂µ C0 − ∂t ξ µ Cµ + iA0 −1 v̇ l Al
δ0 Ck = −ξ µ ∂µ Ck − ∂k ξ i Ci + iA0 −1 ∂k (v l )Al
δ0 F0 = −ξ µ ∂µ F0 − ∂t ξ µ Fµ
δ0 Fk = −ξ µ ∂µ Fk − ∂k ξ l Fl

(4.10)

Certain interesting features can be noticed in the variation of new fields that
define the covariant derivatives acting on the gauge field. The variation of the C
fields have an extra boost parameter dependent term in contrast to the variation
of the F fields.
We can now replace the partial derivatives in the action with the local covariant
derivatives. However ∂µ ξ µ 6= 0 under local Galilean transformations and as before,
we need to correct for the measure Eq. (3.29). Thus the action invariant under
the local Galilean transformations will be,
Z


S = dt d2 x Λ L φ, D̃α φ, Aα , D̃α Aβ
(α, β ≡ 0̄, a)
(4.11)
In the following subsection this action Eq. (4.11) will be reinterpreted as one
on a curved background. This will naturally lead to a diffeomorphism invariant
theory in space similar to the case of the scalar field Section 3.4.1.
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Emergence of spatial diffeomorphism

We will now demonstrate that our formalism leads to a diffeomorphism invariant
theory of scalar and gauge fields in 2-d space. We thus consider that the time
translation in Eq. (3.16) vanishes, which implies Σ0 0 = constant. This allows us
the freedom to fix Σ0 0 = 1. The local Galilean transformations are then equivalent
to the general coordinate transformations in space Eq. (3.36). This indicates
the possibility of reinterpreting the invariance of Eq. (4.11) under Eq. (3.16) as
diffeomorphism invariance in curved space. The resulting theory Eq. (4.11) in the
previous section was formulated in terms of locally flat coordinates. When the
background space is curved, the local flat space is just the tangent space at the
given point of spacetime. In this new interpretation the coordinates labelled by
‘a, b, c · · · ’ define an orthogonal basis for the tangent space, while those labelled by
‘i, j, k, · · · ’ define the coordinate basis for the curved space. In Cartan’s formalism,
the connection between the two is established through the vierbeins. The fields
Σa k can be reinterpreted as the vierbeins, as already observed in Section 3.4.1.
We will now reconsider the transformation of Σa k obtained from Eq. (3.23)
under the assumption  = 0,
δ0 Σa k = Σa i ∂i ξ k − ξ i ∂i Σa k + ωa b Σb k

(4.12)

One can notice the dual aspects of the transformation. With respect to the
coordinates xi it satisfies the transformation rules of a contravariant vector under
the general coordinate transformations whereas with respect to the coordinates
xa it is a local rotation. In a similar manner, we can observe from the variation
of the inverse vierbein Λk a Eq. (3.31) that corresponding to its lower index k
it transforms as covariant vector under diffeomorphisms, while corresponding to
its local index a it transforms as an euclidean vector under rotation. It will
thus be reasonable to propose the following connection between local and global
coordinates in the overlapping patch,
dxa = Σa k dxk

(4.13)

Note that contrary to Eq. (3.20), the above connection has become non-trivial
due to the geometric interpretation.
Now we will follow Section 3.4.1 step by step. Thus we will construct a metric
(and its inverse) for the 2-d spatial manifold from the fields Σa k and its inverse
Λk a ,
(4.14)
hij = δcd Λi c Λj d , hkl = δ ab Σa k Σb l
The above developments will modify the action Eq. (4.11) as follows,
Z

√ 
S = dtd2 x hL φ, D̃α φ, Aα , D̃α Aβ

(4.15)

Rewriting the fields of Eq. (4.15) in global coordinates we get a covariant description of scalar fields interacting with the gauge field on curved backgrounds.
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Thus our theory gives a structural algorithm of constructing spatially diffeomorphism invariant theories from globally Galilean invariant theories with the general
structure of Eq. (4.1). To establish this analogy we have to see how the transformations of the fields and the covariant derivatives obtained from the localization
procedure in the previous section can be reinterpreted in the backdrop of curved
space. Though we are working with vanishing time translations, the appearance
of time in the diffeomorphism parameter ξ makes the time arrow relative at different points of curved space. Unlike scalar fields the time component of the vectors
in the local coordinates will not be simply equal with that of the curved space.
Using equations Eq. (3.14) and Eq. (4.3) we can write the variations of φ, A0̄ and
Aa in the local coordinates as,
δ0 φ = −ξ a ∂a φ − imv a xa φ
δ0 A0̄ = −ξ b ∂b A0̄ + v b Ab
δ0 Aa = −ξ b ∂b Aa + ωa b Ab

(4.16)

In terms of these we will define the appropriate transformations in the curved
space. In this context, the mapping can only be achieved in the overlap of the
two systems i.e in the neighbourhood of origin of the local system.
We begin with the scalar field φ whose transformation in curved space is given
by,
δ0 φ = −ξ i ∂i φ
(4.17)
This follows from requiring that the two descriptions match in the neighbourhood of the origin of the local coordinate system. Hence the last term of the
corresponding equation of Eq. (4.16) does not appear in Eq. (4.17). Spatial components of the vector field A in local and curved space are connected by a relation
similar to Eq. (4.13),
Aa = Σa k Ak
(4.18)
Using the variation of Aa from Eq. (4.16) and that of Σa k from Eq. (3.23) we can
get the transformation of Ak in the curved basis,
δ0 Ak = −ξ i ∂i Ak − ∂k ξ i Ai

(4.19)

It is evident from Eq. (4.19) that Ak transforms like a covariant vector on a curved
background. In deriving Eq. (4.19) we have used the following operator relation,
ξa

∂
∂xi ∂
= ξa
∂xa
∂xa ∂xi
= Σa k ξk Λi a
= ξi

∂
∂i

which has been established using Eq. (4.13).

∂
∂xi
(4.20)
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It has already been emphasized that despite our choice of time the spatial diffeomorphism parameters are time dependent. This is particularly noted through
the time component of the vector field, which is related to the time component
in curved space through the following relation,
A0̄ = Σ0 µ Aµ = A0 + Σ0 k Ak

(4.21)

The transformation rule for A0 can similarly be worked out using the variations
of A0̄ , Σ0 k and Ak from Eq. (4.16), Eq. (3.25), Eq. (4.19),
δ0 A0 = −ξ i ∂i A0 − ξ˙i Ai
(4.22)
Given these transformations for the basic fields, we now need to define the
appropriate covariant derivatives with respect to the curved coordinates corresponding to the local covariant derivatives D̃0̄ φ, D̃a φ, D̃a Ab , D̃0̄ Aa , D̃a A0̄ and
D̃0̄ A0̄ . We denote these respectively by D0 φ, Dk φ, Dk Al , D0 Al , Dk A0 and D0 A0 .
The following definitions are proposed:
D̃a φ = Σa k Dk φ
D̃0̄ φ = D0 φ + Σ0 k Dk φ
D̃a Ab = Σa k Σb l Dk Al


D̃0̄ Aa = Σa k D0 Ak + Σ0 l Dl Ak


D̃a A0̄ = Σa k Dk A0 + Σ0 l Dk Al
D̃0̄ A0̄ = D0 A0 + Σ0 k Dk A0 + Σ0 k D0 Ak + Σ0 k Σ0 l Dk Al

(4.23)

The transformation laws of these derivatives can be obtained from the transformations rules provided in Eq. (3.22), Eq. (3.24) and Eq. (4.9). Here we will
explicitly calculate the transformation of Dk φ. Taking the form variation of both
sides of the first equation of Eq. (4.23) we get,


 
(4.24)
δ0 D̃a φ = δ0 Σa k Dk φ + Σa k (δ0 Dk φ)
From (Eq. (3.22)) we write


δ0 D̃a φ = −ξ b ∂b (∇a φ) − imv b ∇a (xb φ) + ωa b ∇b φ

(4.25)

Substituting this result in Eq. (4.24) and using the transformation of Σa k , we
get the transformation δ0 Dk φ. Working analogously with the other covariant
derivatives of Eq. (4.23), we find the following transformation rules,
δ0 Dk φ = −ξ i ∂i (Dk φ) − ∂k ξ i Di φ
δ0 D0 φ = −ξ i ∂i (D0 φ) − ξ˙k Dk φ
δ0 Dk Al = −ξ i ∂i (Dk Al ) − ∂k ξ m Dm Al − ∂l ξ m Dk Am
δ0 D0 Ak = −ξ i ∂i (D0 Ak ) − ∂k ξ l D0 Al − ξ˙l Dl Ak
δ0 Dk A0 = −ξ i ∂i (Dk A0 ) − ∂k ξ l Dl A0 − ξ˙l Dk Al
δ0 D0 A0 = −ξ i ∂i (D0 A0 ) − ξ˙k (Dk A0 + D0 Ak )

(4.26)

4.2. Emergence of spatial diffeomorphism

38

Eq. (4.26) demonstrates that the definitions of Eq. (4.23) transform canonically.
We can thus formulate an action invariant under general coordinate transformations by the substitution of Eq. (4.15) and by replacing the covariant derivatives
in the action Eq. (4.11) by the covariant derivatives of Eq. (4.23).
For explicit calculations we will require expressions for the derivatives Dk φ, D0 φ,
Dk Al , D0 Ak , Dk A0 in terms of the basic fields with well defined transformations.
These expressions are obtained by requiring consistency with Eq. (4.26). Following this, we define the derivatives D0 φ and Dk φ as,
D0 φ = ∂0 φ + iB0 φ
Dk φ = ∂k φ + iBk φ

(4.27)

where the transformation rules for the fields B0 and Bk are given by,
δ0 B0 = −ξ i ∂i B0 − ξ˙i Bi
δ0 Bk = −ξ i ∂i Bk − ∂k ξ i Bi

(4.28)

We observe that Bk and B0 transform as the appropriate components of a covariant vector. The new vector fields B emerge from the localization prescription
that leads to our formulation in curved space. We similarly define the action of
these derivatives on the ‘A’s in the following way,
Di Ak = ∂i Ak + iBi Ak
D0 Ak = ∂0 Ak + iB0 Ak
Dk A0 = ∂k A0 + iBk A0

(4.29)

These can be seen to satisfy the transformation rules Eq. (4.26). We have thus
successfully provided a detailed description of the fields and the covariant derivatives on the curved background. In the following section we will discuss a couple
of applications of our general formalism. The first model we consider is that of
a complex Schrödinger field theory in the presence of an external vector field. In
the second model, we consider the effect of including a Chern-Simons term.
In addition to local Galilean invariance, one should also analyse the behaviour
of the action Eq. (4.15) under gauge transformations. Globally, the combination
(∂µ φ + iAµ φ) transforms under the gauge transformation as follows,
∂µ φ + iAµ φ → (1 + iα)(∂µ φ + iAµ φ)

(4.30)

When the Galilean symmetry is localized the partial derivatives ∂µ φ are replaced
by D̃α φ (α = 0̄, a). Now the combination (D̃α φ + iAα φ) transforms as the global
one,
D̃a φ + iAa φ → (1 + iα)(D̃a φ + iAa φ)
(4.31)
provided we have the following gauge transformations of the basic fields ,
φ → φ + iαφ, Aa → Aa − D̃a α, A0̄ → A0̄ − D̃0̄ α

(4.32)
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where,
D̃a α = Σa k ∂k α, D̃0̄ α = ∂0 α + Σ0 m ∂m α

(4.33)

From Eq. (4.18), Eq. (4.21) and Eq. (4.33) we can analyse the behaviour of the
external gauge field in curved space under the gauge transformation. It is given
by
Ak → Ak − ∂k α, A0 → A0 − ∂0 α
(4.34)
and has the expected form suggested by Eq. (4.2).

4.3 Complex Schrödinger field in the presence of external vector field
An important application of spatial diffeomorphism is in the theory of the fractional quantum Hall effect [1–3]. Therefore we will start with the example of a
non relativistic electron moving in an external gauge field given by the action,


Z
Z
i ∗
1
0
2
∗
∗
S = dx
d xk
(φ ∆0 φ − φ∆0 φ ) −
∆k φ ∆k φ
(4.35)
2
2m
where
∆0 φ = ∂0 φ + iA0 φ
∆k φ = ∂k φ + iAk φ

(4.36)

and Aµ is the external gauge field. The theory Eq. (4.35) is invariant under
global Galilean transformations Eq. (3.12), as can be checked explicitly. The
theory Eq. (4.35) in addition is invariant under the local gauge transformations,
φ → φ − iΛφ,

φ∗ → φ∗ + iΛφ∗ ,

Aµ → Aµ + ∂µ Λ

Simplifying Eq. (4.35) we can get,

Z
Z
i ∗
1
0
2
S = dx
d xk
(φ ∂0 φ − φ∂0 φ∗ ) − φ∗ φA0 −
∂k φ∗ ∂k φ−
2
2m

i
Ak 2 ∗
∗
∗
φ φ+
Ak (φ ∂k φ − φ∂k φ )
2m
2m

(4.37)

(4.38)

According to our algorithm, replacing the partial derivatives by suitable local
covariant derivatives and considering the change in measure, we obtain the corresponding theory invariant under local Galilean transformations Eq. (3.16),
 
Z
Z

i
1
0̄
2
S = dx
d xa Λ
φ∗ D̃0̄ φ − φD̃0̄ φ∗ −
D̃a φ∗ D̃a φ − φ∗ φA0̄
2
2m

i
Aa 2 ∗
∗
∗
φ φ+
Aa (φ D̃a φ − φD̃a φ )
−
(4.39)
2m
2m
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In the following we will consider spatial diffeomorphism ( = 0) where Σ0 0 = 1.
We can then transform our results in a geometric setting following the algorithm
stated in the previous section.
Let us first consider the special case when the spatial diffeomorphism parameter
ξ, is time independent. The third equation of Eq. (3.25) shows that, along with
the time independence of ξ, Σ0 k = 0 may be chosen. Under this condition,
D̃0̄ φ = D0 φ which follows from Eq. (4.23). Using this fact and other definitions
from Eq. (4.23) the action Eq. (4.39) reduces to,



Z
Z
i ∗
1
S = dx0 d2 xΛ
(φ D0 φ − φD0 φ∗ ) − φ∗ φA0 − Σa k Σa l
Dk φ∗ Dl φ
2
2m




1
i
k
l
∗
k
l
∗
∗
−Σa Σa
Ak Al φ φ + Σ a Σ a
Ak (φ Dl φ − φDl φ )
2m
2m
Using the definition of metric Eq. (4.14) this is reduced to a covariant theory in
the curved space,

Z
√ i ∗
(φ (D0 + iA0 )φ − φ(D0 − iA0 )φ∗ ))
S = dx0 d2 x h
2

∗
kl 1
−h
(Dk − iAk )φ (Dl + iAl )φ
(4.40)
2m
This action Eq. (4.40) can be rewritten as a non-relativistic diffeomorphism invariant action,


Z
√ i ∗

1
S = dx0 d2 x h
φ D̄0 φ − φD̄0 φ∗ − hkl
D̄k φ∗ D̄l φ
(4.41)
2
2m
by defining,
D̄0 φ = D0 φ + iA0 φ = ∂0 φ + i (A0 + B0 ) φ
D̄k φ = Dk φ + iAk φ = ∂k φ + i (Ak + Bk ) φ

(4.42)

Note that under the local gauge transformation Eq. (4.37) the theory Eq. (4.41)
is invariant provided the field Bµ has the same gauge transformation as Aµ . It
is reassuring to observe that under the restrictions assumed ( = 0 and ξ i time
independent), B0 transforms as A0 and Bk as Ak which has been described earlier. We have thus observed that the result of localizing the Galilean symmetry
of an interacting non-relativistic field theory in flat space also leads to an action
invariant under general coordinate transformations in curved space. The model
considered in this section is particularly important as it pertains to the effective
action for the fractional quantum Hall effect. In particular, the transport properties of Hall systems can be affected on curved backgrounds (within the composite
boson model) due to the presence of the spin connection and gravitational anomalies. The present formalism would allow us to carry over such investigations in
the non-relativistic limit.
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When the diffeomorphism parameter ξ i is time dependent Σ0 k = 0 is not admissible. Then the diffeomorphism invariant action in the curved space becomes,

Z
√ i ∗
 hkl
0 2
S = dx d x h
φ D̄0 φ − φD̄0 φ∗ −
D̄k φ∗ D̄l φ
2
2m


i k ∗
∗
(4.43)
+ Σ0 φ D̄k φ − φD̄k φ
2
We can easily attain the flat limit by replacing the covariant derivatives by the ordinary derivatives and the spatial metric by δij . A simple inspection of Eq. (4.43)
and Eq. (4.35) confirms the above.

4.4

Inclusion of the Chern-Simons term in the action

Having considered the action of previous section, particularly in the context of
Hall systems, it will be interesting to further involve the Chern-Simons (CS) term.
Given the topological form of the CS action we expect it to be independent of any
particular form of the metric (modulo boundary terms). However, some subtleties
are involved in NRDI which we will now briefly elaborate on. The CS action is
given by,
Z
κ
SCS = d3 x µνλ Aµ ∂ν Aλ
(4.44)
2
and can be coupled with both relativistic and non-relativistic models. It will be
convenient to break the action into spatial and temporal parts,
Z
Z
κ
SCS = dt d2 x ij (A0 ∂i Aj − Ai ∂0 Aj + Ai ∂j A0 )
(4.45)
2
It can be shown that Eq. (4.45) is invariant under the global Galilean transformation using the variations Eq. (4.3). Following the method to localize the Galilean
transformation stated in previous section, we can get the corresponding action
invariant under the the local Galilean transformations as,
Z
Z

κ 
0̄
S = dx
d2 xa Λ ab A0̄ D̃a Ab − Aa D̃0̄ Ab + Aa D̃b A0̄
(4.46)
2
The algorithm given in Section 4.2 allows us to construct the diffeomorphism
invariant action as follows,
Z
√ κ
S = dtd2 x h ab Σa k Σb l [(A0 Dk Al − Ak D0 Al + Ak Dl A0 )
2
m
+ Σ0 Am Dk Al + Σ0 m Ak (Dl Am − Dm Al )]
(4.47)
Note that ab is a tensor under local transformations. Thus
Σa k Σb l ab = ˜kl

(4.48)
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where ˜kl is the Levi Civita tensor in curved space. It is related to the tensor
density kl by,
1
˜kl = √ kl
(4.49)
h
Using the above equations the final form of the CS action in curved space is
obtained as,
Z
κ
S = dtd2 x kl [(A0 Dk Al − Ak D0 Al + Ak Dl A0 )
2
m
+ Σ0 Am Dk Al + Σ0 m Ak (Dl Am − Dm Al )]
(4.50)
We can simplify Eq. (4.50) substituting the derivatives Dµ Aν from Eq. (4.29) and
exploiting the antisymmetric property of kl ,
Z
κ
S = dt d2 x kl [2 (A0 ∂k Al − Ak ∂0 Al + Ak ∂l A0 )
2
+2Σ0 m [Am ∂k Al + Ak (∂l Am − ∂m Al )]]
Z
(4.51)
= dt d2 xκ[µνλ Aµ ∂ν Aλ ]
where we have defined the spacetime Levi-Civita density for the NC background
as
√
h Σ0 µ Σa ν Σb λ ab = µνλ
(4.52)
We also note that the B field has dropped out from Eq. (4.51). Thus the topological invariance of the CS action is restored under non-relativistic diffeomorphisms,
which has also allowed us to determine the form of the Levi-Civita tensor from
the localization procedure.
Using Eq. (4.19), Eq. (4.22) and Eq. (4.26) it can be shown that the action
Eq. (4.51) transforms under general coordinate transformations in the following
way
Z
h
i
δS = dx0 d2 xκ∂i ξ i kl (A0 ∂k Al − Ak ∂0 Al + Ak ∂l A0 )
(4.53)
The integrand is a total derivative and drops to zero when integrated over space.
Thus the action is invariant under the general coordinate transformations up to
a possible boundary term, as expected. In the presence of boundaries, as in
the case of Hall systems, the compensating boundary term to be included can be
simplified due to the form of ξ i . This in particular concerns non-relativistic boosts
at a spatial boundary. The action Eq. (4.51) is likewise also gauge invariant.
Since the gauge transformations are identical to those in the relativistic case,
the boundary terms which restore gauge invariance are the same as those for
relativistic backgrounds.

Chapter 5

Dynamical construction of the
Newton-Cartan geometry
In this chapter we will consider a detailed description of the Newton-Cartan
(NC) geometry in 3 + 1 dimensions. Following this we demonstrate how one can
construct the NC geometry using the fields introduced during the localization of
Galilean symmetry in Section 3.3.

5.1

A brief review of the Newton-Cartan background

The NC background is Cartan’s spacetime formulation of the classical Newtonian theory of gravity. It is a classical spacetime with a non-relativistic smooth
differentiable manifold ‘M ’ which contains a degenerate inverse spatial metric
‘hµν ’ and a degenerate temporal 1-form ‘τµ ’ satisfying the following relations,
∇ρ hµν = 0

∇µ τν = 0
µν

h τµ = 0

(5.1)

where ‘∇µ ’ is the covariant derivative associated with a connection Γ on the
manifold ‘M ’. (M, h, τ, ∇) is known in the literature as the NC structure of
the spacetime. The relations Eq. (5.1) are the compatibility and orthogonality
relations. We can define the temporal degenerate metric in terms of the one-form,
τµν = τµ τν

(5.2)

As explained in detail in [13] such a structure serves as the basis for a classical
theory of motion in the following way. Given any globally defined and nowhere
1
vanishing vector ξ µ , the one form ‘τµ ’ assigns a temporal length (τµν ξ µ ξ ν ) 2 . This
allows us to distinguish between timelike and spacelike vectors, depending on
whether the temporal length is positive or zero. Likewise, a smooth curve will
be timelike if its tangent vectors (eµ ) are timelike at every point. Note that
43
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this curve is future directed as its tangent vector always satisfies τµ eµ > 0. The
orthogonality relation in Eq. (5.1) implies that the subspace of the spacelike
vectors is 3-dimensional. The metricity condition of ‘τµ ’ indicates that in the
absence of torsion the one-form is closed (∇[µ τν] = 0). Thus τµ in this case is
locally exact and can be expressed in terms of a global time function (τµ = ∇µ t).
Given any time function ‘t’ and a timelike curve γ with tangent field eµ , the
temporal length of γ depends only on the endpoints of the curve. This implies that
we have a well-defined, path-independent notion of temporal distance between
points. Particle trajectories thus follow timelike curves which can be parametrized
by ‘τµ ’.
These facts allow the simply connected manifold ‘M ’ to be decomposed into
instantaneous 3-d spacelike hypersurfaces ‘Σt ’ at constant time ‘t’. These hypersurfaces satisfy the Frobenius condition τ[µ ∇ν τλ] = 0, and as such for any
spacelike vector pµ we have pµ τµ = 0. In general, the metricity condition for τµ
does not necessarily imply that we can define τ = ∇t. This is particularly the
case when ∂[µ τν] 6= 0, which for the NC background implies the existence of a
non-vanishing torsion tensor. We will address this possibility towards the end
of the present section. For the moment, we note that in every case pµ τµ = 0 is
locally true. Given that hµν and τµ are degenerate, their inverses do not exist.
Formally, we can define a generalized inverse for the temporal 1-form, τ µ , such
that
τ µ τµ = 1
(5.3)
There exists a class of τ µ which satisfy the above relation, with respect to which
we can further define a spatial metric, hµν , that satisfies the following relations
hµν τ µ = 0
δνµ = hµλ hλν + τ µ τν

(5.4)

Here hµλ hλν = Pνµ is the projection operator of the NC background. The vector
field ‘τ µ ’ can be identified as the four velocity associated with the timelike curve.
The corresponding four acceleration (aµ = τ ν ∇ν τ µ ) is spacelike (τµ aµ = 0) following the metricity condition of the one-form τµ . Thus the four-velocity is timelike and four-acceleration is spacelike. If the particle is massive the acceleration
satisfies the equation of motion,
F µ = maµ

(5.5)

where F µ is a spacelike vector field representing the net force acting on the par1
ticle. The spatial length of a vector ξ µ cannot be considered as (hµν ξ µ ξ ν ) 2 because ∇ρ hµν 6= 0. However in this regard hµν can be used to assign a spatial
length to any spacelike vector. For a spacelike vector pµ the spatial length will
1
be (hµν χµ χν ) 2 where hµν χν = pµ . All indices of the NC background are raised
using the metric hµν .
There exists a covariant derivative which is metric compatible with both the
metrics. A direct consequence of this is that the resultant connection is not
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uniquely determined by these metrics alone. This allows the NC background to
geometrically capture the presence of external forces [19]. With all these considerations, a linear symmetric connection which satisfies the metricity conditions
given in Eq. (5.1) has a general form given by


1
Γρ νµ = τ ρ ∂(µ τν) + hρσ ∂µ hσν + ∂ν hσµ − ∂σ hµν + hρλ τ(µ Kν)λ
2
0ρ
ρλ
= Γνµ + h τ(µ Kν)λ

(5.6)

Γ0ρ
νµ in Eq. (5.6) represents the inertial part of the connection, while the full connection Γρ νµ contains additional non-inertial forces (generating from the Newtonian potential) through the term Kλµ [26].
Given the symmetric connection Eq. (5.6), one can construct the Riemann
tensor in the usual way,
λ
[∇µ , ∇ν ]V λ = Rσµν
Vσ

(5.7)

Note that for a symmetric NC connection, the following relations hold,
ρ
λ
λ
τρ Rσµν
= 0, Rσ(µν)
= 0, R[σµν]
= 0, R(λσ) µν = 0

(5.8)

The theory considered thus far is completely general. If in addition the Galilean
connection has to possess the correct Newtonian limit of the connection of a Riemannian manifold, then the following additional condition known as Trautman’s
condition is required
Rλ σ µ ν = Rµ ν λ σ
(5.9)
This condition is equivalent to requiring that dK = 0, which implies that
Kλµ = 2∂[λ Aµ]

(5.10)

where Aµ is at this stage an arbitrary 1-form. If we now define
φ = τ µ Aµ ,

hµν ∇µ ∇ν φ = 4πρ

(5.11)

then we can use Eq. (5.8) and Eq. (5.10) to demonstrate that the Ricci tensor
satisfies,
Rµν = 4πρτµ τν
(5.12)
which is the correct Newtonian limit of Einstein’s equations. Eq. (5.11) indicates
that ‘ρ’ is the mass density involved in Poisson’s equation. We further note that
we can now provide the following equivalent definition for the acceleration defined
earlier
aµ = τ ν ∇ν τ µ = τ ν Kνρ hρµ
(5.13)
The NC spacetime in this form is described by the quintuplet (M, hµν , τµ , τ ν , Aµ ),
which implicitly considers the Newtonian connection.
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Non-relativistic spacetimes also do not have a preferred vector field τ µ and this
imposes an additional symmetry-invariance under the following Milne boost [7,8],
τ µ → τ µ + hµν kν

(5.14)

where k µ τµ = 0. To satisfy the orthogonality relations between τ µ and hµν , as
well as retain the invariance of the connection Eq. (5.6) under Milne boost, hµν
and Aµ transform accordingly.
hµν → hµν − (τµ Pνρ + τν Pµρ )kρ + τµ τν hρσ kρ kσ
1
Aµ → Aµ + Pµν kν − τµ hνρ kν kρ
2

(5.15)

The second relation of Eq. (5.15) is valid only when the one-form τµ is closed. In
particular, the NC connection which involves torsion is not simultaneously U(1)
invariant and Milne invariant [7].
The Milne transformations of the NC structure is the closest analogue one has
of the “shift symmetry” involved in the ADM formalism for general relativistic
backgrounds. While the NC structure is quite similar to the ADM decomposition,
there are subtle differences which we will now discuss. In the ADM formulation
of general relativity, given a non-degenerate spacetime metric gµν , we choose a
hypersurface with induced spatial metric hµν and normal nµ to the hypersurface.
gµν = hµν − nµ nν

(5.16)

The normal is associated with the choice of time following nµ = ∇µ t. nµ satisfies
the orthogonality relation with the induced metric hµν . Both nµ and hµν are
degenerate when considered as spacetime fields, but are not so within the projective formalism. In other words, by labelling spacetime coordinates by Greek
indices and spatial coordinates by Latin indices, hµν is degenerate while hij is
not. Given the ADM decomposition, we are free to choose an arbitrary vector tµ
as our choice of time which need not be hypersurface orthogonal. This vector can
be decomposed in the following way
tµ = N nµ + N µ

(5.17)

where N and N µ are called the lapse and spatial shift. The choice of time is
thus characterized by the lapse and shift variables, where the latter provides a
freedom in the choice of time for any given foliation of the background. Thus
the gauge variables of the ADM formalism are (hµν , N, N µ ). In contrast, the NC
geometry involves the gauge variables (hµν , τ µ , Aµ ). We note further that the
spacetime metric gµν satisfies the metricity condition on relativistic backgrounds
and not the induced metric hµν or nν . For the NC geometry, while we can always
define the non-degenerate “effective metric” γµν = hµν + τµ τν [51], it does not
satisfy the metricity condition. The metrics hµν and τµ are those which satisfy
the metricity condition leading to the form of the connection and the introduction
of an additional gauge field Aµ in the NC structure. Nevertheless, the form of
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the projection operator in both cases take the same form (the second equation of
Eq. (5.4)) 1 . This helps in defining the same covariant measure of the background.
This measure follows from the determinant of the metric Gµν
G=

1 µνρσ αβγδ


Gµα Gνβ Gργ Gσδ
4!

(5.18)

where µνρσ is the Levi-Civita symbol and G represents the non-degenerate metric
of the spacetime. In the relativistic case Gµν = gµν while in the NC case we have
Gµν = γµν . This leads to the following results due to Eq. (5.4)
√
√
g=N h
√
√
γ= h
(5.19)
The second equation of Eq. (5.19) is valid for NC backgrounds without torsion
and follows from the fact that the lapse
√ for the NC background is always unity
√
(τµ τ µ = 1). As noted in [51] γ = h is both metric compatible and Milne
invariant despite γµν being neither.
We now turn our attention to the dynamics of fields on the NC background,
and of the background itself. We will consider observers who move along τ µ ,
which are the comoving observers of the background, as well as those moving
along the Milne invariant τ µ − hµν Aν . In considering quantum fields on curved
backgrounds it is desirable to consider foliations with respect to the Killing vectors
of the background, as this ensures that only the fields evolve in going from one
time slice to another. Before addressing this in detail, we note that while τ µ is
orthogonal to hµν , it does not satisfy the metricity condition. As such, non-trivial
relations exist between hµν and τ µ . From Eq. (5.4) we can obtain the variation
of hµν as,
δhµν = −2hρ(µ τν) δτ ρ
(5.20)
In a similar manner the covariant derivative on hµν will act in the following way,
∇γ hµν = −2hρ(µ τν) ∇γ τ ρ

(5.21)

These relations will now be used to understand the dynamics of fields on the NC
background. A covariant definition of time evolution involves the Lie derivative
with respect to the time vector tµ . Let us first consider the comoving observer
tµ = τ µ . It trivially follows that,
£τ τ µ = 0

(5.22)

and due to Eq. (5.1), we also note that
£τ τµ = 0
1

(5.23)

This is the case for relativistic metrics with a Riemannian signature. In the Lorentzian signature, the projection operators agree up to a sign on the temporal part. For comparison with the NC
background, we assume the relativistic background has a Riemannian signature.
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Thus the Lie derivatives of the temporal one form and vector both vanish. However, the Lie derivatives of the spatial metrics is less trivial. For the metric hµν ,
we find the non-vanishing expression
ḣµν = £τ hµν = τ ρ ∇ρ hµν − hµρ ∇ρ τ ν − hνρ ∇ρ τ µ
= −2hρ(µ ∇ρ τ ν)

(5.24)

Contracting Eq. (5.24) with τµ , we find
τµ £τ hµν = 0

(5.25)

This implies that £τ hµν is spatial, whose trace is given by,
hµν £τ hµν = −2∇µ τ µ

(5.26)

The Lie derivative of the covariant spatial metric is as follows,
£τ hµν = τ ρ ∇ρ hµν + hµρ ∇ν τ ρ + hνρ ∇µ τ ρ

(5.27)

Like the contravariant spatial metric, the Lie derivative of the covariant metric is
also spatial with the same trace, up to a sign.
τ µ £τ hµν = 0,

hµν £τ hµν = 2∇ρ τ ρ

(5.28)

It can now be noted that if τ µ satisfies the Killing equation, the Lie derivative
acting on the spatial metrics will vanish. In this case we can consider matter fields
coupled to the NC geometry as an external, non-dynamical classical background.
As non-relativistic theories require the conservation of matter, we further consider
the following Lie derivative of the NC gauge field,
£τ Aν = τ ν Kνµ + ∇µ (τ ν Aν )

(5.29)

Using Eq. (5.11) and Eq. (5.13), we see that contracting the right hand side of
Eq. (5.29) with τ µ gives £τ φ, while contracting it with hµα results in aα + ∇α φ.
We thus see that if the following equations are satisfied
£τ φ = 0 ,

aµ = −hµα ∇α φ

(5.30)

then £τ Aµ = 0. The conditions in Eq. (5.30) are nothing but the Newtonian
limit of a General Relativistic background. Thus we can consider the curved
background as a fixed classical background for NRFTs when τ µ is Killing and Aµ
satisfies the Newtonian potential conditions provided in Eq. (5.30).
The above discussion can be extended to a Milne invariant choice of time, as
in tµ = τ µ − hµν Aν . In this case a fixed curved background results when τ µ and
hµν Aν = Aµ are mutually commuting Killing vector fields (£τ Aµ = 0 ; £A τ µ = 0).
All the Lie derivatives of the NC fields considered above now also vanish when
the Lie derivative with respect to Aµ is considered.
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We will now touch upon the particular form of the torsion tensor of the NC
background, which will be important to recover as a consequence of the vierbeins
introduced through the localization procedure. Its form and properties on the
NC background is constrained by the metricity relations, which as a consequence
differ substantially from those of relativistic backgrounds.
When the metric τµ is not closed, one finds the following relation,
∂[µ τν] =

ρ
Tνµ
τρ
2

(5.31)

where T ρ νµ = 2Γρ[νµ] is the torsion tensor. Thus unlike the relativistic case, here
the torsion tensor cannot be specified independently of the metric. As Eq. (5.31)
further demonstrates, since the clock form is no longer closed we lose the notion
of absolute time for the spatial hypersurface. From the above equation, in [55]
the torsion tensor was considered to have the following form,
λ
Tµν
= 2τ λ ∂[µ τν]

(5.32)

thereby appearing to have only a temporal component. This form of the NC
torsion has found certain applications in non-relativistic holography [52, 53] and
condensed matter systems [54]. However in [56] it is shown that the general
torsion tensor can have a spatial component. Additional properties of the torsion
tensor and its general form will be considered in the following chapter concerning
the scale covariant NC background, where the torsion tensor has particularly
important dynamical consequences.

5.2 Construction of Newton-Cartan geometry from
geometrical interpretation of GGT
Similar to the Poincaré gauge theory which leads to the Einstein-Cartan spacetime [12] the Galilean gauge theory will be shown to reproduce the NC spacetime.
Thus one major application of the localization procedure is the construction of
the NC geometry through a specific identification of the fields introduced during
the localization of Galilean symmetry. A four dimensional manifold can be defined with two coordinate systems - local and global, such that at every global
coordinate point there is a local coordinate system. The previously introduced
field, Σα µ , was interpreted as the vierbein in Section 3.4.1 which maps the global
and local frames. It was demonstrated in [11] that the 4-d manifold endowed with
Σα µ and its inverse Λµ α had the features of the NC geometry. We will discuss
this in the following.
We identify Σα µ as the vierbein fields. Then the inverse vierbein Λµ α satisfies,
Σα µ Λµ β = δαβ ,

Σα µ Λν α = δνµ

(5.33)
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The degenerate inverse spatial metric of rank 3 can be defined as,
hµν = Σa µ Σb ν δ ab

(5.34)

where the spatial component (hij ) was already defined in Section 3.4.1. The
temporal one-form of rank 1 can also be defined in terms of the inverse vierbein
field Λµ 0 .
τµ = Λµ 0 (Λk 0 = 0, Λ0 0 6= 0)
(5.35)
With these definitions, Eq. (3.23) and Eq. (3.25) in addition leads to the following
variations of hµν and τµ
δ0 hµν = −ξ ρ ∂ρ hµν + hρν ∂ρ ξ µ + hρσ ∂σ ξ µ
δ0 τµ = −τµ ∂0 ξ 0 − ξ 0 ∂0 τµ

(5.36)

Using these relations it is easy to show that the inverse spatial metric and oneform have the correct tensorial properties,
 ∂x0µ ∂x0ν ρσ
hµν x0 =
h (x)
∂xρ ∂xσ

(5.37)

and


∂xρ
τµ x0 =
τρ (x)
(5.38)
∂x0µ
The explicit structure of gauge fields ‘B’ introduced in Section 3.3 can be given
by,
Bk = Bkab λab + Bka0 λa
Bt = Btab λab + Bta0 λa

(5.39)

where λab and λa are respectively the generators of rotations and Galilean boosts,
Bµab are the spin coefficients. Compared to Poincaré case, here Bµ αβ splits into
spatial and temporal part (Bµ ab , Bµ a0 ) [29]. Bµ ab are antisymmetric in indices
a, b. The expression for the generator of the Galilean boost is given by λa = mxa .
The affine connection Γρνµ will be introduced through the vierbein postulate,
α
∇µ Λν α = ∂µ Λν α − Γρνµ Λρ α + Bµβ
Λν β = 0 .

(5.40)

α are the spin coefficients introduced in Eq. (5.39). For α = 0 we find,
Bµβ
0
∇µ Λν 0 = ∂µ Λν 0 − Γρνµ Λρ 0 + Bµβ
Λν β = 0 .

(5.41)

As Bµ 0β vanishes for Galilean transformation, it implies,
∂µ Λν 0 − Γρνµ Λρ 0 = 0

(5.42)
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Therefore we reproduce the metricity condition for τµ ,
∇µ τν = 0

(5.43)

The inverse spatial metric hµν can be shown to satisfy the metricity condition.
From Eq. (5.33) and Eq. (5.40) one can derive,
∂µ Σδ σ − Bµ β δ Σβ σ = −Γσνµ Σδ ν

(5.44)

Considering δ = a, β = b we get,
∂µ Σa σ − Bµ b a Σb σ = −Γσνµ Σa ν

(5.45)

Multiplying Σa ρ to Eq. (5.45) gives,
Σa ρ ∂µ Σa σ − Bµ b a Σa ρ Σb σ = −Γσνµ Σa ρ Σa ν

(5.46)

Then we interchange the indices ρ, σ,
Σa σ ∂µ Σa ρ − Bµ b a Σa σ Σb ρ = −Γρνµ Σa σ Σa ν

(5.47)

Adding Eq. (5.46) with Eq. (5.47) and using the antisymmetric property of Bµ ab
leads to,
∇µ hµν = 0
(5.48)
Thus we can conclude that our constructions of hµν Eq. (5.34) and τµ (Eq. (5.35)
satisfy the metric compatibility conditions.
We can also consider the “inverses” of the metrics by defining hµν and τ µ as,
hνρ = Λν a Λρ a

(5.49)

τ ρ = Σ0 ρ .

(5.50)

and
Using Eq. (5.34) and Eq. (5.35) we immediately get,
hµν τν = Σa µ Σa ν Λν 0
= Σa µ δa0
=0

(5.51)

Also the identifications Eq. (5.50) and Eq. (5.35) show that
τ µ τµ = 1.
From the definitions Eq. (5.49) and Eq. (5.50) we find
hµν τ ν = Λµ a Λν a Σ0 ν
= Λµ a δ0a
=0

(5.52)
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We can also demonstrate that the projection relation is satisfied
hµλ hλν = Σa µ Λν a = δνµ − Σ0 µ Λν 0
= δνµ − τ µ τν .

(5.53)

This completes the verification of all the orthogonality and projection relations
of the NC background, which has followed directly from the constructs of the
localisation procedure.
The connection Γρνµ defined in Eq. (5.40) can also be cast in the general form
of the NC background. We can write from Eq. (5.40),
Γρνµ = ∂µ Λν α Σα ρ + B α µβ Λν β Σα ρ

(5.54)

Assuming that the connection is symmetric Eq. (5.54) can be written as,
1
Γρνµ = [Γρνµ + Γρµν ]
2
1
= [∂µ Λν 0 Σ0 ρ + ∂ν Λµ 0 Σ0 ρ + ∂µ Λν a Σa ρ + ∂ν Λµ a Σa ρ
2
+ B a µ0 Λν 0 Σα ρ + B a ν0 Λµ 0 Σa ρ + B a µb Λν b Σα ρ + B a νb Λµ b Σa ρ ]
(5.55)
Using Σa ρ = hρσ Λσ a (which follows from Eq. (5.34)), Eq. (5.35) and Eq. (5.50),
the above expression will take the form as,
1
1
Γρνµ = τ ρ ∂(µ τν) + hρσ [∂µ hσν − Λν a ∂µ Λσ a ] + hρσ [∂ν hσµ − Λµ a ∂ν Λσ a ]
2
2
+ B a 0µ Λν 0 Σα ρ + B a 0ν Λµ 0 Σa ρ + B a µb Λν b Σα ρ + B a νb Λµ b Σa ρ
(5.56)
Exploiting the symmetricity of Γρνµ we can write,
1 ρσ
h [−Λν a ∂µ Λσ a − Λµ a ∂ν Λσ a ] = −∂σ hµν − B a µb Λν b Σa ρ − B a νb Λµ b Σa ρ (5.57)
2
Using Eq. (5.57) we obtain the form of the connection from Eq. (5.56),


1
Γρ νµ = τ ρ ∂(µ τν) + hρσ ∂µ hσν + ∂ν hσµ − ∂σ hµν + hρλ τ(µ Kν)λ
(5.58)
2
where the two form K is defined as,
1
hρλ τ(µ Kν)λ = hρλ [τµ Kνλ + τν Kµλ ]
2
1 ρλ
= h [τµ B a 0ν Λλ a + τν B a 0µ Λλ a ]
(5.59)
2
GGT thus fixes the two-form ‘K’. The above procedure can also be used to construct other non-relativistic curved backgrounds. For example, the projectable
Horava-Lifshitz background can be constructed using the vierbein fields considered in this chapter [28]. These fields and their interrelations may not be wholly
satisfied on backgrounds with additional non-relativistic symmetries. In the next
chapter, we will consider this in detail in the context of scale invariant nonrelativistic theories.

Chapter 6

Inclusion of scale symmetry in
the localization procedure
The results of the previous chapters can be extended by including the anisotropic
scale transformation in the localization procedure. We will study the construction
of scale covariant NC backgrounds from the localization procedure. This will allow
us to further investigate the properties of fluids on scale covariant non-relativistic
curved backgrounds, which will be discussed in the following chapter.

6.1

Non-relativistic scale symmetry

In relativistic systems, scale transformations act uniformly on space and time,
while in non-relativistic systems they act anisotropically [34] and is well known
as ‘Lifshitz scaling’. Time gets rescaled ‘z’ times as compared to the space coordinates, where ‘z’ is called the dynamical critical exponent. Lifshitz scaling plays
an important role in condensed matter systems [36] and gravity models which
break local Lorentz invariance like Horava-Lifshitz gravity [5]. The role of this
scaling in strongly coupled systems, have been investigated holographically and is
also found to be relevant in the description of strange metals [35]. The expression
of the scale transformations in time and space coordinates, are given by,
t0 = ezs t,

0

xi = es xi

(6.1)

where ‘s’ is the parameter of the scale transformations. The infinitesimal transformation takes the following form,
xi → xi + sxi ,

t → t + zst

(6.2)

When z = 1 the spacetime symmetry group involves the Lorentz group while for
the z = 2 case it is the Galilean group. For all other values of z, boost invariance
will be explicitly broken.
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The generators of Lifshitz symmetry for arbitary ‘z’ correspond to the time
translation, spatial translations and the scale transformations. They are denoted
by ‘P0 = ∂t ’, ‘Pi = ∂i ’ and ‘D’ respectively. The explicit form of ‘D’ is,
D = −(zt∂t + xi ∂i )

(6.3)

The operators D, Pi and P0 satisfy the following commutation relations,
[D, Pi ] = Pi , [D, P0 ] = zP0

(6.4)

We are in particular interested in Schrödinger field theory which is invariant under z = 2 Lifshitz scaling. The Galilean symmetry with both the scale and special
conformal symmetry is known as the ‘Schrodinger symmetry’. The corresponding
algebra is called the ‘Schrödinger algebra’ [30], which is a conformal extension of
the Bargmann algebra. Another non-relativistic conformal extension known in
the literature is that of the Galilean Conformal algebra [57]. The generator for
non-relativistic scaling in GCA is,
D = −(xi ∂i + t∂t )
In GCA, space and time scale as in the relativistic case and the number of generators are the same as those of the relativistic conformal group. In the following
subsections we will only consider the Lifshitz scaling with z = 2.

6.2

Localization of scale transformation

The first step of localization involves considering a non-relativistic scale invariant
field theory. As mentioned, the Schrödinger complex scalar fields on Euclidean
space is invariant under the global infinitesimal scale transformations with z = 2,
xi → xi + sxi ,

t → t + 2st

(6.5)

where ‘s’ is the parameter of the scale transformation. For the global case ‘s’ is
constant. The action of Schrödinger fields is given by,


Z
Z
i ∗
1
3
∗
∗
S = dt d x
(φ ∂t φ − φ∂t φ ) −
∂k φ ∂k φ
(6.6)
2
2m
This action is invariant under global Galilean transformations, which was discussed in Section 3.3. In addition it can be explicitly shown to be invariant
(∆L = 0) under Eq. (6.5) in (3 + 1) dimensions provided the field and its derivatives vary in the following way,


3
S
i
0
δ0 φ = −
s + ξ ∂i + ξ ∂t φ
2


7
δ0S ∂t φ = −
s + ξ i ∂i + ξ 0 ∂t ∂t φ
2


5
S
i
0
δ 0 ∂k φ = −
s + ξ ∂i + ξ ∂t ∂k φ
(6.7)
2
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where ξ 0 = 2st and ξ i = sxi . Note that unlike what happens under Galilean
transformations, here ∂µ ξ µ is nonvanishing. On account of Eq. (6.5), ∂µ ξ µ = 5s.
Localization of the scale transformation can now be carried out by allowing
the parameters of the transformations to be functions of space and time. The
absolute nature of the non-relativistic time coordinate requires the most general
local scale transformation to be of the following form,
xi → xi + s(x, t)xi ,

t → t + λ(t)t

(6.8)

Note that at the time of local scale transformations, the magnitude of the time
rescaling parameter always has to be twice the magnitude of the space rescaling
parameter to keep the Schrödinger action invariant. We nevertheless require two
parameters due to the distinction of time and space.
We will consider both the Galilean and scale transformations in the localization
procedure. Under local scale transformations, the derivatives of φ will not vary
in accordance with Eq. (6.7). To retain the invariance of the action under both
the transformations, additional new fields need to be incorporated such that the
derivatives of the field φ vary covariantly as in Eq. (6.7). This requires the
introduction of gauge covariant derivatives with respect to the global coordinates
defined in the following way
Dµ φ = ∂µ φ + iBµ φ + iCµ φ

(6.9)

where ‘Bµ ’ was already introduced in Section 3.3 at the time of localizing the
Galilean symmetry. Here Cµ is included to localize the scale transformation.
Similar to the case of Galilean transformations, the new derivatives ‘Dµ ’ do not
transform covariantly. A covariant transformation can be achieved in two steps,
as stated in the previous chapter. First, local coordinates will be considered at
every space-time point of the global coordinate system to enable a geometric
interpretation of the localization prescription. Next, local covariant derivatives
will be defined in the similar way,
D̃α φ = Σα µ Dµ φ

(6.10)

where ‘µ(0, i = 1, 2, 3)’ and ‘α(0, a = 1, 2, 3)’ indicates the global and local coordinate indices respectively.
Following the definitions Eq. (6.9), Eq. (6.10) it can be observed that the
covariant derivatives D̃ transform covariantly in the following way,
δ0 D̃a φ = −ξ 0 ∂t (D̃a φ) − ξ i ∂i (D̃a φ) − imv i xi (D̃a φ) − ω b a D̃b φ − imva φ


3s + λ
−
D̃a φ
2
δ0 D̃0 φ = −ξ 0 ∂t (D̃0 φ) − ξ i ∂i (D̃0 φ) − imv i xi (D̃0 φ) + v b D̃b φ


s + 3λ
D̃0 φ
−
2

(6.11)
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provided the additional fields ‘Bµ ’, ‘Cµ ’ and ‘Σ’ transform according to
δ0 Bk = −ξ µ ∂µ Bk − ∂k ξ µ Bµ + m∂k v i xi + m(vk − Λk a va )
1
δ0 Ck = −ξ µ ∂µ Ck − ∂k ξ µ Cµ + ∂k s
2
δ0 Σa k = −ξ µ ∂µ Σa k + ∂i ξ k Σa i − sΣa k − ω b a Σb k
δ0 Bt = −ξ µ ∂µ Bt − ∂t ξ µ Bµ + mΨk Λk a va + mv̇ i xi
1
δ0 Ct = −ξ µ ∂µ Ct − ∂t ξ µ Cµ + ∂t (s + λ)
2
δ0 Σ0 0 = −ξ µ ∂µ Σ0 0 + ∂t ξ 0 Σ0 0
δ0 Σ0 k = −ξ µ ∂µ Σ0 k + ∂µ ξ k Σ0 µ − λΣ0 k + v b Σb k

(6.12)


where ξ 0 = ((t) − λ(t)t), ξ i = η i (x, t) − tv i (x, t) + s(x, t)xi . Invariance of the
local action requires that the magnitude of time scaling parameter λ be twice of
the space scaling parameter s. The inverse of the ‘Σ’ fields are defined as,
Σα µ Λν α = δνµ ,

Σα µ Λµ β = δαβ

(6.13)

Bµ are already expressed in terms of spin coefficients and generators in Eq. (5.39).
The fields Cµ can be defined as,
Cµ = Dbµ

(6.14)

where D is the generator of scale transformations. We can now replace the partial
derivatives in the action Eq. (3.11) with these local covariant derivatives to give,


L (φ, ∂t φ, ∂k φ) → L0 φ, D̃0 φ, D̃a φ
Similar to the Galilean case we have to consider the change in the measure,
Λ=

1
det Λk a = det Λµ α
Σ0 0

(6.15)

Replacing the partial derivatives with the local covariant derivatives and considering the change in the measure, the Schrödinger action Eq. (6.6) modifies to,
Z
S=

Z
dt

3

d x



1
det Λk a
Σ0 0

 


i
1
∗
∗
∗
φ D̃0 φ − φD̃0 φ −
D̃a φ D̃a φ . (6.16)
2
2m

Note that unlike in relativistic theories, the mass is not the coefficient of the
linear term in the potential here, but enters as a passive parameter in the kinetic
term since non-relativistic theories hold in the regime where the energies being
dealt with are far less than the (rest) mass. As such, massive scale invariant
non-relativistic theories can and do exist.

6.3. Scale covariant Newton-Cartan geometry

6.3

57

Scale covariant Newton-Cartan geometry

As we have seen, the additional inclusion of scale invariance has led to a different
result following localization. First, the transformation properties of the gauge
fields that were introduced at the time of localization of the Galilean symmetry
were modified. Second, the localization procedure brought in additional gauge
fields that were required in order to render the action invariant. The gauge fields
reduce to those found in the localization of Galilean symmetry when the scale
parameter ‘s, λ → 0’. We would thus expect a scale covariant geometry to emerge
upon identifying the vierbeins of the manifold. However, this geometric structure
should reduce to the NC geometry in the limit of vanishing scale parameters.
We begin by defining the inverse spatial metric as before,
hµν = Σa µ Σb ν δ ab

(6.17)

The temporal one-form can also be defined in terms of the inverse vierbein field
Λµ 0 .
τµ = Λµ 0 (Λk 0 = 0, Λ0 0 6= 0)
(6.18)
With these definitions, Eq. (6.12) leads to the following variations of hµν and τµ ,
δ0 hµν = −ξ ρ ∂ρ hµν + hρν ∂ρ ξ µ + hµρ ∂ρ ξ ν − 2shµν
δ0 τµ = −τµ ∂0 ξ 0 − ξ 0 ∂0 τµ + 2sτµ

(6.19)

To obtain a full geometric structure the connection will be introduced following
the vierbein postulate, which will also help to explore the metricity condition for
this geometry. The vierbein postulate is given as follows,
˜ µ Λν 0 = ∂µ Λν 0 − Γ̃ρ Λρ 0 + B 0 µβ Λν β + 2bµ Λν 0 = 0
∇
νµ
a
a
˜
∇µ Λν = ∂µ Λν − Γ̃ρνµ Λρ a + B a µβ Λν β + bµ Λν a = 0

(6.20)

where Γ̃ρνµ is the scale covariant connection and bµ is the scale gauge field defined
in Eq. (6.14). Using the fact that B 0 µβ vanishes for Galilean transformations, we
get the following expression from the first equation of Eq. (6.20),
˜ µ τν = −2bµ τν
∂µ Λν 0 − Γ̃ρνµ Λρ 0 = ∇

(6.21)

From Eq. (6.21) it is evident that τµ does not satisfy the metricity conditions.
The metricity condition for hµν can similarly be derived from Eq. (6.20). From
Eq. (6.13) and the second equation of Eq. (6.20) it can be shown that,
∂µ Σa σ − Bµ b a Σb σ − bµ Σa σ = −Γ̃σνµ Σa ν

(6.22)

By contracting Eq. (6.22) by Σa ρ and using the antisymmetric property of Bµ ab ,
we find that
˜ µ hρσ = ∂µ hρσ + Γ̃ρ hνσ + Γ̃σ hνρ = 2bµ hρσ .
∇
νµ
νµ

(6.23)
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Explicitly taking bµ → 0 in Eq. (6.21) and Eq. (6.23) results in the well known
metricity conditions for NC geometry.
The respective inverses of the contravariant metric and temporal one-form will
be defined as,
hνρ = Λν a Λρ a
(6.24)
and
τ ρ = Σ0 ρ .

(6.25)

Despite the non-metricity, both the orthogonality and projection relations are
satisfied by the scale covariant NC background.
hµν τν = 0, hµν τ ν = 0,
hµλ hλν = δνµ − τ µ τν , τ µ τµ = 1

(6.26)

In the context of the covariant derivative, the explicit form of the connection can
be determined. This follows from the vierbein postulate by contracting Eq. (6.20)
with Σασ , which gives the following general expression for the connection
Γ̃ρνµ = ∂µ Λν α Σα ρ + B α µβ Λν β Σα ρ + 2bµ Λν 0 Σ0 ρ + bµ Λν a Σa ρ

(6.27)

From the metricity condition of τµ Eq. (6.21), we find the following relation
∂[µ τν] =

ρ
T̃νµ
τρ − 2b[µ τν]
2

(6.28)

ρ
where T̃νµ
= 2Γ̃ρ[νµ] is the torsion tensor of the scale covariant NC background.
Note that, for the NC background the temporal component of the torsion tensor
ρ
(Tµν
τρ ) vanishes if dτ = 0 which can be observed from Eq. (5.31). In including
scale transformations the torsion tensor and its components acquire additional
constraints due to the inclusion of the dilatation gauge field bµ . We can infer two
important facts from the relation Eq. (6.28). First, due to the presence of the
ρ
scale term in Eq. (6.27) T̃µν
τρ 6= 0 even while dτ = 0. This distinguishes this
result from that of the NC background described above. The second implication
ρ
τρ = 0 we have the following condition
is that when T̃µν

∂[µ τν] = −2b[µ τν]

(6.29)

This equation relates the gauge field connected with scale transformations and the
temporal one-form. In particular, Eq. (6.29) still leads to the Frobenius condition
being satisfied, ensuring the existence of spatial hypersurfaces orthogonal to τµ .
Backgrounds satisfying Eq. (6.29) are known in the literature as the Twistless
Torsional NC background (TTNC) [30].
The above cases dealt with different consequences involving the temporal component of the torsion tensor. In general, the spatial component always exists and
it will thus be useful to determine the general expression of the torsion tensor for
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the scale covariant NC background. From the vierbein postulate Eq. (6.20), we
have
α
Λν] β + 2b[µ Λν] 0 δ0α + b[µ Λν] b δbα = 0
∂[µ Λν] α − Γ̃ρ[νµ] Λρ α + B[µ|β|

(6.30)

Contracting with Σα σ on both sides results in
σ
a
=
Λν] β ) + b[µ τν] τ σ + b[µ δν]
τ σ ∂[µ τν] + Σa σ (∂[µ Λaν] + B[µ|β|

σ
T̃νµ
2

(6.31)

Manipulating the terms in the parenthesis one can write the general torsion tensor
as
σ


T̃νµ
= τ σ ∂[µ τν] + 2b[µ τν] τ σ
2


a
Λν] b + b[µ Λν] a hσγ Λγ a + Kγ[ν τµ] hσγ
+ ∂[µ Λν] a + B[µ|b

(6.32)

where the first line represents the temporal contribution and the second line
includes the spatial contribution.
We can now express the connection in terms of the metrics and the gauge field
(bµ ) defined earlier. Making use of Eq. (6.27), the symmetric part of connection
can be written as,
1
1
Γ̃ρνµ = [Γ̃ρνµ + Γ̃ρµν ] =
(∂µ Λν 0 Σ0 ρ + ∂ν Λµ 0 Σ0 ρ ) + (∂µ Λν a Σa ρ + ∂ν Λµ a Σa ρ )
2
2
+ (B a µ0 Λν 0 Σa ρ + B a ν0 Λµ 0 Σa ρ ) + (B a µb Λν b Σa ρ + B a νb Λµ b Σa ρ )

+2(bµ Λν 0 Σ0 ρ + bν Λµ 0 Σ0 ρ ) + (bµ Λν a Σa ρ + bν Λµ a Σa ρ )
(6.33)
Using Σa ρ = hρσ Λσ a (which follows from Eq. (6.17), Eq. (6.18) and Eq. (6.25),
the above expression will take the following form,
1
1
Γ̃ρνµ = τ ρ ∂(µ τν) + hρσ [∂µ hσν − Λν a ∂µ Λσ a ] + hρσ [∂ν hσµ − Λµ a ∂ν Λσ a ]
2
2
1 a
0
ρ
a
0
ρ
a
+ (B 0µ Λν Σa + B 0ν Λµ Σa + B µb Λν b Σa ρ + B a νb Λµ b Σa ρ )
2
1
(6.34)
+ (bµ δνρ + bν δµρ + bµ τν τ ρ + bν τµ τ ρ )
2
Since we are now considering the symmetric part of Γ̃ρνµ , we have
[−Λν a ∂µ Λσ a − Λµ a ∂ν Λσ a ] = (−∂σ hµν − B a µb Λν b Λσ a − B a νb Λµ b Λσ a )
+ (bµ hσν + bν hσµ − 2bσ hνµ )

(6.35)

Plugging this expression in Eq. (6.34) the symmetric connection of the scale
covariant NC geometry can be written as


1
Γ̃ρνµ = τ ρ ∂(µ τν) + hρσ ∂µ hσν + ∂ν hσµ − ∂σ hµν + (bµ δνρ + bν δµρ − bσ hρσ hνµ )
2
+ hρλ τ(µ Kν)λ
(6.36)
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where the two form K is defined in a similar way as stated in Section 5.2.
1
hρλ τ(µ Kν)λ = hρλ [τµ Λλ a B a 0ν + τν Λλ a B a 0µ ]
2

(6.37)

Defining ‘K’ in this way makes the connection unique. It is evident from Eq. (6.36)
that in the limit of vanishing ‘bµ ’, the expression reduces to that of the NC
connection. For completeness, we note that in the presence of torsion Eq. (6.32)
the general connection becomes,


1
Γ̃ρνµ = τ ρ ∂(µ τν) + hρσ ∂µ hσν + ∂ν hσµ − ∂σ hµν + (bµ δνρ + bν δµρ − bσ hρσ hνµ )
2
h
i
1
+ hρλ τ(µ Kν)λ + hρσ −T̃µνσ − T̃νµσ + T̃σνµ
(6.38)
2
ρ
σ was defined in Eq. (6.32).
where T̃σνµ = (hσρ + τσ τρ ) T̃µν
and T̃νµ

Let us now consider the curvature terms and their properties, again only for the
σ = 0). Our analysis will be considered in n spacetime
symmetric connection (T̃µν
dimensions for the remainder of this chapter. For convenience, we will write the
symmetric connection of the scale covariant NC geometry in the following way,
Γ̃ρνµ = Γρνµ + (bµ δνρ + bν δµρ − bσ hρσ hνµ )

(6.39)

where Γρνµ represents the usual symmetric NC connection. The Riemann tensor
for the symmetric connection in Eq. (6.39) is defined in the usual way,
˜ µ, ∇
˜ ν ]V λ = R̃λ V σ
[∇
σµν

(6.40)

Upon expansion, we find the following result
λ
λ
bσ − hν]σ bδ hδλ ) + 2δ[µ
(bν] bσ − hν]σ bρ bσ hρσ )
R̃λσµν = Rλσµν + 2∇[µ (bν] δσλ + δν]

+ 2bρ hρλ b[µ hν]σ − 2bρ τ ρ τ[µ hν]σ bγ hγλ

(6.41)

For the NC background τλ Rλσµν = 0 allowed us to use Rλσµν = hλρ Rρσµν . Unlike
Rλσµν , R̃λσµν do not satisfy the properties given in Eq. (5.8) and Eq. (5.9). We
require δλµ R̃λσµν = R̃σν , which implies that one can lower the indices of R̃λσµν
with the combination (hµν + τµ τν ) and raise with (hµν + τ µ τ ν ). Let us first
consider
λ
R̃σµν = (hλ + τλ τ )R̃σµν

= Rσµν + 2(hσ + τ τσ )∇[µ bν] + 2(h[ν ∇µ] bσ + τ τ[ν ∇µ] bσ )
− 2∇[µ (hν]σ b ) + 2τ δ τ ∇[µ (hν]σ bδ ) + 2h[µ bν] bσ + 2τ τ[µ bν] bσ
− 2h[µ hν]σ hγρ bγ bρ − 2τ τ[µ hν]σ hγρ bγ bρ + 2b b[µ hν] σ − 2bρ τ ρ τ b[µ hν]σ
− 2bρ τ ρ τ[µ hν]σ b + 2τ γ τ ρ bγ bρ τ τ[µ hν]σ

(6.42)
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We get the expression for the Ricci tensor R̃σν by contracting Eq. (6.42) with
(hµ + τ  τ µ ) ,
R̃σν = Rσν + 2∇[σ bν] − ∇µ (hνσ b hµ ) + (n − 2)[bν bσ − ∇ν bσ − hνσ hγρ bγ bρ ]
− τσ ∇ν (τ ρ bρ ) + 2bρ τ ρ τ(σ bν) − (bρ τ ρ )(bγ τ γ )(τν τσ )

(6.43)

This is of course the same result one would get from Eq. (6.41) by setting ‘λ = µ’.
Again contracting Eq. (6.43) with (hσν + τ σ τ ν ) the following expression of the
Ricci scalar is obtained,
R̃ = R − hµν ∇µ bν (2n − 3) − (τ µ ∇µ (bρ τ ρ ) − τ γ τ ρ bγ bρ )(n − 1)
+ (n − 2)bσ τ ρ ∇ρ τ σ − (n − 2)2 hγρ bγ bρ

(6.44)

It is evident from the previous expressions Eq. (6.42)-Eq. (6.44) that the Riemann
tensor, Ricci tensor and Ricci scalar are not invariant under the scale transformations and certain symmetries of the NC Riemann tensor are not satisfied by the
rescaled counterpart. For instance, Eq. (6.43) reveals that the Ricci tensor is not
symmetric. If we require R̃[σν] = R̃λλµν = 0, this in turn determines conditions on
the ‘bµ ’ fields through which these symmetries are satisfied. In General Relativity
this simply leads to the condition that ‘bσ = ∂σ α’, for some scalar field α. Here,
apart from this constraint the additional requirement of ‘b[µ τν] = 0’ needs to be
satisfied. As can be noted in Eq. (6.29), this will be satisfied when dτ = 0 in the
TTNC background.
This motivates us to find an invariant tensor under the anisotropic scale transformation. From Eq. (6.41) we can construct the Weyl tensor C̃ λσµν . It can be
observed that the Weyl tensor is invariant under non-relativistic scale transformations which implies,
C̃ λσµν = Cλσµν = Rλσµν +2(hλ[µ Sν]σ +τλ τ[µ Sν]σ )−2(hσ[µ Sν]λ +τσ τ[µ Sν]λ ) (6.45)
where Rλσµν is the NC Riemann tensor and Sνσ defines the NC Schouten tensor,


1
1
Sνσ =
Rσν −
R(hσν + τσ τν )
(6.46)
n−2
2(n − 1)
In general it may be useful to consider the symmetries of the rescaled Riemann
tensor without imposing additional conditions. This will be useful in the treatment of non-ideal conformal fluids on curved backgrounds [58]. In the next chapter we will consider the treatment of non-relativistic ideal fluids on the NC and
scale covariant NC background. We will briefly discuss the above point in the
context of scale invariant fluids.

Chapter 7

Non-relativistic fluids on
curved backgrounds
The aim of this chapter is to elaborate on an important application of the construction of the previous chapter, namely, in the description of non-relativistic
fluids. Fields close to equilibrium admit a hydrodynamic description. Within
this description the stress tensor and symmetry currents are expressed in a gradient expansion of the fluid variables and the spacetime background. We will first
give a detailed description of ideal fluids on the NC background. Following this
we develop a Weyl-covariant formalism which simplifies the study of conformal
covariant non-relativistic hydrodynamics. In particular we will consider scale invariant fluids. In the last section we will investigate some consequences of scale
covariant backgrounds on the response functions of Hall fluids.

7.1

Fluids on the Newton-Cartan background

In the non-relativistic hydrodynamics regime, the basic fluid variables are the local
velocity v i (x) and mass density ρ(x), and they satisfy the following conservation
equations,
∂t ρ + ∂i (ρv i ) = 0
i

(Continuity equation)

ij

∂t (ρv ) + ∂i T = 0 (Momentum conservation equation)


1 2
∂t  + ρv + ∂i j i = 0 (Energy conservation equation)
2

(7.1)

where T ij ,  and j i are the stress-energy tensor, energy density and matter current
of fluid respectively.
A preliminary study of non-relativistic fluids on the usual NC background
was performed in [25, 55]. In this section we review some of the relevant properties of ideal non-relativistic fluids on the NC background. The description of
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non-relativistic fluids requires a choice of fluid velocity. For this purpose, let us
consider the fluid velocity uµ such that
uµ τµ = 1

(7.2)

A sensible requirement is that the fluid has no acceleration and is irrotational
when considered with respect to the inertial frame of the NC background, i.e.
a0µ = uρ ∇0ρ uµ = 0,

ω 0µν = hγ[µ ∇0γ uν] = 0

(7.3)

where ∇0 is the covariant derivative corresponding to the inertial piece of the NC
connection Eq. (5.6). The total covariant derivative will act on the fluid velocity
uν as,
1
1
∇µ uν = ∇0µ uν + hνλ Kµλ + hνλ Kρλ τµ uρ = ∇0µ uν + hνλ τ(µ Kρ)λ uρ
2
2

(7.4)

From Eq. (7.3) and Eq. (7.4), it then follows that the fluid variables for the
expansion, acceleration, shear and vorticity for a general NC background can be
written as,
θ = ∇µ uµ = ∇0µ uµ = θ0
aν = uµ ∇µ uν = hνλ Kρλ uρ
θ
θ
hµν = [hλ(µ ∇0λ uν) ] −
hµν = σ 0µν
σ µν = [hλ(µ ∇λ uν) ] −
n−1
n−1
ω µν = [hλ[µ ∇λ uν] ] = ω 0µν = 0

(7.5)

Thus apart from the acceleration, all other quantities to describe the fluid are
invariant in going from an inertial to a non-inertial frame. In addition to these
quantities, the description of a fluid requires a definition of the stress energy
tensor and other matter currents of the theory. Since the NC background contains
two degenerate metrics (hµν , τµ ) and additional gauge fields (hµν , τ µ , Aµ ), these
definitions should follow from a careful variation of the action. The most general
variation of the action, which leaves the connection invariant is given by
Z √
1
0 = δS =
(7.6)
hd4 x[− Pµν δhµν + Qµ δτµ + J µ δAµ + Rµ δτ µ ]
2
where Pµν , Qµ , J µ and Rµ will be identified with the physical stress tensor, energy
current, mass conservation current and momentum current respectively. Two of
these variations correspond to non-gauge variables, i.e. δhµν and δτµ , which are
the variations of the given inverse spatial metric and temporal 1-form. Setting
these variations to vanish provides the contributions from the pure gauge variables
Aµ and τ µ . Eq. (7.6) then reduces to,
Z √
hd4 x[J µ δAµ + Rµ δτ µ ]
(7.7)
δS =
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We can simplify Eq. (7.7) further by using the following properties of Kλµ ,
Kλµ = −2hν[λ ∇µ] τ ν ,

δKλµ = 2∇[λ hµ]ν δτ ν

(7.8)

where we have used Eq. (5.4). Following Eq. (5.10) and Eq. (7.8) we get,
δAµ = hµρ δτ ρ + ∂µ χ

(7.9)

where ∂µ χ represents the U(1) transformation of Aµ . Using the expression of δAµ
from Eq. (7.9) the action Eq. (7.7) simplifies to,
Z √
hd4 x[(J µ hµρ + Rρ )δτ ρ − (∇ρ J ρ )χ]
(7.10)
δS =
For arbitrary χ, δτ ρ = 0 gives,
∇ρ J ρ = 0

(7.11)

This is the equation for the conserved (matter) current in the theory. For arbitrary
δτ ρ and χ = 0 we have from Eq. (7.10),
Rµ = −J ρ hµρ

(7.12)

This is the well known relation between the momentum and particle number
currents in non-relativistic theories. Considering the variation of the action under
diffeomorphisms one has,
Z √
1
0 = δS =
hd4 x[− Pµν £ξ hµν + Qµ £ξ τµ + J µ £ξ Aµ + Rµ £ξ τ µ ]
(7.13)
2
where £ξ is the Lie derivative along some arbitrary vector field ξ µ . After a bit
more calculation Eq. (7.13) gives,
Z √
0 = δS =
hd4 x ξ ν [∇µ (−T µ ν ) + 2J µ ∇[ν Aµ] + Rµ ∇ν τ µ ]
(7.14)
where
T µ ν = Pνρ hµρ + Qµ τν − Rν τ µ

(7.15)

∇µ (T µ ν ) = 2J µ ∇[ν Aµ] + Rµ ∇ν τ µ = J µ Kνµ + Rµ ∇ν τ µ

(7.16)

and
To provide the constitutive relations we will now describe the physical currents
of the theory in terms of fluid variables. For ideal fluids this involves the zeroth
order derivative expansion. Since J µ is some mass flow, we can write
Jiµ = ρi uµ

(7.17)
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where ρi represents the conserved charge density. This choice is by no means
exhaustive and in a general derivative expansion for dissipative fluids there exist more terms involving the spatial metric. At zeroth order in the derivative
expansion we can also write Eq. (7.16) in the following form,
∇µ T µ ν = ρhνγ aγ

(7.18)

We can now deduce the form of T µ ν for ideal fluids. At this order the unknown
coefficients Pµν , Qµ and Rν in Eq. (7.15) will not contain any derivatives of uµ .
Hence T µ ν has the following general expression for ideal fluids
T µ ν = αhνρ hµρ + βuµ τν + γhνα uα uµ

(7.19)

By performing the following contractions of T µ ν with the expression of Eq. (7.19)
hνα hαµ T µ ν = α + γuα uβ hαβ ,

τ ν τµ T µ ν = β ,

uν τµ T µ ν = β + γuα uβ hαβ ,

we see that Qµ and Rµ can be interpreted as the energy and momentum currents
respectively. This leads to the natural identification of β =  + 12 ρuα uβ hαβ as the
total energy of the fluid, γ = −ρ to provide the momentum current and α = −P .
With these conventions for α , β and γ we have
1
T µ ν = (P +  + ρuα uβ hαβ )uµ τν − P δνµ − ρhνα uα uµ
2

(7.20)

The constitutive relation Eq. (7.20) for an ideal fluid on the NC backgroundis
in agreement with the result of [51]. The stress tensor of the NC background,
as in all theories with z 6= 1, satisfies a deformed trace relation zT 0 0 + T i i = 0.
With the expression of Eq. (7.20) we find that this trace provides the following
Equation of state when z = 2,
2 = (n − 1)P

(7.21)

Note that this is a fully classical treatment. If quantum fluids were considered
then this relation would follow from the ‘dilatation Ward identity’ associated with
the Lifshitz symmetry 1 .
Note that Eq. (7.20) represents the physical stress tensor and is not valid
under Milne boosts. The velocity uµ does not transform under the Milne transformation as uµ is considered as a physical field. We recall that the set of Milne
transformations that leave the (symmetric) connection invariant are
τ µ → τ µ + hµν kν
hµν → hµν − 2τ(µ kν) + k α k β hαβ τµ τν ,
1
Aµ → Aµ + kµ − k α k β hαβ τµ ,
2
1

This quantum relation is also known as ‘z-deformed trace’ [52] in the literature.

(7.22)
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where kµ is an arbitrary spatial vector, i.e. τ µ kµ = 0. Under the Milne transformations Eq. (7.22), the variation of Eq. (7.20) is given by
ρ
δTνµ = − uµ τν hαβ kα kβ + ρuµ kν
2

(7.23)

There exist several ways in which Milne covariance can be assured. One approach
involves redefining Tνµ such that
T̃ µ ν = T µ ν − ρuµ Aν
1
= (P +  + ρuα uβ hαβ )uµ τν − P δνµ − ρuµ uβ hβν − ρuµ Aν
2

(7.24)

The stress tensor of Eq. (7.24) is invariant under Milne boosts and agrees with the
expression of [59], where it was derived following the null reduction of a relativistic
ideal fluid. A more systematic approach to ensure Milne invariance of all fluid
relations to all orders involves the consideration of a Milne covariant formalism.
This procedure was first described in [51]. Given a Milne invariant velocity uµ ,
we define uµ = hµν uν and u2 = uµ uµ . We can now replace the Milne variant
fields of the NC structure (hµν , τ µ , Aµ ) with the new Milne invariant variables
(h̃µν , uµ , Ãµ ), where
h̃µν = hµν − uµ τν − uν τµ + u2 τµ τν
1
Ãµ = Aµ + uµ − τµ u2
2

(7.25)

In this way, beginning with any theory on the NC background, we can transform
the variables into the new Milne invariant variables. This is particularly important
in the case of the NC background with torsion, since the connection in that case is
not simultaneously U(1) and Milne invariant. We will continue to work with the
original set of variables of the NC background, as they allow for a clear relation
to the scale covariant NC background to be considered next. In the resulting
equations, we can always transform to the Milne invariant expressions using the
transformations just described.
Another conservation equation we will be interested in involves the local entropy
current. It follows from the second law of thermodynamics as a derived notion.
The requirement that entropy should be non-decreasing during hydrodynamic
evolution can be expressed in a covariant way in terms of an entropy current
whose divergence is non-negative.
∇µ JSµ ≥ 0

(7.26)

In Eq. (7.26) the equality holds for ideal fluids. The entropy current JSµ can be
expressed as,
JSµ = s0 uµ
(7.27)
where ‘s0 ’ is the entropy density of the fluid.
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7.2 Fluids on the scale covariant Newton-Cartan background
In this subsection, we first introduce a manifestly Weyl-covariant formalism
suited to the study of non-relativistic conformal incompressible fluids. An important feature of incompressible fluids is that the Euler equations are invariant under
the scale transformation but not under the special conformal transformation [60].
Thus non-relativistic conformal incompressible fluids are only scale invariant, and
the formulation we present here would be relevant in their description on curved
backgrounds.
We assume that our system comprises of tensors Q̃α...
β... which have a definite
α...
ws
α...
scale transformation, i.e. they obey Q̃β... = e Qβ... , where w is the scaling
weight under scale transformations. Correspondingly, we also have the covariant
e which satisfies
derivative operator ∇
e µ Vρλ = ∇µ Vρλ +(bµ δνλ +bν δµλ −bσ hλσ hνµ )Vρν −(bµ δρν +bρ δµν −bσ hνσ hρµ )Vνλ (7.28)
∇
where ∇µ is the usual NC covariant derivative and bµ is the scale gauge field of
the previous chapter. The fluid velocity on the scale covariant NC background
transforms as ũµ = e−zs uµ , where z is the dynamical exponent. Given our consideration of the NC background and our interest in the Schrödinger field in
particular, we will consider the case where z = 2. However, we will also indicate
the results which will follow for general z for many of the subsequent equations.
Our analysis will be carried out in d spatial dimensions.
e µ ũν
Using the above definitions, we can now write the general expression for ∇

 
e µ ũν = e−zs (1 − z)bµ uν + ∇µ uν + bα δ ν − bσ hσν hµα uα
∇
µ

(7.29)

With Eq. (7.29) and Eq. (7.5) we find that the expansion, acceleration, shear and
vorticity have the following transformations,
e µ ũµ = e−zs [(d + 2 − z)bµ uµ + θ]
θ̃ = ∇


e µ ũν = e−2zs (2 − z)bµ uµ uν + aν − bσ hσν u2
a˜ν = ũµ ∇
h
i
σ
eµν = e−(2+z)s σ µν + (1 − z)bλ hλ(µ uν) + bλ uλ hµν
h
i
ω
e µν = e−(2+z)s ω µν + (1 − z)bλ hλ[µ uν]

(7.30)

where θ, aν , σ µν and ω µν are defined in Eq. (7.5).
The above set of equations motivate the introduction of a conformally invariant covariant derivative ‘D’ such that for the tensor Q̃α...
β... described above, the
derivative will act on it as,
ws
α...
DQ̃α...
β... = e DQβ...

(7.31)
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e
This leads to the following relation between D and ∇
e µ − wbµ
Dµ = ∇

(7.32)

Note that the above covariant derivative is metric compatible.
Dµ hµν = 0, Dµ τµ = 0

(7.33)

For relativistic conformal ideal fluids, the conformal acceleration (uµ Dµ uα ) and
conformal expansion (Dµ uµ ) are assumed to vanish, leading to an expression for
‘bµ ’ in terms of the acceleration and expansion. We can identify a similar relation
for the z = 2 non-relativistic case using the first two equations of Eq. (7.30). The
requirements that uµ Dµ uα = 0 and Dµ uµ = 0 when z = 2 can easily be shown to
lead to the following relation
aµ
θ
bµ = − τµ + 2
d
u

(7.34)

As can be seen from Eq. (7.34) the conformally invariant derivative is useful
in casting the variables and equations of non-relativistic fluid mechanics in a
manifestly conformal language. These derivatives also define a curvature tensor
through their commutator,
[Dµ , Dν ]V λ = R̃λσµν V σ − ωFµν V λ

(7.35)

where Fµν = ∇µ bν − ∇ν bµ , and R̃λσµν is as given in Eq. (6.41). Note that should
the usual symmetries of the Riemann tensor be assumed in Eq. (6.41), the field
strength for the scale gauge field bµ would necessarily vanish. This is in accordance
with the present subsection where the usual symmetries follow through our choice
of bµ = ∂µ s. While inconsequential for the case of ideal fluids, Fµν does affect the
derivative expansion and dissipative terms which result in non-ideal relativistic
fluids [58].
Let us now use this derivative to describe the conservation equations of ideal
fluids on the scale covariant NC background. For the stres tensor we consider
Eq. (7.18) and find that
Dµ Tνµ = ρaν
(7.36)
provided Tνµ has weight ‘d + z’ and satisfies zT 0 0 + T i i = 0. It thus follows from
Eq. (7.20) that the conformal weights of ‘P ’ and ‘’ are both ‘d + z’, while the
weight for ‘ρ’ is ‘d + 2 − z’. The acceleration ‘aν ’ has the same weight as u2 which
is ‘2z − 2’, with which ‘ρaν ’ has the expected weight of ‘d + z’. These weights are
the Lifshitz generalization of familiar results for relativistic fluids.
Likewise for any current Jiµ = ρi uµ we find that
Dµ J µ = 0

(7.37)
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when Jiµ has the scaling weight of ‘(d + 2)’. Thus all current densities ρi have the
weight ‘d + 2 − z’, including the entropy current relevant to the thermodynamics
of the fluid.
We assume that our fluid is in local thermodynamic equilibrium in the neighbourhood of any point of spacetime. Let us denote the entropy current density
as ‘s0 ’, the temperature as ‘T ’ and the chemical potentials as ‘µi ’. The first law
of thermodynamics for this system can be written in terms of the conformally
invariant derivative as,
T uλ Dλ s0 =

(n − 1) λ
u Dλ P − µi uλ Dλ ρi
2

(7.38)

It can be noted that the weight of ‘T ’ is ‘z’ while that of ‘µi ’ be ‘2z − 2’. For
ideal fluids, it follows from Eq. (7.17) and Eq. (7.37) that µi uλ Dλ ρi = 0. Likewise, Eq. (7.18) shows that uν Dµ Tνµ = 0, which establishes that uλ Dλ P = 0 on
substituting Eq. (7.20). Thus the entropy density for an ideal fluid on the scale
covariant NC background satisfies the following relation
T uα Dα s0 = 0

(7.39)

This implies that the ideal incompressible fluids on the scale covariant NC background satisfies the local second law of thermodynamics i.e. the motions of the
fluid conserve the entropy of the system and no heat flows in or out of the fluid
during its motion.
Having considered scale invariant ideal fluids in this subsection, we already noted
some key differences with the relations that result from relativistic backgrounds.
It will be essential to further consider the description of fluids at higher orders in
the derivative expansion. This can be carried out using the derivative provided
in Eq. (7.32) and the field strength constructed from it Eq. (7.35), along with
the Riemann tensor relations Eq. (6.41) - Eq. (6.44). The main complication
involves the Riemann tensors, which despite admitting a Weyl tensor description,
require many more constraints than the usual relativistic construction. Further,
the Riemann tensor relations were determined in the absence of torsion. As noted
in Chapter 6, the inclusion of torsion is particularly warranted in the case of the
scale covariant NC background.

7.3

Contributions of scale symmetry to the Hall Effect

In this section, we will be interested in the consequences of non-relativistic
anisotropic scale symmetry in describing Hall fluids. We will follow the procedure described in [43] where the Hall viscosity and the Wen-Zee term are derived
using an effective hydrodynamic theory. The Hall viscosity results from the Berry
phase term in the effective action [43]. More specifically, it is the response to spatial stress in the corresponding term of the stress energy tensor. The effective
field theory consists of the Schrödinger field minimally coupled to a background

7.3. Contributions of scale symmetry to the Hall Effect

70

electromagnetic field Aµ , and a “dynamical” statistical field aµ . The inclusion
of the Chern Simons term involving the field aµ follows from the need to study
perturbations about a mean field of a strongly coupled anyonic system. The statistical field term in effect fixes the statistics of the system to be either bosonic
or fermionic and enables the study of responses to the system. After the perturbation has been taken into account, one can then integrate out this field to
have the effective field theory description of the Hall fluid. In this context, the
field Φ represents either a composite boson or a composite fermion, and since we
are interested in the consequences of curved backgrounds on the system, we will
investigate the former. We can use the result of Section 4.3 to express the Chern
Simons Landau Ginzburg (CSLG) effective action of the Quantum Hall effect [42]
in the following way,

Z
√ i µ
1 µν
2
S = dtd x h τ (Φ(x)Dµ Φ(x)∗ − Φ∗ (x)Dµ Φ(x)) −
h (Dµ Φ(x))∗ (Dν Φ(x))
2
2m

εµνλ
∗
− V (Φ Φ) +
aµ ∇ν aλ
(7.40)
8πg
where εµνλ is the Levi Civita tensor, and the covariant derivative on the curved
background ‘Dµ ’ is,
Dµ = ∂µ + ieAµ + iaµ + igBµ + ig 0 Cµ
= ∂µ + iαµ + iaµ ,

(7.41)

In Eq. (7.41) ‘Aµ ’ is the external electromagnetic field, ‘aµ ’ is the statistical gauge
field, ‘Bµ ’ was introduced at the time of localization of the Galilean symmetry and
similarly ‘Cµ ’ for the scale transformation in Eq. (3.18). Since we will integrate
out the statistical field aµ before our final result, it will be useful to write the
covariant derivative as in the second equality of Eq. (7.41). The hydrodynamic
version of Eq. (7.40) is derived by expressing the complex field Φ in polar variables
[43, 61],
√
Φ = ρeiθ
(7.42)
where ρ is the matter density, ρ = Φ∗ Φ. The transformation Eq. (7.42) leads to
the following action,
Z
√
ρ µν
S = dtd2 x h[ρτ µ (∂µ θ + αµ + aµ ) −
h (∂µ θ + αµ + aµ ) (∂ν θ + αν + aν )
2m
1 µν
εµνλ
−
h ∂µ ρ∂ν ρ − V (ρ) +
aµ ∇ν aλ ]
(7.43)
8mρ
8πg
The response of the FQH state follows from the variations of the fields
ρ → ρ̄ + δρ
Aµ → Āµ + δAµ
aµ → āµ + δaµ

(7.44)
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where the barred values represent the mean field values. The FQH state of the
electron corresponds to the superfluid state of the boson Φ, where Āµ is completely cancelled by āµ . Further, for the Hall fluid the average density, ρ̄, is
related to the fields Āµ as,

ρ̄ =

1 0ij
1 0ij
ε ∇i Āj = −
ε ∇i āj
4πg
4πg

(7.45)

where the filling fraction in Eq. (7.45) is written in terms of the intrinsic orbital
1
spin ‘g’ through the relation ν = 2g
. With these considerations at hand, the
effective action Eq. (7.43) modifies to the following one, where we will retain
terms that are at most quadratic in variations and derivatives.

√
L = h τ µ (∂µ θ + δαµ )ρ̄ + τ µ (∂µ θ + δαµ + δaµ )δρ

ρ̄hµν
εµνλ
−
(∂µ θ + δαµ + δaµ )(∂ν θ + δαν + δaν ) +
δaµ ∇ν δaλ − V (ρ̄)
2m
8πg
(7.46)
We can now introduce a field j µ through a Hubbard-Stratonovich transformation
on the kinetic term of the action in Eq. (7.46) to rewrite the action as,

√
L = h τ µ (∂µ θ + δαµ )ρ̄ + τ µ (∂µ θ + δαµ + δaµ )δρ − (∂µ θ + δαµ + δaµ )hµν jν

εµνλ
m
µν
δaµ ∇ν δaλ ,
(7.47)
+ jµ h jν − V (ρ̄) +
2ρ̄
8πg
In the absence of the vortex excitation, we can integrate out the phase variable θ
in Eq. (7.47) to find the following conservation equation,
√
√
∂µ ( hJ µ ) = h∇µ J µ = 0
(7.48)
where we have defined J µ = δρτ µ − jν hνµ . Given Eq. (7.48) holds, we can further
express it as,
1
J µ = εµνλ ∇ν fλ ,
(7.49)
2π
where fλ are the new hydrodynamic gauge variables. Clearly, J µ remains invariant under U (1) transformations of the field fλ . By substituting this expression
for J µ back in Eq. (7.47), we find,


√
m
εµνλ
µν
µ
µνλ 1
∇ν fλ (δαµ + δaµ ) + jµ h jν +
δaµ ∇ν δaλ − V (ρ̄)
L = h ρ̄τ δαµ + ε
2π
2ρ̄
8πg
(7.50)
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Integrating out δaµ and using the expression of δαµ from Eq. (7.41) we obtain
this effective theory for the Hall state on the scale invariant Newton-Cartan background upto the leading order in gauge fields,

√
g
g 0 µνλ
L = h (gτ µ Bµ ρ̄ + g 0 τ µ Cµ ρ̄) + ( εµνλ Bµ ∂ν fλ +
ε Cµ ∂ν fλ )
2π
2π
i
e µνλ
g µνλ
+eτ µ δAµ ρ̄ +
ε δAµ ∂ν fλ −
ε fµ ∂ν fλ + · · ·
(7.51)
2π
2π
The first parenthesis in Eq. (7.51) represents the Berry phase terms and the terms
in the second parenthesis are the Wen-Zee terms. The terms with coefficient ‘g’
have arisen due to the symmetries of Newton-Cartan background. The terms
involving ‘g 0 ’ are the contributions of additional scale symmetry. Our aim is
to study the response of the effective action Eq. (7.51) to the time dependent
variation of spatial metric. This response receives contributions only from those
terms which are quadratic in variations of the spatial metric under the presence of
a constant magnetic field (ρ̄ = const.). Hence only the Berry phase terms will be
relevant to study the contribution to the Hall viscosity through the stress tensor.
The Wen-Zee terms will change the flux due to the curved background in a time
independent manner.
We will consider the time dependent variations of the spatial metric and its inverse
about flat space, which we will label as δhµν (t) and δhµν (t) respectively. In doing
so with Eq. (7.51), we end up with the following contribution which is quadratic
in variations,
 1

1
L2 = g ρ̄ ab δ aµ δνb δhµρ δ ḣρν + g 0 ρ̄δhµρ δ ḣµρ + · · ·
(7.52)
8
4
where the overdot implies the time derivative and ‘· · · ’ denotes those terms other
than quadratic order, which have been neglected in L2 . Using Eq. (7.52), we find
the following correction to the stress tensor,


ηH 1
1
θH
λσ
µ
aµ b
aσ
b ˙ λµ
˙
Tν =
ab δ δσ δhλν δh − ab δ δhσλ δν δh
+ ∂t (δhµσ δhσν ) (7.53)
2 2
2
2
0

where we have denoted g2ρ̄ = ηH and g2ρ̄ = θH . In deriving Eq. (7.53) we made
use of the fact that 0b = 0. The term in the parenthesis of Eq. (7.53) is the Hall
component of the viscosity tensor, which justifies our notation for ηH . The second
term follows due to our consideration of the scale covariant NC background. In
involving the time derivative of the spatial metric variations this additional term
rescales the Hall fluid. We note that the spatial metric variations must also be
related to corresponding temporal variations of τ µ , so as to satisfy Eq. (5.4).
As such, this term may also be viewed as an expansion of the Hall droplet which
results in order to preserve the scale invariance of the Newton-Cartan background.
Our analysis here was entirely classical. One can expect that quantum effects, especially one-loop effects, will be relevant in the description of Schrödinger
field theories and fluids on the NC background. The next chapter addresses this
topic through the derivation of the trace and diffeomorphism anomalies of the
Schrödinger field on the NC background.

Chapter 8

Newton-Cartan gravitational
anomalies of the Schrödinger
field
Anomalies are one loop effects which arise in the context of quantum fields
coupled to external gauge fields or gravitational backgrounds. They represent
the failure of classical conservation laws to hold at the quantum level. Classical
relativistic systems admit a stress-energy tensor, which is symmetric, traceless
and conserved. But in consideration of quantum fields the trace anomaly arises
when the quantum stress-energy tensor is not traceless and its failure to be conserved results in the diffeomorphism anomaly. These anomalies have important
consequences in black holes physics and cosmology [62–68], as well as in the computation of transport coefficients and response functions of condensed matter
systems [69–76]. In particular, the trace anomaly is known to be relevant in describing the RG flow of quantum field theories [77–81] and in particular has led
to a proof of the a-theorem in CFTs [82]. NC gravitational anomalies will also be
relevant for certain systems with boundaries. As the AdS/CFT correspondence
is expected to hold in the NR limit, the bulk anomalies in 2 + 1 dimensions are
expected to impose certain constraints on the nature of the dual field theory at
the boundary [83–86].
Gravitational anomalies can be calculated using several approaches. In the
following we will briefly discuss some of the most commonly used ones in the case
of relativistic backgrounds.
Path Integral derivation with Pauli-Villars regularization: The anomaly results
due to perturbations about a flat background gµν = ηµν + hµν , where ηµν is the
flat Minkowski background and hµν denotes the perturbation. This is usually performed within the Pauli-Villars scheme, which is known to result in the derivation
of consistent gravitational anomalies.
Heat kernel approach: Gravitational anomalies can also be derived from the trace
of the heat kernel [87, 88]. Let us consider quantum fields with a mode expansion
73
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φn , which satisfy L̂φn = λn φn . The use of elliptic operators ensures that this
spectra is bounded. Then the heat kernel K(x, y; s) is given by
K(x, y; s) = hx|e−sL̂ |yi

(8.1)

where s is the coefficient for the operator L̂ which ensures that the exponent in
Eq. (8.1) is dimensionless. The heat kernel satisfies the following heat equation
(∂s + L̂)K(x, y; s) = 0

(8.2)

For the Laplacian operator in flat space this kernel is known exactly. In curved
space, we can approximate the full expression through a perturbation in s. In
this way the heat trace can be expressed as,
1

K(x, x; s) =
s

d
+1
2



a0 (L̂) + a2 (L̂)s + a4 (L̂)s2 + · · ·



(8.3)

where ‘d’ represents the spatial dimensions and ai are the anomaly coefficients.
Depending on the degree of the operator L̂ and the dimensions of the spaceitme,
one of these coefficients will represent the anomaly. It is also implicitly assumed
in Eq. (8.3) that L̂ has an even mass dimension due to which all the coefficients
ai are even.
Fujikawa’s approach: Anomalies can also be seen as the failure of the measure
of the path integral to remain invariant under the given symmetry transformation. The functional trace of the Jacobian for gravitational anomalies requires the
choice of regulator and basis. One such choice involves the plane wave approach
of [89, 90]. This approach leads to the correct result for the relativistic trace, chiral and diffeomorphism anomalies. The regulator was introduced in [91], which
was further shown to be equivalent to Pauli-Villars regularization in [92].
The symmetric stress tensor of the Schrödinger field on the Newton-Cartan
background can possess three possible gravitational anomalies. These are the
diffeomorphism, trace and the gravitational U(1) anomalies. The gauge field
Aµ 1 is contained in the NC connection due to which the U(1) anomaly is also a
gravitational anomaly. The path integral and heat kernel approaches described
above are effective in the relativistic case since calculations only involve the pertubed metric hµν . In constrast, the NC background involves perturbations of
the fields hµν , τµ , τ µ and Aµ , leading to a substantially more involved calculation. Further, NC anomalies derived thus far in the literature all concern the
trace anomaly, where variations of Aµ were not considered. Beginning with [93],
the trace anomaly was described as those terms in the general Weyl variation
which satisfy the Wess-Zumino consistency condition. In [94], following the null
background construction of [39], the anomaly was shown to be present in the
same number of dimensions as relativistic theories. In [95], the trace anomaly
was demonstrated to arise in odd dimensions, following the embedding of the NC
1

This field is related to the field Bµa0 considered in Chapter 5.
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background in a relativistic background of one dimension higher [27]. In this chapter, we will review the derivation of the NC trace and diffeomorphism anomalies
following Fujikawa’s approach, where all variations of the Newton-Cartan fields
are taken into account.

8.1

Fujikawa’s approach and Regulators

Fujikawa’s approach :
We will consider the action S[Ψ, G] which is invariant under certain linear
transformations of the fields
δS =

δS
δS
δΨ +
δG = 0 ,
δΨ
δG

(8.4)

where Ψ are the matter fields, G = {hµν , τ µ , τµ , Aµ } are the background (gravitational) fields for the NC background and δS
δG is the densitized energy-momentum
tensor. For the on-shell equations of motion of Ψ, the first term on the right hand
side of Eq. (8.4) vanishes, while the second term provides the classical conservation equation of the energy-momentum tensor
δS
δG = 0 .
δG

(8.5)

Eq. (8.5) can represent either the Weyl or diffeomorphism transformations in the
context of this chapter. The quantum theory is described by the path integral
Z
Z = DΨeiS[Ψ,G] ,
(8.6)
The path integral is invariant under a given symmetry transformation of Ψ provided
Z
Z
0 iS[Ψ0 ,G]
DΨ e
= DΨeiS[Ψ,G] .
(8.7)
We will be interested in infinitesimal transformations, under which the left hand
side of Eq. (8.7) can be expressed as
Z
Z
δS
0 iS[Ψ0 ,G]
DΨ e
= DΨ Iei(S[Ψ,G]+ δΨ δΨ) ,
(8.8)
where I refers to the functional Jacobian in going from Ψ to Ψ0 . The effect of
infinitessimal changes to the Jacobian and the action will provide the anomalous
Ward identity. The infinitesimal change in the action is given by
δS
δΨ
δΨ
δS
δG
= S[Ψ, G] −
δG

S[Ψ0 , G] = S[Ψ, G] +

(8.9)

8.1. Fujikawa’s approach and Regulators

76

where in going from the first to the second line of Eq. (8.9) we made use of
Eq. (8.4). We also have the unitary transformation of the field Ψ, which can be
written as
Ψ0 = U Ψ = eiJ Ψ ,
(8.10)
where J is the Jacobian of the transformation. Using Eq. (8.9) and Eq. (8.10) in
Eq. (8.7) now leads to the anomalous Ward identity


δS
δG
= hTrJiΨ ,
(8.11)
δG
Ψ
where h· · · iΨ denotes the path integral average with respect to the variable Ψ.
Thus the classical conservation equation is violated and results in an anomaly
which is given by the functional trace of the Jacobian. This trace is ill-defined
due to the presence of δ(0) and requires regularization. As first demonstrated
by Fujikawa [96], one can regulate using a positive definite operator R in the
following way
Z
Z
h R i
R(x)
n
2
An = lim Tr Je M = lim
d x dn yJ(x, y)e M 2 δ n (x − y) ,
(8.12)
M →∞

M →∞

where the mode expansion for the functional trace in the last equality has been
made for a scalar field. M 2 represents a mass parameter meant to make the
exponent in Eq. (8.12) dimensionless. Its purpose in the regulated trace is to
eliminate the UV divergences, thereby leading to a finite result for the anomaly
in the limit M → ∞. In Eq. (8.12), the true anomaly comprise only those terms
for which a counterterm in the action cannot be provided.
Regulators: Pauli-Villars (PV) regularization can be used to infer the Jacobian
(J) and Regulator (R) of Eq. (8.12) [90]. Let us consider the following action
involving a collection of quantum fields Ψ
1
LΨ = ΨT TQΨ ,
2

(8.13)

where we assume that Q is any symmetric operator of mass dimension 2. The
superscript T denotes transposition, while T is a symmetric matrix which in
general depends on the background fields. Eq. (8.13) is invariant under a certain
infinitesimal symmetry transformation which we denote as
δK Ψ = KΨ .

(8.14)

where K is the generator of the corresponding transformation.
In order to regularize the action we introduce the PV fields χ. These are
massive fields with the same statistics as Ψ, but with a different path integral
definition to introduce a minus sign in one-loop graphs. Thus the Lagrangian is
LP V = Lχ + LM
1
1
= χT TQχ + M 2 χT Tχ ,
2
2

(8.15)

8.2. Fujikawa regulators for non-relativistic field theories

77

where M 2 in the second term is due to Q in Eq. (8.13) being a mass dimension
2 operator. The path integral for χ is defined as
Z
1
T
Dχeiχ Aχ = (det A) 2
(8.16)
The invariance of Eq. (8.13) is now extended to the massless part of the PV action
2

δK χ = Kχ ,

(8.17)

such that the violation of symmetries, if any, can only arise due to the mass
term. Under the transformation Eq. (8.17) the mass term of the PV Lagrangian
becomes

1
δK LM = δK LP V = M 2 χT TK + K T T + δT χ .
(8.18)
2
Eq. (8.18) can now be used to compute the anomaly due to the PV regulated
path integral



−1
1 2
T
2
AnK = − lim Tr M TK + K T + δT TM + TQ
M →∞
2
"

 #
Q −1
1 −1
1+ 2
,
(8.19)
= − lim Tr K + T δT
M →∞
2
M
where we could replace K T T with TK since T and TQ are symmetric. From
Eq. (8.12) and Eq. (8.19), we can identify the Jacobian and the regulator to be
used in Fujikawa’s approach as
1
J = K + T−1 δT ,
2

R=Q

(8.20)

8.2 Fujikawa regulators for non-relativistic field theories
While the comparison of PV regularization with that of the regulated trace in
Fujikawa’s approach has led to Eq. (8.20), one aspect of the calculation in the PV
scheme is not faithfully represented for non-relativistic systems. This concerns the
domain of integration of ω in a non-relativistic one-loop calculation. Specifically,
we will now argue that the correct regulated trace to be used in the Fujikawa
approach for non-relativistic theories should be
Z∞
lim TrJ = lim

M →∞

M →∞
0

dω
2π

Z∞

i
R
d2 k −iωt ikx h
M2
e
e
J(x)e
eiωt e−ikx .
(2π)2

(8.21)

−∞

Strictly speaking, we can have δK 0 χ = K 0 χ, but in this case K 0 must be such that the Jacobians
of the fields χ and Ψ cancel out. Here for simplicity, we have referred to K 0 as K.
2
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We recall that while one-loop effects in relativistic field theories involve pair
creation and annhilation processes, vaccuum polarization effects, charge renormalization and mass renormalization, such processes are absent at one-loop for
non-relativistic field theories [37, 97]. The reason for this is that we can either
have the forward time or the retarded time propagator. To understand what
happens in the non-relativistic case let us first consider the Schrödinger field in
2 + 1 dimensions. Its mode expansion in terms of non-relativistic plane waves is
given by
Φ(x) ∼ eiωt−ikx
Φ∗ (x) ∼ e−iωt+ikx

(8.22)

Noting Eq. (8.21), we now want to determine what should be the range of the
ω integral due to the action of R on Φ. While we do not have access to the full
Schrödinger propagator on curved backgrounds, it will suffice to consider the flat
2
space operator to determine the nature of the ω integral. Taking R = i∂t + ∇2 ,
the propagator G(x, t) satisfies


∇2
i∂t + x G(x, x0 ; t, t0 ) = δ(t − t0 )δ 2 (x − x0 ) ,
(8.23)
2
With x0 = 0 and t0 = 0 for simplicity, we can use the Fourier transform to express
the propagator as the following integral
Z∞
G(x; t) = −
−∞

Z∞

dω
2π

−∞

d2 k eiωt−ikx
(2π)2 ω + k2

(8.24)

2

This integral can be evaluated by choosing a pole either in the upper half plane
(ω ≥ 0) or the lower half plane (ω ≤ 0). This freedom allows us to choose either
the forward or retarded propagator. Given Eq. (8.24) and the usual choice of the
forward propagator for particles, this requires choosing the pole in the upper half
plane
Z∞
Z∞ 2
dω
d k eiωt−ikx
G(x; t) = −
(8.25)
2π
(2π)2 ω + k2 − i
2
−∞

−∞

We can now readily integrate to find
G(x; t) = −

Θ(t) − ix2
e 2t
t

(8.26)

The above calculation is what is involved in Eq. (8.19), but is not explicitly
considered in Eq. (8.12). We will always consider the forward propagator for
particles. Thus we could have performed the integration over ω in Eq. (8.25)
from 0 to ∞ without affecting the result. As the Fujikawa approach is meant to
convey a one-loop calculation with this propagator for particles, we will perform
our calculation in Fujikawa’s approach with the regulator provided in Eq. (8.21).
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8.3 The Schrödinger field on the Newton-Cartan background
The Schrödinger field on the NC background in 2 + 1 dimensions [7, 8, 26] can be
written as3 ,
Z
√
S = dtd2 x hL
Z
√ 


= dtd2 x h im Φ∗ τ µ Dµ Φ − Φτ µ D̄µ Φ∗ − hµν Dµ ΦD̄ν Φ∗ ,
(8.27)
where Dµ = ∇µ − imAµ , D̄µ = ∇µ + imAµ and ∇µ represents the usual covariant p
derivative of the spacetime.
√
√ The covariant measure for the action is given
µ
by hµν + τµ τν = τ τµ h = h, which follows from Eq. (5.3) and Eq. (5.4).
The gauge field Aµ is a mass generating field which provides particle number
conservation on the NC background. It is also the same field which appears in
the NC connection and is therefore on the same footing as all other gravitational
fields. In addition, the action (Eq. (8.27)) is known to be invariant under Milne
boosts [7]. It will be useful to define the Milne invariant quantities
v µ = τ µ − hµν Aν = τ µ − Aµ
1
ψ = τ µ Aµ − hµν Aµ Aν
2
(8.28)
We also define ∂ µ = hµν ∂ν . Note that in Eq. (8.27), m is merely a passive
parameter with no mass dimension [97]. By dimensional analysis we see that Φ,
Φ∗ , hµν ∂µ and hµν Aµ each have mass dimension 1, while τ µ Aµ and τ µ ∂µ each
have mass dimension 2. Since we are interested in understanding the symmetries
of Eq. (8.27), let us first consider its total variation
Z
√ 

δS = dtd2 x h −Pµν δhµν + Rµ δτ µ − J µ δAµ + δΦ∗ DΦ + δΦD̄Φ∗ , (8.29)
where we have defined
1
Pµν = hµν L + Dµ ΦD̄ν Φ∗
2

Rµ = im Φ∗ Dµ Φ − ΦD̄µ Φ∗
J µ = −2m2 ΦΦ∗ v µ + im (Φ∗ ∂ µ Φ − Φ∂ µ Φ∗ )
DΦ = (2imτ µ Dµ + im∇µ τ µ + hµν Dµ Dν ) Φ

D̄Φ∗ = −2imτ µ Dµ − im∇µ τ µ + hµν D̄µ D̄ν Φ∗
3

(8.30)

The action here differs from that of the previous section by a factor of 2m. We are free to perform
this rescaling as m is a passive parameter in NRFTs and do not involve corrections in loop processes
(no mass renormalization; particle number is conserved,etc.)
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We note again that variations of δhµν are not independent of δτ µ and hence
do not appear in Eq. (8.29). Let us now consider the variations to be the Lie
derivative with respect to some arbitrary vector field ξ µ , i.e. δξ = £ξ . It is
straightforward to demonstrate that δξ S = 0 and hence Eq. (8.27) is invariant
under diffeomorphisms.
We further consider the on-shell symmetries of the action
Z
√
0 = δξ S = dtd2 x h[−Pµν £ξ hµν + Rµ £ξ τ µ − J µ £ξ Aµ ]
Z
√
1
= dtd2 x2 hξ ν [−∇µ T µ ν − J µ ∇[ν Aµ] + Rµ ∇ν τ µ ]
2

(8.31)

Here T µ ν is the stress tensor of the Schrödinger field on the NC background,
which is defined as
1
T µ ν = P(νσ) hσµ − Rν τ µ .
(8.32)
2
Thus Eq. (8.27) remains invariant under on-shell diffeomorphisms provided the
stress tensor satisfies
1
∇µ T µ ν + J µ ∇[ν Aµ] − Rµ ∇ν τ µ = 0 .
2

(8.33)

The action Eq. (8.27) is not Weyl invariant and cannot be used to investigate the
Weyl anomaly. However, in 2 + 1 dimensions we can construct a Weyl-invariant
action from (Eq. (8.27)) by replacing the scalar fields with scalar densities. This
trick is known to work for relativistic scalar fields in 1 + 1 dimensions, where the
densitized fields are known as Fujikawa variables. We will now demonstrate that
this substitution also works for (Eq. (8.27)).
1

1

e − 4 and Φ∗ = Φ
e ∗ h− 4 in (Eq. (8.27)), we have
By substituting Φ = Φh
Z
√
e
S = dtd2 x hLe
Z


√ h
1
e ∗ τ µ Dµ (Φh
e − 41 ) − Φτ
e µ D̄µ (Φ
e ∗ h− 41 )
= dtd2 x h imh− 4 Φ
i
e − 41 )D̄ν (Φ
e ∗ h− 41 )
−hµν Dµ (Φh

(8.34)

e Φ
e ∗ , Aµ , hµν , τ µ }. The total
The fundamental fields of Eq. (8.34) are now {Φ,
variation of the action Eq. (8.34) in this case can be expressed as
Z
h

∗ i
eµ δτ µ − Jeµ δAµ + δ Φ
e ∗ RΦ
e + δΦ
e RΦ
e
δ Se = dtd2 x −Peµν δhµν + R
(8.35)

8.4. Derivation of the gravitational anomalies

81

with
√



√
h
e − 14 )D̄ν (Φ
e ∗ RΦ
e + Φ(R
e Φ)
e ∗
e ∗ h− 41 ) − 1 hµν Φ
hµν Le + hDµ (Φh
2

 4
1
1
1
∗
−
∗
−
eµ = imh 4 Φ
e Dµ (Φh
e 4) − Φ
e D̄µ (Φ
e h 4)
R


eΦ
e ∗ v µ + imh 14 Φ
e ∗ ∂ µ (Φh
e − 41 ) − Φ∂
e µ (Φ
e ∗ h− 14 )
Jeµ = 2m2 Φ
h


i
e = h 14 (2imτ µ Dµ + im∇µ τ µ + hµν Dµ Dν ) h− 41 Φ
e
e = h 41 Dh− 14 Φ
RΦ
h

∗ 

i

e ∗ = h 41 −2imτ µ Dµ − im∇µ τ µ + hµν D̄µ D̄ν h− 41 Φ
e∗
e = h 14 D̄h− 14 Φ
RΦ
Peµν =

(8.36)
We now find that Eq. (8.35) vanishes under
e ∗ = ΛΦ
e∗ ,
e = ΛΦ
e , δΛ Φ
δΛ Φ
δΛ h

µν

= −2Λh

µν

µ

(8.37)
µ

, δΛ τ = −2Λτ .

(8.38)

Thus the action Eq. (8.34) is invariant under Weyl transformations. Considering
e = 0 = δΦ
e ∗ ),
the on-shell invariance of Eq. (8.34) under Weyl transformations (δ Φ
we find
Z
√
e
eµ δΛ τ µ ]
0 = δΛ S = dtd2 x h[−Peµν δΛ hµν + R
Z
√
= dtd2 x h2Λ[Teµ µ ] ,
(8.39)
where




1
1 e∗  − 1
e +Φ
e h− 14 D̄h− 14 Φ
e ∗) .
h 4 Dh− 4 Φ
(8.40)
Teµ µ = − (Φ
2
We have denoted (2Te0 0 + Tei i ) as Teµ µ in the above equations. It is evident from
Eq. (8.39) that the on-shell Weyl invariance of Eq. (8.34) can be restored provided
Teµ µ = 0 .

(8.41)

We have thus demonstrated that the 2 + 1 dimensional Schrödinger field on
the Newton-Cartan background can be used to investigate its invariance under
both diffeomorphisms and Weyl transformations (the latter by densitizing the
Schrödinger fields). This will be particularly useful in investigating both trace
and diffeomorphism anomalies in the following section.

8.4

Derivation of the gravitational anomalies

Relativistic gravitational anomalies using Fujikawa’s approach can be calculated
in a covariant notation in a local plane wave basis. In the NR case, we do
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need to distinguish between time and space in both the regulator as well as the
plane waves. We thus need to make use of a specific set of coordinates in our
calculation. The adapted coordinates [19] provides a faithful representation of
the NC structure (in the absence of torsion). Let Greek indices µ, ν, · · · denote
spacetime coordinates, Latin indices i, j, · · · denote spatial coordinates and 0
represent the coordinate for time. Then the NC system of equations for the
metric can be realized through the following choice
τ0 = 1 = τ 0 ,

τi = 0 ,

h0µ = 0

(8.42)

Eq. (8.42) represents our choice of time. The normalization of τµ Eq. (5.3) allows
us to make the choice given in Eq. (8.42). Since Aµ is a gauge field, it is naturally
left unspecified. The adapted coordinate system may not be appropriate in the
presence of torsion as τi in general cannot vanish. In adapted coordinates v µ and
ψ in Eq. (8.28) can be decomposed into temporal and spatial parts,
v 0 = τ 0 , v i = τ i − hij Aj
ψ = φ̄ + φ
1
φ = τ 0 A0 , φ̄ = τ i Ai − hij Ai Aj
2

(8.43)

where v 0 , v i , φ and φ̄ are Milne invariant quantities.Using Eq. (5.6) and Eq. (8.42),
we have the following non-vanishing components for the connection
i
Γijk = jk ,
Γi0j =

hik
hik
(∂j hk0 + ∂0 hkj − ∂k h0j + ∂k Aj − ∂j Ak ) , Γi0i =
∂0 hik ,
2
2
hik
Γi00 =
(2∂0 hk0 − ∂k h00 ) + hik (∂k φ − ∂0 Ak ) ,
(8.44)
2

i
where jk represents the “Christoffel” component of the connection for the spatial metric (the second term of Eq. (5.6)). Notably h0µ need not vanish in adapted
coordinates, and therefore τ i can exist. Using Eq. (5.4) and Eq. (8.42) we find
that hµν and τ µ satisfy the following relations
hij τ j = −hi0 , τ i = −hij hj0 ,
h00 = −h0j τ j = τ i hij τ j .

(8.45)

It can now be seen that the mass dimension of the connection components in
Eq. (8.44) are not the same. The first line of Eq. (8.44) has mass dimension 1,
the second line has mass dimension 2, while the last line has mass dimension
3. This reflects the z = 2 invariance of the background. However, Ricci and
Riemann tensor components have a uniform mass dimension as a consequence.
For instance
R00 = Γi00,i − Γi0i,0 + Γiij Γj00 − Γi0j Γj0i ,
(8.46)
has mass dimension 4, while Rij has mass dimension 2. In the following subsection we will derive the trace and diffeomorphism anomalies using this coordinate
system.
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The trace anomaly

To derive the trace anomaly, we consider the action in (Eq. (8.34)), which can be
expressed as
Z
e ∗ Q̃Φ
e
S = dtd2 xΦ
Z


e ∗ h 14 Dh− 14 Φ
e,
= dtd2 xΦ
(8.47)
e and Φ
e ∗ are the fundamental fields and D is the Hermitian operator
where Φ
present in Eq. (8.30). The path integral is given by
Z
eΦ
e ∗ ,τ µ ,hµν ,Aµ ]
e Φ
e ∗ eiS [Φ,
Z = DΦD
.
(8.48)
Using Eq. (8.37), we find that the invariance of Eq. (8.48) under Weyl transfore and Φ
e ∗ results in the following anomalous Ward identity
mations of the fields Φ
D √
E
= hTrJiΦe Φe ∗ ,
(8.49)
Λ hTeµµ
∗
eΦ
e
Φ

e
where h· · · iΦe Φe ∗ denotes the path integral average with respect to the variables Φ
e ∗ . To proceed, we regulate the trace occurring in Eq. (8.49)
and Φ
R

hTrJiΦe Φe ∗ → lim TrJe M 2 .
M →∞

(8.50)

The Jacobian and the regulator to be used can be determined by comparing
Eq. (8.47) with Eq. (8.20). The regulator to be used can be identified from
Eq. (8.34),
1
1
R = h 4 Dh− 4 ,
(8.51)
and we have J = Λ(x) (since T is a constant). The regulated trace which needs
to be evaluated is now given by
Z
Z
i
R
R
dω
d2 k −iωt ikx h
2
M
M2
lim TrΛ(x)e
= lim
e
e
Λ(x)e
eiωt e−ikx . (8.52)
M →∞
M →∞
2π
(2π)2
Due to the use of flat space non-relativistic plane waves, we expand R in the basis
of the adapted coordinates,

i 1
h

1
R = h 4 2imv 0 ∂t + 2imv i ∂i + hij ∂i ∂j − Γkij ∂k − imC h− 4 ,
(8.53)
where ∂t =

∂
∂t

and C is given by

C = −∇i v i + 2im φ̄ + φ .

(8.54)

We can now move the plane wave from the right of the regulator in Eq. (8.52) to
the left. By further rescaling k → M k and ω → M 2 ω we have
Z
Z
R(M k,M 2 ω)
R
dω
d2 k
M2
lim TrΛ(x)e M 2 = lim M 4
Λ(x)e
,
(8.55)
M →∞
M →∞
2π
(2π)2
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where the operator in the exponent now takes the form

1
1 
R(M k, M 2 ω)
2
0
i
i
i
i −1
4 k ∂ (h 4 )
=
−k
−
2mv
ω
+
ik
Γ
−
2ik
∂
+
2mk
v
−
2ih
i
i
i
i
M2
M


1
1
1
1
1
+ 2 ∆ − imC + h 4 ∆h− 4 + 2h 4 ∂ l (h− 4 )∂l .
M
(8.56)
In Eq. (8.56) we have used the following definitions,
Γi = hmn Γimn ,

k 2 = ki kj hij ,

∆ = ∂ i ∂j − Γi ∂i + 2imv 0 ∂t + 2imv i ∂i .
0

(8.57)

R(M k,M 2 ω)

M2
since it is a constant
At this stage we can factor out e−2mv ω from e
0
(v = 1 in adapted coordinates). Following this, the ω integral can be easily
evaluated
Z∞
dω −2mω
1
e
=
.
(8.58)
2π
4πm

0

Concerning the k integral, we need to use the BCH expansion to factor out e−k
from e

2

R(M k,M 2 ω)
M2

R(M k,M 2 ω)
M2

. By labelling A = −k 2 and B as the M dependent terms of
, we can write
eA+B = eA eE ,
(8.59)

where E is given by
[A, B] [A, [A, B]] [B, [A, B]] [A, [B, [A, B]]] [A, [A, [A, B]]]
+
+
−
−
2
6
12
24
24
[A [A, [A, [A, B]]]] [A [A, [B, [A, B]]]] [A [B, [B, [A, B]]]]
+
−
+
120
120
240
[B [A, [B, [A, B]]]] [B [B, [B, [A, B]]]] [B [A, [A, [A, B]]]]
−
+
+ ··· .
+
180
720
240
(8.60)

E=B−

The ellipsis in Eq. (8.60) refers to the fifth order onward terms in BCH expansion.
The commutators in Eq. (8.60) contain all contributions up to M −4 resulting from
the BCH expansion, and their expressions have been provided in Eq. (8.101).
From Eq. (8.101) we see that all terms with even powers of M −1 contain an even
number of k’s, and likewise all terms with odd powers of M −1 contain an odd
number of k’s. This property will hold to all orders in the BCH expansion.
Since E contains M −1 terms, we expand Eq. (8.59) up to fourth order


E2 E3 E4
A+B
A
e
=e
1+E+
+
+
+ O(E 5 ) .
2
3!
4!

(8.61)

Eq. (8.61) now contains all terms up to M −4 which can contribute to the anomaly.
We can now ignore all terms with free derivatives, as they cannot contribute to
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the anomaly. It will also be useful to separate those terms which do contain
1
derivatives acting on h− 4 , from those that do not. We thus write Eq. (8.61) as


E2 E3 E4
A+B
A
1+E+
e
=e
+ O(E 5 )
+
+
2
3!
4!


B1
B2
B3
B4
A
− 14
−5
1+
≈e
+ 2 + 3 + 4 + H(h ) + O(M ) .
(8.62)
M
M
M
M
The ≈ symbol in Eq. (8.62) indicates that we have dropped all terms with free
1
1
derivatives. H(h− 4 ) contains all terms with ∂(h− 4 ), with powers up to M −4 . The
Bi represent the order M −i contributions to the anomaly (which do not contain
1
∂(h− 4 )) . With Eq. (8.62), we have the following expression


R(M k,M 2 ω)
B1
B2
B3
B4
−2mω −k2
− 14
2
M
1+
e
=e
e
+ 2 + 3 + 4 + H(h ) ,
(8.63)
M
M
M
M
which will be needed to evaluate the integrals. Upon substituting Eq. (8.63) and
Eq. (8.58) in Eq. (8.55), we get
R

lim TrΛ(x)e M 2

M →∞

= lim M 4
M →∞

1
4πm

Z



d2 k
B1
B2
B3
B4
−k2
− 14
Λ(x)e
1
+
+
+
+
+
H(h
)
(2π)2
M
M2 M3 M4
(8.64)

Eq. (8.64) can now be evaluated via the following Gaussian integrals
Z
Z
√
1√
2
2
−k2
d ke
= hπ , d2 k e−k ki kj =
hπhij
2
Z
1√
2
d2 k e−k ki kj km kn =
hπ (hij hmn + him hnj + hin hmj )
4
Z
1√
2
d2 k e−k ki kj · · · k2n−1 k2n = n hπ ((2n − 1)!! permutations of hij · · · h2n−1 2n ) .
2
(8.65)
The ‘k integrals’ vanish under symmetric integration whenever there are an odd
number of k’s in the integrand. Thus B1 and B3 vanish following symmetric
1
integration. H(h− 4 ) also vanishes following symmetric integration, which could
have been anticipated following the cyclicity of trace 4 . The integral


Z
B2
2
d2 ke−k 1 + 2 ,
(8.66)
M
is non-vanishing. These terms however can be eliminated by regularization, and
do not contribute in the final expression for the anomaly. For example, within
the Pauli-Villars scheme one can include additional copies of the PV fields with
4

The cyclicity of trace works here because the Jacobian does not involve any free derivatives.
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coefficients chosen so as to cancel out these M dependent terms. Thus these
terms can be ignored as well. Since the integral of B2 is somewhat instructive,
we have provided the terms contained in its integrand in Eq. (8.102), using which
we have the following result


Z
√
1
2 −k2 B2
ij
2
d ke
= hπ
Rij h + 2m φ .
(8.67)
M2
6
The only contribution to the anomaly comes from the term B4 , and Eq. (8.64)
reduces to
Z
R
1
d2 k
2
lim TrΛ(x)e M 2 =
Λ(x)e−k B4
(8.68)
M →∞
4πm
(2π)2
The individual terms contained in B4 have been provided in Eq. (8.103), and the
resulting k integral works out to give

Z
√
1
2 −k2
(Rijmn Rijmn − Rij Rij + Rij hij )
d ke B4 = hπ
180

m2
4 2
ij
0 0
+2m φ +
(φRij h + R00 τ τ ) . (8.69)
3
Substituting Eq. (8.69) in Eq. (8.68), we get the following expression for the
candidate anomaly,
√

R
hΛ(x)
1
2
M
=
(Rijmn Rijmn − Rij Rij + Rij hij )
lim TrΛ(x)e
2
M →∞
m(4π)
180

m2
+2m4 φ2 +
(φRij hij + R00 v 0 v 0 ) (8.70)
3
While the calculation leading to this result is considerably involved, we note
the following points related to the derivation and the above result. The term
R00 v 0 v 0 results due to both the single derivative operator ∂t and imC contained
in Eq. (8.53), following the BCH expansion. If Aµ were absent in our derivation,
then so too would all the terms in the second line of Eq. (8.70), providing only the
curvature squared results already noted in the literature. The choice of τµ = (1, 0)
and the absence of h0µ in adapted coordinates affects the expressions of C, the
Ricci and Riemann tensors, as well as the final result. The absence of terms
involving τ i and by extension v i in the final answer is thus a coordinate artifact
which reflects our choice of time for the hypersurface. Remarkably, all imaginary
terms cancel out in the calculation leading to Eq. (8.70). Both these points may
also be noted to be the case with Eq. (8.67).
We can now determine which right hand side terms of Eq. (8.70) represent the
true anomaly. A local counterterm involving (Rij hij )2 can be included in the
effective action to eliminate the term Rij hij , and hence is also not part of the
result. Further, since (Rijmn Rijmn − Rij Rij ) is constructed out of the 2d spatial
metric, we can use Rijmn = 12 (Rij hij ) (him hjn − hin hjm ) to write
Rijmn Rijmn − Rij Rij =

2
1
Rij hij .
2

(8.71)
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Note that Eq. (8.71) is valid for NC backgrounds which satisfy the Frobenius
condition. The terms 2m4 φ2 and φRij hij notably violate U(1) invariance. This
can in principle be allowed since there can exist ‘U(1) gravitational anomalies’.
This follows from the U(1) invariance of the action as well as the field Φ having a
U(1) transformation. For relativistic theories with both gauge and gravitational
fields in 4 dimensions, U(1) violating terms in the diffeomorphism anomaly arise
and the gauge current is also anomalous (and is related to the Pontryagin density).
However, one can find a counterterm to make the gauge current anomaly free,
which in turn leads to the diffeomorphism anomaly being U(1) invariant. Thus a
situation similar to that of mixed gravitational anomalies in relativistic theories
may arise here. Here however, the anomalous current hJ µ i is also a gravitational
anomaly due to its presence in the connection. Thus Eq. (8.70) provides the
following expression for the trace anomaly
√


1
m2
hΛ(x)
ij 2
4 2
ij
0 0
AnΛ =
(R
h
)
+
2m
φ
+
(φR
h
+
R
v
v
)
. (8.72)
ij
ij
00
m(4π)2 360
3
Using Eq. (8.72) and Eq. (8.50), we can now write the covariant result as


D
E
1
1
m2
0
i
µν 2
4 2
µν
µ ν
e
e
2T 0 + T i =
(Rµν h ) + 2m ψ +
(ψRµν h + Rµν v v )
m(4π)2 360
3
(8.73)
We note that this covariant result has been inferred from the result by correcting
for our choice of coordinates discussed earlier (the choice of τµ = (1, 0, 0, 0) and
h0µ = 0) and by requiring that the result should be Milne invariant. The result
in Eq. (8.72) as well as the regulator in Eq. (8.53) were Milne invariant (within
adapted coordinates). Further, since ‘Milne gravitational anomalies’ do not exist5 ,
we seek a Milne invariant expression Eq. (8.73).
We note that our calculation demonstrates that the trace anomaly only arises in
odd dimensions. Since z = 2 and all BCH expansion terms involve an even(odd)
number of k’s for terms with an even(odd) power of M −1 , the anomalies can
only occur when there are an even number of spatial dimensions. Thus NC trace
anomalies always arise in odd spacetime dimensions. Our result concerns NC
backgrounds without torsion. In the general case we would have instead,
1
Rijmn Rijmn − Rij Rij = (−Ē4 + 3C̄ 2 )
2

(8.74)

where E4 and C 2 represent the four dimensional Euler density and the square of
the Weyl tensor respectively as follows,
E4 = Rµνρσ Rµνρσ − 4Rµν Rµν + R2 ,
1
C 2 = Rµνρσ Rµνρσ − 2Rµν Rµν + R2 ,
3
5

(8.75)

As the field Φ does not transform under Milne transformations, there can be no corresponding
anomaly even though the action itself is Milne invariant
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while the overbar implies that these tensors are contracted only with the (two
dimensional) spatial metric hαβ . The general result, following Eq. (8.73), will
then be modified to


D
E

1
1
m2
0
i
2
4 2
µν
µ ν
e
e
2T 0 + T i =
−Ē4 + 3C̄ + 2m ψ +
(ψRµν h + Rµν v v )
m(4π)2 360
3
+ additional terms .
(8.76)
This result, apart from the τ µ and Aµ dependent terms is in agreement with the
results provided in [93,95]. The coefficients of the curvature squared terms are in
addition identical to those derived using the heat kernel approach of [98].

8.4.2

The diffeomorphism anomaly

The diffeomorphism anomaly can be computed from Eq. (8.27) using the procedure of the previous subsection. The fundamental fields are now Φ and Φ∗ with
the following action
Z
√
S = dtd2 xΦ∗ hDΦ
Z
= dtd2 xΦ∗ TQΦ .
(8.77)
The path integral in this case is given by,
Z
∗ µ µν
Z = DΦDΦ∗ eiS[Φ,Φ ,τ ,h ,Aµ ]

(8.78)

Using Eq. (8.31), the invariance of Eq. (8.78) under δΦ = £ξ Φ and δΦ∗ = £ξ Φ∗
results in the following anomalous Ward identity



√ µ
1
ν
ν
ν
= hTrJiΦΦ∗ .
(8.79)
− hξ ∇ν T µ + J ∇[µ Aν] − Rν ∇µ τ
2
ΦΦ∗
From Eq. √
(8.20) we choose R = D, which ensures that it is symmetric6 . In this
case T = h, and hence the Jacobian to be considered is,
√
1
J = ξ µ ∂µ + √ £ξ h
2 h
√
1
= ξ µ ∂µ + √ ξ µ ∂µ h + ∂µ ξ µ .
(8.80)
2 h
Thus the regulated trace takes the following form
R

lim TrJe M 2

M →∞

Z
= lim

M →∞

6

dω
2π

Z

d2 k −iωt ikx
e
e
(2π)2

By symmetric we mean that

R

Φ∗ DΦ =

R

"

!
#
√
R
ξ µ ∂µ h
µ
√
ξ ∂µ +
+ ∂µ ξ
e M 2 eiωt e−ikx .
2 h
(8.81)

ΦD̄Φ∗

µ
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Evaluating this expression would formally result in considering an expansion up
to M −6 . In taking the plane wave (eiωt e−ikx ) to the left, it gets acted upon by
both the Jacobian and the regulator. The action of the Jacobian on eiωt now
produces the term iξ 0 ω . By rescaling ω → M 2 ω, we end up with a factor of M 6
outside the above integral, requiring a BCH expansion up to M −6 for determining
the anomaly.
However, having chosen a symmetric regulator we can avoid this cumbersome
calculation. First, we note the following identity which holds for any symmetric
e [90]
regulator R


1
e
µ
µ
Tr ξ ∂µ + ∂µ ξ eR = 0 .
(8.82)
2
√
Using the expressions for Γiµi = √1h ∂µ h and Γ0µν = 0 (in adapted coordinates)
and Eq. (8.82), we can simplify Eq. (8.81) to


Z
Z
R
R
dω
d2 k −iωt ikx 1
µ
2
2
M
M
= lim
eiωt e−ikx ,
lim TrJe
e
e
(∇µ ξ ) e
M →∞
M →∞
2π
(2π)2
2
(8.83)
and hence we don’t have to deal with any free derivatives due to the Jacobian.
Moving the plane wave past the regulator and rescaling k → M k and ω → M 2 ω
results in
Z
Z
R(M k,M 2 ω)
R
dω
d2 k 1
4
µ
2
M
M2
lim TrJe
= lim M
(8.84)
(∇
ξ
)
e
µ
M →∞
M →∞
2π
(2π)2 2
2

R(M k,M 2 ω)

M2
We now need to factor out e−k and e−2mω from e
using the BCH
−4
expansion, as in the previous section, up to M
terms. Since the regulator of
1
this subsection differs from that of the previous one only by ∂(h− 4 ) terms, the
following factored expression is easily determined from Eq. (8.63)


R(M k,M 2 ω)
B1
B2
B3
B4
2
−2mω
−k
2
M
e
=e
e
1+
+ 2+ 3+ 4 .
(8.85)
M
M
M
M

Only the B4 term contributes to the anomaly, and we have the following expression
for the candidate anomaly
Z
Z
R
1
dω −2mω
d2 k −k2
lim TrJe M 2 = (∇µ ξ µ )
e
e B4
M →∞
2
2π
(2π)2
√



h (∇µ ξ µ )
1
m2
ij 2
ij
4 2
ij
0 0
=
(Rij h ) + (Rij h ) + 2m φ +
(φRij h + R00 v v )
(4π)2 m
360
3
(8.86)
where we have simplified the curvature squared expression by making use of
Eq. (8.71) . The terms from Eq. (8.86) which contribute to the anomaly must
satisfy the same criteria as in the case for the trace anomaly. Adopting the covariant notation as in the case of the trace anomaly, the result for the diffeomorphism
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anomaly in this case is
√


h µ
1
m2
µν 2
4 2
µν
µ ν
Anξ = −
ξ ∇µ
(Rµν h ) + m ψ +
(ψRµν h + Rµν v v ) .
m(4π)2
720
6
(8.87)
Eq. (8.87) and Eq. (8.79) now provide the following expression for the diffeomorphism anomaly


1
ν
ν
ν
∇ν T µ + J ∇[µ Aν] − Rν ∇µ τ
2


m
1
m3 2
µν
µ ν
αβ 2
ψ +
(ψRµν h + Rµν v v ) (8.88)
(Rαβ h ) +
= ∇µ
720(4π)2 m
16π 2
96π 2
We emphasize that all currents occurring on the left hand side of Eq. (8.88) correspond to the gravitational fields of the NC background. We note that most of
the previous results for the trace anomaly (based on DLCQ) indicate a one-to-one
correspondence of the 2 + 1 dimensional result of the NC background with 3 + 1
dimensional result of relativistic backgrounds. Were this to actually be true for
all gravitational anomalies, one would in fact naively expect there to be no diffeomorphism anomaly for the Schrödinger field in 2 + 1 dimensions. In deriving this
result, we have demonstrated that this is not the case. The presence of a diffeomorphism anomaly allows for several consequences in condensed matter systems
with boundaries. In particular we note that this could be relevant in providing
the entanglement entropy of Quantum Hall systems on curved backgrounds with
boundaries [75], where the Schrödinger field is present in the low energy effective
action.

8.5

A c-theorem condition

The coefficients of the trace anomaly are closely related to the renormalization
group (RG) flow of a given theory. By applying the Wess-Zumino (WZ) consistency condition on the quantum effective action one can determine the constraints
which relate the anomaly coefficients with the beta functions of the theory. Our
treatment in this section will follow [77] where the consistency conditions for 2d
and 4d relativistic CFTs are addressed. An investigation into the local RG flow
of fields along these lines on the NC background was initiated in [99]. Here we
will only consider the local RG flow of the Rµν τ µ τ ν term of Eq. (8.88) due to
marginal deformations. Our goal in this section will be to demonstrate that this
term provides a c-theorem condition analogous to that of 2d CFTs. To begin
with, let us consider the following renormalized partition function in the presence
of sources,
Z
eΦ
e ∗ ,J ]
e Φ
e ∗ eiS [Φ,
Z [J ] = eiW[J ] = DΦD
(8.89)
where W is the quantum effective action, which generates connected correlators
associated with renormalized composite operators, and J denotes all the sources.
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Here we will assume that J involves the independent background fields of the NC
backround (hµν , τ µ and Aµ ) and dimensionless coefficients g I associated with certain marginal operator insertions OI 7 . To investigate RG flows we first
 introduce

the RG parameter µ. We can now define the RG time function t = ln µµ0 , where
I

µ0 is some arbitrary reference scale, and the beta functions β I = ∂g
∂t correspond∂
+β I ∂I ,
ing to the dimensionless parameters g I . The flow is generated by D = µ ∂µ
where we have further defined ∂I = ∂g∂ I . In flat spacetime W satisfies the flow
equation
DW = 0
(8.90)
which is nothing but the Callan-Symanzik equation. The local RG concerns itself
with the renormalizability of composite operators on curved backgrounds and
hence the couplings are now functions of spacetime (g I = g I (x, t)). The local
Callan-Symanzik equation under Weyl transformations is given by
Z


β
W
(8.91)
∆Λ − ∆Λ W = dvBΛ
V

where Λ is the local parameter involved in Weyl transformations,

R

dv is the

V

integral involving the NC covariant volume element in (2 + 1) dimensions and
BΛ is a local anomaly density involving derivatives of the NC fields and g I . The
β
variations ∆W
Λ and ∆Λ are defined as


Z
W
µν δ
µ δ
+ 2Λτ
∆Λ = dv 2Λh
δhµν
δτ µ
V
Z
δ
β
∆Λ = dvΛβ I I
(8.92)
δg
V

Eq. (8.91) reveals that at the critical point, where β I = 0, BΛ is simply the trace
anomaly. Away from the critical point, we have additional dimension 4 terms
involving the derivatives g I . We can thus write Eq. (8.91) in the following way


 
Z


1 Φ
1
β
W
µ ν
I
J
I
∆Λ − ∆Λ W = dvτ τ Λ
β Rµν − χIJ ∂µ g ∂ν g
− (∂µ Λ) ωI ∂ν g + · · ·
2
2
V

(8.93)
where
and ωI all depend on the coupling parameter
The dots in
Eq. (8.93) indicate the (Rµν hµν )2 and other additional terms of dimension 4.
These terms have been ignored since they will not be required in the following
discussion. For simplicity we are also assuming that the NC background satisfies
the Frobenius condition. Since Weyl transformations are Abelian, they satisfy
the WZ consistency condition
h
i
β
β
W
∆W
−
∆
,
∆
−
∆
(8.94)
0
0
Λ
Λ
Λ
Λ W =0
β Φ , χIJ

7

gI .

In general J also involves ma associated with relevant operators Oa , and vector sources Aµ associated with certain currents J µ which the theory might possess
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Using Eq. (8.93) and Eq. (8.94) gives the following expression
Z
h
i

β
β
W
W
∆Λ − ∆Λ , ∆Λ0 − ∆Λ0 W = dvτ ν Λ∂ν Λ0 − Λ0 ∂ν Λ τ µ Vµ = 0

(8.95)

V

where

Vµ = ∂µ β Φ − χIJ β I − β I ∂I ωJ − ωI ∂J β I ∂µ g J

(8.96)

Eq. (8.95) vanishes if Vµ vanishes. We see that Eq. (8.96) will vanish provided
∂J β Φ = χIJ β I − β I ∂I ωJ − ωI ∂J β I

(8.97)

We now define the new function βeΦ = β Φ + ωI β I , with which Eq. (8.97) becomes
∂J βeΦ = χIJ β I + β I (∂J ωI − ∂I ωJ )
Contracting this equation with

βJ

(8.98)

now leads to the following result

∂ βeΦ
= χIJ β I β J
(8.99)
∂t
This is a c-theorem condition satisfied by the coefficient of Rµν τ µ τ ν on NC backgrounds with the Frobenius condition, which is analogous to the relation satisfied
in 2d CFTs. At this point the proof of the c-theorem follows by establishing
that the ‘metric’ χIJ is positive definite. In 2d CFTs, it can be shown that χIJ
is essentially equivalent to ‘Zamolodchikov’s metric’ GIJ = (x2 )2 h[OI (x)] [O(0)]i,
which further identifies βeΦ with Zamolodchikov’s c-function C [77]. Here the situation is not so straightforward since the marginal operators and the correlation
functions they define differ from those of 2d CFTs. Our analysis would be incomplete without considering all the correlation functions of the theory, which would
go outside the scope of the present work. We leave the investigation of this topic
and the consistency conditions following the general form of BΛ to future work.

8.6

BCH expansion terms

It will be convenient to introduce the following definitions

e i = Γi + 2im hij Aj − τ i ,
Γ
1

1

Gm = 2h− 4 ∂ m h 4 ,
C ij = ∆hij ,
Dlij = ∂ l hij , Dl ij = ∂l hij ,

 1
1
E ij = ∆C ij + 2imDlij ∂l C + (∆ + Gm ∂m ) Gl Dl ij + Gl ∂l C ij − 2Dlij ∂l h− 4 ∆h 4 ,
e l + ∂ l (Gm Dmij ) + Gm Amlij − Dmij ∂ m Gl ,
H lij = ∂ l C ij + ∆Dlij + Dnij ∂n Γ
Θijmn = Dk ij Dkmn ,
Aijmn = ∂ i Djmn , Aijmn = ∂i Dj mn ,

B ijmn = −2Θijmn + 2 Aijmn + Ajimn ,

(8.100)
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where ∂ i ≡ hij ∂j and C is as defined in Eq. (8.54). Then for
A = −ki kj hij


1
1
i ei
1 
B=
ki Γ − 2∂ i − Gi + 2 ∆ − imC + h 4 ∆h− 4 + Gl ∂l
M
M
the BCH terms which describe E in Eq. (8.60) can be expressed as


2i
1
[A, B] = − ki kj km Dmij + 2 ki kj C ij + 2Dlij ∂l + Gl Dl ij
M
M
2
ijmn
[A, [A, B]] = 2 ki kj km kn Θ
M


4
2i
[B [A, B]] = − 2 ki kj kn km Amnij − 3 ki kj km B ijml ∂l + H lij
M
M


1
+ 4 ki kj E ij + B ijmn ∂m ∂n + 2H lij ∂l
M
[A, [A, [A, B]]] = 0 ,
[A, [A, [A, [A, B]]]] = 0 ,
[B, [A, [A, [A, B]]]] = 0
2i
[A, [B, [A, B]]] = − 3 ki kj km kn kl B ijmp ∂p hnl
M


1
mn
mn
ijlp
lij
mn
+ 4 ki kj km kn 2H Dl + B (Alp + 2Dl ∂p )
M

h
4
[B, [B, [A, B]]] = 4 ki kj km kn B ijmp Dpnl − 2∂ l Amnij − ∂ n B ijml ∂l
M

8i
1 ijml e n
n mij
mnij
∂l Γ + 3 ki kj km kn kl ∂ n Amlij
−∂ H
− ∆A
− B
2
M
2
[A, [A, [B, [A, B]]]] = 4 ki kj km kn kl kk B ijpq Dpmn Dq lk
M


4
[A, [B, [B, [A, B]]]] = 4 ki kj km kn kp kq B ijmr Dr nl − 2∂ l Amnij − ∂ n B ijml Dl pq
M
16
[B, [B, [B, [A, B]]]] = 4 ki kj km kn kp kq ∂ p ∂ q Amnij
M

4
[B, [A, [B, [A, B]]]] = − 4 ki kj km kn kp kq ∂ p B ijqr Dr mn
(8.101)
M
The free derivatives contained in the BCH terms above, and thereby in E, are
needed in computing E 2 , E 3 ad E 4 in Eq. (8.61). With all expansions taken into
consideration, we can drop the free derivative terms to arrive at Eq. (8.62). Only
the terms B2 and B4 lead to non-trivial results following symmetric integration.
(i
By using ∂α hij = −2Γαk hj)k ; α = (0, i), the terms contained in B2 are, order by
order, given by
k 0 : −imC


1
ei Γ
e j − 2∂ i Γ
ej
k 2 : − ki kj C ij + Γ
2

4 1
e i Djmn
k : ki kj km kn Θijmn + 2Aijmn − ki kj km kn Γ
3
1
k 6 : − ki kj km kn kl kk Dlij Dkmn .
2

(8.102)
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Using these terms in Eq. (8.65) results in the expression of Eq. (8.67). The terms
involved in B4 are considerably more involved and comprise the following

1
k 0 : − m2 C 2 + im∆C
2  


 1 
2  lij
2
i ej
i j
ij
i ej
e
k : ki kj im
D ∂l C + ∂ ∂ C + C C + Γ Γ − ∂ (Γ C)
3
2


1
1
1
ij
i
j
j
i
j
i
e ∆Γ
e +
e + ∂ ∆Γ
e
− ∆C − Γ
∆∂ Γ
6
2
3
  



1
4
i lmn
ijmn
ijmn
jmn i
e
k : ki kj km kn im C Γ D
−
Θ
+ 2A
−D
∂C
3
 1 i j mn

1 i j mn
e ∂ C + ∆Djmn − 1 ∂ i (Dlmn ∂l Γ
ej )
+
∂ ∂ C + ∂ i ∆Djmn − Γ
6
3
2



1 mn 1 e m e n 1 m e n
2 e i lmn e j 1
ijmn
ijmn
ij
+A
+C
C + Γ Γ − ∂ Γ
+ Γ D ∂l Γ + ∆ Θ
3
6
8
4
2



1 ij 
1
e n − B ijlp A mn
em Γ
ej Γ
ei Γ
e j − 2∂ l C mn +
− Dl ∆Djmn + Dlmn ∂l Γ
Γ
lp
12
24


1
e n − 1 Dmij ∆Γ
e n − 1 Dlij ∂l ∂ m Γ
en
+ B ijml ∂l Γ
12
2
3

1  i ej   m en  2 em i j en 1 i j m en 1 ei ej m en
∂ Γ + Γ ∂∂ Γ − ∂∂ ∂ Γ − ΓΓ ∂ Γ
+ ∂Γ
2
3
3
2



1
1 l ij
k 6 : ki kj km kn kl kk imCDlij Dkmn −
∂ C + ∆Dlij Dkmn
2
3




1
e l Dkmn − 1 ∂ l ∂ k Θijmn + 11 Aijmn
− C ij Θmnlk + 2Alkmn − 3Γ
6
9
5


1 l ek 1 el ek
ek + 1 Γ
e m Dnij
e l Dmij ∂ n Γ
ek Γ
el Γ
∂ Γ − ΓΓ −Γ
+ (Θijmn + 2Aijmn )
3
6
6


1 el
2
e l − 1 ∂r (Θlkmn + Alkmn )
+ Drij ∂r
Γ ∂r Dkmn + Dkmn ∂r Γ
2
3
6


1 e l k ijmn
en
+
Γ ∂ (Θ
+ Aijmn ) − ∂ l (Drij ∂r Dkmn ) + 2Dmij ∂ l ∂ k Γ
3



1
e k − 2∂ r Alkij + 1 B ijmr ∂r Dnlk
+ Dr mn B ijrs Dslk − B ijlr Γ
60
15

7 l ijkr mn
+ ∂ (B
Dr )
6
 

1
8
ijmn lkpq
ijmn lkpq
ijmn lkpq
k : ki kj km kn kl kk kp kq
Θ
Θ
+ 4A
A
+ 4Θ
A
18
 1

1  ij pmn qlk
+
C D
D + Dpij Drmn ∂r Dqlk + ∂ p Θijmn + Aijmn Dqlk
2
3




1 ei ej 1 i ej
1
1 ijmr nl kpq
pmn qlk
ijmn
ijmn e p qlk
+
ΓΓ − ∂Γ D
D −
Θ
+ 2A
Γ D − B
Dr D
4
2
3
12
 

 rpq slk 
1 e r sij pmn qlk
10
ijmn
ijmn
k : ki kj km kn kl kk kp kq kr ks
Γ D D
D − Θ
+ 2A
D D
6
1
(8.103)
k 12 : ki kj km kn kl kk kp kq kr ks ku kv Drij Dsmn Dulk Dvpq
24

Chapter 9

Conclusions
In this thesis, we considered the coupling of non-relativistic field theories to
curved backgrounds and their applications. We considered this in two parts. In
the first part of the thesis, the curved background and the coupling of fields
to them were determined through the localisation of the non-relativistic spacetime symmetries in flat space. This required a particular modification of the
usual Poincaré gauge theory which we described as the Galilean Gauge theory
(GGT). This was demonstrated to have a broad range of applicability through
the localisation of the Galilean symmetries of both scalar and vector field theory
models, as well as through the further inclusion of the anisotropic scale symmetry.
The resulting general background were identified with a class of Newton-Cartan
(NC) backgrounds through specific definitions of the vierbeins. In particular, the
fields resulting from localising the Galilean symmetry led to the NC background,
while the additional inclusion of dilations provided the scale covariant NC background. Apart from the modified coupling which fields have to these backgrounds,
the backgrounds themselves were shown to have a particular degenerate metric
structure with key differences from the ADM formulation of General Relativistic backgrounds. As a result, we expected that the dynamics of fields coupled
to them would also have interesting characteristics. This was considered in the
second part of the thesis. We first considered the formulation of fluids on the
NC and scale covariant NC backgrounds, where we introduced a Weyl covariant
formalism for the latter. We had also considered the effective field theory of a
Hall droplet and demonstrated that the scale covariant background leads to an
additional response function related to the expansion of the fluid. We had finally
considered the trace and diffeomorphism anomalies of the Schrödinger field on the
NC background. The modified structure of these anomalies are expected to play
a role in the description of quantum fields and fluids on the NC background, as
well as providing new features with regards to their RG flow. This is evident from
the fact that the trace anomaly of the scalar field on the NC background in 2 + 1
dimensions contains terms which satisfy both the a-theorem and the c-theorem.
In Chapter 2 a detailed discussion on the different approaches to Poincaré gauge
theory was provided. The Lie algebraic, field theoretic approaches and the connec95
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tion between these was been highlighted to better understand the Galilean Gauge
theory (GGT) formulated in the following chapter. The field theoretic approach
was demonstrated through the example of the complex Klein-Gordon field. The
geometrical interpretation of the local Poincaré invariant action was discussed. In
Chapter 3 we proposed a method of localising the global Galilean transformation
of a general field theoretic model in order to construct spatial diffeomorphism
invariant field theories. The localisation procedure in non-relativistic field theories required the separation of time and space. Local coordinate systems were
considered to give local Galilean transformations a geometric interpretation. To
restore the local invariance we first defined covariant derivatives with respect to
the global coordinates and then transformed them to covariant derivatives with
respect to the local coordinates. New fields were introduced in the process so that
the local covariant derivatives transformed under local Galilean transformation
as the ordinary derivatives did under global Galilean transformations. The localisation of the transformations also implied a change in the measure of integration
for the matter action. We have shown that the measure can be determined appropriately by some functions of the fields introduced via localization. Substituting
the local covariant derivatives and the measure, we obtained an action invariant
under local Galilean transformations. The new fields along with their transformations were found to be useful in phenomenological model building in theoretical
condensed matter physics such as in the theory of FQHE.
In Chapter 4 we considered a generic theory containing a free and interacting
Schrödinger field with a gauge field. Imposing a constant time slice (by setting
the time translation parameter to zero) the localisation procedure was shown
to lead to a spatial diffeomorphism invariant action on general non-relativistic
curved backgrounds. We also considered a model of an electron moving in two
dimensional space whose dynamics was dictated by the Chern-Simons (CS) term.
Contrary to certain results in the literature [55], the formulation of the action
on curved backgrounds was shown to involve no problems up to certain boundary terms. The fields introduced through localisation admitted a geometric interpretation. In terms of these fields we constructed the Newton-Cartan (NC)
background in Chapter 5. We demonstrated all basic properties of NC geometry, particularly those in relation to the dynamical description of matter fields
coupled to it are satisfied following our construction. In Chapter 6 it was further demonstrated that the localisation procedure could be used to involve additional non-relativistic symmetries, such as anisotropic scale invariance. Inclusion
of anisotropic scale symmetry introduced additional terms which modified the
metricity conditions, the connection and the definition of the Riemann tensor of
the scale covariant NC background in Chapter 6. These results motivated us to
further investigate the dynamics of fields and fluids on these curved backgrounds.
In Chapter 7 we first recalled the formulation of fluids on the NC background, as
well as the corresponding currents and constitutive relations for the case of ideal
fluids. We then extended this formalism to account for fluids on the scale covariant
NC background. We constructed a manifestly Weyl covariant framework within
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which such fluids may easily be investigated. This framework, along with the
properties of the scale covariant Riemann tensor and Weyl tensor in Chapter 6
would provide the tools necessary to investigate non-relativistic fluids to higher
orders in the derivative expansion. As an example, we considered the effective
theory for a Quantum Hall fluid, described by the Landau-Ginzburg action. In
particular we demonstrated that the effective action involved scale dependent
terms in addition to the usual Berry phase and Wen-Zee terms. This additional
term was shown to provide a response corresponding to the expansion of the fluid
under deformations of the spatial metric. As explained, this provides only part
of a much richer set of responses admitted by the scale covariant geometry. The
analysis was entirely in the context of classical variations of the effective action.
The presence of new response functions demonstrates that the one-loop results in
the full quantum theory will be considerably more interesting.
To investigate quantum effects due to the NC background, particularly in
relation to one-loop effects, we finally considered the trace and diffeomorphism
anomalies of the Schrödinger field minimally coupled to the 2 + 1 dimensional
NC background in Chapter 8. This was performed within the Fujikawa approach,
where all variations of the background fields were considered. The trace anomaly
was shown to involve two pieces, with the form of the 3 + 1 dimensional and the
1+1 dimensional relativistic anomaly respectively. The diffeomorphism and trace
anomalies further share a relation analogous to that of the 1+1 dimensional scalar
field. The presence of U(1) violating terms in the final result indicate the need to
determine the U(1) gravitational anomaly. This would characterize the structure
of non-relativistic anomalies, which as it already stands, is in sharp distinction
with those of relativistic results. Unlike the relativistic case, the anomalies only
arise in odd dimensions. The presence of anomaly terms which go like the relativistic results will also lead to interesting consequences. For the 3+1 dimensional
term, it was already demonstrated that part of it satisfies an a-theorem. In this
thesis, we demonstrated that a part of the 1 + 1 dimensional term satisfies a
c-theorem.
The full treatment of local RG flows under marginal and non-marginal deformations and their relations with the correlation functions of the Schrödinger
fields will be an important avenue to investigate in the future. This in particular might allow us to better understand the field Aµ of the NC background, its
emergence in non-relativistic systems and its effect on the RG flow of correlators
of the theory. This will be important in determining the critical points of condensed matter systems. One can also construct the effective gravitational action
for the NC background using the trace anomaly result. In the relativistic case,
the 1 + 1 result can be integrated exactly. A similar property should hold for the
NC trace anomaly in 2 + 1 dimensions. Such a construction would result in the
NC Liouville gravitational effective action. A long standing problem of the NC
background has involved the construction of gravitational actions. Working with
the result of the trace anomaly might allow us to better understand the dynamics
of the NC background.
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