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Abstract 
In our original paper, we outlined a new model of nucleosynthesis which be-
gan when a small percentage of the vacuum energy was converted primarily 
into neutron-antineutron pairs but with a very small excess of neutrons. In 
this paper, we present a detailed study of that original idea. We show that 
immediately after their inception, annihilation and charge exchange reactions 
proceeded at a very high rate and after an interval of no more than 10−12 s, the 
matter/antimatter asymmetry of the universe and the present-day abundance 
of baryons had been established. The annihilations produced the high density 
of leptons critical for the weak interactions and the photons that make up the 
CMB. The model predicts a photon temperature in agreement with the 
present-day CMB value and also explains the origin of the CMB anisotropy 
spectrum. We also show how the nucleosynthesis density variations needed to 
explain all cosmic structures can resolve the difficulties that arise when trying 
to explain observed primordial element abundances in terms of a single-density 
universal model of nucleosynthesis.  
 

Keywords 
Nucleosynthesis, Early Universe, Time-Varying Curvature 

 

1. Introduction 

In our original paper describing a new model of cosmology [1], we outlined a 
new model of nucleosynthesis that is much simpler than the standard model 
while making many predictions that agree with observations. In particular, this 
model readily accounts for the matter/antimatter asymmetry of the universe 
which the standard model does not do. In our original study, we examined a 
range of possibilities and concluded that an annihilation model is the only one in 
which a very small violation of the standard model of QCD results in the un-
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iverse we experience today. The basic idea is that there was no existence other 
than the vacuum up until the time of nucleosynthesis and that at a time of about 
4.3 × 10−5 s, a small percentage of the vacuum energy was converted primarily 
into neutron and antineutron pairs but with an excess of 1 - 3 neutrons for every 
108 pairs. Annihilation and charge exchange reactions proceeded at a very high 
rate and after an interval of about 10−12 s, the antibaryons had all been annihi-
lated and the abundance of baryons had reached its present-day value. The an-
nihilation and charge exchange reactions also produced the photons that became 
the CMB along with a high density of leptons and lepton neutrinos. 

For this model to work, there must be a small violation of QCD that accounts 
for the neutron excess. Such a violation involving neutrons is not, however, 
without precedence. The issue, which is known as the “neutron enigma” [2] is 
that the half-life of free neutrons depends on how the half-live is measured.  
The upshot is that a small percentage of free neutrons decay without leaving be-
hind a proton which is the inverse of our assumption that neutrons appeared out 
of the vacuum unaccompanied by an antineutron.” 

We separate the entirety of nucleosynthesis into three phases. We use the term 
“nucleosynthesis proper” to refer to the third phase during which the light ele-
ments were formed from an initial population of protons and neutrons. This phase 
began when the temperature of the photon gas dropped below the deuterium 
breakup energy. By 0.135 st = , the p/n ratio had reached a value of p n 7.4≈  
or ( )p p n 0.88+ ≈  and nucleosynthesis was underway”. 

The first phase began when a small percentage of the vacuum energy (≈0.1% - 
0.2%) converted into an initial population of neutrons and antineutrons with a 
small excess of neutrons. We are supposing that this occurred at the time that 
the vacuum energy density equaled the energy density of a neutron which would 
place it at a time of 54.3 10 snt

−≈ × . During this phase, charge exchange reac-
tions created the protons, and annihilation reactions both eliminated the anti-
baryons and created the CMB and the leptons. (Our original idea was that a cas-
cade of weak interactions was responsible for the protons but that turned out to 
be wrong.)  This phase proceeded very rapidly and ended after about 10−12 s. By 
then, all the antibaryons had been annihilated and the remaining population of 
neutrons and protons had stabilized with an abundance ratio very close to 
p n 1= .  

This first phase was followed by an intermezzo during which the energy dis-
tributions of the various particles were rearranged, the remaining mesons from 
the various annihilation output channels decayed, and a large fraction of the 
neutrons were converted into protons via weak interactions. 

2. Model  

The basis of our analysis is a numerical simulation that follows the evolution of a 
set of particle types. To keep things simple and also because of constraints on 
simulation execution times, we limited the included types to protons, neutrons, 
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electrons, neutrinos, and photons and their antiparticles. With this set of par-
ticles, we were able to show that the annihilation model works.  

What we did not include were the pions, kaons, and muons and their neutri-
nos that were produced by the annihilation reactions and, while their presence 
was of no consequence as far as the baryon evolution is concerned, they do play 
a critical role in the thermalization process. Because of their omission, we were 
not able to track the thermalization or the weak interaction-driven transition 
from a p/n ratio of about unity at the end of the first phase to the value of 
p n 7.4=  at the end of the second phase. In this study, these are secondary is-
sues so for now, we just accept that thermalization did occur and that the weak 
interactions did change the proton/neutron abundance ratio. The reason they 
were omitted was that their inclusion would have increased the laptop simula-
tion run times to the point of being impractical.   

While the list of particle types is limited, the actual numbers of such particles 
are huge. We obviously could not track individual particles so some sort of sim-
plification was necessary. The initial density of neutrons, for example, was ≈1041 
m−3 and their energies range from near 0 up to 22 2 GeVnm c≈ ≈ . Our solution 
was to split the population of each particle type into a series of kinetic energy 
bins and to consider the members of each bin to be a distinct type. Thus, neu-
trons with kinetic energies between iKE  and 1iKE +  are considered to be one 
type of particle while neutrons in a different bin are considered to be a different 
type. Within each bin, all the members are considered to have the same energy, 

( )1 2i i iKE KE KE< > += + , and to have an isotropic 3-velocity distribution. As the 
simulation proceeds, the population of each of the bins changes but bin energies 
do not. The total number of particles is then the sum of the 9 generic types each 
multiplied by the number of bins assigned to each type. With a bin count of 12 
for each type, for example, we end up with 108 different “particles.”  

The number of reactions becomes large since for a given generic reaction type, 
e.g. n p n p+ → + , each of the binned neutron particles must be reacted with 
each of the binned proton particles. If the input generic types of the reaction are 
different and each type has 12 bins, there are 12 distinct particle types for each 
generic type so there are 12 12 144× =  different reactions. For the case in which 
the input generic types are the same, e.g. n n n n+ → + , elimination of double 
counting reduces the number from 2

binsN  to ( )1 2bins binsN N + . Ultimately, the 
model includes 39 generic reactions so the total number of distinct reactions ex-
ceeds 5000 if each generic type has 12 bins. The reaction count, however, turns 
out to be of little consequence as far as the simulation run times are concerned. 
Instead, because the set of non-linear reaction equations is stiff in the extreme 
(we are simultaneously dealing with reaction rates ranging from 1 s−1 up to 1021 
s−1), the limiting performance factor is the total number of particle types since 
solving the stiff equations requires repeatedly inverting a ( ) ( )9 9bins binsN N× × ×  
Jacobian matrix and unfortunately, this matrix is dense so it is not possible to 
employ sparse or banded matrix efficiencies. 
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To solve the set of reaction equations, we employ the non-linear predic-
tor/corrector ODE solver called Lsoda which is available on the internet. We 
treat Lsoda as a black box that makes calls to a user-supplied “GetRates” routine. 
The input for the call is a vector containing the current predicted particle densi-
ties and the output is another vector containing the calculated rate of change of 
each particle’s density. 

3. Relativistic Kinematics 

We will now consider the kinematics of a typical reaction. We need to allow for 
the randomness in the directions of both the reactant and product particles. To 
do so, we subdivided the particles according to a set of bins based on the angle 
between the particle 3-velocities. Because we are assuming that the particles are 
distributed uniformly in each bin, the population of input angle bins will be 
uniform. In principle, we should take into account the fact that most reactions 
are peaked in the forward direction but doing so would add greatly to the com-
putational load without adding much to the quality of the results because we are 
averaging over such a huge number of particles and reactions. Instead, we will 
assume a uniform distribution which is equivalent to assuming hard-sphere 
scattering. The latter is commonly used with success in other simulation work 
based on, for example, the DSMC method.  

The calculation for each pairing is a multi-step process. We define an x-axis to 
lie along the direction of the first particle. We then, 

1) Select an angle bin from the list assigned to the second particle. 
2) Boost both particles from the vacuum frame to the center-of-momentum 

(CM) frame. (The term “vacuum frame” refers to the frame in which the va-
cuum is at rest. We use that term instead of “lab” frame because the latter is 
generally taken to mean the frame in which one of the input particles is at rest.) 

3) Compute the total CM kinetic energy of the pair and then the reaction rate 
based on the cross section for the reaction and the respective bin populations. 

4) Distribute the reaction product particles into another set of angle bins still 
in the CM frame. 

5) Boost back to the vacuum frame and determine the outgoing particle’s ki-
netic energies in that frame. 

6) Determine the energy bin that each of the angle-distributed output particles 
falls into. 

7) Finally, adjust the densities of the particles in each bin and compute the 
density rates of change.  

It is fortunate that almost all of the computations involving bin energies, cross 
sections, and allocations can be done before starting the simulation. During the 
simulation, at each time step, the current reaction rates are calculated based on 
the current bin populations and then the bin particle density rates are updated 
by multiplying the just calculated rates by the pre-computed allocation ratios. 

We will now work through the details of the kinematics. Starting in the va-
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cuum frame of the incident particles, we orient a coordinate system so that par-
ticle 1 moves along the x-axis and particle 2 moves in the x-y plane as shown in 
Figure 1. 

Each particle’s 3-momentum is denoted by ip  and 2 2 2 4
i i iE p c m c= +  will 

denote its total energy. The 4-vector is ( ),i i iE p=
�p . The 3-vectors are 

( )1 1,0p p=
�

,                       (3-1a) 

( ) ( )( )2 2 2cos , sinp p pθ θ=
� .                (3-1b) 

The velocity of the center of momentum is given by 

1 2

1 2
cm

p c p cv c
E E
+

=
+

� �
�                       (3-2) 

so  

12

1 2
cm

Sv c
E E

=
+

�                       (3-3) 

where  

( ) ( ) ( )( ) ( )2 2
12 1 2 1 22 cosS p c p c p c p c θ= + + .          (3-4) 

The angle α  is given by 

( ) ( )
( ) ( )
21

1 2

sin
tan

cos
p c

p c p c
θ

α
θ

−  
=   + 

.                (3-5) 

We next define a new coordinate system with the x'-axis aligned along cmv� . 
The particle momenta in this new system are  

( ) ( )( )

( ) ( )( )
1 1 1

1
1 2 2

12

cos , sin

cos , sin

p p p

p p p p
S

α α

θ θ

′ = −

= + −

�

             (3-6a) 

( ) ( )( )

( ) ( )( )
2 2 2

2
1 2 1

12

cos , sin

cos , sin

p p p

p p p p
S

θ α θ α

θ θ

′ = − − −

= +

�

             (3-6b) 

We now perform a boost from the vacuum frame to the CM frame along the 
x’-axis. 

 

 
Figure 1. Particle momenta in the vacuum ref-
erence frame. 

https://doi.org/10.4236/jhepgc.2022.83053


J. C. Botke 
 

 

DOI: 10.4236/jhepgc.2022.83053 773 Journal of High Energy Physics, Gravitation and Cosmology 
 

( )
( )

11

11

11

. .

. . cos
. . 1 . sin
. . . 1 00

cm cm cm

cm cm cm

v c E cE c
v c pp

pp

γ γ
γ γ α

α

∗

∗

∗
⊥

−    
    −    =    −
         

�        (3-7a) 

( )
( )

22

22

22

. .

. . cos
. . 1 . sin
. . . 1 00

cm cm cm

cm cm cm

v c E cE c
v c pp

pp

γ γ
γ γ θ α

θ α

∗

∗

∗
⊥

−    
    − −    =    −
         

�       (3-7b) 

From these, we obtain the relationships between the vacuum and CM frame 
energies and momenta.  

( )( )
2

1 1 1 1 2
1 2

coscE E p p p
E E

γ θ∗  
= − + + 

,            (3-8a) 

( )( )
2

2 2 2 1 2
1 2

coscE E p p p
E E

γ θ∗  
= − + + 

,            (3-8b) 

( )( ) ( )( )
( ) ( )( )

1 1 2 2 2 1 2 1
1 2 2 2 2 2

12 1 2 1 2 1 2

cos cos

2 cos

p p p E p p p E
p p

S E E c p p p p

θ θ

θ

∗ ∗ + − +
= − =

+ − + +
� � ,     (3-8c) 

( )1 2
1 2

12

sin
p pp p
S

θ∗ ∗
⊥ ⊥= − = − ,                (3-8d) 

( ) ( )2 2

1 1p p p∗ ∗ ∗
⊥= +� .                   (3-8e) 

Figure 2 shows the momenta in the CM frame. 
The angle between 2p∗�  and x'-axis is ( )1tanin p pψ ∗ − ∗ ∗

⊥= � . This angle is the 
reference angle relative to which we define the angles outψ ∗  of the outgoing par-
ticles.  

The momentum and energy of particle i are related to its velocity in the CM 
frame by 

i i i ip m vγ∗ ∗=
� � ,                        (3-9a) 

2
i i iE m cγ∗ = .                        (3-9b) 

 

 
Figure 2. CM frame momenta. 
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Turning now to the reaction rate, at its simplest is given by 
3 1

12 1 2 m srelr vσ ρ ρ − −= ⋅ .                    (3-10) 

The reaction rate is Lorentz invariant but the relativistic relative velocity given 
by 

1 2

1 2
21

rel
v vv

v v
c

+
=

+
                        (3-11) 

is not. The densities, however, are also not Lorentz invariant but, as shown in [4], 
the product 1 2 relvρ ρ  is Lorentz invariant and in the CM frame, has the value 

10 20 1 2v vρ ρ ∗ ∗−
� �  where the densities are the rest frame densities of the particles. 

The 3-velocity difference, given by 

( )1 2 *1 2

1 1 2 2 1 2

1 1 1v v p p pc
c c m m E Eγ γ

∗ ∗ ∗ ∗

∗ ∗

−  
= − = + 

 

� � � �
           (3-12) 

can be greater than c, but since it is just a construct rather than a physical veloc-
ity, there is no violation of relativity. 

The total CM energy is given by 1 2E E∗ ∗+  so the total CM kinetic energy ( T ∗ ) 
is  

2 2
1 2 1 2T E E m c m c∗ ∗ ∗= + − − .                 (3-13) 

The outgoing CM particle energies are  

( ) ( )2 22
3 3E p c m c∗ ∗= + ,                 (3-14a) 

( ) ( )2 22
4 4E p c m c∗ ∗= + .                (3-14b) 

We now boost the outgoing particles back into the vacuum frame. The plane 
of the outgoing particles could be different from that of the incoming particles 
but that only amounts to a rotation about the x’-axis which would not affect the 
particle energies since the boost is along that axis. The equations are 

( )
( )

3
3

3,

3,

. .
cos. .

. . 1 . sin
0 . . . 1 0

cm cm cm

outX cm cm cm

Y out

E cE c v c
pp v c

p p

γ γ
ψγ γ

ψ

∗

∗ ∗

∗ ∗

 +        − +   =      −         

π

π
   (3-15a) 

( )
( )

4
4

4,

4,

. .
cos. .

. . 1 . sin
0 . . . 1 0

cm cm cm

outX cm cm cm

Y out

E cE c v c
pp v c

p p

γ γ
ψγ γ

ψ

∗

∗ ∗

∗ ∗

 +        +   =               

.    (3-15b) 

From these, we have 

( )( )
( ) ( )

3 3

22 2
3 3 3

cos

cos

cm cm out

cm cm out

E E v p

E v E m c

γ ψ

γ ψ

∗ ∗ ∗

∗ ∗ ∗

= −

 = − − 
 

           (3-16a) 
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( )( )
( ) ( )

4 4

22 2
4 4 4

cos

cos

cm cm out

cm cm out

E E v p

E v E m c

γ ψ

γ ψ

∗ ∗ ∗

∗ ∗ ∗

= +

 = + − 
 

          (3-16b) 

We are only interested in the outgoing energies so these results are all that we 
need. All these equations are expressed in terms of total energies and momenta 
so they are valid for both massive and zero mass particles. 

For the binary reactions, we perform the series of steps outlined above. This 
process is very fast even with more than 5000 reactions. In the case of the neu-
tron/antineutron decay reactions, there is no vacuum frame angle so we boost to 
the neutron’s or antineutron’s CM (rest) frame. We then assume that the pro-
ton/antiproton has the same energy as the neutron/antineutron so it is created at 
rest in the CM frame. We then assign the mass difference energy to the electron 
and neutrino or their antiparticles taking into account their different masses and 
distribute them into the possible output angles bins. Afterward, we boost back to 
the vacuum frame. 

The baryon annihilation reactions present another variation. Ultimately, these 
result in photons, electrons/positrons, and their neutrinos but the reactions 
reach that final state by first producing mesons which then decay into the final 
particles. As far as the kinematics are concerned, we follow the binary reaction 
procedure under the assumption that the output particles are pions. We then 
take an extra step in which we boost into each pion’s CM frame, allow the meson 
to decay into another set of angle bins, and then boost the lot back into the reac-
tion CM frame. We now have four or more product particles. Finally, we boost 
everything back into the vacuum frame.  

As noted earlier, the critical bottleneck of the simulation is the time needed to 
invert the Jacobian matrix. On our laptop, with 108 particle types, about 35 
seconds is needed for each inversion, and increasing the number of types in-
creases the total execution time more rapidly than by N2. 

We now wish to establish an appropriate simulation time scale. Each reaction 
is limited to a single value of kinetic energy. The number of reactions per second 
per unit comoving volume, ( )V t , is given by 

( ) ( )
1 2

12 1 2
n nr v v

V t V t
σ ∗ ∗= −

� �                   (3-17) 

where 1n  and 2n  are the current numbers of particles in the respective bins. 
At the start of the simulation, the initial neutron and antineutron densities are 
on the order of 1041 and, as we will see shortly, the initial relative velocity is on 
the order of 106 m·s−1. Assuming a representative cross section of 10 mb, we find 
a reaction rate of 1058 m−3·s−1 so the rate per particle is on the order of 1017 m−3·s−1. 
For the simulation to work, we must define simulation time so that the reaction 
rates multiplied by the simulation time step are small. To accomplish this, we 
define a dimensionless time τ  by  
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18

11
10n

t
t

τ −
≡ + .                       (3-18) 

The time 54.3 10 snt
−= ×  is the time at which the vacuum energy density 

equaled 2
nm c . In terms of τ , the reaction rate is  

( ) ( ) ( )
1 2

12 1 2 18

d
d 10

ntn nR v v
V V V

σ
τ τ τ τ

∗ ∗= −
� � .            (3-19) 

Next, to avoid dealing with large particle numbers, we define scaled values by 

0, ,i n s in n n=  where 0,nn  is the initial number of neutrons in a volume of 1 m3, 
and finally, we run the simulations in log10 time instead of linear time so we have 

( ) ( ) ( ) ( )
0, ,1 ,2

12 1 2 18

d
ln 10

d 10
n n s ss t n n nR

v v
V s s V s V s

σ τ∗ ∗ 
= − 
 

� �         (3-20) 

where 10sτ = . In principle, the volume changes with time as a result of the ex-
pansion of the universe but in this case, the entire process occurs so quickly that 
the volume is constant.  

The last step is to estimate the initial velocities of the neutrons and antineu-
trons. A lower bound is given by the uncertainty relation. Assuming an initial 
density of 1041 m−3 each for the neutrons and antineutrons, the average distance 
between particles is 

1 3
14

41

32 2.1 10 m
4 2 10

d − = = × × × π 
.            (3-21) 

Momentum uncertainty gives 21 12.6 10 kg m sp − −= × ⋅ ⋅  so  
6 11.6 10 m sv −= × ⋅ and ( )23 2 0.04 MeVnKE p m= = . If we assume in-

stead an initial density of 1042 m−3, the velocity doubles, and kinetic energy in-
creases by a factor of 4.  

4. Reactions and Cross Sections 

In Table 1, we list the reactions included in the simulation. The list was com-
piled by forming all the possible combinations of the 9 included particles. 

Because of our bin model and the kinematics described in the previous section, 
we need the cross sections for all of these in the energy range,  
0.1 MeV 4000 MeVT ∗≤ ≤ . In some cases, extrapolations were necessary be-
cause of a lack of measured cross sections. 

In all the figures that follow, we use the CM kinetic energy as the independent 
variable. It is common practice among experimentalists, however, to plot results 
using the lab momentum of the incident particle as the independent variable and 
in those cases, our figures will not match the referenced figures in appearance. 

We will now work through the list of needed cross sections beginning with the 
baryon annihilations.  

4.1. The p p m m+ → +  and n n m m+ → +  Reactions 

The authors of [5] report the measurement of the pp  reaction in the kinetic 
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energy range from about 8 MeV to 90 MeV. The authors did a fit to the meas-
ured cross sections that we used in the measured energy range but, because we 
were unable to locate results over a larger range of energies, we found it neces-
sary to extrapolate in both directions. The result is shown in Figure 3.  

We used the author’s formula to extrapolate to low energies. For the large 
energies, we assumed the logarithmic form 

( ) ( )10log10a pc bpcσ +=                     (4-1) 
 

Table 1. List of reactions included in the simulation. 

Baryon Annihilation Weak 
Lepton 

Ann. & Prod. 
Baryon 
Elastic 

n n m m+ → +  n p e eν
−→ + +  e e γ γ− ++ +�  n n n n+ → +  

p p m m+ → +  n p e eν
+→ + +   n p n p+ → +  

n p m m+ → +   Lepton Elastic n n n n+ → +  

n p m m+ → +  n e p e+ ν+ +�  e e e e− − − −+ → +  n p n p+ → +  

 n e p e+ ν− +�  e e e e+ + + ++ → +  n n n n+ → +  

Charge Ex. n ν p ee+ −+�  e e e e− + − ++ → +  n p n p+ → +  

p p n n+ +�  n ν p ee+ ++�  e p e p− −+ → +  p p p p+ → +  

  e p e p− −+ → +  p p p p+ → +  

 Compton Scatt. e p e p+ ++ → +  p n p n+ → +  

 e eγ γ− −+ → +  e p e p+ ++ → +  p p p p+ → +  

 e eγ γ+ ++ → +    

 p pγ γ+ → +    

 p pγ γ+ → +    

 

 
Figure 3. Total pp  annihilation cross section. 
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where pc is the momentum of the incident particle in the lab frame. To fix the 
parameters, we required the formula to match the data at two points near the 
upper end of the measured energy range.  

This reaction proceeds through several output channels. To simplify things, 
we assumed that the output was a mix of 0 0π π  and π π+ − . We assumed that 
the neutral pions decayed directly into photons. The lifetime of 0 2π γ→  is 8.5 
× 10−17 s so the neutral pions would have disappeared relatively rapidly. Had the 
charged pions decayed, they would have first decayed into muons and neutrinos 
and subsequently into electrons and neutrinos. The lifetimes of these decays are 
relatively long (2.6 × 10−8 s and 2.2 × 10−6 s respectively) so a more likely output 
channel was 2π π γ+ −+ → . The cross section for this reaction is about 107 
larger than the weak interaction cross section so this output channel would have 
been a significant factor considering the very high density of the particles. With 
these assumptions, the end product of these reactions was 4 photons without any 
neutrinos. Ultimately, no matter what the branching ratios had been, the result 
would be the same; it is only a matter of how long it takes to get there.  

We were unable to locate cross section data for the nn  annihilation reaction 
so we just assumed that the cross sections were the same as for the pp  reaction. 

4.2. The n p m m+ → +  and n p m m+ → +  Reactions 

We next consider the n p m m+ → + , n p m m+ → +  reaction pair. The review 
article [6] lists the results for the np  reaction which covers an energy range 
similar to that of the previous annihilation reactions. We did a fit to the data 
with the result that  

( ) ( ) ( )225.8133.2 1436.9 2485.7pc pc pc
pc

σ = − + + −         (4-2) 

where pc is the momentum of the incident particle in the lab frame. The extra-
polation to larger energies was done using (4-1). The result is shown in Figure 4 

 

 
Figure 4. Total np  annihilation cross section. 
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In this case, we assumed that the output would be 0π π+ . As before, we as-
sumed that the 0π  decayed into 2 photons. The charged pions, on the other 
hand, individually would have decayed ultimately to positrons/electrons and 
neutrinos but if we take these two reactions together, we again have pairings 
such as 2π π γ+ −+ → . In this case, however, we chose to assume the decay 
channel to get some idea of what the final neutrino densities might be. The 
charged pions decay into muons plus muon neutrinos. The muons then decay 
into an electron or positron plus an electron neutrino which leaves us with an 
electron/positron plus 2 neutrinos. We need to account for the extra neutrino 
but instead of further complicating the kinematics, we just doubled the number 
of output electron neutrinos.  

As was the case for the previous reaction pair, we were unable to locate data 
for the np  annihilation reaction so we assumed it was the same. 

4.3. Baryon Charge Exchange Reactions 

The baryon charge exchange reactions are next. The available data for the pp  
reaction covers the same energy range [6] [7] [8] [9]. Figure 5 shows the cross 
section. 

We again used the procedure (4-1) for the large energy extrapolation. The 
solid line is the result of a cubic spline fit to the data.  

We did not locate any measured cross sections for the nn  charge exchange 
reaction. We expect that the strong drop in the pp  cross section for small 
energies is a consequence of the proton-neutron mass difference and because 
there would not such barrier in the nn  case, we extrapolated to small energies 
with a linear fit to all the data using the form ( )a pc bσ = + . Otherwise, we as-
sumed that the cross sections would be the same. The result is shown in Figure 
6. 

The extrapolation does not look like a linear fit to the data points in the figure 
but that is because we are plotting against the kinetic energy rather than the lab 
momentum of the incident particle and the kinetic energy axis is logarithmic. 

 

 
Figure 5. pp  charge exchange cross section. 
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Figure 6. nn  charge exchange cross section. 

4.4. Weak Interactions 

The first two weak reactions are the neutron and antineutron decay reactions. 
Despite the very high particle densities, these do not make a noticeable contribu-
tion during the period covered by the first phase of nucleosynthesis. 

The authors of [10] report measurements of the charged current quasi-elastic 
(CCQE) neutrino cross sections which are shown in Figure 7.  

The neutrino reaction situation is complex and we did not make any attempt 
to do it justice. It is well known that the cross sections for Nυ  reactions are 
about twice as large as for the Nυ  reactions at least for energies above 1 GeV, 
[11]. For the simulation, we assumed the single curve shown for all the reactions 
but multiplied by 1/2 for the Nυ  reactions. We are only concerned with the 
relative importance of the neutrino reactions so while this is certainly an ap-
proximation, it will enable us to establish the point in time at which the weak 
interactions started to become significant.  

4.5. Compton Scattering 

The Klein-Nishina formula for the Compton scattering cross section is well 
known. See e.g. [12]. The p γ±  reactions are included along with the e γ±  
reactions even though the cross section for the former is much smaller. At very 
low CM energies, the reaction rates of the latter are several orders of magnitude 
larger than those of the p γ±  reactions but for larger energies, the differences 
are much smaller.  

4.6. Lepton Pair Production and Annihilation 

The cross section formulas for the two reactions can be found in [13]. 

4.7. Lepton Elastic Scattering  

The e e e e− − − −+ → +  and e e e e+ + + ++ → +  reactions are known as Møller 
scattering. The formula for the differential cross section can be found in [14].  
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Figure 7. Neutrino charged current quasi-elastic cross sections. 

 
The e e e e− + − ++ → +  reaction is known as Bhabha scattering and has the same 
differential cross section as Møller scattering.  

In the simulation, we need the total cross sections and integrating the diffe-
rential cross section to obtain the totals requires the introduction of a small an-
gle cutoff. We ran simulations with several cutoff values and found only very 
minor differences in the results.  

The e p e p± ± ± ±+ → +  reactions are known as Mott scattering. The cross 
section formula is given in [15]. 

4.8. Baryon Elastic Scattering  

The low-energy nucleon elastic cross sections are discussed in [16]. The 
n n n n+ → + , p p p p+ → +  (and hence n n n n+ → + , and p p p p+ → + ) 
elastic scattering are constant with a value of 25 mbσ = . The cross sections for 
the n p n p+ → +  reaction show a decline from 33 mb at an incident neutron 
energy of 380 MeV to 26 mb at 580 MeV. We assumed a linear variation with 
CM kinetic energy below 270 MeV (incident energy = 580 MeV.) In [17], the 
authors report differential cross sections at CM energies of 2.4 GeV that are sim-
ilar to those of [16] from which we conclude that it is reasonable to assume that 
the cross sections are constant above 580 MeV incident energy. 

For the p p p p+ → + , we used the data from [18]. We did a fit to the data 
with the result 41.1 488.4 0.01 mbT Tσ ∗ ∗= + − . Because of the similarity be-
tween the other reaction’s particle to antiparticle replacement results, we as-
sumed that the cross sections for n n n n+ → + , n p n p+ → + , and  
p n p n+ → +  could reasonably be presumed to be the same. 

An important point concerning these reactions is that all the cross sections are 
on the order of 25 - 35 mb and that they only contribute towards the thermaliza-
tion of the baryons so small errors in the cross sections will not affect the general 
character of the simulation results.  
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5. Results 

In Figure 8 we show the results for a simulation done with a starting density of 
( ) 41 30 10 mnn −= , a neutron excess of 2.0 × 10−8, and a lepton elastic scattering 

cutoff angle of π/10. 
Each generic particle was subdivided into 12 energy bins. The first bin has a 

width of 0.1 MeV and its only purpose is to hold the initial populations of neu-
trons and antineutrons. The range from 0.1 MeV to 1500 MeV was divided into 
10 bins of equal width. Finally, one last bin with a width of 500 MeV was in-
cluded to extend the range up to 2000 MeV. Not all of the bins are populated 
during the simulation but their presence is necessary to satisfy the kinematic 
constraints. The curves for the photons and leptons are shown dashed to remind 
the reader of the uncertainties associated with the products of the baryon anni-
hilation reactions.  

We see that the results justify our contention that an initial state consisting of 
only neutrons and antineutrons with a small bias in favor of neutrons can ex-
plain the matter/antimatter asymmetry, the present-day average baryon density, 
and the existence of the CMB. The reactions proceed rapidly and 10−12 s after the 
formation of the initial particles, the process is largely complete. The antibaryons 
are gone and the p/n ratio had stabilized at a value close to unity. The total ba-
ryon density at 1210τ =  is 33 32 10 mSimρ −= ×  which we compare with the 
value ( ) 33 33.9 10 mntρ −= ×  obtained by scaling the present-day average density 
( ) 3

0 1 mtρ −= .  
Next, we will look at the particle energy distributions. In Figure 9, we show 

the energy distribution of the neutrons for four different values of τ . 
Initially, the neutrons were limited to the very narrow first bin whose width 

was 0.1 MeV. Very quickly, the reactions induced a redistribution of the neu-
trons into the higher energy bins, and by 5τ τ= , the population was approach-
ing a uniform distribution which it did reach by 10τ τ= . From that point on-
wards, the calculated distribution temporarily ceased to change. There is no in-
dication yet of a developing shift away from a p/n ratio of unity but we will re-
solve that issue in Section 6. There is also no indication of thermalization devel-
oping, a problem which we will discuss in Section 8. The distributions for the 
antineutrons are essentially identical to those of the neutrons for the first three 
values of τ  but by 10τ τ= , the density of the antineutrons had dropped below 
that of the neutrons by many orders of magnitude thus realizing the baryon/anti 
baryon asymmetry of the universe. 

Figure 10 shows the corresponding results for the protons. 
The initial density of protons was zero so the peak magnitudes are initially 

lower but we see that the protons were distributed to the higher energy bins 
more rapidly than were the neutrons. By 10τ τ= , the curves are the same. As 
was the case for the neutrons, the antiproton distributions were identical to the 
proton distributions up until the time that their density began its rapid decline. 

The photon distributions are shown in Figure 11. 
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Figure 8. Simulation results with an initial neutron density ( ) 41 30 10 mnn −=  and a neu-

tron excess of 2.0 × 10−8. 
 

 

Figure 9. Neutron energy distributions for four values of τ . 
 

 

Figure 10. Proton energy distributions for four values of τ . 
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Figure 11. Photon energy distributions for four values of τ . 
 
Again, there were no photons initially but as a consequence of the baryon an-

nihilation reactions, their density increased rapidly and they very quickly ap-
proached a uniform distribution. There is some uncertainty about the actual 
density during the early stages because of our uncertainty concerning the anni-
hilation branching ratios and the meson annihilation versus meson decay 
branching ratios. The initial densities were likely somewhat smaller but by 

10τ τ= , the predicted density is probably not in error by a significant amount. 
We will discuss the CMB further in Section 8. 

Because the photons are a product of the principal set of reactions rather than 
an active participant, errors in the predicted density do not affect the baryon 
density predictions.  

In Figure 12, we show the electron distributions. 
We see that the electron (and positron) distributions are biased towards the 

higher energies more so than are the photon distributions. This is a consequence 
of the various elastic scattering reactions as well as of the e p± ±  reactions. The 
reaction rates for the lepton scattering and e γ±  reactions remain very high 
throughout the time range considered which means that the photons and elec-
trons/positrons would rapidly adjust to any change in the average temperature 
of the system. As is the case with the photons, the electrons and positrons are 
products of the principal baryon reactions and do not influence the baryon den-
sity predictions. 

Finally, we consider the neutrinos distributions which are shown in Figure 
13. 

In this case, we see that the neutrino distributions remain confined to the 
lower energies because of the lack of any elastic neutrino reactions. By assump-
tion, the large number of neutrinos is entirely a consequence of the np  and 
np  annihilation reactions. There is uncertainty about the actual total because of 
the aforementioned branching ratio problem but the prediction will be fraction-
ally wrong rather than wrong by orders of magnitude. The weak reactions do 
become important later and for that to happen, a very large number of both 
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neutrinos and electrons/positrons is critical because of the very small weak inte-
raction cross sections. 

We will now examine the rate of change of the particle densities for the same 
set of τ values. In Table 2, we show the totals summing over all the energy bins 
for each particle. During the simulation, we track separately each particle’s posi-
tive rate, the rate at which the density is increased (appears on the RHS of a 
reaction), and its negative rate which is the rate at which the density decreases 
(LHS of a reaction). The values shown are the rates per second divided by the in-
itial neutron density. To obtain the total rates for a volume of 1 m3, multiply by 

0,nn  which, in this case, is 1041. To obtain the rates per unit τ , multiply by 
18 2310 4.3 10nt

−= × .  
We see that the e±  and photon patterns are very similar. For the earlier val-

ues of time, there is a net gain of the same order of magnitude as the positive and 
negative rates. Later, however, while the positive and negative magnitudes have 
remained unchanged, the net has dropped by many orders of magnitude.  

 

 

Figure 12. Electron energy distributions for four values of τ . 
 

 

Figure 13. Neutrino energy distributions for four values of τ . 

https://doi.org/10.4236/jhepgc.2022.83053


J. C. Botke 
 

 

DOI: 10.4236/jhepgc.2022.83053 786 Journal of High Energy Physics, Gravitation and Cosmology 
 

Table 2. Particle density change rates for 4 values of τ. 

 
1τ τ=  2τ τ=  

Pos Neg Net Pos Neg Net 

e ,e− +  3.2 × 1019 1.2 × 1019 2.0 × 1019 2.5 × 1020 2.4 × 1020 9.4 × 1018 

,ν ν  3.7 × 1019 6.3 × 105 3.7 × 1019 5.0 × 1018 6.5 × 105 5.0 × 1018 

n,n  3.8 × 1020 8.4 × 1020 −4.6 × 1020 1.2 × 1019 2.8 × 1019 −1.6 × 1019 

p, p  5.8 × 1019 3.7 × 1019 2.2 × 1019 4.6 × 1018 6.2 × 1018 −1.7 × 1018 

γ  8.7 × 1020 2.4 × 1019 8.4 × 1020 3.4 × 1020 3.2 × 1020 1.7 × 1019 

 5τ τ=  10τ τ=  

e ,e− +  1.2 × 1021 1.2 × 1021 4.1 × 1011 1.2 × 1021 1.2 × 1021 2.5 × 1012 

ν  
ν  

9.0 × 1011 2.8 × 102 9.0 × 1011 
1.2 
0.6 

0.18 
0.1 

1.0 
0.5 

n,n  9.8 × 1011 1.9 × 1012 −9.6 × 1011 1.9 × 105 1.9 × 105 0.6 

p, p  1.9 × 1012 2.7 × 1012 −8.3 × 1011 9.3 × 108 9.3 × 108 −0.6 

γ  9.7 × 1020 9.7 × 1020 2.0 × 1012 9.7 × 1020 9.7 × 1020 −5.1 × 1012 

 
With the baryons, the positive, negative, and net magnitudes are similar but 

have decreased by several orders of magnitude by 5τ τ=  as a result of the anni-
hilations. The rates for neutrons and protons are similar for the earlier times but 
by 10τ τ= , the positive and negative rates for the protons are three orders of 
magnitude larger than those of the neutrons as a result of the lepton and photon 
elastic scattering reactions. The net rates for the two, on the other hand, are of 
the same order of magnitude.  

Referring now to the neutrinos, for the first three times, the positive rates are 
dominated by the baryon annihilation reactions. The very much smaller negative 
rates are a result of the weak reactions. By 10τ τ= , the rates are all small and are 
entirely a result of the weak interactions since the annihilation reactions have 
ceased. Notice that the weak interaction net rates are no longer much different 
from the net rates of the protons and neutrons. The reason for this is that, even 
though the densities of the baryons have dropped by a factor of 108 from their 
early values and the weak interaction cross sections are on the order of 10−42 m2, 
the densities of the e±  and neutrinos remain on the order of 1040 m−3.  

We will finish this section with a few comparisons between simulations with 
different parameters. First, we checked the sensitivity on the lepton elastic scat-
tering cutoff angle and found only small changes in the e±  and neutrino densi-
ties. We next did a run with 17 bins per particle instead of 12 with much the 
same results which was fortunate because increasing the bin count by that 
amount more than doubled the simulation run time.  

The two principal parameters of the model are the initial neutron density and 
the neutron excess. In Figure 14, we show the ( ) 42 30 10 mnn −=  results.  
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Comparing with Figure 8, we see that the process is compressed into a shorter 
period but otherwise the curves look the same. In other words, increasing the in-
itial density by a factor of 10 did not affect the final scaled neutron and proton 
densities. The actual densities of all the particles are, of course, increased by a 
factor of 10.  

We also ran a simulation with an initial neutron excess of 1.0 × 10−8 and ob-
tained the results shown in Figure 15.  

Aside from the final baryon densities, there are only a very few slight differ-
ences in the curves. The final baryon densities, however, are 1/2 the values found 
with a nucleon excess of 2.0 × 10−8. The conclusion is that, at least in the range of 
densities considered, the final baryon densities vary in direct proportion to the 
initial neutron density and to the neutron excess. 

 

 

Figure 14. Simulation results with an initial neutron density ( ) 42 30 10 mnn −=  and a 

neutron excess of 2.0 × 10−8. 
 

 

Figure 15. Simulation results with an initial neutron density ( ) 41 30 10 mnn −=  and a 

neutron excess of 1.0 × 10−8. 
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6. Weak Interactions 

From Table 2, we see that the weak reaction rates were very small during the 
early phases of the simulation and that they only begin to become comparable to 
the baryon reaction rates at 10τ τ= . As a check, we ran a simulation with the 
weak interactions turned off and the results were the same over the range of τ we 
have so far considered. The weak interactions are important, however, because 
they were responsible for the change in the p/n ratio from a value of unity at the 
end of the first phase to a value of 7.4 at the end of the second phase. In Figure 
16, we show the simulation results extended to 1610τ = . 

We find that the weak interactions begin to have a noticeable effect by a time 
of about 1310τ = . The p/n ratio is a long way from its final value and in fact, it 
has moved in the wrong direction, but it is no longer unity which indicates that 
the weak interactions are beginning to be of consequence.  

The reason we do not see a predominance of protons at this point is that the 
CM energies of the weak reactions are much too large. In Figure 17, we show 
the energy distribution of the n e p ν++ → +  reaction at 1510τ = .  

 

 

Figure 16. Simulation results with the same parameters as those in Figure 8.  
 

 

Figure 17. Scaled reaction rate for the n e p ν++ → +  reaction at 1510τ = .  
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The p e n ν−+ → +  has an almost identical distribution. The rates of the 
n p eν −+ → +  and p n eν ++ → +  reactions are a little lower but with similar 
distributions. At these energies, the cross sections for these reactions are the 
same aside from the factor of 1/2 for the ν  reactions. To achieve a value of 
p n 7.4= , the p + lepton reaction cross sections must be smaller than the n + 
lepton cross sections by that same ratio and that could not have happened until 
the CM energies were very much smaller. Thermalization was partially responsi-
ble for the shift to lower energies but the expansion was also important. The first 
phase proceeded so rapidly that the size of the universe did not change but dur-
ing the second phase, the scaling changed by a factor of (4.3 × 10−5/0.135)−1/2 and 
since the kinetic energies of the protons and neutrons vary as the square of the 
scaling, their energies would have decreased by a factor of 3 × 104 by the time the 
third phase began.  

According to [19], at the point in time when the temperature had dropped to 
a value of 1 MeVkT =  and assuming thermal equilibrium, the n + lepton cross 
sections would have been on of order 1510 mbσ −= , the positron density would 
have been ( ) 37 3e 2.4 10 mn + −= × , the electron/positron to neutrino abundance 
ratio of would have been e 2ν± = , and the equilibrium p/n ratio, given by  

( )2 2

p n e n pm c m c kT− −
= ,                   (6-1) 

would have been p n 3.6= . The time at which this happened was 0.056 st = .  
We now compare with the simulation results. After starting with an initial 

density of 1041 m−3 and correcting for the expansion, the electron/positron den-
sity was ( ) 35 3e 4.8 10 mn ± −= ×  and the abundance ratio was about 1.7. These 
results are to some degree uncertain due to the issues discussed earlier concern-
ing the annihilation branching ratios. The results are not exactly the same as the 
standard model results but they aren’t radically different either. The situations, 
however, are completely different. The standard model assumes thermal equili-
brium and does not concern itself about where the leptons came from. In this 
new model, the leptons are the product of the annihilation reactions so their 
number is determined by processes that had nothing to do with thermal equili-
brium. There is no reason to suppose that the weak interactions ever did reach 
thermal equilibrium before the final phase of nucleosynthesis began. All that was 
necessary was that the particle energies drop to the point that the p + lepton 
reaction rates became much smaller than the n + lepton rates and whether or not 
thermal equilibrium was achieved is of no consequence. 

What is clear is that because of the very small neutrino reaction cross sections, 
a very high density of e±  and neutrinos must have existed and this model ac-
counts for such populations naturally. This we view as a major success of the 
model.  

7. Nucleosynthesis Proper 

In [1], we outlined our theory of nucleosynthesis, listed the relevant reactions, 
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and presented results for a few different initial baryon densities. At that time, we 
did not have any firm basis for favoring one initial density over another. That 
situation has now changed as a result of our more recent work described in [3]. 
In that paper, we show how differences in the initial baryon densities led to the 
existence of all present-day cosmic structures including the voids. The standard 
model assumes that the content of the universe was initially uniform and, al-
though it didn’t happen, structure development was the result of accretion in-
itiated by small perturbations. That model, however, cannot account for the vo-
ids because there is no such process as “unaccretion”. 

Discussions of the standard model generally begin with the statement that the 
universe is homogeneous and isotropic and then go on to develop a theory with 
a single value of the parameters. The result is that the outcome of nucleosynthe-
sis would be the same everywhere. The universe is indeed homogeneous and 
isotropic on very large scales. If, for example, observers were dropped into the 
universe at different locations, the universe would appear to be the same to all of 
them. The corner store for one might be green and for another, red, but the gen-
eral pattern of streets and buildings would be the same. The colors illustrate the 
point that on smaller scales, and galaxies are within the definition of smaller 
scales, the universe is not homogeneous and isotropic so one cannot base a 
theory of nucleosynthesis on the assumption that it is. Doing so leads to the 
problem researchers have in trying to discover the single initial baryon density 
that will reconcile the observed differences in the abundances of the various light 
elements when the fact is that there was no single baryon density.  

In [3], we showed that all cosmic structures were defined during nucleosyn-
thesis by regions with different initial baryon densities. In the regions that later 
became galaxies, for example, the average baryon densities ranged from 10 to 20 
times the background average density depending on the mass and size of the ga-
laxy. Further, there would have been variations within those regions. From our 
study of galaxy cluster evolution, [20], we determined that a general decrease in 
the average density within a structure from the center toward the outer boun-
dary must have existed to prevent a free-fall collapse. The region is further sepa-
rated into subregions that later became the stars, galactic bulges, spiral arms, and 
so forth. At the time of nucleosynthesis, stars were not the compact objects we 
see today. Instead, in their proto-form, they occupied regions that collectively 
nearly filled the galaxy with only shallow valleys separating one star from anoth-
er. 

In what follows, we refer to densities at the time of nucleosynthesis in terms of 
their present-day equivalent densities (PDED.) For example, the average baryon 
density is about 1 m−3 at present which corresponds to a density of 2.2 × 1028 m−3 
at 0.135 st = . The PDED is defined by ( ) ( ) ( )( )3

0PDED nuc nuct a t a tρ≡  where 
( )nuctρ  is the density at some location at the time of nucleosynthesis and ( )a t  

is the scaling. The PDED is not representative of the density within any 
present-day structure. The average PDED of the Milky Way at the time of nuc-
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leosynthesis, for example, was about 17 m−3. What that means is that the region 
that eventually became the galaxy, which had coordinate dimensions many times 
larger than the present-day size of the galaxy had an average density of 17 times 
2.2 × 1028 m−3. For a dwarf galaxy, a typical value is 10 m−3. The reason for using 
this scheme is that it is much easier to appreciate that a region with a PDED of 
17 had a density 17 times greater than the background than it would be by 
working with a value of 3.7 × 1029 m−3.  

As a starting point, we show in Figure 18, the simulation results for a PDED 
of 1 m−3.  

In this case, the mass ratio of 4He is 0.234. Discussions of the abundances of 
the other species, on the other hand, typically refer to abundance ratios instead 
of mass ratios. The values are 

4 He H 0.0772=                     (7-1a) 

4D H 4.70 10−= ×                     (7-1b) 

3 5He H 2.72 10−= ×                    (7-1c) 

7 10Li H 2.50 10−= × .                  (7-1d) 

Another parameter commonly used is ( ) ( )10Li 12 log Li HA = +  which, in 
this case, has a value of ( )7 Li 2.4A = . 

Our goal is to relate differences in observed element abundances to differences 
in structure densities. To do this, we need to know how element abundances 
vary with baryon density which we discovered by running simulations over a 
range of initial densities. The curves in Figure 19 are the result. 

The usual practice is to use the photon/baryon ratio as the independent varia-
ble. It is a fact, however, that once the deuterium bottleneck has been passed, the 
photons no longer influence nucleosynthesis so the use of baryon density in the 
form of the PDED makes more sense. 

To summarize, the 4He abundance ratio is flat over much of the range shown 
but it does drop off sharply for small densities. The curve for 3He is also fairly 
flat but again exhibits a drop for small densities. The deuterium density increas-
es smoothly as the density drops whereas the abundance for 7Li shows a peak at a 
PDED close to 1 and then rapidly declines. (When plotted against the pho-
ton/baryon ratio, the peak seen here becomes a valley.) 

We will first look at the deuterium ratio. The gray band in the figure 
represents the range of values determined by a series of observations along lines 
of sight out to a distance of 100 pc from the Sun, [21]. From that same reference, 
for greater distances, the values range from 6 65 10 D H 22 10− −× ≤ ≤ × . There 
have been numerous other determinations, [22], with results indicating consi-
derably larger abundances up to as much as 3 × 10−4. Each of these measure-
ments claims good error statistics but the results are clearly inconsistent. This is 
a real problem for the single, universal nucleosynthesis model but is perfectly 
understandable in the new model. 
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Figure 18. Simulation results for PDED = 1 m−3. 
 

 

Figure 19. Abundance ratios as a function of PDED. The 
gray band is explained in the text. 

 
According to our galaxy formation model, the Milky Way has an average 

PDED 17≈ . Referring to the figure, we see that for such a density, the deute-
rium density would have been much smaller than any of the reported values. But 
the value of 17 is an average representing the total mass of the galaxy which in-
cludes the stars, the interstellar medium, and the vacuum energy excess that is 
the reality of dark matter. The reactions, on the other hand, are only dependent 
on the particle densities at the locations where the reactions were happening. In 
this case, the observations were made along lines of sight through the interstellar 
medium and those regions at the time of nucleosynthesis would have generally 
had equivalent baryon densities considerably smaller than the overall average 
value of 17. In addition, the Solar System exists in what is known as the Local 
Bubble which has a lower density than the surrounding regions. It is no surprise, 
then, that the density of about 8 that corresponds to the results reported in [21] 
has a value is about 1/2 the average value. We also see the lowest density re-
ported corresponds to PDED 15≈  which is not much different from the aver-
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age for the galaxy as a whole.  
Referring to the large abundance results, to obtain a ratio on the order of 10−4, 

a value of PDED 2≈  is required. Unlike the results reported in [21], however, 
the large abundance results were obtained from observations of Lyman-α 
sources remote from any galaxies so densities close to the average density of the 
universe would be expected. All this indicates that the inconsistency of the ob-
served abundances is just a matter of the existence of different densities at the 
time of nucleosynthesis between one region and another. 

The abundance ratio of 4He is nearly independent of the baryon density for 
densities larger than PDED 0.5≈  so it is not surprising that determinations of 
the primordial abundance are consistent despite the density variations that ex-
isted during nucleosynthesis. The only exception is for regions with a very low 
density such as within the Boötes void. In Figure 20, we show the simulation 
results for a PDED 0.016≈ . 

In this case, protons completely dominate the distribution with the density of 
4He falling below that of deuterium. Actual observations of these ratios would be 
difficult, however, because of the very low densities and contamination from 
higher density regions surrounding the void. 

There is not much that can be said about 3He because this element leads a very 
active life inside stars making it difficult to impossible to identify regions with 
primordial populations. The authors of [23] report a value of  
3 5He H 1.6 0.5 10−= ± ×  which is consistent with the simulation results but the 

jump from the measured ratio to a primordial abundance is problematic. 
We will finish with 7Li. The best estimates of the primordial abundance of 7Li 

are obtained from observation of metal-poor halo stars located in the outer re-
gions of the Milky Way. The values fall in the range ( )72.1 Li 2.3A≤ ≤  which 
implies a value of PDED a little less than 1. Referring to our model, it is expected 
that the baryon density in the outer regions of the proto-galaxy would be less on 
average than in the interior so the material making up the halo stars would have 
had a higher abundance of 7Li than regions closer to the center of the galaxy. 

 

 

Figure 20. Nucleosynthesis in a region with very low baryon density. 
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Summing up, we find that our new model of galaxy formation can readily ac-
count for the variations in the initial baryon densities needed to explain the ob-
served abundances of the light elements and, in doing so, shows why one-size- 
fits-all nucleosynthesis will fail. We also see that the range of densities is consis-
tent with the values predicted by our model of galaxy (and star) formation. At 
this stage, we can’t make precise numerical predictions so these results are only 
suggestive. To obtain precise predictions, we would need to conduct simulations 
on a scale far beyond what can be managed on a laptop. 

8. CMB 

Earlier we stated that the photons created by the annihilation reactions became 
the CMB. To substantiate that claim, we need to show that the photon gas has all 
the right characteristics.  

We will first show that the photons have the right temperature. There are a 
couple of ways we can estimate the temperature of the photon gas. One way is to 
calculate the total number of photons by summing the bin counts and the total 
energy by summing for each bin, the product of its count by its center energy. We 
then calculate the temperature by dividing the two results and setting this to the 
black-body formula, ( )( )4 30 3T TE N kTζπ= . Choosing a time of 1210τ = , for 
example, we obtain a temperature of 116.9 10 KSimT = × .  

This problem with this method is that, although the total energy is meaningful, 
the distribution of the photons among the bins did not yet reflect a black-body 
distribution so a method that avoids using the photon bin counts should give a 
better result. The formula for the total energy of a black-body photon gas is, 

( )
( )

5
4

3

8
15

E V kT
hc
π

=                     (8-1) 

and substituting the total energy gives a value of 112.7 10 KT = × . The actual 
value of the CMB obtained from the present-day CMB temperature is 

( ) 114.3 10 KCMB nT t = × . The results are quite close. If we calculate the tempera-
ture using the results from the 1042 m−3 initial density simulation, we obtain a 
temperature of 114.8 10 KT = × . Based on the temperature alone, the photons 
produced by the annihilations certainly qualify as the CMB.  

We next will consider the thermalization problem. To be able to compare the 
simulated photon energy distribution with the black-body distribution on an 
equal footing, we calculate the bin distribution for a photon gas with a black- 
body spectrum. The number density of a black body is given by  

( )
2

2

8 1
e 1h kTn

c ν

νν π
=

−
.                   (8-2) 

If we integrate this over the energy range of the bins, 

( )
max

min

2

3

8 d
e 1

E
bin E kTE

En E
hc
π

=
−∫ ,                (8-3) 

we obtain the curve shown in Figure 21. 
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Figure 21. Comparison between the simulation photon energy distribution and black- 
body distributions at the actual CMB temperature. 

 
It is immediately clear that the model distribution is too flat. We have already 

seen that the photon reaction rates are very large so it is not a matter of nothing 
happening. The problem is that the system of particles has reached a non-black- 
body equilibrium and even though the reaction rates are large, no energy trans-
fer is taking place. 

The root of the problem lies with the mesons we did not include in the simu-
lation. The baryons are undergoing elastic scattering but that process has stabi-
lized. There are also high rates of e p±  scattering occurring in which energy 
from the protons is transferred to the electrons and then to the photons but be-
cause of the small mass of the electrons, there is no recoil of the protons. What is 
missing is a mechanism that extracts energy from the baryons and it is the neg-
lected low-mass mesons that would do just that.  

Elastic scattering of the mesons from the neutrons and protons would transfer 
energy away from the baryons but more important would be the multi-meson 
deep inelastic scattering reactions such as p p p p mesons+ → + + . Each such 
reaction would extract from the baryons, the energy equivalent of the masses of 
the mesons. The cross sections for these reactions increase with energy so they 
would act to shift the energy distribution of the baryons towards lower energies. 
From [16], we find that the cross section for the single pion production reaction, 

0n p n p π+ → + +  at the relatively low incident proton energy of 580 MeV, has 
already reached a value of 10 mb which is about 40% of the elastic cross section. 
Shifting the protons to lower energies would immediately be reflected in the 
electron and photon energy distributions via the reactions mentioned earlier. 
The mesons would also provide a two-step feedback path by which the photons 
could transfer energy back to the baryons. 

While we are confident that including the meson production reactions would 
explain the thermalization, to demonstrate that this idea is correct, we would 
need to include the mesons in the simulation along with a long list of meson 
production, scattering, and decay reactions. The reason we have not done so was 
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explained earlier; namely that the simulation run times would become prohibi-
tively long. 

Having suggested a solution to the thermalization problem, the final require-
ment is to account for the CMB anisotropy spectrum. The standard model as-
serts that the spectrum is a result of acoustic oscillations but we have shown in [1] 
that acoustic oscillations on the scale of superclusters are impossible because of 
causality. In our annihilation model, the energy of the photon gas is dependent 
only on the initial neutron density whereas the final baryon density is also a 
function of the neutron excess. The consequence is that we can achieve any de-
sired final baryon density desired by varying either or both of the initial density 
or the neutron excess. Our feeling is that because the neutron excess must, in 
some way, reflect an as yet undiscovered fundamental property of QCD, its value 
will be fixed. Assuming that is the case, the differences in the PDED of various 
structures are solely a matter of different initial densities which, in turn, implies 
that the photon gas temperatures will also vary from one structure to another. 

Taking again the Milky Way as an example, its PDED of 17 implies an initial 
neutron density 17 times greater than that of the background and as we have 
seen, this would result in photon gas energy also 17 times greater than the back-
ground. The temperature of the gas would then be 171/4 = 2.0 times the temper-
ature of the background photons. On a different size scale, the Virgo galaxy 
cluster value is PDED 2.5=  which implies a temperature 1.3 times higher than 
the background. Conversely, in the void regions, the initial density was lower so 
the temperature would also be lower. We see that this model naturally accounts 
for anisotropy in the photon gas temperature distribution because the tempera-
ture distribution across the universe was determined by the mass distribution 
across the universe during the first phase of nucleosynthesis.  

We now come to superclusters. According to our model, superclusters came 
into existence in the form of filaments built of regions of higher than average 
density which evolved into the member galaxy clusters and other structures. Be-
cause of their extreme size, the filaments do not evolve but the components 
making the filaments do. In [1], we argued that the superclusters were responsi-
ble for the observed CMB spectrum but the reality is that both are consequences 
of the same pattern of densities that were embedded in the vacuum energy at the 
time of the initial Plank-era inflation.  

The remaining difficulty is that the predicted temperature variances are much 
too large. At the time of nucleosynthesis, they were of the same order of magni-
tude as the average temperature whereas the observed anisotropies of the CMB 
are smaller than the average temperature by a factor of about 10−5. To some ex-
tent, averaging over the dimensions of the supercluster will reduce the anisotro-
py peaks but to complete the theory, we will need to perform a careful study that 
follows the evolution of the photon gas from its inception at the time of nucleo-
synthesis up to the time of recombination when the anisotropy distribution was 
frozen by the decoupling of the photons from matter. The significant advance we 
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present here is that knowledge of the origin of the anisotropies opens up the 
possibility of being able to calculate the observed amplitude of the spectrum at 
the time of recombination. 

9. Conclusions  

In our original paper describing a new model of cosmology, we proposed a 
model of nucleosynthesis based on the idea that the matter content of the un-
iverse came into existence when a small percentage of the vacuum energy un-
derwent neutron-antineutron pair production with a very small density of extra 
neutrons. In this paper, we examined that idea in detail and found that our 
original idea was correct. The annihilation model accounts for the baryonic 
matter/antimatter asymmetry and total baryon content of the universe. In addi-
tion, it predicts a photon gas abundance in agreement with present-day CMB 
temperature and also explains the origin of the CMB anisotropy spectrum. The 
same processes result in very high densities of both e±  and neutrinos with ab-
undances in reasonable agreement with the thermal equilibrium abundances 
required by the standard model. 

The principal shortcoming of this work is our failure to accurately represent 
the various branching channels of the annihilation reactions. This failure pre-
vents keeps us from simulating the thermalization of the baryons and photons 
and it also limits the accuracy of the lepton abundance predictions. These, how-
ever, do not affect the baryon abundance calculations so the accuracy of the 
principal predictions of the model is limited only by the cross-section extrapola-
tions. 

We showed that variations in the initial density of neutrons were responsible 
for the existence of all cosmic structures including the voids and that these same 
variations account for the differences between observed densities of the abun-
dances of the light elements which are impossible to explain using a universal, 
single-density model of nucleosynthesis.  
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