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Abstract

This paper contributes an extensive analysis of Dark Matter (DM) along with associated materials regarding the interpretation
of its evidence from ‘cosmic microwave background radiation’, ‘gravitational lensing’, ‘galactic mergers and collisions’, ‘evolution
and formation of galaxies’, ‘galactic clusters’, ‘Lambda-CDM models of the observable universe. Massive Astrophysical Compact
Halo Objects (MACHOs), Weakly Interacting Massive Particles (WIMP’s), Strongly Interacting Massive Particles (SIMPs),
along with hot, warm, and cold DM, shedding an extensive overview of the y_elastic of the cold DM after the chemical equilibrium
is reached and kinetic decoupling happens earlier for y_(in-elastic) accounting for 85% of the dominated matter in the universe.
Scaler-Vector-Tensor (SVT) Gravity, MOdified Newtonian Dynamics (MONDs), and Gravity of Entropy (GoE) have emerged
as a supplement of the modified General Relativity (GR) as a source of non-baryonic DM scenarios in the universe. Observable
evidence has been taken into account for the ‘dispersion of velocity’, ‘galactic rotation curves’, ‘Lyman-o forest simulations’,
’21 cm red-shift spectra’, ‘satellite sky surveys’, ‘formation of structures’, and ‘supernova measurements of Type Ia’. Direct
evidence in the underground chamber for ‘nuclear giggles’ either ‘Cryogenic experiments CRESST, CDMS’ or ‘noble liquid gases
XENON’ as a result of DM scattering via VECTOR-PORTALS and Indirect evidence as a result of sky-surveys like satellite
telescopes ANTARES, AMANDA or through the ‘collider experiments’ in LHC, CERN, Geneva, Switzerland.
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Introduction

The Einstein-Field equations described the ‘dark energy
as the cosmological constant or A’ as follows,

8nG

C4T

Gyv + /\guv = uv

Fig. 1 The blue semi-circle represents the galactic disk with a radius (red
line) of ~10Kpc, width ~ 0.5Kpc, the central (black sphere) is the
black hole Sagittarius A* with a mass of ~ 4 x 10° Mg where the Sun is
at a distance of ~ 8.5 Kpc from the galactic centre and (Green line)
represents the revolution function of the stars beyond the galactic disc to
the DM Halo (black circle).

DM are invisible therefore, the traces that are left be-
hind by the objects purports to the existence of DM
and the interstellar medium comprises of ~10% of the
total stellar mass providing evidence for the distribution
of DMs. There are at least ~ 10! stars in the Milk
Way where the collision between two stars takes
~ 1021 years thereby proving that they are essentially col-
lisionless. The time ~ 102! years is even greater than 13.8
*10° billion years, the age of the universe, therefore
something strange is acting between them[1,2,3,4].
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Fig. 2 The Andromeda galaxy (M31) rotation curve from Roberts and
Whiteburst [5] shows after 13 Kpc, the curve instead of getting down,
gets flattened at a region beyond the galactic disc.

Fig. 1 shows that at the (green line) beyond the galac-
tic disc as a function of velocity which instead of dimi-

This A+ DM = 95% of the content of mass-energy in
the universe. The other constituents of 5% are of ‘ba-
ryonic matter’. Dark-energy (A) constitutes ‘negative
pressure’ which accelerates expansions.

nishing (upto the limit of red line) gets flattened out at
~ 13 Kpc due to the presence of some invisible non-
baryonic matters presented which interact only via gra-
vitation but not electromagnetism and hence remains
invisible as depicted in Fig. 2. Experiments had been
carried out by radio telescopes to map the red-shift of
the 21 cm hydrogen line in the ambient galaxies and to
much surprise the extension of (H-1) to a large distance
beyond the galactic radii arousing a suspense regarding
the excess mass-distribution of the galaxies. Finally the
rotational velocity has been observed to peak between
(~9 — 12 Kpc) followed by a flattening extending upto
~ 30 Kpc suggesting large values of mass ratio to outer
parts of the (H-I) disks. The rotational velocity R(v), o
is given by,

z2|GM

R(V)yor = T

Where ‘G’ is the constant of gravity, ‘M’ is the mass
that is enclosed within and ‘r’ is the radial distance to
the galactic disk. Now, the rotational velocity should

diminish by 2\/} instead it is directly proportional to the

“M" as R(V),o X M. The DM density distribution is
inversely proportional to the square of the radial dis-

tance as p(r) °<le- The DM Halo having a mass of

1012 Mg, having a radius of ~ 10% Kpc has the average
velocity computed by virial theorem as,

2
— =~ 200KmSec!

The phase-space material in the DM Halo has a certain
density governed by the Boltzmann equation,

NPhase Space = .U‘J' fff
momenta positions
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Therefore, for the particle to exist the probability densi-
ty dictates [ Nppase space = 1.

Baryons in the galactic disk (interstellar-medium) can
interact among themselves and collide; however, the
DM is collisionless and therefore makes a spherically
symmetric Halo. This states that the collision operator
U(f) = 0 while the equations governing the Liouville
operator give the implicit definitions as,

n
dp ap
L(f) = +Z<— i +o— '->=0
fl=p 4 aq, U o P

{qj - Canonical coordinate, p;
- conjugate momenta}

No matter what trajectory the DM of the phase space
takes L(f) is constant along the path of trajectory im-
plying O(f) = L(f). As pressure, density, momentum is
a function of the gravitational potential ¢, the Jeans
instability of the enclosed mass M., psea @S @ function
of the radial distance 'r’,

a_p _ (p(}p(r)Menclosed (T)

or r2

Solving the Jeans instability with the gravitational po-
tential and radial dependence, the density distribution
becomes,

dispersion

V,
2 = — =
Vi 4nGp - p(r) Gy

This satisfies two important relations as,

1. p(r) ==

T

2. f(v) X e_vz/(vdispersion )2

This suggests that the DM is capable of gravitational
interaction in the spherically symmetric Halo and the
density falls as the inverse of the distance squared with
the velocity being exponentially falling meaning that the
curve is no longer flat.

Some of the direct evidence for the DM-distribution
density includes,

e According to the Virial theorem, the kinetic
energy of the stars must be binded together by
a strong potential force which implies the rela-
tion,

N
(Time) = —%zm "T)
i=1

Where the i force located at /™ positions act-
ing on th particles over an average time de-
noted by brackets measured the mass and ve-
locity of the galaxies (either dwarf or not) and
globular clusters. However, the dispersion of ve-
locity does not match with the distribution of
the masses resulting in a kinetic anomaly. Every
galaxy has ‘luminous density’ and that density
decreases as in case of a spiral galaxy, from the
galactic center to the arms. In observations,
this theory proved fragile, as the luminous
masses assumed to be stars with planets orbit-
ing around them, however, the rotational veloc-
ity at the arms must be less than that of the
centre, but this doesn’t happen and this proved
some non-luminous matter prevails at the out-
skirts in the extra-galactic Halos probing firm
evidence to DM particles.

e Gravitational lensing paves the way between an
observer and a large mass with a source. This
result in the distortion of the lights, however,
the mass-to-light ratios does not tally the theo-
retical measurements thereby again proving the
existence of DM particles surrounding the mas-
sive objects.

e Ordinary matter in the early universe results in
ionization potential and they are scattered
through Thomson scattering. However, DM
does not behave like the ordinary (or baryonic)
matters. Therefore in the CMBR, there are
remnants of anisotropic peaks which were first
detected by COBE satellite in 1992. The power
spectrum of these anisotropies can be decom-
posed into peaks and they provided evidence for
DM particles by both MWAP and PLAN satel-



lites. DM does not couple with Electromagnetic
particles, therefore it gravitationally interacts
with the density and viscosity of the ordinary
matter.

The FLRW metric provides a homogeneous un-
iverse where all the structures have been
evolved and formed within these 13.8 * 10°
years. However, those structure formations infer
with the logic that, if there is enough gravity
only then the formations properly takes place,
but the gravity to structure formation ratio is
not prominently defined meaning that there ex-
ists some missing mass spectrum that needs to
be included into account and that recounts for
the DM.

Supernovas (Type la) provides a perfect candi-
date to prove GR, however, the energy-density
of the universe [[rorq = 1 (because the un-
iverse is assumed to be flat as Q = 1) but, the
interesting  point is  [[paryons —density = 0.05
while  [Ipark —energy —density = 0.6 . this leaves
the clue that the missing matter [Ipy _densicy =
0.3.

Solan Digital Sky-Survey detected the Baryon-
Acoustic-Oscillations of the QGM in the early
universe that seemed to provide signatures on
CMBR power spectrum, the recombination of
the DM and Baryons when occurred, then, the
observable effects are weak in the early un-
iverse, however, the present day they are clearly
noticeable (= 1) at galaxies separated by 140 —
148 MPc.
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Fig. 3 Power spectrum of Layman-a flux in post Big-Bang era. CDM are
shown in green, WDM are shown on red. WDM is exposed to high red-
shift [6].

DM falls into 3-categories WDM (warm DM), CDM
(Cold DM), HDM (Hot DM)[7] based on their Free-
Streaming-Length (FSL). Dwarf Galaxy (D-G) is the
main parameter to identify WDM, CDM and HDM.
The classification tends 3 scenarios,

1. FSL of (D-G) ~ WDM
2. FSL of (D-G) « CDM
3. FSL of (D-G) » HDM[8][9]

Furthermore, DM can be classified as ¥,usic and
Vin—elastic - After the Big Bang, after a considerable
amount of time, when the universe is accelerated and
cooled it becomes rather difficult for the DM particles
to get annihilated with a partner through Axion-Portals
or Vector Portals, thereby, the number density of DM
N, of Vin—elastic freeze out’ according to the Hubble

rate H = % on the magnitude of,

a
Yin—elastic = (Vdispersion * V) ~ E

The ‘Freeze out’ temperature of CDM, HDM and
WDM are respectively,

e N, ~ T3 « T/mi

~ [3
o IVP
WDM

° (2\/T3* T’i) 3 T3
My

After the HDM is no longer in equilibrium with the am-
bient plasma, chemical equilibrium takes place and the
thermal state of ¥, _eiastic Vanishes, remaining after the
decoupling ¥,pastic ©f the CDM which persists in the
present day universe after the thermal equilibrium phase
becomes over. Fig. 3 shows the redshift of z = 5 from
50 different Quasars. The more hotter the DM, the
FSL becomes longer and the cut-off rate of kinetic de-
coupling gets lower. During the early stage the HDM
are in random collisions with Photon-bath due to the
non-zero average velocity which finally leads to the
formation of yusric COM.



Jeans theorem and virial theorem applies in our galaxy,
providing it exists in a steady state. Our Milky-Way
being ~13 Gly old collided with a galaxy in the past
about ~10 Gly ago and in the process of merger of the
two galaxies (one being dwarf), the core galactic disk
perturbs resulting the infilling materials from the colli-
sion which ultimately leads to adiabatic contraction
where the matter cusps in the galactic disk. However,
the density and velocity of the DM distribution remains
unchanged in the Phase space according to Boltzmann-
Maxwell distributions and the traces left behind by the
in-falling stars shows the trail of the DM gases. This
includes but not limited to the perturbation of the DM
Halos by resultant combining of two galactic mergers
where if there exists some supernovas, then this pushed
apart the DM gases to the boundary of the Halos re-
sulting a alteration of the distribution of DM gases and
particles. 3 successful models can be considered de-
pending on this structure simulations where N-body
gravitating bodies are taken into account meaning many
gravitating systems interact with each other.
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Fig. 4 Simulated comparison of 3 profiles with NFW (red), Einasto
(dashed blue), Burkert (green), 10 KPC (dot and dashed purple)[10].

NFW __ Py
Pe) = Gmasern L

pEinasto = po exp [_E((l)r B 1)]
™ r\\r,

Burkert __ Po
Par) T (/) A/ (1)) [12]

r, ~ 20 Kpc , T = 0.17 [13]

These equations (3 of them) give a better understand-
ing of the full hydrodynamic solutions of our Milky-Way
galaxy providing the density parameters as a function of
radial distance (r), N-body simulations provide a strong

evidence for velocity distribution and dispersion where
the Halo may get effected by a merger of another Halo
or a tidal stream or tail of the remnant matter exists in
the outer layer of the disk subject to merger. The DM
phase space distribution may have clumps resulting
from over density of the dark matter or may have
streams of debris detected by the Solan Digital Sky
Survey (SDSS). There can be overlapping Halos result-
ing in the overlapping streams of debris which may ac-
cumulated to a DM disk surrounding the Solar Systems
accordance with the Phase Space distributions. From
Fig. 4 the density of the 3 models, piy" . pE5®* ,

pg"ﬁrke” falls as p(r) :riz at a radial distance of
= 10 Kpc. The over density accumulation of the dark
matter in the ‘Solar Disk’ is accompanied by an expo-

nential fall of velocity related to

F) o e/ WVaispersion ) . SDSS identified ‘fields of
streams’ of DM Particles with some blue shifted nearby
and others red shifted across the tails of the debris
moving faster outwards.

To search for the astroparticle component of the DM,
it is better to know what kind of spin statistics the
DMs are following. The DM Halo can be made of a
large number of scalar bosons in the Nppgse space @and
therefore, there is no upper bound for the bosons to
occupy the DM candidates. They can be well immersed
inside the Halo. However, if the DM is a Fermi particle
then the Fermi-Dirac statistics makes the existence of
DM in the Nppgse space quite difficult due to the spin
coefficients. The Pauli's exclusion principle dictates that
the Fermi-particles can exist in one combination only
that is,

| TYand | 1)

However, in this scenario, the cells of the Npjuge space
must accompany Pauli’'s principle to accommodate DM
particles. As the probability of finding a DM particle as
[ Nppase space = 1, therefore, the Heisenberg’s Uncer-
tainty Principle holds as,

h
Ax*ApZEwl

Where, Ax = 21\/1Halo and Ap = VDispersion



The mass limits of the DM particles can be determined
as the existing matter particles in the compact Halo as,

-21
Mposons = 107" eV
MEermions = 700 eV

Therefore according to DM candidates, Mpermions >

Mposons

Now, considering the particles making up the DM, 3
suitable candidates are as follows,

e Axion is a suitable component of the DM, pro-
posed to solve the Strong-CP Problem of QCD
having mass range of ~ 10~* eV. Axion having
the lightest superpartner axino, it can be a di-
rect evidence of the dark matter for the astro-
physical signatures detected in the Halo. Axions
does not act electromagnetically and the low
cross section makes it difficult to interact with
the ordinary matter. Axions can be there at the
primordial universe at the beginning of the Big
Bang and with the ULA or Ultra Light axions,
the mass range falls as ~ 10721 eV making it a
suitable component for Bosonic DM. the high
flux of axions from the galactic Halo has been
observed resulting a density parameter of
~ 0.1 GeV - Cm~2 indicating that, there must be
other DM candidates along-side axions as its
density is not sufficient enough to make up the
DM Halo.

o FCD or Fuzzy-Cold DM are another hypotheti-
cal candidate of DM having a mass range of
10721 eV or 10722 eV thereby making a CDM
candidate. There always remains a discrepancy
between the Inferred DM densities and N-body
simulated predictions, therefore, this FCD go-
verned by Poisson-Schrd dinger equations can
solve the ‘Cuspy Probem' of the DM Halos.

e Sterile (or inert) neutrinos having an isospin of

1 1. : . L
+5,75 interacting only via gravitational forces

can be the potential candidate for DMs. They
can be labeled as CHL or Charged Heavy Lep-
tons and interacts with the weak processes.

Now, as the Lioville operator is equal to the Collision
operator as we see before as,

0(f) = ¢(f)

Fig. 5 The Nppase space ~1, thermal equilibrium and kinetic equilibrium can
be achieved when we have 2 incoming dark matter particles a;a, interact
with baryonic particles By, via vector portal (the grey sphere in the
diagram),

The conditions in above diagram is achieved when
0(f) = Z—’Z+ 3Hn where ‘n’ is the number density over
time and ‘H’ is the Hubble constant (~80) equals to
the C(f) = ((Vpispersion * VINa, N, — Vbispersion *
Vn f1in 2, where 1,2 are initial DM particles, 3,4 are
final Baryonic matter particles, this gives the parameter
~ 10726 cm3Sec™!  and
according to the PLANK+WMAP data, the coupling
parameter is ~0.1 then the mpy,~100 GeV'.

_ number density /
0= entropy

DM are abundant in the extra-galactic regions, the cen-
tre of the galaxies (the Halo around the galactic disc),
and the Dwarf-Galaxies. All these measurements are
indirect measurements and comes from satellites or or-
biting spacecrafts, which detects the DM annihilations
as,

hadronisation

Br+ B, = ZOWTW™, qqqqg -vyy
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Fig. 6 Deferent source for DM scattering with the yellow region depicts
the neutrino scattering as Sterile (or inert) neutrinos also fall in the CDM
regime and can't be separated from the signal[14], 10 to 90 GeV is the
regime where the nucleus can’t giggle anymore their recoil energy being
~10 GeV while after 100 GeV, the number density increases as mass
decreases. (for the XENON atoms)[15].

Fig. 7 The six cluster collisions of the DM mapping the galactic distances
(CC BY 4.0 Wikipedia) probing indirect detection of the DM in cluster
galaxies and the merger of the galactic Halos when they collides with
each other[16].

However, in the ground based detections, the XENON
(in XENON100 experiments)[17] is placed to some un-
derground mines or facilities for protecting against radi-
ations and high energy cosmic rays, where if the DM
candidates of mass m§™ hits a nuclei and scatters them
then the resulting mass of the DM after scattering be-
comes mP" such that m?™ —mf™ ~ 5. The XENON
nuclear mass is around ~120 GeV with the recoil energy
~50 GeV having the threshold energy limit of around
~10 KeV. The underground detectors have been devel-
oping around the world for DM detection.

WIMP—nucleon cross section [pbl

Collider experiments are another essential source for
detecting DM particles. DM particles are hypnotized to
be lighter than other standard model particles although
they can give hints of the unknown supersymmetric par-
ticles. There may lies an entire landscape of this DM
particles beyond our sight of view. Those particles as
doesn't interact with lights or other electromagnetic
radiations, they are difficult to detect from the tracks
left
Electron Collisions in LEP. However, when the atom
bombardment takes place in the collider, those DM par-

in Proton-Proton collisions of LHC or Proton-

ticles dissipate very quickly in space and hence remain
undetected. Those are observed from the momentum
and energy (missing) from the total momentum of the
collisions. This can also be possible that DM escapes
to the other dimensions. In this case DM must have to
be a BOSON obeying BOSE-EINSTEIN statistics and
they are not bounded by Dirichlet-boundary conditions.

So, two things can be concluded,

e Either they dissipate quickly in space before
getting detected and hence left undetected.

e Or, they are closed strings without any boun-
dary conditions or attachment and thereby es-
cape to higher dimensions of space-time.

The proportion of DM to ordinary matter is 5:1. Hence
DM is abundant in the universe (or observable universe)

The critical energy density of the matter curve is given
by,

Protal
Ppo=—7 "= Pi

Pcritical

Here periticqr = 1.88h% X 10722 gm cm™3

and p; is the
stars, photons and other matters in the observable un-
iverse. CMBR gives us a picture of the universe at
around ~3,00,000 Yrs after Big Bang. The anisotropy
of the CMBR is the last scattering that helps us to de-
termine the matter distributions or the acoustic oscilla-
tions that resulted when DM annihilates to photons
which shows us a sudden spikes in the curve of radia-
tion distribution. The CMBR anisotropy is the best

means to determine the p; of the universe[18,19].

Pi = PBaryons T PpMm
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Fig. 8 The summary of the anisotropy measurements of the CMBR at
[ = 200 at 8 = 1 with the spike being shown as the photon spikes distribu-
tions in the universe. (Figure courtesy: M. Tegmark)

MACHOS can be a dominant factor of DM contribu-
tion in the galactic Halos, however, its difficult to
detect because they generally consists of black holes,
black dwarfs which doesn’t have any luminosity to get
detected. However, if a consecutive portion of DM are
in Halos by means of MACHOs then they can range
from masses = 10‘8M® and gravitational microlensing
is the only method to detect them by observing a star
passing by the line of sight which temporarily brightens
when they encounter MACHOS. The EROS and MA-
CHO collaboration spends several years for this micro-
lensing effects and candidate events have been detected
of masses around ~ 0.1My , however for small dark
objects they can be as less as < 10_3MO )

Fig. 9 The HALO-Fraction of the Milky Way attributed to ma-
chos as a function of their mass as attributed to EROS collabo-
ration (upper) and MACHO collaboration (lower) with each
curve representing a ‘standard Halo[20].

Reference

[1] Nobile, D. E. (2022). The Theory of Direct Dark Mat-
ter Detection: A Guide to Computations (Lecture Notes in
Physics, 996) (1st ed. 2022 ed.). Springer.

[2] Bhattacharjee, D. (2022ai). Probing Nano-Hz Gravita-
tional Waves of Axion/Axion-like Particles. EasyChair Pre-
print No. 7963. https://inspirehep.net/literature/2133018

[3] Weber, M. (2011). Reconstruction of the Galactic
Dark Matter Density: from Astronomical Observations and
Diffuse Galactic Gamma Rays. Suedwestdeutscher Verlag
fuer Hochschulschriften.

[4] Lisanti, M. (2016, March 08). Lectures on Dark Mat-
ter Physics. Lecture.

[5] Roberts, M. S., & Whitehurst, R. N. (1975). The rota-
tion curve and geometry of M 31 at large galactocentric



distances. The Astrophysical Journal, 201, 327.
doi:10.1086/153889.

[6] Viel, M., Becker, G. D., Bolton, J. S., & Haehnelt, M.
G. (2013). Warm dark matter as a solution to the small
scale crisis: New constraints from high redshift Lyman-
aforest data. Physical Review D, 88(4).
doi:10.1103/physrevd.88.043502.

[7] Silk, Joseph (6 December 2000). "IX". The Big Bang:
Third Edition. Henry Holt and Company. ISBN 978-0-
8050-7256-3.

[8] Vittorio, N., & Silk, J. (1984). Fine-scale anisotropy of
the cosmic microwave background in a universe dominated
by cold dark matter. The Astrophysical Journal, 285.
doi:10.1086/184361.

[9] Umemura, M., & lkeuchi, S. (1985). Formation of
subgalactic objects within two-component dark matter.
The Astrophysical Journal, 299, 583. doi:10.1086,/163726.

[10] Cohen, T., Lisanti, M., Pierce, A., & Slatyer, T. R.
(2013). Wino dark matter under siege. Journal of Cosmol-
ogy and Astroparticle Physics, 2013(10), 061-061.
doi:10.1088,/1475-7516,/2013,/10,/061.

[11] Navarro, J. F., Frenk, C. S., & White, S. D. (1996).
The Structure of Cold Dark Matter Halos. The Astrophys-
ical Journal, 462, 563. doi:10.1086/177173.

[12] Burkert, A. (1995). The Structure of Dark Matter
Halos in Dwarf Galaxies. The Astrophysical Journal,
447(1). doi:10.1086,/309560.

[13] J. Einasto Trudy Inst. Astro z. Alma-Ata 5 (1965)
87.

[14] Billard, J., Figueroa-Feliciano, E., & Strigari, L.
(2014). Implication of neutrino backgrounds on the reach
of next generation dark matter direct detection experi-
ments. Physical Review D, 89(2).
doi:10.1103/physrevd.89.023524.

[15] Cooley, J. (2014). Overview of non-liquid noble direct
detection dark matter experiments. Physics of the Dark
Universe, 4, 92-97. doi:10.1016/j.dark.2014.10.005.

[16] Dark matter even darker than once thought. (n.d.).
Retrieved July 03, 2020, from
http://esciencenews.com/articles/2015/03/26/dark.matt
er.even.darker.once.thought.

[17] Aprile, E., Alfonsi, M., Arisaka, K., Arneodo, F., Ba-
lan, C., Baudis, L., . .. Weinheimer, C. (2012). Dark
Matter Results from 225 Live Days of XENON100 Data.
Physical Review Letters, 109(18).
doi:10.1103/physrevlett.109.181301.

[18] Allen, S. W., Evrard, A. E., & Mantz, A. B. (2011).
Cosmological Parameters from Observations of Galaxy
Clusters. Annual Review of Astronomy and Astrophysics,
49(1), 409-470. doi:10.1146/annurev-astro-081710-
102514.

[19] Turner, M. S. (2001). Dark Matter and Dark Energy
in the Universe. Particle Physics and the Universe.
doi:10.1142/9789812810434 0026

[20] Alcock, C., Allsman, R. A., Alves, D., Ansari, R.,
Aubourg, E, Axelrod, T. S., . . . Zylberajch, S. (1998).
EROS and MACHO Combined Limits on Planetary-Mass
Dark Matter in the Galactic Halo. The Astrophysical Jour-
nal, 499(1). doi:10.1086,/311355



