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CHAPTER 1

| NTRODUCTION

Ever since the prediction of the neutrino in the Standard Model the quest has been
on for detecting them. So far a lot of successful experiments have been carried
out and various neutrinos have been detected. The Super-Kamiokande proved,
by detection of Cherenkov radiation, that neutrinos carry mass. The mass of the
different neutrinos are still to be measured, only a bound on the masses can be
established.

One type of neutrinos has still to be detected, the relic neutrinos, a remnant
from Big Bang. They could perhaps provide us with information conserning their
masses by the way they cluster in gravitational potentials such as galaxies.

In this thesis I'll look at relic neutrino clustering and look at what implications
this has for our possibilities of detecting them using present day techniques.

I'll start out by introducing the issues of netrinos and how come | ended up
writing my master’s thesis about this perticular subject. Also I'll briefly describe
the program that | wrote and used for my numerical calculations. I'll end with an
outline of this thesis.
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1.1 Conserning neutrinos

According to the Big Bang theory, relic neutrinos are predicted to be the second
most abundant particles in the Universe. In fact, as many &snBtrinos per
flavour is predicted. This high number of particles is only surpassed by the cosmic
microwave background photons. Interacting only weakly the neutrinos decoupled
only a second after Big Bang. Ever since, they've been an important part of our
Universe.

The Standard Model predicts the neutrinos to be massless. However, when
we extend the Standard Model to include neutrino masses, we find that massive
neutrinos can change type whereas massless neutrinos can’t. This phenomenon,
known as neutrino oscillation, was observed in atmospheric neutrinos using the
Super-Kamiokande (Fukuds al., 1998). Located 1 km underground, it consists
of 50000 tons of water surrounded by about 11000 photomultiplier tubes. The
water tank, which is 40 m tall and 40 m across, is a large detector which detects
Cherenkov radiation. The discovery of neutrino oscillations was clear evidence of
the fact that neutrinos carries a non-zero mass.

The cosmological (relic) neutrinos, however, have still to be detected. These
neutrinos still carries a signature of their nature from the time of the decoupling,
when the Universe was merely one second old. Predictions are that the relic neu-
trinos are now non-relativistic and therefore sensitive to gravitational clustering
on existing cold dark matter structures.

In order to detect relic neutrinos, it's therefore crucial to understand how the
clustering behaves and how their number densifieds from the average present
value offi, = ii; ~ 56 cnT3. This study will therefore mainly be conserned about
relic neutrino clustering in cold dark matter halos called NFW halos.

1.2 Motivation

When the time came and | had to write my master’s thesis, | asked Jes Madsen
about a subject and he came up with the study of relic neutrinos in gravitational
potentials. The subjectimmidiately had my interest since it involves both the field
of physics and the field of astronomy.

This study is a based on the relic neutrino clustering research done by (Ring-
wald and Wong, 2004) (RW). First task is to try and "reproduce” their data using a
different approach in the numerical calculations. By "reproduce” | don’'t mean to
exactly copy their procedures, but to come close to their results in a more straight
forward way. This way might even be better than the method used by RW.

Instead of doing a time-evolving simulation | only look at the present day
where the redshift = 0, where RW uses a initial redshift o= 3 and then do re-
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simulations untiz = 0. Also, RW don’t concern about whether the neutrinos form
bound or unbound states with the halos, where I, on the other hand, distinguish
between bound and unbound neutrinos and dterint numerical calculations
depedent on the state of the neutrinos. All the time, I’'m working with a finite
reservoir of relic neutrinos where RW uses an almost infinite reservoir for light
halos and a relatively small one for the heaviest halo. I'm then extending my study
by also doing phase-space considerations and energy considerations for bound and
unbound neutrinos respectively. Also, I'll be looking at relic neutrino clustering
in our Solar System and around massive black holes. Finally, I'll try to use a
super-massive black hole in the center of galactic halos and see what this would
mean for the number densities. I'll examine what these considerations implicate
in the quest for the relic neutrinos.

| thus want to study the relic neutrino clustering in galactic halos and point
mass potentials in a fierent way than RW. By distinguishing between bound
and unbound neutrinos | expect to seffatences between my data and the data
produced by RW. Furthermore, the enhancements, I'm making, will cause an even
larger diference between my data and the data from RW. How this Wékethe
possibilities of detecting relic neutrinos will be discussed in detail as well, where
my results will be compared with those from RW.

1.3 Programming

The results in my thesis are all based on numerical calculations made by a com-
puter program | wrote. The program is written in the C language and uses of a
standard scientific library of mathematical routines called GSL (Gnu Scientific
Library)!.

The program is build up in a way that it requires five input parameters. The
parameters are

e M - The large mass in the system (eg. virial halo mass, point mads).in

¢ Mgy - The mass of the central black hole in the NFVBlack Hole potential
in M. In other potentials this needs to be specified as well, but can be set
equal to 0.

e m- Mass of the particle (eg. neutrino) in eV.

httpy/www.gnu.orggsl
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e ® - The gravitational potential. Enter as a number corresponding to

1 - NFW potential
® = {2 - Point Mass potential
3 - NFW + Black Hole potential

e R- Units in which distance are calculated. Enter as a number corresponding
to

1- Mpc/h
2 —-kpc
R=4{3-pc
4- AU
5-Re

The program is then run as the following example
main lel3 3.2e9 0.3 3 1

This example has Bl,; = 103 M, NFW halo with a centraMgy = 3.2- 10° M,
super massive black hole. We’re usimg= 0.3 eV. We're telling that we're using
the "NFW + Black Hole” potential (3) and measure distances in Mpc

During arun the program generates a total of 12 files (three for number density,
four for neutrino numbers and five for neutrino masses used). These are located in
a subdirectory called "Data”. The filenames tells you which run they corresponds
to, eg.

"densitytot M1e + 13Mbh3.2e + 09m0.3_NFW + Point M pc.dat”’

which holds the data for the total number density of the above mentioned run.
The source code consists of two filehstants.hand "neutrino.¢. The first
of the two holds the constants that the program makes use of and the last file
contains the program itself. Also included in the package isaKefilé. Thus,
the source code can be compiled using the commamak&”’, the executable is
then called mair’. Note, however, that in order to compile the source code or
to run the executable one needs to have GSL installed. This program was build
on Mandrake 10.1 with GSL installed using the RPM package system. On other
systems and installations one might need to alter thaKefilé in order to make
the program compile and run.
Currently the program only runs at the present day0, but can of course be
extended to include redshift. This is left out of this program due to time limita-
tions.
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Two versions of the program can be downloaded from my homépagmely
the original NFW and a phase-space modified version.

All software used is Open Source software.

1.4 Outline

This thesis is build up by eight chapters. The first chapter is a small introduction to
the thesis. Chapters 2, 3 and 4 are dedicated to neutrino clustering in galactic cold
dark matter halos. Each chapter extends the ideas of the previous and conclude
with a discussion of the results. In chapter 5, | then turn to look at point masses
like massive black holes and how neutrinos cluster in these potentials. Continued
from chapter 5, | substitute the massive black hole with Solar and Earth point
masses and examines the clusterifigats in chapter 7. In chapter 6 | combine
the gravitational potentials from chapters 2 and 5 and see how a super-massive
central black hole can influence galactic cold dark matter halos. | then turn to
possible ways of detecting relic neutrinos in chapter 8, based on the results from
previous chapters. The last chapter is a conclusion of the thesis.

For each configuration of masses in each chapter a plot is produced. In each
chapter only a few of the plots are shown. The remaining plots are placed in the
end of this thesis in appendix A.

2httpy//www.misfeldt.dgNeutring
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CHAPTER 2

Garactic NFW HALOS

In this chapter I'll look at neutrino number densities in cold dark matter halos
using a gravitational potential calculated from the so-called NFW density profile.
I'll be doing numerical calculations of the neutrino number densities for various
neutrino masses and galactic masses. Starting out by defining the NFW density
profile, | move on to the gravitational potential calculations and conclude with
my numerical calculations of the neutrino number densities. Furthermore, I'll
examine how much mass the neutrinos will occupy in the halos.
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2.1 The NFW density profile

When computing neutrino number densities in galactic halos we need to have a
good density profile of the halo. In 1996 Navarro, Frenk and White (NFW) found
that the density profiles of cold dark matter halos adjust to a universal shape, inde-
pendent of the halo mass, the cosmological parameters and the initial conditions
(Navarroet al., 1996). This density profilgna, takes the form of

Phalo = % (2.1)
(F)(2+7)
The parameterss andrg are determined by the virial mad4,;. of the halo and a
dimensionless concentration paramefewhich is defined as

c

Dvir 2.2)
re

wherer,; is the virial radius within whichM,;, is located. The virial mass is
defined by the average density; of the matter times the mean matter dengity
at a given redshift (Ringwald and Wong, 2004), thus

A  _ 4 _
Myir = ?Avirpma?’r\?ir = ?AVirpm,Orsir
C
= 4npa®3|In(1+c) - Tic (2.3)
wherea is the scale factor
ac 1
T 1+2z
hence,
Avir — 3 3 1
Ps = — PmoC (1 +2)
3 [In@+0)- <]
Avir _ c(z=0)3
[In@+c)- |

wherep,,, is the mean matter density at present day, determined by the critical
densityp.it times the present matter density paramgtgg, thus

3H?

Pmo = Qmo% (2.5)

1This is not to be mistaken with the speed of light which is also denoted Bowever, the
context should revial which of the two parameters being used.
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since the critical density is given as

3H?

= —— 2.
Perit e (2.6)

with H being Hubble’s constant artélthe universal gravitational constant. From
the definition of the virial mass we can find an expressionrf{orBy inserting
equation (2.4) in (2.3) we find

Ao _

Myir = EAvirpm,o(
Ao _

= EAVirpm,OC(Z)?’rg

c(z= 0))3 3

1+z s

where equation (2.11) for the concentration parameter has been used. rlence
can be expressed as

1/3
1( 3 MV”) (2.7)

rs= =

Instead of the virial mass we could also find interest in the physical mass of a
sphere with radius inside a NFW halo. The halo mass is simply given as

;
Mhaior) = 4ra’osf39(x),  X= - (2.8)
S
where the dimensionless functig(x) is defined as
() = In(L+ %) — —— (2.9)
9= 14X '

The concentration parameter has been found in the analysis of around 5000
halos in the mass range #0- 10** M, of (Bullock et al, 2001) to be described
as (atz=0)
Mvir -0.13
=0)=9(——2— 2.10
¢(z=0) (1.5- 1013M@/h) (2.10)

with h being the Hubble parameter, which for any given redshift yields

oz = £2=9 (2.11)

1+2z
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2.2 The NFW potential

It was needed to calculate the gravitational potential from the NFW density profile
since the numerical calculations require the escape velocity.

From classical mechanics, we know that the escape velocity from a potential
® (r) is given by

Vesc(r) = V2|(D (I’) | (2-12)

From the potential theory (Binney and Tremaine, 1987), we have

l I 00
@ (r) = -4nG {F f Phaidt 2 dr + f Phalol dr} (2.13)
0 r
1 r 2 00
:—47TGps{Ff r—zdr+f ;Zdr}
CrlrE) ()

hence the potential takes the form

rs r
O (r) = —4nGps—> (In (l+ . )) (2.14)

We can verify that this is the correct potential by solving the Poisson equation

V20 (1) = 47Gpnaio (2.15)
_ 10,00 (r)
T r2or or

which the gravitational potential must obey in order to be valid. When inserting
our newly calculated NFW potential (2.14) into the Poisson equation we end up
with the NFW density profile (2.1).

2.3 Numerical calculations

The neutrino distribution is taken to be an isotropic Fermi-Dirac distribution

1

f(p) = (2.16)

E-p
ekt +1
whereu is the chemical potential of the neutrinos dnid Boltzmann’s constant.
The current value for the neutrino chemical potentla}jf”ls < 0.3 (Dolgovet al,

2002). A value of that size won't cause a large alteration of my calculations, hence
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the neutrino chemical potential is ignored. When the neutrinos decoupled from the
plasma that made up our Universe in the first seconds after Big Bang the temper-
ature was aroundgecoupie ~ 10°°K ~ 1MeV (Kolb and Turner, 1994). Hence

the neutrinos were ultra relativistic and had a relativistic Fermi-Dirac distribution
given by

1
f(P(@) = —gc— (2.17)
ek +1

with p(z) denoting the magnitude of the neutrino momentum at a given redshift
T(2) the temperature at a given redshift anthe speed of light. When the Uni-
verse cooled down, the neutrinos became non-relativistic, but due to Liouville’s
theoren the microscopic phase-space distribution (the Fermi-Dirac distribution
given by equation (2.17)) is conserved during the expansion of the Universe. In a
homogeneous Universe the momentprof the neutrino scales as*. Thus, in
order to satisfy Liouville's theorem, the temperatliralso needs to scale as',

that is

P2 =pl+2
T@=T,o(1+2

The Fermi-Dirac distribution for the present day neutrinos can be written in the
same form as (2.17) with a substitution for the present day momentum and tem-
peraturerl, o, hence
1
ekt +1

The number density for the neutrinos will therefore be

e [

Arry p2
= s f oe dp (2.19)
P ekTwo + 1

whereh, is Planck’s constant, angdis the internal degrees of freedom (helicity
states) of the patrticle for which the distribution is calculated, eg. electrons have
v =2 (spin= % = mg = +2). Neutrinos always have left helicity (spin oriented
opposite of it’s velocity). If neutrinos hawe= 1 they are Majorana particles and

2Liouville’s theorem states that an entire, bounded function is constant. In other words, a
function that is analytic everywhere and not constant increases without bound
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if they are Dirac particles, they hayeclose to 1. In the following will be set to
1. We further assume that the number of antineutrinos and neutrinos are the same,
thus the &ectivey IS yer = 2y.
The present day neutrino temperaturé&Ts, = 1.676- 10* eV, which cor-

responds to the cosmic neutrino backgroundBCtemperature ot~ 1.945K.
This is an analogue to the725 K cosmic microwave background (CMB), with a
connection written as

T, (4\"

T, (11)

Y

All calculations are made for the present day, thus0. The average density is
taken to beA,;, = 200. Calculations are made for neutrinos with massges-
0.15eV,0.3eV,0.6eV. | start my calculations at = 10~ Mpc/h and end them

at a distance of = 10 Mpc/h from the halo centre. With the choice of halo virial
masseM,; = 10'2M, — 10" M, | can get both number densities in halos of
galaxies and clusters of galaxies. The present matter density parameter is chosen
to beQno = 0.3 and the Hubble parameter to bhe- 0.7.

Both bound and unbound neutrino number densities are calculated and then
added to give a total number density at the given distarfoem the halo center.
Bound particles are defined to be the particles that are caught within the gravi-
tational potential, thus having velocities (momenta) less than the escape velocity
(escape momentum) of the NFW potential. The unbound particles are then the
neutrinos with greater velocities (momenta) than the escape velocity (momen-
tum). When neutrinos experience a gravitational potential they lose momentum
and thus energy and since the capturing of the relic neutrinos are slowly changing
the gravitational potential we are working with an adiabatic invariant (Binney and
Tremaine, 1987).

We’re filling up the potential very slowly, thus the energy needs to be an
adiabatic invariant. This is because, neutrinfiseced by a gravitational potential
lose momentum and therefore also energy. The potential will be filled up the neu-
trinos with lowest momentum firsp ~ 0, hencef ~ 0.5. We're therefore able to
write the number density as

Ny, = Ny pound+ Myunbound

4 Pesc 00 2
- g (0.5 p?dp + f chdp)
hp 0 Pesc ekTv,O +1

We’re only able to approximate the Fermi-Dirac distribution for the bound neutri-
nos to a constant value, since it's the energy that's the adiabatic invariant. We still
need to integrate over the momentum phase-space for the bound neutrinos.
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An interesting thing to examine is the total number of neutrinos in the halo,
and hence the total mass the neutrinos will occupy in the halo. Again, both the
total number of bound and unbound neutrinos are calculated separately and then
added in the end. Since the number densitys r dependent, it needs to be
integrated with respect g thus

I
#, = f 4, (r/) r’ 2dr’ (2.20)

fo

whence the total mass is calculated as
M, = #m, (221)
2.3.1 Results and discussion

All number densities are normalized to the average present vgJughich is
calculated as all neutrinos in the entire momentum phase-space homogenously

distributed, ie.
_ Aoy p2
n, = h3 f(; pC dp

ekTv0 + 1
47ry kTvo
B e+ 1
~ 56 cnm? (2.22)
since
3
&+ 1dX - 55(3)

where/ (3) ~ 1.20206 is the Riemann zeta function.

The results of the calculations are shown in figures 2.1 - 2.4. The plots show
the neutrino number density normalized to the average present nakoe all
twelve configurations ofm,, My;}3. The original data from RW is also plotted
for comparison. We see that as we crank up the mass of the halos, we get a larger
clustering éect. This is due to the depth of the gravitational potential. A heavier
halo results in a deeper potential well, which in the end causes a larger clustering
effect. Also we note that the heavier the neutrinos are, the more they cluster.
This dfect is caused by the kinetical energy of the neutrinos. Light neutrinos will
have a higher kinetic energy than heavy neutrinos with the same tempefFagure

30nly four configurations are plotted here. The rest are shown in appendix A.
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and slow neutrinos will easier become bound than fast ones. In the lowest mass
configuration, see figure 2.1, my data is roughly of the same value as the data
from RW. By moving to heavier configurations we note that my data becomes
larger than RW'’s and moves from roughly a factol to a factor of~ 10 for the
heaviest configuration, as seen in figure 2.4. A modern version of the Tremaine-
Gunn bound (Tremaine and Gunn, 1979; Ringwald and Wong, 2004), which can
be written as

3/2
26M, n(+2)]”
g(c@)c>  r

n, me
N, = 9 (3) (KT,o)?

(2.23)

is also included in the plots.

So what are the main reasons for my data téedifrom RW'’s data? (i), RW
explicitly writes that they simply sum all neutrinos over the entire momentum
space. They don't care whether or not the relic neutrinos form bound states. (ii),
they do a simulation with initial redshi#t = 3. (iii), they do all their simulations
with a different reservoir of relic neutrinos: They take the neutrinos from as far
away as they can travel before reachmg 10 Mpc/h within the evolution of
their simulations. This leads to the fact that a light halo gets to have a very large
reservoir of neutrinos, while large halos has a small reservoir. (iv), RW uses
the entire Fermi-Dirac distribution for all the relic neutrinos in their simulations,
I've been usingf = 0.5 for the bound neutrinos and the Fermi-Dirac distribution
for the unbound neutrinos. The use of the entire Fermi-Dirac distribution will
obviously lead to a drop in the normalized number densities (the overdensities)
compared to my results, where a constant maximum value for the Fermi-Dirac
distribution has been used for the bound neutrinos.

My results should also be compared to a modern version of the Tremaine-
Gunn bound, which states that neutrinos must have masses larger than 20 eV if
they are to constitute the dark matter of a galactic halo alone. This mass limit
comes from the argumentation that the coarse-grained distribution should always
be smaller than the maximum fine-grained distribution, if assuming a Maxwellian
phase-space distribution. The fine-grained and coarse-grained distributions will
be discussed in detail in chapter 4. The Tremaine-Gunn bound is a way to express
the upper limit to the value the overdensity can take at given points in a halo, like
the NFW halo. The original Tremaine-Gunn bound is only valid for neutrinos
making up the dark matter of galactic halos, where the modern version allows
for more than one type of matter as contributor to the total gravitational potential
(Kull et al,, 1996).

We see that for the light configurations my data exceeds the Tremaine-Gunn
bound. However, this can be explained. While the Tremaine-Gunn bound only
takes the bound patrticles into account, | look at both bound and unbound parti-
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cles. In the light configurations, the unbound neutrinos will consume more mass
than the bound neutrinos, thus the unbound neutrinos will be the most important
when looking at overdensities. When moving to heavier configurations, the bound
neutrinos become more and more important to the overdensity. We also note that
the Tremaine-Gunn data suddenly drops below my data for some of the configura-
tions. This is due to the fact that the bound neutrinos are only most important out
until a certain distance. When we’re a certain distance away from the center of the
halo, the unbound neutrinos become more important again, since the potential is
filled with bound neutrinos, and the Tremaine-Gunn drops. In the lightest config-
uration, the Tremaine-Gunn isn’t showing up on the plot at all. This is occuring
because the Tremaine-Gunn bound aIIowsﬂfOK 1. When taking the unbound
neutrinos into account as well, the curve WI|| take its mmmur%at: 1. Inthe
heavier configurations, where the bound neutrinos are domlnatlng heavily over
the unbound neutrinos, we see that the Tremaine-Gunn bound is always exceed-
ing my data. This is just as it should be, since the Tremaine-Gunn bound is, as
mentioned, an upper limit to the overdensity at given points in a halo.

The RW data have overdensities that exceeds those from my calculations for
the light configurations (th#,;, = 10'2 M, NFW halo), but as we move to heavier
halos the overdensities calculated from my program quickly begins to grow larger
than those from RW. From the M, halos where the overdensities from my
calculations and from RW are roughly equal, to the heavy I halo where my
data have grown roughly a facter10 larger than RW'’s data.

For the same sets of configuratigm, , M;;} the total masses used at the cor-
responding radii are calculated and plotted. The plots are shown in figures 2.5
- 2.8. The physical masses of the NFW halos are also included in the graphs in
order to check whether or not the total neutrino mass exceeds the halo mass. We
see that this only happens for a few configurations and it's only at very large dis-
tances. If the total neutrino mad4, used in the halo had exceeded the physical
halo mass or would have been comparable to it, then self-gravitation between the
neutrinos would have to be taken into account as well. As already noted this isn’t
the case, hence we can ignore self-gravitation of the neutrinos. If we were to
use heavier particles than neutrinos, the scenario would have k&erewli. The
total mass would then exceed the physical halo mass at a small distance, hence
self-gravitation would play an important role.

The graphs also include curves of the total mass of the homogeneously dis-
tributed neutrinos. The curves show us that the unbound neutrinos can easily
come from the homogeneously distributed neutrinos, since the mass curve for the
homogeneously distributed neutrinos consequently have higher value than that of
the unbound neutrinos. This is just as it very well should be since the unbound
neutrinos are the ones havimg> pesc and the homogeneous neutrinoes are all
neutrinos with the full Fermi-Dirac distribution.
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For the lightest configurations we note, that the bound neutrinos aren’t the
largest contributor to the total neutrino mass used. The unbound neutrinos are ac-
tually using more mass in the light NFW halo than the bound neutrinos. However,
as we move to heavier configurations, we see that the bound neutrinos are becom-
ing a lot more clustered and thus contributes more and more to the total neutrino
mass used. In the heaviest of the configurations the total neutrino mass used is
almost entirely "made” of bound neutrinos in the potential.
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Figure 2.1: Number densities, normalized to present averaggfor m, = 0.15eV
neutrinos in aMyi; = 102 M,, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn
bound.
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Figure 2.2: Number densities, normalized to present averaggfor m, = 0.3eV
neutrinos in aMi; = 103 M,, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn

bound.
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Figure 2.3: Number densities, normalized to present averaggfor m, = 0.3eV
neutrinos in aM;; = 1014 M,, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn

bound.
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Figure 2.4: Number densities, normalized to present averaggefor m, = 0.6 eV
neutrinos in aMy;; = 10'° M, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn
bound.
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Figure 2.5: A complete plot of neutrino mass used in the halorgr= 0.15eV
neutrino in aMy;; = 1012 M, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed
mass as well as the NFW halo mass are plotted.
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Figure 2.6: A complete plot of neutrino mass used in the halogr = 0.3eV
neutrino in aMy;; = 103 M, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed
mass as well as the NFW halo mass are plotted.
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Figure 2.7: A complete plot of neutrino mass used in the halorgr = 0.3eV
neutrino in aMy;; = 10 M, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed
mass as well as the NFW halo mass are plotted.
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Figure 2.8: A complete plot of neutrino mass used in the halorigr = 0.6 eV
neutrino in aMy;; = 10'° M, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed
mass as well as the NFW halo mass are plotted.
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CHAPTER 3

| MPROVEMENTS FOR GALACTIC HALOS

In this chapter I'll look deeper into the details of the theory and make enhance-
ments in order to make the results more realistic, thus I'll be taking a step further
than the original work done by RW. I'll be looking at the maximum allowed ra-
dius for which I'll be capturing neutrinos into my NFW potential. Also I'll make
alterations concerning the unbound neutrinos by making their energy depend on
the potential energy as well as the kinetic energy. Again I'll be doing numerical
calculations for various neutrino masses and conclude with my results.
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3.1 Estimation of galaxy radius

Until now we've assumed that we can capture neutrinos in the gravitational po-
tential from a fixed radius of 10 Mpb for all halos. This assumption is very
rough and only gives a vague image of the actual distribution, since it allows for
neutrinos to be captured from far away from the galaxy itself. It could even be
that we're capturing neutrinos from another galaxy halo, eg. if two galaxies, each
having halos with a radius of 5 Mph, are lying right up against each other, then
we allow for the galaxy we're looking at to capture all the neutrinos from the other
galaxy halo as well. This needs to be adjusted. | will here describe a way that can
give an estimate of the radius of a NFW galaxy.

The mass of a NFW halo with radiugaxy is given by equation (2.8), thus

In (1+ rgalaxy) _ I galaxy ] (3.1)
Is s+ rgalaxy

3,3
Mnrw (rgalaxy) = drpsa’rg

Within this NFW halo we have a homogeneous and spherical distribution of cold
dark matter which have a mass given by

4 _
Mcom (rgalaxy) = éﬂpmorgalaxy (3.2)

wherep,,,,, given by equation (2.5), is the mean matter density at the present day.
If the NFW halo is to consist of cold dark matter the two masses must be equal
to each other, hence we're able to find the radius of the NFW galaxy. That is, at
I' = I'yalaxy the following criteria must be fulfilled

MCDM (rgalaxy) = Mnrw (rgalaxy)

4 lgal lgal
— 3 _ 3.3 galaxy galaxy

7Pmol galaxy = 4mpsarg | IN{ 1+ P R
s s galaxy

3

Which reduces to

I'galaxy I'galaxy
(1 ) -t

I's+lgalaxy

3 — 2Mv|rG
R YT —

1+c

r

(3.3)

Besides, at the center of the halg.faxy = 0), equation (3.3) only has one solu-
tion which can be found numerically. In this way we've split all the cold dark
matter in the universe up into NFW galaxies with virial m&d&g and total mass
IVINFW (rgalaxy)-

This of course again is a rough estimate of the cold dark matter distribution
in the universe since the distribution of cold dark matter isn’t completely homo-
geneous and spherical and since all cold dark matter isn't distributed into NFW
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galaxies, but it will provide us with an image of the radius from which we can
capture neutrinos. For the halo masgs3? M., 102 M, 10" M,, 10" M.} we
get the following radif ~ 1.4 Mpc/h, ~ 3.0 Mpc/h, ~ 7.0 Mpc/h, ~ 15.5 Mpc/h}.

If two NFW halos are lying next to each other they will inevidently have neu-
trino flow between them, but the flow will most likely be in equilibrium. This
means that the number of neutrinos going into a NFW halo is roughly the same as
the number of neutrinos going out of the halo, thus making us capable of ignoring
this dfect.

3.2 Energy considerations for the unbound neutri-
nos

At the time of the neutrino decoupling one second after Big Bang the relic neu-
trinos were ultra relativistic. While the Universe expands the neutrinos will cool
down, lose momentum and become non-relativistic. However, as stated in chapter
2 the Fermi-Dirac distribution is still of the form given in equation 2.18.
Far away from the gravitational potential the neutrinos will only have kinetic
energy given by
p2
E ~ Exin = % (3-4)

Hence the momentum can be written as
p = (2mE)Y? (3.5)

As we move closer to the gravitational potential, the potential energy also starts
to have &ect on total energy of the unbound neutrinos. When taking the potential
energy into account as well, equation (3.5) becomes

p = (2m(Ewn + Epot))l/2 (3.6)
where the potential energy is given as
Epot = md (I’) (37)

In chapter 2, I've only considered the unbound neutrinos to have kinetic energy
and no potential energy. This is too big a simplification since the unbound neu-
trinos still will be attracted by the gravitational potential even though this is filled

up by the bound neutrinos. Since the gravitational potential energy of the neutri-
nos will cause the potential to change slowly, the energy of the neutrinos is here
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also an adiabatic invariant, whence the number density for the unbound neutrinos,
when inserting equations (3.4) and (3.7) into equation (3.6), yields

dry [ p°
n, = d 3.8
.unbound h% ‘fl;esc (p2+2mZ<1>(r))l/Zc p ( )
e kTwo +1

With these alterations at hand I'm able to write a more complete and realistic
numerical program and | therefore repeat the numerical calculations from chapter
2 to see the change.

3.3 Results and discussion

As in chapter 2 I'll be doing numerical calculations for a set of NFW halos with
virial masses in the range ®,; = 10> M, — 10 M, and with the three neu-
trino massesn, = 0.15eV, 0.3eV, 0.6 eV.

| start out by looking at the neutrino overdensities for the various sets of halos
and neutrinos. The results are shown in figures 3.1 - 3.4. By comparing these
results with the results from chapter 2, which are also included in the plots as
well as the RW data, we see that the energy considerations only had an impact
close to the halo center on the lighter configurations. The impact however, is very
modest. The largest alterations are seen in the lightest configurations, especially
the My;; = 10*? M, halo withm, = 0.15 eV neutrinos. Here the overdensity grows
a bit and becomes as the RW data. In the heavy configurations there’s less and
less alterations in my data compared to those from chapter 2. A large distances
the inclusion of the gravitational potential energy for the unbound netrinos caused
the total overdensity to rise, most observable for light neutrinos. This means that
the introduction of the potential energy in the total energy caused the neutrinos to
"flatten” out more compared to the calculations done in chapter 2, thus making
the number density equal to the present averags a further distance from the
center of the halo.

We then look at the total unbound mass used in the halos for each configura-
tion. The results are shown in figures 3.5 - 3.8. We quickly see that the unbound
neutrinos are weighing more in total than they did in chapter 2, where we didn’t
include the potential energy. That makes a lot of sense since the gravitational
potential, though filled up by the bound neutrinos, still will attract the unbound
neutrinos and make them cluster up around the center of the halo. We also see
that the largest dlierence in total mass of the unbound neutrinos from chapter 2
and now is around the center of the halo. As we go to further distances, we see
that the mass of the unbound neutrinos in these calculations approach the results
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from chapter 2 as it should be, since
®d(r) -0 for r— o

Another important fact is that the total mass of the unbound neutrinos is exceeding
that of the homogeneously distributed neutrinos. Thisfi®dent from chapter 2
where it was the other way around. This is due to the fact, that we've changed
the energy of the unbound neutrinos. More unbound neutrinos will be collected
in the halo thus making the overdensity rise, that is the Fermi-Dirac occupation
number will rise due to the extra energy term. This results in a higher total mass
used by the unbound neutrinos. The homogeneously distributed neutrinos are still
calculated over the entire Fermi-Dirac distribution, but only with kinetic energy.
The small &ect from the inclusion of the gravitational potential energy of the
unbound neutrinos is enough to make the total mass of the unbound neutrinos
exceed that of the homogeneously distributed.

The inclusion of the potential energy for the unbound neutrinos results in a
larger amount of neutrinos being clustered up around the center of the halo. At
large distances, from the center, the amount of unbound neutrinos approach the
amount of neutrinos calculated without the potential energy.

10 — — —

F — Ringwald & Wong
L %—X AM - Modified data |
AM - Original data

1 L Lo . G040y W AAAPEA R AN
0,001 0,01 0,1 1
r (Mpc/h)

Figure 3.1: Number densities, normalized to present average for them, =
0.15eV neutrino in avlyi; = 102 M, halo. Included in the plot are the data from RW
(solid line), original NFW data@-line) and the energy modified datd-{ine).
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Figure 3.2: Number densities, normalized to present average for them, =
0.3eV neutrino in aMy;; = 10'* M, halo. Included in the plot are the data from RW
(solid line), original NFW data@-line) and the energy modified datd-{ine).
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Figure 3.3: Number densities, normalized to present average for them, =
0.3eV neutrino in aM;; = 101* M,, halo. Included in the plot are the data from RW
(solid line), original NFW data((-line) and the energy modified datd-{ine).
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Figure 3.4: Number densities, normalized to present average for them, =
0.6 eV neutrino in aVj; = 10 M,, halo. Included in the plot are the data from RW
(solid line), original NFW data@-line) and the energy modified datd-{ine).
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Figure 3.5: Unbound masses used inV; = 1012 My, NFW halo. Neutrino mass
ism, = 0.15eV. The plot compares original NFW data-line) with the energy
modified data (X-line) Dashedline shows the homogeneously distributed neutrinos.
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Figure 3.6: Unbound masses used ifViir = 10 M, NFW halo. Neutrino mass is
m, = 0.3 eV. The plot compares original NFW data-(ine) with the energy modified
data (X-line).Dasheeline shows the homogeneously distributed neutrinos.
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Figure 3.7: Unbound masses used iViir = 10'* My NFW halo. Neutrino mass is
m, = 0.3 eV. The plot compares original NFW da(ine) with the energy modified
data (X-line).Dasheeline shows the homogeneously distributed neutrinos.
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Figure 3.8: Unbound masses used iMyir = 10 M, NFW halo. Neutrino mass is
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CHAPTER 4

PHASE-SPACE CONSIDERATIONS

Until now the bound neutrinos have been assumed to have a fine-grained distri-
bution in the six-dimensional phase-space. A more correct approach to the bound
neutrinos in the gravitational potential involves looking deeper into the phase-
space discussion. Instead of looking at the microscopic phase-space (fine-grained)
I'll look at the macroscopic phase-space (coarse-grained) in which | want to pack
my neutrinos into lumps, each with the same coarse-grained occupation number,
and thereby having a mean value for the coarse-grained distribution for my neu-
trinos. In this chapter I'll look at the connection between the fine-grained and
coarse-grained distributions in the phase-space. I'll conclude with results and dis-
cussion of the results obtained from the numerical calculations.



32 CHAPTER 4 - Phase-space considerations

4.1 Fine-grained and coarse-grained phase-space

During the expansion of the Universe the microscopic phase-space distribution
given by equation (2.18) is conserved due to Liouville’s theorem. If we assume
that we have a homogeneous Universe then the momentum of the neugisos
proportional to 1+ z, henceT, must be proportional to 4+ z as well in order to
satisfy Liouville’s theorem.

As stated in chapter 2, I've been usihg 0.5, which is the maximum allowed
fine-grained phase-space occupation number as noted by (Tremaine and Gunn,
1979). In fact only a few neutrinos ha¥e~ 0.5 which can be seen from figure 4.1
(Madsen and Epstein, 1984). The curve is produced by finding the frald{ibn
of neutrinos having fine-grained phase-space occupation number greatdr, than
that is

f
K fp)pdp

N(f) = == (4.1)
Iy f(p)p2dp
wherep(f) is obtained from equation (2.18), hence
KT, 0
p(f) = —=In (+-1) (4.2)
We quickly see that we can write equation (4.1) as
2 an 2
N(f) = %@ J, e><+1dx (4.3)
with
q(f) =In(}-1) (4.4)

While the fine-grained (microscopic) phase-space occupation number is con-
served, the coarse-grained (macroscopic) phase-space occupation number can un-
dergo change as low-density phase-space is intermixed with high-density phase-
space as noted by (Madsen, 1985; Tremaina., 1986).

Let M(0) be the mass andf(0) be the phase-space volume inside a region
where the coarse-grained phase-space occupation number is high@rttietns

M(0) = fdxdvF(x,v)H[F(x, V) — 6] (4.5a)

V(6) = f dxdvH[F (x, V) — 4] (4.5b)
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f

Figure 4.1: FractionN(f) of neutrinos with fine-grained phase-space occupation
number greater thah (Madsen and Epstein (1984)).

HereH is the Heaviside function, which is defined as

0 x<0O
H(x) =33 x=0
1 x>0

andF is the particle distribution function. In the initial state bdthandV are

defined from the fine-grained phase-space distribufiomVe define the coarse-
grained phase-space occupation numbas the mass per phase-space volume of

the fine-grained phase-space distribution. From equations (4.5a) and (4.5b) we're
able to find¢. The mass of the initial fine-grained region can be calculated as
the fraction of neutrinos with fine-grained occupation number higher thianes

the mean mass densipytimes the integral over the entire space. We calculate
the phase-space volume as the volume in momentum phase-space of the neutrinos
times the integral over the entire space, hence

_M(f) _ N(P)p [dx
~ V() T 4ag(f)3 [dx

9(3) N(f) m,
- g 6
2 |n3(%_1) h (4.6)

From equation (4.6) we see that the maximal fraction of neutrixigs) able to
obtain coarse-grained phase-space occupation number highef ih&l{f). By
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calculation% in units ofhﬂ3 we get the curve forg, N(¢)) which can be seen on

figure 4.2 as the upper curve. The lower curve representsftig {)) curve. In
units of% we can write equation (4.6) as
p

3 AD 2
S q(f)r e e+l

& dx 4.7)

1 3 T T T T T T T

— (f£,N(f) ) - Fine-grained
== (0, N(¢)) - Coarse-grained
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0 0.1 0.2 03 0.4 0.5

Figure 4.2: Maximal fractionN (¢) of neutrinos able to obtain coarse-grained phase-
space distribution higher than(Madsen (1985)).

In order to get a "mean” value of the coarse-grained phase-space occupation
number we first need to find the corresponding fine-grained occupation number.
When having the fine-grained occupation numbere can get the coarse-grained
¢ from figure 4.2 by finding theV(¢) that corresponds to th¥(f) value, hence
obtaining¢, e.g. N ~ 30.4% of the neutrinos have a fine-grained phase-space
occupation numbef > 0.11. A fine-grained phase-space occupation number of
f = 0.11 corresponds to a coarse-grained phase-space occupation nuraber of
0.18. Thus, the graph can be used as a visual tool of understanding the connection
between the coarse-grained and the fine-grained phase-space occupation number.

The fraction of the coarse-grained phase-space occupation number can be ex-
pressed in terms of the fraction of the total bound neutrino M&ssung in our
gravitational potential, thus

Mv bouno(rgalaxy)
N - " Om
(¢) Mv(rgalaxy)

Since we want to end up with the coarse-grained phase-space occupation number
for the bound patrticles, we calculate the total mass of the bound neutrinog with
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instead off, which we’'ve used in our numerical calculations until know, and let
it be unknown, thus

vbounc(rgalaxy) - ¢ \ bouno(rgalaxy) (48)

Defineé&(r gaiaxy) as being

M; bouno(rga|axy)
Foalan) = —ound 9207 4.9
é:( gala Y) Mv(rgalaxy) ( )
hence
N

f(rgalaxy) = —gb) (4.10)

We know that the fraction of the coarse-grained occupation number is equal to the
fraction of the fine-grained occupation number at thealue that corresponds to
the¢ value, hence

N(f)
¢
2¢In°(} - 1)
e
whereN(f) is found from equation (4.6) with in units of"‘v We see here that

the coarse-grained phase-space occupation number drops out, leaving us with the
fine-grained phase-space occupation number as log¢ @asy,) is know, which

by definition (equation (4.9)) is easily calculated. We therefore end up with the
fine-grained phase-space occupation number given as

1
f o (4.11)
(gf(rgalaxy){(3)
e

1/3
2 ) +1

From here we can calculate the coarse-grained phase-space occupation number
by inserting equation (4.11) into equation (4.7). We've hereby found the mean
coarse-grained occupation number which we’ll use in the calculations from now
on. We've packed our fine-grained distributed neutrinos into lumps of coarse-
grained distributed neutrinos in our phase-space. In our gravitational potential we
might have lowg values at one point, high values at another and maybe these
will mix, but since we've found a mean value fgrin our gravitational potential,
we can ignore whether the bound neutrinos mix or stay in regions with the same
coarse-grained occupation number.

With these considerations at hand | rerun my numerical calculations and com-
pare them with the results from chapters 2 and 3. In the following section a dis-
cussion of the numerical results is made.

§ (rgalaxy)
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4.2 Results and discussion

As before, | repeat my numerical calculations with exactly the same 12 possible
configurations of virial mass and neutrino mass. Again | start out by looking at
the overdensities for each configuration and compare them with the results from
chapter 2.

The results from my new and adjusted numerical calculations can be seen
in figures 4.3 - 4.6. We quickly see that the introduction of the mean coarse-
grained phase-space occupation number is causing the bound neutrino overden-
sity to drop. Eventhough the introduction of the potential energy for the unbound
neutrinos in chapter 3 caused the total overdensity to rise a bit, the introduction of
the mean coarse-grained phase-space occupation number is causing the total over-
density to fall close to the center of the halo, compared to the "simple” scenario
in chapter 2. Thisfect of less clustering of the neutrinos around the center of the
halo is observed for the following configuratiofis,, My;} = ({0.6 eV, 10> M, } ,

{0.3eV, 10" M.}, {0.6 eV, 10" M,}) and all the configurations for the two heavier
halos. The rest of the configurations have higher overdensities around the center
of the halo. More neutrinos are clustering up together in the heart of the grav-
itational potential for the light NFW halos compared with the results in chapter
2. This is because the unbound neuntrinos became much more important for the
light configurations after introducing gravitational potential energy in their total
energy. For the heaviest halos we see that the overdensities have dropped quite a
lot, roughly between a factor 1.5 for them, = 0.15eV neutrinos in a oM,

halo and~ 20 - 30 for them, = 0.6 eV neutrinos in a 19 M,, halo, compared to

the results from chapter 2. Even at large distances from the center of the halo, the
overdensities are well below the number densities calculated in chapter 2.

We again turn to the scenario with the total used masses in the halo. The
results of the numerical calculations can be seen in figures 4.7 - 4.10.

We quickly note that the total mass of the bound neutrinos has dropped below
the mass calculated in chapter 2. In the light?2@, halo the bound neutrinos
are roughly taking up the same amount of mass as they did in chapter 2, but as we
move to heavier halos the mass used by the bound neutrinos drops down to around
a factor~ 500 less than the masses used in chapter 2. This is a clear consequence
of the introduction of the mean coarse-grained phase-space occupation number.
We saw from figure 4.1 that only a very small percentage of the neutrinos would
have an fine-grained occupation number with the value 0.5, hence we found the
mean coarse-grained occupation number which describes the system more realis-
tically from a macroscopic point of view. We see that the heavier configurations
cause a bigger alteration in the total bound neutrino mass compared with chapter
2. From the lightest configuration witl, = 0.15eV andM,;, = 10'?M,, to the
heaviest withm, = 0.6 eV andM,; = 10'°M, we see that the drop in the total
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bound mass is between a facter2 for the lightest configuration and a factor

~ 500 for the heaviest configuration. Thus the introduction of the coarse-grained
phase-space occupation number had the biggest influence on the heavier configu-
rations in my numerical calculations. The consequences of this influence will be
discussed further in chapter 8 where detection of relic neutrinos will be discussed.
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Figure 4.3: Number densitiesr, normalized to present average for them, =
0.15eV neutrino in @iy = 102 My NFW halo. Included in the plot are the data
from RW (solid line), original NFW data{-line) and the phase-space modified data
(X-line).
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Figure 4.5: Number densities, normalized to present average for them, =
0.3eV neutrino in aMy;; = 10"* My NFW halo. Included in the plot are the data
from RW (solid line), original NFW data’{-line) and the phase-space modified data
(X-line).
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Figure 4.7: Bound masses used inMi; = 102 My NFW halo. Neutrino mass is
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Figure 4.8: Bound masses used inM;; = 103 My NFW halo. Neutrino mass is
m, = 0.3eV. The plot compares original NFW data-(ine) with the phase-space
modified data (X-line).
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Figure 4.9: Bound masses used inM;; = 10** My NFW halo. Neutrino mass is
m, = 0.3eV. The plot compares original NFW data-(ine) with the phase-space
modified data (X-line).
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Figure 4.10: Bound masses used in\&;; = 10 My, NFW halo. Neutrino mass is
m, = 0.6eV. The plot compares original NFW data-(ine) with the phase-space
modified data (X-line).



42

CHAPTER 4 - Phase-space considerations




43

CHAPTER 5

BLACK HOLES

Until now I've been looking at neutrino clustering in NFW galactic halos. | now
turn to look at clustering in a point mass gravitational potential like the gravita-
tional potential around a black hole. | start out with the theory of the point mass
potential and the considerations I've made regarding the implementation of this
potential in my numerical calculations. | conclude with the results from my nu-
merical calculations.
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5.1 History of the black holes

As early as in 1783, when the British geologist and astronomer John Michell
wrote in an article to the Royal Society that a star, with radius 500 times larger
than the radius of the Sun and with the same density as the Sun, would have a
gravitational field so strong on the surface that the escape velocity would exceed
the speed of light, the main points of the later named black holes have been known.
13 years later, in 1796, Laplace published Michell’s ideas and calculated that a star
with radius 250 times larger than the Sun and with density equal to the density of
the Earth would have an escape velocity exceeding the speed of light. But not until
Einstein published his General theory of relativity in 1915 was the idea given any
further thought.

Already the year after, in 1916, Karl Schwarzschild derived a general relativis-
tic solution from Einstein’s field equations in vacutifor the gravitational field
surrounding a spherical mass. Schwarzschild’s solution, which is the only spher-
ical symmetric vacuum solution to Einstein’s field equations, turned out to be a
complete description of a spherical, eletrically neutral, non-rotating black hole.
Schwarzschild’s solution is today known as the Schwarzschild metric.

After Chandrasekhar in 1930 discovered the existence of the upper mass limit
for complete degenerate matter, Eddington quickly noted that the formation of
black holes would have to be the inevitable fate of massive stars. But he didn’t
think that nature worked in that way and wrote the whole thifigog modifying
the equation of state of a degenerate relativistic gas so that equilibrium would exist
for stars of arbitrary mass.

In 1939 came the first calculation that demonstrated the formation of a black
hole. This calculation was made by Oppenheimer and Snyder. With their cal-
culations of the collaps of a homogeneous sphere of pressureless gas in general
relativity, they showed that the sphere becomes cut from all communication with
the rest of the Universe, which is one of the key proporties with black holes.

In 1963 Roy Kerr found an exact family of charge-free solutions to Einstein’s
vacuum field equations for charge-free rotating systems. But it wasn’t until 1968,
in a lecture given by Wheeler, that the black holes got their name. Before that
time they were called frozen stars and dark stars. (Shapiro and Teukolsky, 1983).

Today black holes are widely accepted as real and existing objects in the Uni-
verse. It is believed that most galaxies have a super-massive black hole located in
the center.

(Carrol and Ostlie, 1996) claims that his name was George Michell and that he was an English
clergyman and amateur astronomer.
2This solution isonly valid outsidethe object itself.



5.2. Theory 45

5.2 Theory

Eventhough black holes are very complex, they can be completely described by
the three measurable parameters, nMgs, chargeQ and angular momentuih

The most simple black holes are the so-called Schwarzschild black holes which
are non-rotating, charge-free black holes, thak isQ = 0. To describe this type

of black hole we turn to the schwarzschild metric, which is given as:

B 2G Mgy
c2r

B 2G Mgy
c2r

-1
ds® = (1 )czdtz - (1 ) dr? — r?Q? (5.1)

where the angular part of the Schwarzschild metric is defined as
dQ? = db? + sir? (6)dg? (5.2)
We note that the Schwarzschild metric is singular at

2G Mgy
c2

r=Rs= (5.3)
which is known as the Schwarzschild radius (d’Inverno, 1992). This radius de-
notes the size of a black hole. I'll be doing purely classical calculations and thus
considering the black hole as a point mass. My calculations will therefore be very
unrelativistic. For a comprehensive study of how to do the strictly relativistic cal-
culations, | refer to (Shapiro and Teukolsky, 1983). A good distance Rgaf a
black hole the black hole will pretty much behave as a point mass, hence I'm able
to simply generalize my study to that of the point mass potential.

From classical mechanics we know the gravitational potential from a black
hole is given by the point mass potential,

GMgH

o(r)=- (5.4)
hence the escape velocity becomes
-GM
Vese1) = 2| (55)

5.3 Setup for numerical calculations

In my numerical calculations I’'m looking at a single black hole with a gravita-
tional potential given by equation (5.4). I'm starting my calculationsRatéhd |
end them at a distance of= 10 pc away from the singularity of the black hole.
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The temperature of the neutrinos is again taking to be the present day neutrino
temperatur&T,, = 1.676- 104 eV.

| run my numerical calculations with fierent configurations of masses both
for the neutrinos and for the black hole. | use the same neutrino masses as in
the previous chapters about the NFW halos. The black hole madsgsused
will be 1¢° M,, (the central black hole in our Milky Way galaxy, Sagitarius A*,
is ~ 3.7 - 10° My, (Ghezet al, 2005)), 180 M,, (central black hole of the NGC
4258 galaxy, which can be found in the constellation of Canes Venatici ("Hunting
Dogs”), with a mass oMgy ~ 3.9 - 10’ M, (Herrnsteinet al,, 1999)), 16 M,
(central black hole in the satellite galaxy NGC 448@lvhich is roughlyMgy ~
5.0- 10 M, (Magorrianet al., 1998)) and 19M,, (the central black hole in M87
is~ 3.2- 10° M, (Macchettoet al,, 1997)).

As in the previous chapter I'll calculate both the total overdensities for the
neutrinos and the total mass which the neutrinos use. I'll be looking at the total
configuration consisting of both bound and unbound neutrinos. Experiences with
the phase-space considerations from chapter 4 tells us that the fine-grained phase-
space occupation numbeéiis equal to the coarse-grained phase-space occupation
numberg with the valuef ~ ¢ ~ 0.5. I'll still use the coarse-grained phase-
space though. The unbound neutrinos will again be calculated using the entire
phase-space distributidi(p).

5.4 Results and discussion

With the theory for the point mass potential at hand, | reprogram my numerical
calculations program and run the twelvéfdient configurations.

When looking at the overdensities we quickly note that the there’s a very high
concentration of neutrinos close to the black hole, but that it drops rapidly as
the distance to the black hole is increased. This tremendeous clustgaogiea
direct consequence of the infinite gravitational well created by the black hole. The
results of the numerical calculations for the overdensities are shown in figures 5.1
- 5.4. For the "light” 16 M, and 13 M,, black holes there are large separations
between the three neutrino masses in the plots, but as the mass of the black hole
is raised the separation becomes smaller and smaller. For the heavly, 1i0e
m, = 0.3eV andm, = 0.6 eV neutrinos have the same overdensity out until
0.1 pc away from the black hole.

In figures 5.5 - 5.8 we see the total masses used in the gravitational potential
of the black hole for which we’re looking. If we look at figures 5.1 - 5.4 again, we
note the number density drops to the average present waluéwe then again

3The NGC 4486b is a satellite galaxy of M87, which is also known as NGC 4486.



5.4. Results and discussion 47

turn to mass plots, we now see that, at the point where the number density becomes
equal ton,, there’s a small bend upwards in the curve and the total neutrino mass
IS increasing quite fast from that point on. It might seem a bit odd that the total
mass of the neutrinos used suddenly increases rapidly far from the black hole,
but this can easily be explained after giving it some thought. When moving away
from the black hole, the total neutrino number density drops until it reaches the
average present valug, whereafter it becomes constant. When the overdensity
is constant, the total mass will increase constantiy?alsut when the overdensity
drops closer to the black hole, the increase in mass will have to be less®than
and it can’t be constant. Therefore, we have a more flat mass curve until we reach
the point where the number density becomes equaj.té-rom here on the total
mass will increase constantly oy. We also note that thisfiect means that the

total mass close to the black hole will be larger than it would if the mass increased
constantly withr3. We note this by expanding tmé part of the curve backwards.
This line drops heavily below the present curve.
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Figure 5.1: Number densities, normalized to present averaggaround aMgy =
10° M,, black hole. Solid line denotes, = 0.15eV,O-line m, = 0.3eV andX-line
m, = 0.6eV
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CHAPTER O

NFW HALOS WITH CENTRAL BLACK HOLE

So far galaxies and black holes have been separated from each other and I've
only looked at the #ects of gravitational potentials individually. An obvious
choice of a gravitational potential will be to combine the black hole potential with
the NFW potential, since most galaxies are believed to be the home of super-
massive black holes which are located at the halo centers. By combining the
knownledge gathered from the previous numerical calculations, | create a new
type of gravitational potential and redo my numerical calculations.
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6.1 The galactic potential

In chapter 2, | introduced the gravitational potential for a cold dark matter halo,
the so-called NFW potentidyry (1), as suggested by (Navareval., 1996) and
in chapter 5, | introduced the well-known classical gravitational potential for a
single black hole (the point mass potenti&by (r).

By combining the two potentials we create a new gravitational potential in
which a black hole is located in the center of a NFW galaxy. We recall that the
NFW potential and the point mass potential is given as, respectively

r r
[OINT=YY (r) = —47TGpsT In|1+ —

I's

GM
Dpy (1) = - ——

Thus giving us the gravitational potential
@ (r) = Onpw (1) + Ppr (1)

r3
= ~4nGp, > (In (1 ; L)) - G'\:'B“ 6.1)
S

This new gravitational potential, which obeys the Poisson equation, gives rise
to the exact same density profile as for the NFW potential alone. Only at the
exact center of this new potential, does the density proffterdiHere it becomes
infinite due to the behavior of the point mass potential when0. Of course the
influence of a central black hole would have caused the density profile of the fitted
NFW halo to look diferently, but | assume that the NFW density profile and thus
the general expressions by, I's, 0s €tC. introduced in chapter 2 are valid for
this type of potential as well.

If we look at the graphical representation of the potential, we find that it re-
sembles that of the point mass potential a great deal. But a further examination
reveals that the newly created mixture potential has a more “flat” profile around
the black hole. The potential itself is depicted in a three dimensional illustration
in figure 6.1

Since the same density profile is valid for this potential as well as for the NFW
potential, we can reuse the parameters as mentioned in chapters 2, 3 and 4. But
because we can use the parameters and profiles for the NFW galaxies we expect
the central black hole, which total mass is 2Q10° times smaller than that of the
NFW halo, only to have a smalffect on the total mass of the neutrinos captured
in the gravitational potential. Thefect would of course be massive close to the
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Figure 6.1: Graphical representation of the combined NFW and point mass potential.

black hole, but as we move out into the halo, the influence of the black hole will
decrease rapidly and we expect to end up with results very close to those of the
pure NFW galaxies from chapter 4. We would also expect that the mass of the
black hole should be close to that of the halo itself at distances close to the center
of the halo. If we for instance have a®, black hole and look at a 1M,
virial mass NFW galaxy at a distance of 1 kpc from the center, the weight of the
halo itself is~ 10° M. The black hole, therefore, is roughly a factof lighter
than the NFW halo, hence we wouldn’'t expect to see dfgceon the results
from the black hole. But if we instead have a®M), black hole, the halo mass
would roughly equal that of the black hole, hence it would cause alterations in the
calculations compared to those of chapter 4.

Since we again are working with large halo masses, in the ran@#,pf=
102 — 10" M,, we need to coarse-grain the our phase-space, since practically
none of the neutrinos in the NFW halos have a fine-grained phase-space occu-
pation number off = 0.5. So we need to pack the neutrinos into lumps, each
with the same mean coarse-grained phase-space occupation number. We found
the connection between the fine-grained and the coarse-grained phase-space in
chapter 4, thus we can easily do the transformations in phase-space by reusing our
program code already developed.

6.2 Setup for the calculations

The experience from chapter 5 told us, that already at a distarrce df— 10 pc
away from the black hole the overdensity would equal 1 for most of the black
hole scenarios. Only the super massiMgy = 10° M,, still have an &ect at
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that distance. Combined with the above mentioned fact that only black holes
with masses similar to that of the NFW halo itself will have artfeet on the
gravitational potential, | therefore choose only to include a black hole with a mass
of 3.2 10° M, (equal to that of the central black hole of the M87 galaxy) in my
combined NFW4 Black Hole potential. The other black holes wouldn’t have any
substantial influence on the neutrino clustering, except if we move really close to
the center of the gravitational potential, of course.

Also | begin my plotting closer to the center of the NFW halo instead of just
fromr = 1kpc/h as | did in chapter 4. In this way | get to the point where the
mass of the black hole actually exceeds that of the NFW halo, which should cause
a noticable alteration in the numerical calculations compared to those of earlier
ones where | only looked at a "pure” NFW galactic halo.

6.3 Results and discussion

I ran my numerical calculations program with the same virial NFW masses as
previous and with the same neutrino masses. To examine the impact from the
black hole on the calculations | decided to begin my plots at the distance of
1 pc/h away from the center of the gravitational potential. Experiences from
the results in chapter 4 told me that | needed to go around a factor 10 closer
to the center in order to have the mass of the smallest black hole equal that
of the NFW halo, since the mass of the halo is roughly proportionaf timr

small distances (see equation (2.8)). But also the experiences from the studies
of the single black hole in chapter 5 told me that the number densities for the
1P M, black holes starts to equal the present average valusound a dis-
tance of 1pc. Thus | needed to go at least back te 1pc/h in order to

see the ffects from the central black hole in the heaviest configuration, that is
(M., Men, My} = {0.6€V, 3.2 10° M, 10'° M.

In figures 6.2 - 6.5 the overdensities are plotted. We see that the influence from
the black hole in the lightest configuration is causing the overdensity to increase
radically. In fact at the distance of~ 1 pc/h the overdensity is raised by a factor
of ~ 100. But as noted in chapter 5, we see that the overdensity also drops rapidly
as we move out into the galaxy, which is caused by the declining influence of the
central black hole.

If we then turn to the heaviest ¥OM, NFW halo with the heaviest.6eV
neutrinos, which is plotted in figure 6.5, we quickly see that the central black hole
never gets to have any major influence on the number density, only in the distance
ofr ~1pc/htor ~ 10 pchis the influence noticable (roughly a facte#t larger
number density at ~ 1 pc/h.

We can now look at how much mass, compared with that of the pure NFW
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halo, this perticular gravitational potential with a M87 size central super-massive
Is able to capture. This results in the plots shown in figures 6.6 - 6.9.

As can be seen from the figures, none of the configuratioffiersuarge alter-
ations from the central black hole. Only close to the center do we have a more
massive clustering of neutrinos, and only for the two lightest halos do we see a
noticeably &ect. When we’re around = 1 kpc/h away from the center of the
halo the influence of the central black hole is neglitable, hence the addition of a
central black hole to the NFW gravitational potential only results in more cluster-
ing of neutrinos around the center of this particular halo. For the lightest of the
halos, theM,;; = 10*? M,, halo, we see that, at a distancerof 1 pc/h from the
center, the central black hole causes the total neutrino mass used to be arbund 10
times larger than that of the pure NFW halo. But as we move outwards in the halo
the dfect of the black hole quickly declines and the mass used in this potential
quickly equals that of the NFW halo alone.
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Figure 6.2: Normalized number density in Bly; = 102 M, NFW halo with a
central 37 - 10° My, black hole. Neutrino mass is, = 0.15eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole X-line).
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central 37 - 10° M,, black hole. Neutrino mass is, = 0.3eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole X-line).
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Figure 6.4: Normalized number density in By, = 10*My NFW halo with a
central 37 - 10° My, black hole. Neutrino mass is, = 0.3eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole -line).
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Figure 6.5: Normalized number density in Bl = 10*>My NFW halo with a
central 37 - 10° M,, black hole. Neutrino mass is, = 0.6eV. The plot compares

the clean phase-space maodified NFW (O-line) with the phase-space modified NFW
+ Black Hole K-line).
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Figure 6.6: Total masses used inM,; = 102 My NFW halo with a central 3 -
10° My, black hole. Neutrino mass i®, = 0.15eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBMck
Hole (X-line).
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Figure 6.7: Total masses used inM,;; = 101 M, NFW halo with a central 3 -
10° M, black hole. Neutrino mass is, = 0.3eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBMck
Hole (X-line).
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Figure 6.8: Total masses used inM,;; = 10'* M, NFW halo with a central 3 -
10° My, black hole. Neutrino mass is, = 0.3eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBMck
Hole (X-line).
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Figure 6.9: Total masses used inM,;; = 10> M, NFW halo with a central 3 -
10° My, black hole. Neutrino mass is, = 0.6eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBMck
Hole (X-line).
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CHAPTER [/

SOLAR AND EARTH BASED CALCULATIONS

So far I've investigated neutrino clustering in large scale systems like NFW ha-
los and black hole systems. The latter was described by a simple classical point
mass gravitational potential. In this chapter, I'll be doing calculations for the point
mass potential again, but this time with objects like the Sun and the Earth instead
of a massive black hole. It's interesting to see how big an influence our Sun and
our Earth has on neutrino clustering and on possible future detections thereof.
I've therefore dedicated a small chapter to Solar and Earth based calculations of
overdensities. We need to keep in mind though, that these data is based on calcu-
lations of the same sort as in earlier chapters. When looking in the Solar System
we need to beware of the fact that neutrinos of all sorts of course already exists
here as bound neutrinos. My data will merely be an addition to the clustering of
the already existing neutrinos in the Solar System.
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7.1 Solar

When simulating how neutrinos will cluster around a star like our Sun, we can
use a simple classical point mass gravitational potential, just as we did for the
black holes in chapter 6. Of course the Sun isn’t a point mass, but when we’re a
distance away from the Sun itself, the gravitational potential behaves just like that
of a point mass.

To see whether we experience any kind of neutrino clustering around the Sun
we need to go to smaller distances, hence I'll be using the astronomical unit (AU)
as a unit for the distances. Since I'll be simulating the clustering of neutrinos
around the Sun the mass will be setMo= M. Again I'll look at the same three
neutrino masses as eatrlier, thatms = {0.15eV,0.3eV, 0.6 eV}. When plotting
my results I'll plot them front ~ R, ~ 4.65- 102 AU to r = 10 AU, which is on
the other side of Saturn.

7.1.1 Results

Figure 7.1 shows the three scenarios of neutrino overdensities around the Sun.
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Figure 7.1: Overdensities of each neutrino around the Sun.

We clearly see that the lightest neutrino, the= 0.15 eV neutrino, only cluster up

at the surface of the Sun. When we move beyond the surface of the Sun, the num-
ber density quickly declines and becomes equal to that of the present nenjrinos

If we instead go to then, = 0.3 eV neutrino, we see that the overdensity here is
somewhat larger than that of the = 0.15 eV neutrino. But already at a distance

of r ~ 0.1 AU from the center of the Sun, the number density has dropped to that
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of the present neutrinos. The only neutrino with a relatively high overdensity is
the heaviesn, = 0.6 eV neutrino. At the surface of the Sun the number density
is aroundn, =~ 40n,. However, this number rapidly drops as we move away from
the surface of the Sun. Around the location of the Earth in our Solar System, the
number density again has dropped to the present valu&/hat implications this

has on possible detections of relic neutrinos will be discussed in detail in chapter
8.

7.2 Earth

Let us now turn to the area around the Earth and see what the Earth’s gravitational
potential can do to neutrino clustering. Again we’ll be approximating the Earth’s
gravitational potential to that of a point mass potential. This will give us an idea
of the clustering around the Earth.

Now we’ll need to go to even smaller distances. |, therefore, do my calcula-
tions using the Earth’s radiug{) as the unit of distances. The mass of the Earth
needs to be in the unit dfl, which yieldsMg ~ 3 - 10°M,. Again I'll begin
my plot from the surface = R, and stop when I've reached= 10R,. Since
pratically no influence from the Sun was seen on the neutrinos, we should suspect
the neutrinos around the Earth almost not to cluster up at all.

7.2.1 Results

A plot of the neutrino overdensities around the Earth can be seen in figure 7.2.
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Figure 7.2: Overdensities for the three neutrinos around the Earth.
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We quickly note that the Earth practically doesn’t have any influence at all on the
neutrinos at it’s surface. In order to reveal the sméka from the Earth, I've
plotted;—: — 1 as a function of. Here all three neutrinos have number densities
that almost equal the average present valudf we were to try and move inside
the Earth and look at clusteringfects here, we would need a better potential. The
point mass potential is completely wrong in this case, since

Opgint(r) > —co forr - 0

If we were to think of the Earth as a homogeneous sphere the potential would
instead behave as

(I)Homogeneou£r) —0forr—->0

However, this new potential would only increase the clustertteceslightly and

we would therefore still not get any significant clustering even if we looked inside
the Earth. Again, we need to note that these results only apply to relic neutri-
nos, which would enhance the overall neutrino overdensity in the Solar System
(Solar neutrinos, atmospheric neutrinos etc). The Super-Kamiokande and other
experiments have detectedtdrent types of neutrinos, but the relic are still to be
detected.

We can, therefore, conclude that the gravitational pull from the Earth alone or
from the Sun doesn't really strengthen the neutrino clustering from our Galaxy.
We need to rely on the gravitational potential from the Milky Way in our quest for
relic neutrino detection.
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CHAPTER 8

DETECTION OF RELIC NEUTRINOS

After having looked at clustering of relic neutrinos in NFW halos, around massive
black holes, around the Sun and around the Earth, I'll now try to investigate what
these results implicate in the quest for neutrino detections. I'll look féreint

types of detections, namely via flux detection, using accelerators on Earth and via
cosmic rays. This work is based on the calculations done by RW. I'll examine
what consequences my numerical calculations have on the detections compared
to the data from RW.
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NFW version & (m, =015eV) | z(m, =03eV) | z*(m, =06eV)
Original ~11 ~21 ~ 126
Energy modified ~14 ~ 32 ~ 151
Phase-space modified ~14 ~ 2.7 ~ 89
Ringwald & Wong 14 31 12

Table 8.1: Overdensities at Earth’s location in an'2®, NFW halo. "Original”
refers to chapter 2, "Energy modified” refers to chapter 3 and "Phase-space modified”
refers to chapter 4.

8.1 Flux detection

When the relic neutrinos move through the Earth they can produce a "wind force”
with an acceleration given by (Dudd al., 2001; Ringwald and Wong, 2004)

o aq2s (M) (107%C) [ o o\
a=2:10" (2} (T (g i) om0

wherepy is the density of the target that experiences the acceleratios the
radius of the target ande is the mean velocity of the relic neutrinos in the rest
system of the targets can be expressed in terms of a reduced de Broglie wave-
length.t given by

L
M, Ve <p>

(8.2)
where(p) denots the average momentum of the relic neutrinos. RW defines a
dimensionless "escape momenyas. as

Yoo = M, VesC
esc — k-l-v’0

(8.3)

wherevese = V2|0 (re)| = 430knys is the escape velocity from Earth’s lo-
cation in the NFW halo. This yields the following "escape momentasd =
{1.3, 2.6, 5.1} for the corresponding neutrings),} = {0.15eV, 0.3eV, 0.6 eV}.

If we calculate the average dimensionless "mometyait can be used to express
the average momentum as

_(WkT,o
T c

Y
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which yields the reduced de Broglie wavelength

hc
= 8.4
<y> kTv,O ( )
If we now combine equations (8.2) and (8.4), we see that we can expyess
KT,
Vel = <yi:m, 9 (8-5)

Inserted in the equation for the acceleration experienced by a target due to the
relic neutrino wind (8.1) we get

5. 1028 [ 10°°c’m, Pt re(y) KT,0)\?
a=2 10 (ﬁ_v)(W)kTv,o o)\ ac ) oS (89)

In order to compare my data with the data from RW, we need to have the over-
densities from my 1% M, NFW halos at hand. These can be found in table 8.1.
I've included all three "versions” of the NFW halos which I've been looking at.
We quickly note that the overdensities in my case is close to the ones found by RW
(eg. table 8.1) and also that my calculated esacpe velocity, and thus "escape mo-
menta”, for the relic neutrinos in the M, NFW halo, at the location of Earth,
is sligthly smaller than the ones found by RW, but only by a few decimals. Hence
my results for the neutrino wind acceleration will vary very little from the results
produced by RW. For Cavendish-type torsion balahties smallest measurable
acceleration is in the order @ ~ 10 2cm/s?, which will still be around 13
orders of magnitudefbcompared to the neutrino wind acceleration, when using
tungsten spheres on the Cavendish torsion balapersi(9.25 g/cm), e = 1073
andr; = 1. It's therefore highly unlikely that a direct measurement of the neutrino
wind acceleration will be possible in a near future. We need to develop a ultra sen-
sitive "acceleration measurements apperatus”. But until this has been developed,
we can safely rule out this way of detecting the relic neutrinos.

8.2 Using accelerators

The two forthcoming accelerators LH€and VLHC! will have beams with ener-
gies in the TeV range, hence interactions with relic neutrinos will have relatively

!Apperatus used to measure very small accelerations. It's also used by make very precise
measurements of the acceleration due to grayity

2Whether the VLHC accelerator becomes a reality or simply stays on the drawing board is still
up to debate.

3Large Hadron Collider , httpihc-new-homepage.web.cerryitit-new-homepage

“4Very Large Hadron Collider , httpvihc.org
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Acceleratorl N | A | Z | Ex(TeV) | L(km)| | (A) R, (FH)
vz
p 1 1 7 26.7 | 58-101| 16-107
LHC
Pb| 208 | 82 574 26.7 | 61-10%| 7.1-10°
p 1 1 87.5 233 | 57-102| 1.7-10°
VLHC
Pb| 208 | 82 7280 233 | 57-10%| 7.3-10%
ULHC p 1 1 10’ 4-10* | 1.0-101 58

Table 8.2: Beam parameters for the LHC, VLHC and ULHC accelerators. R’Jﬂﬁ
denotes the scattering rate calculated by RW. ’

large cross section, thus perhaps making detection of relic neutrinos possible. This
won't be a direct detection of a relic neutrino though, but a detection of the rem-
nants of an inverse beta decay

N +ve =52  N+e

The target beam, eg. a proton bepnwill lose it's charge and become neutron
The trajectory of the neutron will ffer from that of the beam and can be detected.
This would indicate that a neutrino was involved. The scatteringR%;@for a
beam of particle$N is given by (Miller, 1987; Melissinos, 1999; Weiler, 2001;
Ringwald and Wong, 2004)

5 n\(m\ A [ Ex L I -
Ryn ~2-107 (ﬁ_) (e_) Z (10 TeV) (100 km) (O.lA) @7

whereEy is the beam energls is the length of the accelerator ahi the current.

The beam parameters for thefdrent accelerators are shown in table 8.2. Both
parameters for protompj beams as well as lead (Pb) beams are shown. The table
also includes a very optimistic and futuristic accelerator called the ULHC (Ulti-
mate Large Hadron Collider). This accelerator will have a circumference equal to
that of the Earti. ~ 4 - 10°km. Furthermore, this accelerator will have energies
at Ey = 10’ TeV. The last column in this table shows the scattering R’}%ﬁ

calculated by RW using thein, = 0.6 eV overdensity data from table 8.1.

To make the most optimistic assumptions about whether or not we're able to
detect relic neutrinos using any of these detectors let us now look at the number
density for the heaviest of the three neutrinos in kg = 10> M, NFW halo.

Our own galaxy the Milky Way is Muw =~ 10*? M, galaxy. Since we're located
at a distance of ~ 8 kpc away from the Galactic Center, we’ll look at the over-
density for the neutrino at that distance. We’ll then simply calculate the scattering
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Accelerator| Ry (yr
1.6-1077

LHC
75.10°
1.8-10°

VLHC
7.7-10%

ULHC 60

Table 8.3: Expected scattering rates with relic neutrinos. Data from original NFW
calculations.

rate, which tells us the number of interactions we can expect to see from relic
neutrinos per year. I'll start out by looking at my original data from chapter 2 in
section 8.2.1, then move on to look at the modified data from chapter 3 in section
8.2.2 and then conclude with the results from my phase-space modified data of
the NFW halos from chapter 4 in section 8.2.3.

8.2.1 Original NFW

The data from the original NFW halo is gathered in table 8.3. By comparing my
data with the ones from RVIR*A shown in table 8.2, we see that my data allows

for higher scattering rates. I’ m able to detect a few more interactions per year in
all of the accelerators, but even the extremely energetic VLHC with a Pb target
we can only expect a little less than one interaction every millennium! Only with
the ULHC are we able detect any interactions, around 60 per year.

8.2.2 Energy modified NFW

The data for the energy modified NFW halo can be seen in table 8.4. When tak-
ing into account that the unbound neutrinos also will have gravitational potential
energy we will, as expected, get a higher scattering rate. But again we’ll have to
wait more then a millinium for just one interaction with the Pb beam in the VLHC.
Again only the ULHC would provide us with enough interactions to detect relic
neutrinos.
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Accelerator| Ray (yr)
2.0-107

LHC
89.-10°
2.1-10°

VLHC
9.2.10*

ULHC 72

Table 8.4: Expected scattering rates with relic neutrinos. Data from energy modified
NFW halo calculations.

Accelerator| Ry (yr™)
1.2-1077

LHC
53-10°
1.2-10°

VLHC
54.10*

ULHC 43

Table 8.5: Expected scattering rates with relic neutrinos. Data from phase-space
modified NFW calculations.

8.2.3 Phase-space modified NFW

The most realistic model of a 3M, NFW halo is the phase-space modified. The
scattering rate data is gathered in table 8.5. This model also includes the energy
modifications as before. However, since I've coarse-grained the occupation num-
ber of the bound neutrinos, the overdensity will automaticaly drop compared to
that of the fine-grained bound neutrinos. This will, of course, play an important
role on the scattering rate since this is proportional to the overdensity, see equa-
tion (8.7). This results in a lower scattering rate than the one RW have calculated.
It seems that without the ULHC we will never be able to detect any interactions
between an accelerator beam and relic neutrinos.
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8.2.4 Solar based

As calculated in chapter 7, the overdensity for neutrinos around the Sun isn’t
reaching a high enough level at the location of the Earth in order for us to detect
them using any of the above accelerators, apart from the ULHC of course. Could
we, however, somehow send a satellite close to the Sienmight be able to
detect interactions with neutrinos. Unfortunately, only the= 0.6 eV neutrino

Is able to cause a relatively large clustering. More realistic neutrino masses like
them, = 0.15 eV never result in any noticable clustering.

8.2.5 Earth based

As we've seen, the Earth’s gravitational pull isn’'t large enough to be the cause of
any worth mentioning neutrino clustering. As noted in chapter 7, the gravitational
potential of the Earth is assumed to be that of a point mass, which of course isn’t
a correct assumption. It only makes sense to talk about the Earth as a point mass
when we're some distance away from the Earth. The closer we move to the Earth,
the more incorrect the assumption becomes. However, if we were to apply the
gravitational potential of a homogeneous sphere (as we to a good approximation
can assume the Earth to be), we would be able to move inside the Earth and
examine the clusteringfiects. But as mentioned in chapter 7, this would only
cause the clustering of the relic neutrinos to increase slightly, hence the reward
for detecting relic neutrinos inside the Earth would be negligible. In other words,
it wouldn’t help us to look for the relic neutrinos with detectors inside the Earth.

8.3 Cosmic rays

So far it doesn’'t seem that detection of relic neutrinos will be possible with any
of the above mentioned methods, except if the ULHC is constructed. Another
method we could investigate is using extremely energetic cosmic rays (Singh and
Ma, 2003). Cosmic rays have been observed with energies By to 10°°eV.

This corresponds to a center of mass eneygiven as

m Y2 Ey Y2
~ JmE. ~ 14(—) ( ) GeV
Vs= ymEe ev) \1mev) €

when interacting with relic neutrinos. A center of mass energy of that size is not
too far from the resonances of thié andZ bosons, respectively 80.5 GeV and
~ 912 GeV (Particle Data Groupt al, 2004). If extremely energetic cosmic

SWe need to go very close to the Sun. The orbit of Mercury still isn’t subject to any noticable
neutrino clustering due to the gravitational potential of the Sun.
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netrinos (EEQ) react with relic anti-neutrinos (and vice versa) they annihilate
and create Z-bosons (Weiler, 1982). On resonance the energy yields

ges_ M _ . 1021(ev) eV
Yoo 2m, m,

This energy is well beyond the GZK cuff@f Egzx ~ 10°eV (Greisen, 1966;
Zatsepin and Kuzmin, 1966). The GZK cufF the energy limit above which no
cosmic rays should be observed. If a cosmic ray have energy greateEthan

it would interact with cosmic microwave background (CMB) photons until the
energy of the cosmic ray would fall below the GZK cuf-threshold. It should
therefore be impossible to detect cosmic rays with energies exceeding the GZK
cut-of. The above mentioned cosmic ray eneigy is in clear contradiction

with this limit. A way to explain this "GZK paradox” is to have EEGnteract

with local non-relativistic relic anti-neutrinos. This annihilation could lead to a
resonance energy of the size mentioned above, which then leads to a mean free
path of

|, ~ 1.4-10° Mpc

According to RW this corresponds to a probability 2f 3 % for annihilation
between relic anti-neutrinos and EECSo how can we exploit this probability
and possibly detect the relic neutrinos?

When relic anti-neutrinos and EE@nnihilate the spectrum of the EE@ill
show a dip at the resonance energy (absorption dips) (Weiler, 1982). A number
of neutrino detectors which operate with energies abovéH#ve been planned.
However, as stated by RW, the depths of the absorption dips are determined by
number densities, thus at present day there are no striking dips in the $pieC-
trum since relic neutrino clustering doesn’t become significant until after2.

The number densities will be significantly higher at large redshifts 1. It,
therefore, doesn’t seem likely that these absorption dips will be observed in the
near future.

Another dfect that can be exploited is emission spectroscopy. When relic
anti-neutrinos and EBCannihilate they produce Z-bosons which quickly decays
into proton - anti-proton pairs and photons (Z-bursts), eg. (Fetal., 2002;
Fargionet al, 1999), as can be seen in figli@.1. However, also the emis-
sion rate is strenghtened by the relic neutrino overdensity in the local universe.
With local universe is merz < 0.01 which corresponds to a sphere with radius
rezx < 50Mpc. In the local universe the overden3|tyﬂts< 2 (Ringwald and
Wong, 2004), hence the emission rate can’t be strengthened by clustering of relic
neutrinos in our local universe.

Shttpy//www.cerncourier.cofimairarticlg42/5/2/1
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Figure 8.1: An EECy (red) reacts with a relic anti-neutrindlue) and annihilates into
a Z-boson {reer), which decays into a proton - anti-proton pair€y) and photons
( ). The galaxy in the lower left corner corresponds to Earth.

But there’s still a way to exploit the local universe. If we have a "neutrino
telescope” with a good angular resolution, it would be possible to probe some of
the local clusters of galaxies in the GZK zone (sphere with radigs). Some
of these clustersM > 10'M,) have large clustering of relic neutrinos. If we
choose the Virgo clusteMy; =~ 8- 10 M), which spans around 1@Gcross
the sky, the AGASA, having an angular resolution ef 2°, would be able to
resolve the internal structures of the cluster. From the original data from RW the
average overdensity is estimated to-bé5 form, = 0.6 eV neutrinos and 5 for
m, = 0.15 eV neutrinos. If we compare the overdensities fromNhe = 10'° M,
configurations in RW and my calculations, we see that my data is either higher
or lower depending on which of the NFW versions we're using (see the figures in
chapters 2, 3,4 and appendix A).

If we're looking at my original NFW, we've seen in chapter 2 that my data
is roughly a factor~ 2 for m, = 0.15eV neutrinos and 8 form, = 0.6eV
neutrinos higher than the RW data. This results in my average overdensities to be
the corresponding factors higher. Thus, it'll enhance the emission rate in the Virgo
cluster quiet significantly and therefore strengthen the possibility of detecting relic
neutrinos.

The same enhancement is seen in the energy modified NFW from chapter 3.
The dfect of the inclusion of the gravitational potential energy for the unbound
neutrinos didn’t have a large impact on the total overdensities in théviOhalos.

Only at large distances in the halo did we see a small enhancement of the over
densities, as described in chapter 3.

If we, however, turn to the phase-space modified NFW from chapter 4, we see

’Akemo Giant Air Shower Array - httgjwww-akeno.icrr.u-tokyo.ac.jAGASA/
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that the data isn’t strengthened anymore, but is weakened instead, as previously
described. For the lighth, = 0.15eV neutrinos the drop factor is roughty 3

while it's as high as- 20— 30 for heavym, = 0.6 eV neutrinos. This means that

the average overdensity will drop to aroug® for both the light and the heavy
neutrinos.

So if assuming a mean coarse-grained phase-space distribution of the relic
neutrinos, it isn't likely that detection would be possible using a neutrino detector
like the AGASA with a high angular resolution. It seems that relic neutrinos
won'’t be detected using any of the above mentioned methods in the near future.
Experimental techniques needs to be improved if we want to detect relic neutrinos.
Of course detection would be enhanced if the neutrino weighed more. However,
(Tegmarket al, 2004) states that none of the three known neutrino types can
weigh more tham, = 0.6 eV.
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CHAPTER 9

CONCLUSION

Detection of relic neutrinos is highly depend on clusteriftg@&s in the galactic
halos. A large clustering of relic neutrino is crucial for all techniques which are
being used and proposed in odfags for their detection.

I've studied relic neutrino clustering in NFW halos with the purpose of ex-
tending the ideas this thesis was build on. Futhermore, I've discussed some of the
techniques of detection which have been studied and proposed.

In the conclusion I'll briefly summarize what has been done and what results
have been obtained in this thesis. The question "What implacations does my study
have on the continuing quest for the detection of the relic neutrino?” will be dis-
cussed as well.
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9.1 Conclusion

With the introduction of the cold dark matter NFW halos, numerical calculations
of neutrino clustering were carried out. Both bound and unbound relic neutrinos
were accounted for. However, the bound neutrinos were assumed to have a con-
stant maximum fine-grained phase-space occupation numbiet &5 given the
argument that filling of the gravitational potential would be done by the slowest
neutrinos, all withp ~ 0. Furthermore, gravitational potential energy of the un-
bound relic neutrinos were ignored completely. This setup proved to keep within
a modern version of the Tremaine-Gunn bound, which is a limit for the overden-
sity taken by neutrinos in a cold dark matter halo. For very light configurations,
however, the Tremaine-Gunn bound was exceeded due to the fact that unbound
neutrinos where the dominant type of neutrinos. A comparison, between my data
and the data provided by RW, revealed a larger clusteriferiein most of my

data. Reasons were discussed. Besides looking at overdensities in NFW halos,
calculations of the mass occupied by relic neutrinos in each halo were carried out.
This was done to examine whether or not self-gravitation of the neutrinos should
be included as well. If the total mass of the neutrinos exceeded the physical mass
of the NFW halo this would be crucial. However, it was seen that self-gravitation
wasn’t needed in the calculations.

One thing was needed in the calculations though: An inclusion of the gravi-
tational potential energy for the unbound neutrinos. Eventhough the gravitational
potential would be filled by bound neutrinos, unbound neutrinos would still be
attracted and cluster up around the center of the NFW halo. An increase in over-
density for the unbound neutrinos was seen as a result of this. This lead to an
increase in the mass used by the unbound neutrinos. Also, a calculation of a
maximum radius of the NFW halos in question was made in order to get a more
realistic image of the NFW halos.

Phase-space for the bound neutrinos was discussed in detail and a switch from
fine-grainedf = 0.5 neutrinos to a mean coarse-grained occupation number was
made. By introducing the coarse-grained phase-space occupation number to the
bound neutrinos, a sudden drop was seen in the overdensity as well as in the
enhancement of observing these relic neutrinos using cosmic rays.

Clustering around massive black holes such as the ones residing in the center
of many galaxies was also briefly discussed with the intention of combining an
NFW halo with a massive black hole. However, it was shown that the influence of
these black holes only was sizeable a limited distance. By combining NFW halos
with super-massive central black holes the overdensities were studied. This told
us that no large enhancement was seen in the clustering of relic neutrinos once we
were a certain distance away. At the location of the Earth no enhancement would
have been seen.
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A short trip to our Solar System was made as well. This just to see how
much dfect the gravitational potential from our Sun (and the Earth) would have
on relic neutrinos. Thisféect would be an enhancement of the local overdensity
of neutrinos already residing here (eg. solar neutrinos). The Earth proved to have
no dfect on the relic neutrinos while the Sun had some clustering around itself.
This clustering, however, declined rapidly as we moved out into the Solar System.

After discussing relic neutrino clustering in graviational potentials, | turned to
look at what éect the clustering had on our chances of detecing the relic neutri-
nos.

Detection using a present day Cavendish torsion balance is out of the question
even if clustering were dramatically higher. An increase in the order bfi%0
needed just to get the acceleration of the neutrino wind up to level with the present
day minimum measurable acceleration.

With the present colliders such as LHC and the proposed VLHC we still would
be far from detection of relic neutrinos. Only around once per millinium would we
expect to see a reaction caused by a relic neutrino. Unless a ULHC is constructed
we’ll have to rely on the study of cosmic ray detection and the proposed Z-burst
scenario in our quest for the detection of relic neutrinos.

The detection of extremely energetic reaction products, in form of cosmic rays,
from annihilation of EEQ and local non-relativistic relic anti-neutrinos (and vice
versa) seems like the only possible way of detecting relic neutrinos. However, it
seems that relic neutrinos won't be detected in a nearby future if they indeed do
have a mean coarse-grained phase-space as stated in this thesis.

9.1.1 RWyvs. AM

So which study is the correct and most realistic? The study carried out by Ring-
wald & Wong or this thesis?

RW uses a time-evolving numerical simulation in which they run from an
initial redshiftz = 3 to the present day = 0. | only look at the present day
neutrinos withz = 0. An inclusion of time-evolution is preferable in the talk of
relic neutrinos clustering, since clustering fieetive atz ~ 2 — 0.

Instead of calculating the total Fermi-Dirac distribution for bound neutrinos
| find a mean coarse-grained occupation number, where RW uses the entire dis-
tribution. In light halos this doesn’t result in largeffégirences between the two
methods. However, in heavy halos the mean coarse-grained occupation number
becomes very low, which indicats that very fast neutrinos are bound to the halo.
This seems like a simplification of the true situation where the slow neutrinos
would be bound to the halo first. Also, to assume that only the slowest neutrinos
with the lowest momentap(~ 0) becomes bound, which yield the Fermi-Dirac
occupation numbef = 0.5, seems like a too large simplification. However, for
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light halos such as the 1M, halo the mean coarse-grained phase-space proba-
bly gives the most realistic image of how the bound neutrinos are packed in the
halo.

RW don't distinguish between bound and unbound neutrinos. They just sum
all the neutrinos over the entire momentum space. | clearly distinguish between
bound and unbound neutrinos and déatient calculations depending on which
of the two states we're dealing with. This is crucial since each of the two states
behaves dierently in the gravitational potential of the halos and point masses.

The matter of relic neutrino reservoir is also up for discussion. RW uses dif-
ferent reservoirs depending on which halo they’re doing calculations of. The light
halos have an almost infinite reservoir and the heavy halos have a relative small
reservoir. | use a finite reservoir at all times, no matter if the halos are light or
heavy. This seems more realistic since | directly calculate how far out the gravi-
tational potential extends for the halo in question.

| think it’s fair to conclude that neither of the studies are completely correct.
Both add good and bad arguments to the discussion of relic neutrino clustering
and their future detection. The subject of relic neutrino clustering isn’t a closed
chapter, the theories and simulations are still up for discussion.

9.2 Closing remarks

A more deep investigation and study of the detection of relic neutrinos using cos-

mic rays would have been preferable, however, time was against me. This field is
a hot topic at the moment, new detectors are being planned and build and more
research on the matter is being carried out. The quest continues.



81

APPENDIX A

ADDITIONAL PLOTS

Throughout this thesis only a few of the plots are shown in each chapter. This
appendix is dedicated to the remaining plots from chapters 2, 3, 4 and 6.
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A.1 Original NFW

Below are all the remaining plots from chapter 2

A.1.1 Number density
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Figure A.1. Number densities, normalized to present averaggfor m, = 0.3eV
neutrinos in aM;; = 102 M,, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn

bound.
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Figure A.2: Number densities, normalized to present averaggfor m, = 0.6 eV
neutrinos in aMyi; = 102 M, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn
bound.
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Figure A.3: Number densities, normalized to present averagefor m, = 0.15eV
neutrinos in aM;; = 103 M, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn
bound.
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Figure A.4. Number densities, normalized to present averaggfor m, = 0.6 eV
neutrinos in aMi; = 103 M,, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn
bound.
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Figure A.5: Number densities, normalized to present averaggefor m, = 0.15eV
neutrinos in aMyi; = 101*M,, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn
bound.
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Figure A.6: Number densities, normalized to present averaggfor m, = 0.6 eV
neutrinos in aM;; = 1014 M,, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn
bound.
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Figure A.7: Number densities, normalized to present averagefor m, = 0.15eV
neutrinos in aM;; = 10'° M, halo. The solid line displays the data from RW, the
X-line displays my numerical calculations and thdine shows the Tremaine-Gunn
bound.
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Figure A.8: Number densities, normalized to present averaggfor m, = 0.3eV

neutrinos in aMyi; = 10 M, halo. The solid line

displays the data from RW, the

X-line displays my numerical calculations and thdine shows the Tremaine-Gunn

bound.

A.1.2 Mass
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Figure A.9: A complete plot of neutrino mass used in the halorgr = 0.3eV

neutrino in aMlyiy = 1012 M, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed
mass as well as the NFW halo mass are plotted.
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Figure A.10: A complete plot of neutrino mass used in the halorgr= 0.6 eV
neutrino in aMy;; = 10*2 M, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed
mass as well as the NFW halo mass are plotted.
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Figure A.11: A complete plot of neutrino mass used in the halorfgr= 0.15eV
neutrino in aMy;; = 103 M,, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed
mass as well as the NFW halo mass are plotted.
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Figure A.12: A complete plot of neutrino mass used in the halorgr= 0.6 eV
neutrino in aMy;; = 10*3 M, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed

mass as well as the NFW halo mass are plotted.
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Figure A.13: A complete plot of neutrino mass used in the halorfgr= 0.15eV
neutrino in aMy;; = 101* M, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed

mass as well as the NFW halo mass are plotted.
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Figure A.14: A complete plot of neutrino mass used in the halorgr= 0.6 eV
neutrino in aMy;; = 10 M, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed
mass as well as the NFW halo mass are plotted.
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Figure A.15: A complete plot of neutrino mass used in the halorfgr= 0.15eV
neutrino in aMy;; = 10'° M, halo. The plot shows the total bound, the total unbound,
and the total neutrino mass used. Furthermore the total homogeneously distributed
mass as well as the NFW halo mass are plotted.
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Figure A.16: A complete plot of neutrino mass used in the halorgr= 0.3 eV
neutrino in aMy;; = 10'° M, halo. The plot shows the total bound, the total unbound,

and the total neutrino mass used. Furthermore the total homogeneously distributed

mass as well as the NFW halo mass are plotted.
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A.2 Energy modified NFW

Below are all the remaining plots from chapter 3

A.2.1 Number density
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Figure A.17: Number densities, normalized to present average for them, =
0.3eV neutrino in aVyj; = 102 M,, halo. Included in the plot are the data from RW
(solid line), original NFW data@-line) and the energy modified datd-{ine).
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Figure A.18: Number densities, normalized to present average for them, =
0.6 eV neutrino in alyi; = 102 M, halo. Included in the plot are the data from RW
(solid line), original NFW data((-line) and the energy modified datd-{ine).
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Figure A.19: Number densities,, normalized to present average for them, =
0.15 eV neutrino in ay;; = 102 M, halo. Included in the plot are the data from RW
(solid line), original NFW data(-line) and the energy modified daté-{ine).
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Figure A.20: Number densities, normalized to present average for them, =
0.6 eV neutrino in aVlyi; = 103 M, halo. Included in the plot are the data from RW
(solid line), original NFW data(-line) and the energy modified data-{ine).
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Figure A.21: Number densities), normalized to present average for them, =
0.15eV neutrino in @i = 1014 M, halo. Included in the plot are the data from RW
(solid line), original NFW data({-line) and the energy modified daté-{ine).



94 CHAPTER A - Additional plots

10000 £ — T — T — T — g
F — Ringwald & Wong | ]
i %—X AM - Modified data | |
(5—€) AM - Original data
1000

T
|

~ 100 =
= F E
10 —
1 Ll Ll Ll L
0,001 0,01 0,1 1
r (Mpc/h)

Figure A.22: Number densities, normalized to present average for them, =
0.6 eV neutrino in aM;; = 101* M, halo. Included in the plot are the data from RW
(solid line), original NFW data((-line) and the energy modified datd-{ine).
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Figure A.23: Number densities,, normalized to present average for them, =
0.15 eV neutrino in ay;; = 10 M, halo. Included in the plot are the data from RW
(solid line), original NFW data(-line) and the energy modified daté-{ine).
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Figure A.24: Number densities, normalized to present average for them, =
0.3eV neutrino in aVlyi; = 102 M, halo. Included in the plot are the data from RW
(solid line), original NFW data@-line) and the energy modified datd-{ine).
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Figure A.25: Unbound masses used iviir = 10> My, NFW halo. Neutrino mass
ism, = 0.3eV. The plot compares original NFW dat@-{ine) with the energy
modified data (X-line) Dashedline shows the homogeneously distributed neutrinos.
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Figure A.26: Unbound masses used ik = 10> My, NFW halo. Neutrino mass
ism, = 0.6eV. The plot compares original NFW dat@-(ine) with the energy
modified data (X-line) Dasheeline shows the homogeneously distributed neutrinos.
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Figure A.27: Unbound masses used ilV&; = 103 My, NFW halo. Neutrino mass
ism, = 0.15eV. The plot compares original NFW data-line) with the energy
modified data (X-line) Dasheeline shows the homogeneously distributed neutrinos.
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Figure A.28: Unbound masses used iV, = 10> My, NFW halo. Neutrino mass
ism, = 0.6eV. The plot compares original NFW dat@-(ine) with the energy
modified data (X-line) Dashe&line shows the homogeneously distributed neutrinos.
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Figure A.29: Unbound masses used ifvi;; = 10'* My NFW halo. Neutrino mass
ism, = 0.15eV. The plot compares original NFW dafa-{ine) with the energy
modified data (X-line) Dasheeline shows the homogeneously distributed neutrinos.
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Figure A.30: Unbound masses used ik = 10'* My NFW halo. Neutrino mass
ism, = 0.6eV. The plot compares original NFW dat@-(ine) with the energy
modified data (X-line) Dasheeline shows the homogeneously distributed neutrinos.
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Figure A.31: Unbound masses used invi;; = 10'> My NFW halo. Neutrino mass
ism, = 0.15eV. The plot compares original NFW data-line) with the energy
modified data (X-line) Dasheeline shows the homogeneously distributed neutrinos.
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Figure A.32: Unbound masses used iV = 10> M, NFW halo. Neutrino mass
ism, = 0.3eV. The plot compares original NFW dat@-(ine) with the energy
modified data (X-line) Dashe&line shows the homogeneously distributed neutrinos.
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A.3 Phase-space modified NFW

Below are all the remaining plots from chapter 4

A.3.1 Number density
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Figure A.33: Number densities, normalized to present average for them, =
0.3eV neutrino in aMy;; = 102 My, NFW halo. Included in the plot are the data
from RW (solid line), original NFW data’{-line) and the phase-space modified data
(X-line).
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Figure A.34: Number densities, normalized to present average for them, =

0.6 eV neutrino in aVlyiy = 102 My, NFW halo. Included in the plot are the data
from RW (solid line), original NFW data{-line) and the phase-space modified data
(X-line).
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Figure A.35: Number densities, normalized to present average for them, =
0.15eV neutrino in aMy;; = 10 My, NFW halo. Included in the plot are the data
from RW (solid line), original NFW data{-line) and the phase-space modified data
(X-line).
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Figure A.36: Number densities, normalized to present average for them, =

0.6 eV neutrino in aVlyiy = 103 My NFW halo. Included in the plot are the data
from RW (solid line), original NFW data’{-line) and the phase-space modified data
(X-line).
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Figure A.37: Number densities, normalized to present average for them, =
0.15eV neutrino in @My = 10" M, NFW halo. Included in the plot are the data
from RW (solid line), original NFW data’{-line) and the phase-space modified data
(X-line).
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Figure A.38: Number densities, normalized to present average for them, =
0.6eV neutrino in aMyi; = 10 My NFW halo.Included in the plot are the data
from RW (solid line), original NFW data{-line) and the phase-space modified data

(X-line).
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Figure A.39: Number densities, normalized to present average for them, =

0.15eV neutrino in avyiy = 10 Mg NFW halo.

Included in the plot are the data

from RW (solid line), original NFW data{-line) and the phase-space modified data

(X-line).
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Figure A.40: Number densities, normalized to present average for them, =
0.3eV neutrino in aMy;; = 10" My, NFW halo. Included in the plot are the data
from RW (solid line), original NFW data’{-line) and the phase-space modified data
(X-line).

A.3.2 Mass
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Figure A.41: Bound masses used il = 102 My, NFW halo. Neutrino mass is
m, = 0.3eV. The plot compares original NFW data-(ine) with the phase-space
modified data (X-line).
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Figure A.42: Bound masses used inM&i; = 101 My, NFW halo. Neutrino mass is
m, = 0.6eV. The plot compares original NFW data-(ine) with the phase-space
modified data (X-line).
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Figure A.43: Bound masses used inM&;; = 10> My, NFW halo. Neutrino mass is
m, = 0.15eV. The plot compares original NFW data-line) with the phase-space
modified data (X-line).
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Figure A.44: Bound masses used in\&;; = 10 My, NFW halo. Neutrino mass is
m, = 0.6eV. The plot compares original NFW data-(ine) with the phase-space
modified data (X-line).
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Figure A.45: Bound masses used in\&i; = 10'* My, NFW halo. Neutrino mass is
m, = 0.14eV. The plot compares original NFW data-fine) with the phase-space
modified data (X-line).
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Figure A.46: Bound masses used inM&i; = 10'* My, NFW halo. Neutrino mass is
m, = 0.6eV. The plot compares original NFW data-(ine) with the phase-space
modified data (X-line).
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Figure A.47: Bound masses used inM&;; = 10> My, NFW halo. Neutrino mass is
m, = 0.15eV. The plot compares original NFW data-line) with the phase-space
modified data (X-line).
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Figure A.48: Bound masses used in\;, = 10 My, NFW halo. Neutrino mass is
m, = 0.3eV. The plot compares original NFW data-(ine) with the phase-space
modified data (X-line).
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A.4 NFW + Black Hole

Below are all the remaining plots from chapter 6

A.4.1 Number density
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Figure A.49: Normalized number density in By, = 10 My, NFW halo with a
central 37 - 10° My, black hole. Neutrino mass i, = 0.3eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole X-line).
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Figure A.50: Normalized number density in By, = 10° My, NFW halo with a
central 37 - 10° M, black hole. Neutrino mass s, = 0.6 eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole X-line).
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Figure A.51: Normalized number density in By, = 10 My, NFW halo with a
central 37 - 10° M, black hole. Neutrino mass is, = 0.15eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole -line).
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Figure A.52: Normalized number density in By, = 10'*My, NFW halo with a
central 37 - 10° M,, black hole. Neutrino mass is, = 0.6eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole K-line).
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Figure A.53: Normalized number density in By, = 10*My, NFW halo with a
central 37 - 10° M, black hole. Neutrino mass i, = 0.15eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole X-line).
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Figure A.54: Normalized number density in By, = 10'* My NFW halo with a
central 37 - 10° M, black hole. Neutrino mass s, = 0.6 eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole X-line).
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Figure A.55: Normalized number density in By, = 10" My, NFW halo with a
central 37 - 10° M, black hole. Neutrino mass is, = 0.15eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole -line).
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Figure A.56: Normalized number density in By, = 10" My, NFW halo with a
central 37 - 10° M,, black hole. Neutrino mass is, = 0.3eV. The plot compares

the clean phase-space modified NFW (O-line) with the phase-space modified NFW
+ Black Hole K-line).

A.4.2 Mass
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Figure A.57: Total masses used inMy;; = 10> M, NFW halo with a central 3 -
10° My, black hole. Neutrino mass is, = 0.3eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBléck
Hole (X-line).
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Figure A.58: Total masses used inM,i; = 10> My, NFW halo with a central 3 -
10° M, black hole. Neutrino mass is, = 0.6eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBMck
Hole (X-line).
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Figure A.59: Total masses used inM,i; = 10" M, NFW halo with a central 3 -
10° M, black hole. Neutrino mass s, = 0.15eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBMck
Hole (X-line).
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Figure A.60: Total masses used inM,;; = 10" My, NFW halo with a central 3 -
10° My, black hole. Neutrino mass is, = 0.6eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBIéck
Hole (X-line).
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Figure A.61: Total masses used inM,i; = 10** M, NFW halo with a central 3 -
10° M, black hole. Neutrino mass is, = 0.15eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBlIéck
Hole (X-line).
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Figure A.62: Total masses used inM,i; = 10** My NFW halo with a central 3 -
10° M, black hole. Neutrino mass is, = 0.6eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBMck
Hole (X-line).
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Figure A.63: Total masses used inM,i; = 10*® My NFW halo with a central 3 -
10° M, black hole. Neutrino mass im, = 0.15eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBMck
Hole (X-line).
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Figure A.64: Total masses used inM,;; = 10*®> My NFW halo with a central 3 -
10° My, black hole. Neutrino mass is, = 0.3eV. The plot compares the clean
phase-space modified NFW (O-line) with the phase-space modified NBMck
Hole (X-line).
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