Early galaxies, supermassive black holes,
and contemporary antistars
A. D. Dolgov

NSU, Novosibirsk
BLTP, JINR, Dubna

11th International Conference on New Frontiers in Physics
(ICNFP 2022)
Crete
30 August - 11 September, 2022
Supported by the RSF Grant 20-42-09010
A. D. Dolgov

Massive PBH and Antimatter

September 2022

1 / 33

Content

1. Discovery of JWST of very dense early universe population by
galaxies and other data which break conventional cosmology and
astrophysics.
2. Resolution of the problems by PBH.
3. Prediction of Log-normal mass spectrum of PBHs and
confirmation by observations.
4. Antimatter in the universe and in the Galaxy (antistars).
5. Basics of the mechanism of PBH and antimatter creation .
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Heavenly mysteries
Observational data of the last decades present more and more evidence
indicating existence of the objects contradicting conventional astrophysics
and cosmology in the present day and in quite young universe:

1 Supermassive black holes (SMBH), M = 106 − 1010 M . Necessary
formation time in the contemporary universe, tU ≈ 15 Gyr, is short by
an order of magnitude and by far more problematic in the early
universe with z = 6 − 7 and tU ∼ 1 Gyr.

2 Intermediate mass black holes (IMBH), M = 102 − 105 M . The
origin is unknown.
3 Rich population of the z = 6 − 7 universe by galaxies
gamma-bursters, supernovae, and large amount of dust.
4 Properties of the coalescing BH binaries observed by
LIGO/Virgo through registration of gravitational waves.
5 Galaxies without DM
All the problems are solved if the universe is abundantly populated by
primordial black holes (PPBH).
A. D. Dolgov
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Early galaxies by JWST
Now due to observations by James Webb Space Telescope (JWST),
these problems became multifold more difficult for the standard
astrophysics and cosmology. An unexpected large density (stellar mass
density %∗ & 106 M Mpc−3 ) of massive galaxies (stellar masses
M∗ ≥ 1010.5 M ) at extremely high redshifts z ∼ 10 are discovered at
extremely high redshifts z & 10. Galaxies existed in so young universe,
when they absolutely should not be there according to the accepted by the
standard model.
A few examles: GLASS-z11, GLASS-z13, [through the looking glass];
CEERS = Cosmic Evolution Early Release Science:
z = 14.3 ± 0.4, tU = 264 Myr; z = 16.7, tU = 235 Myr
Small tU means large Hubble parameter H ∼ 1/tU . It makes
available time very short, moreover fast expansion suppresses the
efficiency of the structure formation.
A. D. Dolgov
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Early galaxies by JWST- more puzzles
”Balancing the efficiency and stochasticity of star formation with dust
extinction in z > 10 galaxies observed by JWST”, J. Mirocha, S.R.
Furlanetto arXiv:2208.12826 26 Aug 2022.
Early observations with the JWST indicate an over-abundance of bright
galaxies at redshifts z > 10 relative to Hubble-calibrated model
predictions. More puzzling still is the apparent lack of evolution in the
abundance of such objects between z ∼ 9 and the highest redshifts yet
probed, z ∼ 13 − 17. A solution to the abundance problem introduces
tension elsewhere: because it relies on the up-scattering of low-mass halos
into bright magnitude bins, one expects typical ages, masses, and spectral
slopes to be much lower than constraints from galaxies observed thus far.
This tension can be alleviated by non-negligible reddening, suggesting that
- if the first batch of photometrically-selected candidates are confirmed star formation and dust production could be more efficient than expected
in galaxies at z > 10.
A. D. Dolgov
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Early galaxies by JWST- more puzzles
Y. Ono et al, ”Morphologies of Galaxies at z ' 9 − 17 Uncovered by
JWST/NIRCam Imaging: Cosmic Size Evolution and an Identification of
an Extremely Compact Bright Galaxy at z ∼ 12” arXiv:2208.13582 29/08.
Morphologies of galaxies at z ∼ 9 − 17 resolved by JWST/NIRCam
2 − 5µm imaging are presented. One bright (MUV = −21 mag) galaxy at
z ∼ 12, GL-z12-1, has an extremely compact size with re = 61 ± 11 pc
that is surely extended over the PSF. Even in the case that the GL-z12-1
SB is fit by AGN+galaxy composite profiles, the best-fit galaxy component
is again compact, re = 78+30
−12 pc that is significantly (> 5σ) smaller than
the typical re value at z ∼ 12. Comparing with numerical simulations, we
find that such a compact galaxy naturally forms at z & 10, and that
frequent mergers at the early epoch produce more extended galaxies
following the re ∝ (1 + z)s relation.
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Some references
M. Castellano et al, ”Early results from GLASS-JWST. III: Galaxy
candidates at z ∼ (9 − 15)”, arXiv:2207.09436;
S.L. Finkelstein, et al ”Long Time Ago in a Galaxy Far, Far Away: A
Candidate z ∼ 14 Galaxy...” arXiv:2207.12474;
N. J. Adams, et al, ”Discovery and properties of ultra-high redshift
galaxies (9 < z < 12)...” arXiv:2207.11217;
H. Yan et al, ”First Batch of Candidate Galaxies at Redshifts 11 to 20...
” arXiv:2207.11558;
”N. Leethochawalit, et al, Early results from GLASS-JWST. X: Rest-frame
UV-optical properties of galaxies at 7 < z < 9”, arXiv:2207.11135;
C. T. Donnan, et al, ”JWST Geers CEERS-93316, existed just 235
million years after the Big Bang,” arXive 2207.12356;
Y. Harikane, et al ”Comprehensive Study on Galaxies at z = 9 − 17 Found
in the Early JWST Data...” arXiv:2208.01612.
A. Ferrara, et al, ”On the stunning abundance of super-early, massive
galaxies revealed by JWST”, arXiv:2208.00720
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LSS formation
According to the theory of large scale structure (LSS) formation the
density contrast ∆ ≡ δ%/% started to rise at the onset of the matter
dominated stage at z = 104 . After that ∆ evolved as the scale factor.
Since initially ∆in . 10−4 , by the present time it may reach unity and after
that fast LSS formation takes place (violent relaxation - strong rising of
the gravitational field of the inhomheneity) leading to the observed highly
inhomogeneous universe at the galactic and galaxy clusters scales.
In simple way it can be understood as follows. The velocity of the Hubble
runaway at distance r is vH = Hr and the virial velocity in the
gravitational field of the inhomegeneity is
2
vgrav
=

4πr 3
δ%
2
rmPl

2 ) we find v
Using H 2 = (8π%)/(3mpl
grav ≥ vH if ∆ > 1. The probability
of such huge density fluctuation for the flat spectrum is quite low
but the fact is that the number of galaxies at high z is huge.
A. D. Dolgov
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Rediscovery of possible solution of 1993
”Accelerating early galaxy formation with primordial black holes” B. Liu,
V. Bromm, arXiv:2208.13178, 28 Aug 2022
Recent observations with JWST have identified several bright galaxy
candidates at z & 10, some of which appear unusually massive (up to
∼ 1011 M ). Such early formation of massive galaxies is difficult to
reconcile with standard ΛCDM predictions, demanding very high star
formation efficiency (SFE), possibly even in excess of the cosmic baryon
mass budget in collapsed structures. With an idealized analysis we show
that the observed massive galaxy candidates can be explained with lower
SFE than required in ΛCDM, if structure formation is accelerated by
massive (& 109 M ) primordial black holes that enhance primordial
density fluctuations. Galaxy formation seeded by SMBH was suggested 30
years ago in our paper AD & J.Silk..

A. D. Dolgov
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Solution of old problems and birth of new ones
To summarize, a large amount of observational data are at odds with the
conventional model but nicely fits the model of creation of primordial
black holes and primordial stars proposed in A. Dolgov, J.Silk, PRD 47
(1993) 4244, (DS) and further developed in ”Baryon isocurvature
fluctuations at small scale and baryonic dark matter.” A.Dolgov, M.
Kawasaki, N. Kevlishvili, Nucl. Phys. B807 (2009) 229, (DKK)
”Inhomogeneous baryogenesis, cosmic antimatter, and dark matter”.
The proposed mechanism is the first where inflation and Affleck-Dine
baryogenesis are applied to PBH formation, repeated now in a lot of works.
The striking feature of it is the log-normal mass spectrum which is the
only known spectrum tested by ”experiment,” in perfect agreement.
dN
dM

= µ2 exp [−γ ln2 (M/M0 )],

M0 ≈ 10M , is predicted, A.Dolgov, K.Postnov, Why the mean mass of
primordial black hole distribution is close to 10M . JCAP 07 (2020) 063.
A. D. Dolgov
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Chirp mass distribution
A.D. Dolgov, A.G. Kuranov, N.A. Mitichkin, S. Porey, K.A. Postnov, O.S.
Sazhina, I.V. Simkine On mass distribution of coalescing black holes,
JCAP 12 (2020) 017 • e-Print: 2005.00892.
The available data on the chirp mass distribution of the black holes in the
coalescing binaries in O1-O3 LIGO/Virgo runs are analyzed 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, M0 = 17M and
γ = 0.9, fall within the theoretically expected range and shows excellent
agreement with observations.
On the opposite, binary black hole formation based on massive binary
star evolution require additional adjustments to reproduce the observed
chirp mass distribution.
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Chirp mass distribution
Model distribution FPBH (< M) with parameters M0 and γ for two best
Kolmogorov-Smirnov tests. EDF= empirical distribution function.
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Chirp mass distribution, PBH versus astrophysical BHs
Cumulative distributions F (< M) for several astrophysical models of
binary BH coalescences.
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Conclusion: PBHs with log-normal mass spectrum perfectly fit the data.
Astrophysical BHs seem to be disfavoured.
A. D. Dolgov
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More mysteries

All large galaxies have central SMBH, presumably formed by matter
accretion to the density excess at the galactic center, though time is
short by an order of magnitude even in the present day universe.
But there exist very small galaxies with SMBH and one SMBH in
almost empty space.
A striking example: the Hobby-Eberly Telescope at Texas’s McDonald
Observatory suggested the presence of a black hole with a mass of about
17 billion solar masses equivalent to 14% of the total stellar mass of the
galaxy, due to the motions of the stars near the center of the galaxy.
Usually the mass of the central BH is about 0.1 % of the galaxy mass.

A. D. Dolgov
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More (solved) problems
The origin of IMBH is unknown in all mass range, though plenty of them
are discovered everywhere.
Moreover, BH with M ≈ 100M is strictly forbidden but
nevertheless observed by LIGO/Virgo.
The described above model of PBH formation excellently solves all the
inconsistencies. The inverted picture of galaxy formation is assumed:
first SMPBH are created and later they seed galaxy formation.
Primordial IMBHs with masses of a few thousand solar mass explain
formation of globular clusters (GCs). In the last several years such IMBH
inside GSs are observed. Similar features are true for dwarfs.
A. Dolgov, K. Postnov, ”Globular Cluster Seeding by Primordial Black Hole
Population”, JCAP 04 (2017) 036 • e-Print: 1702.07621 [astro-ph.CO]
The model also predicts strange stars, too fast moving, too old
(older than the universe), with unusual chemical content which are
also observed.
A. D. Dolgov
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Radio background
A. Ewall-Wice, T-C. Chang, T.J.W. Lazio ”The Radio Scream from black
holes at Cosmic Dawn: a semi-analytic model for the impact of radio-loud
black holes on the 21 cm global signal”, Mon. Not. Roy. Astron. Soc.
492 (2020) 4, 6086, e-Print: 1903.06788.
The observed excess radio background at ' 0.1 − 10 GHz can be
explained by soft photon emission from accreting primordial black holes.
The detection of a bright radio monopole at (0.1 − 10) GHz with an
intensity larger than the standard Cosmic Microwave Background (CMB)
and known galactic and extragalactic radio sources is one of the
outstanding problems in current astrophysics and cosmology. On top of
this, the possible detection of an unexpectedly strong 21 cm absorption
feature at z = 20 further adds to this deepening mystery,

A. D. Dolgov
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Radio background

However, S. K. Acharya, J. Dhandha, J. Chluba, arXiv:2208.03816v1 The
excess radio background seen at 0.1 − 10 GHz has stimulated much
scientific debate in the past years. Recently, it was pointed out that the
soft photon emission from accreting primordial black holes may be able to
explain this signal. We show that the expected ultraviolet photon emission
from these accreting black holes would ionize the universe completely at
z > 6 and thus wash out the 21 cm absorption signature at z = 20 as well
as be in tension with existing cosmic microwave background anisotropy
and average spectral distortion limits. We discuss possible augmentations
of the model; however, it seems that an explanation of radio excess by
accreting primordial black holes is not well-justified.

A. D. Dolgov
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Intermediate summary and antimatter in the Galaxy

The mechanism of AD and DKK solves the problem of the observed
population of the universe at high redshifts by SMBH (QSO), galaxies,
SN, and of a large amount of dust.
The predicted log-normal spectrum of PBH is tested and confirmed by the
observations (the only one existing in the literature).
The existence of IMBH in GCs is confirmed.
The model works great.
The crazy by-product of AD and DKK mechanism, namely
prediction of antimatter in the Galaxy came true as well.
A surprisingly huge flux of cosmic positrons, of He-antinuclei, and
possibly even a population of antistars are observed.

A. D. Dolgov

Massive PBH and Antimatter

September 2022

18 / 33

Anti-evidence: 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:
Φ511 keV = 1.07 ± 0.03 · 10−3 photons cm−2 s−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,
”Great Annihihilator” in the Galactic bulge.
G. Weidenspointner et al., Astron. Astrophys. 450, 1013 (2006);
J. Knodlseder et al., Astron. Astrophys. 441, 513 (2005);
P. Jean et al., Astron. Astrophys. 445, 579 (2006).
Until recently the commonly accepted explanation was that e + are
created in the strong magnetic fields of pulsars but the recent
results of AMS probably exclude this mechanism, since the
spectrum of p̄ and e + at high energies are identical. L’Aquila Joint
Astroparticle Colloquium, 10th November, 2021 by S. Ting.
A. D. Dolgov
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Anti-evidence: cosmic antinuclei
Registration of anti-helium: In 2018 AMS-02 announced possible
3
4
observation of six He and two He .
A. Choutko, AMS-02 Collaboration, “AMS Days at La Palma, La Palma,
Canary Islands, Spain,” (2018).
S. Ting, Latest Results from the AMS Experiment on the International
Space Station. Colloquium at CERN, May, 2018.
Recent registration of more events L’Aquila Joint Astroparticle
Colloquium, 10th November by S. Ting; and COSPAR 2022, 16-24 July:
7 D (. 15 GeV) and 9 He, (∼ 50 GeV). fraction He/He ∼ 10−9 , too
4
high. Secondary creation of He is negligibly weak.
Nevertheless Ting expressed hope to observe Si !!!
It is not excluded that the flux of anti-helium is even much higher
because low energy He may escape registration in AMS.
A. D. Dolgov
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Antinuclei creation in cosmic rays

Expected secondary produced anti-nuclei:
Anti-deuterium can be created in the collisions p̄ p or p̄ He (Duperray et
al, 2005). which would produce the flux of D̄
∼ 10−7 /m2 /s−1 /steradian/GeV/neutron),
i.e. 5 orders of magnitude below the observed flux of antiprotons.
3
4
The fluxes of He and He , which could be created in cosmic rays are
respectively 4 and 8 orders of magnitude smaller than the flux of anti-D.
After AMS announcement of observations of anti-He 4 there appeared
theoretical attempts to create anti-He 4 through dark matter annihilation.
Quite unnatural.

A. D. Dolgov
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Deuteruim/Helium problem

There is noticeable discrepancy between the large fraction of D with
respect to He. In the case of the standard BBN this ratio should be
smaller than unity, but the observed one is practically 1.
It is assumed that the abundances of D and He are determined by BBN
with large β (or η). However if β ∼ 1 there is no primordial D. On the
other hand in our scenario formation of primordial elements takes place
inside non-expanding compact stellar-like objects with fixed temperature.
If the temperature is sufficiently high, this so called BBN may stop before
abundant He formation with almost equal abundances of D and He. One
can see that looking at abundances of light elements at a function of
temperature. Is it is so, antistars may have equal amount of D and He!!!

A. D. Dolgov
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Anti-evidence: antistars in the Galaxy

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 103 (2021) 083016
”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.”

A. D. Dolgov
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Possible discovery of anti-stars in the Galaxy
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Figure: 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
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X-ray signatures of antistars
”X-ray signature of antistars in the Galaxy” A.E. Bondar, S.I.
Blinnikov, A.M. Bykov, A.D. Dolgov, K.A. Postnov e-Print:
2109.12699 [astro-ph.HE], JCAP, Sep 26, 2021,
In astrophysically plausible cases of the interaction of neutral atmospheres
or winds from antistars with ionised interstellar gas, the hadronic
annihilation will be preceded by the formation of excited p p̄ and He p̄
atoms. 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 (yield more than 90%) from p p̄ atoms, and M
(4-3) 4.86 keV (yield ∼ 60%) and L (3-2) 11.13 keV (yield about 25%)
lines from He 4 p̄ 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.
A. D. Dolgov
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Antistar prediction
The DS-DKK mechanism allows to solve multiple problems related to the
observed BH population in the universe:
• PBHs formed according to this scenario explain the peculiar features of
the sources of GWs observed by LIGO/Virgo.
• The existence of supermassive black holes observed in all large and some
small galaxies and even in almost empty environment is explained.
Conventional models are short by two orders of magnitude.
SMBH and IMBH in contemporary and z ∼ 10 universe Universe is full of
supermassive black holes (SMBH), M = (106 − 1010 )M and intermediate
mass black holes (IMBH), M = (102 − 105 )M .
Unexpectedly high amount in the present day and the early, z = 5 − 15
universe. Are they primordial?
Review of astrophysical problems in A.D. ”Massive and supermassive black
holes in the contemporary and early Universe and problems in cosmology
and astrophysics,” Usp. Fiz. Nauk 188 (2018) 2, 121; Phys. Usp. 61
(2018) 2, 115.
A. D. Dolgov
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Bounds on antistars in the Galaxy
As argued in:
C. Bambi, A.D. Dolgov, ”Antimatter in the Milky Way”, Nucl.Phys.B
784 (2007) 132-150 • e-Print: astro-ph/0702350,
A.D. Dolgov, S.I. Blinnikov, ”Stars and Black Holes from the very
Early Universe”, Phys.Rev.D 89 (2014) 2, 021301 • e-Print: 1309.3395,
S.I. Blinnikov, A.D. Dolgov, K.A. Postnov, ”Antimatter and antistars in
the universe and in the Galaxy”, Phys.Rev.D 92 (2015) 2, 023516 •
e-print: 1409.5736
an abundant density of compact anti-stars in the universe and even in the
Galaxy does not violate existing observational limits. Surface annihilation
on a compact object is much less efficient than volume annihilation, e.g.
inside gas cloud of antimatter.

A. D. Dolgov
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Anti-Creation Mechanism
SUSY motivated baryogenesis, Affleck and Dine (AD).
SUSY predicts existence of scalars with B 6= 0. Such bosons may condense
along flat directions of the quartic potential:
Uλ (χ) = λ|χ|4 (1 − cos 4θ)
and of the mass term, Um = m 2 χ2 + m ∗ 2 χ∗ 2 :
Um (χ) = m 2 |χ|2 [1 − cos (2θ + 2α)] ,
where χ = |χ| exp (i θ) and m = |m|e α . If α 6= 0, C and CP are broken.
In GUT SUSY baryonic number is naturally non-conserved - non-invariance
of U(χ) w.r.t. phase rotation.

A. D. Dolgov
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Anti-Creation Mechanism
Initially (after inflation) χ is away from origin and, when inflation is over,
starts to evolve down to equilibrium point, χ = 0, according to Newtonian
mechanics:
χ̈ + 3H χ̇ + U 0 (χ) = 0.
Baryonic charge of χ:
Bχ = θ̇|χ|2
is analogous to mechanical angular momentum. χ decays transferred
baryonic charge to that of quarks in B-conserving process.
AD baryogenesis could lead to baryon asymmetry of order of unity, much
larger than the observed 10−9 .
A. D. Dolgov
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Anti-Creation Mechanism
If m 6= 0, the angular momentum, B, is generated by a different direction
of the quartic and quadratic valleys at low χ. If CP-odd phase α is small
but non-vanishing, both baryonic and antibaryonic domains might be
formed with possible dominance of one of them.
Matter and antimatter objects may exist but globally B 6= 0.
Affleck-Dine field χ with CW potential coupled to inflaton Φ (AD and
Silk; AD, Kawasaki, Kevlishvili):
2

2

4

U = g |χ| (Φ − Φ1 ) + λ|χ| ln (

|χ|2
σ2

)

+λ1 (χ4 + h.c.) + (m 2 χ2 + h.c.).
Coupling to inflaton is the general renormalizable one.
When the window to the flat direction is open, near Φ = Φ1 , the field χ
slowly diffuses to large value, according to quantum diffusion equation
derived by Starobinsky, generalized to a complex field χ.
A. D. Dolgov
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Anti-Creation Mechanism
If the window to flat direction, when Φ ≈ Φ1 is open only during a short
period, cosmologically small but possibly astronomically large bubbles with
high β could be created, occupying a small fraction of the universe, while
the rest of the universe has normal β ≈ 6 · 10−10 , created by small χ.
The mechanism of massive PBH formation quite different from all others.
The fundament of PBH creation is build at inflation by making large
isocurvature fluctuations at relatively small scales, with practically
vanishing density perturbations.
Initial isocurvature perturbations are in chemical content of massless
quarks. Density perturbations are generated rather late after the QCD
phase transition.
The emerging universe looks like a piece of Swiss cheese, where holes are
high baryonic density objects occupying a minor fraction of the universe
volume.
A. D. Dolgov
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Results of (Anti-)Creation
The outcome, depending on β = nB /nγ .
PBHs with log-normal mass spectrum - confirmed by the data!
Compact stellar-like objects, as e.g. cores of red giants.
Disperse hydrogen and helium clouds with (much) higher than
average nB density. Strange stars with unusual chemistry and
velocity.
β may be negative leading to creation of (compact?)
antistars which could survive annihilation with the
homogeneous baryonic background.
Extremely old stars would exist even, ”older than universe star” is
found; the older age is mimicked by the unusual initial chemistry.
Several such stars are observed.
A. D. Dolgov
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The mechanism of PBH formation is strongly supported by
astronomical observation and thus the chances another
prediction of this mechanism of abundant population of the
Galaxy by antistars has high chance to be true.

Mad, Mad, Mad, Mad World
Comedy/Adventure,
original: 1963 2h 54m →2012, 20+5 m
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