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Anti-stars in the Milky Way and primordial black holes
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Abstract. Astronomical data of the several recent years which present an evi-
dence in favour of abundant antimatter population in our Galaxy, Milky Way, are
analysed. The data include: registration of gamma-rays with energy 0.511 MeV,
which surely originate from electron-positron annihilation at rest, very large flux
of anti-helium nuclei, discovered at AMS, and 14 stars which produce excessive
gamma-rays with energies of several hundred MeV which may be interpreted as
indication that these stars consist of antimatter. Theoretical predictions of these
phenomena, made much earlier ago are described

1. Introduction

The story of the antimatter search in the Galaxy started probably in 1968 from
the attempts initiated by B.P. Konstantinov to search for anti-comets in the Solar
System [1, 2], which were strongly criticised by Ya.B. Zeldovich despite very good
personal relations between them.

Later activity referred mostly to cosmological antimatter but not to antimatter in
our close neighbourhood, Antimatter effects in cosmology was probably first discussed
in 1971 in ref. [3], followed by [4,5]. Antimatter domains in the universe were studied
in [6]. Reviews on the state of art with antimatter in cosmology were done in [4, 8].
Antimatter in the Galaxy was considered only in the last reference [8] based on the
theoretical prediction [9], which was later elaborated in [10].

2. Anti-evidence

2.1. Cosmic positrons

Observation of intense 0.511 line, a proof of abundant positron population in the
Galaxy. In the central region of the Galaxy electron—positron annihilation proceeds
at a surprisingly high rate, creating the flux [11-13]:

(1) D511 kev = 1.07 £ 0.03 - 1073 photons cm 27 1.
The width of the line is about 3 keV. Emission mostly goes from the Galactic bulge

and at much lower level from the disk, There are several preceding works where this
phenomenon was observed, the references can be found in the above quoted papers.
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Until recently the commonly accepted explanation was that et [14] are created in
the strong magnetic fields of pulsars but the recent results of AMS probably exclude
this mechanism. The reason is the following. According to the AMS data the energy
spectrum of antiprotons and positrons are exactly the same both in the form and
in the absolute magnitude. This feature implies that the mechanisms of p and e™
production are the same and since protons cannot be produced in the magnetic fields
of pulsars, it means that neither positrons could be created by this mechanism.

2.2. Cosmic antinuclei

In 2018 AMS-02 announced possible observation of six H 63 and two H 64 even-
ts [15,16]. Recent measurements reveal much more anti-events [14]. According to
the data [14] the ratio of fluxes He/He ~ 1079 is too high, if one assumes that He
is produced in the process of cosmic ray collisions. As we see below, such seconda-

ry creation of He is negligibly weak in comparison with theoretical expectation. A
simple possibility to explain so high value of the observed anti-flux is to assume an
existence of primordial antimatter in the Galaxy. Possibly because of that S. Ting
expressed hope to observe anti-silicon, Si.

It is not excluded that the flux of anti-helium is even much higher than the
observed one, because the low energy He may escape registration in AMS.

The expected rate of the secondary production of anti-nuclei in cosmic rays was
calculated in ref. [17]. Anti-deuterium can be created in the collisions p+ p or p + He,
which would produce the flux of D ~ 10~7/m?/s~!/steradian/GeV /neutron, i.e. 5
orders of magnitude below the observed flux of antiprotons. The fluxes of *He and
4He, which could be created in cosmic ray collisions are respectively 4 and 8 orders
of magnitude smaller than the flux of anti-D.

After AMS announcement of observations of anti-He? there appeared theoretical
attempts to create anti-He* through dark matter annihilation, which does not look
natural. A recent review on anti-nuclei in cosmic rays can be found in [18].

2.3. Antistars in the Galaxy

A possible striking discovery of antistar population in the Milky Way was an-
nounced recently [19]. Quoting the authors: ”We identify in the catalog 14 antistar
candidates not associated with any objects belonging to established gamma-ray source
classes and with a spectrum compatible with baryon-antibaryon annihilation.”

Of course additional confirmation of this result is necessary. A possible new way to
identify antistats was suggested in ref. [20]. It was noticed there that prior to idirect
pp contact and annihilation the formation of atomic-like excited states consisting from
proton-antiproton, proton-antinucleous (or antiproton-nucleous), and at last nucleous-
antinucleous could be formed, which are similar to positronium.

In astrophysically plausible cases formation of such quasi-atoms is possible in the
process of the interaction of neutral atmospheres or winds from antistars with ionised
interstellar gas, These atoms rapidly cascade down to low levels prior to annihilation
giving rise to a series of narrow lines which can be associated with the hadronic
annihilation gamma-ray emission. The most significant are L (3p-2p) 1.73 keV line
(vield more than 90%) from pp atoms, and M (4-3) 4.86 keV (yield ~ 60%) and L (3-
2) 11.13 keV (yield about 25%) lines from Hep atoms. These lines can be probed in
dedicated observations by forthcoming sensitive X-ray spectroscopic missions XRISM
and Athena and in wide-field X-ray surveys like SRG/eROSITA all-sky survey.
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Fig. 1. — Positions and energy flux in the 100 MeV - 100 GeV range of antistar candidates selected
in 4FGL-DR2. Galactic coordinates. The background image shows the Fermi 5-year all-sky photon
counts above 1 GeV

The search of such objects could be facilitated by some unusual properties of
antistars, e.g. by high velocities or unusual chemical content, see below. According
to the model of antistar-in-the-Galaxy prediction [9,10] such peculiarities are typical
for antistars and can be good signatures to search for them.

2.4. Observational bounds on galactic antimatter

Possible evidence of admixture of antimatter in the Galaxy i surely beyond the
usual expectations Normally one may expect galaxies consisting purely either of mat-
ter or antimatter. Cosmologically large domains of matter and antimatter may be
formed if C and CP symmetries are broken spontaneously. As a result the world
would be symmeric with respect to matter and antimatter.

From the data on the cosmic gamma rays one can conclude that the nearest anti-
galaxy could not be closer than at ~10 Mpc [21]. Otherwise annihilation with protons
from the common intergalactic cloud consisting of matter would be too intensive,
violating existing observational limits.

The fraction of antimatter in Bullet Cluster should be below < 3 x 1076 [22] based
on the upper bounds to annihilation gamma-rays from galaxy clusters. Some limits
on the fraction of antimatter at large scales can be obtained from the CMB data
which excludes large isocurvature fluctuations at d > 10 Mpc, and from Big Bang
Nucleosynthesis which does not allow large chemistry fluctuations at d > 1 Mpc.

According to the ref. [23] the analysis of the intensity of gamma rays created by
the Bondi accretion of interstellar gas to the surface of an antistar would create the
luminosity

(2) L, ~3-10%(M/Mg)?vg>.

It allows to put a limit on the relative density of antistars in the Solar neighbourhood:
Nz/N. < 4-107° inside 150 pc from the Sun.

The presented above bounds are valid, if antimatter makes the same type objects
as the observed matter. For example, compact stellar-like objects consisting of an-
timatter may be abundant in the Galaxy but still escape observations. The bounds
on the density of galactic compact antistars are rather loose, because the annihilation
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proceeds only on the surface of antistars which are the objects with short mean free
path of protons, as it is analysed in the papers [24-26].

3. Antistar prediction

Based on the conventional approach no antimatter object is expected to be in the
Galaxy. However, it was predicted in 1993 and elaborated in 2009 that noticeable
amount of antimatter, even antistars might be present in the Galaxy and in its halo
in non-negligible amount [9,10].

The mechanism the papers [9,10] was originally dedicated to the formation of pri-
mordial black holes (PBH). It predicts a large population of massive and supermassive
PBH with log-normal mass spectrum in perfect agreement with observations. This is
the only known to us mass spectrum of PBH which is tested by observational data.

The proposed mechanism [9, 10] also allows to solve multiple problems related
to the observed black holes in the universe in all mass ranges, in particular, it ex-
plains the origin of supermassive BHs and black holes with intermediate masses, from
M ~ 102Mg,. up to 10° Mg, mysterious otherwise.

As a by-product of this mechanism compact stellar type objects, which are not
massive enough to form BHs, made of matter and antimatter are predicted.

3.1. Predicted mass spectrum of PBH

The log-normal mass spectrum is determned by three constant parameters and
has the following very simple form:

(3) 3—]\]\; = u?exp [~y ln2(M/MO)}.

The parameters p and v are determined by an unknown high energy physics but M,
should be equal to the cosmological horizon mass at the QCD phase transition, so
it is predicted to be My = (10 — 20) Mg [27]. This value perfectly fits the data. In
partociular, the log-normal form of the mass spectrum of PBHs is confirmed by the
chirp mass distribution of the LIGO events [28]. The available data on the chirp mass
distribution of the black holes in the coalescing binaries in O1-O3 LIGO/ runs are
analysed and compared with theoretical expectations based on the hypothesis that
these black holes are primordial with log-normal mass spectrum. The inferred best-fit
mass spectrum parameters, My = 17Mg and v = 0.9, fall within the theoretically
expected range and shows excellent agreement with observations. On the opposite,
binary black hole models based on massive binary star evolution require additional
adjustments to reproduce the observed chirp mass distribution, see figs. 2,3

Thus, PBHs with log-normal mass spectrum perfectly agree with the data obtained
by LIGO, while astrophysical BHs seem to be disfavored. This agreement presents a
very strong support in favour of the theoretical model [9,10].

3.2. How reliable the galactic antimatter prediction

To summarise: why can we trust the prediction the population of antimatter in
the Milky Way? In short the answer is because the it is a by-product of the mechanism
of PBH formation which pretty well resolves multiple problems with the properties of
observed BH in the early (Z ~ 10) and the present day universe, for a review see [30].
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Fig. 2. — Model distribution Fppgy(< M) with parameters Mo and ~v for two best Kolmogorov-
Smirnov tests. EDF= empirical distribution function.
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Fig. 3. — Cumulative distributions F'(< M) for some astrophysical models of binary BH coalescences.

In particular, PBHs formed according to our scenario explain the peculiar features
of the sources of GWs observed by LIGO/Virgo [31].

The existence of supermassive black holes (SMBH) discovered in all large and
some small galaxies and even in almost empty environment is explained. Conventional
models of SMBH formation demand time which is not enough by about two orders of
magnitude.

The present day universe is full of SMBH with masses in the range
M = (10° — 10*°) M, as well as the intermediate mass black holes (IMBH), with
M = (102 — 10°) M, in unexpectedly high amount. Moreover the SMBH are abun-
dant in the the early, z = 5 — 10, universe. It is problematic to explain their formation
through the canonical astophysical mechanisms but much more natural is to assume
that they are primordial.

Since the predicted features of PBH in all mass ranges well agree with the data,
one may expect that the underlying mechanism of their creation indeed operated
in the early universe. This perfectly working model of PBH creation also predicts
existence of primordial antimatter in our vicinity, so it is quite natural to expect that
antimatter is indeed abundant in the Galaxy.

Theory predicts that the primordial stellar type compact objects have quite unu-
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sual chemical content enriched with metals, It is confirmed in particular, by observa-
tions of extremely old stars, even of a star which formally is older than the universe.
The stars looks too old because their initial chemistry is enriched by heavy elements,
which in the standard approach demand very long time for their synthesis. Also very
high velocity stars can be present in the Galaxy and they are indeed observed.

4. Mechanism of anti-creation

The suggestion of PBH (and antistar) creation proposed in references [9, 10] is
based on the SUSY motivated Affleck-Dine (AD) [32] scenario of baryogenesis. It is
assumed that there exists a scalar field y with non-zero baryonic number, as suggested
by supersymmetry. The potential of x has, as a rule, the so called flat directions along
which the potential does not change, remaining the same as in the origin at y = 0.
All these properties are generically inherent to high energy supersymmetric models.

The field x could reach very large magnitude moving along such flat directions
either due to rising quantum fluctuations of massless fields at de Sitter (inflationary)
stage, as in the original version of the AD baryogenesis model or, as in the present
paper, because of negative effective mass squared of y (higgs-like effect).

Our new input to the model is is an introduction of the interaction of x with the
inflaton field, such that the mass m? 7y stays negative for some time. Due to this new
interaction, the gate to the flat direction were closed during almost all inflationary
epoch, except for a rather short period. When the gates are closed x remained small,
sitting near the origin. When the gates were open x might reach large values and
when the gates close again, x returned to the origin carrying a large baryonic number
but only inside the bubbles of cosmologically small but possibly astrophysically large
size.

Thus the universe would look like the inverted Swiss cheese. In almost all space
baryon number density is small except for relatively small bubbles with large B.
Since the particles which carry baryonic number, i.e, quarks were massless, the density
contrast remained practically unnoticeable. The contrast became huge after the QCD
phase transition when massless quarks turns into heavy protons and neutrons. Then
these High-B Bubbles (HBB) turns into PBH or, if not massive enough, into compact
(anti) stars. Depending upon the direction of the x phase rotation in the complex y
plane such primordial stars or antistars. could be created.

When x is large, its evolution is governed by the quartic part of the potential,
at smaller x the quadratic part dominates and if the flat directions of quartic and
quadratic parts are different y starts to rotate in the complex y-plane either clock-
wise or anticlock-wise. As we see in what follows it leads either to creation of High-
B-Bubble, HBB, or High-antiB-Bubbles, HBB.

For a toy model we assume that the quartic part of the potential has the form:

(4) Ux() = AlxJ* (1 = cos 46)

while the mass term can be written as U,,, = m?x? + m* ?x*2, or in a more convenient
form:

(5) Un(x) = m?|x|?[1 — cos(26 + 2a)],

where x = |x| exp(i0) and m = |m|e®*. If a # 0, C and CP would be broken.
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In GUT SUSY baryonic number is naturally non-conserved. In our toy model
this non-conservation is achieved due non-invariance of U(x) with respect to phase
rotation, x — e'?x with a constant phase o.

In the conventional version of the AD-baryogenesis the field x after inflation was
away from the origin and, when inflation was over, it started to evolve down to the
equilibrium point, xy = 0, according to the equation of Newtonian mechanics with the
Hubble friction term:

(6) X+ 3HY +U'(x) = 0.

Baryonic number of x, B, = 6]x|?, is analogous to the mechanical angular momentum
of rotation in the complex y-plane. It is quite natural that this ”angular momentum”
could reach a large value and hence the baryon asymmetry, that is the ratio of the
baryonic number density to the density of the CMBR photons could be very high
8 = Np/N, ~ 1, much larger than the observed value Bops ~ 10~?. The B-conserving
decays of x would transfer its baryonic number to that of quarks.

Rotation could be either clockwise or anticlockwise for different bubbles with large
x depending upon relative locations of the flat directions in quartic and quadratic
parts of the potential in the complex y-plane. Large x lives in quartic valley, but
when x drops down, it moves to the quadratic one starting to ”rotate”. So the angular
momentum or, in other words B, is generated by possible different directions of the
quartic and quadratic valleys at low y. If CP-odd phase « is non-vanishing, both
baryonic and antibaryonic domains might be formed with possible dominance of one
of them. Both matter and antimatter objects may exist but it is natural to expect a
global dominance of one of them, so By, # 0.

We assume that the Affleck-Dine field x has the potential:

2
1) U =gl (@ - 017 ewld i (B ) # A0 ) + (28 + e,

where the first term introduced in ref. [9,10]. is the general renormalizable coupling
of two scalar fields, x and the inflaton ®. The logarithmic term is is the Coleman-
Weinberg potential [33], which originates from summing up one loop corrections to
the quartic potential.

CP would be broken, if the relative phase of A and m is non-zero, otherwise one
can “phase rotate” x and come to real coefficients, eliminating thus CP-violation.

The value of ®; is chosen so that the ® reached the value ®; in the process of
inflation but but relatively late, so that the duration of inflation after that made
about 30-40 e-foldings. When the window to the flat direction is open, near & = &1,
the field y slowly diffuses to a large value, according to quantum diffusion equation
derived by Starobinsky, generalised to a complex field y. When ® turns large, it
evolves classically, oscillating near the local minimum of the potential.

If the window to flat direction, when ® ~ ®; is open only during a short period,
cosmologically small but possibly astronomically large bubbles with high 8 could be
created, occupying a small fraction of the universe, while the rest of the universe has
normal 3 =~ 6 - 10710, created by small x.

The mechanism of massive PBH formation quite different from all others. The fun-
dament of PBH creation is build at inflation by making large isocurvature fluctuations
at relatively small scales, with practically vanishing density perturbations.
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Initial isocurvature perturbations are in chemical content of massless quarks. Den-

sity perturbations are generated rather late after the QCD phase transition.
density objects occupying a minor fraction of the universe volume.

5.

The main features of the scenario can be summarised as follows:

Px < pa, even inside large x bubbles.

Bubbles with large x occupy a small fraction of the universe volume.

When & < ®; but inflation still lasts, x is large and oscillates fast. Hence it does
not feel shallow valleys of m2x2. At this stage baryon asymmetry is not generated.
Inflation ends and the oscillations of ® heats up the universe.

Ultimately the amplitude of x drops down, the field starts to feel m2-valley, and
begins to rotate, generating large baryon asymmetry.

The picture is similar to the original AD-scenario in the universe.

With the chosen values of couplings and masses the density contrast between the
bubbles and the rest of the world, before the QCD phase transition, could be
rather small, at the per-cent level.

Summary
Here we summarise some properties of the mechanism [9,10] of PBH and antistar

formation which are discussed above but not only them.

The predicted significant antimatter population of Milky Way seems to be
confirmed by observations.

The Log-normal mass spectrum of PBH is verified by the numerous data and very
well agrees with them.

PBHs formed through the mechanism [9,10] explain the peculiar features of the
sources of GWs observed by LIGO.

The considered mechanism solves the numerous mysteries of z ~ 10 universe:
supermassive black holes,, early created gamma-bursters and supernovae, early
bright galaxies, and evolved chemistry including a high level of dust.

Inverted picture of the galaxy formation is proposed when a supermassive PBH is
first formed and subsequently seeds galaxy formation.

It is predicted that globular clusters (GB) and dwarf galaxies are seeded by IMBHs,
so there should be an intermediate mass BH in the center with mass about 2000
Mg in GBs and typically somewhat higher in dwarfs. An estimate of the density
of GCs is made and agrees with the data.

A large number of the recently observed intermediate mass black holes was
predicted.

An existence of supermassive black holes observed in all large and some small
galaxies and in almost empty environment is explained.

It is claimed that a large fraction of the cosmological dark matter up to 100% can
consist of PBHs.

Strange stars with unusual chemistry, enriched with metals and high velocities are
predicted and observed. Extremely old stars are predicted and discovered. Even,
an ”older than the universe” star is found; the old age is mimicked by the unusual
initial chemistry.

In refs [9,10] the new ideas of invoking inflation and Affleck-Dime baryogenesis for
PBH creation were proposed, which were later repeated in a number of subsequent
works.



Anti-stars in the Milky Way and primordial black holes 9

Bibliografia

[1] B.P. Konstantinov, M.M. Bredov, A.L. Belyaevskij, et al, Cosmic Research, 4, 66 (1968)

[2] B.P. Konstantinov, M.M. Bredov, S.V. Gellentskij, et al Bulletin of the Academy of Sciences of
the USSR. Physical series, 33, Ne,11, 1820 (1969)

[3] F. W. Stecker, D. L. Morgan, Jr., J. Bredekamp, Possible ”Evidence for the Existence of
Antimatter on a Cosmological Scale in the Universe”, Phys. Rev. Letters 27, 1469 (1971).)

[4] F. W. Stecker, ”Grand Unification and possible matter-antimatter domain structure in the the
universe”. Tenth Texas Symposium on Relativistic Astrophysics, p. 69 (1981).

[5] V.M. Chechetkin, M.Yu. Khlopov, M.G. Sapozhnikov, Ya.B. Zeldovich, ” Astrophysical aspects
of anti-proton interaction with He-4 (antimatter in the universe). Phys. Lett. B 118, 329 (1982).

[6] M.Yu. Khlopov, S.G. Rubin, A.S. Sakharov, "Possible origin of antimatter regions in the baryon
dominated universe”, Phys. Rev. D, 62, 083505 (2000).

[7] F. W. Stecker, " The Matter-Antimatter Asymmetry of the Universe (keynote address for XIVth
Rencontres de Blois)” arXiv:hep-ph/0207323.

[8] A.D. Dolgov, ”Cosmological matter antimatter asymmetry and antimatter in the universe”,
keynote lecture at 14th Rencontres de Blois on Matter - Anti-matter Asymmetry e e-Print: hep-
ph/0211260.

[9] A. Dolgov, J. Silk, ”Baryon isocurvature fluctuations at small scale and baryonic dark matter”,
Phys. Rev. D 47, (1993) 4244,

[10] A.Dolgov, M. Kawasaki, N. Kevlishvili, ”Inhomogeneous baryogenesis, cosmic antimatter, and
dark matter”, Nucl. Phys. B 807 (2009) 229,

[11] G. Weidenspointner et al., ” The sky distribution of positronium annihilation continuum emission
measured with SPI/INTEGRAL”, Astron. Astrophys. 450, 1013 (2006); astro-ph/0601673.

[12] J. Knodlseder et al., "The sky distribution of positronium annihilation continuum emission
measured with SPI/INTEGRAL”, Astron. Astrophys. 441, 513 (2005); [arXiv:astro-ph/0506026].

[13] P. Jean et al. ”Spectral analysis of the Galactic ete— - annihilation emission”, Astron.
Astrophys. 445, 579 (2006); [arXiv:astro-ph/0509298].

[14] S. Ting, L'Aquila Joint Astroparticle Colloquium, 10th November, 2021.

[15] A. Choutko, AMS-02 Collaboration, “AMS Days at La Palma, La Palma, Canary Islands,
Spain,” (2018).

[16] S. Ting, Latest Results from the AMS Experiment on the International Space Station.
Colloquium at CERN, May, 2018.

[17] R. Duperray, B. Baret, D. Maurin et al, ”Flux of light antimatter nuclei near Earth, induced
by cosmic rays in the Galaxy and in the atmosphere”, Phys. Rev. D 71, 083013 (2005),

[18] P. von Doetinchem, K. Perez, T. Aramaki, et al, ”Cosmic-ray antinuclei as messengers of new
physics: status and outlook for the new decade”, JCAP 08, 035 (2020): e-Print: 2002.04163
[astro-ph.HE].

[19] S. Dupourqué, L. Tibaldo and P. von Ballmoos, ” Constraints on the antistar fraction in the Solar
System neighborhood from the 10-year Fermi Large Area Telescope gamma-ray source catalog”,
Phys Rev D 103, 083016 (2021).

[20] A.E. Bondar, S.I. Blinnikov, A.M. Bykov, A.D. Dolgov, K.A. Postnov, ”X-ray signature of
antistars in the Galaxy”, JCAP 03, 009 (2022); e-Print: 2109.12699 [astro-ph.HE]

[21] G. Steigman, ”Observational tests of antimatter cosmologies”, Ann. Rev. Astron. Astrophys.
14, 339 (1976).

[22] G. Steigman, "When Clusters Collide: Constraints On Antimatter On The Largest Scales”,
JCAP 10, 001 (2008); e-Print: 0808.1122 [astro-ph)].

[23] P. von Ballmoos, ”Antimatter in the Universe : Constraints from Gamma-Ray Astronomy”,
Hyperfine Interact. |bf 228, 1, 91 (2014); Contribution to: LEAP2013, 91-100; e-Print: 1401.7258
[astro-ph.HE].

[24] C.Bambi, A.D. Dolgov, ” Antimatter in the Milky Way”, Nucl. Phys.B 784, 132 (2007); astro-ph
0702350.



10 A.D. Dolgov

[25] A.D. Dolgov, S.I. Blinnikov, ”Stars and Black Holes from the very Early Universe”, Phys. Rev.
D 89 (2014) 2, 021301 (2014); astro-ph 1309.3395.

[26] S.I.Blinnikov, A.D., K.A.Postnov, ” Antimatter and antistars in the universe and in the Galaxy”,
Phys. Rev. |D 92, 023516 (2015); astro-ph 1409.5736.

[27] A.Dolgov, K.Postnov, ”Why the mean mass of primordial black hole distribution is close to
10Ms”, JCAP 07, 063 (2020); e-Print: 2004.11669 .

[28] A.D. Dolgov, A.G. Kuranov, N.A. Mitichkin, S. Porey, K.A. Postnov, O.S. Sazhina, I.V. Simkin,
”On mass distribution of coalescing black holes,” JCAP 12, 017 (2020); e-Print: 2005.00892.

[29] AUTHOR, Book title (Publisher, city year) page numbers

[30] A.D. Dolgov ”Massive and supermassive black holes in the contemporary and early Universe
and problems in cosmology and astrophysics,” Usp. Fiz. Nauk 188, 121 (2018); Phys. Uspekhi.
61, 115 (2018).

[31] S. Blinnikov, A. Dolgov, N. Porayko, K. Postnov, ”Solving puzzles of GW150914 by primordial
black holes”, JCAP 11, 036 (2016).

[32] 1. Affleck, M. Dine, ” A new mechanism for baryogenesis”. Nuclear Physics B249, 361, (1985).

[33] S. Coleman, E. Weinberg ”Radiative Corrections as the Origin of Spontaneous Symmetry
Breaking”. Phys. Rev. D7 1888 (1973).



