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1. Introduction

The obeserved asbundances of the light elements 2H, 3He, ‘He,
7Li are well explained by the primordial nucleosynthesis theory
/1,2/, When in the process of its expansion the Universe reached
temperatures 1 - 0.1 MeV, nuclear reactions leading to light ele-
ment production took place. The premordial abundanceas of these ele-
ments are good indicators of the conditionas in the early Universe
at the time of nucleosynthesis (t € 107° . 1029ec e

The output of the light elements depends primarily on the
neutron-to-proton ratio at the freeze-out (ﬂ/p)F =€XPKmp“mn)TF_]
which in turn is determined by the relation between the universe
cooling rate and the rate of the weak processes Nn+v ""p‘f‘ €
and N+t o P + ) . The cross-section of these reactions
depends on the not very well-known value of the nucleon acial-vector
coupling constant, The latter is defined through measuring the neut-
ron half life-time (Z‘l/z . The universe cooling rate ‘ht)/‘r{t)
depends on the number of particle species in the primeval plasma K.
Respectively (n/ p)F and the calculasted abundances of the
light elements are functions of these two parameters,.

After [N -p)- freeze~out the formation of nuclei in the pri-
meval plasma proceeds through two-body baryonic fusion reactions
with a rate depending upon nucleon density HN . Thus, the amount
of the produced light elements can be expressed through the following
three parameters: K y C4,, end n /'Y)X where nb’ is
the photon density. In particular, QHe-abundance is especially senai-
tive to the neutron-to-proton freezing ratio because nearly all neut-
rons ultimately bind into He.

Theoretically calculated abundances of the light elements are
in good agreement with observations. Thie allowa one to put rather
atringent restrictions on the physical conditions in the early Uni-
verse. The well-known 1limits on the number of neutrino flavours Ky
were obtained in such a way /3,4,5/. The recent analysis of obser~
vational data, made in ref, 2,5-7, leads to the conclusion that

Kv << 4, This result is rather disturbing because in tha fag-
hionable elementary particle models there ia a number of new light
particles which can contribute to k . Superstring theories, for
example, predict a whole shadow world comnected with ours only
gravitationelly.




Concerning this, we reexamined the standard model trying to
find possible modifications which may result in weakening the upper
limit on ky ., Putting aside serious alterations of the hot Uni-
verse seenario, such as those connected with time variation of the
fundemental constant, we dwelled on a simple case of new guasistable
particles,

The influence of new elementary particles on the primordial
nucleosynthesis was investigated in refs., /7-14/., The corresponding
changes in rx/ Y]Y and in the effective number degrees of
freedom K were considered, The presence of additional stable
particles through nucleosynthesis leads to an increase in the total
energy density ?kot at a given temperature, thus increasing the
Universe expansion rate, This results in an incresse of ‘r; and
overproduction of 4}{8 + The effect of eventurl equilibrium de-
cays of massive particles after nucleosynthesis was also systemati-
cally studied /9-11/, Entropy preoduced by masaive particle decays,
changes the time-temperature relation and dilutea the ratio YDQ1 =]
thus requiring a larger initial leading to overproduction of

again, The influence of particles decaying before or during
nucleosynthesis on the light element production has been studied only
recently /12-14/. Hsinlybthe above discussed effects, i.e, the changé
in n/n and at the nucleosynthesis era by the
immediately thermalizing decay products,have been considered.

We discuss the case of nonequilibrium decays of massive particles

)( during or before (Y\ "F) freesing. There have been studied
the nonequilibrium interactions of the decay producte with nucleons
and their effect on f{e production. The total effect of the eventu-
al existence of these particles includes both the increase of the
expansion rate and respectively F , and the direct influence on
the kinetics of (1~{0) -transition by the interaction of the decay
products with nucleons. The neutron-to-proton ratio can be shifted
into either direction depending upon the decaying particle mass YT?X
its life time Q:x y the ratio of -particle number density
to that of photons prior to the decay and the decay channels of )( -
-particle,

In what follows we shall consider in some detail the cape of the
dominant decay mode X-"VTT with nonthermalized neutrinos partici-
pating in the weak (ﬂ'p) ~transitions.

The dependence of(r’/F7) ~frozen ratio on the energy spectrum
of nonequilibrium neutrinos can be understood as follows. Symbolically

the kinetic equation goverming the neutron number density can be writter
an

gggln = -Y\v’?,,r1(\)Y\-»F)e).4.ij>ng.[” (F);;,*Errrwit (1]
*nPncr(Pe —’Vﬂ) “NetNin M(ne —-vpv).

Here Y3 is the number density of particles L , F’ is the proba-
bility of the corresponding reaction. The exact equation,with the
universe expansion taken into account, ie written below.

Contribution of nonequilibrium neutrinos changes the first two
terms in this equation. Now note that equilibrium demnsity of neutrons
ig gmaller than that of protons, n"\/ﬂp —.:a)(p(*A/T).correspondingly
for high energy neutrinos,when (vn —ape) = F(Vp«-«e*n), the
second term is larger than the first one. This results in an increase
of neutron density. On the contrary, for low energy neutrinos

r’(pv — e,*n) could be wuch smaller thar_xf_ r(vn — pe)

due to energy threshold in reaction pv — €N, Thus, extra
low energy neutrinos can lead to 8 smaller neutron density. So, one
could expect that for a large mass of X ~-particles the frozen value
of (Yj/ P ) -ratioc should increase whereas for sufficiently small
YY\y it should decrease.

The presence of the additional massive particles slightly
changes thethermal history of the Universe. The qualitative effect
of this is a raise of the (YW-FD) -freezing temperature F .
which leads to an increase of the ny [P] -freezing ratio, end a
corresponding increase of € in comparison with that obtained
in the standard model.

The estimates of the two competitive effects, i.e. the increase
in the freezing temperature FT} and the change in the kinetics of
the (ﬂrFﬂ-transition by the neutrinos from -decays, shows a
great predominance of the second one. As & repult, the total effect of
a possible presence of low energy neutrinos is an underproduction of
neutrons, and in turn of 4|{€L , in the primordial nucleosynthesis.
That means thet the cosmological restriction on the number of light
neutrine types can be weakened.

In the standard scenaric more than 4 neutrine types k)}«

where ky '-‘; 2“ %V)"'?‘ g%go(T%vr (oums are teken over relativistic

bosonio-B and fermionic-F helicity states without a*,e',{?,leaﬂ to 4He
production inconsistent with recent analysis /2,5-7/.In the presence
of decaying X -particles the stringent bound Ky< Y fails and a larger
number of neutrino flavours is permitted.

In the following section we briefly review the standard calcula-

tions of Yn/F) ~ratioc. In section 3 our model is more profoundly
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treated, the calculations and the results are discusped. Some specu-
lations concerning possible physical cendidates for the role of the
decaying particles are made in section 4.

2. Neutron freezing in the standard model

The simplest model pf an isotropic and homogeneous expanding
Universe is used. In the early Universe the energy density is domina-
ted by relativistic matter (as 9““‘-{ ~R" ~Tq’ ?mnrcl ~R2T3
the curvature and the vacuum energy term are negligibly small).

- - i - qrz T4
O~ Qret = 29uQy =36 % ' ()
- » t, -3 2
So that H=§=_,I;::{.663,§M91T,
= T (3)
where g* is the effective number of relativistic degrees of
g 4 grees
freedom g* = g gs(Tﬁ/T) +g;gp (TF/T )4.
Sumg are taken over 8ll relativistic bosonic (B) and fermionic (F)
helicity states, MPL is the Planck mass. 2 -2
In this case of radiastion dominated Universe ?a_gazﬂMPL t
S0, the temperature-time relation is:
3 2
t .24 g,.*(f_M_e_V) _
T

sec (4)

The tempefature falls with the expansion of the Universe, Up to 1 MeV
the nucleons P and Y1  are in equilibrium through the reactions:
Pte «»n+y,
n+ef e p+tW
Neespre+y, -
At the temperatures of interest, i.e. T"’iMCV, the characteristic

time scale is of an order of 1 mec and so the last reaction can be

neglected, The corresponding corrections can easily be taken into
account afterwards.

(5)

The evolution of the number density of neutrons participating
in reactions (5) in the expanding Universe can be traced by the
Boltzmann kinetic equation:

on, - Hp, ony _fon)? 4
=P & %)gfdvzdvyg(phfp‘,_pe)x

x[{A(ﬂh'*'Y,"’Z)IznnUn —)A(Z"’Y*nn)lzgn - (6)

4

is the particle occupation number in the phase space,
means & product of par-
is & one-

Here, Y]
Y, Z denote many-particle states, ||
ticle densities forming the Y ~-gtate, In our case
-particle state, Y: €.+ or Y = Ve and no product is taken,nY)
means a product of particle densities forming the ;Z ~-state
(2=, et or X = P, Ve ),'d\)z = fjd3p25(2“s denoctes
a product over all particles in the Z- state. A[ﬂ-\-‘(-—-vz is
the amplitude of the transition frow the (n + Y} ~gtate into the

Z -state,

The first term on the right-hand side deascribes the effects of
the Universe expansion,
In the caleculstions the feollowing relations are throughout 4

used Ny + N-P = const, Ylv(p)':ewx(1+€'x}'t, Ne=e#(4+ e“z) )
where X= EyfT ) E= Ee/‘r y A=2My,~1Mp s Nnp are particle number
dengities., The neutrino and the electron number densities are assumed
an equilibrium ones, whereas nucleon number densities n'n(m; Y)P {R,)
(respectively N;\ (X) and f\rp (X) in X -space) deviate from
equilibrium because of the universe expansion and slowing down the
rates of the reactions ( V+N & p+€ and @Y4Ne— PtV ),
The corresponding nonequilibrium neutron density can be found through
numerical integration of the kinetic equation (6). The calculations
are performed with the equilibrium number densities for neutrons end
protons as an initial condition at high temperatures, > 3 MeV:
N, Inp =exp ("A/T) . Particle number densities, i.e. the number
of particles in g unit volume can be expressed through Y](P) ag

M(K] = (zw)"BJ'd}P N( p) . Performing integration in the r.h.s
of eq.(6), one can obtain the following equation for the time evolu~-
tion of the neutron number density:

-5
W __3HN,, - GE (4343 (M- e T)TT
ot T 1)

where I - jdxize'x(\'%e”m)_t (“_ e-x-g)“i(y{x) Y(;rl)z_ﬁz yz +

<o

) L N (R | B
M3

= Me x=
=2

Vo, \ég.f[}: , o= 1.293 Mev
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The first term in the right- handislde of e .(7) deecribes
the Universe expansion (h= Fe,p ~ M?L 9 ~ MPLT ~ /Z,t ’
the next two terms describe the processes YI+V e»pP +& and

n+et e p+V , respectively ([, ~ GZT 5)

The series expansion (l*e“") R Zn.( 4) exp (wK)() makes
poseible to do integral 1 analytically. The resultant equations can
be numerically integrated for the temperature range of interest,

Qur numerical calculations include the interval 5 MeV -~ 0,3 MeV,
The results well coincide with those previously obtained /2, 28, 2b/
gnd they are in accordance with the observed abundance of #He .

3. Neutrpon density with nonequilibrium neutrinos

The essential point in the standard approach is the assumption
sbout the equilibdbrium .aceupation number of leptons, In what follows
we reject this assumption and consider a modification of the stan-~
dard approach due to nonequilibrium neutrinos in the primeval plasus,
Physically, these neutrinos could arise from the decay of a new long-
~lived particle X-,vv T~ ~{sec, Electrons and photons, if produced
in the decay, quickly thermalize, but weakly interacting neutrinos
can be long enough {or even for ever) out of equilibrium,

To caleculate the modified (W/ p) ~ratio we start from the
equation defining the evolution of decaying X ~particlea in the
expanding Universe:

0Ny - Hpanx _ mx Mn,.
ot Ex (8)

Here Ex is the total energy of X-particle, Px;"(;""is the
decay width. The first term describes the expanmion, and the second
one is due to the decays. )

We assume that ~particle interaction with the primeval
plasma is sufficiently weak, so, they are out of a thermal contact
with the plasma at temperatures | <. T: and TFX 7 1 MeV,
We solved eq.(8) for two different possibilities for the maas-to~

~freezing temperature ratio: [TX > 4 and mx/—r"
i.e. for different initiaml conditions for iy . The second case
is deserving a special attentien as it allows the underproduction
of llHe .

The evolution of the decay products of )(—particlea is
described by the equation:

D_Dv HP anv + —Air JdExﬂx(Px '
ot 0Py E,

where E" = m;-_*_l;Es.

min 4 EV
The two terms in the r.h.s., reprement the diluting effect of the
expansion and the effect of creation of nv __ from X ~decays.
We do not take into account the inverse decsay VY —» X  because
the nonequilibrium neutrino denaity is assumed to be small.

Efm‘m (2]

The influence of thus produced Y  and 1% on the neutron
density is determined by the evolution equation for neutrons:

oo
Y
2 Al == 8r (143.2)T5 044) [dR(2+ £) 2 ny
ot An? o (10)
where & Mh represents the alteration in the number density of
neutrons due to the reactions of the decay products with nucleons.

We have solved these equations for masses YY1, 7>{ MeV, and
particle life time ‘Z;N 1 sec, The constraint on the life-time is
based on the requirement for nonthermalization of the decay products.
We found it convenient for analytical calculations to study separa-
tely the capes: YViy /TX >4 and YYly /T" < 1 .

In the first case , Y, [T > L 4 X particlea become
nonrelativistic (TW,;M_,_ ~ ¥Yy ) while atill in thermal equilibrium.
Their concentration for the period . Tyoue, < t < ‘l:f.: is strongly
suppressed by the Boltzmann factor €xp (* 'W)X/'r -particles
decouple from the primeval plasma at temperature F (freezing
temperature) with the equilibrium concentration: N'; ~€XP( m’}(r; )'NS"
Purther on, their density changes due to the expansion diluting effect
and their decays.

We follow the earlier described procedure (egs, 8-10) to find
the evolution of neutrons number density in the presence of the
decaying X -particles. The initial condition for eq.(8 ), i.e.
number densities At T;:x is n:: exp (- Ex /TF"}. Por the evolution
of neutrons number density in this case we obtain:

aN‘ _bN’"f)‘tﬂﬂdﬂfd + a M- "‘3HN."
'bt
(1*31')(1\& fsrpeT)Ti- Gp (4+3<L )(Nﬁn VP)T d, (1)



. N2 =)?
where J= ( X"'+ YF") exp (»XF)‘[X;ﬂ(_-'E} ?(F- Jexp[_-l(n(}:) J

¥

XF = Px L-F

The last term in eq.(11) describes the effect of the V*‘D_”P"'e and
v +P - N+ et nonequilibrium reactions with Y anda ¥V from

X -decays, Numerical calgulations have been performed for T;—; >R . MeV,

m,>2 (A + me) el { =500 sec™® . I this case an inc-
rease in the ‘He production can be achieved, There exists also a ran-
ge sf values of My Fx and T , for which the effect is negli-
gible, e.g. the model reduces to the standard one concerning the 4He
abundance., An underproduction of He is not possible in this case.
More attractive in this pence is the second case: mx /Tx <L i ,
where the possibility of = 4H€ underproduction exists.

The initial condition to start the calculating procedure
described by eqs. (8-10) is the number density of the X-particle Ny
at the moment of decay. The interaction rate of X-particles with
the thermal background drops below the expansion rate at temperature

X
Te  while X are still relativistic: T > WMy .
The particles freeze out at the equilibrium concentrations: hp ~
~exp (-P/ T (M, /T is neglected). It is the initi-

al conditlon for eq.('8) in this case. The equations can be analyti-
cally integrated for the case r;'f: <] a t-1sec.
The resultant equation has the form:

L Y AR (A I

ot
(13 J1-y9+ 3) + 23
+ G (1oL it (n+4)5[ v §p(1-y)« 2P (117)] -
-3GH+3400) . 2 i 2
ﬁ(ﬁ(—‘cg)‘{ﬂfn&‘mﬁ exp(-it). (1+p)

P |
Y= R atime ,/3: B=233 g*'”.Mp;_ . (12)
My

The results of the numerical integration of (12) for f"x =154 ,
and for My € (4 + 1u)Mev , are plotted in figs. 1 and 2.

X (t)
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Pig.1. Solid lines give the evolution of the number density

of neutrons relative to nucleons Xn = Mm o N for the
V\M‘ hhﬂ’\p

models with decaying X -particles with a lifetime ~ 1 sec

and masses W)x = 5 MeV, 7 MeV and 9 MeV., The dashed 11ne gives the

evolution of the relative neutron number density for the stendard

model of primordial nucleosynthesis.



Fig.2, Neutron number den-
sity relative to nucleons
at freezing temperature as
a function of the particle
mass My at T, =fsec.
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below definite energies
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e.g. ™y NZ(A«&-W) the
p~producing reaction be~
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2 6 10 14 decrease of ¥ and the
My , MeV final 4He can be achi-
eved,
The poasibility for the Y//eunderproduction can be used to weaken
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the stringent consiraints on the number of 1light neutrino flavors /5-7/.

The increasse of the latier leads to an overproduction of 4He .
A hybrid model with more ligh neutrinos and decaying )(-particlea may
lead to the standard abundance of e provided that the two
effects compensate each other, .

4, Particle physics candidates for sources of nonequilibrium neutrinos

We have shown that the comological bound on the number of neut-
rino species would be weaker if there existed a light quaesistable
particle X decaying into neutrinos. These particles must be out of
equilibrium, when they decay, to produce nonequilibrium neutrinos.
The characteristic time scale is of an order of 1 see¢ and the energy
or mass scale is of an order of several MeV. An important question
is whether such particles are predicted by the theory or at least
do not contradict the existing experimental data., The anawer to the
first part of this question is unfortunately negative., No definite
prediction exists for particles with such ranges of mass and life-~

time.
10

One natural cendidate for X is a massive neutrino »& with
mass of an order of 10 MeV, which drops from equilibrium at T~ my .,
As for life-time of such a neutrino, the simple rescaling of muon
life-tine , T, = Ty (My /My, )° , results in G ~ Ls€g
see, which is of the right order of magnitude, if there is no extra
suppression of the decay, which seems to be most unlikely, however,

We have considered a concrete case of aboson X decaying into
VY . We implicitly assumed that X was a vector particle so
that it decmyed into proper neutrino and sntineutrinog (i.e. left~
~handed \%_ and right-handed x’R }J. Por exauple, >< could
be the gauge boson connected with leptonic charge, the corresponding
local symmetry being broken so that )( becomes magsive, The coup-
ling constant of is determined by the condition

=4 afm .~ fsect
M 2£L'mx sec

which gives gf/{«e"* = 40 for Yy = 5 Mev . This
value is eafely far from the bound obtained, e, g+ from electronic
(g-HZ) value, If_w is indeed the 1€£tonic gauge boson it decays
not only inte VYV but also into " » This decay channel
was not teken into account in the preceding section; but if one notes
that the electrons from the decay quickly thermalize, the effect of
this extra channel amounts only to a change in the decay width,

More intereasting is the came of )( being a scalar boson,
Now ite ocoupling to neutrinos should not be so unnaturally tiny ae
for a vector particle, The point is that the decay of a scalar parti¢-
le into a \)\) pair is forbidden by the helicity concervation
if neutrino is massless. The decay anplitude is

A(X=vP) = g5 Dy (1ey5)V

and the corresponding life~time is:

-1
Tozli=| g mj(m:) /g?_ 3l w""m(fotsvy(’;_zsev).

~10
We get the life-time of the right order of magnitude if(g5KZI) 10,

Thus, in fact an anomalously strong neutrino interaction mediated by
§ ~boson change should exist., There are no experimental data which

forbid such an interaction if .XS couples only to neutrinos.

It ie noteworthy that half of the neutrinos produced in (X—b VF)‘

decay have the wrong polarization and do not interact with nucleons.

11



Because of this, the calculation presented above should be modified
and the final effect is to be smaller. In addition, the right-handed
neutrinos contribute to +tot , effectively increasing Vv .

To conclude particle physics does not predict a particle with the
peculiar properties we need, but at lesst the existence of such a par-
ticle is not forbidden and one can hope to find a room which is npt
squized by 4%16., 2’4 ’ etc., for extra neutrinos or for = ’
whole shadow world if the proposed hypothesis is true.

We thank L.P.Griischuk and V,F,Shvartasman for stimulating
discussions, and also one of us (D.K.) appreciates the support of
M.V.Chizov,
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Honros A.IO., Kupunosa I.Il. E2-87-32
HepasHOBeCHBI€ pacraisl INerkux YacTHIL
1 NepBHYHLIE! HYKIIeOCHHTES3

HayyaeTcss BO3MOXHOCTH MOIMOHUKALMH CTAaHAAPTHOI'O CLeHa-
pHs IePBHYHOI'O0 HYKIIEOCHHTE34, KOTOpAas HO3BomMna 6l ocja—
O0uTH OrpaHUYeHHe HA 4YHCJIO THIIOB HelirpuHo. Paccemorpena xout
KpeTHas Mopeib ¢ JieTKHMu M, ~ 1 MsB kBasucrabunbummu uvactut
namu 7, ~1 cek, pacnajgalupMdcs no kaHany X - . B cnyuae,
KOrHa NpOAYKTH pacnaga He YClieBalT TepManH30BATHCH, OHH
MeHAKT 3akaneHxoe (n/p) =—OTHOmeHHe H COOTBETCTBEHHO KOIH+
4yecTBO O0Bpa30QBaBMMXCH JIETKHX 3JIeMEeHTOB. YBejHuYeHHe HIH
YMeHbHIEHHe 2TOr'0 OTHOmMEHHMS 3aBUCHT OT IlapaMeTpoB MoAend,
H, COOTBETCTBEHHO, OrpaHHYEHHEe Ha YHCJIO COPTOB HeRTpUHO
MoxeT OnTh CymeCcTBeHHO ocliabneHo.

Pab6ora ssmonHeda B JlaBopaTopHH TeopeTHUYeCKOH GHIUKH

OusA.
[penpuut OGbeNHHEHHOTC HHCTHTYTA AHEPHBIX HCCNELOBAHHAR. Hy6na 1987

Dolgov A.D., Kirilova D.P. E2-87-32
Nonequilibrium Decays of Light Particles
and the Primordial Nucleosynthesis

Possible modifications of the standard big-bang nucleot
synthesis scenario, which would loosen the bound on the
number of neutrino flavours, are examined. A concrete mo—
del with light (m = 0 (MeV)) quasistable particles decay-
ing into vv is considered. If the decay products do not
thermalize they shift the frozen (n/p)-ratio and respectit
vely the abundances of the light elements produced primort
dially. The direction of this shift depends on the paramet
ters of the model. Correspondingly, for the particular
choice of these parameters the restrictions on the number
of neutrino flavours may be considerably weakened.

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR.
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