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Abstract

Einstein Equivalence Principle (EEP) requires all matter components to universally
couple to gravity via a single common geometry: that of spacetime. This relates
quantum theory with geometry as soon as interactions with gravity are considered.
In this work, I study the geometric theory of coupling a spin-% particle to gravity
in a twofold expansion scheme: First with respect to the distance based on Fermi
normal coordinates around a preferred worldline (e.g., that of a clock in the laboratory),
second with respect to 2 (post-Newtonian expansion). I consider the one-particle sector
of a massive spinor field in QFT, here described effectively by a classical field. The
formal expansion in powers of ! yields a systematic and complete generation of GR
corrections for quantum systems. I find new terms that were overlooked in the literature
at order Clz and extended the level of approximation to the next order. These findings
are significant for a consistent inclusion of gravity corrections in the description of
quantum experiments of corresponding sensitivities, and also for testing aspects of GR,
like the EEDP, in the quantum realm.
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1. Introduction

Algebra is the offer made by the devil to the mathematician. The
devil said: ‘I will give you this powerful machine, it will answer
any question you like. All you need to do is give me your soul:
give up geometry and you will have this marvellous machine.’

Michael Atiyah

The primary aim of this thesis is to probe the post-Newtonian correction of the Dirac
equation in the presence of the gravitational field. My thesis can be understood as
an extension of work done by Schwartz & Giulini [41, 40]. I expand on Schwartz &
Giulini’s work by adding the notion of spin which has led me to use the Dirac equation
instead of the Klein-Gordon equation.

Considering gravity being described by GR, I use the Dirac equation because it avoids
the shortcomings of the Schrodinger equation and grants us some important additional
benefits. The use of the Schrodinger equation is problematic because the Schrodinger
equation is: (1) a non-relativistic equation; (2) incompatible with GR; and (3) a first
derivative of time and second derivative of space which make it much harder to work
with than the Dirac equation. Using the Dirac equation is beneficial because the Dirac
equation: (1) has a clear geometrical description based on the concept of Spinors which
are well defined in the curved spacetime; (2) is a relativistic equation; and (3) has a
simpler differential structure in comparison to the Schrodinger equation.

My theoretical motivation is twofold: firstly to grasp a clear understanding of the
complicated interaction of gravity with quantum particles in a curved background
in QFT by considering their classical (i.e. ‘non-relativistic’, but still quantum) limits.
Secondly, to fill the gaps linking the description of spinor fields within classical Newto-
nian gravity to their description in relativistic GR, by providing a rigorous geometrical
description for the first one.

As a prerequisite to examining the post-Newtonian correction, I expand the Dirac
equation in the Fermi Normal Coordinate (FNC). The FNC can be seen as a general-
isation of the notion of a ‘proper reference frame’ to curved spacetime, defined with
respect to a reference worldline, e.g. that of a clock in the laboratory. Note that the



1. Introduction

worldline in question is arbitrary and not just geodesic. To perform the FNC expan-
sion, the following two conditions (known as ‘weak gravity conditions’) need to be
satisfied [22]:

¢ The geodesics in the coordinate neighbourhood must not intersect i.e. the cur-
vature of the spacetime must be small compared to the size of the system.

* The spacelike hypersurfaces must not intersect i.e. the curvature of the worldline
must be small compared to the size of the system.

With the FNC expansion in place, I turn to post-Newtonian framework. The post-
Newtonian framework replaces the abstract notion of Spinors with the far more palpable
notion of wavefunction. The post-Newtonian framework transforms the Dirac equation
to the Pauli equation which is equivalent to the modified Schrodinger equation that
includes spin effects. The post-Newtonian framework has recently received a lot of
attention. It has been applied in variety of areas ranging from experimental quantum
optics to theoretical quantum gravity [23, 20]. The post-Newtonian framework is popu-
lar because it bridges the gap between the Newtonian physics and special relativistic
theories. However, it is crucial to note that there is no consensus on what constitutes
a post-Newtonian framework. While, among various methods, some insist on mass
and energy as grounding parameters, others rely on Foldy-Wouthuysen transform-
ation (FW-transformation) [11]. Following Giulini & Groflardt [13], I take that the
post-Newtonian framework should be grounded in the ‘formal c-power expansion’.

I contribute to what has been previously described by finding a way to systematically
include GR correction terms in quantum systems, deriving new terms that were
neglected in the literature [35] and extending the level of approximation [33, 32, 35, 15].
My findings are significant to experimental physics because they suggest that quantum
particles can be used to test and measure gravity as described by GR. In addition, my
results can be seen as the increase of measurement sensitivity of quantum experiments
by including GR correction terms. One of the most important applications of my
calculation is in the study of gravitational effects on g-factor measurement which has
been already considered in [27, 19, 29, 48, 18, 17, 46]. However, the mentioned literature
is neither complete nor systematic. My findings can also be used as a grounding
for atomic interferometry observations and detection of the possible quantum gravity
effects [37, 2, 31, 8]. *

This thesis is organised as follows: The second chapter begins with the conventions
and assumptions which are followed by mathematical and physical background needed
to comprehend this thesis as intended. In chapter three, I expand the Dirac equation in
the FNC in the extended order of approximation. This expansion not only illustrates

'For more inclusive list of applications see chapter 6.



the geometrical description of Spinors in curved spacetime, but it also provides us
with the definition of time as it is measured in a laboratory setting. In chapter four, I
calculate the post-Newtonian limit of the expanded Dirac equation in the FNC and the
subsequent modifications to the Pauli equation. Finally, in chapter five, I compare my
results with two papers [35, 15] that were published in 2021 and I argue that different
post-Newtonian approaches lead to different results. My thesis concludes by claiming
that the formal expansion in powers of ¢ seems to be more systematic in comparison to
the other methods that are used in the literature.

This thesis contains 5 appendices, regarding explicit computations. We calculate
the inverse of the metric which is expanded in the FNC in the appendix A and the
corresponding Christoffel symbols in the appendix B. Then using the results in the
previous appendices, we calculate the connection one-forms in appendix C and finally,
the spin connection in appendix D. There are some computational tricks provided in
appendix E which we will use to simplify our resulting Pauli Hamiltonian.






2.

2.1.

Mathematical and physical
background

Conventions and Assumptions

Throughout this thesis, the following are presumed:

h=1

The metric signature is ‘mostly plus’, such that the Minkowski metric’s compon-
ents are #;; = diag(—1, +1,+1,+1)

Inner product for two 3-dimensional vectors are shown as: a'b; := a - b, where
i=1,2,3.

Vector products for two 3-dimensional vectors are shown as: (a x b)’ = ¢ jkaj vk,
where i,j and k run from 1 to 3.

The vector arrows are dropped. Such that, terms such as 7 - band (@ x b) are
written as (a - b) and (a x b)’ respectively.

When expanding any quantity X in powers of ¢!, the term of order n, including
the prefactor c—", will be denoted by X(n); i.e. we have

X =X(0)+X(1)+X(2)+... (2.1a)

with
X(0)=0(%, X(1)=0(1Y, ... (2.1b)

For example, this convention will be applied to Hamiltonians H = H(0) + H(1) +
. and fields ¢ = ¥(0) + (1) +....

Unless stated otherwise, the symbols { and } are only brackets and detached
from their use as anti-commutators.
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e English indices such as I = (0,i) are to be distinguished from their Greek
counterparts such as u = (s,7). The former will be used for components with
respect to tetrads (orthonormal frames), while the latter is for spacetime coordinate
components.

¢ The curvature tensor is assumed to be of the order of ¢ 2.

¢ The timelike coordinate s has the dimension of length and can be related to the
proper time as s = cT.

¢ The time derivative of acceleration, curvature and rotation are neglected.

¢ By using the term ‘Fermi normal coordinate’, we mean the ‘generalised Fermi
normal coordinate’, in which the the rotation of the frame is also assumed.

¢ The order of approximation for Fermi Normal Coordinate expansion is up to and
including O(x?).

* The order of approximation for the post-Newtonian expansion is up to and
including O(c~2).

2.2. The Dirac equation in flat and curved spacetime

2.2.1. The Dirac equation in flat spacetime

Among the various definitions of Spinors, this thesis adheres to the following: Objects
which transform under the action of the Lorentz group according to the (3,0) & (0, 1)
representation of the Lorentz algebra are called Spinors. That means that Spinors can
be treated as an element of a four-dimensional complex vector space:

/21
=5 (2.2)

Py

wherein, each component is a complex function in the spacetime. This representation
can be reduced to a two-component (14 and ) representation, both of which are a
two-dimensional complex vector:
lI]A) (
= 2.3)
v (1,03



2.2. The Dirac equation in flat and curved spacetime

In this representation, ¢4 is interpreted as the state of positive frequencies (particles)
and g as the state of negative frequencies (anti-particles).

The Dirac equation is meant to describe the spin-}2 massive particles. It is a relativistic
equation meaning that, it respects the principles of the theory of Special Relativity.
Originally, the Dirac equation was written in the flat spacetime background. However,
there exist non-trivial ways of writing it in the curved background spacetime. This
equation is usually expressed in its simplest form [43]:

(99 — me)p = 0 (2.4)

where, 7" are so-called Gamma matrices:

1 0 i (0 ¢
=5 %) =(%%) 25)

while, m is the mass and c is the speed of light .
Gamma matrices are generators of the Clifford algebra. Their anti-commutation
relations are as follows:'

{2} = =291y (2.6)

where, 17,y = (—=1,1,1,1) represent the Minkowski spacetime, and the so-called Pauli

matrices are:
1 (01 » (0 —i (1 0
”‘(10’ =i o) 7=l 4 @7)

for which, the following (anti-)commutation relations are considered:

[, o] = 2i" o*

{o!, 01} =261 (2.8)
from which, a very useful relation can be derived:

ool =6 +ie’ o (2.9)
Furthermore, one could easily include the electromagnetism interaction into the Dirac
equation by changing the partial derivative into a covariant derivative including the

electromagnetic four-potential:

(iv" Dy —mec)yp = 0; D, =9, —iqA, (2.10)

'Note that in order to use the standard convention for gamma matrices, we add an extra minus sign to
the Clifford algebra anti-commutation relations. This is due to the mostly-plus convention we have for
the Minkowski spacetime.
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2.2.2. Spinors in curved spacetime

In order to generalise the Dirac equation in curved spacetime, the flat version of the
equation needs to be modified in a way that it respects the principles of the theory
of General Relativity [51, 38]. In order to do so, we need to use the formalism of
Spinors in four-dimensional Lorentzian manifolds. It means we need to provide the
description in which Spinors are defined within the context of curved spacetime . This
can be done by Spinor bundle formalism. That alludes to define Spinor bundle as
an associated bundle to a SO(1,3) principal bundle. As a matter of fact, SL(2,C) is
the double cover of SO(1,3) and it allows us to formulate the Spinor bundle from the
associated bundle and find the natural connection derived from it. More explicitly,
using the tetrad (vierbein) formalism, we can set e; = (eg,¢i) to be an orthonormal
frame. That equates to:

efefgu =1y (2.11)
We can define the connection 1-form associated with this frame as:
Vyer = wyjle] (2.12)

Now we can introduce another frame equivalent to Dirac basis for Spinor in flat
spacetime: E; where; 2 = 1,2,3,4 on Spinor bundle. In other words, we demand this
new frame to preserve the form of gamma matrices as they were introduced earlier.
Therefore we can introduce the covariant derivative as follows:

V" =0, 9" + T, 4" (2.13)

We know that we can also express the spin connections in terms of the group generator
and the connection one-form [4]:

1
Ty’ = _Eww(sl])ab#,b (2.14)
where:
1
s =20"] (2.15)

is the generator of the group SL(2,C) action on the Spinor bundle and w, is the
connection one-form. Note that in order to define the associated Spinor bundle, we
demand our orientable manifold to have the spin structure. On top of these conditions,
we will also demand that there exists a globally defined orthonormal frame over our
manifold so that Geroch’s theorem ensures that a spinor bundle can be built [14, 34].
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2.3. Newtonian limit: Dirac to Pauli in flat spacetime

There are many approaches to study the post-Newtonian limit. FW-transformation, 1

expansion and formal ¢ power expansion are examples of such. In the thesis, I will
use the formal ¢ power expansion and then in chapter 5, we will compare it to other
methods to see the differences.

By formal expansion, it is meant to formulate the expansion as the formal limit of
c — oo, where, c is the speed of light. To implement this limit, we will expand Spinors
in the Dirac equation as formal power series in the parameter ¢! - or, more precisely,
formal Laurent series, since we will need negative orders of c.

Analytically speaking, a Taylor expansion in a dimensionful parameter like c is incor-
rect. Therefore we need to make it dimensionless as a small-parameter approximation.
This means that the corresponding small parameter has to be chosen as e.g., the ratio
of some typical velocity of the system under consideration to the speed of light. In this
thesis however, we will drop this issue and just expand in ¢! as a formal parameter.

More strictly speaking, we are to deal with tensor field that takes values in the field
of formal Laurent series R((c 1)) instead of the real numbers. It does not cause any
problem because, we define differentiation of series-valued tensor field order by order,
and demand that equations be satisfied order by order [39].

Let us see how to derive Pauli equation as the post-Newtonian limit of Dirac in flat
spacetime:

(ivY"0y —mc)p =0 (2.16)
Using (2.3) , (2.5) and separating the spatial and temporal part will result in:

(ioy — ch)I/JA = —ic(c-0)yPp
(id; +mc*)pp = —ic(0 - 9)pa (2.17)

Now we separate the phase factor:

P =P, §=0() (2.18)

where, s is an arbitrary function of space and time. Inserting it to (2.17):
(=% + iy —mc®)Pa = (c3(0-9s) —ico - 9)p (2.19a)
(—c%s +i0¢ + mc?)Pp = (3(0-9s) —ico - d)Pa (2.19b)

where, s = d;s and s’ is the spatial derivative of s. Now we are ready to expand our
equations in the powers of c. That means that we expand 4 and ¥ as in (2.1).
Then we can look at the different orders of c:
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(2.19a) at ¢>:
(¢-35)5(0) = 0
(2.19b) at c3:
(- 9s)Pa(0) =0
Therefore in order to have a non-zero field we conclude:
dis=0

This implies that s depends only on time.
(2.19a) at ¢?:

(8+m)Pa(0) = —(c - 9s)Pp(1)
(2.19b) at ¢*:

(=8 +m)Pp(0) = (0 - 0s)Pa(1)

Knowing that s is not function of space, the right hand side is vanished:

(2.19a) at c%:
(s+m)Pa(0) =0
(2.19b) at c*:
(—$+m)Pp(0) =0
Again, as we want to have a non-zero field, we conclude:

(§+m)=0
(=$+m) =0

Therefore we can derive the explicit function of s as follows:

s=x+mt+ K

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(227)

(2.28)

where, we can choose K = 0 because it is a phase in the exponential function. In
addition, we can ignore the s = +mt case by being interested in positive energy

solutions. Accordingly, (2.18) will turn into a strong ansatz:

P = efimcztgﬁ

10

(2.29)



2.3. Newtonian limit: Dirac to Pauli in flat spacetime

Therefore the equation (2.17) will turn to:

i0pha = (—ico - 9)Pp (2.30a)
(i0 4 2mc*)Pp = (—ico - d)Pa (2.30b)
Now that we have fixed our ansatz, we can confidently expand our Dirac equation. For

the order of ¢ ((2.20) and (2.21)) due to s’ = 0, there is no equation. However for the
next order, namely ¢?, our equations (2.25) and (2.26) will result in:

Pp(0) =0 (2.31)

which confirms our ansatz. With this information, we can now study next orders and
solve the coupled equations for the positive frequencies ({4):
(2.30a) at c!:
0 = (—ico-9)Pp(0) (2.32)
(2.30b) at c!:
- i -
P(1) = —%(U‘a)llm(o) (2.33)

where, (2.32) is trivial because of (2.31). However, (2.33) will be useful in the next order
for finding an equation for ¢4 (0):
(2.30a) at

i0:§4(0) = (—ica- )5 (1) (2.34)
(2.30b) at

P8(2) = —5—(0-9)Pa(1) (2:35)
Using (2.34) and (2.33), we conclude:

Dupa(0) = —5 (0325 (0) (2:36)

Equation (2.36) is the Pauli equation. It is derived as the Newtonian limit (c order) of
the Dirac equation. We calculated it by expanding the Dirac equation in the powers of
c. We can continue the procedure in order to see the post-Newtonian modification to
the Pauli equation by looking at the higher orders of c:

(2.30a) at ¢~ L

i0pa(1) = (—ico - 9)Pp(2) (2.37)

11



2. Mathematical and physical background

Using (2.37) and (2.35) we have again the Pauli equation, but this time for the {4(1).
That means there is no modifications to Pauli equation up to the first order of post-
Newtonian approximation. In the next order we have:

(2.30b) at c 1

i01pp(1) + 2mc*Pp(3) = (—ico - 3)Pa(2) (2.38)
(2.30a) at ¢ 7%
i01P4(2) = (—ico - 9)pp(3) (2:39)

Replacing ¥5(3) in (2.39) by (2.38):

014 (2) = Zricz (—iCU-B){(—iCU-a)l/}A(Z) - iat¢3(1)} (2.40)

Now we use (2.33) to replace {p(1):

084(2) = gz (—ice- )] (=ico-)Pa(2) = {3 DO} D)

Simplifying it, we will end up:

DPAR) = —5 (0 3/2F4(2) — 1 (0 2)au(e - D)Pa(0) (2.42)
It can be concluded that in the ¢ 2 level of approximation, there are some modifications
to Pauli equation. More explicitly, the second term of the above equation is considered
to be the modification. Note that in order to include the external electromagnetic
field interaction, one could replace the partial derivative d by the covariant derivative
D, = 9, —iqA,. This method of relating the Dirac equation to the Pauli equation will
be also applied in the curved spacetime context. But before that, we need another
mathematical tool to be able to go to the curved spacetime scenario, namely, Fermi
normal coordinates.

2.4. Fermi normal coordinates

Fermi normal coordinates, in short FNC, are meant to be the generalisation of the inertial
coordinates for arbitrary timelike trajectories. These coordinates will be the second
tool (first was post-Newtonian expansion) to reduce Dirac’s Spinor formalism to an
understandable experimental framework for arbitrary trajectories in curved spacetimes.
As the post-Newtonian paradigm assumes ‘slow velocities’, metric expansion in the

12



2.4. Fermi normal coordinates

trajectory’s neighbourhood will be done under the assumption of ‘weak gravity’. The
coordinates for general relativistic situations are related to observable quantities such
as acceleration, rotation and distances. They were first formulated by M.Fermi in 1922.
Then they were generalised by Manasse and Misner [22] and later extended for the case
of an arbitrary moving observer (i.e. rotation and acceleration) by Ni and Zimmermann
[28, 24].

Let us assume an arbitrary trajectory, to which, we ascribe a coordinate for a moving
particle. The next step is to assume a laboratory around the particle on the trajectory.
That means we are interested not just in the coordinate of the particle on the trajectory,
but also the neighbourhood of that particle, or simply, the coordinate adapted to the
observer in the laboratory.

Mathematically it means that we need to first define a co-moving orthonormal
coordinates set for an arbitrary point in our trajectory. In order to do so, we will first
set our timelike unit vector [36]. This can be easily done by assuming the velocity of
the worldline, or more precisely, the normalised tangent vector to be the e:

0
e = 37 (2.43)
Now at each point of the worldline we construct a tetrad ¢} such that:
M d u e
€ = (E) =2 (2.44)

where, z#(7) is the worldline of the observer. Now according to [26] we can define the
generator of infinitesimal Lorentz transformation as follows:

D
Ve = D—eTI = —O.eg (2.45)
with
QM = abu¥ — a"u¥ + ugwre (2.46)

where, u = ey is the four-velocity, a* is the four-acceleration and w* is the four-rotation
of the observer.

If w is zero, the observer would be Fermi-Walker-transporting his tetrad (gyroscope-
type transport). If both a and w were zero, he would be freely falling (geodesic motion)
and would be parallel-transporting his tetrad (% = 0) [26]. The last remark is that any
normal tangent vector v* which is perpendicular to our timelike unit vector (2.44) can
be written as [24]:

3
ol = el'a where Z(txi)z =1 (2.47)
i=1

13



2. Mathematical and physical background

Figure 2.1.: z’(‘T) is the worldline of the observer and the adopted coordinates can be seen
in red. One can see how to relate the neighbouring point x* to this adopted
coordinates. Note that x is the proper length of the geodesic connecting the
worldline to the neighbouring point x*.

Now we can use the tetrad defined on the worldline to construct coordinates x/*
for any point in the neighbourhood of the worldline (see figure 2.1). We do so by
connecting any points on the worldline to the neighbouring point by a geodesic starting
at the point on the worldline with a tangent vector perpendicular to (2.44). It will give
us the advantage to describe all the neighbouring points by the proper time of the
starting point in the worldline which we will call 1y and three variables a’ and the
length of the geodesic joining two points which, we call x.

Note that we should not confuse x* and proper length x. The latter one can be shown
to be related to the spatial coordinate of the FNC by x' = xa’. That means we can
expand the metric [28] around this trajectory (x' = 0) by:

8ss = —1—=2c2(a-x) —c *(a-x)* = Roon¥'x" + ¢ 2(w x ) +0(x°) (248

_ 2
goi = ¢ H(w x x); — gRonmxlxm +0(x) (2-49)
1
ij = 0ij — gRiljmxlxm +0(x%) (2.50)

where, x can be also seen as the distance to the worldline. It is assumed that x is small
compared to the curvature radius. (weak gravity and weak inertial effects). R;jy is the
Riemann tensor, a is acceleration of the observer on the worldline and w is rotation
of the frame. One should bear in mind that, the conditions for using the FNC can be
summarised in the following two points [15]:

¢ The geodesics must not intersect i.e. The curvature of the spacetime must be small

14



2.4. Fermi normal coordinates

compared to the size of the system:

RI]KL ) x2 <1< Rsystem < Rspacetime

¢ The spacelike hypersurfaces must not intersect i.e. the curvature of the worldline
must be small compared to the size of the system:

w
? ALl = Rsystem < Rangular velocity

a
sz ALKl <= Rsystem < Racceleration

One remark would be that the curvature tensor has a factor of ¢ =2 inside it. Therefore
the metric can be seen as the Minkowski metric which is perturbed by terms of the
different order of c.> Note that we expand the metric in terms of the FNC to the order of
x? without being concern with the linearity of the acceleration, curvature and rotation.

It is noteworthy that in order to differ the frame indices from the ones for spacetime
associated to Fermi normal coordinate indices, we will use the notation that Greek
indices are mostly used to indicate the spacetime indices. They split into space and
time components. The timelike coordinate s has the dimension of length and can be
related to the proper time as s = c7. The spatial components is indicated by italic i.
The indices with respect to a chosen tetrad (orthonormal frame) are indicated by Latin
indices, such that, 0 for time coordinate and straight i for spatial components.

(s,7)
(0,1) (2.51)

H
I

Sometimes throughout the calculation I might replace the frame indices with spacetime
indices. That is the case only when those terms are to be calculated on the worldline
itself and not the neighbourhood. In this case, it does not make a difference in which
set of indices they are written.

2This assumption that the curvature tensor has a factor of ¢ 2 inside it, only plays a role in the second
phase of calculation where we expand the Dirac equation in terms of powers of 1/¢ to compute the
post-Newtonian limits.

15






3. Expansion of the Dirac equation
in Fermi normal coordinates

3.1. Dirac Hamiltonian

In order to calculate the expanded Dirac equation in the FNC, we will first construct
the Dirac Hamiltonian. To calculate the Hamiltonian, we remember the Dirac equation:

(iy"'Vy — me)p =0 (3.1)
Splitting the index y into its temporal and spatial components:
(iv°Vs +i9'V; — mc)p = 0 (3-2)

Inserting the covariant derivative and setting s = ¢t for the partial time derivative will
result in:

(i9°0¢ + iv°cls 4 i9'cd; + ivy'cl; — mc®)p = 0 (3-3)
Now we separate the time derivative in order to create a Schrodinger-like equation:
i0cp = (—°) "H(iv'cd; + ivy'cl; — mc®)p — icTip (3-4)
which enables us to read-off the Hamiltonian. We call it Dirac Hamiltonian:
H := (g%) 9 (i7'cd; + i/l — mc?) — icTs (3.5)

3.2. The spin connection in Fermi normal coordinates

As we already saw, the general metric which is expanded in Fermi Normal Coordinate
up to the order of x? is:

gss = —1—2c2(a-x) —c *a- %)% — Ryjomx'a™ + ¢ 2w x x)2 4+ O(x3) (3.6)
_ 2
8si = (wxx)— gRoumxlxm +0(x°) (3-7)

1
8ij = 0ij — éRiljmxlxm +0(x%) (3.8)
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3. Expansion of the Dirac equation in Fermi normal coordinates

From this, the inverse metric can be calculated (see appendix A):

g% =—1+2c%(a-x)—3c *(a-x)*+ Roomx'x™ + O(x%) (3.9)
¢ = o w x x) %Rofmxlxm —2c73(a - x)(w x x)' 4+ O(x®) (3.10)
gl =gl + %Ri/mxlx’” — ¢ 2w x x)(w x x)] + O(x?) (3.11)

Having the metric and its inverse, we can calculate the corresponding Christoffel
symbols (see appendix B):

1 _ _
% = 3{(R0jil + Roiji) — 2 *(a - x) (Rojit + Roijt) — ¢ (w x x)" (Ryjiy + an‘jl)}xl
(3.12)
T, =c%a;—c *a(a-x)+c bai(a-x)*+ Roiorx! — 2¢72(a - x) Rojg
2 ,
— 24 Rpiomx’' x™ — ¢ Hw x x)"x' Ropni + gc_lRol”mxlxmeijnaﬂ (3.13)
I — o2 4 ot iR o2 i i m
s=C a+c*(a-x)a"+Ryyx —c ((wxx)Xw) —l—?lexx a
- c’4aj(w x x) (w x x)! (3.14)
Fisj =—cwxx)aj+ca(a-x)(wx x) —c Hw x x)iRojOle
2 , , . 1 .
+ gc_zajRollmxlxm + c_lslp]w” - Roll]-x’ - gc_lenpjwa"llmxlxm (3.15)
[, = ¢ (a(w x x)) — ¢ (@@ x 1))@+ %) + ¢ Ropgre (@ x x)"
2
- gc’zanROZ”mxlxm (3.16)
T — — e (w x %) (Rogs + Rog) — 2! (Rl + Riy)) (3.17)
jk— 3 Okjl Ojkl) 3 kil jki 3-17
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3.2. The spin connection in Fermi normal coordinates

Now we need to choose the FNC basis vectors:
1
d=14+c2(a-x)+ EROZOmxlxm +0(x°)
i 1o iom, 1 i 3
e, = —ERZOmxx +c (wxx)+0(x°)

1
e]Q = EROijxlxm +0(x%)

o =6 - LR

=% ¢ ljmxlxm +0(x%) (3.18)

We can also calculate the dual basis vectors by:"
e5 = noo(g”ed + g%e?)
e = (g7 ek + ge))
eh = noo(gel + g'ef)
e] = (g7l + g'e)) (3.19)
Therefore:

1
ef=1—c2(a-x)+c*a x)?- EROIOmx’xm

g = —gRiIOmxlxm
. ) ) 1 .
eh = —c Hwxx) +c3(a x)(wxx) + ERoz]mxlxm
e =8 + gRil]mxlxm (3.20)

Still requiring clarification is why did we chose this specific set of basis vectors. The
reasoning will be provided in section 5.2 of chapter 5 in which my calculation are
compared with Ito [15].

Now we have the required information in order to calculate the connection one
forms:

wVI] = F“H],eiey — eya;,eﬂ (3.21)

As the final step we need to calculate the derivative of our basis vectors d,e]. We first
separate it to spatial and temporal parts for v, then we again separate each part to
spatial and temporal parts for I. We also note that to simplify our calculations we

"Note that there is a difference between j and j the former represent the spatial part of the spacetime and
the latter represent the spatial part of the frame.
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3. Expansion of the Dirac equation in Fermi normal coordinates

ignore the time derivatives of acceleration, curvature and angular velocity. This can be
physically interpreted as the metric being stationary up to our order of approximation.
Therefore the result is:

died = c2a; + Roux'; = (s,0) (3-22)
e, = —l(RjiOZ + leol.)xl +ctd kl.a)k; = (s,i (3-23)
9 = £ (Ro + Rog)xs 1= (s.)) G24)
9y =~ (Rl + R = (sp) (325)

Now we are ready to calculate the connection one-forms (calculations can be found in
appendix C). The result is:

c 1 _
wly = Txl(w X x)"Rogti + EgipnwaOlnmxlxm — ¢ *(a- x)Rojor’
C_2 I
- TLZiRO[Omx xm (3'26)
wly=c2a' + ¢ Hw x ) Ry x! + Qsi WP Ry xlx™ iRi X' xmal
s0 — 0l k 2 pk 0l m 6 ljm
-2
— C’ZROZOle(a - X) + ROZO,xZ — TROIOmxlxmal (3-27)
i - L 1o c? I
wioz—Rlnmxxepw”+—RZOmxx a; + XROZZ ——(a-x)x'R’y;
6 6 2 2
-1
c .
+ Txl(w xx)'R (3.28)
-2
c
wl = —c2a; — Rojox’ + TQiRommxlxm + ¢ 2(a- x)Rojrx’ + ¢ 1w x x)"x' Ropi
c? j m ¢! n P l,.m
?a]Rll mx x" 4+ 78 pitV Ropmx'x (3-29)
-1
. I o .
wslj = ?wpxlxm( p]Rlli’lm +¢ sz]lnm) +c 1glp].wp — Rolljxl
c? ‘ .
tx x"(a;jR", — a'Rijom) (3:30)
we; = §R]ilkxl (3-31)
wyOO =0 (332)
o _ 1 c? ' .
;' = 5 Roix’ — —=x (@ 1) (Rojir + Rojjr) — =2 (w % x)" (Rujit + Ryii) (3:33)
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3.3. The Dirac equation in Fermi normal coordinates

Lastly, we are able to calculate the spin connection:

1
Fy = _Ew}iUSU (334)
Separating it to spatial and temporal parts (4 = (s, f)) we have (for details, see appendix
D):
1 oif c? - -
Is = 270’)’1{0 2a; + Rojorx' — T’ZiROZOmxlxm —c7?(a-x)Roirx’ — ¢ (w x x)"x Ropi

C_2 jol C_l n p I,m
+ — G ajR;/,x x" — - €' iw Roipmx'x
1 ¢! i 1 l
-7 { 5 WX (€ i Ritm + €3y Rjtm) + ¢ eipjew? — Roijjx
c? l,m
+ —6 XX (ajRiIOm — aiRjZOm) (3-35)

110(:71 lmn p c? l,.m 11 c? l
Tp==377 ?Rilnmx X, pw? TRiIOmx xtag+ 5% Rioip — 7(0 - x)x Rioif

¢! 1, .1
+ Txl(w X x)rRirfl} 17 'Y]{sz‘jlfxl} (3-36)

3.3. The Dirac equation in Fermi normal coordinates

There is a final step to be done before we are ready to expand the Dirac equation in the
ENC. In order to relate the calculations we did for the expanded metric in the FNC, we
need to expand the gamma matrices in terms of Fermi Normal Coordinates as well.
That means:

v = +en’,  1=(0b) (3:37)
Y=’ +evy,  ]=(0,) (3:38)
Therefore gamma matrices in the FNC can be read as follows:

1 1
v = {1—0_2(ﬂ‘x)+c_4(a'x)2 2R010mxx }7 — {6Rb10mxl }’Yb

‘ . 1 j
— { —c Nwxx)' +c (@ x)(wxx) + 2R011mx1x’”}70 + {‘51 + 6Rﬂ m }'Y]
(3.39)
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3. Expansion of the Dirac equation in Fermi normal coordinates

Now we are ready to calculate the Dirac Hamiltonian (3.5). We have already calcu-
lated all the necessary terms in (3.35) , (3.36) and (3.39). The only term to be calculated
is (¢°°) ! which is calculated in appendix A.? It is, indeed, a colossal calculation and in
order to avoid calculation mistakes, we divide it into parts and calculate it separately.

The first term we calculate is (¢°) 19

(g) 1y = { —1-2c%a-x)—c*a-x)*— Ronmxlxm}

_ _ 1 1
{{1 —c (a-x)+cHa-x)? - ZROIOmxlxm}’)’O - {6Rb10mxlxm}’)’b}

=7{-1-c?@a-x) -

1 1
2R010mx1xm} + ’Yb{gRbIOmxlxm} (3.40)

Now we calculate (°°) 19 (i9'cd; + iv'cl; — mc?) by multiplying (3.40) to each terms
step by step. Therefore we first calculate (¢**) 1 (i'co;):

— .7 _ 1 1
(8%) 71 (in'c0r) = {’Yo{—l—c *(a-x)— 2Rozomxlxm}+’Yb{6Rblomxlxm}}
. | i -3 ; 1 i om0
ieg {=c M@ x x)" e (a-x) (w x x) 4 SRy x' 2"}y
{0 SR xlx 1 b,
i e ilm Y (9
— Il_{l(w X x)lal — ZZCRollmxlxmaz} _ ’)/O’)/]{é]l{lcaz + iC_l(ﬂ . x)al

ic ic_ [ cdc
+ ERommxlxmai} + 6Rjzlmxlxmai} + 7b7]{5}{6Rb10mxlxmai}}

(3-41)

Note that we used 779" = 1 in the last step.

For the second term, namely (¢*°) 19°(i7/cl;) we have to first replace the terms

*Note that g’jvl is not necessarily equal to g'V.
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3.3. The Dirac equation in Fermi normal coordinates

being careful with renaming the indices correctly:

_ g a 1 1
(&%) (iy'ely) = {70{—1 —c?a-x)— EROZOmxlxm} + ’Yb{6Rblomxlxm}}

‘ 1
{ic{{ —c Hwxx) +c3a x)(wxx) + EROIlmxlxm}'yO+

1. .
{5} + glelmxlxm }'y]}
1 )

1 c c 1
{ - E’yblyo{?Rblnmxlxmsnpiwp + ?Rbmmxlxmﬂi + EleBOZi

c? ! ! r 1 pcfd !
- 7(“ - X)X Rypgpi + - X (w X X)" Rypig } — L {ERbclix }

(3-42)
where, for I'; in (3.36) we have changed the index i to b, j to ¢ and f to i in order to

carry on with the calculation. Now we can easily multiply the terms and move forward
in the calculation:

_ o )1 c1 , 1 c1 ,
(&%) 175(1'ylcl’i) = Zc{z’Yh’YO{—Z(W X x)leOIixl} + ZL’Yb’YC{—T(W X x)leclixl}

1 C—Z

1 ; ;C 1
+ E’YO’Y]')’I]'YO{(5]1'{?Rblnm8npiwpxlxm + ?RbZOmxlxmai + ERbOlixl
c? ! ' r c? !
- 7(“ - X)X Rypgpi + - X (w X %) Ryyis + 7(“ - X)x' Ryori }

1 .. 1 o2
+ ZLVO'Y]'YbVC{‘;JI'{ERbdixl + 7(5‘ : x)Rbclixl}}}
1 ‘ i ‘
= “Yb“ro{ - 1351(‘0 X x)ZRbOZi} + vac{ - gxl(w X x)lecli}

. PR .

: 1 1c 1c
+ ’)’]’)’b{lszlnmxlmenpjwp + ﬁRbmmxlxmaj + leRbOlj

.1 . . 1
1c 1 1C
-1 (a- x)lebOIj + 4xl(w X )" Rypjt + 1 (a- x)lebOIj}
. . 1
: ic 1c

+ ')’O'Y]'Yb')’C{SRbcljxl +—(a X) Ryejx! } (3-43)

Note that we have used the fact that 709/9?9? = /9% . Now we can again rename c to
j in order to further simplify the expression. We Note that Y09/ = —4i90. Therefore we
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3. Expansion of the Dirac equation in Fermi normal coordinates

end up to:

o i - '
(8%) 1 (ir'ely) = 7% {xl(w X x)ZRbOIi} + 9ty { g (@ x x) Ry
-1

12
ic™! ] i . ic™1 ]
T(ﬂl . x)x RjOlb + ZX ((,L) X x) Rjrbl + T(a . x)x RjOlb
ic ic™1
+ 7Yy {SRbcljxl + T(a : x)Rbcljxl} (3-44)

+ Rﬂnmxx et

B bw +

1 ic |
p ijmx x’”ab + —x RjOlb_

4

Now the only term which needs to be simplified is 7%9/¢?7°. We know that we have
the following relation for gamma matrices:

YK = —lIaX — Kol 4 Ky — el lTK ey o (3-45)

where, ¢!/KL is the Levi-Civita symbol in four dimensions and 7° = iq%y19293 . There-

fore we can simplify the last line in (3.44) as follows:

j iﬁR ! ﬁ R
')”)"Y')’ 8 bcl]x+ ) (El x) beljXx

87 Oyl 'YCRbcljxl{l +c % (a- X)}
= iSCWORbCz] (=1"7" ="yl + %" ie”l’cvn*s){l +c ¥ (a x)}
= +%70lebcxl<77jb'7c — 1 ){1 +c*(a- x)}
-2 'yOR],Cbx ity C{l +c%(a- x)}
= —%’YO’YC(U]BR]ch - 7700R01c0)xl{1 +c *(a- x)}
= +f{v°vC(ch + ROIOC)xZ{l +c(a- x)} (346)

where, in the last two line of the above equations, we have used the fact that in order to
take the trace of a tensor, we first need to include all the spatial and temporal indices.
More explicitly:

ﬂjijlbc 7£ Rlc
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3.3. The Dirac equation in Fermi normal coordinates

Putting (3.46) back to (3.44), we will end up:
_ . i ‘ i
()7 (ieTy) = vovb{xl(w <) Rion | +9%9{ = g x ) Rep

I ic
le()mx xmab + —x RjOlb_

-1
LR e"
+ ]lnmx x™ 4

12 P 12
ic™1 i ic1
T(a - x)x' Rijop + lel(w x x)"Rjppr + T(a : x)lejolb}

bw—i—

ic _
+ Z’YO’YC(RIC + Romc)xl{l +c 2(’1 : x)}

=7 'y]{ 8 l(w X x)! Rb]ll + 12R]1nmx x™e pbwp—i—
ic™! ic™!
1 RﬂOmxlx ap + 4 x R]Olb — T

i ic™!
le (@ X 2)"Rjppr + —;—(a- x)lejOIb}

(a-x)x'Rjon+

ic _ 1 .
+70“YC{ + Z(Rlc + ROZOc)xl{l +c2(a- x)} + {4xl(w X x)chozi}}
(3-47)

Finally, we calculate (¢%)~19°(—mc?) and —icls respectively as:

ss\—1,.8 2 0 2 mC2 l,m b mc2 1, m
(&%) Y (=mc®) =y {mc* +m(a-x) + TROIOmx X"} = {TRbIOmx X"} (3.48)

, )
. € 0,.i) —2 1 € I -2 !
—icl's = =57 71{0 a; + Rojorx” — THiROlOmx x™ —c™*(a - x)Roiorx

-2 -1

_ c c
— ¢ Nw x x)"x' Ropmi + — g Rzl]mx x™ — zg”pinRommxlxm}

+ ”Y.’Y] { ?wpxl " (pjRitnm + €ipnRjtm) + ¢ Leipjew? — ROlijxl
c? I.m
+ ?x x"(a;Riiom — aiRjiom) (3-49)
Therefore we can insert (3.49) , (3.48) , (3.47) and (3.41) back into (3.5) and doing the

simplifications, we have the Dirac Hamiltonian which is expanded in the Fermi Normal
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3. Expansion of the Dirac equation in Fermi normal coordinates

Coordinate as:

ic

HDirac =1 {z(w X x)iDi 5

Ry, x'x™D; — gcAg }

2 2
me me
+ 49 {mc2 +m(a-x)+ ZRolomxlxm} — 9P {RblOmxlxm}

6
_ 0 ] D c =1 D ER 1 mD ER i 1 mD
vy {icD;j+ic™ (a- x) ]—1—2 010m X' X ]+6 i'mx x"Dj
i ; ic™! ic ,ic! I m
— i~ (w x x)'Rjori + — 4+ g Rojorx — ——ajRoiomx X
. 71 . . 71
ic i : ic
+ T(a . x)Ro]'ole — E(w X x)lleOHj + fanRﬂ ”mxlxm
. . . _1
i ic ic
- ienp]-waOlnmxlxm - Zlexl — T(u . x)lexl}

[ ic i ic
+ ’)’b")’] { gRblomxlmej + Esbp]wp + leRob]'l
y (1 1 ic™t
+ix (w x x) gijlr + g Rt | + 5 xx (a;Rp1om + avRjiom)

1
+ ﬂwpxlxm(gnprjlnm + Snijblnm)} + O(xs) (3~50)

This is one of the main results of this thesis.
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4. Post-Newtonian expansion of the
Dirac equation

4.1. Post-Newtonian expansion: Dirac to modified Pauli
in curved spacetime
After expanding the Dirac equation in the FNC coordinate as the first phase of the

calculation, we end up having the following Dirac Hamiltonian. We Note that it was
calculated completely independent of the second upcoming phase:

Hpirac = 11{ i(w x x)'D; — %ROlimxlmei N chO}

0 c? I b mc? 1
+ {mc +m(a- x)+TR010mx m}—’Y {6Rb10mx x"

- WOWj{iCDj +ic™(a - %)Dj + 5 Roigux' ¥ Dj + % Ry, x'x"D;

2 6
ic™! ic T I m
' (w x x)'R joii 54 + ZROjOIx - TajROIOmx x
+ 4 (ﬂ x)RO]le - E(w X x)'x Ropij + —5- 1 an Ry 5 x x™
. . . _1
i ic ic
- Zs”p]-w”Rolnmxlxm — Zlexl — T(a : x)R,jxl}

; 1 1
+ ’Yb’Y]{ A Ryjomx'x" Dj + Zx 'Ropjt + ix! (w x x)’ <ijlr + 4Rjrbl>

sbp]w + 3

4 4

-1

ic

+ szx (ajRpiom + apRjiom) + ﬁwpx (€ Rjtnm + 8”,,]-sznm)} (4.1)
Now for taking the post-Newtonian limit as the second phase of calculation, we will do
a similar process as in the flat spacetime case. First, we open the Dirac Hamiltonian for
the ¢4 and g and end up having two equations for positive and negative frequencies.
Then we apply the ansatz of positive frequencies by assuming ¢ = e‘imc2t1/3. The result
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4. Post-Newtonian expansion of the Dirac equation

is the following two equations:

mc?

2

. , ; ic Jic
{ZDT —m(a-x) — —Rojomx'x™ —i(w x x)'D; + ERO/ XD, (Tba]gRblomxlmej

i ; ic p b 1 1
+ EUb(ﬂprjwp + ZUbUJxIROb]-I + ioPolx! (w x x)r(gijlr + ZLR]-rbl)

24 24

2 .
mc i - ; ic
= { — TabRblomxlxm —dlicD; —ic Ya- x)o'D; — EO'JROZOmxlmej

iR i emp. 4 Ly Nw x x)'R; el iR
c it mx x" D 1 x (W X X) Rijoy 5 a; 1 0j01X
. 1 f =1 1
ictt . e L ‘

+ -0 Roiomx'x™ — =0’ (a - x)Rojrx’ + 507 (@ x x)'x' Roy;
T , 1

— —da,R," ™+ Z(T]fin

12 il m 14

2 .
, mc . ; ic
{1DT +2mc® +m(a - x) + TROIOmxlxm —i(w x x)'D; + EROZZ L xla™D;

i

ic
+ U'b(T]gRblomxlme]' + 4

. ic .
ool ey, iwP + Z(Tb(T]leObjl

b 1 1 ic™! ;
+icPoix! (w x x)" <gR]W + ERW) + ﬂxlxmab(ﬂ(ajl{bmm + ayRjiom)

i . ~
+ ﬁwpxlxmvbcﬂ(enpbl{ﬂnm +€" i Rbinm) }4’3

mc?

_ b Lom . .1 ' ic ; lom ic i
= {60 Rpjomx'x™ — olicDj —ic™*(a - x)o’D; — EU]ROIOmx x"D; — gO']R]-l

i ] 1 i ic_l ] iC ] 1 ic_l ] 1. .m
+ 70 (w x x)' Rl — I Rojorx” + > 7 ajRoiomx X
5 . i —1
ic . ;o il Ic ‘ n oy lm
- /(a - x)Rojorx" + EUJ(CU x x)"x" Rojij — 12 ‘T]a”Rﬂ mX X

. . ‘ -1 ~
+ ia]és”p]-waOlnmxlxm + %a]lexl + %0'](11 . x)Rl]-xl}lpA

ic ; ic ;
jwaolnmxlxm + ZU]leXZ + TO'] (a- x)lexZ

. _1 .
1c 1 b i 1 1 b i ~
+ 5 x x"0707 (ajReiom + apRjiom) + 5P x'x" 0707 (€"  Rjtnm + € i Rotnm) ¢ Pa

b

(4.2a)

I
X X" D

(4.2b)

Note that we have changed the partial derivative to the covariant derivative in order
to include an external electromagnetic field. Now to see the post-Newtonian limit, we
expand the ¥ in ¢ powers by noticing that the curvature tensor already has a factor of
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4.1. Post-Newtonian expansion: Dirac to modified Pauli in curved spacetime

c¢—2 inside. The result is:

P=90)+9(1) +9(2) +... (4-3)

(4.2a) at c!:
0 = —ico/ Dyip(0) (4-4)

(4.2b) at ¢
$5(0) =0 (4-5)

Therefore equation (4.4) at ¢! becomes trivial. We can carry on to the next order: (4.2a)
at c%:

2
{iaf +qcAg—m(a-x)— %Rommxlxm—
i(w x x)'D; + iabafebpjwp}q}A(O) = —colicD;p(1) (4.6)
(4.2b) at c':
2mc*Pp(1) = —clicDjP4(0) (4.7)
Putting the (4.7) into (4.6) at ¢*:
, mc? !
{ZBT +qcAg—m(a-x)— TRowmx x"—
i % 3D + o' leyyo? }a0) = 21 (0 D)) 49)

So we can read off H(0) by having id;14(0) = H(0)14(0):

1 mc? : : 1
H(0) = —(=—)(c-D)*+m(a-x) + TROZO,nxlxm +i(w x x)'D; — Eapa)” —qcAo

2m
(4.9)
where, for iUij eppjw?, we used:

obol = oY + sb]kok
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4. Post-Newtonian expansion of the Dirac equation

in order to simplify it to —opw?. The next order then will be: (4.2a) at ¢~ :
. mcz I .m . i 1 ~
iDy —m(a-x)— TROZOmx " —i(w x x)'D; + Eapwp Pa(l)
ic_ ic 4 ] ; -
+ {ZROZZ mxlx'”Dz- + gaba]Rblomxlx’”Dj + Zab(ﬂleObjl}tpA(O)
j: ~ mC2 bl my.x
= {—0dlicD;}{p(2) - {TRbIOmU x'x"pp(1) (4.10)
(4.2b) at :
2.7 Iy . me* !
2mey(2) = {~TieDjHpa(1) + {70 Ryona'x" }.4(0) (411

We can combine these two equations and have the expression for 5(2) in terms of

IIJA(l) and JJA(O)I
- 1 . ~ 1 ~
l/JB(Z) = W{—UHCD]‘}l/JA(l) + {EabRbIOmxlxm}llJA (O) (4.12)
Putting (4.7) and (4.12) into (4.10) at ¢~ :
2
{iDT —m(a-x)— %Rozo;nxlxm —i(w x x)'Di + ;Upwp}¢A(1)+

ic ; ic 5 ic p -
{2Roll mxlmei + gO’bO']Rblomxlmej + 40'b0']XlR0b]'l}l/JA(0)

1 - 1( .. . ic ; -
= —%(m D)zl[)A(l) — 12{afabchbIOij(xlxm)}lpA(O) + ERbIOmabafxlmejgbA(O)
(4.13)
We can rename the operators acting on s as follows:
i9:pa (1) = H(1)$4(0) + H(0)pa(1) (4.14)
So we can read off the H(1):
2ic  ; ic 4 ic
H(1) = —?Rozlmxlmei - ZUhU]leObjl - EUJUB(Rb]‘oz + Rppof)x! (4.15)

Note that H(0) is the same as the one calculated above. We finally need the next order
of expansion in order to compute the Hamiltonian in c~2 order. Therefore, (4.2a) at c 2
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4.1. Post-Newtonian expansion: Dirac to modified Pauli in curved spacetime

is:

2 | ~
{z’DT —m(a-x)— %Rozomxlx'” —i(w x x)'D; + 2‘7p“’p}¢A(2)

ic_ ic ; ic . -
+ {2R011 mxlmei + gU’b(T]Rb[Omxlme]' + 40'b0]le0b]‘l}lPA(1)

. ; 1 1 ] ; -
+ {lab‘ﬂxl(w X x)r(gijlr + ZR]'rbl) + ﬁwpx "ol (Enpr]'lnm + 8np]'Rblnm> }lIJA (0>

. . 1 .
P e ic i c i c
= { —olic™Y(a-x)D; — UJEROIOmx’x’”Dj - gcT]R]-llmxlmei - Ta]aj - Z(T]RO]‘OZXI

ic . , 2
+ZU]szxl}l/}B(l)+{—0’]iCDj}l/~JB(3)+{ 6C Rppomx'x™ 0" }5(2) (4.16)

(4.2b) at ¢!

2 ; 1 N
2mc? P(3) + < iDr +m(a-x)+ %Rommxlxm —i(w x x)'D; + 2Upwp}1p3(1)

. . 1 _1 '
= { —olic Y a- x)D; —(77 ROIOmxx D; - 6(77le1 x"D; — 62 a]a] _ZU]ROJOIX
ic j I js ~ mC2 b I my .=
t 47 Rjjix" t4(0) + {—c’icD;}pa(2) + {TU Rpiomx' x™ }Pa(1) (4.17)

We can express the §5(3) from the second equation in terms of {45 by using (4.7):

1 . mc?

¥B(3) = 4mzc4{ —iDr —m(a-x) — TROIOmxlxm+
. . 1 . -
i(wxx)'D; — zUpaJp}{—O']lCDj}llJA (0)

ﬁ{—cﬂ'icDj}gBA (2) + l{(7'bRb10mJClxm}I,EA (1)

1 ; .
™ 2{ —dlic™Y(a- x)Dj — (7] Rommx x"Dj — 6(7]Rj,’mxlmei
ic™t . -
— T(r]a] — Z(T Rojolx +! 1 (ﬂRU }l[JA(O) (4.18)
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4. Post-Newtonian expansion of the Dirac equation

Now we use (4.7), (4.12) and (4.18) to rewrite the equation (4.16) at c~2 just in terms of

Pa:

2 ~ 1 -
{iDT —m(a-x)— %Rommxlxm —i(w x x)'D; + thpwp} Pa(2)

ic_ ic ; ic , -
+ {ZROZZ mxlmei + gcrbU]RbIOmxlmej + 40'b0']le0b]'l} Pa(l)

oy 1 1 i ‘ )
+ {Z‘TbU]xl(w x )" (GRjptr + 7 Rjrer) + ﬂwpxlxmgb‘ﬂ (€" ppRjtnm + Snijhlnm>} $4(0)

1 . . . .
= W{—zca]Dj}{—zDT}{—zCU]Dj}gbA(0)

1 - ico’ D}
— i {—ico’ D} {a - x}{—ico'D;} 4 (0)
B 81:[c2 {_iCUij}{ROZOszlxm}{_iCUij}l/}A (0)

+ ﬁ{—tﬂ'icD]’}{i(w x )" Di}{~0’ieD;} (0)

1 . . -
B 8m2C4‘7]‘7P‘71wp{_CszDi}1/JA (0)
1 - 1 . .

— 27((7 . D)le)A<2) + f{—ZC(TJD]'}{O’bRblomxlxm}lIJA(l)

m 12
1 L e N
+ W{—ZCUJD]'}{—ZC Yol (a - x)D;j}Pa(0)
1
2mc2

o ic -
+ {—ZC(TJD]'}{—EU]ROZOmxlmej}lPA(0)

1 . ic .. .
+ e {—zccﬂD]-}{—gcﬂRﬂmelx’”Di}tpA(O)
+ 5 3 {—icd!Di{———0’a;}$4(0)
1 . ic -
+ W{_ZCU]Dj}{_ZU]ROjOle}¢A(0)
1
2mc?

t o (i DY o Ry 4 (0)

2

+{- %RblOmabxlxm}{(_iCUij)lpA(1) + (%UbRbmmxlxm)kﬁA(O)}

.1 ic ; ic . .
{ —ic ol (a- x)D;j — E(T]ROIOmxlmej - gU]lelmxlmei

2mc?
ic™t . ic ic . -
-5 Ja; — ZU]ROjOle + 4(7]R1jxl}{—zccﬂD]-}¢A(0) (4.19)
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4.1. Post-Newtonian expansion: Dirac to modified Pauli in curved spacetime

Note that we need to rename some indices in order to continue the calculations. (E.g.
o/ D])

Further remark is that the term ;b {—ico/ D;}{—iDy }{—ico’D;} 4 (0) which might
seem unrelated to the order of approximation, is not actually irrelevant. Because the

time derivative of 4 (0) is still of the order of c~2 and makes the whole expression
again relevant to our approximation. Further details can be found in appendix E.

A final remark is in {—%Rbl()ma'bxlxm}{(—iCU’jD]‘)T,EA(1) (7 2o Ryjomx'x ™ P4(0)}
the second terms is obviously off the order so we will neglect it in the upcoming
simplification. Now we know that in order to read off H(2) we need to look at the
operators action on 4 (0) because:

1014 (2) = H(2)pa(0) + H(1)Pa(1) + H(0)Pa(2) (4.20)

We can confirm from the above calculations that H(1) and H(0) are calculated
correctly and we can read off H(2):

1

= ——— 4D — 2
H(2) 4mc2a D; it kO’ a;D; — o — Rojomx'x™(0.D)? — e (a.x)(c.D)
1

+ S*R + *ROO - @8 | 0*Rowix' D; + —R]x’D

1 1
- FO UJ(RJI i+ R]z l)x D, — 6m515]Rﬂqu mequ

q b_j 4
~ gm22” O PE gz (7 D)

1 ‘ i o

+ s (@ x x)/(0- D)*Di = 5 0'ol(w x x)¥D;D;D;

35w % %) Ry = (@ %) Rop

1
I
+ 06" (w x x)" (Sijlﬂr Rjrbl) 1

(4.21)

This is the final information that we need in order to calculate the extended Pauli
Hamiltonian up to and including the order of ¢~2. Note that in the expression D,E; the
Dy acts on both the E; and the 4.
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4. Post-Newtonian expansion of the Dirac equation

4.1.1. Pauli Hamiltonian

Now as Hp,u; = H(0) + H(1) + H(2) + O(c?), we conclude (details of the calculation
may be found in appendix E):

1 1

1
HPauli:{_zm_zmcz(a'x) rRommxx }(D2+Q(U B))

1 i ij 1 ‘ i
_ j_ b ik Y gl b i kL
—i—{ e Llyp L L O + Tom Ry X 1 K Rojpix

+ —Rl]xl — R, xla™ — eqka (R ]
m

3 lOm 12m

gl i +qu ) +i(w x x)]}Df

1 mc? 1 1
— cho — Eapw" + TROZOmxlxm + %R + %Rog +m(a - x)

+ SRy +cé kU x (3Ro]bz+ 12Rb]Ol)

3
1_((@-E)+io-(dxE)) — —1_obelE;D ! (v D)
4 2 2(( )—|-1(7 < X 4dm ZCZUU b— 8m3C2 o
i
+ 2 (w x x)!(0- D)*D; — Wa’cﬂ(w X x)kDiD]-Dk

1 1
+ ke (w x x)" <§ij1? + 1Rjrbz)

- ix’(w X x)" Ry — }Lx%w X x)"Rosor + O(c %) + O(x%) (4.22)

where, we used 0’0/ = 671 + i’ o* to simplify most of the terms. This is the second
main result of this thesis." This Hamiltonian includes all the terms up to the order of
x3, where, x is the distance from the worldline and up to the order of c—3, where, c is
the speed of light. These are the limits of weak gravity and slow velocities which have
been applied separately in two different logically-independent stages of the calculation.
We needed ‘weak gravity assumption” in order to expand the Dirac equation in the
FNC and relate the Dirac equation to the geometry (equation (3.50)). Then we assumed

Tt might be asked, why terms related to ¢ ~?mw(w x x) which stands for centrifugal apparent force
does not appear in the Hamiltonian. In order to answer this, considering the simple case of ordinary
classical Hamiltonian mechanics for a point particle, we remember that as we are in the rotating frame,
the canonical momentum itself (being expressed in terms of position and velocity) is related to w.
Therefore, we do not have terms related to w? in the Hamiltonian. However, it explicitly appears in
the Lagrangian formalism. Therefore the question can be answered by noting the difference between
the canonical and kinetic momentum. In this situation they are not equal. Same argument can be
employed for the term related to c~#(a - x)2.
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4.2. Interpretations

‘slow velocities” in order to study the post-Newtonian limits of the expanded Dirac
equation in the FNC. The resulting Hamiltonian is what we called here in the equation
(4.22) the Pauli Hamiltonian.

4.2. Interpretations

As we already have the results of the thesis in the equations (3.50) and (4.22), one
might ask; what does this long and somewhat horrible-looking terms refer to? To
address this question, we need review quickly the steps we have already taken. We
tirst expanded our Dirac equation in Fermi Normal Coordinate which, as we claimed
previously, corresponds to our laboratory. Then in order to make sense of Spinors, we
used the post-Newtonian paradigm and by the ansatz we chose, we simplified Spinors
to wave-functions.

Now the post-Newtonian effects and corrections which appear in the so-to-say Pauli
Hamiltonian at hand (4.22) are ready to be interpreted. Interpretation is important here,
because it will guide experimental physicists to look for the right effects and attempt
to observe those. Only after the correct interpretation, experimental observation can
confirm whether the approach we have used is correct.

The interpretation of terms as they appear in one of the resulting Dirac/Pauli
Hamiltonian is still an ongoing research and is beyond the scope of this thesis. However,
we can take two simple examples and see how the process works.

As the first example, in order to translate back the mathematics to its realistic
correspondence, we recall that ¢ corresponds to Spins. Therefore terms with ¢ are the
spin coupling terms. For example, —30,w? is the coupling of the spin to the angular
velocity of the system which modifies the magnetic moment i.e. the g-factor [25].

As the second example, considering the coupling of the Newtonian gravitational
potential to the Schrodinger equation:

PZ
01 = <2m + m4>> P (4-23)

we can conclude that Newtonian gravitational potential can be expressed as the
coefficient of m in the Pauli Hamiltonian. Therefore we can name the following terms
as the Newtonian gravitational potential:

1
¢ =c72(a-x) + 5 Roonx'x" +O(x*) +0(c™?) (4.24)
Besides, knowing the Hessian as following;:

P(x0+x) = ¢(x0) +x- Vp(xo) + %xixf(aiajgb)(xo) +0(x%) (4.25)
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4. Post-Newtonian expansion of the Dirac equation

where,

(0:9;9)(x0) = ((H®) (xy) )ij (4.26)

we can see the term Ry, in the Hamiltonian is the Hessian.

Apart from these examples, we could have also translated the terms in terms of
physical operators as H = H(x, P,S), where S is the spin operator, P is the momentum
operator and x is the position operator; but we will leave it for section 5.2 where we
discuss this approach in detail.

Finally, I need to mention that, in March 1978, Ni and Zimmermann published a
paper titled as ‘Inertial and gravitational effects in the proper reference frame of an
accelerated, rotating observer’ [28]. There, the authors expanded the equation of motion
of a freely falling particle in the FNC and then they tried to interpret the terms. For the
further interpretation one could refer to this paper.



5. Comparison to previous works

In this chapter, I will compare my results with two papers which have been published
recently [35, 15]. The comparisons are formulated in the context of two independent
‘reports’, which are the sections of this chapter. *

5.1. Perche & Neuser 2021: ‘A wavefunction description for a
localised quantum particle in curved spacetimes’

In a paper titled ‘A wavefunction description for a localised quantum particle in curved
spacetimes’ [35], Perche & Neuser give a well-thought out description of the Dirac
Hamiltonian on expanded metric in Fermi Normal Coordinates. Here, I will try to
point out and clarify some of the most important differences of their method and ours.

We will show that our method of post-Newtonian expansion is more general than
what they applied. Our method leads to extra terms in the post-Newtonian resulting
Hamiltonians (Pauli and Schrodinger Hamiltonians) which are of the order of m~! and
neglected due to the assumptions of their method. Finally, we will bring an argument
named “Tracing or not?” in order to see whether the intention behind the reduction of
post-Newtonian Pauli Hamiltonian to the Schrodinger Hamiltonian is justifiable.

5.1.1. Comparing the Dirac Hamiltonian

I calculated the Dirac Hamiltonian for a general metric which is expanded in a rotating
Fermi Normal Coordinates with an arbitrary acceleration up to the order of x2. In order
to make my calculation comparable with Perche-Neuser, I set w (the angular velocity,
which causes the rotation in the FNC) to zero, and I ignore all the non-linear terms of a

'This chapter is revised and updated after fruitful scientific debates with the authors of both papers.

37



5. Comparison to previous works

and Ryyps. The result is as follows:

2
mc
HDiraC :'yo{mcz + m(a . X) + 2R010mxlxm}

2 I
— 'yb{ngblOmxlxm} — Il{ lchlmmxlxmai}

~ 1
N . ic
- 707]{5]'1(”31‘ +ic ! (a-x)o; + ERommxlxmai) +

ic ic

glejlxlxmal’ + Tﬂ]
ic
4

ic

* 4

. dc ic
Rgjorx’ — lexl} + 'Yb7]{5j1(6RbIOmxlxmai) + 4leobj1} (5.1)

It is identical to the equation 62 in Perche & Neuser’s paper [35]. However, the
difference between the post-Newtonian expansion methods will later cause a rather
important difference in the post-Newtonian Pauli Hamiltonian.

5.1.2. Differences of 1/m and 1/c expansions

In order to see the post-Newtonian limit*, Perche & Neuser split the Dirac Spinor into
positive and negative s as follows:
llJA)
= 2
¥ <¢B (5.2)

(5-3)

Then they can write down the Hamiltonian as:

Han HAB)
H= .
(HBA T (5-4)
Therefore the Dirac equation can be broken into the following equations:

i0rPpa = Haaa + Happ (5.5)
i101p = Hpapa + Hppyp (5.6)

One can read off each H from the given Dirac Hamiltonian. Then they can write down
the second equation as follows:

Y = Dpipa (5-7)
Dy := (id; — Hpp) 'Hpa (5.8)

2It is not exactly what they intended to do. However, one can use it as their calculations’ side result.
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5.1. Perche & Neuser 2021

Therefore the equations for the states are decoupled:

idipp = (HAA + HABDB)lPA (5-9)

(Haa + HapDp) will be then our post-Newtonian Pauli H including spins, if one
calculates the part (id- — H sg) lin Dp by defining idr = id; — mc? and uses geometric
series and expands it in 1/m. Where, idr is so called ‘energy operator’. Referring to
their paper:

In equation C2 to C3 they apply what was explained above. And in transition of
equation C3 to C4 they simply argue that they keep the order of approximation up
to and including 1/m in (idr — Hpp) !, which is just part of Dg . That is why the
ldejnqCAO is eliminated. However, neglecting this term will lead to differences at
order m~! in the end. More explicitly, Dy must have had the term 1";;;75;“ (—ic(c.D))
in order not to miss any information of the order of 1/m and to be mathematically
consistent.3Then Dg would then be:

term

1 idr +qcAy c2 1
D = 2mc? {1 T ome2 7(” "x) = ;lRommx x™ >Hpa
_L 1_£(a x) 1R xx H +O ( 10)
T 2mc2 2 4 "0lom BA 5.
where, O is:
idr + qcAo
O=—-———"H
4m2c4 BA
idr +qcAq [ mc* | . -
= — 4m2C4 { 6 o Rbl()mx x™ — ZC((T.D) —1C (Fl.x)((T D) — EROZOmx X (0- D)
ic ; i ict ic . ic
5/ Rjtwx'x"Di = =5=0la; = L Rorx'c! + 20 lexl} (5.11)
Therefore:

i0¢pa = (Haa + HapDg)pa (5.12)
— iathA ~ HABO (513)

3The mentioned term might seem off the order of approximation but as we continue it turns out that it is
relevant. It is to be explained in the followings.
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Now, let us see what is the explicit form of H,gO:

mC2 i

HapO = —{ — TUZ’RMOmx x™ — UjiCDj —icY(a- x)UfD]- — Z‘ECROZOMxlxmcer]-
— %UjRj,’ﬁxlmei — icz_lajaj — Z!ZCROJ-lelUj + ZUle]-xl}O

= { — ﬂlgzabRbmmxlxm - ajicDj —ic a- x)(ijj — %ROIOmxlxmaij
— igajRj,imxlmei — iczlafaj — %Rojglxlgj + Zalejxl}W

{ —ic(0.D) —ic Y (a.x)(c.D) — ROIOmx x"(o.D) — 607R ' x!x"D;—

ic’t ic ;ic

T(ﬂaj - ZRojmxl(ﬂ + 4(7]Rl]-xl} (5.14)
Note that as idr = id; — m, the other terms (which can also be of the order of #) in (5.10)

also contribute to the calculation. Having the order of approximation %, the neglected

term in their calculation is:

Hap0 = —{ico. D}(4 5 4){1ca D} (5.15)

where, iDr = idr + qcAp. We can now rewrite the equation (5.15) using iDr =

iDy — mc?:

H 450 = ﬁ{a.n}(mf){a,p} - ﬁ(w)z

) 1
—> HppO = — o 2(cr D)?(iD7) + e 2((7 D)[(U.D),ZDTH—%((T.D)Z
— HppO = —g o (0D Heas + 5 o (0:D)[(0:D),iDe] + 5 (0.D)*  (5.16)

where, [, ] is the commutation relation. In the last step we replaced the first term using
the fact that iD:yp = Hiy. Note that the second term is off the order of approximation.
To write the neglected terms down explicitly, we can label them as E:

1 .
E = WQJD]+

x)(O'.D) + SLROlOmx X (0’ D) + rRoo + 21 RO Om mD]
(5.17)
Note that this is exactly what I have calculated in appendix E. These new terms are
obtained if one does not assume that the system’s non-relativistic energy is negligible
compared to its rest mass. This is where we claim that our post-Newtonian method is
more general than their method, as it requires less assumptions and produces more

terms.

1
4mc? (a.
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5.1. Perche & Neuser 2021

5.1.3. Perche & Neuser’s corrected Pauli and Schréodinger Hamiltonian

4 Here, I calculate the corrected Hamiltonian doing the calculation with the 1/m
expansions. For doing so, we will first write down Haa , Hap , Hpa and Hpp explicitly:

2

ic . me
Hyp = — ERofmxlx’"Dz- +mc® +m(a-x)+ TROZOmxlxm
p iicC I b ilC
— U]gRbZOmx mej —0 (TJZX RObjl (5.18)
mC2 b I .m i 1 1 iC l,m _j
Hyp = — i Rpyjomx' x™ — olicDj —ic™ " (a - x)o'Dj — EROZOmx x" o/ Dj
. .1 . ;
ic - i 1c . 1c 1 i c 1
— g R X" Di — ——0laj — S Rojax’'0’ + 7o/ Ry;x (5.19)

2 .
me” p 1m 7 1 ' i 1 _j
Hpa = Ryjomx x™ — ¢licDj —ic™ (a - x)o’'D; — EROZOmx x" o/ Dj

-1

ic . i icTh ic R T
- ga]lelmx x"D; — Ta]a]- — ZROjolx ol + ZU]lex (5.20)
ic i Ll.m 2 ch l..m
Hpp = — §R01 X X" D; —mc” —m(a-x) — TROZO,ﬂx X
-0 UJthZOmx x"Dj—o O’JZX Ropj1 (5.21)

Therefore one can calculate Dp:

1

Dp = —
B 12

. ] —2 1
O'bRblomxlxm — ﬁ(ﬂ (1 + CT(LI . x) + 4R010mx1xm> D]

1 ic j i ic™t . ic ic
_ W (6R]l lmxlme]Di =+ 72 U]a]‘ + ZO-]ROjOle _ 40.]lexl> (5.22)

4The main reason for including this section in my thesis and not just referring to their paper is that they
do not calculate the Pauli Hamiltonian explicitly, and do not provide full details of their calculation.
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Finally, we need HpDp:

UjUb(ijOI + Rypof)x!

HABDB— [U /| Ryjom ' x™ D;— 0

12
-2
- — <1 + 3%(51 x)+ ZROIOmx x > (D.0)?

1 c2 1 .
— —0dof <a]- + 5 Rojorx > D, - 12m0](7‘7(R ]l +qu]) x'D;

, 1 .y 1
- S—U]UqRoqoj + S—leqx {0,07}D; + S—mafaqR]-q
1

~ 5 Rt X x™{¢/D;, 1Dy} —

1 . 1 .
2 ag{c!,07}D; — S—mROjOI{a], o1} Dy
(5.23)

where, we used square brackets and curly brackets to denote commutators and anti-
commutators, respectively, in order to simplify the equation.” Now we name Hs +
HpDp as the post-Newtonian Pauli Hamiltonian.

Hpauli + E = Hpauii by me in their level of approx. (524)

where, E is calculated in (5.17).

5.1.4. Comparing the Pauli Hamiltonians

My Pauli Hamiltonian in the order of approximation m~! and linear in R and a, while
w is vanishing, is:

1 1 1
Hrii = { = 51~ 52 8 gz R " (D2 +9(0 - B)

2m  2mc?
i Voo iy Lopoja L kp
T ame” T a2 T g N0 T g, & k0 Rowoit
+ B—MRI xt— ?Rmmx ™ — 12m€ ka X (qul+qul) D;
1 .
— 6—m5quql]mxlme D;
—qcAp + 2R xla™ ! R—i—LR +m(a-x)
qcap 0l0m Sm am 00
1 1
+ 3R01x +cel k(T x <3RO]bl + 12Rb]01> (5-25)

5A very important note is that in equation (5.23), it is one of the rare places we use such notation. Later
to make the calculations more understandable we will use ‘{" and ‘}’ as brackets.
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5.1. Perche & Neuser 2021

Comparing it to what Perche & Neuser calculated in their paper [35], we note that
the terms labelled as E in equation (5.17) are neglected in their Pauli Hamiltonian.

5.1.5. Comparing the Schréodinger Hamiltonians

Now we can, finally, trace over spin degrees of freedom (using the Pauli matrices algebra
as exactly what Perche & Neuser did) in order to calculate the Schrodinger Hamilto-
nian as Perche-Neuser did. The result then would be Post-Newtonian Schrodinger
Hamiltonian in curved spacetime:

1 1 1 1 i
HSchr'c')dinger = { — x) — ROIOmxlxm}Dz _ 7Rll]mxlme]-Dz‘

%_chz(a' ) 4m 6m

- {4711(:2 al — ﬁRmo]xl — %Rl]xl + Z;CR]lOmxlxm}Dj
—qcA +m—czR xlxm—kiR—kiR —|—m(a-x)—|—i—cR x' (5.26)
qc4o + —5— Roiom S 4 00 3 o 5

Comparing it to Perche & Neuser’s Schrodinger Hamiltonian, we note that the terms
labelled as E (5.17) are neglected in their Schrodinger Hamiltonian.

Now there are few remarks about what we have achieved. First, Dirac Hamiltonians
were identical. As we went further, we realised that new terms arising from my
different assumptions start having more and more consequences. Therefore we decided
to explicitly calculate the term they neglected. We concluded at the end that all the
differences between our calculation and theirs are caused by the less general choice of
post-Newtonian approximation method they are applying.

In addition, tracing over spin degrees of freedom is still ambiguous as we just trace
the terms which include sigma terms and we leave out the terms with the identity
matrix in front of them. We will discuss it in more details in the following part.

5.1.6. Tracing or not?

As we saw in the previous sections, in order to calculate the effective Schrodinger
Hamiltonian from the post-Newtonian Pauli Hamiltonian, Perche & Neuser traced
over the spin degrees of freedom, such that only the terms corresponding to the sigma
matrices were affected. This method is, however, not physically meaningful: the unitary
time evolution described by the full post-Newtonian Pauli Hamiltonian will induce
interactions between the position and spin degrees of freedom. Therefore, the time
evolution which we would obtain by ignoring the spin, i.e. by taking the partial trace
of the total density matrix over the spin degrees of freedom, would no longer be
unitary. Therefore, it cannot be described by any Schrodinger equation with respect to
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a Hamiltonian. Of course, it might be possible to argue for an approximately unitary
time evolution in some cases, but Perche & Neuser don’t do this.

5.1.7. Summary

To summarise, in this section we contend that Perche & Neuser’s method to reduce
the Dirac Hamiltonian to the Pauli Hamiltonian is not complete if understood as a
L expansion, because a term relevant at order i was neglected by them: we found
out that if one wants to consistently expand in %, there are crucial terms missing in
their post-Newtonian Pauli Hamiltonian, such as ﬁRoo. The extra terms arise if one
does not assume that the non-relativistic energy of the system is negligible compared
to its rest mass, which Perche & Neuser did. This is a novel result of our calculation,
when compared to previous literature, but also expected, due to the fewer assumptions
we make in our post-Newtonian method. These terms could have been reproduced
by applying their method and not neglecting the term in (5.17), thus turning their
calculation into a systematic expansion in - (instead of an expansion neglecting terms
assumed to be small compared to rest mass).® Furthermore, the idea of reducing the
Pauli Hamiltonian to the Schrodinger Hamiltonian by tracing over the spin degrees of

freedom seems also conceptually unsound.

5.2. Ito 2021: ‘Inertial and gravitational effects
on a geonium atom’

This section is to compare my result with what Ito calculated in a paper titled ‘Inertial
and gravitational effects on a geonium atom’ [15], where he uses the FW-transformation
[11] in order to study the post-Newtonian limit of Dirac Hamiltonian. Again, we
will call such a limit, ‘Pauli Hamiltonian” and we will check whether the results are
comparable. We will see that one needs to apply a Lorentz transformation due to
the different choice of Fermi Normal basis vectors. We will interpret the geometric
meaning of the possible choices and conclude that his choice might not be the best.
After finding the Lorentz transformation, in the next section, we will transform our
result to a Hamiltonian which would be comparable to Ito’s Pauli Hamiltonian. We will
see that the results are still incomparable. We will discuss the possible reasons for such
differences and conclude the section by stating that due to the different methods of

%0One could argue that Perche & Neuser did not consider the ﬁROO term, because they assumed that
their calculation is outside of the matter, i.e. they assumed to be in the situation where R, -related
terms are vanishing. This could have been a valid argument, if they did not have the Ricci term
neither. However, they do have the term related to %R in their Hamiltonians and this makes the
aforementioned argument invalid.
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5.2. Ito 2021

post-Newtonian approximation, the resulting Pauli Hamiltonians seem to be impossible
to be compared.

5.2.1. Comparing the Dirac Hamiltonian

Ito calculated the Dirac Hamiltonian to the linear order of curvature, acceleration and
angular velocity. Converting his notation to mine and including all the c-factors, we
can see that the resulting Hamiltonian in his paper is:

ic_ mc?
Hpirac :11{ —qgcAp — ZROllmxlmei} + ’yo{mcz +m(a-x)+ 2R010mxlx’”}
me?

- ')/b{mc(w X x)p + g

RblOmxlxm}
ic

ic ic1
JR— 7a.
2

-

ic
4

— fyo'yj{icDj +ic (a- x)D; + = Roomx'x™D; +
ic
4

ic

[ ic
+ Ro]‘[)lxl 1 lexl} + ’yb’yl{6Rb10mxlmej +

Roh]‘lxl + l(a] X x)bD]}
(5.27)

It is worth seeing my result in the same order of approximation and compare the two
Dirac Hamiltonians. My Hamiltonian is:

Hpjirac Iﬂ{i(w x x)'D; — qcAg — ZZCROlimxlmei}

mc? mc?
+ ,yo{mcz +m(a-x)+ 2R010mxlxm} - ’Yb{6Rb10mxlxm}

ic !

e L ic ic_
- 'yo'y]{chj +ic ' (a-x)Dj+ aROZOmxlmej + gR]-fmxlmei T

aj
ic ic | ic ic i
+ ZRo]'ole - 4lexl} + 7b7]{6Rb10mxlmej + ZRobjlxl + 4€bp]'wp} (5.28)

As we can see, there are just two terms which are different and they are both related
to angular velocity. More explicitly, in Ito’s Hamiltonian, they are the first term in "
and last term in Y9 which take different forms than my Hamiltonian’s first term in 1
and last term in 7”7). The reason is the different choice of basis vectors for expanded
metric in Fermi Normal Coordinate.”

71f one considers w = 0 then the resulting Dirac Hamiltonian are identical here, this is a good reason to
be confident about our result and the comparison we did in the previous section.
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5. Comparison to previous works

Different choice of basis vectors

Choosing the basis vectors in the first glance, would seem to be unimportant. It is the
matter of the taste and simplicity which may be brought for the rest of calculation.
However, when it comes to geometric description and more importantly, the post-
Newtonian approximations, it is really important to choose the basis vectors carefully.

Ito chooses his basis vectors as follows:

1
=T+c?(a-x)+ EROkOkaxl

1

i ikl
es = — 5 RygX'x
1
0_ -1 k kI
¢ =c Eimrx" W' + gRijlx X
i g Lpi ko
G =0 T g KX (5-29)

He did not give any argument for justifying his choice. On the other hand, my choice
of basis vector was as follows:

1
e =14c2(a-x)+ EROZOmxlxm

. 1. :
ey = —ERIZOmxlxm 4+ Hw x x)!
1
e? = EROijxlxm
1
ej =0; — ERll].mxlxm (5.30)

As it can be seen, up to the choice of angular velocity being a part of e;) or el they are
identical. In order to give an argument we also need to calculate the dual basis; Ito’s

dual basis are:

1
ef=1—c2(a-x)— EROIOmxlxm

1
e = —gRimmxlxm + c‘l(w X X);
EZ) = EROl]mx x"
e{ = 5{ + gRﬂ]mxlxm (5:31)
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<

T = cte

Figure 5.1.: Choosing 7 orthogonal to the spatial leaf of the constant T

My dual basis up to same level of approximation as Ito are:

eg=1—-c2(a-x)— %Rmmx X"

& éRiIOmxlxm

eh = —c Hw x x) + 2R0,jmxlx”’

e{ = (5{ + %Riljmxlxm (5-32)

Having calculated the basis and their dual, one can see whether they correspond to
something meaningful in geometry. This is done by looking at the geometric definition
of time in the neighbourhood of the worldline. We know that there are two possible
choices for defining the measurable usual time which is corresponding to the clock in a
laboratory in the neighbourhood of the worldline. The first option is to define the time
to be the normal vector which is orthogonal to the hyper spatial plane of T = constant,
where 7 is the proper time (see figure 5.1). In this case, mathematically we have:

(grad(T))! = " (dT)y (5:33)
After normalising it, we have:
us
eh=——8 (5.34)
(—8%)2

Note that the minus sign is there to make the vector future directed.

The second option is to define the time as the tangent vector to the worldline
connecting two neighbouring spatial hyper surfaces with constant T and same spatial
coordinates (see figure 5.2). In that case, normalising what just stated, we have:

1
6L (5.35)

eh =
’ (—8ss)2
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5. Comparison to previous works

(Tl/xj>

(T('),Xi>

Figure 5.2.: Choosing @ such that it is tangent to the worldline connecting two neigh-
bouring hyper surfaces of constant T with identical spatial components

Now we need to calculate and compare these dual basis to justify our choice of basis.
The first option would result in the following dual components:

1
ef=1-—c2(a-x)— EROIOmxlxm

. B ) .
eh = —c Hw x x) + gROZ]mxlxm (5.36)

which, agrees with my decision of considering the angular velocity term to be in e{)

component. The second option, on the other hand, would result in:

1
ey =1+4+c?(a-x)+ EROZOmxlxm
ep =0 (5:37)

As it is not related to what Ito and I calculated, we will leave it.

Finally, we could say that at the level of Dirac Hamiltonian where there is no problem
of having a different set of basis vectors, one could easily relate them by a Lorentz
transformation. It works as follows:

eZAA = Eg (5.38)

where, ég represents Ito’s basis, eZ is my basis and Ag is the Lorentz transformation

matrix. Therefore we can calculate Aﬁ as follows:

G = e (5.39)
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5.2. Ito 2021

As the result:

A]-i = (Sji (5.40)

Using (5.40) we can see that our result is transferable to Ito’s result in the level of Dirac
Hamiltonian,

5.2.2. Comparing the Pauli Hamiltonian

Ito calculated the Pauli Hamiltonian by using FW-transformation in terms of the
physical operators. His Pauli Hamiltonian written in my convention is:

1 1 1
Hpauli = {Zm T o (a-x)+ 413010;1196136"1}1—Iz

_ 2 1 1 i
— 31{1 +c%(a-x)+ 3R010mx x™ 4 6R Il x }SkBk + @R]lzmx’mejHi

i ' L ke! 1 ij ck 1 i il
” {szza]+ 2mc? a;5 ¢! k" *ROZOx +T£ S Rojoix" — %sz

2c ; ; .
+ gRJmmxlxm + Esqlkskleqﬂ] — (w x x)]}Hj
q cipj kol i mc? I,m 1 1 ic !
— @S B/Rjjix"x’ — S'w; + TROIOmx x"+m(a-x)— %R — %Roo + gRolx
C b
+ 58] kxlSkajgl — QCAQ + mC2 (541)
where:
D;:=ill; = d; —iqA; ,where Il is the canonical momentum (5.42)
k
% := 6K, where S is spin operator (5.43)
1
B':= Esl]k(E)jAk —0dxA;j) ,where B is magnetic field (5.44)
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5. Comparison to previous works

On the other hand, my Pauli Hamiltonian in the same order of approximation and in
terms of the mentioned physical operators would be:

1 1

HPauli = {27’1’1 2mC2

1
(a- x>+4—Rommx m}nz

- 771{1+C (ll X>+ Ro[omxx }SkBk+ o R xlmejl’Ii

A A S L i gk LAY
+{_4mc2a1+2mcas +12 ROle +%s S Roioix +%R1x

2c _; 1 .

3 qli
; mc? 1 1
— S'w; + TROI()mxlxm +m(a-x)+ S—R + o —Rqo + 3 Rle
ib 2 1
— qcAg + c¢ kskxl(gROjbl + gRb]’Ol) (5-45)

Due to the different choices of basis vectors and different methods of post-Newtonian
approximations we cannot compare the result yet. In order to do so, one could try
to make the result comparable by Lorentz transforming one Hamiltonian to the other.
This might address the first difference and we will investigate this in the following
section.

Lorentz Transformation and relating the results

In order to compare the result, we need to analyse how to transform Spinors which
are written in different basis vectors. Using the principal fibre bundle mathematics, we
know that by assuming:

ey = Apel, (5.46)
Spinors transform as follows:
B — _lAI S J
Yo =exp{ =545 | P (5-47)

where A, defined by A = exp(A), is the infinitesimal Lorentz transformation and
SU = %['yl ,7'] is the generator of Lorentz transformation on Spinors.
As we want to perform the transformation at the level of Pauli Hamiltonian, we can
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5.2. Ito 2021

use Teylor expansion in order to find what A is:

Eg - AABEZ
= exp(A)”pely
AZ A
= ey + Afgel, + ( 2) Bely (5.48)
On the other hand:
A = eflely (5.49)
Therefore:
A% =1
A% = cHw x x);
Ay =c Hw x x)!
Af = 6; (5.50)
Now using (5.46) and (5.50) we can read off A from (5.48):

Al =0 (5.51)

In order to complete the calculation for (5.47), we need to calculate the term S I] :

1 1

Sy = zlvevl = 570m (5.52a)
1

s/ = gl (5.52b)

1 _ N _ .
Alys) = 4{C Hw x 207" = cHw x x)7'y”

o N wxx) 7’ = Hw x x)ivofn} (5.52¢)
1 . 1 0 ot
Aljs! = —5¢ Hw xx)iyy = —5¢ Hw x x); <(7i 0) (5.52d)

Therefore (5.47) yields:

. 1 0 o
Big = ep {3 @ x i (5 7) b 559
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5. Comparison to previous works

Now we again use the Taylor series in order to apply the transformation in the level of
Pauli Hamiltonian. Therefore:

b=+ {ic‘l(a) X x)i <£ ‘g) }¢ + ;{ic—l(w % x); <(S ‘gi) }2¢ +0(x%)

(5-54)
_ 14 (0 ¢ 3 2
=P+ {40 (w x x); (ai 0> }1[J+ {320 (w x x) Il}gb
Now we know that:
_ sz)
4 (% (5-55)
Therefore (5.54) can be simplified to the following two equations:
_ c! 3c¢2 5
Pa :¢A+T(w><x).m/13+3—2(wxx) Pa (5.56)
-1 -2
_ C 3c 2
VB =¢B+T(w><x).mpA+3—2(w><x) ¥B (5.57)

Now in order to decouple the above equations, we first note that we are interested
about the positive frequency solutions. Therefore we need to use the relations we found
in the previous chapter for different orders of p. Secondly, we need to expand g in
the (5.56) by its equivalent in terms of 14 by using the equations (4.5) , (4.7) and (4.12):

1 -2
Pa =Pa+ CT(w X x).a{lpB(O) + (1) +¢p(2) + O(c3)} + %(w X x)2¢A
B 3c2 ) c! i D 0 ,
—¢A+3—2(wxx) l/)A‘f‘T(Wxx)-‘T —%(‘7' HPa(0) +9a(l)}+
f—zabRbmmxlxmlpA (0) } (5.58)

Considering the Ito’s level of approximation, we can neglect the terms of the non-linear
order in w and terms of the order c~3. Therefore we end up with:

Pa=1a— ﬁ(w x x);o' ! Dipp4(0) (5-59)

Note that in our convention 4(1) = ¢~ !4 . Knowing the Pauli matrices algebra (2.9),
we can simplify it further:

Ya=1¢a— ﬁ(w x x);(87 + i8ijk0'k)D]'lPA(0)

(@ x ) Dpa0) (560

((U X x)l‘DllI)A(O) + Smc

:1I]A—

8mc?
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5.2. Ito 2021

Now we need to replace ¢ in (5.41) by (5.60) and see if the resulting Pauli Hamiltonian
is identical to mine as seen in (5.45). In order to do so, we first translate the terms in
(5.60) by physical operations as in (5.42):

_ 1 ; 1 4
llJA = IPA + W(w X x)iHZl/)A(O) — 4mczs]k5k(w X x)l‘H]'l[JA(O) (561)

However, applying the above transformation also would not make the resulting equation
comparable to mine. Therefore one would conclude that the result is not comparable
and the reason is the different methods of post-Newtonian expansions which are used.
We will briefly discuss it in the following section.

5.2.3. Different methods of post-Newtonian approximation

It seems that it is not easy to compare the results after performing the post-Newtonian
approximation. The reason is the different approaches Ito and I took to perform the
post-Newtonian approximation itself.

He is using ‘Foldy-Wouthuysen-like” expansion [11, 16] up to the order of % and
I am using the formal ¢ power expansion. Foldy-Wouthuysen transformation (or in
short FW-transformation) was first formulated by Leslie Lawrance Foldy and Siegfried
Adolf Wouthuysen in 1949 to study the non-relativistic limit of the Dirac equation in
the flat background [11, 10, 45]. Ever since physicists mostly use it in order to talk
about the non-relativistic limit. It is a unitary transformation of the orthonormal basis
in which both the Hamiltonian and the state are represented. The eigenvalues do not
change under such a unitary transformation, this means the physics does not change
under such a unitary basis transformation. Therefore such a unitary transformation
can always be applied. In particular a unitary basis transformation may be picked
which will put the Hamiltonian in a more pleasant form, at the expense of a change
in the state function, which then represents something else [9]. It, however, seems to
be problematic. The first reason is that it is not clear whether FW-transformation is
well-defined in the context of curved spacetime. Secondly, as scientist want to interpret
the terms appearing in the Hamiltonian to set up an experiment and observe them,
they will face a problem. Because the unitary transformation makes the Hamiltonian
to be dependant on the taste of the person who does the calculation. As stated earlier,
the unitary basis transformation may be picked which will put the Hamiltonian in a
more pleasant form. Therefore, one could not decide whether the terms appearing in
the Hamiltonian correspond to a realistic effect which is detectable in the laboratory.

On the other hand, the method which I have shown in this thesis, is pretty much
independent of the taste of the person who performs the calculation. It is a straight-
forward, mathematically-consistent and logical process which provides us not only
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5. Comparison to previous works

with the non-relativistic limit, but also with the post-Newtonian corrections. Physical
operators such as Spin and canonical momentum operators are the corresponding
lab measurement tools in real world experiments. In order to define them properly
one needs to be really careful. It is the other objection to Ito’s choice of basis vectors
and his method of non-relativistic expansion. Because, it is not clear at all why he
thinks that the spin operator would still be defined as S = ¢/2 after performing the
FW-transformation. In other words, the axis of the rotation would have been differed,
if one would choose another set of basis vectors. That means the interpretation of the
terms and coupling in the Hamiltonian is impossible.
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6. Conclusion

We have achieved the description of spin-half particle under gravity also known as the
Pauli equation with corrections. We believe our approach to be the only systematic
and complete method for the inclusion of gravitational effects, i.e., the inclusion of
all the effects without repetition, other than in existing literature [53, 5, 52, 1]. Our
calculation consisted of two steps: first, we expanded the Dirac Hamiltonian in the
FNC in curved spacetime (3.50), which implemented certain approximations based
on the assumption of weak gravity and weak inertial effects. Second, we studied the
resulting Hamiltonian in the post-Newtonian regime (4.22), which implemented the
assumption of slow velocities. We note that these two steps of our calculation are
logically independent because they rely on different sets of self-standing assumptions.
Our work expands on the existing literature [15, 35] by systematic inclusion of neglected
terms.

The mentioned resulting Hamiltonians are significant findings, because they can
be applied in different research areas ranging from theoretical quantum gravity to
experimental quantum optics and atom interferometry. Additionally, my results can be
applied to all the following ongoing research:

¢ Electron g-factor measurements [15, 14, 30]
¢ Localisation of fermions in AdS backgrounds [35]
¢ Unruh effect studies [17, 12, 6, 42, 50, 19, 21]

¢ Atoms in weak gravitational fields [7, 2, 31, 8, 37]

A possible further research direction would be to design novel experiments for
observing the coupling effects derived from my resulting Hamiltonians. One could also
make the situation more realistic by dropping the assumption of time independence
in curvature, acceleration and angular velocity. Another potentially interesting topic
for further research is the relationship between the description of a Dirac field in
curved spacetime and the description of classical spinning bodies by the Mathisson—
Papapetrou-Dixon equations: this has been somewhat explored in the fully relativistic
case [3], but we believe that exploring it via post-Newtonian expansions may lead to
further understanding.
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A. Calculation of inverse metric

In order to calculate the inverse metric, as the off-diagonal components g;; does not
vanish, we should first separate the spatial components of the metric and rename it as
follows:

gij = l’ll] (AI)

for which the inverse , namely %/ , can be calculated by using the geometric series.
Then define:

B :=hlg; and a®:=h;Bp — gs (A2)
We note that:
hiB B = h'gsigs; (A.3)
Now it can be proven that:
g° = —a? (A4)
g =a?p (A5)
gl =h—a?pp (A.6)

Therefore we need to calculate h'/ , B’ and a? to be able to calculate the inverse metric.
Given the recipe, we can start by calculating the h":

1
hij = 6i — gRiljmxlxm (A7)
Using the geometric series:
1
le—l—x—f—xz—i—... (A8)
Therefore:
) 1
h' =6 + gRll]mxlxm (A.9)
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A. Calculation of inverse metric

Now for ' we have:

B = hig,
s Lpii m S 2 Im
= +§R,mx x ¢ (wxx)— gROIjmx x
:c’l(wxx)i—%R ol (A.10)
0l m .

3
and, finally for the a2 we have:
“2 = hijgsigsj — ss
_ (Sl] 1pij 1,m -1 2 Coalam -1 L2 Colamy
= {07+ 3R] x'x"}{c7H(w x x); = SRopimx’ x™ {7 (w x x)j — §Ropjmx’ x™ } — &ss
= (Sijc_z(w X x)i(w X x)]- — Qs

= c‘z(w X x)2 — Qss

=1+2c2(a-x)+c*(a-x)* 4 Roomx'x™ (A.11)
Now in order to calculate =2 we use the geometric series:
gss — _“—2

= —(14+2c%(a-x)+c*a-x)*+ Ryjgmx'x™) 7!

= —{1 —2c¢2(a-x) —c*(a-x)? — Rojgmx'x™

{2620 )+ 4o 2+ Raond's" 2+ O(F) |

=—(1-2c%(a-x)—c*a-x)* = Ryjomx'x™ + 4c™*(a - x)?)

= —(1—2c2(a-x)+3c*a-x)? — Rojgmx'x™) (A.12)

gSl — 0672 i

2.
{1 —2c%(a-x)+3cHa-x)* - ROIOmxlxm}{c_l(w X x)t— 3R011mxlxm}

2. .
=c Hwxx) - gROZ‘mxlxm —2c3(a - x)(w x x)’ (A.13)

and, finally similar to previous calculation:

1
g =067+ gRll]mxlxm —cHw x x)(w x x)/ (A.14)



At the end, we can calculate the inverse of the metric (¢°) ! by using the geometric
series (A.8) up to the order of x°.

(§%) " = —{1-2c"%(a-x) +3c"*(a- x)* = Rojoa'x"} !

= —{1 +{2c72(a-x) — 3¢ *(a- x)® + Rojomx'x™}
+{2c7%(a-x) =3¢ *(a-x)* + ROZOmxlxm}z}

= —{1 +{2c72(a-x) — 3¢ *(a- x)® + Rojomx'x™} + {4c *(a - x)z}}
=—1-2c2(a-x)—c*(a-x)* — Rojgmx'x™ (A.15)

It is needed in section 3.3 in order to calculate the Dirac Hamiltonian which is expanded
in the FNC.
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B. Calculation of Christoffel
symbols

In order to calculate the Christoffel symbols, we will use the definition:

1
rf"vp = Egl””( (g;(l/,p + ng,]/ - gVP,K) (BI)

In this case, we need to calculate the following 6 components: I"®;;, I'®

; .
l] 4 si’/ r ss 7/ FSSS 4 1—‘Z]'k
i
and st.

S 1 SS 1
r ij = Eg (gsi,j + 8sji — gl]S) 8 (gm] + 8nji — gij,n)

1 2 2
= 585 ¢ X x5 = SRoun (3137w )5 = S Ro (47,
1 1 1 1
+ 2gsn{((5ni — anlimxlxm),j + (Onj — anljmxlxm),i — (65 — 3Riljmxlxm),n}

(B.2)

Note that throughout this thesis, the time derivative of R, 2 and w are ignored. Therefore

terms such as g;; s are vanishing. Now in order to further simplify the expression we
use the definition of the vector product:

s ss) —1 k 2 I m l..m
% = 58 {c siqkwqx,]- — éROZim(x,jx +x x,].)
q.k 2 I .m l.m
+c qkw X" 3R01jm(x a4 x ™)

6g { nlﬂn(xl X +x X ]) Rnljm(xl,z‘xm +x1x, ) +R1l/m(x x™ +x x", ))}

(B.3)
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B. Calculation of Christoffel symbols

Now we know that x”}, = 6}’ . Moreover, using the fact that ¢; gk is totally anti-symmetric
we can simplify the expression as follows:

1
M= —38" { (Rokit + Roiix) 072" + (Rogji + Roljk)‘si'(xl}
1 o kol kI koI
= 28 (Rukit + Rytig) 072" + (Rt + Rugje) 0" — (Rigjt + Rirj) O x (B.4)
Now we can use the relations of Riemann tensor. Therefore:
1

1
% = _3855{(R0jil + ROijl)xl} 385"{(Rnﬁz + Rnijl)xl} (B.5)

Opening ¢*° and ¢*" and multiplying the terms up to and including the order of x? will
give us the final result:

1 _ _
% = 3xl{(R0jil + Rojjt) —2¢7(a - x)(Rojir + Rojjt) — ¢ (w x x)" (Ryji + Rm’jl)}
(B.6)

The rest can be calculated the same way.
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C. Calculation of the connection
one-forms

Connection one-forms can be calculated by:
w, [ =T% elev —ev0,e! (C.1)
ul pv=a] J¥urty :

As we already have all the required terms for the above equation, we can calculate the
connection one-forms components to components. For instance:

w0y = T° elef + T edef + T°, e 30 + I“’S]el — 595e) — eéase? (C.2)
In order to calculate (C.2), we study it term by term. The first term:

I edel =T {14 ¢ %(a-x) — 3R, x X1 —c2(a-x) +cHax)? - *Rommx x"}
(C3)

So far, we just replaced the ¢? and ey by their values in (3.18) and (3.20). Note that
we need to keep the order up and including x?. Therefore we can simplify the above
expression by multiplying the brackets:

1
—ROZOmxlxm—l—

sl = Fsss{l —c 2a-x)+cHa x)? - 5

c2(a-x)—cHa x)? - fROZOmx X } (C.g)

Now we know that lowering the time-indices, due to our convention and the fact that
the frame is Minkowski metric, will give us a minus sign. Le:

R%;,. = —Roiom
Therefore:

Fsssegef) = rsss (C-S)
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C. Calculation of the connection one-forms

For the second term, we will use the same approach:

1 1
weiey = T's { - 6R0hmx1xm}{1 —ca-x)+cHax)? - ZROIOmXZXm}

' 1
= I—'lss(_ ERolimxlxm)
1 .
= gc_Zalelimxlxm (C.6)

where, in the last line we replaced I by its value in (3.14). The third term:

I“l

- 1
]—'Ssjt’ge{) = rssj{l + C_z(a ) x) + ZROIOmxlxm}

; 1
{—c1(w><x)f+c3(a-x)(w><x)]—|— ROlm m}
1
1
=T%(—c” (wxx)]+2ROlm x™)

= —c2a.(wxx)+ca(wxx)(a-x)—c Hwx x)]ROJOIx + c a;R I xlxm

0l m
(C7)
The forth term:
' elel = T, {1R01imxlxm}{ —c N wxx)+c3a-x)(wxx) + 1Roz ! ’"}
6 2 mx
=0 (C.8)

Again, in the last line we ask our approximation to be up to and including the order of
x? and that is why we end up to zero. Finally, the last two terms are also zero because
of our assumption that the time variation of our variables are negligible. All in all, we
will insert each terms back into (C.2):

wly = T elef + T eded + T, e eo + Fls] Ze’ e50se — eéase?

1
=D+ gc_zﬂlRmimxlxm —c3a.(w x x) +cPa.(w x x)(a-x)

1
—c Hw x x)]ROJOIx + 2c a]ROZ]mxlx (C.9)
Using (3.16) to replace I'®,;, we end up:
w0 = c3(a.(wx x)) —c 5 (a.(w x x))(a-x) +c Rourx' (w x x)"

_ 1 5 _
-3¢ 2a,Ry" x x™ + & 20/ Ropima’ ™ — ¢ 3a.(w x x)

. 1 ,
+ca.(w x x)(a-x) —cHw x x)]ROjOle + Ec_za]-RO/mxlxm (C.10)
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Renaming the indices, we will see that they are all cancelling each other out. Therefore:
wly =0 (C.11)

The others are also calculated with the same approach. As the calculation is rather
straightforward and tedious I will not write them down.
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D. Calculation of spin connection

The spin connection is to be calculated by:

1
T, = _Ew},l,sU (D.1)

where, S/ is given by (2.15). Therefore:

1
Iy = _gqu[’YI/’Y]] (D.2)

where:
YL Y] =4 — Ayt

is the commutation relation. Now we break the spin connection into its temporal and
spatial parts. We have the following:

Is = —%wsu[’YIr 7]

= —% {wsoo [7°, 7+ waoj [, ] + waio [y, 7°] + w7, o] }
= —% {wsOi (7%, 7] = wsoilv', 7°] + wsij [, ] } (D.3)
where, in the last line we Note that we renamed the index in wy;[7°, 9] and also we
used the anti-symmetric property of w. L.e. wyy; = —wsjo. Therefore we can simplify it:

1 . o
Ii=-— 8 {2w50i [')’O/ 7'+ Wsij [, ] }

1 ‘ .
= _8{4WSOi,YO,)/Z + zwsij’)’l’y]}
1 | o
= —Ewsoﬂo’rl - ;stij’yl’yj (D.4)
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D. Calculation of spin connection

where, in the second line we again use the anti-symmetry property of both commutators
and connection one-forms in order to drop the commutation brackets. Now we just
need to replace each term by using our previous calculations in (3.29) and (3.30).
Therefore we end up with:

14 . ( _ c 2 _ B
I's = 27071{C 20, + Rojorx' — THiROlOmxlxm — ¢ 2(a- x)Rprx' — ¢ (w x x)"x Rops

P c! I
m n m
+ T”J’Rz‘l mX X" = € piw”Rommx X }
1 inj ! Pl on R nR -1 P _R !
— Zr)/ ¥ 6 wrx' x (8 pjtlilnm + ‘C'ip jlnm) +c Eipj" — RorijX

-2

C
+ ?xlxm (ajRiIOm - aileOm)} (D-5)

The same approach will be adopted to calculate the spatial part.
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E. Some tricks

In the equation (4.19) we can do the following simplification for the term

1 . . . ~
W{—zcaij}{—zDT}{—zccﬂDj}l/JA(0)

as follows:
(4m2 2)0’ O'DbD DJIPA( )
; - 1 ~ ~
= 572500 Dy Dz, DA (0) + s (¢ DY H(0)P(0) + 455 (0 - D) (cAnia(0)
(E.1)

in which, the first term is related to electromagnetic fields. The second term is however

calculated by the fact that iD(4(0) = H(0)4(0) + gcAo4(0). The first term can be
further simplified as follows:

1 b i
WU U]Db[DT, D]]

i . . . .
_ 4m2c20 1% Db{(aT —iqcAo)(0j — iqA;j) — (9; —iqA;)(9r — quAo)}

= 2C20’ o Dh{zq(ca Ay — BTA]-)}

— 9  _b_j
= _4m2c20 U]DbE]' (EZ)

Note that in our convention, Dy E; is acting on the ¢ and derivative needs to be expanded
on both E; and ¢ in the resulting Hamiltonian.
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E. Some tricks

We can also simplify the second term in (E.1) as follows:

2 1 2 1 2 mc* 1 m
D)*H(0) = —5— (¢ - D) —%(U-D) +m(a-x)+TR0,0mxx

; 1
+i(w x x)'D; — Eapw” - cho}

T 8mdc2 ( 4mc?

1 2.1 I 2 '
+ %ROIOm(U' D)*(x'x™) + W(U'D) (w x x)'D;

_ 1
8m?2c?

o-D)* + (0-D)%(a-x)

W (o - D)2, — 47“‘77%2(0- D)2cAg (E.3)

where, we used (4.9) to replace H(0). Note that the last term will cancel the last term
in (E.1). Now we need to apply the derivative to each term and simplify:

Al —_L 4 1 2 L 2/ 1..m
Am2c2 H(O)_ 8m302(0 D) +4mc2(0 D) (a x)+8mROZOm<‘T D) (xx )

+ -1 (¢-DP*(w x x)'D; —

2 9 2
P wP(o - D)0, — —5(0-D)“cAp

4m?2c?

a{c, (Tf}D]-

8m2c?

1
—_— . 4 . . 2
8m3c2(a D) +4_mc2(a x)(c-D)"+
1 1 L 1 .
+ Sme()lomxlxm(U’- D)2 + %Rmomxm{al, U'J}D]' + %ROioj{Ul, 0‘]}
; .

4mc?

1

. _ i
+ e @ {0?,0"}DyD; + s (w x ) (o D)D;
 8m2c2 0'0'0yw" D;D; - 41116]7202(0. D)o (E.4)

Note that again in our convention (¢ - D)? = ¢'D;07D; is just for the sake of simplicity.’
In addition, { and } denote anti-commutators. Finally, as we know {c¢’,07} = 26" we

"It can be also simplified as (¢ - D)* = ¢'o/D;D; = (6" + isijkok)D,-Dj =D?+ic-(DxD)=D?+q(c-
B), where for the second equality we used the Pauli matrices algebra.
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can simplify the above expression as:

1 2 4 1 5 1 .
W(U” D) H(O) = —W(O D) =+ Imc? (g . x)(g'. D) + zmcza]Dj+
%ROZOmxlxm(U' D)+ %ROJOmmej + @RooJr
i ' i .
52 W' D"Di+ s (w % x)'(- D)?D;—
8m2c2 UinUPwPDiD]' - ﬁ(a ' D)2CAO (E.5)

This can be replaced as the second term in (E.1) and can be inserted back to (4.19) in

order to calculate H(2) in (4.21).
As another calculation tricks, in the equation (4.22) considering the term:

WUZU] (CU X X)kDiD]'Dk

we can further simplify it as follows:

i o i L
4m2c20-10-](w X x)kDiDjDk = W((S” + ISZ]mU'm)(CU X X)kDZ‘D]'Dk

i .
= gz (@ X x)k{D2 +ic.(D x D)}Dk
= ﬁ(w X x)k{D2 - ia.iqB}Dk

i
:W(wxx)k{D2+qa-B}Dk (E.6)

where, B is the magnetic field. Same approach was employed in order to calculate the
terms related to E in (4.22).
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