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Big Bang Nucleosynthesis predictions
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Figure 24.1: The primordial abundances of *He, D, *He, and "Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [50]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+Tle concordance range (both

at 95% CL).
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Fractions of light elements produced at BBN
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@ The observed abundances of “He,
D, and 3He perfectly well agree
with theoretical predictions, at
the canonical value of the
baryon-to-photon ratio
n = 6 x 1071° found from angular
fluctuations of CMBR.
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Figure 24.1: The primordial abundances of 4He, D, *He, and "Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [50]. Boxes indicate the
observed light clement abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D-+4He concordance range (both
at 95% CL)
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Fractions of light elements produced at BBN
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Foat \ 1 @ The observed abundances of *He,

D, and 3He perfectly well agree
with theoretical predictions, at
the canonical value of the
baryon-to-photon ratio

n ~ 6 x 1071° found from angular
fluctuations of CMBR.

@ Theoretically predicted amount of
"Li at such 7 exceeds observations
approximately by factor 2.
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Figure 24.1: The primordial abundances of 1He, D, *He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [50). Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+He concordance range (both
at 95% CL).
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A reduction mechanism

A new mechanism to explain the observed lithium-7 deficit:

o ’Li transformation into 8Li or 8Be by the capture of neutrons in
the reactions: “Li+ n — 8Li+ v or "Li+ n — %Be + .

e The produced 8Li or Be quickly decay into a pair of *He.

We assume that the neutrons are created by the evaporation of
primordial black holes (PBH) with properly adjusted parameters.

EA, A.D. Dolgov, "Deficit of primordial " Li and primordial black holes”,
arXiv: ...
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(Schwarzschild) black hole evaporation

According to S. Hawking (1974), black hole with mass Mgy has the temperature:

v,
87TMBH
@ Mp =2.176 x 107> g = 1.22 x 109 GeV is the Planck mass

Ty = =1.05- 103 GeV/Mlo , My = MBH/(].OlOg)

All particles with masses below Tgy are abundantly created in the course
of evaporation.

The energy flux of the emitted radiation is:
J~ T4r§, rg = 2MBH/M,23, — MBH ~ (—MEE,)
Correspondingly the mass of BH, created at time moment t(™ evolves as

Mgu(t) = Mg,'_’,) [(TBH —t+ t(i”))/TBH] /3 \with the black hole life-time equal to:

M3
TeH ~ 3 x 103N} —BH
MPI

N = 100 is the effective number of particle species with masses smaller Tgy.

= 71y = 160 /\/7130 sec
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Thermalisation

Baryons produced in the course of BH evaporation quickly loose their
energy through interaction with the primeval plasma. J

The thermalisation/equilibration time can be estimated as:
teg = 1/ (Jtot Vcosmncosm)

@ ngosm is the number density of particles in the primeval plasma
@ 0y is the total interaction cross-section of baryons with background matter
@ Vcosm Is the relative velocity of the colliding particles in cosmological plasma

In thermal equilibrium:
Neosm =~ 0.1 Tgosm g«

@ Tosm is the temperature of the cosmological plasma
@ g, ~ 102 is the number of particle species
@ The numerical coefficient is equal to 0.09 for fermions and 0.12 for bosons.
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Hubble cooling time

Equilibrium is established if the characteristic thermalisation time is
shorter than the Hubble expansion (cooling) time: Ttperm < Teosm

According to the Friedman equation, the Hubble parameter, H, is
expressed though the cosmological energy density (for 3D flat universe):

272
3H“Mp,
8w
The energy density of cosmological plasma at thermal equilibrium is
related to cosmological temperature as:
g, T4

Ocosm = 30 cosm

= Ocosm

Hence the Hubble cooling time as a function of cosmological temperature:

~ 90 \¥2 m
Teosm = H™! = <8W3g*> TTF’; = 0.5sec (MeV/ Teosm)?

E. Arbuzova PBH as a solution to the " Li Problem 21 July 2025 8/19



Efficient thermalisation condition: Tiherm < Teosm

@ Baryons created by PBHs typically have energies of the order of the PBH
temperature, i.e. about 1 GeV in our cases.

@ The baryons are ejected into the low energy background plasma that by
assumption has much larger number and energy densities than the densities
of energetic baryons created by the evaporating PBH.

These energetic baryons would loose energy during the characteristic time:

-1 ~ 3
Ttherm = (Utot Vevapncosm) » Neosm ~ 0.1 Tcosm 8
@ Veuap is typical velocity of evaporating particles, initially Veyap ~ ¢

For efficient thermalisation during the Hubble time, 7¢osm, the condition
Ttherm < Teosm Should be fulfilled, which is satisfied for the cross-section:

keV
OtotVevap > 5 X 1074 <C> cm?

7_COSI‘I"I

This is surely true for the case we are interested in.
Thermal equilibrium in cosmology is established much faster than the Hubble

expansion rate for any reasonable value of the interaction cross-section.
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Possible scenario: Hot Black Holes

We assume that the temperature of the considered PBHs is about 1 GeV.
PBH with such temperature could efficiently create baryons and anti-baryons.

@ The PBH mass in this case is Mgy ~ 1013 g
@ The PBH lifetime is 75y ~ 1.6 x 10%(Mpgy/10%g)3 sec ~ 1.6 x 10! sec
At the cosmological time T.osm = Ty the cosmological plasma temperature was:
Teosm(TBH) ~ 1.8eV
@ The hydrogen recombination temperature is T, ~ 3000K ~ 0.26 eV.
@ The recombination takes place at zec = 1100 and tl(jec) ~ 1.2 x 10%3 sec.

@ T,ec is much lower than the hydrogen binding energy, Epjng = 13.6 eV
The considered black holes evaporated, while the cosmic plasma was still ionised.

The temperature of cosmic plasma during the main part of evaporation period was
quite low, so the produced baryons could not destroy existing primordial D, He
and Li nuclei, since their binding energies are several MeV. However, the created
anti-baryons could be dangerous and might, in principle, destroy “He.
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The total rate of (anti)baryons production

The fluxes of baryons and anti-baryons, created by a single PBH, are the same:
Jg = 0.1g.fg T3, where Ty = 103 GeV /Mg

@ fg < 1is the relative fraction of (anti)baryons with respect to the total
radiation emitted by the BH.

The total rate of (anti)baryons production, ng, emitted from the sphere of
the area A = 7rrg2 (rg = 2MBH/I\/I,23, ~ 1.5- 1078 Mg cm) per unit time,
by black holes with the number density ngy:

ng +3Hng ~ ng = JgAngy = [0.1g*f3 . (103 GeV/M10)3 . (7‘(’/’;)] - NBH

@ [...] is the rate of baryon production by a single black hole.

We have neglected here the Hubble friction term because the cosmological
expansion is slow in comparison with the characteristic time of the process.
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The rate of *He fission

Inserting numerical values we obtain the total rate of (anti)baryons production:
ng =~ (1.8 fB)I\/Il_OlnBH GeV.
Using the relation 1 GeV = 1.52-10%* sec™!, we rewrite it in seconds:
hg = (2.75g*f3)l\/71_0110 ngy sec L.
The number density of the baryons produced via the complete BH evaporation:
ng ~ Tenipy = (4.4fpg.) M3y x 10%ngy

@ where the value Tgy = 160M3, sec is used.

The rate of “He fission by anti-baryons is governed by the equation:
A(*He) = (0fisViep) nen(* He)

@ Vpep is the relative velocity of p and He nuclei (essentially thermally average
proton velocity)

A reasonable guess for the fission cross-section is the size of *He nuclei squared:
lotey = 1.68 X 10713 ecm = 04 — 2.8 x 107 cm?
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Number density of excessive baryons

The temperature of the cosmic plasma at the moment of BH evaporation is
Teosm(TBH) /= 1.8 €V and the cosmological time at that period:

Teosm = 0.5 sec (MeV/ Tcosm)2 =1.54-10" sec

The relative number of destroyed helium-4 nuclei by anti-baryons during the
cosmological time, can be estimated as:

An(*He
e = n(‘EHe)) = (0fisVHep) NBTeosm ~ 6 x 10% (fggi) M3y Ve ngy cm®

Demanding uncertainty in determination of *He density at the level of 10%, i.e.
rHe < 0.1, we obtain:
2-107%cm—3
BHS 73
B 8« VHep Mig
Consequently, the number density of excessive baryons is:

10°
ng = 4.4 x 1026 (fBg*) M120nBH 5 cm73
VHep
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If this limited density of baryons originating from black holes is

sufficient to destroy ‘Li down to the observed value?
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Figure 24.1: The primordial abundances of *He, D, *He, and Li as predicted by the standard

baryon-to-photon ratio i = n;/n.,
@ The produced 3Li quickly decays into two
model of Big-Bang nuclcosynthesis — the bands show the 95% CL range [50]. Boxes indicate the

observed light element abundances. The narrow vertical band indicates the CMB measure of the 4 H e nu CI ei
cosmic baryon density, while the wider band indicates the BBN D+#He concordance range (both

at 95% CL).
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The fraction of the destroyed "Li

The number density of “Li evolves according to the equation:
A("Li) = viino(LiTYn(" Li)ng

@ n(’Li) is the number density of "Li.

@ v, is the relative centre of mass velocity of the neutron and Li nuclei (close
to thermal neutron velocity)

The fraction of the destroyed ’Li during cosmological time:

5n(Li) 7
A = Sy = Wi/ viep) o (Li") e Teosr

~2-100%°cm* x103em 3 x 1.54 - 10" x3-10%m~ 2

@ A natural assumption is made: viin/Vhes = 1.

With a reasonable choice of the parameters the density of ‘Li can be
reduced to the observed value.
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Cool Black Holes: Tgy <100 MeV. Baryons are not created

The only stable particles that can be produced by such black holes:
@ electrons, positrons (in equal amount, if BH is electrically neutral)

@ photons, neutrinos

As follows from:

M3,
Tgy = —-— < 100 MeV
BH 8TMpy — €
The black hole mass should be:
100MeV
o = 10 (1201Y)
BH

Its life-time would be longer than:

100 MeV

781 = 1.6 - 10%%sec <
BH

2
) > 1.6 - 10"sec

The photon energy immediately after their production from the BH evaporation were
close to the BH temperature. However, the photons could be thermalised due to their
scattering on the cold background electrons.
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Photon thermalisation
The temperature of the cosmological plasma at 75y would be below the value:

TsH
< _
Tcosm(TBH) = 006 eV <100 MeV)

This temperature is noticeably smaller than the hydrogen recombination
temperature, T, = 0.26 €V, that took place at the redshift z,.. = 1100.

The energetic gamma quanta interacting with neutral atoms would lead to
plasma reionisation at redshifts z,e;o, < 20, adding possibly noticeable
contribution to the canonical sources of reionisation.

Another potentially observable effect could be a distortion of the CMB spectrum
at low frequencies.

Photon thermalisation by scattering on electrons would diminish their energy
below *He binding energy, so they would not destroy *He nuclei, but they could
diminish the number densities of Li and Be down to the observed values.
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Conclusions

It is shown:

@ A population of evaporating PBH may successfully solve the problem
of the too low observed value of of lithium number density at the
canonical magnitude of the baryon asymmetry of the universe.

@ There are two possibilities of "hot” and "cool” black holes.

@ In the first case excessive lithium is killed by nucleons through the
reactions ‘Li+n —8Li 4+ or 'Li +n —8Be+.

@ Subsequently both 8Li and 8Be quickly decay into a pair *He nuclei.
@ In the second case the extinction of “Li could be realised by photons.

@ The considered mechanisms may lead to distortion on the CMB
angular fluctuations at low frequencies and to make contribution to
reionization of the universe.
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THE END
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