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Abstract: The physics of the dark Universe goes beyond the standard model (BSM) of fundamental in-
teractions. The now-standard cosmology involves inflation, baryosynthesis and dark matter/energy
corresponding to BSM physics. Cosmoparticle physics offers cross disciplinary study of the funda-
mental relationship of cosmology and particle physics in the combination of its physical, astrophysical
and cosmological signatures. Methods of cosmoparticle physics in studies of BSM physics in its
relationship with inevitably nonstandard features of dark universe cosmology are discussed. In the
context of these methods, such exotic phenomena as primordial black holes, antimatter stars in baryon
asymmetrical Universe or multi-charged constituents of nuclear interacting atoms of composite dark
matter play the role of sensitive probes for BSM models and their parameters.

Keywords: elementary particles; universe; cosmology; inflation; baryosynthesis; dark matter; early
universe; symmetry breaking; phase transitions; primordial black holes; antimatter; dark atoms

1. Introduction

The two observational features of the Universe—its expansion and the presence of
thermal electromagnetic background radiation—were combined in physical picture of
G.Gamov’s Big Bang Universe. This picture of thermal cosmological history resulted from
successive application of known physical laws of thermodynamics, atomic and nuclear
physics to the expanding space-time of Friedman–Lemaitre–Robertson–Walker geometry
described by non-stationary solutions of General Relativity for homogeneous and isotropic
world. Only four known fundamental interactions and the set of known elementary
particles were involved in the corresponding cosmological scenario, tracing the creation
of the observed Universe in the result of thermal evolution from the initial state of hot
plasma with sub-Planckean temperature [1,2]. However, the development cosmological
scenarios based on the predictions of particle theory combined with the data of precision
cosmology lead to the modern paradigm of inflationary cosmology with baryosynthesis
and dark matter/energy dominating in the modern Universe (see, References [3–24] for
review and reference).

The data of precision cosmology favor now-standard inflationary cosmology with
baryosynthesis and dark matter/energy [3,4,20–23,25–29]. This standard cosmological
paradigm involves physics beyond the Standard model (BSM) with new physical scale V,
which is accessible for combined probes by cosmological, astrophysical and experimental
physical means as illustrated on Figure 1.
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Figure 1. Cosmoparticle physics probes the scale V of new physics by proper combination of its
cosmological astrophysical and experimental physical signatures. The author’s original picture
from [29].

In the context of BSM models, dark matter candidates are related to predictions of
new stable or long living particles or macroscopic structures, which reflect the fundamental
structure of this model [8–12,25,29–32]. Stability of new particles reflects new strict (or ap-
proximate) BSM symmetry that leads to new conserved charges, making stable (metastable)
the lightest particle, which possess this charge. Such a particle can be considered as dark
matter (DM) candidate. This prediction is accompanied by a set of other specific model-
dependent signatures so that their combination can provide verification of the proposed
physical nature of dark matter.

We discuss in the present review the problem of the physical nature of dark Universe,
paying special attention to the fundamental physical motivations for SM extensions. We
show that DM candidates, predicted by such extensions involve the set of model-dependent
signatures of the corresponding BSM model, which accompany the prediction of the DM
candidate. We call these accompanying model-dependent phenomena messengers of the
dark Universe. In particular such signatures can include set of additional particles and/or
new interactions predicted along with the considered dark matter candidate.

In addition to new particles and fields BSM physics involves mechanisms of sym-
metry breaking that can lead to phase transitions in the early Universe, in which various
forms of topological defects can be formed. The high-energy sector of a BSM model can
lead to nontrivial scenarios of very early Universe at inflational or post-inflational stage,
at which primordial black holes (PBH), PBH clusters or other forms of primordial nonlinear
structures like antimatter domains in baryon asymmetrical Universe can appear.

Here, we concentrate on the case of extensions of symmetry and particle content of
the standard model (SM) of elementary particles. Particle dark matter candidates should
be absolutely stable or sufficiently long living to provide their existence and dynamical role
in cosmological large-scale structure formation. They should be massive and created in the
early Universe in the amount, corresponding to the observed dark matter density.

Therefore the BSM model predicting such candidates and mechanisms of their pro-
duction in the early Universe should involve mechanism of stability of DM particles,
preventing their rapid decay. From particle physics viewpoint it means that these particles
possess some new conserved quantum number originated from the BSM symmetry. Such
new symmetry may be simply added by hands to the SM symmetry together with set of
new particles, on which it acts. However, the additional symmetry may be motivated by
practical necessity to solve the problems of SM internal inconsistency or incompleteness
and such examples are aesthetically much more attractive.

BSM physics of dark Universe can be also originated beyond the standard model of
space-time and gravity and related to the effects of extra dimensions or follow from the
modified gravity. These topics are beyond the scope of the present review, but the idea
of multimessenger probes and methods of cosmoparticle physics are also appropriate for
studies of these extensions.

The basic elements of modern cosmology, describing the initial conditions and the mod-
ern stage of cosmological evolution—inflation, baryosynthesis and dark matter/energy—
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are related to physics beyond the standard model of fundamental interactions, making the
Universe dark from the beginning of Big Bang Universe to the present time. This physics,
predicted by extensions of the Standard model of electroweak and strong interactions
and/or modified gravity, is beyond the scope of direct experimental means and implies
the combination of indirect physical, astrophysical and cosmological probes, developed by
cosmoparticle physics [3,4].

Any extension of the Standard Model, which describes these necessary basic ele-
ments of modern cosmology, such extension inevitably contains some additional model-
dependent messengers of the corresponding physical model here we would like to dis-
cuss [25] various forms of such additional cosmological reflections of the fundamental
particle symmetry. The presented list of nontrivial examples of such reflections—being
far from complete—is challenging for the development of astrophysical, astroparticle,
cosmological, and collider probes for new physics.

In Section 2, we present examples of particle dark matter candidates, strongly moti-
vated by the BSM solutions of the internal problems of the Standard model. We consider
possibility of their test in the combination of physical, astrophysical and cosmological mes-
sengers of the corresponding models. The lack of evidence for supersymmetric solution for
the problem of divergence of the Higgs boson mass may favor nonsupersymmetric solution
of this problem in models of composite Higgs boson with multiple charged constituents
(Section 3). Such may predict heavy stable −2n charged lepton-like particles, which can be
bound with n nuclei of primordial helium in nuclear-interacting dark atoms. The qualita-
tive advantages of using this dark atom scenario to explain several puzzles of direct and
indirect searches for dark matter challenge search for stable multiple charged particles at
the Large Hadron Collider (LHC) as the test for this physics of dark matter. We discuss in
Section 4 primordial nonlinear structures, reflecting the pattern of particle symmetry break-
ing in Axion Like Particle (ALP) models. The nonhomogeneous baryosynthesis can lead to
the possibility of macroscopic antimatter sources of cosmic ray antinuclei in our Galaxy.
We show in Section 4 that confirmation of the existence of such a component of cosmic
rays would provide the sensitive probe for mechanisms of inflation and baryosynthesis,
specifying with high precision the range of parameters of the corresponding BSM models.
We then consider primordial black holes as universal theoretical probes for cosmological
consequences of BSM physics (Section 5). The conclusive Section 6 puts multimessenger
probes of physics of Dark Universe in the context of cosmoparticle physics, studying the
fundamental relationship of micro- and macro- worlds.

2. Cosmoparticle Physics of Particle Dark Matter
2.1. BSM Physics of Neutrino Mass

The existence of primordial neutrino background is the stable prediction of the Big
Bang cosmology [1,2]. Weak interaction of ordinary neutrinos keep them in equilibrium
with plasma and radiation until neutrino decoupling and their number density in the
modern Universe is predicted to be related to the number density of photons in Cosmic
Microwave Background (CMB) radiation as

nνν̄ =
3
11

nγ, (1)

where nνν̄ is the number density of each type of left-handed neutrinos and right-handed
antineutrinos and nγ ≈ 400 cm−3 is the number density of CMB photons. This prediction
of the Big Bang theory made neutrino historically first DM candidates, when experimental
indications to the existence of nonzero mass of neutrino appeared. Multiplying the value of
neutrino mass by their number density Equation (1) one obtains the modern cosmological
density of massive neutrinos.

The nonzero mass of neutrino is confirmed by the experimental data on neutrino
oscillations, which are determined by the difference of neutrino mass squared. The upper
limit on the mass of electron neutrino puts upper limit on masses of neutrinos below 1 eV,



Symmetry 2022, 14, 112 4 of 30

what excludes the explanation of the observed dark matter density by primordial ordinary
neutrino. Therefore it is not possible to explain dark matter by known particles. Moreover,
the physical nature of nonzero mass of neutrino itself inevitably leads beyond the Standard
model [33–36].

2.1.1. The Nature of Neutrino Mass

In particle theory masses of quarks and leptons are described by Dirac mass terms
linking their left-handed and right-handed states. The nonzero mass of neutrino should
also link the ordinary left handed neutrino to some right-handed neutrino state. On the
contrary to quarks and charged leptons, right-handed neutrino is not detected—only left-
handed neutrino take part in the weak interaction. Neutrino is the only elementary matter
particle, quark or lepton, which is electrically neutral. It makes possible to associate this
right-handed state with ordinary antineutrino. Then neutrino has Majorana mass, which
corresponds to lepton number nonconservation.

2.1.2. The Smallness of Neutrino Mass

Majorana nature of neutrino mass can provide the explanation, why neutrino is much
lighter, than the corresponding charged lepton. This explanation involves right-handed
neutrino and neutrino Dirac mass term mD is of the same order as for the charged lepton,
but the right handed neutrino also has large Majorana mass M� mD. It makes Majorana
mass of ordinary neutrino suppressed, relative to the mass of the corresponding charged
lepton by the factor of mD/M:

mν = mD
mD
M
� mD. (2)

However, in refined models right-handed neutrino should not be necessarily much heavier,
than charged leptons and their mass in keV range is possible [37].

2.1.3. Sterile Neutrinos

Right handed neutrino has no ordinary weak interaction and their interaction with
SM particles is strongly suppressed. It makes them sterile relative to interactions with SM
particles. If they were in equilibrium in very early Universe, their decoupling from plasma
and radiation should have taken place much earlier, than for ordinary neutrinos, when
much more species of relativistic particles are present in the cosmological plasma. It leads
to much smaller number density of sterile neutrinos, than given by Equation (1), so that
sterile neutrinos with few keV mass can explain the observed dark matter density [38].

The anomalous excess of electron antineutrino detected in the search for ν̄µ → ν̄e
oscillations by the Liquid Scintillator Neutrino Detector (LSND) [39] was considered as
a possible evidence for sterile neutrinos (see Ref. [38] for recent review). Similar excess,
detected in the experiment MiniBooNE at Fermilab [40] seemed to confirm the result of
LSND, but the results of the successive experiment MicroBooNE did not favor such an inter-
pretation [41]. However, these last results, excluding simple sterile neutrino interpretation
of the LSND anomaly, do not exclude more sophisticated models of sterile neutrino [38,42].

2.2. Messengers of BSM Physics of Neutrino Mass
2.2.1. Physics of Majorana Mass—Neutrinoless Double Beta Decay

Majorana mass reflects nonconservation of lepton number, which should lead to
processes, in which this number is not conserved.

Nuclei, which are stable relative to single beta decay can be unstable relative to
double beta decay, in which two nucleons in the nucleus decay simultaneously. In the
result production of nucleus in the final state is accompanied by emission of two electrons
(positrons, in the case of β+ decay) and two antineutrinos (neutrinos). Majorana mass of
neutrino makes possible convergence of a right-handed antineutrino (left handed neutrino),
produced in first decay, to left-handed neutrino (right-handed antineutrino) which causes
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the second beta process. In the result neutrinoless double beta decay takes place, in which
only two electrons (positrons) are emitted and there is no missed energy and momentum
carried by two antineutrinos (neutrinos).

2.2.2. Leptosynthesis

CP-violating effects in lepton number nonconserving decays of heavy right-handed
neutrino can lead to generation of lepton asymmetry of the Universe. This process of
leptosynthesis, supported by the Majorana nature of neutrino mass with lepton number
transition ∆L = 2, leads to generation of baryon asymmetry due to electroweak sphaleron
transitions at high temperature, in which baryon and lepton numbers are not conserved [43].

2.2.3. Sterile Neutrino Dark Matter

Sterile neutrinos can explain not only dark matter, but simultaneously generation of
baryon asymmetry by leptosynthesis [44]. It can provide scenario of large-scale structure
formation by warm dark matter [45]. Small mixing of sterile and active neutrino states can
cause decays of sterile neutrino to photon and ordinary (active) neutrino. If sterile neutrino
has mass of 7 keV, its two body decay can lead to gamma line of 3.5 keV. The claims on
possible observation of radiation in such line from the galactic center [46] was discussed as
a possible signature of sterile neutrino dark matter [47].

2.3. Mirror Matter

The extension of the Standard model by mirror partners of ordinary neutrinos, in-
volved in the mechanisms of neutrino mass generation, may reflect the more general
extension of the mirror world—of the set of mirror partners for all known particles. The ex-
istence of mirror world finds fundamental reason in the necessity to restore the equivalence
of right- and left-handed coordinate systems in the conditions of C and P-violation in
weak interactions [48,49]. Then existence of sterile neutrino should be accompanied by the
mirror partners of quarks, leptons, W, Z bosons, as well as of the Higgs boson, while the
neutrino mass becomes a narrow bridge between ordinary and mirror worlds [36,50–52].
This bridge can be extended by kinetic mixing of ordinary and mirror photon and/or other
electrically neutral bosons [29,53]. Strict symmetry makes mirror atoms, in which mirror
nuclei are bound by mirror Coulomb interaction with mirror electrons, as stable as atoms
of baryonic matter.

2.3.1. Problems of the Symmetric Mirror World

Strict symmetry in the initial conditions and evolution of ordinary and mirror matter
makes impossible to explain the observed dark matter density by mirror particles, since
their density should be equal to the baryonic density. Moreover, mirror photon, electron-
positron pairs and right-handed neutrinos double the number of relativistic species in the
period of Big Bang Nucleosynthesis and it leads to inevitable influence on the primordial
chemical composition. In particular, the primordial 4He abundance is predicted in this case
larger, than 28%, what is excluded by the observational upper limits on the primordial
helium abundance [52,54,55].

2.3.2. Asymmetric Initial Conditions for Mirror Dark Matter

Preserving strict symmetry between ordinary and mirror particles, one can assume
slightly different initial conditions for their cosmological evolution and if the temperature
of mirror sector is few times smaller, than in ordinary particles, the strictly symmetric
processes in mirror and ordinary worlds can lead to different results [4,56–58]. In the
colder mirror sector baryosynthesis with the same physical parameters as in the ordinary
sector should lead to larger mirror baryon asymmetry, while the contribution of colder
mirror relativistic species in the period of Big Bang nucleosynthesis makes their existence
compatible with light element abundance in the ordinary baryonic matter. On the other
hand, mirror nucleosynthesis in the colder mirror plasma proceeds under the condition
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of the larger frozen out mirror neutron to proton ratio, strongly increasing the primordial
mirror helium abundance.

Therefore, mirror baryonic density can be several time larger, than the ordinary
baryonic density and mirror atoms and their stable constituents (mirror nuclei) can be the
dominant form of dark matter, being historically the first example of physically motivated
composite forms of dark matter. Formation of Large Scale structure in this scenario is
triggered by the mirror matter and the scale of the structure is determined by the scale
of mirror atoms recombination. It makes the corresponding scenario more close to the
scenario of self-interacting and dissipative Warm Dark Matter.

2.3.3. Shadow Matter

Asymmetry in the physics of ordinary and mirror matter leads to shadow mat-
ter [59,60], in which both particle content and the set of interactions differs from the
ordinary matter. Such strong breaking of mirror symmetry takes place in the heterotic
string model E8 × E′8, in which the initial symmetry between E8 and its mirror twin E′8 in
10 dimensions is broken after compactification down to E6 × E′8 in 4 dimensions. The SM
symmetry and its particle content is embedded in E6, while the initially mirror E′8 describes
in the four-dimensional space-time shadow world with 248 elementary particles and their
248 interactions. One can expect in this case rather nontrivial physics of dark Universe,
involving multiple forms of composite dark matter particles and structures.

2.4. Dark Matter Physics from Supersymmetry

Supersymmetry (SUSY) puts into correspondence to each SM particle its supersymmet-
ric partner, which has the same QCD and electroweak charge, but differs by spin [61–66].
For each SM boson is predicted its fermionic SUSY partner, while for each fermion there
is a corresponding bosonic SUSY partner. Since we do not observe strict supersymme-
try in the Nature, it should be broken and SUSY particles should be heavier, than their
ordinary partners.

Taking apart the aesthetically attractive idea of symmetry between bosons and fermions,
SUSY could provide the solution for the SM problem of divergence of Higgs boson mass,
which appeared in calculations of radiative effects of virtual SM particles. In such effects
virtual SUSY partners contribute with the opposite sign and the divergence of the Higgs
boson mass is cancelled.

Moreover SUSY could provide explanation for the origin of the electroweak symmetry
breaking scale, which is determined by the minimum of the Higgs field potential. In SUSY
model this form of potential appears as the effect of renormalization of the Higgs field
couplings. Such solution for both the problem of Higgs mass divergence and for the origin
of the electroweak scale can be provided, if the SUSY scale and the mass of SUSY particles
is in the range of hundreds GeV. It made search for SUSY particles challenging for the LHC.

2.4.1. WIMP Miracle

If SUSY particles possess a specific property, which ordinary particles do not possess,
the lightest supersymmetric particle (LSP) should be stable and can be dark matter can-
didate. At the mass of hundreds GeV such particle has cross section of interaction with
SM particles (both of annihilation and scattering) of the order of ordinary weak interaction.
It makes LSP a candidate for a Weakly Interacting Massive Particle (WIMP). Frozen out
in the early Universe the primordial gas of these WIMPs could be present in the modern
Universe and explain the observed dark matter density.

2.4.2. Messengers of LSP WIMP Dark Matter Physics
SUSY Features at the LHC

Search for SUSY at the LHC was the mainstream of the collider experimental pro-
grams for the last few decades. It was motivated by the necessity in some new physical
phenomena, which reflect the origin of the electroweak (EW) symmetry breaking scale.
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The discovery of Higgs boson at the LHC proved Higgs mechanism of the EW symmetry
breaking, but this proof of the basic element of the SM did not provide solutions for the
internal SM problems, which could be solved by SUSY and should be accompanied by the
existence of supersymmetric particles.

Together with charged SUSY partners of ordinary particles, LSP production could be
possible and their search by missed energy and momentum was also undertaken. However,
up to now there is no evidence for SUSY physics in sub-TeV range [67].

Direct WIMP Searches

Cosmic WIMPs can freely penetrate the terrestrial matter, but with a small probability
they can scatter on atomic nuclei. Such scattering on nuclei in underground detectors
causes nuclear recoil, on which the principle of direct experimental WIMP search is based.

The results of this search look controversial and seem to disfavor WIMP interpretation
of positive results of DAMA/NaI and DAMA/LIBRA experiments [68], which do not
find confirmation in the results of direct WIMP searches by other group [69–75]. These
experiments gave no evidence for WIMP-nuclear interaction and put more and more severe
constraints on its parameters. Negative results are also obtained in search for light dark
matter interaction with electrons in PandaX-II experiment [76].

The problem of direct comparison of results of various experiments is related with
difference in their strategies and chemical composition of detectors. That is why several
experiments have started to repeat all the conditions of DAMA/NaI and DAMA/LIBRA
experiments, both in the chemical composition of detectors (NaI) and in strategy of search
for annual modulations of dark matter signal. Taking into account that the highly statis-
tically significant (more than 12 σ) effect of annual modulation was detected in DAMA
experiments for more than 3 decades it would be hardly possible to check this effect for a
couple of years. However, the increase of sensitivity and background rejection in COSINE-
100 experiment makes possible to put severe constraints on WIMP interpretation of DAMA
signal [77].

Indirect Effects of WIMPs

The same process of WIMP annihilation, which determined their frozen out primordial
abundance in the early Universe, can take place in the Galaxy. This process involves only
very small fraction of WIMPs in the Galaxy, but the SM particles, products of WIMP
annihilation, contribute to the cosmic ray fluxes or gamma radiation and such excess can
provide indirect search for dark matter physics [78,79]. It provides a sensitive test for
existence of even subdominant component of WIMPs [80].

The excessive fraction of high-energy cosmic ray positrons registered by PAMELA and
AMS02 [81–84] was considered as such an indirect effect of WIMPs. However, each source
of high-energy positrons should be simultaneously the source of gamma radiation [85] and
the measurements of gamma ray background by FERMI/LAT [86] put severe constraint on
the dark matter interpretation of this positron excess [87].

Captured by Earth, WIMPs can annihilate inside it giving rise to the flux of neutrinos,
which are accessible to neutrino telescopes. Such indirect effects can provide constrains on
WIMPS in the form of scalar or Dirac neutrinos [88].

Metastable Gravitino

Local supersymmetry involves space-time and thus predicts supersymmetric partner
of graviton—gravitino. Gravitino coupling contains the factor 1/mPl and therefore has
super-weak semi-gravitational interaction. If gravitino are not the LSP, and thus are
unstable, their lifetime can be still sufficiently long, being given by

τ ∝
m2

Pl
m3

G
. (3)
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Gravitino decays take place after BBN for the mass of gravitino mG ≤ 104 GeV. Products
of gravitino decay can interact with nuclei and cause influence on light element abun-
dance after BBN, making primordial chemical composition a sensitive probe for gravitino
existence. Constraints on gravitino put restrictions on mechanisms of its production in
the early Universe and correspondingly on the important features of inflationary cosmol-
ogy, such as reheating temperature after inflation [89–95] or inhomogeneity of very early
Universe [29,30,32,96–98].

2.5. Messengers of Supergravity

The lack of positive evidence for SUSY particles at the LHC and for WIMPs in the
underground detectors can mean that the SUSY scale is much higher, than accessible at the
LHC. In the extreme case it may be at subPlanckean scale that may lead to unification of all
the four fundamental forces, including gravity, on the basis of Supergravity. The models
of supergravity are specified by the number of different types of gravitino N. The N = 1
supergravity corresponds to the simplest case of a single gravitino.

At the SUSY super-high-energy scale gravitino has subPlanckean mass and the LSP
superheavy gravitino can be the supermassive and superweakly interacting dark matter
candidate in the Starobinsky supergravity, which not only explains the dark matter in this
way [30,99], but also provides the implementation of the Starobinsky inflational model [13].
Extension of Starobinsky supergravity can also add the mechanism of baryosynthesis [30]
putting this approach in the physical basis for the cornerstones of the modern cosmology.
The price for it is the loss of the possibility to solve by supersymmetry the SM problems,
which need nonsupersymmetric solutions in this case.

3. Dark Atoms of Dark Matter
3.1. Multiple Charged Stable Particles
3.1.1. Composite Higgs and Its Charged Constituents

The problem of divergence of the Higgs boson mass may be solved if Higgs boson is
composite [100–105]. Then this mass is protected by the binding of Higgs boson constituents.
The scale of this binding and its nature determines the origin of the electroweak symmetry
breaking scale. Higgs boson is neutral, but its constituents can be electrically charged and
can form some other bound states with nonzero electric charge [106,107]. If stable, they can
be bound in neutral “dark atoms”, which can play the role of dark matter.

3.1.2. Problem of Anomalous Isotopes

The main problem for existence of stable charged particles is a possible overproduction
of anomalous isotopes. Created in the early Universe, they can hardly recombine completely
in dark atoms in the course of cosmological evolution and even a very small fraction of
free +1 charged particles bound with electrons leads to overproduction of anomalous
hydrogen which is severely constrained by the experimental data. The similar problem
appears for any free particles with positive integer charge, Z > 1 which can be bound with
electrons in the anomalous isotope of the corresponding element Z. If stable particles have
fractional charge, their abundance is severely constrained by the experimental searches
for free quarks. Free particles with negative odd charge −(2n− 1) (where n = 1, 2, . . . )
are captured by n nuclei of primordial helium, as soon as it is produced in the Big Bang
Nucleosynthesis, forming +1 charged ions that play the same dangerous role of ’nuclei’ of
anomalous hydrogen.

However, there does not appear such an evident contradiction for charged particles
with negative charge −2n, which can be bound with n nuclei of primordial helium in
neutral OHe (n = 1) or XHe dark atoms [28,29].

3.1.3. Dark Atom Constituents

Stable particles with nonzero electric charge are predicted:
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(a) as AC-leptons in the extension of the Standard Model, based on the approach of
almost-commutative (AC) geometry [85,108,109].

(b) as technileptons and anti-technibaryons in the framework of Walking Technicolor
(WTC) [110–116].

The absolute value of electric charge is not fixed in these models and the relative
charge assignment is determined by the compensation of anomalies and the condition of
electroneutrality. These particles have no QCD interaction and thus behave as heavy stable
multiple charged leptons in the interaction with SM particles.

Another possibility appears in the case of stable “heavy quark clusters” ŪŪŪ formed
by stable anti-U quark of 4th generation [117] or stable charged clusters ū5ū5ū5 of stable
(anti)quarks ū5 of 5th family, which can be predicted in the approach, unifying spins and
charges [118]. The precise measurements of Higgs boson properties put severe constraints
on the deviations from the predictions of the Standard model. To satisfy these constraints
sophisticated WTC scenarios (see [119] for recent review) or strong suppression of heavy
quark coupling to 125 GeV Higgs boson [120] are needed [28,29,85].

3.1.4. Suppression of Anomalous Isotopes

All the negatively charged particles are inevitably accompanied by the corresponding
positively charged antiparticles, which can recombine with ordinary electrons in anomalous
isotopes. The experimental constraints on anomalous isotopes of elements with Z ≥ 2 are
not as strong as for anomalous hydrogen but still can cause a problem for the considered
scenario. There are two possible mechanisms that can provide a suppression of anomalous
isotopes in the terrestrial matter:

(i) The abundance of anomalous isotope in the Galaxy may be significant, but in terres-
trial matter recombination of negatively charged particles with positively charged
particles suppresses this abundance below experimental upper limits [108]. This mech-
anisms implemented in the scenario with AC leptons, forming neutral AC atoms [108],
implies a new U(1) gauge symmetry, causing new Coulomb-like long range interac-
tion between A and C leptons, having opposite electric charge. It leads inevitably
to the existence of dark radiation in the form of hidden photons mediating the U(1)
interaction between A and C lepton [85].

(ii) If new stable particles are in non-trivial representations of the SU(2) electroweak
group, sphaleron transitions at high temperatures establish balance between baryon
asymmetry and the excess of these particles. Such excess of negatively charged stable
particles was shown to appear naturally in the case of WTC [110,121] and to provide
suppression of positively charged antiparticles. This charge asymmetric solution
maintains relationship between densities of asymmetric dark matter and baryonic
matter and is in the basis of dark atom cosmology.

3.2. Dark Atom Cosmology and Its Probes
3.2.1. Dark Atoms

Dark atom cosmology assumes that the excessive −2n charged particles bind with
n nuclei of He, as soon as it is created in BBN. Scenario of dark atom Universe involves
only one parameter of new physics—the mass of O−− or X−− and the main features
of the dark atom interaction with matter are determined by their nuclear interacting
(multi-)helium shell.

The main problem of proper treatment of dark atom interaction with matter is related
with the lack of usual approximations, typical for atomic physics.

Dark atom is an OHe Bohr atom, in which heavy double charged heavy lepton O−− is
surrounded by helium shell with Bohr orbit equal to the size of helium nucleus, or Thomson
XHe atom in which −2n charged heavy lepton X is situated within the nuclear droplet of
n He nuclei [28,122–124].

Therefore, though dark atom scenario can be in principle based on known atomic and
nuclear physics, specifics of dark atom structure makes the problem very complicated as
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compared with the case of ordinary atoms, in which electronic shells have Bohr radius,
which is much larger, than the size of strongly interacting nucleus. The small parameters of
electromagnetic interaction of shells and of the ratio of nucleus to shell radii provide the
usual approximations of atomic physics, which are not the case for dark atoms. Dark atom
interaction with nuclei involves a self-consistent treatment of the simultaneous action of
nuclear attraction and Coulomb repulsion between He shell (or droplet) and approaching
nucleus under the condition that the finite size of nuclei should be taken into account.

Qualitatively, the following picture may be expected [85]. At large distances Coulomb
field of nucleus polarizes dark atom so that Stark-effect attraction takes place. At some
distance nuclear attraction changes the sign of polarization, but Coulomb repulsion moves
it back, and then nuclear attraction moves He (in case of OHe, or nuclear droplet in case
of XHe) again towards nucleus, and so on. The mutual effect of nuclear attraction and
Coulomb repulsion can lead to a low energy bound state of dark atom and intermediate
mass nuclei. The existence of such state can explain the puzzle of direct dark matter
searches and this approach is now being developed for quantitative investigation [125,126].
Coulomb repulsion between the nucleus and nuclear content of dark atom can provide
dominance of elastic scattering of dark atoms off nuclei, on which the qualitative features
of dark atom cosmology are based [127,128].

3.2.2. Dark Atom Scenario

Elastic nuclear interactions of dark atom helium constituent with cosmic plasma
nuclei held dark atoms in thermal equilibrium with plasma and radiation on the Radiation
Dominance (RD) stage, while the energy and momentum transfer from plasma is effective.
It converted dark atom density fluctuations in acoustic waves at scales up to the size of the
horizon and lead to slight suppression of the small scale fluctuations, which can not be as
strong as the free streaming suppression in ordinary Warm Dark Matter (WDM) scenarios.
As soon as the interaction with plasma becomes ineffective, dark atom gas decouples from
plasma and radiation and plays the role of Warmer than Cold dark matter [28,85].

The dark atom gas does not follow the formation of baryonic astrophysical objects until
their size R and number density nm satisfy the condition nmσR < 1, where σ ≈ 210−25 cm2

is the cross section of dark atom interaction. Dark atoms form dark matter halos of galaxies
and behave as collisionless gas at the galactic scales [85]. They can be captured by dense
baryonic objects like stars or planets.

3.2.3. Dark Atom Explanation for Puzzles of Direct DM Searches

Cosmic dark atoms from galactic halo are slowed down in the terrestrial matter. It
makes them elusive for direct WIMP searches, in which detection is based on nuclear
recoil from WIMP scattering [85]. The positive results of DAMA/NaI and DAMA/LIBRA
experiments (see [68] for review and references) find in this scenario a nontrivial explanation
based on a low energy binding of dark atom with intermediate mass nuclei [25].

Local dark atom concentration is determined in the terrestrial matter by the equilib-
rium between incoming flux of cosmic dark atoms and their diffusion towards the center
of Earth. At the level of underground detectors the adjustment to the incoming flux takes
about an hour. The incoming cosmic flux experiences annual modulation due to the Earth’s
orbital motion. It leads to annual modulation in the local concentration of dark atoms
in the underground detector. Then radiative capture of dark atoms by nuclei in DAMA
detector possess annual modulation and it explains the positive result of DAMA/NaI and
DAMA/LIBRA experiments.

A low energy binding of dark atoms with nuclei is crucial for this explanation. Such
binding was found for intermediate mass nuclei in the approximation of square well and
wall for OHe [25,85], and it resulted in the existence of a few keV level in the OHe-Na
system. The positive result of DAMA/NaI and DAMA/LIBRA experiments follows then
from annual modulation of the rate of Na capture by OHe to the 3 keV bound state of
OHe-Na system.
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In the same approximation it was shown that such level does not exist in OHe interac-
tion with light and heavy nuclei. In particular, there is no such level in OHe interaction
with xenon and it can explain negative results of the XENON100 and LUX experiments.

Owing to the scalar nature of He nucleus radiative transition to the bound state of
OHe with intermediate mass nuclei can go only by the electric dipole transition, which
makes the corresponding rate proportional to the temperature, and thus suppressed in
cryogenic detectors.

Selection rules imply isovector character of nuclear electric dipole transition and it
involves isospin violation in the case of isoscalar He nucleus. The account for the corre-
sponding suppression factor made possible to reproduce the number of events, detected in
DAMA/NaI and DAMA/LIBRA experiments [25,85].

3.3. Indirect Effects of Dark Atoms
3.3.1. O-Nuclearites

Heavy nuclei can bind with multiple O−− particles and form exotic O-nuclearites,
neutral superheavy nuclear states, in which electric charge of nucleus is compensated
by the negative charge of O−− particles [85,129]. In the lack of heavy nuclei in the early
Universe O-nuclearites can hardly have primordial origin but they can be formed in stars
due to O-helium capture. O-nuclearites, created in stars, can be accelerated in the shock
waves at supernova explosions and form anomalous component of cosmic rays. Capture of
a sufficiently large amount of OHe can trigger collapse of neutron star to black hole [130].
It can put some constraints on the properties of O−− particles [85,129].

3.3.2. Exotic Component of Cosmic Rays

In addition to O-nuclearites dark atoms can give rise to some other exotic forms of
cosmic rays. High energy cosmic rays can scatter on them and set free their multiple
charged constituents. Supernova explosions of the I type, which leave no compact remnant,
release all the dark atoms, captured by star in the course of its evolution. Ionization in the
front of the shock wave releases free O or X constituents, which can be accelerated and
become a multiple charge lepton component of cosmic rays [85,117]. The main problem in
confrontation of these predictions with the results of cosmic ray experiments is whether
the mechanisms of acceleration are sufficiently effective to provide detectable fluxes.

Positron Annihilation in the Center of Galaxy

Though dark atoms behave like collisionless gas, the rate of their collisions depends
on the dark atom number density n and grows with n as n2. It can make effect of such
collisions observable in the central part of the Galaxy, where dark atom density is maximal.
Dark atoms can be excited in their collisions. Excitation to 2S level leads pair production
in E0 transition of de-excitation, while de-excitations from other excited levels lead to
specific series of gamma lines. Pair production in dark atom de-excitations can explain
the excess of the positron-annihilation line, observed in the galactic bulge by INTEGRAL
[25,85,121,131–133]. Such explanation implies the mass of double charged constituent of
O-helium to be in a narrow window around [85]

mo = 1.25 TeV. (4)

3.3.3. Decaying Dark Atom Constituent

Pending on the conservation of technibaryon and technilepton numbers WTC model
can predict stable technilepton O−− and a metastable U++ technibaryon. The latter has
the lifetime exceeding the age of the Universe [85,134]. It leads to a dark atom model, in
which the dominant nuclear-interacting component of OHe dark atom is accompanied
by a sub-dominant WIMP-like component (OU). U++ decays to pairs of positive-sign
leptons can provide explanation for the excessive high-energy positrons [85], detected in
cosmic-rays by PAMELA and AMS02 experiments [81–84]. Such explanation should avoid
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overproduction of gamma background, which inevitable accompanies these decays. It puts
the following upper limit on the mass mu of the decaying constituent of dark atom [85]

mu < 1 TeV. (5)

These predictions provide their test in experimental search for stable multiple charged particles.

3.4. Experimental Search for Dark Atom Constituents
3.4.1. Searches for Stable Multiple Charged Particles

Searches for exotic stable particles with multiple electric charge are continuously
carried out in cosmic ray and collider experiments (see, e.g., for review [135]). Conservation
of electric charge forbids in a tree approximation decay of double charge particles to pair
of quarks so that only decays to the leptons of the same sign are possible. Such process
implies lepton number nonconservation and can be a signature of BSM physics. It would
make multiple charged particles of any origin sufficiently long living.

In the context of dark atom hypothesis search for stable multiple charged heavy
leptons acquires the meaning of test for the atom-like structure of the cosmological dark
matter. Moreover, since dark atom model can explain the excess in positron annihilation
line and high-energy positron fraction in cosmic rays only if the mass of double charged
O−− particles is in the 1 TeV range, search for such particles in this range is the experimentum
crucis for such explanation.

3.4.2. Search for Multiple Charged Particles at the LHC

No events with multiple charged particles were found in ATLAS experimental data
sets, setting the lower mass limits in the 1 TeV at 95% CL [136] as shown in Figure 2.
The observed cross-section upper limits are compared in Figure 2 with theoretically
predicted cross-sections.
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Figure 2. Observed 95% CL cross-section upper limits and theoretical cross-sections as functions of
the multi-charged particles mass [136]. The double charged particles are denoted as “z = 2” (red
points and lines). The author’s original picture from [134].
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It was concluded in [134] that the results of CMS and ATLAS experiments are able to
set a lower mass limit on the double charged particles at m = 1000± 50 GeV. It already
excludes interpretation of the excess of high-energy cosmic positrons in terms of dark atoms
with decaying U++ double charged constituents.

The further analysis of ATLAS and CMS experimental data was estimated in [134] to
cover all the range of masses for stable double charged particles, at which the observed
excess of low and high-energy positrons can be explained as a possible indirect effect of
dark atoms with such constituents. A possibility of such explanation in the case of multiple
charged constituents of XHe dark atoms in confrontation with search for these constituents
in cosmic rays and at the LHC needs special study.

4. Primordial Structures from BSM Physics

The pattern of particle symmetry breaking determines the succession of phase tran-
sitions in the early Universe. Pending on the pattern of symmetry breaking topological
defects, like magnetic monopoles, cosmic strings or domain walls can be formed in such
transitions [137–145]. If stable, such defects can provide sensitive cosmological probe for
the corresponding model [29]. However, even temporary existence of such defects, which
rise and then disappear in the succession of phase transitions can lead to observable effect,
as we discuss on the example of Axion-Like-Particle (ALP) models.

4.1. Cosmological Structures from Axion-like Models

The problem of divergence of Higgs boson mass in the electroweak sector of SM
is accompanied by the problem of strong CP violation in QCD, revealed by R. Peccei
and H. Quinn [146], who proposed additional global U(1) symmetry, which provided
solution for this problem. However, similar to the case of SUSY, which predicts existence
of supersymmetric partners of ordinary particles, spontaneous breaking of Peccei-Quinn
(PQ) symmetry involves prediction of a pseudo-Nambu-Goldstone boson—axion [147,148].
Constraints on this QCD axion imply rather high-energy scale of the spontaneous PQ
symmetry breaking, making axion invisible, but potentially very attractive as candidate
for cosmological dark matter (see Refs. [149,150] for review and references). Extension of
axion models leads to development of models of axion-like particles, which are not related
with the PQ solution for the QCD problem.

A wide class of axion-like particle (ALP) models can be effectively described by a
complex field, which experiences a succession of spontaneous and then explicit breaking of
global U(1) symmetry. Spontaneous U(1) symmetry breaking is induced by the vacuum
expectation value 〈ψ〉 = f of a complex scalar field Ψ = ψ exp (iθ). The explicit symmetry
breaking is provided by the term in its potential Veb = Λ4(1− cos θ). Spontaneous symme-
try breaking at scale f results in continuous degeneracy of vacua. The explicit symmetry
breaking at smaller energy scale Λ � f changes this continuous degeneracy by discrete
vacuum degeneracy. The character of formed structures depends on whether the first
phase transition with spontaneous symmetry breaking takes place in the inflationary or
post-inflationary stage.

4.1.1. Large Scale Correlations of Axion Field

If the first phase transition proceeds at the high temperature after reheating, due to
continuous degeneracy of vacua a string network is formed. At the second phase transition,
the initial phase value, acquires a dynamical meaning of the amplitude of the ALP field,
when ALP mass is switched on Then the string network transforms in the topological defect
structure of walls surrounded by strings. This defect structure is unstable, but it leaves
a replica in the energy density distribution of coherent ALP field oscillations [151–153],
reflected in the large-scale inhomogeneity of this distribution.

The value of phase changes by 2π around string. The common wisdom (see Refer-
ences [154,155] and references therein) is that the corresponding nonhomogeneity is not
essential at the distances, exceeding the size of the cosmological horizon in the period
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when ALP field oscillations start. However, since the nonhomogeneity of phase follows the
pattern of the wall-surrounded by strings network, this general wisdom misses large-scale
correlations in the energy density distribution of ALP oscillations.

One may think that such correlations can not survive at large distances, if large loops
are dominant in them, but the numerical analysis (see the review in [156]) indicates that
large loop contribution is strongly suppressed, and the dominant fraction of ’infinite’
strings (about 80% of string length) is virtually constant in all large scales. This property
reflects the scale invariant character of the cosmic string network. Therefore, the large-scale
correlations of energy density distribution should be present in ALP cosmology, if the
first phase transition took place after reheating, as it was revealed in References [151–153].
Cosmological evolution of these structures and their observational effects need special
study. If these large-scale correlations persist to the period large-scale structure formation,
their contribution into the CMB anisotropy put severe constraints on the possible fraction
of dark matter in the form of ALP and in particular can exclude axions as the dominant
form of Cold Dark Matter [151–153].

Formation of large scale primordial inhomogeneities embracing causally disconnected
regions in the period of phase transitions is the consequence of inflation, which provides
the identical conditions of phase transition after reheating in these regions, supporting
large-scale correlation of inhomogeneities, formed in them.

4.1.2. Primordial Seeds for Active Galactic Nuclei

If the phase transition with spontaneous U(1) symmetry breaking take place at the
inflational stage, the value of θ60 is fixed in the period of inflation with e-folding N = 60
corresponding to the part of the universe within the modern cosmological horizon. At
successive steps of inflation the phase θ experiences fluctuations of the order of ∆θ ∼
H/(2π f ) (here H is the Hubble parameter at the inflational stage) [157]. They change
in the course of inflation, the initial value of phase within the regions of smaller size.
If θ60 < π, the fluctuations can move at N < 60 the value of θN to θN > π in some regions
of the universe. After reheating, when the universe cools down to temperature T = Λ,
the explicit symmetry breaking leads to the phase transition to the discrete vacuum states.
They correspond to the minima of Veb. For θN < π, the minimum of Veb is reached at
θvac = 0; while in the regions with θN > π, the vacuum state corresponds to θvac = 2π.

If θ60 < π the true vacuum state within the modern cosmological horizon corresponds
to θvac = 0. However, owing to phase fluctuations within this volume there can appear
compact regions with θvac = 2π. These regions are separated from the bulk by massive
domain walls, which are formed at the border between the two vacua. Since regions with
θvac = 2π are compact, the domain walls are closed. After these closed walls enter the
horizon, they can collapse into black holes (BHs).

The mass range of formed BHs is determined by the scales of symmetry breaking, f
and Λ. The condition that the wall does not dominate locally before it enters the cosmo-
logical horizon defines the principally maximal mass of black hole. Otherwise, local wall
dominance leads to a superluminal a ∝ t2 expansion of the corresponding region, making
it elusive for the other part of the universe. This condition corresponds to the mass [158]

Mmax =
mpl

f
mpl(

mpl

Λ
)2 (6)

The minimal mass is determined by the condition that the gravitational radius of BH
exceeds the width of wall. It is equal to [158,159]

Mmin = f (
mpl

Λ
)2 (7)

Closed wall collapse leads to primordial Gravitational Wave (GW) background, peaked
at [29]

ν0 = 3× 1011(Λ/ f )Hz (8)
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with energy density up to
ΩGW ≈ 10−4( f /mpl) (9)

At f ∼ 1014 GeV this primordial GW background can reach ΩGW ≈ 10−9. For the
physically reasonable values of

1 < Λ < 108 GeV (10)

the maximum of the spectrum corresponds to

3× 10−3 < ν0 < 3× 105 Hz (11)

In the range from tens to thousands of Hz, such background may be a challenge for
the gravitational wave experimental search.

The first crossing of π by phase fluctuation at some stage of inflation N1 is accom-
panied by series of its i (where i is a natural number) successive crossings at N(i) < N1.
Therefore formation of a larger closed wall is accompanied in the corresponding region
by formation of i smaller walls. It naturally leads to formation of primordial black hole
(PBH) clusters [160]. Gravitational wave signals from merging of BHs in such cluster is
another profound signature of the considered scenario, which may be tested in directional
detection of correlation of BH merging in GW experiments.

In principle, the mechanism of closed wall collapse can lead to the formation of
primordial black holes of a whatever large mass up to the mass of seeds of active galactic
nuclei (AGNs) [161,162], see for review References [31,160]. Such black holes appear in the
form of primordial black hole clusters, exhibiting fractal distribution in space [158,159,163].
This can shed new light on the problem of galaxy formation [158,162].

The prediction of massive PBHs and their clustering can provide the interpretation
of GW signals from massive black hole merging. Continuously growing Catalogs of GW
signals [164–166] contain dominantly the detected signals from the coalescence of black
hole binaries (BBH) with the measured mass larger than 10–20 M�. Formation of such
massive black holes is difficult to explain by the astrophysical models of the evolution of
the first stars, especially if the mass exceeds the “pair instability” threshold about 50 M�.
The primordial origin of massive and supermassive black holes may resolve this difficulty
(see, e.g., [167] for review and references), as well as massive PBH clustering can facilitate
BBH formation [168]. In that context, a GW signal from a BBH coalescence with total mass
150 M�, detected by LIGO and VIRGO collaborations [169], was recently considered as
possible evidence for primordial origin of massive BHs [170].

Clustering of massive PBHs, lead to repeating events of BBH coalescence in the cluster,
and can provide an observational test for for PBH clusters [160,171]. If confirmed, it will
strongly favor BSM models, predicting the formation of massive PBH clusters in the early
Universe, as well as specify their parameters.

4.2. Macroscopic Antimatter from BSM Physics

Strong inhomogeneity of baryosynthesis can lead to the appearance of antibaryon do-
mains in the baryon asymmetrical universe [172]. In an example of a model of spontaneous
baryosynthesis (see Reference [173] for review), it was shown in [174] how the combination
of inflation and nonhomogeneous baryosynthesis can result in the formation of sufficiently
large antimatter domains, which can survive to the present time.

Antimatter Domains in Baryon Asymmetrical Universe

The mechanism of spontaneous baryogenesis [173,175,176] implies the existence of a
complex scalar field χ = ( f /

√
2) exp (θ) carrying the baryonic charge. Similar to the case of

ALP, the global U(1) symmetry of the baryon charge is broken spontaneously and explicitly.
The explicit breakdown of U(1) symmetry is caused by the phase-dependent term

V(θ) = Λ4(1− cos θ) (12)
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The interaction of the field χ with matter fields violates baryon and lepton num-
ber [173]:

L = gχQ̄L + h.c., (13)

where Q and L are, respectively heavy quark and lepton fields, which are coupled to the
ordinary matter fields.

When in the course of post inflational stage the slows down and becomes comparable
with the mass mθ = Λ2

f , the phase θ acquires dynamical meaning and starts to oscillate
around the minimum of its potential (12), decaying to matter fields. The interaction (13)
leads the following feature of the decay products [173]: it creates the baryon excess, when
the phase starts to roll down in the clockwise direction, and antibaryon excess, if it starts to
roll down in the anti-clock-wise direction. Therefore the excess of baryons or antibaryon is
determined by the initial value of θ, fixed in the inflational stage.

This specifics of baryon and antibaryon excess generation is illustrated on Figure 3.
If the value of phase θ60 at the e–fold N = 60, corresponding to the observed part of the
modern Universe, is in the range [π, 0], there is created the net excess of baryons. However
at the successive stages of inflation, at each successive e–fold, corresponding to smaller
scales, this value experiences Brownian steps δθ = Hin f l/(2π f ), where Hin f l is the Hubble
parameter at the inflational stage. The typical scale of the fluctuation δθ is equal to H−1

in f l .

The whole domain H−1
in f l containing phase θN gets divided (after one e-fold) into e3 causally

disconnected domains of radius H−1
in f l . Each new domain contains almost homogeneous

phase value θN−1 = θN ± δθ. This process repeats in every domain with every successive
e–fold and at some step N the phase θN can cross the value of π. In this domain the
direction of rolling down to the minimum of potential (12) is anti-clockwise and antibaryon
excess is generated in this region, being surrounded by baryon excess outside it.

θ
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0

matter

matter

anti

θ

θ

i

i

θ
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θ
60

−δθ
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Figure 3. The evolution of the phase at the inflational stage (the author’s original picture from
Reference [177]).

The fate of such antimatter regions depends on their size and antibaryon density
within them. If their size exceeds the critical surviving scale Lc = 8h2 kpc [174], diffusion
to the borders of domain cannot lead to their complete dissipation and they survive annihi-
lation with surrounding matter. Low density domains can survive in the form of diffused
antimatter regions, in which antibaryon density is so low that neither nucleosynthesis,
nor recombination is possible in them, so that they represent the regions of low density
antiproton—positron plasma [174].

Sufficiently dense antimatter domains can evolve in antibaryon objects, which can
be present in our Galaxy. If evolution of antibaryon matter in them was similar to the
evolution of baryon matter, antimatter globular cluster can be formed in our Galaxy [178].
The existence of such cluster in the halo of our Galaxy cannot lead to strong effect of
antimatter annihilation within it due to low density of matter gas in halo and to the fact
that annihilation can be only on the surface of antimatter stars, making antimatter globular
cluster rather faint gamma ray source. More stronger effect comes from the pollution of the



Symmetry 2022, 14, 112 17 of 30

galactic halo by antinuclei (dominantly antiprotons) lost by antimatter stars by anti-stellar
winds. The annihilation of such antinuclei with matter gas can contribute to [179] the
observed galactic gamma background in the range of tens–hundreds MeV, which puts an
upper limit on the total mass of antimatter stars about 105M� [178]. Rough estimation of
the predicted antihelium component of cosmic rays [180] makes it accessible to searches
for cosmic ray antinuclei in AMS02 experiment and if the presence of such component is
confirmed, it can be hardly explained as secondary antinuclei [181].

One can think that antimatter meteorites [182] can also provide a direct experimental
test for the hypothesis of macroscopic antimatter in our Galaxy. However, formation
of such meteorites assumes existence of antimatter dust, which can be hardly formed
in the conditions of antimatter localized within a region of antimatter globular cluster.
The elementary constituents (anti-carbon, anti-silicon etc.) of such dust cannot come to this
region from surrounding matter, while being formed within the globular cluster are easily
lost and annihilated in the interstellar matter gas.

If θ60 � π and fluctuations move the value of phase to θ > π, antibaryon density in
antimatter domain may be much higher, than in baryonic matter. It can result in formation
of very dense self-gravitating antibaryon regions, whose evolution can differ substantially
from ordinary baryonic matter and result in formation of superdense antibaryonic objects
in our Galaxy. The possibility of the formation of such dense antimatter objects and the
strategies for their search were considered in [183].

To conclude, the primordial strong inhomogeneities enrich the variety of cosmological
messengers the Dark universe. Primordial black holes play special role in the list of such
cosmological messengers and we consider in the next section the variety of PBH probes for
symmetry breaking pattern of physics of dark Universe.

5. Primordial Black Holes as a Probe for Physics of Dark Universe

Gravitational collapse of mass M within its gravitational radius rg = 2GM/c2. can
naturally take place in the end of evolution of star, whose mass exceeds three solar
mass [184,185]. However, in the early universe, as noticed Ya. B. Zeldovich and I. D.
Novikov (see Reference [186]), if cosmological expansion stops in some region within the
cosmological horizon, a black hole of a sub-stellar mass can be formed. This implies strong
deviation from general expansion and inhomogeneity leading to formation of Primordial
Black Holes (PBHs) [187,188]. Such strong inhomogeneities reflect various features of BSM
physics at superhigh energy scale [31].

5.1. PBH Probe for Superheavy Metastable Particles

In the universe with equation of state

p = γε (14)

with numerical factor γ being in the range

0 ≤ γ ≤ 1 (15)

the probability of forming a black hole from fluctuations with dispersion〈
δ2
〉
� 1 (16)

within the cosmological horizon is given by [189]

WPBH ∝ exp
(
− γ2

2〈δ2〉

)
. (17)
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It makes PBH spectrum exponentially sensitive to the softening of the equation of
state (γ→ 0) or to the enhanced ultraviolet part of the spectrum of fluctuations (

〈
δ2〉→ 1).

These phenomena can reflect cosmological consequence of BSM physics [31].

5.1.1. PBHs from Dominance of Superheavy Particles

The existence of superheavy metastable particles with lifetime τ � 1s cannot be
directly probed by in the astrophysical. However, it was first noticed in Reference [190]
that if such particles dominate in the universe before their decay at t ≤ τ they can form
PBHs, which keep information on particle properties in their spectrum. This provides an
indirect possibility to probe the existence of such particles by confrontation of the effect of
the predicted PBH spectrum with astrophysical observations.

After reheating, at
T < T0 = rm (18)

particles with mass m and relative abundance r = n/nr (where n and nr are correspondingly
number densities of particles and of relativistic species) dominate in the universe before
their decay. At matter dominance of these nonrelativistic particles at t > t0, where

t0 =
mpl

T2
0

(19)

density fluctuations grow as

δ(t) =
δρ

ρ
∝ t2/3. (20)

In the result of the development of gravitational instability gravitationally bound systems
are formed, which decouple at

t ∼ t f ≈ tiδ(ti)
−3/2 (21)

from general cosmological expansion, when fluctuations entering the horizon with ampli-
tude δ(ti) at t = ti > t0 grow to δ(t f ) ∼ 1.

Black holes can form either directly after the system decouples from expansion or in
the result of evolution of the initially formed gravitationally bound systems.

5.1.2. Direct PBH Formation

Density fluctuation can directly collapse to BH if it is especially homogeneous and
isotropic, so that it contract within its gravitational radius, when the system decouples
from expansion. A probability for such direct collapse gives minimal estimation of BH
formation in the matter dominated stage.

This probability was calculated in Reference [190] for configuration with such a high
sphericity and homogeneity that they can contract within their size, which they had, when
entered horizon and which corresponds to their gravitational radius. The corresponding
conditions are independent of the specific properties of dominating matter, being valid for
both collisionless and interacting particles [191–194],

The probability of sufficient sphericity is given by [190–194]

Ws ∼ δ(ti)
5, (22)

where δ(ti) is the amplitude of fluctuation, when it entered horizon at t− ti—the product
of this probability and the probability for sufficient homogeneity

Wu ∼ δ(ti)
3/2 (23)

leads to the strong power-law suppression of probability for direct BH formation

WPBH = Ws ·Wu ∼ δ(ti)
13/2 (24)
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This calculation [190–194] does not imply the specific form of Gaussian distribution of
fluctuations and thus should not change strongly in a case of non-Gaussian
fluctuations [195].

This mechanism [3,4,190–194] leads to formation of PBHs with mass in an interval

M0 ≤ M ≤ Mbhmax (25)

The minimal mass is given by the mass within the cosmological horizon in the begin-
ning of matter dominance at t ∼ t0, and is equal to [3,4,190–194]

M0 =
4π

3
ρt3

0 ≈ mpl(
mpl

rm
)2 (26)

The maximal mass is follows from the condition

τ = t(Mbhmax)δ(Mbhmax)
−3/2 (27)

that fluctuation with the mass Mbhmax, which enters horizon at t(Mbhmax) with an amplitude
δ(Mbhmax)� 1, can collapse before particles decay at t = τ. For scale-invariant spectrum
δ(M) = δ0, the maximal mass is given by [158]

Mbhmax = mpl
τ

tPl
δ−3/2

0 = m2
plτδ−3/2

0 (28)

The probability, given by Equation (24), is also appropriate for the PBH formation in
the matter dominated preheating stage after inflation [3,4,196].

The probability WPBH(M) determines the fraction of total density

β(M) =
ρPBH(M)

ρtot
≈WPBH(M) (29)

corresponding to PBHs with mass M is small for δ(M)� 1. This means that the bulk of
particles do not collapse directly into PBHs, but form nonrelativistic gravitationally bound
systems. The evolution of these systems strongly depends on particle properties but it can
substantially enhance probability of PBH formation at early matter dominated stages.

5.1.3. Evolutionary Formation of PBHs

Gravitationally bound systems of collisionless gas resemble modern galaxies with
collisionless gas of stars. Such a system is unstable relative to collapse to a black hole, but the
corresponding evolution is a very slow process, being determined by the rate of dissipation
due to evaporation of particles, whose velocity exceeds the excape velocity [3,4,197]. In the
case of gravitational binary collisions, the evolution timescale [3,4,197] is given by

tev =
N

ln N
t f f (30)

for a gravitationally bound system of N massive particles. Here t f f is the free fall time for
a system with density ρ, which is given by t f f ≈ (4πGρ)−1/2. due to Collective effects in
collisionless gas [198] can make the evolution timescale shorter, being at large N on the
order of

tev ∼ N2/3.t f f (31)

The free fall time for gravitationally bound systems of collisionless gas is on the
order of cosmological time t f for the period when these systems are formed at the matter
dominated stage. Therefore, even with the account for collective effects, the particles should
be very long-living (τ � t f ) to form black holes in the evolutionary process.

Superheavy particles interacting with light relativistic particles and radiation form
gravitationally bound systems with much smaller evolutionary time scale, than collisionless
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gas. Such systems have analogy with stars, in which evolution is determined by radiative
energy loss. Such star-like systems could be formed at matter dominance of superheavy
color octet fermions of asymptotically free SU(5) model [199] or magnetic monopoles
of GUT models. In charge symmetric case, frozen out particles and antiparticles can
annihilate in gravitationally bound systems. However, detailed numerical simulation [200]
has shown that such annihilation cannot prevent the collapse of the majority of mass within
these systems. The timescale of PBH formation by star-like objects does not exceed the
cosmological time of the period when the systems are formed. The peak of these PBH
spectrum corresponds to the mass within the cosmological horizon in the beginning of
matter dominance, given by Equation (26).

5.2. PBHs from Phase Transitions in the Inflationary Stage

The data of the precision cosmology seem to favor red spectrum of density fluctuations
with the amplitude of fluctuations decreasing to small scales. It confirms the prediction
of single filed inflation. However this trend is based on the large-scale observations of
Cosmic Microwave Background (CMB) and Large Scale Structure (LSS). On the other side,
the observed strong inhomogeneity on scales, smaller than clusters of galaxies can easily
mask strong deviations from this trend, reflecting the rich symmetry breaking pattern of
BSM models. The presence of other scalar fields in the period of inflation can lead to spikes
in the spectrum of density fluctuations on the scales determined by the parameters of the
considered fields and their interaction with inflaton. This possibility was first pointed out
in the chaotic inflation scenario in Reference [201]. It can strongly enhance probability of
PBH formation on these scales, making PBH spectrum a sensitive probe for the existence of
such fields.

This sensitivity can be illustrated by the example of phase transition induced by
interaction of a Higgs field φ with an inflaton field η (see Reference [31] for review and
references). If this interaction induces positive mass term + ν2

2 η2φ2, at a certain critical
value ηc = m/ν of the amplitude of the inflaton field the mass term in Higgs potential

V(φ, η) = −
m2

φ

2
φ2 +

λφ

4
φ4 +

ν2

2
η2φ2 (32)

changes sign. At this stage of inflation, slow rolling phase transition takes place, which
leads to the appearance of a characteristic spike in the spectrum of density fluctuations.
These spike-like features generated at e-fold (60 ≥ N ≥ 1), strongly enhance PBH formation
at the corresponding scale. For the vacuum expectation value of a Higgs field

〈φ〉 = m
λ

= v (33)

and λ ∼ 10−3, the amplitude δ of a spike is given by [202]

δ ≈ 4
9s

(34)

with

s =

√√√√4
9
+ κ105

(
v

mpl

)2

− 3
2

(35)

where κ ∼ 1.
If the spike re-enters the horizon at the radiation dominated (RD) stage, it leads to

enhancement of formation of PBHs with the mass

M ≈
m2

Pl
H0

exp{2N}, (36)

where H0 is the Hubble constant in the period of inflation.
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The spikes, re-entering horizon in the matter dominated (MD) stage, induce formation
of PBHs of mass

M ≈
m2

Pl
H0

exp{3N}. (37)

The model of horizontal unification [203–206] predicts succession of phase transitions
of family symmetry breaking. At the high-energy scale of this breaking, such phase
transitions should take place in the inflationary stage and enhancement of PBH formation
by the corresponding spikes provides severe constraints on the scale of family symmetry
breaking from the upper limits on PBHs of the corresponding mass [202].

5.3. PBHs Form First Order Phase Transitions

First order phase transitions in the early Universe go through nucleation of bubbles of
true vacuum and their subsequent expansion in the false vacuum [207], in which potential
energy of the false vacuum is converted into the kinetic energy of bubble walls. The bubble
expands until it collides with another one. In a collision of several bubbles a black hole may
be created [208,209]. Though the probability of the collision of two bubbles is much higher,
strict conservation of the original O(2,1) symmetry seemed to prevent PBH formation
in such processes. However, the investigations [210–212] revealed the mechanisms of
breaking of this symmetry, making possible to create PBHs with a probability of order unity
in collisions of only two bubbles. It makes PBH formation a sensitive probe for first-order
phase transition in the early Universe.

If inflation models ended by a first-order phase transition (see for example [213–220]),
the phase transition is completed after the true vacuum percolation regime is established,
when at least one bubble per unit Hubble volume is nucleated, corresponding to the
condition [220]:

Q ≡ 4π

9

(
Γ

H4

)
tend

= 1, (38)

where Γ is the bubble nucleation rate and H is the Hubble constant in the period of
transition. If the two bubble collision leads to PBH formation, the mass of this PBH is given
by [210–212]

MBH = γ1Mbub (39)

where γ1 ' 10−2. Here Mbub is the mass within the bubble volume at the epoch of collision.
Then collision between bubbles of Hubble size in the percolation regime would lead to
copious PBH formation with masses

M0 = γ1Mhor
end =

γ1

2

m2
pl

Hend
(40)

where Mhor
end is the mass within the Hubble horizon at the end of inflation, coinciding

with Mbub in (39). Then the initial mass fraction of this PBHs is given by [210–212] β0 ≈
γ1/e ≈ 6 × 10−3. For example, for a typical value of Hend ≈ 4 × 10−6 mpl , the initial
mass fraction β is contained in PBHs with mass M0 ≈ 1 g. Such mini PBHs experience
Hawking evaporation [221] at t ∼ 10−27 s, but products of their evaporation can lead to
observable effects.

If PBH vanishes completely [222], stable particles– products of evaporation can provide
the test for their existence, as discussed in the next subsection. If PBH evaporation leaves a
stable relic (see References [223–226]) with the mass of order mrel = kmpl (1 ≤ k ≤ 102) the
constraints may be even more stronger [210–212] and with the account for the observational
constraints on PBHs [227–233] can exclude the coexistence of stable remnants of PBH
evaporation with the first-order phase transitions at the end of inflation.

The physics of dark Universe can lead to first-order phase transitions in the dark
sectors. PBH formation in these transitions together with gravitational wave background
can be an important cosmological probe for such transitions and the underlying symmetry
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breaking pattern of the dark sector. It makes necessary detailed analysis of mechanism
of PBH formation in bubble collisions. In particular, the formation of PBH in bubble wall
collisions was not found in lattice calculations [234], but these calculations did not take into
account the evolution of false vacuum bag, studied in [235]. On the other hand, studies of
this evolution found rather probable formation of oscillons, which do not collapse in PBHs.
The open question of relationship between formation of oscillons and PBHs in association
of gravitational wave background deserves special study.

5.4. PBH Evaporation as Universal Particle Accelerator

The possibility of PBH evaporation [221], strongly increases the sensitivity of the
astrophysical data the existence of PBHs and mechanisms of their
formation [3,31,191,193,236]. Constraining the PBH abundance provide unique information
on the power spectrum on very small scales. PBHs with initial masses between ∼109 g
and ∼1016 g have led to stringent upper limits (see References [31,191,223,237,238]). These
observational constraints follow either from the direct effects of the evaporated particles (for
masses between 1014 g and 1016 g) or from indirect effects of their interaction with matter
and radiation (for PBH masses between 109 g and 1014 g). These effects can influence the
entropy per baryon, the deuterium destruction, the 4He destruction, and put contributions
to the cosmic-rays by particles. However, since evaporation is originated by gravitational
field, any particle, which can exist in our space-time and thus possess gravitational in-
teraction can be emitted, provided that its mass does not exceed substantially the black
hole temperature. Being independent of the strength of other particle interactions, PBH
evaporation can provide copious production of super-weakly interacting particles. Such
particles cannot be in equilibrium with the hot plasma and their primordial abundance
cannot be frozen out. The only source of such particles in the early universe is their freeze,
caused by the rare processes of their production by their super-weak interaction. Mini-PBH
evaporation strongly enhances the frozen-in abundance of such particles.

The production of super-weakly interacting gravitino in the PBH evaporation [3,4,236,239]
(see also [96,97]) provides stringent constraints on PBHs with the mass M ≤ 109 g and the
corresponding mechanisms of their formation [98]. Such PBHs evaporate before BBN and can
only influence entropy production, while production of gravitino in the PBH evaporation makes
possible to use the astrophysical constraints on gravitino to probe the mechanisms of mini-PBH
formation and BSM physics, underlying them.

6. Discussion

The basic elements of the modern cosmology find their physical nature in the dark
sector of the fundamental physics. The corresponding cosmological impact reflects the
underlying symmetry and symmetry breaking pattern in this sector.

If dark matter exists as the dominant form of nonrelativistic matter in the modern
Universe, its stability should find some fundamental physical reason. We have given several
examples of practical necessity of extension of the symmetry of the Standard model of
elementary particles, which inevitably leads to predictions of new stable particles, playing
the role of dark matter candidates. Taking into account the variety of motivations for
such SM extensions, one can expect that dark matter can be multicomponent, involving
all these particle candidates in the consideration. Then the question on the nature of dark
matter transforms into the question on the form of dark matter, which plays the dominant
dynamical role in formation and evolution of the cosmological Large Scale Structure.

Moreover, the necessity to solve the problem of strong CP violation in QCD gave rise to
the prediction of QCD axion as dark matter candidate. It should behave as cold dark matter
in spite of it’s small mass, since axions would be created in the early Universe not as a
primordial thermal gas, but as nonrelativistic Bose condensate of axions in the ground state.
Creation of axions can possess large-scale correlations in its energy distribution, which
leads to primordial nonlinear structures [29]. Phase transitions, predicted by the axion
physics can be related with mechanisms of Primordial Black Hole (PBH) formation [31],
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including mechanisms of massive and even supermassive PBH formation [31,160,161,167].
PBHs in some mass range can be dominant dark matter candidate [240], but even if their
contribution into the total density is subdominant, they can be together with primordial
gravitational wave background important cosmological messenger of the physical nature
of the dark matter.

A possibility to explain some effects of dark matter by modified gravity [241,242]
extends the analysis beyond General relativity, the standard model of gravity, in which the
method of multimessenger probes is also applicable.

To conclude, the solutions of the problem of the physical nature of the Dark Uni-
verse inevitably lead beyond the standard physical and cosmological models to their
model-dependent multimessenger test in combination of their physical, astrophysical and
cosmological signatures. The mystical Ouroboros (self-eating-snake) illustrated the main
problem of modern fundamental physics: The theory of the universe is based on the predictions
of fundamental physics, which in turn need cosmology for their test. Indeed, our modern under-
standing of the structure and evolution of the universe involves phenomena of inflation,
baryosynthesis, and dark matter and dark energy. Cosmoparticle physics [3–5,26,243]
offers the way out of this vicious circle. It studies the fundamental basis and mutual
relationship between micro-and macro-worlds in the proper combination of physical, astro-
physical, and cosmological signatures. The approach of cosmoparticle physics can shed
light on the dark Universe, which according to the modern paradigm was governed by
unknown physics in its beginning and remains dominantly dark at the present stage of
cosmological evolution.
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