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a b s t r a c t 

During the era of primordial nucleosynthesis the background of non-equilibrium antineutrinos is being 

formed due to decays of neutrons and nuclei of tritium. The spectra of antineutrinos of this background 

were calculated taking into account the Coulomb interaction between electron and daughter nucleus in 

β−decay. The dependence of these spectra on the value of the baryon-to-photon ratio η at the period of 

primordial nucleosynthesis is investigated. The observations of these antineutrinos will allow us to look 

directly at the very early Universe and nonequilibrium processes taken place before, during, and some 

time after primordial nucleosynthesis. In any case, this phenomenon is one more aspect in the picture of 

the standard cosmological model. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

The observations of the cosmic microwave background (CMB) 

llow us to see into our Universe when it was about 380 0 0 0 years

ld. Similarly primordial nucleosynthesis provides us with an indi- 

ect probe of the early Universe (about a few minutes old) based 

n the comparison of light element (D, 4 He, 7 Li) observations with 

orresponding theoretical calculations, which in turn is based on 

he well-established knowledge of nuclear and particle physics 

1–4] . We cannot observe the Universe at that epoch directly us- 

ng electromagnetic radiation due to the opacity of the Universe 

t early stages right up until primordial recombination. Neverthe- 

ess, the direct information about the first seconds of the Universe 

volution principally can be obtained by the detection of relic neu- 

rinos which were going out of equilibrium and beginning a free 

xpansion without any interaction with the other primordial mate- 

ial when the age of the Universe was less then one second. These 

eutrinos as well known as the cosmic neutrino background C νB 

note that cosmic neutrino background consists of neutrino as well 

s antineutrino, so it is more correct to use the following abbrevi- 

tion C ν ˜ νB but we use commonly accepted C νB). Like the cosmic 

icrowave background radiation, the C νB was formed with a ther- 

al equilibrium spectrum which for neutrinos ( ν) and antineutri- 
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os ( ̃  ν) is given by the Fermi-Dirac distribution: 

 ν ˜ ν (p) dp = 

1 

(2 π h̄ ) 3 
4 π p 2 dp 

exp (pc/kT ) + 1 

. (1) 

This formula is expressed for the massless antineutrino case 

 ε ν = pc). We can neglect the neutrino mass at the decoupling pe- 

iod (T ∼ 2 MeV) because there is the upper limit of 
∑ 

m ν < 0 . 23

V [5,6] and the ratio m νc 2 /kT is about 10 −7 for this period. After

eutrino decoupling the spectrum has kept the same form (due to 

he adiabatic expansion of the Universe) with a temperature de- 

reasing like T ν ∝ (1 + z) , where z is the cosmological redshift. It 

s very important to note that this fact takes place for momentum 

istribution n (p) whether or not neutrino possesses mass, while 

he form of energy distribution n (ε) depends on neutrino mass. 

herefore despite the fact that m ν � = 0 , today ( z = 0 ) the momen-

um distribution n (p) has the form to be the same as Eq. (1) with

he current temperature T ν0 whose value is related to the current 

emperature of the relic photons T γ 0 (the CMB temperature). The 

hermodynamics of the early Universe give us the relation between 

he relic neutrino and photon temperatures, T ν = (4 / 11) 1 / 3 T γ , aris-

ng from electron-positron annihilation. Given this relation and the 

urrent value of T γ 0 ≈ 2 . 725 ± 0 . 001 K [7] , we have the present

emperature of relic neutrinos to be T ν ≈ 1 . 945 K. However, small 

ntropy transferring from electrons and positrons into neutrinos 

nd antineutrinos during the epoch of e −e + –annihilation leads to 

he minor energy-dependent distortions of relic neutrinos energy 

pectrum [8–11] , therefore, strictly speaking, the whole spectrum 

annot be described by only a single parameter T . 
ν0 
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Fig. 1. The spectra of neutrinos and antineutrinos from different natural sources. Relic neutrinos and antineutrinos (C νB) with temperature T ν = 1 . 945 K [1–4] ; a non-thermal 

addition to relic neutrinos and antineutrinos due to e + e −-annihilation at the beginning of primordial nucleosynthesis [8–11] ; non-equilibrium antineutrinos due to neutrons 

and tritons decays during primordial nucleosynthesis [12] ; solar neutrinos from reactions of thermonuclear synthesis [13] ; the calculated spectrum of solar neutrinos and 

antineutrinos at keV energies emerging from various thermal processes in the solar plasma [14] ; the doublet of the narrow cosmological neutrino lines from 

7 Be decay [15] ; 

antineutrinos produced geologically (geoneutrinos) in decays of radioactive isotopes [16–18] ; the diffuse supernova neutrino background [19] ; the calculated spectrum of the 

neutrino burst from SN1987a detected on Earth surface [20,21] ; atmospheric neutrinos [22] ; theoretically estimated neutrino flux from inner jets of AGN [23] ; IceCube data 

(2017) [24] , sources of the most high energetic neutrinos detected by IceCube are still not fully known; cosmogenic neutrinos [25] . For detailed information on high energy 

fluxes see [26] . 
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Fig. 2. The evolution of the mass fractions A i n i /n b ( A i is the mass number of species 

i ) of the light nuclei produced during primordial nucleosynthesis as a function of 

the temperature. Red and crimson lines correspond to neutron and tritium mass 

fractions. The calculations have been done by using our own numerical code for 

primordial nucleosynthesis (see the text) [30] . 

s

S

o

1 The name “Grand Unified Neutrino Spectrum” was taken from [14] . 
The equilibrium part of relic neutrinos (C νB) carries only the 

nformation about thermal equilibrium between neutrinos and 

lectron-nucleon-photon plasma before neutrino decoupling. In 

ontrast, distortions of relic neutrinos carry information about 

on-equilibrium processes with the participation of neutrinos af- 

er decoupling. Besides distortions due to e −e + –annihilation men- 

ioned above there is one more significant non-equilibrium addi- 

ion to C νB formed by antineutrinos which were being produced 

uring the era of Big Bang nucleosynthesis (BBN) as a result of de- 

ays of β− unstable neutrons n and nuclei of tritium (tritons) t 

12] (mass fractions of neutrons and tritons during primordial nu- 

leosynthesis are shown in Fig. 2 ). The spectra of these antineutri- 

os are non-equilibrium because the period of their formation take 

lace rather after neutrino decoupling. These antineutrino spectra 

arry the information about the temporal evolution of abundances 

f these elements at that epoch. 

.1. “Grand Unified Neutrino Spectrum”

In addition to relic neutrinos it should be mentioned that there 

re other neutrino backgrounds at higher energies which could 

e called “cosmological” as well: two narrow neutrino lines from 

 Be decay [15] taken place after its recombination epoch, the dif- 

use supernova neutrino background [19] , the active galactic nuclei 

AGN) background and cosmogenic (GZK) neutrinos arising from 

nteractions of ultraenergetic protons with the CMB photons (see 

.g. [27] and references therein). 

The spectra of C νB, energy-dependent admixture to these spec- 

ra due to e ±-annihilation and non-equilibrium spectra of “neu- 

ron” and “triton” antineutrino of primordial nucleosynthesis are 
2 
hown in Fig. 1 , which represent so called Grand Unified Neutrino 

pectrum, among a number of neutrino/antineutrino spectra from 

ther different natural sources. 1 It can be seen that the spectra of 



V.Yu. Yurchenko and A.V. Ivanchik Astroparticle Physics 127 (2021) 102537 

r

g  

m

t

d

c

i

(

2

2

a

m

d

w

t

o

w

T

a  

n

c

e

a  

Y

m

o

p

2

e

i

(

e

d  

T

t  

(  

f  

4  

t  

p

t  

r

t

f  

i  

e

n

A

c

b

s

F

a

d

T

i

t

t

t

n

f

u

t  

A

d

o

p

i

a

t

r  

Q

2

c

o

a

v

t  

a

t

a

F

I

e

a

l

w

s

F

2 Authors in [36] give triton’s half life τ1 / 2 , which is related to its lifetime as τ ln 2 . 
elic neutrinos/antineutrinos occupy the area of the lowest ener- 

ies in Fig. 1 , because of the remoteness of the eras of their for-

ation. 

In this work we discuss the complementary ability to look at 

he early Universe and non-equilibrium processes occurred before, 

uring and after primordial nucleosynthesis using spectrum cal- 

ulations and future possible observations of antineutrinos hav- 

ng arisen from neutron and triton (nucleus of tritium) decays 

 n → p + e − + ˜ νe , t → 

3 he + e − + ˜ νe ). 

. Non-equilibrium antineutrino spectra 

.1. Free decaying nuclei at the BBN epoch 

The number of antineutrinos produced in decays of neutrons 

nd tritons per unit volume during a time interval d t with mo- 

entum between p and p + d p is 

 n ν (p) = λn (t) f (p)d pd t, (2) 

here λ is the decay rate of radioactive nuclear species in ques- 

ion, n (t) is its number density, f (p) is the momentum spectrum 

f antineutrino produced in β− decay, it is normalized so that 

p max ∫ 
0 

f (p)d p = 1 , (3) 

here p max is the maximum antineutrino momentum in β− decay. 

he number density n (t) of neutrons or tritons can be expressed 

s n (z) = Y (z) n b (z) = Y (z) n 0 
b 
(1 + z) 3 , where Y (z) is the ratio of

eutrons or tritons to all baryons n b , and n 0 
b 

= ηn 0 γ � 2 . 48 × 10 −7 

m 

−3 (see e.g. [28] ) is the baryon number density at the present 

poch ( z = 0 ), η is baryon-to-photon ratio at the present epoch 

nd its value is η = 6 . 1 × 10 −10 [29] . To obtain the dependencies

 (t) we have updated our own previous numerical code for pri- 

ordial nucleisynthesis [30] which is based on the historical Wag- 

ner’s code [31] (results of our code are in good agreement with 

resented results of other known codes (e.g. [32–35] ). 

.2. Non-equilibrium antineutrino spectral characteristics 

The total number density of non-equilibrium antineutrinos of 

nergy in the interval between ˜ ε and ˜ ε + d ̃  ε is calculated as the 

ntegral of quantity 2 diluted due to the expansion of the Universe 

where p is expressed through the kinetic energy at the present 

poch) over all redshifts: 

 n 

0 
ν ( ̃  ε ) = 

z ′ ( ̃ ε ) ∫ 
0 

d n ν ( ̃  ε , z) 

(1 + z) 3 
d z = − 1 

τ

z ′ ( ̃ ε ) ∫ 
0 

n (z) 

(1 + z) 3 
f 0 ( ̃  ε ) 

d t 

d z 
d zd ̃  ε . (4)

he lower limit on the integral corresponds to the redshift of 

he present time ( z = 0 ) and the upper limit z ′ ( ̃  ε ) equals to

 1 / 
√ 

˜ ε ( ̃  ε + 2 ̃  m ν ) − 1 ) for every fixed value of ˜ ε , what is derived

rom the condition p 0 c ·(1 + z) ≤ Q . The factor (1 + z) −3 arises in

 because of dilution of the number density d n ν ( ̃  ε , z) due to

he expansion of the Universe. Note, that f 0 ( ̃  ε ) ∝ (1 + z) (see Ap-

endix A). The function d t/ d z can be obtained from the rela- 

ion between time t and temperature T γ (z) = T 0 γ ·(1 + z) during the

adiation-dominated era (see e.g. [1] ): 

 = 1 . 78 s ·
(

T 0 γ (1 + z) 

10 

10 K 

)−2 

+ Const , (5) 

rom which it is seen that d t/ d z < 0 , that explains the minus sign

n the front of the integral 4 . Thus, the energy spectrum of non-
3 
quilibrium antineutrinos at present epoch is 

 

0 
ν (ε) = − 1 

Qτ

z ′ ( ̃ ε ) ∫ 
0 

n (z) 

(1 + z) 3 
f 0 ( ̃  ε ) 

d t 

d z 
d z. (6) 

s usual, what is observable is not the number density of parti- 

les, but the flux. The flux of antineutrinos F (ε) can be calculated 

y integrating 6 miltiplied by antineutrino velocity v (ε) over hemi- 

phere 
/ 2 : 

 (ε) = 

v (ε) 

4 π

∫ 

/ 2 

n 

0 
ν (ε) cos �d
 = −v (ε) 

4 Qτ

z ′ ( ̃ ε ) ∫ 
0 

n (z) 

(1 + z) 3 
f 0 ( ̃  ε ) 

d t 

d z 
d z, 

(7) 

nd antineutrino velocity can be found from the relations v = 

 E/d p and E = 

√ 

(pc) 2 + (m νc 2 ) 2 : 

dE 
dp 

= 

pc 

E c = 

˜ p 

˜ ε + 

˜ m ν
c. (8) 

he calculated fluxes of non-equilibrium antineutrinos are shown 

n Fig. 3 . Shapes of these fluxes reflect the temporal evolution of 

he neutron and triton abundances during primordial nucleosyn- 

hesis. Some non-monotonic feature in the low-momentum tail of 

ritium neutrino spectrum is seen in the case of massless neutri- 

os and it is absent in the case of massive neutrinos. The reason 

or this is that for neutrinos with mass equal to 0.01 eV (which we 

sed in our calculations) this peculiarity would be at energy lower, 

han 10 −11 MeV, i.e. beyond the range of energy scale of Fig. 3 .

lso the high-momentum tail of neutrino spectrum from neutron 

ecays follows the abundance of neutrons during primordial nucle- 

synthesis, which does not decrease exponentially because of the 

resence of residual reactions with the participation of neutrons, 

n which they continue to be produced. 

In the calculations we used the following values of lifetimes 

nd released energies: triton’s lifetime τt � 17 . 656 years [36] , neu- 

ron’s lifetime is τn � 880.2 seconds [37,38] , triton decay energy 

eleased is Q t � 18 . 592 keV [39] ; neutron decay energy released is

 n � 782 . 346 keV [39] . 2 

.3. Coulomb interaction 

Because of the Coulomb interaction between emitted in β− de- 

ay electron and the daughter nucleus, the asymptotic momentum 

f the electron is lower than its momentum at the time of its cre- 

tion. By this reason the expression A.1 gives an underestimated 

alue of the transition probability at every momentum. To correct 

his discrepancy the Fermi function F (Z, ε e ) is used. It is defined

s the ratio of squared moduli of the electron wave functions at 

he site of the nucleus calculated taking Coulomb interaction into 

ccount and ignoring it (see e.g. [41,42] ): 

 (Z, ε e ) = 

| ψ 

e 
Coul 

(0) | 2 
| ψ 

e (0) | 2 . (9) 

n calculations of the transition probability the right hand side of 

quality A.1 is multiplied by the Fermi function. The Fermi function 

ctually should be calculated relativistically, but there is the fol- 

owing non-relativistic approximation for the Fermi function which 

orks very good in the case of triton decay (because of relatively 

mall electric charge of triton): 

 (Z, ε e ) = 

x 

1 − e −x 
, x = 

2 πZα

β
, (10) 
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Fig. 3. The calculated fluxes of non-equilibrium antineutrinos due to decays of neutrons (red curvatures) and tritons (crimson curvatures) during primordial nucleosynthesis 

[12] and fluxes of neutrinos and antineutrinos from various natural sources: relic neutrinos and antineutrinos (C νB) with temperature T ν = 1 . 945 K (see e.g. [1] ); a non- 

thermal addition to relic neutrinos and antineutrinos due to e + e −-annihilation at the beginning of primordial nucleosynthesis [8–11] ; solar neutrinos from reactions of 

thermonuclear synthesis [13] ; the calculated spectrum of solar neutrinos and antineutrinos at keV energies emerging from various thermal processes in the solar plasma 

[14] ; the doublet of the narrow cosmological neutrino lines from 

7 Be decay [15] ; antineutrinos produced geologically (geoneutrinos) in decays of radioactive isotopes [16,17] . 

The fluxes in the case of massless neutrinos are represented by dashed lines and in the case of m ν = 0 . 01 eV with solid lines. 
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here Z is a charge of the daughter nucleus, α is the fine struc- 

ure constant, β is the velocity of electron in units of the speed 

f light. The non-relativistic approximation for the Fermi function 

 (Z = 2 , ε e ) for decay of triton is shown in Fig. 4 . In addition, val-

es of the Fermi function F (Z = 2 , ε e ) which were calculated rel-

tivistically in [40] are put in this figure by red circles to demon- 

trate the good agreement between the non-relativistic approxima- 

ion for the Fermi function and the relativistic numerical calcula- 

ions of the Fermi function. 

It was found that the Coulomb interaction increases the fraction 

f non-equilibrium “tritium” antineutrinos of higher energies (see 

he bottom panel of Fig. 4 ). In contrast the Coulomb interaction 

ather slightly modifies the distribution function of antineutrino in 

− decay of neutron, it is explained by relatively high energy re- 

eased ( Q n = 782 . 346 keV in comparison with Q t = 18 . 592 keV). 

.4. Non-equilibrium antineutrinos as one more independent 

baryometer”

The only free parameter of primordial nucleosynthesis is the 

aryon-to-photon ratio η (it is convenient to introduce the nota- 

ion η10 ≡ 10 10 ·η). Its value is deduced from the comparison of 

ight element observations and the results of BBN numerical cal- 

ulations. At present, a good accuracy has been reached in D/H 

easurements, whose analysis gives in certain cases about one 

ercent determination of the primordial deuterium, D/H =(2 . 527 ±
 . 030) ·10 −5 [43] . 

At the same time a noticeable scatter remains among the re- 

ults of all these measurements [44,45] . All available D/H mea- 

urements give the unweighted average deuterium abundance of 

/H = (2 . 53 ± 0 . 16) ·10 −5 [46] . This estimation corresponds to the

ange 5 . 8 < η10 < 6 . 6 on the assumption of the Standard Model.

evertheless, the primordial deuterium is commonly referred to as 

 baryometer because of its strong dependence on the value of η. 

eanwhile, 7 Li has even the more strong dependence on η in the 

ange 3 . 2 < η < 7 . 9 (see Fig. 5 ), but results of observations and
10 

4 
alculations of 7 Li are differ by a factor of amount � 3 at ηCMB , it

s the main statement of so called the lithium problem (see e.g. 

47] ). Therefore, comparison of current observations and calcula- 

ions of the primordial light element abundances do not give com- 

lete uncontroversial estimates of η. 

Another independent way to determine η comes from the anal- 

sis of the CMB anisotropies and it gives the value of the baryon 

ensity 
b h 
2 = 0 . 0224 ± 0 . 0 0 01 [29] which is related to ηCMB by

73 . 77 ·
b h 
2 � ηCMB 

10 
[48] and it gives an order of magnitude tighter 

ange of values of ηCMB , in comparison with that shown above: 

 . 105 < ηCMB 
10 

< 6 . 160 . Note, that this analysis deals with the era

f primordial recombination ( ≈ 380 , 0 0 0 years after the Big Bang) 

nd strictly speaking, ηCMB is not necessarily equal to ηBBN . Primor- 

ial nucleosynthesis and recombination are different cosmological 

pochs and there is the possibility of a change in η on cosmologi- 

al time scales due to some non-standard processes referred to as 

hysics beyond the Standard Model, such as the decays (or anni- 

ilation) of dark matter particles (e.g. [49] and references therein). 

here is the possibility that these processes could also be related 

o the solution of the lithium problem. It is worth noting that the 

verlapping of ranges of η coming from analysis of observations 

f D/H and CMB may point out the approximate constancy of η
etween these epochs. In this case there is the lithium problem. 

ut if there were no independent value ηCMB , it would be neces- 

ary to refer to “the deuterium-lithium problem” meaning the dis- 

greement between ranges of η suggested by analyses of D/H and 

 Li observations. Moreover, some scenarios have been reported in 

he literature, they allow one to have quite different ηBBN and ηCMB 

eeping the same abundance of D/H as it is observed (e.g. [50] ). 

Hence, independent measurements of ηBBN and ηCMB are be- 

ng powerful tool to study physics beyond the Standard Model. 

he dependence of non-equilibrium antineutrino spectra on ηBBN 

as investigated in this regard. Right panel of Fig. 6 demonstrates 

onsiderable sensitivity of non-equilibrium antineutrino spectra to 

alue of ηBBN . It suggests that non-thermal antineutrinos poten- 

ially could serve as an additional independent baryometer (though 
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Fig. 4. The upper panels: the energy spectra of an electron and antineutrino emitted in β− decay of triton. Solid lines represent the spectra calculated taking into account 

Coulomb interaction and dashed lines represent the spectra calculated ignoring Coulomb interaction. Dash-dotted lines are the non-relativistic approximation 10 for the Fermi 

function F(Z = 2 , ε e ) for triton’s β− decay. Red circles are the values of the Fermi function calculated relativistically in [40] . In left figure all the spectra are normalized to 

unity in accordance with 3 , and on right one the spectra differ from each other by the factor of the Fermi function. Note that left panel demonstrates that taking Coulomb 

interaction into account leads to an increase in the fraction of antineutrinos with higher energies, and the right panel demonstrates that Coulomb interaction effectively 

leads a lifetime of decaying nuclei to decrease. The bottom panel: the ratio of antineutrino fluxes from decays of tritons calculated taking into account and ignoring Coulomb 

interaction. 
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t is very challenging problem for present experimental equip- 

ent). The number density of the decaying nuclei depends on 

BBN both explicitly through the factor η and implicitly through 

he function X i (z) , with the latter sentence being demonstrated in 

he left panel of Fig. 6 . The calculations of antineutrino spectra at 

arious values of ηBBN = (2 , 6 , 10) ×10 −10 show that smaller fluxes 

orrespond to higher values of η (see the right panel of Fig. 6 ). It is

xplained by the fact that the more dense matter (higher values of 

) the bigger part of neutrons and tritons tends to transform into 
 He through nuclear reactions (see the left panel of Fig. 6 ). 

. Conclusions 

The non-equilibrium spectra of antineutrinos of primordial 

ucleosynthesis have been calculated taking into account the 

oulomb interaction between electron and daughter nucleus in β−

ecay. It was found that the Coulomb interaction increases promi- 

ently the number of “tritium” antineutrinos of higher energies. 

amely at the energies ε >10 −7 MeV the ratio of antineutrino 

uxes calculated, taking into account and ignoring the Coulomb in- 

eraction, amounts to several tens of percents. 
5 
Independent measurements of ηBBN and ηCMB serves as a pow- 

rful tool for studying the physics beyond the Standard Model. 

on-equilibrium antineutrinos may potentially serve as an inde- 

endent baryometer, which in addition to nuclear baryometers (d 

nd 

7 Li) might indicate the value of ηBBN . In this context, the de- 

endence of non-equilibrium antineutrino spectra on value of ηBBN 

s studied. Calculation of antineutrino fluxes at various values of 
BBN showed that smaller fluxes correspond to higher values of 
BBN . 

The direct detection of the non-equilibium antineutrino back- 

round is an observational challenge. However various possibilities 

f the direct detection of relic neutrinos are discussed in the lit- 

rature. The promising proposals among them are relic neutrino 

apture on radioactive β decaying nuclei [51] and relic antineu- 

rinos capture on radioactive nuclei decaying via electron capture 

52,53] . There is also the PTOLEMY project which aims to develop 

 design for a C νB detector [54] . For descriptions of other ways

nd current perspectives of the direct detection of the relic neu- 

rinos/antineutrinos see, for instance, the following detailed works 

55–57] as well as [58] and references therein. Note, that the dif- 

erence between capture rates of non-equilibrium antineutrinos in 
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Fig. 5. Abundances of light nuclei at the end of BBN depending on η. Relative sen- 

sitivity of light nuclei abundances to change of η. Vertical line indicates the value of 

η = ηCMB provided by CMB analysis. Filled areas are error boxes from astronomical 

observations of light element abundances. Dashed lines are tangent to curvatures at 

ηCMB . 
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ases of Majorana and Dirac neutrinos depends on the value of 

he lightest neutrino mass and on the type of mass hierarchy [ 59 ].

he difference in detection rates of Majorana and Dirac neutri- 

os became significant only for non-relativistic neutrinos. Hense, in 

he range [ 10 −8 , 10 −7 ] MeV, where non-equilibrium antineutrinos 

ominate it will not be reveal itself for antineutrinos with masses 

ess than 0.01 eV, because such antineutrinos are still relativistic 

see Fig. 3 ). Non-equilibrium antineutrinos with momentums less 

han 10 −8 MeV where they become non-relativistic are dominated 

y C νB neutrinos (the C νB flux larger by several orders of magni-

ude). 

Distortions in the spectrum of relic neutrinos can provide very 

seful observational information about cosmological epochs which 
ig. 6. Left panel: the evolution of the mass fractions A i n i /n b of neutrons and tritons as 

f non-equilibrium antineutrinos calculated using the mass fractions of neutrons and trito

6 
mmediately follow neutrino decoupling. This information could be 

sed to extract values of a number of cosmological parameters and 

et constraints on various cosmological scenarios. 
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ppendix A. The antineutrino momentum spectrum in β−
ecay 

The antineutrino momentum spectrum in β− decay is calcu- 

ated using Fermi’s golden rule (see e.g. [41,42] ): 

 W = w (p ν )d p ν = 

2 π

h̄ 
|〈 n | H β | m 〉| 2 d ρ(Q ) , d ρ(Q ) ≡ d n e d n ν

dQ 

∣∣∣∣
Q = Q 

. 

(A.1) 

ere d W is the probability per unit time of the β− transition from 

he state in which there is a β− unstable system to a state in 

hich there are an antineutrino of momentum in the interval be- 

ween p ν and p ν + dp ν and an electron of momentum in the in-

erval between p e and p e + d p e ; 〈 n | H β | m 〉 is the matrix element

f the Hamiltonian operator of the weak interaction between the 

nitial state |m 〉 and the final state |n 〉 , d ρ(Q ) is the number of

he possible final states (for the given antineutrino momentum) 

er unit energy range around the energy released Q in β− decay, 

here the product of infinitesimal phase spaces of the electron and 

he antineutrino is 

 n e d n ν = 

V d 

3 p e 

(2 π h̄ ) 3 
V d 

3 p ν

(2 π h̄ ) 3 
. (A.2) 

As (i) the matrix element 〈 n | H β | m 〉 weakly depends on energy,

ii) the recoil energy of the daughter nucleus is negligible com- 

ared with the energy taken by the electron and the antineutrino 

n the form of their kinetic energy (that gives ε e + ε ν = Q ), and (iii)
a function of the temperature under various values of ηBBN . Right panel: the fluxes 

ns which correspond to various values of ηBBN . 
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p e = 

1 
c 

√ 

ε e (ε e + 2 m e c 2 ) for the emitted electron and p ν = ε ν/c for 

he emitted antineutrino, then collecting all constant factors into 

he only constant C ′ we obtain the shape of the probability of find- 

ng the antineutrino with the momentum p: 

 (p) = C ′ F (p) , (A.3) 

ith 

(p) = 

1 

c 3 

√ 

(Q − pc)(Q − pc + 2 m e c 2 ) (Q − pc + m e c 
2 ) p 2 . (A.4) 

his expression is analogous to well known result for the transition 

robability for an electron emitted in β− decay with momentum 

p e : 

(p e ) = 

1 

c 3 
(Q −

√ 

p 2 e c 
2 + m 

2 
e c 

4 ) 2 p 2 e . (A.5) 

ependencies A.4 and A.5 are shown in Fig. 4 . 

The transition probability A.1 integrated over all possible val- 

es of the antineutrino momentum gives the total probability of 
− decay per unit time and it is equal to the decay rate λ or the 

nverse mean lifetime τ of decaying nucleus: 

 = 

Q/c ∫ 
0 

w (p) dp = 

Q/c ∫ 
0 

C ′ F (p) dp = λ = 

1 

τ
. (A.6) 

t is seen from the normalization conditions 3 and A.6 , that the 

elation between the momentum spectrum f (p) of antineutrino 

mitted in β− decay 2 and the function F(p) is the following: 

f (p) = τC ′ F (p) . (A.7) 

t is convenient to take A.7 in the dimensionless form using di- 

ensionless parameters: ˜ p = pc/Q, which takes values from 0 to 

, ˜ m e = m e c 
2 /Q, C = τC ′ Q 

4 /c 5 , that gives 

f ( ̃  p ) = C 
√ 

(1 − ˜ p )(1 − ˜ p + 2 ̃

 m e ) (1 − ˜ p + 

˜ m e ) ̃  p 2 . (A.8) 

ppendix B. The evolution of the antineutrino spectrum in the 

xpanding Universe 

The momentum of particles propagating freely through the Uni- 

erse obeys the following relation (see e.g. [2,3] ): 

p(t) a (t) = p i a i , (B.1) 

here a (t) is the scale factor of the Universe related to the cosmo- 

ogical redshift z(t) through the definition 1 + z(t) = 1 /a (t) (and

 = 1 at the present epoch). The superscript i stands for “initial”

alues. 

It is seen from the relation B.1 that in the expanding Universe 

he momentum of antineutrinos decreases as time passes. Due to 

he above fact antineutrinos become non-relativistic at some mo- 

ent, and the relation between its momentum and kinetic energy 

takes the form 

p 0 c = 

√ 

ε(ε + 2 m νc 2 ) , (B.2) 

here m ν is the antineutrino mass. The superscript 0 stands for 

alues taken at the present epoch ( z = 0 , t 0 = 13 . 8 Gyr). It can be

ut in the following dimensionless form: 

˜ p 0 = 

√ 

˜ ε ( ̃  ε + 2 ̃

 m ν ) , (B.3) 

here ˜ ε = ε/Q and ˜ m ν = m νc 2 /Q . 

Substituting the relation B.1 , taken in the form p i = p 0 /a i =
p 0 · (1 + z i ) , into the expression A.8 one obtains the fraction of an-

ineutrinos of momentum in a given interval, which were produced 

t fixed value of z = z i : 

f ( ̃  p i )d ̃

 p i = f ( ̃  p 0 ·(1 + z i ))(1 + z i )d ̃

 p 0 = f 0 ( ̃  p 0 )d ̃

 p 0 . (B.4)

t corresponds to the fraction of antineutrinos, which at present 

ave kinetic energy in the interval from Q · ˜ ε to Q · ( ̃  ε + d ̃  ε ) : 

f 0 ( ̃  ε )d ̃  ε = f 0 ( ̃  p 0 ( ̃  ε )) 
d ̃

 p 0 ( ̃  ε ) 
d ̃  ε . (B.5) 
d ̃  ε 
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