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Abstract. We provide short review of the contemporary Big Bang Nucleosynthesis (BBN) 
and the new more precise measurements of the primordially produced abundances of the 
light elements D and He-4. We present several cosmological constraints, based on 
contemporary BBN, on the physical characteristics of neutrino and on beyond Standard 
Model sterile neutrino. 
 

1. INTRODUCTION 
  

Our motivation to study neutrino is supported by the following main 
arguments: First, neutrino is elusive (as it has only weak interactions) but 
important particle. It is a constituent of the Standard Model (SM) of particle 
physics. Second, physical characteristics of neutrino are not yet fully studied. 
Third,   neutrino has astrophysical importance: sources of neutrino are the Sun and 
other stars, SN, AGN,  early Universe. In particular, neutrino plays important role 
in early Universe processes. Hence, cosmology constrains neutrino characteristics, 
its mass, number density, the number of different light neutrino types, oscillation 
parameters, etc. and, thus, presents complimentary knowledge about neutrino.   

Moreover, in recent years combined neutrino oscillations data including 
reactor experiments +LSND +MiniBooNe +Gallium experiment hint to the 
possible presence of 1 light right handed neutrino, called further sterile neutrino νs,  
participating in neutrino oscillations with flavor neutrinos with squared mass 
difference of the order of ~eV2. Sterile neutrino, as well as neutrino oscillations 
phenomenon, present physics beyond SM. It is predicted by Grand Unified 
Theories models. It is used in theoretical models to explain small non-zero 
neutrino masses. It is also among the preferred particles candidates for Dark 
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Matter (DM). It has applications in models of large scale structure formation, 
models of natural baryogenesis through leptogenesis, etc.  
       In the following sections we will discuss how sterile neutrino is constrained 
by cosmology, in particular by Big Bang Nucleosynthesis (BBN). It has strong 
dynamical effect during the early Universe - it increases the expansion rate in case 
sterile neutrino is brought into equilibrium and, hence,  influences light elements 
production. In case of oscillations with flavor neutrinos it effects  nucleons 
kinetics during pre-BBN epoch and, hence,  its mixing parameters are constrained 
by BBN. We will discuss contemporary cosmological constraints on the number 
of light neutrino families and the degree of population of the sterile neutrino, We 
will present recent update to the BBN constraints on neutrino oscillation 
parameters, and on the temperature of decoupling of light sterile neutrinos. 
 

2. BBN - THE DEEPEST RELIABLE EARLY UNIVERSE PROBE OF 
NEW PHYSICS 

      
Big Bang Nucleosynthesis is theoretically well established and experimentally 

and observationally confirmed model explaining the production of the light 
elements in the early Universe during its hot stage, when the Universe cooled from 
T~ 1 MeV until 0.1 MeV.  Precise data on nuclear processes rates exists from 
experiments carried out at low energies (10 KeV – MeV). Analyses of nuclear 
rates for BBN are used like NACRE-I (Angulo et al. 1999) and NACRE-II (Xu et 
al. 2013).  More than 400 nuclear reactions are considered and precise BBN codes 
are used, namely PArthENoPE, AlterBBN, PRIMAT, etc. (Pisanti et al, 2008, 
Consiglio et al., 2017, Arbey, 2012, Pitrou et al., 2018, Miele et al. 2011).      
Observational data on deuterium D, helium He-3, He-4 and lithium Li-7 exists and 
during the last years the determination of primordially produced D and He has 
reached high precision.   

All 3 parameters, on which primordially produced elements depend have been 
measured with good precision. Namely, the baryon-to-photon ratio η  has been 
measured independently by CMB with high precision:  ηCMB = (6.104 ± 0.055) 
10−10.  It is in good agreement with the value obtained in BBN analysis of all the 
light elements, and in particular its value derived on the basis of D primordial 
abundance, as D is the best baryometer among the elements produced 
primordially. Namely, the concordance η range is ηBBN = (6.143 ± 0.190) 10−10.at 1 
sigma error (Fields et al., 2020). The number of the effective degrees of freedom of 
light particles Neff  during the BBN epoch is also known with much higher 
precision than before ΔNeff < 0.3, where Neff is usually defined by the energy 
density of light neutrino:  
 
 
 
Thus, ΔNeff may indicate nonstandard interactions, extra relativistic  degrees of 
freedom, exotic physics, i.e. physics beyond SM. The neutron lifetime has been 

47 / 8( / ) ( )effT T N T   
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also measured with higher accuracy τ = 879.4±0.6 s (see Serebrov et al., 2017, 
PDG 2022). 

There exist  remarkable concordance between theoretically predicted and 
derived from observations abundances of light elements primordially produced. In 
particular an excellent agreement exists between the predicted for η = 6.10−10 and 
derived from observations data abundances of D and He-4. Namely: the 
theoretically predicted by BBN mass fraction of primordial He-4 is (Pitrou et al., 
2018)  
                                    Yт = 0.247090.00017,   
 
the predicted D to hydrogen ratio is   
 
                                    D/HT = (2.4590.036) 10-5 

 
while their values obtained from observations read correspondingly (Aver et al., 
2015, Cooke et al., 2017, Fields et al., 2022 PDG):  
 
                                     Yp = 0.245 0.003, D/H = (2.536±0.026) 10-5  

 
 Hence, the contemporary BBN is often used as the most deep reliable precision 
probe for physical conditions in early Universe and as a unique test for new 
physics.      

During the last decade the precision of D and He-4 observational data 
improved considerably, due to new observations of QAS for D (Cooke et al., 
2018, Balashev et al., 2016) and due to the inclusion of He10830 infrared 
emission line for He-4 that helped for precise primordial abundance 
determinations. 

Primordial He-4 was determined with better than 3% accuracy, mainly due to 
the inclusion of He 10830 infrared emission line measured in the extremely metal 
poor galaxy Leo P (Aver et al., 2020):  
 
                                         Yp = 0.2453±0.0034. 
   

This better accuracy of He-4 determinations allows to update and strengthen 
the Big Bang Nucleosynthesis constraints on physics beyond Standard Model. In 
the following section we present updates of BBN constraints on several beyond 
Standard Model neutrino physics based on this uncertainty of Yp. 
 

3. NEUTRINO COSMOLOGICAL EFFECTS AND BBN CONSTRAINTS 
ON NEUTRINO CHARACTERISTICS 

 
Here we present updated BBN constraints on beyond SM neutrino physics, 

corresponding to 4Не Yp/Yp = 1-3% uncertainty.  We consider several beyond SM 
physics models and present updated constraints on new physics. Namely: first we 
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discuss the recent cosmological constraints on the number of the effective degrees 
of freedom of light particles during the BBN epoch; Then we discuss the model of 
BBN with neutrino oscillations and present the updated stringent BBN constraints 
on neutrino oscillations parameters recently derived (Kirilova&Panayotova, 
2022). Next we discuss BBN constraints on lepton asymmetry in BBN model with 
neutrino oscillations and lepton asymmetry (Kirilova, 2012, 2013, 2019). Finally 
we present updated BBN based constraints on the freezing temperature of  light 
sterile neutrinos (Kirilova, E.Chizhov, 2019, Kirilova, E. Chizhov, V.Chizov, 
2020). 
 
3.1. Cosmological constraints on the number of light neutrino types 
 

Additional light particles into equilibrium increase universe expansion rate 
thus influencing BBN, hence BBN constrains the effective number of relativistic 
species Nеff .  

BBN and recently determined primordial He-4 and D (Pitrou et al., 2018, 
Cooke et al., 2017) lead to the following constraint: 
  
                           Neff = 2.88±0.154 (95%). 
 
A maximum likelihood analysis on η and Neff based on He-4 and D abundances 
finds (Fields et al. 2020):  
 
                            Neff = 2.843±0.27 (95%) and η=6.09±0.055 (95%). 
 
Recent cosmological constraint on Nеff , based on BBN+CMB (Yeh et al., 2022) is 
even more restrictive: 
 
                             Neff = 2.898 ± 0.141     Neff < 3.18 at 95% CL   
 
Combined constraints based on updated Planck CMB data (Pitrou, 2018) give:  
 
                              Neff = 3.01±0.15 at 95% CL.    
          
BBN and CMB neutrino numbers are consistent with the standard cosmological 
model value Neff = 3.045 within uncertainties. Still, non-zero ΔNeff = Neff – 3.045 
may indicate extra relativistic component, like light right handed neutrino usually 
called sterile neutrino.  

In subsection 3.4 we will use Neff < 0.2 for obtaining BBN constraints on 
sterile neutrino decoupling and on new beyond SM interactions. This constraint 
corresponds to 1% He-4 uncertainty discussed in the following subsection 3.2, 
where we obtain BBN limits on the electron-sterile neutrino oscillations.  
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3.2. BBN constraints on neutrino oscillations 
 

In BBN with 
e
 

s
 proceeding before active neutrino decoupling 

oscillations can exite into equilibrium the sterile neutrino state (Dolgov, 1988, 
Barbieri, Dolgov, 1990,1991)  and lead to higher expansion rate. While in case 
neutrino oscillations proceed after the electron neutrino decoupling  neutrino 
energy distribution and the density of electron neutrino may considerably differ 
from the equilibrium ones in standard BBN. This leads to different nucleon 
kinetics and modifies BBN element production (Kirilova, 1988, Kirilova, 
Chizhov, 1996, 1997). Nucleons evolution in the pre-BBN period in the presence 
of late е  s    effective after neutrino freezing, was numerically analyzed for 
different sets of oscillation parameters, accounting for the distortion in electron 
neutrino energy distribution due to neutrino oscillations in a cycle of papers. The 
primordially produced He-4 was calculated and compared with its observational 
uncertainty to provide BBN constraints on neutrino oscillation parameters – 
squared mass differences m2 and mixing sin22.       

In the 90ies 4Не was known with ~3-7% accuracy and we have obtained BBN 
constraints on m2 and sin22 corresponding to 3-7% overproduction of 4Не 
(Kirilova, Chizhov, 1998, 2000). These constraints were more precise, namely 
orders of magnitude more stringent than previous ones, due to the precise account 
for energy spectrum distortion caused by late neutrino oscillations. They excluded 
LOW active-sterile solution to the solar neutrino problem in addition to the 
already excluded LMA active-sterile solution to the solar neutrino problem in 
previous publications (Kainulainen, 1990, Barbieri, Dolgov, 1991, Enquist et al., 
1992) 

Recently we have provided numerical analysis of more than 100 BBN models 
with electron-sterile neutrino oscillations with different sets of oscillation 
parameters (Kirilova, Panayotova, 2022). We have used updated data on baryon 
density and the neutron life time. We have followed numerically the evolution of 
the neutron-to-proton ratio in these beyond SM models from the epoch of neutrino 
freezing until the formation of  elements. We have calculated the production of 
He-4 and obtained different isohelium contours, on the basis of which we have 
obtained updated BBN constraints on neutrino νe  νs oscillations parameters, 
based on 1% 4Не uncertainty.  

In Fig.1 combined iso-helium contours for 1, 3 and 5% 4Не overproduction, 
accounting for all oscillations effects on BBN, for initial population Ns = 0, for 
non-resonant m2 < 0 and resonant m2 > 0 cases, are given. The lowest contour 
presents the updated more stringent BBN constraints on νe  νs  oscillations 
parameters.  
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Figure 1:  BBN constraints on е  s neutrino oscillation parameters, 
corresponding to different He-4 uncertainty.  
 
3.3. BBN with lepton asymmetry and neutrino oscillations 
 

Lepton asymmetry L is usually defined as the difference between the number 
of leptons and antileptons over the number of photons: 
 
 
In case of equilibrium it can be also expressed through the chemical potentials ξ, 
as  
 
 
Degenerate BBN has been studied in numerous papers since first analysis of 
(Wagoner et al., 1967). It is known that L has dynamical effect, it increases the 
radiation energy density, leading to faster expansion, delaying matter/radiation 
equality epoch and, thus, influencing BBN, CMB, and the evolution of Large 
Scale Structure. This effect can be described in terms of change of Neff: 
 
 
 
L present in the electron neutrino sector |Lνe| > 0.01 exerts a direct kinetic effect – 
it influences the neutron-proton kinetics during pre-BBN epoch, influencing BBN. 
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This effect is L sign dependent. Due to neutrino flavor oscillations degeneracies in 
different neutrino sectors equalize (Dolgov et al., 2002, Mangano et al., 2011). 
BBN conservative constraint for all neutrino sectors reads is  
 
                                   |ξ| < 0.1, i.e. |L| < 0.07. 
 

In case of BBN with late electron-sterile neutrino oscillations there exists 
indirect kinetic effect of L: L in the range 10-8 < L << 0.01, that is too small to 
effect directly BBN kinetics, influences BBN via oscillations. It effects neutrino 
evolution, its number density, spectrum distribution, oscillations pattern and hence 
n/p kinetics and BBN (Kirilova, Chizhov, 1998, Kirilova, 2012, 2019). Depending 
on its value it can suppress neutrino oscillations (Foot&Volkas, 1995, Kirilova, 
Chizhov, 1998) or lead to their resonant enhancement (Kirilova, Chizhov, 1998, 
Kirilova, 2012). We have numerically studied that interplay and determined the 
parameter range for which L is able to enhance, suppress or inhibit oscillations 
(Kirilova, 2012, 2019).  Recently we have updated our results (Kirilova, 2019). 
We have found that L ~ 10-7 enhances oscillations, strengthens the BBN bounds 
on them while larger L suppresses oscillations. Thus L, depending on its value, 
can relax or strengthen BBN constraints on neutrino oscillations. Full suppression 
of oscillations with squared mass difference δm2 is possible for  
 
 

These results can be applied to solve the so called dark radiation problem. 
Namely, several small base line experiments: reactor experiments, LSND, 
MiniBooNe, Gallium expt, SAGE and recently Ice Cube hint to a presence of 
sterile neutrino participating into oscillations with flavor neutrinos with large 
mixing and  mixing squared mass difference in the range   ∆m2

41 = 10-2  to several 
eV2 (Kopp et al., 2011, Dentler et al., 2018, Aartsen et al., 2020). However, 
oscillations with νs with eV2 mass and large mixing lead to thermalization of νs at 
BBN epoch, i.e. to one full additional light neutrino species into equilibrium. Fully 
hermalized light inert state is not allowed by BBN (δNeff ~0.2).   

Different solutions to the DR problem have been discussed. We have proposed 
the following solution (Kirilova, 2012, 2013): Large enough L present during 
BBN, capable to suppress neutrino oscillations, will prevent the thermalization of 
νs, and thus avoid BBN cosmological constraints. See also the analyses by 
(Mirizzi et al., 2012, Hannestad et al., 2012). 

Therefore, from our analysis (Kirilova, 2019) we can conclude that:  In case 
sterile neutrino of mass difference 0.1 eV2 exists, (as indicated by some reactor 
experiments) to prevent neutrino oscillations with the active neutrinos it is 
required that |L| > 0.016. In case of mass difference of 1 eV2 bigger L is needed |L| 
> 0.063, for mass difference of 1.3 eV2 correspondingly, L should be |L| > 0.074. 
Thus, the detection of sterile neutrino oscillations and their squared mass 
difference might be used to put lower bound on L present during the BBN epoch.  

2 3/5(0.01 )L m
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Recent EMPRESS survey of extremely metal poor systems (Matsumoto et al. 
2022) obtained 3σ lower primordial He-4 value than the predicted: 
 
                                        Yp = 0.2379 +0.0031

-0.003 
 
This result can be interpreted as a hint for L in the electron neutrino sector:                      
                                       ξνe =0.039±0.014 at 3σ. 
 
On the basis of our analysis it is possible to estimate that L corresponding to this 
ξνe,  L~0.027±0.01, is capable to suppress neutrino oscillations with 
 

 
       

For bigger mass differences, predicted by some neutrino oscillations 
experiments,  L~ 0.03  is able only to suppress partially  oscillations. To estimate 
the exact degree of thermalization of the sterile state in this case more 
sophisticated numerical analysis is necessary.  

It is intriguing that the Hubble tension can be resolved for similar value of 
ξ~0.04 and 0.3<δNeff<0.6 (Selo, Toda, 2021).  

Hence, the preference of the solution of dark radiation puzzle by non-zero L 
increases. 
 
3.4. BBN constraint on sterile neutrino decoupling   
   

Using BBN constraint, (Pitrou et al. 2018) δNeff < 0.3 at BBN epoch and recent 
constraint δNeff < 0.2 and entropy conservation, we have calculated  lower limits of 
the decoupling temperature Td of sterile neutrinos (Kirilova, E. Chizhov, 2019). 
See also (Kirilova, E. Chizhov, V. Chizhov, 2020). We have updated the analysis 
using the study of the effective degrees of freedom in the early universe provided 
in ref. (Husdal, 2016).  

For the case of 3 light sterile neutrino types and δNeff < 0.3 we have 
determined Td > 200 MeV. In case of 2 light sterile neutrino Td > 180 MeV, for 1 
light sterile neutrino Td > 140 MeV.  

Using the more stringent BBN constraint, δNeff < 0.2, analogously we have 
obtained for 3, 2 and 1 light sterile neutrino, correspondingly: Td > 1600 MeV, Td 
> 200 MeV, Td > 170 MeV. These are slightly lower values than previously 
estimated.  

Comparing this decoupling temperature with the electron neutrino decoupling 
temperature 2 MeV, one can get an insight of the coupling constant of the eventual 
interactions of the sterile neutrinos. For example constraints can be obtained on 
sterile neutrino coupling to Z’ gauge bosons in models of superstrings, extended 
technicolor, etc.  

For example, in case sterile neutrinos interact with the chiral tensor particles 
(CTP), proposed in a model of beyond SM physics (M. Chizhov, 1993), they may 

22 3.0 eVm 
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be produced through chiral tensor particles exchange during BBN. Then, using the 
calculated Td,  BBN constraints on the new chiral tensor interactions can be 
obtained. Our analysis (Kirilova, Chizhov, 2019, Kirilova, Chizhov, Chizhov, 
2020) shows that CTP interactions either are milliweak or weaker, or CTP do not 
interact with sterile neutrinos. 
 

4. CONCLUSIONS 
 

We use recent precise determinations of the primordial abundances of D and 
He-4 with 1% precision and  the stringent cosmological constraints on the number 
of the effective degrees of freedom of light particles during the BBN epoch                      
ΔNeff ≤ 0.2 to obtain BBN constraints on several characteristics of neutrino.  

We analyze the model of BBN with e  s neutrino oscillations and derive 
stringent updated BBN constraints on neutrino oscillations parameters 
corresponding to the present accuracy of determination  of the primordially 
produced He-4. 

The role of lepton asymmetry L was studied. Large L may provide relaxation 
of BBN constraints on oscillations, by suppressing oscillations. New stringent 
cosmological constraints on L were derived in the model of degenerate BBN with 
neutrino oscillations.  

A solution to the dark radiation problem is discussed: in model of BBN with 
neutrino oscillations and large enough L, L is capable to suppress oscillations, and 
thus to hinder thermalization of the sterile neutrino due to oscillations and avoid 
BBN constraints on neutrino oscillations with big mass differences and mixings. 
The values of L necessary for solving the dark radiation problem for different 
mass differences are estimated. 

Cosmological constraints on the decoupling T of sterile neutrino were 
obtained  

In case of any new interactions with right-handed neutrinos stringent BBN 
constraints may be obtained on their interaction strength. 

Neutrino cosmological influence may be considerable. Hence, studying its 
cosmological effects provides important complimentary and unique physical 
knowledge. This is precious knowledge having in mind that due to its extremely 
week interactions sterile neutrino is difficult to be studied experimentally.  
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