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“Dark Matter Dark matter is an idea. The Universe behaves in a way that cannot be ex-
plained by the amount of material we can see. A galaxy would have to be about ten times
bigger than the galaxy we can see to explain its behaviour. Scientists don’t know what else
might be present — they can’t see anything — so they call the missing part dark matter. It
could be particles, or very small dim stars, or black holes — some scientists think dark matter
could be hot, and some think it could be cold. Discussions — and research — continue. ”

Stephen Hawking, Unlocking the Universe






vii

EBERHARD KARLS UNIVERSITAT TUBINGEN

Abstract

Institut fiir Astronomie und Astrophysik Tiibingen (IAAT)
Master Astro and Particle Physics

Dark Stars: Review and Open Questions

by Chirag MEHROTRA (Matrikelnr: 5340174)

The first objects are theorised to be formed at the center of high density dark matter
halos. These objects are POPIII stars which are massive and heavy. Spolyar, Freeze
and Paolo in their work titled "Dark matter and the first stars: a new phase of stel-
lar evolution"[1] proposed that very first stars use energy released by dark matter
dark matter annihilation instead of thermonuclear fusion to keep the star in equi-
librium against its own gravitational contraction. These stars, called "Dark Stars",
even though use dark matter-dark matter annihilation as their main energy source,
are made up of almost entirely of hydrogen and helium. We sought to look into and
examine the theoretical work on dark stars in this study. We will study on the ways
a dark star can be born. The three criteria i.e. high dark matter density, dark matter
annihilation products gets trapped at the stellar surface and dark matter-dark matter
annihilation is the major heating/cooling mechanism in the star, should be fulfilled
in order to be a star called a dark star. We have discussed in detail how dark matter
can be collected via adiabatic contraction and scattering capture and how a dark star
evolves.Here we follow different works on the evolution of dark stars.

These stars can be giant, puffy (~ 10AU) and cool surface temperature objects
(~ 10,000K)[2]. They can be detected using the, now launched, James Webb Space
Telescope. Two works on the detectability of dark stars by the JWST are discussed,
one for the supermassive dark stars with masses > 10° M, and other for dark stars
with masses 10 M, which can be detected by JWST by phenomenon of gravitational
microlensing. The signatures of dark stars in Cosmic Microwave Background and its
effects on reionization can also be good indication for their presence. Open questions
like ,we have discussed, how dark stars can be a possible solution to "Paradox of Youth
problem" and if galactic center can be a suitable location for survival of dark stars.
We have also discussed if the stellar clusters can show some signatures of effects of
dark matter annihilation which can be also a good place for hunting of dark stars.
When dark stars use up all their dark matter, they can collapse directly to black holes
which can act as seeds for supermassive black holes. The dark stars can also form
the missing black holes masses which are observed via LIGO and Virgo but are not
predicted theoretically. Lastly, we have also run three exemplar simulation codes on
"DarkStars" developed by P. Scott, J. Edjs6 and M. Fairbairn [3], which is a simulation
code studying the evolution of dark stellar properties, on our system to virtually see
the capture of dark matter and evolution of dark star’s properties in three different
dark matter density profiles. These codes are very basic and were run for a 1M, star.
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Chapter 1

Introduction

The current theory for the birth of the Universe is that of Universe being born from
an infinitely dense space-time singularity which exploded around 13.7 billion years
ago, known as the Big Bang. The Big Bang theory is a remarkably simple theory
built on two pillars: the Einstein’s theory of general relativity and the assumption
that the universe is isotropic and homogeneous on large scales[4].This theory has
had a number of important successes: it can explain the observed expansion of the
universe; the thermal microwave background radiation; the observed abundances of
deuterium, helium, and lithium; and the rapid evolution seen in distant galaxies[4]
[5] [6]. After the Big Bang, the Universe underwent different epochs[7]:

The first epoch in the history of the Universe was known as the Planck epoch,
which lasted until t ~ 107%3 s (kT ~ 10" GeV) after the Big Bang. It is thought
that quantum adjustments to our current theory of gravity are important to de-
fine this epoch when all of the fundamental forces may have been united.(Refer
to [8] for evolution of the Universe through this era.)

Gravity dissociated from the other fundamental forces defined by the grand
unified theory during the GUT epoch, which lasted approximately t ~ 10~%3s —
107%°s. There were all known particles as well as particles from additional
theories such as super-symmetry (SUSY). The end of this period was caused
by the breaking of symmetry between the strong and electroweak forces.

The Quark era happened at t ~ 107 !!s. The symmetry between the electro-
magnetic and weak forces was broken. It is also hypothesized that the Higgs
mechanism occurred at this time.

During the Hadron epoch, which started t ~ 10~°s after the big bang, quarks
and gluons no longer survive as independent particles, but instead formed
quark bound states and condensed to hadrons and mesons. With a further fall
in temperature, the hadrons annihilate, resulting in a minor asymmetry. A tiny
percentage of hadrons survived as a result of this asymmetry (stable neutrons
and protons).

As the Universe continued to expand, the temperature of the Universe dropped
turther, causing the charged tauons and muons to vanish within the first mi-
croseconds. However, the pair production process was still ongoing, resulting
in an excess of electrons, kicking off the lepton epoch since there were 107 times
more electrons than protons or neutrons.

The different kinds of fermions and bosons would have been in thermal equilib-
rium if kT > mc?. As the Universe expands and temperature falls, the collision
probability becomes too tiny, and particles freeze out.
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¢ The neutrino separated from the rest of the particles at kT ~ 2MeV, or t ~ 1s,
since the reaction v + 7 — e* + ¢~ could no longer take place. They had a
temperature of T, « 1/R !, generating a cosmic neutrino background similar
to the Cosmic Microwave Background.

¢ After 2 seconds of the Big Bang, the neutron-to-proton ratio decreases because
the temperature drops less than the rest mass energy. When the temperature
fell below the rest mass energy of electrons and positrons, they began to decay
via the reaction e” + e~ — 7 + 1, creating more photons and initiating the
photon epoch. After 2 minutes, the first elements are formed. Because deuterium
could no longer decay, nucleosynthesis occurrs.

¢ The shift from a radiation-dominated to a matter-dominated epoch occurred
around 10000 years after the big bang. The decoupling of photons from the
matter that produces the CMB began roughly 350000 years. Large structure
formation became feasible after this epoch.

The energy-matter content of Universe comprises of dark energy, dark matter
and baryonic matter. According to recent Planck mission results[9], the inferred
(model-based) late-Universe parameters parameters, assuming the base-A CDM model
are: Hubble Constant Hy = 67.4 4 0.5kms™ Mpc™!; matter density parameter Q,,, =
0.315 4+ 0.007. The dark matter and baryonic density is Qh?% = 0.120 £ 0.001 and
Qph? = 0.0224 £ 0.0001 respectively.

The standard cosmological structure formation model covers the shape and ma-
terial composition of the universe (galaxies of different kinds and sizes, groups and
clusters of galaxies, complete space networks of filaments and cavities that are virtu-
ally uniform at high temperatures). These patterns appear to be the result of quan-
tum zero point fluctuations created during the early inflationary phase of the uni-
verse. Over the next few years, these small-density perturbations were reinforced
primarily by the relentless action of gravity by dark matter, but illuminated by com-
plex astrophysical phenomena involving ordinary matter[10].

In this work we will look into the effects of dark matter on stellar formation and
evolution. First proposed by [1], these stars use dark matter-dark matter annihila-
tion as their primary energy source, instead of nuclear fusion, to keep themselves
in hydrostatic and thermal equilibrium even though these stars are made (almost
entirely) of hydrogen and helium. They called these stars Dark Stars.The WIMP or
Weakly Interacting Massive Particle is the preferred model of dark matter. These are
the stars that were born when Universe was roughly 200 million years old at redshift
z = 10 — 15 ending the dark ages of the Universe and can grow as long as there is
dark matter to power it, therefore it can reach the mass of 10’ M., with luminosity
101 Lo [2].

In subsequent sections we will look into evidences and role of dark matter in
structure formation; search strategies for dark matter and their properties; and why
WIMPs are popular model of dark matter. In chapter 2 we will briefly look into the
physics of Dark Matter-Dark Matter annihilation, in chapter 3 we will discuss Dark
Stars in detail i.e. the 3 criteria to form dark stars, if other models of dark matter can
form dark stars and their main energy sources are discussed. In chapter 4 we will
look into scattering capture of dark matter by the stars; in chapter 5 we will look into
the simulations and evolution of dark stars. Chapter 6 will be dedicated towards the
observation of dark stars directly (using James Webb Space Telescope and Hubble

lwhere R is the scale factor
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Space Telescope) or indirectly (signatures in Cosmic Microwave Background and re-
ionization, Extragalactic Background Light). In chapter 7, we have discussed open
questions like Paradox of Youth, effects of dark matter on different stages of stellar
evolution, if dark stars can be found in stellar clusters and if Dark Stars can be the
solution to black holes masses found by LIGO and Virgo collaborations, which were
not predicted by current stellar evolution theorem and if the Dark Stars can be seeds
to Supermassive black holes. We will also see the capabilities and how code "Dark-
Stars" work, developed by [3], and run very simple codes for dark star evolution in
three different dark matter density profiles. The 1M, star in these codes collect dark
matter via capture scattering. Finally, in chapter 8 we will summarize the thesis.

1.1 Evidences and role of Dark Matter in Structure Forma-
tion

In 1933, Zwicky published unambiguous evidence for Dark Matter in the Coma
galaxy cluster[11]; in 1939, Babcock’s rotation curve for the Andromeda Nebula [12]
indicated that much of its mass is at large radius. In 1959, Kahn and Woltjer ar-
gued that the total mass of the Milky Way and Andromeda galaxies must be much
larger than their stellar mass in order to explain why they are currently approach-
ing each other[13].The hypothesis that galaxies and galaxy clusters are surrounded
by huge dark matter halos is getting a good test since 1970’s. The influential, based
on observations, papers of Ostriker, Peebles and Yahil[14] and Einasto,Kaasik,Saar,
and Chernin[15] and with Ostriker and Peebles’ theoretical argument that massive
halos are required to stabilize spiral galaxy disks[16]. Within four years, a hierar-
chically merging population of dark matter halos formed the basis for the galaxy
formation scenario proposed by White and Reese[17], providing the gravitational
potential well within which gas cools and condenses to form galaxies[10].

1.2 Search for Dark Matter

6"58M42° 36° 30° 24° 18° 12*

FIGURE 1.1: Bullet Cluster mass density contours (green) and the dis-
tribution of baryonic matter. Credit: [18]
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Dark matter have the following properties[19]:

¢ Dark Matter cannot be baryons because if baryons make up dark matter then
the CMB and cosmic web of structures would look radically different and
the abundance of light elements created during big bang nucleosynthesis de-
pends strongly on the baryonic density(refer[20] and references therein). Also
from the recent Planck observations[9], the baryonic matter density is around
Oph? = 0.02237 4 0.00015.

¢ Dark Matter cannot be light sub-keV-mass particles unless they were created
via a phase transition in the early universe like QCD axions[21], this is because
light particles are relativistic in earlier times and thus fly out of small scale
density perturbations.

¢ Dark matter is electromagnetically neutral. There are strong constraints on the
electromagnetic of dark matter[22].

e From the observations of the Bullet cluster, we see that the dark matter clouds
pass without any or some interaction which means that they interact with
baryonic matter weakly. Self-interaction of dark matter is important to be con-
sidered as they will have effects on structure formation. In our case the dark
matter self annihilation being the energy source for the dark stars.

A Dark Matter Dark Matter
E ——— A pPo——— 5
S Some Kind of =
B Interaction §
o ——d — =}
Standard Model Standard Model v
Particle Particle

Y

Direct detection

FIGURE 1.2: A toy Feynman Diagram for the search strategies which
depends on the direction in which one looks at the diagram

The detection of dark matter depends on the type and strength of interactions
with baryonic matter. As seen in figure 1.2, there are three main strategies for de-
tection of dark matter. Going through diagram from bottom-to-top, we produce
dark matter particles using Standard-Model particles. This technique is used in col-
liders like the Large Hadron Collider. Reading the diagram sideways(left-to-right),
we are looking for the effects on Standard-model particles induced by their interac-
tions with dark matter. When we look at the diagram from top-to-bottom, we are
looking for Standard-model particles produced by annihilation of the dark matter or
decays(refer [19] and references therein, for details in observations of dark matter.)
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1.3 Weakly Interacting Massive Particles or WIMPs

WIMPs are considered to be among the best motivated dark matter candidates. This
candidate was first introduced by Steigman & Turner[23]. The key features of this
candidate are: interactions around or near typical weak-force interaction, particle
masses near the weak scale (m ~ 100GeV). This candidate class has the additional
features that it may naturally make up all the dark matter in the Universe.Many
WIMP candidates are antiparticles of their own and when they first come into ther-
mal equilibrium in the early universe, they annihilate each other, leaving a pre-
dictable amount of them today. A huge percentage of WIMPs freeze out when the
annihilation rate falls below the Hubble expansion rate.The relic density of these
particles is approximately [2][24][25]

) 3x1077e

Oyh* ~ oS (1.1)
where (), is the fraction of the energy density in the Universe today in the form of
WIMPs; h is the Hubble constant in the units of 100km/s/Mpc.WIMPs naturally
make up about the proper dark matter density today on the assumption that the
annihilation cross section (0v) is governed by the weak interaction strength. This
occurrence is referred to as "the WIMP miracle." This is why WIMPs are seen as a
viable Dark Matter contender[2].

Not only do WIMPs exist naturally in particle theories described to solve prob-
lems unrelated to Dark Matter, but Super-symmetric (SUSY) Extension of the stan-
dard model of particle physics predicts the presence of additional companions for
each particle in the standard model, with the lightest of these being dark matter
candidates given R-parity. The lightest neutralino in the Minimal Super-symmetric
Standard Model, in particular, is a promising WIMP candidate. WIMP dark matter
candidates may be present in models with universal extra dimensions, for example
Kaluza-Klein particles[2].






Chapter 2

Dark Matter Annihilation

In this chapter, we will look into the annihilation of WIMPs into Fermions, Gauge
Bosons, Higgs Bosons and photons briefly.

2.1 Annihilation Into Fermions

Neutralinos can annihilate to fermion pairs by the tree level diagrams. These pro-
cesses consist of s-channel exchange of pseudoscalar Higgs and Z%-bosons and t-
channel exchange of s-fermions [24][25]. Calculations shown here are taken from
[24] and [25] and credit is given to the authors of them.

i i
X ! X I
( il 7
; 7 . x

FIGURE 2.1: Tree level diagrams for neutralino annihilation into
fermion pairs.Credit:[24][25]

The amplitude for pseudoscalar Higgs exchange is given by

1

R

AA = 4\/§gTA11hAff4 — (21)

Here, m, is the pseudoscalar Higgs mass and I'4 is the pseudoscalar Higgs
width. T4q; is the A%-neutralino-neutralino coupling and is given by

Tan = — Sin(ﬁQI,l) + COS(:BSIJ) (2.2)
where,

Q11 = N31(Np1 — tan(@wNy 1) (2.3)
and

S11 = Ng1(Nap1 — tan(@wNy 1) (2.4)

N is the matrix which diagonalizes the neutralino mass matrix ( for neutralino mass
eigenstates, refer to appendix A of [24]). O is the Weinberg angel and tan(p) is
the ratio of the Higgs vacuum expectation value. hyyy is the A’-fermion-fermion
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Yukawa coupling. For up-type fermions, this is given by

gmycotp
hafp = ———F—— 2.5
Aff 2mE, (2.5)
For down-type fermions, it is given as
gmytan B
hafr = —"—F—F— 2.6
Aff 2mE (2.6)

The amplitude for the neutralino annihilation via sfermion exchange to a pair of
fermions, fi, f; is given as

61 ., ;o M, C
Ap=V2Y, F([(Xz‘jl)z + (Wijl)z]mif + 2 X3 Wiy 2.7)
=11 X
where m
fiy2 my,
P;=1 — ) —(— 2.
=1 G- () 2

and the sum is over the six sfermion states which couple to the final state fermion.
The fermion-sfermion-neutralino couplings,

Xz,'jl = X1(T11O¢);j + Zik1 (TIROF )y ; (2.9)
and
Wi/jl = Y1(IIrOy)i; + Zijo1 (11LOf ) (2.10)
where
X1 = —gV2[T3(fi) N3y — tan 6w (T3(fi) — e(fi))Ni] (2.11)
and
Y1 = gV2tanBye(fi) N7, (2.12)

For final state up-type quark,

8 +
Zii1=— O; ;N 2.13
b \/EmWi sin bl ( )
For final state down-type quark,
8 *
Ziig=——F7="——0; N 2.14
£ V/2myy= cos B KA @14
And for final state leptons,
8 *
Zijg=——F7=—"——0;;N 2.15
W V2mycosp @15

Here, T3(fi) and e(fi) are the weak hypercharge and electric charge of the final
state fermion. N, again is the matrix which diagonalizes the neutrino mass matrix.
©y’s are the appropriate 6 x 6 sfermion mass matrices and I r are left and right

projection operators:
100
IT;, = ( 010 ) (2.16)
0 01

o O O

0
0
0

oS O O
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Ig =

o O O
S = O

0
0
1

S O -

00
10 2.17)
0 1

Lastly, the amplitude for neutralino annihilation to fermions via Z exchange is
given by

2
Zz

2
g L Mgy
Az =2V2—S—07T5(f;) — 2.18
z \[cosz Oy 3(fi) m (2.18)
where T3(f;) is the weak hypercharge of the fermion. The coupling OlLl is given by
3(=N31N3; + Ny1Nj ).
Summing these all contributions to the amplitude, we can calculate the cross
section for this process as

ugﬁfmszx(m — Ff) + A xx — Ff) + Az(xx — Ff)P

X
(2.19)

oo(XX — fifi)o—0 =

h i
where fr = /1 — i
states and one otherwise.

All tree level low velocity neutralino annihilation diagrams to fermion pairs have
amplitudes proportional to the final fermion mass. This is due to the fact that for
sfermion and Z° exchange, the Z9-fermion-fermion and neutralino-fermion-fermion
connections maintain chirality.

The amplitude introduces an explicit factor of the fermion mass in the Yukawa
coupling for pseudoscalar Higgs exchange. It's also worth mentioning that the
Yukawa coupling is proportional to tan  for down-type quarks and cot g for up-
type quarks in the pseudoscalar Higgs exchange amplitude. As a result of these
results, heavy final states (bb, tau~tau™, and, if kinematics permitted, tf) will domi-
nate neutralino annihilation into fermions. Furthermore, if tan 8 is big, bottom-type
fermions, even if less heavy, may prevail over up-type fermions. Even for neutrali-
nos, annihilation to bb may dominate over tf.

¢r is a colour factor which is equal to three for quark final

2.2 Annihilation into Gauge Bosons

Neutralinos can annihilate into gauge bosons via several processes[24]. Calculations
shown here are taken from [24] and [25] and credit is given to the authors of them.

X W
M
b W . P
x z
X W nH
> hH < An P
x
z
* W x z

FIGURE 2.2: Tree level diagrams for neutralino annihilation into
gauge bosons pairs.Credit: [24][25]
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In the low velocity limit, the amplitude for neutrino annihilation to W*-pair is
given by

2
- 1
Alx — WIW oo =2v26ug” L[(01,)° + (0515 220)
n=1

n

where By = /1——% and P, = 1+ ( ) - (’%V)2 The sum is over chargino

states. Of , = &—%NMVM + N2, VY, and Of{n = %Ng‘,l Uz + Ny, Uy, are the neu-
tralino couplings to charginos, where N is the matrix which diagonalizes the neu-
tralino mass matrix. The V’s and U’s are components of the chargino mass matrix,
in the basis.

[ cosp_ —sing_
U= < sing_  cos¢ > 221)
and
[ cosp, —singy
V= ( sing, cos¢_ ) 222)
where (usinf 1 M 5)
+ M; cos
tan2¢ = 2/ 2my—d 2.23
? VMR 2 2m3,; cos B) 2.23)
e (j1cos p + Mysinp)
ucosp+ Mpsin
tan2¢, = 2v2my (2.24)
! (M3 — 2 — 22, cos B)
The amplitude for the annihilation to Z%-pairs is similar:
2 4 . 1
A(xx — Z°Z2%50 = 4fﬁzCO829 Z(om) 7 (2.25)

=1

Here, 7 = /1 — % and P, =1+ (m)‘") — (22)2, The sum is over neutralino

my
states. Also, Oan = Q(—N3,1N3,n + N4,1Ni‘,n)
The low velocity annihilation cross section for this mode is given by

1
Sc 1287rm2

cv(xx — GG)poo = |A(xx — GG)|? (2.26)

where G indicates which gauge boson is being considered. Sg is a statistical factor
equal to one for WTW~ and two for Z°Z°. It should be noted that pure-gaugino
neutralinos have no S-wave annihilation amplitude to gauge bosons. Pure-higgsinos
or mixed higgsino-gauginos, however, can annihilate efficiently via these channels,
even at low velocities.

2.3 Annihilation Into Higgs Bosons

There are many tree level diagrams which contribute to neutralino annihilation into
Higgs boson pairs or a Higgs boson and a gauge boson. In the low velocity limit, the
amplitude for neutralino annihilation to a Z° and a light neutral Higgs h°, is given
by[24]
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H ) Z . .
e H h X 4

FIGURE 2.3: Tree level diagrams for neutralino annihilation into Z
and Higgs boson. Credit:[24] [25]

n~ My | ornx sin(p — a)

01,0 My 82 = 1, My
A(xx = 210 = —2V2B 70—~ 2y O T
n=1

my cos Oy my Py L1, cos Ow
2 2 —B)T
X —2v2B g9 - COS,E;‘ [_3> AL
COS Owy _ mi;lé + ZFA%
(2.27)

where I'4 is the pseudoscalar Higgs width and Tj; , is the h° — xo — x» Yukawa
coupling. Also, Oan = N31(Ny, — tanOywNy ;) /2 + N3, (Nyp — tanOywNy 1) /2 and
Py =1+ (myn/my)? —1/2(mz/my)*> —1/2(my,/my)?. tan B is the ratio of the Higgs
vacuum expectation values and the mixing angle, «, is related to by

2 2
m2; +m
sin2a = — sin2p | " (2.28)
mi, — m;
and
m?, — m>
cos2 = —cos2p (H (2.29)
mi, —ms

The terms of Eq.2.27 correspond to neutralino, Z° and A° exchange, from first to last.
The expression for neutralino annihilations to a Z%and a heavy Higgs boson, H 0
is the same, but with sin(B«) and cos(ap) exchanged, and the couplings and masses
of h¥ replaced by the couplings and masses of H?. These Yukawa couplings are given
by

Th1,n = sin (xQ'{,n + cos th'l',n (2.30)

and
Ty = —cosaQq, +sinaS; , (2.31)

Here, S'l',n = Ni1(Npy —tan6y)/2 4 Nay(Nog — tan 6Ny 1) /2. Q'l',n is defined
above.
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FIGURE 2.4: Tree level diagrams for neutralino annihilation into a W=
and Higgs boson or a pair of Higgs bosons. Credit:[24] [25]

The amplitude for annihilation to a W* and a charged Higgs boson is given by

1 2 m OR 'R OL Q’L 1 2 moy OR Q’L o OL Q’R
A WiH; — 42 2 (2 X Mn=ln 1n=<1n = Xn 1n=<1n 1n=<1n
(xx — Jos0 = 4V2Bwng [2 Y _— B +5 n;l " B

n=1

T
42 2| My L A11

(2.32)
where P, = 1+ (m,+/my)* —1/2(my+ /my)* —1/2(my/my)?. Of, and Of,

are couplings given earlier.

* * 1 * * *

'L
Qum = cosp

and

1
N3nulm — \/; (Nzn + tan elen) UQm (234)

QR =sinp

are the chargino-neutralino-charged Higgs couplings where each of the quantities
have been defined above.

Chargino exchange is represented by the first and second terms in Eq.(2.32). The
pseudoscalar Higgs exchange is the third term. The scalar Higgs exchange has no
low velocity contribution.

“HO, j

FIGURE 2.5: Tree level diagrams for neutralino annihilation into
a neutral Higgs boson and a pseudoscalar Higgs bosons. Credit:
[24][25]

The low velocity amplitude for neutralino annihilation into one neutral Higgs
boson and one pseudoscalar Higgs boson is given by



2.4. Annihilation into Photons 13

040 2 : Myxn mi‘ - mi ]
A(xx = h°A%), o= V2g* -4 Y TiouTy, 5 .
= my Py m ]

X
myz sin(a + ) cos 2 T a00 ]
292 | —2—=% 2.35
xV2g [ 1y 2 cos Oy 4—m%/m2 (2.35)

2 2
2 cos* Oy ms

x/2g? [_ cos(a — B)Oygp Mm% — m;

Here, P, = 1+ (mxn/mx)2 —-1/2 (mA/mX)2 —-1/2 (mh/mx)z. The other quan-
tities have been already defined before. The amplitude for a similar process with
a heavy Higgs boson rather than a light Higgs boson in the end state is the same,
but with sin(a + B) and cos(a — B) swapped out and the light Higgs couplings and
masses replaced with those for the heavy Higgs boson. There is no amplitude for
neutralino annihilations to HtH~, h°h°, HOHY, A°A° or Z0A? at the low velocity
limit. The low velocity cross section for neutralino annihilation via any of these
modes is

Y
X

where X and Y are labels referring to the final state particles.

2.4 Annihilation into Photons

While no tree level processes exist for neutralino annihilation into photons, loop
processes to 7y and yZ? are extremely intriguing since they may produce a spectral
line characteristic detectable in indirect detection techniques. Fig. 2.6 depicts all of
the one-loop diagrams for neutralino annihilation to a pair of photons. In Fig 2.7
and 2.8, are Feynman diagrams of annihilation of neutralino to a photon and a Z°
are shown. Kindly refer to [26] and [27] for 7y and 7 Z0 final states respectively. Also
refer to [28].
The annihilation process” amplitude can be factored in the form

o2
A=—2
2272

where €1,€; and «1,k; are the polarization tensors and momenta of the two outgoing
photons, respectively.
The cross-section is given as

(€1,€2,K1,%2) A (2.37)

amy
002 = 103 |A| (2.38)
where the total amplitude as the sum of the contributions obtained from the four
different classes of diagrams: A = A7 + Ay + Aw + Ag The single contributions
are listed in Ref.[26]

The amplitude for the annihilation of neutralino to photon and Z° is factorised
as

e _
= —¢€(e,6,K1,K) A 2.39
2272 (e €21, k2) (2.39)
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FIGURE 2.6: Diagrams contributing, at one loop level, to neutralino
annihilation into two photons. Credit: [24][26]

where €1, k1 are polarisation tensor and momentum of the photon in the final state,
and €;,x; refer to the polarization tensor and the momentum of the Z°. The cross-
section is given as:

3
3274 mi '

00z =

The total amplitude is given as A = A7 + Ay + Aw + Ag The details of the single
contribution are listed in Ref[27]
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FIGURE 2.7: Diagrams contributing, at one loop level, to neutralino
annihilation into a photon and a Z0. Credit: [24][27]

FIGURE 2.8: Diagrams contributing, at one loop level, to neutralino
annihilation into a photon and a Z0. Credit: [24][27]
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Chapter 3

Dark Stars: A New Stage in Stellar
Evolution

The dark ages came to an end when the first stars were born. These earliest stars
are assumed to have been born inside halos of mass ~ 10°M® which are made up
of 85% dark matter and 15% baryons in the form of H and He at redshift z = 10 —
15 when the Universe was around 200 million years old. For reviews of standard
picture of the formation of the first stars refer [29][30][31][32] to name a few. The
baryonic matter cools and collapses via molecular hydrogen cooling [33] into a single
small protostar [34] at the center of the halo.

Spolyar, Freese and Gondolo [1] proposed that these very first stars might use
the energy released by dark matter-dark matter annihilation rather than fusion as
their primary energy source to keep themselves in equilibrium against their own
gravitational contraction. They called these stars "Dark Stars". As will be shown in
Chapter 5 (Evolution of Dark Stars), these stars are much more colder and long lived
than the fusion powered stars. For a star to be born as dark star the following three
criteria has to be fulfilled[1][2]:

1. High Dark Matter Density inside the star
2. Dark Matter annihilation products become trapped inside the star

3. Dark matter-dark matter annihilation is the major heating/cooling mechanism
in the star.

3.1 The Three Criteria

3.1.1 Criteria 1: High Dark Matter density

The energy source for Dark Stars is dark matter annihilation. The annihilation rate
is given as [2]

nf( (ov) (3.1)

where 1, is the WIMP number density and (o) is the annihilation cross-section.
For various low velocity WIMP annihilation scenarios, the cross-section is given in
Chapter 2. But for sake simplicity let us assume the standard annihilation cross-
section which is equal to 3 x 10~26cm3 /s [2]. Since the WIMP mass is converted to
energy in the annihilation, which produces energy at a rate per unit volume

2
Qpm = 12 (ov) my = (00) X (3.2)

where p, is the WIMP mass density[2].
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Because two WIMP particles must discover each other to annihilate, the DM
annihilation rate scales as WIMP density squared, as seen in Eq.(3.2). As a result,
whenever the density is high enough, the annihilation is more significant. At red-
shift z, the density of dark matter increases by (1 + z)3 [2]. Since, the first stars are
assumed to be born in the dark matter halos” cores, where the density of dark matter
is highest, the formation of the protostar in the halo deepens the potential well at the
core and draws in additional dark matter. This may be accomplished in two ways:
the Blumenthal technique of adiabatic contraction [35] and Young’s adiabatic model
[36].

Blumenthal vs. Young

Blumenthal method [35] describes the response of a dissipationless halo to the infall
of a small dissipational fraction of its mass. This model uses that for periodic orbits,
§ pdq is an adiabatic invariant, where p is the conjugate momentum of the coordi-
nate g. If the angular momentum of a particle is p, which is on a circular orbit inside
a spherically symmetric mass distribution, M(r), then rM(r) remains constant for
that particle as long as the mass inside to its orbit varies slowly over time. If M(r)
varies in a self-similar fashion, #yax M(ax) is also constant for purely radial orbits.

Because nearly circular orbits have more accessible phase space, one can make
the approximation that the orbits of dissipationless halo particles are circular. If the
initial fraction of dissipational baryonic mass is F = M; /M < 1, even if dissipation
happens fast, the mass internal to a dissipationless particle’s orbit will not exhibit
a big fractional change within one orbital period if the particle is relatively distant
from the center. This ensures that, with the exception of the innermost halo particles,
all orbits change adiabatically[35].

Let us look into the math done by the authors of [35]. Assume a spherically
symmetric initial mass distribution. The dynamical equilibrium state M(r) is rep-
resented by a constant fraction F of dissipational baryons as a function of . The
dissipated particles will then cool and fall into a final mass distribution M, (r). The
dissipationless particle orbits” adiabatic invariance implies

r My + M, (r)] = riM;(r;) = riM, (r)/(1 = F), (3.3)

Given the initial total mass distribution M;(r;) and the final baryon mass distribution
My (r), Eq. 3.3 may be solved iteratively for the final dark matter mass distribution
M, (r). Here r; is the initial orbital radius and M, (r) = (1 — F)M;(r;) with the
assumption that the orbits of dissipationless particles do not cross. M;(r;) is the
initial mass distribution to be isothermal gas sphere with a core radius

30

Acore = W (34)

where ¢ is one dimensional rms velocity distribution and py is the central density.
The final baryonic mass distribution is assumed to be of form

My(r) <1 — (1 + %) exp(—r/b) (3.5)
which describes radial mass distribution of a thin disk whose density in the plane
of disk decreases exponentialy with the scale length b. Using the solution to Eq. 3.3
for M, (r) and for the relation between the initial and final dissipationless particle
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radius, radial dependence density is given as

- 200

(3.6)

where
(1= F)[My(r) + rM, (r) + My (r)]

ri—r(1—F)+ —?ﬁ}g’))

My (r) =

(3.7)

where the prime denotes differentiation.

While the Blumenthal method makes the restriction of only circular orbits so that
only angular momentum is conserved, Young’s method [36] describes an algorithm
to take into account the conservation of angular momentum and radial action. The
central idea of this method is to require the distribution function to be invariant
during adiabatic changes[36][37],

fi(]r/]gb) :fn(]r/]¢) (3.8)

where J,(E, L) is the radial action and J; = L is the azimuthal action or total an-
gular momentum per unit mass. The subscripts i and n refer to the initial and new
halo profiles, computed in the changing potential well due to baryonic infall. This
method was developed to understand the growth of black hole present at the cen-
ter of star clusters adiabatically. One starts with an isothermal sphere containing
a small black hole. This method can be applied to any spherically symmetric star
cluster with any initial distribution function of energy E and angular momentum ]J.
The black hole is allowed to grow for example by accreting gas, on a time scale that
is slow compared to the dynamical time scale of the cluster, but is rapid when com-
pared with relaxation time scale. It is also assumed that the relaxation time scale is
much longer than Hubble time so the stellar population never has a chance to relax
[37].

The authors of [37] attempted to simulate dark matter density profiles using the
Blumenthal method and Young’s method in order to increase the dark matter den-
sity at the center of the dark matter halo where the protostar is present, because of
which the gravitational potential increases. If the fractional change in the interior
mass is tiny in one dynamical crossing time, dark matter contracts adiabatically. As
the collapse progresses, this dynamical crossing time decreases or becomes short at
the center, meaning that the adiabatic approximation is adequate at the core. A pre-
cise calculation of dark matter density is required at this point. Because of longer
crossing periods and varying fields, this estimate becomes less accurate at bigger
radii. The results of star simulations done by, for example [38], show that events at
greater radii have little effect on the baryonic collapse [37]. As a result, variations
in the much lower density dark matter further out will have no effect on the closely
linked dark matter in the core.

In the work of [37], the authors took an overdense region of 10° — 10° M, with
an NFW profile for both DM and gas, where the gas contributes 15% of that of the
dark matter. The density profile of an NFW halo is[39][37]

o
p(r) = 1P (3.9)
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where x = r/rs,75 is the break radius of the profile, and py = 4p(7s) sets the density
scale. With redshift z, the critical density of the Universe varies as

_3H()
where for a flat Universe, the Hubble parameter is given as
H?*(z) = Hj [Qm(1 +2)* + Q4] (3.11)

The authors of [37] assumed the values for the current matter density as (2,, ~ 0.25,
and 4, the dark energy term on the right hand side was neglected at the redshift
being considered. For redshift z = 19, H? ~ 2000H§, and Hubble constant Hy =
100hkms~'Mpc~! with h? ~ 0.5. Therefore, for an NFW halo mass M = 7 x 10°M,
and

3M
——= = 200p0.(z 3.12
47.”,3 pc( ) ( )
gives r ~ 123pc.
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FIGURE 3.1: For an initial NFW profile, adiabatically contracted dark

matter profiles for the first collapsing protostars utilizing the Blumen-

thal approach (solid black line). The blue dashed lines represent hy-

drogen densities of n = 10'3cm~3, while the red dotted lines rep-

resent hydrogen densities of n = 10'cm~3. The black dots show

the dark matter densities obtained from the simulations done by [38].
Credit: [37]

The Fig.3.1, (credit:[37]), shows the dark matter density profile contracted via
Blumenthal method of adiabatic contraction[35]. The authors concluded that the
dark matter density at the outer edge of the baryonic core is roughly given as p, ~
5GeV /em™3(n/cm®)%8! and scales as py o« r~1¥ outside the core. The black dots
show the dark matter densities obtained from the simulations done by [38] Figure
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2A, corresponding to n = 103¢m 3. One can see an excellent agreement among the
two results.

The authors of [38] obtained excellent density profiles for the collapsing proto-
stellar gas in to very small radii, they found dark matter density profiles only upto
radii that are several orders of magnitude larger. The slope of the curves in Figure
3.1, the results of [37] and [38] are similar and scales as p, r~19. The authors of
[37] used the slope of [38] and extrapolated it inwards to smaller radii and to higher
densities, and obtained the same dark matter densities as with their adiabatic con-
traction approach as one can see in Fig.3.1.

In the Fig. 3.2 (Credit: [37]), the authors started from initial NFW profile (rep-
resented by dashed lines) and plots contracted density profiles using the Blumen-
thal method for adiabatic contraction (represented by dotted lines) and the Young
method (represented by the solid lines) for total dark matter halo mass 7 x 10° M,
and concentration parameter ¢ = 2 at redshift z = 19. The top panel depicts the
dark matter density profile, while the bottom panel depicts the contained dark mat-
ter mass M(r) as a function of radius. Both profiles are displayed in a 10~*pc radius.

The main result of the paper [37] is that the densities computed in both ways
differ by no more than a factor of 2. In certain cases, the Blumenthal method pro-
duces a greater density, while in others, the Young’s method produces a higher den-
sity.The difference, however, is never more than a factor of 2. The density of dark
matter does not increase at smaller radii for low gas densities n = 10*cm > because
of the minimal quantity of gas mass at these radii. However, at gas densities of
n = 108cm =3 and above, the dark matter density is considerably increased owing
to adiabatic concentration using either techniques. The plot indicates that for small
radii, the Blumenthal technique predicts a lower density than the Young’s method
for the two lower density stars. This is due to the fact that a halo particle on a non-
circular orbit spends some of its time at large radii, where the inner compressing
mass is greater than when it is near to the center. As a consequence, even if there is
little compressing material inside that radius, the mean density might be increased,
which can happen only if the star has a diffused core.

For n = 10°cm~3 and n = 10%cm ™2 curves do not look different in the plot. The
curves begins to diverge at the radius 10 *pc and the higher gas density would lead
to very high dark matter density at smaller radii. The plot is unable to show this
point because of lack of resolution.

The authors of [37] therefore concludes that, starting from an NFW profile, it can
be confirmed that the dark matter density in the inner regions of the protostellar
cloud is substantially enhanced due to contraction during gas collapse.

3.1.2 Criteria 2: Dark matter annihilation products gets trapped inside
the star

WIMP annihilation generates energy at the rate per unit volume specified by Eq.
3.2. When the gas density is low in the early phases of Poplll star formation, much
of the energy is radiated away [40]. When the gas compresses and density rises,
however, a portion of the annihilation energy is absorbed by the gas, heating it up
at a rate of f,Qpm per unit volume. The WIMP model determines the annihilation
products and their energy spectrum.(For annihilation of Neutralinos at low velocity
refer to Chapter 2.) For the neutralino dark matter, the annihilation products typi-
cally are 1/3 neutrinos, 1/3 photons and 1/3 charged stable particles i.e. electrons
and positrons. Since neutrinos escape from the cloud without depositing significant
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FIGURE 3.2: Adiabatic dark matter profiles for the first collapsing
protostars using the Blumenthal approach (dotted line) and Young's
technique (solid line) for an initial NFW profile (dashed line) for
Myir = 5x10°M®,c = 2, and z = 19. The top panel depicts
the density profiles of dark matter, while the bottom panel depicts
the contained dark matter mass as a function of radius. The four
sets of curves in each panel correspond to baryonic core densities of
n = 10%,108,10'3, and 10%cm—3. The difference between these two
approaches for determining DM densities is less than factor of two.
Credit: [37]

amount of energy, the rest can deposit their energy to the core, therefore[1][2],

fo=2/3 (3.13)

For a 100GeV WIMP, the energy due to electrons and photons is trapped inside
the star once the hydrogen density exceeds ~ 103cm 3. Around 2/3 of the anni-
hilation energy is trapped inside the collapsing gas. This thermalizes the gas and
provides a heat source for the resulting dark star[2].

Ionization causes electrons in hydrogen below the threshold energy E. ~ 280MeV
to lose energy. More energetic electrons lose energy to the gas through bremsstrahlung
photon emission. When these bremsstrahlung photons pass near a gas nuclide, they
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produce electrons and positrons, which can then produce more bremsstrahlung pho-
tons. This initiates an electromagnetic (EM) cascade, which is a series of photon,
electron, and positron conversions. Photons with energies greater than ~ 100MeV
also start an EM cascade. Lower energy photons use Compton scattering to deliver
the majority of their energy to electrons in gas.[1][2].

Analytic Prescription for WIMP Annihilation Heating

The author of [41] investigated the effects of WIMPs annihilation on the formation of
PoplIl.1 stars and derived an analytical expression for the dark matter heating rate,
including a simplified treatment of radiative transport. We will look into it in detail.
It should be noted that the following calculations are an approximation and does not
solve the full radiation transfer problem. These calculations are done by authors of
[41] and is presented as is and entire credit is given to the authors of [41].

Let us consider WIMPs with mass m1,, (0,v) is the WIMP annihilation cross sec-
tion times the relative velocity, averaged over the momentum distribution of the
WIMPs, assuming to be equal to 3 x 10726cm®s~1. The number of photons produced
by WIMP annihilation per unit volume, per unit time and per unit energy, at point
ris given as

dN,  pi(r) (ow0) dN,,

dE, ~ 2m2  dE,

(3.14)

where px(r/) is the WIMP density at ' and % is the number of the photons pro-
duced per unit energy per annihilation.

Let us consider electron scattering at a location r, by photons produced at lo-
cation 7. Some of these photons produced at point 7 will scatter off electrons be-
fore reaching point ». The number of photons reaching point r without scattering is
smaller than the number produced at ' by the factor S given as:

S
) exp |—0,-.(E " dsne(s
S<r,r,E7,9> _ p 7( 7)f0 e(s)

(3.15)
where s = 1 cosf + \/r2 — ¥'2sin? § and 0.~ is the cross section. The above equa-
tion takes the fact into consideration that photons can pass through the sphere r =
constant twice when r' > r. It should also be noted that S is a function of the angle 6
between the path of the photon and the line joining ' with the center of the spherical
cloud.

Consider photons travel from 7 to r. The number of scattering events per unit
energy, per unit time, per unit volume at r, along the path 6 is

dN;  (ouv) AN, /2 2 ne(r)oy-. (E})ds(r',1,0)
iE = 2m iE. /dr (.7, E, 8) x - (3.16)
where Js is the distance between r and r + dr, along the path of the photon:
P (3.17)

2.
\/1—2—2sm26

exp | =0, o (Ey) [ dsne(s)| x <1+exp [—0’677(]37) I dsng(s)D

’
r <r

/
r>r
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Since all angles 6 are equally probable, the angle averaged quantity is given as:

(5¢',r,E)) 2/ g ST E6) (3.18)

\/1— izste

Omax = 70 r<r

where 0,5, = N
Omax =sin” " (r/r) r >r

If we set the limit that the wavelength of the incident radiation is much smaller

than the Bohr radius, one may assume that the radiation sees a gas of electrons and

protons, rather than bound atoms. Therefore the scattering cross section o, (E, ) is

given by the Klein-Nishina formula(for example [42]):

‘Te*'y(y) = ana(y)/ (3.19)

where ot is the Thomson cross section for electrons and proton scattering is less
important owing to the large mass. f, is given by

3[2(1+y) mWn(+2y) 2 2(1+y)? _2(1+y)1n(1+2y)+3
8 [(1+2y)? y 1+2y  y*(1+2y) v Y

(3.20)
wherey = E, /m,. Ey; is the average energy transferred to an electron in a scattering
event:

foly) =

Eaps = myfg(Ey) (3.21)

where E °F
fo = Ex g me  me ln(1+ ”). (3.22)

my — my  2my m,

Let us make assumption that the energetic electrons after scattering remain in
the gas cloud and serve to heat up the cloud. As long as low energy photons do
not contribute significantly to the heating rate, one may maintain the approximation
that E, >> 13.6eV, while performing the integral:

0a0) N0 M dN ' '
H(r) = T [ A () () G ) [ a2 (S(E )
(3.23)
H(r) gives the heating rate, energy per unit volume per unit time, at point r due to
primary photons, under the approximate assumption that all primary photon energy
is transferred to the gas at the location of the first collision.
To calculate the heating rate at point r using the Eq(3.23), one need to consider
dark matter in a finite volume around r. The size of this volume is determined by

the function <S(r/,r, E)> When this volume is small compared to the size of the
halo, one may expect most of the energy released by dark matter annihilation to be
absorbed by the gas cloud. <S (r',r,E )> is larger when 7' is closer to 7. More energetic

photons penetrate farther through the gas because of their smaller scattering cross
section.
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3.1.3 Criteria 3: Dark matter-dark matter annihilation is the major heat-
ing/cooling mechanism in the star

For a WIMP mass m, = 100GeV and 1GeV, a critical transition occurs when the gas
density reaches n > 10%3c¢m =3 and n > 10%cm 3 respectively. Above this gas density,
dark matter heating dominates over all the relevant cooling mechanisms, the most
important being Hj cooling[2].
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FIGURE 3.3: The critical temperature (red dashed lines) is compared
to conventional evolution tracks in the temperature-density phase
plane is shown. The solid blue and dotted green lines show the pro-
tostellar gas evolution from simulations of [43] and [44] respectively.
The red dashed lines mark T.(n) for m, = 1GeV with H, density
from simulations, m, = 1GeV assuming 100%H>, m, = 100GeV and
my = 10TeV. Dark matter heating supersedes over cooling in the
evolution of the core of the star at the intersection of the blue/green
and red lines.. Credit: [1]

Figure 3.3 is the simulation result of [1]. In the figure, it is shown a comparison
of critical temperature (T;(n)) to typical evolution tracks in the temperature-density
phase plane. The solid blue line and dotted green line show the temperature evo-
lution of the protostellar gas in the simulation without dark matter of [43] and [44]
respectively. The critical temperature is indicated by the red dashed and dot-dashed
lines. Dark matter heating takes precedence over all cooling/heating processes be-
low these lines. The figure depicts findings for a canonical 3 x 10726cm?/sec an-
nihilation cross section for a range of WIMP masses ranging from 1GeV to 10TeV.
Because the heating rate scales as (cv) /m,, these similar curves apply to a wide
range of cross sections for a given WIMP mass.

The authors of [1] (from the figure 3.3), concluded that the blue/green and red
lines always cross, regardless of WIMP mass or H, fraction. "This is a robust result".
As soon as the core density hits this critical threshold, dark matter heating takes
over inside the core, altering its evolution.The crossing point for tiny H, fractions for
m, = 1GeV is at low densities, approximately n ~ 10°cm 3. When the H, fraction
is increased, cooling prevails for a longer period of time, but not forever.
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At constant density and composition, the crossover point is stable despite tem-
perature variations. If the temperature rises over the critical point, cooling takes over
and pushes the temperature back down to the critical point. When the temperature
drops, heating takes over and the temperature drops. This is due to the fact that
the Hy cooling rate rises with temperature, but dark matter heating is temperature
independent. Once the dark matter annihilation products are trapped within the
protostellar core, heating takes precedence over H, cooling. Therefore for 100GeV
neutralino dark matter, the heating rate from dark matter annihilation exceeds the
rate of hydrogen cooling when the gas density reaches critical value of ~ 103cm =3,
and for 1GeV dark matter the critical gas density is 10°cm 3. The protostellar core is
prevented from collapsing and cooling further.
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FIGURE 3.4: Temperature (in degrees K) vs hydrogen density (in

cm_3) for the protostars, including dark matter annihilation, for two

unique dark matter particle masses, 10 GeV and 100 GeV. Moving to

the right in the image refers to moving ahead in time. When the "dots"

are achieved, dark matter annihilation overcomes H2 cooling, and a
Dark Star is created. Credit [2][45]

The figure 3.4 (credit: [2][45]), shows the evolutionary tracks of the protostar in
the temperature-density phase plane with dark matter heating included for the two
dark matter particle masses i.e. 10GeV and 100GeV. Moving towards right in the
plot is like moving ahead in time. Once the black dots are approached, dark matter
annihilation heating overshadows the cooling inside the star and Dark Star phase
commences. The size of the core is ~ 17A.U. and mass 0.6Mg for 100GeV mass
WIMPs.

In the work [41], following results were further presented: If one assumes the
dark matter profile is self similar, and extending inwards from the dark matter dom-
inated regime with p, o r7%x, then for 100GeV dark matter particle and a) ~ 2.0,
the dark matter annihilation heating exceeds baryonic cooling for densities n >
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10%em =3, in agreement to [1]. The authors of [41] also concluded that if adiabatic
contraction occurs on the scales 0.03pc to ~ 1pc and creates an approximately self-
similar power law density structure, then the dark matter annihilation heating dom-
inates cooling for all halos and all WIMP masses considered on scales inside ~
3 x 10~ pc and more typically inside ~ 10~*pc or ~ 20AU.

The restriction imposed by third condition for dark star formation is best ex-
pressed in terms of quantity f, (cv) /my, where, f; is the fraction of energy trapped
by the gas, (0v) is the annihilation cross section, and m,, is the dark matter particle
mass [46]. Figure 3.5 (credit: [46]) shows the critical lines for the dark star formation.
The third condition, therefore, mathematically can be written as [46]

(0v) 32 3.1 -1
fQ? >1x10"cm’s™ " GeV (3.24)

temperature (K)

100

number density (baryons/cm

FIGURE 3.5: The following conditions must be met in order for a
dark star to form. The gray band illustrates possible protostar for-
mation routes generated from A CDM cosmology numerical simula-
tions. The red lines are crucial curves when the rate of dark matter
annihilation equals the rate of protostellar gas cooling. At the junc-
tion of a critical line and the gas evolution track, a dark star is born.

No dark star can form foer«;Tv} < 10732cmBs1GeV ! Credit:[46]

3.2 Models of Dark Matter that can form Dark Stars

Till now we have seen that WIMP model is the favoured dark matter model for Dark
Star formation. This section will discuss the work of [46] that looks into different
models of dark matter, if the dark star formation is possible or not. This work looks
into MSSM, Kaluza-Klein, Leptophilic, and Neutrinophilic dark matter models. All
the calculations and arguments discussed here are work of [46] and all credits are
given to the authors of [46].

The motivation of [1] to choose (0v) = 3 x 10726cm>s~! was by the assumption
that the dark matter WIMPs are produced thermally in the early Universe, i.e. the

3.,—1
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WIMPs are generated in the matter-antimatter collisions at temperatures higher than
Ty, ~ m/20, which is the temperature after which WIMP production freezes out
and the comoving WIMP number density remains approximately constant given
by Eq.1.1[46]. Furthermore, the authors of [1] assumed that the velocity-averaged
annihilation cross-section times the relative velocities at the freeze out time and in a
dark star are equal i.e., (00);; = (00) (.- But the relation between (0v) ¢, and Qy is
more complex and (0v) ;, may differ from (0v) ¢, because the cross section depends
on the velocity of the WIMP[46].
Therefore the average WIMP speed at freeze-out is of the order[46]

Tso ¢ 4
—— ~ —— ~7x10%m/s 3.25
- 50 (3.25)

but the typical speed of WIMPs in a dark star can be estimated from the orbital

velocity
Vgs ~ A/ GTM ~ 30 — 300km/s (3.26)

Since there are more than 100 free parameters, the MSSM provides a variety of ex-
amples in which the annihilation cross section in the dark star is different from the
annihilation cross section at the time of freeze out. There are various ways in which
(00)5, # (00)45- The quantity ov depends on the relative velocity. This includes
three cases[46]:

Ufo ~

3.21 MSSM

* p-wave annihilation in which cv = a + bv? is dominated by the term bo? at
freeze out, where a and b are constants;

2\c
¢ resonant annihilation where cv follows a Breit-Wigner function m,

where §, . and ¢ are constants.

¢ Owing to the increasing particle kinetic energy, a threshold annihilation chan-
nel is kinematically available at freeze-out but not in a dark star.

Moreover, the annihilation reactions that define the length of the freeze-out may
or may not be related to the star’s neutralino-neutralino annihilation. The freeze-out
temperature is most likely high enough to transform neutralinos into heavier super-
symmetric particles that annihilate considerably more quickly, a process known as
coannihilation. The annihilation cross section of the heavier supersymmetric parti-
cles, which is not the same as the neutralino-neutralino annihilation cross section,
determines the neutralino relic density[46].

To illustrate these cases, the authors of [46] considered effective MSSM (effMSSM)
with 8 free parameters fixed at electroweak scale. These are:

—_

. CP-odd Higgs Boson mass (114)
the ratio of neutral Higgs vacuum expectation values (tan f3)
the Higgs mass parameter (i)

the gaugino mass parameter (M;and M)

oo » N

the slepton mass parameter (11;)
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FIGURE 3.6: For an eight-parameter effective MSSM model, the fig-

ure shows a scatter plot for f, (0v),, /m, which is function of the

neutralino mass m,. A dark star cannot form below the horizontal
line(f, (00) 45 /1My = 10732). Credit:[46]

6. the squark mass parameter (115)
7. the ratio Af/mi = A;/qu = AE/WIq

8. the trilinear couplings Az, Ay and Aj of the third generation of sleptons and
squarks.

Fig.3.6(credit: [46]) shows the values of combination fo < cv > /m, as a func-
tion of neutralino mass m,. Figure 3.6 depicts the following: (i) P-wave annihila-
tion causes the spread of points along path sloping down to the right; (ii) resonant
annihilation through Z-boson causes the V-shaped pattern at m, ~ 45GeV. Other
resonant annihilations are visible at m, ~ 60GeV, such as the lightest Higgs boson
with a mass ranging from 115GeV to 120GeV; (iii) threshold annihilation causes the
"fingers" of points descending from the p-wave band points; and (iv) the shaded re-
gion on the right of m, ~ 100GeV is caused by possible coannihilation with staus.
An equivalent boundary for sneutrino coannihilations is shown by the dashed line
[46].

The p-wave term bov? in 0v makes a major contribution at the freeze out. But
contribution to ov is suppressed in terms of the evolution of the dark star. Therefore,
for a 1M, dark star, (v45/vf0)% ~ 2 x 107°. In this instance, (00),, ~ a; (00) 4 =~
b (v*) ~ b/20. Their ratio is determined by the particle physics parameters inside
the coefficients 2 and b. In the plot, p-wave annihilation gives rise to a spread in
fo (ov) 4s /m of about one order of magnitude, shown by bands of points sloping
down to the right[46].
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The z-resonance at m, ~ 45GeV is an example of resonant annihilation. The
resonant part of the neutralino-neutralino annihilation cross section is given by[46]

4
Seff (s —m3)’
m2 (s —m%)%+Tam?

(00): = By (327)

where B¢ is the speed of the final products in the units of speed of light, and g.ff
has the coupling constants and the mixing angles of the neutralinos and of the final

particles involved. The velocity dependence of the cross section can be calculated by
putting s = 4m§((1 + 02) and neglecting mass of the final products,

4
ge Uz+5 2
(00)z = m};f (02(+ 5)21 2

X 7

(3.28)

where § = 1 —m73/(4m3) and v = Tzmz/(4m3)[46]. On resonance, 2m, = myz or
0 =0;v =Tz/mz = 0.0273, the velocity-averaged ((cv)z) has varied values when
it comes to freeze out (v ~ 0.2c) and in dark stars (v ~ 0). During freeze out, using
T¢, = my /20, the thermal average of (v)7 is given as

4
((00)2) s, = 0.97iif;f (3.29)
X

In dark star, for v = 30km /s the resonance occurs

4
((00)z) 4 = 1.3 % 10*13&—2‘ (3.30)
my

Since ((00)z) ¢, ~ 3 x 107*°cm® /s gives the correct relic density, therefore,

((00)z) 4 = % ((e9)2) (3.31)

This difference in values give rise to the V-shape around m, = mz/2 ~ 45GeV.
Atm, = mpy/2 ~ 60GeV similar resonant characteristics through the lightest Higgs
boson emerge superposed[46].

In a particular channel, threshold annihilation happens when the mass of neu-
tralino is little less than half of the total mass of the by products of the annihilation
(xx — WW). The reaction needs kinetic energy, which is accessible during the freeze
out time, due to the neutralinos’ relatively high temperature, but not at their low ve-
locities in a dark star. As a result, these annihilations occur at freeze out rather than
in stars. Therefore, ((00)z), < ((00)z) - Figure 3.6 depicts the "fingers of points"
falling from the p-wave band at m, ~ 80GeV for the WW channel and again at
my ~ 190GeV for the tf channel. Even after the suppression of ((cv)z) ,, it is not
that big enough to get it outside the region in which dark star formation is possi-
ble[46].

Finally, for coannihilation, effective annihilation cross section determines the
relic density, ((cv)z), - This is the average of all reactions which involves neu-
tralino and coannihilation particles” annihilation cross sections. In case of stau coan-
nihilation (because the experimental lower bound on the stau massi.e. mz 2 98GeV,
is smaller than the lower bound on squark masses and thus coannihilation region in



3.2. Models of Dark Matter that can form Dark Stars 31

parameter space is larger), the effective annihilation cross section is given approxi-
mately as[46]

(00D g+ (70} € T + (7)o 0 T

1+ 672(mf7mx)/Tf0 4+ e*(mf—*mx)/Tfo

XX

CONTES (3.32)

where, total annihilation cross section, (0v),, for xx —anything; (0v), . for
XT —anything; (0v) = for T —anything

. -~ . 2
Also, since T% — 77 are electromagnetic processes, then (0v).. ~ %5
mz

>>
azmz

(00) ™~ Tg(for XX — TT)

For mz = 100GeV, we have (00v):; / (00) ., ~ m2/m2 > 3 x 10°.

For mz = 1TeV, (00) / (00), ~ m3/m% 2 3 x 10°

With a right choice of the mass difference of m: — m, in equation 3.32, it is pos-
sible to have a three-order-of-magnitude larger effective annihilation cross section
than that of the xx annihilation cross section and a three-order-of-magnitude lower
relic density compared to without coannihilations. This arguments allows us to es-
timate a lower limit on (0v) ;. in a dark star using just annihilation cross section for

XX — 1T, without requiring to compute the relic density in presence of coannihila-

tion [46]

2 2

it ms

> .
4s = 32 cos? Oy m2 (333)

(o(xx = t7)0)
Setting mz = m, as the suitable value for stau coannihilations, bremsstrahlung
(xx — TT7) contributes to (0v),, which, at large neutralino masses, exceeds the
lower limit already computed in equation 3.33. Therefore[46],
Therefore,

a3

(o(xx = TTY)0) 45 (3.34)

=3
my

Equations 3.33 and 3.34 are used to plot the shaded region to the right of m, ~
100GeV in figure 3.6[46]

28 cn®_ ((100Gev \°
. (00)s _ 12X 10752 (109G )™ . < 800GeV 635
my 2 x 10730 (190G )"y, > 800GeV

For the bremsstrahlung of gamma rays, fQ = 1, dark stars can form for m, <
880GeV. If f, < 0.86, bremsstrahlung has no effect on the largest possible mass
of neutralino generating dark stars, which may develop for m, < 830GeV. The
annihilation cross section in dark stars can be as low as the shaded area’s bottom
boundary, but the correct relic density is formed by a considerably greater effective
annihilation cross section. Dark stars can still develop in the majority of the shaded
zone, with the exception of larger masses when the shaded area surpasses the "no
dark stars" sector limit.[46].

Therefore it can be seen that MSSM model of dark matter does support the for-
mation of the dark stars.
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3.2.2 Kaluza-Klein Model of Dark Matter

With the scenario that the Standard Model exists in five or six dimensions and the
extra dimensions are compressed at radius ~ 1/TeV, the lightest Kaluza-Klein par-
ticle is stable and can be a suitable dark matter candidate. The Kaluza-Klein number
can be retained in a consistent manner in all interactions involving an even number
of odd Kaluza-Klein number particles[47].

The KK photon (more accurately the KK modes of the U(1)y gauge boson), and
the KK neutrinos are two major KK candidates for dark matter. Through the t-
channel exchange of KK fermions, the KK photon annihilates to quarks and leptons,
and its relic abundance is consistent with its mass measurement of roughly 1TeV. A
KK neutrino’s annihilation cross section to quarks and leptons is mediated by t- or
s-channel gauge boson exchange, but annihilation into gauge bosons is governed by
t-channel KK lepton exchange or s-channel gauge bosons. If we consider only one
flavour of the KK neutrino, we get the right relic density for a mass of about 1.5TeV'.
Including three flavours, because of coannihilation between distinct flavors, the ef-
fective cross section shrinks, and the mass required to achieve the right relic density
is roughly 1TeV [46].

In the situation of KK dark matter, the s-wave annihilation cross section is al-
ways substantial for both the KK photon and the KK neutrino, hence the difference
between (00) ¢, and (00),, is small. Furthermore, the temperature within the dark
star is very low in relation to the freeze out temperature, and coannihilations with
the other particles, with the exception of precise mass degeneracy, have no effect on
the effective cross section. Because the coannihilation cross section for KK dark mat-
ter is either less than the one without coannihilation or the difference between the
two is insignificant, (0v) ,, is anticipated to always be greater or equivalent to (0v) 1,
[46].

The above-mentioned scenario has two exceptions: resonant annihilation with
level-2 KK particles and coannihilation with the KK gluon[46]. The discussion for
so is over the expertise of the present work. But to conclude, if (0v);, = 3 x

10~26cm3s~! is imposed in order to explain the observed relic density, the condi-
tion for the dark star formation is always satisfied[46]. Therefore, the authors of [46]
concluded that KK dark matter that explains the observed relic density can always
form dark stars.

3.2.3 Leptophilic Models

Leptophilic dark matter models have grown in popularity as a means of explaining
the excess in PAMELA positrons, the excess in Fermi-LAT electrons, and the perfect
agreement between the observed antiproton spectrum and the corresponding stan-
dard expectation[46]. To account for the excesses, the mass of dark matter is limited
to be greater than 100GeV. If the electron Fermi-LAT measurements are used, the
mass constraint can be written as m > 400GeV .In this model, the dark matter par-
ticles annihilate exclusively to either of only one type of charged leptons(electrons,
taus or muons), or democratically to all the three families [46].

In the figure 3.7(credit:[46]), it is assumed that the (cv) does not depend on the
temperature, in order to directly compare constraints relative to different epochs.
The thick and thin solid line closed contours show the range of the values which
is compatible with the PAMELA positron excess[48] and the Fermi-LAT e¢* — ¢~
data[49] respectively. The two solid open lines represent conservative 2¢- C.L. up-
per bounds for f, (00),;, /my obtained from the flux of e* — e~ observed by FERMI,
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FIGURE 3.7: As a function of mass m, f;, (¢v)4, /m for a DM candi-
date annihilating to charged leptons of the three families, assuming
that (0v) is temperature independent. The thick solid line contour
shows the range of values compatible with the PAMELA positron ex-
cess[48];the thin solid contour is the range compatible with the ob-
served et + e~ flux measured by FERMI-LAT[49]; the thin solid line
is the 20 upper bound from the observed et + ¢~ flux of FERMI; the
thick solid open line is the 20 upper bound from the e™ + ¢~ HESS
measurement[50]; the dot-dashed line represents the upper bound
on (0v) from the CMBI[51][52][53]. The dotted line shows the upper
bound on (0v) obtained by comparing the expected gamma-ray flux
produced by Inverse Compton(IC) scattering of the final state leptons
to be FERMI-LAT measurement of the diffuse gamma ray emission
with subtraction of the expected standard background[54]. Credit:
[46]

represented by thin line, and the e™ — ¢~ flux observed by HESS[50], represented by
the thick line. The dotted line represents the upper bounds on f, (ov) ;s /my.This is
determined when the anticipated gamma ray flux which is caused by Inverse Comp-
ton scattering (IC) scattering of the final state leptons is compared to the diffuse flux
of the gamma rays measured by the FERMI at intermediate Galactic latitudes. The
long and short dashed line shows the upper bound on f, (0v),, /m, obtained by
considering the imprint on the Cosmic Microwave Background (CMB)[51][52][53]
from the injection of charged leptons from dark matter annihilations at the recombi-
nation epoch.

It is seen in the plot that the values of the combination f, (0v) ; /m, are compat-
ible with to the dark star formation when (0v),;, = (00),,, with range m Z 1TeV

is disfavored. Large annihilation cross sections 1072° ~ (00) qal ™~ 1072 at the ve-
locity vg, ~ 300km/s of dark matter particles in our galaxy are required to explain
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the PAMELA and Fermi-LAT excess. These values are up to two orders of magni-
tude bigger than (0v) ., = (0v) ¢, which is consistent with a conventional thermal
relic abundance in agreement with observations. Leptophilic models suggest an-
other possibility for the production of dark stars: a significant annihilation cross
section over the Universe’s history and/or at the low temperatures at which dark
stars form. Assuming (00);; = (00) ., this implies that 7 x 107 Bem3s~1GeV ! <~

fo (o0) s /my 2 8% 10~%cm3s~1GeV ~1). From the figure it can be seen that the con-
dition given by equation 3.24 is easily verified and leptophilic models also satisfy
the condition to form dark stars [46].

3.24 Neutrinophilic Model

Neutrinophilic dark matter is the model that annihilates exclusively into neutrinos.
If only neutrinos are being produced in the annihilation, then the neutriniphilic dark
matter would not be able to sustain the dark star as the neutrinos escape the gas
without depositing any energy to the gas. The Z and W bosons, on the other hand,
are projected to be created by the final state neutrinos” bremsstrahlung radiation.
If we assume that the annihilation cross section of neutrinophilic dark matter in
the dark star is equal to the cross section that produces a thermal relic density, i.e.
(0v) ;e = 3 x 107%6cm3s™!, if bremsstrahlung radiation is ignored, the branching
ratio to v7 is 1. When 2m > myy or myz, the bremsstrahlung process, which can be
considered as a three-body decay followed by the decay of the W or Z gauge bosons,
is dominated by on-shell generation of W-bosons or Z-bosons. As a result, the ap-
parent energy fraction of the W- and Z- boson decays is of order 1[46]. Therefore,

foo 8 Ew &8 mw
Q " 16m22m ~ 1672 2m

(3.36)

where Eyy is the W-boson’s energy. In this situation, the criteria for the formation
of a dark star may always be checked mathematically. However, when the value
is 2m < myy, off-shell bremsstrahlung occurs. In the case of 2m << my, it may
be considered as a four-body decay in the limit of a 4-Fermi interaction. From the
work of [46], it can be concluded that a dark star can be formed if the mass of the
neutrinophilic dark matter is larger than ~ 50GeV[46].

Internal bremsstrahlung of charged particles, however, was not taken into ac-
count in their research, and lower the mass limit for the generation of dark stars
to less than 50GeV, depending on the particle physics model used. Neutrinophilic
dark matter serves as a limiting scenario, demonstrating that any thermal dark mat-
ter candidate heavier than m 2 50GeV may lead to the formation of dark star as long
as (00) 45 = (00) £,[46].

3.2.5 Summarising section 3.2

In this section, the work of [46] have been discussed. The authors of [46] concluded
that the most popular examples of thermal dark matter candidates, i.e. “the neu-
tralino in the MSSM; leptophilic models that might explain recent observations in
the cosmic rays; the KK-photon and the KK-neutrino in UED models and a con-
servative neutrinophilic model where the dark matter particles annihilates exclu-
sively to neutrinos, lead to the formation of dark stars”. Few exceptions like: “heavy
neutralinos in the presence of coaanihilation; annihilations that are resonant at dark
matter freeze-out but not in dark stars; neutrinophilic dark matter lighter than about
50GeV”.
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The authors of [46] further concluded that the discussion of neutrinophilic dark
matter scenario allows us to conclude that a thermal dark matter candidate always
forms a dark star as long as its mass is heavier than ~ 50GeV and the thermal av-
erage of its annihilation cross section is same at the decoupling temperature and
during dark star formation, for example in the case of a cross section with a non-
vanishing s-wave contribution. The formation of dark stars as first generation star
is almost inevitable if the mechanism of [1] works and thermal dark matter when a
standard thermal history of the Universe is assumed.

3.3 Energy Sources of Dark Stars

So far we have discussed the important criteria that are important for the formation
of dark stars. In this section we will discuss the sources of energy that keep the star
shinning. The possible energy contribution for dark star are[2]

Lot = Lpm + Lgr:w + Lyuc + Lcap (3.37)

The total luminosity or energy contributors are annihilation of adiabatically con-
tracted dark matter, gravitational contraction, nuclear fusion, and annihilation by
captured dark matter.

The energy released by the dark matter annihilation in course of adiabatic con-
traction dominates all other heating/cooling processes since the birth of the dark
star until the dark matter runs out. The luminosity of the dark star by dark matter
annihilation is given as[2]

Lo = %mi [ ou toe) av (3.38)
X

where m,,0pm, and (cv) are the mass, ambient density inside the star calculated via
adiabatic contraction, and annihilation cross section of dark matter. The density of
the dark matter depletes unless the loss cone is refilled.

When the dark matter fuel is exhausted, the star contracts in order to sustain
pressure support, and the dark star era comes to an end. The contribution Lg,y
from gravitational energy release momentarily powers to the star. The star then
compresses further, increasing density and temperature to the point where nuclear
fusion occurs Ly;,.[2].

The stellar densities get large enough to efficiently capture Dark Matter as the
star collapses and moves into the fusion fueled main sequence. The collected dark
matter annihilates, slowing the collapse and, for a short period, powering the star.
WIMPs from the halo orbit the star, scattering off hydrogen and helium and lose
enough energy to get entangled with it. The captured dark matter forms a Boltz-
mann distribution p.,p inside of the star. The captured dark matter annihilation rate
will equal the capture rate with[2]

Lcap = mercap = ZfQ /p%up <0’ZJ> /deV (3.39)

where f = 2/3. The factor 2 comes from the fact that the energy released each an-
nihilation is twice the mass of the WIMP. Dark stars fueled by captured dark matter
are significantly hotter and denser than those powered by gravitationally captured
dark matter due to their more compact form [2]. Chapter 4 discusses the capture of
dark matter by star as energy source in detail.
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FIGURE 3.8: The total luminosity of a 100M¢ star vs its age. The
different curves show the inputs from adiabatic contracted dark mat-
ter annihilation (dotted line), gravitational contraction (short dashed
line), scattered captured dark matter annihilation (dot—dashed line),
and nuclear reactions (dot-dot-dot—-dashed line). Credit: [55]
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FIGURE 3.9: Luminosity evolution for the 100 GeV case as a function
of time (lower scale) and stellar mass (upper scale). The total lumi-
nosity is represented by the solid (red) top curve. The bottom curves
show the fractional contributions of various energy sources power-
ing the star, (a) without capture (left frame) and (b) with "minimum"
capture (right frame). In both frames, DM annihilation dominates
total brightness at first (until around 0.3 Myr after the simulation be-
gins, the total and annihilation curves are identical);eventually grav-
ity takes over, and nuclear fusion follows. Capture becomes vital at
the proper frame at the right moment. Credit:[56]

Figure 3.8 shows a total luminosity of a 100M, star as a function of its age. This
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is a evolution simulation of the work [55]. The dotted line show the energy input
from adiabatically contracted dark matter annihilation, short dashed curve show
contribution for gravitational contraction. Nuclear fusion contribution is shown via
dot-dot-dot-dashed curve and scattering capture dark matter annihilation via dot-
dashed curve. It can be seen clearly that the dominant contributor to the total lumi-
nosity of the star is dark matter annihilation during its early ages. Again, when the
star is able to collect dark matter via scattering capture, the dark matter annihilation
again dominates over other energy sources.

Figure 3.9 depicts the work of [56]. The figure depicts the evolution of dark star
luminosity as a function of time for the case of 100GeV WIMP mass at the bottom
scale and stellar mass at the top scale. The dark stars’ interiors were assumed to be
polytropic in order to get these results. The overall luminosity is shown by the top
solid curve. The bottom curves indicate the partial contributions of various energy
sources supplying energy to the star, a) without capture (left plot) and b) with ‘min-
imal” capture (right plot). Dark Matter annihilation dominates the total luminance
in both panels at first. The total and annihilation trajectories are indistinguishable
until around 0.3 Myr after the start of the simulation of [56]'s work.After then, grav-
ity takes over, followed by nuclear fusion. At the correct point in the story, capture
becomes crucial.
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Chapter 4

Capture of Dark Matter by the
Stars

Capture of dark matter becomes important once the dark star is already large i.e.
hundreds of solar masses, and only with the additional particle physics ingredient
of a significant WIMP-nucleon elastic scattering cross section at or near the current
experimental bounds [57].

WIMPs can scatter off the nuclei in a star with the scattering cross section o,
as they move through it. The majority of these WIMPs pass directly through the
star, but some lose enough energy to be caught. It is denoted by the capture rate
C(s™!). The WIMPs subsequently sink to the star’s core, where they can annihilate
one another at the annihilation rate ' 4 (s 1).

The number of WIMPs N in the star is determined by difference between capture
rate and annihilation rate given by equation[57]

N=C-2I4=C—CyN? (4.1)

The factor 2 represents the fact that two particles are annihilated in each events and
therefore,
Ca =2T5/N? (4.2)

is the defined as an N-independent annihilation coefficient. On solving this equation
we get
T4 =1/2Ctanh?(t/7);T = (CCx) /2 (4.3)

Here 7 is the equilibrium timescale. Equilibrium corresponds to a balance between
the capture and annihilation rate i.e.

T, =-C. (4.4)

The annihilation rate
Iy= /n)zc(r) (ov),, dr (4.5)

where 1, (r) is the density of captured dark matter at point r inside of the star. The
amount of energy AE lost by a WIMP in a scattering event with a proton (since it is
assumed that the star is a POPIII star and it mostly consists of hydrogen) of mass
Mp in the star ranges from

AE m, Mp
=<
E = [(my + Mp)/2J?

0< (4.6)

The average energy loss is 2Mp /m,, if we assume a flat distribution and take Mp <<
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FIGURE 4.1: The two basic methods by which dark stars collect dark
matter are shown. Gravitational contraction, seen on the left, happens
when the baryonic collapse of a star-forming gas cloud increases the
gravitational potential, attracting dark matter along with the baryons.
Nuclear scattering, seen on the right, is based on weak scattering
events between WIMPs and nucleons, during which the dark mat-
ter particles lose energy and be gravitationally bounded to the star.
Credit: [58]

m,y. Thermalization requires AE/E ~ 1 i.e. there must be m, /2Mp scatters. Thus,
for my >> 1GeV, the timescale for thermalization can be estimated as

1 m
~ X
Tth

~ 4.7
OcUescy 2Mp (*4.7)

where v, is the escape velocity of a dark matter particle from the surface of the star

and npy is the average density of the star. For example for a 100GeV WIMP, o, =

107¥cm =2 and ny = 10**cm—3, the thermalization is calculated to be 3 months[57].
Using an isothermal distribution for dark matter,

ny(r) = nee”"x9/xT (4.8)

where 1, is the central number density of dark matter and T is the central tempera-
ture of the star and ¢(r) is the gravitational potential at radius r with respect to the
center written as

"GM
¢(r) = / (") 4 (4.9)
0 r
where M(r) is the mass interior to radius r, one can define effective volumes as
R .
V= 4n / P imt/T gy (4.10)
0
which on integrating gives
3m2,T
V= [ (4.11)
2jmypc

Here my, is the Planck mass and p, is the core mass density of the star. The term
effective volume is suggestive since we have N = n,V; and total annihilation rate is
given as

T = (ov), 1>V, (4.12)

ann "°0
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One can solve equation equation 4.1 to find the N-independent annihilation co-
efficient defined in equation 4.2,

Va

Ca= <Uv>ann W
1

(4.13)

WIMP interacts with nuclei via two kinds: i)spin-independent, which scales as
A2, where A is the number of nucleons in the nucleus, and ii)spin-dependent, which
requires the nucleon to have spin.

FIGURE 4.2: Feynman diagrams for neutralino-gluon scalar (spin-
independent) elastic scattering.Credit:[24][25]

FIGURE 4.3: Tree level Feynman diagrams for neutralino-quark axial-
vector (spin dependent) elastic scattering. Credit:[24][25]
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The capture rate per unit volume at distance r from the center of the star for an
observer at rest with respect to the WIMP distribution is[57]

dcC 6 v?(r) 1—exp(—B?)
ac. . _ /6 5\ | LT e imh) 4.14
dv (}’) nn(r)nx(r) (UCU) 72 B2 ( )
where 7 is the number density of nucleons, here hydrogen, 1, is the WIMP number

density, v(r) is the escape velocity of WIMPs from the star at a given radius r, 5

3’;\?‘ is velocity dispersion of WIMPs in the dark matter halo. Furthermore;

3 02(7")

2_° »

B =35—; T (4.15)
Where “I/l = 7M;C\] is the ratio Of WIMP to 1’111C1€Ol’1 mass and “l/l_ = (‘M + 1)/2 For

an observer moving with respect to the WIMPs, the quantity in the square bracket
in the equation 4.14 becomes more complicated function of B.
The capture rate for the entire star is then given as

R. ac
C= drrldr——(r 4.16
0 ) @.16)
where R, is the radius of the star. To get a conservative and fairly accurate estimate
of the capture rate, one may take

v*(r) = v*(R,) = = 0%, (4.17)

for all 7, assume the term in square brackets in equation 4.14 is very close 1 because
the hydrogen has spin and helium generally does not. The spin-independent con-
tribution of hydrogen and helium scattering in stars could be considered. This has
not been done because the authors of [57] believed that this contribution to be sub-
dominant. Taking a uniform dark matter density, the integration of equation 4.16

simplifies to give
c=y/% (
T

where M, is the stellar mass, m, is the mass of proton, and f;; is the fraction of
hydrogen in the star.
To estimate @ (as per [59]) virial velocity of dark matter halo is,

M, Vesc \ 2 1Y
mpr) (o) (—) Px (4.18)

0 my

_ v

2
() =21 (4.19)

where
W = _47IG/phulthalo(7’)dr (4.20)

A typical dark matter halo containing a POPIII star has M}, = 10° — 10°M,,. For
Pnalo NFW or Navarro, Frenk White profile[39] for the dark matter is assumed

Po
Phalo = P~ (421)
r (1 + ,L)

where 7; is the scale radius. The normalization py, known as the central density,
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depends on the concentration parameter C,;, and on the redshift when the halo viri-
alizes Z,;,. These parameters range from C,;, = (1 —10) and Z,;, = 10 — 50. With
rs = 15 —100pc, we find that o = 1 — 15km /s (authors of [57] took & = 10km /s as
their fiducial value). For B >> 1, the square bracket term in equation 4.14 is very
close to 1, which holds for all stellar and WIMP masses considered by the authors of
[57](Refer to table 1 and table 2 of [57]). For example, for a solar mass star, one have
Vesc = 618km /s >> © = 10km/sec; then for m, = 100GeV, B ~ 100. Thus one may
ignore the square bracket term in the equation 4.14. However, when a star moves
through the WIMP halo instead of being stationary, the phrase in the square bracket
changes.

For using properties of POPIII stars assumed by authors of [60] and using the
numbers p, = 10°GeV /cm?, my = 100GeVando, = 10~cm? the capture rate scales
as

C x pyoc/my (4.22)

For general values[57]:

Oc

M - 2 5 -1 0 m -1
. 34 —1 * esc X X
C=49x10"s <M0> (618km/s> <10km/s> (1O9GeV/cm) (100Gev> (
(4.23)

Further, using equation 4.17 and noting that for the POPIII models, it can be roughly
stated that R, o« M%%, one can write[57]

M\ 4 - o m -1 log
~ 49 x10%Ms71 (=2 — X X ¢
€~ 49x10%s (M@> <10km/s> <1O9GeV/cm <1oocev> (10*39cm2)

(4.24)
4.1 Luminosity due to WIMP annihilation
The luminosity due to WIMP annihilation is [57]
LDM :erA(ZmX) (4.25)

where factor 2 indicates that two WIMP particles need to find each other to annihi-
late and f, = 2/3 since neutrinos escape without depositing energy to the gas(1/3).
The rest are electrons, positrons, and photons that are trapped in the star and hence
their energy is thermalized.

Using equation equation 4.4 for t >> 7 we have[57]

Lpm = fSC(2mx) (426)

From the simulation work of [57] one can write luminosity as

_ 33 M\ Px Oc 0 -
Lom = 5.2 10%erg/s (M@> <1O9GeV/cm3) (10—39cm2> <10km/s>

(4.27)
The luminosity depends linearly on the WIMP density passing through the stars.
The density p, is the dark matter ambient density, which is the density in the am-
bient medium (NFW profile plus adiabatic contraction), but not the densities after
capture. It is this density that specifies the annihilation rate, capture rate and there-
fore the luminosity of dark star. For any density higher than this value the star’s

10~3%cm?

)
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luminosity is, rather than conventional fusion, is dominated by WIMP annihilation
energy. Also it can be noted that Lpy o« ML whereas for a zero-metalicity star
L, < M?

The Eddington luminosity is defined as

47tcGM,
Lpjg=—-= (4.28)
Kp

where G is the Newton’s constant, ¢ is the speed of light, M, is the mass of the star
and x, is the opacity of the stellar atmosphere. Since the first stars’” atmospheres
are hot and nearly metal free, the opacity is dominate by the Thompson scattering,
therefore[57],

Legg = 1.4 x 10%erg/s <AA//IIO) =35x 10* ( ﬁ@) Lo (4.29)
Since Eddington luminosity scales as L o M, and the dark matter luminosity scales
as L « M!>>, for a large enough dark matter density the two curves will cross for
some stellar mass. The lightest mass for which Lpy; > Ly, is then an approximation
of the top mass limit for the initial stars. The radiation pressure from the WIMP
annihilation prevents the stars of that mass from accreting any more.
Assuming that the accretion efficiently boosts the mass of every POPIII star, the
mass of the initial star will be governed only by dark matter characteristics. There-
fore, using equation 4.27 and equation 4.28 one gets[57]

—-1.8
max __ 8 Ox Uc -18
MM = 1.1 x 10°M,, (109G8V/Cm3> (710_39%2) (4.30)
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Chapter 5

Evolution of Dark Stars

A simple idea of the evolution of dark star has been introduced in the section3.3.
Once the star exhaust its dark matter via annihilation which the star collected via
adiabatic contraction, the star begins to contract which gives to the star energy con-
tribution, paving the way for nuclear fusion phase of the star and the dark star phase
terminates. If the star finds itself again surrounded by a high dense dark matter halo,
the star then can capture dark matter whose annihilation surely does have an effect
on the evolution of star.
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FIGURE 5.1: The evolution of a dark star is shown, as mass is ac-

creted onto the initial protostellar core of 3M. At different masses

and times, the top solid curve represents the baryonic density profile,

while the bottom solid curve depicts the dark matter density profile

(values provided on left axis).The luminosity Lpys integrated out to

radius r in solar units for masses 12 and 1000My is shown on the
dashed lines, with values on the right axis.Credit:[61]

Figure 5.1 shows the stimulative work of [61]. The authors assumed that the dark
stars can be described as polytropes in the hydrostatic equilibrium

P = Kp'Tn (5.1)

where P is the pressure, p is the density, and the constant K is determined once
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the total mass and radius are specified [62]. Polytropes in the range n = 1.5 (to-
tally convective) to n = 3 (pre-main-sequence stellar models) characterise pre-main-
sequence stellar models (fully radiative). The authors repeat the radius of the model
for a given mass to discover the point of thermal equilibrium, where the total dark
matter heating equals the emitted luminosity. Then adding 1M, a new equilibrium
is calculated, and is continued up to 1000M. In the standard scenario of the birth
of the first stars, it was discovered that the mass of the protostellar cloud surpasses
the Jeans mass at n ~ 10*cm 3. This quantity of baryonic matter, ~ 1000M®, may
fall upon a dark star, bringing in even more dark matter with it. The dark matter
densities in the protostar are calculated using the method given in [1].(Refer [61] for
details.)

The figure 5.1 (Credit: [61]) illustrates the results for standard parameters for
M, = 10My — 1000M, for n = 1.5. Figure 5.1 shows the plot of the baryon and
dark matter density profiles. Dark matter density is several orders of magnitude
smaller than baryon density during evolution, yet the star is fueled by dark matter
annihilation. Dark matter is depleted in the interior regions of the star as a result of
annihilation, and the density becomes nearly constant. In the figure 5.1, for Lpp(7),
the dark matter luminosity integrated out to radius r, displays that the heating is
scattered over a vast fraction of the volume of the dark star, rendering it insensi-
tive to changes in the adiabatic contraction model parameters. As the star reaches
1000M,, the total amount of dark matter left in the star is only one-third solar mass,
and 1/3 is annihilated away. L, is generally an order of magnitude less than that
of the Eddington luminosity of a star of that mass and radius for every evolution-
ary state. Dark star is fully convective for mass below 100M. It starts to make
transition from convective to radiative in the mass range 100 — 200M,, and then
become fully radiative for M, > 200M but for a small convective region on the
surface. For M, = 600M, the n = 3 case gives surface temperature Teff = 9100K;
Photospheric radius Rs = 6.0 x 10%3¢m; Stellar luminosity L. = 4.6 x 10°L, and
central temperature T, = 6.88 x 10°K. In the lack of dark matter, which radiates at
Terr > 30,000K, dark stars have significantly lower T,¢s than ordinary metal free
POPIII main-sequence stars. This difference is an observable signal for dark stars as
opposed to ordinary POPIII stars.

The work of [63] formed a "base model" with mass of dark matter 100GeV and ac-
cretionrate dM /dT = 1.0 x G — rateMyrs !, where G — rate = 0.18 x M~ %M yrs~!,
where M is the mass of the star.This base model demonstrates dark star phase char-
acteristics, such as how much dark matter annihilation energy expands the star,
causing it to be in gravitational equilibrium. One of the dark star’s peculiarities
is its lower temperature. This stable stage lasts until the dark matter annihilation
energy supply is inadequate to keep the structure stable. Finally, the star rapidly
collapses and approaches the main-sequence phase. At this moment, the star’s mass
approaches M ~ 900 — 1000M,, corroborating the work of [1]. Massive dark stars
inevitably collapse gravitationally, becoming massive black holes with masses of up
to 1000M . The authors of [63] also find that all of the models they worked on went
through the dark star phase, which was sustained by a little amount of dark matter
fuel equal to less than 0.1% of the stellar mass. Figure 5.2 shows the HR-diagram
made by the authors of [63], for various dark matter models and no dark matter
model.

Figure 5.3[63] depicts the evolution of several stellar properties for various dark
matter masses. For smaller dark matter particle masses, dark matter annihilation
is greater, and the star expands more, lowering temperature and density. The time
of dark star phase is similarly extended for lower dark matter masses, and the final
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FIGURE 5.2: HR Diagram for dark stars with dark matter particle

having various mass models. Each line represents a model with dark

matter particle masses m, = 1,10,20,50,100,200GeV and the no-
Dark Matter model. Credit:[63]

stellar mass is greater than the base model.

The work of [64] incorporates the the effects of WIMPs annihilation in the Geneva
stellar evolution code[65], and followed the evolution of a 20M., and 200M;, stars for
different dark matter densities. The WIMPs here are fueled via scattering capture.
In this work[64], the authors concluded that above a critical dark matter density, the
annihilation of WIMPs captured by the POPIII stars can significantly alter the evolu-
tion of these objects and prolong their lifetime beyond the age of the Universe. For
dark matter density higher than 10°GeVcm 3, in comparison to the standard sce-
nario, the luminosity of nuclear fusion is overwhelmed by the WIMP annihilation
luminosity produced at the star’s core, causing the star to inflate and decrease the
effective temperature, as well as a moderate decrease in star luminosity at the ZAMS
(zero age main sequence) position. The nuclear processes are delayed, and therefore
the core H-burning lifespan is extended, which is a significant divergence from the
typical evolution. When the dark matter fuel runs out, the star returns to the ZAMS
and continues to evolve. In comparison to typical stars of the same mass and metal-
licity, these "frozen stars" would seem significantly larger and have a much lower
surface temperature.

Furthermore, [3][66] introduced a dark star evolution code which incorporates
the scattering capture of dark matter, called "DarkStars"(detailed discussion in sec-
tion 7.5). This code can be used to study evolution of dark stars.

Figure 5.4, credit: [67], shows the evolutionary tracks followed by the HR dia-
gram by stars of various masses, when WIMPs provide different fractions of their
total energy budgets. Filled, unlabelled circles indicate the starting points of tracks.
The filled marked circles, on the other hand, show the age of 1.4M, dark star evo-
lution stages. When the star runs out of hydrogen in its core or reaches the present
age of the Universe, the tracks were stopped. Because of the energy intake from
WIMP annihilation, the time required to burn core hydrogen is lengthened, result-
ing in a longer effective main-sequence lifetime, as seen in figure 5.5. The increase
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FIGURE 5.3: Evolution of different stellar values for dark star mod-
els using dark matter particle mass parameters. Logarithmic scale is
used to plot all vertical axes.Credit:[63]

in main sequence lifespan is noticeable at all metallicities, but is most noticeable at
low redshift. This is due to the fact that conventional main-sequence lifetimes are
shorter at lower metallicities. In the extreme event of a very large WIMP luminos-
ity, it is exceedingly unlikely that a star would have ever entered the main sequence
at all, or that it would have simply stopped during its first descent of the Hayashi
track. The lifetimes of stars with smaller masses and metallicities are more impacted
by a particular WIMP-to-nuclear burning ratio than their more massive, metal-rich
counterparts.

The authors of the work [55] have treated separately the mechanism of adia-
batic contraction and scattering capture of dark matter and showed the effects on the
pre-main sequence phase of stellar objects with masses 5M, < M, < 600M(HR
diagram of the work of[55] is shown in figure 5.6). They presented the following
conclusions:

1. The luminosity produced by dark matter annihilation during the adiabatic
contraction regime generates a temporary halting period early in the proto-
stellar evolution. For typical durations varying from 2.1 x 103 years for 600M,
star to 1.8 x 10* years for 9M star, all proto-stellar objects become dark stars.

2. This halting time happens when the stars are on the Hayashi track. The adia-
batic contraction moderates the effective temperature of the star by maintain-
ing an equilibrium condition during the early evolutionary phases, which is
characterized by large radii when the effective temperature is ~ 5 x 10°K.

For fiducial set of parameters for scattering capture of dark matter (¢ = 10km/s,p =
101'GeV /cm3, 09 = 10-38cm?), the following conclusions were presented by [55]:

1. The scattering capture luminosity is perhaps most effective for stars M, <
40M, and on the HR diagram, just as they near ZAMS, their development is
interrupted.
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FIGURE 5.4: For WIMPS supplying different portions of their entire
energy budget, evolutionary paths are followed in the HR diagram
by stars of different masses. Credit:[67]

2. Dark Stars can sustain by scattering capture luminosity as long as the envi-
ronmental circumstances do not change. Since, unlike adiabatic contraction,
scattering capture luminosity is dependent on the flux of dark matter parti-
cles flowing through the star from outside. As a result of consuming from a
reservoir that is nearly limitless, dark stars stay "frozen" on the HR diagram.

3. Stars with masses > 40M, are able to begin nuclear reactions and go through
the main sequence with the help of an extra energy source: Dark matter anni-
hilation increases their lives by a factor of 2 for a 600M, star and by a factor of
5 for a 40M;, star.

Finally, the following concluding remarks of the simulation work of [68] for the
properties of dark stars are as follows:

* The fundamental properties of the dark stars are not sensitive to the exact treat-
ment of the fraction of the energy injected per WIMP annihilation, f,, into the
surface of the star. This shows that the largest fraction of the energy is pro-
duced in the core where the dark matter and baryonic densities are highest.

¢ The growth of dark stars up to ~ 1000M, is not limited by the dynamical
instabilities. A star is dynamically unstable, if it collapses upon a small, ini-
tial compression. This is the case if the weight and increase arising from the
compression is larger than the increase in the pressure.

¢ Dark stars of 10 — 1000M, are not subject to mass loss driven by the super-
Eddington winds. The Eddington limit refers to a condition in the star where
the outward acceleration due to radiation pressure balances the inward force
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minosities have different main-sequence lifetimes which is shown in

this figure. The dotted lines represent the Universe’s current age.

Stars that get a larger portion of their energy from WIMPs burn hy-

drogen more slowly and spend longer time on the main sequence.
Credit:[67]

due to gravity in hydrostatic equilibrium. If this limit is surpassed at the sur-
face, it is believed that mass outflows should arise.

Dark stars with masses < 200M, can pulsate with periods of ~ 60 — 600 days
in their rest frame.

The growth of dark stars with pulsations is not affected by mass outflows aris-
ing from the excited radial pulsation modes. Even under conservative assump-
tions, the mass loss rate stays at least one order of magnitude below the accre-
tion rate.
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FIGURE 5.6: For a grid of star masses, the HR diagram is shown.
The dashed line represents the pre-Main Sequence phase while the
solid line represents the Main Sequence phase for each star model.
Dotted diagonal lines show the evolutionary stages when Lac/Ls =
1,0.5and0.1. The dot-dashed line illustrate the locus of the ‘freezing’
points, when the evolution is halted by SC DM annihilation luminos-
ity before the ZAMS. The results in the upper panel were obtained
using fiducial DM parameters 00 = 10~3cm? and p = 101 GeVem 3.
The tiny loops in the 5M and 7M models are caused by WIMP ther-
malization, which leads in an effective delay of the effects of SC DM
annihilation luminosity. The stellar models in the lower panel were
conducted with the same DM density but oy = 10~%¢m?. Credit:[55]
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Chapter 6

Observations of High Red-shifted
Dark Stars

In this chapter we will discuss the possible ways in observing Dark Stars. This chap-
ter is divided into three sections. The first section discusses the expected spectral
energy distribution of the dark stars for a supermassive dark stars (SDMS) and stars
with mass < 10°M.,. The second section will discuss the direct detection of dark
stars i.e. how James Webb Space Telescope or JWST, which has been launched suc-
cessfully on December 25" 2021, be able to observe these stars. Furthermore, we will
also look into whether the Hubble Space Telescope (HST) can observe these stars.

The third section will discuss the indirect ways through which we can detect
dark stars. Since the dark stars are theorised to be the first stars, they should have
some signatures in the Cosmic Microwave Background and reionization.

The James Webb Space Telescope is an international collaboration between NASA,
the European Space Agency (ESA), and Canadian Space Agency (CSA). It is a large
infrared telescope with an approximately 6.5 meter primary mirror. It is capable to
study every phase of the history of the Universe, ranging from first luminous glows
after the Big Bang, to formation of solar systems[69].

FIGURE 6.1: Artistic impression of the James Webb Space Telescope.
Credit: https://www.esa.int/ESA_Multimedia/Images/2021/03/
Artist_s_impression_of_the_James_Webb_Space_Telescope

6.1 Spectral energy distribution of Dark Stars

The work of [70] and [71] provided a synthetic stellar atmosphere spectra for dark
stars. Figure 6.2 shows spectral energy distribution of Supermassive dark stars, with
mass of 10°M[70]. Because dark stars are largely formed of primordial hydrogen
and helium (if they are born in early Universe), and other elements are thought
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to be non-existent in the stellar atmosphere, all spectral lines found are those of
hydrogen and helium. In the figure 6.2, the left panel shows the spectral distribution
of a 10°M, formed via adiabatic contraction and the right panel shows the spectral
distribution of dark stars formed via capture of dark matter.
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FIGURE 6.2: Anticipated SEDs of a 10°M® SMDS. Left-hand panel:

Dark Star created by the extended AC only mechanism with a surface

temperature of 1.9 x 10*K. Right-hand panel: Dark star born using
‘with capture’ with surface temperature of 5.1 x 10*K. Credit:[70]

The left panel of figure 6.2 (Credit: [70]) shows the expected spectral energy dis-
tribution of a SMDS of mass 10°M,, with effective temperature Terr = 1.9 X 10*K
which grew via extended adiabatic contraction. The Lyman edge is visible at roughly
0.1 microns. Photons have often been shifted to higher wavelengths (lower en-
ergy), which were below the Lyman edge when compared to a blackbody of the
same temperature by absorption and rescattering. The excess visible at wavelengths
slightly below the Lyman edge, on the other hand, is caused by photons emitted
from deeper within the star. Because of the lower surface temperature, a consider-
able amount of neutral hydrogen and helium persist in the stellar atmosphere, lead-
ing to a strong absorption lines at Lyman series wavelengths (0.1216um — 0.0912pm).
Another break in the spectrum can be seen at shorter wavelengths owing to neutral
helium Hel absorption (~ 0.05um — 0.06um). Hel lines appear at wavelengths ~
[0.3pm — 0.45um], Hell lines at ~ 0.46pm, and more Hel lines at ~ [0.47um — 0.7um].

The right panel of figure 6.2 shows the spectrum of a 10°M, and T,ff = 5.1 x
10*K dark star which grew via captured dark matter. The most visible difference
seen between right and left panels is a shift in the spectrum’s peak to lower wave-
lengths and a sharper UV continuum slope. Regardless of the fact that SMDS pro-
duced by capture are hotter, their significantly smaller radius makes them harder to
detect in the near - infrared region at redshifts of ~ 10 and higher. In the right panel,
the higher the surface temperature, the more hydrogen is ionised, and hence the Ly-
man absorption lines are weak. The sequence break correspond to absorption by
singly ionized Hell at wavelengths in the range from 0.023um to 0.030um. The Hel
lines also appear at wavelengths ~ [0.3um — 0.45um|, Hell lines at ~ 0.46pum, and
more Hel lines at ~ [0.47um — 0.7um], but weaker. In both cases(left and right panel)
one can note a sequence of absorption lines between ~ [0.8um — 1.0um], which cor-
respond to Hel absorption.

Figure 6.3 shows synthetic stellar atmosphere spectra compared to blackbody
spectra for dark stars, a work done by authors of [71]. To compute the expected
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FIGURE 6.3: Synthetic stellar atmosphere spectra are compared to
dark star black body spectra. SEDs of the 106Me T,ry = 5400K
(lower SEDs) and 756M¢, T,rs = 10000K (upper SEDs, multiplied by
100 to prevent cluttering) dark stars predicted for a 1GeV WIMP. The
black lines represent to synthetic stellar atmosphere SEDs created us-
ing MARCS (for lower T,y = 5400K spectra) and TLUSTY (for upper
T.rr = 10000K spectra), whereas the blue lines represent black body
spectra made for identical temperatures and bolometric luminosities.
Credit:[71]

spectral energy distributions of dark stars, the authors of [71] used the MARCS
stellar atmosphere code [72] for T,;y < 8000K objects and the TLUSTY code[73]
for T,ry > 10000K. Because none of the codes is able to handle objects in the
T.rr =~ 8000 — 10000K range, whenever possible, the evolutionary tracks are inter-
polated to provide replacement points barely outside this temperature range. All
models assume primordial H and He abundances. The MARCS atmospheres are
assumed to have an overall metallicity of Z = 2.5 x 1077, whereas the TULSTY at-
mospheres are assumed to have an overall metallicity of Z = 0.

The left panel of figure 6.3 (Credit:[71]) shows the SEDs of the 106M¢, Torr =
5400K (lower SEDs) and the 756 M, T, sy = 10000K dark stars predicted for a 1GeV
WIMP (upper SEDs multiplied by 100 to eliminate cluttering). The black lines cor-
respond to synthetic stellar atmosphere SEDs created by MARCS for lower T,rr =
5400K spectra and TLUSTY for higher T, = 10000K spectra.The blue lines are black
body spectra computed for identical temperatures and bolometric luminosities. The
differences are the absence of breaks and absorption lines in the black body spec-
tra. The most notable break is at ~ 0.36um. Because of the MARCS spectrum’s low
but non-zero luminosity, [Fe/H| = —5, 106 M, and T.rf = 5400K dark star, several
metal lines may be detected in the lower SED below 0.36pm.The right panel depicts
the difference in black body AB magnitudes mpp and synthetic stellar atmosphere
AB magnitudes 7 A¢p,s in the James Webb Space Telescope’s NIRCam F444W filter.
The various lines correspond to the six dark star models for 1GeV WIMP. There are
discrepancies between mpp and 1 44,05 for colder dark stars, < 10, 000K, but the dif-
ferences for hotter dark stars are less than 0.5mag. This is largely due to the fact that
hotter stars become more blackbody-like at the appropriate wavelengths[71].
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6.2 Direct detection using JWST and HST

In this section we will discuss the possibility of observing dark stars using the JWST
and Hubble space telescope. This section is divided into two parts. The fist part will
be dedicated towards observing dark stars of masses upto 10> M, and discussion of
the work of [71]. The second part will be dedicated towards the discussion of work
[70], i.e. observation of supermassive dark stars with mass range 10 — 10’ M.

The projected lifetime of dark stars is critical in determining the detectability of
them at high redshifts. In theory, these stars may exist endlessly as long as there
is an abundance of dark matter to feed them. But since the stars use dark matter
annihilation, which makes the dark matter deplete in the stellar core if it is not re-
plenished, the fusion will take over and the star will transform into a conventional
POPIII star. These stars, however, would be more massive since the longer duration
of the formation phase enabled them to accrete more gas.
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FIGURE 6.4: The estimated apparent AB magnitudes of dark stars
in the NIRCam /F444W filter at z = 1 — 20. The horizontal dashed
lines shows JWST detection limits for a 10 point source detection af-
ter 10%s of exposure (thick dashed) and a 5¢ point source detection
after 3.6 x 10°s (100h) of exposure (thin dashed). The dark stars are
4 — 14 magnitudes too weak to distinguish at z = 10 — 20. As a re-
sult, JWST will be unable to distinguish distinct population III dark
stars at the redshifts at which they are created without the magnifi-
cation boost given by a neighboring galaxy cluster. Long-lived dark
stars (z ~ 6) that survive until the end of reionization seem slightly
brighter, but are still at least 2 magnitudes underneath the detection
limit. Credit:[71]

Figure 6.4, credit given to the authors of [71], shows the AB magnitudes of all
dark star models, the authors of [71] worked on (Refer to table 1 in [71] for dark star
models), as a function of redshift (z = 1 — 20) in the NIRCam F444W filter. The plot
also shows two estimated JWST detection thresholds for point sources, which are
represented by dashed horizontal lines. The thick dashed line is based on 10c detec-
tion for 10*s exposures, and the thin dashed line is based on 5¢ detection after 100/
or 3.6 x 10° s exposures. The former are the fiducial JWST detection limits, which
can be seen on the JWST web page. (http://www. just.nasa.gov/).The latter, on the
other hand, broadly match to the magnitude limitations anticipated for extremely
deep field observations. The figure clearly shows that all of the dark star models are
far below both of these detection limits at high redshifts. The intrinsic luminosities
of dark stars transform to apparent magnitudes that are 4 — 14 magnitudes too weak
at redshifts z = 10 — 20. As a result, without the magnification boost provided by
a nearby galaxy cluster, JWST will be unable to see individual POPIII dark stars at
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the redshifts at which they are formed. Long-lived dark stars that survive until the
end of reionization seem slightly brighter, but they are still at least two magnitudes
below the detection limit[71].

In figure 6.5, the authors of [71] display AB magnitude for all dark matter models
they worked on at redshift z = 6 and z = 10 as a function of central wavelengths
of all broad JWST filters.The JWST detection limitations are also included, as shown
in figure 6.4. All dark star models considered by the authors of [71] lie significantly
faint of these thresholds, regardless of which filter is used, the authors of [71] con-
cluded. A magnification of 4 = 160 owing to gravitational lensing by a foreground
galaxy cluster, on the other hand, would shift all models upwards by ~ 5.5 magni-
tudes, as indicated by the the upward arrow in the figure, and shift certain types of
dark stars into the brightness regime observable by the NIRCam but not by MIRI[71].
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FIGURE 6.5: The predicted apparent AB magnitudes of dark stars

at z=6 (a) and z=10 (b), as a function of the JWST broadband filters’

center wavelength. Each solid line represents a different dark star
model. Credit:[71]

Each solid line in the figure 6.5(credit:[71]) represents an individual dark star
model, colour coded according to the effective temperature of the star. For T,y <
8000K, they are represented by red, for 8000K < T,rs < 30000K by green and T,¢f >
30000K is represented by blue. As mentioned before, all dark star models are faint
for the JWST to observe, but the gravitational lensing will help magnify the star
and in this case for some of the T,sy < 30000K dark stars (green and red lines) at
both z = 6 and z = 10. The red lines end abruptly at 1.15um or logipA = 0.06 for
z = 6 and at 2.0um or logipA = 0.3 for z=10 is that the short-wavelength limit of
the MARCS model (refer to table 1 of [71]) spectra have entered the bluer filters at
these redshift. At z = 10, the steep decline in brightness at A < 1.5um(logijpA < 0.17)
along the blue (dot-dashed) and green (thick solid) lines is caused by HI absorption
in the foreground intergalactic medium[71].

Therefore, one can conclude from figure 6.4 and figure 6.5, all dark star models
are too faint at z > 6 to be detected by JWST, even if the exposure times are as large
as 100h[71]. The hope to observe high redshift isolated dark stars is via gravitational
lensing provided by the foreground galaxy cluster. Galaxy clusters at redshift z ~
0.1 — 0.6 can in principle boost the fluxes of high redshift objects by up to factors
~ 100 [71].

The cool (T,¢s < 30000K) and long-lived stars with lifetime T > 10”yr dark stars
may well be detected at z ~ 10 is sizeable numbers within a single, ultra deep JWST
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FIGURE 6.6: In multiband surveys, the JWST/NIRCam 35411444 VS.

MogoMayy colours of T, £f < 10000K dark stars at z= 10 (red star sym-

bols) were compared to a number of potential interlopers. Because

dark stars dwell in an area of this colour-colour diagram that is dis-

tinct from the regions inhabited by these other objects, deep multi-

band JWST/NIRCam surveys should be able to locate potential dark
star candidates. Credit:[71]

field if one take advantage of the magnifying power of a foreground galaxy cluster.
In case of high lifetimes for example > 10%yr and cosmic star formation scenarios
which imply significant dark star formation at z < 15, several dark stars may be
seen even if only a minor fraction of all POPIII stars forming in minihalos become
dark stars with temperatures in the detectable range[71].

Now the question rises how to distinguish the isolated dark stars from other
objects observed by the JWST. This is demonstrated by figure 6.6, where the authors
of [71] plot the colour indices m3s6 — 1444 VS M09 — moy7 at redshift z = 10 for all
dark star models assumed by the authors of [71] with T,s; < 10000K. The colour of
these models, red star symbols, are compared to a number of potential interlopers
in multiband surveys: star clusters or galaxies at z = 0 — 15(black dots)[74], Active
Galactic Nuclei template spectra at z = 0 — 15(yellow dots)[75], Milky Way stars
with T,rr = 2000 — 50000K and metalicity Z = 0.001 — 0.020(blue dots)[76] and
Milky Way brown dwarfs with T,r; = 130 — 2200K(green dots)[77][78]. Because
dark stars dwell in an area of this colour—colour diagram that is distinct from the
regions inhabited by these other objects, deep multiband JWST/NIRCam surveys
should be able to find potential dark star candidates.

The Hubble Space Telescope has conducted a number of deep imaging surveys,
including the Hubble Ultra-Deep Field (HUDF) and Extreme Deep Field (XDF). HST
has successfully identified galaxies at redshifts z ~ 7 — 10, using the dropout tech-
nique, which is pioneered by [79]. [80] and [81] found a candidate z ~ 10 object in
the co-added first and second year observation of the HUDF with the new WFC3/IR
camera as a J-band dropout. This object is assumed to be a galaxy since its spectral
energy distribution matches that of galaxies at z > 9 and it looks to be clearly ex-
tended[81]. But the absence of spectra and the poor spatial resolution of the image
allow us to consider the possibility that this object could be a SMDS candidate. It is
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hard to identify a dark star uniquely with the Hubble space telescope, it can be said
that at most one candidate has been found that can be used to place bounds on the
number of dark stars at redshifts up to z = 10[70].

Figure 6.7 and 6.8 (credit: [70]), show the predicted apparent magnitudes of dark
stars of 10° — 10” M, at various redshifts and compare these predictions to sensitivity
of various HST surveys, plotted as thin horizontal lines, in two HST filters, J-band
coloured blue and H-band coloured in red. The author assumed in these figures that
the SMDS born at z = 15 and sustained through different redshifts are depicted.
In figure 6.7, the dark stars are assumed to be developed by the extended adiabatic
contraction process, with no captured dark matter, whereas figure 6.8 considers the
capture situation.
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FIGURE 6.7: The thick curves represent the apparent magnitudes.
The apparent magnitudes in the H and ] bands for 10°M® vs the red-
shift detection for Dark Stars generated by extended AC in a 10" My,
halo at redshift of 15 are shown in the left panel. For the right
panel, apparent magnitudes in the F160W(solid red), and F125W
(blue curves) for a 107 Mg, halo at redshift 15 vs the redshift of ob-
servation for dark stars generated by extended AC in a 108 M, halo.
The 50 detection limits of the several deep field surveys gathered by
[81] are represented by thin horizontal lines, with the survey areas in
arcmin® stated in the legends. HUDF09 is the most comprehensive
survey to date (lowest dotted horizontal lines). The vertical dashed
line represents the minimal redshift at which the J-band dropout re-
quirement is met (z ~ 10). Credit:[70]

The super massive dark stars which grew via capture of dark matter are hard to
detect because since they are hotter, their peak output is at lower wavelengths where
Lyman-« absorption is worse. Furthermore, their radii are 5-10 times smaller than
the dark stars which grew via adiabatic contractions, thus lowering their bolometric
luminosities.

For dark stars with masses < 10° M, the fluxes are too low for the filters to be
seen in the HST data. The only way around is that these stars are gravitationally
lensed as discussed earlier in this section, i.e. the work of [71]. On the other hand



60 Chapter 6. Observations of High Red-shifted Dark Stars

Mps=1.e6M; With Capture J,;; Dropout Mgs=1.e7M; With Capture J;;z Dropout
U I T T T T T T UL L B T 1 1 T T

_2 [T T I 22 T
I HUDFO8 (4.7) oo F HUDFOB (4.7) -
HUDFD9-1 (4.7 HUDFDB-1 (4.7
HUDFOD_2 (4.7} - - - - r HUDFOD._2 (4.7} - - -
CANDELS-Déep (63.1) — — — CANDELS-Déep (83.1) — — —
24 + CANDELS-Wide (41.9) --——-- H 24 + CANDELS -Wide (41.9) ------ H

data . 30 [ 50 detection limits for WFC3/IR' HUDFO9 data 1

DS in WFC3 F125W
DS in WFC3 F160W DS in WFC3 F180W

1 1~ T R R . . Ll = I A A I 1 L1
2 4 8 8 10 12 14 2 4 5] 8 10 12 14

Redshift Redshift

DS in WFC3 F125W

FIGURE 6.8: For 10° and 107 M, dark stars powered by captured

Dark Matter. The sensitivity limits for the deepest survey available,

HUDEFO09, are represented by the dashed horizontal lines. The green

vertical line represents the lowest redshift at which the dropout crite-
ria is met. Credit:[70]

10°M, dark stars can be seen in the F125 (F160) passbands out to redshifts of 9(11.5)
while the 10’ M, dark star would be detectable out to redshifts of 10(13)[70].

Because the 107 M, dark stars are too bright to be consistent with HST data and
many magnitudes brighter than the HST sensitivity, the candidate discovered at z =
10 is just bright enough to be observed. Therefore, [70] concludes that the object
cannot be a dark star of mass 10’ M. But the authors put forward the argument
that if any super massive dark stars that continued to exist to z = 6 would have
been seen as an i775 dropout in the HUDF which has a 29.9m 45 detection limit for
100 detection in the iy75 passband [72]. As no candidates are found in the data, it
is apparent that SMDS did not survive until z = 6, and it may be inferred that the
10°M,, SMDS is the best potential explanation for the J-band droupout observed by
the HST at z = 10. Using the plots shown in figure 6.7 and 6.8 the authors of [70]
have also put constrain on the number of dark stars. Putting constrains on dark stars
requires a more detailed discussion. Kindly refer to [70][82][83] for so.

Supermassive dark stars are visible in all wavelength bands of the JWST’s NIR-
Cam, however observation is more challenging in less sensitive higher wavelength
MIRI camera. The authors of [70] showed that the supermassive dark stars could
be seen as J-band, H-band, or K-band dropouts, which would identify them as
z ~ 10,12, and14 objects respectively. In case of finding J-band dropouts, JWST is
not that much better than the HST as concluded by the authors of [70]. They also
conclude that the the JWST is much more better in finding dark stars in H-band
and K-band dropouts and therefore predicted the number of dark stars observed by
JWST:

For H-band dropout[70]

_ [4.4 x10%f,,, 4 fx; (0/150arcmin)®  Mps = 10°M,

— 6.1
obs {2.4 x 10%f,,, . fr; (6/150arcmin)®  Mpg = 107 Mg, (©1)
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FIGURE 6.9: In comparison to the sensitivity of the JWST filter, SMDS
spectra were created at z ., = 15. The masses of the dark stars (in so-
lar masses), the birth process (extended AC or with capture), and the
surface temperature T, are all displayed above in each panel. The
fluxes are plotted at z=15 (dashed line), 10 (solid line), and 5 (dotted
line), and are thus compared to the detection limit of the NIRCam
broad passband filters. The colored horizontal lines show the filters’
sensitivity limitations for exposure periods of 10%s (upper lines) and
10%s (lower lines), as specified in the caption. The Lya line (1216A)
is redshifted from the rest frame of the star, and IGM absorption de-
creases measured fluxes at wavelengths shorter than the vertical red
lines, which indicate the Lya line (1216 A).Credit:[70]

Similarly, the number of dark stars observed by the K-band dropouts are[70]:

obs —

{7 x 10%, , . fx; (0/150arcmin)®  Mps = 108 M, (AC) 62)

120f,,, . f, (8/150arcmin) Mps = 107 M.,

The authors of [70] also concluded that “10°M, dark stars formed via Capture
are not detectable” for K-band dropout. The authors throughout their work empha-
sised that fSMDSftl-

The fraction of dark matter halos in a given mass range that may host a dark star
is f,,,.4s» and the fraction of the observational window of time (At) during which the
dark star is alive is f, ;. The cosmic period passed between the minimum and highest
redshifts at which the dark star might be detected as a dropout is At. 6 is the total
area examined in which the SMDS may have been discovered.

From equations 6.1 and 6.2 it is evident that the number of dark stars that can be
observed is large but the main issue is to distinguish them with galaxies containing
POPIII stars. The authors of [70] in their work conclude that the best bet is to look
for emission lines of He1640 or Ha, if JWST is used for observation.If these lines are
detected, the observed object is most likely a POPIII galaxy rather than an SMDS.
If these lines are not found then JWST will have trouble in differentiating between
SMDS and POPIII galaxies.Therefore, more estimations utilizing telescopes like as
the Giant Magellan Telescope, TMT, LSST, and others are necessary.
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FIGURE 6.10: SMDS observed as K200-band dropouts with JWST: ap-

parent magnitudes for SMDS created not by DM capture using the

NIRCam filters F200W and F277W. The 10° M, DS is represented by
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minimal redshift at which the DS will come up as a dropout is indi-
cated by the vertical green dashed line.Credit:[70]
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FIGURE 6.11: Signatures of SMDS and instantaneous burst Pop III
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vs. myyy; — m3se (bottom row) colour diagrams. Type A Pop III galax-
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(no nebular emission). The solid lines are evolutionary tracks for Pop
III galaxies obtained using the YGGDRASIL model grids introduced
in [84]. The points on the evolutionary tracks distinguish the evo-
lution of the galaxies at three distinct ages. 10°M (10’ M) SMDS,
in the diagrams are represented by circle (cross) symbols. For the ex-
tended AC case, we chose a larger size symbol compared to the SMDS
formed ‘with capture’.Credit:[70]
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6.3 Dark Star signatures in CMB and Re-ionization

As evident from section 6.2, observing dark stars directly is a difficult task. For
observing dark stars using JWST with mass < 105M@, the star needs to be isolated
and magnified by gravitational microlensing or they are present together in a cluster,
i.e. a star cluster with majority of them are dark stars. Furthermore the SMDS are
infact visible with JWST but distinguishing them from POPIII galaxies is a difficult
job and therefore require more observations from other telescopes.

In this entire section the work of [85] has been discussed which looks into whether
the dark star’s life have an effect on the Cosmic Microwave Background and re-
ionization of the Universe. If these signatures can be seen on the CMB or reionization
history of the Universe, we can, therefore, observe dark star indirectly. The authors
of [85] defined different structural forms for dark stars, depending upon the degree
to which they are dominated by the dark matter.

1. Dark Star Proper (DSP) occurs when the dark matter annihilation contributes
a substantial amount to the energy budget of the star and shows characteristics
as shown by [1]. These objects are located far off to the right of the HR diagram,
in the protostar area.

2. The Dark Star Near Main Sequence (DSNMS) structure develops when dark
matter provides just a small portion of the overall energy budget of the star
and is very similar to the main sequence star. They are slightly to the right of a
normal POPIII major sequence on the HR diagram.

The structure of a dark star is determined by its age and the pace at which dark mat-
ter is captured and annihilated into heat. Usually the DSNMS stage always follow-
ing the DSP stage. Sustained high rates of capture and annihilation of dark matter
effectively increases the duration of the DSP. However, sustained moderate capture
rates lengthen the DSNMS stage because the star is sustained by both dark matter
annihilation and nuclear fusion in a significantly cooler form than the corresponding
main sequence structure.
Three distinct capture scenarios are defined by the authors of [85]:

1. No Capture (NC) is the canonical scenario. Because the annihilation of gravi-
tationally constricted dark matter at their core hinders the collapse, dark stars
form as a result of gravitational collapse and evolve to be larger in mass than
typical POPIIL. 1 star. After the first gravitationally squeezed dark matter is de-
pleted, the star completes its contraction and enters the main sequence, where
it lives like any other ~ 800M; star.

2. The Meager capture (MC) scenario is one in which we have quite enough dark
matter capture to prolong the DSNMS phase’s duration.

3. The Extreme capture (EC) scenario captures enough dark matter to lengthen
the duration of the dark star’s DSP phase.

Refer to Table 1 of [85] for various parameters and results of the models the au-
thors used to simulate the effects of dark stars on the CMB and reionization. The
authors of [85] provided the following results. All the credit is given to them.

6.3.1 Effects on Reionization

Under the NC scenario, the Universe’s reionization history is substantially alike for
all values of the dark star fraction, f,,5, where the dark stars are powered only by
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gravitationally contracted dark matter. This is despite the fact that the dark stellar
population contributes nothing to reionization during the first 0.4Myr of star forma-
tion, reducing Qjor to (1 — fDS)QPop 111, Where Qg is the combined star population’s
weighted-average, mass-normalized, hydrogen-ionizing photon output. and Qp,p11
is the photon flux output per unit mass by the POPIII stars[85].

Because Qpsnms > Qpopiir, the earlier shortage of ionizing photons is accounted
for in the subsequent DSNMS phase by an excess relative to the canonical condition
in which f,; = 0 and only typical POPIII stars followed by POPII stars exist. The
net consequences of these two effects on the reionization redshift balance out.

Figure 6.12 (Credit: [85]) depicts a zoomed-in portion of the entire history of
reionization for a few choices of f,; and the DSNMS lifespan tpsyms in the MC
scenario. Increasing the f,c and tpsyms causes reionization to occur sooner. This is
due to the fact that Qpsnms > Qpopirr, therefore prolonging the DSNMS phase and
ramping up the proportion of baryons included in it allows reionization to occur
more quickly than with just a regular POPIII IMF. With rising f,,s and tpsnus, these
effects get stronger. The MC scenario has a far lesser influence on reionization in
comparison to EC, since its duration is already highly controlled, in this case by the
core hydrogen fusion-burning period during the DSNMS.
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FIGURE 6.12: The meager capture (MC) scenario of dark star , ion-

ization histories of a Universe is shown. The two panels examine

histories for various dark star fractions f,,, where they (dark stars)

spend near to the maximum time allowed by core hydrogen deple-

tion in the DSNMS phase (tpsyms = 3 and 6 Myr). DSNMS lifespans

that are long and bigger dark star fractions cause a modest increase
in reionization speed. Credit:[85]

The ionization histories in the EC scenario are shown in Figure 6.13 (credit: Credit:[85])
for various combinations of f;,; and tpsp. Because Qyo; remains at lower levels for
longer durations during the early phases of star formation in each halo, reionization
delays with large f,,¢ and tpsp. The higher the values of f,,; and tpsp, the larger the
impact. Following the death of the dark star population, they are either promptly
replaced by new Pop II stars, or by newborn Pop III stars, who eventually die and
are replaced by new Pop II stars, depending on the period of death.

For longer delays, as IGM ionization becomes more capable of building up quickly,
reionization happens more quickly. This is due to two factors: the major source of
ionizing photons coming on at lower redshifts, and the IGM density quickly reduc-
ing as redshift decreases, resulting in longer IGM recombination durations at later
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FIGURE 6.13: In the extreme capture (EC) scenario, the ionization his-
tories of a Universe with dark or semi-dark star populations is shown.
The plot shown depicts the proportion of hydrogen in HII as a func-
tion of redshift. In scenarios when dark stars spend a long period
in the DSP phase (tpsp= 150 Myr and 500 Myr), the top panels anal-
yse histories for various dark star fractions f,g. Bottom panels anal-
yse histories for various DSP lifetimes when dark stars account for a
significant portion of the mass budget of the initial stars” population
(fps= 0.6 and 1). Longer-lasting and more abundant EC dark stars
postpone reionization. Credit:[85]

cosmic periods. This explains why raising tpsp rather than increasing f,; increases
the speed of reionization [85].

6.3.2 Impacts on Cosmic Microwave Background

The NC case have no impacts on the optical depth of electron scattering as they
don’t have any effect on the Universe’s reionization history. The electron scattering
optical depth is less for longer lived and more numerous dark stars in the EC case, as
predicted, because they reionize the Universe later. The authors of [85] also depict
T, as a continuous function of tpsp and f,¢ in Figure 6.14, which summarizes the
integarted optical depths over the full EC parameter space.

Figure 6.15 (Credit:[85]) shows a zoomed-in segment of the optical depth curves
for the MC case’s longest-lived dark star. Smaller variations in reionization history
have a smaller and opposite effect on 7., resulting in somewhat larger optical depths
than in the absence of a dark star.
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Figure 6.16 (Credit:[85]) depicts the effects of several astrophysical factors on the
evolution of the electron scattering optical depth with redshift (left panel) and EE
polarization angular spectra (right panel).
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FIGURE 6.16: Variable astrophysical factors’ effects on the evolution
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no dark stars (fpS = 0) and one with EC dark stars with tpsp =
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can also speed reionization, resulting in larger optical depths and en-
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6.4 Signatures on EBL

The extragalactic background light (EBL) is a fundamental cosmological observable
quantity, defined as emission in the wavelength range of 0.1 to 1000um. It is com-
prised of light from resolved and unresolved extragalactic sources, as well as any re-
ally diffuse background other than the cosmic microwave background (CMB). Since
the recombination, it has served as a reservoir for all energy created by nuclear and
gravitational processes. Cosmic expansion and dust absorption and reradiation shift
a considerable portion of this radiation into infrared (IR) wavelengths. As a result,
its spectral structure and intensity have provided critical information on the forma-
tion and evolution of galaxies, as well as their stellar and interstellar constituents,
across cosmic history. The integrated light from resolved galaxies, also known as
the integrated galaxy light(IGL), provides a stringent lower limit on the EBL inten-
sity[86].

The work of [87] investigates the detectability of dark star generated signatures
in the EBL. This method provides a new way for looking for dark matter effects ,the
near-infrared spectrum (NIR). The formula giving the peak EBL contribution at z =
0 from a DS population normalized to the fiducial DS parameters[87]:

At SER LMR Zunin | 25

- -5 -2 -1 DS Norm min

(Wl )mar = 2% 107" nWm™"sr™" (107years> . ( 105 ) . (103L@/M@> < (55
63)

where SFR is Star Formation Rate, LMR is luminosity-to-(stellar)mass ratio.

Figure 6.17 depicts the peak EBL contribution for three values of z,,;,, with regard
to varied dark star lifetimes. For dark stars with lifetimes smaller than (¢(z,) —
t(Zmax)), the resultant EBL scales linearly with rising Afpg. At lifetimes higher than
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FIGURE 6.17: Peak EBL contribution for the 7500K dark star
model[87] as a function of dark star lifetime; for SFRpy;; the fidu-
cial value of 107 is used.Credit:[87]

~ 108 years, the strength of the EBL increases, and the peak value of the dark star
signature shifts to lower wavelengths (Figure 6.18). This is due to contribution from
residual emissivity at lower redshifts z. If Atpg is short enough, the end of dark star
formation is nearly comparable to the end of dark star photon emission, since the
number of dark stars reduces practically quickly. The dashed lines shows a linear
relationship between Atpg and the maximum EBL flux. For dark stars with lifetimes
Atps10' years, as displayed in Figures 6.17 and 6.18, would be still present in to-
day’s universe and therefore most likely to be detected[87].

The work of [88] puts constraints for massive as well as light dark matter can-
didates from the observed x-ray, gamma-ray, and neutrino background, consider-
ing dark matter profiles which have been steepened during the formation of dark
stars.The authors, furthermore, showed that in order to satisfy the WMAP (Wilkin-
son Microwave Anisotropy Probe) optical depth constraint and the Gunn-Peterson
constraint at z ~ 6, such dark star models might need a somewhat an artificial reion-
ization history based on a double-reionization phase and a late star burst close to
redshift z ~ 6. If dark stars were common in the early universe, models that an-
ticipate a large amount of UV photons, similar to conventional Pop. III stars, are
preferred.
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FIGURE 6.18: For the 7500 K dark star model, the location wave-

length of the peak in the EBL SED as a function of dark star lifetime is

shown. The results converge toward the intrinsic emission maximum

for Atps > 10° years, suggesting that dark stars still produce light at
z = 0.Credit:[87]
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Chapter 7

Open Questions and Discussion

7.1 Paradox of Youth

The surprising fact that the central parsec contains ~ 200 young and massive stars,
and is one of the richest massive star formation region in the Milky Way[89]. The
presence of a super-massive black hole associated with Sagittarius A* makes it un-
expected to find so many young stars in its vicinity[89].The central 30pc of the Milky
Way contains a 3 — 4 X 1O6M@ black hole, but also two of the densest star clusters in
the Galaxy which includes the Arches cluster(figure 7.1). For gravitational collapse
to happen in the presence of the tidal shear from the central black hole, gas clouds
have to be denser than the critical Roche density

R \* _
NRoche(R) ~ 6 x 10 <01PC> cm™3 (7.1)

which exceeds several orders of magnitudes the density of any gas currently ob-
served in the central region(~ 103t010%cm?3) [90][91][92]. In the late 1980s, a star
with broad HI and Hel emission lines was detected less than 0.5pc from the central
compact radio source, SgrA* [93][94]. Over next few years, an increasing number of
such stars were discovered, which appear to be helium-rich blue super giants and
Wolf-Rayet stars, with masses of up to 100M[95][96].

i ligh . i
Star Clusters Near the Center of the Galaxy
Hubble Space Telescope * NICMOS
PGES =y

FIGURE 7.1: Star Clusters near the center of the galaxy. Credit:
Don Figer ( Space Telescope Science Institute) and NASA/ESA,
https:/ /esahubble.org/images/op09930a/

This unexpected presence of young stars close to galactic center is known as the
" Paradox of Youth”[97][98][99]. Recent work has increased the number of known OB
stars in the central parsec of the Galaxy to close to 100, excluding the central square
arc-second [100]. These young stars appear to form two counter-rotating discs, im-
plying that they may be related with distinct star formation processes amid dense
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accreting matter[100][101][102]. The work of Andrea M. Ghez and Reinhard Genzel,
who were the recipient of the Nobel Prize 2020 ,along with Sir Roger Penrose[103],
gave us the fact that the SgrA* is the location of the supermassive black hole candi-
date.

With the subsequent tracking of stars even closer than the young HI stars, a
cluster of stars was discovered in the 1990s within the central square arcsecond and
named as SgrA* stellar cluster[104]. This cluster’s stars, known as S stars, E stars,
or SO stars, travel incredibly near to the central black hole. The star which has been
observed moving closest to the central black hole are S14, E2 or SO-16, and was seen
within 45AU, or only 600 Schwarszchild radii, of the black hole [105]. The SgrA*
cluster’s kinematics are such that stars have randomly oriented, extremely ellipti-
cal orbits rather than circular ones bound to a single disc. Near-infrared observa-
tions of the S stars made with the Keck and VLT telescopes showed that their atmo-
spheres did not contain CO[104] which set a lower bound on their surface. Further-
more, it was concluded that the S stars are in fact simply 10 — 15M main-sequence
stars[105][106].

Several scenarios have been proposed to solve this paradox: in situ formation
in a dense gas accretion disk that can overcome the tidal forces[107]; rapid in-spiral
of a compact, massive star cluster that formed outside the central region [108], and
re-juvenation of older stars by collisions or stripping [102][109][110]; efficient trans-
port mechanisms, such as relaxation by massive perturbers and three-body colli-
sions[111][112][113][114] that act on time scales faster than the classical two-body
relaxation time[89].

How dark stars can be involved in solving this paradox? We have seen that the
stars that use dark matter annihilation as their main source of energy have signifi-
cantly increased main-sequence lifetimes. Subsequently there’s the possibility that
stars form elsewhere and then move to the Galactic center, where the abundance of
dark matter prolong their lives. This might provide an alternative explanation for
either the S stars or the outer stellar discs of the OB-type stars [67]. However, the
issue with models in which stars are born elsewhere and then move to the galactic
center is that the inspiralling timescale is generally large in comparison to their main
sequence lifetime; thus, one would expect the stars to exit their main sequence phase
once they reach the galactic center. Also, we have seen in chapter 4, more the mas-
sive is the star more dark matter density it needs to become a dark star. Therefore it
is unlikely that a star as massive as 10M, can capture enough WIMPs to have some
effects on its structure [67].

In [67], the authors further stated that such stars can reach the end of its main
sequence lifetime during migration. When they arrive at the Galactic center, these
stars can start capturing large amount of WIMPs. If the burning of dark matter
throughout a star’s post-main-sequence growth led it to resemble an OB or Wolf-
Rayet star, or if it returned to looking externally like a main sequence star, this may
explain thick stellar discs or S stars. Such explanation for the paradox should be
considered improbable, but it is interesting to consider that the S stars are indeed
on more elliptical orbits than other stars at galactic center[115] which will be an
excellent condition for these stars to accrete more dark matter than others.

To support the last statement i.e., more elliptical orbits are an excellent situation
for increased dark matter accretion, the authors of [67] presented a series of detailed
grids of WIMP-influenced stellar models for main sequence stars (for example Fig-
ure 5.4). They also illustrate what rates of energy injection may be obtained using
actual orbital parameters for stars in the galactic center, including careful considera-
tion of the velocity and density profile of dark matter. The authors of [67] concluded
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the following:

1. Stars in the Milky Way with circular orbits are highly unlikely to acquire sig-
nificant capture rates. However, if the stars in a binary system are on circular
orbits, the capture rates can be increased.

2. Stars in elliptical orbits near to the Galactic center have significantly higher
capture rates than those in circular orbits.

3. The velocity distribution of dark matter close to the Galactic center might be
extremely non-Gaussian, increasing the rate of dark matter capture by stars in
elliptical orbits in the Galactic center.

4. Supposing that the nuclear-scattering cross-sections are equal to their present
experimental limits, dark matter makes up a spike around the Galactic center,
and that the dark matter distribution has gone through adiabatic contraction
at a larger scale, stars of solar mass and less will reach break-even between
annihilation and fusion energy on orbits with periods of up to 50 years and
eccentricities as low as 0.9. Stars with a mass of 1.5M, can attain the same ob-
jective with comparable eccentricities if they orbit the core black hole in fewer
than 10 years.

5. Without adiabatic contraction of the galactic halo, stars of a solar mass or less
must have orbits as shorter as 10 years and eccentricities as low as 0.99.

6. The above-mentioned conditions are expected to be greatly eased for stars in
a binary system. The impact of WIMP dark matter annihilation would be dif-
ficult to ignore in a system composed of a low mass protostar and a extremely
evolved massive star.

7.2 Effects of dark matter at different stellar phases

In Chapter 3 we have seen that a protostar can collect dark matter by adiabatic con-
traction. This can be described either using Blumenthal method of adiabatic contrac-
tion or Young’s method. Both method are successful to accrete enough dark matter
to annihilate and dominate over rest of the heating/cooling mechanisms in the star.
In Chapter 4 we have discussed another way via which a star can capture dark mat-
ter that is via scattering capture. Till now we have seen the effects of dark matter on
stars when they are in the main sequence stages which has been covered in chapter
5.

But not much work has been done on the effects of dark matter on the stars
when they exist their main sequence stages.[116] and [117] studies the effects of dark
matter on low mass red giants with masses < 2.3M and 0.8 — 1.4M, respectively.
Both work concluded that the dark matter makes the helium burning phase begin
earlier i.e. early ending of the RGB phase. This is due to the increased mass of the
core due to dark matter collection, which in turn increases the luminosity of the star
and making the condition ideal for early beginning of the helium burning phase
of the red giant. No work has been done so far for intermediate (> 2.5M) and
massive (> 8M) red giant stars.

The end stages of stellar evolution is marked by an explosion, depending on the
properties of the red giant, is either a Type I Supernova, Type II Supernova or a
Nova. The remnants are either a black hole or neutron star for the former two and
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a White Dwarf for the latter. The works of [118][119][120][121][122], to name a few,
discusses various aspects of effects of capture of dark matter on neutron stars and
how these stars can be an excellent laboratories to study the properties of dark mat-
ter. The works of [123] looks into the capture of dark matter by white dwarfs. Being
the most abundant compact stars in the Galaxy, the authors of [123] worked on the
dark matter capture rates in the white dwarfs, for dark matter scattering either with
nuclei in the stellar interior, or with the degenerate electron component. They also
concluded that the old massive white dwarfs in the globular cluster M4 can con-
strain dark matter-nucleon spin-independent cross-sections beyond the capabilities
of current and future direct detection (DD) studies.

The asymmetric dark matter model’s effects are also studied in the work of [124],
where the authors studies their effects on low mass stars and brown dwarfs. The
works of [125][126] studies the dark stars that uses asymmetric dark matter model
as fuel. The work of [127] studies the formation and evolution of young low mass
stars(0.7 — 3M) in high dark matter density halos of 10°GeVem 3.

7.3 Dark Stars in Stellar clusters

Star clusters can be the best places to look for dark stars. They are among oldest
objects and contain not hundreds but thousand stars that can be studied effectively.
Our own galaxy have about hundred or more clusters, which provide us a huge
database to study the stellar evolution. During the birth of a star cluster, if there is
enough dark matter accretion via adiabatic contraction on the protostars, then there
can be signatures detected of dark matter annihilation and there will be effects on
stellar evolution. On the other hand, if a star cluster finds itself in a dense dark
matter halo, then the stars can capture dark matter to such an extend that the dark
matter annihilation takes over the dominant energy source of the stars, and hence
dark stars are born.

The work of [128] tried to see what signatures can be expected from such a sce-
nario. In order to characterise how dark matter annihilation inside stars changes
the aspect of a stellar cluster, the authors of [128] computed the evolution until the
ignition of the He burning of stars from 0.7M, to 3.5M, within halos of dark mat-
ter with different characteristics. They came to the conclusion that when a cluster
is enveloped by a dense dark matter halo, the cluster’s stars positions in the H-R
diagram have a brighter and hotter turn-off point than in the traditional scenario
without dark matter. This makes the cluster look younger. The high dark matter
densities necessary for such effects are only expected in certain regions, such as the
Galactic center. If dark matter is a WIMP particle with a mass of 8GeV, this signature
is anticipated for a dark matter halo with a density of p, = 3 x 10°GeVcem 3. The
gradient in dark matter density within the star cluster would result in a larger main
sequence, turn-off, and red giant branch area [128]. The bottom of the isochrones
in the H-R diagram rises to greater luminosities for large dark matter halo concen-
trations, leaving a distinctive imprint on the star cluster. The authors also argue
that such signs might be used to infer the presence of dark matter in the cluster’s
location.

More detailed spectrum energy distribution of various star and dark matter masses
are required to fully understand how dark matter effects the stellar evolution. The
spectrum energy distribution shown in this thesis work in section 6.1 are either for
supermassive dark stars or dark stars with masses from ~ 100M,. Furthermore, the
case study of globular cluster NGC2419[129], concludes that the presence of a dark
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matter halo around NGC24194 cannot be fully ruled out at present, yet any dark
matter within the 10 arcmin visible extent of the cluster must be highly concentrated
and cannot exceed 1.1 x 10°M, (99% confidence), in stark contradiction to expecta-
tions for a probable progenitor halo of this structure, which makes them a suitable
site for dark star observation.

7.4 Dark Stars as Black Holes

It is now believed that at the center of spiral galaxy like our Milky Way, and AGNs
have a supermassive black holes. The formation of such heavy black holes is still
an unsolved question. The work of [130] is an excellent work to understand the
assembly of the first supermassive black holes. As we have seen, the dark stars
can grow as huge as 10°M;. When the dark matter is fully consumed, these stars
can collapse directly to black holes, without ever going through the nuclear fusion
phase. Such black holes can then act as seeds for supermassive black holes, which
can grow via accretions and consumption of gas and other objects.

In standard stellar evolution, the stars with masses ranging from ~ 150 — 240M®
are anticipated to evolve into a pair instability supernova with no black hole rem-
nant, resulting in the predicted gap in the black hole mass function of roughly 50M,
to 140Me, but the LIGO and Virgo Collaborations[131][132] recently discovered
black holes of masses 66 M, and 85M, in the gravitational wave event GIW190521.
The authors of [133] propose that if an additional energy source is added throughout
the star along with nuclear fusion, it is possible for the altered evolution to avoid the
complete destruction of a pair instability supernova, and a black hole remnant is left
behind. The dark matter annihilation is the source of this additional energy in the
star. For a 180M, star (MESA’s one-dimensional star evolution atmosphere is being
used), if this additional energy source accounts for ~ 50% of the star’s energy, the
star has the capability of totally avoiding the pair instability and transforming into
a core-collapsed supernova and a black hole remnant with mass ~ 120M,.

Furthermore, if dark stars do get fairly big, their mergers should provide a grav-
itational wave signal. Their gravitational wave signature should differ from that of
similar-mass black holes because they are stretched. This might be an interesting
approach for LIGO to find dark stars. They are also made up of relatively cool
baryons, thus the electromagnetic signature of the event should be substantially dif-
ferent from that of a much hotter accretion disk [2].

7.5 DarkStars

This section is devoted to discuss the capabilities of the dark star evolution code
called "DarkStars". This code was developed by [3], which is a modification of the
the standard stellar evolution code STARS [134][135][136]. It was to cover the im-
plications of dark matter capture and annihilation DarkStars is written in Fortran95,
and can be freely downloaded from http://www.fysik.su.se/ pat/darkstars or
https://github.com/patscott/DarkStars.

DarkStars includes gravitational capture of WIMPs from the galactic halo via the
full equations of Gould [137], including both spin-dependent and spin-independent
scattering on the 22 most important atomic nuclei. The capture routines are adapted
from the solar capture code in DarkSUSY[138]. Capture may be executed semi-
analytically from either a standard isothermal WIMP halo or an isothermal halo
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with a truncated WIMP velocity distribution at the local escape velocity. Alterna-
tively, numerical capture calculations can be performed on a velocity distribution
derived[139] from the Via Lactea[140] simulation of a Milky Way-type galaxy, or
any other arbitrary, user-supplied velocity distribution[141][142][143].

The height distribution of WIMPs in a star is calculated by interpolating within
two limiting distributions based on the value of the WIMP’s mean-free path in the
star: one for WIMPs with extremely long mean-free paths and the other for WIMPs
with extremely short mean-free paths. Conductive energy transfer between atomic
nuclei and WIMPs through weak-scattering events is approximated at each height
by re-scaling the known equation for conductive luminosity at short mean-free routes
according to the star’s actual mean free path. The annihilation luminosity is com-
puted at each height in the star as the product of the annihilation cross-section and
the square of the local WIMP density, and this is included into the stellar solver’s
luminosity equation alongside the conductive luminosity. DarkStars takes a sim-
ple text-file input and generates an evolutionary run using a series of switches and
physical settings. Switches enable the user to choose between analytical and nu-
merical capture, different halo velocity distributions, the inclusion or exclusion of
annihilation and conductive energy transport effects, and the ability to run in a
special’reconvergence mode,” in which the solution obtained at each timestep is
converged twice. The user may specify the WIMP mass, spin-dependent, spin-
independent, and annihilation cross-sections, as well as the stellar mass and metal-
licity, the initial WIMP population in the star, and the proportion of energy lost to
neutrinos in each annihilation. A constant star velocity can also be specified using
a WIMP halo with a certain local density and velocity dispersion, placed at a place
with a single well-defined Galactic escape velocity. Runs can alternatively be per-
formed along user-defined orbits, in which case these four parameters are replaced
with dynamic values given in an additional text file. Orbits can also be looped if
needed.

The three exemplar codes that are run here are for a star of 1M, at a distance
of 0.01pc from the galactic center, moving through dark matter WIMP halo at speed
220KM /s and galactic escape velocity 600Km /s. The WIMP Halo velocity disper-
sion is 270Km /s for a WIMP particle mass of 100GeV. The star has an initial num-
ber of WIMPS 10%°. The annihilation cross section is taken to be 3 x 10726cm3 /s
(v — 0, mean over velocity), The spin-independent and spin dependent WIMP-
nucleus cross section are 1 x 10~#*cm? and 1 x 1073 cm? respectively. The energy
lost to neutrinos are set to 0.1. A boost factor= 1.0 is also included which to multi-
ply capture rates to mimic ignored effects. Knudsen number at which WIMP energy
transport is maximised is set to Ko = 0.4, and Knudsen suppression T = 0.5 is set
which is a relaxation scale for Knudsen dependent suppression function. The WIMP
thermalisation timescale is set to Tryery = —1.0. The abundance of heavy elements
are also set. For Carbon and Oxygen abundance the value is set as 8.39 and 8.66
respectively. Na = 6.17, Al = 6.37,5i = 7.51,5 = 7.14, Ar = 6.18,Ca = 6.31, Fe =
7.45,Ni = 6.17andPb = 2.00 are set. The code ends when the star becomes a certified
"WIMP Burner".

The main difference comes in the local WIMP density, through which the star
travels through. For the case of "Normal", the local WIMP density is p = 1 X
1072GeV /cm®. For "Dark" case, the local WIMP density is 1 X 10°GeV /cm® and
for "Very Dark" case it is 1 x 101°GeV /cm?®. Isothermal Maxwell-Boltzmann distri-
bution for halo velocity is considered in all three cases. Keeping the mass of the
star almost same throughout the run, for "Very dark" results obtained are shown in
Figure 7.2,7.3.
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ture)

Figure 7.2 plots luminosity, density and temperature(WIMP isothermal temper-
ature) versus time (years) elapsed since the star starts capturing dark matter. It is
clear that with time the density increases drastically initially but decreases gradu-
ally as the star starts to consume dark matter via annihilation which becomes the
dominant energy source of the star. Similarly, the star gets more brighter with time.
Around 10000 years, the luminosity becomes somewhat same. The temperature also
increases and then decreases slightly with passage of time as the star is consuming
dark matter. These results are due to setting mass of star equal to 1M,. Figure 7.3
shows the plot between luminosity and temperature.

In Appendix A, the rest of the output data is shown for the Very Dark case. One
can see the dark matter density increases drastically, then slowly goes down. The
energy deposited by dark matter annihilation increases with time. Since the mass is
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same throughout, the capture and net accretion rate also decreases.

Similarly, in Appendix B and C, the output data of the Dark and Normal cases
are shown. The interesting thing to note is that in the Normal case the all the param-
eters, i.e. density, temperature, number of WIMPs in the star, and annually injected
annihilation energy increases gradually. This is because in the Normal case, the dark
matter density is small, therefore the star collects dark matter much more slowly
than the rest of the two cases, therefore, the parameters increase gradually. Even
though a very simple exemplar codes, they show clearly that for a star to become
dark star one requires a highly dense dark matter halo density, which is criteria 1
(section 3.1.1) and dark matter annihilation becomes dominant energy source of the
star, i.e. criteria 2 (section 3.1.3). This code is extremely powerful tool and using
this code, one can simulate the formation and evolution of dark stars for various
scenarios. This is clearly evident by the outputs of exemplar codes shown here.
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Summary

Works like [144], which discusses dark matter annihilation in the Sun, indirect detec-
tion due to dark matter annihilation in the Sun as a possible way to find WIMPs was
proposed by[145]; indirect detection in the Earth as a possible way to find WIMPs
was proposed [146] and [147]; indirect detection due to annihilation at the Galactic
Center was proposed [148]; effects of nonannihilating WIMPs on convection in stars
was considered by [149]. The role of dark matter annihilation on the evolution of the
Sun and other Population I main-sequence stars, including in galactic nuclei leading
to black hole formation, was previously studied by [150] and [151]. Therefore, the
idea of studying dark matter effects on stars is not new.

In this work we have discussed about Dark Stars. Proposed by [1], these stars
use dark matter-dark matter annihilation as their energy source to keep themselves
in hydrostatic and thermal equilibrium even though these stars are made (almost
entirely) of hydrogen and helium. The WIMP or Weakly Interacting Massive Particle
is the preferred model of dark matter. These are the stars that are theorised to be born
when Universe was roughly 200 million years old at redshift z = 10 — 15 ending the
dark ages of the Universe and can grow as long as there is dark matter to power it,
therefore it can reach the mass of 10’ M, with luminosity 10' L.

For a star to be born as dark star, three important criteria should be fulfilled:

* High dark matter density
¢ Dark matter annihilation products gets trapped at the stellar surface
* Dark matter annihilation is the dominant energy source of the star.

The dark star is born at the center of a dense dark matter halo, which can accrete dark
matter either via Blumenthal method of adiabatic contraction or Young’s method.
Both ways are capable enough to accrete huge amount dark matter in the star. Once
the dark star consumes the dark matter, the star contracts gravitaionally which pro-
vides energy to the star for some time and then the nuclear fusion kicks in as the
main energy source. If the star finds itself surrounded by a dense dark matter halo
again, it can gather dark matter via scattering capture process. Since these stars do
not produce ionising photons which prevent further accretion.

The annihilation of dark matter in a star makes it look younger than the star of
the same stellar properties. These stars are bright, huge,puffy(~ 10AU) and have a
low surface temperature(~ 10000K) as long as there is dark matter present to pro-
vide energy to it via annihilation. James Webb Space telescope is capable enough
to observe them, and they can leave behind signatures in the Cosmic Microwave
Background and re-ionization. These stars can in-fact delay the reionization of the
Universe. These stars are an ideal laboratories to put constraints on the properties of
dark matter as the stellar properties of these stars are dependent on the properties
of the dark matter. The code "DarkStars" is a very powerful tool that can be useful
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in studying them. If dark stars get massive enough, their mergers should provide
a gravitational wave signal. Because they are extended, their gravitational wave
signature should be different from that of similar-mass black holes. This might be
an interesting approach for LIGO to find dark stars. Because they are composed of
relatively cool baryons, the electromagnetic signature of the event may differ signif-
icantly from that of a much hotter accretion disk. These stars may potentially serve
as a possible seed for the creation of supermassive black holes.[2]

Such type of stars, if discovered in near future, will open up new ways to under-
stand stellar evolution and dark matter, which is extremely exciting.
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Appendix A

Very Dark case of DarkStar

Here are the values of various stellar properties of the Very Dark case are listed(Table
Al). It is clearly seen that for this case the star gathers dark matter much more
quickly and in huge amount than the rest two cases. The density and WIMP isother-
mal temperature are increasing but reduces as the star starts to annihilate, which
becomes the dominate energy source of the star.
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Appendix B

Dark case of DarkStar

We ca see that for this case the star gathers less WIMP particles than the Dark case.
This makes the star be born as dark star later than the dark case. The capture rate
and net accretion rate also reduces as the mass of the star is kept same throughout
the run. But the density and WIMP isothermal temperature increase.
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Appendix C

Normal case of DarkStar

As seen here, in this case the star gathers dark matter much slowly and very less in
comparison to the Very Dark case and Dark case. It is clear that for a star to become
dark star soon, a highly dense dark matter is required.
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