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Abstract

I derive the symmetry group of the bosonic string with a non-relativistic background
which takes the form of a covariant Newton-Cartan geometry. This is done by studying
a Polyakov-type action obtained by performing a dimensional reduction of a 1-dimension
higher relativistic background along a null Killing vector field. The constraints that arise
from this construction then act as additional fields of the theory which have to be taken
into account when deriving the symmetries of the non-relativistic bosonic string action. I
confirm that the resulting symmetries form a closed group with the resulting Bargmann
algebra- the central extension of the Galilean algebra, which correctly describes non-

relativistic motion of objects.
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1 Introduction

The first couple of decades of the past century, with the advent of General Relativity (GR) and
Quantum Mechanics, was probably the most remarkable period of time for Physics. It did not
take long after Paul Dirac formulated the quantum properties of the electromagnetic field for
others to realize that gravity, the other known force at the time, should also be quantised. Just
a few years after, in the 1930s, Leon Rosenfeld published the first paper on quantum gravity.
He immediately recognised that there were constraints between the canonical momenta in GR
and their relation to diffeomorphism invariance. This was the first of the many problems that
arise when trying to define a consistent theory of quantum gravity, next it was Heisenberg
in 1939 that pointed out that the gravitational constant was dimensional and that would
pose further issues when quantising the theory. Since then research in quantum gravity
has been split into three main directions: “covariant”, “canonical” and using the Feynman
functional integral. Each of these lines of thought have resulted in well defined theories:
String Theory, Loop Quantum Gravity and Euclidean Quantum Gravity respectively. The
former has been the most consistent of the three and has turned out to be an extremely
rich theory, especially when considering the AdS/CFT correspondence. One of the many
applications of the correspondence is to take certain regions of relativistic String Theory as
a limit to a non-relativistic region of it.

The theory of non-relativistic gravity that has Galilean symmetry was developed by Ellie
Cartan [1] just a few years after Einstein first published his papers on GR. He realised that the
profound connection between the geometric structure of space-time and gravity is not unique
to special relativity and Lorentz invariance. He then developed a covariant framework that
accurately describes Newtonian Physics in the language of differential geometry. Subsequent
work on the subject [2, 3] has proven that the symmetry structure of this theory is not the
Galilean algebra, but its central extension: the Bargmann algebra. This algebra consists of
the Galilean boosts, translations, rotations and in addition the U(1) central extension that
is physically related to the mass conservation of the theory. Just as it can be shown that
GR can be formulated as a gauge theory of the Poincare algebra, Newton-Cartan gravity
can be obtained by gauging the Bargman algebra. Finally, this framework can be used in
conjunction with String Theory by embedding the strings in this non-relativistic space instead
of the usual pseudo-Riemannian one.

Here I present my work on the algebraic structure of the bosonic string embedded in a
NC space-time background. I work on the properties of of the worldsheet theory consider

whether the NC space-time symmetries can be realised on the worldsheet in terms of a



current algebra. This is done by calculating the conserved currents and their charges in turn
obtained by transforming a non-relativistic Polyakov-type action. This action is obtained via
a dimensional reduction of the relativistic theory along a null Killing field. Then, by means of

the Sugawara construction I calculate the operator product expansions between said currents.



2 General relativity and the Poincare symmetry

2.1 Special Relativity

After the discovery of the Maxwell equations it became clear that Galilean transformations
were not universal since those equations were not invariant under Galilean boosts. Soon
after Lorentz discovered the correct transformations under which the equations of electro-
magnetism were invariant, but no one at the time knew what they meant. That is, until
FEinstein came up with his famous postulate, stating that the speed of light is constant in
every inertial frame. In addition if one also considers the principle of relativity, that the laws
of physics must remains the same in every inertial frame, one can straightforwardly derive

the Lorentz transformations without any other assumptions:

1
= ———(z — vi)
V1—v2/c?
v =y
2=z (2.1)
1
ot = ——=(ct — Egc)

V1—v2/c? c

Observing these transformations one can see that for velocities v > ¢ the transformations
become imaginary and the discussion of inertial inertial frames falls apart, thus making the
theory inconsistent in that region. One can therefore conclude that the speed of light c is the

absolute maximum speed any object or a piece of information can travel at.

A better and much more insightful way to look at these transformations is in the context
of differential geometry. From eq. (2.1) one can already see that the spatial and temporal
directions transform into each other. And that was another of Einsteins profound conclusions:
that time and space can be treated equally. This then lead Minkowski to state that time
and space can be considered as dimensions of a four dimensional vector space R* with an

indefinite inner product:

(x,y) =z -y = —zoyy + T1y1 + T2y2 + T3Yy3 (2.2)

Which can also be expressed in matrix form using the summation convention:

-y = 77;11/1'“13” (2.3)



where we define the Minkowski metric:

-1 0 0 0
100
N = 2.4
i 01 0 (2.4)
0 01
The space-time interval on the Minkowski manifold is then given by:
ds? = ny,datdz” (2.5)

This line element is invariant under Lorentz transformations in addition to space-time trans-
lations. Together they form the full group of transformations of Special Relativity: the

Poincare group. One can also express the transformation laws in matrix form:

aM = N g¥ 4 (2.6)

where we denote Lorentz transformations by A, € SO(3,1) and space-time translations by

(" € R*. Then for the transformation of the metric we have:

)\Ma)‘yﬁn,ul/ = Nap (27)

from which we conclude that the metric is invariant under Lorentz transformations and indeed

the Lorentz group can be thought as the one that leaves the metric invariant.

2.2 General Relativity

General relativity is the theory of gravity consistent with Special Relativity which makes
use of the geometrical approach described in the previous section. This new approach is
needed as Newton’s theory of gravity is inconsistent with the speed limit of propagation of
any kind of information. If one considers just the Poisson equation in order to describe how
the gravitational field behaves, they will end up with instantaneous changes in the field when

the source is perturbed.

2.2.1 The geometric structure of General Relativity

The single pillar on which GR was built on, which happens to be ” Einstein’s happiest thought”
is the principle of equivalence, which states that locally observers free falling in a gravitational

field experience the same laws of Physics as those undergoing uniform acceleration. Or in



simpler words: inertial mass and the gravitational ”charge” of objects are equal. This is
a profound consequence of the structure of space-time i.e. that it is a pseudo-Riemannian
manifold and that gravity itself is a manifestation of the curvature of said manifold. The
properties of this space-time manifold are that it is everywhere differentiable and its metric
is non-degenerate.

In order to introduce curvature to the manifold one has to let the metric be a function of

the space-time coordinates:

Nuv — guu(ﬁ) (28)

On the other hand it is always possible to find an orthonormal basis {e,} of the tangent
space T,(M) of the manifold M so that locally the metric is flat. In conjunction with the

condition for differentiability or smoothness of the manifold we have:

g,uu|p = Nuv (2'9)

The equivalence principle is also deeply rooted in this very important property of differ-

entiable manifolds.

Tangent space }';)U

Choosing a basis in which the manifold is flat at given point p does not necessarily mean
that it will be flat everywhere. However, since we are always free to choose a basis and the laws
of Physics must remain the same under such change, as it can be totally arbitrary, this must
be also a symmetry of the theory: it is the symmetry of general coordinate transformations
or diffeomorphisms.

The metric transforms under diffeomorphisms as:

1o g0
= fl‘i . (ffxfgag(x) (2.10)

from which we can see that the line element (2.5) is left invariant. The derivative operator,

9 (@)

however, is not invariant under diffeomorphisms, therefore a covariant derivative is needed,



much like in gauge theories. For this we introduce the connection on the manifold so that

acting with the covariant derivative on a vector we have:

V.V =0,V 1Y, VP (2.11)

which can be generalised to tensors of any rank.

The covariant derivative is not only invariant under diffeomorphisms, but also provides us
with a map from the tangent space T),(M) at a given point to the tangent space at any other
point T, (M), or as a matter of fact, for any vector field at different points on the manifold.
This in essence is what allows the connection to act as a derivative on the curved manifold.
This map is called parallel transport and the condition for it can be expressed mathematically

as the geodesic equation:

R dx¥ dxP
# — =0 2.12
dr? VP dr dr ( )
for some affine parameter 7. This equation governs the motion of objects on the manifold

and is a generalization of a ”straight line” on curved space-time.

In GR the connection is uniquely defined by requiring;:
e Metric compatibility: V,g.,

e Zero torsion: T
(V]

From which we can express the connection in terms of the metric:

1
F;pw = ing (augcru + al/gcru - aog;w) (2.13)

Now, since we have fully constructed the covariant derivative we can determine the cur-

vature or Riemann tensor from its commutator:

[vp, vg} VE=RH VY (2.14)

vpo

Then, by taking its trace once and twice we get the Ricci tensor and scalar respectively:

Ry =R, R=g"R, (2.15)

Using these one can construct the simplest possible action that is Lorentz invariant and

also invariant under diffeomorphisms, called the Einstein-Hilbert action:



S = /dx‘*\/?gR (2.16)

where g is the determinant of the metric. The equations of motion obtained by varying this

action under infinitesimal changes of the metric are the Einstein equations in vacuum:

1
Ry — §gWR =0 (2.17)

where G is Newton’s constant. To include matter one has to modify the action for some

arbitrary matter fields:

S = /dx‘*H(R + L) (2.18)

from which follows that the Einstein field equations with matter are:

1
Ry = 59wk = 87GT (2.19)

where T}, is the stress-energy tensor for the matter fields given by:

_ 2 0(V=9Lm)
T = — N (2.20)

This whole construction looks awfully similar to how gauge theories are constructed, so
naturally one might ask themselves if GR can be derived as a classical gauge theory of its
symmetry group, the Poincare group. The answer is yes and we explore how to do it in later

chapters.

2.2.2 Vielbein formalism

Before discussing gravity as a gauge theory it is worthwhile to discuss briefly the vielbein
formalism, which reformulates GR in terms of new fields, the vielbein, instead of the metric.

This proves to be quite useful as explained below.

A natural basis for the tangent space T},(M) is given by partial derivatives with respect to
the coordinates at the point p, ¢, = d,. Then, similarly for the cotangent space T} (M) it is
given by the gradient of the coordinate functions at the point p, é# = dx*. This, however, is
arbitrary and we are free to choose any basis. It is very convenient to choose a non-coordinate

basis so that they are orthonormal and also that locally the Riemannian manifold is flat [4]:

g(éaaéb) = Tab (2'21)



The vectors comprising this basis are called wvielbein or, in four space-time dimensions,
tetrads or vierbein. Just like how we cannot always choose a coordinate basis that covers the
whole manifold, we can neither do it with the orthonormal basis, but we can always work
in patches. Physically this is just defining a free-falling frame that does not exprience the
effects of gravity.

The usefulness of this basis comes from the ability to express any vector or tensor by a

linear combination of the vielbeins.

e, Vi=Vv" (2.22)

The vielbeins are an n x n invertible matrix and we denote the inverse by switching the
indices

ey = 9" nave,” (2.23)

therefore the following identities hold:

eel =0 ele) =) (2.24)

Then, equation (2.21) can be expressed in terms of the vielbeins:

G’ gy = Nap (2.25)

The vielbeines also transform under Lorentz transformations:

et = ALle, (2.26)

a

so that when substituting into equation (2.26) we recover the correct transformation for the

metric (2.7)

Taking a covariant derivative in the non-coordinate basis also requires using a different
connection: the spin connection. Its name comes from the fact that one can take covariant
derivatives of spinors, which is not possible using the Levi-Civita connection. This is in fact
where a lot of the usefulness of the vielbein formalism comes from, one can use it to describe

spinor fields in General Relativity.

The covariant derivative in the non-coordinate basis then takes the form:

ViV =0,Vh +w, . X% —w,5X% (2.27)



A very useful and general result can be derived by performing covariant differentiation

on a vector field in the coordinate and non-coordinate bases and equating them.

In the coordinate basis we have:

VV = (d, V" + FZpr)é”é,, (2.28)
and in the non-coordinate basis:
VV = (0,V* +w,%VP)ete, (2.29)
= (0u(e,"V") + w, e L VP )ere? bo (2.30)
= (0,V" + e”aauepavp + e”aepbwu“bvf’)é“éy (2.31)
which finally, after comparing the two equations, gives:
w, Y = e, " T, — e due,” (2.32)

This is a general result and is often called the vielbein postulate.

2.3 General Relativity as a gauge theory

The construction of a curvature tensor from the commutator of the covariant derivative
(2.14) and then using a scalar constructed from it to write down an action (2.18) is exactly
the same procedure that we do in Yang-Mills theory. The only underlying difference is that

the underlying geometry is a fibre bundle instead of the geometry of space-time as in GR.

To derive GR as a gauge theory one starts with the Poincare algebra [5, 6], which is the
algebra of the symmetry group of relativity:

Pu B =0
| May, P = ~2n5aP (2.33)

[Maba Mcd:| = AnajeMap)

where P, are the generators for space-time translations and M, are the generators for Lorentz

transformations.



We wish to associate a gauge field to each of these transformations: let e,* be the gauge
field for translations with a space-time dependant parameter (?(x) and wuab with parameters

A% for Lorentz transformations. With the following transformation properties for the fields

[2]:

5eua _ a‘uca _ wuabcb + )\abeub

6wuab — 8“)\(11) + 2)\C[awub}c (234)

With the curvature tensors:

R, (P) =

ab
R;w (M) =

(8[yey]a _ w[uabeyb)

(9w ab _ w[ﬂc“wy]bc) (2.35)

To make contact with gravity we want to express local space-time translations with general
coordinate transformations, since this is the actual gauge symmetry of GR. In mathematical
terms this means to say that we want to interpret the gauge field e, as the vielbein. To do
so, curvature constraints have to be imposed and one has to make use of the general identity

for a gauge field:

0= 0ger(§)A + R, =) 687 A, A" (2.36)
{c}
where A% is a gauge field, R, its associated curvature tensor and the parameter for general

coordinate transformations £” can be expressed as:

f” = ea'uga’ (237)

The derivation of this identity is shown in appendix A.

The sum in (2.36) can then be split into the translations and Lorentz transformation

terms, so that we get:

p(C")em" = bget(€)em® + EP R, (P) — o0 (€Pw, ™) ey, (2.38)

Which tells us that performing a translation actually corresponds to a diffeomorphism
and a Lorentz transformation in addition to some curvature term. We can further constrain

this result by constraining the curvature tensor for translations (2.35). We note that the

10



a

gauge field e, only transforms under translations and not Lorentz transformations we are

led to impose:

R,,“(P)=0 (2.39)

Now we are able to solve (2.38) and express the gauge field wuab also in terms of the
vielbein and its inverse:
o]

B +e, e e O e (2.40)

b _
w, " = —er[aﬁ[ﬂep]
Then the Levi-Civita connection of GR can be introduced by making use of the vielbein

postulate (2.32):

v, =e,Dye,” (2.41)

Finally to put this theory on-shell one has to impose Einstein’s equations, retrieving

General Relativity as a gauge theory.

2.4 Quantum gravity

General Relativity has proven to be one of the most consistent theories in Physics that we
have had, it has been tested thoroughly for the past hundred years and its predictions have
always agreed with experiment. But GR is a classical theory, what happens when we quantize
it?

One way to do this it to expand the Einstein-Hilbert action (2.18) around a flat Minkowski
metric and another is to just construct the Lagrangian for a massless spin-2 particle invariant
under diffeomorphisms and Lorentz transformations [7]. Either way the leading kinetic terms

in the Lagrangian are:

1 1 1
Liin = Zh,“,a?h“” - 5h,wa#aphgf’iuauayh/ﬂ/ - Zh82h (2.42)
2

where h,,, is the fluctuation of the metric and h its determinant.

The interacting terms are, however:

Lint ~ VGO?h3 (2.43)

which can be shown to be non-renormalizable.
The theory is still consistent though and predictions can still be made about the quantum

corrections due to gravity for light objects. These, however, are so small and negligible that

11



one can not possibly hope to ever measure. For very massive objects like black holes the
theory is non-perturbative as shown by (2.43) and a UV completion of it is needed. This

comes to show us that a novel approach is needed and one such is String Theory.

12



3 String Theory

In String theory the point particles of standard Physics are generalised to one-dimensional
objects: strings. Since these objects have a physical dimension they can be dynamic and have
excitation modes. These excitation modes can be shown to correspond to the properties of
not only the elementary particles of the Standard Model, but also of the graviton and some
new exotic particles.

These strings turn out to exhibit a very special set of symmetries, including conformal
symmetry, which opens up the possibility of using the mathematical tools of conformal field

theories (CFTs) which is extremely powerful.

3.1 The bosonic string

3.1.1 The point particle

The action for a relativistic point particle in d + 1 dimensions is:

v
S = —m/ —guy%%cﬁ (3.1)
where 7 is some parameter that we use to label the po-
sition on the particle’s path and the action itself can be
interpreted as the length of the particle’s path.

We note that the parameter 7 is not unique and we
are free to redefine it as we wish without changing the
action. This is reparametrization invariance and is a gauge
symmetry of the theory. This gauge symmetry essentially
reduces the degrees of freedom of the action by one, which
is what one expects since letting 7 = z° gives the correct

number of degrees of freedom for a classical point particle.

We also note that this action is invariant under trans-
formations of the Poincare group (2.6) as expected for a
relativistic action. Figure 1: The world-line of a

Since the whole action is proportional to the mass of Point particle [8]
the particle m it is clear that for massless particles it needs
to be modified. One way to do it is by introducing a new field e, essentially acting as a vielbein

on the world-line for the one dimensional theory:

13



1 _q  dz*dx¥ 9
S = 2/(6 Guv =g —em )dT (3.2)

To see that this action is equivalent to (3.1) one can solve the equation of motions for e:

1 dxt dzv
e(r) = \ TI (3.3)

Substituting this equation of motion into (3.2) we see that we retrieve (3.1).

3.1.2 The Nambu-Goto action

We wish to generalise the point particle action (3.1) to
a one-dimensional object that is also embedded in a Rie-
mannian space-time. We previously noted that the action
of the point particle is just the length of its path. Anal-
ogously we can construct the action of a string by de-
manding it represent the area that a string sweeps while
propagating trough space-time called the worldsheet.

To do this we note that the worldsheet is a curved

manifold in itself, therefore we can express its metric as

the pullback of the Riemannian metric of the background:

0XHoXv
T8 = Gan g7 I

(3.4)

The action of the string then can be expressed as the Figure 2: The worldsheet of a

area of the worldsheet given by: one-dimensional closed string [8]

S = —T/daQ\/TV (3.5)

where T is the tension of the string and « is the determinant of the worldsheet metric.

Writing it out explicitly we have:

[ X XX
Rl PN (35)

with X = 9X/80° and X' = 9X/do".

Substituting (3.6) into (3.5) we get:

14



S = —T/dO‘Q\/(X CX)2 - X2.X"2 (3.7)

which is called the Nambu-Goto action.

Just like the action for the point-particle, this action is invariant under both reparametri-
sations and Poincare transformations.
3.1.3 The Polyakov action

The Nambu-Goto action is quite inconvenient to work with because of the square root in it.
For this reason, much like in the point particle case, a new field can be introduced without
actually changing the physics of the string it describes.

This action is called the Polyakov action and is given by:

S=-T / o>/ =g B0 X105 X" (3.8)

where g®? is the novel field, g its determinant, Iy is the metric of the Riemannian background

and now X* acts as the dynamic fields on the worldsheet.

Solving the equations of motion for the fields X* we have:

Oa(v/=9g*P9sX") =0 (3.9)

and for ¢*%:

Gap = 2f(0)7*" (3.10)

where the function f(o) is given by:

F(0) ™! = g% hyu O X0 X" (3.11)

Substituting (3.11) into the Polyakov action (3.8) we see that we retrieve the Nambu-
Goto action (3.7). Substituting in the equations of motion (3.10) we see that it is also left
unchanged, thus taking into consideration these two results we have proven that the two

actions are equivalent.

We note that the worldsheet metric v*# and the fields ¢®? only differ by the confor-
mal factor f which is a profound consequence of the theory being two-dimensional on the

worldsheet. In other words in addition to being reparametrisation and Poincare invariant the

15



theory is invariant under rescalings that preserve the angles between lines, this is called Weyl

mvariance.

Using the invariance under reparametrisations and Weyl invariance we can completely fix

the worldsheet metric. We can therefore set it to be flat and will consider so from now on.

3.2 Conformal field theory

A conformal field theory is a field theory which is invariant under a coordinate change that
leave the metric invariant up to a scalar function.

Explicitly we have:

o® — o"(0) (3.12)

which results in:

Gap(o) — 92(0)ga5(0) (3.13)

The diffeomorphism and Weyl invariance of the bosonic string action taken together result

in it being a theory with conformal symmetry.

3.2.1 Operator Product Expansion

The operator product expansion (OPE) is a mathematical construction that allows us to
express the product of local operators at nearby points as a sum over operators at one of

these points.

Explicitly this statement takes the form:

(04(0) ch o — o' )(O;(c") (3.14)

where the coefficients C’fj are c-number functions and the OPE will only depend on the
operators O;(0), O;j(0’) and their separation, and will be independent of the identity. Usually
the time-ordered correlation function notation is omitted, but it must still continue to be

understood as such.

OPEs are singular as z — w and it is these singular terms that are of interest since they
hold all the useful information, such as transformations under symmetries. OPEs are the

equivalent operation to a commutation relation in a CFT.

16



We can now make use the Ward identities to derive the propagator (X*(o)X"(o").

Starting from:

g -5 /
0 /DX(;X(U) (=5 X(0"))
_ / DXe S~ ToX (0)X (o) + 8(0 — ")) (3.15)
From which it follows that:
2 ! 1 !
(0°X(0)X (o)) = —70(0 = o)
_ Lo N2
= 2T8 In (o —0') (3.16)
Then the propagator is given by:
X(0)X(o") = —% In (o — o')? (3.17)

Which can also be split into a left-moving, holomorphic and an right-moving, anti-
holomorphic parts:
X(@)X(w) = —g=l(z—w)  X(E)X(@)= oMz —0) (318)
2)X(w) =—5rn(z —w 2)X(0) = —5xIn(z-w .
By using the OPE for the propagator is then possible to derive the OPEs between the

conserved currents of the theory and any other field.

3.2.2 Radial quantisation

One way to quantise the bosonic string is through radial quantisation, which consists of
defining a qauntum field theory on the plane. This process starts by going to complex
coordinates:

1

w=0c"+ic' wW=0"+io! (3.19)

17



and then mapping the infinitely long cylinder onto R x S!

the complex plane R x S — C. This allows us to to -

split the components of the theory into holomoprhic 00‘

and anti-holomorphic parts, therefore allowing us to |
equal radial

00 past
use complex analysis to study the theory. This map  equaltime slices
slices e
is realised by the following change in coordinates: o'
5 — W 5 — o i (3.20) Figure 3: Map from the cylinder onto

the complex plane [9]
Whereas the Hamiltonian generated time translations on the cylinder, on the plane they

are generated by the dilatation operator D = 20 + z0. Therefore the Hilbert space defined
on the plane is made of circles with constant radius instead of constant time slices as on
the cylinder. In two dimensional CFT this way of quantisation is allows for the use of short

distance operator expansions.

3.2.3 The Virasoro generators

By varying the Polyakov action (3.8) with respect to the worldsheet metric we can find the

holomorphic and anti-holomorphic parts of the stress-energy tensor:

1 I
T=-—0X0X T=--—0X0X 21
5 0X0 5 0X0 (3.21)

where o o< 1/T (in this expression T is the tension not to be confused with the holomorphic

part of the stress-energy tensor).

The stress-energy tensor can then be expanded in a Laurent series:

o0 [e o]

T(z)= Y % T(z2)= > % (3.22)

m=—0o0 m=—0o0

Alternatively we can invert these in order to express Ly, in terms of T

- 1 _
dzz™T(2),  Lp=-— ¢ dzz™"TT(2) (3.23)

L -
m 27i

" 2mi

m+1

These are the conserved charges of the conformal transformations z — 2z + 2 and

zZ — z + 2™+ called the Virasoro generators.

Of partucular interest are:

e [ and E_l that generate translations
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e Ly and L that generate scalings and rotations

e the combination Lo + Lo called the dilation operator, which is the analogue for the

Hamiltonian on the plane

3.2.4 The Virasoro algebra

Now that we have the Virasoro charges we can compute their algebra, whose representations

will classify the states on the string.

The commutator of the Virasoro generators is then:

[Lm,L ( }[ - f _— ]{ — f 2m> 2Ly ()T (w) (3.24)

After performing the two contour integrals one obtains the Virasoro Algebra:

c
ﬁm(m2 = 1)0m+4n,0 (3.25)

where c is a central term that commutes with all of the generators and is associated with

[Lma Ln:| = (m - n)Lm+n +

the dimension of the Riemannian background. For the bosonic string that is d = 26.

With the Virasoro algebra one can then build up the quantum states of the theory [8, 9].
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4 Newtonian gravity and Galilean symmetry

Before we embed the bosonic string into a non-relativistic baclground we first need to describe
and understand what we mean by that. Since String Theory is a geometrical, covariant theory
we need a non-relativistic geometrical background that has the properties of Newtonian
gravity and is covariant. Such reformulation of non-relativistic gravity already exists and it
was actually formulated just a few years after GR by Elie Cartan [1]. This theory is called

Newton-Cartan gravity and is Galilean invariant.

4.1 Galilean relativity

A "non-relativistic” theory is one whose formulation is covariant under the Galilei group,
which is the relativity group that governs "non-relativistic” theories. As a matter of fact the
Galilean group is equally relativistic to the Poincare group and the former should not be
considered only as a limit of the latter as the only difference between the two being their
relativity group. It is only for historical reasons that Einstein’s theory is ”relativistic” and

Galilean ones "non-relativistic”. In this section I follow the review of the subject in [10].

The Galilean group in three space and one time dimensions is consists of ten elements

parametrised by:

g=1(¢"¢,V,\) (4.1)

where the parameters correspond to time translations, space translations, Galilean boosts

and spacial rotations respectively. The inverse are then:

g_l = (740) 7R_1(C - VCO)a )‘,)‘) (42)
with the identity element:
1,=(0,0,0,1) (4.3)
The group law is:
g"=gxg ="+ HENCHVEOVEV ENV NN (4.4)

The action of g on a space-time vector (¢,x) can be expressed as the action a 5 x 5 matrix:
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Cllt =] t+¢° (4.5)

VvV ¢ X Ax + Vit+ ¢
1
0 1 1 1

A

0

0

The additional element 1 on both the transformation matrix and the space-time vector

is needed to represent the group of affine transformations in a homogeneous, matrix from.
This is needed only if an origin for space-time is not set. Since flat space-time is not a vector

space, but rather an affine one, any coordinate change in an affine space will result in an

non-homogeneous transformation. Therefore the above change amends this.

The group algebra is then:

[Jij, Gk} = _25k[iGj] [Jij, Pk] = _25k[z’Pj

[Gi,H} =P, [Jij7 Jkl] = 46i[ 11 (4.6)

where P; generates space translations, H time translations, G; Galilean boosts, J;; rota-

tions.

4.2 Newton-Cartan gravity

First we will restrict the discussion to d = 4 space-time dimensions, one for time and three
for the spatial dimensions. In this section we will review Newton-Cartan (NC) gravity as a
geometric theory that mimics the framework of GR as close as possible [2, 1, 11]. Our end

result in this section is to see how we can obtain e covariant Poission equation for gravity.

First we consider the classical equation of motion for a point particle in a Newtonian

potential:

9p(x)
Ozt

where z(i),i = (1,2,3) are the coordinates in space, ¢ is the time and ¢(z) is the gravita-

X(t) + =0 (4.7)

tional potential. From Newtonian dynamics we know that this potential satisfies the Poisson

equation:

0*¢(x) = 4nGp(x) (4.8)

where p(x) is the mass density.
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The equations of motion (4.7) and (4.8) are invariant under transformations of the

Galilean group:

t—t+€° Tt — )\ija:j + vt + € (4.9)

where the parameters &9, &% are for translations in time and space respectively, )\ij € SO(3)
for spatial rotations and v* for Galilean boosts.

From a Newtonian perspective equations (4.7) describes objects following curved paths in
flat space-time. Just as in GR we wish to amend this and describe this motion as following
a geodesic in curved space-time. This means that we have to rewrite (4.7) as the geodesic
equation (2.12). To do so we set the coordinates {z*} = (¢,2") and the non-zero components

of the connection to be:

by = 690;0 (4.10)

From (4.10) one can now derive Riemann tensor for this geometry, whose non-zero com-

ponents are:

Rigio = 6%0,0;¢ (4.11)

From which we can retrieve the Poisson equation (4.8) by imposing:

Ro(] = 47TGp (4.12)

To covariantise (4.12) we need the metric of the space-time manifold. The metric in NC

gravity and unlike GR is degenerate, to see this we can take the ¢ — oo limit of the Minkowski

_ /2
= (01 ]l;)cQ> (. < 10/ ]?) #13)

where we end up with a temporal metric 7, = 7,7, with 7, the temporal vielbein and the

metric:

spatial metric h#*¥. These satisfy:

W, =0 (4.14)

And we can define their inverse by imposing [12]:
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h'uyhyp:(sﬁ—T'qu TVTV:].

hy =0 (4.15)

To relate the metric and connection we impose metric compatibility:

VA" =0  V7,=0 (4.16)

From (4.16) follows that 7, = O,t(x) is a gradient of a scalar field, in the case of NC
gravity that is the absolute Newtonian time ¢.
The metric compatibility conditions (4.31), however, do not uniquely define the connection

'/, as the connection is still arbitrary up to an additional anti-symmetric field [13]:
L, =10, + h* Ky, (4.17)
The most general connection that satisfies the metric compatibility condition (4.31) is
then [13]:

1
D = 7001 + 507 (uhou + duhey = Oahyu ) h° Koy (4.18)

In adapted coordinates where ¥ = t, Ty = 62 the connection components are then given
by [13]:

00 = h"7(dohjo — %@hoo + Kjo) = h7®
by = hik (%aohjk — Ojjhago + %KM) = hY (%aOhjk +win) (4.19)
L= %h“(&khlj + Ojhug — Ohh)

9, =0

Then a covariant form of the Poisson equations can be constructed as:

R, = 4nGpT,Ty (4.20)

To make full contact with Newtonian gravity (4.20) has to reduce to the Poisson equation.
To do so one has impose further constraints, given by conditions on the Riemann tensor as

demonstrated in [14]:
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o phl _
WeRY ), =0 (4.21)
which in adapted coordinates equates to:
Oowpi — 6[M<I>i] 8[kwui] =0 (4.22)
from which K, can be further constrained:
KNV = 28[Mm,,] (423)

where m is a vector field given by m, = d,m(x) for m(x) scalar function.
The second condition is for w;; to just depend on time so that it satisfies (4.19). As shown

in [12] these are:

hPRF, o (D)RY e (T) = (4.24)
T[)\R“V}pU(F) =0 (4.25)
oA —
hPRH, () =0 (4.26)
all lead to w;; = w;j(t) independently. Then after performing a coordinate change [13]

x — )\ij(t)xj where /\ij € SO(3) we end up with:

Ty = 070, (4.27)

in the new coordinate system. Now we can identify ® with the Newton potential so that we

recover the Poisson equation:
R()o = 8iF60 = 6”8@~8j(1> = 47TGp (4.28)

4.3 Newton-Cartan gravity as a gauge theory

Just like Genral Relativity can be obtained by gauging the Poincare algebra Newton-Cartan
gravity can also be derived as a gauge theory of a symmetry group. Intuitively one might
think that the group that needs to be gauged is the Galilean group, that is not entirely true

and in fact a central extension of the Galilean algebra is needed, called the Bargmann algebra.
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4.3.1 Symmetry group of Newton-Cartan gravity

The necessity for a central extension to the Galilean algebra can be most easily seen by
considering the transformation properties of the classical point particle with a Lagrangian:
ma?

L= (4.29)

That under Galilean boosts transforms as a total derivative:

d ii, Lo i j
oL = %m(élﬂ: v+ 557;3'7) th) (430)
where v? is again the Galilean boost parameter.

There is no way of removing this total derivative terms and even though it does not
change the equations of motion classically, it has profound consequences when the theory
is quantised [10]. To see how this term gives rise to a central extention we can explicitly

compute the Poisson bracket between a Galilean boost and a space translation:

{Gi, Pj} = —mé,-jvirrj (4.31)
It is then straightforward to check that the expression on the right-hand side of (4.31)

has a zero Poisson bracket with all of the generators. From this we conclude that the algebra

of Newtonian gravity is the Bargmann algebra:

[Jij,Gk} = —20,G}) [Jij,Pk:] = —204; P
[G,-,H} =P, |:Jz'j7 Jkl] = 40k J1) (4.32)
(G Py| = —0M

where we have the same generators as in (?7) with the addition of M, the central extension.

As we will see the central extension is the U(1) symmetry that is responsible for mass
conservation in the theory. This is not, however, unique to the point particle and every
non-relativistic theory with mass conservation exhibits it, including field theories with non-
relativistic backgrounds [3].

The underlying reason for this is because the Galilean algebra itself permits a central
extension and therefore the Poisson brackets or commutation algebra will always realize the
centrally extended algebra. This is not the case for the Poincare algebra in D = 1 + 3
dimensions, for example, since the algebra does not permit a central extension. Any central

term added to the algebra can be absorbed by redefinition of the generators.
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4.3.2 Newton-Cartan gravity as a gauge theory of the Bargmann algebra

Gauging the Bargmann algebra follows the same procedure as in section 2.3, we assign to

each symmetry transformation a gauge field:

%

e Space translations (*(z): spatial vielbein e,

e Time translations (°(z): temporal vielbein 7,

e Rotations \: w,"

e Galilean boosts \%: wuio

e Central extension U(1) transformation o: m,

With transformation properties given by:

075 = 9C°
de,) = Dyu¢' + Xe, ) + XY — (Ow,
6w, = DA + A\ 1 (4.33)

dw, = DAY
om = 9o — C'w,” + N0/

where D,, is a covariant derivative under rotations that depends only on w,".

The curvature tensors for each of the gauge fields are then given by [2]:

Ry (H) = 20,7, (4.34)
R, (P) = 2(Dye,) —wy,r (4.35)
R, () = 200, = w,Mw,”") (4.36)
R,,7(G) = 2D}w,," (4.37)
Ry (M) = 2(9my) + e,/ w,," (4.38)

From (4.34) follows that we can set 7, = J,,t where ¢ is the absolute time, in accordance

with the same result obtained from (4.16) in the previous section.

Using the general identity for gauge fields (2.36) we associate the parameters for space

and time translations with the parameter for general coordinate transformations:
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m= et ¢t hed (4.39)

Analogously to the constraint (2.39) we can impose:

R, (P)=R,(H)=R,(M)=0 (4.40)

In addition one can use the Bianchi identities to obtain further relations between the

curvatures:

R[pyij(J)ey}j =R, (@7 €,R,,"(G)=0 (4.41)
ui’

only express the spin connection wuij in terms of the other fields. It is important to note

Since only e, 7, and m transform under space and time translations, and we wish to
that we want to keep m as an independent fields since it will account for mass conservation
in the theory.

J

To solve for wMi use the condition for the momentum curvature [2] as follows:

RWZ(P)eZ + RIDMZ(P)eZ — RVpZ(P)e’ =0 (4.42)
from which we obtain:

i vk

wukl — 8[ﬂey][’€€yl} + euia[yep] e epl] _ Tuep[kw”l]o (4_43)

Then from contracting the curvature for the m field:

R, (M)e", =0 R, (M)m" =0 (4.44)

(2

in conjunction with (4.42) and (4.43) we have:

w#io = e”ia[ymy} + e”iTpeia[Vep]j + TMT”e"iO[Vmp] + Tyﬁ[ﬂey]i (4.45)
To obtain Newton-Cartan gravity for this approach the connection also needs to be de-
fined, for this one has to make use of the vielbein (2.32) postulate (2.32) for the spatial and

temporal vielbeins [2]:

e, — wuijel,j _ w“iOTy _ Flljuepj -0 (4.46)

Oty = I, 7 =0 (4.47)
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From (4.46) and (4.48) the following expression for the connection is obtained:
I0, =701 + €; (8(Mel,)i — w(u”ey)] — w(uiory)) (4.48)
The connection (4.48) is now uniquely defined, unlike (4.18), therefore by comparing
(4.18) with (4.48) K, can be fixed:

K, = w[#ioey]j (4.49)

=20,,m, 4.50
(']

where to get from (4.49) to (4.50) the condition R, (M) = 0 is used. Then the Riemann

tensor constructed from (4.48) can be given in terms of the curvatures ijij (G) and RWU(J):

Rl (T) = —¢"(R

vpo

pUiO(G)T,, + Rpgij(J)er) (4.51)

The conditions (4.24), (4.25) and (4.41) are all equivalent to:

R, (J)=0 (4.52)

which can be used to finally construct the covariant equation of motion:

Tueu(zRWj)O(G) — 5k(jRi)OkO(F) (4.53)

This equation of motion equates to the only non-zero component of (4.11) of the Riemann

tensor for the covariantised Poisson equation of Newton-Cartan gravity.
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5 The bosonic string in Newton-Cartan background

5.1 The bosonic string with Newton-Cartan background

There has been work done on Galilean invariant bosonic strings for quite some time now [15]
since it can be applied in conjunction with the holographic principle in order to study the
properties of other sectors of String Theory, including relativistic ones [16]. Only in the past
decade was String Theory studied as non-relativistic theory embedded in a Newton-Cartan
background. There are two ways to make this embedding of the bosonic string. One is to
take the usual ¢ — oo limit of the Polyakov action as demonstrated in [17, 18, 19]. And the

second one, which I make use of is by dimensional reduction along a null Killing vector field.

5.1.1 Dimensional reduction on along null Killing field

The special properties of taking the dimensional reduction along a null Killing field can be

most easily seen by setting the metric to [20]:

hmn gm
GuN = ( . 52) (5.1)

where Gy n and hyy,, are the D+ 1 and D dimensional metrics respectively, £ = (0,0...,1)
is the null Killing vector and v is the extra dimension we are constraining. And where also

this form of the metric is valid for arbitrary £€2. Then its inverse can be parametrised as:
hmn Nm
GMN — < ) (5.2)
N NY
Setting £ to be a null Killing field:

&€=0 (5.3)

this essentially means that one component of the metric is set so zero and the equations of
motion will be reduced by one. From (5.1) and (5.3) we can clearly see that the metric ends

up to be degenerate since:

h™E, = 0 (5.4)

Which is the reason why this theory leads to a generally covariant Galilean theory. As
already shown in the previous section this type of metric complex A", u,, leads to a Newton-

Cartan geometry, a degenerate contravariant metric h™" with a zero eigenvector u,,.
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5.1.2 The Polyakov-type action for string with NC background

Making use of (5.1) and (5.3) we the relativistic (d 4+ 2) dimensional metric with the null

isometry in the form:

gundzMdaN = 2T dz™ (du — mydz™) + hppdx™ dz"” (5.5)

where hpn, 7 and m are the spatial metric, temporal vielbein and U(1) field of NC
gravity respectively, u is again used to index the null direction and =™ are the coordinates in
the (d+1) dimensions. It is then possible to derive a Polyakov-type action on the worldsheet
embedded in NC geometry by substituting (5.5) in the relativistic Polaykov action (3.8)

[21, 22]:
V=Y _ap

= m’Y (hap — Tamp — MaTg) —

Vo eBr 9 X (5.6)

2mad

where 7*? is the worldsheet metric, v its determinant and hag = hmnOa Xm0 X", T4 =
TmOa X™ and my = my,0,X"™ are the pullbacks of h,,,, 7, and m, onto the worldsheet
respectively.

The strings considered are closed and obey X™(0% o' + 27) = X™(0%,0!), and are
without winding. Then following [21] we want to find an action for the closed string in a NC
background only in terms of Ay, 7, and m,. Therefore we want to fix the momentum on
the null direction.

The worldsheet momentum current of the string in the null direction is given by:

oL 1
PY = N e )
© T 90X T 2maV T (5.7)
with the total along v momentum being;:
2m
P= / do' P? (5.8)
0

In this formulation the momentum is conserved on-shell, to fix it off-shell we consider a

dual formulation with the Lagrangian:

1 _

£ = == [V has + (V=97"15 — €90am) A (5.9)

where 7 is a scalar novel field and A, is a Lagrange multiplier that enforces the conservation
eaﬂagn

of the momentum P = in the u direction off-shell. Here we also use the convenient

2wal

combination:
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hag = hag — MaTg — Tamg (5.10)

which is invariant under local Galilean boosts. To confirm that (5.6) and (5.9) are equivalent
we can solve the equation of motion for 7 to obtain A, = 0, X" and substitute it in. Then

introduce the vielbein on the worldsheet e, and its inverse e®, = ¢*’e ﬁbeba that satisfy:

Navea’es’ =Yas  ne%0e’y =77 (5.11)

This allows us to rewrite the constraints as:

P (e, +e,') (5 + 9am) = 0
ePle,’ — e, ) (5 — 9am) =0 (5.12)

Then the Lagrange multipliers can be redefined as:

Aq :ma+%()\+—)\_)eg+ (A +A2)ed (5.13)

Substituting (5.25) into (5.9) we obtain the Polyakov-type Lagrangian of the bosonic
string in NC background as proposed in [21]:

e —
L= I %€ s + A€’ (9sm + 75) + A_el (9 — 7'5)] (5.14)

1

a _ 0
where e§ = e, £ e,.

The transformation properties for each of the objects from the metric structure are:

0T = L¢Tm

Seb, = Leel el + Nty + )\ijeﬁﬁ

6T = Nel (5.15)
dei" = Lee}”

dmp = Lemp + )\iefl + Opo

Using the transformations (5.15) one can check that the action based on (5.14) is invariant

under diffeomorphisms, local Galilean boosts, local rotations and local U(1) transformations.
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5.2 The Bargmann algebra for the bosonic string

5.3 Conserved currents

In order to derive the correct conserved currents we first need to know if and how the Lagrange
multipliers transform under the Galilean transformations.

5.3.1 Transformation properties of the Lagrange multipliers

Before looking at the Lagrange multipliers it is useful to first see whether the field X“ in the
null direction transforms. As we already saw the Lagrange multipliers are given in part in

terms of it so it is crucial to know if it contributes.

To do so I look at how the unconstrained Lagrangian transforms:

1—
L=—T=yy*8 (ihmnaaxnaﬁxm + Tin0a XM 05X ") (5.16)
Under boosts, the fields transform as X*—X* 4+ A X" and §X° = 0. Then let
XU XY 4 5X™

Transforming the Lagrangian we get:

5L = —T/ =78 [ﬁol-aaxoaﬁwxo) + 71102 X795 (N XO)
+ 7i0a(N' X 05 X" + T1n0a X ™95(6 X ™)
— T\ /=P [Emiaaxmaﬁwxo) + 7100 (N X0) 95 X (5.17)
+ Tmaaxmaﬁ((SXU)]

For the equation of motion for X* we have:

1 —
o | — T/ =47"" (§2hmnaﬁX”5#m + T 05X "8, + 85Xm5#“)] =0  (5.18)

where p = (m,u) and m goes over the non-null directions and w is the null direction.
We can integrate by parts (5.17) to get:

5L = 85| — TV=7*" (Emiaaxm v n(%X“)] N XO (5.19)

+ TnBa X™05(5X ™) (5.20)
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From which we conclude that X% does not transform under Galilean boosts.

Then taking this into consideration I derive how Ay transform. Rearranging the terms in

(5.25) gives:

1 1
Ay =mg + §A+ej - 5)\,6; (5.21)

Contracting separately with e¢ and e® we get the pair of equations:

e (Aa —ma) = Mg (5.22)
et (mg — Ap) = A (5.23)

Where we use that:
e%e, =efel =2 (5.24)

Taking the variations of equations (53) and (54) we have:

OA_ = €2 3(D0 X" — mpda X™)
= e2 (—0mp0a X" — my0,0X™) (5.25)
= €% (= N\'6;€L, 00 X™ — m;i0ad(N' X))

oAt = €38(—0a X" + mpda X™)
= €3 (+0mp0a X" — my0a6X™) (5.26)
= €5 (+A'6;j€] 00 X™ + m;i0ad (N X))

Using the transformations (5.25) and (5.26) we can now derive the conserved charges for

each of the symmetry transformations.

5.3.2 The conserved currents

To derive each of the generators we vary the Lagrangian (5.14) under:

e translations: X? — ¢* and X% — (0
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e rotations: X — )\jin

e Galilean boosts: X¢ — N\t X0

Starting with space translations the transformation §X* = ¢’ for the conserved currents

we have:

po—_°

)

= 27 R0 X" = 2mi (T s X — € D) (5.27)

4o

For time translations 6.X° = ¢°:

a__ €

4o/

— 270'850,183X” “+ 70 ()\,65_ — )ure[j) — 2m0(7aﬁTmaﬁXm - Gaﬂaﬁﬁ)] (528)

For rotations 6 X* = )\jin:

(1o’
Jj

= o { — 27 R, 05 X™ — 2(7*P 1,05 X™ — €*P0am)m;| X (5.29)

For Galilean boosts 6 X% = A\t X0:

G = —— (= 20"V Ry X" X° + 291,05 X ™ (81 X7 + m; X°)
Ao
+ 2679 (33; X7 + mX°)| (5.30)

5.3.3 Poisson brackets

In order to compute the Poisson brackets we first calculate the canonical momenta:

oL e 08~ 0
I, = a)(im = Arod — 2y manaan + 2 ’B(agXu — mnaan)
— 2797, m 05 X" + 2% m,, 0pm (5.31)

We are interested in the conserved charges so we set:

P=P° H=H°
Y G;i=G) (5.32)
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{in, Jkl} = 47:0;4{ — 2’yoﬁﬁjn85X"(5mo — 2(’yoﬁrn85X" — eoﬁagn)mj 5min(5km

= 46".J;! (5.33)

{in, sz} = ﬁ? [ — 2790, 05 X" 0n0 — 2(7°P 1,05 X™ — 9P Dgm)m; |6, X O

+ 271,05 X™ — P 9pm) 8,1, X"
= —2G;5," (5.34)

{in, Pk} = e [ = 29005 X" 00 — 2(vP 8 X" — P Dgm)m; (6,761 (5.35)

4o

= —26,'P; (5.36)

Where we have an extra factor of 2 for each in because it is antisymmetric with two

lower indices.

1 _
{Gi, H} = I [ — 2fyoﬁhm85X" — Zmi('yOBTm@ﬁXm — 6058577)

—_p (5.37)

{Gi, Pj} = 2(1P 75 X™ — P 9m)0; (5.38)
From which we find that the central extension must be given by:

M = —2(7"*7,0, X™ + €*0an) (5.39)

And confirm that the conserved charges indeed satisfy the Bragmann algebra (4.32) since

M commutes trivially with the rest of the conserved charges, as expected.

5.4 Algebra of the currents

In this section we want to compute the OPEs between the conserved currents and see if the

NC space-time symmetries can be realised on the worldsheet in terms of a current algebra.
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5.4.1 The Sugawara construction

The currents derived in 5.3.2 are of particular interest as not only their zero modes form a
Lie algebra, but there is also an infinite dimensional extension of this known as Kac-Moody

algebra: the algebra of the currents [23, 24]:

kéab ifabc Jc(o./)
2(c —0')? (0 — o)

where J%(o) are the currents of the theory, the parameter k is called the level of the Kac-

J4o)J(o") ~ (5.40)

Moody algebra and is analogous to the central extension c of the Virasoro algebra and f,

are the structure constants of the algebra.

This is of particular interest since full dynamics of the theory should be formulated in
terms of the currents, in other words the stress-energy tensor should be expressed in terms of
the currents|25, 26]. This procedure is called the Sugawara construction and can be expressed
as [27]:

dimG

Z JA(o (5.41)

k—i—hG

where T(c) is the stress-energy tensor and hq is the dual Cozeter number and takes

specific integer values depending on the type of algebra.

5.4.2 OPEs of the conserved currents

In order to compute the OPEs between the currents we first need the propagators for the

dynamic fields of the theory. They are given by [28]:

(X'(0)X7(0")) = A2k In (|Ac]?)

(X™ (o)A (o)) = o222
(0 —0')+
(o)) = 222
(0 —0')+
(o) Ae(0)) = —22_
(0 —o')x

A_(0)A_(0")) = —4nA2(c — o)

where Aj is a constant that does not have any significance. Using (5.42) I calculate the
following OPEs:
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where I have used the equations of motion for 7 [28] on the final results for the OPEs in order

to cancel out some of the unwanted singular terms that are proportional to In (|Ac|?):

0=1eY00 X" T + €% 0an

0= e50aX"Tm — €S 0an

And extensively make use the identities between the worldsheet metric and vielbein:
7B = e‘j‘reé + eiei (5.58)

aB _ a fB a B
€ —€+€_—6_€+
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6 Outlook and discussion

With these results I conclude the thesis. There are several questions that can be probed
using them.

The first and most obvious one is to actually perform the calculation for the stress-energy
tensor as it would be interesting to see whether it is well defined and consistent with other
results [28]. With the stress-energy tensor at hand one will be able to find the central charge
of the theory and therefore its dimension directly by computing the OPE of the stress-energy
tensor with itself in analogy with the theory of the relativistic bosonic string. This can be
very easily checked as the dimension of the bosonic string embedded in a Newton-Cartan
background is known to be d = 25 predicted both by the dimensional reduction procedure
and calculated explicitly using the Faddeev-Popov procedure [28]. This is an important step
in ultimately finding whether the dynamics of this sector could be described correctly in
terms of a current algebra.

As we saw there are several terms in the resulting OPEs that are not first and second
order singular. At first this may look concerning, but there are other current algebras in
which they arise [29]. There, however, the logarithmic and delta terms do not contribute
when calculating the weights of the field, so it will be interesting to see if this is the case in
for this particular theory. This procedure can then be done without enforcing the equations
of motion for the 7 field on the OPEs as it could be possible for the terms that cancel out on
it to also not contribute when calculating the weights and stress-energy tensor.

Second all of the calculations that I have performed are without matter fields. The theory
permits a Kalab-Ramond and dilaton terms with their own dynamics where they affect the
equations of motion (5.56). It would be interesting to see if the correct form of the Bargamnn
algebra is retrieved by including the matter fields. This in turn will result in modfied equations
of motion [28] and additional terms will also appear in the final results for the OPEs. Then
it has to be investigated whether the equations of motion need to be enforced again.

In conclusion I successfully derived the Bargmann algebra for the bosonic string embedded
in Newton-Cartan background. This was done by first calculating the conserved charges that
result from a Polyakov-type action without matter fields included. Then I calculated the
operator product expansions of the conserved currents that can result as a basis for further

research in the field.
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A Gauge algebra identity derivation

In this appendix the proof for the identity between a gauge field transformation and a general
coordinate transformation (2.35) is laid out. This is a general identity for any gauge field

that transforms under diffeomorphisms.

We start with a gauge field B,* on which a Lie algebra g is realised:

70, Ty = £ T (A1)

where T;, and f, “, which are anti-symmetric in its lower indices, are the elements and struc-
ture constants of g respectively.

This gauge field has a space-time index and therefore transforms under diffeomorphisms:

6(8)get B, = LeB," (A.2)
= *0\B," + B, "\ (A.3)

= OB,  + oA B, (A.4)

= ENOpB,y" + fo"B"B,) + 0r(6B,%) + [ "By "¢ B,° (A.5)

(A.6)

— f/\R,\ua _ Z (S(é.AB)\C) Bua
{c}

where L is the Lie derivative with respect to &*. To get from (A.3) to (A.4) add and subtract
f’\auB)\“ and combine into the anti-symmetrised and total derivative terms respectively. On
(A.5) add and subtract fcb“B)\bfABuc and to get to (A.6) recognise the first term on (A.5)
to be exactly the curvature for a non-abelian gauge field and for the second term make the

ansatz:

€=E'B,° (A7)

where € is the gauge transformation parameter.
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B Galilean boost current derivation

Here I give the derivation for the Galilean boost current from the Lagrangian (5.14) as an
example.
Taking the variation of the Lagrangian with respect to Galilean boosts where:
6Xt =\ x0° dmy = d;jm’el, (B.1)

results in:

o= Y (e — e X 05(6X")
+ [(ege” —ene])mda X + (ege’ +ee])Oun] (Smids X' ~mi0s(6X)]  (B.2)
= 47:0; [(eieé - e‘fei)ﬁmiaaXmagXO)\"
+[(e5e? = ee)100a X0 + (e3e? + e )an] (— Aid;;95X7 — miaﬂXﬂ)\i)} (B.3)
- 477_0386 [ — 29 R0 X" 05 X" — 2(v*P 7000 X + €*P0un) (605 X7 + m;05X°)
+2(y* 10 + P Pan X’ )} A (B.4)
B 47:(;85 [ = 29 hini0a X™ = 2(y*P 1000 X" + €7 0am) (0,05 X7 + mi)} XXO  (B.5)

/= . i o

 drad % [2(7 Tt 600417)})\ X (B.6)

where I use the identities:

—2yB = eﬁ‘reé — eﬁeﬁ (B.7)
—2¢ = ej"_eé — e‘iei (B.8)

And the equation of motion for X™ is given by:
Oy | — 2fyaﬂﬁmi8aXm + Qmi(’yo‘BTnaaX" + eaﬂﬁan)} =0 (B.9)

We see that the total derivative term (B.4) gives precicely the Noether current and (B.5),
and (B.6) vanish on the equations of motion. The rest of the currents are derived the same

way, but are more straightforward as the do not involve transforming any of the gauge fields.
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C Poisson brackets of the conserved charges

Here I calculate the partial derivatives of the conserved charges with respect to the fields X™

and their canonical momenta II,, which I use to calculate the Poisson brackets.

OP; OP;
T3 =0 8H; = (C.1)
0H 0OH

lel .

0G; _ V=1 [ — 27 hin0p X" Omo + 29" 105 X ™ ($im — midY,)

oX™  Ama/
— 26*P9n(8im, — M0, (C4)
9 ji s m
8J1 — o .
X = :L/mj — 29,05 X" 60 — 2(Y P 105 X" — € 0gm)m; |8, (C.6)
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D OPEs of the currents

Here I give two examples of the calculations that I have performed for the OPEs obtained in

5.4.2
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Where on (B.7) only the non-zero contractions are shown; to get from (B.8) to (B.9) the

equations of motion (5.56) are used and finally from (B.9) to (B.10) the terms from the third

on cancel out. The rest of the OPEs are more straightforward and do not require use of the

equations of motion.

48



References

[1]

2]

E. Cartan. Sur les variétés a connexion affine et la théorie de la relativité généralisée.
(premiere partie). Annales Sci. Ecole Norm. Sup., 40:325-412, 1923.

Roel Andringa, Eric Bergshoeff, Sudhakar Panda, and Mees de Roo. Newtonian Gravity
and the Bargmann Algebra. Class. Quant. Grav., 28:105011, 2011.

Eric Bergshoeff, Jan Rosseel, and Thomas Zojer. Non-relativistic fields from arbitrary
contracting backgrounds. Class. Quant. Grav., 33(17):175010, 2016.

Sean Carroll. Spacetime and Geometry: An Introduction to General Relativity. Benjamin

Cummings, 2003.

T.W.B. Kibble. Lorentz invariance and the gravitational field. J. Math. Phys., 2:212-221,
1961.

Ryoyu Utiyama. Invariant theoretical interpretation of interaction. Phys. Rev., 101:1597—
1607, Mar 1956.

M. Fierz and W. Pauli. On relativistic wave equations for particles of arbitrary spin in
an electromagnetic field. Proc. Roy. Soc. Lond. A, A173:211-232, 1939.

David Tong. String Theory. 1 2009.
Kevin Wray. An Introduction to String Theory. 2011.

Izquierdo J. Azcarraga, J. Lie Groups, Lie Algebras, Cohomology and Some Applications
in Physics. Cambridge Monographs on Mathematical Physics. Cambridge University
Press, 1995.

C. W. Misner, K. S. Thorne, and J. A. Wheeler. Gravitation. 1973.
J. Ehlers. Uber den newtonschen grenzwert der einsteinschen gravitationstheorie. 1981.

G. Dautcourt. On the Newtonian limit of general relativity. Acta Physica Polonica
Series B, 21(10):755-765, 1990.

A. Trautman. Sur la théorie Newtonienne de la gravitation,. C. R. Acad. Sci. Paris,
257:617, 1963.

Jaume Gomis and Hirosi Ooguri. Nonrelativistic closed string theory. J. Math. Phys.,
42:3127-3151, 2001.

49



[16]

Jaume Gomis, Joaquim Gomis, and Kiyoshi Kamimura. Non-relativistic superstrings:
A New soluble sector of AdS(5) x S**5. JHEP, 12:024, 2005.

Dieter Van den Bleeken. Torsional Newton—Cartan gravity from the large ¢ expansion
of general relativity. Class. Quant. Grav., 34(18):185004, 2017.

G. Dautcourt. PostNewtonian extension of the Newton-Cartan theory. Class. Quant.

Grav., 14:A109-A118, 1997.

Wolfgang Tichy and Eanna E. Flanagan. Covariant formulation of the post-1-Newtonian
approximation to General Relativity. Phys. Rev. D, 84:044038, 2011.

B. Julia and H. Nicolai. Null Killing vector dimensional reduction and Galilean ge-
ometrodynamics. Nucl. Phys. B, 439:291-326, 1995.

Troels Harmark, Jelle Hartong, Lorenzo Menculini, Niels A. Obers, and Ziqi Yan. Strings
with Non-Relativistic Conformal Symmetry and Limits of the AdS/CFT Correspon-
dence. JHEP, 11:190, 2018.

Troels Harmark, Jelle Hartong, and Niels A. Obers. Nonrelativistic strings and limits of
the AdS/CFT correspondence. Phys. Rev. D, 96(8):086019, 2017.

V G Kac. SIMPLE IRREDUCIBLE GRADED LIE ALGEBRAS OF FINITE
GROWTH. Mathematics of the USSR-Izvestiya, 2(6):1271-1311, dec 1968.

R.V. Moody. A new class of Lie algebras. J. Algebra, 10:211-230, 1968.
Hirotaka Sugawara. A Field theory of currents. Phys. Rev., 170:1659-1662, 1968.

Charles M. Sommerfield. Currents as dynamical variables. Phys. Rev., 176:2019-2025,
1968.

Peter Goddard and David I. Olive. Kac-Moody and Virasoro Algebras in Relation to
Quantum Physics. Int. J. Mod. Phys. A, 1:303, 1986.

A.D. Gallegos, U. Giirsoy, and N. Zinnato. Torsional Newton Cartan gravity from non-

relativistic strings. 6 2019.

Sujay K Ashok, Raphael Benichou, and Jan Troost. Conformal current algebra in two
dimensions. Journal of High Energy Physics, 2009(06):017-017, jun 2009.

50



