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Abstract

Direct detection of gravitational waves using Laser Interferometer Gravitational-Wave Obser-
vatory (LIGO) opened a new window in the field of physics and began a new era in multi-messenger
astronomy. Conducting three observing runs, 90 confirmed gravitational-wave signals produced by
mergers of binary compact objects, were summarized in Gravitational-Wave Transient Catalog-3.
While general properties of detected radiation are consistent with theory of general relativity, the
models of massive stars’ evolution challenge to explain some of the features: absence of counterpart
electromagnetic radiation in majority of events, rate of mergers higher then predicted, masses of
compact objects falling within the expected gaps.

In this thesis, we want to address these troublesome aspects to the particular dark matter
model - mirror world theory. Mirror matter model states that all elementary particles have their
twin mirror partners that are governed through the same microphysical laws. Mirror and ordinary
particles are invisible for each other, but they can interact via gravity. Mirror matter is thought to
be colder and dominated by helium. This leads to formation of massive stars with short lifespans.
So, in mirror world, great amount of massive compact objects are expected to be formed in early
times.

We suggest that, if observed gravitational waves originated from mirror compact binaries, then
dearth of electromagnetic radiation is natural, as mirror photons stay unnoticed by our detectors.
Besides that, mirror matter abundance, as it is a candidate for dark matter, can exceed ordinary
matter abundance five times. Altogether, large number of massive compact objects will increase
binary merger rates, making it compatible with observations. In addition, odd mass-gap event
could potentially be overcame by mirror world scenario.
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Chapter 1

Introduction

More than a century ago, in his famous paper ”On the Electrodynamics of Moving Bodies”,
published in 1905, Albert Einstein proposed his Special theory of Relativity (SR) and began a
whole new chapter in the history of physics. Einstein came up with two postulates: 1. The laws
of physics are invariant in all inertial reference frames; 2. The speed of light in vacuum is same
for all observers, regardless the motion of observer or the source of light. The theory assumed
that interaction speed between objects is finite and properly described motions of objects with
the velocities comparable with the speed of light (relativistic velocities). The postulates lead to
an ambitious statement that time is not absolute! Clocks in different reference frames may tick
at different rates! Newtonian physics was not any more as inviolable as it used to be. Space and
time were not as distinct and they were unified in a notion of space-time that entered entangled in
Lorentz transformations, replacing Galilean transformation rules. Three-dimensional Euclidean
space was replaced by four-dimensional Minkowskian spacetime, that became a main field where
SR is operated.

In fact, for that time, Newtonian mechanics already showed incompatibility with Maxwell’s
equations of electromagnetism. By the time, null result of Michelson-Morley experiment finally
ruled out an idea of luminiferous aether. Based on earlier works by Hendrik Lorentz and Henri
Poincare, Einstein’s SR dealt with all these problems. It stated, that there are no privileged
frames of reference, though the eather must not exist; and it incorporated Newtonian mechanics
with the theory of electromagnetism, in which the interaction speed is finite. By the way, in
the limit when the velocity of objects is small compared to the speed of light, or if one assumes
that interaction between objects is immediate, SR nicely recovers the Newtonian physics.

But that was not a whole story. SR does not directly address acceleration and about gravity
- two important quantities in Newtonian physics. Einstein moved on and in 1915 published
general theory of relativity (GR), where he generalized SR and refined Newton’s law of universal
gravitation, providing unified description of gravity as a geometric property of four-dimensional
spacetime. Einstein proposed that, what we observe as gravitational force, is a curvature of
spacetime, and the curvature is caused by the energy-momentum that matter has. GR uses
Riemannian geometry and it’s main formula is given by Einstein’s equations

Rµν −
1

2
Rgµν = 8πGTµν , (1.1)

where gµν is a metric tensor, R and Rµν are, correspondingly, Ricci scalar and Ricci tensor
and they both are the functions of metric tensor, so the left hand side of the equation (1.1) is
poorly geometric. Tµν on the right hand side is energy-momentum tensor and G is Newton’s
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gravitational constant. So, Einstein’s equations (1.1) govern the response of spacetime curvature
to the presence of matter and energy.

Einstein used another cornerstone in this theory - the equivalence principle. A somewhat
similar concept was introduced by Galileo when he realized, that objects of different mass fall
on the Earth at the same time, i.e., in later formulation, the proportionality parameter in the
Newton’s law of gravitation

F = −mg∇ϕ , (F − gravitational force, ϕ − gravitational potential) (1.2)

- the gravitational mass of a body mg, and proportionality parameter between force F and
acceleration a in Newton’s second law

F = mia , (1.3)

- the inertial mass of a body mi, are the same characteristics of the given object

mg = mi (1.4)

and, so
a = −∇ϕ . (1.5)

This leads to Einstein’s famous thought experiment: observer in a enclosed elevator of suffi-
ciently small size, has no way to distinguish whether the elevator is hanging in the field of
gravitating body, or is accelerating in an empty space.

Now we arrive to the description of the motion of test particles, i.e. response of matter to the
curvature of spacetime. Free particles move along the path of shortest possible distance, called
geodesics. In other words, particles tend to move on straight lines, but in curved spacetime
there might not be straight lines in a sense we know it from Euclidean geometry. Here comes
the definition of parameterized path xµ(λ), obeying geodesic equation

d2xµ

dλ
+ Γµ

σρ

dxσ

dλ

dxρ

dλ
= 0 (Γµ

σρ is Christoffel symbol) , (1.6)

that serves as the shortest possible distance particle takes through spacetime. In Newtonian
mechanics, acceleration of a particle is governed by external force (1.3), in particular case by
gravitational force (1.5). In GR, gravity is not actually a ”force”; curvature of spacetime is
what particle feels like a gravitational force and the path of the particle is described by the
geodesic equation (1.6). So, in the framework of GR, a ball being in a free fall is more truly
”unaccelerated”, then a ball lying on a table; the ball on the table is deflected away from the
geodesic it would like to be on - that is why, it feels the curvature of spacetime as a gravitational
force.

GR predicted the anomalous perihelion shift of Mercury, that gave a good point that it was
a correct theory of gravity. However, more powerful proof in favor of GR came in 1919, when
Eddington measured the deflection of starlight by Sun during a total solar eclipse of May 29.
The experiment confirmed that Sun really does warp the spacetime and light from stars follow
geodesics in that curved spacetime. Later on, GR was verified many times by observations
like measuring gravitational redshift of light, light travel time delay by Shapiro, frame-dragging
tests, gravitational lensing, cosmological expansion of the Universe and many more.

Soon after GR was published, Karl Schwarzschild found the first non-trivial exact solution to
Einstein’s equations. Spherically symmetric metric, known as Schwarzschild metric that solved
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Einstein’s equations predicted the existence of elusive object - black hole (BH) - singular point
in a fabric of spacetime. Massive stars, in the final stage of their evolution collapse under their
gravity and create objects so compact that even light is unable to escape it. BHs immediately
became very attractive objects for physicists and they remains such for today.

Another consequence of GR was existence of gravitational waves (GW). As said before,
presence of mass curves spacetime; moving mass generates changes in curvature and, in certain
cases, this curvature can propagate in wave-like manner. This propagating phenomenon is
known as gravitational wave, but it cannot be generated by constant or spherically symmetric
motions. In order to produce GWs, changes in quadrupole moment of massive body is required.
The most profound mechanism for generation of GWs is a binary star system - two massive
objects orbiting each other. A supernova can also radiate GWs, suppose the explosion is not a
perfectly symmetric process. Also, cosmic inflation at the early stage of the Universe may have
created a gravitational wave background.

Gravitational waves carry energy and lose of energy of its source, served as the first indirect
evidence for the existence of GWs. Hulse-Taylor binary - a pair of stars, one of which is a
pulsar, was used to calculate how much energy should be radiated through GWs, describing
binary trajectories in the framework of GR. Measuring the decrease in orbital period of this
binary due to lose of energy, the existence of GWs was proved by indirect way.

However, more important discovery came in 2015, when Laser Interferometer Gravitational-
Wave Observatory (LIGO), located in Hanford and Livingston (both in USA), directly detected
GWs for the first time, emitted by a merger of binary black hole system (BBH). Unlike to Hulse-
Taylor binary case, which used the binary properties to get the information about GWs, LIGO
discovery used GWs to study the properties of its source. This opened completely new window
for physicists and humanity acquired absolutely novel tool for observing and exploring the
Universe. Several detection of GWs from BBH mergers by LIGO, was followed by the discovery
of GWs from binary neutron star (BNS) merger by LIGO together with Virgo detector (located
in Cascina, Italy). Such a huge discovery started a new era in multimesenger astronomy.

Many theories are capable of producing the BBH and BNS systems, that radiate GWs
detectable by LIGO/Virgo. The most profound models are isolated binaries formed through
common-envelope or, via chemically homogeneous evolution; also dynamical processes in dense
stellar clusters. However, high number of binaries’ merger rates obtained by LIGO observations,
require some specific assumptions in all existing models. Moreover, several detection contained
compact objects in the mass range that are disfavored in currently accepted theories of massive
stars’ evolution. So, the origin of many compact objects that are detected by LIGO remain
speculative. Therefore, we may need to invent some new models, in order to explain LIGO
signals.

All modern physics relies on Special Relativity. But there is a gap between General Rela-
tivity, that portrays gravitational force and incorporates SR, and quantum description of other
three fundamental forces - electromagnetic, weak and strong nuclear interactions - unified in
the Standard Model (SM) of particle physics that is a relativistic theory as well. SM is based
on quantum field theory and all fundamental particles are presented as the oscillations in cor-
responding quantum fields. Particles with half-integer spin - fermions - are matter particles;
gauge bosons with integer spin, are force carriers and the only scalar particle is Higgs boson.
Quantum chromodynamics (QCD) with SU(3) symmetry group, defines the strong interaction
between quarks and gluons. While Electroweak theory unifies quantum electrodynamics (QED)
and weak force with SU(2) × U(1) symmetry. And Higgs mechanism generates mass to all
fundamental particles.
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However, there is no well-defined quantum description of gravity. All quantum fields cor-
responding to the fundamental particles of SM, are constructed in spacetime. But, according
to GR, gravity is not a real ”force” but is a curvature of spacetime itself, it’s hard to prop-
erly define corresponding quantum field. Hypothetical massless spin-2 boson called graviton is
thought to be the quantum of gravity. However, due to an outstanding mathematical problem
with renormalization in GR, still there is no complete quantum field theory of gravitons.

Besides the incompatibility of GR with quantum field theory, there are also cosmological
observations that cannot be explained within the SM of particle physics. A widely accepted
standard cosmological model called Lambda cold dark matter, shortly ΛCDM, is based on GR,
and says, that the Universe started from a singular point as a result of the Big Bang and is
continuously expanding after that. According to ΛCDM and cosmological observations, at about
68% of the total energy density of the Universe is constituted by dark energy (DE) associated
with cosmological constant Λ. At about 27% comes on dark matter (DM) and our ordinary
baryonic matter contributes only 5%. True nature of DE and DM is unclear. DE is identified
with vacuum energy and is thought to be responsible for the expansion of the Universe. But
there is a huge difference between the measured value of the vacuum energy and its theoretical
prediction. DM is believed to be constituted by weakly interacting massive particles, but none
of the observations is able to confirm any DM model yet. Therefore, SM of particle physics is
truly incomplete, as it describes only ordinary matter and does not account for the rest 95% of
the Universe.

That is why, there are many expansions to SM, including Supersymmetry, Grand unified
theory, string theory and more. One possible expansion is a class of Left-Right symmetry
models. SM is Lorentz invariant theory and the current terms are allowed to be assembled in
a way to remain unchanged under Lorentz transformations. Terms satisfying such invariance
must be type of either scalar, pseudoscalar, vector, axial vector or tensor. Weak interaction
violates parity and SM is experimentally verified to be a chiral theory, where currents have
’vector minus axial vector’ (V-A) type. This means, that only left-handed particles and right-
handed antiparticles participate in weak interactions. It implies, that parity in not a symmetry
of our Universe. However, one can introduce a mirror sector of particles, that have right-handed
interactions and restore a parity conservation globally. But, mirror sector should somehow be
invisible or have a very weak interaction with ordinary matter, as we do not see them in particle
experiments.

Mirror matter or mirror world model states, that each SM particle has its mirror partner
with opposite chirality. All particle physics in mirror sector is similar to that of SM, except,
chiralities are opposite; right-handed particles are participating in mirror weak interaction and
currents have (V+A) type. Mirror particles are invisible for ordinary observers and visa-versa.
One can consider a theory with two identical gauge groups G × G′ and with identical particle
concept. So if G is symmetry group of ordinary world physics, e.g., SU(3) × SU(2) × U(1) in
Standard Model, the symmetry group G′ = SU(3)′ × SU(2)′ × U(1)′ corresponds to the mirror
world. Mirror particles are singlets of ordinary matter and vice versa, i.e., ordinary particles
are mirror particle singlets.

But as gravity stays outside the theory of particle physics, it can be equivalently sensible
for ordinary and mirror particles. So, the only possibility for the interaction between these
two worlds can be gravity and maybe some other unknown weak forces. Alternatively, one can
imagine the mirror world scenario as a five-dimensional theory, with parallel 3D-branes located
in two fixed points; ordinary matter being localized on the left-brane and mirror matter localized
on the right-brane, while gravity can freely pass between these two branes.
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If mirror sector exists, it was also created by the Big Bang, along with the ordinary matter.
However, mirror world should have a lower temperature, as Big Bang Nucleosynthesis puts
the constraints on the cosmological abundance of ordinary and mirror particle. Therefore,
cosmological evolution of these two worlds cannot be identical. The lower temperature of
mirror world can imply that baryon asymmetry there is higher than in ordinary world. Certain
baryo-leptogenesis mechanism can give a ∼ 5 times higher baryon number density in mirror
world compared to ordinary world. Recalling the difference between the energy density of DM
and ordinary matter, mirror matter can stand as dark matter and completely explain it.

The lower initial temperature will affect cosmological evolution of mirror world. In fact,
mirror sector is expected to be dominated by helium. Due to lower temperature, all cosmological
processes happen earlier. Matter-radiation decoupling occurs at early times and star formation
begins earlier as well. Besides, star are born with high initial masses and, therefore, evolve
faster. As a result, in mirror world there should be higher abundance of neutron stars and black
holes - the final products of the evolution of massive stars.

In the present thesis, we discuss the possibilities that the gravitational waves detected by
LIGO/Virgo detectors, may have emerged from mirror world. As mentioned above, the binary
compact objects’ merger rate calculated relying on LIGO observations, is higher than it was
predicted in majority of models. Mirror world with large abundance of compact objects, can
be a good candidate to explain high merger rates. But what is more important, only 1 out of
90 GWs detected so far were accompanied by electromagnetic counterpart - gamma-ray bursts.
That is strange, as such cataclysmic events is expected to generate other type of radiation as
well. However, if merger of compact objects occur in mirror world, any type of radiation except
gravitational will be invisible for us. Mirror photons and neutrinos will pass our detectors, while
gravitational waves can be observable. Besides that, models of massive stars’ evolution predict
existence of mass gaps; supernova explosions cannot produce black holes with mass in certain
intervals. However, LIGO data contains many objects within these forbidden regions, that is
challenging to be explained by standard models. Mirror world model can assist in this matter
as well.

In the upcoming chapters, we discuss in more details the theory of relativity (2), theoretical
prospects of gravitational waves (3), their detection and existing data (4); then the standard
model of particle physics and its expansion in mirror world model (5). Finally, we present our
analyses on how LIGO events can be related to mirror world scenario (6), with summary and
conclusion given in the chapter (7).

The thesis is based on the papers that have been published during the PhD studies: [1–5],
regarding implication of gravitational-wave data in the context of mirror world. Although, two
other studies that have been released as well during the PhD, but that are not directly connected
with GW-physics, are mentioned. One of them concerns CKM matrix unitarity problem [6] and
it can be related to mirror world physics. Another one [7] considers one of the hottest topics
of modern cosmology - the Hubble tension problem, that is discussed in the context of recently
suggested quasi-molecular mechanism of recombination that could affect the cosmic microwave
background physics.
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Chapter 2

Theory of Relativity

2.1 Special Theory of Relativity

In this chapter we briefly review the basic concepts of Einstein’s special theory of relativity.
Most of our discussion follows the book Spacetime and Geometry: An Introduction to General
Relativity [8] by Sean Carroll. Unless otherwise indicated, we use the Natural Units ℏ = c = 1.

2.1.1 Galilean and Lorentz Transformations

In Newtonian mechanics we have one dimension for time and three dimensions for space, defined
in Euclidean geometry. Time passes only in forward direction, while objects can move back and
forth in spatial coordinates. All inertial frames share a universal time; i.e. when two events
happen simultaneously in one reference frame, they happen simultaneously in any other reference
frame. The relationship between the coordinates (t, x, y, z) and (t′, x′, y′, z′) of a single arbitrary
event, as measured in two coordinate systems S and S ′, in uniform relative motion with velocity
V in their common x and x′ directions, with their spatial origins coinciding at time t = t′ = 0,
are given by Galilean transformation rules:

t′ = t (2.1)

x′ = x− V t

y′ = y

z′ = z

Distance between two objects in space is an invariant quantity

∆l2 = ∆x2 +∆y2 +∆z2 . (2.2)

That means, if one measures the distance between the same points in the coordinate system,
that is rotated or translated relative to original reference frame, will get the same result

∆l2 = ∆x′2 +∆y′2 +∆z′2 . (2.3)

Rotations, for example in x− y plane, are presented by a matrix sin(θ) cos(θ) 0
− sin(θ) cos(θ) 0

0 0 1

 , (2.4)
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while for translations we have expressions similar to (2.1), if instead of V t one takes some
constant.

In special relativity (SR) there is maximum speed that object can have relative to any
inertial reference frame - the speed of light c. As a consequence, time is not absolute, but is
relative, i.e. two simultaneous events in one coordinate system may not be simultaneous in other
reference frame. So spatial distance between two points (2.2) is not invariant any more. Instead
of Euclidean geometry, SR uses four-dimensional spacetime called Minkowski space, that has
a signature (−1, 1, 1, 1) and a new invariant, called spacetime interval between two events, is
defined:

(∆s)2 = −(c∆t)2 + (∆x)2 + (∆y)2 + (∆z)2 , (2.5)

that is unchanged in any other reference frame

(∆s)2 = −(c∆t′)2 + (∆x′)2 + (∆y′)2 + (∆z′)2 . (2.6)

Spacetime interval (2.5) can be positive, negative, or zero even for two non-identical points.
As there exists the maximum speed c, which in Natural units equal to 1, it is enlightening to
consider paths x = ±t. A set of points that are all connected to a single event by straight
lines moving at the speed of light is the light cone. Light cones are naturally divided into
future and past; the set of all points inside the future and past light cones of a given point are
called timelike, those outside the light cones are spacelike and those on the cones are lightlike
or null. Interval is negative for timelike, positive for spacelike, and zero for lighlike events (2.5).
The motion of a particle is a curve through spacetime, called worldline. The path of massless
particles, photons, follow the lightlike curves, while the wordline of massive particles is always
timelike. Spacelike worldline requires travel with the speed v > c and so is impossible.

Galilean transformation rules (2.1) are not valid in SR. Instead, Lorentz transformation rules
are used, which are given by:

t′ = γ(t− vx/c2) (2.7)

x′ = γ(x− vt)

y′ = y

z′ = z ,

where

γ =
1√

1− v2

c2

. (2.8)

Besides the rotations in spatial planes (2.4), SR describes rotations between space and time
directions, i.e. in x − t, y − t, z − t planes, called Lorentz boosts. For example, the boost in
x-direction is given by: 

sinh(ϕ) cosh(ϕ) 0 0
− sinh(ϕ) cosh(ϕ) 0 0

0 0 1 0
0 0 0 1

 . (2.9)

Unlike to the rotational angle θ that is defined with period 2π, the boost parameter ϕ is
defined from −∞ to +∞. Three rotations and three boosts represent Lorentz group, which
is nonabelian, as Lorentz transformations do not commute. Adding four translations gives a
ten-parameter nonabelian group, called Poincare group.
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At this point, we have to introduce some basic concepts. SR uses 4-vector formalism and
spacetime coordinates are denoted by Greek superscripts that runs from 0 to 4, with 0 referring
to time and 1-3 to spatial coordinates:

xµ :

x0 = ct
x1 = x
x2 = y
x3 = z .

(2.10)

Sometimes we will need to refer only to spatial coordinates and in that case Latin superscripts,
that runs from 1 to 3 are used:

xi :
x1 = x
x2 = y
x3 = z .

(2.11)

A 4-dimensional version of Kronecker delta symbol is represented as

δµ
′

µ =

{
1 when µ′ = µ,

0 when µ′ ̸= µ,
(2.12)

and we introduce 4× 4 matrix, called metric, written by two lower indices:

ηµν =


−1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 (2.13)

Then spacetime interval (2.5) can be rewritten in more compact way

(∆s)2 = ηµν∆x
µ∆xν . (2.14)

This formula introduces Einstein’s summation convention, in which indices appearing both as
superscripts and subscripts are summed over all possible values.

Lorentz transformations can be represented by six-set of matrices Λµ′
µ, one of which is given

by (2.9). Then, coordinate transformations are

xµ
′
= Λµ′

νx
ν , (2.15)

or in shortened matrix notations x′ = Λx. Coming from the invariance of the interval

(∆s)2 = (∆x)Tη(∆x) = (∆x′)Tη(∆x′) = (∆x)TΛTηΛ(∆x) , (2.16)

Lorentz transformations are the kind of transformations, that satisfy

η = ΛTη′Λ , (2.17)

or
ηρσ = Λµ′

ρΛ
ν′

σηµ′ν′ . (2.18)
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2.1.2 Vectors and Tensors

To describe spacetime, we need basis ê(µ), that can be defined in a way, that basis vector ê(1)
is what we would normally think of pointing along the x-axis. Then comes the definition of
contravariant or tangent vector

A = Aµê(µ) . (2.19)

The coefficients Aµ are components of the vector A. Upon change of the basis, components
contra-vary (here comes the name) to compensate that change and leave entire vector un-
changed. In other words, the matrix that transforms the vector components is the inverse of
the matrix that transforms the basis vectors.

A parameterized curve or path through spacetime is specified by the coordinates as a function
of the parameter xµ(λ). The tangent vector V (λ) of the type (2.19) has components

V µ =
dxµ

dλ
. (2.20)

The entire vector is

V = V µê(µ) =
dxµ

dλ
ê(µ) . (2.21)

Taking into account (2.15), we derive transformation rules for components of vector

V µ → V µ′
= Λµ′

νV
ν . (2.22)

However, vector V is itself invariant under Lorentz transformations, so we can write

V = V µê(µ) = V ν′ ê(ν′) = Λν′

µV
µê(ν′) , (2.23)

which implies
ê(µ) = Λν′

µê(ν′) . (2.24)

Using the relation
Λµ

ρΛ
ρ
ν = δµν (2.25)

will give us transformations rules for the basis vector

ê(ν′) = Λµ
ν′ ê(µ) . (2.26)

As a result, the set of basis vectors, that are labeled with lower indices, transform via the inverse
Lorentz transformation of the coordinates or vector components, that were labeled with upper
indices. Combination of two objects, one with upper and one with lower indices, gives Lorentz
invariant quantity, called contravariant vector, or sometimes referred as just vector.

However, there are also different class of vectors with lower indices, called covariant, cotan-
gent or dual vectors, that, in combination with contravariant vectors give a scalar. Basis vectors
of covariant vectors should satisfy:

θ̂(ν)
(
ê(µ)

)
= δνµ . (2.27)

Every covariant vector can be written in terms of components, which are labeled with lower
indices:

ω = ωµθ̂
(µ) . (2.28)

Action of covariant vector on contravariant vector gives:

ω(V ) = ωµθ̂
(µ)

(
V ν ê(ν)

)
= ωµV

ν θ̂(µ)
(
ê(ν)

)
= ωµV

νδµν = ωµV
µ ∈ R . (2.29)
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The transformation properties for the components and for the basis of contravariant vector
are derived in the same manner, and have a form:

ωµ′ = Λν
µ′ων (2.30)

θ(ρ
′) = Λρ′

σθ
(σ) . (2.31)

(2.32)

The components of a dual vector transform under the inverse transformation of those of a
vector. Example of dual vector is a gradient of a scalar function, the set of partial derivatives
with respect to the spacetime coordinates, denoted by a lowercase d:

dϕ =
∂ϕ

∂xµ
θ(µ) (2.33)

Using a chain rule and equation (2.15), transformation rules for the components of this dual
vectors are:

∂ϕ

∂xµ′ =
∂xµ

∂xµ′

∂ϕ

∂xµ
= Λµ

µ′
∂ϕ

∂xµ
. (2.34)

The fact that the gradient is a dual vector leads to the useful shorthand notations for partial
derivatives:

∂ϕ

∂xµ
= ∂µϕ . (2.35)

A straightforward generalization of vectors and dual vectors is the notion of a tensor. Just as
action of dual vector on vectors gives scalar, a tensor T of rank (k, l) is a map from a collection
of dual vectors and vectors to R:

T : T ∗
P × · · ·×︸ ︷︷ ︸

(k times)

T ∗
P × TP × · · ·×︸ ︷︷ ︸

(l times)

TP → R . (2.36)

Here, ”∗” denotes dual and ”×” denotes Cartesian product, so for example, TP ×TP is a space
of ordered pairs of vectors. A normal vector is a type (1, 0) tensor, a dual vector is a type (0, 1)
tensor and a scalar is a type (0, 0) tensor. Basis for (k, l) tensor can be constructed by taking
tensor product ⊗ of basis vectors and dual vectors:

ê(µ1) ⊗ · · · ⊗ ê(µk) ⊗ θ̂(ν1) ⊗ · · · ⊗ θ̂(νl) . (2.37)

In 4-dimensional spacetime we will have 4k+l basis tensors. In a component notation arbitrary
tensor will be written as:

T = T µ1···µk
ν1···νl ê(µ1) ⊗ · · · ⊗ ê(µk) ⊗ θ̂(ν1) ⊗ · · · ⊗ θ̂(νl) . (2.38)

So, a (k, l) tensor has k upper and l lower indices and the order of indices is important. The
transformation of tensor components under Lorentz transformations can be derived by applying
the transformation rules of basis vectors and dual vectors and has a form:

T
µ′
1···µ′

k

ν′1···ν′l
= Λµ′

1
µ1
· · ·Λµ′

k
µkΛ

ν′1
ν1
· · ·Λν′l

νlT
µ1···µk

ν1···νl . (2.39)

Thus, each upper index gets transformed like a vector, and each lower index gets transformed
like a dual vector.
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Example of (1, 1) tensor is the Kronecker delta symbol (2.12). The metric tensor (2.13) is
(0, 2) tensor. Using these two objects, one can define (2, 0) tensor with two upper indices ηµν ,
called the inverse metric:

ηµνηνρ = ηρνη
νµ = δµρ . (2.40)

The action of the metric on two vectors is called the inner product (also scalar or dot product):

η(V,W ) = ηµνV
µW ν = V ·W . (2.41)

The norm of a vector is defined to be the inner product of a vector with itself, and this number
is not positive definite, as it was in Euclidean space. In fact, spacetime interval (2.14) is such
object, and as we already said, it can be spacelike (∆s)2 < 0, timelike (∆s)2 > 0, or lightlike
(∆s)2 = 0.

Now we have to discuss some properties of tensors. The metric and inverse metric can be
used to raise and lower indices on tensors:

Tαβµ
δ = ηµγTαβ

γδ (2.42)

T β
µ γδ = ηµαT

αβ
γδ . (2.43)

Summing over one upper and one lower index is called contraction, and it turns (k, l) tensor
into (k − 1, l − 1) tensor:

Sαβ
γ = Tαβν

γν . (2.44)

Trace is a scalar and for (1, 1) tensor it is a sum of a diagonal elements of the matrix and often
denoted without index: X = Xµ

µ. For (0, 2) tensor, one should at first rise one index and then
sum. For example, for metric tensor we have:

ηµνηµν = δµµ = 4 . (2.45)

In flat spacetime with inertial coordinates, the partial derivative of (k, l) tensor is a (k, l + 1)
tensor:

T µ
α ν = ∂αR

µ
ν (2.46)

and transforms properly under Lorentz transformations. The important thing is that, partial
derivatives commute:

∂µ∂ν(· · · ) = ∂ν∂µ(· · · ) . (2.47)

Tensor is said to be symmetric in any of its indices if it is unchanged under exchange of those
indices:

Sµνσ = Sνµσ . (2.48)

Tensor is antisymmetric in any of its indices if it changes sign under exchange of those indices:

Aµνσ = −Aνµσ . (2.49)

2.1.3 Energy and Momentum

For infinitesimal coordinate displacement dxµ, we introduce infinitesimal interval, or line ele-
ment:

ds2 = ηµνdx
µdxν . (2.50)
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Considering a path through spacetime as a parameterized curve, xµ(λ), for timelike paths we
define proper time:

dτ =

∫ √
−ηµν

dxµ

dλ

dxν

dλ
dλ , (2.51)

which will be positive. Tangent vector along the path is known as four-velocity, Uµ:

Uµ =
dxµ

dτ
, (2.52)

and since dτ 2 = −ηµνdxµdxν , the four-velocity is automatically normalized:

ηµνU
µUν = −1 . (2.53)

In the rest frame of a particle Uµ = (1, 0, 0, 0). Momentum four-vector is defined as

pµ = mUµ , (2.54)

where m is a mass of a particle, often referred as the rest mass. Energy is a 0th component of
four-momentum, E = p0, and is not invariant under Lorentz transformations. In the rest frame
p0 = m and recalling that we had set c = 1, we recover famous E = mc2. For a particle moving
with three-velocity v = dx/dt along the x axis, we can perform Lorentz transformations and
get:

pµ = (γm, vγm, 0, 0) , (2.55)

where γ = 1/
√
1− v2. For small v, p0 = m+ 1

2
mv2 and p1 = mv. In general,

pµp
µ = −m2, (2.56)

is invariant scalar quantity and energy

E =
√
m2 + p2 , (2.57)

where p2 = δijp
ipj is usual 3-momentum.

When speaking about systems comprised of huge numbers of particles, we describe system as
a fluid - a continuum characterized by macroscopic quantities such as density, pressure, entropy,
viscosity, and so on. Four-momentum is insufficient to describe the energy and momentum
of a fluid, so one defines the (2, 0) tensor, called energy-momentum tensor, T µν . Thinking
of a rest-frame fluid, it’s T 00 component is simply energy density ρ. Similarly, in this frame,
T 0i = T i0 is the momentum density. The spatial components T ij are the momentum flux; they
represent the forces between neighboring infinitesimal elements of the fluid. Off-diagonal terms
in T ij represent shearing terms, such as those due to viscosity. And the diagonal terms give the
pressure components pi = T ii in x, y and z directions (no summation is carried here).

Dust is defined as a collection of particles at rest with respect to each other. If n is a number
density of particles in their rest frame, one can construct the number-flux four-vector

Nµ = nUµ . (2.58)

N0 will be the number density of particles as measured in any other frame, and N i will be the
flux of particles in the xi direction. If one considers that each of the particles has the same mass
m, then in the rest frame, the energy density of the dust is given by

ρ = mn . (2.59)
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Then, energy-momentum tensor for the dust is defined as

T µν
dust = pµNν = mnUµUν = ρUµUν . (2.60)

A slight generalization of the dust is a perfect fluid. It is described by two parameters: rest-frame
energy density ρ and an isotropic rest-frame pressure p. General form of energy-momentum
tensor for a perfect fluid is given by

T µν = (ρ+ p)UµUν + pηµν , (2.61)

which, in a rest frame equals to

T µν =


ρ 0 0 0
0 p 0 0
0 0 p 0
0 0 0 p

 . (2.62)

The concept of perfect fluid is quite general and to describe an evolution of such fluid one needs
to specify the equation of state, i.e. relation between pressure and energy density p = p(ρ).
There are three special cases that are discussed in cosmology. As we already said, for dust
p = 0. Isotropic gas of photons is given by p = 1

3
ρ. And for vacuum energy, pvac = −ρvac, and

energy-momentum tensor is proportional to the metric T µν
vac = −ρvacηµν .

The very important property of energy-momentum tensor is that, it is being conserved. In
this context, conservation is expressed as the vanishing of the ”divergence”:

∂µT
µν = 0 . (2.63)

However, in general relativity, when one considers the spacetime that may not be flat, the
equations given above get slightly modified.

2.2 General Theory of Relativity

Keeping in mind the basic concepts of special relativity described in the previous chapter, now
we make a brief review of Einstein’s general theory of relativity (GR). Again, our discussion
follows Sean Carroll’s book Spacetime and Geometry: An Introduction to General Relativity [8]
and the reviews of the Particle Data Group [9].

2.2.1 Metric, Covariant Derivative and Parallel Transport

The metric tensor ηµν introduced in the previous chapter describes the Minkowski metric, i.e.
flat spacetime. For curved spacetime metric tensor is denoted by gµν and it is not constant.
It is a symmetric (0, 2) tensor, with so called pseudo-Riemannian signature (−1, 1, 1, 1), and
is usually considered to be nondegenerate, meaning that its determinant g = |gµν | ≠ 0. Then
inverse metric gµν is defined as:

gµνgνα = gλσg
λµ = δµσ . (2.64)

And the interval for curved spacetime is given by:

ds2 = gµνdx
µdxν . (2.65)
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A generalization of a partial derivative in a curved spacetime is a covariant derivative. It is
denoted by ∇ and its action on a contravariant vector is given as:

∇µV
ν = ∂µV

ν + Γν
µλV

λ . (2.66)

Γν
µλ is a connection coefficient, called a Christoffel symbol and it accounts for the curvature

effects. Introducing a condition of metric-compatibility, ∇σg
µν = 0, and assuming that the

connection is symmetric in its lower indices, Γσ
µν = Γσ

νµ, i.e. it is torsion-free, the Christoffel
symbol can be written using the metric tensor:

Γσ
µν =

1

2
gσλ (∂µgνλ + ∂νgλµ − ∂λgµν) . (2.67)

Covariant derivative of a dual vector has the form:

∇µων = ∂µων − Γν
µλωλ . (2.68)

The concept of moving a vector along a path, keeping constant all the while, is known as
parallel transport. In flat spacetime, given a curve xµ(λ), it means that the components of the
vector stay constant along this path:

d

dλ
V µ =

dxν

dλ

∂

∂xν
V µ = 0 . (2.69)

In curved spacetime, one can generalize this approach by replacing the partial derivative with
covariant derivative, defining a directional covariant derivative as:

D

dλ
=
dxµ

dλ
∇µ . (2.70)

So, equation for the parallel transport of a vector in curved spacetime will have a form:

d

dλ
V µ + Γµ

νσ

dxν

dλ
V σ = 0 . (2.71)

In Euclidean space, a straight line is a path that parallel transports its own tangent vector.
The curved-space generalization of the straight line is a geodesic. The tangent vector to a path
xm(λ) is dxµ/dλ and the condition that it is parallel transported is given as

D

dλ

dxµ

dλ
= 0 , (2.72)

or alternatively
dxµ

dλ2
+ Γµ

νσ

dxν

dλ

dxσ

dλ
= 0 . (2.73)

The equation (2.73) is called the geodesic equation.

2.2.2 Curvature Tensors

The Riemann tensor is a measure of a curvature of spacetime. It is a function of the metric
tensor and is defined as:

Rµ
ανβ = ∂νΓ

µ
αβ − ∂βΓ

µ
αν + Γσ

αβΓ
µ
σν − Γσ

ανΓ
µ
σβ . (2.74)
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If there exist a coordinate system, in which the components of the metric tensor are constant,
the Riemann tensor vanishes and this means, that spacetime is flat. The Riemann tensor has
some important properties. It is antisymmetric in its first two indices

Rµναβ = −Rνµαβ , (2.75)

in its last two indices
Rµναβ = −Rµνβα , (2.76)

and symmetric under exchange of pair of indices

Rµναβ = Rαβµν . (2.77)

Besides, sum of cyclic permutations of the last three indices vanishes:

Rµναβ +Rµαβν +Rµβνα = 0 . (2.78)

Also, taking the covariant derivative of the Riemann tensor and writing a sum of cyclic permu-
tations of the first three indices equals to zero:

∇σRµναβ +∇µRνσαβ +∇νRσµαβ = 0 . (2.79)

It is known as Bianchi identity. The contraction of the Riemann tensor is called the Ricci tensor:

Rµν = Rσ
µσν , (2.80)

and it is symmetric Rµν = Rνµ. The contraction (or the trace) of the Ricci tensor is called the
Ricci scalar:

R = Rµ
µ = gµνRµν . (2.81)

Contracting twice on the Bianchi identity (2.79), one gets:

∇σR = 2∇µRµα . (2.82)

Defining the Einstein tensor as

Gµν = Rµν −
1

2
Rgµν , (2.83)

the twice-contracted Bianchi identity is equivalent to

∇µGµν = 0 . (2.84)

2.2.3 Einstein’s Equations

Einstein figured out that matter and energy warp spacetime and the curvature of spacetime is
what we observe as gravitational force. He found a formulation for the equations that correctly
describes the relation between matter and curvature and recovers the Newtonian gravity in the
static weak field limit. He explicitly wrote the equality between the curvature Gµν and the
energy-momentum tensor Tµν , with appropriate coefficient

Gµν = 8πGTµν , (2.85)
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where G is Newtons constant of gravity. But in more formal way, Einstein equations are derived
through the principle of least action. The total action for gravitation is defined as:

S = SH + SMatter, (2.86)

where first term is Hilbert or Einstein-Hilbert action

SH =
1

16πG

∫
d4x

√
−g R , (2.87)

and the second term SMatter is the action for matter field. In (2.87) R is the Ricci scalar (2.81)
and d4x

√
−g is a volume element, where g is a determinant of metric tensor and

√
−g was

introduced to take care for correct transformation properties. Varying (2.87) with respect to
metric, we get:

δSH =
1

16πG

∫
d4x δ(

√
−g R) . (2.88)

Remembering (2.81), the following three terms have to be examined:

δSH =
1

16πG

∫
d4x

(
Rδ

√
−g +

√
−gRµνδg

µν +
√
−ggµνδRµν

)
. (2.89)

We skip the detailed calculation which are given in the appendix, and give the final results. It
turns up, that the first term in (2.89) is simplified as

R δ
√
−g = 1

2
R
√
−g gµνδgµν , (2.90)

and the last term is just a boundary term and so goes to zero if variation vanishes at infinity.
So we are left with:

δSH = − 1

16πG

∫
d4x

√
−g

(
Rµν − 1

2
R gµν

)
δgµν . (2.91)

Equating to zero the variation of Hilbert action with respect to metric

1√
−g

δSH

δgµν
= − 1

16πG

(
Rµν − 1

2
R gµν

)
= 0 (2.92)

yields Einstein’s equations in vacuum

Rµν − 1

2
R gµν = 0 . (2.93)

Now, boldly defining the energy-momentum tensor as

Tµν ≡ −2
1√
−g

δSMatter

δgµν
, (2.94)

and equating to zero the variation of the total action (2.86) gives the Einstein equations in its
canonical form

Rµν −
1

2
R gµν = 8πG Tµν . (2.95)

To account for the expansion of the universe, we can also add a cosmological constant term Λ
in the total action:

S =
1

16πG

∫
d4x

√
−g (R− 2Λ) + SMatter . (2.96)

This will yield Einstein equations in complete form:

Rµν −
1

2
R gµν + Λgµν = 8πG Tµν . (2.97)
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2.2.4 Schwarzschild Solution and Kerr’s Black Hole

The most profound solution to Einstein equations, after the flat Minkowski spacetime, is a spher-
ically symmetric static vacuum solution - the Schwarzschild metric. In spherical coordinates
(t, r, θ, ϕ) the metric is given by

ds2 = −
(
1− rs

r

)
dt2 +

(
1− rs

r

)−1

dr2 + r2dΩ2 , (2.98)

where dΩ2 is the metric on a unit two-sphere

dΩ2 = dθ2 + sin2 θdϕ2 , (2.99)

and rs is called Schwarzschild radius. The Schwarzschild metric (2.98) is a solution to the
Einstein equations in vacuum

Rµν = 0, (2.100)

describing the spacetime outside a static spherically symmetric gravitating body of mass M .
The Schwarzschild radius is proportional to the mass of a gravitating body rs = 2GM . As
M → 0 we recover the flat Minkowski spacetime. Also, as r → ∞, the spacetime progressively
becomes flat, that is known as asymptotic flatness.

The metric (2.98) has two singularities, at r = 0 and r = 2GM . The r = 0 point is a real
singularity, where curvature goes to infinity. But it turns up, that the Schwarzschild radius
r = rs is just a coordinate singularity and with an appropriate change of coordinates the metric
at this point can become regular. However, rs is still an interesting point.

The metric (2.98) describes the spacetime outside a spherical massive object, like star or
planet and each of them has its own Schwarzschild radius, which is less then the radius of the
object. But the metric also predicts the existence of compact objects called black holes (BH),
that have Schwarzschild radius outside; or in other words rs is its boundary. In their final
stage of evolution, massive stars can collapse under their own curvature (i.e. due to their own
gravitational force) and create a singularity, elusive object named BH. The center of this object
is a true gravitational singularity and its Schwarzschild radius is called an event horizon. The
event horizon is a point of no return; once passing this line no particle or even light can escape
it. The existence of such objects had no doubt for physicists for decades, however, the recent
image of central BH of M87 galaxy finally confirmed their reality.

But the Schwarzschild BH is an idolized case and such objects do not exist in nature. Real
BH is parametrized by three quantities: mass, electric charge and angular momentum. Charged
Reissner-Nordström BHs quickly get neutralized so in reality BHs have only a tiny charge. But,
considering a complex mechanism of BH creation from a rotating star, all BHs do rotate, so
they have an angular momentum. Rotating BH is described by a Kerr metric:

ds2 = −
(
1− 2GMr

r̄2

)
dt2 − 2GMAr sin2 θ

r̄2
(dt dϕ+ dϕ dt) (2.101)

+
r̄2

∆
dr2 + r̄2dθ2 +

sin2 θ

r̄2
[
(r2 + A2)2 − A2∆sin2 θ

]
dϕ2,

where A is an angular momentum per unit mass,

∆(r) = r2 − 2GMr + A2 (2.102)
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and
r̄2(r, θ) = r2 + a2 cos2 θ. (2.103)

So, the Kerr metric describes the geometry of empty spacetime around a rotating uncharged
axially-symmetric black hole with a quasispherical event horizon.

2.2.5 Friedmann-Robertson-Walker Universe

On the large enough scales, the Universe in isotropic and homogeneous. Isotropy states that
the space looks the same no matter in what direction you look and homogeneity means that
the metric is the same in every part of the space. These assumptions together are known as
the Cosmological Principle, implying that a space is maximally symmetric and stating that all
spatial positions in the Universe are essentially equivalent. Accounting also that the Universe
is evolving in time, it is described using the Robertson-Walker metric:

ds2 = dt2 − a2(t)

[
dr2

1− kr2
+ r2

(
dθ2 + sin2 θdϕ2

)]
, (2.104)

where a(t) is a dimensionless scale factor (a(t) = R(t)/R(t0), where R(t) is a scale factor at
a moment t and R(t0) is a present epoch scale factor), and k is a curvature constant that
takes discrete values +1, −1, 0, corresponding to closed, open, or spatially flat geometries.
Considering the matter content of the Universe as a perfect fluid, similar to (ref(.61)), energy-
momentum tensor has a form

Tµν = −pgµν + (p+ ρ)UµUν , (2.105)

where now gµν is spacetime described by Robertson-Walker metric (2.104). With the perfect
fluid source, Einstein’s equations lead to the Friedmann equations

H2 ≡
(
ȧ

a

)
=

8πGρ

3
− k

a2
+

Λ

3
(2.106)

and
ä

a
=

Λ

3
− 4πG

3
(ρ+ 3p) , (2.107)

where H is a Hubble parameter. These two equations give a third useful equation:

ρ̇ = −3H(ρ+ p). (2.108)

The Friedmann equation (2.106) can be used to define a critical density such that k = 0 when
Λ = 0,

ρc ≡
3H2

8πG
. (2.109)

Then the cosmological density parameter Ωtot is defined as the energy density relative to the
critical density

Ωtot =
ρ

ρc
(2.110)

and the Friedmann equation (2.106) can be rewritten as

Ωtot − 1 =
k

H2a2
. (2.111)
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One can see that when Ωtot > 1, k = +1 and the Universe is closed, when Ωtot < 1, k = −1 and
the Universe is open, and when Ωtot = 1, k = 0, and the Universe is spatially flat.

It is often necessary to distinguish different contributions to the density parameter. There-
fore, it is convenient to define present-day density parameters for pressureless matter Ωm that
consists of baryonic matter Ωb and dark matter ΩDM, relativistic particles Ωr – photons and
neutrinos, and the contribution from vacuum energy ΩΛ = Λ/3H2. The Friedmann equation
(2.111) then becomes

Ωm + Ωr + ΩΛ − 1 =
k

H2
0a

2
0

, (2.112)

where the subscript 0 indicates present-day values. Thus, it is the sum of the densities in matter,
relativistic particles, and vacuum that determines the overall sign of the curvature.

2.2.6 ΛCDM Model

The ΛCDM (Lambda cold dark matter) model is a parameterization of the Big Bang cosmo-
logical model in which the universe contains three major components: a cosmological constant
Λ associated with dark energy, cold dark matter and ordinary matter. It is frequently referred
to as the standard model of Big Bang cosmology as it provides a reasonably good account
of the main properties of the Universe: the existence and structure of the cosmic microwave
background (CMB); the large-scale structure (LSS) in the distribution of galaxies; the observed
abundances of hydrogen, helium, and lithium; the accelerating expansion of the universe ob-
served in the light from distant galaxies and supernovae.

The expansion rate of the Universe is given by the Friedmann equation (2.106) and account-
ing that the densities of various species scale as different powers of a, it can be conveniently
rewritten in terms of the various density parameters as

H(a) = H0

√
(Ωb + ΩCDM)a−3 + Ωra−4 + Ωka−2 + ΩΛa−3(1+ω), (2.113)

where ω = p/ρ is equation of state of dark energy and H0 = 100h km s−1Mpc−1 is a present-day
value of the Hubble constant, with h being the reduced Hubble constant.

The measurements of the CMB anisotropy lead us to believe that Ωtot is very close to unity
and so the Universe is flat k = 0. The radiation density is very small today and it is negligible.
For the rest of the values, the current CMB data gives [10]:

Ωb = 0.05, ΩCDM = 0.27, ΩΛ = 0.68 . (2.114)

So visible baryonic matter constitutes only 5% is the total energy budget of the Universe. 27% is
elusive dark matter and 68% is dark energy, that governs accelerated expansion of the Universe.

2.2.7 The Hubble Tension

Determination of the Hubble constant (2.113) using a distance ladder in the local Universe
gives [9]

H0 = 73.2± 1.3 km sec−1 Mpc−1 . (2.115)

But the Hubble parameter is also measured in earlier cosmological epochs through CMB and
assuming ΛCDM model it estimates current expansion rate, that is equal to [10]

H0 = 67.4± 0.5 km sec−1 Mpc−1 , (2.116)
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being in 5% conflict with (2.115), creating the so-called Hubble tension. In our paper [7], we
discussed the possibility recently suggested quasi-molecular mechanism of recombination [11]
can be that missing ingredient, that increases the CMB-based Hubble constant determination
(2.116) and makes it compatible with (2.115).

2.2.8 Dark Matter

As already mentioned, matter content of the Universe, consists of visible matter – that is
baryonic matter and non-luminous dark matter,

Ωm = Ωb + ΩDM. (2.117)

Dark matter is thought to account for approximately 85% of the matter in the universe. It is
called “dark” because it does not appear to interact with the electromagnetic field, which means
it does not absorb, reflect, or emit electromagnetic radiation. However, its gravitational effects
seems to be confirmed with many different observations.

Galaxy rotation curves does not agree with Kepler’s Second Law, according to which, the
rotation velocities must decrease with distance from the center, similar to the Solar System.
Instead, the galaxy rotation curve remains flat as distance from the center increases. This could
be explained, if besides luminous matter, there is also some dark matter, distributed in different
manner.

Structure formation in the Universe would have been different if there were no dark matter.
If there were only ordinary matter in the Universe, there would not have been enough time for
density perturbations to grow into the galaxies and clusters currently seen.

In the early universe, when ordinary matter recombined and cosmic microwave background
was formed, dark matter affected it by its gravitational potential (mainly on large scales) and
by its effects on the density and velocity of ordinary matter. Ordinary and dark matter pertur-
bations, therefore, evolve differently with time and leave different imprints on the CMB. The
observed CMB angular power spectrum provides powerful evidence in support of dark matter,
as its precise structure is well fitted by the ΛCDM model, but difficult to reproduce with any
competing model.

With many more evidence coming from velocity dispersions, gravitational lensing, baryon
acoustic oscillations, bullet clusters and etc., existence of DM is inevitable. However, there is
no definite vision about its composition. There are many possible candidates of DM, for the
review of their properties and possibility of detection see [9, 12,13].

Weakly interacting massive particles (WIMPs) are hypothetical elementary particles that
constitute DM. There is no formal definition of a WIMP, but broadly, a WIMP is a new
elementary particle which interacts via gravity and some other unknown weak force, that is not
a part of the standard model of particle physics. For the review of WIMPs see [14,15]. Axions are
other popular candidates of DM that are widely discussed in literature [16,17]. Most probable,
dark matter is thought to be cold (CDM), that refers to the fact that is should move slowly
compared to the speed of light. Among other candidates of DM like sterile neutrinos [18],
supersymmetric particles [19], gravitinos [20] and so on, there is a mirror matter model. It
assumes that DM is made of mirror partners of well known elementary particles of standard
model. Mirror particles do not interact with ordinary particles except of gravitational force.
We will review mirror matter model in chapter (5).
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Chapter 3

Theory of Gravitational Waves

The general theory of relativity also suggests the existence of gravitational radiation. The
Einstein equations, assuming the field is weak and static (i.e. all time derivatives are zero)
and particles are moving slowly, restores Newtonian physics. However, considering the weak
field that can vary in time, GR predicts a phenomena that is absent in Newtonian physics:
gravitational waves. This chapter is denoted to the theoretical foundations of gravitational-
wave physics.

3.1 Equation for Gravitational Wave

To get the equations for the gravitational waves, one has to impose the weakness of the field,
write Einstein’s equations in this limit and solve it with the appropriate choice of gauge. The
weakness of gravitational field means that the metric can be decomposed as flat Minkowski
metric plus a small perturbation,

gµν = ηµν + hµν , |hµν | ≪ 1 . (3.1)

Ignoring high order terms of hµν , one immediately obtains

gµν = ηµν − hµν , (3.2)

where hµν = ηµρηνσhρσ. The theory is Lorentz invariant, because we know that ηµν is invariant
and hµν transforms as

hµ′ν′ = Λµ′

µΛ
ν′

νhµν . (3.3)

In order to find the equation of motion for hµν , we have to examine Einstein’s equation to first
order. For that, at first we need the Christoffel symbol

Γσ
µν =

1

2
gσλ (∂µgνλ + ∂νgλµ − ∂λgµν) =

1

2
ησλ (∂µhνλ + ∂νhλµ − ∂λhµν) . (3.4)

In Riemann tensor Γ2 terms can be neglected, so we are left with

Rµνρσ = ηµλ∂ρΓ
λ
νσ − ηµλ∂σΓ

λ
νρ =

1

2
(∂ρ∂νhµσ + ∂σ∂µhνρ − ∂σ∂νhµρ − ∂ρ∂µhνσ) . (3.5)

Contracting over µ and ρ, we get the Ricci tensor

Rµν =
1

2

(
∂σ∂νh

σ
µ + ∂σ∂µh

σ
ν − ∂µ∂νh−□hµν

)
, (3.6)
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where h is a trace of the perturbation h = ηµνhµν = hµµ, and □ is a simple d’Alambertian.
Contracting once again yields the Ricci scalar

R = ∂µ∂νh
µν −□h . (3.7)

Putting it all together we obtain the linearized Einstein tensor

Gµν = Rµν −
1

2
ηµνR =

1

2

(
∂σ∂νh

σ
µ + ∂σ∂µh

σ
ν − ∂µ∂νh−□hµν − ηµν∂λ∂σh

λσ + ηµν□h
)
. (3.8)

The linearized field equation will be

Gµν = 8πGTµν , (3.9)

where Gµν is given by (3.8) and Tµν is calculated to zeroth order in hµν .

3.2 Fixing a Gauge

However, the decomposition of the metric into a flat background plus a perturbation is not
unique. One can find a different coordinate system in which metric can still be written as the
Minkowski metric plus a perturbation, but the perturbation may be different. Here comes the
idea of gauge invariance. It turns up, that for sufficiently small ϵ,

h(ϵ)µν = hµν + 2ϵ∂(µξν) , (3.10)

where ξ is some vector field. The equation (3.10) tells us what kind of metric perturbations
denote physically equivalent spacetimes - those related to each other by 2ϵ∂(µξν) for some vector
ξµ. Examining the Riemann tensor under such transformations, we see that it stays unchanged:

δRµνρσ =
1

2
(∂ρ∂ν∂µξσ + ∂ρ∂ν∂σξµ + ∂σ∂µ∂νξρ + ∂σ∂µ∂ρξν

−∂σ∂ν∂µξρ − ∂σ∂ν∂ρξµ − ∂ρ∂µ∂σξν − ∂ρ∂µ∂σξν) = 0 . (3.11)

So, in order to solve the linearized Einstein’s equations (3.9), at first one needs to choose the
gauge. But before that, its useful to decompose the components of the metric perturbation. hµν
is a symmetric (0, 2) tensor and under spatial rotations its 00 component transforms as scalar,
the 0i components as 3-vector and ij components as 2-index tensor. So one can represent the
components of the metric perturbation as:

h00 = −2Φ

h0i = ωi

hij = 2sij − 2ψδij , (3.12)

where the tensor part was further split into the trace Ψ and the traceless (also referred as the
strain tensor) sij parts:

Ψ = −1

6
δijhij

sij =
1

2

(
hij −

1

3
δklhklδij

)
. (3.13)
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The entire metric can be written as:

ds2 = −(1− 2Φ)2dt2 + ωi(dtdx
i + dxidt) + [(1− 2Φ)δij + 2sij]dx

idxj . (3.14)

Taking metric in this decomposition (3.12) the gauge transformations (3.10) now take the form:

Φ → Φ + ∂0ξ
0

ωi → ωi + ∂0ξ
i − ∂iξ

0

Ψ → Ψ− 1

3
∂iξ

i

sij → sij + ∂(iξj) −
1

3
∂kξ

kδij (3.15)

(we dropped ϵ and assumed that ξµ is small itself). Now we take the so-called transverse gauge:

∂is
ij = 0

∂iω
i = 0 , (3.16)

by choosing ξµ in the way to satisfy

∇2ξj +
1

3
∂j∂iξ

i = −2∂is
ij

∇2ξ0 − ∂0∂iξ
i = ∂iω

i . (3.17)

Writing the linearized Einstein equations (3.9) using the metric perturbations decomposed as
(3.12) in the transverse gauge (3.16), one gets:

G00 = 2∇2Ψ = 8πGT00 (3.18)

G0j = −1

2
∇2ωj + 2∂0∂jΨ = 8πGT0j (3.19)

Gij = (δij∇2 − ∂i∂j)(Φ−Ψ)− ∂0∂(iωj) + 2δij∂
2
0Φ−□sij = 8πGTij . (3.20)

Our goal is to write the equations for gravitational waves, that are the free propagating degrees
of freedom and require no local source (but of course they can be generated by such source).
That is why we set to zero the entire energy-momentum tensor Tµν = 0. Then 00 equation is
just

∇2Ψ = 0 , (3.21)

which with well-behaved boundary condition implies Ψ = 0. Using that, 0j equation is

∇2ωj = 0 , (3.22)

which from its side implies ωj = 0. Plugging this results the trace part of ij equations gives

∇2Φ = 0 , (3.23)

implying Ψ = 0. So the only thing is left is the trace-free part of ij equation, which becomes a
wave equation for the traicless strain tensor:

□sij = 0 . (3.24)
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So from the entire metric perturbation hµν(Φ, ωi,Ψ, sij) all degrees of freedom except sij were
set to zero and only the trace part survived. hµν is purely spatial, traceless and transverse:

h0ν = 0

ηµνhµν = 0

∂µh
µν = 0 . (3.25)

This is known as transverse-traceless gauge

hTT
µν =


0 0 0 0
0
0 2sij
0

 (3.26)

and the equation of motion is given by

□hTT
µν = 0 . (3.27)

3.3 Plane Wave Solution

Plane waves are particularly useful solutions for these wave equations

hTT
µν = Cµνe

ikσxσ

, (3.28)

where Cµν is a constant, symmetric (0, 2) tensor, which is purely spatial ηµνCµν = 0 and traceless
C0ν = 0. kσ is a wave vector that, by inserting (3.28) in (3.27) must satisfy

kσk
σ = 0 . (3.29)

This means that plane wave is a solution if the wave vector is null, implying that gravitational
waves propagate at the speed of light. The timelike component of the wave vector is the
frequency of the wave ω, and the vector can be written as kσ = (ω, k1, k2, k3) and the condition
that it is null vector, becomes

ω2 = δijk
ikj . (3.30)

Recalling that the perturbation should be transverse, implies

kµC
µν = 0 , (3.31)

that is the wave vector must be orthogonal to Cµν .

3.4 Effect of Gravitational Wave Propagation

The solution becomes more explicit if one chooses spatial coordinates in a way that the wave is
propagating in x3 direction, that is:

kµ = (ω, 0, 0, k3) = (ω, 0, 0, ω) . (3.32)
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In this case, C0ν = 0 and (3.31) together imply that C3ν = 0 and only nonzero components of
Cµν are C11, C12, C21 and C22. But as Cµν is traceless and symmetric, one can write:

Cµn =


0 0 0 0
0 C11 C12 0
0 C12 −C11 0
0 0 0 0

 . (3.33)

So, for a plane wave in this gauge traveling in the x3 direction, the two components C11 and
C12 and the frequency ω completely characterize the wave.

To illustrate the effect of passing gravitational wave, it is useful to consider relative motion
of nearby particles that are positioned at a ring-shape at initial moment. The motion would be
described by geodesic deviation equation:

D2

dτ 2
Sµ = Rµ

νρσU
νUρSσ , (3.34)

where Sµ is a separation vector and Uµ(x) are the four-velocities of particles. Admitting that
our test particles are moving slowly and keeping the terms at the first order in hTT

µν , the equation
(3.34) becomes:

∂2

∂t2
Sµ =

1

2
Sσ ∂

2

∂t2
hTTµ

σ . (3.35)

For the wave traveling in x3 direction only S1 and S2 will be affected. Considering effects of
C11 and C12 separately, for C11 we have the equations

∂2

∂t2
S1 =

1

2
S1 ∂

2

∂t2
C11e

ikσxσ

(3.36)

and
∂2

∂t2
S2 = −1

2
S2 ∂

2

∂t2
C11e

ikσxσ

. (3.37)

Solving to the lowest order, one has:

S1 =

(
1 +

1

2
C11e

ikσxσ

)
S1(0) (3.38)

and

S2 =

(
1− 1

2
C11e

ikσxσ

)
S2(0) (3.39)

These solutions tell, that particles initially separated in the x1 direction will oscillate in the x1

direction and particles initially separated in the x2 direction will oscillate in the x2 direction.
So, starting with a ring-shape, particles will bounce back and forth in the shape of a ”+”, as the
wave passes. The equations for C22 will have slightly different solutions, telling that particles
will move in ”×” shape. Hence, C11 and C22 are often denoted correspondingly by h+ and h×,
and these patterns are shown in the figure (3.1).
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Figure 3.1: Effect of gravitational wave passing in z direction, with plus (top) and cross (bottom)
polarization on a ring of particles.

3.5 Production of Gravitational Waves

To discuss the generation of GWs by source, one should consider Einstein’s equations coupled
to matter Gµν = 8πGTµν . Now, metric perturbation will include not only strain tensor, but also
non-zero scalar and vector components. It is convenient to define trace-reversed perturbation

h̄µν = hµν −
1

2
hηµν , (3.40)

that is not transverse in general, but in a vacuum far away from the source h̄TT
µν = hTT

µν . Choosing
gauge parameter ξµ satisfying □ξµ = −∂λh̄λµ and imposing the Lorentz gauge ∂µh̄

µν = 0, gives
Einstein tensor in a form:

Gµν = −1

2
□h̄µν (3.41)

and linearized Einstein equation is this gauge is

□h̄µν = −16πGTµν . (3.42)

Writing the solution using Green’s function

h̄µν(x
σ) = −16πG

∫
G(xσ − yσ)Tµν(y

σ)d4y , (3.43)

where

G(xσ − yσ) = − 1

4π|x− y|
δ[|x− y| − (x0 − y0)]θ(x0 − y0) , (3.44)

where boldface denotes spatial 3-vectors and θ is Heaviside function that equals to 1 if x0 > y0

and performing the integral over y0, gives

h̄µν(t,x) = 4G

∫
1

|x− y|
Tµν(t− |x− y|,y)d3y , (3.45)
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Figure 3.2: Figure adopted from [21]

where t = x0 and t−|x−y| = tr is called a retarded time. Assuming that the source is isolated,
far away and slowly moving, one can approximate |x− y| = r, where r is distance between the
source and observer. Now, taking a Fourier transform of the metric perturbation, one obtains

h̃µν(ω,x) =
1

2π

∫
dteiωt h̄µν(t,x) =

4G

2π

∫
dtd3yeiωtr

eiωr

r
Tµν(tr,y) = 4G

eiωr

r

∫
d3y T̃µν(ω,y).

(3.46)
Considering spatial parts h̃ij(ω,x), using integration by parts and Fourier-space version of
∂µT

µν = 0, mainly −∂kT̃ kµ = iωT̃ 0µ, one has∫
d3y T̃µν(ω,y) = −ω

2

2

∫
yiyj T̃ 00d3y . (3.47)

Defining the quadrupole moment tensor of the energy density of the source,

Iij(t) =

∫
yiyj T 00d3y , (3.48)

and taking the inverse Fourier transform, we obtain the quadrupole formula

h̄ij(t,x) =
2G

r

d2Iij
dt2

(tr) . (3.49)

Sometimes it is more convenient to use the reduced quadrupole moment

Qij = Iij −
1

3
δijδ

klIkl (3.50)

and of course the transverse-traceless part of strain tensor (3.49) is not affected with this change.
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The most interesting case is to discuss gravitational radiation emitted by the binary star
system. The following discussion follows [21]. Consider two stars of mass m1 and m2 orbiting
each other in X − Y plane (as shown in the figure (3.2)). The distances from the stars to their
common center of mass are r1 and r2 correspondingly and r = r1+r2 is the distance between the
stars. We treat the motion of the stars in Newtonian approximation and assume that their orbits
are circular. Suppose the radii of the stars are small compared to their separation distance, the
binary system’s mass density distribution function can be written using Dirac’s delta function:

ρ(x, y, z) = m1δ(x− x1)δ(y − y1)δ(z) +m2δ(x− x2)δ(y − y2)δ(z) . (3.51)

Then, reduced quadrupole moment of the system will have a form:

Qij =

∫
d3xρ(x)

(
xixj − 1

3
r2δij

)
. (3.52)

Writing stars’ coordinates explicitly using angular frequency ω of the system

x1 = −r1 cosωt
y1 = −r1 sinωt
x2 = r2 cosωt

y2 = r2 sinωt (3.53)

and using a center-of-mass reference frame

m1r1 = m2r2 , (3.54)

appearance of Delta function allows to integrate (3.52) to get:

Qij =
1

2
µr2

1
3
+ cos 2ωt sin 2ωt 0
sin 2ωt 1

3
− cos 2ωt 0

0 0 −2
3

 , (3.55)

where µ = m1m2

m1+m2
is reduced mass of the system. The gravitational wave strain tensor at a

luminosity distance dL is given by

hij =
2G

c4dL

d2Qij

dt2
=

4Gµ

c4dL
r2ω2

− cos 2ωt − sin 2ωt 0
− sin 2ωt cos 2ωt 0

0 0 0

 (3.56)

(hereafter we recover the presence of c). The rate at which energy is carried away by the
gravitational waves is found to be

dEGW

dt
=

c3

16πG

∫ ∫ 3∑
i,j=1

dhij
dt

dhij
dt

dS =
1

5

G

c5

3∑
i,j=1

d3Qij

dt3
d3Qij

dt3
=

32

5

G

c5
µ2r4ω6. (3.57)

Orbital energy is given as

Eorb = −GMµ

2r
, (3.58)
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where M = m1 +m2 is a total mass of the system. The loss of energy through gravitational
radiation drains the orbital energy

dEorb

dt
=
GMµ

2r2
dr

dt
= −dEGW

dt
. (3.59)

Assuming that the energy radiated away over each orbit is small compared to Eorb, one can
describe each orbit as approximately Keplerian. Using Kepler’s third law and its derivative

r3 =
GM

ω2
, ṙ = −2

3

ω̇

ω
r , (3.60)

and inserting (3.57) in (3.59), one gets

ω̇ =
96

5

G5/3

c5
µM2/3ω11/3 =

96

5
(GMc)

5/3ω11/3 , (3.61)

where Mc = (µ3M2)1/5 notation was introduced and it is called a chirp mass.
A phenomenological form of the gravitational waveform is given by

h(t) = h0 cosϕ(t) , (3.62)

where h0 is called a scaling amplitude and equals to the coefficient of non-zero components of
the strain (3.56)

h0 =
4Gµ

c4dL
r2ω2 =

4(GM)5/3

c4dL
ω2/3 (3.63)

(here we used the Kepler’s 3rd law). ϕ(t) is the gravitational wave phase and it evolves in time
as:

ϕ(t) = 2ωt+ ω̇t2 + ϕ0 , (3.64)

where ϕ0 is the initial phase of binary. Inserting a solution ω(t) of (3.61) in (3.63) and (3.64)
one gets a gravitational waveform of merging binary (3.62).
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Chapter 4

Detection of Gravitational Waves

4.1 Gravitational Wave Detectors

Gravitational waves (GW) were directly detected for the first time in 2015. Since then about
100 events have been recorded by LIGO, Virgo and KAGRA observatories, that have been
operating with necessary sensitivity.

The Laser Interferometer Gravitational-Wave Observatory (LIGO) is a system of two de-
tectors in USA designed to detect GWs. One detector is located in Hanford, Washington and
the second in Livingston, Louisiana. It began observations in 2002, but only after the upgrade
to Advanced LIGO in 2015, it reached enough sensitivity to detect GWs. Virgo interferometer
is a GW observatory located in Cascina, Italy. After the upgrade to Advanced Virgo it joined
Advanced LIGO to make its first detection in 2017. The Kamioka Gravitational Wave Detector
(KAGRA) was built underground in the Kamioka Observatory in Gifu Prefecture, Japan. It
become operational in February 2020, but was shut down in two months due to pandemic.

All these three observatories are interferometers and they are based on similar working
principle. Each of the detectors consist of two perpendicular arms of few kilometers. A single
laser beam is split at the intersection of the two arms, the light is reflected from the end points
of the arms and returns to the intersections where they interfere. If the lengths of both arms
have remained unchanged, then the two combining light waves should destructively interfere and
there will be no light observed at the output of the detector. However, if a GW passed through
the detector, according to Einstein’s general relativity, spacetime inside arm will be warped; one
arm will be stretched, other compressed and the two light beams would no longer completely
subtract each other, yielding light patterns at the detector output. This light pattern encodes
the information about relative change of arms’ lengths and though gives ability to reconstruct
gravitational waveform.

However, detecting GW is technically extremely difficult. Passage of GW is expected to
change the arm length by about 1/1000 the diameter of a proton. Equivalently, this is a relative
change in distance of approximately one part in 1021. Many things on Earth can cause such
small changes, so one should be able to subtract all noise that distorts GW signal. Detectors
optical components are sustained under ultra-high vacuum to ensure that the light travels in
straight lines and it is not bent due to slight temperature differences across the arm. The
positions of the mirrors are adjusted to account for terrestrial noise, local vibrations, seismic
activities and even the change of the tidal force of the Sun and the Moon. Improving the noise
subtraction and signal analyses technologies through the years, finally the detectors reached the
sufficient sensitivities to detect GW for the first time.
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4.2 Gravitational Wave Data

4.2.1 LIGO-Virgo-KAGRA Events

Since the upgrade to the Advanced LIGO, it conducted three observing runs. The first observing
run (O1) took place between 12 September 2015 - 19 January 2016 with runtime of 4.26 months
and it observed two confirmed signals form merging Binary Black Holes (BBH) GW150914 [22],
GW151226 [23].

During the second observing run (O2) (30 November 2016 - 25 August 2017), with advanced
Virgo joining on 1 August, it has detected three more events GW170104 [24], GW170814 [25],
GW170608 [26] from BBH system and one signal from merging neutron stars GW170817 [27].
Later on, novel methods for reanalyzing first two runs, revealed five more GW signals from BBHs
(GW170729, GW170809, GW170818, GW170823 and GW151012 [28]). In total, during O1&O2
LIGO observed 10 GWs from BBH mergers and one signal from binary neutron stars and the
results were summarized in Gravitational-Wave Transient Catalog-1 [28]. It is important that
the neutron star event and two BBH signals (GW170814 and GW170818) were triple-coincidence
events, observed by two LIGO observatories together with Virgo detector.

The third observing run (O3) began on 1 April 2019 and it was divided into O3a, from 1
April to 30 September 2019, and O3b, from 1 November 2019 to 27 March 2020. Suspension of
observation during October 2019 was for instrument upgrades and fixes, and cessation in March
2020 was due to the COVID-19 pandemic.

O3a already revealed several unexpected discoveries. The theory of evolution of stars predicts
the absence of compact objects with masses in between the most massive neutron stars and least
massive black holes, approximately 3−5M⊙; this is called a lower mass gap and it was somehow
supported by electromagnetic observations. Also, many models suggest existence of so-called
upper mass gap, black holes with masses in the range of about ∼ 50− 120M⊙ should not exist
due to pair-instability supernovae. We will explain the reasons for the mass gaps in more details
below.

The first odd event in O3a was GW190425, a compact binary coalescence with total mass
∼ 3.4M⊙ [29]. The masses of binary components and of the final object are at the edge of
the lower mass gap. The event GW190521, a binary black hole merger with a total mass
of 150M⊙ presumably falls in the upper mass gap [30]. There were also events with very
asymmetric component masses [31,32]. The results of O3a were outlined in Gravitational-Wave
Transient Catalog-2 [33], that included 39 events. Later, the GWTC-2 was extended to GWTC-
2.1 [34] with 8 additional events. The second half of the third observing run also revealed two
interesting events of neutron star - black hole mergers [35]. The results of O3b, with 35 new
events were presented in GWTC-3 [36]. To sum up, the analysis of three observing runs that
have been conducted so far, in overall revealed 90 events with probability Pastro > 0.5 being of
an astrophysical origin [36]. Among these 90 events, the majority are BH-BH mergers, with few
of them containing BHs from the upper mass gap. Two events are from the merger of BH with
an object of lower mass gap. Two more events are from NS-BH coalescence, and other two from
NS-NS merger. It is important to notice, that the event GW170817 of binary NS coalescence
still remains the only GW detection accompanied by a gamma-ray counterpart [37, 38]. No
other electromagnetic radiation associated with GW has been found yet [39,40].

The fourth run, O4, is planned to begin in March 2023.
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4.2.2 Merger Rates

As a result of the analyses of the three observing runs, merger rates for different systems were
estimated [43]. The merger rate for BBH systems, accounting that coalescence rate evolves with
redshift, was calculated to be

RBBH = 17.9− 44 Gpc−3yr−1 (4.1)

at a fiducial redshift z = 0.2. For BH-NS and BH-mass gap systems, the merger rates were
inferred to be

RBH−NS = 7.8− 140 Gpc−3yr−1 (4.2)

and
RBH−mass gap = 9.4× 10−5 − 25 Gpc−3yr−1 (4.3)

correspondingly. BNS are estimated to coalescence at a rate

RBNS = 10− 1700 Gpc−3yr−1 (4.4)

and NS-mass gap objects are expected to merge at a rate

RNS−massgap = 0.02− 39 Gpc−3yr−1 . (4.5)

Still having relatively high uncertainties in the measured merger rates, many models of compact
binary formation and evolution can fit with the observations.

4.3 Binary Black Holes

The population properties of LIGO-Virgo-Kagra (LVK) compact objects and their astrophysical
interpretations have been discussed in the papers accompanying the GW transient catalogs:
[41–43]. We start with reviewing the possible scenarios for binary black hole formation and
merger.

The most common way for creating a BH is gravitational collapse of a heavy star. The
final step of evolution of the stars is still speculative [44], but according to the most common
description, by the time the star runs out of fuel, if its core mass remains heavy enough, it
explodes, creating a supernova and leaving a BH as a stellar remnant. However, the mass of
the remnant BH is not in one-to-one match with the mass of the progenitor star. Stellar wind
is the main reason by which star loses its mass and its strength is found to be dependent on
the metallicity of the star. Low metallicity reduces opacity, radiation transport becomes easier
and decreases wind strength. So only the stars with a certain amount of metal content (below
≃ 1/2 Z⊙) are thought to be capable of creating BHs with mass ≳ 25M⊙.

Binary black hole systems could be created through different mechanisms. Despite increasing
number of BBH mergers, their origin is not clearly understood, but several formation channels
are under close investigation. Isolated massive binaries in the galactic field could form BBH
through common-envelope [45,46], through stable Roche-lobe overflow [47,48] or via chemically
homogeneous evolution [49, 50]. BBH might also be created in dense stellar cluster by some
dynamical processes [51]. Alternatively, triple or quadrupole systems can also produce BBH
mergers [52, 53]. Finally, BBHs can have a primordial origin [54–58].
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4.3.1 Primordial Black Holes

Some authors suggested explanations for the sources of GW signals by so-called Primordial
Black Holes (PBH) [54–58]. PBHs are BHs that could have been formed in the early universe,
when no astrophysical objects existed yet. The most popular mechanism for PBH formation
is the direct gravitational collapse of primordial density inhomogeneities. As in the very early
times, the universe was radiation dominated and ordinary matter was not yet formed, we can
think of PBH as the direct collapse of Dark Matter (DM) density fluctuations, and it is common
to define a fraction of PBHs in DM

fPBH =
ΩPBH

ΩDM

, (4.6)

where ΩPBH and ΩDM are PBH and DM density parameters, respectively.
Existing constraints on fPBH in different mass ranges from various experiments are reviewed

in [56]. The mass interval relevant for LVK events is

1 M⊙ < M < 100 M⊙ . (4.7)

However, microlensing surveys say that PBHs in the mass range

10−7 M⊙ < M < 30 M⊙ (4.8)

cannot fill dominant parts of ΩDM [59, 60]; higher mass PBHs (43M⊙ ≲) are excluded by wide
binaries [61] and the mass range 1 − 100 M⊙ is constrained by the non-detection of cosmic
microwave background (CMB) spectral distortion [62]. This suggests that upper bound on
fPBH is order of 10−4–10−3 in the mass range (4.7). Several models can be responsible for the
explanation of LVK signals using the PBHs. These models differ with the value of fPBH and
use distinct mechanism for binary system formation:

� When two PBHs accidentally pass each other with sufficiently small impact parameter,
they can form BBHs due to energy loss by gravitational radiation [63]. In this scenario,
in order to explain the event rate estimated by LVK, the fraction of PBHs in DM (4.6)
is required to be the order of unity. This is in contradiction with the CMB anisotropies,
but in [63], it is assumed that constraints from CMB require modeling of several complex
physical processes and, therefore, could have a significant uncertainty.

� A different mechanism for estimating a PBH merging rate was suggested in [54]. Cosmic
expansion pulls PBHs away from each other, while gravitation tries to keep them together.
If gravitational energy between two PBHs exceeds expansion energy, they start to free-fall
on one another. However, neighboring PBH can exert torque on their system, avoiding
their head-on collision and forming an eccentric binary in this way. In [54] it was assumed
that PBHs are massive stellar halo objects (MACHO) with monochromatic mass function
equal to 0.5M⊙, PBHs are initially randomly distributed in space and fPBH ≈ 1. After the
LIGO discovery, this theory was rewritten for PBHs with mass 30 M⊙ [55] and (4.6) was
treated as a free parameter. It was derived that, in order to get a merging rate compatible
with LVK’s estimates, fPBH is required to be of order 10−4. Intriguingly, it appears close
to the PBH abundance estimated from the lack of CMB spectral distortion. More GWs
data is needed to test this model.
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� In different model the mean mass of PBH is expected to be ∼ 10M⊙ [57] that is in
accordance with data [36]. Taking an initial log-normal mass spectrum, existing LVK
data can be described by PBHs [58].

Withal, more data is required to encourage the PBH scenario for LVK events.

4.3.2 Astrophysical Black Holes

Currently, most models are mainly concerned with astrophysical origin of LVK binary BHs.
These models estimate BBH merging rate as a function of the efficiency of BBH merging ϵ,
the distribution of times elapsed between creating and merging of a binary system P and BH’s
number density NBH [64],

R =
1

2
ϵP (τ)NBH . (4.9)

Dimensionless coefficient
ϵ ≡ fbin × fm1/m2 × fsurv × ft < 1 (4.10)

defines the efficiency of BBH merging [64]. Current models predict that half of the stars are
in binaries fbin ∼ 0.5 [65], fm1/m2 ∼ 0.1 is the fraction of binary systems of stars, which have
the mass ratio near unity m1/m2 ∼ 1 [65], which corresponds to the LVK data, and fsurv ∼ 0.1
is fraction of massive stars that survive as BH pairs after stellar evolution. Finally, ft < 1 is
a fraction of BBHs with orbital configuration that makes them available to merge before the
present day. As we see, ϵ depends on many factors and can vary significantly in the interval

ϵ ≃ 0.01− 0.001 . (4.11)

Delay time P (τ) is also very speculative as it depends on the masses, metallicities, orbital
configurations of the binary system of progenitor stars and it can even exceed the Hubble time.
BH number density can be written as [64]

NBH = SFR(z)

∫
ϕ(m) N(m)

∫
f(Z,m)

∫
ξ(M) dM dZ dm . (4.12)

Here ξ(M) is a stellar initial mass function (which usually is integrated in the interval 5 M⊙ <
M < 150 M⊙ to match the LVK data), f(Z,m) is a metallicity distribution function of the
galaxy of the mass m (usually the metallicity range 0.0002 < Z < 0.02 is considered), N(m) is
total number of stars in the galaxy of mass m, which is normalized as

N(m) =
m∫

M ξ(M) dM
, (4.13)

ϕ(m) is a galactic stellar mass function and SFR(z) is a star formation rate, which is typically
adopted from the best-fit-function of experimental data [66],

SFR(z) = 0.015
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
M⊙ Mpc−3 yr−1 . (4.14)

This function peaks at z ∼ 2 corresponding to the luminosity distance ∼15 Mpc and lookback
time ∼10 Gyr.

In the scenario for isolated binaries formed throughout common envelope evolution [46],
simulations were carried out for different values of metallicities. Derived local BBH merging
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rate spans from ∼10−1 to 7 × 103 Gpc−3 yr−1. Such a high uncertainty comes from tight
dependence on metallicity distribution function of progenitor stars. In order to fall in merging
rate estimated by LVK, lower values of metallicities are favored.

Simulations for chemically homogeneous stellar binaries [49] suggest R ≈ 10 Gpc−3 yr−1.
They find that typical time delay between formation and merger P (τ) ranges from 4 to 11 Gyr
and mergers beyond z ≳ 1.6 did not take place as the Universe was too young. They conclude
that over cosmic time, merger rate rises as mergers with longer delay times start to contribute,
but in the present age Universe it start to fall, as low-metallicity SFR decreases, leading to a
peak of ∼20 Gpc−3 yr−1 at z ≲ 0.5.

In [51] thousands of dense star cluster models with different initial conditions were simulated
and coalescing BBHs that escaped or merged inside the clusters were studied. The local merger
rate density of BBHs originated from globular clusters is obtained to be 5.4 Gpc−3 yr−1.

All these models [46,49,51] estimate a theoretical BBH merger rate

Rtheor
BBH ∼ 5− 10 Gpc−3 yr−1 , (4.15)

which is near the LVK’s lower bound (4.1).

4.3.3 The Sources from the Upper Mass Gap

Several events of LVK data contain unusually heavy BHs that fall in the so-called upper mass
gap, produced by pair-instability supernova processes. Current models for evolution of heavy
stars predict that temperature in a He core reaches the point when production of electron-
positron pairs is allowed. So, part of the energy of photons that was providing pressure against
gravity, is consumed by pair production and the star becomes unstable. Stars with He core
mass ∼ 32 − 64M⊙ are subject to pulsational pair instability, decreasing mass by ejection of
some amount of matter, and leaving remnants with mass less than ∼ 65M⊙. Stars with He
mass ∼ 65 − 135M⊙ are affected by pair instability, disrupting the entire star and leaving no
remnant compact object. Stars with He core ≳ 135M⊙ are considered to directly collapse to
intermediate mass BHs [67, 68]. So, the collapse of a heavy star is unable to produce BHs in
the mass range ∼ 65− 150M⊙.

Despite this fact, LVK were able to detect GWs coming from the systems in which one or
both components are BH with masses in the range 50 − 107M⊙. The most massive binary
GW190426 190642 contained components with masses 107M⊙ and 77M⊙, producing a BH with
mass 175M⊙ after merger and radiating 11M⊙ energy through gravitational waves [36]. The sec-
ond most massive system GW190521 consisted of BHs with masses 95M⊙ and 69M⊙, radiating
8M⊙ energy and producing a final BH with mass 156M⊙ [30].

BHs with such high masses are currently discussed to be formed by a hierarchical mergers
of smaller BHs [69–71]. In order to coalesce again, initial first generation BHs should be formed
in triple or higher multipole systems, or such systems must be assembled in the dense stellar
clusters. However, merger product receives a recoil kick from the anisotropic GW emission
[72, 73], and it may eject them from clusters and leave unavailable to form new generations
of binary BHs [74]. Also, even if effective spin parameter of binary BH system was almost
zero, BH formed after their merger is characterized by high spin; so spin value may be a good
indication for genealogy of BHs [75,76]. In [69], the analyses of the ten BHs coalescence events
from the first two observing runs of LIGO-Virgo detectors was made and no definite evidence
of hierarchical mergers was found.
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Merger rate of the events in which mass of one of the components lies in 50 − 100M⊙ was
estimated to be

R50−100M⊙ = 0.099− 0.4 Gpc−3yr−1 (4.16)

(Table IV in [43]). Simulations done for nuclear stellar clusters (where the hierarchical mergers
are orders of magnitude more common than in globular and young star clusters) with low spin
and broad distribution of escape velocities, yield 10−2 − 0.2 Gpc−3yr−1 [70]. In order to obtain
such high merger rates, some optimistic assumptions are required. More specifically, in [71],
merger rate of GW190521-like events was estimated as,

RGW190521 = R1G × ftriple × fsurvival × fmerger , (4.17)

where R1G ∼ 10− 100 Gpc−3yr−1 is merger rate of first generation BHs and the value obtained
from the first two observing runs [28]. Assuming a high survival, fsurvival ≃ 60%, and the large
merger fraction, fmerger ≃ 20%, together with the admission that formation fraction of stellar
triple systems is ftriple ≃ 50%, the coalescence rate of GW190521-like events was calculated to
be [71]

RGW190521 = 0.6− 6 Gpc−3yr−1 . (4.18)

We update this merger rate using the value from GWTC-3, R1G ∼ 2.5− 6.3 Gpc−3yr−1 (Table
IV in [43]), obtained for the systems in which the mass of the first component is 20 − 50M⊙
and 5− 50M⊙ for the second component, i.e. systems that can potentially give ’heavy’ systems
through hierarchical mergers. Inserting this new value of R1G in (4.17), one gets

RGW190521 = 0.15− 0.38Gpc−3yr−1 , (4.19)

being in agreement with LVK estimations (4.16), but in the price of some extreme postulations.
Possibility of primordial origin of BHs of the event GW190521 was also considered [77]. But,

as already mentioned there are tight constraints on mass distribution of primordial BHs [56] and
some theories of primordial BH formation predict small component spins [78], that is inconsistent
with GW190521. PBH mass can evolve during its cosmological evolution due to accretion [79].
Suppose that PBHs accrete efficiently before the reionization epoch, even the most massive event
GW190521 can fit into the PBH scenario [80]. Opportunity of strong gravitational lensing by
galaxies or galaxy clusters for the signal GW190521 was also discussed. However, low expected
lensing rate and optical depth, and the absence of a multi-image counterpart, disfavor strong
lensing hypothesis [77].

4.4 Binary Neutron Star and Neutron Star - Black Hole

Systems

In this section we discuss BNS and BH-NS that will form and merge within a Hubble time. Stars
within mass range from ≃ 8M⊙ to ≃ 50M⊙ will evolve up to a core collapse supernova explosion.
The resulting remnant will be a NS if the mass of progenitor star is bellow 20M⊙ otherwise a
BH will be formed. Such heavy stars should arrive to the stage of supergiants of size about
30R⊙, at the end of their life. If the initial separation of the components in BNS exceeds the
size of the progenitor supergiants, the pure GWs inspiral time will be several order of magnitude
the age of the Universe. In order to merge within the age of the Universe (Hubble time), initial
separation of canonical BNS system must be less than five solar radius, ≲ 5R⊙, in case the
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inspiral is dominated by radiation of gravitational waves [81–83]. This implies that BNS system
is formed through a common-envelope stage, where either both massive stars are not distinct
or the primary forms a compact object before being enveloped by the secondary during its
supergiant phase. Thus, the inspiral proceeds much faster and leads to tighter initial separation
of the two compact objects. Also, NSs and BHs inside globular cluster could gravitate towards
its center due to dynamical friction, leading to both a higher likelihood of dynamical capture
and an accelerated inspiral aided by three-body interactions with other objects [84]. The two
compact objects of BNS and BH-NS systems will lose energy to GWs, causing the objects to
inspiral towards one another. The inspiral time scale ranges from ≃ 85 Myr to Hubble time.
Thus, after long time of inspiraling the compact objects merge releasing GWs signal of great
luminosity (≃ 1053 erg/s [85]). GWs emitted by a binary system are omnidirectional, however
not isotropic [86]. In particular, it is strongest along the total angular momentum axis of the
system (for inclination angles l = 0◦, 180◦) and weakest along the orbital plane (l = 90◦).

4.4.1 Electromagnetic Counterpart Radiation

In some seconds after merging the NSs (NS in case of BH-NS merger) get disrupted releasing
matter which is supposed to accrete the remnant object powering collimated ultra-relativistic
polar jets [83, 87] and mildly relativistic quasi-isotropic outflows [88–90] that produce known
electromagnetic and even neutrino counterparts. The jet results in a short gamma ray burst
(SGRB) which is a luminous flare of highly variable up to MeV energy gamma radiation lasting
less than 2 seconds. The emission from collimated ultra-relativistic jet can only be detected by
an observer within jet opening angle, θi, due to Doppler beaming limiting the visibility region to
inverse Lorentz factor Γ−1 (typically Γ ∼ 100). Being launched, the jet must propagate trough
to successfully break-out and move outwards at nearly c. The jet reaches the photometric radius
where light can escape for the first time and may release the prompt SGRB emission due to
collisions of internal shocks.

After the prompt emission the jet is still speeding away interacting with the surrounding cir-
cumburst material [91]. The bulk Lorentz factor of the interacting jet slows down, the observable
angle grows, the jet starts to emit synchrotron radiation across nearly entire electromagnetic
spectrum, which can be detected from radio to GeV energies [91] as SGRB afterglow.

The unbound matter from a merger behaves differently than the bound material that powers
the ultra-relativistic jet causing a SGRB. In this case, the neutron rich ejecta containing from
10−3M⊙ to 0.1M⊙ moves outwards at a ∼0.1-0.3 c. The ejecta expands and rapidly cools down
losing the energy through thermal neutrino emission. Eventually, in ∼10-100 ms, it enters
relatively slow homologous expansion and the period of synthesis of heavy elements in the so-
called r-process. Nuclei freshly synthesized by the r-process are radioactive and decay back to
stability. The energy released via β decays and fission can power a thermal transient lasting
days to weeks, commonly known as a kilonova [88–90]. Kilonovae are promising electromagnetic
counterparts of BNS and BH-NS mergers because their emission is approximately isotropic (in
contrast to beamed SGRBs) and can peak at optical, ultra violet and infrared wavelengths.
Brightness, duration, and colors of kilonovae are diagnostics of physical processes taking place
in mergers [83, 88–90]. When ejection energy ends the kilonova cools down and fades. The
quasi isotropic ejecta will continue to move outwards to go, in next few months and years,
into the nebula phase. At deceleration radius where the ejecta swept up a comparable amount
of material from the surrounding environment, it will transform to a blast wave that releases
synchrotron radiation in the radio bands [92–94], analogously described as a kilonova afterglow.
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The earliest observable signal from BNS and BH-NS mergers are GWs. They are used
in both the detection and characterization of these events as well as in providing localization
information for search with other instruments. The merger rate of BNS and BH-NS systems,
inferred form LVK data was presented above by the equations (4.4) and (4.2) correspondingly.
As we described above the NSs mergers should be accompanied by electromagnetic signals of
various wavelengths generated in the evolution of central remnants. First, we focus on the
joint searches for GWs and prompt SGRB emission. The total rate of SGRBs depends on the
half-jet opening angle distribution, which, in its turn, can be estimated with the measured jet
break in the afterglow light curve [95]. Since, the jet breaks are rarely detected the total rate
of SGRBs is quite uncertain and reads 1109+1432

−657 Gpc−3yr−1 [96]. Moreover, neglecting one
SGRB with particularly narrow half-jet opening angle one arrives to 162+140

−83 Gpc−3yr−1 [96].
Both estimates lie within the range (4.4) inferred by LVK. Because of the solid angle effect only
a fraction of successful SGRBs jets can be oriented towards the Earth. Since the emission of
gravitation waves is omnidirectional one expects that this fraction of SGRBs would be associated
with gravitationally detected BNS or BH-BNS mergers. Recall, that the gravitation emission
is stronger when a binary system is more face on. Therefore, the ultra-relativistic jet, which is
believed to be aligned with the polar axis of the remnant, should correlate with the strength of
the GW signal. The observed inclination angle probability density for gravitationally detected
NS mergers is maximized at l ≃ 30◦ [86]. It was found in [83] that a comparison of the observed
inclination angle distribution for NS mergers detected through GWs [86] and prompt SGRBs
distribution [91] tells us that roughly 1 in 8 BNS (BH-NS) mergers with detected gravitational
signal can spot the Earth within the jet angle. If we restrict ourselves only with the more likely
face on systems similar to those like GW170817, where l < 55◦ [27], the joint observation rate of
GW and SGRB signals can become somewhat higher, namely 1 in about 5. Finally, assuming
an improvement in signal to noise ratio in gravitational measurements of the NS systems, which
would probably give l < 27◦ for GW170817 [97], one may expect a sort of 1 to 1 correspondence
for systems less than 30◦ off from being face on.

Beyond SGRB detection, the joint observations of GWs and electromagnetic counterparts
can be performed through finding of SGRB afterglows, kilonovae, and other expected elec-
tromagnetic transients from NS mergers. In general, follow-up searches should not expect to
recover those events that occur near the Sun [83]. For the space based searches the constraint
spreads out over about 45◦ of the Sun, for many narrow-field space-based telescopes like Swift,
Hubble, Chandra etc. It is clear that the ground-based limitations are stricter, namely a few
hours of RA from the Sun, for a compatible size exclusion zone obtained from the GW triggering
facilities. An exception could be events detectable long enough that the Sun moves across the
sky, which typically requires months of detectibility. Usually, the events are getting identified
within a week or so. Either case rules out about 15% of the sky. Also, one should not rely
on recovery of SGRB afterglow and kilonovae in case they occur within several degrees of the
galactic plane, because of extinction and high rate of transients at lower energies. Following the
claim of [83], one can accept that follow-up observations are capable to recover up to 80% of
GW triggers.

We assume that every BNS (BH-NS) system triggered in GWs should produce observable
signatures in electromagnetic messengers across wide ranges of energies and time. The particular
attention we pay the canonical types of counterparts such as SGRBs, SGRB afterglows and
kilonovae. Relying on the discussion above, we accept that it is very likely that at least one
type of the counterpart should be recovered in prompt and follow up observations. Since all
analyzed canonical signals from NS mergers are brighter when observed from polar position
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than from equatorial one, especially likely recovery is expected for those BNS (BH-NS) mergers
detected not too much off (that means within ∼ 30◦) from its face on position with respect to
GWs observations.

As already pointed out, no electromagnetic counterpart has been reported in O3 data and
GW170817 remains as the only multimessenger event. Of course, not each of the pottential
multimessenger events are well localized because the lack of triggers in one of three detectors.
Also, because of the lack of the information about the estimation on inclination angles one
cannot be confident that each ultra-relativistic jet putatively producing a SGRB is somehow
aligned with the polar axis of the remnant and hence well orientated for recovery of the SGRB
or its afterglow. Kilonovae counterparts could also escape the detection as being subluminous in
the BNS range of ≃ 200 Mpc accessible for current advanced LVK sensitivity or being localized
around Sun or the galactic plane. Although, the joint GW-kilonovae detection rate could achieve
21 per year within the BNS horizon of the advance LVK network, as estimated in [83].

4.4.2 The Sources Near the Lower Mass Gap

The latest version of GW catalog [36] includes some notable events near the lower mass gap:

� GW190425 is probably the merger of BNS system with masses 2.0+0.6
−0.3M⊙ and 1.4+0.3

−0.3M⊙
[29];

� GW200105 with component masses 8.9+1.2
−1.5M⊙ and 1.9+0.3

−0.2M⊙ and GW200115 with com-
ponent masses 5.9+2.0

−2.5M⊙ and 1.44+0.85
−0.29M⊙ are the very first detection of merger of BH-NS

systems [35];

� GW190814 is a merger of a 23.2+1.1
−1.0M⊙ BH with a 2.59+0.08

−0.09M⊙ compact object [32] and
GW200210 092254 is coalescence of 24.2+7.5

−4.7M⊙ BH with a 2.83+0.48
−0.43M⊙ compact object.

Uncertainties are given at the 90% credible level. It is important to notice, that none of these
events had accompanying electromagnetic radiation, while it is expected that such cataclysmic
events should emit GRBs.

Moreover, what matters is that the distribution of masses of X-ray binaries reveal apparent
so-called lower mass gap 2.5 − 5M⊙ between NSs and BHs [102, 103]. The aforementioned
components of LVK events lie on the edge of that mass gap. Some theoretical models of
supernova explosions predict existence of the observed mass gap [104, 105]. Nonetheless, some
models suggest a smooth transition from NS to BH masses [106,107].

In principle, both components of GW190425 are consistent with being NSs. While the
mass of the one component, 1.4+0.3

−0.3M⊙, falls in a typical range of observed pulsars, the heavier
component with the mass 2.0+0.6

−0.3M⊙ also can be a NS, as far as existence of pulsars with mass
of ∼ 2M⊙ were confirmed by observations [108, 109]. But there was no optical counterpart to
GW190425, unlike the famous NS-NS merging event GW170817. With the source-frame chirp
mass 1.44M⊙ and the total mass 3.4M⊙, the GW190425 system is significantly more massive
than any binary NS system observed through electromagnetic radiation.

The most common mechanism for formation of binary NS systems is an isolated binary
evolution channel (for a review see [110]). Following this path, GW190425 may suggest a
population of binary NSs formed in ultra-tight orbits with sub-hour orbital period [29]. In
order to achieve the system like this, it is required to have a phase of mass transfer from
post-helium main sequence star onto NS. If the mass ratio between He-star and NS is high
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enough, a common-envelope phase is formed that would shrink the binary orbit to sub-hour
periods [111]. If binary survives this common envelope phase, the subsequent supernova kick
may be suppressed, as the secondary would likely be ultra-stripped [112]. The small supernova
kick, together with very tight orbital separation, increases the chance for binary to remain
bound after supernova. Hierarchical mergers of NSs or mass accretion in active galactic nuclei
disks, may also be responsible for the creation of compact objects in the lower mass gap [113].
Other possible scenarios, like dynamical formation channels in globular clusters or gravitational
lensing of the source of GW190425, is also discussed [29]. However, lack of objects discovered
with given properties, does not allow to have a definite theory for their formation mechanism
for now.

In the case of GW190814 and GW200210 092254, the first components are definitely a BHs.
But the second objects certainly lay in the lower mass gap, if such really exists. They are heavier
than the most massive known pulsar and lighter than any BH discovered so far. The masses of
the secondary components 2.59+0.08

−0.09 and 2.83+0.48
−0.43M⊙ exceed the possible maximum mass allowed

for a stable NS in most of the models [114, 115]. However, due to theoretical uncertainties the
NS-BH scenario cannot be ruled out, e.g. the second components can be a NSs in view of
some stiffer equation of state of dense nuclear matter [116]. It is also possible that they are
a quark stars in which the original NS was transformed due the fallback of the material after
the gravitational collapse of a progenitor star [117]. Thus, GW190814 and GW200210 092254
can be viewed as a BH-NS (or quark star) merger which in principle could have an associated
GRB and optical counterpart. The probability for the secondary component of GW190814 and
GW200210 092254 being exotic compact object, like boson star [118], gravastar [119], strange-
quark star [120] or up-down quark star [121] was also considered.

For the completeness, note that the secondaries of the LVK events named GW190814 and
GW200210 092254 are presumably BHs, which may have formed by coalescence of NSs, e.g.
the remnant of the event GW170817 has the similar mass [27]. But to merge again, hierarchical
triple system in the field [52,122] or in the galactic center [123,124] must be considered.

4.5 Problems and Our Suggestion

Summarizing the LVK data of GWs, we outline some main disagreements between existing
models and observations:

� Lack of multi-messenger events: As we have seen in the section (4.4.1), merger of a
NS with a NS or with a BH must be accompanied by different types of electromagnetic
radiation and in the most of the configurations these signals should be observable on
the Earth. However, despite detecting several events involving NSs, the only one event
GW170817 had associated SGRB. Even in case of BBH mergers, if they accret matter,
they can produce EM radiation as well.

� Upper mass gap objects: The theories of stars evolution predict, that if the core
of a star becomes heavy enough, pair instability processes ejects some mass or disrupt
entire star (section 4.3.3). Therefore, BHs above certain mass were not expected to exist.
However, the LVK data contains multiple events involving BHs in this forbidden mass
range.

� Lower mass gap objects: According to many models, transition between the mass
distributions of NSs and BHs cannot be smooth. Thus, there should be a mass gap
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between ∼ 2.5− 5M⊙, that is supported by the observation of X-ray binaries (sec. 4.4.2).
Nevertheless, the LVK data includes compact objects that fall in this mass range.

� Merger rates: The merger rates for the different kind of systems estimated from the LVK
data (sec. 4.2.2) are reproduced in different theories of binary compact objects formation
and merger, only in price of some extreme assumptions (sec. 4.3.2).

Intending to deal with these disagreements between the LVK data and the theories, we
propose that these GWs have been emerged from a hidden parallel sector - a mirror world.
The mirror world is a candidate of dark matter and it assumes, that all elementary particles
have their twin mirror partners that are invisible for us. Only way for the interaction between
ordinary and mirror worlds is the gravitational force (and maybe also some another weak force).
Thus, gravitational waves can pass between the worlds, while electromagnetic radiation will be
unnoticeable for our detectors. Besides, mirror sector is colder than ordinary world and it is
dominated by helium. This suggests that, mirror stars are born with higher mass and evolve
faster, that can potentially explain mass gap objects and high merger rates. In the next chapter
we review the mirror world model.
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Chapter 5

Mirror World Model

In the previous chapters we have discussed Einstein’s theory of General Relativity, that perfectly
describes gravitational interactions between massive objects. In principle, hidden sector of the
Universe, i.e. dark matter and dark energy could also be a subject to the laws of GR. However,
in addition to the gravitational force, there are three other fundamental interaction in nature.
The Standard Model (SM) of particle physics describes all known elementary particles and
their interactions via electromagnetic and weak and strong nuclear forces. As no DM particle
has been detected so far, theory of particle physics has no definite vision about their nature.
Phenomenologically, a full Lagrangian of particle physics can be presented as

L = LSM + Ldark + Lmix , (5.1)

where LSM describes the Standard Model, Ldark stands for the theory of dark matter particles
and Lmix could be a possible interaction between these two sectors. In the absence of mixing
part, no particle physics experiment can tell the existence of hidden sector.

The theory of Mirror World assumes that Ldark is an exact copy of SM, but with a very weak
mixing part. So, all elementary particles have their twin mirror partners that are almost hidden,
but as they can also form (mirror) matter, their existence can be sensed via gravitational effects.
This chapter is devoted to a review of mirror world theory. But until that, we make a brief
introduction to the Standard Model of particle physics.

5.1 Standard Model of Particle Physics

5.1.1 Overview

The current view of elementary particle physics is described by the Standard Model (SM) [125].
It is a fundamental theory based on the assumptions of Lorentz invariance, gauge invariance
and renormalizability. According to their intrinsic characteristic - spin, elementary particles
are divided into two types: fermions (half integer spin) and interaction carrier bosons (integer
spin). Three fundamental forces - strong, electromagnetic and weak are described as a gauge
theory of local symmetry group

SU(3)C × SU(2)L × U(1)Y , (5.2)

where the subscripts C, L and Y stands for color, left-handed chirality and weak hypercharge
respectively. Each type of interactions are mediated by the bosons of their group and are char-
acterized by coupling constants. SU(3)C is the non abelian local symmetry group of Quantum
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Chromodynamics (QCD), which describes strong interaction via the mediation of the eight
massless gluons. The direct product SU(2)L × U(1)Y describes electroweak interaction (EW),
mediated by the three massive boson W± and Z and the massless photon γ. The fermions
are divided into quarks and leptons and are classified in three generations. The three up-type
quarks with electric charge +2

3
e are the up quark (u), charm quark (c) and top quark (t), and

down-type quarks with electric charge −1
3
e are the down quark (d), strange quark (s) and bottom

quark (b). There are three negatively charged leptons: electron (e), muon (µ) and tau (τ), and
corresponding three neutrinos:: electron neutrino (νe), muon neutrino (νµ) and tau neutrino
(ντ ). These six quarks and six leptons are grouped in three generations, which are given in
Table (5.1). The quarks have a baryon number B = 1/3 and the leptons have a lepton number
L = 1.

Electric charge 1st generation 2nd generation 3rd generation
+2/3 u c t
−1/3 d s b
0 νe νµ ντ
−1 e µ τ

Table 5.1: Quarks and leptons in the Standard Model

Particle content of SM can be collected in irreducible representation of the EW gauge group.
It is important to note that left-handed (L) and right-handed (R) components of the fermion
fields belongs to different irreducible representation, therefore, SM is also defined as an axial or
chiral theory. Fermions are represented as Weyl spinors, left-handed quarks and leptons fL are
transforming as doublets and right-handed quarks and leptons fR as singlets:

fL : qL =

(
uL
dL

)
i

, lL =

(
νL
eL

)
i

; fR : uR, dR, eR. (5.3)

Index i runs through three generation of particles. Each particle in SM has corresponding
antiparticle that has opposite charge. All the analyses stated below employs antiparticles as
well, but we will come back to discuss them in more details in other sections.

5.1.2 Strong Interaction

At first we briefly examine the theory of Strong interactions. Quantum Chromodynamics (QCD)
is the gauge Quantum Field Theory (QFT) which takes into account interactions between
coloured quarks and gluons. All six quarks and six antiquarks are represented in three colours:
Green, Blue, Red. Eight generators of adjoint representation of SU(3)C group - called Gell-
Mann matrices - corresponds to eight massless gluons. Gluons carry the color charge and are
mediators of quarks interactions via exchanging the color charges. QCD lagrangian is invariant
under the SU(3)C group transformations and has the form:

LQCD = −1

4

8∑
a=1

Gµν
a G

a
µν +

nf∑
j=1

q̄j
(
i /D −mj

)
qj , (5.4)

where qj are the quark fields of nf different flavors with mass mj. The covariant derivative
/D = γµDµ (γµ are Dirac matrices) is given by

Dµ = ∂µ − igsGµ . (5.5)
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gs is the strong coupling constant and gauge field is represented as

Gµ =
∑
a

λaGa
µ , (5.6)

where Ga
µ are the gluon fields and λa are the generators of SU(3)C .

QCD has the properties of confinement and asymptotic freedom. Confinement says that
no isolated colored charge can exist but only color singlet particle. For example the quark-
antiquark potential has a Coulomb part at short distances and a linearly rising terms at long
distances:

Vqq̄ ∝
[
αs(r)

r
+ · · ·+ σ r

]
(5.7)

where αs = g2s/4π. The linearly rising term makes energetically impossible to separate a q − q̄
pair. If the pair is created at one space-time point and then the two particles start to moving
away from each other in the center of mass frame, it soon become energetically favourable to
create additional pairs, which neutralize color and allow the finale state to be reorganized into
two jets of colorless hadrons. Property of asymptotic freedom states that if two quarks are close
enough they behave like a free, unbound particles.

5.1.3 Electroweak Theory

The SM Lagrangian for Electroweak part consists of three pieces, gauge kinetic term, the Higgs
potential, and the Yukawa interaction. It is given as

LSM = Lgauge + LHiggs + LY uk. (5.8)

The first part contains the kinetic terms for fermion and gauge fields such as:

Lgauge = i
∑
α

f̄αL /DfαL + i
∑
α

f̄αR /DfαR −
∑
a

1

4
F a
µνF

µν
a , (5.9)

where f is generic fermionic field, α runs over the fermionic flavours, Fµν-s are the gauge-field
strengths tensors and index a runs over all electroweak gauge fields. Covariant derivative is
defined as ( /D = γµDµ)

Dµ = +ig
τa

2
W a

µ + ig′QYBµ , (5.10)

where g and g
′
are the gauge coupling constants for SU(2)L, and U(1)Y , respectively. τa

(a = 1, 2, 3) are the Pauli matrices for a SU(2) group

τ1 =

(
0 1
1 0

)
τ2 =

(
0 −i
i 0

)
τ3 =

(
1 0
0 −1

)
. (5.11)

Masses of the particles are generated via Higgs mechanism and Spontaneous Symmetry
Breaking (SSB). SSB occurs when a lagrangian has some exact symmetry but the solution to
the equations of motions do not. The Goldstone theorem states that the SSB of a continuous
symmetry in QFT implies the existence of massless spin zero particles, the Goldstone Bosons.
It comes out that if SSB occurs in a gauge theory with massless vector bosons and scalar fields,
the Goldstone bosons transfer their degrees of freedom to the longitudinal mode of the vector
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fields which therefore becomes massive particles, this is the so called Higgs Mechanism. Higgs
lagrangian has the form:

LHiggs = (DµΦ)
† (DµΦ)− µ2Φ†Φ− λ

(
Φ†Φ

)2
(5.12)

The coefficient λ must be positive to have the Higgs potential bounded from below and µ2 must
be negative in order to have SSB of SU(2)L×U(1)Y . The Higgs potential has a set of minimum
values in the classical configuration determined by:

Φ†Φ =
v2

2
=

−µ2

2λ
, (5.13)

where v is the vacuum expectation value (VEV) of the Higgs field. Since the vacuum state is
invariant under gauge transformation of a U(1) group and the vacuum state must be neutral,
we can set:

⟨Φ⟩ = 1√
2

(
0
v

)
. (5.14)

As stated before, according to the Goldstone theorem for every SSB the theory must contain
a massless particle, in the case of Electroweak theory, the three broken degrees of freedom
are absorbed by the three physical weak gauge bosons (W± and Z), which becomes massive
particles. In the unitary gauge the Higgs doublet can be written as:

Φ(x) =
1√
2

(
0

v +H(x)

)
, (5.15)

where the field H(x) is the physical Higgs boson, which is an excitation of the neutral field Φ(x).
Inserting eq. (5.15) in eq. (5.12), H, W± and Z bosons acquire masses, while photon

remains massless:
Lmass = −M2

HH
2 +M2

ZZ
2
µ +M2

WW
†
µW

µ , (5.16)

where

MH =
√
2λv2 (5.17)

MW =
g v

2
(5.18)

MZ =
g v

2 cos θW
. (5.19)

θW is weak mixing angle or Weinberg angle

tan θW =
g

′

g
(5.20)

and electric charge is

e =
gg

′√
g2 + g′2

= gsinθW . (5.21)

The mass of the W boson can be related to the Fermi constant via the equation:

GF√
2
=

g2

8M2
W

(5.22)
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and measuring the muon lifetime, one can extract interaction constant GF and using the equa-
tions (5.18), (5.22) compute the VEV of the Higgs field:

v =
(√

2GF

)− 1
2 ≃ 246 GeV . (5.23)

The Lagrangian of the Yukawa term for the quark sector after the SSB acquires the form:

LY uk = −
(
v +H√

2

)[
q̄DL Y

D qDR + q̄UL Y
U qUR

]
+ h.c. (5.24)

where U and D stand for all up-type and down-type quarks and Y D and Y U are Yukawa
coupling matrices. Quarks of different generation can decay into one another and so their mass
eigenstates need to be linked with physical quark field that participate in weak interaction.
Diagonalizing Y D and Y U through biunitary transformation, one finds the so-called Cabbibo-
Kobayashi-Maskawa (CKM) matrix as a connection that embodies the physical effects of quark
mixing:

VCKM =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 (5.25)

After this transformation mass terms obtain the form:

Lmass = −
∑

α=d,s,b

yDα v√
2
q̄DLαq

D
Rα −

∑
α=u,c,t

yUα v√
2
q̄ULαq

U
Rα

where the quark masses are defined as

mα =
yU,Dα v√

2
, (5.26)

with yα being the Yukawa coupling constants.
The mixing matrix (5.25) can be parametrized in terms of three angles and one phase:

VCKM =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13
s12s23 − c12c23s13e

iδ −c12s23 − s12c23s13e
iδ c23c13

 (5.27)

with: cij = cos θij and sij = sin θij and it is a very important object that is responsible for a
CP-violation, that is discussed in the next section.

5.1.4 C, P and T-symmetries

C-symmetry: Charge conjugation operation is a transformation that switches all particles
with their corresponding antiparticles, i.e, changes the sign of their charges (not only electric
charge but also baryon number, lepton number, etc). Charge conjugation operation is defined
as:

CγµC
−1 = − (γµ)

T , (5.28)

where (·)T stands for matrix transpose and γµ are Dirac gamma matrices that are constructed
using Pauli matrices (5.11)

γ0 = σ3 ⊗ I, γi = iσ2 ⊗ σi (5.29)
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(I is an identity matrix and ⊗ stands for Kronecker product). The explicit form that C takes is
dependent on the specific representation and, for example, in Dirac basis is equal to C = γ0γ2.
Taking the fermionic content of SM:

fL : qL =

(
uL
dL

)
i

, lL =

(
νL
eL

)
i

; fR : uR, dR, eR, (5.30)

then the field operators f̄R = Cγ0f
∗
L and f̄L = Cγ0f

∗
R describe antifermions that have opposite

gauge charges and opposite chiralities:

f̄R : q̄R =

(
ūR
d̄R

)
i

, l̄R =

(
ν̄R
ēR

)
i

; f̄L : ūL, d̄L, ēL. (5.31)

The fact that left-handed antineutrino, that is a charge conjugated of a left-handed neutrino,
does not exist in SM, makes it obvious that C-symmetry is violated in SM.

P-symmetry: Parity transformation is a flip in a sign of spatial coordinates P : (t,x) →
(t,−x) and for a long time parity was thought to be a symmetry of the nature. That meant,
the Universe should look the same if one sees it through the mirror that reverses all spatial
axes. Actually, parity was tested to be conserved in electromagnetic and strong interactions,
however, Lee and Yang proposed that it may be broken in some β-decays [126].

The particle content of the Standard Model and hence its Lagrangian is not symmetric
under the exchange of the L and R particles: fL ↔ fR. In particular, the gauge bosons of
SU(2) couple to the fL fields but do not couple to fR ones.

Soon after Lee&Yang’s proposal, Wu observed, that in the decay of radioactive 60Co, less
β-particles were emitted in the direction of nuclear spin than in the opposite direction, that
served as a experimental confirmation of parity violation [127].

CP-symmetry: It was strongly believed that, besides the violation of C and P symmetries,
the combined CP-symmetry should be conserved. That means, that the symmetry between left
(right) particles and their right (left) antiparticles fL → f̄R (fR → f̄L) must hold, as antiparticles
having opposite charge and handedness, are CP-conjugated of corresponding particles. The
weak interactions for particles are left-handed (V − A); for antiparticles, as the right-handed
ones couple to the SU(2) bosons, interactions are right-handed (V + A). CP could be an
exact symmetry as far as it is respected by gauge interactions, but it is not by Yukawa terms.
Diagonalizing the Yukawa matrices in (5.24), irremovable complex phase arises that is present
in CKM matrix (5.27). This complex phase is responsible for the CP-violation in SM. In fact,
CP-violation is tiny, but it was first observed in the decay of neutral kaons in 1990s and then
confirmed by other experiments.

Furthermore, it appears that the CP violation is the mandatory condition for generation
of baryon asymmetry in the Universe. Our universe is filled with matter and there are no
objects compound of antimatter. This must be a consequence of some processes at the early
universe that produced baryons and anti-baryons at different rates. According to Sakharov [128],
three conditions are necessary to get such picture: (i) baryon number violation; (ii) C and CP
violation; (iii) interactions out of equilibrium.
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T-symmetry: Time reversal symmetry is a symmetry of physical laws under the transforma-
tion of time reversal T : t 7→ −t. Since the second law of thermodynamics states that entropy
increases as time flows toward the future, in general, the macroscopic universe is not symmetric
under time reversal. Besides that, weak interaction also demonstrates the violation of time re-
versal. In certain β-decays, the exchange of initial and final states show the asymmetry between
the transition probabilities.

The violation of T is a mandatory condition for a CPT symmetry. According to the CPT
theorem, any Lorentz invariant local quantum field theory with a Hermitian Hamiltonian must
be invariant when applying charge conjugation, parity transformation and time reversal trans-
formations altogether.

As CP is violated, in order to have CPT invariance, also T must not hold. Besides that,
combinations of any two of these transformation does not give a symmetry. But it is believed,
that CPT is an exact symmetry of nature at the fundamental level and there is no experimental
evidence of its possible violation.

5.2 Mirror World

In this section we turn into investigation of mirror world theory. For the foundation and in-depth
description of the model see [129–134].

5.2.1 Restoring Broken Symmetries

As said before, parity symmetry is violated and there is a clear difference between left-handed
and right-handed systems. In order to restore this symmetry, existence of other sector of parti-
cles was suggested in which parity is violated in an opposite way. Such “mirror” particles would
restore the global P-symmetry of nature. At first, antiparticles were considered as these “mir-
ror” particles, as they showed the basic properties demanded for such particles. The absolute
values of all their fundamental parameters (mass, charge, lifetimes, the relative probabilities of
different decay channels) seemed to be strictly equal to the same parameters of the particles.
Indeed, the CP-transformation matches the observed left-handed state of the neutrinos with
the right-handed state of antineutrinos

CP : νL → ν̄R (5.32)

and since the right-handed antineutrino is also born in weak interactions, the symmetry between
left and right is restored. Likewise, conversion of P-parity matches the β+-decay of antinuclei
with the β−-decay of polarized nuclei. Theory of P-violating weak interactions predicts the
opposite direction of the preferred positron emission compared with the emission of electrons.
Consequently, the combination of mirror reflection together with interchange of the particles
and antiparticles seemingly supports the equivalence of left-handed and right-handed coordinate
systems.

However, the discovery of CP-violation showed the wrong choice of selecting antiparticles as
mirror partners, and once again raised the question of finding the true set of mirror particles
and their expected properties. It turned out that when the mirror particles are not identified
with antiparticles, they can not participate in the same interactions as ordinary particles. The
strict symmetry between the ordinary and mirror electrons leads to serious problems in atomic
physics, if ordinary and mirror worlds take part in the same electromagnetic interaction. We
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should in this case expect doubling of atomic states because of the additional degrees of freedom
associated with the mirror electron states [129].

In the paper [129], Kobzarev, Okun and Pomeranchuk postulated the existence of hypothet-
ical mirror particles and mirror world. According to [129], mirror particles cannot participate
in ordinary strong and electromagnetic interactions with ordinary particles. The hidden mirror
sector must have its own strong and electromagnetic interactions. This means that mirror par-
ticles, like ordinary ones, must form mirror atoms, molecules and, under favorable conditions,
invisible mirror stars, planets and even mirror life. Being able to create a structure, mirror
matter would be capable to interact with ordinary matter via gravitational force. In 1980s and
1990s, mirror world model began to be considered as a dark matter candidate. For the history
of development of mirror world theory see [132].

Such a theory can naturally emerge in the context of the heterotic string theory [130], based,
for example, on the E8 ×E ′

8 gauge group. In such group E8 ↔ E ′
8 symmetry can originate two

forms of matter: ordinary and shadow, with the interactions described by the gauge groups E8

and E ′
8, respectively. The particular case of the shadow world can be the mirror world.

Also, in the language of extra dimensions and brane-worlds, one can imagine the mirror
world as a five-dimensional theory, with parallel 3D-branes located in two fixed points; ordinary
matter being localized on the left-brane and mirror matter localized on the right-brane, while
gravity can freely pass between these two branes.

In the upcoming sections our discussion mainly follows the review article “Through the
Looking-Glass: Alice’s Adventures in Mirror World” [131] by Z. Berezhiani.

5.2.2 Mirror Standard Model

We have seen that CP violation does not allow us to consider antiparticles as “mirror” particles.
However, one can expand the theory and make it symmetric between left and right. Consider
that the transformation of coordinates P : x → −x is accompanied by the transformation
that interchanges ordinary fields f, ϕ into corresponding hypothetical mirror fields f ′, ϕ′, in the
following manner [131]:

fL, f̄L → γ0f
′
R, γ0f̄

′
R, fR, f̄R → γ0f

′
L, γ0f̄

′
L, ϕ→ ϕ′ . (5.33)

From now on, all fields and quantities of the mirror (M) sector will be marked by prime ′ to
distinguish from the ones belonging to the observable ordinary (O) world. Such a symmetry can
be called matter parity MP. Obviously, it implies that the gauge couplings are exactly the same
for two sectors, the Higgs potentials are identical, while for the Yukawa coupling constants we
have

Y ′
u,d,e = Y ∗

u,d,e. (5.34)

In this way, introducing M-world does not brings in any new parameter. So, in this case the
particle physics of the M-world will be exactly the same in terms of the R-fields f̄ ′

R, f
′
R as that

of the O-world in terms of L-fields fL, f̄L. Hence, MP restores the left-right symmetry as a
symmetry between two sectors.

Assuming that particle physics is described by SM and gauge symmetry group SU(3) ×
SU(2)× U(1), mirror particle physics would be presented by analogous gauge group SU(3)′ ×
SU(2)′ × U(1)′. As each elementary particle has its mirror partner, fermion content (5.30) has
corresponding mirror fermion sector:

f ′
L : q′L =

(
u′L
d′L

)
i

, l′L =

(
ν ′L
e′L

)
i

; f ′
R : u′R, d

′
R, e

′
R, (5.35)
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and antifermions (5.31) have corresponding mirror antifermions:

f̄ ′
R : q̄′R =

(
ū′R
d̄′R

)
i

, l̄′R =

(
ν̄ ′R
ē′R

)
i

; f̄ ′
L : ū′L, d̄

′
L, ē

′
L. (5.36)

We note that we have prescribed mirror baryon number B′ = 1/3 to quarks q′L, u
′
R, d

′
R and

mirror lepton number L′ = 1 to leptons l′L, e
′
R, and so antiquarks q̄′R, ū

′
L, d̄

′
L have B = −1/3 and

antileptons l̄′R, ē
′
L have L′ = −1.

The Lagrangian of QCD (5.4) as well as the electroweak part (5.8) are presented with their
mirror analogs. For example, mirror EW Lagrangian has the form:

L′
SM = L′

gauge + L′
Higgs + L′

Y uk, (5.37)

in which each part consists of primed quantities.

5.2.3 Kinetic Mixing of Ordinary and Mirror Photons

As said before, the full Lagrangian (5.1) can contain the gauge invariant mixing term between
the field-strength tensors of the gauge factors U(1) and U(1)′. After the electroweak symmetry
breaking, this term gives rise to a kinetic mixing term between the the O- and M-photons [131]

Lmix = −ϵF µνF ′
µν . (5.38)

This term cannot be suppressed by symmetry reasons, and generally the constant ϵ could be of
order 1.

Once such a term is introduced, the following situation emerges. One has to diagonalize
first the kinetic terms of the ordinary photon field Aµ and the mirror one A′

µ, and identify
the physical photon as a their linear combination. Now, once the kinetic terms are brought to
canonical form by diagonalization and scaling of the fields, (A,A′) → (A1, A2), any orthonormal
combination of states A1 and A2 becomes good to describe the physical basis. In particular, A2

can be chosen as a “sterile” state which does not couple to O-particles but only to M-particles.
Then, the orthogonal combination A1 couples not only to O-particles, but also with M-particles
with a small charge ∝ 2ϵ; in other words, mirror matter becomes “milicharged” with respect to
the physical ordinary photon.

In this way, the term (5.38) induces the process e+e− → e′+e′− with an amplitude just
2ϵ times the s-channel amplitude for e+e− → e+e−. This could have striking experimental
implications for positronium physics: ordinary positronium mixes to its mirror counterpart
which effect could be manifested as an invisible decay mode of the orthopositronium. For
the moment, the experimental limits on the orthopositronium decays lead to an upper limit
ϵ < 3× 10−7 or so.

However, the stronger limit can be obtained from the cosmology. As we will see in the
next section, the big bang nucleosynthesis (BBN) constraints require that mirror sector should
be colder than the the ordinary one, T ′/T < 0.5 or so. On the other hand, the reaction
e+e− → e′+e′−, funneling energy from O-sector to M-sector, would heat the latter too much
before the BBN epoch, unless ϵ < 3× 10−8.

5.3 Mirror World Cosmology

If mirror sector exists, it was also created by the Big Bang, along with the ordinary matter. One
could think that due to mirror parity the ordinary and mirror world particles should have same
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abundances and their cosmological evolution should be identical. However, this could not be a
case. Two main macroscopic parameters, that are the only free parameters of the mirror world
model, govern the evolution of mirror sector. These are the fraction of mirror and ordinary
photon temperatures:

x ≡ T ′
R

T
(5.39)

and the fraction of mirror and ordinary baryon densities:

β ≡ Ω′
b

Ωb

. (5.40)

Certain inflationary model [135] can reheat two sectors to different temperatures, that is needed
to fit in the BBN bounds on effective number of extra neutrino species [136]. The mechanism of
lepto-baryogenesis [137] can produce baryon asymmetry simultaneously in ordinary and mirror
worlds. With the possibility of Ω′

b ≈ 5Ωb, mirror world can be a good candidate for dark
matter [138], fitting with cosmic microwave background (CMB) and large scale structures (LSS)
power spectrum data [139]. Mirror particles can form stars and galaxies and they can play a
role of MACHOS (massive compact halo objects) [140] and can be detected in microlensing
experiments.

In the following section we describe these mechanisms in more details.

5.3.1 BBN constraints

BBN puts a constraint on effective number of extra light neutrinos [141]

∆Nν < 1. (5.41)

Mirror photons γ′, electrons e′ and neutrinos ν ′e, ν
′
µ, ν

′
τ would give a contribution in the Hubble

expansion rate equivalent to ∆Nν ≃ 6.14 [136] and this would violate (5.41). But this problem
could be avoided if in the early Universe the M-system had a lower temperature than ordinary
world

T ′ < T. (5.42)

This could become plausible if following conditions hold:
(i) In post-inflationary epoch the two sectors are reheated to different temperatures, i.e

(5.42), that can be naturally achieved in some inflationary models [135];
(ii) The two systems interact very weakly, so they do not come into thermal equilibrium

with each other during the Universe expansion. If the systems interact through gravity, this
condition is automatically attained;

(iii) Both systems expand adiabatically, without significant entropy production.
If these conditions are fulfilled, two sectors with different initial temperatures, evolving

independently during the cosmological expansion, at later stages maintain nearly constant ratio
of their temperatures (5.39). In this way, if x ≪ 1, mirror sector would not affect primordial
nucleosynthesis in the ordinary world.

If the two systems were decoupled already after reheating, at later times t they will have
different temperatures T (t) and T ′(t), and so different energy and entropy densities:

ρ(t) =
π2

30
g∗(T )T

4, ρ′(t) =
π2

30
g′∗(T

′)T ′4 , (5.43)
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s(t) =
2π2

45
gs(T )T

3, s′(t) =
2π2

45
g′s(T

′)T ′3 . (5.44)

The factors g∗, gs and g′∗, g
′
s accounting for the effective number of the degrees of freedom in

the two systems can in general be different from each other. Let us assume that during the
expansion of the Universe the two sectors evolve with separately conserved entropies. Then the
ratio x ≡ (s′/s)1/3 is time independent while the ratio of the temperatures in the two sectors is
simply given by:

T ′(t)

T (t)
= x ·

[
gs(T )

g′s(T
′)

]1/3
. (5.45)

The Hubble expansion rate is determined by the total energy density ρ̄ = ρ + ρ′, H =√
(8π/3)GN ρ̄. Therefore, at a given time t in a radiation dominated epoch we have

H(t) =
1

2t
= 1.66

√
ḡ∗(T )

T 2

MPl

= 1.66
√
ḡ′∗(T

′)
T ′2

MPl

(5.46)

where
ḡ∗(T ) = g∗(T )(1 + x4), ḡ′∗(T

′) = g′∗(T
′)(1 + x−4). (5.47)

In particular, we have x = T ′
0/T0, where T0, T

′
0 are the present temperatures of the relic photons

in O- and M-sectors. In fact, x is the only free parameter in the model and it is constrained by
the BBN bounds.

The observed abundances of light elements are in good agreement with the standard nucle-
osynthesis predictions. The effective number of degrees of freedom at T ∼ 1 MeV equals to
g∗ = 10.75 and it is saturated by photons γ, electrons e and three neutrino species νe, νµ, ντ .
The contribution of mirror particles would change it to ḡ∗ = g∗(1 + x4). Deviations from
g∗ = 10.75 are usually parametrized in terms of the effective number of extra neutrino species,
∆g = ḡ∗ − 10.75 = 1.75 ·∆Nν . Thus we have:

∆Nν = 6.14 · x4 (5.48)

and the condition (5.41) implies
x < 0.64 . (5.49)

As far as x4 ≪ 1, in a relativistic epoch the Hubble expansion rate (5.46) is dominated by
the O-matter density and the presence of the M-sector practically does not affect the standard
cosmology of the early ordinary Universe. However, even if the two sectors have the same
microphysics, the cosmology of the early mirror world can be very different from the standard
one as far as the crucial epochs like baryogenesis, nuclesosynthesis, etc. are concerned. Any of
these epochs is related to an instant when the rate of the relevant particle process Γ(T ), which
is generically a function of the temperature, becomes equal to the Hubble expansion rate H(T ).
Obviously, in the M-sector these events take place earlier than in the O-sector, and as a rule,
the relevant processes in the former freeze out at larger temperatures than in the latter.

In the matter domination epoch the situation becomes different. In particular, we know
that ordinary baryons provide only a small fraction of the present matter density, whereas the
observational data indicate the presence of dark matter with about 5 times larger density. It
is interesting to question whether the missing matter density of the Universe could be due to
mirror baryons? In the next section we show that this could occur in a pretty natural manner.

It can also be shown that the BBN epoch in the mirror world proceeds differently from the
ordinary one, and it predicts different abundancies of primordial elements [136, 142]. It is well
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known that primordial abundances of the light elements depend on the baryon to photon density
ratio η = nB/nγ, and the observational data well agree with the WMAP result η ≃ 6× 10−10.
As far as T ′ ≪ T , the universe expansion rate at the ordinary BBN epoch (T ∼ 1 MeV) is
determined by the O-matter density itself, and thus for the ordinary observer it would be very
difficult to detect the contribution of M-sector: the latter is equivalent to ∆Nν ≈ 6.14x4 and
hence it is negligible for x ≪ 1. As for nucleosynthesis epoch in M-sector, the contribution
of O-world instead is dramatic: it is equivalent to ∆N ′

ν ≈ 6.14x−4 ≫ 1. Therefore, mirror
observer which measures the abundances of mirror light elements should immediately observe
discrepancy between the universe expansion rate and the M-matter density at his BBN epoch
(T ′ ∼ 1 MeV) as far as the former is determined by O-matter density which is invisible for him.
The result for mirror 4He also depends on the mirror baryon to photon density ratio η′ = n′

B/n
′
γ.

Writing that β = n′
B/nB and η′ = (β/x3)η, we see η′ ≫ η unless β ≪ x3. However, if β > 1, we

expect that mirror helium mass fraction Y ′
4 would be considerably larger than the observable

Y4 ≃ 0.24. Namely, direct calculations show that for x varying from 0.6 to 0.1, Y ′
4 would vary

in the range Y ′
4 = 0.5 − 0.8. Therefore, if M-baryons constitute dark matter or at least its

reasonable fraction, the M-world is dominantly helium world while the heavier elements can
also present with significant abundances.

The ‘helium’ nature of the mirror universe should have a strong impact on the processes
of the star formation and evolution in the mirror sector [140] and it is discussed in upcoming
sections.

5.3.2 Lepto-Baryogenesis

When discussing CP violation in the section (5.1.4), we already mentioned that, in order to get a
baryon asymmetry (BA) from initially baryon symmetric Universe, Sakharov’s three conditions
must hold: (i) B violation, (ii) CP violation, (iii) departure from thermal equilibrium [128].
These conditions can be satisfied in the decays of heavy particles of grand unified theories. But,
besides that, a certain mechanism of leptogenesis based on B−L violating scattering processes
presented in [137], can be responsible to produce BA in ordinary and mirror sectors. In this
section we briefly describe this mechanism.

The main idea consists in the following. The mirror sector of particles is not in thermal
equilibrium with the ordinary particle world as far as the two systems interact very weakly, via
gravity. However, superheavy singlet neutrinos N can mediate very weak effective interactions
between the ordinary and mirror leptons. Then, a net B − L could emerge in the Universe as
a result of CP-violating effects in the unbalanced production of mirror particles from ordinary
particle collisions.

We consider lepton doublets li = (ν, e)i (i = 1, 2, 3 is a family index) and Higgs doublet ϕ
from SM and its mirror partners l′i and ϕ′. Their coupling to the heavy singlet neutrinos are
given by:

yialiNaϕ+ y′ial
′
iNaϕ

′ +
M

2
gabNaNb + h.c. , (5.50)

where M is heavy neutrino mass scale and gab are Yukawa-like constants. M is assumed to be
greater than the reheating temperature TR, and so heavy neutrinos are not thermally produced.
After the postinflationary reheating, different temperatures are established in the two sectors:
T ′
R < TR, i.e. the mirror sector is cooler than the visible one, or ultimately, even completely
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“empty”. Now, through the ∆L = 1 reactions

liϕ → l̄′kϕ̄
′ (5.51)

l̄iϕ̄ → l′kϕ
′ (5.52)

entropy transfers to the cooler mirror world and it gets slowly occupied by particles. Due to
complex Yukawa couplings in (5.50), the processes violate CP and so the cross sections with
leptons and anti-leptons in the initial state are different from each other. As a result, leptons
leak to the mirror sector with different rate than antileptons and so a non-zero B−L is produced
in the Universe.

There are also ∆L = 2 scattering processes like lϕ → l̄ϕ̄. The rates for the ∆L = 1 and
∆L = 2 reactions are:

Γ1 =
Q1neq

8πM2
; Q1 = Tr[(y′†y′)∗g−1(y†y)g−1],

Γ2 =
3Q1neq

4πM2
; Q2 = Tr[(y†y)∗g−1(y†y)g−1], (5.53)

where neq ≃ (1.2/π2)T 3 is an equilibrium density per one bosonic degree of freedom. It is
essential that these processes stay out of equilibrium, which means that their rates should not
exceed much the Hubble parameter H = 1.66 g

1/2
∗ T 2/MPl for temperatures T ≤ TR, where g∗ is

the effective number of particle degrees of freedom, namely g∗ ≃ 100 in the SM. In other words,
the dimensionless parameters

k1 =

(
Γ1

H

)
T=TR

≃ 1.5× 10−3 Q1TRMPl

g
1/2
∗ M2

k2 =

(
Γ2

H

)
T=TR

≃ 9× 10−3 Q2TRMPl

g
1/2
∗ M2

(5.54)

should not be much larger than 1.
In ∆L = 1 processes the CP-odd lepton number asymmetry emerges from the interference

between the tree-level and one-loop diagrams of figure (5.1). However, CP-violation takes also
place in ∆L = 2 processes (see figure (5.2)). This is a consequence of the very existence of the
mirror sector, namely, it comes from the contribution of the mirror particles to the one-loop
diagrams of figure (5.2). The direct calculation gives:

σ(lϕ→ l̄ϕ̄)− σ(l̄ϕ̄→ lϕ) = ∆σ ;

σ(lϕ→ l̄′ϕ̄′)− σ(l̄ϕ̄→ l′ϕ′) = (−∆σ −∆σ′)/2 ,

σ(lϕ→ l′ϕ′)− σ(l̄ϕ̄→ l̄′ϕ̄′) = (−∆σ +∆σ′)/2 ,

∆σ =
3J S

32π2M4
, ∆σ′ =

3J ′ S

32π2M4
, (5.55)

where S is the c.m. energy square,

J = ImTr[(y†y)∗g−1(y′†y′)g−2(y†y)g−1] (5.56)

is the CP-violation parameter and J ′ is obtained from J by exchanging y with y′.
Of course, this is in agreement with CPT theorem that requires that the total cross sections

for particle and anti-particle scatterings are equal to each other: σ(lϕ → X) = σ(l̄ϕ̄ → X).
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Figure 5.1: Tree-level and one-loop diagrams contributing to the CP-asymmetries in lϕ → l̄′ϕ̄′

(left column) and lϕ→ l′ϕ′ (right column). Figure adopted from [137].

Indeed, taking into account that σ(lϕ→ lϕ) = σ(l̄ϕ̄→ l̄ϕ̄) by CPT, we see that CP asymmetries
in the ∆L = 1 and ∆L = 2 processes should be related as

σ(lϕ→ l̄ϕ̄)− σ(l̄ϕ̄→ lϕ) = ∆σ ,

σ(lϕ→ X ′)− σ(l̄ϕ̄→ X ′) = −∆σ , (5.57)

where X ′ are the mirror sector final states, either l̄′ϕ̄′ or l′ϕ′. That is, the ∆L = 1 and ∆L = 2
reactions have CP asymmetries with equal intensities but opposite signs. But, as L varies in
each case by a different amount, a net lepton number decrease is produced, or better, a net
increase of B − L ∝ ∆σ.

As far as we assume that the mirror sector is cooler and thus depleted of particles, the only
relevant reactions are the ones with ordinary particles in the initial state. Hence, the evolution
of the B − L number density is determined by the CP asymmetries shown in eqs. (5.55) and
obeys the equation

dnB−L

dt
+ 3HnB−L + ΓnB−L =

3

4
∆σ n2

eq = 1.8× 10−3 T
8

M4
, (5.58)

where Γ = Γ1 + Γ2 is the total rate of the ∆L = 1 and ∆L = 2 reactions, and for the CP
asymmetric cross section ∆σ we take the thermal average c.m. energy square S ≃ 17T 2.

It is instructive to first solve this equation in the limit k1,2 ≪ 1, when the out-of-equilibrium
conditions are strongly satisfied and thus the term ΓnB−L can be neglected. Integrating this
equation we obtain for the final B − L asymmetry of the Universe, YBL = nB−L/s, where
s = (2π2/45)g∗T

3 is the entropy density, the following expression:

Y
(0)
BL ≈ 2× 10−3 J MPlT

3
R

g
3/2
∗ M4

. (5.59)
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Figure 5.2: Tree-level and one-loop diagrams contributing to the CP-asymmetry of lϕ → l̄ϕ̄.
The external leg labels identify the initial and final state particles. Figure adopted from [137].

This result (5.59) can be recasted as follows

Y
(0)
BL ≈ 20Jk2TR

g
1/2
∗ Q2MPl

≈ 10−10 Jk
2

Q2

(
TR

109 GeV

)
(5.60)

where Q2 = Q2
1 + Q2

2, k = k1 + k2 and we have taken g∗ ≈ 100. This shows that for Yukawa
constants spread e.g. in the range 0.1 − 1, one can achieve B − L = O(10−10) for a reheating
temperature as low as TR ∼ 109 GeV.

Now, solving eq. (5.58) exactly, without assuming Γ ≪ H gives [138]:

YBL = D(k) · Y (0)
BL , (5.61)

where the depletion factor D(k) is given by

D(k) =
3

5
e−kF (k) +

2

5
G(k), (5.62)

where

F (k) =
1

4k4
[
(2k − 1)3 + 6k − 5 + 6e−2k

]
,

G(k) =
3

k3
[
2− (k2 + 2k + 2)e−k

]
. (5.63)

These two terms in D(k) correspond to the integration of (5.58) respectively in the epochs
before and after reheating (T > TR and T < TR). Obviously, for k ≪ 1 we have D(k) = 1
and thus we recover the result as in (5.59) or (5.60). However, for large k the depletion can be
reasonable, e.g. for k = 1, 2 we have respectively D(k) = 0.35, 0.15.

Now, let us discuss how the mechanism considered above produces also the baryon prime
asymmetry in the mirror sector. The amount of this asymmetry will depend on the CP-violation
parameter J ′ = ImTr[(y†y)g−2(y′†y′)g−1(y′†y′)∗g−1] that replaces J in ∆σ′ of eqs. (5.55). The
mirror P parity under the exchange ϕ → ϕ′†, l → l̄′, etc., implies that the Yukawa couplings
are essentially the same in both sectors, y′ = y∗. Therefore, in this case also the CP-violation
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parameters are the same, J ′ = −J . Therefore, one naively expects that n′
B−L = nB−L and the

mirror baryon density should be equal to the ordinary one, Ω′
b = Ωb.

However, now we show that if the ∆L = 1 and ∆L = 2 processes are not very far from
equilibrium, i.e. k ∼ 1, the mirror baryon density should be bigger than the ordinary one.
Indeed, the evolution of the mirror B − L number density, n′

B−L, obeys the equation

dn′
B−L

dt
+ 3Hn′

B−L + Γ′n′
B−L =

3

4
∆σ′ n2

eq , (5.64)

where now Γ′ = (Q1 + 6Q2)n
′
eq/8πM

2 is the total reaction rate of the ∆L′ = 1 and ∆L′ = 2
processes in the mirror sector, and n′

eq = (1.2/π2)T ′3 = x3neq is the equilibrium number density
per degree of freedom in the mirror sector. Therefore k′ = Γ′/H = x3k, and for the mirror sector

we have Y ′
BL = D(kx3) · Y (0)

BL . Hence, if kx
3 ≪ 1, the depletion can be irrelevant: D(kx3) ≈ 1.

Now taking into the account that in both sectors the B − L densities are reprocessed into
the baryon number densities by the same sphaleron processes, we have B = a(B − L) and
B′ = a(B−L)′, with coefficients a equal for both sectors. Therefore, we see that the cosmological
densities of the ordinary and mirror baryons should be related as

β =
Ω′

b

Ωb

≈ 1

D(k)
. (5.65)

If k ≪ 1, depletion factors in both sectors are D ≈ D′ ≈ 1 and thus we have that the mirror
and ordinary baryons have the same densities, Ω′

b ≈ Ωb. In this case mirror baryons are not
enough to explain all dark matter and one has to invoke also some other kind of dark matter,
presumably cold dark matter.

However, if k ∼ 1, then we would have Ω′
b > Ωb, and thus all dark matter of the Universe

could be in the form of mirror baryons. Namely, for k ≃ 1.5 we would have from eq. (5.65) that
Ω′

b/Ωb ≈ 5, which is about the best fit relation between the ordinary and dark matter densities.

5.3.3 Mirror Baryons as Dark Matter

We have shown that mirror baryons could provide a significant contribution to the energy
density of the Universe and thus they could constitute a relevant component of dark matter.
An immediate question arises: how the mirror baryon dark matter (MBDM) behaves and what
are the differences from the more familiar dark matter candidates as the cold dark matter
(CDM), the hot dark matter (HDM) etc. In this section, following [138] and [139], we briefly
address the possible observational consequences of such a cosmological scenario.

In the most general context, the present energy density contains a relativistic (radiation)
component Ωr, a non-relativistic (matter) component Ωm and the vacuum energy density ΩΛ

(cosmological term). According to the inflationary paradigm the Universe should be almost flat,
Ω0 = Ωm + Ωr + ΩΛ ≈ 1, which agrees well with the recent results on the cosmic microwave
background (CMB) anisotropy and large scale structure (LSS) power spectrum.

The Hubble parameter is known to be H0 = 100h km s−1 Mpc−1 with h ≈ 0.7, and for
redshifts of cosmological relevance, 1 + z = T/T0 ≫ 1, it becomes

H(z) = H0

[
Ωr(1 + z)4 + Ωm(1 + z)3 + ΩΛ

]1/2
. (5.66)

In the context of mirror world model, the relativistic fraction is represented by the ordinary
and mirror photons and neutrinos, Ωrh

2 = 4.2 × 10−5(1 + x4), and the contribution of the
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mirror species is negligible in view of the BBN constraint x < 0.6. As for the non-relativistic
component, it contains the O-baryon fraction Ωb and the M-baryon fraction Ω′

b = βΩb, while
the other types of dark matter, e.g. the CDM, could also be present. Therefore, in general,
Ωm = Ωb + Ω′

b + Ωcdm.
The important moments for the structure formation are related to the matter-radiation

equality (MRE) epoch, to the plasma recombination and matter-radiation decoupling (MRD)
epochs. The MRE occurs at the redshift

1 + zeq =
Ωm

Ωr

≈ 2.4 · 104 ωm

1 + x4
(5.67)

where we denote ωm = Ωmh
2. Therefore, for x≪ 1 it is not altered by the additional relativistic

component of the M-sector.
The radiation decouples from matter after almost all of electrons and protons recombine into

neutral hydrogen and the free electron number density sharply diminishes, so that the photon-
electron scattering rate drops below the Hubble expansion rate. In the ordinary Universe the
MRD takes place in the matter domination period, at the temperature Tdec ≃ 0.26 eV, which
corresponds to the redshift 1 + zdec = Tdec/T0 ≃ 1100.

The MRD temperature in the M-sector T ′
dec can be calculated following the same lines as in

the ordinary one [136]. Due to the fact that in either case the photon decoupling occurs when
the exponential factor in Saha equations becomes very small, we have T ′

dec ≃ Tdec, up to small
logarithmic corrections related to B′ different from B. Hence

1 + z′dec ≃ x−1(1 + zdec) ≃ 1100x−1 (5.68)

so that the MRD in the M-sector occurs earlier than in the ordinary one. Moreover, for x
less than xeq = 0.045ω−1

m ≃ 0.3, the mirror photons would decouple yet during the radiation
dominated period (see figure (5.3)).

Now we discuss the cosmological evolution of the MBDM. The relevant length scale for
the gravitational instabilities is characterized by the mirror Jeans scale λ′J ≃ v′s(π/Gρ)

1/2,
where ρ(z) is the matter density at a given redshift z and v′s(z) is the sound speed in the M-
plasma. The latter contains more baryons and less photons than the ordinary one, ρ′b = βρb
and ρ′γ = x4ργ. For simplicity we consider the case when dark matter of the Universe is entirely
due to M-baryons, Ωm ≃ Ω′

b. Then we have:

v′s(z) ≃
c√
3

(
1 +

3ρ′b
4ρ′γ

)−1/2

≈ c√
3

[
1 +

3

4

(
1 + x−4

) 1 + zeq
1 + z

]−1/2

. (5.69)

Hence, for redshifts of cosmological relevance, z ∼ zeq, we have v′s ∼ 2x2c/3 ≪ c/
√
3, quite

in contrast with the ordinary world, where vs ≈ c/
√
3 practically until the photon decoupling,

z = 1100.
The M-baryon Jeans mass M ′

J = π
6
ρmλ

′3
J reaches the maximal value at z = z′dec ≃ 1100/x,

M ′
J(z

′
dec) ≃ 2.4 · 1016 × x6[1 + (xeq/x)]

−3/2ω−2
m M⊙. Notice, however, that M ′

J becomes smaller
than the Hubble horizon mass MH = π

6
ρH−3 starting from a redshift zc = 3750x−4ωm, which

is about zeq for x = 0.64, but it sharply increases for smaller values of x. So, the density
perturbation scales which enter the horizon at z ∼ zeq have mass larger than M ′

J and thus
undergo uninterrupted linear growth immediately after t = teq. The smaller scales for which
M ′

J > MH instead would first oscillate. Therefore, the large scale structure formation is not
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Figure 5.3: The M-photon decoupling redshift 1 + z′dec as a function of x (thick solid). The
horizontal thin solid line marks the ordinary photon decoupling redshift 1 + zdec = 1100. We
also show the matter-radiation equality redshift 1 + zeq (dash) and the mirror Jeans-horizon
mass equality redshift 1 + z′c (dash-dot) for the case ωm = 0.135. The shaded area x > 0.64 is
excluded by the BBN limits. Figure adopted from [138].

delayed even if the mirror MRD epoch did not occur yet, i.e. even if x > xeq. The density
fluctuations start to grow in the M-matter and the visible baryons are involved later, when
after being recombined they fall into the potential wells of developed mirror structures.

Another important feature of the MBDM scenario is that the M-baryon density fluctuations
should undergo strong collisional damping around the time of M-recombination. The photon
diffusion from the overdense to underdense regions induce a dragging of charged particles and
wash out the perturbations at scales smaller than the mirror Silk scale λ′S ≃ 3×f(x)ω−3/4

m Mpc,

where f(x) = x5/4 for x > xeq, and f(x) = (x/xeq)
3/2x

5/4
eq for x < xeq.

Thus, the density perturbation scales which can undergo the linear growth after the MRE
epoch are limited by the length λ′S. This could help in avoiding the excess of small scales (of
few Mpc) in the power spectrum without tilting the spectral index. The smallest perturbations

that survive the Silk damping will have the massM ′
S ∼ f 3(x)ω

−5/4
m × 1012 M⊙. Interestingly, for

x ∼ xeq we have M ′
S ∼ 1011 M⊙, a typical galaxy mass. To some extend, the cutoff effect is

analogous to the free streaming damping in the case of warm dark matter (WDM), but there are
important differences. The point is that like usual baryons, the MBDM should show acoustic
oscillations with an impact on the large scale power spectrum.

In addition, the MBDM oscillations transmitted via gravity to the ordinary baryons, could
cause observable anomalies in the CMB angular power spectrum for l’s larger than 200. This
effect can be observed only if the M-baryon Jeans scale λ′J is larger than the Silk scale of ordinary
baryons, which sets a principal cutoff for CMB oscillations around l ∼ 1200. As we have seen
above, this would require enough large values of x, near the BBN upper bound x ≃ 0.6 or so.
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Figure 5.4: The CMB power spectrum (upper panel) and the large scale power spectrum (lower
panel) for a ”concordance” set of cosmological parameters. The solid curves correspond to the
flat ΛCDM model, while dot, dash and dash-dot curves correspond to the situation when the
CDM component is completely substituted by the MBDM for different values of x. Figure
adopted from [138].
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If the dark matter is entirely built up by mirror baryons, large values of x are excluded by
the observational data. For the sake of demostration, on the figure (5.4) the CMB and LSS
power spectra for different values of x are shown. We see that for x > 0.3 the matter power
spectrum shows a strong deviation from the experimental data. This is due to Silk damping
effects which suppress the small scale power too early, already for k/h ∼ 0.2. However, the
values x < 0.3 are compatible with the observational data.

This has a simple explanation. Clearly, for small x the M-matter recombines before the MRE
moment, and thus it should rather manifest as the CDM as far as the large scale structure is
concerned. However, there still can be a crucial difference at smaller scales which already went
non-linear, like galaxies. Then one can question whether the MBDM distribution in halos can
be different from that of the CDM? Namely, simulations show that the CDM forms triaxial halos
with a density profile too clumped towards the center, and overproduce the small substructures
within the halo. As for the MBDM, it constitutes a sort of collisional dark matter and thus
potentially could avoid these problems, at least clearly the one related with the excess of small
substructures.

Another possibility can also be considered when dark matter in galaxies and clusters contain
mixed CDM and MBDM components, Ωd = Ω′

b + Ωcdm. e.g. one can exploit the case when
mirror baryons constitute the same fraction of matter as the ordinary ones, Ω′

b = Ωb, a situation
which emerges naturally in the leptogenesis mechanism.

In the next section we discuss how mirror matter can form stars and galaxies and what
potential impact can it has on our observable Universe.

5.3.4 Mirror Stars and Galaxies

If mirror matter exists, then the existence of mirror stars, in a certain sense, is guaranteed
by the existence of ordinary stars: given that two sectors have the same microphysics, stars
necessarily form in both of them and the only changes are due to the boundary conditions [140].
This is a very favourable condition for the study of M stars, because the necessary knowledge
is the same than for the O ones, that we know very well. This means that M stars follow the
same evolutionary stages than visible ones. The same physics for both sectors means that the
equations governing the mirror stellar evolution and the physical ingredients to put inside them
are the same as for visible stars. The only change regards the composition of the M star.

If we consider a single isolated star, its evolutionary and structural properties depend only on
the mass and the chemical composition. In particular, the latter is expressed by the abundances
by mass of hydrogen (X), helium (Y ), and the so-called heavy elements or metals (Z), i.e. all
the elements heavier than H and He, so that the condition X + Y + Z = 1 is fulfilled. Due
to different initial conditions, x = T ′/T < 1, two sectors have different cosmological evolution,
and in particular, different chemical content. Thus, the details of the star and galaxy formation
scenarios depend on the exact composition of matter and they can be different in two sectors.

As far as the chemical contents are concerned, for a given value of x, the primordial helium
abundances in ordinary and mirror sectors roughly can be given by the following formulas [136]:

Y =
2 exp[−tN/τ(1 + x4)1/2]

1 + exp[∆m/TW (1 + x4)1/6]
, (5.70)

and

Y ′ =
2 exp[−tN/τ(1 + x−4)1/2]

1 + exp[∆m/TW (1 + x−4)1/6]
, (5.71)
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where τ = 887 s is the neutron lifetime, ∆m = 1.29 MeV is the neutron-proton mass difference,
TW ≃ 0.8 MeV is a weak interaction freezing temperature in the standard cosmology, and tN ∼
200 s is the cosmological timescale corresponding to the “deuterium bottleneck” temperature
TN ∼ 0.07 MeV. Therefore, for x≪ 1 the standard BBN predictions essentially are not affected.
Namely, the smaller is x, the prediction for ordinary helium decreases and gets closer to the
standard BBN result Y ≃ 0.24, while the prediction for the mirror helium increases and at
x → 0 approaches Y ′ → 1. In particular, for x = 0.6 one has Y ′ ≃ 0.4, while for x = 0.1,
Y ′ ≃ 0.8. Therefore, in two sectors the first stars are formed with different initial abundances
of helium.

The evolutionary and structural properties of stars strongly depend on the initial chemical
composition, which is fixed by the helium abundance and by the global amount of heavy ele-
ments. The primordial abundances of ordinary nuclei heavier than helium are estimated to be
very small (Z ∼ 10−10). This metallicity would be characteristic of the ‘first’ stellar population,
the so-called Population III stars. Concerning the primordial metallicity of mirror matter, it
can be some orders of magnitude higher, however there are no reasons to expect that it will be
relevant.

Formation of stars and galaxies are strongly coupled. Given the complexity of the physics
of galaxy formation (this process in still to be well understood), we can make some general
considerations. At a stage during the process of gravitational collapse of the protogalaxy, it
fragments into hydrogen clouds with typical Jeans mass (for mirror matter, these gas clouds
are rather the hydrogen-helium clouds). Clouds continue to cool and collapse until the opacity
of the system becomes so high that the gas prefers to fragment into protostars. This complex
phenomenon lead a part of the protogalactic gas to form the first stars. The lack of metals in
the Universe for that time should make less efficient the cooling processes within the primordial
clouds so their fragmentation could produce only high-mass stars (probably M ∼ 102–103M⊙
and their evolutionary lifetimes are so short that they are no more observable). The cooling rates
are mainly determined by hydrogen atoms and molecules, while helium is much less effective.
However, even in mirror sector, unless x is extremely small, the number density of hydrogen
remains significant and the cooling processes inside the primordial clouds should have also a
lower efficiency, so only very massive M stars should form.

Summarizing, one can say that mirror stars are equivalent to ordinary stars, when the latter
have converted most of hydrogen into helium and formed a helium core. M stars are born more
massive and their evolutionary timescales are shorter as they burn out fuel faster. Increasing
the initial helium abundance of a star corresponds to the increase of the mean molecular weight,
and correspondingly in both luminosity and effective temperature, which leads to the shorter
lifetime. In [140], evolutionary tracks have been simulated for stars with initial helium content
in the range 0.24 − 0.8 and with different initial masses and low metallicity. Analyzing the
results, it has been concluded that the mean life of a mirror star can be until 30 times shorter
than that of an ordinary one, if we consider the most helium rich stars. It was found that,
generally, under large mass ranges and different boundary conditions (in terms of temperatures
of the mirror sector, and thus stellar helium contents), the lifetimes of mirror stars are roughly
an order of magnitude smaller than the ones of visible stars. As an example, a 10M⊙ star with
70% initial He content has the evolution timescale ∼ 10 times faster than the star with ordinary
He abundance.

The pattern of galaxy evolution should drastically depend on the mirror star formation and
evolution features. Stars play an important role: the fraction of baryonic gas involved in their
formation becomes collisionless on galactic scales, and supernova explosions enrich the galaxy of
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processed collisional gas (stellar feedback). As far as the MBDM constitutes a dissipative dark
matter like the usual baryons, one would question how it can provide extended halos instead of
being clumped into the galaxy as usual baryons do. However, one has to take into account the
possibility that during the galaxy evolution the bulk of the M-baryons could fastly fragment
into the stars. Too fast star formation in mirror component would extinct the mirror gas and
thus could avoid that mirror baryons to form disk galaxies as ordinary baryons do. If the mirror
protogalaxy, at certain stage of collapse, transforms into the collisionless system of the mirror
stars, then it could maintain a typical elliptical structure. Certainly, in this consideration also
the galaxy merging process should be taken into account. Efficient merging of mirror disks
mostly built up of stars, also would lead to ellipticals. As for ordinary matter, within the dark
mirror halo it should typically show up, depending on conditions of the galaxy formation, as an
observable elliptic or spiral galaxy, but some anomalous cases can also be possible, like certain
types of irregular galaxies or even dark galaxies dominantly made out of mirror baryons. The
central part of halo can nevertheless contain a large amount of ionized mirror gas and it is not
excluded that it can have a quasi-spherical form, thus possibly avoiding the problem of cusp
typical for the CDM halos. Even if mirror star formation is very efficient, the massive mirror
stars in the dense central region could fast evolve and explode as supernovae, leaving behind
compact objects like neutron stars or black holes, and reproducing the mirror gas and dust.

It is interesting to understand whether these features could help in understanding the process
of the formation of the central black holes, with masses 106 − 109M⊙, which are considered as
main engines of the quasars and active galactic nuclei. It is also possible that in the galactic
halo some fraction of mirror stars exists in the form of compact substructures like globular or
open clusters.

5.3.5 Mirror World Observables

In this section we review some main possibilities that can be responsible for detecting mirror
matter.

MACHO: If mirror stars do exist, they can be observed as massive compact halo objects
(MACHO) in galactic halos in gravitational microlensing experiments. The MACHO Collab-
oration [143] studied the nature of halo dark matter using microlensing. This experiment has
collected 5.7 years of data and provided statistically strong evidence for dark matter in the form
of invisible star sized objects, which is what you would expect if there was a significant amount
of mirror matter in our galaxy. Their maximum likelihood analysis implies a MACHO halo
fraction of 20% for a typical halo model with a 95% confidence interval of 8% to 50%. Their
most likely MACHO mass is between 0.15M⊙ and 0.9M⊙ (depending on the halo model), with
an average around M ≃ 0.5 M⊙, which is difficult to explain in terms of the brown dwarfs with
masses below the hydrogen ignition limit M < 0.1M⊙ or other baryonic objects. In another
survey, MACHO Collaboration put a constraint on BH dark matter in the mass range 1−30M⊙,
concluding that the objects with masses under 30M⊙ cannot make up the entire dark matter
halo if the halo is of typical size and that objects with masses under 10M⊙ contribute less
than 40% of the dark matter [59]. These observations are consistent with a mirror matter halo
because the entire halo would not be expected to be in the form of mirror stars. Mirror gas
and dust would also be expected because they are a necessary consequence of stellar evolution
and should therefore significantly populate the halo. However, later observations by Eros-2
Collaboration found only one candidate event [60], while ∼ 39 were expected depending on the
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earlier results by MACHO Collaboration. The disagreement between these two experimental
results is not solved yet. Clearly the outcome of the controversy can be crucial for the mirror
matter model.

SN: The explosions of mirror supernovae (SN) in our galaxy cannot be directly seen by an
ordinary observer [138]. However, it should be observed in terms of gravitational waves. In
addition, if the M- and O-neutrinos are mixed, it can lead to an observable neutrino signal, and
could be also accompanied by a weak gamma ray burst.

DAMA: Annual-modulation effect, as expected from the relative motion of the Earth with
respect to the relic particles responsible for the dark matter in the galactic halo [144, 145], has
been measured by DAMA Collaboration using the highly radiopure NaI(Tl) detectors of the
former DAMA/NaI and of the second generation DAMA/LIBRA [146]. This annual modulation
effect, which fulfills all the requirements of the DM annual modulation signature, has been
examined in the context of asymmetric mirror matter model interacting with the ordinary nuclei
via the photon-mirror photon kinetic mixing portal, ϵ

2
F µνF ′

µν [147, 148]. It was assumed that
mirror atoms constitute a fraction f of the DM in the Galaxy, and allowed physical intervals for
some combination of parameters were derived. The obtained values are well compatible with
cosmological bounds. However, later the DAMA results have become speculative, as two other
studies, attempting to replicate the experiment using the same method have shown no evidence
of annual modulation [149,150].

5.3.6 Neutron Lifetime and n− n′ oscillations

In [151] a possibility of oscillations between neutrons (n) and mirror neutrons (n′) was discussed.
It was argued that, the existing experimental data do not exclude a rather fast n−n′ oscillation,
with a timescale ∼ 1 s, and it can have strong astrophysical implications, in particular for ultra
high energy cosmic rays. Moreover, n − n′ oscillation can be a solution for a neutron lifetime
problem [152]. The neutron lifetime is measured in two types of experiments, which are usually
referred as beam and trap methods, that is discussed in our paper [6]. In beam experiments,
number of produced protons are counted, as monitored beam of cold neutrons passes through a
magnetic field. So this method directly measures the neutron β-decay width Γβ = τ−1

β . In trap
experiments, ultracold neutrons are stored in material or magnetic traps and their disappearance
rate determines the neutron total width Γn = τ−1

n . As far as neutron has only one, β-decay
channel and so Γn = Γβ, the results of this two types of experiments should agree. But it turns
out that trap experiments give neutron lifetime in average

τtrap = 879.4± 0.6 , (5.72)

while beam experiments in average yield

τbeam = 888.0± 2.0 , (5.73)

showing a discrepancy of about 4σ:

∆τ = τbeam − τtrap = (8.6± 2.1)s . (5.74)
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The free neutron decay is given by the master formula:

τn =
5024.46(30)s

|Vud|2(1 + 3g2A)(1 + ∆V
R)

(5.75)

where Vud is the ud element of CKM matrix (5.25), gA is the strength of axial coupling and ∆V
R is

radiative correction. Measuring neutron lifetime, axial coupling and knowing the radiative cor-
rections, one can extract Vud from (5.75). However, Vud for today is most precisely determined
from superallowed 0+ → 0+ β-decays. For making it competitive with the this determination,
the neutron lifetime should be measured with precision of 0.1 s and gA with precision 3 times
better than it is now, which can be realistic in future experiments. Once increasing the preci-
sions in neutron experiments, we will be able to estimate n − n′ oscillation probabilities more
accurately.

Moreover, it was also suggested that n− n′ oscillations can take place inside a neutron star
(NS), so an ordinary NS could gradually transform into a mixed star consisting in part of mirror
dark matter [153]. Mixed stars can be detectable as twin partners of ordinary neutron stars:
there can exist compact stars with the same masses but having different radii. If 50% − 50%
proportion between two fractions can be reached asymptotically in time, then the maximum
mass of such maximally mixed stars should be

√
2 times smaller than that of ordinary neutron

star while the stars exceeding a critical mass value Mmax
NS /

√
2 should collapse in black holes.

Implications of n−n′ transition for the pulsar observations and for the gravitational waves have
also been discussed [153].

GW: And finally one good candidate for mirror world observable is gravitational wave. GWs
coming from binary mergers detected by LIGO-Virgo-Kagra (LVK), can be produced by mirror
binary systems. Lack of electromagnetic counterpart radiation of LVK events, may be indicating
to their mirror origin, as mirror photons would be unnoticed for us. The rest part of the thesis
is devoted to discussion of LVK events in context of M world scenario.
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Chapter 6

Gravitational Waves from Mirror
World

In the chapter (4) we discussed gravitational wave data recorded by LIGO-Virgo-KAGRA (LVK)
detectors and we have seen what major problems do existing models encounter (4.5). In the
previous chapter (5) we reviewed mirror world model and we noted that if M-sector exists, it
should form stars and galaxies as well. Therefore, mirror stars can also merge and produce
gravitational waves. As gravity freely passes between mirror and ordinary worlds, mirror GW
signal can be observed with our detectors, and it will be indistinguishable from the signal coming
from ordinary star mergers. However, if coalescence of massive compact objects also produces
other type of radiation like gamma-ray bursts, kilonova, neutrinos, etc., then it makes a clear
division between O- and M-mergers, as mirror particles will be unnoticed to our detectors. So,
in principle, any GW event without counterpart radiation can be associated with M-world. In
fact, 98.9% of the event are suchlike; only 1 out of 90 mergers was multimessenger event.

As discussed before, M-world is colder and its cosmological evolution goes in different way
compared to our world. If M-sector constitutes dominant part of DM, then an abundance
of M-stars is higher than ordinary ones. As the evolution timescales of helium-dominated
stars are shorter, this leads to formation of compact objects – neutron stars and black holes
in greater amounts. Therefore, merger rates in M-sector could be higher. In our papers [1,
2], we suggested that compact objects’ merger rates estimated by LIGO, can be interpreted
better in M-world scenario. In [3], we investigated the binary neutron star merger without
electromagnetic radiation as a manifestation of mirror world. Furthermore, in papers [4, 5], we
proposed that the odd mass-gap events in LVK catalog can be explained assuming mergers take
place in M-sector. In upcoming sections we describe these schemes in details.

6.1 Lack of Multi-messenger Events

As described precisely in the section (4.4.1), merger of binary neutron stars or neutron star –
black hole systems must be followed by emission of jets of electromagnetic radiation. If the Earth
falls within the jet opening angle - that should be the case in most occasions, then we should
be able to observe short γ-ray bursts and kilonova afterglow accompanying the gravitational
wave. LVK data, after completing three observing runs, recorded two NS-NS merger signals,
two events from BH-NS coalescence and two mergers of BH with the lower mass gap object,
that can potentially be NSs. However, from these six events, only one had counterpart EM
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radiation.
In general, merger of BBH system in vacuum is not expected to have follow-up EM signal.

However, if BHs still accrete some gas during coalescence, then the merger may emit some
kind of highly energetic EM radiation. In fact, Fermi satellite reported the detection of a
transient signal at photon energies > 50 keV that lasted 1s and appeared 0.4s after the BBH
event GW150914, overlapping sky localization with 70% [154]. Several mechanisms have been
explored that can potentially emit GRB during BBH merger [155–157]. However, due to the
lack of confidence that this GRB is actually associated with GW150914, it is admitted that
none of GW produced by BBHs detected so far, are multi-messenger events.

So, out of 90 events in LVK catalog, only one has confirmed accompanying electromagnetic
radiation. This led us to suggest, that the sources of these gravitational waves reside in mirror
world [1, 2]. Mergers of the compact objects produces GW as well as EM radiation - mirror
photons. While GWs are observed by our interferometers, mirror photons pass through our
detectors and stay unnoticed.

The idea that gravitational waves can originate from the mirror copies of the Standard
Model that also constitute dark matter and with the prediction that the amount is expected
to be much higher than what would be expected from our world, was also put forward in the
paper [158] that predates LIGO experiment.

Possibility of detecting GWs coming from merger of mirror neutron stars was suggested
independently in [159]. Authors of the paper modeled equation of state of mirror neutron stars
and checked that signal emitted by mirror BNS merger should be exactly the same as for ordinary
stars. They concluded that, any GW from BNS without correlation with electromagnetic signal
could be an indirect hint on the existence of mirror neutron stars.

6.2 Merger Rates

Lack of EM radiation is not the only indication for the mirror origin of GWs. Abundance of
mirror stars must impact merger rates of compact objects, that is discussed in this section.

6.2.1 Binary Black Holes

As we have seen in the section (4.3.1), existence of primordial BHs in the mass intervals relevant
for LVK, are tightly constrained. Therefore, we should focus on astrophysical BH (4.3.2).
Similar to the formula of merger rates for ordinary BHs, the merger rates for the BHs that
formed as a result of the collapse of mirror stars can be written as:

R′
BBH =

1

2
ϵP (τ)N ′

BH . (6.1)

We consider that, dimensionless coefficient ϵ < 1 (4.10) that defines the efficiency of BBH
coalescence and the delay time P (τ) (time elapsed between formation and merger of binary
system) are same for ordinary and mirror systems. The difference comes from the number
density of BHs, that, following (4.12), for M-sector will have a form:

N ′
BH = SFR(z′)

∫
ϕ(m) N ′(m)

∫
f(Z,m)

∫
ξ(M) dM dZ dm . (6.2)

We assume that, stellar initial mass function ξ(M), metallicity distribution function f(Z,m)
and galaxy stellar mass function ϕ(m) are same for O- and M-sectors and they are integrated in
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Figure 6.1: Black curve shows the star formation rate formula (4.14) as a function of refshift as
given in [66]. Red curves show SFR in mirror world (6.3) for different values of x.

the same interval. But, the star formation rate SFR(z′) and the number of stars in the galaxy
of mass m, N(m), must be different in mirror world.

SFR is usually adopted from the best-fit-function of experimental data (4.14) and it is a
function of redshift. As shown in the section (5.3.3), the consequence of the lower temperature
of mirror world, is that important cosmological processes like matter-radiation equality, matter-
radiation decoupling, recombination, occur earlier. As a result, neutral atoms and molecules
are formed in earlier times and stars start to assemble in M-world prior to ordinary one. So,
star formation rate formula (4.14), is modified similar to (5.68) and now has the form:

SFR(z′) = 0.015
(1 + z′)2.7

1 + [(1 + z′)/2.9]5.6
M⊙ Mpc−3 yr−1 (6.3)

= 0.015
[x(1 + z)]2.7

1 + [x(1 + z)/2.9]5.6
M⊙ Mpc−3 yr−1 .

This can have a significant impact on the total number of stars and therefore the number of
BHs in M-world. In the figure (6.1), we show how SFR curve is modified for different values of
x = T ′/T . As said before, SFR in ordinary world peaks at z ∼ 2, corresponding to lookback time
∼ 10 Gyr. In M-world, lower is its temperature, for higher z the SFR peaks. For 0.3 < x < 0.5
SFR has peak around 4 < z < 8, corresponding to lookback time 12 Gyr ≲ tlookback ≲ 13 Gyr.
Furthermore, as wee see from the figure (6.1), lower is the value of x, more is the shape of
the curve modified and area under the curve increases substantially. For example, for x = 0.3,
taking the ratio ∫ 14

0
SFR′ dz∫ 14

0
SFR dz

= 2.3 , (6.4)

can be interpreted as ∼ 2.3 times more stars were formed in mirror world compared to ordinary
one in 0 < z < 14 period. It will lead to the increase of the number of BHs in (6.2) by the same
factor (6.4).

Besides that, as discussed in the section (5.3.3), mirror matter is a candidate of dark matter
and certain baryogenesis mechanism (discussed in the section (5.3.2)) can naturally give β =
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Ω′/Ω ∼ 5. It means, mirror matter, therefore mirror stars are ∼ 5 times more abundant than
ordinary ones, so

N ′ ∼ 5×N (6.5)

in the equation (6.2). Combining (6.3) and (6.5), we get that the number of BHs in mirror
sector (6.2) is about one order greater compared to ordinary world,

N ′
BH ∼ 10×NBH . (6.6)

As a result, the merger rate in M-world (6.1) is amplified by the same factor

R′
BBH ∼ 10×Rtheor

BBH . (6.7)

Of course, total merger rate that will be observed through gravitational waves, is

Rtotal
BBH = Rtheor

BBH +R′
BBH , (6.8)

but, in the configuration when x = 0.3 and β = 5, Rtotal
BBH ≈ R′

BBH. However, this is an extreme
case, in reality, mirror matter density can be smaller β < 5. So we conclude that, BBH merger
rate in mirror sector can be up to 10 times higher. Now, we remember that the merger rate in
majority of models was given by the equation (4.15) and is equal to Rtheor

BBH ∼ 5−10 Gpc−3 yr−1.
Inserting it into the equation (6.7), we get:

R′
BBH ∼ 50− 100 Gpc−3 yr−1 , (6.9)

in the case all DM is made of mirror matter. Comparing it with the LVK estimations given by
the equation (4.1), RBBH = 17.9− 44 Gpc−3yr−1, we see that (6.9) resides near the LVK upper
bound. In the configuration when DM is not entirely composed of M-matter, or the SFR’ is not
as effective as considered, then we can reduce amplification factor by 2, getting:

R′
BBH ∼ 25− 50 Gpc−3 yr−1 , (6.10)

that fits perfectly with LVK estimations (4.1).

6.2.2 Binary Neutron Stars

For the merger rate of binary neutron stars, similar to (6.1), one can use the formula:

R =
1

2
ϵ

∫
P (τ)NNS dτ , (6.11)

where now NNS is a number density of neutron stars and it is obtained by integrating IMF in
the mass range 5 M⊙ < M < 25 M⊙ in the equation (4.12). Following the arguments from
the previous section and using the results (6.4) and (6.5), merger rate for mirror BNSs will get
amplified by up to the same factor 10,

R′
BNS ∼ 10×Rtheor

BNS . (6.12)

However, the uncertainty of calculated merging rate (4.4) is large, namely RBNS = 10 −
1700 Gpc−3yr−1 and it spans over more than one order of magnitude. So almost any sane
theoretical estimate can be well reconciled with the results of LVK on BNS coalescence rates.
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Future runs with increased sensitivity will shrink the allowed intervals making models which
rely on predictions of rates more falsifiable. However, in our scenario, we can predict with a con-
fidence that most of the detected GW events classified as BNS or BH-NS mergers will not have
any electromagnetic counterparts. More precisely, we foresee that roughly only one out of ten
BNS mergers will be detected as a multi-messenger event to be seen in both GWs and at least
one of the canonical electromagnetic counterparts discussed above. The forecast becomes more
rigorous if we restrict ourselves with those BNS (BH-NS) mergers detected not too much off
from its face on position with respect to GWs observations. Although, in this case, the amount
of the statistics needed for confirmation of the hypothesis should be substantially increased.
In case if the mirror world contributes less than total amount of the dark matter, the rate of
joint GW electromagnetic observations will increase inversely proportion to the ratio ΩB′/ΩB.
Hence the measurements of the joint detection rate potentially can be used as an independent
constraint on the cosmology of the mirror world dark matter.

Our forecast can be stated in another way, namely, the NS mergers rate derived from the
measurements of GWs signals will be ∼ 10 times higher than that one obtained from SGRB
data. The same arguments are valued for BH-NS mergers, although the mass ratio of the
components of such binary systems as well as configuration of angular parameters can play
more critical role for such kind of estimations.

6.3 Mass Gap Objects

In the sections (4.3.3) and (4.4.2), we have discussed that there may exist so-called upper and
lower mass gaps for compact objects. Pulsational pair instability forbids formation of BHs
in the mass interval ∼ 65 − 150M⊙. Many models of star evolution predict, that transition
between NS and BH masses cannot be smooth and there should be a gap in 2.5 − 5M⊙ mass
range, that is supported by the observations of X-ray binaries. Nevertheless, LVK data contains
reasonable amount of events with the masses within these disallowed intervals (4.3.3,4.4.2).
In [4,5], we suggested that such unexpected events may be explained better, if one assumes that
they originated from mirror world.

6.3.1 Upper Mass Gap

Firstly, we consider the possible M-World origin of the upper-mass-gap BHs of the LVK catalog.
In principle, BH-BH mergers, which account for the most amount of LVK events, should not
have optical counterparts, so they can be originated from both normal stars and mirror ones.
However, as discussed above, BH binaries of mirror origin amplifies the chance of BH-BH merg-
ers. As the microphysics of mirror stars is similar to that of ordinary stars, they probably also
are subject to pair instability and produce the mass gap for intermediate mass BHs. However,
as already seen, stars in M-World are born with higher initial mass, compared to ordinary stars
and they evolve faster. As a result, considering SFR in M-sector shown in the figure (6.1),
higher quantities of massive BHs are formed in a short period of time. Also, adding the fact
that the mirror matter density can be ∼ 5 times the ordinary matter density, BHs formed in
the mirror matter environment, can increase in mass by accretion of mirror matter. Altogether,
collisions of BHs formed by mirror stars are more frequent, increasing merger rate naturally as
discussed previously.

As a consequence, hierarchical mergers can form intermediate mass BHs in M-World more
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easily. As merger rates are amplified in M-sector, the extreme assumptions made by [71] in
equation (4.17) can be relaxed and one can still obtain merger rates of GW190521-like systems
within the LVK interval (4.16). To be more specific, as the formation of BHs is ∼ 10 times
more efficient (6.2) in M-world, one can decrease the product f ≡ ftriple×fsurvival×fmerger in the
equation (4.17) by one order of magnitude and the obtained value (4.19) will remain unchanged.
Such reduced value of f is not so extreme anymore and it looks more plausible. In this way,
the obtained merger rate for the first generation BHs, that formed the heavy components of
GW190426 190642 and GW190521, look more natural. So, discussing hierarchical BBH mergers
in the framework of the M-World scenario can stand as a good interpretation for LVK’s upper-
mass-gap events.

6.3.2 Lower Mass Gap

Another outcome of the M-World scenario can be explanation of issues relating the compact
objects residing in or next to the lower-mass-gap in LVK catalog. As stated before, NS-NS or
BH-NS mergers, in case they contain normal NSs, should be typically accompanied by GRB and
optical afterglows. However, neither NS-NS event GW190425, or BH-NS mergers GW200105
and GW200115, nor BH-mass gap events GW190814 and GW200210 092254 had such associa-
tions, that can potentially stand as a manifestation of their mirror origin.

So, the fact that ”heavy” NSs are not detected through electromagnetic spectrum but are
observed through gravitational radiation, may be an indication that they exist in the mirror
world. As discussed above, in order to form a binary NS system like GW190425, an ultra-tight
binary with NS and massive He-star is required. As M-World is dominated by helium and so
it is inhabited mostly by He-stars, such configuration can be achieved easily. The formation of
GW190814-like systems is also challenging for current theories and their abundance is expected
to be extremely low. However, as in M-World the abundance of matter exceeds ∼ 5 times
the abundance of ordinary matter and stars in M-World evolve a way faster, the probability of
hierarchical mergers is increased by an order of magnitude, and the formation of GW190814-like
systems should be more common.

6.4 Future Prospects

Gravitational-wave physics is just at its dawn. The first generation detectors LIGO and Virgo
were unable to observe GWs. However, after upgrades to Advanced LIGO and Advanced Virgo,
these second generation observatories reached enough sensitivity to detect signals. From 2015 to
2020, three observing runs were conducted with total runtime of approximately 2 years. During
this time, LIGO and Virgo, with KAGRA joining for last few months, detected 90 confirmed
signals. In average, it was one verified event in every ≈ 8 days.

Fourth observing run of LVK is planned to start in march 2023. LIGO India (IndIGO) is
intended to join in 2024. The sensitivities of the detectors will remain same, however, upgrading
their performance and adding more new observatories will increase number of detected events
significantly. Building of Third generation ground-based GW observatories Einstein Telescope
and Cosmic explorer are proposed and planned to be fulfilled in 2030s. Also, the first space-
based detector LISA ( Laser Interferometer Space Antenna) was approved as one of the main
research missions of European Space Agency.

Drastic increase in GW data, that is expected in the near future, will allow to confirm or
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reject many of the proposals. Our suggestion, that mirror objects can emit GWs is among
the theories that can be tested through this path. Raise in number of detected GWs will ease
the search of associated electromagnetic radiation and increase the number of multi-messenger
events. This will help to shed light on many existing problems. However, the main prediction
of M-world scenario is, that quantity of multi-messenger event will be low, as most of mergers
are accompanied by mirror photons that are invisible for us.

One interesting prospect for future studies in this field are GWs from the objects that
compound both ordinary and mirror matter. As mentioned earlier, it has been suggested that
n → n′ oscillations can take place inside a neutrons star, so an ordinary NS could gradually
transform into a mixed star consisting 50%− 50% of ordinary and mirror matter [153]. In this
case, mass-size ration for the star changes and modify a GW signal.

Another intriguing case can be a merger of ordinary and mirror NSs. In principle, it is
possible to form the binary of ordinary and mirror stars. Even though they do not ’see‘ each
other, gravitational attraction will force them to merge. While merging, although they both
are neutron stars and should be impact companions tidal field, they actually ’touch‘ each other
at later times compared to normal case. This should leave an imprint of produced gravitational
waveform.

Once studying these cases and knowing what kind of corrections should be expected in
gravitational waveform, one can search for indications on such exotic events in gravitational-
wave data.
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Chapter 7

Conclusion

Gravitational waves, predicted long time ago by Albert Einstein in his theory of general rela-
tivity, were directly detected for the first time in 2015 by LIGO. This served as a beginning of
completely new era in multi-messenger astronomy. 90 confirmed events in GWTC-3 opened up
a novel window for models of binary stars evolution. Being in agreement with GR predictions,
some properties of observed GWs are still hard to be explained using existing models. Among
the peculiar features are: absence of accompanying electromagnetic radiation in all events ex-
cept one; high merger rates compared to predictions; events containing objects that have mass
in the forbidden intervals, where majority of models expect gaps.

In order to deal with this confusions, we suggested the mirror world scenario. About 27% of
the total energy budget of the Universe is thought to be occupied by dark matter, composition of
which is still unknown. Mirror matter is a long-standing candidates of DM and may constitute
it entirely or just some part of it. According to M-world theory, there exist an exact mirror
copy of standard model of particle physics, that have a right-handed weak interactions. These
twin mirror particles have properties similar to ordinary ones: exactly same masses, charges,
interaction laws, etc. With such extension, global theory has left-right symmetry, that was
broken in SM.

If M-sector do exists, it was created by Big Bang, along with ordinary matter. However
cosmological evolution of M-world cannot be identical to ordinary one, as it would be in im-
mediate conflict with the bounds from BBN. To avoid this, M-sector must have had a lower
initial reheating temperature. Then, if two sectors interact weakly, only through gravity, they
do not come into thermal equilibrium with each other and maintain a constant temperature ra-
tio x = T ′/T (< 0.65 from BBN). Certain mechanism of lepto-baryogenesis can produce baryon
asymmetry in both sectors simultaneously. In fact, under certain circumstances it is possible to
have β = Ω′

b/Ωb ≈ 5 and mirror matter can explain dark matter completely.
One of the consequence of the lower temperature is a fact that M-world should be dominated

by helium. This will affect the formation and evolution properties of stars and galaxies. It has
been shown that early fragmentation of mirror gas into stars, can guarantee mirror matter to
maintain a spherical form and do not collapse into disk, as does ordinary matter. In this way,
M-matter can form spherical DM halos observed in galaxies.

Having the microphysics similar to ordinary matter, mirror sector is destined to form stars,
compact objects like NS and BH, as well binary systems that can merge and produce GWs. In
our papers [1–5], we built up a model, that implements GWs detected by LVK in the framework
of mirror matter. In this thesis, we summarized our model and demonstrated that some of the
inconsistencies arisen in LVK data can be solved in M-world scenario.
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In particular, lack of multi-messenger events is natural in our model. If GWs detected
by LVK were produced by mergers of mirror binaries, then electromagnetic radiation emitted
as mirror photons would be unnoticed by our detectors as they are made of ordinary matter.
Furthermore, He-rich stars formed at early times in mirror sector, evolve faster and their path
to remnant compact objects - mirror NSs and BHs are shorter. Besides that, star formation
rate formula that has a peak at z ≈ 2 in ordinary world, peaks earlier in M-sector, at about
4 < z < 8. Altogether amplifies the merger rate in M-sector by factor ∼ 10. Existing models of
binary compact objects formation and coalescence predicted merger rates lower than observed
by LVK. We suggested, that accounting for the GWs coming from mirror matter, total merger
rates will get amplified by the factor ∼ 10, that comes in accordance with detections.

Besides that, the events that fall in the mass gaps and are hard to be described using typical
models, can be better interpreted in M-world scenario. As helium-rich stars evolve faster and
their abundance is higher, they form NSs and BHs at early stages at greater amounts. As a
result, possibility of hierarchical mergers in M-world is increased and objects with the masses
in the gaps are formed more easily.
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Abbreviations:

BA Baryon Asymmetry
BBH Binary Black Hole
BBN Big Bang Nucleosynthesis
BH Black Hole
BNS Binary Neutron Star
CDM Cold Dark Matter
CMB Cosmic Microwave Background
CP Charge-Parity
CPT Charge-Parity-Time
DE Dark Energy
DM Dark Matter
EM ElectroMagnetic
EW ElectroWeak
GR General Relativity
HDM Hot Dark Matter
GRB Gamma Ray Burst
GW Gravitational Wave
GWTC Gravitational-Wave Transient Catalog
KAGRA Kamioka Gravitational Wave Detector
LSS Large Scale Structure
LIGO The Laser Interferometer Gravitational-Wave Observatory
LVK LIGO-Virgo-KAGRA
MACHO Massive Compact Halo Object
MBDM Mirror Baryon Dark Matter
MRD Matter-Radiation Decoupling
MRE Matter-Radiation Equality
M-World Mirror World
NS Neutron Star
O1(2,3) Observing run 1(2,3)
O-World Ordinary World
PBH Primordial Black Hole
QCD Quantum ChromoDynamics
QED Quantum ElectroDynamics
QFT Quantum Field Theory
SFR Star Formation Rate
SGRB Short Gamma Ray Burst
SM Standard Model
SN Supernova
SR Special Relativity
SSB Spontaneous Symmetry Breaking
VEV Vacuum Expectation Value
WDM Warm Dark Matter
WIMP Weakly Interacting Massive Particle
ΛCDM Lambda Cold Dark Matter
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