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Abstract: We study primordial nucleosynthesis in hypothetical hot regions that could be formed
by the primordial density inhomogeneities. It is shown that the regions that survived up to the
present times acquire an abnormally high metallicity. This conclusion holds in a wide range of
initial parameters of such regions. We considered the thermonuclear reaction rates and estimated
abundances of deuterium and helium-3 and -4 inside these areas. It has been established that
all baryons tend to form helium-4, which is the thermonuclear link in the chain of formation of
heavier elements.
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1. Introduction

We suppose that stable hot regions could be formed in the early Universe. This hypoth-
esis was put forward on the basis of the cosmic X-ray observations and IR background [1].
The cluster of primordial black holes (PBHs) could be responsible for such regions. The
formation of PBH clusters and their possible observational effects are now of special in-
terest [2–13], but we do not constrain the possibility of such regions’ appearance to PBH
clusters only. PBHs and their cluster formation can be the consequence of the existence and
breaking of new symmetries in quantum field theory [2,14,15].

PBH clusters can be the seed of a quasar or a galaxy formation [16–18]. Here, we
consider the matter trapped in this region, which can be the protogalaxy or can exist
separately. So the prerequisites for the task in question are the regions decoupled from
Hubble flow (and virialized) containing primordial plasma. Plasma must flow out to the
surroundings by diffusion in the CMB field. If the region is big enough, it can survive to
the present time, as was obtained for the antimatter domain [19,20]. A region of size ∼1 pc
spreads over ambient matter after recombination (z ≈ 1000) when the structure is already
formed (see, e.g., Equation (12) from [19]). By this time, heavy chemical elements, as we
show, have time to be formed in a wide range of considered model parameters; therefore,
areas contaminated with heavy elements can be expected to exist even if the matter has
spread outside primordial region. Moreover, cooling by conventional thermal (gamma-ray)
radiation is ineffective for big regions. The escape time of photons from the region interior
(thermal time scale) at the taken parameters (given below) exceeds the modern age of
the Universe. The matter inside the area can be additionally heated with respect to the
surrounding one during its formation due to domain wall kinetic energy in the case of the
respective mechanism of PBH cluster formation [2–4].

We consider the chemical composition of such possible hot regions, whatever their
origin is. The thermal evolution of such regions involves many factors. The matter inside
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areas can be heated or cooled by various processes acting at the same time. These processes
include neutrino cooling [21,22], inelastic reactions between elementary particles and nuclei,
the radiation from star-forming hot plasma [1], the gravitational dynamics of the system,
the shock waves and diffusion of matter during the region formation [23,24], energy transfer
from collapsing walls as mentioned above [14–16,25,26], accretion [1,24], and Hawking
evaporation [24,27,28]. We focus here on the pure effect of inelastic reactions between
elementary particles and nuclei. They may play a dominant role within a wide range of
region parameters which are specified below. We have shown earlier [21,22], that neutrino
emission can be decisive in the temperature evolution of such regions at the first stage.
Here we extend consideration by involving reactions with the lightest element formation.

We use the results obtained in [16–18,21,29], where the mass of the detached region
was supposed to have the range 104–108M�. These values have been of interest since
they can provide a seed for supermassive black holes and galaxies. We do not relate the
amount of PBHs with dark matter, which is strongly constrained in dependence on PBH
mass value [30]. Abundances and masses of PBHs inside clusters as well as of clusters
themselves are assumed to be proper ones. The following are the most important starting
parameters: the area has a radius of R ∼ 1 pc, a mass of 104 M�, and an initial temperature
interval T0 ∼ 1 keV–10 MeV.

The goal of this work is to investigate certain reaction networks, which define the
evolution of temperature and chemical composition of the regions in the early Universe.
Light element abundance ratios (nd/nB, n3 He/nB and n4 He/nB) are finally obtained; heavier
element production is discussed.

The hypothesis concerning the existence of the regions discussed can be supported
by the evidence of cosmic infrared and X-ray background correlations [1], anomalous
star existence [31,32], and can be probed in direct searches for large areas with abnormal
chemical composition in the future.

Section 2 is dedicated to a discussion of the main nuclear reactions. Section 2.1
contains information about the region temperature, Section 2.2 about proton and neutron
abundances, Section 2.3 about deuterium and helium-3, and Section 2.4 about abundances
of helium-4 and heavier elements. A closing overview of the research is provided in
Section 3. We also include some useful information on reaction rates and cross-sections in
Appendix A.

2. Nucleosynthesis

Consider the reaction between two nuclei 1 and 2. The reaction rate is proportional to
the mean lifetime τ of the nuclear species in the stellar plasma. The number density change
rate of nucleus 1 caused by reactions with nucleus 2 can be expressed as [33,34](dn1

dt

)
2
= −(1 + δ12)r12 = −(1 + δ12)

n1n2〈σv〉12

(1 + δ12)
= −n1n2〈σv〉12. (1)

Here, r12 is the rate of interaction, δ12 is the Kronecker symbol equal to one if 1 = 2
and zero if 1 6= 2, n1 and n2 are the number densities of nuclei of types 1 and 2 (having the
atomic numbers Z1 and Z2, as well as the mass numbers A1 and A2), and 〈σv〉12 represents
the product of the reaction cross-section and the interacting nuclei’s relative velocity v. The
case of identical initial nuclei is taken into account by the presence of the Kronecker symbol.

We will look at how the neutrons, protons, and 2H, 3He, and 4He abundances change
over time due to the reactions of the mostly proton–proton chain. The n + p and p + p
reaction produces 2H, which is then destroyed by the d + p and d + γ reactions, whereas the
d + p reaction produces 3He, which is then destroyed by the 3He + 3He reaction, producing
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4He. We consider neutrinos to be able to leave the region freely and therefore cool it down.
The essential reactions of light elements and neutrinos produced are the following:

e− + p −→ n + νe, (2)

e+ + n −→ p + ν̄e, (3)

e+ + e− −→ νe,µ,τ + ν̄e,µ,τ , (4)

n −→ p + e− + ν̄e, (5)

p + p −→ D + e+ + νe + 1.44 MeV, (6)

D + γ −→ p + n− 2.22 MeV, (7)

n + p −→ D + γ + 2.22 MeV, (8)

D + p −→ 3He + γ + 5.493 MeV, (9)
3He + 3He −→ 4He + 2p + 12.861 MeV. (10)

We neglected energy releases of less than 1 MeV. The initial number densities is
approximately described as

np =
nB

1 + exp
(
−∆m

T0

) , nn = np(T0) exp
(
−∆m

T0

)
, (11)

ne− = neq
e (T0) exp

(
−me

T0

)
+ ∆ne, ne+ = neq

e (T0) exp
(
−me

T0

)
, (12)

nB ≡ np + nn = gB ηnγ(T0), ∆ne ≡ ne− − ne+ = np. (13)

Here, η = nB/nγ ≈ 0.6 × 10−9 is the baryon to photon relation in the modern
universe, gB ∼ 1 is the correction factors of that relation due to entropy redistribution,
nγ(T) =

2ζ(3)
π2 T3 and neq

e (T) = 3ζ(3)
2π2 T3 are the equilibrium photon and electron number den-

sities, respectively, ∆m = mn−mp = 1.2 MeV. The forms of Equations (11) and (12) for num-
ber densities are chosen to fit their asymptotics in the case of thermodynamic equilibrium.

We consider all densities to be independent of space coordinates within the region.
Equations (12) are also used to calculate electron and positron current number densities
with T instead of T0 and total electric charge instead of np inside ∆ne.

The rates per unit volume, γi ≡ Γi/V, for reactions listed above are, respectively,

γep = ne−np〈σv〉ep, γen = ne+nn〈σv〉en, (14)

γee = ne−ne+〈σv〉ee, γn =
nn

τn
, (15)

γpp =
n2

p

2
〈σv〉pp, γγd = nγnd〈σv〉γd, (16)

γnp = nnnp〈σv〉np, γdp = ndnp〈σv〉dp, (17)

γ3 He3 He =
(n3 He)

2

2
〈σv〉3 He3 He. (18)

Here, ni is the concentration of the respective species, 〈σv〉ij is the reaction rate of
interacting particles i and j, v is their relative velocity, for reactions (2)–(4) v ' 1, and
τn ≈ 1000 s is the neutron lifetime. The electron–electron, electron–proton, and electron–
neutron cross-sections are given by Equations (A7) and (A8) in the Appendix A.

The temperature balance is defined by the first law of thermodynamics

∆Q = δU, (19)

where ∆Q and δU are the heat and inner energy gains (in fact, a decrease) of the matter
inside the heated area, respectively. Expanding all the values, one obtains
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[
(γpp ·Q1 − γγd ·Q2 + γnp ·Q3 + γdp ·Q4 + γ3 He3 He ·Q5)− (γep + γen + 2γee + γn + γpp)Eν

]
dt = 4bT3dT, (20)

where Qi is the energy release of the respective reaction, Eν ∼ T is the energy of the
outgoing neutrino, b = π2/15 is the radiation constant. Using Equations (1) and (20) and
reactions (4)–(10), we can compose the following system of differential equations.

d(nn)

dt
= ne−np〈σv〉e−p + nγnd〈σv〉γd −

nn

τn
− nnnp〈σv〉np − ne+nn〈σv〉e+n (21)

d(np)

dt
= ne+nn〈σv〉e+n +

nn

τn
+ nγnd〈σv〉γd + (n3 He)

2〈σv〉3 He3 He

− ne−np〈σv〉e−p − n2
p〈σv〉pp − ndnp〈σv〉dp (22)

d(nd)

dt
=

n2
p

2
〈σv〉pp + nnnp〈σv〉np − ndnp〈σv〉dp − nγnd〈σv〉γd (23)

d(n3 He)

dt
= ndnp〈σv〉dp − (n3 He)

2〈σv〉3He3He (24)

d(n4 He)

dt
=

(n3 He)
2

2
〈σv〉3He3He (25)

d(T)
dt

= [(γpp ·Q1 − γγd ·Q2 + γnp ·Q3 + γdp ·Q4 + γ3 He3 He ·Q5)

− (γen + γep + 2γee + γn + γpp)Eν]/4bT3 (26)

The initial number densities of deuterium and helium are considered to be zero inside
the region.

As can be seen from the equations, we do not consider any reactions of heavy element
production for the sake of simplicity. Evidently, some parts of 4He will be transformed into
heavier elements subsequently, so our estimations of its number density effectively show
the number density of 4He together with all heavier elements.

2.1. Temperature Evolution

The temperature evolution (Equation (26)) follows from the equation system above. It
is dominated by the cooling due to the reaction (4).

Figure 1 shows the time dependence of the temperature for different initial temperatures T0.

2.2. Abundances of Free Protons and Neutrons

We can estimate the abundance of (free) neutrons and protons numerically using
Equations (21) and (22). Figure 2 shows the evolution of the number densities, while
Figure 3 shows the fraction of protons (left) or neutrons (right) from the initial baryon
number density.



Symmetry 2022, 14, 1452 5 of 10

Figure 1. The time behaviour of the temperature inside the heated area.

Figure 2. Left: The time evolution of the proton density in the region at different initial temperatures.
Right: The time evolution of the neutron density in the region at different initial temperatures.

Figure 3. Left: The time evolution of the abundance protons in the region at different initial tem-
peratures. Right: The time evolution of the abundance neutrons in the region at different initial
temperatures.

One can explain qualitatively these figures. There are five processes considered to
affect the neutron number density. However, while the production (Equation (8)) and
destruction (Equation (7)) of the deuterium are generally the two most active of them,
their reaction rates have almost negligible difference in most cases. Therefore, the neu-
tron abundance is defined by neutron decays (Equation (5)) with the combined effect of
electron–proton and positron–neutron reactions (Equations (2) and (3)). At the higher initial
temperatures, the latter starts as dominant, slowly decreasing its effect with the fall of the
temperature, until it reaches the level of the neutron decaying somewhere below 1 MeV.
After that, the combination of all three of these reactions causes the slow and gradual fall of
neutron abundance. At low initial temperature, neutron decays start as a dominant process,
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causing an exponential drop at around 103 s, until the decay rate matches the one of the
e-p and e-n combinations. After that, the neutron abundance remains stable for a long
time until the temperature starts having noticeable changes, affecting the reaction rates and
causing the neutron number density to have a slow and gradual fall, as in the case of high
initial temperatures.

The rise in proton number density is caused by neutron decay (slowed down due to
the processes described above). This effect is more visible at the high initial temperatures,
as the neutrons constitute a higher part of the baryons there. The consequent fall in the
proton number density is caused by the irreversible transition of the baryons to the 3He
and 4He.

2.3. Abundances of Deuterium and Helium-3

Figure 4 shows the evolution of deuterium (left panel) and 3He fractions with time.

Figure 4. Left: The time evolution of the abundance ratio (nd/nB) in the region at different initial
temperatures. Right: The time evolution of the abundance ratio (n3 He/nB) in the region at different
initial temperatures.

The reaction rates of the deuterium production and destruction equalize themselves
under the current values of the temperature and number densities of neutrons and protons
in a very short amount of time, reaching the “equilibrium”. This equilibrium keeps
adjusting to the changes in those values with time.

The abundance of helium-3 is growing most of the time, as the rate of its production is
greater than the rate of its destruction into 4He. For the high initial temperatures, at a late
time, this situation is reversed due to the decrease in the temperature and number densities
of protons and, subsequently, deuterium, and 3He starts falling.

Figure 4 shows that deuterium and helium-3 have very low abundances, making them
very likely undetectable. Nonetheless, they play a significant role in the synthesis of heavier
elements due to their high reaction rates.

2.4. Abundance of Helium-4 with Heavier Elements

We can estimate the helium abundance (n4 He/nB) numerically from Equation (25).
Figure 5 shows the obtained results.

Figure 5. The time evolution of the density ratio ρ4 He/ρB = 4n4 He/nB in the region at different initial
temperatures. Left panel: log−log scale. Right panel: log−linear scale.
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As already stated above, 4He abundance here effectively stands for not only helium-4
itself, but also for heavier elements. While our assumptions do not allow us to estimate the
metallicity of such a region, we can still make an interesting conclusion that for most of
the considered initial temperatures, the dominant part of baryons will be transformed into
helium-4 and subsequent elements, leaving the region with almost no hydrogen.

3. Conclusions

We considered the possible existence of stable hot areas formed in the early Universe.
Their origin could be related to the formation of PBH clusters. There are many factors that
affect the evolution of such regions, we focus here on the nuclear reactions inside them. The
neutrinos produced in these processes carry away energy, which is found to play a decisive
role in temperature change under our approximation (considering nuclear reactions only
with the given density and reaction-rate dependencies). The considered nuclear reactions
tend to form heavy elements, depleting the hydrogen content. The absence of hydrogen in
such areas may be a distinguishing feature for their possible search. It will be possible to
relate the observed chemical composition to its initial temperature and this can account for
the existence of anomalous stars.
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Appendix A. Reaction Rates and Cross-Sections

Here, we calculate the thermonuclear reaction rates. Maxwell–Boltzmann distributions
are assumed for interacting nuclei at thermodynamic equilibrium; therefore, it follows
that the relative velocities between the two species of nuclei will also be Maxwellian in
nature [34]. We may write for the Maxwell–Boltzmann distribution

P(v)dv =
( m12

2πT

)3/2
e−m12v2/(2T) 4πv2dv. (A1)

where m12 = m1m2/(m1 + m2) is the reduced mass (Boltzmann constant is assumed to
be 1). With E = m12v2/2 and dE/dv = m12v, we may write the velocity distribution as an
energy distribution,

P(v)dv = P(E)dE =
( m12

2πT

)3/2
e−E/T 4π

2E
m12

dE
m12

√
m12

2E

=
2√
π

1
(T)3/2

√
E e−E/TdE (A2)

For the reaction rate we obtain [35]

〈σv〉12 =
∫ ∞

0
v σ(v) P(v)dv =

( 8
πm12

)1/2 1
(T)3/2

∫ ∞

0
E σ(E) e−E/TdE. (A3)

The rate of the reaction is significantly dependent on the cross-section σ, which varies
for each nuclear reaction.
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The reaction rates can be calculated using either numerical integration or analytical
formulas used in this section. At this stage, we define the astrophysical S-factor [36],
S(E), as

σ(E) ≡ 1
E

e−2πη S(E) (A4)

Remember that the Gamow factor e−2πη is just a rough approximation for the s-wave
transmission probability for energies considerably below the Coulomb barrier height. We
write for the reaction rate using the S-factor definition:

n1n2
〈
σv
〉

12 =
( 8

πm12

)1/2 n1n2

(T)3/2

∫ ∞

0
exp

(
− 2π

h̄

√
m12

2E
Z1Z2e2

)
S(E) e−E/TdE (A5)

where Zi is the charges of the target and the projectile. The energy dependency of the inte-
grand is remarkable. The term e−E/T , derived from the Maxwell–Boltzmann distribution,
approaches zero for high energy, whereas the term e−1/

√
E, derived from the Gamow factor,

approaches zero for low energies. The most significant contribution to the integral will
come from energies where the product of both terms is near its maximum.

Correction is required here since the S-factor for many reactions is not constant but
changes with energy. In most situations, just expanding the experimental or theoretical
S-factor into a Taylor series around E = 0 is acceptable [37,38].

S(E) ≈ S(0) + S
′
(0)E +

1
2

S
′′
(0)E2 (A6)

where the primes are derivatives with regard to E. Substituting this expansion into
Equation (A5) results in a sum of integrals, each of which may be extended into pow-
ers of 1/τ (τ ≡ E0/(T)). Table A1 shows the values of the astrophysical S-factor, S(E), for
three reactions in proton–proton chains (ppI chain) that will be investigated in the next
sections of this paper.

Table A1. Best-estimate low-energy nuclear reaction cross-section factors [36,37].

Reaction S(0) MeV b S′(0) b S′′(0) MeV−1 b

p(p,e+ν)d 3.94 × 10−25 4.61 × 10−24 2.96 × 10−23

p(n,γ)d 7.30 × 10−20 −1.89 × 10−19 2.42 × 10−19

d(p,γ)3He 0.20 × 10−6 5.60 × 10−6 3.10 × 10−6

3He(3He,2p)α 5.18 −2.22 0.80

For reaction with participation of e±, the following approximate formulas are used

σen = σee = σw, σep = σw exp
(
−Q

T

)
, (A7)

σw ∼ G2
FT2, Q = mn − (me + mp) = 0.77 MeV. (A8)

They effectively take into account the threshold effect in the respective reaction;
GF = 1.166× 10−5 GeV−2 is the Fermi constant. Such an estimation of cross-section has
accuracy factor 3 in the range where it is relevant. The reaction rates of the light elements
are calculated with Equation (A5).

Figure A1 shows reaction rates of p(n,γ)d, d(p,γ)3He, and p(p,e+ν)d with temperature,
which are calculated with Equation (A5).
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Figure A1. Reaction rate versus temperature.
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