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An Abstract of the Dissertation
of

Tahani Ramez Makki for Doctor of Philosophy
Major: Theoretical Physics

Title: New Analysis of the Primordial Nucleosynthesis in Light of the Lithium Problem.

We are lucky to live in what eventually may be viewed as the best time
during which we could explore the mysteries of the universe. One mystery was
that the mass fraction of helium was always observed higher than about 0.23
since this is not produced in stars at this level. Another question was where
the deuterium has been produced since it is destroyed in stars. The standard
big bang nucleosynthesis (SBBN), which is a well-established theory responsible
for the production of light elements during the first few minutes after big bang,
has answered many of these questions and some still to be answered. It is clear
that all abundances agree with observations except for lithium (7Li) which is
higher by a factor of 3 than observations of the atmospheres of low metal halo
stars. This discrepancy constitutes now one of the most intriguing problems in
cosmology. In addition, lithium was shown to have a constant behavior as a
function of metallicity, the so-called ”Spite Plateau”. Such behavior is now in
conflict with recent observations at very low metallicity which makes the lithium
problem more complicated. In the present thesis, we will argue that nuclear
physics or astrophysical solutions do not seem to resolve the lithium problem so
that non-standard big bang nucleosynthesis should be considered. Therefore, we
will give a new analysis of the SBBN in order to see the possibilities to resolve
the so-called cosmological lithium problem while taking into account constraints
from cosmology, astrophysics and particle physics.
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Chapter 1

Introduction

1.1 The stages of our universe

A fascinating feature of cosmology and astrophysics is the understanding of the
early evolution of the universe. Since about 13.7 billion years ago, big bang took
place and then the universe passes through different epochs. The approximate
timeline of the evolution of the universe could be as follows:

e Planck epoch (from zero to 107*3s): we don’t know so much about this pe-
riod, but what we believe characterizes this epoch is that the four fundamen-
tal forces (electromagnetic, weak nuclear, strong nuclear and gravitational
force) were unified in one fundamental force or have the same strength. At
this time the temperature of the universe was too hot around T' = 102K so
that subatomic particles could not be created and the horizontal universe
was spanning over a region not more than 10735 meters.

e Epoch of Grand Unification (from 107* to 1073¢ s): during this period
the forces start to separate from each other, especially in the first phase
transition, gravity is no longer unified with the other fundamental forces
that remain unified. As the universe cools and according to quantum field
theory, it is possible to create elementary particles and antiparticles. At the
end of this period, the three other fundamental forces separate into two:
strong and electroweak interactions.

e Inflationary epoch: it is not known exactly when the inflationary epoch
ended but it is thought that it took place between 10726 and 1072? s where
the universe undergoes a cosmic inflation that manifested by a rapid ex-
ponential expansion. Then, during this small period the volume of the
universe increases by a factor at least of 107®. The inflaton, which is a
scalar field, was one of the drivers of this phase transition. However, at the



end of this epoch, the decay of the inflaton generates an enormous ”reheat-
ing” of the universe. This could lead to a homogenous universe populated
with hot and dense mixture of gluons, quarks, anti-quarks, leptons etc..

The Electroweak epoch: in some models, this epoch is considered to be
a part of the inflationary epoch. However, in other models, this epoch is
considered to be independant and took place after 10732 seconds after big
bang. Since the strong nuclear force is now separated from the electroweak
one, particles like bosons and Higgs bosons were created during this phase.

The electroweak symmetry breaking epoch: around 1072 seconds, and as
the universe continues to cool down, electroweak symmetry breaking occurs
where all particle intreacting with the Higgs field become massive. Con-
sequently, the weak and electromagnetic force along with their respective
bosons become independent from each other. Then, we will have four dif-
ferent interactions in their present form as: gravitation, electromagnetism,
strong and weak interactions. Note that during this epoch the temperature
of the universe is still high so that it is impossible to form neutrons and
protons.

Quark and hadron epochs (from 107'? till 1 second): the universe was filled
with a quark-gluon plasma, electrons and neutrinos so that the energetic
collisions between these particles allowed quarks-anti quarks to annihilate.
However, in a process called baryogenesis, one quark for every billion pairs
survives leading to excess of quarks over anti-quarks. Afterwards, the uni-
verse was cool enough which allows quark to combine to form hadrons
(protons and neutrons).

Lepton epoch (from 1 second to three minutes): After the annihilation of
hadrons and anti-hadrons at the end of this epoch, leptons and anti-leptons
dominate the universe.

Nucleosynthesis (from 1s to 20 minutes): during this phase, the universe
cooled enough at a point where light nuclei as helium, deuterium and
lithium could form by fusion of protons and neutrons. This epoch is the
focus of the present work and it is described in details in Chap. 3.

Photon epoch (from 3 minutes to 377000 years): at the beginning of this
epoch, the universe was filled with a plasma of atomic nuclei and electrons.
After the annihilation of leptons and anti-leptons, many high-energy gamma
photons were created. These photons continue their interaction with the
charged nuclei, protons and electrons for 377000 years. Note that during
this epoch, there is an important timestamp (47000 years after big bang)
where the density of radiation drops below the density of matter, so that
the matter dominated era started and lasted for billions of years.

2



e Recombination, photon decoupling and cosmic microwave background (CMB):
around 377000 after big bang, the temperature falls approximately to 3000
degrees. This allowed electrons to combine with hydrogen and helium to
form neutral atoms, this process is known as recombination. Consequently,
as they make transition to a lower energy state, the electrons release pho-
tons and this is known as photon decoupling. Then, any decoupled photons
that have not been captured by any other hydrogen atoms can travel freely
so that the universe becomes transparent to light for the first time. These
photons constitute now what is called cosmic microwave background (CMB)
which provides an important evidence of the big bang.

e Dark age: the period after recombination till 150 million years constitutes
the dark age. At this time, the universe was dark although photons were
present. We do not know much about this period, but the universe was
dominated by a mysterious form of matter.

e Reionization (from 150 million to 1 billion years): due to gravitational
collapse, the first quasars form causing the emission of intense radiation
which reionizes the universe and brings it back from its neutral status to
an ionized plasma.

e Stars and Galaxies, solar system and today’s universe: matter continues to
combine together under the effect of gravity to form stars and galaxies. It
is important to mention our star the "Sun” which is a late generation star
that has formed along with the solar system roughly 8.5 to 9 billion years
after big bang. The age of our universe now in 13.7 billion years, it stops
decelerating and begins to accelerate from about 9 billion years after big
bang. The precise reason is not known but the most acceptable argument
is that the universe is dominated by an unknown form of energy that is
called ”dark energy” which constitutes 68.3% of the present universe.

1.2 How do we know that big bang happened?

The epoch till the recombination time at about 377000 years after big bang is
termed high redshift (z) universe, that is for z > 1100. Before the emerging
of the microwave background radiation, our knowledge relies on the physical-
mathematical modeling of the high redshift universe. On the other hand, the
theoretical description has to be tested by observations whenever possible. For-
tunately, we have three observational tools that can be related to the big bang
creation of the universe which will be described in the following:
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Figure 1.1: The universe since the big bang (This data is from U. of Arizona
Lectures).

(a) The expanding universe and the Hubble law:

During the 1920s, Edwin Hubble and Milton Humason photographed spectra of
many galaxies with a 2.5m telescope on Mount Wilson, California, USA. They
observed the apparent brightness and pulsation periods of Cepheid variables in
these galaxies and were able to measure the distance to each galaxy. The re-
sult was spectra that were Doppler red-shifted. The striking result was that the
more distant the galaxy the greater the redshift and the faster it is receding
from us. The redshift is given by z = (A — X\g)/Ao for not too large velocity
(non-relativistic), where X is the shifted wavelength and A is the unshifted wave-
length. From this redshift and the Doppler formula z=v/c, Hubble estimated the
speed at which the galaxies were receding. The result is shown in Fig. 1.2, which
clearly indicates the expansion of the universe.

An important question was whether the expansion rate remains the same. Be-
cause there is matter in the universe, gravity pulls the bits of matter toward each
other, so that the expansion would slow down with time. However, a surprising
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Figure 1.2: The Hubble law, recessional velocities of sample of galaxies versus
distance. The straight line is the best fit to the data and called Hubble law
v = Hyd, where Hy is the present Hubble constant as a slope of the straight line.
Note that for each million parsec, the galaxy’s speed increases by 73 km/s away
from us (Taken from the text " Universe tenth edition” by A. R. Freedman et al.,
W. H. Freeman and Company).

aspect of the universe is that most of the matter does not obey Newton’s law of
gravity. It is called "dark energy” which could be described by a cosmological
constant A. It is antigravity matter which remains the greatest mystery in as-
trophysics. To determine whether the expansion is slowing down or accelerating,
a relationship between redshift and distance for extremely remote galaxies may
give the answer. If the rate of the expansion in the distant past was the same
as it is now, then the same Hubble law should apply to the distant galaxies as
to nearby ones. In other words, the deviation from the Hubble law should give
the answer. Back to Fig. 1.2 showing distances up to 400 Mpc (about 1.3 billion
ly) only. This means, the expansion was constant if we look back 1.3 billion
years, which is only 10% of the age of the universe. How to extend our view
further back in time? The answer was possible through the observations of type
Ia supernova. These events, originating from explosions of white dwarfs in binary
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Figure 1.3: Apparent magnitude versus redshift. The greater the magnitudes the
dimmer the supernova and the larger the distance to the host galaxy. A greater
redshift implies a greater recessional velocity (This is data from the supernovae
cosmology project/S. Perlmutter; Taken from the text ”Universe tenth edition”
by A. R. Freedman et al., W. H. Freeman and Company).

systems, are among the most luminous objects in the universe after big bang and
can be observed in the most remote galaxies. Observing the maximum bright-
ness of these supernovae reveals their distances through the inverse square law of
radiation and the redshift of the supernovae spectrum determines its recessional
velocity. In 1998, two groups-the supernova cosmological project at Lawrence
Berkeley National Lab [122]; and the high Z-Supernova Search Team at Mount
Stromlo observatory in Australia [133] reported their results from a survey of
type la supernovae in galaxies at z=0.2 corresponding to 750 Mpc (2.4 billion
ly). They declared that the expansion of the universe is accelerating-a Nobel
Prize-winning discovery tantamount to the discovery of dark energy. Both teams
measured how fast the universe was expanding at different times in its history by
comparing the brightness and redshifts of Type la supernovae. Their results and
those from more recent observations are shown in Fig. 1.3. The data in Fig. 1.3
are explained on the basis of relativistic cosmology, which provides a description
of the expansion of the universe based on Einstein’s general theory of relativity
as developed by A. Friedmann, G. Lemaitre and W. De Sitter (We will make use

6



of the Friedmann’s equations in this thesis). The interpretation of the results in
Fig. 1.3 is that given the mass density parameter €, (the ratio of the density
to the critical one) and the dark energy density parameter €, the change with
time of the expansion rate can be predicted. In Fig. 1.3, the lower curve is ex-
pected assuming a flat present matter dominated universe without dark energy
component, or 2y = €2,,,, that is the density parameter is due to radiation and
matter only. In this case, the absence of dark energy means that the gravitational
attraction between galaxies would cause the universe to slow down. Thus, the
expansion rate would have been greater in the past. The data in Fig. 1.3 agree
with the upper curve, which assumes flat universe but with an amount of dark
energy consistent with results from the cosmic microwave background, so that:
(2, = 0.24,Qp = 0.76,Q0 = Q,, + Qx = 1.00). This agreement means that the
dark energy has made the universe speed up with time so that the expansion rate
was slower in the distant past.

Conclusion: as seen in Fig. 1.3, the observed data indicate that a supernova with
a certain brightness (distance) has a smaller redshift and hence smaller reces-
sional velocity than would be the case if the expansion rate would have been the
same. The data provide compelling evidence for the existence of dark energy in
the universe.

(b) Cosmic Microwave Background (CMB):

Big bang nucleosynthesis (BBN) tells us that the universe was very hot and un-
derwent a rapid expansion. This means that the universe should be filled with
radiation that is called the ”Cosmic Microwave Background Radiation” (CMB).
About 377,000 years after BBN, the universe was cool enough so that hydrogen
could form. However, CMB photons interact very weakly with hydrogen so they
continue traveling in a straight line. The CMB radiation distribution resembles a
perfect blackbody (see Fig. 1.4). In addition, the remarkable feature of the CMB
is that its intensity is extremely isotropic except for small fluctuations of about
107° and this is a striking confirmation of Einstein’s assumption that the universe
is isotropic. This radiation appears to come from a spherical surface around the
observer such that the radius of the shell is the distance each photon has travelled
since it was last scattered at the epoch of recombination. This surface is what
is called the last scattering surface. Although the surface of last scattering has
a temperature of 3000 K, the cosmic microwave background photons now have
a temperature of about 2.7 K. This factor of 1000 reduction in temperature is
the result of the factor of 1000 expansion between the time the photons were
emitted and now. The photons have cooled and become redshifted as a result
of the expansion of the universe. For example, when the universe is three times
bigger than it is now, the CMB will have a temperature of about 1 K. The last
scattering surface is sometimes called the cosmic photosphere, by analogy with
the visible ‘surface’ of the Sun where radiation produced by nuclear reactions is
last scattered by the solar material. The energy source for the Sun’s photons is

7



not in the photosphere: it comes from nuclear fusion at the centre of the Sun.
Similarly, the CMB photons were not created at the surface of last scattering:
they were produced at a much earlier epoch in the evolution of the universe. A
tiny fraction (about one in a billion) of these photons, however, were created by
recombination transitions at the last scattering surface. There should therefore
be very weak emission lines in the black-body spectrum of the CMB radiation,
but none has yet been detected.

Then, the big bang is the same everywhere wherever you look, otherwise one
cannot speak of a common temperature of the CMB of about 2.75 Kelvin. We
cannot see the CMB with the naked eye because it is in the microwave portion of
the electromagnetic spectrum, but it exists everywhere in the universe. Indeed if
we could see the CMB radiation, the sky would shine in all directions.

The first high-precession measurement of the CMB came from the Cosmic Back-
ground Explorer satellite. Nowadays, three important missions namely COBE
[138], WMAP [88], and Planck [117] have been launched to explore the proper-
ties of these CMB in order to extract a wealth of information about the conditions
of the early universe, in particular, the Hubble parameter Hy, the baryon den-
sity content ,h?, the cold dark matter density Q.h%, the dark energy density
25, the effective number of relativistic species N,ys, the primordial helium mass
fraction Y, etc...Hence, the CMB is an important probe of the early universe
and evidence of the hot big bang because it represents the oldest electromagnetic
radiation from the recombination epoch.

(c) The Primordial Nucleosynthesis:

Big bang nucleosynthesis (BBN) is known to lead only to the formation of the light
elements from 2H up to “Li. It indicates a hot big bang through the production of
most of the He in the universe. A striking feature of BBN is its dependence on
only one parameter the baryon density, which is determined by the Wilkinson Mi-
crowave Anisotropy Probe(WMAP) [61] and by the Planck mission as well [117].
Calculations of BBN based on canonical assumptions are successful in producing
the abundances of the light elements that match the observations except the case
of "Li, which seems to be overproduced (see chap.3 for details). This is so-called
cosmological lithium problem is a challenging issue in modern astrophysics as we
will outline in chap.4. Therefore, although BBN is an important tool that allows
us to go back in time 13.7 billion years ago, it seems that something is missing
in the physical conditions under which BBN has been operating.

The organization of the present thesis is as follows:

e In chap.2, we describe the observational constraints on the light elements,
which will be used to test our calculations. Including any non-standard
scenario is not free, rather it should be constrained by observations.

e In chap.3, the basic context of standard big bang nucleosynthesis (briefly
SBBN) is reviewed.
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In chap.4, a summary of the present status of the lithium problem is pre-
sented, where we discuss the astrophysical and nuclear physics aspects of
the lithium production. Since such aspects do not help to solve the lithium
problem, we focus on the role of non-standard physics during BBN.

In chap.5, we investigate the effect of varying neutrino number and chemical
potentials on the production of light elements, especially on lithium. We
also present some analytical calculations that allow us to have a better
understanding of BBN.

In chap.6, non-standard assumptions are introduced such as the role of
varying the neutrino temperature and photon cooling through axion dark
matter. In addition, we investigated the effect of a unified dark fluid on the
production of lithium.

In chap.7, we will present new constraints on the neutron lifetime from
BBN by adopting the most recent primordial helium measurement. This
has the potential to affect light element abundances.

A Summary and outlook are given in chap.8
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Chapter 2

Observational constraints on
light elements

2.1 Observational constraints

The present work needs to specify the observational abundances of the light
elements to use them as constraints for the theoretical treatment. It is not easy
to determine observationally the abundances of the primordial light elements due
to the scarcity of the objects showing them. In the following, we will describe
the observational constraints.

2.1.1 Helium-4

Stellar evolution of this element after the end of BBN could be understood
through consecutive star generations. In the stellar population, He has increased
above its primordial value due to the burning of hydrogen. For this reason the ‘He
abundance is measured versus metallicity in less evolved systems such as Dwarf
Irregular and Blue Compact Galaxies by linear extrapolation to zero metallicity.
In other words, the *He mass fraction is determined by an extrapolation of the
Ypvs O/H and Yp vs N/H correlations to O/H and N/H equal to zero. Mean-
while, although this method seems reasonable, it could lead to some statistical
(stat) and systematic (syst) uncertainties in the evaluation of the primordial *He
abundance. In Table 2.1 and Fig. 2.1, we present many successful attempts to
measure the primordial helium abundance. These available data are from 1990
till now where most of the published results are from extragalactic low-metallicity
HII regions.

However, independent measurements by WMAP and Planck collaboration show
different ranges of the helium abundance with larger uncertainties. These two dif-
ferent values based on the effect of primordial helium on the CMB angular power
spectrum. Although some of the data is in good agreement with SBBN calcu-
lations, new precise measurements of primordial helium are needed because the
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helium abundance is crucial in constraining non-standard physics. In this work
we have taken the constraint on *He from the recent independent measurement
by [41] where Y, = 0.25013933 or 0.225 < Yp < 0.283. This new measurement
has the potential to constrain non-standard physics during BBN.

Table 2.1: Primordial helium-4 Observations.

¥y Sample Reference
0.228 + 0.005 HII galaxies [111]
0.234 + 0.002 low-Z extragalactic H II regions [109]
0.243 + 0.003 H II regions in 23 low-metallicity blue compact galax- | [67]
ies(BCGs)

0.225+0.013 eclipsing binaries 125]
0.2391 £ 0.0020 | 5 low-Z extragalactic HII regions 94]
0.2421 +0.0021 | 82 low-Z extragalactic HII regions (68
0.250 £+ 0.004 low-Z extragalactic HII regions [56
0.2477 +0.0029 | extragalactic HII regions [113]
0.245 + 0.012 NGC 6752 globular cluster blue HB stars [152]
0.2561 = 0.0108 | 7 "high quality” extragalactic HII regions 12]
0.2565 £ 0.0050 | 786 low-Z extragalactic HII regions 69]
0.2449 £+ 0.004 | metal-poor extragalactic HII regions 13]
02875 T-years WMAP 88]
0.2446 £ 0.0029 | extragalactic HII regions (114
2B Planck collaboration (117
0.245 £ 0.007 extragalactic HII regions [53]
0.25% 0 0os Intergalactic medium [41]

2.1.2 Deuterium

The situation of deuterium is reversed since it is the most fragile element and
destroyed in stars at temperatures over 10°K. In other words, it is considered
that there are no significant astrophysical sources of deuterium. Rather it is
destroyed by stellar processing. Thus, the observations of the deuterium abun-
dance give a lower limit to its primordial abundance. Hydrogen rich-clouds
absorbing the light of background QSOs at high redshifts represent the most
appropriate environments for the determination of the primordial deuterium
abundance. The method of determination requires low metallicity regions to
lower astration effects. It requires also a neutral hydrogen column density in
the range 17 < log[N(H;)/em™2] < 21 and a low internal velocity dispersion
of the clouds. For these reasons, there are so far only around 18 measure-
ments of the primordial deuterium values. These show a large dispersion in
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Figure 2.1: The evolution of primordial helium-4 observations from 1990 till 2018.
The horizontal line represent the SBBN predictions.

the mean values and the estimated errors making the status of the primordial
deuterium abundance puzzling. The non-weighted mean of these 18 measure-
ments is D/H = (2.53“:8;}233;5;82;;:) x 107°. In Table 2.2 we present some of the
primordial deuterium measurements where a recent accurate one is given by [42].
However, a following measurement is given by [26] for a system that meets the set
of strict criteria by [42]. This system shows a different value for the primordial
deuterium abundance. Another low value of deuterium D/H = (1.2153) x 10°
is given by [141] who argues therefore that astration factors can vary significantly
even at low metallicity. Therefore, a large number of deuterium measurements
is needed to understand the dispersion in its abundance. This dispersion is also
shown in Fig. 2.2 where the horizontal lines represent SBBN predictions calcu-
lated in this work (see chap.3 for more details). It is clear that SBBN predictions
are in disagreement with some observations and agreement with others. In ad-
dition, we have shown the error bars on each measurement to emphasize that
systematic errors should not be underestimated since deuterium is an important
tool to constrain the baryon density in the early universe.

The deuterium abundance is an important constraint on non-standard scenar-
ios. Measurements of nuclear cross sections for the reactions with deuterium
are essential for the comparison between theoretical predictions and observa-
tions. If we adopt the weighted mean of the best available measurements by [42],
£ = (2.55 £ 0.03) x 107°, we still find a difference with the calculated value
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Table 2.2: Primordial deuterium observations.

Quasars Zabs (D/H) x 10° Reference
Q1937 — 1009 3.572 3.3+£0.3 [35]
Q1937 — 1009 3.256 PECR N [128]
Q1009 — 2956 2.504 40705 36
Q0347 — 3819 3.025 3.75+0.25 91

J 133743152 | 3.168 120 [141]
J 144442919 | 2.437 197552 [26
J 135846522 | 3.067 2.58 + 0.07 [42
J 135840349 | 2.853 2.62+0.07 [42]
HS 0105+1619 | 2.537 2.58 15 [42]
Q 091340715 | 2.618 2587w [42]
J 141940829 | 3.050 2.51+0.05 [42]
J 1558-0031 2.702 240765 [42]
J0407 — 4410 2.621 2.870% 106]
J1134 + 5742 3.411 s [57]
(1243 + 3047 2.526 24075 [78]
Q2206 — 199 2.076 1.65+£0.35 119
J1201 + 0116 2.988 2.50 £ 0.18 147
J0744 + 2059 238 2.30£0.08 [147]

D = (2.65 £ 0.07) x 107° as obtained using the network "PArthENoPE”[124].
Note that the error on the calculated abundance is due to the estimation of the
uncertainty in the evaluation of the cross sections for the deuterium reactions
while the error on the measured values is due to systematic and statistical errors.
Giving this situation, we will adopt in the present work the ”conservative range”
2.58 x 1075 < D/H < 3.75 x 1075, Taking this range is motivated as follows:
(i) As Fig. 2.2 shows, there is a significant dispersion in the observations.

(i) It is reasonable to consider a high value of primordial deuterium since it
is easily destroyed in stars [108] or the dispersion in the observations is due to
unknown stellar processes [51].

2.1.3 Helium-3 (*He)

Helium-3 is sensitive to the baryon to photon ratio of the universe just like deu-
terium. Although those many environments have been studied to measure the
abundance of *He, the determination of its primordial value is a complicated task.
For example, terrestrial determinations of *He show a big dispersion of values.
Also, since *He can not be produced by natural radioactive decay, this confirms
that there is no cosmological source for this element, so that most of the terres-
trial traces of this element may be due to the testing of nuclear weapons.
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Figure 2.2: Primordial deuterium observations as function of the redshifts of the
absorption system. Horizontal lines represent SBBN predictions.

In the solar system, *He is subjected to stellar processing since D is transformed
to 3He in stellar interiors and consequently, low mass stars are net producers of
3He. However, *He is destroyed in hotter regions so that the surviving *He nuclei
from stellar evolution contribute to the chemical composition of the Inter Stellar
Medium (ISM). Then it is not easy to find a correlation between *He and metal-
licity and consequently, it is difficult to determine the post-BBN value of *He due
to its dependence on galactic evolution models. In such case we will assume a
conservative upper limit of the primordial *He abundance inferred by [25] from
the most distant and metal-poor stars such that *He < (1.1 +0.2) x 1075,

2.1.4 Lithium ("Li)

Lithium, with its two isotopes °Li and Li, is the focus of the present thesis work
because of the large discrepancy between the SBBN predictions and observations.
The observations of "Li in metal-poor halo stars are still a big puzzle for cosmol-
ogists and astrophysicists who are trying to explain this discrepancy. The first
time one tried to relate the observations of lithium to its primordial abundance
was by [140] who argued that the abundance of lithium in metal-poor dwarfs was
independent of metallicity within a small dispersion suggesting that this observed
value is the one produced by BBN. This behavior was called the ”Spite Plateau”.
However, extending the observations to very low metallicity as seen in Fig. 4.1,
there is no plateau anymore. Although metal-poor stars in the halo of the Galaxy
represents the best environments to measure the primordial lithium abundance,

15



lithium could be subject to destruction which makes its behavior very compli-
cated. In Table 2.3 we give a list of the estimates for the "Li abundances in the
last ten years. All of these observed lithium abundances do not agree with SBBN
predictions for the range of baryon to photon ratio n deduced from recent CMB
observations. In addition, these observations are different from each other, so it is
not easy to combine all the observed values of lithium in one single estimate. The
non-weighted mean of this data along with the systematic and statistical errors
is Li/H = 1.93t8:32::;:f8:g:::. For this reason, an upper limit on the primordial
lithium abundance can be adopted such as Li/H < 2.8 x 10719 since we assume
that this reduction is enough and any remaining difference can be explained by
stellar processing which seems to be rather complicated.

Table 2.3: Primordial lithium observations.

["Li] = 12 + logyo(" L1) "Li/H x 10" Reference
2.24 4+ 0.01 1.738 £ 0.040 32, 33]
2.0 1.23075 542 126]

2.34 4 0.06 2.18870 523 [34]
2.37£0.05 234 [100]
2.21+£0.09 162 [39]

2.095 £ 0.055 12457510 20]
2.54+0.1 348770 83

2.2+ 0.086 1.587050 131]
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Chapter 3

The Standard Big Bang
Nucleosynthesis

One of the biggest successes in the 20 century is the establishment of the stan-
dard model of particle physics and cosmology. This was the cornerstone of the
hot big bang model, or simply ”Standard Big Bang Nucleosynthesis” (SBBN).
The SBBN framework is well understood in the context of the standard model
of particle physics. It is a reliable theory to understand the formation of light
elements in the universe during the first minutes after the creation. SBBN pre-
dicts that the universe is composed of about 75% of hydrogen and 25% of ‘He
and small amounts of D, 3He, "Li and °Li [30]. SBBN is a parameter-free theory
since it depends only on the baryon to photon ratio n of the universe, which
is well known. These abundances are performed under standard assumptions
which include: (i) an isotropic and homogeneous distribution of matter at very
high temperature and density, (ii) the expansion of the universe obeys the Hubble
law described by Friedmann equations. As a consequence of the expanding and
cooling universe, the last photon scattering occurred at 377,000 years after big
bang which led to the emerging of the microwave background radiation (CMB).

3.1 Standard big bang nucleosynthesis

3.1.1 Method of calculation

Primordial nucleosynthesis can be viewed as a competition between the expansion
time scale of the universe and the lifetime of the reaction rates. In other words,
the expansion rate of the universe acts as a ”shut-of” for nuclear reactions, so
that when it becomes faster than the lifetime of a reaction rate, the corresponding
reaction will freeze out. This is the base of the numerical calculations that could
be performed using several codes such as NUC123[87] or PArthENoPE [124]. In
this work we have used an available public code, the AlterBBN [18] with an up-
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dated network of nuclear reactions as shown in Appendix E. Such a code enables
us to calculate the abundances of light elements in the standard cosmological
model and beyond it to include different non-standard assumptions. Like other
BBN codes, in addition to the set of differential equations, AlterBBN requires
an input of some cosmological parameters namely: the baryon to photon ratio n
which is a key parameter for SBBN, the number of effective relativistic degrees
of freedom N,s¢, the neutron lifetime 7, and neutrino degeneracy f,, , . Varying
one of these parameters or including non-standard scenarios is not free, rather
the predicted abundances of light elements based on SBBN should be constrained
by the observations discussed in chap.2.

Analytical considerations will be rather useful since it is possible to obtain an
approximate solutions to the BBN process following basically the approach by
[103]. This will help to better clarify the numerical results and deepen our un-
derstanding of BBN. Analytical calculations are performed to better interpret
the physical processes involved in primordial nucleosynthesis. Special attention
is given to three important stages of BBN, namely:(1) the freeze-out of neutrons;
(2) the deuterium bottleneck; and (3) the quasi-equilibrium of neutrons and deu-
terium. These three stages determine the final light-element abundances. That is
the analytical treatment not only gives an approximate solution but also allows
one to analyze how and why BBN depends upon various cosmological parameters
and how light elements are related to each other especially helium, deuterium,
and lithium.

3.1.2 How to produce light elements?

Given that 1 = n"n;fb = (6.14 + 0.04) x 1071% the baryon to photon ratio of
the universe determined by Planck mission [117] and using a set of differential
equations, we can determine light element abundances. This is the simplest
scenario which leads to the SBBN predictions.
To summarize the SBBN framework we will start with some definitions. The
number density n; of each species is normalized with respect to the total number
density of baryons:

Y, =% = p2H 3He... (3.1)

np

The most important nuclei we are interested in are ?H, *He, *He and "Li, so that
the abundances of these elements are defined as followings:

*H/H = Yay/Y,, *He/H = Yay,|Yy, Yy, = 4Yay,, "Li/H =Yr1;/Y,, (3.2)

where all abundances are normalized to hydrogen except *He is given as mass a
fraction.
SBBN is controlled by a set of differential equations as the following:
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e Eq.( 3.3) is one of the Friedmann equations where H is called the Hubble
parameter and it describes the expansion rate of the universe.

EZH: 87TGN
a 3

2 (3.3)

a(t) denotes the scale factor, the dot represents the derivative with respect
to cosmic time and p is the total energy density present during BBN. The
early universe was radiation-dominated so that relativistic particles domi-
nate the energy content of the universe. Then p is given by:

P = py+ pu+ pet, (3.4)

with
7T2 4 7T2 791/

72 Tget
pﬁ':%‘g’)‘T’)ﬂ pV:%( s

4
)Tl/7 pei - 30( 8
where g, = 2 is the number of degrees of freedom of photons, g, = 6 for
neutrinos (3 for neutrinos and 3 for anti-neutrinos) and g.+ = 4 for electron-
positron pairs before they annihilate. 7, T,+ T, refers to the temperature of
photons, electron-positron pairs and neutrinos respectively. These energy
densities are obtained by assuming a small chemical potential |u| < T and
mass m < 1. In addition, using a perfect black body distribution and
integrating over all frequencies, the number density of photons is

i (3.5)

e

o 1.202
P = /0 n,(v)dy = (T>Q,YT3 (3.6)

where the Boltzmann constant kg, the reduced Planck constant i and the
speed of light ¢ are taken to be equal to one. At a CMB temperature today
of T~ 2.725K, the number density is calculated to be n. ~ 400cm .
Multiplying the integrand of Eq.( 3.6) by hv and integrating over all fre-
quencies, we obtain the expression for photon radiation density shown in
Eq.( 3.5).

Similarly using the number density of fermions given as:

3 )

we can derive the energy density of fermions when the Fermi-Dirac distribu-
tion is used. Note that the index "f” refers to fermions(electrons, positrons
and neutrinos).

e The continuity equation or energy conservation equation is given as follows:
p=—3H(p+P), (3.8)
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where P is the total pressure given by:
P=P,+P.+ P, + Pg, (3.9)

where P,, P., P,, Pp refer to photon, electron-positron, neutrinos and
baryons pressures. The continuity equation is obtained by assuming an
adiabatic expansion of the universe. Then the first law of thermodynamics
can be written as:

de = —PdV (3.10)

where ¢ is the total energy and P is the pressure within an expanding volume
V. Given that the volume scales as V' ~ a®, we can obtain the continuity
equation shown in Eq.( 3.8).

According to the general theory of relativity, the equation of motion or the
second Friedmann equation can be written as:

b = —%G(p+3p)a (3.11)
Friedmann equations are used to describe the cosmic expansion during var-
ious evolutionary phases. These equations allow us to determine two un-
known functions: the scale factor a(t) characterizing the expansion of the
universe and p(t) the energy density of the universe. Eqgs.( 3.3, 3.8, 3.11) are
not independent, rather we can obtain one of the three equations from the
two others. For example, multiplying Eq.( 3.11) by a and using Eq.( 3.8)
we can get the first Friedmann equation given by Eq.( 3.3). It is shown
that these equations lead to:

a~t (3.12)

while the conservation of stress energy leads to:
—4
pr~a (3.13)

Replacing Eqgs. (3.12,3.13) in Eq.( 3.3) we can derive the time temperature
relation:

1.39k, /2
tsec = —T—;ff (314)

1oy

<L), the cosmological time in seconds and the temper-

¥ 71-2
with k?eff = %(gaﬁ-
ature in Mev.

Note that the Friedmann equations can be modified when non-standard
physics scenarios are adopted, for example by an entropy component or a
non-adiabatic accelerated universe [37, 81, 137].
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e Since baryons play an important role during BBN, the total baryon number
is given as: _
n
£ - _3H (3.15)
ng
Nuclear and electromagnetic scatterings keep the non-relativistic baryons
in kinetic equilibrium so that their energy density and pressure are given

by :
3
pg = [M, + g (AM; + T)Y1] (3.16)

Py =Tnp )y Y, (3.17)

with AM; and M, are the mass excess and the atomic mass unit respectively
of nuclide i.

e The density evolution of each species (production and destruction) is given
by Boltzmann equations described in Eq.( 3.18) where i,j,k,1 refer to nuclear
species, IV; the number of nuclides of type i entering a given reaction, and
I' denotes the reaction rate.

YNkyN }/;NiY.N]'
Xi =) Ni(Tpoy it NN —FUHMW) = I} (3.18)

ksl

e The charge neutrality of the universe is given by Eq.( 3.19), with ¢, is the
electron chemical potential and L( ,®) is the lepton charge density in
units of the electron charge.

np Y ZY; =ne —nge = L(ZE, ¢) = TPL(ES, ) (3.19)

, T T
g
Finally, the Boltzmann equations for the neutrino species are given by
Eq.( 3.20) where f,,(|p|,t) denotes neutrino distribution in phase space and
L, [f.., f..] represents the collisional integral containing all microscopic pro-
cesses responsible for creating and destroying v,. f.+ are the Fermi-Dirac
function of electron-positron.

0 0
(52 H‘ |a| |)fl/a(|p| t) Va[flle7fﬂe7fuz7fﬁz>fe’7f€+]7 (320)

To obtain light elements at a given 7, it is important to use an updated net-
work of nuclear reactions. The light nuclides intervening in BBN network of
nuclear reactions are shown in Fig. 3.1. The network of BBN contains 100 re-
actions as given in Appendix E, however, we show in Fig. 3.1 the most crucial
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Figure 3.1: Network of the most important nuclear reactions intervening during
BBN.

reactions controlling the final element abundances produced by SBBN. The vari-
ation of these light elements as a function of temperature is given in Fig. 3.2 that
shows the phases where deuterium reaches its maximum value (bottleneck) and
when the neutron concentration drops to that of deuterium. These two phases
along with the freeze-out of neutrons are crucial for the determination of light
elements which will be discussed in detail in chap.5.

Fig. 3.3 shows light element abundances as a function of the baryon density
or equivalently the baryon to photon ratio n: *He and D are sensitive to 7 in
contrast to *He which depends linearly on 7. Deuterium is considered as an
excellent baryometer since as shown in Fig. 3.3 it decreases significantly for a
small variation of the baryon density. Concerning "Li, its variation as function
of baryon density is more complicated. Its production at low baryon density is
mainly determined by *H + *He — "Li + ~ while at higher baryon density its
production is favoured through *He +*He — "Be + v where "Be will be then
transformed to 7Li by radioactive decay via electron capture.

The SBBN predictions obtained in this work are shown in Table 3.1(the second
column). Our calculation shows a good agreement with other works [45, 116] for
all elements with minor differences. It is important to mention here that the final
lithium abundance obtained in this work is less than the ones obtained in the
other works, this is due to the difference in the adopted nuclear rates. We tried
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Figure 3.2: Light element abundances as a function of temperature/time and the
main reactions leading to these abundances.

to use the most updated nuclear rates that give the lowest lithium abundance to
see how much lithium abundance could be reduced by SBBN. However, lithium
is still higher than the observations shown in the fifth column of Table 3.1. This
discrepancy will be discussed in detail in chap.4.

Table 3.1: Different SBBN predictions compared to observations.

This work Pitrou et al. | Cyburt et al. | Observations
(2018) [116] (2016) [45]
Y 0.2461040.00015 | 0.2470940.00017 | 0.24709 & 0.00025 | 0.244940.0040[13]
D/H x 10° | 2.653+0.123 2.459 + 0.036 2.58+0.13 2.58 4+ 0.07 [42]
SHe/Hx10° [ 1.017£0.0531 | 1.074 £ 0.026 1.0039 £ 0.0090 1.1£0.2 [25]
"Li/H x 10" | 4.285 £ 0.378 5.623 £ 0.247 4.68 £ 0.67 1,687 522 [131]
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Figure 3.3: Light element abundances as a function of baryon density calculated
by taking the relativistic degrees of freedom intervening during BBN to be N.s¢ =
3 and the neutron lifetime 7, = 880.2. The vertical gray band is the Planck
determination of baryon density while the orange band represents the critical
density of the universe. Horizontal lines represent observations of light elements.
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Chapter 4

The present status of the lithium
problem

Understanding the production of “Li in the early universe is currently a chal-
lenging problem in modern astrophysics. This is due to the large discrepancy
between the SBBN predictions and observations. As we have shown in chap.3
the primordial “Li abundance does not match the observations. Over the past
decades, the observed abundance of “Li in metal-poor Halo stars was found to be
less by a factor of 2-3 than the predicted based on SBBN [43]. Furthermore, the
discrepancy has increased to 2.4-4.3 or 4.20 (from globular cluster stars) and 5.30
(from Halo field stars) [43]. On the other hand, the so-called ”Spite Plateau”,
that is a constant “Li abundance down to metallicity [Fe/H] = —3.0 was con-
sidered to represent the primordial abundance of this element for a long time.
This means that “Li would be independent of metallicity. However, the extended
observations below [Fe/H] = —3.0 show that the plateau is not obtained [71] as
can be seen in Fig.4.1. For a metallicity [££] > —3.0 there is a moderate disper-
sion in the primordial abundance as shown in the rectangular shape, however,
the dispersion becomes more significant for [£¢] < —3.0 so that the plateau is
not obtained. This means that in addition to the discrepancy between SBBN
predictions and observations of lithium, there is an additional dispersion in the
observations. Thus two problems are encountered:

e Matching the predicted “Li abundance on the basis of SBBN with observa-
tions.

e Understanding the deviation of the 7Li abundance below the plateau at
very low metallicity.

A question arises now: are there two separate lithium problems? This makes the
lithium puzzle difficult to be explained. This so-called ” The Lithium Problem”
needs to be resolved, however, resolving this problem seems to be a complex
task because no single answer can be extracted. Possible solutions to the lithium
problem fall within three categories [55]:
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Figure 4.1: Primordial lithium observations as a function of metallicity.

e Astrophysical solutions
e Nuclear physics solutions

e Solutions beyond the standard model of particle physics.

Our attempt in the present work is to get more insight into this complicated task.

4.1 Astrophysical Aspects

It is possible to assume that the observed 7Li abundance in metal-poor stars
does not represent the primordial value, because of effective stellar processing.
In other words, it is important to figure out how effective is the role of stellar
processing. Absorption lines in the atmosphere of metal-poor stars are used to
determine the “Li abundance. These lines are very sensitive to the model atmo-
sphere and the physical conditions under which they are formed. In other words,
in order to determine the abundance of lithium, this needs a knowledge of the
temperature of the atmosphere which is not trivial since the emergent radiation
is not a perfect Planck curve. Then, using different temperature scales and atmo-
sphere models, a dispersion in the lithium abundance was obtained from different
groups. In such a case, systematic errors in the determination of lithium could
take place so that the difference in the observed lithium seems to lie in the deter-
mination of the temperature scale and atmosphere model. However, to explain
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the discrepancy between SBBN predictions and observations a shift of 500-600K
in temperature is needed, which is not achieved, leaving the lithium problem
unresolved [38, 62]. One supposes that there are some physical processes behind
the discrepancy between the observed and predicted lithium. This means that
if there is a physical process that depletes lithium, it should also explain how
lithium exhibits the dispersion at low metallicity and the regular behavior at
higher metallicity which is referred to as ”Spite Plateau”. Reduction of lithium
is possible through variations in stellar properties, e.g. rotation, magnetic fields,
etc. [123], but the difficulty is to find a stellar mechanism to reduce the plateau
level without inducing excessive dispersion in the abundances from star to star.
Therefore, a question came out: what is the origin of lithium in the stellar at-
mospheres? On one hand, one could assume that the observed lithium is not
the primordial one since it may be enriched or depleted in stars. On the other
hand, it is not easy to find an astrophysical process that could explain the strange
behavior of lithium ranging from a metallicity of [£¢] = —4.0 until [£¢] = —2.0.

4.2 Nuclear Physics Aspects

An important aspect of understanding the lithium abundance is to have as far
as possible reliable cross sections for the involved reactions in the SBBN (see
Appendix E). It is emphasized that about 90% of the “Li is produced through
electron capture on “Be. The element “Be is a bridge to the production of "Li. In
particular, several important reactions determining the production of Li are:
3He(w,v)"Be and "Be(n,p)"Li. It turns out that if the level of the ”Spite
Plateau” is to be matched, then the production of “Be by the *He(a,~)" Be-
reaction should be lower by a factor three to four [55]. If this would be the case,
then the "Be and ®B solar neutrino flux would be reduced by the same factor
and this argues against this assumption. Thus, the solar neutrinos constrain that
rate. The reaction rate of "Be(n,p)"Li should be greater by a factor of 2 to
lower the "Li production but this is not achieved yet[29]. In addition, electron
screening was also studied and found to have negligible contribution [66].

It should be emphasized that the reactions responsible for the production and
destruction of deuterium can also influence indirectly the final abundance of 7Li,
we come back to this in chap.5.

The following reactions influence the abundance of ®* He and D namely *He(d, p)*He,
d(d,n)*He, and d(p,~)*He . For example, if the cross section of d(d,n)*He is re-
duced by a factor of 2 this will keep the abundance of D higher, and consequently
decrease "Li (see Table 4.1). This is not apparent so far. We show in Table 4.1
the abundances of light elements when multiplying some crucial reaction rates by
different factors. This is to see what is the needed increase or decrease in these
reaction rates in order to solve the lithium problem. A remaining possibility is
the existence of resonances in the reactions "Be +d — °B* or via "Be +t — ?B*
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Table 4.1: Resultant abundances when reaction rates are multiplied by some
factors.

reaction factor | Y, SHe/Hx10° | D/H x 10° | "Li/H x 10™°
‘H+p—~y+3He 0.25 |0.2461 | 0.726 3.350 2.631
2H+°H - n+°He 0.5 0.2452 | 0.884 3.623 2.738
SHe+?H - p+*He |3 0.2461 | 0.625 2.696 2.275
SHe+*He - v+ "Be | 0.5 0.2461 | 1.017 2.653 2:219
"Be+n—p+Li 2 0.2461 | 1.017 2.653 2.493
"Be+n —*He+%He | 1000 | 0.2461 | 1.017 2.653 2.392
[55].

Although resolving the lithium problem on nuclear physics grounds seems un-
likely, some nuclear reaction rates are subject to revision. In particular a new
"Be(n,a)*He rate has been measured [28] the first time for neutron energies
down to about 1.0 eV. As we see below this new reaction rate does not signifi-
cantly affect "Be production. An increase by a factor of 1000 of this rate would
be required to resolve the lithium problem, however the new rate turns out to be
less by a factor of 100 leaving the lithium problem unaffected.

4.2.1 The "Be(n,a)'He rate

The "Be(n, a)* He reaction leads obviously to the destruction of "Be, thus affect-
ing the final abundance of 7Li. Using the new cross section [28] for "Be(n, «)*He
measured over a wide range of neutron energies, we have done a new polynomial
fit in an extended range up to 10 GK. In units of em=3s~'mole~! the Maxwellian

average cross section in the following temperature ranges is:
For 0.001 < Ty < 2(Ty = T/10°K) :

Na < ov >=4.844x10°42.748 x 10°T3 +3.885x 10°T2+3.544x 10°x Ty~ (4.1)
For 2 < Ty < 10 :

Ny < ov >=4.353 x 10° — 2.845 x 10°T; + 9.656 x 10*T, — 1.219 x 10°T3
+6.393 x 10877 — 5.2 x 10°T,
(4.2)

The comparison among the evaluations of this rate is shown in Fig. 4.2. Our rate
as given by Eqgs.( 4.1, 4.2) is close to that used by [64], but it is more accurate. A
clear discrepancy is seen with the older rate used by [153], which is overestimated.
This means, "Be is less destroyed by the new rate.
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Figure 4.2: Comparison between different calculated rates of "Be(n, a)*He. The
vertical yellow bands indicate the BBN temperature range. Note the significant
difference between the new rates and that used by Wagoner especially in the BBN
range.

4.2.2 d+ "Be rate

A new measurement and evaluations of the d + “Be rate is given by [127]. The
evaluation of this rate by Ref.[47]. The comparison of the two rates shown in
Fig. 4.3 indicates a higher new rate in the temperature range relevant to BBN.
This means more effective destruction of "Be. However, the effect on "Li produc-
tion turns out to be minimal, about 2%. The role of this rate was considered by
[55] as a possible solution to the lithium problem, but with an ad hoc assumption
by multiplying the rate used by [9] with a factor of 100. Let us do the following
test with this rate [127]:

(i) we multiply it by a factor of 25 and compare the resulting “Be abundance ob-
tained in both cases. This is shown in Fig. 4.4 indicating clearly the destruction
of the "Be abundance with the increased rate.

(il) Using the increased rate as above leads to a decrease of the "Li abundance
down to 2.75 x 107! (see the third column of Table. 4.2). Thus, the increased
rate by a factor of 25 would solve the lithium problem, but where is the hidden
resonance to justify this increase?

In analyzing reaction rates relevant to the production of "Li, we aim to show
how they may contribute to the understanding of the lithium problem and to
ameliorate its status.

4.2.3 Electron capture of "Be

Another effect to be considered is the electron capture on ‘Be. This process
occurs during the proton-proton chain in solar-like stars and also in the late evo-
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Table 4.2: Effect of the new "Be + d rate on the final lithium abundance.

Using Caughlan-
Fowler 1988 rate

Using the new
rate by [127]

Using the new rate
by [127] multiplied
by a factor of 25

b 0.2461£0.0001474 | 0.2470940.00017 | 0.246140.0001474
D/H x 10° | 2.653 +0.123 2.653 £0.123 2.663 £0.124
SHe/H x10° | 1.017 £ 0.053 1.017 £ 0.053 1.017 £ 0.053
TLi/H x10™ | 4.354 £+ 0.385 4.283 £0.378 2.754 £ 0.417
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lutionary phases of stars [144]. However, the physical conditions during the BBN
are different, since one deals with a temperature of Ty = 0.1 — 1.0 and an electron
density a factor of (100-1000) more abundant than under the conditions of the
Sun. In addition, the baryon density during BBN is smaller than in the Sun.

In order to account for the electron capture on "Be, for example by adopting the
result of [144], extrapolation is needed, which is not done yet. This seems to be a
demanding task since relativistic effects should be considered as argued by [102].
It is however emphasized that the electron capture is not important unless its
lifetime becomes shorter than the expansion time scale of the universe. In sum-
mary, the electron capture on "Be is not likely to alter the lithium production.
Our discussion so far indicates that we may consider some non-standard assump-
tion to get more insight into the lithium production in the early universe. This
will be the subject of the following sections.

4.3 Non-standard Physics

4.3.1 Inhomogeneous nucleosynthesis

In contrast to SBBN, intensive studies have been devoted to anisotropic models
based upon inhomogeneity in the baryon to photon ratio n [11, 76, 99, 105]. The
fluctuations in 7 are thought to be generated at early epochs of SBBN, perhaps
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during the QCD or electroweak transitions. In such case, neutron and proton-
rich environments can be created which will promote the production of primordial
abundances. In this context, two scenarios are considered: (a) When nucleon dif-
fusion occurs at high temperature before the beginning of nucleosynthesis the
final abundance of *He is reduced. Consequently, the nucleosynthesis time is ex-
tended because it will be determined by neutron decay which ultimately leads to
an overproduction of D as well as of lithium. (b) If the diffusion occurs during
BBN, an overproduction of He can take place.

In addition to the above scenarios, when the baryon/antibaryon mass exceeds
1072' My, an annihilation of antimatter could take place [143]. When the an-
nihilation occurs after the weak freeze-out this leads to a reduction of the *He
abundance. However, if the annihilation occurs after the synthesis of “He this
will lead to overproduction of 3He and D that will contradict observational con-
straints [27].

Although inhomogeneous nucleosynthesis models represent attractive scenarios
for SBBN, these models do not solve the lithium problem because of the obser-
vational constraints on other light elements. An overview concerning inhomoge-
neous nucleosynthesis is given by [98].

4.3.2 Decay of Massive particles during BBN

Even though the identity of dark matter is not well known, some weakly inter-
acting massive particles (WIMPs) could be possible candidates. These are the
stable end products of a decay cascade. Dark matter should be of course present
during BBN so that these WIMPs will affect light element [75, 46, 79] and could
resolve the lithium problem [73, 74].

Including new particles during BBN will modify the energy density or/and the
entropy of the early universe and consequently the final abundances of light el-
ements. The decay of some X-particles will affect BBN by inducing hadronic
or electromagnetic particles. The effects of these decays depend on the stage of
BBN in which the non-thermal decaying particles interact with the background
thermal nuclei. The largest contribution of these nonthermal decays is for decays
after the weak freeze-out phase[44]. In this context, the effect of the decay of X
particles has been studied by [135, 136] in a more general way that may apply to
any X particles. This would mean that these decays could be either inert decays
which affect only the expansion rate or decays producing entropy which alters
the time-temperature relation.

Particle decays during BBN have been the focus of many works where special at-
tention was given to their effect on the lithium problem [129]. We mention here
a recent work by [60] where the induced interactions of some X particles with
nucleons have led to a significant reduction of lithium without excessive modifi-
cation of the helium and deuterium abundances. The effect of energetic hadronic
decays has also been investigated by [86] where they cause scattering of thermal
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nuclei and showers of non-thermal nucleons. Consequently, generated neutrons
can react with “Be and reduce the final lithium abundance. Another attempt
to resolve the lithium problem was given by [?, ?] where three components were
included, namely photon cooling, the decay of long-lived X particles and fluctua-
tion of a primordial magnetic field. This could lead to an optimum reduction of
lithium during BBN. For a detailed analysis of the effects of hadronic and electro-
magnetic cascades during BBN we refer the reader to detailed reviews by [75, 85].

4.4 Other non-standard BBN modifications

We also mention here a successful attempt with a modification of the Maxwell-
Boltzman distribution of nuclei during BBN [63] to resolve the lithium problem.
This has decreased lithium abundance to match observations but at the expense
of increasing deuterium. While this attempt seems to be promising, it relies on
a specific modification of the distribution which when corrected for momentum
conservation is no longer a viable solution.

Anisotropic expansion, including magnetic fields or variations of fundamental
constants during BBN, were extensively studied in previous work.

The focus of the present work is to invoke non-standard treatments of the SBBN
to find out how lithium production is affected. We attempt is to modify the physi-
cal conditions of the SBBN by including non-standard scenarios. Our strategy will
be to reanalyze the SBBN to find out how non-standard assumptions contribute
to resolving the lithium problem. We will adopt n = (6.14 + 0.04) x 1071°[118]
and a neutron lifetime 7, = 880.2 £ 1[149]. The next section will deal with the
role of the neutrino chemical potential in SBBN.
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Chapter 5

The role of neutrinos chemical
potential in SBBN

5.1 Role of neutrinos in SBBN

The very early universe was dense enough that neutrinos attained thermal equi-
librium with a spectrum similar to that of blackbody radiation, namely,

- 2hc?
- /\5(€hc/,\kT+ 1)

The "+17 is due to the fact that neutrinos are described by the Fermi-Dirac
statistics. In the SBBN, three types (or flavors) exist (v.,v,,v,) and each type
has its antineutrino. The total energy density of all three flavors is given by
Eq.( 3.5). Usually, the temperature T, of neutrinos in SBBN is that of the
blackbody photons only when 7' > 3.5 x 10°K. When T < 3.5 x 10'°K, the
expansion of the universe does not enable further interactions of neutrinos with
other particles. This leads to neutrino decoupling, so that the neutrinos have
expanded and cooled independent of the CMB.

Considering the energy density of relativistic particles, the following is important.
The e* pairs annihilation supplies energy to the photons (viaet +e™ = v+17),
but not to the neutrinos. It can be shown (see appendix E for derivation) that:

B\(T) (5.1)

T, = (4/11)'/°T, (5.2)

where T is the temperature of the CMB photons.
The total neutrino energy density is then:

w2 Tg, ,
o= Ty 5:3)

sometimes we write the energy density of relativistic particles as:

p = kess T, (5.4)
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where kerp = %(gv—{—(g)gy(%)“/z‘) = 1.11 is the effective relativistic degree of free-

dom for relativistic particles in the SBBN after e* annihilation. The equivalent
mass density is

T4
p= Epg =kess—5 (5.5)
Note that the value of k.ss is valid back to the end of the e* annihilation (about
1.3 sec). At earlier time (less than 1 sec), k.sy will grow, since more relativistic
particles are possible (see discussion in chap.6).
Turning the discussion to the BBN itself, a key question should be asked, why
about one quarter of the mass of the universe, is in the form of helium? At a
T < 102K (t ~ 10™%s), the universe was a mixture of photons, electron-positron
pairs, and neutrinos. The small number of neutrons and protons were constantly
transformed into each other by the reactions:

n+et S p+i,
n+uv, < p+e” (5.6)
n&<pte +u,

The constant transformation were easily possible since (m, —m,) = 1.293MeV.
The Boltzmann equation gives the equilibrium ratio of the number density of
neutrons n and protons p as

D_9n o lmp=ma)/T (5.7)
p 9p

where Z—Z = 1. At T = 102K, % = 0.986. As the universe expanded and cooled,

the ratio remains as in Eq.( 5.7) as the reactions in Eq.( 5.6) remained fast enough
to sustain equilibrium. However, when T drops below 109K, the time scale of
these reactions exceeded the time scale of the expansion. When T is slightly
below 101K, the weak reaction rates decrease significantly. The reasons are: (i)
decreasing of neutrinos energy, (ii) at this stage, the thermal energy of the photons
has fallen below 1.022 MeV, the threshold for e* pair creation. Consequently,
the e* pair was only annihilated without being replaced. For these reasons, the
neutrinos were not able to sustain equilibrium. In other words, this situation is
described as "freeze-out” of the rates leading to % = 0.16 at T' = 10'°K. Notice
that the beta-decay reactions, the forward reaction in Eq.( 5.6), continued to
operate converting neutrons into protons. However, it was not possible to combine
neutrons and protons to deuterium with the reaction p +n « 2H + v, because
at a temperature exceeding 10'°K, the number density of photons is so high (see
Fig. 5.1). This will cause the dissociation of deuterium nuclei. This means the
neutrons and protons remain separated until the temperature drops below 10°K.
The production of deuterium enables the productions of “He, the most tightly
bound nucleus involved in the BBN. The reactions leading to the formation of
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Figure 5.1: Photon number density as function of temperature during BBN.

“He are described in sec.5.4.

An important point is the following: since most of the available neutrons were
used to create the *He nuclei, the abundance of *He was not sensitive to the
baryon density of the universe. The other nuclear species were more sensitive to
the baryon density as outlined in sec.3.2.2.

5.2 Neutrino degeneracy and oscillations

The definition of neutrinos degeneracy is related to the asymmetry between the
number of neutrinos and antineutrinos. The abundances of the light elements in
SBBN are calculated under the assumptions of a homogeneous universe and three
families of neutrinos with zero chemical potential and zero mass. Meanwhile,
it is established that neutrinos have non-vanishing chemical potentials [65, 90].
Introducing their chemical potential may play an important role in the evolution
of the early universe. According to [153], neutrino degeneracy affects element
production in two ways:

e It increases the energy density which speeds up the expansion rate of the
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universe being related to the scale factor as shown in Eq.( 3.3). The energy
density of fermions and anti-fermions is given to be [103],

0 308% 158
f= = 1 .
where # = £ is the degeneracy parameter. In the SBBN, 8 = 0 and the

neutrinos are not considered degenerate. It is then clear from the equation
above that adding # will increase the energy density and this is the only
way in which muon and tau neutrinos affect the SBBN.

e A second effect is altering the neutron to proton ratio n/p at the tempera-
ture of freeze out and this effect is limited to the electron neutrinos owing
to their reaction rates (see Eq.( 5.14)).

As shown in [77], chemical potentials cannot be constrained based on SBBN be-
cause the effect of §,, . can be compensated by a positive 8,,. To constrain the
neutrino chemical potentials one needs additional limits which are obtained from
the CMB namely N, < 8 and —0.01 < 3,, < 0.25, |5, ,| < 2.9 and from super-
novae a N, <7 and —0.01 < §,, <0.22, |8, .| < 2.6 [65].

Neutrino oscillation (mixing) is an important phenomenon that has been discov-
ered in the last decades and verified experimentally in 2015 [148]. The existence
of neutrino oscillations has revealed new neutrino properties beyond the standard
model of particle physics, in particular, a non-vanishing neutrino mass. In other
words, neutrino oscillation means that any neutrino species in a well-defined fla-
vor state has a finite probability to be detected in another flavor state. This
depends on the distance traveled by the neutrinos, their energy, their mass differ-
ence, and the mixing matrix [48]. Many investigations showing this mixing have
been studied [10, ?, 3, 4]. The question remains as to whether there is a relation
between neutrino degeneracy and oscillations.

Neutrino oscillations (mixing) will lead to equilibration of the lepton asymmetry
before the onset of the SBBN. In this case, the equilibration of the chemical po-
tentials will result in a dominant effect from electron neutrinos because of their
effect on the freeze-out. This will strongly constrain the abundance of “He, but
will not affect the “Li abundance [132].

On the other hand, in a universe with large lepton asymmetry [65, 93]it is impor-
tant to allow the neutrino chemical potential to vary independently. This could
happen, for example, if there exists hypothetical neutrino-majoron coupling [50],
or one neutrino species mixes with a sterile neutrino resulting in a chaotic am-
plification of the electron neutrino chemical potential [139]. In a paper by [107],
different chemical potentials were assumed but for values of the baryon to photon
ratio 1 that are not consistent with the Planck observations. In the present
thesis, the aim of including chemical potentials is to understand the
SBBN and to investigate their effect on the lithium abundance.
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5.3 Numerical Results

Degenerate neutrinos during BBN have been extensively studied in previous
works [49, 65, 52, 90, 110] where the effects of large lepton asymmetry and ad-
ditional effective numbers of neutrinos were considered. The present work differs
from the previous studies in that we also focus on the range of neutrino chemical
potentials that may lead to a significant decrease in the lithium abundance. In
this section, we investigate the effects of degenerate neutrinos toward understand-
ing or ameliorating the lithium problem. As mentioned before, equating chemical
potentials will not solve the lithium problem, so that we can compensate this ef-
fect by increasing the number of neutrinos. Compensating the electron neutrino
chemical potentials by increasing the number of neutrinos has been investigated
by [52]. However, here we fix the baryon asymmetry to be n = (6.14+0.04)x 10710
as deduced by Planck. We have done numerical calculations after updating Al-
terBBN code [18]. Thus we will see that strict ranges on chemical potentials and
neutrino number will be obtained. Taking into consideration neutrino oscilla-

Table 5.1: Effect of neutrino chemical potentials (8,, = #,, = f,,) along with
varying N, on SBBN.

N, By Yp D/H x 10° | "Li/H x 10°
3 -0.015 [0.2499 [ 2.6613 4.4280
3 0 0.2461 | 2.6386 4.3861
3.2 0.02 0.2442 | 2.6827 4.2518
3.3 0.04 0.2410 | 2.6965 4.1526

tions, this will lead to the equilibration of chemical potentials before SBBN. In
this context we obtained the following:

e The results in Table 5.1 shows that the values of SBBN (see third row in the
table) are also closely obtained for the following range of neutrino number
and degeneracy parameters:

3< N, <33, —0015< 5, . <0.04 (5.9)

e In order to reduce the lithium abundance significantly, the ranges of de-
generacy parameters (which we will henceforth simply refer to as ”chemical
potential”) and numbers of neutrinos are shown in Table 5.2 and Eq. (5.10).

6.7<N, <78, 0175 < B, . < 0.265 (5.10)

It is clear from Eq.( 5.10) that the ranges of IV, are not supported by recent CMB
observations (WMAP and Planck missions), which will be discussed in chap.6.
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Table 5.2: The ranges of 3,, . and N, that lead to a significant decrease of
lithium. |

N, Bueur Yp D/H x 10° | "Li/H x 10™

6.7 0.23 0.2292 3.4835 2.7978

6.9 0.225 0.2317 | 3.5490 2.7690

7.2 0.175 0.2463 3.7520 2.7840

7.4 0.245 0.2306 3.6599 2.6415

7.6 0.24 0.2331 3.7250 2.6159

7.8 0.265 0.2287 3.7398 2.5389

However, it is possible to assume that the number of neutrinos N, during big
bang nucleosynthesis (BBN) is not the same as the effective number of relativis-
tic species Ness deduced from CMB. The equivalence between N.ss and N, is
assumed in case of a standard neutrino temperature. However, any variation in
the neutrino temperature during or after BBN can be translated into a variation
in the effective number of neutrinos obtained from CMB. This case is treated in
detail by [59] when neutrino temperature deviates from the standard one after
decoupling. Varying neutrino temperature and breaking the degeneracy between
BBN and CMB is also extensively studied by [104]. This will be discussed in
details in the next chapter.

Table 5.3: The effect of different neutrino chemical potentials showing how 7Li
abundance is reduced

B, B, Yp DJH x 10° | "Li/H x 10™
0.19 2 0.2417 | 3.6797 2.7859
0.2 2.05 0.2410 | 3.7343 2.7226
0.21 1.95 0.2352 | 3.5736 2.7967
0.23 2 0.2322 | 3.6080 2.7164
0.25 2.1 0.2310 | 3.7173 2.5930
0.26 2.1 0.2287 | 3.6996 2.5761

While in Table 5.1 and Table 5.2 the chemical potentials are assumed to be
equal, we have done another calculations were the number of neutrinos is fixed
to be N, = 3 but the chemical potential of electron neutrino 3, is different
from that of muon and tau neutrinos 3,, , (see Table 5.3). In order to achieve a
significant reduction of lithium, we derived new limits on the chemical potential
given by Eq.( 5.11) that substantially reduces the lithium abundance to less than
2.8 x 10719,

N,=3,019<45, <026, 1.95< 3, <21 (5.11)
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5.4 Analytical calculations

5.4.1 Stages of big bang nucleosynthesis

The final abundances of light elements are sensitive to the physical conditions of
the SBBN where the temperature is 7' < 1 MeV and the time £ > 1s. SBBN is
based on a competition between the expansion rate and nuclear reaction rates so
that when the expansion rate becomes faster than a specific reaction rate, this
reaction will freeze-out. Three important stages of BBN will be discussed namely:
(1) the freeze-out of neutrons; (2) the deuterium bottleneck; and (3) the quasi-
equilibrium of neutrons and deuterium because these three stages determine the
final element abundances.

Freeze-out of neutrons

The weak interactions that are given in Eq. (5.6) remain in thermal equilibrium
as long as the weak interaction rates I', ~ T are greater than the expansion rate
of H ~ T?. So at lower temperature, I',, cannot compete with the expansion rate
and the freeze-out of these reactions take place for the following condition [45]:

G2T® ~ T(Tr) = H(Tr) ~ GX2T? (5.12)

where Tr is the freeze-out temperature and G is the Fermi constant.

Since the weak interactions determine the neutron to proton ratio an analytical
calculation of the weak-reaction freeze-out is given in [103] whereby in SBBN
the neutron mass fraction at freeze-out becomes X, = n:—fn,, ~ 0.157 for which
the neutron-to-proton ratio is given in Eq.( 5.7). In the SBBN, the freeze-out
of neutrons takes place at T~ 0.7 MeV (~ 8 x 10°K). This temperature is not
fixed, rather it depends on non-standard scenarios intervening during BBN. For
example, if for some reason the expansion rate becomes faster, the weak rates
will stop earlier at a higher temperature, and fewer neutrons will be converted
into protons leading to a higher neutron to proton ratio and vice-versa. This
will mainly increase helium, but also affect deuterium, and consequently lithium
abundance. For this reason, we extended the calculations in [103] to in-
clude neutrino chemical potentials. The equilibrium abundance of neutrons
including the degeneracy parameter 8,, = p,, /7 can be written as:

1
eq __
A = T el (5.13)

where @) = m,, — m, = 1.293MeV. The neutron-to-proton ratio becomes:

L g Pree@IT, (5.14)
p
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consequently, weak reaction rates will be modified as:

e = 0xp(~ %) xp(~ v A -

Ao = exp(— 12 exp(—Bve) e

where A\, = \,. at T'=1T,,.
More explicitly, we find that \,, can be well approximated by Eq. (5.16) within
the range —0.5 < 3,, < 0.5,

3 2
Ay R 1.636Xp(+5ue)<%) (% +0.25) s7%, (5.16)

while the other weak rates can be related to Eq. (5.16) using Eq. (5.15).

Eq. (5.16) shows the familiar result that adding a positive chemical potential,
B..,will exponentially enhance the weak rates. Hence, more neutrons are con-
verted into protons leading to a lower neutron mass fraction at freeze-out. Ac-
cording to Eq. (5.13) this implies that a lower freeze out temperature is obtained.
Conversely, more neutrons will be available when adding a negative f3,, leading
to a higher freeze-out temperature. With this modification the standard and
non-standard rates can be related:

non—standard ~_ _+Bv. \standard
j A e hve pste (5.17)

and the neutron freeze-out mass fraction (see Appendix A for details) is given

by:

X5 =

n

»00 (—5.426“”:&1(1/2 1K (z+0.25)2(1+e’””ecxp(—%) )dac)d
/ = g (5.18)
0

2y*(1 + cosh(B,, +1/y))

Because the freeze out occurs for 7 > 0.5 MeV, the parameter k.f¢ is intro-
duced representing the effective number of freedom for relativistic particles before
clectron-positron annihilation. Using Eq.( 3.5), the effective number of degrees of
freedom is written as k.ry = %(% R % gs) without including chemical potentials.
In case chemical potentials are included, and using Eq.( 5.8), k.ss is modified as
follows:

I 4 4
kesr = 1.8094 4 (== )(5Nyp) +0.258) + == +2x (0.2582 +—=2). (5.1

The effect of f3,, is directly involved in the weak rates while the effect of 5,
mainly affects the expansion rate or equivalently k.s. It is not easy to obtain an

exact expression of the integral in Eq. (5.18) as a function of ,, and k.ss, so we
have made a polynomial fits for a grid of 230 values of (k.rs, 5,.) to obtain the
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following expression for X" valid in the ranges of —0.5 < 3,, < 0.5, 0 < By, <5

XF =0.1279 — 0.19948,, + 0.01015k. ;7 + 0.0913782 — 3.946 x 107°8,, ke.sy

— 3.743 x 1072, + 7.716 x 107265 — 6.744 x 10782+ 7.368 x 107°8,,k2;;

+5.246 x 107k, .
(5.20)

Using this expression in Eq. (5.13) we can obtain the corresponding freeze-out
temperature Tr for every (B,.,B.,.,, XI). Eq. (5.20) illustrates the explicit
dependence of the freeze-out of neutron abundance on f3,, and k.ss. Note that
Eq. (5.20) is valid also if k.ss receives contributions not only from 3,, . but also
from extra relativistic degrees of freedom or any component that could alter the
energy density of the universe.

5.4.2 Deuterium formation epoch

Primordial nuclei are synthesized through chains of nuclear reactions. The first
step starts with the formation of deuterium through

p+ne D+y (5.21)

However, one can ask why the helium abundance is still negligible at 7' ~ 0.3MeV
while its binding energy is 28.3 MeV. As long as the temperature remains high,
deuterium is easily destroyed by photons with energy in excess of the binding
energy of deuterium. Since reactions responsible for converting deuterium into
heavier nuclei are dependant on the deuterium concentration, the formation of
%He and *He is delayed until the nuclear statistical equilibrium (NSE) establishes
maximum deuterium abundance. In SBBN this shift in NSE is sometimes referred
to the deuterium bottleneck. It occurs at Tsy =~ 0.84 GK (0.072 MeV) with
D/H = 3.665 x 1073, which is obtained by updating reactions of the AlterBBN
program [14]. Therefore, before deuterium reaches its bottleneck, the formation
of heavier elements is blocked despite their large binding energies (see Fig. 3.2).
An analytical expression for the abundance of deuterium at the bottleneck has
been derived [103] to be:

1.2% 10~°
D/H =~ 5.22
/ X, (Tpn(MeV) x my0) ( )
where Ty is the bottleneck temperature, n;p = 10'° x n and Xp= npi”nn. How-

ever, Eq. (5.22) can be modified by introducing non-standard scenarios which
affect the deuterium bottleneck, the final deuterium abundance and the final
elements abundances. Extending the analytic derivation of Eq. (5.22) and con-
straining it with our numerical calculations using the AlterBBN program, we
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obtain the following modified expression:

D B 4x 1073 (5.23)
H X, (kP x Ten(MeV)xmo + C(By, , kefs))’ '

with X, ~ 1— XF". The parameter k. 77 represents the effective degrees of freedom,
but it is now different from k¢ given in Eq. (5.19) because e*e™ annihilation
reduces the number of degrees of freedom before deuterium bottleneck is reached.
In this case the expression for l}eff is:

~ 4 2
Feps =0.6579 + (—)3 (=

5 4
x <0.25536 +3 *”;2>
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(5.24)

In Eq. (5.23), Ty and C(5,,, ];Neff) are functions of the number of the effective
relativistic degrees of freedom k.¢; and 3,,. We have found that these depen-
dences can be approximated with the following analytic fits:

Tpn(MeV) & 0.0745 — 2.1448 x 107 x k23148, (5.25)

or
Tsn(GK) ~ 0.8643 — 0.02488 x k24, (5.26)

and

C(By, s kegs) =1.181 + 0.64868,, — 0.3511kcss + 0.29378% — 0.11898,,keyss + 0.06239%2,

— 0.02391 %82 + 0.00838%2;;8,, — 0.003651Kk% . 5o
5.27

Note, that more details concerning the derivation of Eq. (5.23) are given in
Appendix B. These analytic relations reveal the following;:

1. It is clear from Egs. (5.25,5.26) that Ty is mainly affected by the expan-
sion rate due to its dependence on the effective degrees of freedom keyy.
Furthermore, we will see later that any shift in the bottleneck temperature
will affect light elements abundances.

2. Fig. 5.2 shows that the deuterium mass fraction at the bottleneck depends
not only on the bottleneck temperature and 79, but also on any non-
standard scenarios intervening during BBN. The neutrino chemical poten-
tials affect the deuterium bottleneck, especially f,, causes the decrease of
the abundance of deuterium at the bottleneck. However, it is a steadily in-

creasing function of 3, . due to the effect on the expansion rate. It is clear

Vu,r

43



D/H at the bottleneck

Figure 5.2: Deuterium abundance at the bottleneck temperature as function of
the neutrino chemical potentials. The curves with stars are obtained from our
analytical calculations while the curves without stars are obtained from numerical
ones.

from Fig. 5.2 that our analytical calculations for the deuterium abundance
at the bottleneck agree very well with our numerical calculations except for
high #’s where there are small differences.

5.4.3 Helium-4

Given that the binding energy of helium is about 28.3 MeV, its abundance is
still negligible at a temperature of 0.3 MeV. This because the rate of deuterium
reactions responsible of maintaining the equilibrium of helium with the nucleons
is much smaller than the expansion rate at this time. In other words, the nucle-
osynthesis of *He occurs after the temperature drops below that of the deuterium
bottleneck (see Fig. 3.2). At this point two neutrons are mainly combined with
two protons to form *He via the reaction chains:

n+p— D4+~ D+3H = *He+n,

. 5.28
n+p—= D+~ D+3He —*He+p. ( )
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Consequently, the abundance of “He not only depends on the neutron mass frac-
tion, but also on the bottleneck temperature given by Egs. (5.25,5.26). In order
to obtain the primordial helium mass fraction from the above reaction chains we
need to also consider the time variation of temperature. According to [103] the
helium mass fraction can be estimated by:

t
X;(*He) =~ 2XFexp(— 2%, (5.29)
where
/;.—0.5
tpn = 187.0384 x W
BN

ay (5.30)

or equivalently tgy =1.39 x ——2L

K Y BN TBN (MGV)2

Eq. (5.29) was derived for a fixed %ef 7 and for a range of 19 . However, a more
relevant determination for our purpose is to fix n;p = 6.14 + 0.04 by the Planck
analysis [117] and include degenerate neutrinos. In this way we have obtained a
better estimate of the primordial *He abundance Yp that includes the effect of
different values of the chemical potentials in the ranges of —0.5 < ,, < 0.5 and
0 < B,,, <5 We have chosen such ranges in order to show clearly the effect of
the chemical potential on the production of light elements. This leads to:

t
Yp~ 181X exp (—1.79ﬁ> +0.075, (5.31)
T,

n

where 7, ~ 880.2 £ 1 seconds is the adopted neutron lifetime [112]. For compar-
ison, the calculation of this mass fraction from [80] is shown in the first column
of Table 5.4 where the light element abundances are fitted as a linear function of
Mo, the expansion rate variation, and S, . In Table 5.4 we take an example in
which 3,, = 0.1 and ,,, = 1 in order to compare our numerical simulation with
the present expressions and those of [80]. The analytic relations derived here
provide a better physical picture and relate the light element abundances to the
three important stages of BBN. Our treatment is valid for chemical potentials in
wider ranges (—0.5 < f,, < 0.5, 0< 8, < 5) and the results are similar to
the numerical simulations as demonstrated in Table 5.4.

5.4.4 Final deuterium abundance

Let us make a clearer picture of the SBBN. The expansion of the universe con-
trols the freeze-out of light elements. Since the final abundance of 3He and *H
depend on the freeze-out concentration of deuterium, we will derive its approxi-
mate abundance by using a system of kinetic equations (see Appendix C for more
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Table 5.4: Comparison of light elements abundances for 3,, = 0.1, 3, =1
between fits presented by (Kneller & Steigman, 2004) and the present work based
on our analytical and numerical calculations.

(Kneller & Steigman, | present work (analyti- | present work (numeri-
2004) cal) cal simulations)
Yp 0.2368 0.2344 0.23410 + 0.00013
D/H x 10° 2.7296 2.6969 2.8170 £0.1344
SHe/H x10° 1.4211 1.0798 1.0380 + 0.0536
"Li/Hx10" | 3.9563 3.9173 3.7880 4 0.3431

details). When deuterium reaches its maximum abundance, the destruction of
deuterium will be efficient through

D+D —3He+n,, D+D—*H+p (5.32)

The deuterium abundance begins to decrease because it will be converted into
tritium and 3He which will proceed to *He through

SH+D —*He+n

SHe+D — *He+p (5.33)
Not all neutrons of the above reactions will add to the helium reservoir. Then,
nucleosynthesis is a self-regulating process that leads to steady state solution. In
other words, if the abundance of * He and tritium becomes smaller or greater than
the quasi-equilibrium abundance, their concentration will be regulated to return
3He and tritium to their quasi-equilibrium values. If we consider the variation
with time of deuterium as indicated by Eq.( C.0.8), the case when Xp < X,
leads to a decrease of the deuterium abundance, so that deuterium satisfies the
quasi-equilibrium condition (dfl(—TD ~ () and free neutrons dominate the NSE abun-
dances of all nuclides. However, when the neutron concentration drops to that
of deuterium Xp ~ X, this allows deuterium to regulate the quasi-equilibrium
of neutrons and other elements [103]. In this case, the neutron concentrations
given by Eq.( C.0.9) satisfy the quasi-equilibrium condition (% ~ 0). This self-
regulating process leads to steady state solution.
It is important to know the temperature 7 at which the free neutron abundance
becomes comparable to that of deuterium because it is one of the parameters
affecting the final abundance of deuterium and consequently heavier elements.
An estimation of this temperature is approximately 7% ~ 0.8GK [103].
After the temperature drops below the deuterium bottleneck, its abundance de-
creases and neutrons start to decay. As explained in Appendix C, we obtained
T™ as function of the bottleneck temperature Tgy, the mass fraction of protons
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and the effective number of relativistic degrees of freedom:

0.232

N1 X Xp X ke_fof'5

T*(GK) ~ Ten(GK) — (5.34)

Here, it is seen that increasing l%eff will lead to lower Tgy, so that the neutron
abundance will take more time to decrease to the deuterium concentration. Con-
sequently 7™ will be lower. Therefore, the deuterium final abundance can be
related to 7™ by the following analytic fit :

D 1
H - Xp X Mo X F(T*<GK))’

(5.35)

with
F(T*"(GK)) = 0.36 x exp (11.81T7™) + 2.4 x 10712 x exp(44.05T™) (5.36)

Further explanation of this deuterium calculation is given in Appendix C. Eq. (5.35)
allows for a better estimate of D/H over the parameter range of chemical poten-
tial adopted here. It is clear that if T* increases, the final deuterium abundance
will decrease. This is due to fewer neutrons and/or a lower expansion rate and
vice versa.

5.4.5 Helium-3 and tritium

We have derived explicit expressions for the abundances of the elements helium
and tritium to analyze how these nuclides depend upon each other and to make
a final interpretation concerning the lithium abundance. The expression for the
quasi-equilibrium abundance of 3He is given by :

dXspe 3 3 1
dzH' - ZADD1X§+§>\D,,XDX,,—§A3H6DXDX3H8—)\3H%X3H6X” =0. (5.37)

where X; refers to the abundance by weight of the corresponding element and
N's are the reaction rates intervening in the determination of the abundance of a

specific element. It follows from the above equation that the final abundance of
3He is:

SHe 0074 x D/H +4x107°X,
H ~  046+1570 x D/H
Similarly for the tritium adundance we have :

(5.38)

3 1
Z/\DD2X% + As granXagre Xy, & 5/\D3HXDX3H

So,
SH _ B (D (D D\?
— ~ 8.85x10 Y—2.71x107X,+1.04x10~* (E) +2.86x10 3<E>XP+I.OG<E>

(5.39)
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It is clear from the network shown in Fig. 3.1 that the main production of 3He
and tritium comes from the reactions with deuterium. This is also obtained in
the analytic calculations of Eqs. (5.38,5.39). Hence, increasing deuterium will
lead to an increase in *He and tritium and vice versa.

5.4.6 Beryllium and lithium

Lithium ("Li) is the main focus of the present work. For this reason, it is im-
portant to derive analytical expressions of “Li and “Be in order to have a better
understanding the final abundance of this element. "Be is directly linked to “Li
production and it is mainly produced and destroyed by the reactions:

SHe+*He — "Be + v

5.40
"Be+n — "Li+p. ( )

The final abundance of "Be can be obtained similarly to the case of tritium and
3He (using a system of kinetic equations). Then the "Be abundance is given as :

B Yp x “He
R 9x 107 x Ry (5.41)
X, x (g)

The final abundance of lithium is then determined from the sum of reactions lead-
ing to beryllium and lithium. Under standard BBN conditions, one can deduce
(using the AlterBBN program) that more than 90% of the lithium comes from
beryllium by electron capture after the end of nucleosynthesis. It is important to
emphasize that the electron capture rate is irrelevant unless it becomes shorter
than the timescale of BBN. Using the network equations with the relevant re-
actions leading to the production of lithium, we deduced that the final lithium
abundance is given by :
i N 4. Yp sy _3 3He
H~9><10 XXP<H—|—2.57><10 x7>. (5.42)
In the case of a neutrino-degenerate BBN, increasing the expansion rate by
adding 3, , will lead to different lithium production than in the SBBN. First, the
final abundance of lithium will depend upon the evolution of deuterium which
will directly affect beryllium as seen from Eq. (5.41). For this reason, all so-
lutions leading to lithium destruction are accompanied by an increase
in deuterium. However, as seen in Eqs. (5.41,5.42), deuterium is not the only
clement affecting lithium production. Both 3He and *He play an important role
when the helium abundance becomes more significant than that of deuterium.
Then, Eqs.( 5.41, 5.42) show that including any non-standard scenarios to de-
crease the lithium abundance is constrained by other light elements especially
“He and deuterium which makes the problem more complicated.
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Figure 5.3: Lithium abundance as function of the deuterium abundance for dif-
ferent values of 3,, as labeled on the curves with the range of 0 < 3, » <5. The
vertical lines in the left panel indicate the range of investigation in this work.
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To have a clear picture, Fig. 5.3 shows the sum of lithium and beryllium as a func-
tion of deuterium. Two regions are found, one is up to the minimum of the curve
where the sum is steadily decreasing while the other region shows an increase of
the sum. The behavior of the first region is due to the decrease of beryllium which
will be transformed into lithium after BBN by electron capture. In this case,
beryllium destruction is favored through reaction 12 in Fig. 3.1("Be+n — "Li+p)
where at the same time the production of lithium is not significant and this is
shown in the bottom right panel of Fig. 5.3. The increase in the other region is
due to the high abundance of lithium produced through reaction 7 in Fig. 3.1
(®*H +*He — "Li + ~). This means that the role of beryllium is not important
in this case. It is emphasized that our range of interest is in the first region as
shown by the vertical lines in Fig. 5.3 where the deuterium abundance is still in
the ranges of observations.
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Chapter 6

Effect of Neutrino temperature
and dark components on SBBN

6.1 Neutrinos and the effective degrees of free-
dom

An extension of the SBBN is to allow the number of neutrinos to be different
from three. However, the effective number of relativistic species Nss is not
allowed to vary freely due to its effect on the CMB and SBBN predictions. The
combination of seven years of WMAP data with baryon Acoustic Oscillations
in the distribution of galaxies and the Hubble parameter H, leads to N.¢f =
4.4319-8¢ [81]. However, Nine-years WMAP put a more stringent limit on the
effective number of relativistic species to be N.py = 3.84 4= 0.40. Another close
limit is given by Planck collaboration such as Ngs = 3.15 £ 0.23 [117] and
Nesp =299 £0.17 [118].

While limits on N.ss from SBBN were intensively investigated [54, 142], limits
from astrophysics and cosmology are also important. We mention here the limit
given by [89] where constraints on the number of effective relativistic degrees of
freedom are deduced from the CMB, CMB lensing, Baryon acoustic oscillations,
and galaxy clustering data to be Nesy < 3.8. Limits on N,y are still a matter of
debate and we still need a more accurate determination of N.s¢. So based on the
ranges above, in what follows we will adopt 2 < N.s¢y < 5 as a constraint when
including non-standard scenarios.

6.2 Are neutrinos a candidate for dark matter
While we know several aspects of dark matter such as its energy density and
distribution, we don’t have much information about its identity and production

mechanism. Since baryons are not contributing to dark matter, one can think
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of neutrinos or their decay products as possible candidates because neutrinos
now have mass. The sterile neutrino, which is a hypothetical new generation
of neutrinos other than the three active species, can be produced non-thermally
by active-sterile mixing and particle decays [101]. The role of sterile neutrinos
in cosmology strongly depends on the magnitude of their mass so that a sterile
neutrino with a mass of order 1 keV could be a viable candidate for dark matter
[31]. If this would be the case, this will be detectable in the extragalactic X-rays
due to its radiative decay channel [49]. Constraints on the properties of a dark
matter sterile neutrino(sterile neutrino mass and mixing parameter ¢ between
active and sterile neutrinos)are given in [31] where the Milky Way halo and the
halo of dwarf galaxies are the best objects for the search of dark matter with
radiative decay channel.

A new investigation for the possibility of detection of sterile neutrinos of mass
50 keV in dark matter searches is given by [121] which are confronted by two
problems: the expected event amount of energy to be received by the detector
and the expected event rate. Although sterile neutrinos are heavy, they cannot
be detected by standard dark matter experiments. For these reasons, electron
neutrino scattering is considered by using systems with very small electron bind-
ing in order to have a high event rate. In addition, considering the options of
nuclear physics (the absorption of an antineutrino on electron capturing nuclear
system) and atomic physics(possibility of spin induced excitations)can be useful
in detecting sterile neutrino dark matter [121]. Therefore, since explaining dark
matter on the basis of the standard model is not likely, many searches with astro-
physical and laboratory experiments are used to check the possibility of a sterile
neutrino dark matter candidate [6].

6.3 Effect of varying neutrino temperature and
chemical potential on the lithium produc-
tion

During BBN and after the phase of electron-positron annihilation, the ratio of
the neutrino temperature to the photon temperature is given by the standard

relation [104]:
7,\* 4
<?> = 25, — 105 (6:1)

where g4(T) = g X (gy + get) + g, = 10.75 is the number of relativistic degrees
of freedom contributing to the total entropy, or equivalently, the ratio of the

total entropy to the entropy of photons. This determines the effective number of
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neutrinos given by:

4/3

Ny =3 =3 = v (6.2)
eff - 72¢,— 105 '

11 (T) ’
4 \T5/,
The presence of weakly interacting massive particles (WIMP’s) will modify Eq. (6.1)
and Eq. (6.2) above. When WIMP’s couple to neutrinos or to photons, they
change the energy density of relativistic particles and then they speed up the
expansion rate of the universe. In addition to the heating of e, the annihilation
of WIMP’s can heat the photons. WIMP’s can also share some of the entropy
with neutrinos which causes the neutrino temperature to be different than that
of the SBBN.

Therefore, the neutrino temperature can receive additional contributions in case
of adding a dark component namely heating /cooling of photon relative to neu-
trino temperature which will be discussed in the next section. Here we introduce
the neutrino temperature variation by a multiplicative factor o regardless of the
source as adopted by Ref. [59]. .
According to Ref. [59], the total neutrino energy density is proportional to N, T2,
thus a variation in the neutrino temperature can be translated into a variation
in the effective number of neutrinos through:

NegsTysa = Ny, (6.3)

where T, is the neutrino temperature during the SBBN, N.¢; is the effective
number of neutrinos derived from the Cosmic microwave Background (CMB) and
N, is the number of neutrinos contributing during SBBN. In SBBN, N.¢; = N,
because T,s); = T,. However, a deviation from the standard neutrino temper-
ature after neutrino decoupling, leads to a difference between N.¢r and N,. It
is clear from Eq. (6.3) that we can vary two parameters while the third one will
depend upon the other two. For example, taking T,, = aT,sps for a fixed N,
means that N.;s will depend on these two parameters. As obtained by Ref. [59],
N, =5 is ruled out for any change in 7}, and for N.sr = 3.15+0.23. In addition,
no ranges for N, and 7, are available that can reduce the lithium abundance
significantly. In the present work, in addition of varying the number of neutrinos
and their temperature as treated by Ref. [59], we vary also the neutrino chemical
potential as shown in Tables 6.1, 6.2. We obtained these results in the following
way:

In these tables the neutrino chemical potentials are taken to be equal for the three
neutrino species and this is the reason why we increased the number of neutri-

nos. The factor a represents the modification of neutrino temperature. Using
Eq.( 5.8), Eq.( 6.3) is modified as follows:

3082 1561
+
Tm? Tt

NesiTiosn = Nuo (1 o= ) T+ AN, T? (6.4)
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Table 6.1: Light elements abundances with varying neutrino number, chemical
potential and temperature.

Bure Y Nesr | N, Yp D/H x 10° [ "Li/H x 10™
0.00 1.00 |3.0000 |3 0.2461 | 2.653 4.283
0.08 0.87 [28693 |5 0.2465 | 2.624 4.350
0.19 0.73 [2.8532 |10 0.2460 | 2.614 4.356
0.3 0.63 |3.1691 |20 0.2465 | 2.703 4.193

Using T, = aT, s, the effective number of neutrinos Ny can be written explic-

itly as :
308  158°

_ 4

Neff—Oé XNI,O <1+W+W
The equations include the three standard neutrino species (NV,q) with their chem-
ical potentials while the term AN, = N, — N, describes the extra massless rel-
ativistic species not contributing to the chemical potential. Restricting ourselves
to the predicted light element abundances by SBBN within the quoted errors (see
Table 3.1) and to the ranges of N, from Planck [118] 2.48 < Ny < 3.5, we

obtain the following ranges which reproduces the SBBN predictions:

> +a*x AN, (6.5)

3< N, <20, 248 < Ny < 3.5

(6.6)
0.593 < o < 1.039, 0 < f,,., <03

The abundances in Table 6.1 show that the predicted values by SBBN can be
obtained by this non-standard assumption described above. In other words, the
SBBN predictions are not affected by these variation.

In order to obtain a substantial reduction of the lithium abundance, the ranges
of Table 6.1 must be extended. To achieve this aim we consider the following
ranges:

3< N, <20, 6.62 < Nojy < 7.92,

(6.7)
0.76 < a < 1.27, 0.02 < B, .. < 0.45

Then, if we choose any N,, we can achieve a reduction of lithium by a combi-
nation of a and 3,, .. This illustrates the importance of these two parameters
where we show an example in Table 6.2. We emphasize that the above results
are comparable with all successful models that lead to a substantial decrease in
lithium at the expense of increasing deuterium to the maximum value allowed by
observations as discussed in section 2. The effect of varying 8,, .., N, and « can
be explained as follows:

1. The effect of varying the number of neutrinos N, will lead to an increase
in the energy density p of the universe and consequently the expansion
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Table 6.2: Effect of varying neutrino number, chemical potential and temperature
on lithium.

B’/wuf o Neff N,, Yp D/H X 105 7L’L/H X 1010
0 1 3 3 0.2461 2.653 4.285
0 1 6 6 0.2795 3.699 3.321
0.15 1 6.0293 | 6 0.2423 3.420 3.040
0.25 0.99 |6.8026 |7 0.2265 3.491 2.713
0.25 1.02 7.5518 | 7 0.2272 3.697 2.526
0.41 0.77 | 7.1083 | 20 0.2333 3.611 2.695

rate given by Eq.( 3.3). Then, varying the number of neutrinos N, will
change the relativistic degrees of freedom k.f; and consequently light ele-
ment abundances. As seen from the first two rows of Table 6.2, increasing
neutrino number from N, = 3 to N, = 6 has led to an increase in helium
and deuterium abundance but to a decrease in the abundance of lithium.
This is due to the dominant effect on deuterium which can be seen from
Eq.( 5.41).

2. Adding a neutrino chemical potential § will have two effects: the first one
is modifying neutrino energy density (see Eq.( 5.8)) and then the expansion
rate of the universe. The second one is due to the effect of electron-neutrino
on the weak rates (see Eq.( 5.16)). In other words, adding a positive chem-
ical potential # will enhance the weak rates so that more neutrons are
converted into protons which will lead to a decrease in the abundances of
“He, D and "Li as seen in the third row of Table 6.2. Note that equating
all chemical potentials will lead to a dominant effect of electron neutrino
chemical potential and consequently a significant effect on *He due to its
sensitivity to the neutron mass fraction at the freeze-out.

3. By multiplying the neutrino temperature by a factor a the effective rel-
ativistic degrees of freedom before electron positron annihilation will be
modified as follows:

72 79t 79
kerr = — = == e ;
and after electron-positron annihilation:
72 7g 4
k(’ = === > & 4 g 4/3 .

Then multiplying 7, by a factor a will alter first the energy density of
neutrinos and consequently the expansion rate given by Friedmann equa-
tion. Meanwhile, the dominant effect of this temperature variation is on
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Figure 6.1: Comparison between the SBBN abundances of light elements as func-
tion of temperature (red dashed lines) and those obtained when multiplying neu-
trino temperature by a factor o = 1.5 (blue solid lines)

deuterium. As obtained from Fig. 6.1, multiplying neutrino temperature
by a factor of 1.5, has affected the abundance of deuterium at the bot-
tleneck and consequently the final deuterium abundance. The deuterium
abundance has increased by about 63% while helium has increased by 12%.
Since variation of neutrino temperature is taken after neutrino decoupling
(after the freeze-out of neutrons) but before deuterium formation epoch,
we see that deuterium is more affected than helium (see fourth and fifth
rows in Table 6.2). In addition, varying the neutrino temperature will alter
the time temperature relation given by Eq.( 3.14) due to the change in the
effective degrees of freedom Fkcyy.

To understand the effect of these non-standard scenarios on lithium, we go
back to the analytical calculations obtained in this work as shown in chap 5.
Since more that 90% of beryllium will be converted into lithium by electron
capture after BBN epoch, Eq.( 5.41) which control the final abundance of
lithium shows clearly the connection between beryllium, helium and deu-
terium. As seen in Fig. 6.1, the increase in deuterium has led to a decrease
in the beryllium abundance for v = 1.5 due to the anti-correlation relation
between these two elements. Meanwhile, if 90% of the final abundance of
lithium comes from electron capture on beryllium, the remaining 10% comes
from the reactions leading to lithium where the dependence of lithium on
helium and tritium is given by Eq.( 5.42). For this reason, the increase in
helium and tritium have led to an increase in lithium abundance as shown
in Fig. 6.1. Thus, the decrease in the final abundance of ("Li+"Be) as
shown in the seventh column of Table 6.2 is due to the dominant effect of
beryllium.
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This result could be promising if the obtained limits on N.¢; matched the CMB
values. However, the obtained ranges on Nsy shown in Eq.( 6.7) motivated us
to extend this scenarios by taking into considerations the effect of dark matter in
order to conserve the limits on N.ss. The effects of dark matter on lithium will
be the focus of the next sections.

6.4 Axion as dark matter

Axions produced during the QCD phase transition could be possible candidate
for cold dark matter (CDM)[51] where its density is well determined by WMAP
and Planck missions. Such axion dark matter has an average momentum of order
of the Hubble expansion rate and satisfies the CDM density if axions would have a
mass of order of 107%ev/c?. With this mass range, axions interact weakly through
all forces except gravity which make them one of the promising candidates for
CDM [51].

An investigation for the interaction of axion-like dark matter with gluons by
searching for a time oscillating neutron was performed by [5] as well as the effect
of axion-wind spin-precession in order to search for the interaction of axion-like
dark matter with nucleons. However, this was not promising for placing limits on
such interactions rather this has led to improve upon existing astrophysical limits
on the axion-gluon coupling and existing laboratory limits on the axion-nucleon
coupling.

A question arises now: what is the effect of axion dark matter on big bang
nucleosynthesis? An example of such effect was investigated by [51] where photon
cooling through the gravitational field of cold axions after BBN had a significant
effect on final clement abundances especially on lithium. Photon cooling between
the end of BBN and decoupling implies that the baryon-to-photon ratio ngpn
during BBN is different from 7neprp which is the one measured by Planck and
WMAP. More explicitly, the photon cooling implies the energy conservation [51]:

Piy = Pfry I Pf.a (610)

where p; ., ps and py, are the initial, final energy density of photons and the final
energy density of axions respectively. It is assumed that the energy densities of
the initial axions and of baryons are negligible, for this reason they do not appear
in Eq.( 6.10). It follows from Eq.( 6.10) that after reaching thermal equilibrium,
the initial(7;) and final (7f) photon temperature are related through:

Ty = (2/3)V*T; (6.11)

Since the number density of photons is proportional to T° it is straightforward
to show that: 5

T'BBN = (—

3)3/4770MB (6.12)
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Table 6.3: Light elements abundances calculated by adopting the model of photon
cooling with axion dark matter after BBN [51].

N, = 3, and NBBN = (453 + 003) x 10710
Y, 0.2431
D/H x 10° 4.27
SHe/H x 10° 1.23

7Li/H x 100 2.28

This model is treated by [51] in order to see if it solves the lithium problem. This
implies that nppy = (4.53 £0.03) x 10719 N, = 3 and the effective degrees of
freedom from CMB is N.¢;s = 6.77 as shown in Table 6.3. The dominant effect of
this model is mainly affecting deuterium due to its sensitivity to the baryon to
photon ratio and consequently final abundance of lithium. Although this model
suppresses the conflict between the BBN predictions and observations of lithium,
this have led to an overproduction of deuterium and an increase in N,¢s that is
not allowed by observational constraints (see Table. 6.3).

6.5 Effect of photon cooling along with non-
standard neutrino properties

In this section, we add effect of photon cooling with axions to the previous non-
standard neutrino properties treated in sec. 6.3 with the aim to decrease the
lithium abundance without violating observational constraints on N.ss and other
light elements.

It is important to emphasize that the baryon to photon ratio as determined by
Planck [118] is given to be n = (6.14 + 0.04) x 107'°, however, photon cool-
ing through axions after BBN implies that ngpy = (4.53 + 0.03) x 10719 (see
Eq.( 6.12)). The energy density of the universe can be written as:

4 4

7
Prad = Py[1 + Negg X e (ﬁ)g] (6.13)

On the other hand, photon cooling with axions will also modify the effective
degrees of freedom where the radiation density after BBN is given to be:
1 7 4 3
rad = Pyl F =+ N, X = X (—)3 X = 6.14
where the factor 3/2 is due to the photon cooling relative to neutrinos and 1/2
represents axion degrees of freedom. In this case the relativistic degrees of freedom
observed now is given to be

Wl

3 1 8 11
Neff = '2*N,, + 5 X ? X (—)

Wl

7 (6.15)
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Table 6.4: Effect of adding photon cooling on lithium along with non-standard
neutrino properties.

Bupre a Nesr | N Yp D/H x 10° | "Li/H x 10"
0.05 0.82 [4.2384 |3 0.2313 | 3.469 2.779
0.11 0.77 | 4.8464 |5 0.2342 | 3.672 2.622
0.20 0.60 | 4.5446 | 12 0.2405 | 3.628 2.757
0.33 0.50 | 4.0900 | 20 0.2266 | 3.387 2.792

Since photon cooling alone does not help to solve the lithium problem, we vary
also the neutrino temperature in order to conserve the constraints on N.ss and
deuterium. In addition, we vary the chemical potentials to obtain an additional
decrease in lithium, but without violating observational constraints on helium.
Introducing photon cooling, varying neutrino temperature and chemical poten-
tial, we modify the radiation energy density given in Eq.( 6.14) as follows:

308° 1584
ﬁ+ ;

7 4
T2 T4

1
P
IOT‘ad p’)‘[ +2+8 X(ll

)3 x g x a*(AN, + N,o(1 + )] (6.16)

Then Eq.( 6.16) will lead to the new effective degrees of freedom,

1.4 3 308% 158%

1 8 4
Ness = 3 X - X (—4—)3 + 5()/,4[AN,, + Noo(1+ -3 + i ] (6.17)

It clear from Eq.( 6.17) that multiplying the neutrino temperature with a factor
a < 1 will decrease the relativistic degrees of freedom to match observations
discussed in sec.6.1. In addition, it will decrease deuterium so that the over-
abundance observed in Table 6.3 can be reduced. We have performed numerical
simulations after updating the code given by Ref. [18] to obtain the ranges shown
in Eq.( 6.18) and Table 6.4. It is seen from Table 6.4 that N,y is now compatible
with recent CMB observations [61, 81] but still higher than the most precise mea-
surement given by Planck. In addition, the lithium decreases significantly at the
expenses of increasing deuterium but to a value that is allowed by observations.

3< N, <20, 408 < N,js < 5.30

6.18
0.5<a<09, 001<48, . <035 o8]

This increase of the deuterium abundance when including non-standard scenarios
is discussed recently by [84]. Because of their fragility, deuterons can be destroyed
easily if there is a source of non-thermal photons in the early universe, then this
could alleviate the increase of deuterium when including non-standard physics
during BBN.

A question arises now: how could we explain the increase in the number of neu-
trinos /V,, during BBN? Could this increase in the number of neutrinos contribute
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Table 6.5: Effect of adding photon cooling on lithium along with non-standard
neutrino properties for N, = 3.

Bure a Ness | N Yp D/H x 10° | TLi/H x 10"
0.07 0.81 [4.143 |3 0.2270 | 3.418 2.765
0.06 0.84 |4.446 |3 0.2202 | 3.525 2.689
0.05 087 [4.782 |3 0.2314 | 3.643 2.608
0.05 090 |[5.157 |3 0.2315 | 3.756 2.508

to the dark matter in the universe? The possibility that neutrinos are dark mat-
ter candidate is extensively investigated [6, 21, 31, 49, 101, 121, 7], however, this
issue is not settled yet and it is still a matter of debate. Meanwhile, from particle
physics side, the increase in the number of neutrinos /N, more than three species
is not allowed since this increase should be justified by an appropriate model.
For this reason, we have shown in Table 6.5 that our results of decreasing lithium
abundance could be explained with N, = 3. In such case, our calculations are
not only based on constraints from cosmology and astrophysics but also from
particle physics.

6.6 The effect of a unified dark fluid

We have seen in sec.6.5 that adding axion dark matter was successful to decrease
the "Li abundance with N, s; compatible with the recent CMB observations, but
still higher than the one determined by the Planck mission. In order to satisfy
the requirements on N.;; we found a way by adopting the so-called
dark fluid along with non-standard neutrino properties.

We know that dark matter may be modeled as a system of collision-less parti-
cles while dark energy may be described as a scalar field in the context of the
quintessence model [15]. However, in this section, a unified fluid [16] is adopted
to describe the dark energy and dark matter as two different aspects of the same
component. To explore this scenario, a temperature-dependent dark energy den-
sity can be added to the radiation density as follows [15]:

T

o (1) = bopas (1) (1) (619

where preg = py+ pet +pu, To=1.0 Mev = 1.16 x 101°K , k, is the ratio of effective
dark fluid density over the total radiation density at 7j and n, characterizes the
adiabatic expansion of the fluid. In the case of n, = 4, the dark component mimics
a radiation density. The case n, = 3 describes a matter density, while n, = 6 can
describe a scalar field. With these assumptions the Friedmann equation during
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BBN should be modified as:

N 2
8
(EL-> = H = ———7; (Prad + pp) (6.20)

T\
sp (T) = ksSraa (T0) <EI“_> (6.21)
0
where
22 3
Srad (T) = s (T) ET (622)

and g, (T') is the effective number of degrees of freedom characterizing the contri-
bution of relativistic particles to the entropy density. This parametrization can
be explained on the basis of the first law of thermodynamics where energy and
entropy are directly related. As in the case of dark energy density, different values
of n, lead to different behaviors. For example, n, = 3 corresponds to radiation,
while other values could be obtained by extra-dimension effect or scalar fields
[19]. In addition, to ensure radiation domination during BBN, we should take
ks < 1. Then, the total entropy becomes:

Stot (T) = Spaa (T) + sp (T) (6.23)

It is clear from Egs.( 6.19, 6.21) that by including this dark component, four
parameters are introduced k,, n,, ks, ns. Knowing that the universe was radiation
dominated during the time of BBN requires the constraints n, > 4 and k, < 1.0
[17]. It is important to emphasize that the dominant effect of adding pp is to
alter the expansion rate and this clearly seen by Eq.( 6.20).

We show in Fig. 6.2 the effect of adding a dark energy density pp for n, = 6
(left panel) and for n, = 7 (right panel) while varying k, in both cases. This
has led to an increase in the abundance of light elements where the dominant
effect is on helium (dotted curve). Although deuterium has also increased (solid
line), an increase in lithium is also seen, which is due to the dominant effect on
helium. A similar effect is obtained when taking n, = 7, but for smaller values
of k,. We can argue that the effect on final lithium abundance is determined
by the variation of helium and deuterium. It is seen in Eqgs.( 5.40, 5.41)) that
the lithium abundance is proportional to the abundance of helium but inversely
proportional to that of deuterium. In other words, as seen in the right panel of
Fig. 6.2 and for k&, < 0.002, lithium increases significantly due to the increase in
helium. However, for k, > 0.002 the increase in lithium is less pronounced since
the deuterium abundance increases significantly.

Modifying the entropy content of the universe as given in Eq.( 6.23) alters the
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time evolution of the temperature described by the energy conservation equation
given by Eq.( 6.24).
d 3 d 3 3 dptot d 3
— Pioi— - —est — 1 —(S =1} 6.24
dt(ptota ) + tOtdt(a’ ) a dt |T—«t dt( Da ) ( )

The effect of dark entropy is clearly shown in Fig. 6.3 where adding sp has led to

Light element abundances
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Figure 6.2: Effect of adding dark energy density pp on the abundances of he-
lium (blue dotted line, left axis), deuterium(orange solid line, right axis) and
lithium(orange dashed line, right axis).

an increase in deuterium, but to a decrease in the helium and lithium abundances.
In this case, the dominant effect of sp is on deuterium and consequently the final
lithium abundance. The dependence of the final lithium abundance on helium
and deuterium given by Egs. ( 5.41,5.42) is now confirmed by the results shown
in Figs.( 6.2,6.3). In addition, Fig. 6.4 shows that adding a dark entropy does
not only lead to an increase in the deuterium abundance, but to a shift in the
temperature of the bottleneck (maximum abundance of deuterium). The shift
in the bottleneck temperature alters the abundance of the other light elements
since the formation of helium is blocked until deuterium reaches its maximum.

For fixed values of k,,n,, ks,n, and restricting N.s¢ as measured by the Planck
collaboration, the neutrino number and chemical potentials were varied in order
to find out how these non-standard scenarios could contribute to the lithium
problem. Our calculations summarized in Tables( 6.6, 6.7) show the following;:

1. Fixing k, = 0.007, n, = 7, ks = 0.00045 and n, = 5, restricting 2.48 <
Ny < 3.5 in order to be compatible with Planck measurements, and vary-
ing the number of neutrinos (3 < IV, < 20) along with neutrino chemical
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Figure 6.3: Effect of adding dark entropy Sp (see Eq.( 6.21)) on the abundances
of helium (blue dotted line, left axis), deuterium(orange solid line, right axis) and
lithium (orange dashed line, right axis).

potential, we are able to find for every chosen value of N,, a combination
of a (or Nss) and f3,, , . that reduces lithium abundance. Note that Ny
is still given by Eq.( 6.5) because the dark component has effect on SBBN
predictions due to the power law (see Eqgs.( 6.19, 6.22)) and negligible con-
tribution after BBN. In other words, although this dark component alters
the expansion rate, it has no observational effect on N.¢; or other cosmo-
logical parameters. Eq. ( 6.25) shows the ranges that lead to a decrease of
lithium and we see now with this treatment that N.¢s is compatible with
recent CMB data including Planck and WMAP ones.

k, =0.007, n, =7, ks = 0.00045 ,n, = 5,
3< N, <20, 248 < N.js < 3.50
0.564 < a < 0.968, 0.83 < §,, .. < 0.97

(6.25)

L, TE

Again, on the basis of the standard model of particle physics, it is crucial
to show how the lithium problem is resolved with N, = 3 since N, > 3 is
not supported by CERN experiments. This is shown in Table 6.7 in order
to emphasize that we do not need to violate particle physics constraints on
N,.

If we have chosen other values of the dark component parameters such as
k, =0.12, n, = 6, ks = 0.0005 and ny; = 5, other ranges can be derived as
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Table 6.6: Effect of unified dark fluid on lithium along with non-standard neutrino

properties.
k,=0.007, n, =7, k, = 0.00045 and ny = 5
Bt once o Nesy N, Yp D/H x 10° | "Li/H x 10
0 i 3: 3 0.4007 5.395 3.484
0.88 0.86 | 3.3086 |5 0.2301 3.696 2.535
0.84 0.72 | 29432 | 10 0.2465 3.716 2.751
0.94 0.59 | 2.5692 | 20 0.2321 3.495 2.758

Table 6.7: Effect of unified dark fluid on lithium along with non-standard neutrino

properties with N, = 3.

k, = 0.007, n, = 7, ks = 0.00045 and n, = 5
By, |a Nog; | N, |Yp DJH x 10° | "Li/H x 107
0 1 3 3 0.4007 | 5.395 3.484
0.85 0.89 |2494 |3 0.2301 | 3.460 2.762
0.86 094 [3.123 |3 0.2260 | 3.612 2.553
0.84 0.97 |3.500 |3 0.2283 | 3.737 2.474

shown by Eq.( 6.26):

Finally, we can choose other values of dark component parameters taking into
account that n, >4, n, > 3, k, <1, and k; < 1, in order to impose domination
of radiation during BBN and to be consistent with CMB observations (the dark
component will not dominate after BBN). Then, other ranges of o and f3,, , . can
be derived but for simplicity we have fixed the dark component parameters in
order to give a better understanding of the physical conditions under which the
BBN has been operating and provide many possibilities to ameliorate the lithium

problem.

k, =0.12, n, =6, k, = 0.0005 , ny = 5,
3< N, <20, 248 < N,j; < 3.50,
059 < <103, 0< B, . <048
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Figure 6.4: Deuterium abundance as function of temperature when adding dark
entropy (ks = 0.007,ns = 5) compared to SBBN
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Chapter 7

Constraining the neutron lifetime

by SBBN

Neutrons are basic ingredients of ordinary matter where the majority of the mass
of the earth is contributed by neutrons. However, when neutrons are not confined
in atoms, they are free to undergo S~ decay via the weak nuclear force to a pro-
ton, electron, and antineutrino. The decay of neutron is a fundamental process
in nuclear and particle physics. The neutron lifetime is a crucial parameter in
SBBN, especially in the determination of the final helium abundance. Over the
past decades, the value of the neutron lifetime was continuously improved from
T, = 918 + 14 to 7, = 880.2 + 1 [149]. This high precision was the outcome of
the cold neutron beam method which uses a Penning trap to capture and count
resultant protons, or the ultracold neutrons method which measures the survival
of neutrons after storage. These two techniques are called bottle and beam meth-
ods. The different measured neutron lifetimes along with the corresponding error
bars are shown in Fig. 7.1 where it is clear that the error bars decreased over
time. Although we have now a more precise value of neutron lifetime, the two
techniques are still in tension in determining the neutron lifetime so that they
disagree by about 10s. Is this disagreement a sign of new physics? Two theoret-
ical physicists at the University of California, Benjamin Grinstein, and Bartosz
Fornal argued that neutrons could decay into dark matter. If this would be the
case, neutrons might disappear faster from bottles than protons appear in beams.
Then, neutron decay into a dark matter particle and gamma ray, which could be
concrete evidence for experimentalists to look for. Following such hypothesis,
the UCNtau experimental team in Los Alamos, and with 99% certainty, reported
the absence of gamma ray. Till now, the hypothesis of dark matter is neither
completely excluded nor confirmed so that no one has reported the evidence of
the discrepancy between beam and bottle methods.

It is obvious that the neutron lifetime plays a crucial role during BBN as dis-
cussed in previous chapters. It controls the weak interaction rates at the freeze-
out and consequently affects the final abundance of helium as shown in Eq. 5.31.
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Figure 7.1: Improvement of the measured neutron lifetime along with the error
bars from 1972 till 2018. In order to distinguish two measured values in the same
year, we used different colors (red and blue).

In other words, if the neutron decayed faster into a proton during big bang, fewer
neutrons will remain to be incorporated into helium nuclei and vice versa. The
uncertainty in the measured neutron lifetime was used to constrain the primor-
dial helium abundance [95]. However, in the present work, we will use the new
constraints on primordial helium abundance 0.25070 032 [41] and the most precise
determination of N,y where 2.48 < N5 < 3.5 (30)[118] in order to determine a
new range of the neutron lifetime 7,, from SBBN. This has the insight to find new
values independently from the direct measurements which are still not settled. In
addition, we are trying to find out how the SBBN is affected by the determination
of neutron lifetime.

By fixing n = 6.14 £ 0.04, and taking the recent limits on N.¢; and primordial
helium measurements, we have obtained the results shown in tables (7.1,7.2,7.3)
as the following:

e First, by adopting the recent helium measurements reported above, we have
derived new limits on neutron lifetime for three values of Ness: Nepr = 2.48
(lower limit), Ness = 3 (standard value), and N.sy = 3.5 (upper limit).
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The following ranges of neutron lifetime are derived:

Nope =248, +=937715 or 815 < 7, < 1123s,
Nejs=3,7 =900 or 783 < 7,, < 1079s, (7.1)
Nessp =3.5,7=868"113 or 755 < 1, < 1041s.

The above ranges are calculated based on the upper and lower limit of
the primordial helium observations. For each range calculated above, we
obtain also a different concentration of deuterium and lithium. As shown in
the first column of Table 7.3, the lowest lithium abundance is obtained for
Nefs = 3.5 and 7, = 755s. Then, based on SBBN and with this variation
of the neutron lifetime and N.s¢, the lithium abundance has decreased by
about 10% from its SBBN value such that "Li/H=(3.816 4 0.336) x 101,
This result is expected because, with 7,, = 755s, fewer neutrons and more
protons are available compared to SBBN where 7,, = 880.2s. This has led
to a decrease of the helium abundance to its lower limit (Y, = 0.225 +
0.000149)and consequently lithium.

The effects of varying 7, and Ny on the final element abundances are
clearly shown in Fig. 7.2. The dominant effect of varying the neutron
lifetime is on helium and this could be clearly explained by the exponential
dependence of Y, on 7, shown in Eq. 5.31. Increasing the neutron lifetime
will lead to an increase in the final helium and deuterium abundance. Since
the dominant effect is on helium, this will lead to an increase in the final
lithium abundance.

Although the variation of N.ss is not significant (between 2.48 and 3.5),
it affects the expansion rate of the universe and consequently the final
element abundances. The increase in N.s; will lead to an increase in the
final abundance of helium and deuterium. Since the dominant effect is on
deuterium, the final abundance of lithium will decrease (see Fig. 7.2).

The ranges of 7, represented in this analysis are compatible with the recent
value of the neutron lifetime 7,, = 880.2 £ 1 from the particle data group
(PDG) [149]. However, our obtained uncertainties are much larger and this
is due to the uncertainties on the measured helium abundance.
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Table 7.1: light element abundances for Neff =2.48 and 815 < 7,, < 1123.

T, = 815s T, = 1123s
b 0.225 4 0.000148 0.283 4+ 0.000145
D/H x 10° 2.394+£0.113 2.736 £ 0.128
SHe/H x 10° | 0.981 4 0.052 1.029 + 0.0534
"Li/H x 101° | 4.321 4+ 0.383 4.956 4+ 0.438

Table 7.2: light element abundances for Neff = 3 and 783 < 7,, < 1079.

Tn = 7835 7, = 1079s
Y, 0.225 4+ 0.000148 0.283 £ 0.000145
D/H x 10° 2.530 £ 0.116 2.892 + 0.132
SHe/H x 10° | 1.000 £ 0.052 1.049 + 0.0537
"Li/H x 10'° | 4.050 £ 0.357 4.630 £ 0.418

Table 7.3: Light element abundances for Neff = 3.5 and 755 < 7,, < 1041.

T, = 7558 T, = 1041s
A 0.225 + 0.000149 0.283 + 0.000145
D/H x 10° 2.394+0.113 2.736 + 0.128
*He/H x 10° | 1.018 & 0.053 1.069 + 0.0543
"Li/H x 10'° | 3.816 + 0.336 4.352 + 0.390
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Figure 7.2: light element abundances as function of neutron lifetime for different
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Chapter 8

Summary and conclusions

The subject of this work aimed at an understanding the fundamental process
leading to the formation of the light elements and their isotopes in the early uni-
verse. This fundamental big bang nucleosynthesis (BBN) seems to require some
revision in order to understand what is missing in the physical description and
to investigate the possibility to resolve the ”Lithium Problem” described in this
work.

The focus of the present work is to reanalyze the standard big bang nucleosyn-
thesis (SBBN) and to invoke non-standard treatments of BBN motivated by an-
alyzing the lithium problem. It seems that the ”Lithium Problem” is difficult to
resolve on nuclear and astrophysical grounds, so the present work has the rational
to get more insight why this lithium problem exists. For this reason, we have
included many non-standard components to the SBBN such as non-standard neu-
trino properties and dark matter. We have focused on the properties of neutrinos
and dark matter due to their importance during BBN. The results of the present
work can be summarized as follows:

1. In chap.2, we discussed the constraints on light element abundances which
seem to be still a matter of debate, especially for deuterium. Specifying
the constraints on light elements is crucial because all BBN predictions,
especially when including non-standard scenarios, should be compared to
observational constraints.

2. In chap.3, we described the production of light species by the SBBN. We
found that all light element abundances agree very well with observations
except for lithium. Then, using a network of updated reaction rates (shown
in Appendix E), we calculated the abundances of light elements by SBBN.
As expected, the lithium problem is evident in this calculation (see Ta-
ble 3.1). This is to confirm that the so-called lithium problem cannot be

resolved by SBBN.

3. The so-called ”Spite Plateau” which is a constant behavior of lithium as
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a function of metallicity does not exist when observations were extended
to very low metallicity. In addition to the discrepancy between SBBN
predictions and observations, this introduces another discrepancy besides
the well-known lithium problem.

. As described in chap.4, we attempted to find out how lithium production
can be reduced on pure nuclear physics ground. Emphasizing the fact that
about 90% of the lithium abundance originates from electron capture of "Be,
careful consideration of this weak interaction rate did not lead to the desired
solution. Including an additional effect of electron screening was also not
successful. We have reviewed a possible solution on astrophysical grounds,
due to stellar processing in very metal-poor halo stars. While this is still
an open problem not only how to account for lithium depletion in the very-
metal poor stars, but also the description of the atmosphere of such stars
is a completed task. Since both nuclear physics and astrophysical aspects
seem not to resolve the lithium problem, we have introduced non standard
ingredients into the SBBN calculations as described in the following.

. The first modification from SBBN was to investigate the effects of varying
the number of neutrinos and their chemical potentials. This modification
alms to have a clearer picture of SBBN and to investigate the effect on the
production of lithium. We made an effort to obtain analytical approxima-
tions to get a better insight into the effects of non-standard assumptions
concerning the weak interaction rates and neutron mass fraction at freeze-
out (see sec.5.4.1).

We have also obtained analytical expressions to determine the tempera-
ture at which the deuterium achieves its maximum abundance(called the
bottleneck). Furthermore, we were able to obtain the temperature 7% at
which the neutron abundance drops below that of deuterium. This has the
advantage to see how the abundances of the light elements are influenced
by this epoch of the SBBN (see chap.5 for details). In addition to the an-
alytical work, we have performed numerical calculations using an updated
version of the network code (AlterBBN). In our calculations, we were able
to obtain limits on the neutrino chemical potential that lead to a significant
reduction of lithium abundance. However, this was achieved only with an
increase of the deuterium abundance that is still justified by observations.

. Another ingredient in the non-standard treatment was the scaling of the
standard neutrino temperature. As shown in sec.6.3, we were able to re-
produce the SBBN results with a suitable choice of the scaling parameter
a. This means that our non-standard assumption can be considered as an
extension of the SBBN, with the net effect of reducing lithium abundance.

. Extending the range of variation of neutrino parameters was successful as
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a means to reduce the lithium abundance (see Sec.6.3). However, since
varying the neutrino temperature has an observational effect on the current
relativistic degrees of freedom, the derived range was not compatible with
the effective number of relativistic species Ns given by the recent analysis
of the CMB as discussed in sec.6.1.

In sec.6.5, photon cooling with axion dark matter after BBN leads to a
reduction of the lithium abundance with N.s; compatible with recent CMB
observations, but it is still in tension with the most precise value deduced by
Planck analysis. In sec.6.6, a unified dark fluid combining dark matter and
dark energy in one concept is adopted in order to satisfy the requirements
on N.ss. This approach together with non-standard neutrino properties
resulted in a decrease of lithium abundance but for N ;s compatible with
the recent evaluation of the CMB observation and with the Planck and
WMAP conclusions (see sec.6.6 for details).

8. Since including dark component was successful to reduce lithium abundance
without violating observational constraints on light elements and on N4y,
we emphasize also that this could be achieved without increasing N, more
than three. This has the potential to account for the constraints from the
standard model of particle physics which is verified experimentally.

9. In chap. 8, we described the present status of the measurements concerning
the free neutron lifetime. In this chapter, we tried to constrain the neutron
lifetime through the helium abundance and the range of N.yy.

10. As a conclusion, our diverse attempts to reduce the lithium abundance from
the value predicted by the SBBN was possible only when non-standard
assumptions were included as outlined above. It is amazing and striking
that such a reduction goes along with a maximum abundance of deuterium,
which luckily maybe allowed by observations [26]. To avoid a maximum of
deuterium, new particles or interactions are suggested by [60], [130]. This
is announced as a future perspective.

A final remark is at a place. The big bang theory occupies a fundamental place in
the understanding of the early phase of the universe. It touches the imagination in
basic scientific research in cosmology. The big bang nucleosynthesis is a striking
tool to relate our imagination to observations. It seems some more physics is
missing to understand the lithium problem. The present work was a step toward
a better understanding of this cosmological problem.
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Appendix A

Freeze-out of neutrons

The balance equation for the neutrons mass fraction X, is given by:

X,

dt = _/\nﬁan + ApﬁnXp = _/\n—ﬂ)(l + 6_%

)(Xn — X77) (A.0.1)

where \,,_,, = A\pe + Ay and Ay, = A + Ay which are the total rates of direct
and inverse reactions respectively where:

eq — 1
X = T (B e (QT) (4.02)

t is the time in seconds and T is the temperature in MeV. The solution of equa-
tion (A.0.1) is given by as the following[103]:

X, (1) = X° (£) — /Otexp <_ /t_'t Aoy () (14 ¢°F) df) X () dE - (A03)

with the initial condition X,, — X:? as { — 0. The dot denotes the derivative
with respect to time. To have an estimation for the freeze out concentration,
it is assumed that X9 — 0 as T — 0 and A,,, =~ 2\, because the main
contribution of the integral comes from 7' > m, . Therefore by replacing the
integration variable ¢ by y = T/Q using Eq. (3.14) we obtain the expression for
the freeze-out concentration given by Eq. (5.18). This is different from the one
given by [103] because we included the neutrino chemical potential.
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Appendix B

Deuterium bottleneck

The Deuterium bottleneck takes place when the main reactions converting Deu-
terium into Tritium and Helium-3 become effective:

D+D—3He+n, D+D—T+p (B.0.1)

The mass fraction Xp of Deuterium can be written as :
1
AXp = —5/\DDX§)At (B.0.2)

where A\pp = App1 + Appe are the rates of reactions given in Eq. (B.0.1) when
a substantial amount of available Deuterium is converted into > He within a cos-
mological time ¢, it is assumed that AXp ~ Xp. This assumption leads to
Eq. (B.0.2)[103].However, we extended the calculation of Deuterium bottleneck
to include neutrinos chemical potential by integrating Eq. (B.0.2) so that:

D _ 4% 1073
H ™ X, (k% x Ten(Mev) x 1o + C)

(B.0.3)

where C is a constant which is time independent but it is function of neutrinos
chemical potential. Therefore, Eq. (5.23) is obtained by constraining C with our
numerical calculations.
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Appendix C

Final deuterium abundance

To calculate elements abundance we must deal with a system of kinetic equations
[103]. For a reaction AB — CD:

Xa= A" \pXaXp (C.0.1)

X, = A A A N g X4 X5 (C.0.2)

Here X4 = Aﬁ’f‘— is the concentration by weight of the corresponding element
(*He, n, D...), ny is the total number of nucleons (baryons) and A is their
mass number. For example, for the production and destruction of deuterium we
consider the following reactions :

n+p—D+~, D+3H = *He+n
D+D—=3%He+n, D+D—=3*H+p (C.0.3)
D+p—3He+v,°He+D — *He+p

and then the concentration of deuterium as function of time is given by:

dX 1 1 I}

d—tD = 200 X, X0 = 5300 XD — AppXp X, = Apon Xp Xt — 3XomepXpXone
(C.04)

where \'s are the reaction rates of different reactions. Similarly kinetic equations
for X,,, X5y, and X5y, can be obtained by taking into consideration all reactions
producing and destroying n, *H, and *He :

dXn 1 1 1
— = —)\anan — =3 HenX3geXn + —ADDleZ) + =Apsg XpXsy (0.0.5)
dt g 4 6
dX: 3 1
d;H = ZADDZX% - )\3HenX3H6Xn — 5)\D3HXDX3H (CO6)
dXs, 3

3 1
o = Z/\DDlX% e é'/\DpXDXp - A3chXnX3He - 5/\3HGDXDX3HC (CO7)
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Assuming the quasi-equilibrium condition for He and 3H, % — ~ 0 an nd 2 3’“ 28
0, and using the time temperature relation of Eq. (3.14), Eqs (C.0.4,C.0. 5) can
be written as:

dX 1
—d?D = damo(X3 + Ry Xp — SR Xn) (C.0.8)
dX,
aT = QMo (Ran — X%) (009)
where:
Mo = n x 10'° (C.0.10)
R, =4X, A ~(3-8)x 1073 (C.0.11)
ADD
)\ B
R, =2X, ~ (2.3 —2.5) x 1075 (C.0.12)
ADD
a=a(T)=0.86x 10°K(T) (C.0.13)

Here the experimental values of the ratio of the corresponding reactions rates
are used. K(T') describes the temperature dependence of (ov),,. Its value
changes from 1 to 0.5 when the temperature drops from 0.09 Mev to 0.04 Mev.
To calculate the deuterium abundance, two cases should be treated: the stage
of nucleosynthesis when Xp < X, and the stage when neutron concentration
becomes of order of Deuterium concentration [103].

1. When Xp <« X, so deuterium will satisfy the quasi-equilibrium condition
dj;? ~ 0. Since Ry < Ry , the term Ry Xp will be small compared to R X,

and it follows from Eq. (C.0.8) and Eq. (C.0.9) the following solution:

Ri Xy

Xp=1/—=5

{1 + 0(%)} (C.0.14)

n

This solution is valid after deuterium concentration reaches its maximal
value of order 1073 but not valid after neutrons concentration drops to
deuterium ones.

2. The second case is after neutron concentration becomes of order the deu-
terium concentration Xp ~ X,, ~ R; :
dX, 1

dT = 5&7710R1X1 (0015)

At the beginning of nucleosynthesis at T" = Tzy, most of the neutrons are still
free so that the solution of Eq. (C.0.15) is given by :

1
Xn (T) ~ 0.12 x eXp(iOﬂhoRl(T = TBN)) (0016)
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when neutron concentration drops to that of deuterium, using Eq. (C.0.16) we
derived an approximate expression of T* as given in Eq. (5.34) different from the
one given in [103] because we included neutrinos chemical potential. After 7™ is
reached, the neutron concentration satisfies the quasi-equilibrium condition:

dX. 1 X
LIPS — — X% (1 Zn 0.1
R0 K= D[ +0<XD>] (C.0.17)

and Eq. (C.0.8)becomes:

dX

d—TD = 20m10(X3 + 2R Xp) (C.0.18)
To find the final abundance of deuterium we must integrate Eq. (C.0.18) between
Tand T*, therefore we can assume the general expression of D/H as given in
Eq. (5.35) where F/(T*) can be constrained with our numerical calculations.
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Appendix D

Entropy conservation

All three neutrino species decouple from the radiation and electron-positron
plasma before the electron-positron pairs begin to annihilate at 7' ~ m, =
0.5Mev. The resulting energy from electron-positron annihilation heats the pho-
ton, then the temperature of radiation will be higher than the temperature of
neutrinos. Let us now derive the ratio of neutrino-radiation temperature dur-
ing SBBN. The ratio of the entropy of electron-positron pairs to the entropy of
neutrinos remains conserved [103] such as:

Syt Set
Sy

=C, (D.0.1)

where s, s.t, s, represent the entropy of radiation, electron-positron and neu-
trinos. C is a constant.
Knowing that the entropy s, o< T and s, o< T% (see Eq.( 6.22)) we can write:

et

Lersg S
—)°(1
=k

)=C (D.0.2)

It is clear that after neutrino decoupling but before e* annihilation, 7, = T, and

ot
= 7/4. This condition will give C' = 11/4 and Eq.( D.0.2) becomes:

+

T 11,4/ 5
L =(— 14 —y~L D.0.
2= (D.0.3)

When the electron-positron pairs begin to annihilate, their entropy starts to de-
crease until it becomes zero. Note that the annihilation is not instantaneous.
Then from here we obtain the ratio of the temperature of neutrino to the tem-
perature of photon as follows:

(%) _ (1741)1/3 — 1.401 (D.0.4)
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Appendix E

Used nuclear rates

Table E.1: Nuclear rates

nb | reaction ref nb | reaction ref
0 |[nep 145] 50| "TBe+a — v+ 1C 8]

1 |°H — e +v+3He 151] |[51|®B+a—p+HC [154]
2 |8Li—e +v+2*%He [22] 52| 8Li+a—n+1'B [97]
3 |[PBoe +v+12C 23] 53| °Be+a — n+2C [47]
4 [0 —we +v+UN 24 54 °Be+D —n+1°B 87]
5 [ B—ef+v+27%He [22 55| °B+D —p+1B 87
6 |IC —»ef+v+1B [23] 56 | TB+ D — n+2C [87
7 | BN =ef+v+12C [23] 57| *He +a+n — v+ Be [47]
8 | BN set+v+13C 24 58 | *He + 2a — v+ 12C 47
9 [0 et +v+14N 24 59 | ®Li+p—+n+a+?He 87
10 PO —et +v+ BN [24] 60 8B+n—p+a+iHe [87]
11|H+n—>v+°%H 1] 61| °Be+p—d+a+*He 47
12| ?H+n—~vy+3H 154] 62| 'B+p— 2a+*He 47
13|3He+n — vy +*He [154] [63]C+n—2a+*He [154]
14 [SLi+n— v+ "L 98] 64| 2C+n— v+ 15C [154
15| 3He+n —p+3H 134 65| BC+n—y+MC [154
16| "Be+n—p+1He [134 66| N +n—~+DPN [154]
17[%Li+n—a+°H 47] 67| BN +n—p+15C 8]
18| “Be+n — a +*He 28] 68 | “N +n—p+1C 8]
19 2H +p — v +3He 7] 69| BO+n —p+ BN 8]
20 [3H +p— v+ *He [47] 70| PO +n—a+12C [47]
21 | ®Li+p — v+ "Be 8] 1| 2C+p—v+BN 8
22 | SLi+p— a+3He [134] 72| BC+p—>y+¥N 8
23| "Li+p— a+*He 134 [73|"C+p—ov+PN [47]
24 [ 2H + o — v+ L3 8] 74| BN+p—->~v+10 [47]
25 |3 H+a—=~v+"Li 134 75| UN+p—v+50 [47]




26 | SHe+a — v+ 'Be [145 76 | PN +p—~+ 10 [47]
27| ?H+ D — n+3He [120 77| PN+p—a+2C 8]

28[2H+D —p+°H [120] [ 78] 2C+a—~y+10 47]
29| 3H+ D — n+"*He [134 79 °B+a—p+1BC [154]
30 [3He+ D — p+*He [134 80| "Bia—p+*C 47

31|%He+3He — 2p+*He 8] 81 |1C+a—p+UN 47

32|"Li+D —n+a+*He [134] [82[|BN+a—p+T0 [47]
33| " Be+D —p+a+?He 127 83| BN+a—p+10 [47]
34| "Li+n—~+°%L 154 [84|"¥B+a—n+BN [47]
35| ®B+n—~y+1B [154] [85[T"B+a—n+"N 47]
36| "B+n—~vy+”B [97] 86| 2B+a—n+PN 154]
37| "C+n—p+ 1B [47] 87| BC+a—n+10 8]

38 OB+n—a+TLi 8] 88 | *He+*H — v +°Li [58]
39 "Be+p—y+°B 8] 89| ®Li+ D — n+"Be [97]
40 [ °Be+p— v+ "B 47] 90[CLi+D—>p+"Li [97]
41 °B+p—~y+1C 8] 91 |*He+3H — D +'He [47]
42 "B+p—o~y+"1C (8] 92 [ *H +3H — 2n +*He [47]
43 C+p—y+ BN [47] 93 [3He+3H - n+p+*He | [47]
41 2B+p—-n+12C [154] [94|Li+3H = n+°Be [150]
45| 'Be+p — a+°Li 8] 95| "Be+3H — p+°Be [134]
46 | B +p— a+ "Be 8] 96 | "Li +°He — p+ °Be 134]
47 2B +p— a+"Be 154] [97|"B+D—p+12B 70]
481%Li+a— v+ 1B 47] B[ 2C+d—p+BC [70]
49| Li+a—~v+1'B [8] W[BC+d—-p+1C [70]
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Appendix F

Abbreviations

BBN Big Bang Nucleosynthesis

CMB Cosmic Microwave Background
SBBN Standard Big Bang Neucleosynthesis

WMAP Wilkinson Microwave Anisotropy Probe
WIMP’s Weakly interacting massive particles
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Standard Big Bang Nucleosynthesis (SBBN) represents one of the basic tools to under-
stand the early evolution of the universe. In this paper, we reanalyze this process to focus
on the so-called lithium problem. “Li is overproduced during SBBN compared to its pri-
mordial abundance as obtained from observations. For this reason, we extend the scenar-
ios of SBBN in two directions: (i) equating all neutrino chemical potentials and including
more neutrino families, (ii) varying neutrino chemical potentials independently. Since the
so-called cosmological lithium problem is not resolved on nuclear/astrophysical ground,
we argue that this problem should be examined by invoking nonstandard assumptions.

Keywords: Nucleosynthesis in the early universe; the lithium problem; neutrinos; non-
standard physics.

1. Introduction

Being based on a well-determined Standard Model of particle physics and cosmol-
ogy, Standard Big Bang Nucleosynthesis (SBBN) allows for an understanding of the
formation of light elements in the early universe.?23%75 Only the light elements,
3He, “He, D and "Li, are synthesized due to the rapid expansion of the universe.
The calculation of their abundances is performed assuming a homogeneous uni-
verse and vanishing neutrino chemical potentials and masses. Meanwhile, the ef-
fects of dark matter, massive decaying particles or extra neutrino families are not
taken into account in the SBBN. However, it has been established that neutrinos

t:¥Corresponding authors.
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have nonvanishing chemical potentials and they have mass as verified by neutrino
oscillations.*3%® In addition, the existence of dark matter is well established and its
cosmic abundance has been accurately determined.’”7? The SBBN is introduced
in Sec. 2. The resulting abundances by SBBN are in good agreement with observa-
tions except for "Li. This so-called “Lithium Problem” will be discussed in Sec. 3.
In Sec. 4, attempts are made to include nonstandard Big Bang Nucleosynthesis
(BBN) scenarios in order to find out if the lithium problem can be resolved. The
constraints on the abundances from observations are discussed in Sec. 5. Our nu-
merical results for neutrino degenerate BBN and its effect on the lithium problem
are given in Sec. 6. Some analytical considerations are described in Sec. 7. Finally,
a summary and conclusions are given in Sec. 8.

2. SBBN

The SBBN model is based on three striking facts: (i) the Hubble expansion of
the universe described by the Friedmann equations, (i) the Cosmic Microwave
background (CMB), and (iii) the formation of the light elements, in particular, the
production of the element helium needs high temperature, so that the Big Bang
was hot indeed.

2.1. Friedmann equations and thermodynamsics of the early
universe

According to the general theory of relativity, Friedmann equations are used to
describe the cosmic expansion during various evolutionary phases. These equations
allow us to determine two unknown functions: a(t) the scale factor characterizing
the expansion of the universe and p(t) the energy density of the universe. Assuming
an adiabatic expansion of the universe, the first law of thermodynamics can be
written as

de = —pdV, (1)

where € is the total energy and p is the pressure within an expanding volume V.
Given that the volume scales as V ~ a2, the continuity equation is

p=-3H(p+p), (2)

where H is the Hubble parameter defined by H = %
On the other hand, according to General Relativity, the equation of motion or
the first Friedmann equation can be written as

4
G = ——:—;G(p + 3p)a. (3)
Multiplying Eq. (3) by @ and using Eq. (2) we will obtain the second Friedman, as
k 811G

2
Hra=—r s
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where G is Newton’s gravitational constant and k corresponds to the spacial cur-
vature of the universe (k = 0 in case of a flat universe, k = 1 for positive curvature
and k = —1 for negative curvature). Equations (2)-(4) are not independent, we
can take any two equations and derive the third one. It can be shown that these
equations lead to

a~ vt (5)
and the conservation of stress—energy leads to
p~a Tt (6)

Note that the Friedmann equations can be modified when nonstandard physics
scenarios are adopted for example by an entropy component or non-adiabatic ac-
celerated universe.?3:53:88

It is emphasized that the early universe was radiation-dominated, in other words,
relativistic particles dominate the energy content of the universe. Using a perfect

black body distribution and integrating over all frequencies, the number density of

photons is
- 1.202 ksT\°
N’Y :/0 n’Y(V>dU = < a2 )g’Y <_CT> ) (7)

where g, = 2 refers to photon degrees of freedom, kg is the Boltzmann constant
and A is the reduced Planck constant. At a CMB temperature today of T' ~ 2.725 K
the number density is calculated to be n, ~ 400 cm ™3,

Multiplying the integrand Eq. (7) by hr and integrating over all frequencies,
the expression for radiation density is

2 k=T
Py = <§6> 9y <#) . (8)

Similarly the number and energy density of fermions are given when the Fermi-
Dirac distribution is used:

3 ksT\*

7 (w2 o
= = — , 10
Pr 8<30)gf<h303> ( )
where gy = 6 for neutrinos (3 for neutrinos and 3 for antineutrinos) and g; = 4
for electron—positron pairs before they annihilate. By assuming a small chemical
potential |u| < kgT and mass m < kgT/c?, Eqs. (7)-(10) are derived in physical
units. Then the total radiation energy density present during SBBN is

2 7g BT
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Fig. 1. Light element abundances as a function of baryon density. Vertical band is Planck deter-
mination of baryon density. Horizontal lines represent observations.

Comparing Eq. (11) to Egs. (5) and (6) we can derive the time temperature relation:

1.39k/°

sec = T2 ’ (12)

with keg = g—;(% + 7—§L), where the cosmological time in seconds and the temper-
ature in MeV.

2.2. Role of the CMB in probing the early universe

The “Cosmic Microwave Background” (CMB) resembling a perfect black body of
about 2.75 Kelvin was scattered when the hot universe was 380,000 years into Big
Bang. Three important missions namely COBE,3 WMAP*%57 and Planck’ have
been launched to explore the properties of these CMB in order to extract a wealth
of information about the conditions of the early universe, in particular, the Hubble
parameter H, the baryon density content {2,h?2, the cold dark matter density £.h2,
the dark energy density 4, the effective number of relativistic species Neg, the
primordial helium mass fraction Yay,., etc. Hence, the CMB is an important probe
of the early universe because it represents the oldest electromagnetic radiation from
the recombination epoch.

2.3. How to produce light elements?

The SBBN predicts that the universe is composed of about 75% Hydrogen, 25%
“He and small amounts of D, 3He, "Li and ®Li. Knowing the baryon to photon
ratio of the universe n = m’n;jb = (6.11 £ 0.06) x 107 !° as determined by Planck

mission” leads to the determination of light element abundances because it is a
key parameter of SBBN. Figure 1 shows light element abundances as a function
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Fig. 2. Light element abundances as a function of temperature/time and the main reactions
leading to these abundances.

Table 1. Comparison between different SBBN predictions.

This work Pitrou et al.”! Cyburt et al.?8 Observations
Yo 0.24610 + 0.00015  0.24709 + 0.00017  0.24709 4 0.00025  0.2449 + 0.00407
D/H x 10° 2.6386 & 0.1222 2.459 4 0.036 2.58 +0.13 2.58 £ 0.072%°
3He/H x 10° 1.0151 + 0.0529 1.074 £+ 0.026 1.0039 =+ 0.0090 1.1+£0.21
TLi/H x 1010 4.3861 =+ 0.3875 5.623 + 0.247 4.68 £ 0.67 158705284

of n: 3He and D are sensitive to 7 in contrast to *He which depend linearly on 7.
Concerning “Li, its production at low 7 is mainly determined by T + ‘He — "Li
while at high 7 its production is favored through *He + *He — "Be(eTv).

To obtain light elements at a given 7, it is important to use an updated network
of nuclear reactions. We have done this calculation with results shown in Fig. 2 and
Table 1. We have used the updated reaction rates that lead to the lowest standard
lithium abundance as compared with other works. This illustrate how the lithium
abundance can be reduced due to nuclear reactions. However, the result is still
significantly higher than observations.

3. The Lithium Problem

Over the past decades, the observed abundance of "Li in metal-poor Halo stars was
found to be less by a factor of 2-3 than the value predicted on the basis of SBBN.26
However, this discrepancy has increased to 2.4-4.3 or 4.20 (from globular cluster
stars) and 5.30 (from Halo field stars).?® For a long time, the observed abundance
of “Li in metal-poor halo stars was thought to be independent of metallicity down
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to a metallicity of [Fe/H] = —3.0.9! This was considered to represent the primordial
abundance of this element. However, extended observations below [Fe/H] = —3.0
show a dependance of metallicity.*” This other “Lithium problem” also needs to be
resolved. In other words two problems are encountered:

e Matching the predicted "Li abundance on the basis of the SBBN with observa-
tions (see Table 1).

e Understanding the deviation of the "Li abundance at very low metallicity (see
Fig. 1 from Ref. 47).

Is it possible to explain the lithium problem by a specific astrophysical or nuclear
physics process? Or do we need nonstandard physics? Resolving these “Lithium
problems” seems to be complex task because no single answer is apparent.

In the following we summarize some proposed solutions to the lithium
problem.3?

3.1. Astrophysical aspects

It is possible that the evaluations of the lithium abundance are not accurate enough,
so that they do not confirm the prediction by the SBBN. Absorption lines in the
atmosphere of metal-poor stars are used to determine the lithium abundance. These
lines are very sensitive to the model atmosphere and the physical conditions under
which they are formed. It should be emphasized that a mechanism which leads to
a depletion of "Li in very metal-poor halo stars should not affect the plateau at
relatively high metallicity. In other words, if the lithium was processed by stars,
then one must find a stellar mechanism that can explain simultaneously the regular
behavior at high metallicity and low dispersion at low metallicity. In addition, stellar
properties, e.g. rotation, magnetic fields, etc.8? may play a role.

It was thought at one time that %Li was constraining any stellar processing of
"Li because the high temperature needed to reduce “Li would eventually destroy
the observed plateau'® of %Li that is three orders of magnitude higher than SBBN
predictions. However, this is no longer a problem because there is no °Li plateau®
due to line asymmetries which were neglected in previous determinations.

3.2. Nuclear physics aspects

Concerning the reaction rates of SBBN, most of them are updated and uncertain-
ties are revised,3® however, there are two important reactions that may be subject
to revision. These are *He(c,v)"Be and "Be(n, p)"Li. To match the observed abun-
dance of Li, the first reaction should be lower by a factor of 3-4.3% Taking this at
face value would mean that "Be and ®B solar neutrinos flux would be reduced by
the same factor which argues against this assumption. It is interesting that solar
neutrinos constraint this rate. The destruction reaction rate “Be(n, p)"Li should be
greater by factor of 2 to reduce the “Li production but this has not been constrained
by measurements.!®
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Fig. 3. (Color online) Comparison between different calculated rates of "Be(n, a)*He. The ver-
tical yellow bands indicate the BBN temperature range. Note the significant difference between
the new rates and that used by Wagoner especially in the BBN range.

3.2.1. The "Be(n,a)*He rate

The "Be(n, a)*He reaction is a possible means for the destruction of "Be which is
the precursor of primordial lithium. Using the new cross-section!* for "Be(n, a)*He
measured over a wide range of neutron energies, we have done a new fit in an
extended range up to 10 GK. In units of cm™ s~! mole™! the Maxwellian average
cross-section in the following temperature ranges is

For 0.001 < Ty < 2:
Na{ov) = 4.844 x 10° + 2.748 x 10°T¢ + 3.885 x 10°Ty
+3.544 x 10°% x Ty. (13)
For 2 < Ty < 10:
Na(ov) = 4.353 x 10° — 2.845 x 103Ty + 9.656 x 10*Ty — 1.219 x 10573
+6.393 x 10°T7 — 5.2 x 10°7y, (14)

where Ty is the temperature in units of 10° K. The comparison among the evaluation
of this rate is shown in Fig. 3. It is seen that this rate as above and also the one
given by Ref. 42 are significantly different from the one that has been employed for
a long time!®! especially in the range of BBN temperatures (shown in vertical lines
in Fig. 3). We mention that the new rate is more accurate than the one given by
Ref. 42.

In summary, and as our calculation shows, updating all nuclear reaction rates
and using the newest versions of BBN codes by Refs. 8 and 70, the lithium problem
is not resolved on nuclear physics ground. Therefore, in the following, we focus on
the aspects of nonstandard BBN.
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4. Nonstandard Physics
4.1. Inhomogeneous nucleosynthestis

In contrast to SBBN, intensive studies have been devoted to anisotropic models
based upon inhomogeneity in baryon to photon ratio 1.54%:637 The fluctuations
in 7 is thought to be generated at early epochs of SBBN, perhaps during the QCD
or electroweak transitions. In such case, neutron and proton rich environments can
be created which will promote the production of primordial abundances. In this
context, two scenarios are considered: (a) When nucleon diffusion occurs at high
temperature before the beginning of nucleosynthesis the final abundance of “He is
reduced, consequently, the nucleosynthesis time is extended because it will be deter-
mined by neutron decay which ultimately leads to an overproduction of D as well
as of lithium. However, (b) if the diffusion occurs during BBN, an overproduction
of “He can take place.

In addition to the above scenarios, when the baryon/antibaryon mass exceeds
1072! M, an annihilation of antimatter could take place.* When the annihilation
occurs after the weak freeze-out this leads to a reduction of the *He abundance.
However, if the annihilation occurs after the synthesis of “He this will lead to
overproduction of 3He and D that will contradict observational constraints.'3

Although inhomogeneous nucleosynthesis models represent attractive scenarios
for SBBN, these models do not solve the lithium problem because of the observa-
tional constraints on other light elements. An overview concerning inhomogeneous
nucleosynthesis can be found in Ref. 73.

4.2. Decay of massive particles during BBN

Including new particles during BBN will modify the energy density or/and the en-
tropy of the early universe and consequently the final abundances of light elements.
The stable end products of the decay of some X-particles will affect BBN by in-
ducing hadronic or electromagnetic particles. The effects of these decays depend
on the stage of BBN in which the non-thermal decaying particles interact with the
background thermal nuclei. The largest contribution of these non-thermal decays is
for decays after the weak freeze-out phase.?” In this context, the effect of the decay
of X-particles has been studied by Refs. 86 and 87 in a more general way that may
apply to any X-particles. This would mean that these decays could be either inert
decays which affect only the expansion rate or decays producing entropy which alter
the time temperature relation.

Particle decays during BBN have been the focus of many works where special
attention was given to their effect on the lithium problem.3® We mention here a
recent work by Ref. 39 where the induced interactions of some X-particles with
nucleons have led to significant reduction of lithium without excessive modification
of the helium and deuterium abundances. The effect of energetic hadronic decays
has also been investigated by Ref. 55 where they cause scattering of thermal nu-
clei and showers of non-thermal nucleons. Consequently, generated neutrons can
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react with “Be and reduce the final lithium abundance. Another attempt to resolve
the lithium problem was given by Refs. 97 and 98 where three components were
included, namely photon cooling, the decay of long-lived X-particles and a pri-
mordial magnetic field. This could lead to an optimum reduction of lithium during
BBN. For a detailed analysis of the effects of hadronic and electromagnetic cascades
during BBN we refer the reader to detailed reviews by Refs. 48 and 56.

In the aim to resolve the lithium problem, we mention here a successful attempt
dealing with a modification of Maxwell-Boltzmann distribution of nuclei during
BBN.#! This has decreased the lithium abundance to match observations but at
the expenses of increasing deuterium. While this attempt seems to be promising,
it relies on a specific modification to the distribution which when corrected for
momentum conservation is no longer a viable solution. In the following, we focus
on Neutrino properties and how they contribute to the lithium Problem.

4.3. Primordial neutrinos

Neutrinos are everywhere, some reach us from natural sources (Sun or cosmic rays)
while others come from artificial sources (nuclear reactors). Primordial neutrinos
or relic neutrinos are the remnant from the early universe where the density of
neutrinos and antineutrinos for each flavor is calculated to be n,,.o = ny,0 ~ 53 cm ™3
using Eq. (9). Although neutrinos are much less than 1% of the present critical
density, they play a crucial role in the early evolution of the universe. For example,
since it is recently verified that neutrinos have masses, sterile or active neutrinos
may be candidates for dark matter.!16:% In addition, they have important effects on
SBBN and the CMB because these epochs are each sensitive to neutrino properties
(number, chemical potential, temperature, etc.). This will be discussed in more
detail in Secs. 6 and 7.

4.3.1. Role of neutrinos in SBBN

The cosmological effect of Neutrinos during BBN is well established.®? In particular,
they contribute to the total energy density and regulate the expansion rate of the
universe. During the early evolution of the universe, the expansion rate as measured
by the Hubble parameter H can be written explicitly in terms of the energy density
of massless and relativistic particles as

G

H2 = T(/)’Y +/)ei +/)u,17)

8GN (7% (TG  Tguw k= 4
= [ SEEN ¢ e Ly T4,
< 3 ><3O)< 8 g +g”> <h3c3> (15}

The standard neutrino species remain in kinetic equilibrium as long as the leptons
scattering processes are effective:

v +1F oy +it,

16
v+ 1F o+ 17, (16)
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where [ refers to lepton. In addition, the chemical equilibrium is also achieved by
the creation and annihilation processes given by
u+yel+t l 5
/ (17)
v + [ & vy + 1.
When the rates of these reactions drop below the expansion rate of the universe,
neutrinos decouple from the background radiation. This happens at 7'~ 1 MeV for
electron neutrinos due to their weak interactions given by Eq. (18). After decou-
pling they propagate without suffering further scattering, preserving the Planckian
spectrum.

n+e+<—>p+17€,
n+verpte, (18)
n<pte + .

Prior to e annihilation the plasma has common temperature. However, when the
temperature drops below the electron mass 7' < m, ~ 0.5 MeV, the electron—
positron begin to annihilate without being replaced (the annihilation process is not
instantaneous). The released energy heats the photons relative to the neutrinos.
It can be shown on the basis of entropy conservation within a comoving volume

sa® = const. that

1
== (I, (19)
5
where the entropy density s is defined,™
2n? [ k*

with geg represents the relativistic degrees of freedom contributing to the total
entropy density,

ger =Y 91’(%)3‘*‘% > gi(%f, (21)

i=bosons i=fermions
where geg = %gf +q = % x (6 +4) + 2 = 10.75 before ete™ annihilation and
Jeft = D.25X (%)3+2 = 3.91 after eTe~ annihilation. On the basis of this discussion,

it becomes clear now that any modification in neutrino properties such as energy,
number density or temperature will affect light element abundances.

4.3.2. Neutrino degeneracy and oscillations

Degeneracy of neutrinos is related to the asymmetry between the number of neutri-
nos and antineutrinos. The abundances of the light elements in SBBN are calculated
under the assumptions of a homogeneous universe and three families of neutrinos
with zero chemical potential and mass. Meanwhile, it is established that neutrinos

43,58

have nonvanishing chemical potentials. Introducing their chemical potential
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may play an important role in the evolution of the universe. According to Ref. 101,
neutrino degeneracy affects element production in two ways.

(a) It increases the energy density which speeds up the expansion rate of the uni-
verse which is related to the scale factor as shown in Eq. (4). The energy density
of fermions and anti-fermions is given to be””

T2 3082 158%
y+ pr= | — | g¢T5 |1 , o5

where 3 = £ is the degeneracy parameter. In the SBBN, = 0 and the
neutrinos are not considered degenerate. It is then clear from the equation
above that adding # will increase the energy density and this is the only way
in which muon and tau neutrinos affect the SBBN.

(b) A second effect is altering the neutron to proton ratio n/p at the temperature
of freeze-out and this effect is limited to the electron neutrinos owing to their
reaction rates (see Eq. (30)).

As shown in Ref. 50, chemical potentials cannot be constrained on the basis of
the SBBN because the effect of f,, . can be compensated by a positive 3,,. To
constraint the neutrino chemical potentials, one needs additional limits which are
obtained from the CMB, namely, N, < 8 and —0.01 < §,, < 0.25, |Bl,‘”\ <29
and from supernovae a N, < 7 and —0.01 < 3, < 0.22, |3,, | < 2.6.*3 Neutrino
oscillation (mixing) is an important phenomenon that has been discovered in the
last decades and verified experimentally in 2015.%° The existence of neutrino oscilla-
tions have revealed new neutrino properties beyond the Standard Model of particle
physics in particular a nonvanishing neutrino mass. In other words, neutrino oscil-
lation mean that any neutrino species in a well-defined flavor state has a finite prob-
ability to be detected in another flavor state. This depends on the distance traveled
by the neutrinos, their energy, their mass difference and the mixing matrix.?* Many
d.2 %192 The question remains
as to whether there is a relation between neutrino degeneracy and oscillations.

investigations showing this mixing have been studie

Neutrino oscillations (mixing) will lead to an equilibration of the lepton asym-
metry before the onset of the SBBN. In this case the equilibration of the chemical
potentials will result in a dominant effect of electron neutrino because of their effect
on the freeze-out. This will strongly constrain the abundance of *He, but will not
affect "Li abundance.®®

On the other hand, in a universe with large lepton asymmetry436! it is im-
portant to allow the neutrino chemical potential to vary. This could happen, for
example if there exists hypothetical neutrino-majoron coupling®! or one neutrino
species mixes with a sterile neutrino resulting in a chaotic amplification of the
electron neutrino chemical potential.? In a paper by Ref. 64, different chemical
potentials were assumed but for values of 7 that are not consistent with the Planck
observations. In the present work, the aim of including chemical potentials is to

understand the SBBN and to investigate their effect on lithium abundance.
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Table 2. Primordial helium-4 observations.

Yy Sample Reference
0.228 4+ 0.005 HII galaxies 66
0.234 4+ 0.002 low-Z extragalactic HII regions 78
0.243 4+ 0.003 HII regions in 23 low-metallicity blue compact galaxies (BCGs) 44
0.225 4+ 0.013 eclipsing binaries 81
0.2391 4+ 0.0020 5 low-7Z extragalactic HII regions 62
0.2421 4+ 0.0021 82 low-Z extragalactic HII regions 45
0.250 4+ 0.004 low-Z extragalactic HII regions 37
0.2477 £+ 0.0029 extragalactic HII regions 68
0.245 + 0.012 NGC 6752 globular cluster blue HB stars 100
0.2561 4+ 0.0108 7 “high quality” extragalactic HII regions 6
0.2565 4+ 0.0050 786 low-Z extragalactic HII regions 46
0.2449 £ 0.0040 metal-poor extragalactic HII regions 7
0.2810 1% 7 years WMAP 57
0.2446 4+ 0.0029 extragalactic HII regions 69
0ETiong g Planck collaboration 72
0.245 4+ 0.007 extragalactic HII regions 33

5. Constraints

In order to investigate the effects of nonstandard scenarios, observational con-
straints on the abundances of the light elements should be specified. These are
described for light elements as follows.

5.1. Helium-4 (*He)

Any nonstandard scenario could be constrained by the primordial “He abundance.
However, some uncertainties remain in the extrapolation of the primordial value to
very low metallicity. In Table 2, we present some of the available data from 1990 till
now where most of the published results are from extragalactic low-metallicity HII
regions. However, independent measurements by WMAP and the Planck collabora-
tion show different ranges of the helium abundance with larger uncertainties. These
two different values are based on the effect of primordial helium on the CMB angu-
lar power spectrum. Although some of the data is in good agreement with SBBN
calculations, new precise measurements of primordial helium are needed because
the helium abundance is crucial in constraining nonstandard physics. In this work,
a conservative limit on the primordial helium abundance of 0.228 <Y, < 0.260 will
be adopted in the investigation of nonstandard scenarios described before.

5.2. Deuterium

It is the most fragile element and destroyed in stars at temperatures in excess of
10° K so that its observed value gives a lower limit on the primordial abundance. So
far, there are 15 measurements of the primordial deuterium values that show a large
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Table 3. Primordial deuterium observations.

Quasar Z ks (D/H) x 10° Reference
Q1937 — 1009 3.572 3.3+0.3 20
+0.6
Q1009 — 2956 2.504 4.010% 21
Q0347 — 3819 3.025 3.75£0.25 59
J1337 + 3152 3.168 B gy 92
J1358 + 6522 3.067 2.58 £ 0.07 25
J1444 + 2919 2.437 L7 12

dispersion in the mean values and in the estimated errors. The unweighted mean
of these 15 measurements is D/H = (2.55 £ 0.19) x 10~°. In Table 3, we present
some of primordial deuterium measurements where a recent accurate one is given
by Ref. 25. However, a following measurement is given by Ref. 12 for a system that
meets the set of strict criteria by Ref. 25 shows a different value for the primordial
deuterium abundance. Another low value of deuterium D/H = (1.2705) x 107 is
given by Ref. 92 who argue therefore that astration factors can vary significantly
even at low metallicity. In addition, it has been argued by Ref. 65 that higher values
near the upper limit of the observed deuterium may be more representative of the
true primordial abundance compared with systems where the deuterium abundance
would have been subject to destruction. Therefore, a large number of deuterium
measurements is needed in order to understand the dispersion in its abundance (see
Ref. 12 for more detailed discussion). In this work we will adopt the conservative
range of 2.58 x 107° < D/H < 3.75 x 1075.

5.3. Helium-3 (3He)

The determination of primordial *He is a complicated task. The reason is due to the
stellar processing of this element since D is transformed to *He and consequently
the low mass stars are net producers of He. However it is not easy to determine the
output of *He into the interstellar medium (ISM). Then, we will mention the value of
3He inferred!! from the most distant and metal-poor stars 3He < (1.140.2) x 107,

5.4. Lithium ("Li)

This element is the focus of the present work because of the large discrepancy
between the SBBN predictions and observations. Observations from metal-poor
halo stars are still a big puzzle for cosmologists and astrophysicists who are trying
to explain this discrepancy. In Table 4, we give a list of the estimates for the "Li
abundances in the last ten years. It is clear that all observed lithium abundances do
not agree with SBBN predictions. For this reason an upper limit on the primordial
lithium abundance can be adopted such as Li/H < 2.8 x 10719 since achieving this
limits by nonstandard assumptions would be sufficient to match the observations
because the difference can be explained by some stellar processing.
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Table 4. Primordial lithium observations.

["Li] = 12 + log;("Li) Li/H x 1010 Reference
2.24 +0.01 1.738 4 0.040 17, 18

+0.19 +0.675

20975 12305202 82
+0.324

2.34 +0.06 g.18gtRse 19
+0.286

2.37 £ 0.05 9.344+0-286 76
+0.373

2.21 +0.09 Lt o2t 24
; 0.168

2.095 + 0.055 1.24510-198 10
+0.898

2.54 + 0.1 3.46710-59% 54

2.2 + 0.086 LB 84

6. Numerical Results

Degenerate neutrinos during BBN have been extensively studied in previous
works30:32:43:58,79 where the effects of large lepton and additional effective num-
bers of neutrinos were considered. The present work differs from the previous stud-
ies in that we also focus on the range of neutrino chemical potentials that may
lead to a significant decrease in the lithium abundance. In this section, we investi-
gate the effects of degenerate neutrinos toward understanding or ameliorating the
lithium problem. As mentioned before, equating chemical potentials will not solve
the lithium problem, so that we can compensate this effect by increasing the number
of neutrinos. Compensating the electron neutrino chemical potentials by increasing
the number of neutrinos has been investigated by Ref. 32. However, here we fix the
baryon asymmetry to be = (6.11 £ 0.06) x 1071° as deduced by Planck. We will
see that strict ranges on chemical potentials and neutrino number will be given.

Taking into consideration neutrino oscillations, this will lead to the equilibration
of chemical potentials before SBBN. In this context we obtained the following.

e The results in Table 5 shows that the values of SBBN (see third row in the table)
are also closely obtained for the following range of neutrino number and chemical
potentials:

3< N, <33, —0015<8,, .. <0.04. (23)

e In order to reduce the lithium abundance significantly, the ranges of chemical
potentials and numbers of neutrinos are shown in Table 6 and Eq. (24).

6.7<N, <78, 0175<8,, . . <0.265. (24)

It is clear from Eq. (24) that the ranges of N, are not supported by recent
CMB observations (WMAP and Planck missions). However, it is not necessarily
that the number of neutrinos N, during BBN is the same as the effective number
of relativistic species Nog deduced from CMB. The equivalence between N.g and
N, is assumed in case of a standard neutrino temperature T,syn. However, any
variation in the neutrino temperature during or after BBN can be translated into
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Table 5. Effect of neutrino chemical potentials (8., = Bv, = Bu,) along
with varying N, on SBBN.

N, Bue Py, » ¥ D/H x 10° "Li/H x 1010
B —0.015 —0.015 0.2499 2.6613 4.4280
3 0 0 0.2461 2.6386 4.3861
3.2 0.02 0.02 0.2442 2.6827 4.2518
8.3 0.04 0.04 0.2410 2.6965 4.1526

Table 6. The ranges of 3
of lithium.

ve.u.» and Ny that lead to a significant decrease

N, Bu. Buy.r Yp D/H x 10° "Li/H x 1010
6.7 0.23 0.23 0.2292 3.4835 2.7978
6.9 0.225 0.225 0.2317 3.5490 2.7690
7.2 0.175 0.175 0.2463 3.7520 2.7840
7.4 0.245 0.245 0.2306 3.6599 2.6415
7.6 0.24 0.24 0.2331 3.7250 2.6159
7.8 0.265 0.265 0.2287 3.7398 2.5389

a variation in the effective number of neutrinos obtained by CMB observations
through:

Nog Ty = DT, (25)

This case is treated in details by Ref. 38 when neutrino temperature deviate from
the standard one after decoupling. Varying neutrino temperature and breaking the
degeneracy between BBN and CMB is also extensively studied by Ref. 52. We also
investigated the effect of varying neutrino temperature along with dark matter in a
recent work by Ref. 96 where we focused on the effect on lithium without violating
CMB constraints. The remaining unanswered question is then whether this increase
in the number of neutrino species may contribute to the dark matter or not.
While in Tables 5 and 6 the chemical potentials are assumed to be equal, we
have done another calculations were the number of neutrinos is fixed to be N, = 3
but the chemical potentials are different (see Table 7). So to achieve a significant

Table 7. The effect of different neutrino chemical potentials on

lithium.

B Broyne Yy D/H x 10° TLi/H x 1010
0.19 2 0.2417 3.6797 2.7859
0.2 2.05 0.2410 3.7343 2.7226
0.21 1.95 0.2352 35750 2.7967
0.23 2 0.2322 3.6080 2.7164
0.25 2.1 0.2310 3.7173 2.5930
0.26 2.1 0.2287 3.6996 2.5761
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reduction of lithium, we derived new limits on the chemical potential given by
Eq. (26) that substantially reduces the lithium abundance to less than 2.8 x 10719,

N, =3, 019<p8, <026, 1.95<p8,, <21 (26)

7. Analytical Calculations
7.1. Stages of BBN

The final abundances of light elements are sensitive to the physical conditions of the
SBBN where the temperature is T' < 1 MeV and the time ¢t > 1 s. SBBN is based
on a competition between the expansion rate and nuclear reaction rates so that
when the expansion rate becomes faster than a specific reaction rate, this reaction
will freeze-out. Three important stages of BBN will be discussed namely: (1) the
freeze-out of neutrons; (2) the deuterium bottleneck; and (3) the quasi-equilibrium
of neutrons and deuterium because these three stages determine the final element
abundances.

7.1.1. Freeze-out of neutrons

The weak interactions given in Eq. (18) remain in thermal equilibrium as long as
the weak interaction rates Dweak rates ~ 17° are greater than the expansion rate
H ~T?. So at lower temperature, I'yeak rates Cannot compete with the expansion

rate and the freeze-out of these reactions take place for the following condition?®:
G%‘Ts s 1ﬂweak rateS(TF) = H(TF) a4 G}\{QT2) (27)

where T is the freeze-out temperature.

Since the weak interactions determine the neutron to proton ratio an analytical
calculation of the weak-reaction freeze-out is given in Ref. 77 whereby in SBBN the
neutron mass fraction at freeze-out becomes X,, = —22— =~ 0.157 for which the

Nn+np
neutron-to-proton ration 1s

n_ e—Q/TF7 (28)
p
where ) = my, — m, = 1.293 MeV.

In the SBBN the freeze-out of neutrons takes place at T'~ 0.7 MeV. This tem-
perature is not fixed, rather it depends on nonstandard scenarios intervening during
BBN. For example if for some reason the expansion rate becomes faster, the weak
rates will stop earlier (at higher temperature), less neutrons will be converted into
protons leading to a higher neutron to proton ratio and vice versa. This will mainly
increase helium, but also affect deuterium, and consequently lithium abundance. For
this reason, we extended the calculations in Ref. 77 to include neutrino chemical
potentials. The equilibrium abundance of neutrons including the chemical potential
By, = py, /T can be written as

1
€9
X = A0/t (29)
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for which the neutron-to-proton ratio becomes

g_ — ¢~ Bree=QIT (30)

consequently, weak reaction rates will be modified as

Ape = €Xp (—%) exp(—/ve) A,

App =5 EXD (—%) exp(—/pVe)Ane,

where \,,, ® \pe at T =1T,,.
More explicitly, we find that \,, can be well approximated by Eq. (32) within
the range —0.5 < 3, <0.5,

3 2
Ay = 1.63 exp(+5..) <%) <% s 0.25> s71, (32)

while the other weak rates can be related to Eq. (32) using Eq. (31).

Equation (32) shows the familiar result that adding a positive chemical po-
tential, 3, , will exponentially enhance the weak rates. Hence, more neutrons are
converted into protons leading to a lower neutron mass fraction at freeze-out. Ac-
cording to Eq. (29) this implies that a lower freeze-out temperature is obtained.
Conversely, more neutrons will be available when adding a negative 3,, leading
to a higher freeze-out temperature. With this modification the standard and non-
standard rates can be related:

nonstandard . _+f8.,, ystandard
/\nr/ ~ € ’ )‘nu ) (33)

and the neutron freeze-out mass fraction is given by

oo (—5.42ePre k™12 [¥(2+0.25)%(1+e Pve exp(—1))dx) d
xi- [t g (34)
0

2y2(1 + cosh(B,, +1/y))

More explanation concerning the derivation of Eq. (34) is given in Appendix A.

Because the freeze-out occurs for 7" > 0.5 MeV, the parameter k. represents
the effective number of relativistic degrees of freedom before electron—positron
annihilation

2\ (7 4
Borr = 1055+ <%> <§Nu,u> +0.256;, + 2=
4
+2 x <0.25,83W + ﬁ) (35)

Note that g is also a common notation for the number of relativistic degrees of
2

freedom. In this paper we use ket = 35(g, + %gf). The effect of 3, is directly

involved in the weak rates while the effect of 5,, =~ mainly affects the expansion
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rate or equivalently k.g. It is not easy to obtain an exact expression of the integral
in Eq. (34) as a function of §,, and ke, so we have made a polynomial fits for a
grid of 230 values of (keg, B.,) to obtain the following expression for X[ valid in
the ranges of —0.5 <3, <0.5,0<4,,, <5:

XY =0.1279 — 0.19948,, + 0.01015keg + 0.0913782 — 3.946 x 10738, kegr
—3.743 x 107 *k2; + 7.716 x 107°B5 — 6.744 x 107452
+7.368 x 107°8,,_kZ; + 5.246 x 107 %k3;. (36)

Using this expression in Eq. (29) we can obtain the corresponding freeze-out
temperature T for every (B,,, 5, ., X ). Equation (36) illustrates the explicit de-
pendence of the neutron freeze-out abundance on (,, and keg. Note that Eq. (36)
is valid also if keg receives contributions not only from 3,, . but also from extra
relativistic degrees of freedom or any component that could alter the energy density
of the universe.

7.2. Deuterium formation epoch

Complex nuclei are synthesized through nuclear interactions. The first step starts
with the formation of deuterium through

p+ns D+r. (37)

However, one can ask why the helium abundance is still negligible at T' ~ 0.3 MeV
while its binding energy is 28.3 MeV. As long as the temperature remains high, deu-
terium is easily destroyed by photons with energy in excess of the binding energy of
deuterium. Since reactions responsible for converting deuterium into heavier nuclei
are dependent on the deuterium concentration, the formation of *He and *He is
delayed until the nuclear statistical equilibrium (NSE) shifts from a completely dis-
sociated nucleon gas into a gas in which deuterium can survive. In SBBN this shift in
NSE is sometimes referred to the deuterium bottleneck. It occurs at Ty ~ 0.84 GK
(0.072 MeV) with D/H = 3.665 x 1073 which is obtained by updating reactions
of the AlterBBN program.® Therefore, before deuterium reaches its bottleneck, the
formation of heavier elements is blocked despite their large binding energies (see
Fig. 2).

An analytical expression for the deuterium bottleneck has been derived”” to be

D 1.2 x 1075
H XP(TBN(MGV) X 7710)’

(38)

p
Np+nn

where Ty is the Bottleneck temperature, 1719 = 10'° x n and X, = . How-

ever, Eq. (38) can be modified by introducing nonstandard scenarios which affect
the deuterium bottleneck, the final deuterium abundance and the final elements
abundances. Extending the analytic derivation of Eq. (38) and constraining it with
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our numerical calculations using the AlterBBN program, we obtain the following
modified expression:

D 4x1073
H Xp(ke_ffo's X TBN(MQV) X 110 + C(B,,e , ke(f))
with X, ~ 1—XF. In Eq. (39), Tx and C (8., , kesr) are functions of the number of

the effective relativistic degrees of freedom k.g and f,,. We have found that these
dependences can be approximated with the following analytic fits:

Ten(MeV) =~ 0.0745 — 2.1448 x 1073 x k3148 (40)

; (39)

or
Ten(GK) ~ 0.8643 — 0.02488 x k148, (41)
and

C(Bu, s kerr) = 1.181 + 0.64863,, — 0.3511keg + 0.2937532,
—0.11898,, kesr + 0.06239k2%; — 0.02391 ke 32,
4 0.00838k2%:3,. — 0.003651k2. (42)

The parameter keg in the above equation, is now different from the one given in
Eq. (35) because e*e™ annihilation reduces the number of degrees of freedom before
the deuterium bottleneck is reached. In this case the expression for kg is

4\® 7 4\* 2 .
keg = 0.6579 4 (E) <%> <§Nu,ﬁ> + <ﬁ> X (0.25/6ye + 8—><—7T—2)

4 % 2 3#
2 — 025 ). 43
e (11> . ﬂ"“”+8><7r2 (43)
Note that more details concerning the derivation of Eq. (39) are given in Ap-
pendix B. These analytic relations reveal the following.

(1) It is clear from Eqs. (40) and (41) that Tgy is mainly affected by the expansion
rate. Furthermore, we will see later that any shift in the bottleneck temperature
will affect light elements abundances.

(2) Figure 4 shows that the deuterium mass fraction at the bottleneck depends not
only on the bottleneck temperature and 7,9, but also on the expansion rate and
Bu.- It is a steadily increasing function 3,, = but depends mainly on 3, .

7.3. Helium-4

The nucleosynthesis of “He occurs after the temperature drops below that of deu-
terium bottleneck. At this point two neutrons are mainly combined with two protons
to form “He via the reaction chains:

n+p—D+~, D+T— *He+n,
(44)
n+p—D+~, D+3He— “He+ p.
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Fig. 4. Deuterium abundance at the bottleneck as function of the neutrino chemical potentials.

Consequently, the abundance of “He not only depends on the neutron mass fraction,
but also on the bottleneck temperature given by Eqs. (40) and (41). In order to
obtain the primordial helium mass fraction from the above reaction chains, we need
to also consider the time variation of temperature. According to Ref. 77 the helium
mass fraction can be estimated by

t
X;(*He) ~ 2X [ exp <—ﬂ> : (45)
Tn
where
k_0‘5
tgn = 187.0384 x Lz
Tpn(GK)
(46)
—0.5
or equivalently tgny = 1.39 x Wi@[e\/)?

Equation (45)77 was derived for a fixed keq and for a range of 119. However, a more
relevant determination for our purpose is to fix 719 = 6.11 & 0.06 by the Planck
analysis” and include degenerate neutrinos. In this way, we have obtained a better
estimate of the primordial *He abundance Y,, that includes the effect of different
values of the chemical potentials in the ranges of —0.5 < ,, <0.50 < 3, = < 5.
This leads to:

tnrN
Y, ~ 1.81XF exp <—1.79ﬂ> +0.075, (47)
Ty

n

where 7, ~ 880.2 + 1 sec is the adopted neutron lifetime.5” For comparison, the
calculation of this mass fraction from Ref. 51 is shown in the first column of Table 8
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Table 8. Comparison of light elements abundances for g, = 0.1, B, , = 1 between
fits presented by Kneller and Steigman®!' and the present work.

Kneller and Steigman®! Present work Numerical simulations
Y5 0.2368 0.2344 0.23410 + 0.00013
D/H x 10° 2.7296 2.6969 2.8170 + 0.1344
3He/H x 10° 1.4211 1.0798 1.0380 =+ 0.0536
"Li/H x 1010 3.9563 3.9173 3.7880 4 0.3431

where the light element abundances are fit as a linear function of 719, the expansion
rate variation, and 3, . In Table 8, we take an example in which g,, = 0.1 and
By, = 1in order to compare our numerical simulation with the present expressions
and those of Ref. 51. The analytic relations derived here provide a better physical
picture and relate the light element abundances to the three important stages of
BBN. Our treatment is valid for chemical potentials in wider ranges (—0.5 < f,, <
05 0< 8B, < 5) and the results are similar to the numerical simulations as
demonstrated in Table 8.

7.4. Final deuterium abundance

Let us make a clearer picture of the SBBN. When deuterium reaches its maximum
abundance, the destruction of deuterium will be efficient through

D+D—3He+n, D+D—T+p, (48)

so that the deuterium abundance begins to decrease because it will be converted
into tritium and 3He which will proceed to *He through
T+ D — *He +n,
(49)
SHe + D — *He + p.
Nucleosynthesis is a self-regulating process, in other words, if the abundance of He
and tritium becomes smaller or greater than the quasi-equilibrium abundance, their
concentration will be regulated to return *He and tritium to their quasi-equilibrium
values. In this context, two stages of quasi-equilibrium should be considered: the first
one is when Xp < X, so that deuterium satisfies the quasi-equilibrium condition
(%’- ~ 0) and free neutrons dominate the NSE abundances of all nuclides. The
second one is after neutron abundance drops to that of deuterium Xp ~ X,,, in this
case the neutrons satisfy the quasi-equilibrium condition (dd);" ~ 0) and deuterium

regulates the quasi-equilibrium of neutrons and other elements.”” It is important to

know the temperature 7" at which the free neutron abundance becomes comparable
to that of deuterium because it is one of the parameters affecting the final abundance
of deuterium and consequently heavier elements. An estimation of this temperature
is approximately T* ~ 0.07 MeV.""

After the temperature drops below the deuterium bottleneck, its abundance
decreases and neutrons start to decay. As explained in Appendix C, we obtained
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T* as function of the bottleneck temperature Tgn, the mass fraction of protons and
the effective number of relativistic degrees of freedom:
0.232

T (GK) ~ TBN(GK) = — .
( ) 710 X Xp X keffO'S

(50)

Here, it is seen that increasing keg will lead to lower Tgy, so that the neutron
abundance will take more time to decrease to the deuterium concentration. Conse-
quently T will be lower. Therefore, the deuterium final abundance can be related
to T* by the following an analytic fit:

D 1

H X, xmnpo x F(T*(GK))’

(51)

with
F(T*(GK)) = 0.36 x exp(11.817*) 4 2.4 x 107 x exp(44.05T™). (52)

Further explanation of this deuterium calculation is given in Appendix C.
Equation (51) allows for a better estimate of D/H over the parameter range of
chemical potential adopted here. It is clear that if 7" increases, the final deuterium
abundance will decrease. This is due to fewer neutrons and/or a lower expansion
rate and vice versa.

7.5. Helium-3 and tritium

We have derived explicit expressions for the abundances of helium and tritium to
analyze how these nuclides depend upon each other and to make a final interpre-
tation concerning the lithium abundance. The expression for the quasi-equilibrium
abundance of 3He is given by

dXsye 3 3 1
= Z)\DDlX/Qj + §ADpXDXp - §A3H0DXDX3HG

— AsHenX3HeXn = 0, (53>

where X refers to the abundance by weight of a given element and A’s are the
experimentally measured rates of the used reactions.
It follows that the final abundance of 3He is
SHe _ 0.074 x D/H + 4 x 107°X,,

~ 54
H 0.46 + 1570 x D/H B
Similarly for the tritium abundance we have
a 1
ZADDQX% + Aspen Xsge Xn & §>\DTXDXT-
So,
i 3 _ (D
= ~ 8.85x 10 9271 x1078X, +1.04 x 1073 <ﬁ>
D D\’
2.86 x 107° { =) X, +1.06 [ = | .
+ X (H) p + 1.06 <H> (55)
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It is clear from the network shown in Fig. 2 that the main production of 3He and
tritium comes from the reactions of deuterium. This is also obtained in the analytic
formulation of Eqs. (54) and (55). Hence, increasing deuterium will lead to an
increase in *He and tritium and vice versa.

7.6. Beryllium and lithium
Beryllium is mainly produced and destroyed by the reactions:

SHe + *He — "Be + v

(56)
Be+n— Li+p.
We give the final abundance of "Be is then given by
B Y, x “He
=9 x 107 x LT (57)
Xp % (77)

The final abundance of lithium is then determined from the sum of reactions leading
to beryllium and lithium. Under standard BBN conditions, one can deduce (using
the AlterBBN program) that more than 90% of lithium comes from beryllium by
electron capture after the epoch of nucleosynthesis. It is important to mention that
the electron capture rate is irrelevant unless it becomes shorter than the timescale
of BBN. Using the network equations with the relevant reactions leading to the
production of lithium, we deduced that the final lithium abundance is given by

Li N 4 Y (T _3 3He

—ITNQXIO xz<ﬁ+2.57><10 x?> (58)
In the case of neutrino degenerate BBN, increasing the expansion rate by adding
By, . will lead to different lithium production than in the SBBN. First, the final
abundance of lithium will depend upon the evolution of deuterium which will di-
rectly affect beryllium as seen from Eq. (57). For this reason all solutions leading
to lithium destruction are accompanied by an increase in deuterium. However, as
seen in Eqgs. (57) and (58), deuterium is not the only element affecting lithium
production. Both helium isotopes *He and “He play an important role when the
helium abundance becomes more significant than that of deuterium.

To have a clear picture, Fig. 5 shows the sum of lithium and beryllium as
function of deuterium. Two regions are found, one is up to the minimum of the
curve where the sum is steadily decreasing while the other region shows an increase
of the sum. The behavior of the first region is due to the decrease of beryllium
(which will be transformed into lithium after the SBBN), at the same time the
production of lithium is not significant and this is shown in the bottom right panel
of Fig. 5. The increase in the other region is due to the high abundance of lithium
produced through reaction 7 in Fig. 2(b). This means that the role of beryllium is
not important in this case. It is emphasized that our range of interest is in the first
region as shown by the vertical lines in Fig. 5.
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Fig. 5. Lithium abundance as function of the deuterium abundance for different values of 3, as
labeled on the curves with the range of 0 < 8, » <5.

8. Conclusions

The widely studied BBN seems to require certain revisions motivated by the lithium
problem described above. This seems to indicate that nonstandard assumptions are
to be introduced which means that some physical conditions are still missing to
describe the SBBN. In the present work, we gave an overview of the physics of the
early universe where we described the present status of the lithium problem. We
have focused on the properties of neutrinos due to their importance during BBN.
The results of the present work can be summarized as follows.

e As outlined in Sec. 3.1, the depletion of lithium obtained from SBBN to match
observations is not successful on the basis of an astrophysical solution due to
stellar processes. In addition, resolving the lithium problem is not likely on
purely nuclear physics ground (see Sec. 3.2). Therefore, we have introduced some
nonstandard assumptions which seem to be a useful ingredient to ameliorate the
lithium problem.

e Our efforts to use analytical expressions whenever suitable has the advantage to
get better insight into the effect of nonstandard scenarios on the weak rates and
the neutron mass fraction at the freeze-out. This allows us to better understand
the dependence of light elements on different cosmological parameters and on
each others, and to see the effect of the neutrino chemical potentials on the
production of light elements.

e Another important stage of BBN is when the deuterium bottleneck (or maximum
deuterium abundance) is reached. We have obtained explicit expressions of the
temperature at which this bottleneck occurs, in addition we were able to find
the temperature 7 when the neutron abundance decreases to that of deuterium.
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This allows one to easily see how deuterium and all other light elements are
related to these important stages of BBN.

e Beyond the analytical considerations, we have done numerical calculations to ob-
tain limits on the neutrino chemical potentials that lead to a significant reduction
of lithium. However, the desired reduction of lithium is achieved only if the deu-
terium increases to the maximum allowed value by observations.

e In a forthcoming paper,”® the present analysis is extended by including the effect
of additional nonstandard neutrino properties and a dark matter component.’
This also has the possibility to reduce the lithium abundance significantly.

Appendix A. Freeze-Out of Neutrons
The balance equation for the neutrons mass fraction X,, is given by

dXy
dt

where A, ) = Ape + Apy and Apy, = Ape + Ay which are the total rates of direct

and inverse reactions respectively, X749 = 7 T 1)exp( o7y t is the time in seconds
. 7

and T is the temperature in MeV. The solution of Eq. (A.1) is given as follows"":

Q
T

= AnspXn 4 AponXp = AL+ F)(X — XS, (A)

X (t) = X°9(t) — /O " exp (- /t Ny (1 +e—%)dz> Xeafyd (A2)

with the initial condition X,, — X% as t — 0. The “dot” denotes the derivative
with respect to time. To have an estimation for the freeze-out concentration, it is
assumed that X359 — 0 as T — 0 and A\, = 2A,,, because the main contribution
of the integral comes from 7" > m.. Therefore by replacing the integration variable ¢
by y = T'/Q using Eq. (12) we obtain the expression for the freeze-out concentration
given by Eq. (34). This is different from the one given by Ref. 77 because we included
the neutrino chemical potential.

Appendix B. Deuterium Bottleneck

The deuterium bottleneck takes place when the main reactions converting deu-
terium into tritium and helium-3 become effective:

D+D—3He+n, D+D—T+np. (B.1)
The mass fraction X p of deuterium can be written as
1
AXp = ~§/\DDX,23At, (B.2)

where App = App1 + App2 are the rates of reactions given in Eq. (B.1) when a
substantial amount of available deuterium is converted into 3He within a cosmolog-
ical time ¢, it is assumed that AX p ~ Xp. This assumption leads to Eq. (B.2).7"
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However, we extended the calculation of deuterium bottleneck to include neutrinos
chemical potential by integrating Eq. (B.2) so that

D _ 4 x 1073
H X,z " x Ten(MeV) x nig + C)’

(B.3)

where C' is a constant which is time independent but it is function of neutrinos
chemical potential. Therefore, Eq. (39) is obtained by constraining C' with our
numerical calculations.

Appendix C. Final Deuterium Abundance

To calculate elements abundance we must deal with a system of kinetic equations.””

For a reaction AB — CD:
Xa=—-A5" \aXaXz, (C.1)
Xe = AAF A ) 5 XuX5. (C.2)

n
(‘He,n, D ...), ny is the total number of nucleons (baryons) and A is their mass

number. For example, for the production and destruction of deuterium, we consider

Here, X4 = AA;}A is the concentration by weight of the corresponding element

the following reactions:
n+p—D+~v, D+T — “He+n,
D+D —3He+n, D+D—T+p, (C.3)
D+p—3He+v, 3He+D — *He+p

and then the concentration of deuterium as function of time is given by

dX 1 1
d—tD s 2)\anan — 5)\DDX% — /\DpXDXp — gADTXDXT
1
- g)\?»HcDXDX-"fHey (C.4)

where \’s are the reaction rates of different reactions. Similarly kinetic equations
for X,,, X7, and Xsyg, can be obtained by taking into consideration all reactions
producing and destroying n, 7" and 3He:

dx, 1 1 1
“ = A XpXn — =Xpen XsgeXn + =App1 X3 + =AprXpXrT, (C.5)
dt 3 4 6
dX 3 1
— = 702X} + Nation Xstie Xn — A7 Xp X7, (C.6)
dXsge 3 1

3
dt = Z/\DDIX% + §ADpXDXp == )‘3HCTLXTLX3HQ - 5)‘3HCDXDX3HC' (C?)
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: : ek . dX:
Assuming the quasi-equilibrium condition for *He and T, dé{—tT ~ (0 and diHC ~ 0,

and using the time temperature relation of Eq. (12), Egs. (C.4) and (C.5) can be
written as

dX 1
d—TD = 4damng <X12) + R Xp — ERan> ; (08)
dx,
dT = C)énlo(Ran — X%), (09)
where
o = n x 1019, (C.10)
Apn
R =4X,~ ™ ~ (3 -8) x 1073, (C.11)
ADD
A
Ry =2X,~22 w (2.3 —2.5) x 1075, (C.12)
ADD
a=a(T) =0.86 x 10°K(T). (C.13)

Here the experimental values of the ratio of the corresponding reaction rates are
used. K(7T') describes the temperature dependence of (ov)pp. Its value changes
from 1 to 0.5 when the temperature drops from 0.09 MeV to 0.04 MeV. To calculate
the deuterium abundance, two cases should be treated: the stage of nucleosynthesis
when Xp < X, and the stage when neutron concentration becomes of order of

deuterium concentration.””

(1) When Xp < X,, so deuterium will satisfy the quasi-equilibrium condition
%Q ~ 0. Since Ry < Ry, the term Ry Xp will be small compared to R1X,,
and it follows from Egs. (C.8) and (C.9) the following solution:

xo= B 110 (22)]. ca

This solution is valid after deuterium concentration reaches its maximal value
of order 1072 but not valid after neutrons concentration drops to deuterium
ones.

(2) The second case is after neutron concentration becomes of order the deuterium
concentration Xp ~ X,, ~ Ri:
ax, 1

a7 — 507}10R1X1- (C.15)

At the beginning of nucleosynthesis at T = Txn, most of the neutrons are still free
so that the solution of Eq. (C.15) is given by

1
Xo(T) ~ 0.12 x exp <§a7710R1 (= TBN)) (C.16)
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when neutron concentration drops to that of deuterium, using Eq. (C.16) we derived
an approximate expression of 7 as given in Eq. (50) different from the one given
in Ref. 77 because we included neutrinos chemical potential. After T* is reached,
the neutron concentration satisfies the quasi-equilibrium condition:

dX | X
S X,==—Xp|1+0 (= (C.17
T 0— 7 D{-f' <XD>} { )
and Eq. (C.8) becomes
dX
d—JP = 20m10(X% + 2Ra X ). (C.18)

To find the final abundance of deuterium we must integrate Eq. (C.18) between T
and T, therefore we can assume the general expression of D/H as given in Eq. (51)
where F(T*) can be constrained with our numerical calculations.
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The light elements and their isotopes were produced during standard big bang nucle-
osynthesis (SBBN) during the first minutes after the creation of the universe. Comparing
the calculated abundances of these light species with observed abundances, it appears
that all species match very well except for lithium (7Li) which is overproduced by the
SBBN. This discrepancy is rather challenging for several reasons to be considered on
astrophysical and on nuclear physics ground, or by invoking non-standard assumptions
which are the focus of the present paper. In particular, we consider a variation of the
chemical potentials of the neutrinos and their temperature. In addition, we investigated
the effect of dark matter on 7Li production. We argue that including non-standard as-
sumptions can lead to a significant reduction of 7Li abundance compared to that of
SBBN. This aspect of lithium production in the early universe may help to resolve the
outstanding cosmological lithium problem.

Keywords: Big Bang Nucleosynthesis; Lithium Problem; Non-Standard Physics.

PACS numbers:

1. Introduction

Big bang nucleosynthesis (BBN) can accurately account for inferred primordial
abundances of light elements except for the isotope “Li. Once the baryon-to-photon
ratio 7 fixed by analysis® of the cosmic microwave background (CMB), the primor-
dial abundance of "Li deduced from Li surface absorption lines observed on the
surface of metal-poor halo stars® is about a factor of three below that predicted
by BBN. This is called the ”Lithium Problem”.® The lithium problem is difficult
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to resolve. The reason is that not only the nuclear physics involved in its produc-
tion should be considered, but also astrophysical and non-standard cosmological
aspects. The main concern of this work is to investigate the effect of neutrinos and
dark matter on the production of light elements during big bang nucleosynthesis
(BBN), especially on lithium. It is emphasized that these non-standard scenarios
require observational constraints on light elements and updated parameters from
the analysis of the cosmic microwave background (CMB). These are based upon
a calculation for the specified values of the effective number of relativistic species,
Ncyy, the neutron lifetime 7, and the baryon to photon ratio ngpny during BBN.
This paper is outlined as follows: in section 2, we discuss observational constraints
on light elements that should be adopted when including non-standard scenarios.
The limits on Ngs¢ from cosmology and astrophysics are discussed in section 3.
This will be an important parameter in constraining non-standard scenarios. In
sections 4 we investigate whether neutrinos are possible candidates for dark mat-
ter. In section 5 we give a fast overview of varying neutrino temperature as treated
in more detail in Ref. 1. Since this model alone does not help to reduce the lithium
abundance, we extend this calculation by including neutrino chemical potentials.
This is presented in section 6 where the results have led to a decrease of lithium at
the expense of a large N.;y which is not supported by recent CMB observations.
In section 7, we review the model of photon cooling with axion dark matter after
BBN.33 This model is extended in section 8 by including also the effect of non-
standard neutrino properties where we have achieved a reduction of lithium with a
value of N,.ry compatible with recent CMB observations, but it is still higher than
that inferred from the Planck analysis.? To satisfy the requirements on Negy as
predicted by Planck, we have treated the effect of a dark fluid® which is presented
in section 9. Concluding remarks are given in section 10.

2. Observational constraints on light elements

The predicted light element abundances by SBBN are shown in Table 1. They are in
agreement with the observed values except for "Li as inferred from the observations
of metal-poor halo stars. In addition, the extension of observations to very low
metallicity below [Fe/H| = —3 are inconsistent with the expected ”Spite Plateau”*
requiring a constant abundance of lithium as metallicity decreases. Up to now,
resolving this problem has not been achieved on purely astrophysical or nuclear
physics grounds. Therefore, it is worthwhile to focus on non-standard scenarios
including non-standard neutrino properties along with dark matter effects. The
goal of these non-standard scenarios is to decrease the abundance of lithium below
that predicted by SBBN while taking into account the observational constraints
on other light elements. These conservative constraints are adopted from many
observations as follows:

e The constraints on *He are usually taken from direct measurements of
extragalactic low-metallicity HII regions. However, in this work, we will



August 26, 2019 20:28 WSPC/INSTRUCTION FILE ws-ijmpe

Instructions for typing manuscripts (paper’s title) 3

N, =3, 7, =880.2s and nppn = (6.14 £ 0.04) x 10~10 |
Y 0.2461 + 0.0001474
D/H x 10° 2.653 +0.123
SHe/H x 10° 1.017 £ 0.053
"Li/H x 107 4.283 4+ 0.378

Table 1. Light element abundances predicted by SBBN after updating the AlterBBN code.39

take the recent independent measurement by Ref. 7 where V), = 0.25018;833

or 0.225 < Yp < 0.283. This expanded range allows for an investigation of
non-standard physics during BBN.

e There are 15 measurements of the primordial deuterium that show a large
dispersion in the mean values and the estimated errors. Hence, it is too early
to talk about deuterium plateau. The most precise measurement is given
by Ref. 8 who obtained D/H = (2.53 +0.04) x 1075, However, a following
measurement'® for a system that meets the set of strict criteria by Ref. 8
shows a different value for the primordial deuterium abundance where
D/H = (1.977033) x 1075, Tt has been argued?® that higher values near the
upper limit of the observed deuterium may be more representative of the
true primordial abundance compared with systems where the deuterium
abundance would have been subject to destruction. In addition, because of
their fragility, deuterons can be destroyed easily if there is a source of non-
thermal photons in the early universe.?? Therefore in this work we adopt
the conservative range of deuterium of 2.58 x 1079 < D/H < 3.75 x 1075,

e While the true primordial abundance of lithium is not understood yet,
primordial lithium abundance is recently taken to be "Li/H = (1.640.3) x
10719.23 However, in this work, we will adopt a higher upper limit of lithium
of "Li/H < 2.8 x 1079 assuming that achieving this limit by non-standard
treatment is sufficient and any remaining difference can be explained by
stellar processing.

3. Neutrinos and the effective degrees of freedom

One possible extension of the SBBN is to allow the number of neutrinos to be dif-
ferent from three. However, the effective number of relativistic degrees of freedom
Necyy is not allowed to vary freely due to its effect on both the CMB and SBBN
predictions. The combination of seven-year WMAP data with Baryon Acoustic
Oscillations in the distribution of galaxies and the Hubble parameter Hy leads to
Negr = 4.43f8:§g.24 However, the nine-year WMAP3% put more stringent limits on
Negy tobe Neyp = 3.84 £0.40. While limits on N,y from SBBN have been inten-
sively investigated,?® 26 limits from astrophysics and cosmology are also important.
We mention here the limit given in Ref. 27 where N,;f < 3.8 was deduced from the
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CMB lensing, baryon acoustic oscillations, and galaxy clustering data. Limits on
Ny are still a matter of debate and we still need a more accurate determination
of Neyy. In what follows we will adopt the more stringent range of N.ss from the
more recent analysis of Planck? to which 2.48 < N,¢; < 3.5 (30).

4. Neutrinos as a candidate for dark matter

While we know several aspects of dark matter such as its present energy density
and distribution, we don’t have much information about its identity and produc-
tion mechanism. Since baryons do not contribute to dark matter, one can think
of neutrinos or their decay products as possible candidates3® since neutrinos are
now known to have mass. The role of massive and unstable neutrinos in the for-
mation of structure in the early universe is also discussed in Ref. 15. Also, CP
violating effects in neutrino oscillations generating an (anti)neutrino excess have
been considered.!!*'* Here we consider a sterile neutrino, which is a hypothetical
new generation of neutrinos other than the three active species, can be produced
non-thermally by active-sterile mixing and particle decays.?® The role of sterile
neutrinos in cosmology strongly depends on the magnitude of their mass, so that a
sterile neutrino with a mass the order of keV could be a viable candidate for dark
matter.?? If this would be the case, such dark matter could be detectable in the
extragalactic x-rays due to its radiative decay channel.?? Constraints on the prop-
erties of a dark matter sterile neutrino (sterile neutrino mass and mixing parameter
6 between active and sterile neutrinos) are given in Ref. 29 where the Milky Way
halo and halo of dwarf galaxies are the best objects for the search of dark matter
with a radiative decay channel.

A new investigation into the possibility of detection of sterile neutrinos of mass
50 keV in dark matter searches is given by Ref. 31. However, these searches are
confronted by two problems: the expected event amount of energy to be received
by the detector and the expected event rate. Although sterile neutrinos are heavy,
they cannot be detected by standard dark matter experiments. For these reasons,
electron neutrino scattering is considered by using systems with very small electron
binding in order to have a high event rate. In addition, nuclear physics options (the
absorption of an antineutrino on electron capturing nuclear system) and atomic
physics (possibility of spin induced excitations) may be useful in detecting sterile
neutrino dark matter.?! Therefore, since explaining dark matter on the basis of
the standard model is not likely, many searches with astrophysical and laboratory
experiments are being used to check the possibility of a sterile neutrino dark matter
candidate.??
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5. Variation of neutrino temperature

During BBN and after the phase of electron-positron annihilation, the ratio of the
neutrino temperature to the photon temperature is given by the standard relation:3>

7.5 B 4
(3, - s
T,)y 29s(Tva) — 105

where T,,4 is the neutrino decoupling temperature and g5 is the number of relativistic
degrees of freedom contributing to the total entropy, or equivalently, the ratio of
the total entropy to the entropy of photons. This determines the effective number

of neutrinos given by:
11 (T,,>3 B 3{ 11 r/l‘ @)
4 N, 995 Toa) — 10:5

These degrees of freedom contribute to the total entropy so that gs = % x (g +
gex) + g = 10.75 where g, = 6, g.+ = 4 and g, = 2 are the degrees of freedom of
neutrinos, electrons-positrons, and photons respectively.

The effect on BBN from the presence of heavy particles and or decay of un-
stable particles or primordial black holes!'?!3 have been discussed extensively in
the literature.!%!® Here, we note that the presence of a massive particle, such as
weakly interacting massive particles (WIMP’s) will modify Eq. (1) and Eq. (2)

4/3
0o _
Neps=3

€.

16,17

above. When a WIMP couples to neutrinos or to photons, they speed up the ex-
pansion rate because they can alter the energy density of relativistic particles. In
addition to the heating of e*, the annihilation of WIMP’s can heat the photons.
WIMP’s can also share some of the entropy with neutrinos which causes the neu-
trino temperature to be different than that of the SBBN.

Therefore, the neutrino temperature can receive different contributions either di-
rectly by WIMP interactions or by adding a dark component namely heating /cool-
ing of photon relative to neutrino temperature which will be discussed in sections
7 and 8. In what follows, we represent the variation of neutrino temperature by a
multiplicative factor o regardless of the source as treated by Ref. 1.

6. Effect of varying neutrino temperature and chemical potential
on the lithium production

As noted in Ref. 1, since the total neutrino energy density is proportional to N, T4,
a variation in the neutrino temperature can be translated into a variation in the
effective number of neutrinos through:

NeffoSM = N,,Tf, (3)

where T),5pr is the standard neutrino temperature, Ny is the effective number
of neutrinos derived from the cosmic microwave background (CMB) and N, is
the number of neutrinos present during SBBN. In SBBN, N,y = N, because
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Tysm = T, in Eq. (3). However, if we deviate from SBBN, this leads to a differ-
ence between N.rr and NN, after neutrino decoupling. It is clear from Eq. (3) that
we can vary two parameters while the third will depend upon the other two. For
example, if the neutrino temperature is modified by a factor alpha, T, = o1, sy
for a fixed N,, then N.y; will depend on these two parameters. As obtained by
Ref. 1, N, = 5 is ruled out for any change in T, and N.y; = 3.15 £ 0.23. In addi-
tion, no ranges for N, and T, are available that can reduce the lithium abundance
significantly. However, the range of N.s¢ is model dependent, and if one relaxes
the BBN constraint, one can allow for a broader range based upon the Planck con-
straint. In the present work, in addition of varying the number of neutrinos and
their temperature as treated by Ref. 1, we also vary the ratio of chemical potential
to temperature /3 which we will henceforth simply refer to as the ”chemical
potential”. In other words, we vary the number of neutrinos contributing to BBN
between 3 and 20 (3 < N, < 20) and we derive ranges of N.ss (or equivalently
a) and B, ., that reproduce the SBBN predictions or reduce lithium abundance
significantly.

In this context, Tables 2 and 3 are obtained as follows:

Vi ergerd

The neutrino temperature is modified by a factor a where neutrino chemical poten-

tials 3, . . are taken to be equal. Since the total neutrino energy density is given
by:
T2 308% 156,
y = —qgll+— T 4
pvtpr=grall+ —5+ =T, (4)
then Eq.( 3) is modified as follows:
308° | 158
4 _ / 4 4
NeffTuSM = N,o (1 + —771_—2 + o T, +AN,T, (5)
Consequently, the effective number of neutrinos Nss can be written explicitly as:
308° 158
_ 4 4
Nepg =" X Nyo (1+ —r to )t x AN, (6)

Egs.( 5, 6) include the three standard neutrino species NV, with their chemical po-
tentials while AN, is for extra relativistic species not contributing to the chemical
potential with AN, = N, — N,o. Restricting ourselves to the predicted light ele-
ment abundances by SBBN (see Table 1) and to the ranges of N.ys from Planck?
2.48 < Neyy < 3.5 (30), we obtain the following ranges which reproduce the SBBN
predictions within the quoted errors (see Table 2):

3< N, <20, 248 < N5 < 3.5

7
0.593 < < 1.039, 0 < 3, <0.3 @)

LTy

The effect of varying 3,, . ., NV, and a on the abundances of light elements can be
explained as follows:

(1) The effect of varying the number of neutrinos N,:
The increase in the number of neutrinos N, will lead to an increase in the
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energy density p of the universe and consequently the expansion rate given by
Eq.( 8).

&G
-3

H2

p (8)
with,
p=py+pp=kepsTH (9)

where py and py represent the energy density of photons and fermions respec-
tively. Before electron-positron annihilation k. is given by:

72 Tgst T
keff = %(97 + 3 + §0l4 X gl,)7 (10)
while after electron-positron annihilation,
w2 7 4
kefp = o= —at x g, x (—)*/3 11
1 = 3597+ g X g0 X (7)), (11)

with g, = 2, ge= = 4 and g, = 6 refer to degrees of freedom of photon,
electron-positron pairs, and three standard neutrino species respectively.
Varying the number of neutrinos N, will change the relativistic degrees of

Brriro a Nejs N, Yp D/H x10° | "Li/H x 10™°

0.00 1.00 3.0000 3 0.2461 2.653 4.283

0.08 0.87 2.8693 5 0.2465 2.624 4.350

0.19 0.73 2.8532 10 0.2460 2.614 4.356

0.3 0.63 3.1691 20 0.2465 2.703 4.193
Table 2. Effect of varying neutrino number, chemical potential, and temperature on SBBN pre-
dictions.

Bryr.c o Neyy N, Yp D/H x10° | "Li/H x 10™°

0 1 3 3 0.2461 2.653 4.285

0 1 6 6 0.2795 3.699 3.321

0.15 1 6.0293 6 0.2423 3.420 3.040

0.25 0.99 6.8026 7 0.2265 3.491 2.713

0.25 1.02 7.5518 7 0.2272 3.697 2.526

0.41 0.77 7.1083 20 0.2333 3.611 2.695

Table 3. Effect of varying neutrino number, chemical potential and temperature on lithium.

freedom, then the time temperature relation given by Eq.( 12). This affects
final element abundances.
—1/2
1.39kef 7

tSCC =~ T2 (12)
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The cosmological time is given in seconds and the temperature in Mev.

The first two rows of Table 3 show that increasing neutrino number from N, = 3
to IV, = 6 leads to an increase in the helium and deuterium abundances but to
a decrease in the abundance of lithium.

The effect of a neutrino chemical potential:

Adding a neutrino chemical potential 3, . will have two effects: the first is
modifying the neutrino energy density (see Eq.( 4) and hence, the expansion
rate of the universe. The second is due to the effect of the electron-neutrino on
the weak rates given by Eq.( 13).3® Adding a positive chemical potential Bryire
will enhance the weak rates so that more neutrons are converted into protons.
This will lead to a decrease in the abundances of *He, D and “Li as seen in
the third row of Table 3. Note that equating all chemical potentials will lead
to a large effect of the electron neutrino chemical potential and consequently a
significant effect on “He due to its sensitivity to the neutron mass fraction at
the freeze-out.

3 2
)\nl/ ~ 1636Xp(+/}uc)(%) (% + 025) S_l, (13)

The effect of varying the neutrino temperature by a factor « :

Multiplying the neutrino temperature by a factor o, will modify ks as shown
in Egs.( 10, 11) and consequently the expansion rate and the time temperature
relation given by Eq.( 12). This temperature variation mainly affects deuterium.
We also note that changing the effective neutrino temperatures also can alter
the weak rates (see Eq.( 13)) and thus affect the neutron to proton ratio n/p.
This would affect the primordial helium abundance.

As shown in Fig. 1, multiplying neutrino temperature by a factor of 1.5 affects
the abundance of deuterium at the bottleneck and consequently the final deu-
terium abundance. For a = 1.5, deuterium abundance increases by about 63%
while helium increases by 12%. In this case, the weak rates and the expansion
rate of the universe are both enhanced, and since the variation of the neutrino
temperature is taken after decoupling of neutrinos but before the deuterium for-
mation epoch, we see that deuterium is more affected than helium (see fourth
and fifth rows in Table 3).

To understand the effect of these non-standard scenarios on lithium, we have
derived some analytic calculations following the ones given by Ref. 37 (see Ref.
38 for a detailed discussion). Those analytic expressions allow us to understand
the dependence of light elements during three stages of BBN namely, the freeze-
out of neutrons, the deuterium bottleneck and when the neutron concentration
drops to that of deuterium. Eq.( 14) gives an approximate estimation of the
abundance of beryllium as a function of other light elements. Since more than
90% of beryllium will be converted into lithium by electron capture after the
BBN epoch, Eq.( 14) controls the final abundance of lithium and it shows
clearly the connection between beryllium, helium, and deuterium. As seen in
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Fig. 1, the increase in deuterium leads to a decrease in the beryllium abundance
due to the anti-correlation relation between these two elements. Meanwhile,
if 90% of the final abundance of lithium comes from the electron capture of
beryllium, the remaining 10% comes from the reactions leading to lithium where
the dependence of lithium on helium and tritium is given by Eq.( 15). For this
reason, the increase in helium and tritium have led to an increase in the lithium
abundance as shown in Fig. 1. We are interested in the final abundance of
lithium (“Li+7"Be), then the decrease in the final abundance of lithium as shown
in the seventh column of Table 3 is due to the dominant effect on beryllium.

7T :

i

e
— A~ 9x107M x
H X

Li
— ~9x107*4
i X X

where X, is the proton mass fraction.

3.2

D/H

1

Fig. 1. light element abundances as a function of temperature for a

o

0.32 0.1 0.032 0.01
Temperature (in Gk)

102

107

1074 -

3.2

1

0.32 0.1 0.032
Temperature (in Gk)

0.01

compared to SBBN abundances (red dashed lines).

7Li/H and 7Be/H

1043
10714
107

10718

3.2 1

Ypx e
— 5 (14)
Xp x (7)
Yp (3H _3 _S3He
— | = +2 10 — 15
X, (H +2.57 x ) (15)

Beryllium

N

032 01 0032 o0.01
Temperature(in GK)

1.5 (blue solid lines)

An inspection of Table 2 shows that the abundances predicted by SBBN can be
obtained by the non-standard assumption described above. In other words, despite
these variations of neutrino temperature and chemical potentials, the abundances
predicted by SBBN are not affected. However, in order to obtain a substantial
reduction of the lithium abundance, the ranges of Table 2 must be extended. This
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is achieved if the following ranges are adopted:
3< N, <20, 6.62 < Ngpp <7.92,
0.76 <a<1.27,002< 6y, ., <045
Then, if we choose any N,,, we can achieve a reduction of lithium by a combination
of o and f,, ... Some of these combinations are shown in Table 3 in order to

illustrate the importance of these parameters on SBBN. We emphasize that the
above results are compatible with all successful models that lead to a substantial

(16)

decrease in lithium at the expense of increasing deuterium to the maximum value
allowed by observations as discussed in section 2. This result could be promising
if the obtained limits on N.yy matched the CMB limits. However, the obtained
ranges on Ns; shown in Eq.( 16) motivated us to extend this scenario by taking
into consideration the effect of dark matter to conserve the limits on N, ;. Possible
effects of dark matter on lithium will be the focus of the next sections.

7. Axion dark matter

Axions produced during the QCD phase transition could be a possible candidate for
cold dark matter (CDM) where its density is well determined by the WMAP and
Planck missions. This axion dark matter will have an average momentum of order
the Hubble expansion rate and they satisfy the CDM density if they would have
a mass of the order of 10 %ev/c?. With this mass range, axions interact weakly
through all forces except gravity which makes them a promising candidate for
CDM.33

An investigation into the interaction of axion-like dark matter with gluons by
searching for a time oscillating neutron has been performed by Ref. 34. They also
investigated the effect of axion-wind spin-precession to search for the interaction
of axion-like dark matter with nucleons. This led to improvements upon existing
astrophysical limits on the axion-gluon coupling and existing laboratory limits on
the axion-nucleon coupling.

The question arises about the effect of axion dark matter on BBN. An example
of such an effect was investigated in Ref. 33 where photon cooling through the
gravitational field of cold axions after BBN had a significant effect on final element
abundances especially on lithium. Photon cooling between the end of BBN and
decoupling implies that the baryon to photon ratio nppy during BBN is differ-
ent from ncpp which is the one measured by Planck: noayp = 6.14 + 0.04. More
explicitly, the photon cooling is accounted for the energy conservation? by:

Piy = Pfyt Pfa (17)
where p; ~, py~ are the initial/final energy density of photons and py,, is the final
energy density of axions respectively assuming that the energy densities of the initial

axions and baryons are negligible. It follows from Eq.( 17) that after reaching the
thermal equilibrium, the initial and final photon temperatures are related through:

Ty = (2/3)V*T; (18)
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neBN = (4.53 £0.03) x 10710
Yy 0.2431
D/H x 10° 4.28
SHe/H x 10° | 1.23
"Li/H x 10%° 2.25

Table 4. The effect of photon cooling on light clement abundances as obtained by updating Al-
terBBN code.3?

Since the number density of photons is proportional to T2, it is straightforward to
show that the baryon-to-photon ratio during BBN will be modified as follows:

2
NBBN = (5)3/4"/CMB (19)

This model was considered in Ref. 33 as a means to resolve the lithium problem.
Although this model suppresses the conflict between BBN predictions and obser-
vations of lithium, this leads to an overproduction of deuterium (see Table 4) and
an increase in Nejs (Neps = 6.7) that is excluded by observational constraints.

8. Combined effect of photon cooling and non-standard neutrino
properties

Because of the difficulty of accounting for the lithium problem. Authors have con-
sidered combined effects (e.g. Ref. 21). In this section, we add the effect of photon
cooling with axions to the previous variations done before as a means to decrease
the lithium abundance without violating observational constraints on N and
other light elements. The baryon to photon ratio as determined by Planck? is given
to be n = (6.14 £0.04) x 1071°, however, photon cooling through axions after BBN
implies that nppn = (4.53 £ 0.03) x 10710 (see Eq. ( 19)). Photon cooling with
axions will also modify the effective degrees of freedom. The energy density of the
universe can be written as:

4
T

@l

J: (20)

7
prad = py[l + Negs X 2 % (

On the other hand, due to photon cooling through axion dark matter, the radiation
density after BBN is given to be:

IS

x =], (21)

1 7 4
e, == Pl = Ny % 3 (2
prad = py[1+ 5+ Ny X g X (7)% x 3

where the factor 3/2 is due to the photon cooling relative to neutrinos and 1/2

represents the axion degrees of freedom. In this case, the relativistic degrees of
freedom observed now becomes:

3 1 8 1
Neff: 5NV+-2- X 7 X (Z

—

Wl

) (22)
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Bu.re a Negs N, Yp D/H x10° | "Li/H x 10'°
0.05 0.82 42384 |3 0.2313 3.469 2.779
0.11 0.77 4.8464 |5 0.2342 3.672 2.622
0.20 0.60 4.5446 | 12 0.2405 3.628 2.757
0.33 0.50 4.0900 | 20 0.2266 3.387 2.792

Table 5. Effect of adding photon cooling on lithium along with non-standard neutrino properties.

Since taking into account only the effect of photon cooling does not help to solve
the lithium problem (see Table 4), we vary also the neutrino temperature in or-
der to conserve the constraints on N.f; and deuterium. In addition, we vary the
chemical potential to obtain an additional decrease in lithium without violating ob-
servational constraints on helium. Introducing photon cooling, varying the neutrino
temperature and chemical potential, we modify the radiation energy density given
in Eq.( 21) as follows:

1 7 4.4 3 . 308°  158*
Prad = py[1 + 3 tgX (ﬁ)s' KgXo (AN, + Nyo(1 + = 77?))] (23)
Then Eq.( 23) will lead to new effective degrees of freedom,
1 8 114 3, 306° 158"
Neff = 5 X ? X (7)3 -+ 50( [AN,, + N,,()(l + W b o m‘)] (24)

It clear from Eq.( 24) that multiplying the neutrino temperature with a factor o < 1
will decrease the effective number of relativistic degrees of freedom to match ob-
servations as discussed in section 3. In addition, it will decrease deuterium so that
the overabundance observed in Table 4 can be reduced. We have performed numer-
ical simulations to obtain the ranges shown in Eq.( 25) that lead to a substantial
decrease in lithium abundance.

3< N, <20, 4.08 < Nss < 5.30

(25)
0.5<a<0.9,0.01<6, . <035

Some of the results are shown in Table 5 where N,s is now compatible with the

recent CMB observations,?* 36 but it is still higher than the most precise measure-
ment given by Planck mission. In addition, lithium decreases significantly at the
expense of increasing deuterium but to a value that is allowed by observations.

9. The effect of a unified dark fluid

We have seen in section 8 that adding axion dark matter could decrease the "Li
abundance while keeping N, ¢ compatible with the recent CMB observations. How-
ever, Ny is still higher than the value determined by Planck analysis. To satisfy
the requirements on N sy we found a way by adopting the so-called dark fluid along
with non-standard neutrino properties. We know that dark matter may be modeled
as a system of collision-less particles while dark energy may be described as a scalar
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field in the context of a quintessence model.** However, in this section, a unified
fluid*® is adopted to describe the dark energy and dark matter as two different
aspects of the same component. To explore this scenario, a temperature-dependent

dark energy density can be added to the radiation density as follows: 44

D (T) = kpprad (TO> (%) ! (26)

where proq = py + pet + pu, To=1.0 Mev = 1.16 x 101K , k, is the ratio of the
effective dark fluid density to the total radiation density at Ty and n, characterizes
the adiabatic expansion of the fluid. In the case of n, = 4, the dark component
mimics a radiation density. The case n, = 3 describes a non-relativistic matter
density, while n, = 6 can describe a scalar field. With these assumptions, the
Friedmann equation during BBN is modified to:

)

a 81G

<_> = H? = —— (praa + pp) (27)

a 3

In analogy, the temperature-dependent dark entropy can be added as follows:3?
T N
SpD (T) = kssmd (To) <?> 3 (28)
0
where
272 3

Srad (T) =9s (T) (29)

45 " 7
and g, (T') is the number of degrees of freedom characterizing the contribution of
relativistic particles to the entropy density. Then, the total entropy becomes:

Stot (T) = Srad (T) + Sp (T) (30)

It is clear from Eqgs.( 26, 28) that by including this dark component, four parameters
are introduced k,,n,, ks,n,. Knowing that the universe was radiation dominated
during the time of BBN requires the constraints n, > 4 and k, < 1.3 It is important
to emphasize that the dominant effect of adding pp is to alter the expansion rate and
this is clearly seen in Eq. (27). To have a clear understanding of this dark component
on BBN, we show in Fig. 2 the effect of adding a dark energy density pp for n, =6
(left panel) and for n, = 7 (right panel) while varying &, in both cases. This has
led to an increase in the abundance of light elements where the dominant effect is
on helium (dotted blue curve). Although deuterium increases (solid orange line),
lithium also increases and this is due to the dominant effect on helium. A similar
effect is obtained when taking n, = 7, but for smaller values of k,. We can say that
the effect on the final lithium abundance can be seen as a competition between
the helium, and deuterium abundance. Lithium is directly proportional to helium
and inversely proportional to deuterium (see Eqgs.( 14,15)). In other words, as seen
in the right panel of Fig. 2 and for k£, < 0.002, lithium increases significantly due
to the dominant effect of helimin. However, for k, > 0.002 the lithium abundance
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increases slowly since deuterium starts to control the final lithium abundance.
Meanwhile, modifying the entropy content of the universe as given by Eq.( 28)
alters the time evolution of the temperature described by the energy conservation
equation shown in Eq.( 31).%°

%(ptntas) =+ Ptot%(ag) == aa%
where piot = prad + pp and Py is the corresponding pressure. The effect of dark
entropy is clearly shown in Fig. 3 where adding sp has led to an increase in deu-
terium, but to a decrease in the helium and lithium abundances. In this case, the
dominant effect of sp is on deuterium and consequently the final lithium abun-
dance. The dependence of the final lithium abundance on helium and deuterium is
given by Egs.( 14,15). This confirms the results shown in Figs.( 2,3). In addition,
Fig. 4 shows that adding a dark entropy does not only lead to an increase in the
deuterium abundance, but to a shift in the temperature of the bottleneck (maxi-
mum abundance of deuterium). The shift in the bottleneck temperature alters the
abundances of other light elements since the formation of helium is blocked until
deuterium reaches its maximum.

d
|T:cst_Tzl¥(3Da3) = 07 (31)

Then, for fixed values of k,,n,, ks, ns and restricting N.s; as measured by Planck,

n =6 n =7
0.32 : ekl " . 5 0.44 v e r r 155
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| R | __,__.._-—-—-—“'""‘”:‘T""““'
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Fig. 2. Effect of adding dark energy density pp on the abundances of helium (blue dotted line,
left axis), deuterium(orange solid line, right axis) and lithium(orange dashed line, right axis).

we can vary the neutrino number and chemical potentials in order to see how these
non-standard scenarios could contribute to the lithium problem. Our calculations
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I'ig. 3. Effect of adding dark entropy Sp on the abundances of helium (blue dotted line, left axis),
deuterium(orange solid line, right axis) and lithium(orange dashed line, right axis).

summarized in Table 6 show the following:

Fixing k, = 0.007, n, = 7, ks = 0.00045 and ng = 5, restricting the range of
248 < N.yy < 3.5 in order to be compatible with Planck measurements, and vary-
ing the number of neutrinos (3 < N,, < 20) along with neutrino chemical potential,
we are able to find for every chosen value of N, a combination of o (or N.ys) and
B
lithium are shown in Eq.( 32). Note that N,y is still given by Eq.( 6) because
the dark component has an effect on BBN predictions due to the power law (see
Eqgs.( 26, 28)) and a negligible contribution after BBN. In other words, although
this dark component alters the expansion rate, it has no observational effect on
Ny or other cosmological parameters.

that reduces the lithium abundance. The ranges that lead to a decrease of

k, = 0.007, n, =17, ks = 0.00045 ,n, = 5,
3< N, <20, 248 < Noss < 3.50,
0.564 < o < 0.968, 0.83 < 3, . < 0.97.

(32)

If we choose other values of dark component parameters such as k, = 0.12,

n, = 6, ks = 0.0005 and ng = 5, other ranges will be derived as shown by Eq.( 33):
k,=0.12, n, = 6, ks = 0.0005 ,n, = 5,

3< N, <20, 248 < Nos5 < 3.50,
059<a<103,0<4,,,. <048

(33)
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k, = 0.007, n, =7, ks = 0.00045 and n, =5

E

B, .. a Ness N, Yp D/H x 10° | "Li/H x 100
0 1 3 3 0.4007 5.395 3.484
0.88 0.86 3.3086 |5 0.2301 3.696 2.535
0.84 0.72 2.9432 |10 0.2465 3.716 2.751
0.94 0.59 2.5692 | 20 0.2321 3.495 2.758

Table 6. Effect of unified dark fluid on lithium along with non-standard neutrino properties.

Finally, we can choose other values of dark component parameters so other ranges

ofaand 3, ,

iT

can be derived, but for simplicity we have fixed the dark component

parameters in order to give a better understanding of the physical conditions under
which the BBN has been operating and provide examples to ameliorate the lithium

problem.

10|
105 |
10'6:'
10‘73*

108 -

~——-~SBBN

— with dark component]

10°°
3.2

0.32

Temperature (in GK)

Fig. 4. Deuterium abundance as function of temperature when adding dark entropy (ks =
0.007,ns = 5) compared to SBBN.

10. Conclusion

In order to reduce the primordial “Li abundance by Standard Big Bang Nucleosyn-
thesis (SBBN), we investigated the effect of many non-standard assumptions. We
first considered the effects of a variation of the neutrino number, chemical potential,

0.01
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and temperature. Second, it was necessary to add the effect of dark components.
Our results may be summarized as follows:

o It was possible to reproduce the SBBN predictions for a certain range of neu-
trino temperature, number, and chemical potential (see section 6 and Table 2).
This finding motivated a non-standard treatment that may lead to a reduction
of the lithium abundance.

e Extending the range of variation of the above parameters was successful to
reduce the lithium abundance, but with N.;¢ not compatible with the recent
analysis of the CMB. One way out was to add photon cooling with axion dark
matter after BBN as described in section 8. This led to a reduction of the
lithium abundance with N.y; compatible with recent CMB observations as
discussed in section 3. However, this range of Ns is still in tension with the
most precise value deduced by Planck mission.

e Taking into consideration a unified dark fluid along with non-standard neutrino
properties leads to a decrease in lithium for ranges of N,y that satisfies recent
CMB observations including the well known Planck and WMAP.

e As a final remark, we think that decreasing the primordial lithium abundance
below the predictions of the SBBN is achieved only with a maximum deu-
terium abundance which is still marginally consistent with observations (see
Ref. 19). However, it is worth investigating the possibility of reducing lithium
abundance while avoiding the increase of deuterium by including new particles
or interactions.*>46 This will be the focus of future work.

References

1. Galvez R. and Scherrer R., Phys. Rev. D 95 (2017) 063507.

2. Planck Collaboration, arXiv:1807.06209 (2018).

3. Arbey A. and Mahmoudi F., Phys. Lett. B 669 (2008) 46-51.

4. Spite F. and Spite M., A&A 115 (1982) 357—366.

5. Sbordone L. et al., A&A 522 (2010) A26.

6. Fields B. D., Annual Review of Nuclear and Particle Physics 61 (2011) 47-68.
7. Cook R. and Fumagalli M., Nature Astronomy 2 (2018) 957961.

8. Cooke R. J. et al., ApJ 781 (2014) 31.

9. Dolgov A. D., Phys. Rept. 370 (2002) 333-535.

10. Khlopov M. Yu., Barrau A. and Grain J., Classical and Quantum Gravity 23 (2006)

6.

11. Khlopov M. Yu., Petcov S. T., Phys. Lett. 99B (1980) 2.

12. Chechetkin V. M., Khlopov M. Yu., and Sapozhnikov M. G., Riv. Nuovo Cimento
5(1982) 10.

13. Zeldovich I. B., Starobinskii A. A., Khlopov M. I., and Chechetkin V. M., Sowviet
Astronomy Letters 3 (1977) 110-112.

14. Petcov S. T. and Zhou Ye-Ling, Phys. Lett. B 785 (2018) 95-104.

15. Doroshkevich A. G., Khlopov M. Yu., MNRAS 211 (1984) 277-282.

16. Polnarev A. G. and Khlopov, M. Y., Soviet Astronomy 26 (1982) 9-12.

17. M. Khlopov, Int. J. Mod. Phys. A 28 (2013) 1330042.



August 26, 2019 20:28 WSPC/INSTRUCTION FILE ws-ijmpe

18

18.

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.
34.
35.
36.
37.

38.
39.
40.
41.
42.
43.
44.
45.
46.

Authors’ Names

Dimopoulos S., Esmailzadeh R., Hall L. J., and Starkman G. D., Astrophys. J. 330
(1988) 545.

Balashev S. A. et al., MNRAS 458 (2016) 2.

Olive K. et al., MNRAS 426(2012) 2.

Yamazaki D. G. et al., Phys. Rev. D 90 (2014) 023001.

Kusakabe M. et al., Phys. Rev. D 99 (2019) 043505.

Cyburt R. H., Fields B. D., and Olive K. A., Rev. Mod. Phys. 88 (2016) 015004.
Komatsu E. et al., Astrophys.J.Suppl. 192 (2011) 18.

Fields B. and Olive K., Nuclear Physics A 777 (2006) 208-225.

Steigman G.,Advances in High Energy Physics 2012 (2012) 268321.

Leistedt B. et al., Phys. Rev. Lett. 113 (2014) 041301.

Merle A., arXiv:1702.08430.

Boyarsky A. et al., Phys. Rev. Lett. 97 (2006) 261302.

Dolgov A. D. and Hansen S. H., Astropart. Phys. 16 (2002) 339.

Paraskevi C. and John D. Vergados,Advances in High Energy Physics 2018 (2018)
1479313.

Adhikari R. et al., JCAP 01 (2017) 025.

Erken O. et al., Phys. Rev. Lett. 108 (2012) 061304.

Abel C. et al., Phys. Rev. X 7 (2017) 041034.

Nollet K. M. and Steigman G., Phys.Rev.D. 91 (2015) 083505.

Hinshaw G. et al., ApJ. 208 (2013) 2.

Mukhanov V., Physical Foundations of Cosmology, New York: Cambridge University
Press, 2005.

Makki T. R., El Eid M. F. and Mathews G. J., MPLA 33 (2019) 1950194.
Arbey A., Comput. Phys. Communications 183 (2012) 1822-1831.

Valentino E. Di et al., Phys. Rev. D 90 (2014) 023543.

Olive K. et al., MNRAS 426 (2012)1427—1435.

Kusakabe, Motohiko et al., Phys.Rev. D 99 (2019) 043505.

Arbey A., arXiv:astro-ph/0506732.

Arbey A., AIP Conf.Proc. 1241 (2010) 700-707.

Salvati L. et al., JCAP 08 (2016) 022.

Goudelis A. et al., Phys. Rev. Lett. 116 (2016) 211303.

Acknowledgements

Tahani Makki would thank the dean’s office of the faculty of arts and sciences at the
American University of Beirut(AUB) and the graduate council for supporting this
research, for their tremendous help, guidance, and facilities throughout her Ph.D
thesis. She would also thank the National Council for Scientific Research (CNRS)
for their partial support of this research.




Journal of Physics: Conference Series

PAPER » OPEN ACCESS Related content

- Graviting dark matter and the lithium

The lithium problem: new insight in the big bang primordiel abundancs witin a pre-BBN

nucleosynthesis (BBN) beyond the standard model Sty

- SUSY-catalyzed big bang nucleosynthesis

To cite this article: T R Makki and M F EI Eid 2017 J. Phys.: Conf. Ser. 869 012091 et AN

Grant J Mathews

- Observations of Li in metal-poor stars
Norbert Christlieb

View the article online for updates and enhancements.

Recent citations

- Nucleosynthesis in relation to cosmology
Mounib F El Eid

This content was downloaded from IP address 94.187.54.94 on 16/09/2019 at 19:30



Frontiers in Theoretical and Applied Physics/UAE 2017 (FTAPS 2017) 1OP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 869 (2017) 012091 doi:10.1088/1742-6596/869/1/012091

The lithium problem: new insight in the big bang
nucleosynthesis (BBN) beyond the standard model

T R Makki and M F El Eid
Department of Physics, American University of Beirut, Lebanon.
E-mail: trm03@mail.aub.edu

Abstract. The production of the light elements in the framework of the standard Big Bang
nucleosynthesis model (SBBN) matches the observed abundances except in case of “Li ,where
observations lie a factor 2.4-4.3 below SBBN+WMAP(Wilkinson Microwave Anisotropy Probe)
predictions. This so-called “Lithium problem™ needs to be resolved beyond the SBBN. In this
contribution we focus on the effect of degenerate neutrinos and the addition of dark component,
including dark energy density and dark entropy. We find that the effect of the degeneracy
parameter is significant if chemical potentials of neutrino families are different. Concerning the
dark component, the major effect comes from adding dark entropy.

1. Introduction
The standard Big Bang nucleosynthesis model (SBBN) represents one cornerstone of the Big Bang
theory. It leads to the synthesis of light elements ( °D, *He, *He, °Li, “Li and “Be) during the first
three minutes after Big Bang. The SBBN is a parameter-free theory, since it depends only on the baryon
to photon ratio n which is meanwhile well determined by the WMAP. It is found that n = (6.23 +
0.17) x 1071 [1, 2]. The observed abundances of *He,3He and °D are in good agreement with
SBBN+WMAP predictions but not in case of ’Li. The observation of ’Li in old Halo stars [3], yields
"Li/H = (1.23+358 x 1071°) where the SBBN prediction [4] "Li/H = (4.681 + 0.335) x 10710,
Some dispersion is found for deuterium: according to [5] D/H = 2.8%3€ x 1075 | while recent
observations by [6] shows D/H = (2.53 £ 0.04) X 107°. The element ‘He is strongly constrained
primordial value of X( *He) = 0.228 + 0.005 as obtained from seven metal-poor galaxies [7]. Other
investigation by [8] indicate a range 0.232 < X( *He) < 0.258. Not only the difference is between
observations and predictions but observing ’Li in very metal poor stars does not confirm the known
plateau [9]. This constitutes presently “the Lithium problem”. The overproduction of “Li seems not to
be resolved by the SBBN, for example on astrophysical or nuclear physics grounds, a non-standard
scenario of the SBBN seems to be needed to resolve the ’Li problem. In particular, modifying neutrinos
properties (neutrinos degeneracy, oscillations, non-vanishing mass...) and adding the effect of a dark
component [10-12].

2. Non-standard BBN

2.1. Non-vanishing neutrinos chemical potential

According to [13], neutrinos degeneracy affects elements production in two ways:

(i) It increases the energy density leading to speed up the expansion rate of the universe as appears in
the Friedmann equation. The Hubble parameter is then given by:

| Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
Bl of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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1\2 87G 2 7
(%) =H? =" praa =kT*,  k=35(gp +3 X 9p), M
where g’s are the relativistic degrees of freedom, a is the scale parameter and p is the total energy
density. The energy density of fermions and anti-fermions is given by [14]:
7m? 3082  158%
pf+pf=EgT4[1+7rr2+7n4]’ @

where [ = %

is the degeneracy parameter .In the SBBN, S = 0 (non-degenerate neutrinos). Clearly
including 8 increases the energy density (or k) and this is the only way in which v, and v, modify the
SBBN. As a consequence of a larger expansion rate, freeze-out temperature will be higher leading to
higher neutrons mass fraction. This will result in increasing D and *He but Li will decrease as shown
in table 2.

(ii) A second effect concerns the electron neutrinos, which are involved in the weak interactions rates:

n+veeop+e ,n+etop+i,, nop+et+7, 3)
A new equilibrium ratio is obtained (see [14]):
S =exp[—(By, +Q/T)] )

Where Q = my-mp,=129 MeV, TinMeV, and B, is the electron neutrino degeneracy parameter.
The rate of the first reaction can be written as [14]:

~ L) (T e
Ay ~ 1.63 (Q) (Q +0.25) s (s)
The other rates are related to it.
Taking —0.5 < B,, < 0.5, equation (5) becomes:
Ay ~ 1.63 X exp(+8 )(5)3 (Z+0 25)2 st (6)
nv . ve! (g Q .

Itis seen that the rate is enhanced exponentially when f,, > 0, thus it becomes faster and more neutrons
are converted into protons, so that the freeze-out temperature is delayed (see table 1). As table 1 shows
the effect on “Li/H is significant. Using equation (6) we calculate the mass fraction of neutrons at freeze-
out :
- y -B 1
X = fo°° e(—5.42k 1/2gPve s (x+0.25)2(1+e Ve exp(—;))dx) _ dy
2y2(1+cosh(By,+1/¥))
259 = -
n 1+exp(Bv,)exp(Q/T*) "

Q)
®)

And to get the freeze-out temperature T* we use the modified

The integral in equation (7) does not allow an explicit dependence of X, on f’s. For this reason we took
different values of —0.5 < f,, < 0.5and 0 < B, , B, < 2.5 (or and 3.53<k<8.6) and we evaluated this

integral in the above ranges, where some results are given in tables 1 and 2.

Table 1. Effect of adding (f,,) on freeze-out temperature and light elements (numbers in brackets are
ower of ten in all tables and figures).

B, x T* X( *He) D/H "Li/H
-0.2 0.1987 0.8110 2.987(-1) 2.832(=5) 5.224(=10)
0 or (SBBN) | 0.1571 0.7695 2.464(-1) 2.509(=5) 4.681(—10)
0.2 0.1217 0.7279 2.030(-1) 2.291(=5) 4.073(=10)

Table 2. Effect of adding ( By, = By, ) on freeze-out temperature and light elements.

By, =By, | K Xn T X( *He) D/H Li/H
2.5 7.6511 0.1864 0.8773 3.133(=1) | 4.882(=5) | 2.710(—10)
1.0 4.0690 0.1624 0.7881 2.592(=1) | 2.826(=5) | 4.317(—10)
SBBN 3.53 0.1571 0.7695 2.464(=1) | 2.509(=5) | 4.681(—10)
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Table 3. Effect of adding 8,, = 0.28 and B"u = By, = 2 together on light elements.
X( *He) D/H 3He/H "Li/H
2.219(-1) 3.361(-5) 1.127(=5) | 2.814(-10)

Adding g, or By, By, independently will have effect on 7Li but it will violate observational constraints
on D and *He. Therefore, adding By, = 0.28 along with B‘/u = By, = 2 together will lead

to 7Li depletion without violating observational constraints (see table 3).

2.2, Adding dark energy density

It is known that dark matter and dark energy play a decisive role in the evolution of the universe. Due
to the fact that the identity of dark matter is not well known a unified adiabatically expanded fluid is
adopted so that the dark energy and dark matter can be considered as two different aspects of the same
component. To illustrate this model, temperature-dependent dark energy density is added to radiation
density as follows [10,11]:

po(T) = po(T) (£) ", ©)

where T, = 1.0 Mev =1.16 x 101° K, and n, is a constant characterizing the power law. In case of
n, = 4, the dark component mimics a radiation density. The case n, = 3 describes a matter density
behavior, while n, = 6 describes a scalar field. With these assumptions the Friedmann equation

becomes: (g)z =H?= 8136- (Prada + Pp), (10)
Where p,.q4(T) is as in equation (1). Including pp (T), two parameters will be introduced :

n, = 3(wp + 1), describing the behavior of the dark fluid (wp = Z—‘; and P is the pressure of the dark
component) and k, = ;‘Z’i% , which is the ratio of effective dark fluid density over the total radiation
density at BBN time (taken to be T, = 1 Mev).

Then equation (9) becomes: pp(T) = kypraa(To) (Tlo)np. (11)

Knowing that the universe was radiation dominated during the time of BBN requires the constraints
n, 2 4.0 and K, < 1.0 [10]. Adding dark density alone will not be sufficient to resolve the Lithium
problem. The point is that the dark energy density being temperature dependent will increase the
expansion rate leading higher “He abundance and to higher production of Li (see table 4). This is
contrary to the case when adding ﬁvu and f,_as described above where the abundance of "Li decreases
because of higher abundance of Deuterium. These two different outcomes have different effects on the
expansion rate and the freeze-out temperature and this illustrate how sensitive the Lithium production
to these assumptions.

Table 4. Effect of adding p (T) with k, = 0.5 and n,= 6.
X( *He) D/H 3He/H "Li/H
2.920(-1) 2.816(=5) 1.016(=5) | 5.082(—10)

2.3.  Adding Dark entropy
In analogy to the dark energy component, a dark entropy component can be added as well. This is
described by [4] and [12] as:

T\"s 21?3
Sp(T) = ksSrqq(Ty) (T_o) , where $.44(T) = heff(T)TS—T ) (12)
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and h,;(T) are the effective degrees of freedom characterizing the contribution of particles to the
entropy density. Then, the total entropy becomes:

Stot (T) = Sraa(T) + sp(T) (13)
The direct effect of adding dark entropy is altering the time-temperature relation and clearly the light
elements abundances. In this case the energy conservation equation will read:

% = —3Hs¢oe OF %(ptota3) + Ptot%(a3) + T':—t (spa®) =0, (14)
where the third term corresponds to the dark entropy. The effect of adding dark entropy is increasing the
temperature of the universe, altering the freeze-out of neutrons and the time when it takes place.
Deuterium bottleneck (the highest D abundance where D/H~10"3 at T ~0.07Mev) is shifted which
leads to higher final D abundance. In addition, ”Li abundance decreases to match the observational range

which is shown in table 5 and figure 1 without violating observational constraints.

Table 5. Effect of adding s, (T) with k, = 5.5 X 10~* and n, = 5.
X( *He) D/H *He/H "Li/H
2.306(—1) | 3.489(=5) | L154(=5) | 2.781(—10)

T | 4.68(-10)
i 4 -

2.29(-10) [ 2222 L = = 2.35(-10)
0941 ) Observations

1.23(-10) ; [,'
| off

e With Sp(T)
7LiMH == SBBN

L : ; : : B
1 03 0.8 0.7 0E ns 1 :4 0.2 i3] 1]

0.4
Temperature in 1029 K

Figure 1. ”Li as function of temperature in SBBN and when adding dark entropy (ks = 0.00075,n, =
5). Notice that ”Li decreases to match the range of observations.
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Big Bang Nucleosynthesis (BBN) and Non-Standard Physics

Tahani Makki'*and Mounib EI Eid!
' Department of Physics, American University of Beirut, Lebanon

Abstract. A brief overview on standard big bang nucleosynthesis (shortly, SBBN) is pre-
sented. First, we describe the outcome of the SBBN concerning the abundances of the
light elements up to ’Li. A comparison with observations reveals a Lithium overpro-
duction, which is not understood yet and is termed as “Cosmological Lithium Problem”.
Resolving that problem is not easy, since many aspects are involved which nuclear, as-
trophysical and even a non-standard scenario may be invoked. These items are described
in some details owing to the limited available space.

1 Introduction

The standard big bang nucleosynthesis (SBBN) is well understood in the context of the standard model
of particle physics. It predicts that the universe is composed of about 75% of Hydrogen and 25% of
4He and small amounts of D, *He, "Li and °Li [4]. The most important nuclear reactions intervening
in SBBN are given in Fig.1, while a comparison between SBBN calculations and observations is given
in Table 1. Itis clear that all abundances agree with observations except for Lithium which is higher by
a factor of 3 than observations. This discrepancy constitute now one of the most intriguing problems
in cosmology. In addition, Lithium was shown to have a constant behavior as function of metallicity,
so called "Spite Plateau"[17]. Such a behavior is now in conflict with recent observations at very low
metallicity which makes the Lithium problem more complicated. Solving the Lithium problem by
taking into considerations accurate measurements of nuclear cross sections seems not possible [4]. In
addition, the possibility of an astrophysical solution is also unlikely [13] because it will be constrained
by the plateau at high metallicity.

2 Non-Standard Big Bang Nucleosynthesis

Including new particles/physics and changing fundamental constants were extensively studied to see
the effect of these scenarios on SBBN or to constrain them by SBBN predictions. In addition, some
non-standard scenarios were included for the aim to decrease the Lithium abundance. We mention a
promising attempt by [7] where modifying the velocity distributions of nuclei during BBN have led
to a decrease in Lithium to match observations.

In the following we give an example of non-standard scenario by adding extra dimension like dark
component [1] and introducing a variable number of neutrinos and their chemical potential (38). In-
creasing the number of neutrinos and/or adding S will increase the standard radiation density p,q

*e-mail: trm03 @mail.aub.edu
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1. n-> H4+e 4V 7. 3H+ *He - "Li+vy
22H+n - 2H+y 8. *He+n— *H+ H
3.2H+ 'H— *He+y 9. *He + *H - *He+ 'H
4.’H+ ?H- *He+n 10. *He + *He » "Be+vy
5.2H+ ?H- *H+ 'H 11. "Li + 'H — *He + *He

6. °2H+ *H— *He+n 12. 'Be+n - 'Li+ H

Figure 1. The most important nuclear reactions for big bang nucleosynthesis.

Table 1. Comparison between SBBN predictions and observations.

Predictions Observations
Yp 0.2457 0.2449 = 0.0040 [2]
D/H x 10° 2.6719 2.8j8'§ [10]
‘He/H x 10° 1.0193 1.1 +0.2[3]
"Li/H x 10" | 4.3003 1.5870-2 [14]

shown in Eq.1. A second effect of § is altering the neutron to proton ratio at the freeze out temper-
ature and this effect is limited to the electron neutrino owing to the involved weak interaction rates. |
The dark component will modify the expansion rate by additional effective dark fluid pp (Eq.1).The

expansion rate is related to the Hubble constant (H) via a modified Friedmann equation [1]:

a\? 8nG
(2) = = ZZ (o + 00 (1)
a 3
with pp given by:
T n,
pp (T) = kppraa (To) (—T—) (2)
0

where T is chosen to be 1 Mev=1.16x10'""K , k, 1s the ratio of effective dark fluid density over the
total radiation density at Ty and n, characterizes the adiabatic expansion of the fluid. Modifying the
energy density of the universe which is radiation dominated will alter the standard-time temperature
relation, #(s) = 1.39 X % [9], and consequently light element abundances. Note that k is the
effective number of relativistic degrees of freedom due to photon, neutrino, electron and positron de-
grees of freedom. In Table 2 (second and third columns) we present the effect of dark component
along with neutrino chemical potentials S (assumed to be equal for all species) where the calculated
abundances agrees with observations. This is to confirm that SBBN is a rich ground for many non-
standard physics.

On the other hand, it could happen that non-equality between chemical potential still exist. For ex-
ample, hypothetical neutrino-majoron coupling can reopen the window of allowing large muon/tau
neutrino asymmetry together with a small electronic asymmetry ([5]). In addition, one can assume
one neutrino species mixes with a sterile neutrino resulting in chaotic amplification of electron neu-
trino chemical potential ([15]) or assuming just a non-vanishing electron neutrino chemical potential
([16]) in a Linearly Coasting Cosmology. In a universe preferring large lepton asymmetry([6], [8]),
it is important to allow neutrino chemical potential to be different in the aim to understand the SBBN
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Table 2. Effect of including non-standard neutrino properties and dark component.

n, =63,k, =0.1 n, =0,k, =0
N,=3,8=02|N,=48=025]8,,=023,B, =2
Y, 0.2515 0.2471 0.2319
D/H x 10° 2.7029 2.9517 3.6530
He/H x 10° | 1.0243 1.0569 1.1430
TLi/H x 10'° | 4.3602 3.8121 2.6550

and to investigate their effect on Lithium abundance. In this way we obtain constraints on these chem-
ical potentials shown in Eq. 3 which lead to significant reduction of Lithium as shown in the fourth
column of Table 2.

0.18<p,, <03, 2<8, <23 (3)

As in most successful attempts to resolve the Lithium problem beyond the SBBN, in the present work
the decrease in Lithium abundance is achieved at the expenses of increasing Deuterium. A remaining
open scheme that is worth to investigate is the possibility of reducing Lithium abundance without
much increase in Deuterium by including for example new particles/interactions. More detailed anal-
ysis of these non-standard physics will be presented in an upcoming paper by [18].
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The abundance of primordial lithium is derived from the observed spectroscopy of metal-poor stars
in the galactic halo. However, the observationally inferred abundance remains at about a factor of
three below the abundance predicted by standard big bang nucleosynthesis (BBN). The resolution of
this dilemma can be either astrophysical (stars destroy lithium after BBN), nuclear (reactions destroy
lithium during BBN), or cosmological, i.e. new physics beyond the standard BBN is responsible
for destroying lithium. Here, we overview a variety of possible cosmological solutions, and their
shortcomings. On the one hand, we examine the possibility of physical processes that modify the
velocity distribution of particles from the usually assumed Maxwell-Boltzmann statistics. A physical
justification for this is an inhomogeneous spatial distribution of domains of primordial magnetic field
strength as a means to reduce the primordial lithium abundance. Another possibility is that scattering
with the mildly relativistic electrons in the background plasma alters the baryon distribution to one
resembling a Fermi-Dirac distribution. We show that neither of these possibilities can adequately
resolve the lithium problem. A number of alternate hybrid models are discussed including a mix of
neutrino degeneracy, unified dark matter, axion cooling, and the presence of decaying and/or charged
supersymmetric particles.

KEYWORDS: Big Bang Nucleosynthesis, Cosmology, Stars and Stellar Evolution

1. Introduction

The yield of light elements from big bang nucleosynthesis (BBN) is the only direct probe of the
radiation dominated epoch during the early universe. BBN occurs as the universe cools from about
10'Y to 10% K spanning times of about 1 to 10* sec into the big bang. The only other probe is the
spectrum of temperature fluctuations in the CMB [1] which contains information of the first quantum
fluctuations in the universe, and the details of the distribution and evolution of dark matter, baryonic
matter, photons and electrons near the time of the surface of photon last scattering (about 3.8 x 10°

yr into the big bang).

One of the most powerful aspects of standard BBN is the simplicity [2-7] of the equations.
Because the contributions to the total mass-energy from non-relativistic matter, curvature, and dark

energy are negligible, the Friedmann equation to describe the cosmic expansion is just:

a 8 2 -1
(;) = ;n‘Gpmd = 0.677Ty.y sec™




where pr,q 1s the mass energy density in relativistic particles, Hy is the present value of the Hubble
parameter, and 7'y is the temperature in MeV.

Also, at the time of BBN the timescale for Compton scattering is short. Hence, the number density
of particles of type i/ with momenta between p and p + dp is simply given by Fermi-Dirac or Bose-
Einstein distributions,

[exp(é%ﬂ) + I]_ldp )

ni(p)dp = fr'—zpz
where E;(p) is the energy of the particle, the + sign is negative for bosons and positive for fermions,
while g; is the number of degenerate spin states of the particle (e.g. g = 1 for neutral massless leptons,
and g; = 2 for charged leptons and photons).
The nuclear reactions, however, must be followed in detail as they fall out of equilibrium. For
nuclide / undergoing reactions of the type i + j <> [ + k one can write [2]:

NA YNi YNI

Z ( AT~ Y nj<rr,,v>) 3)

where Y; = X;/A; is the abundance fraction, N; is the number of reacting identical particles, n; is the
number density of nucleus i and (o7;;v) denoted the maxwellian averaged reaction cross section,

<O','jU> = i(T)_% f (Tij(E) exp [-E/T]EdE , 4)
\ 7tHij 0

where u;; = mim;/(m; + m;) is the reduced mass of the reacting system.

Once the forward reaction rate is known, the reverse reaction rate can be deduced from an appli-
cation (cf. Ref. [8]) of the principle of detailed balance. The reaction rates relevant to BBN have been
conveniently tabularized in analytic form in several sources [9-11]. These rates are a crucial ingre-
dient to BBN calculations. In all there are only 16 reactions of significance during BBN. [5, 6, 12].
Ideally, one would like to know these relevant nuclear reaction rates to very high precision (~ 1%).
Fortunately, unlike in stars, the energies at which these reactions occur in the early universe are for
the most part directly accessible in laboratory experiments. Although considerable progress has been
made [6, 12-16] toward quantifying and reducing uncertainties in the relevant rates, improved reac-
tion rates are still desired for the neutron life time [17, 18], along with the ZH(p, 7)3He, 2H(d, n)3He,
3He(d, p)4He, 3He(a. y)7Be, and "Be(n, @)*He reactions (see [20]).

One of the powers of standard-homogeneous BBN is that once the reaction rates are known, all of
the light-element abundances are determined in terms of the single parameter, the baryon-to-photon
ratio, . The crucial test of the standard BBN is, therefore, whether the independently determined
value of n from fits to the CMB reproduces all of the observed primordial abundances. Most of the
best available abundance constraints have been summarized recently in [6]. Of most relevance to this
work is the primordial abundance of "Li.

The good news, is that once the value of n was fixed by measurements of the CMB [1] to be
n=np/n,, ~ 2738 % 1078Quh2% = (6.11 £0.04) x 10719, there appears to be good agreement between
the predictions of BBN for most light elements (i.e. D, *He, “He) and the primordial abundances as
inferred from observations. In particular, the uncertainties in the “He abundance deduced from line-
strength observations of H II regions in low-metallicity irregular galaxies is now better understood
[21] and agrees with BBN. Also, the D/H abundance seems very well determined from narrow-line
absorption features along the line of sight to distant quasars [22] and agrees surprisingly well with
BBN.



2. Lithium Abundance

Unlike the other light elements, the primordial abundance of "Li is best determined from old
metal-poor halo stars with masses from about 0.75 Mg to 0.95 Mg and temperatures of about 6,000 K
to 6,700 K corresponding to the Spite plateau (see Refs. [5,6,13] and Refs. therein). There is, however,
an uncertainty in this determination due to the fact that the surface lithium in these stars may have
experienced gradual depletion over the stellar lifetime due to mixing with the higher temperature
stellar interiors where “Li would be destroyed. The best current limit as summarized in Ref. [6] is:
TLi/H = (1.58 £ 0.35) x 10710,

There is, however, one glaring problem that remains in BBN. The calculated and observed "Li/H
ratios differ by about a factor of 3. This is known as "the lithium problem.” A number of recent papers
have addressed this problem [6,13,14,23-29]. At present it is not yet known if this discrepancy derives
from a destruction of lithium on the old stars used to deduce the primordial lithium abundance, or
if it requires exotic new physics in the early universe [13, 14,23, 24, 26], or even a modification of
the particle statistics in BBN itself [27,28]. In this paper, we summarize some recent work and their
prospects for solving the lithium problem.

3. Solutions to the Lithium Problem?

3.1 Nuclear Solution

One possible solution is in nuclear physics, such as we heard at this workshop [19, 20]. During
the big bang, most of the lithium is formed as 'Be. Hence, a means to destroy lithium might be a
strong resonance in the "Be(n, p)’Li reaction followed by the destruction of more fragile ’Li, and/or
resonances in the "Be(n, )*He reaction. However, it is already clear [19, 20] that these resonances
help but do not solve the problem.

3.2 Astrophysical Solution

The first author of this manuscript suspects that the most likely solution is from stellar astro-
physics. It has been suggested for years, however, that the lack of a dispersion in the abundances of
different stars in the Spite plateau argues against stellar destruction. This is because the star-to-star
variations of stellar parameters such as rotation, meridional mixing, magnetic fields, turbulence, etc.
among stars could lead to dispersions in the observed surface abundances. Nevertheless, the apparent
metallicity dependence in the Li abundance [30] suggests that at least some processing of lithium on
the surface of these stars has occurred. Indeed, there are at least two recent works [31,32] demon-
strating that a narrow dispersion can result even after destroying lithium by a factor of 3 by turbulent
diffusion [31] or convective over-shoot [32] for a broad range of stellar parameters.

3.3 Cosmological Solutions

Nevertheless, a number of works have looked at possible interesting cosmological solutions that
involve modifications to the fundamental assumptions of the big bang itself. Here, we will discuss
a few possibilities that we have considered. These illustrate the difficulty in resolving the lithium
problem this way.

3.3.1 Modified Statistics

Although a simple Maxwell-Boltzmann (MB) distribution for the baryons is a long-standing as-
sumption during BBN, there have been a number of recent papers in which this assumption is relaxed.
For example, it is known [33] that the MB distribution is not a unique solution to the Boltzmann equa-



tion. Hou et al. [28] considered a distribution function of the form:

48 2q1/g-D)
2 mi \ i
1) = Bymic® T (5= ] |1 = (@ = 1) W (5)
where Bq(m,»cz/kT) is a normalization constant determined from the requirement ff(,(vi)dvi =1,

and ¢ is a free parameter. In the limit ¢ — 1 the MB distribution is recovered. However, by directly
inserting this form into the reaction rate formula [4] it was shown in [28] that the lithium abundance
could be reduced enough to resolve the lithium problem. The reason this works is that for slightly
positive g the high-energy tail of the distribution is suppressed relative to MB statistics. Since the
formation of 'Be via the 3He(a, y)7Be reaction has the highest Coulomb barrier during BBN, it is the
most sensitive to the high-energy tail of the distribution. Hence "Be production is diminished.

However, this occurred at the expense of increasing the D/H value above that consistent with
observations. Moreover, in subsequent work [34] it has been shown that the assumption that the
relative velocity distribution of nuclear reactions is a Tsallis distribution for individual nuclei that also
obey a Tsallis distribution leads to a breakdown in momentum conservation. When this is corrected,
the lithium problem cannot be resolved in this way.

3.3.2  Primordial Magnetic Field

One of the problems with imposing a Tsallis distribution, is that it requires a physical mechanism
to force the statistics to deviate from MB. In [35,36], however, it was demonstrated that by imposing
isocurvature sub-horizon fluctuations in a primordial magnetic field (PMF), the averaging over the
domains after nucleosynthesis leads to an effective distribution similar to a Tsallis distribution but
for which momentum conservation is implicit. However, just as in [28] the destruction of lithium is
always at the cost of increasing the D/H abundance, and hence, a PMF is not a viable solution to the
lithium problem.

3.3.3  Relativistic Electron Scattering in the BBN Plasma

Although the thermodynamics of a relativistic or nonrelativistic single-component gas have been
known for many decades [37], the solution of the multi-component relativistic Boltzmann equation
has only recently been attempted [38,39] and transport coefficients have only been deduced for the
case of equal or nearly identical-mass particles. Moreover, there has been recent interest in the pos-
sibility of a modification of the baryon distribution function from that of Maxwell Boltzmann (MB)
statistics, either in the form of Tsallis statistics [27,28], primordial magnetic fields [35], or as a result
of scattering from a background of relativistic electrons [40] which obey Fermi Dirac (FD), rather
than MB statistics (see however [41]), or small relativistic corrections to Boltzmann equation deriva-
tion of the distribution function along with effects of nuclear kinetic drag. [42]. ‘

In the work of Ref. [42] the starting point was the FD distribution for baryons from which cor-
rections were deduced. However, in Ref. [40] it was noted based upon a Langevin approximation in
kinetic-energy equipartition and a Monte Carlo simulation that the momentum distribution of nuclei
more closely resembled the electron momentum distribution and therefore modified statistics when
the electrons were relativistic. In [41], however, a derivation has been made of the exact solution to
the relativistic Boltzmann equation without an a prior assumption of what the baryon distribution
should be. We showed that the problem can be approximated as an ideal two component system of
baryons immersed in a bath of relativistic electrons, for which the collision term is completely dom-
inated by elastic scattering from relativistic electrons. We showed that in the condition of relativistic
pressure equilibrium (rather than kinetic-energy equipartition) the resultant baryon distribution does
indeed follow MB statistics independently of the electron distribution function. This was verified by
an evaluation of the relativistic Boltzmann equation and by revised numerical Monte-Carlo simula-
tions [43]. In [40] the sampling of electrons for collision with baryons was done from the distribution
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function f(v) where v is the relative velocity in the cosmological frame. However, this did not take
into account the effect of the instantaneous viscosity (i.e electrons moving opposite to the direction
of motion of a baryon collide more frequently with the baryon). This was corrected by sampling from
vf(v), where v is the relative velocity in the frame of baryon. When that correction was made, the
resultant distribution obeys MB statistics even for highly relativistic electrons.

3.3.4 Exotica

There have been numerous other attempts to resolve the lithium problem [7]. For example, in
[23,44] we showed that a next-to-lightest supersymmetric X~ particle (most likely the selectron) could
revise the BBN reaction network. In particular, a resonant 7Bex(p,y)8BX reaction and 'Bey —’Li
+X" decay could lead to a depletion of "Li in the final BBN abundances. However, this scenario can
only work for an exceedingly narrow range of lifetimes and abundances for the X~ particle, without
overproducing ®Li or deuterium.

In another work [45,46] it was shown that a time-dependent quark mass could lead to a deple-
tion of lithium. In particular, it was shown [45] that resonance energies and widths of $Be* states
relevant to the "Be(n, p)’Li could be changed thereby enhancing the destruction of BBN lithium.
Unfortunately, this is accompanied by an enhanced D/H abundance which precludes the possibility
of solving the lithium problem.

3.3.5 Hybrid Models

In view of the difficulty of consistently overproducing D/H in models that attempt to reduct the
"Li production, there have been some attempts [26,29] to apply hybrid models involving multiple
simultaneous extensions of the standard BBN model. The essence of this approach is to use one
extension to deplete 7Li and another to restore D/H to the observed value. For example, in [25,
26] it was shown that the simultaneous imposition of photon cooling after BBN, plus X-particle
decay, plus a primordial magnetic field could satisfy the D/H and Li constraints, but at the cost of
overproducing °Li. Alternatively in [29] the right combinations of varying: the neutrino temperatures;
neutrino chemical potentials; number of neutrino species; plus photon cooling; and/or a form of
unified dark matter, could help to alleviate (but not completely resolve) the lithium problem.

4. Conclusion

In summary, it is the firm opinion of the first author of this manuscript that there is no obvious
cosmological solution to the lithium problem. One inevitably encounters excess deuterium or violates
other abundance constraints. Although, one might argue that the D/H constraint might be relaxed,
the first author is convinced that the solution must be the destruction of lithium on the surfaces
of metal poor halo stars. To quote the lines of King Lear, that were published in the first lines of
the foundational paper of nuclear astrophysics by Burbidge, Burbidge, Fowler and Hoyle [47], "It
is the stars, The stars above us, govern our condition”. Although it has been fun to work on the
cosmological approaches, the first author is convinced that the lithium problem is an astrophysics
issue.
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