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All these works are united by the hy-
pothesis of abundant cosmological pop-
ulation of PBHs either in the early
universe, MBH < 108 g, efficiently
creating GWs, or in the contempo-
rary universe for an explanation of
0.511 MeV line, M = 1016 − 1021 g,
or at the first star format epoch,
M > 1022 g, and creation of heavy
and superheavy BH.
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Proton to positron transformation
(NB: non conservation of B and L)
by the Schwinger process at the
Schwarzshild radius, i.e. production
of e+e−-pairs by static electric field.
The production probability per unit
time and volume is

W =
m4
e

π2

(
E

Ec

)2 ∞∑∑∑
n=1

e−n
√
πEc/(2E)

n2
,

where Ec = m2
e/e.

p+BH → e+ +BH
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Rough estimate of E by equality of
Coulomb repulsion and gravitational
attraction:

αQ

r2
g

∼
mpMBH

m2
Plr

2
g

Hence E ∼ αQ/r2
g ∼mpm

2
Pl/MBH.

Demanding E ≥ Ec we find

MBH ≤ 1020 g .

The electric field can be considered
as homogenous: dE/(drEpe)� 1 or,
what is the same, λ/rg� 1.
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Process of PBH charging.

Different mobilities of protons and elec-
trons in interstellar gas result in pos-
itive charging of stellar bodies. Elec-
trons are much stronger coupled to
the surrounding medium. (The usual
mechanism of star charging, V. Schwarz-
man, 1970?)
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Equations of motion for p and e fluids:

v̇p = −
GNM

r2
+

αQ

r2mp
+

Lσγp

4πr2mp

−
σγpnγωγ

mp
vp−

npσpeP

mp
(vp− ve) ,

v̇e = −
GNM

r2
−

αQ

r2me
+

Lσγe

4πr2me

−
σγenγωγ

me
ve +

neσpeP

me
(vp− ve) .
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The equilibrium electric charge is

αQ ≈
rgmp

4K1/4

(
Te/Tp

)3/4√ln(λp/rg)

ln(λe/rg)
,

where K = mp/me ≈ 2000.
For Tp = Te, αQ ≈ 0.15mprg and:

Ec

E
= 0.6

(
M

1020 g

)
.

A larger Te/Tp (is it possible?) leads
to larger Q and larger electric field.
Thus heavier PBH are allowed.
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Positron energy

Ee+ = 140MeV
1020 g

M
.

Production rate:

Γe+ ∼ (1020 g/M)2e(−0.528M/1020g) .

If we take M ∼ 1021 g, the suppres-
sion of the production rate would be
by 5 ·10−5, still not bad. The process
of discharge is much faster than the
process of charging.
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Could this be the source of the in-
tense annihilation line from the galac-
tic center?
Observed 511 keV gamma ray line flux

Φ ≈ 1.0 · 10−3 photons cm−2 s−1 ,

energy width of about 3 keV, the an-
gular full width at half maximum is
about 9◦. Great annihilator.
Problem: too large positron energy
for E = Ec but might be OK for smaller
E i.e. larger M .
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Another possible mechanism could be
PBH evaporation, similar to other works
but the mass spectrum of PBHs is dif-
ferent:
dN

dM
= C exp [− γln2(M/M0)] ,

(AD and J. Silk, 1994).
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γ ray spectra from PBHs in the Buldge
(blue) and of the background (red) in
γ/cm2/s. PBHs are assumed to have
log–normal distribution, M0 = 6·1016

g and γ = 1. Their number is fixed by
the condition that their total mass in
the innermost 0.6 kpc is 5 · 109 M�,
to explain the 511 keV line.
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Cosmic isotropic gamma ray spectra
from PBHs (blue) and of the mea-
sured background (red) It is assumed
that PBHs make all cosmological dark
matter and have log–normal distribu-
tion with γ = 1 and M0 = 6 · 1016 g.
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Diffuse cosmic neutrino spectrum from
primordial BHs
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Gamma ray spectra from PBHs (blue)
and of the measured background (red)
from the Bulge. The BHs are assumed
to have the same mass: M = 1015 g
and produce the right amount of e+

to explain the observed 511 keV line.
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Gamma ray spectra from PBHs (blue)
and of the measured background (red)
from the Bulge The BHs are assumed
to have the same mass: M = 1016 g
and produce the right amount of e+

to explain the observed 511 keV line.
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Gamma ray spectra from PBHs (blue)
and of the measured background (red)
from the Bulge The BHs are assumed
to have the same mass: M = 1017 g
and produce the right amount of e+

to explain the observed 511 keV line.
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Other mechanisms:
1. Production by type Ia supernovae,
P.A. Milne, L.S. The, M.D. Leising,
Astrophys. J. Suppl. 124, 503 (1999).
2. By low mass X–ray binary systems,
J. Knodlseder et al., Astron. Astro-
phys. 441, 513 (2005).
3. Energetic electrons and photons
produced at accretion on the super–
massive black hole at the Galactic Cen-
ter, T. Totani, Publ. Astron. Soc.
Jap. 58, 965 (2006).
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4. Positron production by collision of
energetic photons produced in accre-
tion to super–massive central black
hole and to surrounding primordial
black holes with mass about 1017 g,
L. Titarchuk and P. Chardonnet, As-
trophys. J. 641, 293 (2006).
5. Annihilating light dark matter par-
ticles. C. Boehm, D. Hooper, J. Silk,
M. Casse and J. Paul, Phys. Rev.
Lett. 92, 101301 (2004); D. Hooper,
F. Ferrer, C. Boehm, J. Silk, J. Paul,
N.W. Evans and M. Casse, Phys. Rev.
Lett. 93, 161302 (2004) ; C. Boehm
and P. Fayet, Nucl. Phys. B 683, 219
(2004).
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7. Decaying unstable relics and, in
particular, sterile neutrinos. C. Pic-
ciotto and M. Pospelov, Phys. Lett.
B 605, 15 (2005).
8. MeV right-handed neutrino inter-
acting with baryonic matter. J.M.
Frere, F.S. Ling, L. Lopez Honorez,
E. Nezri, Q. Swillens and G. Verton-
gen, Phys. Rev. D 75, 085017 (2007).
9. Strangelets. D.H. Oaknin and A.R.
Zhitnitsky, Phys. Rev. Lett. 94,
101301 (2005).
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10. Positrons originating from pri-
mordial antimatter (antistars) by cap-
ture of protons. C. Bambi and A.D.
Dolgov, Nucl. Phys. B 784, 132 (2007).
11. Decays of milli–charged particles.
J.H. Huh, J.E. Kim, J.C. Park and
S.C. Park, arXiv:0711.3528 [astro-ph].
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However, type Ia supernovae have a
different galactic distribution and their
rate is probably an order of magni-
tude smaller than the one necessary
to explain the observed flux. Low mass
X–ray binaries also do not fit the en-
hanced Bulge component.
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Lastly, light dark matter particles are
theoretically not well motivated, might
be inconsistent with observations and
their mass should be very close to me,
because from the comparison of the
Galactic gamma ray emission above
and below 511 keV, one can conclude
that the injected energy of the positrons
cannot be larger than about 3 MeV.

24



Contemporary gravitational waves
from PBHs.

Based on:
A.D., P.D. Naselsky, I.D. Novikov
e-Print: astro-ph/0009407;
A.D. , D. Ejlli, Phys.Rev. D84 (2011)
024028.
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Modified cosmological thermal history:
matter dominance (by PBH) in the
early universe, all previous relics are
diluted, including inflationary GWs.
Early period of structure formation at
very small scales.
Universe heating by PBH evaporation,
2nd RD stage, “return to normality”.
Possibly observable GW induced by
PBH scattering and binaries in high
density PBH clusters.
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To avoid conflict with BBN we need:

τBH < 0.01sec < tBBN ∼ 1 s,

where

τBH ≈
5 · 211π

Neff

M3

m4
Pl

,

(grey factor is neglected).
Here Neff ∼ 100 is the number of

species withm< TBH = m2
Pl/(8πM).

Correspondingly MBH < 2 · 108 g.
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I. Cosmological story of PBH.
PBHs are formed if the density con-
trast at horizon scale is of the order of
unity, δρ/ρ ∼ 1. Hence PBHs formed
at cosmological time tp, have masses:

M = tpm
2
Pl , tp = rg/2 ,

where rg = 2M/m2
Pl and

mPl = 1.22× 1019GeV ≈ 2.18× 10−5g.
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Mass spectrum of PBHs.
1. Flat, inflationary perturbations lead
to a power law spectrum.
2. Modified Afleck-Dine baryogene-
sis, leads to log-normal spectrum (AD
and J. Silk):

dN

dM
= C exp [(M −M0)2)/M2

1 ] .

and possibly to a large cosmological
mass fraction of PBH.
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Relative cosmological energy density
of BHs at production is

ΩBH(tp) ≡ Ωp,

model dependent parameter.
Normally Ωp� Ωtot ≈ ΩR ≈ 1, thus
the universe was at RD stage before
and after production of BH with
ρ = 3m2

Pl/
(
32πt2

)
, till BH started to

dominate, if they lived long enough.

30



At RD stage ΩBH ∼ a(t) ∼ t1/2,
until ΩBH rises up to unity at
t = teq = M/(m2

PlΩ
2
p).

teq is the onset of BH dominance.
Condition of PBH dominance,
τBH > teq, demands:

M > 5.6 · 10−2
(
Neff

100

)1/2mPl

Ωp
.
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After evaporation
ΩBH → 0, while Ωtot = 1 remains
and the 2nd RD stage begins.

32



Rise of density perturbations.
At MD stage primordial density per-
turbations rise as ∆ ≡ δρ/ρ ∼ a(t).
For sufficiently long MD stage, ∆ would
reach unity and after that quickly rises
to ∆� 1.
High density clusters of PBHs would
be formed and GW emission could be
strongly amplified.
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The regions with high nBH would emit
GW much more efficiently than in the
homogeneous case. The emission of
GW is proportional to vn2

BH and, both
the BH velocity in dense regions and
nBH would be by several orders of
magnitude larger than those in the
homogeneous universe.
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Perturbations could become large if
τBH > t1, where t1 is the moment
when δρ/ρ ∼ 1. To this end PBM
mass should be bounded from below:

M > 103g
10−6

Ωp

(
10−4

∆in

)3/4(
Neff

100

)1/2

.

After ∆ reached unity, rapid struc-
ture formation would take place:
violent relaxation with non-dissipating
dark matter.
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Maximum velocity in the cluster is
limited by the condition of sufficiently
large M to reach ∆ ≡ δρ/ρ ≥ 1
and reads:

vmax ≈ 0.01∆
1/6
cl

(
∆in

10−4

)−1/3

and with ∆cl, as large as 106, BHs can
be moderately relativistic.
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The density contrast ∆cl ∼ 106 is as-
sumed to be similar to that of the con-
temporary galaxies.
There is another effect (absent for galax-
ies) of increase of ∆cl by several or-
ders of magnitude due to decrease of
ρcosm ∼ 1/t2:

∆cl ∼ (τBH/t1)2 .
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GW from PBH binaries.
Gravitationally bound systems of PBH
pairs captured by dynamical friction.
Luminosity of GW radiation from a
single binary:

L =
32M2

1M
2
2 (M1 +M2)

5r5
≈

64

5

M5

r5m8
Pl

.

Radius is expressed through ωorb:

ω2
orb =

M1 +M2

m2
PlR

3
.
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Stationary or inspiral regimes? Sta-
tionary is more probable. PBHs evap-
orated before they coalescenced.
Average distance between BHs in the
high density cluster:

db = 0.1rgΩ
2
3
p

(
M

mPl

)4
3
(

100

N

)2
3

(
106

∆

)1
3

,
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The present day energy density of GWs
from binaries in stationary regime:

Ω
(stat)
GW (f ; t0) = 4.88 · 10−10ε .

Frequency range from a few Hz:

f ≥ 5Hz

(
105g

M

)1/2

.
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Density parameter today h2
0ΩGW as

a function of frequency for PBH bina-
ries in stationary approximation for
ε ∼ 10−5 and M ∼ 107 g (solid line)
and M ∼ 1 g (dashed line).
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Gravitons from BH evaporation.
Average graviton energy:

ωav = 3TBH =
3m2

Pl

8πM
.

Gravitons carry about 1% of the to-
tal evaporated energy and thus their
contribution into cosmological energy
density would be about 10−6.
For ω < ωav the graviton density frac-
tion drops down to 10−6(ω/ωav)

4.
Non-thermal spectrum because of red-
shift.
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Density parameter per logarithmic
frequency, h2

0ΩGW (f ; t0), as a func-
tion of frequency today for M = 1 g
(solid line) and M = 105 g (dashed
line).
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The existing and near-future detec-
tors are not sensitive to such GW but
Ultimate DECIGO (2035), which will
be sensitive to Ω = 10−20 at f = 1 Hz
may put the limit:

M > 103.6mPl

or discover them.
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However, electromagnetic detectors
based on resonance graviton to pho-
ton transformation are promising.
The principle of such detector was pro-
posed by Braginsky and Mensky. There
is a renewed interest on these new de-
tectors and prototype has been con-
structed at Birmingham University with
sensitivity of the order hrms ∼ 10−14

Hz−1/2 at f ∼ 108 Hz.
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log [h2
0ΩGW (f) vs. log (f [Hz]) for

different models of production of
stochastic background of GWs
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Conclusion
Cosmological scenario with dominance
of PBH is plausible.
This early MD-stage may be observ-
able through high frequency GW.
Heavy relics from after-inflationary heat-
ing would be forgotten.
Baryogenesis might successfully pro-
ceed in the course of BH evaporation.
If DM and baryon asymmetry are pro-
duced in BH evaporation, it is natural
to expect that ΩDM ∼ Ωb.
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BBN is safe, though some distortion
is possible.
Impact on CMB is weak or high fre-
quency GW could distort it (?).
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DM of PBHs and first stars.

PBHs would be captured by the first
stars. Due to dynamical friction they
sink to the center and form a single
BH. For PBHs heavier than ∼ 1022 g,
the timescale for dynamical friction
turns out to be shorter than the typ-
ical stellar lifetime. The central BH
would accrete very rapidly and swal-
low the whole star.
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As a result a large BH with mass 10−
103 M� would be created. So for
MPBH &&& 1022 g, the lifetimes of Pop.
III stars may be shortened with im-
plications for reionization of the Uni-
verse and for the first supernovae.
In addition, since the stars are inside
much larger haloes, they can in prin-
ciple accrete even more matter (de-
pending on the accretion mechanism).
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Thus, the end–products of the sce-
nario are BHs of masses (10−105)M�.
These may be the seeds which pro-
duced the super–massive BHs seen at
high redshifts; the Intermediate Mass
Black Holes; as well as the black holes
at the center of every normal galaxy
today and whose origin is as yet un-
certain.
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The PopIII stars: M ∼ (1− 100)M�.
Heat source: the ordinary fusion.
According to Heger and Woosley: for
M = 100M�: central temperature is
1.2×108 K , central density 31 g/cm3,
R = 7R� ; for 10M�, Tcentr = 9.6×
107 K, ρcentr = 226 g/cm3, R = 1.2R�,
and the stellar fusion luminosity is:

L∗ = 6.5× 1039 erg/s for 100M�,
L∗ = 4.2× 1037 erg/s for 10M�) .
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In addition to the ordinary stellar fu-
sion there could be heat sources from
PBHs, which include accretion onto
the BHs, Hawking radiation, and the
Schwinger mechanism.
We have found that the ordinary stel-
lar fusion luminosity dominates over
the heat sources due to PBHs.
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Total Mass in PBHs inside the star.
First stars form at the centers of 106M�
DM haloes. We assume an initial Navarro–
Frenk–White profile for both DM and
baryons. As the gas collapses to form
a star, its gravity pulls DM (i.e. PBHs)
with it. Adiabatic contraction (Sell-
wood and McGaugh (2005)) leads to
the DM density inside the star:

ρDM ≈ 5 (nb cm3)0.8 GeV/cm3 .

This result is independent of the na-
ture of DM.
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For nb ≈ 1024/cm3, the DM to baryon
matter ratio of a typical Pop. III star
is about 10−4. The number of PBHs
inside the star:

NBH ∼ 107

(
1024 g

MBH

)(
M∗

100 M�

)
,

whereM∗ is the mass of the star. More
precisely the total mass in PBHs is

M tot
PBH ∼ 6.3× 1030 g for 100M� ,

M tot
PBH ∼ 4.1× 1029 g for 10M� .
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Accretion of stellar material on PBH.
The maximum accretion luminosity for
a single PBH cannot exceed the Ed-
dington limit

LE = 6.5 · 1028
(
MBH

1024 g

)
erg/s .

The extra heat produced by accre-
tion onto the PBHs inside the star has
negligible impact on the star physics.
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We estimate the accretion rate accord-
ing to Bondi (1952). The accretion
time scale is about:

τa ∼ 105

(
1024 g

MBH

)(
T

keV

)3
2

(
g/cm3

ρb

)
yr .

So even a single PBH with mass greater
than 1024 g inside the star could eat
the entire star. The PBHs are thought
to comprise at least some measurable
fraction of the DM in the universe.
If the PBHs do not comprise the en-
tire DM, then the PBH mass could be
larger than we have discussed hereto-
fore, though contributing only a small
fraction of the critical density.
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Formation of a larger BH at the cen-
ter of the star via Dynamical Friction.
According to Chandrasekhar the de-
celeration of BH moving at a velocity
vBH with respect to the fluid of light
particles with Maxwell velocity distri-
bution with dispersion σ, is

d

dt
~vBH = −4πG2

NMBH ρb ln

~vBH

v3
BH

[
erf(X)−

2X exp(−X2)
√
π

]
,

whereX ≡ vBH/(
√

2σ), ρb is the den-
sity of particles in the star, and ln ≈
ln (M∗/MBH).
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Since the characteristic gravitational
time scale

τg =

√
r3

M∗(r)GN
∼
(

3

4πρbGN

)1/2

≈ 1900

(
1 g/cm3

ρb

)1/2

s

is much shorter than the lower limit
on the characteristic dynamical fric-
tion time scale

τDF =
σ3

4πG2
NMBHρb ln Λ

≈

5 · 1010

(
1024g

MBH

)(
σ

3 · 107 cm/s

)3

(
1 g/cm3

ρb

)(
10

ln Λ

)
s ,

the equation of motion can be quite
accurately solved.

59



For the time of BH formation we find:

τf ≈ 1.4 · 104

(
1024 g

MBH

)
(

σ

3 · 107 cm/s

)3
(

1 g/cm3

ρb

)(
10

ln Λ

)
yr ,

where vinBH ≈ σ is the initial PBH ve-

locity, so while v
f
BH is the final PBH

velocity, when Rf = 4 · 102 cm, that
is, when the orbit of the PBH is equal
to the Schwarzschild radius of the fi-
nal BH.
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Summary and conclusions
Primordial black holes in the mass range
MPBH ∼ 1017−1026 g are viable dark
matter candidates. If they make part
of the cosmological dark matter, they
could make up a significant mass frac-
tion of the first stars. PBHs with
M < 1022 g do not have a signifi-
cant effect on the evolution of primor-
dial stars, because their timescales for
Bondi accretion and for dynamical fric-
tion are larger than the lifetime of a
Main Sequence star of 1− 100 M�.
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PBHs with M > 1022 g might sink
quickly to the center of the star by
dynamical friction and form a larger
black hole, which could swallow the
whole star in a short time.
So, Pop. III stars would likely have
lived for a short time, with implica-
tions for the reionization of the Uni-
verse after the cosmic dark ages and
the nature of the first supernovae; in
fact they may preclude any supernovae
from the first stars.
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Although the BH swallowing the star
shortens the star’s lifetime and its con-
tribution to reionization, the newly
formed hole can become a new, al-
ternative source of ionizing photons.
The 10–100 M� BHs that form by
swallowing Pop. III stars may grow
even larger: they reside in 1000 M�
of gas that are in excess of the Jeans
mass and may fall into the BH. Black
holes of mass 1-1000 M� may result.
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The accretion could continue in the
106 M�minihaloes of dark matter which
105 M� of baryonic matter of low den-
sity gaseous material, ρ ∼ 10−24 g/cm3.
The end–products are 10 − 105 M�
black holes, these objects may serve
as the progenitors of the super–massive
black holes which are in the center of
every normal galaxy today.

64



PBHs with MBH > 1026 g, are ob-
servationally constrained to be only a
fraction of the total DM, yet could be
important in the first stars.
It would only take one such black hole
to be pulled into the star via dynam-
ical friction (timescale ∼ 107 yr for
a 1 M� black hole to get from 1 pc
out into the center of the star and to
quickly eat up the whole star.
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If the effects described above do not
take place, one could place bounds
on the black hole abundances of var-
ious masses. E.g., if PBHs swallowed
primordial stars too quickly, the cos-
mological metal enrichment would be
problematic and in absence of viable
alternatives, the current allowed mass
range MPBH ∼ 1016−1026 g could be
further reduced to ∼ 1016− 1022 g.
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