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Abstract

Black Holes have an entropy that can be shown to depend on the area of its horizon. In this
context, we look at the possibility of entanglement of quantum field modes across the horizon
being the source of this entropy and look at the entanglement entropies of various quantum
fields. In this thesis, we start by looking at two methods to calculate entanglement entropy for
the scalar quantum field theory and study their various properties. The first method relies
majorly on numerical simulations while the second method (covariance matrix approach)
gives analytical results. The numerical method can help show the area law dependence
of the entropy of a scalar field. Through the covariance matrix approach we see that the
entanglement entropy of a scalar field at leading order behaves differently in different regimes
of a parameter (. It is shown that for Neumann boundary conditions, the entanglement
entropy diverges as loglog in the regime ( < 1 and diverges as log in the regime ( >
1. Then, we try to generalize the above results for a fermionic field, with the goals of
seeing area law dependence, the above crossover in behaviour of entanglement entropy and
obtaining Hawking temperature in this theory. Lastly, we also have a look at Black Hole
thermodynamics and study the concept of cosmological particle creation, which leads to

concepts like the Unruh effect and Hawking Radiation.
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“If I have seen further it is by standing on the

shoulders of Giants.”

-Sir Isaac Newton






0.1 Elements in this thesis

This thesis will occasionally have blue boxes around equations. These are the
important equations in the relevant chapter or are the important results in this thesis.

An example for this would look like

| o1

This thesis also contains many clickable chapters, equation numbers, references and
URLs. A legend for identifying them is given as

e All clickable links to chapters like [chapter 1], clickable links to sections/subsec-

tions etc like [section 0.1] and clickable links to equations like (0.1.1) have the

color blue.

e All clickable links to the citation of academic papers/books like [1] have the

color red.

e All clickable links to URLs like https://www.iiserpune.ac.in have the color

violet.
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Chapter 1

Entanglement and Black Holes: An

introduction

”Entanglement is not one but rather the characteristic trait of quantum me-
chanics.”

— Erwin Schrodinger

1.1 A brief history of entanglement

Physics before the 20th century was successfully explained by what is occasionally
termed as "classical physics.” At the center of it lie Newtonian mechanics, which
is rooted in ideas of energy and momentum conservation and concerned itself with
the motion of bodies under the effect of "forces”. These laws painted a picture of
the world as a system of gears working together in a deterministic way. The 20th
century brought many observations and ideas that fundamentally challenged the then-
accepted physical laws. It started when the German Bureau asked Max Planck about
ways to make light bulbs more efficient such that they would give the maximum
amount of light for the minimum amount of power. This led to Planck looking at the
prevalent theory of radiation, which allowed for the light waves to have any arbitrary

(and continuous) value of their energy.

20
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As a result, the theoretical spectrum of energy radiated at a temperature kept on
disagreeing with the experimental results as the energy radiated at short wavelengths
(ultraviolet range and below) was theoretically tending to infinity. At the same time,
the experiments pointed towards finite values lesser than the theory. This mismatch
led to Plank hypothesizing that light energy came in discrete packets (the quantum
of quantum mechanics) instead of the continuous form assumed in classical mechanics
and thus eliminating this ” Ultraviolet catastrophe”. Although Planck himself hated
this idea, it led to the birth of Quantum Mechanics, a theory that successfully ex-
plained physics at the small scales which the older theory of classical mechanics failed

to do.

This description of reality was probabalistic, rather than deterministic. At the
center of this theory was the postulate of a wavefunction, an abstract quantity that
encoded all the information that can be known about the system. The connection
to the physical world occurs in this theory by the operators that act on the wave
function and give values of the corresponding physical quantity as eigenvalues. These
operators were not necessarily commuting, which implies that precise knowledge of
one variable precluded knowledge of the other. There were many unsettling parts
to this theory, discussions upon which led to what was called ”entanglement”. The
primary line of thought that spurred the idea of entanglement concerned itself with
the description of physical reality in quantum mechanics. Einstein, Podolsky, and

Rosen (henceforth referred to as EPR) in their seminal 1935 paper [1] state that

7 If, without in any way disturbing a system, we can predict with certainty (i.e.,
with probability equal to unity) the value of a physical quantity, then there exists an

element of physical reality corresponding to this physical quantity.”

This view renders a quantity in the theory physical only when one can confidently
tell its value without disturbing the system. Looking at the problem of the incom-

patible observables, we can say that when we know the momentum of a particle, its
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co-ordinate does not have a physical reality. This definition implied that either

(a) The wavefunction description has to be incomplete (which meant that every
element of a physical reality did not have a counterpart in the physical theory)

or

(b) The two physical quantities corresponding to the incompatible observers do not

have simultaneous reality.

To look at this more carefully, EPR proposed a thought experiment.

EPR thought experiment
Let us say there are two systems, system 1 and 2 that start interacting with each
other at time ¢t = 0 untill ¢ = T. After t = T the systems are isolated and do not
interact. This composite system is described fully by its wavefunction ¥. We now
look at the physical quantity represented by an operator A, with eigenvalues a, as - - -
and corresponding wavefunctions as wuq(z1), ug(z1), - -. Here x1 represents the first

system’s variables and x5 the second system’s variables. We then have
U= Z@bn(xg)un(:pl).

Now upon measurement of A if system 1 is found to have a value of a;, then from the
equation above we interpret it as system 1 being in the state ug(z1), and system 2 be-
ing in the state ¢, (x3). The states uy that system 1 would take depends on the choice
of the operator A. If we had chosen a different operator B with eigenvalues b, b - - -
and corresponding wavefunctions as vy (1), v2(x1), -+, the wavefunction would have

taken the form

v = Z Ps(2)vs(1).

Now upon measurement of B if system 1 is found to have a value of b, we interpret
it as system 1 being in the state v,(x1) and system 2 being in the state ¢, (z3). Thus
EPR concluded that by measuring A or B in system 1, the 2nd system had to be in

one of the two possible states. Since the measurement was done after the interaction
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took place, no real change should have happened in the 2nd system as a consequence
of measurement in the 1st system; hence, it was possible to prescribe two different

wavefunctions to system 2’s reality.

Now, if both v, and ¢, happen to be eigenstates of arbitrary operators P (with
eigenvalue p;) and Q (with eigenvalue ¢;) that act on system 2, we would be able to
confidently predict without disturbing the 2nd system the value of P or Q by measur-
ing system 1. That is, by measuring A on system 1, we know if system 2 has a value
of py for the physical observable P, or by measuring B on system 1 we know if system
2 has a value of g, for the physical observable Q, all without disturbing system 2. By
the definition of ”physical reality” above, they concluded that P was an element of
physical reality when A was measured on system 1 and () was an element of physical

reality when B was measured on system 1.

Hence if we assume that the ”wavefunction” is a complete description of physical
reality, we can show that two incompatible operators can have simultaneous reality.
The above meant that negation of the point (a) leads to the negation of the only other
possible choice (b). This led EPR to believe that the quantum mechanical description

of reality using wavefunctions is incomplete.

This was the core idea of entanglement that EPR stumbled upon. This paper
incited much debate amongst the scientific community and quickly became the cen-
terpiece of any discussion about the interpretation of quantum mechanics. Bohr and
Schrodinger (who coined the term ”entanglement”) both published their rebuttals
against Einstein’s arguments in 1935 [2, 3, 4]. Bohr insisted that EPR’s interpreta-
tion of the phrase "without in any way disturbing the system” was ambiguous and
that disturbance is inevitable in the measuring process. Schrodinger gave his famous
thought experiment with the cat, where the cat was said to be both dead and alive,
analogous to how system 2 in the above example had two physical realities. Majority

of the scientific community seemed to accept Bohr and Schrodinger’s views following
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the great success of quantum mechanics as a theory.

Einstein’s disagreement with Bohr and Schrédinger came from his view on real-
ity, as the EPR paper states. He believed that nature could not be fundamentally
random and refused to believe a probabilistic description of reality. One can see his
discomfort with entanglement in the arguments described above, through particular

definitions of ”physical reality” and quotes like

“Quantum theory yields much, but it hardly brings us close to the Old One’s se-

crets. I, in any case, am convinced he does not play dice with the universe.”

Over the next many years, Einstein stood his ground on these views and solidi-
fied his view on demanding the theory to be local. He believed that if one were to
take a similar composite system that have interacted for some time and take these
particles far from each other, then measurements on particle 1 should not be able to
immediately affect the state of particle 2. Entangled particles seemed to do just that,
and it was this non-local nature he referred to when saying “spooky action at a dis-
tance”. This non-local nature of quantum mechanics forced him to look for a hidden
variable theory [5], which gave the explanations of quantum mechanical phenomena
using hypothetical variables that are un-observable which completed this incomplete

theory of wavefunctions.

But all qualms were put to the ground in 1964, when John Bell showed that a
local theory with hidden variables can never give all the statistical outcomes pos-
sible if one compares it to the results and observations of quantum mechanics [6].
This meant that quantum mechanics is fully incompatible with local hidden-variables
theory, and the "spooky action at a distance” or "entanglement” is not an artifact

of an incomplete description, but rather the characteristic trait of quantum mechanics.

As everyone, Einstein’s views and intuition rooted from physical experiences mak-
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ing it extremely hard to accept such correlations. The fact that quantum mechanics
allows for such wavefunctions/states that have such non trivial correlations (while
being a local theory) was hard to accept from a classical point of view. It was not
that there is some non-locality, but rather that systems could be in a combined state
even when they are not ”interacting” classically, due to which measurement on one

system invariably affects the other one as well.

The topic of quantum mechanics became the bread and butter for physicists look-
ing to explain any phenomena at atomic scales. At the same time (1920-1930s), Paul
Dirac’s attempts at quantizing the electromagnetic field led to the idea of a ”quan-
tum field theory”, which was a fully quantum mechanical theory involving matter and
electromagnetic fields. Quantum mechanics as it was could not account for relativistic
particles. Since photons were relativistic objects, a description of electromagnetism
could hence not be given by a an ordinary theory of quantum mechanics. This led
to the idea of a quantum field theory, which could account for relativistic particles.
Shortly after, almost all forces (leaving gravity) came to be well described by ideas in
this theory, leading to a great understanding of how nature might work (or atleast how

we can model it). We now ask, what does being entangled mean for these quantum

fields?

1.2 What does being entangled mean for fields?

Let us take a bipartite system with individual Hilbert spaces represented by H; and
‘H, respectively. The bipartite system then has the Hilbert space H = H; ® Ho. The
states of this bipartite system, which belong to H look like |¥;) ® [¥sy). We write an

arbitrary state as:

T) = c| V) @ [T). (1.2.1)

(2
Here i represents the sum index; it runs over the dimension of H. The density matrix

for the bipartite system is given by
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p=[UNT| =" cic; [y} (W] @ [ W) (V.
i3
Partial trace: If we want to get to know about the probabilities of a state in
the system 1 (assuming we do not know anything about the state of the system
2), we perform a partial trace of the system 2 in p. Partial tracing is similar to
integrating out a variable from a joint probability distribution. This is because p
encodes probabilities. For example if you consider a state which is in a superposition,

the diagonal terms of the density matrix represent the probabilities to find the system

in a particular state. The method of partial tracing can be seen as

pr="Trap = i [W1a) (V5] @ (o | Wai) (Vo | Wap) = Y i} [ W) (V5

1,5,k 1,5
2};( 2 | 2>§1 2t | Wai) 2]: i1W1) (W] @ (W[ W), (1.2:2)

Separability: A state |¥) of the composite system can be written as |V;) @ |Ws)
when p? = p and vice versa. This separability of |¥) into |¥;) and |¥,) leads to ”pure
states”. As said before, p encodes probabilities. If p; is independent of the system 2
i.e p1 # f(variables of system 2), then that means probabilities about measurement
of things in system 1 don’t have any information about the state of system 2 (or

equivalently are not affected by system 2).

Lastly, note that if |¥) in (1.2.1) were to be in a pure state, then there would only
be one term in the summation, and the constant outside would be equal to 1. This
would then also mean the scalar product in (1.2.2) is 1 as it is normalized and we

retrieve py = ) . ¢;cf|W1;)(¥1;] and all the properties of a pure state.

However if |¥) cannot be separated as |W;) ® |W5), it implies that p; is a function
of state of system 2 as in (1.2.2). Measurements involving system 1 using p; also
depend on the state of the system 2 and hence the states are “entangled”, and so are
the observables for this state (from (O) = Tr(pO)!). These states also have p? # p.

Entanglement is not a rare feature, it occurs quite often in systems with interactions
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and is ubiquitous. Many systems despite starting with a pure state, evolve into an

entangled state with the slightest of interactions with the environment.

Correlations: We now state this in a slightly different way. For an entangled state,
measurements done on system 1 depend on the state of the system 2. In other words,
there can be correlations between outcomes of measurements. For example, consider
a particular outcome in the system 1 only happens when system 2 is in a particular
state. It is then possible that by measuring system 1, we can confer, or correlate
what state system 2 has to be in after the measurement. Hence there are nontrivial
correlations for entangled states, and we say the observables or operators are
entangled.

In general, when the states are separable, we can write:
(|01 ® O2|¥) = ((V1]| @ (2] )(O1 ® O2)(|¥1) @ [V2)) = (U1]O1[¥1). (V2] O2| V).

This statement is similar to saying E[XY| = E[X]|E[Y], which tells us that the two
variables are uncorrelated. Similarly in a pure state, the systems and measurements
done upon it are uncorrelated while for entangled states we have the following in-

equality signalling about some correlation:
(V]O1 @ Oy| W) # (V1|01 1) (V]| O |Wy).

Moving to a quantum field, we take the two systems as two different regions of
space-time where the field exists and ask if the quantum fields (operators) in the two
regions are entangled. Therefore, for two points x; and x5, we are looking if the

following inequality is true [7]

(U|p(21) @ d(x2)| W) # (Vi|o(21)| V1) (Va|d(x2)|Ws). (1.2.3)

If this inequality is true, then the operators ¢(x1) and ¢(x2) are entangled, and their
values depend on each other. To analyze this, we can look at the inequality in the
limit x1, 29 — . The LHS of (1.2.3) can be shown [8] to behave like:

lim (U|p(x1) @ ¢(x2)|¥) = lim Ular, ) — 0.

T1,2—T T1,T2—T 0(1‘1,1'2)
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Here U is a smooth function and o represents the squared geodesic distance. When
x1, T — x, the denominator goes to zero and hence the LHS diverges. For the RHS,

we get:

Hm (W[ (1)|W1) (Palp(22)|Wa) = [(Wy]d(x)]¥y)]?.

1 wo—
The above expression is just the expectation value of the field operator, and it does
not necessarily diverge. Therefore in general LHS#RHS. The calculation done here
was only for z1, x5 — x, but by plugging the general form of the field operators, it can
be shown to be held in general as well. Hence the field operators in different regions
are entangled! The observables in one region are hence correlated to observables in

another region, as all observables can be constructed from the quantum field.

1.2.1 Entropy of fields: a heuristic argument

Let us look at a free scalar field in ground state. We construct its density matrix and
try to find the reduced density matrix after integrating the degrees of freedom inside
a sphere. If the radius of this sphere is R, we typically would expect the entropy to
scale as R3.

However, when we have a composite system in a pure state, it can be shown that
the reduced density matrix with degrees of freedom inside a region traced out has
the same eigenvalues as the reduced density matrix with degrees of freedom outside
the region traced out, i.e., p;, has the same eigenvalues as p,,;. This can be done
by looking at the Schmidt decomposition of the state. This means that these two

density matrices will give the same Von-Neumann Entropy i.e
S =— an In Pns )\out,i = )\in,i — Sout = Szn (124>

The above entropy is interesting to look at since it is a measure of entanglement. The
equality above is puzzling because even if one decides to make this sphere bigger,
the entanglement entropy for both regions will still be equal. But as we make this
sphere bigger, the volume inside the sphere increases and outside reduces. The fact

that entropy corresponding to inner degrees of freedom traced out is still equal to the
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entropy corresponding to outer degrees of freedom traced out means that it depends
on the boundary of the two regions. It can only depend on a degrees of freedom
common to both regions, i.e., the boundary separating the two regions which stays
common for both under any scaling of the sphere. Interestingly, this has connections
to Black Holes and their entropy, as it also follows an area law. In the following
section, we will describe Black Holes and their entropy, and motivate the need to

look at entanglement entropy of scalar fields.

1.3 Laws of Black Hole thermodynamics and the
area law

General relativity is a well-tested theory of gravity. In the past few decades, it
has been established that Black Holes are thermodynamic objects, objects having
properties like temperature and entropy [9, 10]. With these advances came a few
crucial results, now often called the law of Black Hole thermodynamics. These are

completely analogous to the laws of thermodynamics.

e Hawking in 1975 showed that a Black Hole radiates. Moreso, this radiation has
a thermal spectrum, which means we can assign a temperature to the Black
Hole. A detailed derivation of this temperature is given in [appendix A, see

(A.4.10)]. The temperature in SI units is given by

Ty = —1 (1.3.1)
BH = SWGkbMBH. o
We can then find the entropy associated with this temperature as:
TBHdSBH == dEBH = dMBHC2.
81 Gky M, A7 Gy M2
— /dSBH:CQ/dMBH T b BH: T b7 BH
he3 he
Agn Ky

SpH= ——.— 1.3.2
BH lf, 1 ( )

Where [, is the Planck length and Agy is the area of the Black Hole. This area

is equal to 4mr? with r. being the Schwarzschild radius.
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e The first law of Black Hole thermodynamics is a statement of energy conserva-

tion, analogous to thermodynamics. It says:
dEmp:§%¢%m+whH¢@H. (1.3.3)

Here Jgy is the angular momentum, and gy is the angular velocity of the
Black Hole. Using (1.3.1) and (1.3.2), we can identify the first term as the T'dS

term.

e The force applied by an observer to hold a unit mass at the event horizon (this
force is referred to as surface gravity k) is the same everywhere on the horizon
for a static Black Hole. This is analogous to the zeroth law of thermodynamics,
which defines what temperature means. Here it defines surface gravity (inter-

estingly, the hawking temperature can also be written as Ty = k/27).

e Massive objects that fall into the Black Hole end up increasing its mass, and
hence its radius and area. This property of the area of a Black Hole is reminis-
cent of the second law of thermodynamics, which says that the entropy always

increases in a thermodynamic process. Extending the analogy, we now get:

dA
— >0. 1.3.4
dt_o (1.3.4)

This analogy of entropy with area holds in many different situations, for exam-
ple, in Black Hole mergers. If two Black Holes with areas A; and A; merge,

forming a Black Hole with area A, it can be shown that:

A > A+ Ay (1.3.5)

e The third law of Black Hole thermodynamics states that if we start with a Black
Hole with finite surface gravity, it is impossible to reduce its surface gravity
to zero by any sequence of operations. This is analogous to the third law of

thermodynamics, where absolute zero temperature can never be achieved.
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A few questions

We can now ask a few questions based on the laws defined above.

1. A problem arises when we try to look at Black Hole entropy from the perspective
of quantum fields. Imagine a star that is collapsing into a Black Hole. We can
assume that before the collapse, we know everything about the matter fields
in the space-time. Hence we start with a pure state, and the entropy is zero.
But at a later time, after the Black Hole is formed, the Black Hole has non-zero
entropy, i.e. it is in a mixed state, a thermal state. However, we know that
this process of time evolution should be unitary (the time evolution operator
in quantum mechanics is unitary); hence we shouldn’t be able to time evolve
a pure state into a mixed state for an isolated system. This is the Black Hole
information paradox [11]. Unitary time evolution means that information about

the state is always conserved.

2. Why does Black Hole entropy depend on the area? Typically entropy is an
extensive quantity and depends on the volume (can be seen from S = kyIn W,
with W being the number of microstates). However the Black Hole entropy
depends explicitly on the final area. Moreover, its past history or any initial
condition like what star it was made of, etc., does not matter; only the final

area madtters.

3. We can also ask what are the microstates that contribute to the entropy. What
is the source of this entropy? There are many candidates for this question, but

it is not clear which one it is.

All of these questions are still largely open questions. There has been a lot of work
towards answering some of these questions. One approach involves associating Sgy’s
microstates to degrees of freedom of a full theory of quantum gravity (for example
strings, D-branes etc [12, 13]). Another approach involves associating Sgy to entropy
of matter quantum fields in a space-times with horizons. This can be done by think-

ing of entanglement of quantum field modes inside and outside a region [14,
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15]. Looking at the last section, we can now connect the two possibly linked ideas
and look at entanglement entropy as a source of Black Hole entropy. In this thesis,

the second approach is taken to produce results like the area law.

The entanglement entropy corresponding to scalar fields can be calculated across
a Black Hole horizon on a discretized lattice, and it can be shown to have the behavior
[15]
A ANY
S = k1<?) + k2<ﬁ> . (1.3.6)

Here ki and ks are constants, v is a number between 0 and 1 and a is the lattice
separation. The leading order result will be derived in later sections through two
different methods, through numerical estimation of entropy using harmonic chains

and the covariance matrix approach.

Leading term: Clearly, the leading term is similar to the expression for entropy
for Black Holes. The a? in the denominator also behaves like the Planck length, as
it is the smallest area scale in the problem, just like lz is the smallest area scale in
the other problem. Since S o W, it is as if each lattice cell (or Planck cell for the
Black Hole) corresponds to a degree of freedom/micro-state. This similarity is highly

remarkable.

Sub-leading terms: The sub-leading terms is corrections to the area law. The
crucial point to remember is that the derivation of Black Hole entropy is based on
the semi-classical derivation of Hawking temperature. In the limit where quantum
effects and gravitational effects are dominant, (A ~ l}%) we expect the semi-classical
analysis to break down or have modifications. Hence if entanglement (a purely quan-
tum phenomena) is indeed the source of Black Hole entropy, then sub-leading terms

would give us the corrections one would receive from a theory of quantum gravity.

Finally, we can now ask if there is any logical connection between Black Hole en-

tropy and entanglement entropy or if it is just similarities we have seen in expressions.
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Following [15], imagine a collapsing star and a faraway observer who is observing the
collapse. Let us assume that they can see everything that is happening, and so they
have all the information about the collapsing star and hence S = 0. However, as soon
as the Black Hole is formed, the faraway observer does not know about matter fields
inside the horizon as that part is causally disconnected. The observer has no informa-
tion about the degrees of freedom that are inside the horizon. This separation gives
finite entanglement entropy between two regions in a space-time with horizons. On
the other hand, entanglement entropy is also attributed to the presence of the same
horizon, a boundary. Hence both of the entropies are associated with the presence of

the horizon.

Another way to motivate why to look at entanglement entropies of scalar fields
can be shown by considering the Einstein-Hilbert action and looking how it changes
under small perturbations to the space-time like g, = g, + by [15]. Using this, the
linearized action (E-H action with a small perturbation to metric) can be shown to
look like the action for a massive scalar field propagating in a background space-time
with metric g,,,. Moreover, for spherically symmetric space-times, equation of motion
for these perturbations looks exactly like equation of motion for a test particle prop-
agating in Black Hole space-time. This means that by calculating the entanglement
entropy of scalar fields, we get the entropy of a set of metrics that are perturbations
to a background space-time, and hence might help us in understanding the role en-
tanglement plays in the area law behavior of Black Hole entropy. Lastly, we can also
show that a scalar field in Black Hole space-time for a fixed Lemaitre time reduces

down to scalar field in flat space. This will be shown in full detail in chapter 2 as well.

With these motivations, it is only natural to look at the problem of entanglement
entropy of scalar fields and its behavior. The following chapter 2 will discuss one
method of calculating entropy of scalar fields, building its way up from simple toy
models. This method relies on numerics mostly and does not allow for many analytical

results. Given the importance of entanglement entropies of fields, we try to explore
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the characteristics of entanglement entropy in scalar fields analytically in chapter 3
with the covariance method approach. This approach analyzes the calculation of
entanglement entropy carefully and shows a change in leading order behavior of the
entropy in different regimes of the quantity (, leading to different information content
in these regimes.

Chapter 4 describes the current work in progress towards evaluating entanglement
entropy for a fermionic field. It shortly describes the problems faced when one tries to
discretize a fermionic field, and how to overcome these problems. Then, a potential

method of calculating entanglement entropy for fermionic field is discussed.

Apart from these ideas, another goal during this project was to understand Black
Hole thermodynamics and cosmological particle creation in space-times in order to
gain a better background for the physics behind concepts like Hawking radiation
and Black Hole entropy. Appendix A contains most of the relevant work in detail,
where we will look at the topic of time dependent harmonic oscillators, scalar fields in
expanding space-time and finally the Unruh and Hawking radiation. This appendix
chapter demonstrates particle creation in each of these cases and the role played by

the vacuum in these scenarios.



Chapter 2

Entanglement entropy for systems

This section intends to find the entanglement entropy for scalar fields in Minkowski
space without and with a horizon. We show that scalar fields under discretization
reduce down to a chain of harmonic oscillators. We try to approach this complex
problem by looking at a simpler problem before, the simplest case of the harmonic
chain: a coupled harmonic oscillator. Then we tackle the case of the harmonic chain
and finally scalar fields in spacetimes. Throughout this chapter, we follow the methods

used in [16, 15].

2.1 Coupled harmonic oscillator

We start with examining a quantum coupled harmonic oscillator in the ground state
and calculating its entanglement entropy. The procedure is to find the ground state
wavefunction and then calculate its density matrix. Then, using the eigenvalues of

the density matrix, find the Von-Neumann Entanglement entropy.

2.1.1 Finding the ground state and the density matrix

The Hamiltonian of the system is given by:

1
Ho= o [P+ 0+ kol + 23) + k(o — )2, (2.1.1)

35
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The goal here is to find the entanglement entropy of this system when one of the
oscillators is traced out from the total density matrix. We will start by finding the
ground state wavefunction, and from there construct the density matrix, trace out
one of the oscillators and finally compute the Von-Neumann entropy. Instead of
solving this problem interactions, we go to the normal co-ordinates using experience
from classical problems. We hence diagonalize the Hamiltonian by introducing new

variables in (2.1.1) as

. _xgizr:lp _pzipl
+ = 7 = /Pt —
V2 V2
1
= H = 5 [pi +p2 + ko + (ko + 2k1)$2_]- (2.1.2)

Hence, we have two uncoupled oscillators and we can write the ground state of the

system as the product of the ground state of the individual oscillators by

e (1) o[ 5]) ( of
o=|"— ex — 5 . ex - ;.

T 2
Writing wy = vko and w_ = /ky + 2k;, we get

Uy = <w;¢;_> Z exp{ [— (wiz? + wa)] } (2.1.3)

Now, we can find the density matrix, p = |¥q)(¥,| and trace out one oscillator, with

DN | —

r = T

Pred = Troscp-

— praliz, ) = 3 (Vo) (Wafor) = [ darWa(os, 22) W1, )

e.s of x1

1
3
Wy 1 2 2 2 2
:/dm( 2 ) exp{[—§(w+x++w_x_+w+x++w_x_)]}.

Expressing x4 in terms of x, x5, completing the square and evaluating the gaussian

integral we get

= <w;¢;) exp{ [— i(w+w_)(x§+x'22)}] / dr, eXp{ [—

+ 21 (wyw- ) (22 + 5)) H

(227 (wy + w-)

| =
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N|=

(%)

1 2, (Wi — wo)? (2 + 25)?) T
exp{ [_ Z(w-i-w—)(xQ + ) )}] exp{ [ 8(“}+ + w,) }] %

/ 2w w_ 1
— pred(xz, J]2) = m exp{ [ — 5’7(1’2 + ZL’Q ) + ﬂI25E2] }
— 1
where 8 = —(w+ “-)* and v — = e

Awtw-) (witw-)’

2.1.2 Density matrix eigenvalues and entanglement entropy

Now we need to diagonalize the operator pred(a:g,x;) so that we can calculate the
Von-Neumann entropy. All we need are the eigenvalues, so we look at the eigenvalue
equation. Since p is an operator, we can think of it as an outer product |a)(b|. Upon
acting on a vector |c), we obtain is a scalar product. This can be viewed as the
pred(2, T45) acting on a function and integrating one of the indices out. Hence the

eigenvalue equation looks like

/ 02 prea(2, 73) fula') = pufo(2).

The eigenvalues of this operator are given by p, = (1 —£)£™ and the eigenvectors are

fulz) = (0421:) eXp{(— “75”2)} where a = /72 — %2 and £ = Ty and H,’s are
the nth order Hermite polynomials.

Given the eigenvalues, we can now find the entropy to be

=Y palnp, = —(1=¢€) ) " [(1 - £)¢"]
—(1—5)[Z§ In(1 —¢ +Z§ mg]

n

1=¢

Where we used the sum for an infinite GP in the first sum above. The second sum

—(1—g)llnu—g)iﬂngzng"]. (2.1.5)

can be solved by writing it as a derivative and switching the sum and the derivative
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as
lngznjns” = élnégnﬁ" : Slnfz—5” £1 5—25” §In 5d—§ﬁ
= gmgﬁ. (2.1.6)
On putting this back into (2.1.5), we get
() = —In(1-€) - - 3 Iné. (2.1.7)

=&

Hence we have now fully calculated entanglement entropy for the coupled harmonic

oscillator in terms of the known parameters.

2.2 Harmonic chain

Now that we have solved for the entropy for coupled oscillator, we use that experience
to similarly solve for the harmonic chain system. The procedure remains the same as
before, we try to go to the normal mode basis and find the ground state, and then

the entropy.

2.2.1 Finding the ground state and the density matrix

The general Hamiltonian can be written as

= QL [Zpl + Z IZKZ]:U]} (2-2~1)

ij=1
K is the coupling matrix, and it contains all the information about the interactions
and the boundary conditions. Note that there is no requirement that ¢ > 7, hence
the interaction terms are divided into the off-diagonal terms, implying that K is a
symmetric matrix. We try to match the results from the last subsection. For N = 2

and from (2.1.1) we get
ko+ki —k
—k1 kot k1



39

Hence Z 1 Kijx; = (ko +k1)a? 4 (ko + k1) s — 2k12120 = ko (2] +23) + Ky (21 — 22)°.

,j=1
Then the transformation to variables z,ps diagonalizes this matrix and is just a

transformation to its eigenbasis. This can be written in matrix language via a unitary

matrix transformation as

x' Kx=x"U" . UKU". Ux =x..Kp.xy.
N~ S

T
o Kp Tt

Where Kp = Diag(ko, ko + 2k1). Each of the diagonal elements then contributes
one exponential in the ground state expression. With this formalism, we can easily

generalize and write down the ground state wavefunction for the harmonic chain as

U, = (%)4 Hexp [_ xl? (KD)M] _ det(K%>.7r_% exp [_ le?\/MI

= ¥y =det <K%).7r_% exp [— (2.2.2)

Note that repeated indices do not imply a sum here. Since the determinant is un-
changed in a unitary transformation, we can replace Kp with K at places. As before,
we now know p = |Wg)(¥y| and we now calculate the reduced density matrix by

tracing out n of the IV oscillators. Using (2.2.2), we get

/ Iy t / /
pred<$n+1 U IN, Tpgq 'wN) - /H dxi\IjU((Ela Ty Tl 'xN)\II()(xla ER TP A P 'xN)

TKix+xT K2x
= prea =12 (det K2) /H dxzexp[ . XJ;X X1 (2.23)

We can see in (2.2.3) that we still have the matrix products. We now aim to separate
these products into sub-matrices to carry out the integration. Since the first n indices
are being integrated, we divide the state vector into two parts of length n and N —n.

1
We then appropriately also divide the matrix K} into sub-matrices A(n x n), B(n x
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N —n), C(N —nxmn)and D(N —n x N —n) as

x1

Xn ) A B A B
mn — ’K§: g

XN C D BT D
TN

Putting this into the terms inside the exponential of (2.2.3) we get

A B Xn
BT D| \Xy_n

A B Xn

xT K2 x4xT . K2x = <Xn XN_n)
B” p| \x}_

(X, X3

= X AX, + XuBXy o+ Xnn BT X, + Xy nCXnn + XoAX, + X, BX )y,
+ XN BT X, 4+ Xy, OX . (2.24)

The terms containing only N —n are not integrated in expression of p,..q . Substituting

(2.2.4) into (2.2.3) and simplifying, we get:

. XNonCOX Ny + X CX -
prea = 72 (det K2)2 exp [— al Non * Ann2n n] /l | dz; exp
=1

— X, AXN_p
9 N

— (Xn-nB" + Xy, B")X],

This is the standard gaussian integral for matrices. Performing the integral and
simplifying, we get:

B XN_n<C — %BTA_lB)XN_n
2

1 2m)n
Pred = ﬂ’%(det K2)? fie:)A exp

+X5_(C—31BTAT'B) X} _, —2X,(3BTA7'B)X],
5 :

Calling vy = C — 3BTA™'B and § = BT A™' B, we get
XN Xnon + Xy X, — 2Xn.@.X,g]

1 2m)n
p,ned:ﬁ’%(det[(ﬁ)2 (27) exp

det A 2

(2.25)

Hence we have found the reduced density matrix for the harmonic chain.
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2.2.2 Density matrix eigenvalues and entanglement entropy

Now as before, we have the task to find eigenvalues of p,.q. We would like to reduce
this complicated problem to a problem we already know, i.e (2.1.4). To do this, we
need to convert the matrix equation above into individual copies of (2.1.4). This
corresponds to diagonalizing the matrices v and § in the exponential. We do this
by first tackling v, by choosing an orthogonal matrix V such that vp = V4VT and
choose another basis y such that Xy_,, = VT%S%YN_“. Inserting that in (2.2.5), we

get
N 1 2m)" YN Ynen + Y Y _1 _1
prea =7 2 (det K2)? éet)AeXp - = s v 1 VAV
~—— ————
/B/
Yool

Now we can do another transformation that diagonalizes 5’ and leaves the inner
products Yy_,,.Yy_, and Y} _,.YX_, unchanged. Let Yy_, = Wzy_,, where W
is a unitary transformation matrix that diagonalizes (', i.e 8, = W'WT. Hence
Bp = Diag(f,, 1, B0, - By) where (] are the eigenvalues of 5'. Finally, since the

matrices are now diagonal, we can write

=T

N
AN Ly9 (27T)n 1 2 2 /o
= pPrea(2,2') =71 2 (det K2) ”detAi:lllexp [—5(% + 2 + Biz:2y) |

(2.2.6)

These are just N — n copies of (2.1.4) with v <> 1 and § <> (/. Hence the total
operator can be diagonalized in a similar way with the eigenvalue being the product

of all eigenvalues of the N — n copies. The total entropy is hence given with the help
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of (2.1.7) by
= &
5= Z S(&),  Where S(§) = —In(1—§&) — s In& and
i=n-+1 )
i
§i=1" E) (2.2.7)

Hence the entropy for a harmonic chain can be calculated numerically by doing

the above summation.

2.3 Free scalar field in 3+1 dimensions

Finally, we have the case of a free scalar field. We try to compute its entropy by
connecting it to the results we have found above. To do so, we start with writing the
Hamiltonian for the field in spherical harmonic basis, where then the connection to

(2.2.1) is more apparent.

2.3.1 Hamiltonian in spherical harmonic basis

We begin by writing the Hamiltonian

"= %/ &z [m2¢2 + Vg +7r2]. (2.3.1)

We now write this Hamiltonian in real spherical harmonic basis, i.e Z"(x,¢). We

have the transformation equations as:

=3 gy a0 =2 ") @a)

lm

Using (2.3.2) in (2.3.1) and expressing volume in spherical coordinates we can simplify
H. Lets look at this term by term. Noting that [ dQZ"Z = 06y For the ¢?

term, we get

2
Splm m Plrm/ m compl Lim,
JEDDIN ) g, ) 2D gt (4, gy 5 Pl (2.33)
Im U'm/ Im
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Similarly for the 72 term we get

Wlm(r) m T m! (T> m! compl 7T2m
/dQZZ S () A () TR ) (2.3.4)
Im U'm’ m

For the gradient term, we use the expansion for gradient in spherical polar co-ordinates

and then evaluate the squared terms as

0 Pim Pim aZlm—» Pim aZlm -
Q — = |Z"
/d Z[@r(r) vt r2 Ox egﬁ_ﬂsinx Op e

lm
Expanding the square and noting that all 2ab terms vanish because of the dot prod-

2

ucts, we get:

/dQZ

Wmm'

O [ im \ O [ prm PPy OZ 0L

— | == — |27

[87“(7")87“( r v r4 Oor Oz
Pmprm OZ" 0L}
rdsin?x 0¢ O

(2.3.5)

Since the ¢y, is a function of r only, it can be taken out of the integral, and the first

term is evaluated using the completeness as:

W'mm Im

Similarly calculating the other terms, we finally get:

2
1 2 O [ Pim I(+1) , 2Ptm | Tim
7-[—2/7" dr;[<8r<r>> + o Pl T M 2 +r2

2
1 o) O [ im I(l+1) 2| 2 2
:H_Q%:/dr[r{ar(r>}+< 32 +m” @, + T | -

2.3.2 Discretization and connection with harmonic chain re-

(2.3.7)

sult

To connect to the results obtained in (1.3.6), we need to have a discrete theory. We
discretize the theory by working in a lattice of spacing a, where now r = j.a =

f dr — a)_,. Since we do not sum overall space but rather over a spherical box of
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radius L = (N + 1)a, we demand the field vanishes at points farther than L = Na.
This is the relevant boundary condition. For the first term in curly brackets, we can

use the midpoint discretization:

of 0 (emm\ | 1,8 o amONE o 41 o)
T{E<T>} ﬂj*ﬁ){ Gru-G) f VR T

The 5+ % can be thought of being chosen as the midpoint between j and j + 1 to

give a better estimate for the area, i.e f(2)0,9 — fjJr% (9,

We can now write the Hamiltonian as:

2
! 1o om(G+1) o)) W41 | 5 o) o 2

J 72

1 .
== ZZ Him (2.3.8)

Now we can connect this to (2.2.1). The square terms in the curly bracket and terms
in p? bracket contribute to the diagonal elements of K, and the 2ab terms will get
split into the off-diagonal terms. Each #,,, will contribute a term to the ground state
and hence the density matrix. Hence as in the harmonic chain, the total entropy will
be the sum of entropies of Hy,y,’s. In particular, since (2.3.8) is independent of m, the

m summation just gives out 2/ + 1. With that, the total entropy is given by

S=> Sm(&(n,N)) => (2l + 1)Si(&(n, N)). (2.3.9)

l

As in the harmonic chain, n corresponds to the number of oscillators traced out. With
this, we can numerically find S for a given size of the system N and n. Since the
area of the "sphere” now depends on the number of oscillators we are tracing out,
we define the radius of the sphere to be R = (n + %)a. This gives the endpoint of
the radius vector to be between the nth integrated out oscillator and the (n + 1)th

oscillator, which is not integrated.
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We can now choose different n, corresponding to choosing a bigger sphere (whose
entropy we are calculating). The graph is shown below in (Fig. 2.1) and fits beauti-
fully by the line S = 0.35—22. Note that this result is for m = 0.

Note here that the entropy still diverges in the continuum limit @ — 0. This
straight-line behavior shows that the entanglement entropy of a scalar field follows

an area law.

Lie]

800 R

[N
[
[
f=y
(=] =
[}
!
(=
(=

Figure 2.1: Entropy scaling with the variable R. Points here correspond to to a radial

lattice discretization with N=60. Reprinted from [16]
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2.4 Massless scalar field in presence of a horizon

With all the examples done in this section, we can now finally move to the problem
of finding the entanglement entropy of a scalar field in the presence of a horizon and
confirm (1.3.6). We follow [15] for this section. Consider a free massless scalar field
propagating in a spherically symmetric Black Hole space-time. We now ask what the
Hamiltonian of such a system would be. The plan is to write the action on a spherical

harmonic basis and then get the Hamiltonian.

2.4.1 The Hamiltonian

We start with the action for a free massive scalar field in a Black Hole space-time.

1

=

/ 27/~ (0 0) (Dr9).

The product d*zy/—g is a quantity that is invariant under any co-ordinate changes.
Now we need to choose a metric to work in. Black Hole space-times can be described
by many metrics like Lemaitre, Kruskal, Painleve-gullstrand, Schwarzschild etc. We

will work here in Lemaitre co-ordinates. The line element for this metric looks like
ds? = —dr? + ¢ dp* +r*(dx® + sin® x d¢?). (2.4.1)
T

And

/=g = \/_(_1).(2).(#).&2 sin”z) = TQ\/%M-

r

S = —% / d'z.r?y | % sin x [ — (0,0)* + %@@2 + 1%(0,0)* + r* sin® x(6¢¢)2] :

As in the previous section, we change to the spherical harmonic basis and integrate out
the angular variables using properties of spherical harmonics. After a little algebra,

we get:

s= | depzé[rQ\/%aTgolm)?—rz ri(apsolm)?—ﬁmnsofm]. 242)
im ¢
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We now try to write down the Hamiltonian for this Lagrangian. Note that

B oL g e
1L, = m =r \/:(87¢1m)~

Using this, we finally get the Hamiltonian as

. Z{ [\f +r\fpsolm \flmwlm” 5t

"(2.4.3)

This Hamiltonian is time dependent because of the presence of p which is a function of

time. Note that the Lemaitre co-ordinate only takes values from (7, co]. Now, for con-

stant angular variables (d¢ = dr = 0) and a fixed proper time (7 = 79, wlog set 75 =
0), we get from (2.4.1)

ds* = %d,o2 = dr®. (2.4.4)

The last equality can be obtained by using the relation between Schwazschild and
Lemaitre co-ordinates. With that, we can replace dp and 0, in favour of r and 0.

We finally write (2.4.3) as
}. (2.4.5)

< 1
H = / dr—

We can already see the similarities between (2.4.5) and (2.3.8). To connect them, do

1
2y T 7 @) + UL+ 1),

a canonical transformation to absorb all factors outside II. Finally we also divide ¢

by 72 to reach the required equation. We hence have the transformation

1
Tim = ;'\/Tzl_llma @lm = ¢Zm-T7
9 o\ 2
— ”HzZ{/dr lwlmw (ar(ﬂ)> +l(l+1)%]}. (2.4.6)
Im

Hence, this Hamiltonian takes the same form as for a scalar field that we have already

solved! Therefore the entropy will have the same form as calculated in the last section.
This result is only for one particular time slicing. Again note that in the continuum

limit, the entanglement entropy diverges.
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This method of calculating entropy used in this chapter usually resorts to doing
numerical simulations to sum (2.3.9). This illustrates the general trend of the en-
tanglement entropy well, but we can analytically solve this by using the covariance
method as well. This analytical solution lets us tune the system in a controlled way.
With it, we can also study properties of entanglement entropy that were earlier not
known in full detail, for example, the log to log log crossover of the leading order term
in entanglement entropy under a change in boundary conditions. Next, the analytical
method helps understand this crossover better and explains precisely how the lead-
ing order term depends on the system’s physical parameters in different boundary
conditions.

Hence we will now focus on calculating the entanglement entropy of a scalar field
using the covariance matrix method and understand its properties and divergence

more carefully in the continuum limit.



Chapter 3

Entanglement entropy of a scalar

field: Covariance matrix method

We start with the Hamiltonian for a scalar field in (14+1) dimensions and try to
discretize this theory to connect it to (2.2.1). Unlike last chapter, we will not use
the spherical harmonic basis. After that, we shall look at the covariance matrix is
and how it is connected to the entanglement entropy. Then finally, we can find the
covariance matrix for the scalar field and compute the entanglement entropy. The
main idea of calculating its entanglement entropy using the covariance matrix in this

chapter closely follows [17].

3.1 Discretizing the theory

We start with the Lagrangian of a massive scalar field in 1+1 dimensions

L= / dxl = %/ dx <8“g08ug0 — m2<p2> = %/ dx (@2 — (Vp)? — m2<p2>.

We can now get the corresponding Hamiltonian density by a Legendre transformation.

First we find the conjugate momentum:

oL

T=7.=%,
8y 7

49
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The Hamiltonian is given by

1
H = / daxH = 5/ dSE(7T2 + (V)? + m2<p2>. (3.1.1)
Now we discretize the space by working on a lattice with lattice spacing a and length
N—1
L = (N — 1)a. This means that z — z,, = an, and hence / dr — a Z Moreover,

n=0
we can write m(x) = 22 as w(z) was the momentum density. Finally, for the derivative

a’

term, we write Vi — £ With all this we write the Hamiltonian in (3.1.1) as:

aN*l p2 90 _gp 2 1 N-1 ﬁ-
g=2 P (M) 2 2| _ L 2 im0 ) aim2 ot | = 2
2;; (T +m2p? a; e (o s0)+,a:1,90n -

H is the rescaled Hamiltonian. We intend to find the entanglement entropy. It
can be shown that the rescaled Hamiltonian has the same entanglement entropy as
the original Hamiltonian.[18] Keeping that in mind, we work only with the rescaled

Hamiltonian.

N-1

= 1
H = 3 Z po + (Pn41 — gon)z + A2 |, (3.1.2)

n=0

As before, we write it in the standard form of (2.2.1), where A and the ¢,, 11, ¢, terms
in the parenthesis will contribute to the diagonal elements of K (coupling matrix).
The cross-terms (2ab terms) will contribute to the off-diagonal entries. Note that we
still need to choose the boundary condition, which will determine what values like ¢
etc. contribute to K. To understand the workings of the covariance matrix method,

we take a detour to understand the fundamental properties of the covariance matrix.

3.2 Covariance matrix

In this section we look at the covariance matrix and how it helps us in the problem

of calculating the entanglement entropy.
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3.2.1 Whats covariance?

When dealing with a dataset, we can come up with many quantities that help us
characterize the dataset’s properties. For example, we have a few numbers in a plane.
The average of these points would tell us roughly where their ” center of mass” would
lie. Similarly, we can talk about variance, which indicates how much points deviate
from this average. A high variance dataset would look spread out, and a low variance
would look clustered. However, consider the situation where a dataset looks like the

(Fig. 3.1).

Figure 3.1: Dataset

If we were to calculate how they are spread, we would get the same answer.
Nevertheless, they are two different datasets. How can we distinguish them? We look
at how they vary with each other and how y changes when x changes. Clearly, in the
left image, = increases as y increases, but it is the opposite for the right figure. Hence

"covariance” is a valid statistical quantity. Mathematically, we can write it as:
Cov(X,Y) = (X = (X))(Y = (V))) = (XY) = (X)(Y), (3.2.1)

where (X) denotes the average value of X, or the expectation of X. Clearly, since we
were looking how they ”co-vary”, we multiply the two increments and deduce from

that. For example, consider a 2-D data set. One way to neatly put these statistical
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quantities into a matrix form is as:

Cov(X,X) Cov(X,Y) Var(X) Cov(X,Y) Oxx Oxy
= - .
Cov(Y,X) Cou(Y,Y) Cov(Y,X) Var(Y) oyx Oyy

, where Var represents variance. This is called the covariance matriz. We algebraically
write it as

Yo = %<Xsz + Xi Xp) — (Xi)(X0). (3.2.2)

3.2.2 Covariance matrix for a harmonic chain

Lets now try to find the covariance matrix for a harmonic chain. We take the general

Hamiltonian to be like (2.2.1), i.e
H ="Kz + p'Tp. (3.2.3)

Here K is the coupling matrix. We now switch to the symplectic notation, where
instead of working with  and p, we work with a single vector of dimension 2n, with

n of its components as x; and n of them as p;. i.e

T1
Ty, X - K 0) .
R = = ) H=R R. (3.2.4)
D1 p 0 I
Dn

Following the methods of [19, 20], we now wish to diagonalize H by a transformation.
This procedure is technically the same as in section 2.2, but in symplectic notation.
The variables = and p follow canonical commutation relations, i.e [z, p;] = idx;. Under
a transformation, we want the CCR to stay the same. This means the transformation

has to be symplectic. It can be shown that in order to preserve the CCR, the matrices
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S have to follow STQS = Q, where R — SR and  has the form

0 ann
Q= R CCR: [Rk, Rl] = Zle
_ann 0

The matrices S then belong to the symplectic group Sp(2n,R). We now choose such
a transformation that diagonalizes the Hamiltonian. Since one of the diagonal terms
in the Hamiltonian is identity, it makes the job easy. We postulate a symplectic

transformation as

M 0
0 M

S —

The condition STQS = Q can be trivially checked. We put the condition that M is
an orthogonal matrix (MTM = T) and that M diagonalizes K (M*KM = D where
D=Diag(d; - - - d,), i.e. d; are eigenvalues of K'). Using this in (3.2.4), we get

T
TR e T et B2 i 72
0 I 0 MTM 0 I
Hence we have successfully diagonalized the Hamiltonian by going into the R’ basis.

As seen before, this corresponds to uncoupling of all the oscillators. The Hamiltonian

in z and p now has the form

n

H=a" Da'+p/ Iy = &2’ + 3 pt = (d2} + 7). (3.2.5)

i=1
We want to write this in terms of creation and annihilation operators. Consider the

product (a + ib)(a — ib). Clearly
(a+ib)(a —ib) = a® —iab +iba +b* = a*+b* = (a+ib)(a —ib) +i[a, b]. (3.2.6)

1
For a =d?2'; and b= p/; in (3.2.6), and with some rearranging we get
1

H= Z [(d;x’i—l—z’p’i) (d}x'i—z’p’i)—%z’[déx’i,p’i]] = Z [(d}x’i—l—ip’i) (déx’i—z’p’i)—dfl

i

1
(idl?x’i —p’i> (idfx/i —|—p’i) +1
vV 2d; vV 2d; 2

3 2d? ala;+ %} (3.2.7)
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Hence we have broken the system into harmonic oscillators. This is no different to
what we did before. Diagonalizing the Hamiltonian converts the chain to a set of
uncoupled harmonic oscillators. Now we try to find the covariance matrix for the

ground state, i.e a gaussian state.

Covariance matrix for a single oscillator

Let us take the example of a single oscillator and find its covariance matrix. The

Hamiltonian for a single oscillator is

1
H= 5 [p2 + w23:2]. (3.2.8)
In the symplectic notation, we have
o[ 0
H=R R. (3.2.9)
0 3

Quantum averages can be calculated with the help of the density matrix by (O) =

Tr(pO). Using this in (3.2.1), we can get the form of covariance matrix as

Yt = (R, — (Rp)) (R — (Ry))) = Tr[p(Ri — (Ri))(Ri — (Ry))],
= Tr[p(Ry — Tr(pRe)) (R — Tr(pRy))]-

Now for the ground state of the oscillator, p = |0)(0|. The first moments are zero and
the covariance matrix expression just becomes oy = Tr [p}?k}?l] Now we can write
the z and p in terms of creation and annihilation operators. As an example we can

calculate ox x:

1

xr = (a+al) = yxx = %Tr 10)(0] (a® + '’ + aa + a'a)

g

1
2w 2w

1
(0] (a® + a + aa’ + a'a) |0)] = —

We can calculate other components similarly. The final covariance matrix reads

1 0

g =

(3.2.10)

o gl

w
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Coming back to harmonic chain

In the new basis R’, we have n uncoupled oscillators. In this basis, the covariance
matrix v would be diagonal as welll Each oscillator will have a covariance matrix
like (3.2.10). In the single oscillator problem we had w? as the factor before z? and
in chain Hamiltonian we had the matrix K. In the diagonal basis each harmonic
oscillator will have frequency w? = d;. Therefore the covariance matrix of a single

oscillator would look like

1
oo L@ O
2\ 0 V&
Hence the covariance matrix has 7}, = #df for i < mn and v}, = \/T“T" for i > n, and

all off diagonal terms zero. Finally, we can switch back to the old basis and get the

desired v by the transformation

- MT 0\ (M o0 1 (K2 0
= TS = N =2 . (3.2.11)
0 M 0 M 0

3.2.3 Covariance matrix and its link to entanglement entropy

Thermal states

A density matrix that represents Gaussian states is the thermal density matrix.
Hence, calculating any quantity in a gaussian state can be done by taking its density
matrix as a thermal density matrix. We now derive a few results for the thermal
density matrix. [21]

Let us take an m-mode thermal state. The thermal density matrix will be the direct
product of all individual density matrices, since they are independent modes. Just
as in last section, the covariance matrix is the direct sum of all individual covariance

matrices:
p= ®pth(nk)a Tth = @7’%
k=1 k=1

where ny is the occupation number of the kth mode. This clearly means the covariance

matrix is diagonal. We now use virial theorem. Virial theorem states that

HVxr® = (T)==(V).

a
2
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For a = 2, (T) = (V) = £. Since total energy is just (h =1): E = wy(ny + 1), we

have
1 1 1 1 1 1
5w,§<xi> = Wk (m + 5)7 §<Pk2> = Wk (o + 5)7
1 w
(03) = 5—(2m + 1), %) = 2 (2n+1).  (3.2.12)
Zwk 2

These values in (3.2.12) are the variances, which are exactly the diagonal elements
we want. With that we can write the covariance matrix as
= o (e +3) 0 , (3.2.13)
0 W (nk + %)
Finally, we can perform a canonical transformation in (3.2.13) zp — x4,/ and
pr — L= (It leaves the CCR unchanged as products remain unchanged!). The

VWi
covariance matrix has the form

ng + = 0
=1 . (3.2.14)
0 ng + %
Hence the eigenvalues are
1 1

Now with that result, we calculate the total entropy in this thermal state of m modes
by

S = S(pm(ng)). (3.2.16)

k=1
Density matrix for thermal states

We now derive an expression for py,(ng). In the thermal state, the system can be in
any of the states |0),|1),---|n) with probability of being in that state being propor-

tional to exp{—pE,} = exp{—pwn}. We consider this statistical mixture and hence

write down the expression of the density matrix as

p=3 M;m (nl. (3.2.17)
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First, we calculate the partition function by simply tracing the operator or summing

all probabilities to 1, i.e

1
—exp{—pw}

7 = iexp{—ﬁwn} =1 (3.2.18)
n=0

Where we have summed the infinite geometric progression. Next we want to write
this in terms of the average number, so we calculate average number of quanta in the

mode by (n) = Tr(pn), i.e

(n) = an (3.2.19)

We use a similar trick we used in (2.1.6) to solve this sum.

 exp{—fwn} = 0 /—exp{—Bwn}\ -1 0 <
<n>:ZnT_;8(ﬂw)< 7 ) —7W2—exp{ﬁwn}

-1 9 1 1 exp{-pw}  exp{—fuw}
Z 8(3w) 1= oxp{—P} ~ Z (1 —exp{—Pw}P 1 exp{—pw}

Where in the last equality we used (3.2.18). We now invert this relation to find the

(3.2.20)

exponential in terms of the average as

exp{—pw} = 1 in<>7l> (3.2.21)

Finally, we put (3.2.18) and (3.2.21) into the expression (3.2.17) to get

p=>_ L)nﬂln)(m. (3.2.22)

Entropy for thermal states
Before we can finally go back to (3.2.16), we need to calculate the entropy for a given

thermal state. We do that by computing

- (ny,)? (ng)?
S(pn({ne))) = — Z A+ ()t In (W)

Jj=0

oy n ((ng)’ ) n N ) )it
- Z(1+<nk>)j+ll ( k>)+z(1+<nk>)j+1l (14 i)™,

j=0 7=0
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{n)

Taking y = 1= oy
In(ng) i In(1 4+ (ng)) - o
=K + RS TN gy
T+ (o) ]Zojy T gy jzo( 7)Yy

These sums again can be done using (2.1.6). The expression then becomes

Cn{m) oy ln(1+<nk>)[ 1 }
T+ () 1=y 1T+ L1—y (1-y)?

= —(ng) In{ng) + (1 + (ng)) In(1 + (ng)).

Finally we put this in (3.2.16) to get the total entropy of a thermal field with m

modes as

S = i — () In{ng) + (1 + () In(1 + <nk))] . (3.2.23)

k=1
Linking covariance matrices to thermal states and entanglement entropy

We now use Willitamson’s theorem, which states that every positive semi-definite

2n x 2n matrix can be diagonalized via a symplectic transformation to the form

Al

(3.2.24)
A1

An

We see that the eigenvalues repeat! We had seen a similar expression for the
covariance matrix in (3.2.14). This was to be expected, as the covariance matrix is a
2n x 2n dimensional semi definite matrix, to which Williamson’s theorem applies. In
the symplectic notation, the CCR’s are preserved when the transformation is sym-
plectic. On the other hand, when working in Hilbert spaces and dealing with state
vectors etc, unitary transformations preserve CCR’s. Nothing physical is changing,
only the space in which we work and the kind of vectors change (along with how they

transform). But physically both of these transformations represent the same thing,
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i.e a symplectic transformation in phase space is equivalent to a unitary transforma-
tion in Hilbert space. Every gaussian state is equivalent to a thermal state. Hence
(3.2.15) is justified. Using (3.2.15) in (3.2.23), we finally have for a gaussian state,

the entropy in terms of the eigenvalues of the covariance matrix as

E [ et

3.3 Calculation of entanglement entropy

(3.2.25)

We now return to (3.1.2) and calculate the entanglement entropy. The Hamiltonian

had the form
N-1

~ 1

n=0

31 + (Spn-i-l - Son)2 + A@i .

We calculate the coupling matrix for a given boundary condition. We will compute
the covariance matrix using (3.2.11). We will then form the reduced covariance matrix
by tracing out all oscillators but one, calculate its eigenvalues to use them in (3.2.25)

and calculate the entropy.

3.3.1 Form of coupling matrix: Boundary conditions

Dirichlet boundary condition
In this boundary condition, we specify the exact value of the field at the boundary.
Here we set it to zero. Remember that there are N oscillators in the discrete setting

we have. That is ¢y = pn41 = 0. Hence K has the form

A+2 -1

—1 A+2 -1

K = . (3.3.1)

-1 A+2 -1
~1 A+42

All the elements not on the diagonal or the diagonals adjacent to the diagonals are

zero. We now want to diagonalize this matrix in order to calculate G = K 2. The
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eigenvalues and eigenvectors can be found by solving the difference equation Gx = A\x

and is done in [appendix B, see (B.1.15), (B.2.4)]. The jth eigenvalue is given by

o 2 Jm
Aj =N+ 4cos <—2(N n 1>> (3.3.2)

Furthermore, the jth component of the kth eigenvector is given by:

2 ) Jkm
(zk); = N (N " 1). (3.3.3)

We hence create a matrix encapsulating all these eigenvectors. We just stack all the

eigenvectors, with each eigenvector as one separate column. This matrix then has the

2 jmm
M, =/ ——si . 3.34
J \/N+1SIH<N+1) ( )

Now, lets go into the eigenbasis. In the eigenbasis, the covariance matrix is given by

(3.2.11), i.e

elements

. 1
1 d1ag<7> 0
Y=3 ok 1 (3.3.5)
0 diag(\;? )
As before, we switch back to the original basis by v = M7~/ M, so we get

) MTdiag<%>M 0 A0
T=73 Aj2 ) = : (3.3.6)

0 M diag(A;*) M 0 B

Now we calculate elements of A and B explicitly. For A, the elements take the form

1 1 1
M| == M;—M,,
Ju) =5t

1
)\j2

B 1 1 ) glm ) jmm
_;/\jéN—FlSln(N—l—l)Sm(N—i—l)' (3.3.7)

And similarly for B the elements take the form

1 ) 1 1 1
Bun = 5 (MTd1ag<)\j2>M)l = 52 M, P M
m J

B 11 ) glm ) jmm
—;)\j2N+18m<N+1>Sln<N+1>. (3.3.8)

1 .
A = 3 (Mleag(
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Hence we have the covariance matrix. We now trace out all oscillators except one and
look at its entanglement entropy. For ease of calculation and avoid fractions like %,
we instead take a system of 2N oscillators and integrate out every oscillator except
the Nth one. Note that in all the above expressions, N — 2N. The reduced density
matrix can be constructed by manually picking the N, N element of the covariance

matrix, i.e:
Vred = . (3.3.9)
0 DBywn

We now intend to use the determinant to calculate the eigenvalues of this covariance

matrix (which are equal by Williamson’s theorem). For a single-mode, from (3.2.25)

we get
1 1 1 1
S = [— (x/dety — 5) ln(\/dety — 5) + ( det v + 5) ln( det v + 5)
(3.3.10)
In the limit that the determinant term dominates, we get
1
S = §ln(det v)- (3.3.11)

To find the entropy, we hence calculate the determinant as

det Vrea = ANn. By =

2N ‘ 2N ‘
1 1 2N 1 2N
=y — sin? | -Z)\j% sin? [ 222 .
Py N2 2N +1 2N +1 — 2N +1 IN +1

Here we can simplify this expression by working in the large N limit where

sin? <12]2Vﬁ’f) ~ sin?(im) = 0 for i even and = 1 for i odd. Hence now* only the odd

terms survive. Renaming the summation over odd numbers and putting the values
for the eigenvalues we get

al 1 1 1 ,
detypoge SS —— = ST\
et red Z(2N+1) | Z(2N+1) v

k=1

(3.3.12)
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Neumann boundary condition
Before we calculate the entropy using the result derived above, we do the same pro-
cedure done above to a different boundary condition and then compare the results.
In this boundary condition, we set the derivative of the field zero at the boundary.
This implies 0,90 = 0 = @y = ¢1 and pny = @y;1. The resulting form of the K

matrix is
A+1 -1

—1 A+2 -1
K= . (3.3.13)
—1 A+2 -1

—1 A+1

The eigenvalues and eigenvectors can again be calculated in a similar way. The

eigenvalues are
k
A = A+ 4cos? (%) . (3.3.14)

Note that there is a possibility of A = 0 above even for finite N, if A = 0. This was

not true for Dirichlet for finite N. The jth component of the kth eigenvector is given

by
]2 . (25 — 1)km B
(-Ik?)j_ NSIH(T> fOI'k?—]_,Q’g...N_L

(=17
— for k = N.
VN

Repeating the same procedure, we get ,..q as

e A

L = 1 VA
2
2\/K k—1 \/A + 4COS2 ((2]64;\;[)71')

S \/A+4(:os2 (%)] (33.15)

1
det Vred = W =F

=1

With the form of det 7,4 for DBC and NBC, we can compute the entanglement

entropy for these boundary conditions by using (3.3.11). Given these expressions, we
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now show that in this description, entanglement entropy shows different behavior at

leading order in different limits of a variable called (.

3.3.2 Relative spacing (()

In the continuum limit of the discretized theory, a — 0 and N — co. We now
look for the different behavior of entanglement entropy when a combination of these
parameters is taken in different limits, i.e., we analyze for a crossover in behavior. We
look at the quantity relative spacing, which is the spacing between the two lowest-
lying modes in the system, scaled by the parameter A, i.e.

AN

= (3.3.16)

This choice of examining the behavior of entanglement entropy in different limits,
specifically in this form of (, is unmotivated. Upon computing the entropy, we will
see the change in behavior at leading order. We now calculate ¢ for various boundary

conditions and examine the entanglement entropy.

For DBC, we have (eqn (3.3.2))

km
Aj = A +4cos (2(2N+1)>'

We can see that in the cosine argument, we have cos (fraction X %), and the cosine
function decreases in that range. This means the lowest lying levels are k = N and

k = N — 1. Therefore ( is given by
AaN—1 — AaN

Cppe=——"j— (3.3.17)

We can see that in large N limit we have

2N — )m s s s
= Adcos (BN DTN s (T = A+4sin?
Aon-1 = Atrd cos <2(2N+1)) s (2 2N+1> s <2N+1>
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Calculating similarly for the other term, and putting together we get

372 32

Copo = ANZA — AN22m2

We can do the same for NBC as well, and we get the result

2 2

AN2A ~ AN2a2m2

CNBC =

(3.3.18)

(3.3.19)

Now, in the continuum limit ¢« — 0 and N — oo. Looking at the denominator of

(3.3.18) and (3.3.19), we can see that we have two clear scenarios:

e Rate of increase of N > Rate of decrease of a or m

—> ( << 1 as denominator is rapidly increasing. Note that this actually

corresponds to the limit L = Na — oo, which is the thermodynamic limit.

e Rate of increase of N < Rate of decrease of a or m

=—> ( >> 1 as denominator is rapidly decreasing.

We consider these two limits now and calculate entanglement entropy in these

limits.

3.3.3 Calculation of entanglement entropy

Small relative spacing

We have shown for both boundary conditions that in small relative separation,

2

1
NeA S

e DBC

(3.3.20)

Since N — oo, we can replace the sum in (3.3.12) by an integral. We start with

looking at the argument of the cosine

(2k—Um _kr 7 r T (2N — )7

22N+1) 2N N' NS |20N+1) 22N+ 1)

[ail-4]

b
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Equation (3.3.12) then takes the form

A+40052 )

A Trea ™ I Z Nm ZN\/

In the limit N — oo, Y-+ — [ dz and & — x , the determinant then takes

the form

2 dx 3
/ —/ dz’'v/ A + 4cos? !
o VA+4cos?z Jo

./2 d:z:’\/A+4—4sin2x’
0

_/2 dx
0 VA+4—4sin?zx

s d st
:/2 i ./2 da:’\/l—
0 1/1—A+%sin2x 0

2 d 2
:/ < / dz'\/1 — k2sin® 2. (3.3.21)
0 1 —k2sin?z Jo

The two integrals in (3.3.21) are elliptic integrals with modulus k. Up to leading

sin? 2/
4

order, the determinant takes the form [17]

64
det v, eq ~ log e (3.3.22)
Hence the entropy given by (3.3.11) is
Bty S ol (3.3.23)
im ~ loglog —. 3.
28, ©ODBC & 108 A

The entropy diverges in the continuum limit and, most importantly, diverges as

log log.

e NBC
Here are condition is different. NBC has the presence of zero modes, i.e., the
contribution of the first term in the expression (3.3.15). Now looking at these
terms, we see that:

i N o NVE (3324
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This is true because VA ~ a, and a — 0 slower than N — co. We hence have

1 N-1 1 N-1 20—1)
. Z } : 2 -
Clggl det Yrea 4N? [ k=1 \/ ] [ \/A e ( 4N )] .

(2k—1)7 _
A + 4 cos? (T) =1

Again, the argument of the cosine has the form
Qk—Ur kr v v |7 @N=3m) 7 T 3
AN 72N N’ N " |4N’ 4N T 4NT 2 2N

T
~ |0, —].

This expression will now have the same form as before, and we can solve it

similarly as we did for DBC. The answer is given by

. 64
Clirgl Snpo ~ loglog T (3.3.25)

Large relative spacing

We have shown for both boundary conditions that in large relative separation,

2 2

T
—>1 = A —. 3.2
N2A>> <<N (3.3.26)

e DBC
We go back to equation (3.3.12). In this limit we can assume the same form of

~ and expand the terms as

A+4 ST CRL ROy 27
+ 4 cos? N + ( — W) - — (3.3. )
But given (3.3.26), this means we can ignore the A term. Hence (3.3.12) takes

the form

1 N N (20 — D)
et Yyoq A ( ) 3.3.28
= N+1 =

In order to do this summation, we take the limit N — oo (but keeping in mind

N7T7T11
T 14N’ 2 ON | |

that it is slower than the limit A — 0). As before we have

(k—U)mr _kr 1 r s (2N — )7
2(

22N+1) "2N N' NS |20N+1) 22N+ D)
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But here we don’t ignore the last 5 term. In other words we are assuming

that the summation index is continuous enough to approximate the sum by an

integral, but keeping the NV dependence in the limits. Noting that > % — [ dx

and <+ ¥ T, the determinant then takes the form

[VE]
[VE]

T T
4N 4N

det Ypeq ~ / secz dx / cosx’ dx’.
0

AN

-~

7 T

The second integral is simple, and can be evaluated to be
27N

7' = / cos 7' dr’ = sin 2’

0

T T

STIN T )
=cos — ~ 1.

0 4N

The first integral can also be done by a little manipulation as

1o i i

4N 4N 4N
cosx cosx

7= secxdr = 5 dr = ———dx.
COS* T 1 —sin“x

0 0 0

[NIE
w3
[ME]

Now, taking ¢t = sin z, the integral takes the form

T T T
COs Ccos IN CoSs IN

0 0 0

-+ dt 1 dt dt 1 1+ cos 75
7= == — + ——| = 2 log ———2&.
1—# 2 14+t 1-—t¢ 2 1 — cos 7

(3.3.29)

(3.3.30)

(3.3.31)

(3.3.32)

We now use the double angle identity 1 + cos2z = 2cos?z and simplify the

above equation to be

T 8N
=1 t — =~ log —
0g Co N og

Finally, using (3.3.11) we have for DBC

[ lim Sppc ~ loglog N. ]
(>>1

NBC
We go back to equation (3.3.15). Introducing = we get

(3.3.33)

(3.3.34)

(2k—U)m _kr 7 L s @N-=3)r| |7 . 3
AN 29N N’ N ~ |4N’ 4N T 14N’ 2 ON ||
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Following the same prescription as we did for DBC, we get

3w
AN

ot [ secad
— secx dx
NvVA
0
These integrals can be calculated in the exact same way as in the last section.

VA
N

w
3

LI T _
2 2

VA
N~

4

=

det Vred ™

cosz’ dx'] )

0

SN

+1 !
—— O_
N *r

T NVA

det Yred =

Using (3.3.11), we can finally find the entropy as

[ lim SNBC A = 10g N\/K (3335)
¢>>1

From these calculations, we see that in the case of Neumann boundary conditions,
the leading order term of divergent entanglement entropy switches from a log to log log
as we go from large relative spacing to small relative spacing. Since a loglog diver-
gence is much slower than a log divergence, the information content in both regimes
is different. This crossover can also be observed using other entanglement measures

like entanglement spectrum and logarithmic negativity.

This crossover of information content can be understood by the presence of zero
modes. Consider large relative spacing. In DBC, the entropy does not diverge even
for A =0, unless N — oco. So for finite N we have finite entanglement entropy. But
for NBC, the entropy diverges as A — 0 even for finite V. This can be traced back
to (3.3.2) and (3.3.14) where for finite N and A = 0, the eigenvalues for NBC can
obtain a zero value (and hence called ”zero mode”) but not for eigenvalues for DBC.
This difference essentially comes due to the presence of N in the denominator of the
cosine in eigenvalues of NBC and presence of N + 1 in the denominator of the cosine

in eigenvalues of DBC.
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The occurrence of zero modes implies that the coupling matrix has a zero eigen-
value in the diagonalized basis. This means that the harmonic term would be absent
for one the new co-ordinates, implying the presence of a free particle. Free particles
are non-renormalizable and hence cause the divergence of entropy even at finite V.
Since a free particle can have any energy, there is ignorance about the exact state
of the system which leads to infinite entanglement entropy even at finite N. This
also means that under the presence of an effective free particle, correlations span the

entire system.



Chapter 4

Entanglement Entropy of a

fermionic field

This section will look toward generalizing the scalar entanglement entropy results to a
fermionic field. It is also interesting to see if they would also have the crossover in the
leading term, as mentioned in chapter 3. Moreover, one can also ask if entanglement
for fermionic fields reproduces the area law to the first-order approximation. Most
of the current literature mainly focuses on scalar fields. The majority of literature
on fermions deals with spin chains rather than fermionic fields, i.e., they work on a
lattice where each point represents a fermionic degree of freedom. Fermionic fields
are different from spin chains, and we cannot carry over many results. Moreover, the
methods used in the last two chapters fail and face some difficulties at specific steps,

which we shall now focus on.

The first issue is of discretization of the fermionic fields. Fermionic fields on lat-
tices suffer from the problem of fermion doubling. [22, 23, 24] Following the methods
of the last two chapters, naive discretization of space-time in the fermionic field theory
leads to spurious particles that are unphysical. Since most computations are eventu-
ally done on discrete systems, one would also want a proper physical discrete theory.
Although this might be excusable in a free field theory, when one is to generalize this

method to interacting field theory, it would create problems as the extra fermions

70
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would impact the physical processes (like pair production). We will look at ways
to remove these unphysical states to fix this issue. Some standard solutions to this
problem, like the Wilson fermion method and the Kogut-Susskind staggered fermions
method (commonly used in lattice QCD), will be explained. [22, 24, 25]

The second issue is of using methods from the last two chapters to solve for the
entanglement entropy of the Dirac field analogously. Earlier, we had discretized the
field and found that it looked like a harmonic chain, which through the knowledge
of Gaussian functions, we could calculate the entanglement entropy for. The Dirac
equation, by definition, is a first-order differential equation. Hence, its dispersion
relation is very different from that of scalar fields. It does not reduce trivially to a set
of harmonic oscillators, which we know how to solve. So we look for methods closer
to the covariance matrix approach. To calculate the entanglement entropy, we look at
Peschel’s method [26] of calculating entanglement entropy from correlation functions
(alternatively, from the covariance matrix as its elements are precisely the correlation
functions). Then, we choose an appropriate Hamiltonian (free from doubling prob-

lems as stated above) and calculate the entanglement entropy explicitly. [27]

In this order, let us start looking at these problems above in detail.

4.1 Fermion doubling

Consider the problem of treating fermions on a lattice. A natural place to start would
be the Dirac equation and proceeding to discretize it by replacing the spatial deriva-
tives with finite differences. However, as we shall see, that leads to the introduction of
unphysical states. It turns out that there is twice the number of fermions in the dis-
crete theory in comparison to the continuum scenario. Here we look at two quantities
that explain this doubling, the dispersion relation and the poles of the propagator.
Methods in this section mostly follow from [22, 24, 23].
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4.1.1 Dispersion relation

Let us try to find the relation between energy and momentum for the continuum and
the discrete case. Consider the Dirac equation in 141 dimensions (most features of

3+1 are still captured in this example):
i 0 (2, ) + iy 0 (z, ) — map(x,t) = 0, (4.1.1)
where v are elements that satisfy the Dirac algebra:

{7u7 ’YV} =YY TNV = 27];;1/‘

In the case of 141 dimensions, we have 7, = diag(+1, —1). Let us now look at the

Dirac equation in the continuum case.

Continuum case
Solutions of the Dirac equation are positive and negative energy plane waves. To
convert this differential eqution to an algebraic equation we hence take the ansatz

(considering positive frequency)
Y(m,t) = FPTy(p). (4.1.2)
Putting (4.1.2) into (4.1.1) we get the equation
(—"E ++'p —m) u(p) = 0. (4.1.3)

Notice that p takes any real value here. We now look for the dispersion relation,

which we can get by "squaring” the Dirac equation. To do this we write u(p) as
u(p) = (—7"E+~'p+m) ' (p). (4.1.4)
Putting (4.1.4) in (4.1.3) we get
(—"E +7'p—m) (—7"E +7'p+m) u(p) = 0. (4.1.5)

— ("B +4'p)" = m?) ' (p) =0
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2 2
— (70 E?+ 4V — (%' + 41" Ep — m2) u'(p) = 0.
Since we have {v,, v} = 2n,,, putting 1 = v = 0 we get 702 = 1 and similarly putting
w=rv=1we get 702 = —1. Putting u = 0,7 = 1 we get that 74 + 4140 = 0.

Putting these in the equation above we get
(E* —p* —m?)u'(p) = 0.

= p=+VE?2-—m?2 (4.1.6)

Hence we have two solutions for p given its energy and mass. Let us look at the

discretized version now.

Discretized version
In the lattice version of this problem, we replace the spatial derivative in the Dirac
equation by a finite difference. Consider now the field on a lattice with separation

between the lattice points as a. The Dirac equation will then look like

0O, 1) + iy LET 20 2—a1/)($ — a,t)

Y(z,t) — my(z,t) = 0. (4.1.7)

Now in the lattice, we substitute the same plane wave ansatz (4.1.2) to get

c—ip(eta) _ g—ip(z—a)

2a

(_moEez‘Etz‘pz + 2-71. Bt meiEtipm) u(p) = 0.

1 e—zpa _ e+zpa

— (—MOE + . — m) u(p) = 0.

2a
i
= (—WOE + ivl.# = m) u(p) = 0.
a
= (—mOE + fyl.smapa - m) u(p) = 0. (4.1.8)

Note here that p € [~Z,Z]. The reason for this can be seen from the fact that
this equation is periodic, and we can identify points p — p + %” This restricts the
momentum to the expression shown, and is frequently called the Brillouin zone. Now

to get rid of the matrices we square this equation by replacing u(p) as

u(p) = (-%E + yl.S“;p“ + m) o (p). (4.1.9)
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Putting (4.1.9) in (4.1.8) and analogously expanding the squares as for the continuous

case we get

(E2 B sin® pa B m2) () = 0.

a2

— P _ BT e (4.1.10)

a

This equation has twice as many solutions as (4.1.6). Adding more spatial dimensions
duplicates all the states even further. Now to see this explicitly, we go back to how
we identify particles in a quantum field theory. Formally, we look at the poles of the

propagator of the theory.

4.1.2 Propagator of the lattice field theory

Let us find the propagator in the discretized theory and see the different particles
present in the theory. Note that the fermion field operators have canonical anticom-
mutation relations. Note that repeated indices imply summations. We also redefine

A — jy™ and 1) = —iy1t for simpler notation. We have the Dirac action as

S = / d*z [y =0, — myy] (4.1.11)
We can use integration by parts on the derivative term and let the resultant surface

term vanish at the boundary. This gives us the expression
5= [ ds (43,07 — miv]
Adding both of these and simplifying we get
5= [ e | 30r 9,0 - 0irv) + mi). (11.12)

We now discretize the fermion field. The standard prescription has to be generalized

now, and it looks like
Y(x + ayﬂ) — ()

Ay,

o, (x) —

This represents a derivative in the direction denoted by fi direction. Making the space

(4.1.13)

dependence explicit in the equations now, we look at the discretized action as

S=-) [iw(m)v“wx Fauf) — Ol + a )y (x) + mp(e)d(c)| . (4.1.14)

T
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To find the propagator, we look at the path integral. The path integral for fermionic

fields reads as

Z = / Dip iS5+ (metim)], (4.1.15)
Note that 1 are grassman valued numbers. Now we use the convention 2° = fiyay and
x = na. Going to imaginary time (ag — —iay), the path integral looks like

Z - /D@Dwe[5+2x(nw+¢7n)17 (4.1.16)

where the action looks like (with the definition v* = 47y, 7* redefined as iv* and

Ve = a2¢(x))

4
S=- Z [Z %@n%%w - &nﬂl%wn) + agmabiby, | - (4.1.17)

pn=1
Note that we have lower indices here as we are in euclidean space. To bring the
path integral to a solvable form, one typically writes it as a gaussian integral which

can be readily solved, i.e
Z= / Dip DipeAw+T+En, (4.1.18)

The form of A can be deduced by comparing (4.1.18) and (4.1.17). We see it has the

form

Gy
A=Y %%(%%w — O o plyz) + aam Y 0z20, (4.1.19)
Zu z

The evaluation of this gaussian integral (4.1.18) is straightforward and a similar to

what we did in chapter 2 while solving for the reduced density matrix.
Z = det Ae"™ .

where A~! is the propagator in question. For the action in (4.1.17), we see that the

propagator has the form

~ m =3, 1yusin(ak,)/a

S(k) = 5 > () (4.1.20)
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In the continuum limit @ — 0, we obtain the usual continuum propagator as

m — vk
m2 + k2’

S(k) = (4.1.21)

Comparing the two expressions we can now see how (4.1.20) has more poles than its
continuum counterpart. The continuum propagator can be seen to have a pole at
ky = Z\/m . For the discretized propagator, this corresponds to the region near
zeros of the sine function at ak, = 0. But the sine function also vanishes for other
points like k4 = 2 where 74 can have the from (=,0,0,0), (,7,0,0),(0,7,0,0)- -
and so on. The continuum propagator here corresponds to m4 = (0,0,0,0). These
are the different corners of the Brilloiun zone. The poles of the propagator repre-
sent particles. Hence, in the discrete theory the vanishing of sine function at these
various w4 contribute extra particles, often called fermion doublers. Note that for d
dimensions there are 2¢ doubler particles. In the case we have 16 total poles and 15

additional poles.

Hence the naive discretization leads to many problems in the resultant quantum
field theory and is inconsistent. The fermion doubling problem originates from the
chiral symmetry of the theory and can be related to the axial anomaly as well. Due
to a theorem by Nielson-Ninomiya [28], one can show that all free fermion theories
with chiral symmetry and having an action that is real, local, and translation invari-
ant, necessarily has fermion doubling. The proof is topological and uses the fact that
the Brillouin zone for the lattice theory is a torus. Due to this, the denominator of
the propagator has to go to zero to satisfy periodicity. We will now look at ways to

avoid fermion doubling in lattice systems.

4.1.3 Lattice constructions without fermion doubling

In this subsection, we very briefly look at two constructions of a discrete fermionic
field theory that do not have the problem of fermion doubling. The first is the
Wilson fermion field theory, and the second is the Kogut-Susskind staggered fermion

field theory.
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4.1.3.1 Wilson’s fermion method

In this method, we remove the fermion doublers by introducing "mass terms” (i.e ¢?
terms), which increase the fermion doublers’s masses to the order of the cutoff. Hence
in the continuum limit, the doublers get eliminated from the spectrum of the fermion

theory. To see how this happens, we replace the mass term as [22]

Z Mapythy — Mty + g Z 0,020, (4.1.22)
T T
4 - 1 _ _
- (m + a) Z m¢w¢x - % Z(¢z+aﬂ¢x + ¢x¢z+a,&)~ (4~1~23)
x T

Doing an analogous calculation, we see that the mass term in the denominator of

(4.1.20) gets replaced by

2 k,a
k) = - in? ~£— 4.1.24
— M(k) m+azp;sm 5 ( )

The discrete propagator is hence given by

_ M(k) = 3, ivusin(ak,)/a
M(E)? + 37 sin®(ak,)/a?

(4.1.25)

Since the additional term added is proportional to a, in the continuum limit, it ap-
propriately goes to 0, and the dispersion relation stays the same. The extra Wilson
term provides doublers (in the discrete limit) a mass that is proportional to % To
explicitly see this, let us look at (4.1.24). The roots of 3~ sinak,/a in the denom-
inator of the propagator correspond to the doublers. Since the mass correction is
a function of the half-angle, each doubler that vanishes in the propagator due to
ks = (7,0,0,0), (7,7, 0,0) etc, would also contribute to Zu sinak,/2 as sin§ = 1.

This means that m 4 takes the value

2
ma=m-+ 4 (4.1.26)
a

where n 4 represents the number of 7’s in the vector k4. This approach works well

as it gives the correct number of fermions in the continuum limit and can be shown
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to give the correct spectra (i.e., particle energies have corrections of order O(a)) for
the low energy dynamics one is typically interested in. The doublers with ny # 0
become infinitely heavy in the continuum limit, and hence the only state with finite
energy becomes the zero corner of the Brillouin zone. The drawback of this method
is that it explicitly breaks chiral symmetry (this is also why the Nielson-Ninomiya
theorem does not apply here), which can lead to problems such as renormalization
of the mass of the resultant fermions. Computations using this method also require
heavy computational power, which is why the staggered fermions method is typically

used more often.

4.1.3.2 Kogut-Susskind staggered fermions

This method involves eliminating the gamma matrices from the discrete action, which
simplifies the action hugely. We start with the discretized action [25, 22] and do the

transformations

Vo = 7" Xa, Ve = Xa(7") (4.1.27)
with ¥ = (71)" (72)"(73)"(72)™*. Note that
(V)77 ™ as = ) Nap = Tuabas (4.1.28)
where
Nz = 1, Mo = (—1)", Mz = (—1)"1+72, Ny = (—1)71F22F3,

This transformation completely removes the gamma matrices from the action,

which now looks like

4
S==> |2 mx%(ﬁxﬁﬂz — XopaX8) + ) _mxexs| - (4.1.29)

a=1 [ zp T

The labels « are just the spinor labels. They represent internal symmetries, and
hence we have four exactly same terms that are being summed. A single one of them
is enough to describe a fermion, i.e we take y and y as one component fields now.

This reduces the particles in the continuum limit from 16 to 4 (as we only take one
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component fields instead of four component fields). The overall action does not have
the sum over @ now. These 4 components are often called ”tastes” when these fields

are considered in QCD.

We can further reduce the number of particles from 4 to 2 by working on a lattice
where we only assign Y, to even sites and x, to the odd ones. A site on the lattice is

denoted by the co-ordinates (x1, z2, x3, x4). The criteria for it to be even or odd is as

+1, even
€p = (1)t = (4.1.30)

—1, odd.

Now we can remove the bar on y,. This is because sites are classified based on odd
and even a function of x (already in the subscript). Looking at the action now, we

get

1
== 1D Moy (et = XaeiXe) + D XX | - (4.1.31)
T T

Note that y, is an anticommuting field, which means we can switch the order of the

first term in the above equation and add them. This gives

S=— D MuXaXati + Y MXaXa| - (4.1.32)
T T

For massless fermions, this gives us four "majorana fermions”. This method does not
break chiral symmetry and is much easier to use in computations, which is why it is
typically preferred. Hence we have seen two ways to deal with the ”fermion doubling

problem”.
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4.2 Calculation of reduced density matrices from
correlation functions

In this section, we review the works of Ingo Peschel in [26] and H. Casini, C. D. Fosco
and M. Huerta in [27]. We start with a lattice Hamiltonian of the form
H=> Mycle;. (4.2.1)
ij
We intend to calculate the entanglement entropy for this system with the idea that it
will help us deal with the Dirac field. We wish to take an appropriate discretization

of the Dirac field (according to the last section) and reduce it to the form above.

The Hamiltonian in (4.2.1)’s eigenstates are are Slater determinants. All averages
calculated ahead will be with respect to such eigenfunctions. Then, the correlation
matrix (or the covariance matrix) C,,, = (clc,,) is Hermitian. To calculate the
entanglement entropy of (4.2.1), we intend to find a form of the density matrix. We

know that by Wick’s theorem, any high order correlation function can be written as
<CILCIanCl> = <CLC[><CIan> — <CLC}€><CLC[>. (422)

Let us consider subsystem A (degrees of freedom inside S will have the indices i,j).
Since averages can be calculated with the help of the density matrix too, we have for

the subsystem the restricted correlator matrix as
C’fj =tr (pc}cj). (4.2.3)

Since these averages must also factor in a similar way as shown in (4.2.2), the density

operator must have the form

p = Kexp(—H), (4.2.4)
where
H = ZHi7jC;LCj. (425)
ij

Here H is often called the entanglement Hamiltonian. Going back to chapter 2,

we saw the same in the coupled harmonic oscillator and harmonic chain. Since those
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Hamiltonians can be brought into a similar form as (4.2.1), we see the same expression
for the density operator. To move ahead, as before we diagonalize the density operator
by diagonalizing H; ;. Suppose the eigenvectors of H;; are ¢y (i) with eigenvalues e.

Then we can perform a transformation to the fermionic diagonal basis as a; as
=Y énli)a. (4.2.6)
k

Finally, we have diagonalized the entanglement Hamiltonian and hence the density

operator. The entanglement Hamiltonian hence has the form
H= Z €xal ar (4.2.7)
k

while the density operator looks like

p=Kexp (— Z eka,tak> ) (4.2.8)

k
Since the density matrix is traceless, we can use this property to calculate K. Now,
the reduced density matrix is given by p4 and it looks like

elazak

PA—HPk—H1+6 o (4.2.9)

The eigenvalues v, of C4 and ¢ are related by (4.2.2) and (4.2.3). Their relation is

as

ek = Uk

. 4.2.10
— (4.2.10)

Now the total entropy is given by
Sa=> Sk (4.2.11)
k

The expression for S;, in terms of the eigenvalue v of the operator C4 is given by

Sk = —(1 — ) log(1 — vg) — v log(vg). (4.2.12)

Since we are interested in the vacuum state, in the Dirac picture it means that all
negative energy states are filled and all positive energy states are empty. We write

this as

C = 0(—M). (4.2.13)
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Clearly this means that C; ; = 1 when M, ; < 0 and C;; = 0 when M; ; > 0. With this
set up, we now look at a discrete lattice Hamiltonian from [27] for the Dirac fermion.
This is similar to the Majorana staggered fermion expression we saw in (4.1.32). Here

we take IV lattice sites, with spacing equal to unity. The Hamiltonian reads

. N—1 N-1
H= N (WUl + 002, pim Y WL, (4.2.14)
n=0 n=0

The operators ¥ are fermionic Majorana operators, which means they are real i.e
Ul = \I/;T and satisfy anti-commutation relations. Moreover we work with periodic
boundary conditions, i.e W% = W). We now try to look for a transformation that
links this discretized Dirac field Hamiltonian to (4.2.1). We now redefine the new

fermionic operators as
1 , 1 ,
Cor = 5(\D%k + Zq]%k)) Cok+1 = §(q’§k+1 - Zq’gkﬂ)- (4.2.15)

These new operators also satisfy canonical anti-commutation relations. The final

Hamiltonian takes the form

. N—1 N—1
H = 5 ;(CLH% - CILCL_H) +m ;}(—1) cl cn. (4.2.16)

Comparing with (4.2.1), we find the form of M;; as

My, — %i((a(i,j 1) = 83, + 1) + md(i, ) (~1)"). (4.2.17)

Hence we can now use expressions (4.2.12) and (4.2.11) to numerically find the entropy

of the fermionic field.



Chapter 5

Conclusions and further work

This chapter will give a brief description of all the topics discussed till now and cov-

ered in this master’s project and give a idea for the further work going to be done.

Conclusions

e The role of entanglement in quantum field theory was understood, particularly

what it meant for quantum fields to be entangled.

e A possible connection between entropy due to entanglement and Black Hole

entropy was discussed. Both were seen to be dependent on area.

e With the goal of calculating the entanglement entropy for the scalar field, we
started with toy systems like the coupled harmonic oscillator and the harmonic
chain and calculating their entropy. With the help of these results, we calcu-
lated the entanglement entropy for scalar fields numerically. Moreover, we also
extended the above calculation to space-time with a horizon. Area law was
seen to hold in both these examples. One big drawback here was the lack of

any analytical results.

e To obtain entanglement entropy for the scalar fields analytically, we used an-

other approach involving the covariance matrix. We established the covariance
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matrix’s link to entanglement entropy through thermal states(for the ground
state of the field), and then we used the covariance matrix method to calculate

the entanglement entropy of the scalar field.

Upon careful analysis of the analytical expression for the entanglement entropy,
we found that the entanglement entropy at leading order behaved differently for
different boundary conditions. For the case of Neumann boundary conditions,
we found that the entanglement entropy diverged as loglog when ( < 1. In
contrast, it diverged as log when ¢ > 1, whereas for the Dirichlet boundary

condition, the entanglement entropy diverged as loglog in both the regimes.

Hence the information content of the field theory in the two regimes of ( is
different. Signatures of this crossover were also seen in other measures of en-

tanglement.

Finally, we started with the main goal of the project: generalizing the en-
tanglement entropy calculation for a fermion field. The reasons to do
this were three-fold. First, to see if it is possible to prove the area law us-
ing fermionic fields (has not been done in literature). Secondly, try to see if
the crossover in the leading term of entanglement entropy is even present for
fermionic theories. (try to extend work done by [17]) And lastly, to formulate

the Hawking effect for fermions and finding a corresponding temperature.

Upon starting to do this calculation, it was evident that Dirac equation being
first order is a worrying issue. All the calculations done in [chapter 2] used the
idea that scalar fields under discretization behave like coupled harmonic oscil-
lators. Since Dirac equation was first order, the structure after discretization

was different, and older results from [chapter 2] could not be directly used.

Moreover, when trying to discretize the Dirac field, we encountered the problem
of 7fermion doubling”, where the discretized version of the Dirac field theory
was giving double the number of particles it should (2 per each space-time

dimension). This was seen through the extra solutions of the lattice dispersion
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relation for p that arise due to the corners of the Brillouin zone (which goes off
to infinity in the continuum limit). The same could be seen from the poles of
the propagator of the lattice field theory, whose number multiplies by two for

each space-time dimension.

We saw that one of the solutions to this problem was adding certain terms
to the action that raised the mass of the extra fermion particles. The extra
particles become infinitely heavy in the continuum limit, making the correct

fermion state the only one with finite energy.

Another way to deal with the doubling was to perform a particular transfor-
mation that removed gamma matrices from the Dirac action (3+1 dimensional
theory) and led to the simplification of the action as it became a sum of 4
identical terms that did not intermix in any way (since the gamma matrices
go away). Furthermore, this allowed us to work with only a single component
fermion, which greatly reduced the extra solutions. Finally, by breaking the
lattice into odd and even sites, we could further reduce the number of these ex-
tra solutions and have a lattice theory for fermions that is free of the doubling

problem.

With this out of the way, we looked towards methods similar to those in [chapter
3] for trying to calculate the entanglement entropy for fermions. It was not
clear how to generalize the covariance matrix formalism to a system with a
Dirac spinors as they have 4 degrees of freedom at each point. Moreover, the
gaussianity of the ground state and its thermal nature was what led us to derive

(3.2.25), was for the ground state of a scalar field.

One method of calculating the density matrix using correlation functions in

fermionic condensed matter systems was hence studied.

Construction of the density matrix was done by comparing averages calculated
using the density matrices and averages calculated by Wick’s theorem (correla-

tion functions). Hence given a matrix with all the different correlation functions
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Cij = (cjcj), we could construct the density matrix p and then calculate the

entanglement entropy by tracing out degrees corresponding to a subsystem.

Hence, we could use the correlation functions to calculate the entanglement
entropy with the correct choice of a Hamiltonian that leads to the Dirac Hamil-
tonian in the continuum limit and does not suffer from any fermion doubling

problems of the system.

However, it is not fully clear as of now how the tracing out process in this
method corresponds to real space entanglement. Work is currently being done

on this.

Lastly, we also saw in detail topics such as cosmological particle creation. This
involved studying the time varying harmonic oscillator, quantum fields in ex-

panding space-times, the Unruh effect, and the Hawking radiation.

Further work

Through this masters project, many methods of calculating entanglement entropy

were understood. Since a trivial generalization for the entanglement entropy for

fermions could not be made from the methods used before, one had to look for

other methods. Currently, the correlation function approach is the one that is being

worked upon to calculate the entropy. After this calculation, further work on three

goals should be possible:

e Showing that entanglement entropy for fermionic fields also follows an area law.

e Investigate the crossover seen in [chapter 3| for a fermionic field and see if it

also occurs here.

e Try to formulate the Hawking effect in the same formalism for the fermion field.



Appendices
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Appendix A

Cosmological particle creation

In this chapter we look at the phenomena of particle creation in gravitational back-
grounds.[29, 8] We start with looking at the simple example of time-dependent har-
monic oscillator. It will be that that it has a vacuum state that keeps changing with
time, leading to the changing of annihilation operators. The operators at different
times are related through the Bogolyubov transformation. This change in the vacuum
causes a change in the particle description of the theory. Hence a system in vacuum

at some time would begin to have particles at another instant of time.

This will be followed by the example of expanding space-time, where now a scalar
field is considered in this space-time. It will be shown that this theory also fails to
have a vacuum that does not change with time, leading to an inconsistent particle
description. Hence a prepared vacuum state at some time fails to be the vacuum state
at later times, leading to appearance of particles in a supposedly vacuum state. The
operators at each time instance are again linked to each other through Bogolyubov

transformations.

This will then be followed by the exploration of the Unruh effect, where an accel-
erated observer starts to see a thermal spectrum of particles as it starts to accelerate.
Using the ideas from the previous sections, one can show that a scalar field in this

space-time of an accelerated observer (Rindler space) also fails to have a consistent

88



89

vacuum, leading to an appearance of particles that were not there before the accelera-
tion. The particles are observed to have a thermal spectrum, which will be explained

in detail.

Finally, we look at the problem of particle creation near Black Holes. It will
be shown that most ideas from the Unruh effect can be analogously applied to the
Schwarzschild Black Hole. This leads to a observer very far from the Black Hole to see
a flux of particles, whose spectrum is thermal. In all of these cases, the Bogolyubov
transformation links the annihilation operator in different co-ordinate systems/ at
different times, and plays an essential role in the idea of particle creation in their

relevant systems.

A.1 Oscillator with variable frequency

We look at the classical oscillator with a twist. We look at at the time independent

oscillator with the equation of motion as
G+ w(t)g=0. (A1.1)

Why are we interested in such a system? When dealing with typical scalar fields
in quantum field theory, the Klein-Gordan equation in momentum space looks like
a simple harmonic oscillator equation. We will see later that gravitational effects
influence quantum fields such that the frequency (w) in the equation of motions
becomes times dependent. We now start looking at the time-dependent harmonic
oscillator and establish some results.

An example for w(t) would be as in (Fig. A.1) (on next page). Finding an exact
solution for the differential equation (A.1.1) can be hard for an arbitrary w(t). Instead

we look at ”in” and "out” regimes, i.e
w = wy Vit <ty

w1 YVt >t
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Figure A.1: w(t)

In these regimes, we already know the solution to the oscillator. It takes the form:
q(t) = Ae™0'  Be ot Vit <t

q(t) = Ce™' + De~ ™1t Vt >t

Given the equation of motion (A.1.1), we can write the Lagrangian for it as

-2
q L, 2
L="——-w(t)q .
5 ~ v ()
The conjugate momentum is then
oL

The Hamiltonian corresponding to this Lagrangian is
wWi(t)q*. (A.1.2)

The Hamilton’s equations for the above Hamiltonian then reads

_OH
Jq

. OM

2 _Jnt_ Al13
wg, i=%, =" ( )

p=

Typically these systems do not conserve energy, and physically it stems from the

fact that this simple harmonic oscillator has to have variable frequency because of
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some form of external driving. Upon quantization of this oscillator, we promote the
dynamical variables ¢ and p to operator valued variables and postulate the canonical

commutation relations

[q(t), p(t)] =1, [q(t), q(t)] = [p(t), p(t)] = 0. (A.1.4)

We then introduce the operators a and al as in (3.2.6) as

w w

alt) =9 (ot + o), a0 = /2 (a0) ~ o). (A.15)

As we go from the (g, p) basis to (a,a') basis, the Hamilton’s equations also change

form. To find them, we take time derivatives of the new basis variables, a,a' as

a(t) = g( + ép), at(t) = \/g@ - ép). (A.1.6)

Using (A.1.3) in the above equation we get

a(t) = \/g(p ~ i) = —iw \/§<q + ép)

and similarly for the other operator. Hence the Hamilton’s equations in this new

= —iwal(t). (A.1.7)

basis take the form
a(t) = —iwal(t), at(t) = +iwal(t). (A.1.8)
Let us solve these equations in the case that w is constant in time.

w constant

In this case, the differential equation has an easily computable solution as
a(t) = ape”™™" = ae™™". (A.1.9)
Now we ask what the commutation relations look in the new variables. To do so, we

invert equations (A.1.5) as

1 . . . .
q(t) = % (ae_zwt + CLT6+M>7 p(t) ==4/= (ae‘wt — aTe““t). (A.1.10)
w
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Putting it into the (A.1.4) we get

1 Jw 1 - , - ) )
I e _[ae iwt —|—CLT€+ZWt,CL€ wt a’[e—l—lwt] -

iV 2Vow
— [a,a'] = 1. (A.1.11)

We now wish to rewrite (A.1.10) in a form that will be helpful when generalizing to

the general w case. Looking at ¢(t) first we get

q(t) = L < 6\/?+ Tf/_> \}_( av*(t) + a'v(t)),

where we have defined v(t) = % Using Hamilton’s equation in (A.1.8), we can

substitute @ and a' in (A.1.10) to get

Hence we have the expressions

av*(t) + ato(t)), p(t) = \/g (ai)*(t) + aw(t)). (A.1.12)

1

t) = —
q(t) \/5(
General w

Now moving to the case of a general time dependent frequency, the differential equa-

tion (A.1.8) will not have a simple solution. It will take the form

al
d dt(t) = +iw(t)a! = loga'(t) = /iw(t) dt
— a(t) = a) exp <z/w(t) dt) =dalf. (A.1.13)
As before, this would mean that
_i f_T ai ZLCLU* a'v —L(M'}>|< a'v
aft) = 75 (o5 +al =) = () + atov), o) = (@) + o))

(A.1.14)
where we have defined v(t) = \/i(; It is for this reason v(t) is often called the "mode
function”. We can now ask what (A.1.1) would imply for the mode function. By

plugging the expression of ¢(t) above into (A.1.1) we get

(at*(t) + a'i(t)) + w?(2). v*(t) +alv(t)) =0

5o

Sl -
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a al
— —(8"(t) + W ()" () + —= (8(t) + W’ (t)v(t)) = 0.

V2 V2

Note that the latter half of this equation is the conjugate of the former. This equation
holds for any choice of v(t), meaning the terms in the parenthesis must be zero
themselves. This gives us

i+ w?(t)v = 0. (A.1.15)

As before, we now evaluate the commutation relations for the general w case. Starting

from (A.1.4) we get

— |5 (av' (@) + afo(1)), —= (a0 (8) + aTv(®) | =

—

N | — §||’_‘

[(av*(t) +alo(t)), (av'(t) + aw))} —
= (0" —vi*)[a,al] = 2i

i 2
I o

(A.1.16)

The denominator on the right-hand side is the Wronskian of the solutions v(t) and

v*(t). We now take a slight detour to prove a significant result related to it.

Wronskian

Given a second order differential equation y” = a(z)y’ + b(z)y and the two solutions

y1 and ¥y, we define the Wronskian as

W =195 — y19s. (A.1.17)

We now calculate the derivative of the Wronskian and substitute the second-order

derivatives using the original differential equation as
W= s+ y1ys — 1% — Yiv2 = Y193 — Y1y

= 1 [ays + bya] — yalayy + bun] = a(y1vh — yayy) = aW.

This differential equation can be solved easily and gives the Wronskian of the form

W = C.elad, (A.1.18)
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For the differential equation we have in (A.1.15), a(x)=0 so the Wronskian becomes
a constant. Since all these solutions are solutions to linear differential equations, any
solution upto a multiplicative constant is also a solution. Hence we can normalize the

mode functions as we wish and put (A.1.16) as
vt —v0* = 21, [a,a] = 1. (A.1.19)

We have hence canonically quantized the time varying oscillator. We can now pos-
tulate the existence of states |0),[1)--- and specially a|0) = 0. The vacuum state is

defined by a|0) = 0, so we invert (A.1.14) to get

o = L0e0~ (000 A1)

The choice of the vacuum hence depends on the choice of the mode function v(t).

But physically we ezpect the ground state to be unique and not depend on the choice
of v. Therefore we try to find such a ground state by imposing a physical condition
on it. Since the ground state is a state where the system is at least energy, we can
try to find v such that (0|H|0) is minimized. Looking back at (A.1.2), we substitute
(A.1.14) as

2
H=Gt S0,

1 . 1 2 1 2 * } 2

— H= 7@ (t)+a U(t)] +w () [CLU (t)+a U(t)] '

S D S

Looking first at I; and using (A.1.19) we get
I = [mm* o + vv*ata + v*vaa + @*@*aa} - [@%ﬁ ot + 00" (2ata + 1) + 1}*2aa} .

I, = [vvaTaT +wvv*ala + v*vaal + v*v*aa} = [UQaTaT +ov*(2a’a + 1) + v*zaa} :

When we take the expectation value in the ground state, all the afa’, aa and a'a

terms will go to zero because of orthogonality of states. Hence we have

) 21,12
E = (0|H|0) = M (A.1.21)

The energy clearly a function of time. We first minimize energy at one instance of

time ¢ = ty. One possible choice of the mode function that also satisfies (A.1.15) is
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v =q and v = p. We also have the normalization condition pg* — qp* = 2i. Therefore

we have to minimize ,
_ [+’
1 )

Note that there are two independent parameters in the quantity we wish to minimize.

E = (0| H|0)

However, we also have the normalization condition, which we can use to eliminate
one of the independent variables. However, the form of the normalization condition
makes it hard to separate one variable in favor of the other. To use it, we need to
change its form to make it usable. We observe that the normalization and energy
equation are invariant under the transformation p — e**p and ¢ — e*q. We can use
the fact that A is unconstrained to simplify the form of the normalization equation.If

q=q1+ g2 and p = p; + py we can see that
eq = (cos A +isin ) (qy + igy)
= (q1 cos A — gasin \) +i(gy sin A + g2 cos \).
We can now demand for the imaginary part to vanish, choosing A appropriately as

A\ = arctan _—Q2.
q1

This is useful since now that ¢ is real, ¢ = ¢* and we can separate the variables in

the normalization condition as

(p—p)g=2i = q¢=—.
P2

The Energy takes the form

1 w2(t0)
H=- <p2 +p 4+ )
AN

Differentiating with respect to p; and py we can now minimize the function. We have
2w?

p1 =0, 2]02—?=0:>p2=i w(to).
2

Hence we have

i(ty) = in/ar (o), olty) = \/ﬁ (A.1.22)

Hence the pair v and © will define a,a’ such that E.;, = %w(to), and we have the
instantaneous ground state |0;,) (because its at time ¢ = t3). Note that if w? < 0, the

minimum does not exist and the energy would be unbounded from below.
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A.1.1 In and out states

Let us look back at (Fig. A.1). When t < tg, v, (t) = €0t and t > t1, Vo (t) = ™1t
We now ask how the in and the out modes are related.

et are a set of plane waves that form a complete basis to the solutions of the
equation (A.1.15), any solution to it can be expressed in this basis, i.e any solution

can be expressed as a linear superposition of the plane waves. We hence write
Uzn(t) — aewut + Be—zwlt

= Vin(t) = Qout + PV, (A.1.23)

This relation is an example of a Bogolyubov transformation. But these parameters
«, B are not fully free parameters. Again, the normalization condition will impose a

constraint on them. We start with (A.1.16) and use the Bogolyubov relation as

— (Qiw Uy — Piwr v}, ) (V) A B Vout) + (aiwr v}, — B 1w Vout ) (Vo + BU5,,) = 2i

— |a|2iw1+M—M—|ﬁ|2iw1+|a|2iw1+W—M—|5|2iw1 =2
1
2 2
= |a|" = |B]" = —
w1

By rescaling a, § — /w1, /w18 we hence get a simple condition on the Bogolyubov
coefficients as

la* —|8)* = 1. (A.1.24)

Since the operators a and a' are composed of v;,, we can use (A.1.23) in (A.1.20) for

@iy, S
~ Ving — VinP
iv2
(Oébout + szut)q B (aUOUt + ﬂvzut)p

iv/2

Qin,

— Qip = Qo — Bal al = aoral,, — B*aou. (A.1.25)
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T

out- L0 do so, we just

To obtain the a similar relation for a,,;, we need to eliminate a

multiply a;, by o and ajn by $ and add them to cancel the cross terms. We have

(A.1.24)
Q@i + ﬁajn = |a|2aout —er%— |ﬁ|2aout = (|a|2 - |ﬁ|2)aout = Qout

= Gout = a*ain + BG/T a:r)ut = O[CLIn + B*Gin- <A126)

wm?

This means that when 8 # 0, a,; differs from a;, and defines different vacuum states
through a|0) = 0. Hence the vacuum changes in time. To look at this more clearly,
this means that if we prepare the system in state |¢)) = |0;,) at t < ¢y, and evolve it
till time ¢;. The quantum state still remains |0;,), but after time ¢t = ¢; we compare
the state to the ground state of the system at that particular time, i.e |0py). The
ground states are different, so the out system will no longer be in the ground state.
The system will hence be in a superposition of the new |n,,). Therefore one will
see the system in an excited state. Physically it makes sense as well since a change
in frequency of the oscillator corresponds to driving the oscillator. It corresponds
to work done on the system leading to the injection or omission of energy and the
system’s changing energies of states. As before, since the Hamiltonian energy function

is time-dependent, so energy is not conserved.

A.2 Scalar field in expanding background

A.2.1 DMetric and the action

We now show how gravitational backgrounds influence the equations of motions. We

work in the the FRW metric. The metric looks like:
ds? = gopdz® da’ = dt* — a*(t)(da* + dy* + d2?). (A.2.1)

This metric looks similar to the Minkowski metric, but with a scale factor in front of
the spatial metric part. This metric is an exact solution of the Einstein’s equation.
We look at a real valued scalar field ¢, which is minimally coupled to the metric, i.e

all contractions that involve the metric are done with the FRW metric defined above
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and there is no other term involving the scalar field ¢ and the metric g,3. Moreover,
we work with a free field (i.e no interactions) which has m # 0. The action for theory
is given by
3 L s L o900

S=[=gd a‘:dtbg (026)(956) — 50 ] (A.2.2)
Here the /—g¢ is the determinant of the metric ¢*® and ensures that the action is
invariant under co-ordinate transformations. Note that standard summation conven-
tions apply here. The corresponding equations of motion corresponding to this action

are

9’V Vsp +m?¢ = 0. (A.2.3)

In the flat Minkowski space-time case, this equation had ¢*® = n®® and this reduced
to the well known Klein-Gordan equation we then quantized canonically. But here we
would have the a(t) factor complicating the differential equation and finding a mode

expansion non-trivial. To have a closer look, we do the following transformation

n(t) = /t %. (A.2.4)

the metric then looks like
ds* = a®(n)(dn* — d2* + dy® + dz?). (A.2.5)

This metric is similar to the Minkowski metric but up to the factor a?(t). Metrics like
these are called conformally flat because they differ from the flat metric by the factor
a*(t), the conformal factor. We now apply this to the action we have. Conformally
equivalent metrics are interesting because they leave the causal structure of the theory

invariant. We first calculate the determinant term as

V=g = V=(@(t)(—a*(t)(—a*(t)(—a?(t)) = a'(t). (A.2.6)

Moreover, we can now write the FRW metric in terms of the Minkowski as

1
9" = =1, (A.2.7)

The action hence looks like

S = %/ d*xdn [aQ [(15’2 — (V¢)?] — a*(tym*¢?|.
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Finally, performing the transformation a¢ = x we see that (and noting that prime

represents differentiation w.r.t n)
1 f 2 2 2
s=g ) dwan[[(3) - (5] - (3)]
2 a a a

= %/ d:”xdn[a2 [(%)ﬂ] —(Vx)* — a2m2x2].
o

A
We look separately at A. We can see that

2 ax — xa'\2 a a'’
a2(z> :a2( X 2X ) LN L [X2'_] '
a a a

The last term in the equation above is a total derivative and will vanish in the

expression for action. Hence we finally get the expression
1 "
S = 5/ d*xdn [X’Z — (Vx)* — (a2m2 - a_> XQ}
a
—_——

Meff

= S = %/ d*xdn [X/2 —(Vx)* - meﬁ‘XQ]. (A.2.8)

Where we have called renamed the terms inside the parenthesis as meg(n). There-
fore the dynamics of a scalar field ¥ in flat FRW space-time are equivalent to the
dynamics of a field x in Minkowski space-time with an effective mass that depends

on the time variable.

A.2.2 Mode expansion and quantization
Let us have a look at the equation of motion
X"+ V2 4 meg(n)x = 0. (A.2.9)

We begin with going to the Fourier basis, i.e we substitute

e = [ St

We can substitute this in the equation of motion to get

Xi + (K> 4 meg(n)) x1 = 0.
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= Xi +wi(mxe = 0. (A.2.10)

Hence in momentum space, we see that at each point there is a harmonic oscillator
whose frequency varies with time i.e a time dependent harmonic oscillator ( in com-
parison to fields in Minkowski space-time where we have time independent harmonic
oscillators at each point in momentum space). Hence we can now use the results
calculated for the time varying harmonic oscillator in last subsection. We can choose
a mode function vg(n) and do the mode expansion as shown before as

i) = %mkvz(n) T alue(n)),

Bk 1 , 4
— x(x,n) = / 2 .ﬁ(akv,’;e“"x + al vpemX), (A.2.11)

Until now, the fields were classical. We can now impose equal time canonical

commutation relations for the field operators as

[x(@1,m), m(22,m)] = [X(21,m), X (22,1)] = i0(x1 — T2). (A.2.12)
The first equality here can be seen by noting that m = g—f, = x'. Moreover,

here we also demand that the creation and annihilation operators satisfy canonical

commutation relations
lay, al,] = 6(k — ), [ar, ap] = [a},al,] = 0. (A.2.13)
We can ask what (A.2.11) and (A.2.12) mean for the mode functions. We see that

ABkd3k’ g 1 N "
(X (1), X' (22)] = / (2m)3 etret x2-§ [akvk +al v, apvy + CLT_k/U;«]

B / dBkdBk’ eik‘.xleik‘/.xg

*
vy, [ak,aik] —upv'p [aik,ak/]

(2m)3 2
S(k+k') S(k'+k)
Bk ek wy (A2.11)
= / )] 5 (vpvy, — ety (A2 i0(xq — o)
= v, — V' =2 = W, vp] =2 or  Im(vjvy) = 1. (A.2.14)

This means that we can quantize the scalar field x describing quantum fields in an

expanding background by promoting a and a' to operators that satisfy (A.2.13) and
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making sure that the mode functions satisfy (A.2.14) and (A.1.15). Here all the focus
goes into the choice of the mode functions.

Looking at (A.1.15), we see that the second order equation for vg(n) will give us
two independent complex valued solutions. Since we also have the normalization con-
straint due to quantization in (A.2.14), which is a linear equation relating the complex
components of these solutions to each other, we end up with one one independent
complex degree of freedom governing the mode functions. Finally, we can observe
that multiplying vy, (n) by €™ introduces an extra phase, which can be absorbed into
the creation and annihilation operators. This then means that the vacuum state

changes by a phase. This can be represented by
o (A2, , :
v — vRe"™® A2 ) geie — 0) = e"*|0) .

All states that differ up to a phase are physically equivalent, so we are only left with
one real degree of freedom that governs the freedom in choosing the mode function.
Hence we have successfully used all the constraints and conditions, but only to find
freedom in choosing the mode function. The corresponding real degree of freedom
can distinguish between these mode functions. However, since all of these functions
satisfy (A.1.15) and (A.2.14), they are all physically equivalent as they give rise to

physically equivalent states.

A.2.3 The vacuum

Now that we have the operator a, we can define the vacuum state as a |0) = 0. With
repeated usage of af, one can construct the multiparticle states. An excited state

|, Nk, - - +) with occupation numbers m, n - - - of the field y is given by

1 m n
g -) = <= [ (al,)"(al,)" - | 001, O+ )

Vminl---

To keep notation simple, we call this |0). Given a mode function, we have the mode
expansion and, therefore, the operators a and af. The operator a defines the vacuum
state. Hence the mode function’s choice invariably changes the vacuum state. The

vacuum state is important because it is what the description of the particle is based
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on, and a change in it would reflect a change in the type and number of particles
present in a particular configuration of the field. We ask, ”"which mode function will

give us the correct physical vacuum?”

Instantaneous energy eigenstates
To find an expression for the mode function, we need to constrain it further, and we
do this by demanding that the ground state is a state which minimizes the energy.
We do this at a particular time 1 = 7. Therefore the statement then becomes ”find
v(n) such that (0,,| H(no) |0,,) is minimized”. This is a question almost identical to
what we did in the last subsection with the time-dependent harmonic oscillator in

(A.1.22). The results for the appropriate mode function when w? > 0 are

1

Uk(no) = m7

Now, when wy(n) = constant (for example Minkowski space-time), we get the familiar

v (o) = i/ wi(10) = iwi (10)vr(1o)- (A.2.15)

Minkowski result as

1 .
vul) = =,

VWi
However, in gravitational /expanding backgrounds, w is a function of time. That
means that for each time instance, we have a different v;. Changing mode functions
imply that the creation and annihilation operators also keep changing. This leads to a
change in the description of the vacuum and hence the particles. One can now ask how
two different creation and annihilation operators coming from these mode functions
are related. The relations between the operators are what are called Bogolyubov

transformations.

A.2.4 Bogolyubov transformations

Consider two mode functions vy (n) and ug(n). We now wish to write the operator vy
in terms of u;. Since uy, and wuj, also form a complete basis, we can use them to write
vE, as

ve(n) = arur(n) + Brug(n). (A.2.16)
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Since v should be normalized by (A.2.14), we have
v — o™ = 2,

= (oguj + Bru) (oz;cuf,€ + ﬂku’Z) — (agug + Bruy) (azu’z + 52“2) — 9

= ol ujul, + By + Buogd i, + | B unuyl — |ow wpul — arBi
2 .
— B — |Bel i, = 20
— o] (g, — i) — 18| (s, — wy?) = 2i.
But we know that « must also be normalized in the same way. Using this in the above

equation, we get

lag|? = [Be]* = 1. (A.2.17)

These relations are analogous to what we obtained in the last subsection. This relation
constraints the coefficients a and . Looking at the mode expansion (A.2.11) for both

the mode functions v and v we find

(x )—/ &k L(a vi 4+ al v )e®x
xX\T,n (27}')%\/5 kUL kYK )

x(z,m) :/Lks-i(bku* + b1 )™,
et
Since they are just different expressions for the same quantity, we can equate them.
Since they will be equal for any arbitrary x, we can equate the terms in front of the
exponential as

(bku}z + bT_kuk> kX — (akvz + aT_kvk> ek, (A.2.18)

Using (A.2.16) we look at the RHS as
agvy, + aT_kvk = <a,§uz + B,juk)ak + (akuk + Bku,j)aik

= <a2ak + 5kaik> uy, + (akaT_k + 5;%) U,

Comparing the LHS in (A.2.18) to the equation above, we get

[ by = agag + BkaT_k, bT_k — OzkaT_k + Brag. ] (A.2.19)
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These are the Bogolyubov transformations and the operators a and b here define the
two different vacuums, |0,) and |0,). As said before, a change in vacuum represents
a change in particles. One way to see this explicitly is to look at an average value of

the number operator.

A.2.5 Mean particle number

The two vacua define two different particles. We can now ask on average how many

"b-particles” (of the field mode xj) exist in the ”a-vacuum”. This would look like
(No)o, = (Oal No |0a) = (0a] b b |0a) -
Here we can use (A.2.19) to write this in terms of a operators as

— (0l (enal + Bras) (ajax + Bral, ) 10a) = (O] (1840 sal,) 104)
= (No)o, = I8k°6%(0).
The appearance of the delta function stems from the commutation relations. It is
attributed to the fact that we consider the integral over full space, which has an

infinite volume. In a case where we have a finite size of the system, we can then talk

about the number density of particles in this quantized field mode y;, as

(o, = 1Bx]*. (A.2.20)

If we prepare the field in the state |0,) and look for the number of ”b-particles,”
we will see a finite number of these particles in the vacuum. However, how is this
relevant? In the last subsection, we saw that the mode function changes with time for
an expanding space-time, which implied that the vacuum state changes with time. If
one were to prepare the instantaneous vacuum at a time 7, then after an infinitesimal
amount of time 79+ 97, the original state would not be the vacuum state of the system
anymore. As a result, we will see particles with density for a system in that state.
This can be attributed to the time-dependent harmonic oscillator (which is what the
system boils down to) does not conserve energy, and the energy function is time-
dependent. We do not have any faithful time-independent eigenstates that can work

as the vacuum state because the Hamiltonian is time-dependent.
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A.3 Unruh effect

In this section, we will look at the phenomenon of the Unruh effect and try to explain
it using the ideas developed in the past subsections of this appendix. The core idea
of the effect is that an accelerated observer in Minkowski space-time observes the
ground state of a scalar field to have particles. The particles can be seen to follow
a thermal distribution. We start with looking at a co-ordinate system adapted for

accelerating observers.

A.3.1 Accelerating observers and the Rindler co-ordinates

Let us go back to special relativity and try to look at the problem of accelerating
observers. We would like to see what the world-lines of accelerating observers look
like and develop a suitable co-ordinate system for it.

Consider an observer with constant acceleration in x direction. We know that

4-velocity U* = (ug, u1, ug, ug) has norm -1 for massive particles. This means that
—uf+ul =—-1 = uf —uj = 1. (A.3.1)
We now parametrize u; and ug as
up = cosh f(7),uy = sinh f(7). (A.3.2)

This gives us the four-acceleration

a® = (f(7)sinh f(7), f(7) cosh f(7),0,0). (A.3.3)

Now we demand that the norm of this 4-acceleration be constant, i.e

2

a2 = f(r) (cosh® f(r) — sinh? f(7)) = f(r). (A.3.4)

This gives us a form for f, i.e f = k7. Given f, we can now find the corresponding

world-lines by integrating the 4-velocity as

1 1
a# = (=sinhar, — coshar,0,0). (A.3.5)
a a
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The world-lines of the accelerated observers are hyperbolae. To clearly see this,compute
the line element as

1 1 1
— P+t = —— sinh® ar + - cosh® ar = —- (A.3.6)
a a a

The world-lines correspond to hyperbolae confined in the first and fourth quadrant
by z =y and x = —y ((Fig. A.2), on next page) since a? is always positive. Higher
the acceleration, the smaller would be ;—2, and the graph would come closer to the

lines y = 4.

Now, we want a convenient co-ordinate system for this accelerating object. For
example, Minkowski co-ordinates are suitable for objects at rest. An object at rest
can be denoted by x,y, 2 = constant and ¢ which can change. A moving object, in its
frame since its is always at rest will always have a fixed position (z,y, z = constant)
and the corresponding time co-ordinate will represent proper time, i.e z* = (7, a, b, ¢)
for arbitrary constants a,b,c. Hence x,y,z = constant represent static objects. We
wish to find a co-ordinate system (7, p) such that p = constant represents a constantly
accelerating object. To do so, we go into the accelerating frame of reference (the proper
frame) and use co-ordinates (7, p) which represent the proper time and proper length.

The transformation is much alike to what we saw above and looks like

_I+ap _I+ap

t sinh an, x cosh an (A.3.7)

— dt* = (dpsinh an+(1 + ap) dn cosh an)?, dx? = (dp cosh an+(1 + ap) dnsinh an)?.

We can now compute the line element in this co-ordinate system as
ds* = dt*—dz*® = (dpsinh an+(1 + ap) dn cosh an)*—(dp cosh an+(1 + ap) dn sinh an)?

— ds* = (14 ap)” dn* — dp*. (A.3.8)

This is called the Rindler metric and the co-ordinates (p,n) are called Rindler co-
ordinates. A few features of this metric and corresponding space-time are written

below.
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Figure A.2: Rindler co-ordinates

One can show by substitution that % — ¢* = (1 + p)Q. This means that p =
constant trajectories trace hyperbolae in the original Minkowski co-ordinates.
Connecting this to (A.3.6), p = constant trajectories represent accelerating

observers with p = % Hence this is a convenient co-ordinate.

One can show that % = tanh an, which means that an =constant trajectories
are straight lines in original Minkowski co-ordinates. When p = constant, the

metric in terms of proper time can be read as:
ds® = dr? = (1 +apy)® dn>.

Hence 7 also acts as a proper time co-ordinate. This is exactly as we wanted in

corollary to static observers and Minkowski co-ordinates.

As shown in (Fig. A.2), all accelerated observers lie in quadrant 1, often called

the Rindler wedge. Since light travels along 45-degree lines (shown in yellow),
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and the hyperbolas asymptote to y = +x, the light coming from quadrants 2
and 3 can never reach an observer in region 1. Hence an accelerating observer
is causally disconnected to regions 2 and 3. This is an example of an event
horizon (this one is called the Rindler horizon), which is a surface (highlighted
in red) through which information cannot reach someone outside it. Note that

this horizon disappears whenever the object stops accelerating.

A.3.2 Scalar quantum field in Rindler space

Now we put (A.3.8) in a more convenient form. We make the transformation { =

In (1 + ap), and the metric then looks like
ds® = e (dn? — d¢?). (A.3.9)

It is evident that the Rindler metric in these co-ordinates is equal to the Minkowski
metric multiplied by a space-time function and is therefore conformally flat. We can
now ask what a quantum field looks like in this form of the metric in 1+1 dimen-
sions. We look at a massless scalar field that is minimally coupled, i.e., effects of the
metric only show up in the co-ordinate invariant measure and the contractions in the
Lagrangian. The general action takes the form

1

Sl = 5

/ d*1\/= 99" 00030 (A.3.10)

In Minkowski coordinates, the action looks like

S[¢] = %/ dz dt [(0,0)° — (0:9)%] - (A.3.11)

We now look at the action in Rindler co-ordinates. One feature which will be of great

use is the conformal flatness of the Rindler metric. We observe that if

JaB = Jop = O2(2)Ga, V=g — Q*(z)y/—g and g% — Q2¢g", (A.3.12)

This means that the action is invariant under conformal transformations as it involves

the product of \/—¢ and ¢*?. This property of conformal invariance is highly useful
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in general. the action in the Rindler metric takes the same form as (A.3.11), but as

a function of the Rindler variables:

1
S[g] = 5/ dé dn [(0,0)° — (0¢0)?] . (A.3.13)
Looking at the equations of motions for both these actions, we get
2 2 2 2
By_2o By o
o2 Ox? oz~ o€

These have the same form as wave equations. The solutions can be written as super-

position of waves that go in both spatial directions. The solutions look like
b(a,l) = At —2)+ Bt +3),  6&m) =Cl—€) +Dn+6).  (A3.15)

Proceeding with the mode expansions, we find in the Minkowski metric

* dk 1
—so V21 \/2|k]

and in the Rindler metric

oa, 1) = (efi\k\tJrikmak X ei\k\tfikxal];> : (A.3.16)

* dk 1
—so V21 \/2|k]

Since the exponentials in these expansions are functions of different variables, their

P& n) = (e‘i‘k‘”“’“ﬁbk + ei"“‘”‘““be) . (A.3.17)

corresponding coefficients (that become operators when quantized) in the general so-
lution of the field will be different. Hence in general, the operators a; and by are
different. Consequently the vacua they define would also be different, i.e we have the
Minkowski vacuum ay, |057) = 0 and the Rindler vacuum by, [Og) (both of them for all
values of k) being different states.

As in the last subsections, we can ask, ”Which of these corresponds to the correct/-
physical vacuum?”. If one were to hop onto an accelerating spaceship and observe
the field to be in the Minkowski vacuum, then they would see the Minkowski vacuum
|0ps) having particles, i.e., not being the lowest energy state. For observers moving
with the accelerated spaceship, the correct vacuum for the fields (the configuration
that minimizes the energy) is the Rindler vacuum, |0g). Hence, the Minkowski vac-

uum will appear as an excited state. Similarly, if stationary observers observe the
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field in a Rindler vacuum, it would be filled with particles.

Hence there is no ”correct” vacuum. Its choice is dependent on the situation. This
detection of particles in a previously empty (up to quantum fluctuations) space-time
upon acceleration is called the Unruh effect. The next step is to find the relation
between the different vacuum states defined and the spectrum of the particles ob-
served by the accelerated observer. These relations are precisely the Bogolyubov

transformations that were described earlier.

A.3.3 Bogolyubov transformations

To arrive on the relation between the operators a; and by, we need to compare the
mode expansions as before. To make this easier, we begin by writing the mode
expansion in the light-cone co-ordinates which will decouple z,t or £, and allow for
comparison with (A.3.14). For both the co-ordinate systems, we define light-cone
co-ordinates as

u,v=tFx, u,v=mn7FE. (A.3.18)

The unbarred co-ordinates will henceforth represent the accelerated frame light-cone
co-ordinates and the barred represent the co-ordinates in the unaccelerated frame
where the observer is freely falling. Both u and v take take values from (—o0,0).

With this transformation, (A.3.7) looks like

1 1
u=——e " 0= —e". (A.3.19)
a a

With these, the field solutions (A.3.15) look like
¢(u,v) = A(u) + B(v), d(u,v) = C(u) + D(v). (A.3.20)

Using these co-ordinates in the mode expansion, we can decouple the exponentials
that were earlier a function of both x,¢(or 7, £ for the Rindler case) into exponentials
that only depend on these light-cone co-ordinates. The light-cone mode expansion in

the unaccelerated frame take the form
“ dw 1

u,v) = ———— (e, + ™al + e Va_, + ei“@aiw> , A.3.21
o) = | s (4.8.21)
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and in the Rindler metric

*® dw 1

0 V22

Here w and w' are the corresponding momentum variables in the Minkowski frame

¢(u, v) =

<e*iw’“bw/ N P Y w,)_ (A.3.22)

mode expansion and the Rindler frame mode expansion. We can now compare these

expansions to (A.3.20) and see explicit expressions for A, B, C, D as

A(_) o0 dw ]- ( —wha + W 'i' ) B<_) S8 d(,{) ]. ( —iwD + WD —i- )
) = ———— (e M a,+e“"al ), B(v) = ——— (e™a_, + """, ),
0 V2m\2w 0 V2m\2w
oe dw/ 1 - Sr o dw/ 1 S L1
Clu) = <6_M Y + €™ “bT,) ,D(v) = (e_“" Yb_ + e ”bT_ ,) .
W= Vavas ) PO= ) e v -

To find a relation between the operators a; and by, we compare the mode functions.
Since the Rindler mode expansion is only valid in the Rindler wedge, we can only
compare the mode functions in that region. Hence for a point in that region, we
should have the physical field giving the same value in any co-ordinate system. By
equating these expressions for a given mode we would be able to see exactly how

these operators are related. To do this, we start with

— A(@) + B(v) = C(u) + D(v)
= A(u(u)) + B(0(v)) = C(u) + D(v)

Since the transition from light-cone co-ordinates in Minkowski to Rindler frame does
not intermix different momentum modes, we can equate the individual terms. By

doing this, we get

To look at the first part of this equation, we do a fourier transform of both sides of

the equation A(@(u)) = C'(u). This looks like

Fodu oy _ ooﬂemu u
700\/?6 A(u(u)) = o C(u). (A.3.23)
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Looking at the RHS, we see that

o du i /oo du : & d(x}/ 1 i iw'uyt
et uC Z (6 iw ubwl +ezw ug, /)
/_ 0 V212w v

/oo dw' > du (efi(w’fﬂ)ubw/ +€i(w'+ﬂ)ubll)
27T

V2Lt i <0

On the other hand, the LHS can be written as

& du .0 B /°° du . * dw 1 »
e A(u(u e ——(e wig 4 el L) A.3.25
—co \/ 0 vV 27 vV 2w ( )

_ > dw > d_u (eiQu—iwﬁa + eiQu—l—iwﬂaT)
; —_ . o w w

* dw

= (w, D)ay, + F(—w,Q)al) . (A.3.26)
0 V2w (F ( )
Where F is defined as
F(w,Q) = / du exp [1Qu — iwu] = / du exp [iQu — iwu]
oo 2m oo 2m
(A.3.19) du o
/ 5, OXP [@Qu + ZE ] . (A.3.27)

Now, restricting to positive  (which means we are only talking about positive mo-
mentum modes, as thats the conjugate variable fourier transform brings), we can

write bg from (A.3.23),(A.3.24) and (A.3.26) as

bQ > dw

V2o Vs

o Q Q
= bQ:/ dw \/—F(W,Q)aw—i—\/iF(—w,Q)aL
0 NN

[e7R1e) B
= bo = / dw [Osz(Lw + ﬁwQaL] (A.3.28)
0

( (w, Va, + F(—w, Q)al)

This is the Bogolyubov transformation for the creation and annihilation operators in

the case. One difference we can see in comparison to the transformation we’ve seen
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in is that there is an integral over w. One can think of the transformations we did in

the previous subsection as cases where o, fuq X d(w — ). We can find expressions

for other operators in a similar way. We now look for a constraint equation for the

Bogolyubov coefficients similar to (A.2.17). To do so, we start with the commutation

relation for b, as

[bo, ] = 6(Q — Q), (A.3.29)

LHS:

— / / dw dw'’ [(awgaw + ngal> (aZ,Q,aL, + B:,,Q,aw/>
o Jo

— (OKZ/Q/G/L/ + 5:;/Q/aw’> (OéwQaw + /ngal>i|

00 oo
/
= / / dw dw [<awga2,g,awal,+Bw96:,9,alaw/—I—awgﬁ:,g,awawl—I—ngozz,g,alal,)
0 0
- anaw/Q/aw/aw + /BwQ/Bw/Q/aw/aw + an/Bw/Q/aw/aw + /BwQaw/Q/aw/aw

oo oo
/ E3 *
— / / dw dw |:OKUJQO[UJ/Q/ [aw, CL:L,] +/BWQBUJ/Q’ [al, aw/]
0 0 —— S——
S (w—w’) —6(w—w’)
" oot
¥ a8 [ ] Honaley [aho o)
N——

N——
0 0

o
— / dw [ana:}Q/ — 50.;96:9/]
0

Hence, from (A.3.29), we finally get

/ " dw [awaniar — fuafle] = 52— ) (A.3.30)
0

This is similar to the constraint equation we got in (A.2.17). Again, if a,q, Bua X

d(w — ), we would obtain a result similar to (A.2.17).

A.3.4 Mean particle number

We can now ask the number of particles/particle density (with momentum () an

accelerated observer sees in the Minkowski vacuum. To do so, we calculate the ex-

pectation value

(NaYo = (0| Na |0ar) = (Oar] bybo [0ar) -
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= (0] / dw (aZQaI, + ﬁzﬂaw> / dw’ (aw/Qaw/ + Bw/QaL,> |0as)
0 0
= <OM|/ dw/ dw/B:Q/Bw/QawaL/|OM> = (OM|/ dw/ dw' 370 Burad (w—w') |0ar)
0 0 0 0

= (Na)o = /Oo dw|Buol’. (A.3.31)
0

Now, to calculate this expression, we use (A.3.30). We can see that upon putting
Q = ' in the RHS, we generate a |B.q|> term, but we still don’t know about the
laq|® term. To calculate this, we will try to look at the expression for |a,q|* and link
it to the value of |S,q|”. Equivalently, this means we need a relation between F(w, Q)
and F'(—w, ). With that in mind, we start with (A.3.30) in terms of F(w,{2) and
put 2 = Q' to get

/OO do. \/S_Q [F(w, OV F* (w, Q) — F—w, Q) F*(—w, Q’)} — 50— Q).

— /Ooo dw.% 1P, QP = |F(=w, )| = 8(0). (A.3.32)

Now, we have a look at (A.3.27) and analyze it carefully. It says

o
F(w,Q) = / %exp [muﬂ'%e*au] . (A.3.33)

—00

As said before, we wish to find a relation between F'(w, Q) and F(—w, ). To retrieve

F(—w, Q) from the equation above, we need

we —jwe

a a

One way to do that is to let v — u — %r This can be done looking at this integral
in the complex plane. We extend the domain of the variable u to the complex plane
as shown in [Fig. A.3]. The original real integral can be thought of as going over the
line u = x,x € R (denoted by green in the figure). Let us take a rectangular contour
I’ with its top edge (T.E in figure) as u = z,x € R, bottom edge (B.E in figure) as
u=x—1%,x € R and the left and right edges (L.E and R.E in figure) as u = z — ”Ty,

where x — 400 and y € [0, 1].
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Figure A.3: Contour I' in the complex u plane.

Then by Cauchy’s Integral theorem, the complexified integral in (A.3.33) along "
is 0 as there are no singularities inside, and the integrand is analytic over this domain.
Moreover, one can show that the integrand fully vanishes as the left and right sides of
the rectangle go towards infinity (i.e., z — 4-00). Hence the integral has equal values
on the upper and lower edge of the contour. Hence the real integral in (A.3.33) will

have the same value as u — u — % Evaluating the integral now gives

< du i w in
_ au . _w W _a(u—iT
F(w,Q) /OO 5 OXP [@Q(u - )+ i—e }
< d Q
— F(w,Q) = / o exp [ZQU + ic—ue_““}
oo 2T a a
7€)
= F(w,Q) = F(—w, Q) exp <7> . (A.3.34)

Using (A.3.34) in (A.3.32), we hence get

/OOO dw.gyp(—w,g)ﬁ [eXp (@) . 1} — 5(0).

— /OOO dw.%yF(—w,Q)F = 5(0) [ exp (ﬁ) - 1}1.

a
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But the LHS in this expression is exactly (A.3.31)! Since f.,o = \/gF(—w,Q), we

have

— /OOO dw|funl® = /Ooo dw.%|F(—w,Q)|2 = 5(0) [exp (?) - 1]1.

2 (Vo = [exp (22 ~1]3(0) = nas0). (A.3.35)

Here §(0) represents the infinite volume of space which we work with. Working in a
box with a fixed length (called an infrared cutoff) will change this infinity to the finite
volume V' of the box. Hence ng represents the mean particle density of the mode with

momentum 2. A similar expression can be derived for negative momentum particles.

A.3.5 Unruh temperature

The particle density expression can be seen to be resembling the Bose-Einstein dis-

tribution, which is given as

n(E) = [ exp (%) 1]

Comparing with the expression in (A.3.35), we see that the accelerated observer

particles with energy ' = {2 in the Minkowski vacuum seem to follow a Bose-Einstein

distribution. The spectrum of particles with temperature

a ha
T = — T =
2 o 2mwcky,

(A.3.36)

in SI units. This is the Unruh effect. Using the Bogolyubov transformations above,
one can also conclude that the density matrix corresponding to the Rindler vacuum

has a thermal form.

A.4 Hawking radiation

This section explores what happens if we repeat the analysis of the last subsection for

Schwarzschild space-time. The Schwarzschild space-time’s core feature is the presence
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of a Black Hole, and the analogous calculation leads us to conclude that observers
far away from the Black Hole see particles emanating from it. The spectrum of
these particles is similarly thermal as in the Unruh effect, allowing us to assign a

temperature to the Black Hole for a faraway observer.

A.4.1 Scalar field in Schwarzschild space-time

As in the last subsection, we will try to find a set of two co-ordinate frames where
both the metrics are conformally flat. Hence in the light-cone co-ordinates, we can
equate the decoupled mode function terms and find how operators in these frames are
related. Then with the correct physical interpretation, we can conclude that a faraway
observer sees particles with a thermal spectrum. We start with the Schwarzschild

space-time in 141 dimensions, with the metric given as

-1
ds® = (1 — ¥> dt® — (1 — ¥> dr?.

Here M is the mass of the Black Hole. Although usually the metric is written in
3+1 dimensions, we omit the isotropic angular directions. We hope that the simpler
calculations in 1+1 dimensions capture the critical features of Black Hole space-time,
and these features are preserved in the full 3+1 dimensional case. Given this metric,
we look at the minimally coupled scalar field. As before, we try to use the power of
conformal invariance and get this metric to be conformally invariant to the Minkowski

metric.

Tortoise co-ordinates
We go to the tortoise co-ordinates, a set of co-ordinates commonly used while ana-
lyzing the Black Hole in this space-time. In these co-ordinates r*, a relatively slower

The tortoise co-ordinates are defined by (¢, r*) where

T
* o —OM +2M1 (——1).
T T + n Wi

In these co-ordinates, the metric is conformally flat and looks like

ds® = (1 —~ %) (dt* — dr*?).

r
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We can clearly see the conformal invariance. Using results from (A.3.12) we can write

the action for a scalar field in the tortoise co-ordinates as
S[p] = % / dr dt [(0,¢)* — (0,+¢)%] .
As before, we can write its solutions as
o(r,t) = At —r")+ Bt + 7). (A4.1)

Moving on to the lightcone co-ordinates u,v =t F r*, the metric looks like

2M
ds* = (1 - —> du dv. (A.4.2)
r
Note that the metric is not singular at » = 2M here, as it was in Schwarzschild metric
in (¢,r) co-ordinates. Finally, in the lightcone co-ordinates the real space solutions to

the equations of motion of the scalar field in Schwarzschild spacetime look like
o(r*,t) = A(u) + B(v). (A.4.3)

Note that the tortoise co-ordinates do not work for » < 2M i.e and they do not cover
the entire space-time. We now look for the mode expansion in these co-ordinates. As
before, the mode expansion looks like

© dw' 1
0 V212

Note the variables convention (like u,v and w’ as the conjuagate variable) is chosen

d(u,v) = (e*iW’%w, + e, e+ T w,) . (A44)

conveniently to illustrate the similarity to the Unruh effect later. In the Rindler co-
ordinates, constant p physically corresponded to a constantly accelerating observer.
Here, constant value of r* (or equivalently r) also corresponds to an observer accel-
erating, as to hover a constant distance from the Black Hole, the observer has to
accelerate. Physically, this can be seen by the presence of the Black Hole exerting
gravitational force on the observer, pulling it inwards. Then to stay at a constant
distance from the gravitating object, one has to accelerate against it. Hence bL, acting
on an appropriate vacuum |07) would correspond to the state of a particle that is

observed by an observer at a constant distance from the Black Hole. Moreover, since
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this observer is accelerating, this is similar to the accelerated frame case in the Unruh
effect case. This is first of the two frames we look at. Taking inspiration from the
last subsection, we now look for an inertial /freely falling reference frame. The second

frame we look at will be the Kruskal frame.

Kruskal co-ordinates
Tortoise co-ordinates are ridden with the problem of co-ordinate singularities. They
only cover the region of space-time r € (2M, 00). However, if we consider a freely
falling observer, one can show that it crosses the horizon in finite proper time (the
time that the observer measures). This is expected, as we think of space-time as
being locally flat at all points (in other words, we think of space-time as a manifold),
and the event horizon should be no different. Thus, an observer at this point should
be able to move along this flat plane. This means that the region of space-time with
r < 2M is physically accessible, and co-ordinates adapted for an inertial observer
should cover this region as well. Since the tortoise co-ordinates fail to do so, we

choose a set of co-ordinates that do.

Let us say we try to walk around the Earth with a map. Suppose, while traversing,
we come across a trench not shown on the map. We naturally conclude that the map
is wrong, because the physical reality in front of us has to be right. It is the same for
co-ordinates. The Schwarzschild and Tortoise co-ordinates are just faulty maps that
fail at the horizon since, physically, we expect observers to be able to cross it. The
solution is to use a better map that tells us about the trench. One such co-ordinates
for the Schwarzschild spacetime are the Kruskal co-ordinates. The co-ordinates will
be barred in analogy with the inertial co-ordinates in the last subsection. We start

with the light-cone co-ordinates in (A.3.18). In these coordinates, the horizon is at

u = 00 or v = —o0. We bring this to a finite co-ordinate value by the transformation
0= —4M —u 5 = 4M (“) (A.4.5)
u= exp | o7 | U= exp | o7 ) 4.

This forces u € (—o00,0) and v € (0, +00) and the horizon to be at 4 = 0 and v = 0.
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If we now rewrite these compactified co-ordinates as u,v = t F 7, then ¢, 7 represent
the proper time and proper distance measured by a freely falling observer. Writing
the metric in these 4, v co-ordinates we get

2M (

ds®> = ——exp
r

r _

Clearly this metric does not show problems at » = 2M. To explore r < 2M, we now
extend u € (—o0,00) and v € (—oo, +00). Hence in these co-ordinates we can explore
the entire space-time and is well adapted for inertial observers. Moreover, comparing
(A.4.5) and (A.3.19) we sce that the analogy is exact if we set a = 7. This completes
the analogy with the Unruh effect. Finally, from (A.4.6) we can see that the metric
is conformally flat. This can be seen more explicitly by going to ¢, 7 co-ordinates and
seeing the Minkowski nature. Hence the scalar field in this space-time will have the

solutions
¢(u,v) = A(u) + B(0). (A.4.7)
With this expression, we can finally write the mode expansion for this conformally
flat metric as
< dw 1
0 V2m\2w

We can finally compare the two-mode expansions, define the different vacuums and

o(u,v) = (e‘iwaaw +e™tal e ™V, + eimaiw> : (A.4.8)

look at the relevant Bogolyubov transformations.

A.4.2 Hawking temperature

The two frames define two different vacuums. The Tortoise co-ordinates vacuum is
given by b, |07) = 0 and the Kruskal vacuum is given by a, |0x) = 0. As in the
previous subsection, we can relate these annihilation and creation operators in differ-
ent frames using Bogolyubov transformations. We now ask, what does an observer
far away from the horizon see? To answer that, we need to know what frame the

observer is in and what state the field ¢ is in.
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From the analogy drawn with Unruh effect, we can immediately see that |0y/) <>
|0k) and |0g) <> |0Or), and so a faraway observer at constant distance would see a
a 1

thermal spectrum of particles with temperature 7' = J- = . But we can also

formally arrive at this result. Looking back at (A.4.2) we had
2M
ds* = (1 — —> du dv.
r

Note that in the limit » > 2M, we get back the Minkowski vacuum. Therefore to an
observer far away from the Black Hole, the correct vacuum would be |07). However,
what state is the quantum field in for the faraway observer? It can be shown that
for a collapsing star starting in the Minkowski vacuum, the final quantum state of
the fields is the |0x).[8] Moreover, |0r) can be shown to have infinite energy density
at the horizon (even after subtracting the infinite zero-point energies). This means
that the quantum fluctuations of the field at the horizon are large and lead to infinite
energies, and this vacuum cannot give a good physical picture of the field near the
Black Hole. On the other hand, the Kruskal vacuum |0x) has finite energy density
(after subtraction of the zero point energies) and does not suffer from these problems.
With this, we formally conclude that a faraway observer will see the Kruskal vacuum

full of particles. The average number of particles seen would be given by
(No)o = (Ox| No [0k) = (Ox| bhbo [0%) - (A.4.9)

This integral was precisely calculated in the last section, and the result now can be
formally written down with the replacement a <+ ﬁ. The corresponding temperature

here is the Hawking temperature and is given by

1

T=—. A4.10
8t M ( )




Appendix B

Toeplitz matrix eigenspectrum and

eigenvalues

B.1 The eigenvalue equation

In this appendix, we will look at the eigenvectors and eigenvalues of the Toeplitz

matrix in (3.3.1). A general Toeplitz matrix is given by

K=| -~ -~ - | (B.1.1)

Following [30], we look at its eigenvalue equation (K — AI)x = 0. In its full glory,
this looks like

b—X a T
c b—X «a To
= 0. (B.1.2)
c b—XA a
c b— A Ty
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Hence we have n equations. We can see that if each b — A term is multiplied by
some x;, then x;,; is multiplied by a and x;_; is multiplied by c¢. This can be written
as

cxy, + (b — Nz + axey =0 Vt such that 1 <t <n. (B.1.3)

But the 2 equations that correspond to the uppermost and lowermost rows are not
the same. The uppermost one has no ¢ term and the lowest one has no a term.
This means that xg,x,11 = 0 for (B.1.3) above to fully represent the set of matrix
equations given by (B.1.2). We now define k = ¢t — 1 and divide throughout with a
to get

C

b— A\
Tpto + (—) Try1 + —x =0, Vk such that 1 < k <n., (B.1.4)
a a

where zg, x,11 = 0. This equation is a difference equation and is the discrete analogue
of a second order homogeneous differential equation y” + my’ + ny = 0. While
solving the differential equation, we take an exponential ansatz y = €™ to change
this differential equation into an algebraic equation. This was only possible because
the exponential when differentiated gives itself back. We try to use the same logic for

this difference equation and write an ansatz x, = Cr*. The equation then becomes

b— A
Crkt? 4 (—) Ot 4+ ok = 0. (B.1.5)
a a
Taking Cr* common and rejecting the r = 0 root (trivial solution) we get
b— A
ﬁ+<———)r+f:0. (B.1.6)
a a

This quadratic equation can be solved to give the roots

b—\ 1 [/b=X\? 4c
7"1,22—( 0 ):lza\/< - ) - (B.1.7)

The sum and product of the roots is given by

b— A\
1Ty = E’ T1 +T2 = — ( ) . (B18)
a a

Hence an arbitrary solution (if the roots are distinct) takes the form

x, = art + pri. (B.1.9)
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We now demand that zq = z,11 = 0 from (B.1.9) which gives us
a+p=0, ar?™ 4+ Britt = 0. (B.1.10)

Looking at the second equation we get

n+1
(ﬁ) _ 5 sro (B.1.11)
T9 «
1 i(277) , ,
= — =exp : V7 such that 1 <j <mn. (B.1.12)
T n—+1

Using the product relation in (B.1.8) and multiplying it with (B.1.12) we get

12 = S exp (@) | (B.1.13)

a n+1

c 1] (B.1.8) c —im]
n \/;exp (n—i—l)’ " \/;exp (n—i—l) ( )

Now using the sum relation in (B.1.8) and the expression for r; and ro from (B.1.14)

we get

A=0b+a(r +12),

c 1Ty —iT]
= \j=b -
j +a\/;[exp(n+1)+exp<n+1> ,
= \; = b+ 2V/ac )

j = accos | == )

And hence we have the eigenvalues. For our problem in (3.3.1), we have a = ¢ = —1

and b = A + 2. This gives us the form
Aj=(A+2)+ 2cos YY) o A+2(1+cos 2 :
n+1 n+1

)‘j = A = 4C082 <ﬁ) 5 <B115)

Note that there are j of them. We now try to calculate the corresponding eigenvectors.
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B.2 Calculating the eigenvectors and normaliza-
tion
Let us look at the eigenvectors. From (B.1.10) we have

xk:a(rlf—r’;),

(13.:1.1>4)a<2>§ ox ik ex —imjk
a P n+1 P n—+1

. /c\5 . gk
= 1 = 2ix (—) sin )
a n+1

We now need to be careful with the j and k indices. There are j eigenvalues for the

)

Toeplitz matrix. To each of this eigenvalue, corresponding eigenvector & exists. The
elements of this eigenvector are denoted by the index k, so the kth component of the

jth eigenvector is given by (zy);. This is hence given by

. [C\E Jkm
(x1); = 2i (5) sin <n+ 1) :

Since « is just a constant, we can set it to whatever we want, and demand the entire

eigenvector to be normalized. For simplicity, we set it to o = % and then write the

normalized eigenvector as

sin (%)

(k); = —.
' \/ > sin? (%)

Let us calculate the sum in the denominator above. Consider the sum

S = ZSiHQ(ax),
=1

(B.2.1)

" 1—cos(2az) n 1 no1g iax
R Zf:§—§;COS(2Q$):§—§;RG(€2 ) (B.2.2)

z=1

To calculate this sum, we switch the summation and real sign, and evaluate the

resultant geometric progression. This looks like

n n _ ,2ian
ZRQ (e¥0r) = Rez (€%e) = Re (ema_ ((11 _ee%;) ’
=1 =1
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] eian(e—ian _ eian)
_ 2ia
= Re (e : ,

eia(efia _ eia)

:REGMMMQMMU):amMn+nmmmm

sina sin a

Now going back to (B.2.2) and substituting the expressions obtained above, we get

1 cos(a(n + 1)) sin(an)
2 sina '

n
S=3-

From (B.2.1), we substitute a = nj—f:l and get the value for S as

lcos(jw) sin(%)

. gmw
2 S n+1

n
§=3-

Now cos(jm) = (—1)?. For the sine term in the numerator, we do the following to get

. [ Jmn . Jm TR Jm
= — = (=1)" — ).
sm(n+1> sm(yw n—i—l) (—1) sm(n+1)

With this identity, the sines should cancel. Putting this together, we get

rid of the n

oo 1EDH ) sngs g (ay
2 2 si n+1 2
n+1

With (B.2.3) and (B.2.1), we finally write the fully normalized eigenvector for the

Toeplitz matrix as

Nt1
2 . (2
5 " \/ N1 S (n+1)
. JRT .
(x); = NS (n n 1) : or ;= : ,  (B.2.4)
2 . nkm
Ny Sl (n+1)

where z; is the jth eigenvector. Hence we have found the eigenvalues (B.1.15) and

the eigenvectors (B.2.4) for the Toeplitz matrix.
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