


1. INTRODUCTION 

The problem of neutrino oscillations in the early Universe and 

their effect on the primordial nucleosyntheeis has been considered 
by several a~thore/~-~'~/. Mainly the possibility for creation of 
neutrino-antineutrino asymmetry by CP-violating resonant neutrino 
oscillations has been 

In thie note we establish that vacuum neutrino oscillations may 
influence the number density and the energy distribution of electron 
neutrinos, and thus directly influence the kinetics of the neutron- 
to-proton transitions, determining 'He production. 

The kinetics of oscillating neutrinos in the primeval plasma 
was studied in ref. /l/. Here we follow this line of work. 

The kinetic equations for the oscillating neutrinos in the ex- 
panding universe are mitten for the density matrix of neutrinos. 
The evolution of the neutrino density matrix ~ f t )  is described for 
the period juet before the premordial nucleosynthesis t - 1 sec. 

The influence of neutrino oscillations between nonthermalized 
aterile neutrinoe and active ones on the weak n-p-transitions and 
on the subsequent synthesis of 4He is studied in more detail for 
the case when neutrino oscillations become conaiderable after the 
decoupling of the electron neutrino from the plasma. 

The evolution of n/p- density ratio is numerically calculated 
for different values of the neutrino mass differences and mixing ang- 
les: bm*=lmf - m:( g { O - ~ ~ V ~ ,  e €LO, 11. 

4 A Considerable increase in the production can be observed for 
a certain range of the model parameters. Consequently, the observati- 
onal data on primordical 'He abundance put limits on the possible 
oscillation Parmeters, 1.e. new cosmological restrictions on oscil- 
lation Parametera of neutrinos are established.) 



2. THE MODEL 

In the standard cosmological model only left-handed neutrinos 

efigt. Thpy maintain their thermal equilibrium with the primeval plas- 
ma by the rapid weak processes with electrons, positro~e 43-, e +  : 

ve+e-  + v,+e- 
V, + eS + ve +e+ 
% +  +- -;ire +e- (1) 

Q + e+ 4% +e+ 
q + +e." +e-4 

These reactions keep the neutrino equilibrium distribution down to 

TF- 3 MeV, when the rate of the processes (1) becomes comparab- 

le with the rate of the Universe expansion. After the freezing of 

these processes, T TF , neutrinos still preserve their 

equilibrium distribution because the expansion does not disturb the 
equilibrium distribution of maasless particles. 

So, in the standard Big Bang nucleosynthesis scenario/6/, at 

the nucleosynthesis epoch (1-0.1 MeV), neutrino number densities and 

neutrino energy distribution ake assumed the equilibrium ones: 

n, (EJ = e x p  (-VT)/(~ + e x p ( - ~ ~ ) ) .  
Here E3 is the neutrino's energy and T is the temperature. 
Electron neutrinos participate in the reactions with nucleons: 

The weak processes (2) and the diluting effect of the expansion 
determine the evolution of the neutron and proton number densities. 

When the rate of reactions (2) equals the expansion rate, the neutron 

-to-proton ratio ( n/p 1 freezes: 

is the mean energy of the interacting particles, fi denotes 
the particle number density, M pl is the Planck mass and 3 is 

the number of the re$ativistic dogrees of freedom. After freezing 

the W / p  ratio slightly decreases due to the slow neutron decay 
till T A. 0.1 MeV, when nucleosynthesis processes leading to 
4He sflthesis begin. 

The premordially producfted mass fraction of can be ex- 

pressed as $, (%)- 2(3&/(4+ % . Hence , it essentially depends both 
on the expansion rate and on the rate of the weak reactions (2). 

In our model of oscillating neutrinos both r~ w d  r" are 
shifted from their standard riucleosynthesis values and for a certain 

range of values of dm:@ the effect on the premordial pucleosynthe- 
sis is considerable. 

We assume the presence of right-handed neutrinos, VS ( ~ ~ ( 2 1  x 

U(1) singlets). Oscillations between the sterile neutrinos and the 

active ones are po~sib1e~i.e. we study the Wjorana and Mrac mixing 
scheme /9/. 

Only left-handed currents are allowed. The sterile neutrinos do 
not participate in the ordinary weak interactions, so, in the case 

without oscillations they de ouple f om the plasma much earlier than 1 
the active neutrinos do ( TT~" >7T x 3 MeV). Then sterile neu- 

trinos are not heated by the numerous annihilations of particles 

that hare taken place in the process of plasma*s cooling from TS, 
to 3 MeV. As a result, the temperature of the sterile neutrinos at 

the nucleosynthesis period will be considerably lower than that of 

the active particlesr Ts d C T v  for TVsi 3 MeV. 
When transitions between active and sterile neutrinos are al- 

lowed, sterile neutrinos may not decouple from the plasma much earli- 

er than the active ones, or may regain their thermal equilibrium if 

already deco~~led'~'. The reactions of active neutrinos with the 

plaama are the source of thermalization for the sterile neutrinos, 

because when oscillating into active neutrinos they have ability to 

react with e- and e+ of the p l a m  and to thermalize. If neutrino 

oscillations become effective after the decoupling of active neutri- 
nos T 4. 3 MeV, it looks realistic that sterile particles would not 
be thermalized. We discuss this case. So, the essential point in our 

research is the element of nonequilibriwn introduced by the nonther- 

malized sterile neutrinos, after the temperature falls below 3 MeV 
and oscillations become effective*. 

*'The case of considerable oscillations at l' 2 !I!% 3 YeV,has been 
considered eleerhere/2-4/,where the CPV-effect of regonant neutrino 
oscillations due to different interactions of and YS (or V, and 
V P )  with the plasma has been treated/5/. 



We estimate the pure effect of & +  61 vacuum oscillations of non- 
thermalized neutrinos op nucleosynthesis of 'He . 

Oscil$ations are effective when the oscillation rate csc -  
N 6mf/4~Ji.f becomes cc>mparable with or greater than the expansion 
rate: c'c 2 G .  

At T -  3 MeV, the mean energy of the sterile particles is less 
5 

than that of the ordinary neutrinos. f, - > ,C-3, 4 -&E, fd1 . 
Consequently, the osci1:lations of the ster/le neutrinos become ef- 
fective earlier than those of the active ones. Then thg requirement 
, f at T 3 MeV sets an upper limit on the mass dif- 

ferences 6%'~ lom7 ev2 for C I 

When oscillations become effective, the total particle density 
of the active neutrinos Y4- T,? is much greater than that of the 
sterile ones nS - . The oscillations will tend to reestab- 
lish the statistical equilibrium between different oscillating neu- 
trinos. Roughly speaking, as a result of transitions to sterile ones, i 

the number density of the active neutrinos will decrease in compari- I 

son to their standard equilibrium value. Moreover, oscillations also 
change the energy distribution of active neutrinos. If these changes I 
are great enough just before the nucleosynthesis epoch 7- 1 MeV, 
they may influence the kinetics of reactions with nucleons (2). Both 
the change of the total number of electron neutrinos and the distor- 
tion of their equilibrium energy distribution lead to changes in the 
rate of the weak processes (2). ( r w  - fly ( 6 )  ). The addition of 

new particles to the model increases the expansion rate in comparison 
with the standard one. rM - 3% . The increase in as well as 
the decrease of the total number of neutrinos cause an increase 
of the freezing temperature of the nucleons, and consequently an in- 
crease of ( ~ / p ) ~  and the produced 'He . The effect of the distor- 
tion of the energy distribution of neutrinos has two aspects. An ave- 
rage decrease of the enerw of active neutrinos should lead to a de- 
crease of the weak reactions rate r, w E2 and subsequently to an 
increase in the freezing temperature Tp . On the other hand, there 
exists an energy threshold for the reaction q-)f3 -* fi + e+. And 
in case when, due to oscillatior.s, the energy of the relatively 
greater part of neutrinos becomes smaller than that threshold one 

should expect a decrease of the produced neutrons, and consequently, 
of the ( )i8' . However, the detailed calculations show that this 
effect is less noticeable compared with the previous ones. So, the 
total result of neutrino oscillations is a considerable increase of 

the (n/p)F and consequently of in comparison to the standard 

values. The relative increase in ( 4f/ e ) may reach 10-204% which 

is large enough to eliminate the possibility of such oscillations. 
In what fallowe we reveal more precisely the kinetics of oscillating 
neutrinos in the early universe and the effect of the nonequilibrium 
oscillations oq the production of *He . 

3. THE KINETICg OF NEUTRINO OSCIUATIONS 

For proceqees with oscillatiqg neutrinos the kinetic / 1/ equations 
met be writter! for the density qtrix of neutrinos 9 . - - E 

The equilibrium form of 9 is = 5 OXP pT in the 
case without oscillations. So, in the standard model, where neutri- 

nos are in equilibrium, one can work wlth particle deneities instead 
of y . 

. In an equilibrium background, the introduction of oscillations 
slightly shifts 3 from its diagonal form, due to the extreme 

smallness of the mass in comparieon with the characteristic 

temperatures (T e 1 MeV) and to the fact that equilibrium dietribu- 

tione of maeslees particles ie not changed by the expansion*. So, it 
ie again preferable to work simply in terms of particle densities. 

However, in the cage of oscillations between nonthermalized 
sterile neutrinos and the active neutrinos vs @ 3~ , one has to 
work in term of the 9- matrix, because in this case 9 essenti- 

ally differs from its equilibrium value. 

The transitions between different neutrino flavours are proved 
to have a negligible effect, because Te - Tcp ( is the flavour 

index)/' p3/. So, for simplicity in what fallows we will accept a 
eimple 8 + M -  mixing scheme. ldixing is present only in the elect- 
ron sector; 

vc= cv, - s y  
J , = s u ,  + cu,. 

y denotes the sterile electron antineutrino, C I (05 0 ,  S S S L N ~  

and 9 is the mixing angle in the electron sector. All other &x- 

ing angles are put equal to zero. and 3 are Ujorana partic- 
les with loaases m, and ma , reepectively. 

'For thia reason the effect of r)* oscillatione on par- I,/. 
ticle densities of Ve and on nucleoeynthesls is proved to be small 



Using the  approach of refs." ' lo/ we wri te  the k ine t i c  equa- 
t i o n  fo r  the density matrix of the o s c i l l a t i n g  neutrinos i n  the p r i -  
meval plasma of e-, e+ of the expanding Universe: 

fly , Ey a r e  respectively the momentum and the  energy of neutr i -  
no, qij i s  the id - element i n  the density matrix of the mas- 
s ive  k j o r a n a  neutrinos. % stands f o r  the density number of the  
in te rac t ing  pa r t i c les .  The bar denotes the corresponding an t ipa r t i c -  
l e .  %o i s  the f r e e  neutrino hamiltonian: 

is  the amplitude of the process e' e--' ' L  5 , i s  the  amp- 
l i t u d e  of the procese e- V;  -* e- C is tha t  of the  process J ,  

vi e+ -V. e+. They can be expressed through the  known amplitudes 
J JL, (e-o' + y ~ ) ,  Be ( e - v , - e - % )  and Cde4%-e+%): 

= A & ,  B=da, , C = d C e  
& 

dij = U i e u j e  , 

where U i s  the unitary matrix i n  the expression: vL= U~(vC,!=%s.  

So, the f i r s t  term i n  eq.(3) describes the e f fec t  of the expan- 
s ion the second one i s  responsible f o r  osc i l l a t ione  of VC and vs 
and, ;the l a a t  terms descriFe the weak react ions  e-et-.~'9 3 

e+v -t e+vi t and & -* Q- vL respectively.  With the use of 
iden i t i e s :  J I \ 

equation (3)  can be wri t ten i n  the more exp l ic i t  form: 

I n  numeroue works on neutrino osc i l l a t ions ,  neutrino density numbers 
have been calculated i n  the  approximation when the osc i l l a t ion8  a re  
only taken i n t o  account. Next, these density numbers have been used 
i n  the react ions  discussed a s  i n  the case without osci l la t ions .  This 
approximation i s  val id  only when neutrino osc i l l a t ions  proceed much 
f a s t e r  than the  other processes , i.e. when r o s ~  >7 rm&, . Other- 
wise, one has t o  work v l t h  the k ine t i c  equation f o r  the density mat- 
r i x  (3). 

We w i l l  study the evolution of the neutrino density matrix only 
f o r  the came of electron neutrino osci l la t ions .  



According to our assumptions oscillations become noticeable af- 
ter the decoupling of electron neutrinos. So, the neutrino kinetics 
down to 3 MeV does not differ from the standard situation, i.e. down 
to T - 3 MeV electron neutrinoa maintain their equilibrium distri- 
bution, while the sterile neutrinos should have decoupled at the ear- 
lier epoch as far as they participate in superweak interactions : 
TS <T3,f ls  '%-T')- 
Kinetic equation (3) for the case T d 3 MeV after the decoupling of 
electron neutrinos reduces to: 

The initial condition reads: 

cL -CS 
T = To 3 MeV. 

The differential equation (4) is easily solved by using the substitu- 
tion p = , = $ . Then, after some simple calculations we 
obtain: 

where 6 = 0.1 M~~ f t  I mf - m: I and 

The density number of the electron neutrinos 'VL,, Z ~ L L  

will then read: 

So, in the case of 3-  oscillations proceeding in the way desc- 
ribed above, the evolution of active neutrinos with the gradual cool- 
ing of the Universe ~ L L  ( ~ ( ~ 1 )  is explicitly described by 
(5). It differs from the equilibrium distribution of active neutri- 
nos in the standard model 9: - e r g  (- fl by the multiple 

[i - 2 c2r' +2cAsaw5 %:(+, - <S ) . As was expected, this dis- 

tribution reduces to the standard one if the mixing angles or 6m2 
areput equal to zero. At great 6 , i.e. bcv*1'Z. 10'~ ev2, when 

5 ( $3 - ] is frequently oscillating, it can be averaged 
and then QLL = exp  (- $ ) .  (L-2~'s') .  *om (5) it is evident that 

the energy distribution of active neutrinos is also changed by the 
oscillat ions. 

4. THE KINETICS OF NUCLEONS 

The kinetic equation describing the evolution of the neutron 

number density n, for the case of oscillating neutrinos vc HI)S  
reada : 

a ~a ( e , p )  l ~ ( Q P - u N I '  (&vp - n, 9'3- - n, = 
a t  v* 

Instead of a similar equation for np the identity 
N;, + F ( ; o = c o ~ s t  is used. (N- 1 , ~ d + * l ( ~ ) )  

@v)  
The first term describes the expansion and the second one des- 

cribes the processes e- + p n + Ve and p+ 3- e+ +n directly 
influencing the nucleon density. 

This equation differs from the standard scenario one only in 
the substitution of qLL from eq. (5) instead of %%-ap (- 
The number density of electrons is assumed to be the equilibrium 
one. This assumption is justified by the fact that the rate of reac- 
tions of electrons with the photons is enormous, and as a result, the 
deviation of from its equilibrium value is negligible. 

- 
~ L L  = VLL because of CP - invariance of all the processes 

discussed W,, = $ as in the standard model. 

The initial condition for eq.(6) is the equilibrium distribution 

of neutrons and protons at T - 3 MeV. 
Number densities per unit volume can be expressed through n(?) 

I as FT= (.t~i)-'Jd'p W ( F )  . Performing integration in 
( 6 )  one can obtain the following equation for the time evolution of 
the neutron number density: 



where 

and 

Equations (7) have been numerically integrated for the tempera- 
ture range of interest 0.3 S T 4 3  MeV, at different 6mS , 6m'41dtt 
and different values of the mixing angle 6 ( 0 ,  2 ) .  The effect 

of oscillations on nucleonsynthesis becomes negligible for e 4 F, 
and 6mtrlo-'1 .vZ, 8;:. 

The results of the numerical integration of eq.(7) for 
~ W ' C  lo-") ev2 and 8s T /  4 are plotted in Figs.1 

and 2. 

Big. 1. Solid lines give the evolution of the number density of neu- 
trons relative to nucleons Xw (t) e n- (4) I * ~ l v  for the 

models with oscillations 
with h = 10-7 ev2, 10-8 e ~ 2 ,  10-9 ev2, and 3'50/4 (&= 4)) i.9. 
mixing only in the electron sectlon. The dashed line gives the evolu- 
tion of the relative neutron density for the standard modeuof primor- 
dial nucleosyntheeis. 



When independent  misinge i n  t h e  and < s e c t o r  a r e  a l s o  

al lowed,  t h e  m e n  e f f e c t  i s  .the p o s s i  l e  i n c r e a s e  of  t h e  r e l a t i v i s t i c  

degrees  of  freedom at T -1 MeVkThen t h e  overproduc t ion  of 'He 
would be even g r e a t e r  and t h e  c o n s t r a i n t s  on t h e d ~ f .  and ei would 

be more s t r i c t .  
1 

I 1 

1 2 3 4 5 6 7 t ,  sec 
Pin. 2. S o l i d  l i n e s  g i v e  t h e  e v o l u t i o n  o f  t h e  number d e n e i t y  o f  neu- 

t r o n a  r e l a t i v e  t o  nuc leons  Xn ( t )= 'htc) /%w f o r  t h e  models 
wi th  o a c i l l a t i o n s  

d t h  6%" .17, lo-' evZ, f and T \ 6 ,  %= 6 ,  i .e .  inde-  
pendent mixing i n  a l l  s e c t o r s  i e  allowed. The ashed  l i n e  g i v e s  t h e  
e v o l u t i o n  of t h e  r e l a t i v e  neu t ron  d e n e i t y  f o r  t h e  e t a n d a r d  modele. 

I n  t h e  Tab1,e t h e  r e l a t i v e  incr_ease of ' ~ e  i n  comparison w i t h  
t h e s t a n Q a r d o n e a t T - 0 . 3 M e V , 6 = $  a n d f o r  v v = 4 a n d  % = 6  
i s  repor ted .  I n  t h e  f i r s t  column t h e  k i n e t i c  e f f e c t  i n  case  = 4  

i s  r e f l e c t e d  i n  comparison t o  t h e  t o t a l  e f f e c t ,  i n c l u d i n g  a l s o  t h e  
i n c r e a s e  of  r e l a t i v i s t i c  degrees  of freedom, shown i n  t h e  second co- 

lurpn. It i s  obv;ious t h a t  t h e  k i n e t i c  e f f e c t  o f  o s c i l l a t i o n s  p l a y s  $ 

cons iderab le  r o l e  i n  overproduc t ion  of 'He . 
1 

&I2 
R , */a Tabl. ~ e l a t i v e  i n c r e a s e  of 

4 He i n  comparison w i t h  t h e  

cv2 3=43/4 3=50/4 9.16 
s t a n d a r d  i a l u e :  

1 0 - l ~  0  2.7 7.0 R = Y~I'K~) - Y + ' ( Y ~ )  
10-lo 0.1 2.8 7.1 -. 

10-O9 3.6 5.9 9'6 f o r  d i f f e r e n t  6mL and Nv = 3 ,  
10-O8 13.2 16.4 20.1 496. 
10-O7 10.3 13.1 17.8 

Fig. 3. The number d e n s i t y  of  neu t rons  r e l a t i v e  t o  nucleons as a  func- 
t i o n  of  t h e  n e u t r i n o  mass d i f f e r e n c e s .  8 = x / 4  , & ~ 4 ~ 6 .  

On Fig. 3  t h e  dependence of  4% / ('a + p )  on 6m2 i s  shown. 

AS could be p r e d i c t e d  from t h e  e q . ( 5 ) ,  f o r  g r e a t  bw~'-10'~ ev2 
when t h e  o s c i l l a t i o n s  of  n e u t r i n o  d e n s i t i e s  a r e  f a s t ,  t h e  r e s u l t a n t  

WL /@I+p)- r a t i o  t ends  t o  a  cons tan t  v a l u e ,  corresponding t o  



li 
QrL - 4 -2 psi . The overproduction of 'We 25% for 83 

JW* a arpi  $94 cry) is considerable. 
Consequently, the discussed quite realistic model of nucleosyn- 

thesis with nonequilitpium neutrino oscillations vc CC Ys is 
an example of the case when working in terms of 9 -matrix is ine- 

vitable. 

Future investigations must include both the kinetic influence 
of neutrino osc$llatiqns (discussed above) and the CP-violating ef- 

I fecte of the plea-. 
i 

I am grateful to A.D. Dolgov for the numerous stimulating dis- 

cussions and for the critical reading of the manuscript. 

REFERENCES 

1. A.D. Dolgov, Yad . Phys. 2, p. 1309 (1981). 
2. M.Yu. Khlopov, S.T. Petcov, Phys.Lett. B a ,  p. 117 (1981) and 
E, p. 520( E) (1981). 

3. P.Langacher, S.T. Petcov, G. Steigman and S. Toshev, CERN-TH 

442 1 /86. 
4. A.Yu. Smirnov, Talk given at the VI Moriond Meeting on Massive 

Neutrinos in Particle Physics and Astrophysics, Tignes, France, 

1986. 
5. L. Wolfenstein, Phys.Rev. x, p. 2369 (1978) and Neutrino-78, C3 

(19781, V. Barber et al., Phys.Rev. u, p. 2718 (1980); 

S.P. Mlkheev, A.Yu. Smirnov, Yad . Phys. g,  p. 1441 (1985) and 

JETP s, p. 7 (1986). 
6. A.M. Boesgaard, G. Steigman, Ann. Rev. Astr. Ap. a, p. 319(1985), 

R. Matzner, Publ. htr. Soc. Pac. s ,  p. 1049 (19861, 

D. Kunth, Publ. Astr. Soc. Pac. 98, p. 984 (1986). 

7. A. W onar, Phys.Lett. B B ,  p. 370 (1987). 
8. A.D. Dolgov, D.P. Kirilova, JINR E2-87-32 and 1nt.J. Mod. Phys. 

a, p. 267 (1988). 
9. S.M.Bilenky, JINR P2-83-441, Dubna, 1983. ' 

S.T. Petcov, CERN-TH 4399, 86. 
10. A. Sapar, Derivation of the Generalized Equations of Kinetics for 

Photons and Particles and Their Use in Astrophysics, Valgus, Tal- 

lin, 1985. 

Received by Publiehing Department 

on May 4, 1988. 

Knpnnoea A.n. E2-88-301 
Heii~plinnare ocqmnHqna H nepeuwbrii HyruIeoceHTes 

M3yseHa M O ~ U ~ I I K ~ ~  c ~ m n a p ~ ~ o i i  Monenn nepwiworO HYK- 

neOCHHTe3a npH H U l i r M U  H ~ ~ % T P U H H ~ I X  O C L ~ H J I J I R I ~ U ~ ~ .  P ~ C C M O T ~ ~ H ~  
xuiaeTnKa ocqmnnpymunx ~e j iTp l i~o  B n e p e u ~ ~ o i i  w a M e  (T - - 3 M3B) pacmaprrmI.qeiicR BceJfenaoii. Mccnenoema KOHKPeTHaR 
MOneJIb O C q M J I R ~ l i l i  Memy aKTKBHbIMH li HeTePMUV30BWbIMli 
CTePUJIbHbIMW H ~ ~ ~ T P W H O .  n0Ka3aH0, W O  ,4JIR o I I ~ ~ A ~ J I ~ H H o ~  06Jlac~li 
0CLZ;HJInR~UOHHbIX naPaMeTPOB OC4HnnHUNN CUJlbHO BJI?iRH)T Ha 
r i e i h p o ~ - n p o ~ o ~ ~ b r e  nepexonb1 n Ha nocne~ylouviil C U H T ~ ~  SennR 
( 4 ~ e )  . n p o T l i ~ 0 p e ~ e  C UMelo~MliCFI 3KCIlePHMeHTBJlbHbIMY AaH- 

H ~ I M U  m u  nepensao o 6 p a 3 o e a ~ ~ o r o  renm n o 3 e o n ~ e ~  a a n o m ~ b  
orprnwueaau Ha ocqmnRquoHHbIe napaMeTph1: a m 2  < 10-@ see, 
0 2 n /16. 

Pa6o~a BbInonneria B JIaGopa~opwn ~ e o p e ~ a ~ ~ e c ~ o U  &li3li~li 

OMSIM. 
npenpnn~ Oharuurennoro HHCMTYTr IUIBPHLIX ~ccneno~urnil. LIy6~11088 

Kirilova D.P. E2-88-301 
Neutrino Oscillations and the Primordial Nucleosynthesia 

A possible modification of the standard Big Bang nucleosyn- 
thesis scenario, allowing neutrino oscillations, is studied. A concre- 
te model of oscillations between active and nonthennalized sterile 
neutrinos is investigated. The effect on the production of . 4 ~ e  hae 
been provod considerable for a certain rmge of oscillation parameters. 
The contradiction with the obeervationnl data on primordial abun- 
dance of helium in the Univem sets bounds on the oscillation para- 
meters: 6me .< lo-' eV efor 0 > n/16. 

Tho investigation hae been performed at the Laboratory of 
Theoretical Physics, JINR. 
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