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Abstract

A modest extension of the Standard Model allows a family-specific, feeble
form of SU(3) that causes rapid binding of neutrinos at neutrino decoupling.
These bound neutrinos become nonrelativistic well before recombination.
Neutrinos are bound when all three neutrino flavors are present at densities
expected in the early universe. Consistency is examined against observation-
ally-inferred data, including free-streaming lengths, dark matter interaction
rates, neutrinos from SN1987A, big-bang nucleosynthesis, and the cosmic
microwave background. Consistency with galactic haloes and halo interac-
tions was studied in a companion paper. The theory yields a ratio of dark
matter density to neutrino density of 147, calculated in two different ways,
agreeing with the current value of 158 assuming the sum of the masses of
neutrino mass eigenstates is 0.07 eV/c’. This yields a ratio of dark matter to
total matter of 83.2% with a relative uncertainty of at least +8%. A free-streaming
length of about 1 kpc is obtained for hard-sphere self-scattering, and about
115 kpc for 1/r-potential self-scattering, where r is the particle separation. A
BBN analysis agrees with observationally-inferred abundances of He and Li,
but not the latest deuterium measurements. The latter disagreement is the
only identified potential inconsistency with current cosmological measure-
ments. Both the standard SU(3) adapted to the neutrino family and a modest
extension of SU(3) give good agreement with most observations. The exten-
sion provides a means to estimate dark matter parameters whereas the stan-
dard SU(3) does not. This explanation for dark matter does not require any
new fundamental particles or forces.
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1. Introduction

The conventional picture of neutrinos as dark matter (DM) was ruled out early
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[1] because the corresponding large free-streaming scale length of such particles
is not consistent with the observed structure of the modern universe. The best
current model for DM is the A-CDM model [2] [3] which assumes a certain
fraction of the matter in the universe is cold (nonrelativistic), non-interacting,
and stable [4]. However, this model provides no explanation for the nature of
dark matter, and consistency with galactic-scale haloes is not evident. There
have been many hypothetical explanations for dark matter. Of most relevance
are those involving some form of warm dark matter (WDM) [5]. As early as
2000, it was written that “it is clear that there is an (over) abundance of mechan-
isms for producing warm dark matter, using modest extensions of physics
beyond the Standard Model [6]”. In this paper, yet another modest extension of
the Standard Model is investigated as an explanation for DM as a form of WDM.
This extension utilizes neutrinos, assuming the sum of the masses of neutrino
mass eigenstates is 0.07 eV/c’, and a feeble form of SU(3). This feeble form of
SU(3) results in a neutrino equivalent of a phase transition from a quark-gluon
plasma to a hot hadron gas in the early universe. This both cools the neutrino
sector and creates larger-mass particles. It also results in diffusive transport of
matter rather than ballistic transport after the phase transition. This phase tran-
sition combined with diffusive transport results in dramatically smaller scale
lengths for neutrino streaming in the early universe, as will be seen below.

The standard view of dark matter posits that DM was in thermal contact with
ordinary matter (OM) in the early universe when the temperature was much
greater than the DM mass. In that era, the DM number density would be com-
parable to photon number density. If the DM number density were still compa-
rable to the photon number density when it froze out, it would overproduce the
observed amount of DM mass for particles with masses greater than about 1
eV/c*. Hence there is a need to deplete such matter, presumably by annihilation.
This is the path that leads to CDM particles that are largely annihilated in the
early universe. With £7~100 GeV, where k is Boltzmann’s constant and 7'is the
temperature, one obtains a weak interaction cross-section that when multiplied
by the density and velocity at that time results in a decay rate comparable to the
expansion rate. This would result in freeze-out at that time in the early universe
for the corresponding particle mass. Hence DM masses of order 100 GeV are
candidates for DM under these standard assumptions. These would become cold
(nonrelativistic) over the eons as the universe expanded.

With the absence of significant evidence of massive candidate particles for
DM, the community is looking to lighter alternatives. Most recent papers con-
sider particles with masses of the order of a few keV, as is consistent with obser-
vationally-inferred values from the latest Lyman-a forest absorption measure-
ments [7] and gravitational lensing measurements [8], based on various assump-
tions. These assumptions are inconsistent with the form of dark matter consi-
dered here, in which light matter binds into a number of species of heavier par-

ticles shortly after neutrino decoupling, which then further binds into macros-
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copic structures well before recombination. Such self-interacting DM (SIDM)
avoids the free-streaming issue with lighter DM as shown below.

In the past 4 decades, computationally-intensive approaches have investigated
the consistency of lighter DM with astronomical observations. Such investiga-
tions began with [1] regarding the possibility of neutrinos for dark matter.
Hernquist et al [9] investigated consistency of dark matter with Lyman-a lines.
Early modeling of self-interacting DM includes papers on elastic collisions [10],
on gravothermal collapse [11], and on subhaloes [12]. Shao et al. [13] addressed
the impact of fermions. More recently, [14] [15] performed extensive modeling
of galaxy formation within larger structures in the universe. Cyr-Racine et al
[16] investigated an effective theory for small scale structure. Robertson et al
[17] [18] considered SIDM and halo interactions, [19] considered the impact of
SIDM on structure and self-assembly history, and [20] modeled SIDM that in-
cludes inelastic scattering. There has been a recent review of SIDM [21], and of
the larger topic of dark matter haloes and subhaloes [22].

An earlier, companion paper [23] addressed the consistency of the proposed
form of dark matter with galactic haloes. That paper found quantitative agree-
ment with observationally-inferred sizes, shapes, and masses of DM haloes of the
size of the Milky Way halo or smaller. It also found quantitative consistency of
the proposed form of dark matter with the observed delay between ordinary
matter and dark matter for the Bullet cluster interaction. It further provided
semi-quantitative explanations for halo stability, halo cores and cusps, and for
the observationally-inferred paucity of smaller haloes.

This paper presents the cosmological consequences of a neutrino self-interaction
based on SU(3) adapted to the neutrino family, with estimates for interaction
strengths and binding energies derived from an extended form of SU(3) given in
[24]. This form of SU(3) will be denoted “SU(3),..” The standard SU(3) adapted
to the neutrino family will be denoted “SU(3),,”. It should be emphasized that a
neutrino SU(3) should not occur in the Standard Model, because in an SU(3) X
[SU(2), x U(1)] model, a neutrino SU(3) would imply an electron SU(3), which
is contrary to evidence. However, in this theory, linear combinations of neutri-
nos form extended-color (EC) singlets which pair with corresponding elec-
tron-family EC singlets in the electroweak Lagrangian via a non-trivial Ponte-
corvo-Maki-Nakagawa-Sakata (PMNS) matrix. Further, the theory is anoma-
ly-free and renormalizable [25]. Other authors have published related theories
with massive neutrinos subject to a color SU(3) that are anomaly-free, e.g., [26]
[27] [28]. The results here may be viewed as representative of a minimal neutri-
no SU(3) for these other extensions.

Section 2 computes cross-sections of interactions of such dark matter with
conventional matter in the modern universe. Section 3 applies the hypothesis to
neutrinos in the early universe, addressing the details of evolution of such mat-
ter, its free-streaming scale, and ultimate abundance. Section 4 addresses the

impact on nucleosynthesis. Section 5 checks the hypothesis against SN1987a
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measurements. Section 6 compares predictions with observational inferences
from the cosmic microwave background (CMB). Sections 7 and 8 discuss and

summarize the overall findings of this effort.

2. Cross-Sections between Ordinary Matter & Baryonic
Neutrinos

The hypothesis of a feeble form of SU(3) for neutrinos is not immediately ob-
vious from the Standard Model. From the Standard Model one might expect an
interaction energy of the order of the QCD energy scale, ~200 MeV [29]. How-
ever, motivation can be found for a feeble SU(3) interaction between neutrinos
in a modest extension of the Standard Model [24]. In this extension, SU(3) is not
precluded for the neutrino family, and the interaction strength is related to the
mass of the most massive fermion of the family, as discussed in the Appendix.
In this theory, neutrino oscillations are direct evidence that neutrinos form
bound states via SU(3).

The cross-section o; for neutrino scattering via SU(3),,, Ze., “neutrino jets”, is

of the form
o, = f(4n/3)a’ (hc)Z/s , (1)

by analogy with that for quark jets [30], where the dimensionless coupling a =
£1(4mhc) is set to the fine structure constant, 1/137, s is the usual square of the
center-of-mass energy of the incident neutrinos, and f scales the interaction
strength from 0 to 1 or greater. Note that the 1/s dependence implies that the
cross-section is weak at high energies, and much larger at lower energies. This
behavior is in contrast with the scaling of cross-sections for electroweak interac-
tions, such as e'e” <> v,0,, which scale as G;,s at the energies of interest (<3
GeV), where G = G/(4c)’ is equal to 1.16 X 107 GeV~? (e.g., [4], page 152).

One may simply choose ffor a feeble form of SU(3) for neutrinos, or one may
estimate it using SU(3),.. An estimate is developed in the Appendix using the
latter approach. One finds a reduction in the coupling strength relative to quarks
by a factor of (m,/m;)* to (m,/m,)’ for relativistic interactions, where m, is the
mass of the massive neutrino, and m, and m, are the bottom and top quark
masses, respectively. Using the masses from the Particle Data Group [31] [32],
m, is about 4.180 GeV/ using the minimal subtraction scheme and m, is about
172.9 GeV/Z from direct measurements. The highest neutrino mass is about
0.055 eV/J, assuming the normal hierarchy and minimal masses [33]. With this
one estimates a range for ffrom 3.3 x 10™"® down to 1.9 x 107, accounting for
the factor of 137” in the definition given above. In this paragraph and the rest of
the paper, the specific masses of the three mass eigenstates of neutrinos will be
referred to as the lowest, middle, and highest neutrino mass.

Cross-sections for neutrinos and baryonic neutrinos (“B-Neutrinos”) with
other forms of matter are estimated below in Table 1, along with the corres-
ponding estimated interaction times in Table 2. The interaction times, Ze., time

between scattering events, denoted by 7;,, are estimated using the usual relation,
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Table 1. Estimated cross sections (g; barns) for solar neutrinos and baryonic neutrinos.

Neutrinos vs Quarks Electrons Neutrinos B-Neutrinos
Electroweak 0 3.0x 107 9.4x 107 42 x107%
SU@3), <5.1 x 107% 0 2.4x107" 54x1078

B-Neutrinos vs Quarks Electrons Neutrinos B-Neutrinos
Electroweak 0 1.4x 107 42 x107% 22 %1073
SU(3), <2.0x 1072 0 54 %1078 9.7 x 1077

Table 2. Estimated interaction time at earth (years).

B-Neutrinos vs Quarks Electrons Solar Neutrinos B-Neutrinos
Electroweak ) 2.6 x 10" 1.7 x 10% 1.1 x 10%
SU@3), >3.6 x 107 oo 1.3 x 10° 2420
-1
Ty = (NO'V) s (2)

where N is the density of baryonic neutrinos, ois the interaction cross-section,
and v is the velocity of the interacting particle. NV is chosen to equal 3 X 5 x 10°
cm? for matter near earth in the modern universe, based on computations pro-
vided in a companion paper [23]. The factor of 3 arises because there are 3 neu-
trinos per baryonic neutrino. The calculation of o and v are detailed in the fol-
lowing paragraph.

To compute the cross-section, the factor fis assumed equal to 5 x 107", a val-
ue comfortably within the range identified in the previous paragraphs. The pa-
rameters assumed in the calculations for Table 1 are that electrons in stellar
cores have a kinetic energy of 1000 eV, solar neutrinos have a kinetic energy of
0.3 MeV, baryonic neutrinos have a kinetic energy of 0.078 eV from the Appen-
dix, and quarks in baryons have a kinetic energy of 100 MeV. The computations
of center-of-mass (CM) energy assume the velocities of the respective particles
are perpendicular in the earth’s reference frame. For comparison, results are also
included for the electroweak interaction.

Table 2 emphasizes that (a) the electroweak interactions of baryonic neutri-
nos with ordinary matter are quite small, and (b) that SU(3), interactions with
ordinary matter are unlikely to be experimentally accessible. The interaction
time with a quark is estimated at about 25 million times the age of the universe.
With large quantities of quarks, many kg, an interaction might occur in a rea-
sonable time. However, such interaction energies would be of the order of an eV,
and so would be quite small compared to quark-quark interaction energies, of
the order of 100 MeV or more, so might be difficult to detect. It should be noted
that the estimated interaction time with a solar neutrino is about 1.3 billion
years. This scattering time implies a very small probability of scattering of a solar
neutrino in the 8 minutes required to travel from the sun to the earth. Also, note
that the estimated scattering time between two baryonic neutrinos is relatively

small, and this is consistent with a picture in which baryonic neutrinos are
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weakly bound.

One might imagine that neutrinos might interact with quarks via SU(3),. as
indicated above by simple application of the formulae. However, as is well
known, the coupling constant must be the same for the fermion-boson interac-
tion and the boson-boson interaction for a non-Abelian local gauge interaction
[[34], Ch. 16]. Given the vast estimated difference in coupling constants between
SU(3), and the standard SU(3), one is then tempted to conclude that the posited
neutrino SU(3), is a force that is distinct from quark SU(3), in which case the
interaction is forbidden by gauge symmetry. However, the calculations of the
Appendix for neutrino SU(3) interaction strengths assume the same (running)
coupling parameter as in quark SU(3). Hence it is possible that neutrinos might
interact with quarks via a very feeble form of SU(3). Such feeble interactions
would likely by experimentally unobservable, with relative interaction strengths £
that are at least 10" times smaller than that between quarks.

To summarize, the hypothesized SU(3), interaction has a coupling constant
that is at least /* = 4.5 orders of magnitude smaller than that of SU(3), based on
the calculations of the Appendix. This process should also produce neutri-
no-antineutrino pairs (neutrino jets). All interactions with ordinary matter oc-
cur on time scales that are of the order of the age of the universe or greater.
SU(3) interactions between neutrinos and quarks are evidently either forbidden

by local gauge symmetry or are not experimentally observable.

3.SU(3)v Applied to Neutrinos in the Early Universe

The analysis starts by using the approach of [35], for example. The fraction of
energy in the neutrino sector for k7= 1 MeV is given in Table 3, assuming both
variants of SU(3),. Note that in this energy range, all the quarks as well as the W
and Z vector bosons have frozen out and (mostly) annihilated. The table as-
sumes the standard treatment for electron and photons. The 3 flavors of neutri-
nos are only given 1 spin degree of freedom, in accord with convention, but with

3 color degrees of freedom. The degrees of freedom of fermions are of course

Table 3. Energy density degrees of freedom in the early universe with k7 at ~1 MeV as-
suming both the standard SU(3) for neutrinos, SU(3),,, and an extended version, SU(3),..

Particle Degrees of Freedom, SU(3),, Degrees of Freedom, SU(3),.
Electron family (1)(4) =4 (x7/8) (1)(4) =4 (x7/8)
Photons 2 2
Neutrino family (3)(2)(3) =18 (x7/8) (3)(2)(3) =18 (x7/8)
Neutrino family gluons 8)(2) =16 (15)(3) + (8)(2) =61
Total degrees of freedom 37.25 82.25
Total degrees of freedom
) ; 31.75 76.75
in neutrino sector
% Degrees of freedom in
85.2% 93.3 %

neutrino sector
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weighted by 7/8 [[4], p. 151] for energy density calculations.

Of significance for SU(3), is that 8 massless gluons are counted for their
thermodynamic degrees of freedom. For SU(3),, there are also 15 massive neu-
trino gluons that result from the spontaneous symmetry breaking of the near-
ly-exact global continuous SU(3) color symmetry that occurs in this theory.
These gluons satisfy most of the criteria proposed by [36] for a correction to the
observed effective number of neutrinos. In this case, such neutrino gluons may
add degrees of freedom, but they will be lost as they combine with neutrinos to
form dark matter. Table 3 indicates that the fractional number of degrees of
freedom in the neutrino sector is 85.2% for SU(3),, and 93.3 % for SU(3),. in this
assumed interval of time in the early universe. These values should be compared
with the currently accepted value for the DM matter fraction in the modern era
of about 82% - 84% from recent PDG publications [37]. A more detailed calcula-
tion in this section will predict a value of 83%. These calculations show that the
SU(3), model provides enough degrees of freedom to account for the inferred
fraction of DM.

Table 3 shows 18 neutrino-family states for both versions of SU(3),, com-
prising 9 neutrino states and 9 antineutrino states. There are only 18 states be-
cause all neutrinos have only one handedness rather than two as occurs for
quarks, so the effective number of states is divided by 2 (there are no left-handed
antineutrinos or right-handed neutrinos). This gives 18 states compared to
(3)(2)(2) = 12 states assumed in published single-color calculations. This large
number of neutrino states seems to be inconsistent with accelerator observations
of the 2 linewidth, which only indicates 3 neutrino states instead of 9. The most
straightforward approach for avoiding this inconsistency is to assume that neu-
trinos are color singlets as they pertain to the electroweak sector [[25], Ch. 13].
This is supported by the corresponding analysis for the charged-current portion
of the electroweak Lagrangian density. Then the resulting contribution to the 2°
linewidth is identical to that in the SM. This result is not consistent with the
model-independent linewidth measurement of 2.74 + 0.1 GeV [[38], Sec. 1.5].
This conclusion accounts for QED and QCD corrections to the individual fer-
mion decay rates but excludes QED photonic corrections to the Z° lineshape. A
few other independent measurements also support the larger linewidth [39].
However, if the QED photonic corrections to the 2° lineshape are included, the
result is precisely consistent with the more-accepted value of 2.984 + 0.008, as
can be seen from the Schael reference [38] and others.

The process of particle formation and cooling with SU(3), in the neutrino
family should be analogous to that in the quark sector, but with a few important
exceptions. Before neutrino decoupling, the ultra-relativistic particles are kept
from particle formation by the standard electroweak interactions. Under the
hypothesis of this paper, after neutrino decoupling one expects a period of in-
tense particle formation as relativistic neutrinos collide and interact via SU(3),

resulting in neutrino-antineutrino pairs from “jets”. This process is both spon-
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taneous and irreversible and so results in an increase in entropy. Many hundreds
of species then form during “hadronization” to bound baryonic and mesonic
species, as with the quark transition [35]. This implies that there is substantial
cooling as the available energy is shared among more relativistic species. If there
are insufficient neutrinos remaining after this conversion (as is indeed found to
be the case below), there is insufficient thermal energy to restore the hadronic
neutrinos to a higher temperature. These multiple species then cool further in
accord with the expansion of the universe, with 7~ a' during the radiation era,
with a denoting the cosmological scale factor. Since neutrinos have no means for
annihilation in the Standard Model or in the extended-color theory considered
here, they will not re-heat due to any annihilation process. Moreover, their
free-streaming will be inhibited by the SU(3) interaction. The baryonic neutri-
nos will cool until they reach an energy at which they can bind, also by analogy
with the quark sector. Once they have bound, they form “clumps” of inert dark
matter with little diffusion or mass transport. One would then expect that fur-
ther cooling occurs due to expansion of the universe over the subsequent 13.7
billion years to the present date. The above process is detailed quantitatively in
the rest of this section.

Figure 1 shows the estimated time to complete a specified number of SU(3)
interactions for one neutrino. The calculations use the cross-section from Equa-
tion (1) and the high levels of neutrino densities that occur at and after neutrino
decoupling in Equation (2). This figure shows results for both the standard cos-
mology as well as with the extra degrees of freedom associated with this hypo-

thesis. The curves show longer times with the extra degrees of freedom because

109

Standard Cosmology
10 scatters |
— 20 scatters [

40 scatters
Full DOF

====10 scatters ||
==="20 scatters [:
====40 scatters [{

108

107

Time (sec)
=)
a

104

103

102

101

L Co il L Coo il L \\\\7

Normalized Coupling Factor f (unitless)

Figure 1. Time required to produce 10, 20, and 40 collisions after neutrino
decoupling, versus normalized SU(3), coupling factor, £ Solid lines: standard
cosmology for temperature. Dashed lines: full degrees of freedom (second
column of Table 3) used to compute temperature.
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the scattering time (mean free time) given by Equation (2) is longer with extra
degrees of freedom. This follows because the universe is expanding and cooling
faster, resulting in lower density at a given time, so (Nov)™" is longer. The par-
ticle density varies in time as 7° ~ a and the velocity of all such neutrinos re-
main at approximately c in the interval of time shown in Figure 1. The number
of interactions shown in Figure 1 can be used to compute the number of par-
ticles, also by analogy with the quark sector, in which each relativistic collision
produces at least 2 particles. Hence 10 collisions will produce of the order of 2"
neutrino-antineutrino pairs. The calculation assumes that there are initially 18
neutrino species, consistent with Table 3, so there are 18 times more interac-
tions that produce hadronized neutrinos. One sees that a nominal value of f=5
x 107" results in 10 collisions in about 250 sec with the standard cosmology, and
in about 600 sec with the full degrees of freedom arising from this hypothesis. It
should be mentioned that the onset of this process might start with just one col-
lision, which occurs at about 6 sec after decoupling for = 5 x 10™'° and at about
30 sec after decoupling for £=1 x 107". The calculation neglects the doubling of
the density of neutrino-derivative states with each collision and the correspond-
ing halving of temperature. If these effects are included, the time to 10 collisions
is about 9 sec with the added degrees of freedom rather than 600 sec.

Regarding the types of baryonic neutrinos, there are 3 basic types of neutrinos,
so there are expected to be at most 3 = 27 possible basic types of a colorless ba-
ryonic triplet, just as with the discrete SU(3) symmetry for (u, d, s) states in the
quark sector. There are an additional equal number of antiparticle states, and
possibly 2 spin states would occur for nonrelativistic baryonic neutrinos. This
leads to at most 54 species with 108 distinct baryonic neutrino states. There
could also be as many as 12 distinct species for mesonic neutrino states. There
are also many excited states of the basic species. Based on a study of hadrons
[35], there are 1776 distinct quark states listed in the 2016 PDG publication, in-
cluding charm and bottom states. If the charm and bottom states are excluded,
so that only 3 basic flavors are present, as is the case here, then 1599 states are
found. This is the number used here for the number of species, g, of baryonic
and mesonic neutrinos in the early universe after SU(3), conversion. This num-
ber should be viewed as approximate, but perhaps conservative because other
species such as baryonic neutrino “nuclei” may be present.

With the results of Figure 1 and an estimate for the number of post-conversion
species of hadronic neutrinos from the previous paragraph, one can compute the
temperature after conversion to baryonic neutrinos. Conservation of energy of

course applies in this process. Conservation of energy gives
gvdpvdT\'/da:/‘d :gbvpva'bvagv’ (3)

where g, p,» T, and a,,are the number of species, number density of each spe-
cies, temperature, and scale factor at neutrino decoupling, respectively. The va-
riables with subscript “bv” are the corresponding variables just after conversion

to hadronic neutrinos. The increase of entropy during the conversion process
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gives the inequality [4] [35]
gvdpvd aid < Epy pbvaZv 4 (4)

where p ~ 77 is used in this relativistic era. From Equation (4), the ratio of the
comoving density at decoupling to the density after conversion, per species, satis-

fies
pvdaid/(pbvaiv ) <8 /8&a - (5)

The number of degrees of freedom for energy density in the neutrino sector at
decoupling, denoted g, is 76.75 from Table 3 for the extended-color version. Of
these, one should exclude the degrees of freedom of conventional neutrinos,
which numbers 6(7/8) = 5.25 resulting in g, =71.5 species. The number of
degrees of freedom after conversion is g, = 1599, as given above. Hence Equation
(5) implies that the ratio of the number of particles per species in a comoving
volume before and after conversion should be less than 1559/71.5 = 21.8 from
Equation (5). If the standard-model version is used from Table 3, this ratio is
1599/26.5 = 60.3. If the number of states is divided by 2 for neutrino-based par-
ticles because of their handedness, this ratio is 799/26.5 = 30.2. Given that relati-
vistic collisions produce hundreds of particles in observed accelerator collisions of
protons, and relativistic collision products should equilibrate rapidly in this dense
relativistic environment, with energy-level separations AE much less than k7,

one finds
pvdaid/(pbvaiv) ~1. (6)

That is, the number of particles of each resultant species in a comoving volume
should be approximately equal to the number of original particles of each species
in the volume (as one might expect). Using this as an exact equality in Equation

(3) gives
T, /T, < (gvd /&h )(avd /ay, ) = (1/21'8)(avd /abv) > (7)

assuming SU(3),.. That is, the temperature of hadronic neutrinos after conversion
should be about 1/21.8 = 4.6% of what it would be for neutrinos in the absence of
conversion. To complete the computation of 7;,/7,, one may for example use the
~250 sec highlighted in Figure 1 for the standard cosmology. One may also use a
temperature at neutrino decoupling of 0.83 MeV/k [40] [41] [42], and a propor-
tional to time'? during this era. With these inputs, one obtains an estimate of the

average temperature of a hadronic neutrino species after conversion:

T,, <24keV/k. (8)

This result assumes SU(3),,. The result for SU(3),, is 1.7 keV/k using the ratio
30.2 given above. In addition, each particle so created has a mass of the order of
0.4 eV/Z based on the calculation of the Appendix and [23], which is about a
factor 17 greater mass than the average mass of the three neutrino species (0.07/3
= 0.0233 eV/J, 0.4/0.0233~17). It should be noted that 7}, will be less when the

full number of neutrino degrees of freedom are included in the calculation of
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temperature versus time and time versus scale factor (Equation (9) below). When
this is done, the value of 7,,,in Equation (8) is reduced to about 1.7 keV/k, and
this includes the impact of a slightly larger value of a,;as well as a slightly reduced
temperature at neutrino decoupling.

It should be further noted that with about 71.5 original degrees of freedom for
hadronic neutrinos but only 5.25 degrees of freedom for conventional neutrinos,
the remaining degrees of freedom of conventional neutrinos are almost certainly
insufficient to appreciably heat the hadronic neutrinos, despite that they should
be well-coupled. Hence the temperature given by Equation (8) remains a good
approximation in the presence of neutrinos that might be hotter.

The evolution of the temperature and state of the baryonic neutrinos is now
discussed. The basic equation for time ¢ after infinite redshift versus the norma-
lized scale factor ais given by, e.g., [[43], Ch. 13]

t(a)= Ho’l-[:dx[Qr (x)x2+Q, (x)x ' +Q, +Q,x T/z . )

In standard cosmology, Q,, Q,,, and Q, are constants after neutrino decoupl-
ing, and are the radiation energy density, matter energy density, and dark energy
density ratios, respectively, of the universe. Q; represents contribution of the
curvature constant. The value used for the present-day Hubble expansion rate
H,is 67.8 km sec”* Mpc™' [37]. The standard constant values for Q, and Q,, are
most accurately provided from the Planck collaboration [44] [45]. In the treat-
ment here, ), and Q, will vary with time until the hadronic neutrinos become

nonrelativistic:

Q=005 forx<x,, .,
Q. (x) = , and (10a)
Q. =031 forx>x

non—rel

Q. =F9.13x10° for x<
r0 X xnonfrel . (10b)
Q,=9.13x10"  forx>x

Q. (x) = {
non—rel

The factor Fin Equation (10b) is numerically equal to 6.52 and is based on the

number of degrees of freedom in the second column of Table 3, relative to the

standard number of degrees of freedom:
F={1+[(16+45)2+(18/2)(7/8)J(411)" | [1+3(7/8)(411)" ]. )

The value of F* is about 1.60, which gives the scaling for time and tempera-
ture as detailed below. The integral in Equation (9) is performed with this varia-
tion included, as well as with the standard and fixed values of ), and Q, as given
in Equation (10) after neutrino decoupling. The neutrino sector temperature is
then computed versus time using 7, (?) = 7,,a,/a(?. The result is shown in Fig-
ure 2. This figure shows a constant-factor drop in temperature at early times
when the full number of degrees of freedom are used in Equation (9) relative to
standard cosmology. This is expected because 7T oc @™ oc Q/*? in the radia-
tion dominated era, and with a larger value of Q, the full 82.25 degrees of free-

dom of Table 3, the temperature is reduced by about a factor 7/* of 1.6 as noted
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Figure 2. &* Temperature (eV) of free baryonic neutrinos versus time (yrs), assuming
conversion at 250 sec, for standard cosmology (blue) with Q,, and Q, at their standard and
fixed values, and with the time-varying values given by Equation (10) (green).

above. An investigation of the underlying numbers in Figure 2 shows that the
time to recombination is altered down from its nominal value of about 380 kyr
by about 0.4% due to the extra degrees of freedom. This figure shows that the
additional relativistic degrees of freedom in the neutrino sector at early times
does not appreciably alter the time history after about 3000 years, because such
degrees of freedom convert to nonrelativistic matter very early, at about 1100
years after neutrino decoupling or less using the standard criteria, k7= m,,c/3
(1100 years for m,,& = 0.4 eV, 435 years for m,,c = 0.6 eV). This can be seen
from Figure 2. The apparent convergence of the two curves after about 2000
years occurs because of the log-log plot and the relatively diminishing contribu-
tion of the early-time integral at later times. Also, the crossover from radia-
tion-dominated to matter-dominated expansion occurs at about 50 kyr but this
is difficult to discern on this plot.

Next, neutrino streaming is investigated. The standard formula for the free
streaming length A is [46] [47]

A= [ v(n)a(t)de, (12)

where 7, in this case is the time of neutrino decoupling, £, is the time of mat-
ter-radiation equality at about 50 kyr after infinite redshift, v(9 is the particle ve-
locity versus time, and a(?) is the scale factor versus time. The velocity of the neu-
trinos before hadronic conversion is ¢

The velocity will also be c after conversion (at time ¢,,,,) until the time ¢, at
which <K.E>/m,,c is roughly equal to 1/3, where <K.E> denotes the mean ki-

netic energy, in accord with the standard criterion. Then the velocity will be
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nonrelativistic until such time when <K.E.>/E,,,,is equal to 1, where E,;, ~ 0.02
eV, at which point macroscopic binding occurs and little motion occurs thereaf-
ter [23]. The above three regimes are all captured accurately in a numerical
integral of Equation (12), where the integral is extended beyond ¢,, to the time of
neutrino binding, £, as needed. The result of the numerical integral for a par-
ticle mass m,,c of 0.4 eV is a free-streaming scale length of about 90 Mpc, using
the peculiar velocity for v after particles become nonrelativistic. This is signifi-
cantly less than the zeroth-order estimate of 41(30/m,,& eV) = 3075 Mpc com-
puted by others [48] [49] because of the factor of 22 temperature drop at conver-
sion. However, 90 Mpc is still quite large compared to galactic scale sizes, as-
suming ballistic motion.

The above calculation is for ballistic motion of neutrinos or baryonic neutri-
nos, and this would be expected to apply prior to conversion to baryonic neu-
trinos. However, the likely form of motion is diffusive rather than ballistic after
conversion. After conversion there are approximately 1600 species of baryonic
and/or mesonic neutrinos und this hypothesis, which are densely packed and all
can interact with each other via SU(3),. The corresponding mean free time be-
tween collisions can be computed via Equation (2), with an extra factor of 1600
included in the density. The resulting mean free time is quite short. For example,
just after conversion, at 200 sec after neutrino decoupling and with m,,c = 0.4
eV, the mean free time between collisions is about 130 sec using Equation (2)
and the associated cross-sections. Alternatively, if the particles interact like hard
spheres (consistent with other forms of matter bound by SU(3)), then the mean

free time between collisions is given by

t

int

= (21/2ngbde2v)7] , (13)

where g, is given after Equation (5) and dis the particle “radius”. In this case of
a degenerate Fermi fluid, the radius can be set to A/p, where p;is the Fermi
momentum of the particle. The resulting mean free path is about 137 fm, and
the mean free time is about 4.4 x 107 sec, an astonishing result. Because the
longer interaction times from Equation (2) are consistent with a more tenuous
medium, it will be referred to as a “gaseous” case, whereas the case correspond-
ing to Equation (13) will be referred to as a “fluid.” Both of these mean free
times (gas or fluid) are much shorter than the overall times of interest, ¢, - ¢,and
t., - t, which are of the order thousands of years or more. It should be noted that
a more complete and correct computation of cross-sections for fermion gases
can be found in the literature, e.g., for neutrinos in supernovae [50], and would
likely involve partial blocking to final states that follow from the Pauli exclusion
principle [51]. Calculation of these nine-fold integrals is beyond the scope of this
paper. A simplified calculation involving one-dimensional integrals [[4], p. 161]
gives about a 35% increase in scattering times. In any event, the transport evi-
dently should be considered diffusive rather than ballistic. Hence Equation (12)

can be reformulated using
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(1) v(5)) =K (1)8 (8 ~1,), (14)

which results in a root-mean-square (RMS) streaming scale given by

()" <[ [ x(0)fe (e)ae] (15)

s t(]
Note in the above that « has units of m*/sec, and such a diffusivity can be es-

timated from K(t) = v(t)2 Tin (Z) after conversion (7;,(#) is given by Equation
(2)). The ballistic calculation still applies before conversion to baryonic neutri-
nos, at least to a first approximation.

Table 4 shows the result of the above calculations for both gaseous and fluid
states of matter using a conversion time of 200 sec (a bit before the posited no-
minal time to complete conversion), for a range of baryonic neutrino masses.
The calculation of the RMS streaming length is based on Equation (15) and is
done using two different approaches. The first approach is based on the standard
scaling of conformal (peculiar) velocity with a after the particle velocity drops
slightly below c. The second approach uses the RMS velocity v,,,, which is obtained

by solving (K.E.)=m,,c* {[1—(1;% Je) T/z —1}. This latter approach may be

applicable when the velocity is randomly varying over time.

An analysis of the contributions to the streaming length indicates that almost
all of the particle motion occurs before hadronic conversion for the case of a liq-
uid state of baryonic matter, whereas almost all the particle motion occurs after
conversion for a gaseous state.

The former is because there is essentially no particle motion after conversion
for a liquid state. There is also no mass dependence for the fluid state because all
particles move at velocity ¢ before conversion. It is of particular interest to note
that the RMS streaming length for the liquid state is about 0.84 kpc, and for the
gaseous state it is less than about 180 kpc for a baryonic neutrino with a mass in
the vicinity of 0.4 eV/c’. These numbers bracket the range of what one might
expect for an early galactic halo that evolves little after initial formation. The
numbers of Table 4 are 65% to 94% smaller than one would obtain if one used
the standard cosmology with Q,, and Q, fixed at their standard values. This is
due to the fact that a™' ~ Q" and with Q, larger with more degrees of free-
dom, a' is smaller, so the integrals in Equation (15) are numerically smaller.

The above calculations are all for a representative conversion time of 200 sec.
However, this time was simply a choice consistent with Figure 1, and not de-

rived. To address this, the sensitivity of key calculated parameters to this choice

Table 4. RMS streaming length A, (kpc) versus particle mass (eV/c?) from Equation (15),
assuming a conversion time of 200 sec and full degrees of freedom in Equation (9).

my, ¢ =02 eV/E 0.4 0.8 12 1.6

A, (fluid) 0.836 0.836 0.836 0.836 0.836

A, (gas, virom a™') 147 114 85.1 71.9 63.5
A, (gas, vfrom K.E.) 177 157 137 125 118
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of conversion time is shown in Table 5. A particle of mass 0.4 eV/c is assumed
in this table. This table shows that several key parameters are essentially inde-
pendent of the conversion time, such as the time at which the particles becomes
nonrelativistic, £,, and the time at which the particles bind, #,;, This behavior is
expected because the relativistic energy density is the same in all cases for these
time periods. It should be noted that the time to macroscopic binding, ¢, is
not sensitive to ., but it is sensitive to the energy of binding. For example, if
the binding energy is changed from 0.02 eV to 0.01 eV, the estimated time of
binding changes from 85 kyr to 285 kyr from Figure 2. The RMS streaming
lengths show some variation, particularly for the liquid phase. This variation for
the liquid phase is expected based on the discussion above, because all the
streaming occurs in the time before conversion of free neutrinos to hadronic
neutrinos in this case, and this time interval is explicitly varied.

One might also consider the sensitivity of the streaming length to the number
of degrees of freedom, post-conversion. Based on the above, there is essentially
no variation of the streaming length with g, for the case of a diffusive liquid. For
the case of a diffusive gas, it is easy to see from Equation (2) with a factor of g,
in the denominator and using Equation (15) that A, scales as g,"*. So, for ex-
ample, if the number of degrees of freedom drops by a factor of 2 between con-
version and ¢,, perhaps due to decay of excited states, then the streaming length
will go up by a factor of 2" for the case of a diffusive gas. However, there is no
clear way to compute the decay times of such excited states so it is not included
in the calculations.

The number of effective degrees of freedom in the neutrino sector, N, can be
estimated from the above. First, from Table 3, second column, there are
71.25/2 x (8/7) = 40.8 extra relativistic generations of neutrinos compared to the
3 generations in the conventional neutrino sector. Second, from the preceding
discussion these extra relativistic degrees of freedom persist for about ¢,. = 1100
years over the total time of about 380,000 years to recombination. Thus, one can
estimate the correction to N, to be in the range of 40.8 x (1100/3.8 x 10°) =
0.118. If a mass of 0.6 eV/ is relevant, then ¢,. = 480 years, and the correction to
N,;is then 0.047. It should be mentioned that there are as many as 1600/2 relati-
vistic (but cooler) “generations” relative to photons after conversion, as dis-
cussed above, but the relativistic comoving energy density is conserved through
conversion in accord with Equation (3). Hence the 40.8 generations is an upper

bound to properly capture the number of relativistic degrees of freedom relative

Table 5. Key calculated parameters as a function of conversion time, £, Assumes a ba-

conv*

ryonic neutrino mass is 0.4 eV/c, assuming full degrees of freedom in Equation (9).

tcanv (SCC) knonv (keV) tnr (YrS) tbind (YrS) /Is,gas,rms (kPC) As,ﬂuid,rms (kPC)
20 5.5 <1100 8.45 x 10* 112.9 0.26
200 1.70 <1100 8.45 x 10* 113.5 0.84
2000 0.550 <1100 8.45 x 10* 115.3 2.65
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to photons. This range of values of correction to N,; (0.047 to 0.118) overlaps
with most observational estimates [37] [44] [45]. This also in part confirms the
speculation in [36] that the oft-observed excess of N, ;over 3 can be explained by
the use of Goldstone bosons from the spontaneous symmetry breaking of an ex-
act or nearly exact global continuous symmetry (which is indeed the case in the
context of this hypothesis).

One implication of the early conversion, cooling, diffusive transport, and
binding of such baryonic neutrinos is that their signature is one of relatively
heavy particles. From this, it follows that such matter would behave in a similar
manner to that of cold dark matter with respect to baryon acoustic oscillations
(BAOs) at the time of recombination, so it is unlikely to be discernably different
from the conventional analysis of the BAO spectrum. This qualitative statement
should be backed up by more detailed calculations; these are not performed
here.

At the aforementioned time of binding of such baryonic neutrinos, ~85 kyr,
such particles should begin to coalesce into distinct bodies. One may then con-
sider the possibility of pressure equilibrium between such bodies of baryonic
neutrinos and surrounding free neutrinos. Assume in this case that the high-
est-mass neutrino (denoted 7, assuming the normal hierarchy) is not relativistic
and the lower mass states are still marginally relativistic. Further, for simplicity,
assume that there are only two species of baryonic neutrinos that remain (Ze,
particle and antiparticle). In this case, one obtains the following relationship for

pressure equilibrium:

(1.9147° [m,, ) o3’ = (1.9147° /m,, ) pif* +5.536hcp) +5.536hepl’ . (16)

Vi

Here m,. and p,, denote the mass and number density of the highest-mass
neutrino state, respectively. Assuming that the neutrino-state densities are all

comparable and equal to p,, one obtains
Py P, =[(my [m,.)+(2)5.536m,,¢* /(1.914k¢) o, " (17)

One may evaluate Equation (17) for an assumed mass of a baryonic neutrino
of about 0.4 eV/c, and the assumed masses of the neutrinos as given in the Ap-
pendix. The result is shown in Table 6 as a function of temperature, with the
hypothesis of equilibrium.

One sees that for temperatures less than 0.03 eV/k, which are consistent with a

kinetic energy of the order of 2m,,c%, one obtains a number density ratio ranging

Table 6. Number density ratio and mass density ratio of baryonic and conventional neu-
trinos, assuming m,, = 0.4 eV/& and m,, = 0.055 eV/c in Equation (17).

kT (eV) 0.1 0.07 0.03 0.02 0.01
Loy (M%) 3.2 x 106 1.1x10'° 86x10% 25x10%  32x10°
Do/ e 11.1 13.8 18.6 23.5 35.2
My, /(Zm,p,) 63.7 78.9 106 134 201
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from 19 to 35. The mean value is 25.8. This range of ratios overlaps the values of
&, = 21.8 for SU(3),. and g,, = 30 to 60 for SU(3),, as discussed above. The
number density ratios of 19 to 35 shown correspond to Q,,/Q, of 106 to 201 as
seen in Table 6, assuming roughly equal neutrino densities for the two low-
er-mass states as above. These mass density ratios should be applicable to the
mass-energy density ratio observed today, which range from 0.26/0.016 = 16.5 to
0.258/0.0012 = 217, with a nominal value of 0.258/%,m,/(93.4 eV//*)] = 158.2,
from the “Astrophysical Constants” numbers in a recent PDG publication [37].
Here A denotes the normalized Hubble constant and use X,m,, = 0.07 eV/J. The
value of 158.2 for Q,,/Q, is squarely in the range of values shown in Table 6.
The mean of the relevant calculated values from Table 6 is

(Q,, /2, ) =(106+134+201)/3 =147, which is a fair match to the nominal
observational value of 158.2. There is some sensitivity of this result to the as-
sumed number and masses of baryonic species at this time. For example, if there
is a second, heavier species of mass 0.6 eV/c with an abundance equal to 25%
that of the mass of 0.4 eV/Z, the computed result would change from 147 to 160,
which is in even better agreement with the nominal observational value of 158.2.

Further one may compute the normalized energy density of DM, Q,,, by
multiplying the above value of <Q,,/Q > by Q, The nominal value of Q, is
equal to ,m,/(93.4 eV /) = 0.0016, with =,m,, = 0.07 eV/J as assumed in the
rest of this paper. The resulting estimate for Q,, is therefore (147)(0.0016) =
0.240, which is in fair agreement with the nominal accepted value of 0.258. Fi-
nally, it follows that (3, /Q,)=0.240/(0.240+0.0484) =0.832, using Q, =
0.0484 for baryonic matter from the 2018 PDG reference. This fraction, 83.2%, is
in very good agreement with the observationally-inferred value of 84.2% from
the same PDG reference. Of course, the error bars on the computed value of
83.2% are quite large based on the error bars of just the baryonic mass m,, of 0.4
eV/Z, as well as the error bars of the assumed value of the sum of the neutrino
masses. One may therefore accuse the result of 83.2% versus 84.2% of being for-
tuitous, but it might best be interpreted as an indication of consistency of the
assumed and/or estimated masses with key observationally-inferred data in the
context of the hypothesis of this paper. As a final note on Table 6, the inferred
number density of baryonic neutrinos for k7" = 0.02 eV is consistent with the
Fermi energy derived in [23] for the cores of modern galactic haloes.

One may estimate error bars for the above mass-energy density ratios by con-
sidering the spread of the two estimates of number density ratio obtained above
in two different ways: 21.8 from counting states for SU(3),, at hadronic conver-
sion and 25.8 from pressure equilibrium. One-half the spread is an estimate of
the uncertainty in the estimate, which is about 1.95. Dividing this by the mean of
these two numbers gives an estimate of the relative uncertainty, 8.2%. Other
contributors to the uncertainty are the masses of the neutrinos and baryonic
neutrinos, which is of the order of 10% or more. The positive relative uncertain-
ty should be no more about 93.3/83.2 — 1 = 12.1% (10.1% absolute error) based
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on Table 3, which gives the maximum fraction (93.3%) of the neutrino sector’s
mass-energy density to the total mass energy density at decoupling. Similar error
bars are obtained using a ratio of states of about 30 for SU(3),, at hadronic con-
version.

To summarize this section, the posited form of baryonic matter is found to
become nonrelativistic at about 1100 years after neutrino decoupling from OM,
so these particles fall into the category of warm dark matter (WDM). This sec-
tion finds that the hypothesis of baryonic neutrinos has consistency with the
gross features of cosmology that have been observationally inferred. First, good
consistency is found between computed and observationally-inferred values of
QpudQ, (147 versus 158, respectively) and Q,,/Q,, (83.2% versus 84.2%, respec-
tively) in the modern era. Second, the primordial RMS streaming length com-
puted here lies in the range of 0.25 kpc to about 180 kpc, from Table 4 and Ta-
ble 5. Third, the scale sizes of this form of matter are not expected to evolve sub-
stantially once bound because of the long diffusion time constants over distances
of the order of a kpc or more [23] and will not collapse due to fermion degene-
racy pressure.

There are a number of details of early evolution which have not been ad-
dressed in this section. For example, an analysis should be performed for the
time evolution of this form of DM from early bound entities to the condensed
state for the modern era that is found in [23]. Concurrence with BAO measure-
ments should be checked more carefully. The concurrence with nucleosynthesis
is addressed in the next section. Overall, this section finds that most neutrinos
“hadronize” in less than 300 sec after neutrino decoupling, become non-relativistic
after about 1000 years, and then bind into macroscopic entities at about 85

kyr.

4. The Hypothesis and Nucleosynthesis

The number of degrees of freedom in the neutrino family is known to impact
BBN observables as discussed in [41] [47] [52] [53]. The proposed new
self-interaction of neutrinos does not directly change BBN. It is only the addi-
tional number of neutrino states associated with SU(3), which changes BBN.
Before proceeding it should be noted that it is undoubtedly striking to consider
18 or more degrees of freedom in the neutrino sector, when most of the BBN
community are currently concerned with small differences from the nominal 6
degrees of freedom (3 generations).

Despite that, consistency with observations is shown below using both a
modern precision program for primordial nuclear abundance as well as wide-
ly-published first-order formulae. The exception is deuterium abundance. This
consistency is accomplished solely with the added number of neutrino states.
The increased expansion rate of the universe due to added neutrino states is ba-
lanced with a justifiable temporary increase in weak interaction rates from such

added electron neutrino states. Such added neutrino states then vanish as neu-
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trinos “hadronize.” A variant of this approach has been discussed by other au-
thors [40].

It is worth devoting a paragraph to the history of calculations for BBN. The
first key paper [54] considered only the impact of neutron beta decay for the re-
duction in neutrons. That paper was soon followed by [55] which identified the
importance of the interconversion of neutrons and protons via interactions in-
volving neutrinos. These papers neglected the now-known factor of one-half re-
duction in the number of neutrino states due to limited handedness and also
used crude estimates for the weak interaction rates [53]. The first modern calcu-
lations of these rates were given by [56] and [57]. The use of BBN theory and
observations to constrain the extra degrees of freedom at BBN was first per-
formed by [58] and [59]. Good review publications of the above are [53] and
[47]. Over the years other groups have refined this work, including [60] [61] [62]
[63] and particularly [41].

The most central observable related to BBN is the helium mass fraction, con-
ventionally denoted Y,. The first-order change in Y, due to additional neutrino
generations is given by [52] [53]

AY, ~0.013AN, (18)

where AN, is the change in the number of neutrino generations. Note that the
number of neutrino generations N, should be related to the number of ener-
gy-density degrees of freedom (DOF) in the neutrino sector at early times from
Table 3 by

N, = DOF/(7/4), (19)

so that adding 2 new number-density neutrino degrees of freedom when multip-
lied by the factor to convert to energy density (7/8) results in a change in N, of 1.
Also, the new degrees of freedom of neutrinos can contribute to an increased in-
teraction rate I, and this in turn impacts helium mass abundance. The first order

relation for this effect is given by [[41], Equation (7)]:
AYP/Y,, =—0.73AT/T . (20)

From the discussions surrounding Table 3 above, the number of left-handed
neutrinos for SU(3),. should be triple that of the conventional theory (such
added states are destined to become baryonic neutrinos). In this case, AT/T

should therefore be 2. Combining Equations (18) and (20) one obtains
AY, /Y, ==0.73AT/T'+(0.013/Y, ) AN, . (21)

One may use Y, = 0.245 from [52] on the right-hand side of Equation (21).
For SU(3),, one obtains NV, = 31.75/(7/4) = 18.1 equivalent neutrino generations
from Equation (19) and Table 3, first column. Thus, AN, is 18.1 - 3 = 15.2 for
SU(3),,. For SU(3),,, from Equation (19) and Table 3, second column, one ob-
tains 76.75/(7/4) = 43.8 equivalent neutrino generations. The corresponding
value of AN, is 40.8. Clearly these changes in N, are not small, first-order

changes. One may nonetheless apply formula (21) with these values of AN, Set-
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ting A Yp to zero gives the following values for AI'/I:
AT/T =1.097 for SU(3),, AI/T =2.97 for SU(3),. (22)

These “first-order” results show that the required relative increase in reaction
rates due to increased electron neutrino species, AI/T, are in the vicinity of 2 that
is expected for an SU(3), theory.

To investigate the effect on BBN of the increased number of neutrino states
and associated reaction rates more carefully, the state-of-the-art PRIMAT pro-
gram is used [41]. This MATHEMATICA-based program allows for direct input
of the number of neutrino generations, (e.g., 3, 18.1 and 43.8 as given above),
and also allows for the modification of the weak interaction rates to account for
the predicted extra electron neutrino states. The modification to these rates uses
a transient increase in the weak interaction rates, 4,,, and A,,,. This time-dependent

factor given by
ry (1) =[ AL (£ =1,)/T Jexp(~t/t,,,, ) +1. (23)

Note that r,(# tends to 1 when ¢is much greater than ¢, the user-specified
conversion time to hadronic neutrinos. Thus, the effective neutrino interaction
rate will match that due to conventional neutrinos after non-conventional neu-
trinos have “hadronized.” Note also that r,,(#) is equal to AT(¢= £)/T + 1 at time
t,. Here AI'(¢= t,))/Tis also pre-specified by the user with this minor modification
of PRIMAT. The value of ¢

conv

was varied from about 7 sec to 300 sec. This range
of times corresponds to the time to 1 to 10 collisions for £~ 5 x 107", as shown
in Figure 1 and discussed in associated text. It should be noted that the time in
Equation (23) is computed from ¢ = (0.8 MeV-sec?/k7)? in approximate accord
with the standard formula, e.g., [[42], Equation 10.18]. The value of AI'(%)/T is
chosen as seen in Table 7 below to obtain Y, = 0.245 in order to match observa-

tions.

Table 7. BBN abundance fractions for key nuclei and He mass abundance ratio Y, at the
end of nucleosynthesis. “N/A” denotes “not available.”

Run# N, AT(&)T  tow P Y, D/H(10%) 3He/H(10%) (’Li+"Be)/H(10')
1 3 0 N/A 0.753 0.2471 2.4594 1.0741 5.6684
2 4 0 N/A  0.740 0.2597 2.7930 1.1200 5.1720
3 3 0.1 300 0.769 0.2313 2.3731 1.0607 5.4329
4 44 2.8 30 0.755 0.2453 10.5763 1.7850 1.2506
5 18 1.1 67  0.755 0.2453 5.7495 1.4380 1.8516
6 18 135 30 0.755 0.2446 5.7434 1.4365 1.8469
7 18 165 15 0.757 0.2432 5.7222 1.4340 1.8392
8 18 2.0 7.5 0.755 0.2449 5.7483 1.4371 1.8470
Observations (PDG 2018) N/A  0.245+0.003 2.569 +0.03  (*) 1.6£0.3

Observations (Pitrou et al 2018) N/A  0.2449 + 0.004 2.527 +0.03 <1.1+0.2 1.58 £ 0.3

(*) PDG 2018 deliberately does not state a value for *He/H.
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PRIMAT was first checked to ensure it matched the published results with 3
neutrino generations and no change in rates. The first-order changes, Equations
(18) and (20), were also verified using the code. These are runs 1 to 3 shown in
Table 7. The input value of the baryon-to-photon ratio was not altered from
nominal for any of the runs of Table 7. Then cases related to the hypothesis of
this paper were run and a subset of these runs is shown in Table 7. These results
were spot-checked for convergence by increasing the number of time steps by a
factor of 1.5. The results were the same to within 5 significant digits as those
with the nominal number of time steps. The first column of the table is the run
designator, the second through fourth columns are input values. Green indicates
values within experimental error bars, brown-orange between 1 and 20; and red
outside of 2o

Note that the abundance "Li/H in Table 7 uses ("Li + Be)/H as a proxy, in
accord with the methodology of [41] and predecessor papers because of the
known long duration and associated computational run-time required for "Be to
convert to “Li for the latter’s final abundance. For a similar reason, the contribu-
tion of tritium is included in *He/H in rows 1 to 3. The tritium contribution in-
creases the values shown by about 1%. The error bars for the computations in
Table 7 should also reflect published values computed for PRIMAT, but this has
not been independently verified.

Runs 4 through 8 show good agreement with Y, by design. It is interesting to
note that these runs also show good agreement with observationally-inferred
values of ("Li + 'Be)/H. This good agreement is not found in the standard cos-
mology. The agreement is particularly good for the cases with 18 generations,
corresponding to the case of no massive gluons (SU(3),,). The cases with 18
generations are also within 20 of the observational estimates for *He/H. In con-
trast with these agreements, the D/H values for 18 generations are about 110
standard deviations from the latest observationally-inferred values for gas-phase
conditions [64], although the relative difference is a mere factor of 2.28. The case
with 44 generations is in even greater disagreement. This potential inconsistency
for D/H will be discussed in more detail below.

Several other useful comments can be made about the runs in Table 7. Not
shown is the time to complete conversion to *He. In runs 1 through 3, the con-
version to “He occurred between 200 and 300 sec, consistent with Figure 3 of
[41]. For runs 5 to 8 with 18 generations, the conversion to *He occurred be-
tween roughly 130 and 190 seconds. For run 4 with 44 generations, this conver-
sion occurred between roughly 100 and 130 sec. Faster conversion with more
neutrino generations is expected because the universe expands faster and there-
fore cools more quickly.

There is also the question of consistency of AI'(#)/T" with the expected value
based on the theory and the Z° linewidth. Run 8 has AT'(#)/T exactly equal to 2 to
match the measured He abundance and also matches the measured 2° linewidth

as discussed above.
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For run 4 with 44 generations, the value of AI'(£)/T is 2.8, which is in good
qualitative agreement with the predicted value of 2.97 from Equation (22). This
value is required to match the measured He abundance and is significantly
greater than the predicted value of 2 from quantum field theory. Hence this val-
ue is not immediately consistent with the extended-color version of SU(3) for
neutrinos and with 2’ linewidth measurements. The most straightforward means
for avoiding this inconsistency is to interpret the massive gluons of SU(3),, as
coherent oscillations between neutrino states, as discussed in [[24], Ch. 9] in the
context of quarks. In this case they should not be counted as relativistic degrees
of freedom. It follows that runs 5 to 8 of Table 7 are most relevant since they do
not include massive gluons in such degrees of freedom. Given the arguments of
this and the previous paragraph, the results of Table 7 show consistency with
both BBN observations and measurements of the 2° linewidth.

The primary inconsistency of the hypothesis with BBN observations identified
in this section is that of D/H, the relative deuterium abundance. The calculated
values of D/H under the SU(3), hypothesis range from 5.7 to 10.6 x 10~ in Ta-
ble 7. These higher values of D/H are expected when neutrino generations are
added to BBN calculations [41]. These values for D/H are less than those meas-
ured on earth [65] and in comets [66]. It is believed that the high values in com-
ets likely arise from a fractionation or concentration process [67]. The outer at-
mosphere of Jupiter has also been measured [68] and shows a deuterium con-
centration D/H of 2.4 + 0.4 x 107, These numbers all correspond to matter that
have been subject to 13 billion years of deuterium destruction, and yet all are
about the same or higher than the current estimate of primordial gas-phase D/H,
2.53 +0.03 x 107° [64] from early gas clouds. This observational value is in good
agreement with calculational estimates of neutral gas-phase D/H given in [69].
Both these papers note that depletion of deuterium onto dust and preferential
incorporation into molecules could cause scatter in D/H between quasar
sightlines at fixed metallicity. Cool dense gas clouds produced by stellar means
will typically have conversion of atomic O and H to molecular forms in about
10° years after formation [70]. At gas temperatures of 4100 to 8800 K (0.35 to
0.76 eV/k) corresponding to the temperatures of the measured D/H [64], mole-
cular species such as D,O with an O-D bond energy of about 5 eV are likely to be
present in significant quantities for the measured gas clouds.

The observational estimate of D/H is based on measurements in damped Ly-
man-a or Lyman limit gas clouds at redshifts of 2.5 to 3.06, corresponding to
times of 2.0 to 2.6 Gyr after infinite redshift. This era is much later than the peak
of early star formation, which occurred at redshifts of 15 to 20 [71]. Young stars
are well-known to preferentially burn deuterium [72]. The quoted values of
'O/H in [64] for all seven absorption systems are at least 7.9 x 107, which is
much higher than the primordial abundance predicted by BBN, ~0.96 x 107" or
less [73]. Hence the absorption clouds studied are already likely affected by stel-

lar production of oxygen and destruction of deuterium. Thus, these Lyman-a
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measurements may better represent a lower bound on the primordial ratio of
D/H. The observation that there are seven different absorption systems with
similar D/H ratios may be more a consequence of similar evolution. There may
also be an experimental bias due to the selection criterion of such Lyman-a
clouds, e.g. they are circumgalactic media.

There is one more important question that should be answered before leaving
this section, which is, “How can there be three times as many neutrinos partici-
pating in proton-neutron interactions when only the electron neutrino ex-
tended-color singlet participates in such electroweak charged current interac-
tions?” Note that all three generations of neutrinos interact with the electron in
the first line of the PMNS matrix, and these are of color green by the conven-
tions of [24], forming a green extended-color singlet. Before and at neutrino de-
coupling, the neutral current interactions e'e” <> v,v, and v,v, < v, v,
will equilibrate neutrinos of all colors and generations to equal number density,
since all their mass-energies are much less than 7. Thus, to increase the num-
ber density of color green neutrinos and particularly green electron neutrinos
would require a non-equilibrium process. One such process might convert
higher-mass green neutrinos to the lowest-mass (electron) neutrino state (as-
suming the normal hierarchy). A second such process might convert red and
blue electron neutrinos to green electron neutrinos, presumably also converting
higher-mass green neutrinos to red or blue in order to conserve color. One in-
stantiation of the former process are decays of mesonic neutrino states that are
quasi-bound by SU(3),. Such states are denoted v,v,, where a and S index
mass. The higher-mass states would then decay via v,v, - v\, +v,i; and
ViV, = V,V, + vV, for example. This process would also create an excess of red
and blue states of lowest mass, due to the colorless nature of mesons. The
non-equilibrium aspect of this process would occur if the lifetime of such decays
is comparable to the age of the universe at neutrino decoupling, so that at the
time of significant conversion, the temperatures are so low that the reverse
process cannot occur.

This section shows overall concurrence of the hypothesis with key BBN ob-
servations using both simplified formula as well as state-of-the-art BBN codes.
The simplified first-order results for Y, given by Equation (22) show good qua-
litative agreement with the detailed model for runs 4 and 5 of Table 7. The cal-
culations for Li/H abundance show much better agreement with observations
than the calculations using inputs from the standard cosmology. The required
increase in the number of electron neutrino states to support increased neu-
tron-proton interaction rates is quantitatively consistent with the extended-color
theory and 2 linewidth measurements. Further calculations can and should be
performed to assess this consistency. Despite these positive results, there is one
important inconsistency—the latest observationally-inferred primordial deute-
rium abundance in the gas phase differs from the abundance computed here by

many standard deviations (corresponding to a factor of 2.28). This exception
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might well be addressed by reinterpretation of such D/H measurements as a

lower bound, or by additional calculations or observations as suggested above.

5. Consistency of the Hypothesis with SN1987a
Measurements

SN 1987A was a type II supernova in the Large Magellanic Cloud, a dwarf galaxy
in the vicinity of the Milky Way. It occurred approximately 52 kpc from earth.
Neutrinos were observed from SN1987a with energies up to 40 MeV [50]. Neu-
trinos of all three types are expected, due to charged and neutral weak current
interactions such as e'e” <> 0,0, and v,U, <> V0, (B = a for elastic inte-
ractions, B # a for inelastic interactions). Here f and a denote any one of the
three neutrino flavors. The emitted neutrinos would need to propagate through
an interstellar medium consisting of baryonic neutrinos. Given that the number
of supernova neutrinos detected was within a factor of 2 of expectations [42],
this sets a limit on the density of baryonic neutrinos and the cross-section of
SU(3), interactions of supernova neutrinos with baryonic neutrinos. One may
assume a density of baryonic neutrinos that match that given in [23]. For exam-
ple, with a baryonic neutrino mass of 0.4 eV/c one finds a range of densities
from about 10" m™ at 52 kpc from the galactic origin to about 5 x 10" m™ at
earth’s radius from the origin. From this, a mean density N,, of baryonic neu-
trinos of 2 X 10" m™ is estimated along the path, and there are 3 neutrinos per
baryonic neutrino. Assuming the interaction has a cross-section of the form
(#1137%)(41/3)(fic)*/ s as in Section 2, one can estimate a decay distance given by
(N,,0,5,)", where o, ,, is the cross-section between supernova neutrinos and ba-
ryonic neutrinos. It is assumed that the supernova neutrinos from SN1987a have
a mean energy of £, = 7.5 MeV [50]. Assuming a neutrino in a baryonic neutri-
no has an energy of about £, = 0.4/3 = 0.133 eV, and that the two velocities are
perpendicular in earth’s reference frame, one has that s = 2E.E, + 2(m,J&)* =
14127 eV2.

The result is shown in Figure 3 for varying coupling strength factor £ The ho-
rizontal line in Figure 3 indicates a decay distance of about 52 kpc, the range
from SN1987a to earth. The vertical line indicates the normalized coupling fac-
tors consistent with that decay distance or greater, assuming that the loss of
neutrinos is less than exp(-1). Figure 3 indicates that the value of ffor colorless
baryonic neutrinos to supernova neutrinos should be no more than about 6.8 x
107". Note that this is consistent with the theoretical estimates from Section 2
that are no more than 3 x 107",

One might also inquire on the electroweak interaction rates of neutrinos con-
tained in baryonic neutrinos with supernovae neutrinos and other ordinary
matter. As noted in Section 2, the cross-sections o, for electroweak interactions

are of the form

er = cewG;OS (hc)2 > (24)

DOI: 10.4236/jmp.2021.1211090

1506 Journal of Modern Physics


https://doi.org/10.4236/jmp.2021.1211090

R. B. Holmes

107}
106}
105}
104}

103}

Decay Distance (pc)

102'

101}

100 1 1 1
10716 10714 10712 10710 108

Normalized Coupling Factor f (unitless)

Figure 3. Decay distance (pc) of neutrinos versus baryonic neutrino
coupling factor £ defined in Equation (1).

where c,, is a coupling constant of the order of unity that depends on the specif-
ic interaction, Gy, is the Fermi constant defined in Section 2, and sis as defined
above. For interactions between a neutrino in a baryonic neutrino and another
baryonic neutrino, s is of the order of 2(0.4/3)* = 0.192 eV?, based on the discus-
sions above. For solar neutrinos, s is of the order of 300° eV? using a solar neu-
trino energy of 0.3 MeV. For ordinary matter outside of supernovae, the value of
s is of the order of 0.52 MeV” for an electron as the interaction partner. Given a
mean baryonic neutrino density of 5 x 10'* m™ near earth as discussed above,
the density of constituent neutrinos is 1.5 x 10> m™.

Using the above information, Table 8 recapitulates the results of Table 2 for
the relevant cross-sections and interaction rates for baryonic neutrinos with or-
dinary matter and also includes supernova neutrinos. As can be seen from the
table, such matter is indeed dark to conventional interactions if it exists, with
negligible interaction rates over the age of the universe.

It is also worth noting that the current theories of neutrinos in supernovae
and nuclei provide an additional upper bound on ffor SU(3),. Current theories
for supernovae (and other interactions such as neutron decay) assume only
electroweak interactions for neutrino kinetic energies of about 1 MeV or more.
Hence the value of (4m/3)(#137%)(fc)*/s must be less than g,, at such cen-
ter-of-mass energies or greater. This puts an upper bound on fof 6 x 107". This
upper bound is consistent with the range of values discussed in Section 2.

The above calculations are important in estimating the free-streaming length
in the early universe. The standard paradigm with only the electroweak interac-
tion for neutrinos after decoupling has a scattering length of the order of (po.,)™
that scales versus temperature 7'as (7°7%)"' = T~ for relativistic neutrinos. This
implies that the scattering length increases rapidly with decreasing temperature

and neutrinos soon become free-streaming in this case. With an SU(3), interaction

DOI: 10.4236/jmp.2021.1211090

1507 Journal of Modern Physics


https://doi.org/10.4236/jmp.2021.1211090

R. B. Holmes

Table 8. Approximate electroweak interaction cross-sections and interaction rates of ba-
ryonic neutrinos with other forms of matter.

Form of Matter Cross-Section (barns) Interaction Rate (year™)
Other baryonic neutrinos <22x107% <9.2x 107
Electrons 1.4x 1072 3.9x107%°
Solar neutrinos 42 x107% 5.9x 107
Supernova neutrinos <1.1x107% <1.5 x 107%

Note. Assumes c,

ew

=1 in Equation (23).

that scales as 1/s ~ 1/ 77, the scattering length scales according to (7°77%) ' =
1/ T for relativistic neutrinos, and like (7%27%) ! = T2 for nonrelativistic neu-
trinos. This scaling implies that the posited SU(3), interaction reduces free-
streaming by neutrinos or baryonic neutrinos compared to the electroweak in-
teraction shortly after they interact via SU(3),. This reduction is further en-
hanced when they become nonrelativistic, until they are bound at kinetic ener-
gies of about 0.02 eV as discussed in Section 3.

This section shows top-level consistency of the hypothesis with the available
supernova neutrino data, both in terms of the interaction of neutrinos in super-

novae as well as in their transport to the vicinity of earth.

6. Consistency of the Hypothesis with CMB

CMB and associated anisotropy measurements are known to explicitly provide
information about the overall proportion of dark matter in the universe, and al-
so DM annihilation rates [74]. However, inspection of recent comprehensive
results [44] indicates that the CMB measurements also have quite a bit to say
about the form of dark matter hypothesized herein. These include (a) the effec-
tive number of neutrino flavors before recombination, (b) the sum of neutrino
masses, and (c) the helium fractional abundance. Ade et al also explicitly ad-
dress the possibility of massive neutrinos with masses less than 1 eV/&, and that
it might help reconcile the lower o (the late-time fluctuation amplitude) of
PLANCK compared to weak lensing measurements and the abundance of rich
clusters. Note that this paper does not claim that there are massive neutrinos,
i.e., with masses greater than 0.07 eV/Z. On the contrary, it claims that low-mass
neutrinos form colorless bound states that are more massive. With this in mind,
the comparison to CMB results are summarized in Table 9. One sees that there
is a high degree of consistency between recent CMB findings and this theory.
The calculations of this work are quite preliminary so error bars are usually not

shown. Good agreement is seen for all five of the quantities shown in the table.

7. Discussion

Straightforward calculations are performed for DM by considering an SU(3) in-
teraction for neutrinos. Both SU(3),, and SU(3),, are largely consistent with ob-

servationally-inferred measurements if one allows SU(3),, to have a different
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Table 9. Comparison of CMB findings of [44] and this work.

Parameter CMB This work Comments
DM fraction of total mass, Q,,/Q,, 84% +3%  83.2% +8% Computed in Section 3
Effective number of neutrino . X
3.15+£0.23 3.04-3.12 Computed in Section 3

flavors, N,z
Sum of neutrino masses, eV/c? <0.23 0.07 An assumed input in this work
Annihilation factor p,,, <3*107% 0.0 cm?® sec™ Gev™!

Helium fractional abundance, Y, 0.245+0.003 0.245 Computed in Section 4

strength than that for quark SU(3). This different strength and other key
attributes of this force are estimated from an extension of SU(3) derived from
[24] in the Appendix. Neutrino oscillations are direct evidence for bound neu-
trino states in this extension of SU(3). The theory also yields the very weak inte-
ractions expected of dark matter as shown in Section 2. The size, shape, and
mass of galactic halos are derived from the theory in a companion paper [23]
and are good matches to observations. There is also a match for halo interac-
tions, specifically the Bullet Cluster interaction. That paper also shows a qualita-
tive match to estimated dark matter properties near earth. A key past objection
to neutrinos as dark matter is the large free-streaming length. This is overcome
here by an SU(3) self-interaction, as shown in Section 3. The RMS streaming
length is computed to range from 0.25 kpc to as much as 180 kpc, accounting for
the expansion of the universe to the modern era. This is in good agreement with
observed dwarf and nominal galactic halo sizes. Because of the deduced nature
of this form of matter, a degenerate Fermi fluid, the halo size is expected to
evolve little after initial SU(3) binding into macroscopic entities, except via ag-
gregation. Overall, Section 3 finds that most neutrinos “hadronize” in about 300
sec or less after neutrino decoupling, become non-relativistic after about 1000
years, and then bind into macroscopic entities at about 85 kyr.

Another key objection to additional species of neutrinos (or any other form of
non-sterile fermionic dark matter with mass less than 45 GeV/c?) is the contri-
bution to the Z° linewidth. As discussed in Section 3, the extended-color theory
with its extra neutrino states exhibits good consistency with the QED corrected
measurement of the FWHM Z° linewidth. This agreement arises from the prop-
erty that neutrinos are extended-color singlets as they pertain to the electroweak
Lagrangian density.

The presence of numerous bound neutrino species in the early universe is
found to be consistent with CMB calculations, as shown in Sections 3, 4, and 6.
This includes the ratio of dark matter to total matter, the effective number of
neutrinos, the annihilation rate, the sum of the masses of neutrino mass eigens-
tates, and helium fractional abundance. As the universe cools, the presence of
only a few residual bound neutrino species is consistent with observational-
ly-inferred halo properties [23]. Such species are assumed to be fermionic and

hence baryonic in this paper, as opposed to bosonic and mesonic. This is in ac-
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cord with the baryonic nature of the quark sector in the modern cool universe.
The calculations of Section 4 show that SU(3),, may be a better fit than SU(3),,
for BBN parameters. The detailed calculations of the ’Li/H ratio is within 1
standard deviation of the accepted value inferred from observations, and this is
for both SU(3),, and SU(3),,. This addresses an important issue in BBN physics.

The hypothesized form of DM is found to interact very weakly with ordinary
matter and with free neutrinos, as discussed in Sections 2 and 5. This is because
the electroweak interaction, which scales like the square of the center-of-mass
energy, is extremely weak for such cold particles. Further, the proposed SU(3),
interaction strength implies that the interaction cross sections with quarks is also
quite small, and quite possibly zero. The computed mean free scattering times
for such interactions in the modern era are consistent with what one might ex-
pect for dark matter, 7e, greater than the age of the universe in most cases. Sec-
tion 5 finds consistency with available observations of supernova neutrinos, both
in terms of their creation and their unobstructed transport to earth.

Perhaps most significantly, Section 3 shows good consistency between the
computed and observationally-inferred values of the ratio of dark matter to oth-
er matter in the modern era. The ratio of dark matter to neutrinos, Q,/Q, is
computed as 147 versus 158 from observations. The ratio of dark matter to con-
ventional matter, Q,,/Q,, is computed as 83.2% versus 84.2% from observa-
tions. These results are obtained from two independent arguments: 1) the num-
ber of species of hadronic neutrinos produced relative to residual neutrinos, and
2) pressure equilibrium between pockets of bound neutrinos in a sea of free
neutrinos as the latter become nonrelativistic. The latter also relies on the as-
sumed values of neutrino masses as well as the baryonic neutrino masses com-
puted in the Appendix.

There is one primary potential inconsistency with observations: the primordi-
al abundance of deuterium. The most current observationally-inferred ratio for
gas phase primordial D/H is about (2.6 + 0.03) x 107>, whereas the numerical
computations yield values 5.7 x 107 to 10.5 x 10~° for SU(3),. These differences
between computed values and observationally-inferred values for primordial
D/H are not large in an absolute or a relative sense but are tremendous com-
pared to the error bars in the latest measurements. The computed numbers are
smaller than the measured values of D/H on earth and in comets. As explained
in Section 4, it is possible that the observationally-inferred values do not proper-
ly account for stellar destruction or other destruction of primordial deuterium,
or that there is extra “dark deuterium.” With these considerations, the observa-
tionally-inferred primordial D/H may rather represent a lower bound. To a
much lesser extent, there is also a potential inconsistency with observational-
ly-inferred primordial *He/H. Until these two issues are fully resolved, the hy-
pothesis of bound neutrinos for DM will remain yet another “modest extension”
of the Standard Model, despite the many aspects of DM that are successfully ex-
plained.
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8. Summary

With the assumption of a feeble form of SU(3) for neutrinos, derivable from the
extended color theory as in the Appendix, one obtains (a) interaction rates of
DM with ordinary matter that are within expectations, (b) a ratio of dark matter
to neutrino energy density within 7% of current estimates, (c) a ratio of dark
matter to total matter of 83.2% * 8%, within 2% of current estimates, (d) a
plausible cosmological evolution that matches BBN and CMB results within er-
ror bars, (e) a resolution to the lithium problem in standard cosmology, (f) dif-
fusive streaming lengths consistent with current galactic halo measurements,
and (g) consistency with SN1987a measurements. Consistency with 2° linewidth
measurements are also addressed. However, the BBN analysis does not agree
with the latest primordial deuterium measurements. The latter disagreement is
the only identified potential inconsistency with current cosmological measure-
ments.

In addition to this potential inconsistency, further work definitely remains.
More quantitative values for hadronic neutrino masses and binding could be de-
rived from SU(3),. The mean-free path calculations of Section 3 could be made
more rigorous. More detailed calculations could be done to address the spa-
tio-temporal evolution of the proposed form of dark matter from the time it be-
comes nonrelativistic to the modern era. Additional investigation regarding
nucleosynthesis is warranted. More work could be done to detail the possible
impact on CMB measurements, including BAO. Further observations of haloes
and their interactions would provide helpful tests of the theory, as mentioned in
the companion paper. There are other phenomena that are potentially related to
the hypothesis of this paper, such as accelerator neutrino anomalies and cosmo-

logical baryon asymmetry, which might be explored for consistency as well.
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Appendix. Estimate of Binding Energy of Hadronic
Neutrinos and SU(3)ve Interaction Strength

This Appendix estimates the binding energy of baryonic and mesonic neutrinos
as well as the SU(3),, interaction strength for relativistic neutrinos. Because the
SU(3) binding energy is a large fraction of the mass-energy of bound quarks, one
might expect that this would be the case for SU(3)-bound neutrinos as well
(should they exist). This fact is utilized for estimation of the mass-energy of
bound neutrino states.

The binding energy of baryonic neutrinos is estimated first. From equation
(10.27a) of [24], the binding energy E, of a baryonic neutrino can be approx-
imated by

122 T

E =/ (71(:/4){4110{3 (mf,e +my, +m) )1/2 cz/(hc)}2 |Ax|, (A1)

where 7. is the probability of the highest-mass tau neutrino and g is the di-
mensionless coupling parameter for the strong force, g’ / (4Tthc). The neutrino
masses are denoted by m,,, m,, and m,, (the naming convention implicitly as-
sumes the normal mass hierarchy). The length |Ax] is the characteristic size of an
SU(3)-bound neutrino. The value of a, is chosen to equal 1 in this calculation
because for bound SU(3) states the coupling parameter is close to 1 for
quark-quark interactions, and that should apply here as well. The probability of
an upper-mass neutrino state from the same reference for a marginally relativis-

tic bound state is given by
Buw = mye[(mye+m,) (A2)

This probability is approximately 0.1 for m,, ~ 0.005 eV/c and m,, ~ 0.05
eV/c, assuming the normal hierarchy for neutrino masses, the known mass-
squared differences, and the least possible mass for the tau neutrino. Under the
same assumptions, the muon neutrino mass is about 0.01 eV/c. The last input to
Equation (A1) is the characteristic size of SU(3)-bound neutrinos. For this, use
an estimate based on the Heisenberg uncertainty principle, again assuming a

marginally relativistic state:
|Ax| > hc/(pc) ~ hc/(mmc2 ) (A3)

Using the nominal value of m,, given above, one obtains |Ax] ~ 3.3 microns.
One might also use m,, or m,, in Equation (A3), but the basis of Equation (A1)
suggests that m, should be used. Substituting the above into Equation (A1), one

obtains an estimate of the binding energy of baryonic neutrinos.
E, >4’m,c* =0.2¢eV. (A4)
One can see that with these approximations and assumptions, the binding
energy is roughly independent of the upper neutrino mass value. In Equation

vT ve

(A3), one might also use (m m )]/2 ¢® for the denominator based on Ch. 10 of

[24]. With this assumption, one obtains

E, ~4n’m,,c* (m,, [m,, )1/2 =47’ (m,,m )1/2 > =0.62¢eV. (A5)

LT Ve
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To this range of binding energies, 0.2 to 0.63 eV, one must add the contribu-
tion of the masses of the constituent neutrinos, which might range from 3m,, to
3m,,. This then leads to a range of baryonic neutrino masses from about 0.22
eV/J to about 0.8 eV/c. Assuming the baryonic neutrinos comprise the low-
er-mass neutrino states as in quarks, a tighter range would be 0.22 to 0.64 eV/Z.
On the other hand, a baryonic neutrino mass as high as 0.8 eV/¢ should not
immediately be ruled out. Equation (10.27b) of [24] gives a similar equation for
mesonic neutrino states, and the corresponding range of masses is 0.08 to 0.35
ev/c.

The above mass-scaling analysis can also be applied to relativistic particles
using Equation (10.13b) rather than (10.13a) of [24]. In this limit, B ~0.5,
independent of the underlying masses. Referring to Equation (A1) and removing
the |Ax] to obtain the interaction force coupling parameter, one finds that the
interaction scales as m], in this case. This justifies a scaling of the interaction
strength for relativistic particles from quarks to neutrinos by (mm /m, )2 to
(mur /m, )2 where m, is the bottom quark mass and m, is the top quark mass.
Note that the scaling factor between the down-quark family and up-quark family
should be of order 1 because all hadrons bound by a strong quark interaction

have sufficient energy for the presence of both u—# and d—d sea quarks.
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