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7 neutrino decays and big bang nucleosynthesis
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We investigate the nonradiative decay during nucleosynthesis of a masséxgrino with a mass of 0.1-1
MeV into an electron neutrino and a scalar or pseudoscalar pagticlée full Boltzmann equation is used and
shown to give markedly different results than the usual nonrelativistic formalism for relativistic or semirela-
tivistic neutrino decays. Indeed, the region we investigate is where the formalism that has previously been
applied to solving this problem is expected to break down. We also compare the nucleosynthesis predictions
from this scenario with results from the standard model and with some of the available observational deter-
minations of the primordial abundances. It is found that for relativistic or semirelativistic decays the helium
abundance can be significantly lowered without changing other light element abundances. Since a problem
with the standard model of big bang nucleosynthesis is that helium appears to be overproduced, a decay of the
type we discuss can be a possible solut{®0556-282(98)05204-7

PACS numbg(s): 98.80.Ft, 14.60.Pq, 95.30.Cq, 13.15.

[. INTRODUCTION The effect of such unstable tau neutrinos on nucleosyn-
thesis have been investigated many times in the literature
A number of indications seem to point to neutrinos having[9—15], the most recent investigations being those of Dodel-
a mass. First of all there is the solar neutrino problem whicrson, Gyuk and Turnef13] and Kawasakiet al. [14,15.
is by far the strongest evidence we have for neutrino masBodelson, Gyuk and Turner have performed a detailed study
[1]. Furthermore, there are also indications of a nonzero newf several possible decay modes in the context of nonrelativ-
trino mass from atmospheric neutrino d4fd and, lastly, istic decays, whereas Kawasakial. have performed a cal-
one group claims to have seen evidence for neutrino oscillaculation using the full Boltzmann equation for the decay
tions in a laboratory neutrino beam also indicating a nonzeraode v.— v, ¢ [16,17. In all cases it is found that it is
neutrino mas$3]. Now, from laboratory experiments an up- possible to change significantly the primordial abundances
per limit to the tau neutrino mass can be obtained, which isia decay of the tau neutrino.
presentlym=24 MeV [4]. From cosmology, we have the In the present paper we focus on the decay
well known limit on stable low massn{=GeV) neutrinos
[5]: Vi Ve, 2

where v is assumed to be a Majorana particle apds a
(1) light scalar or pseudoscalar particle. This differs from the
decayv,— v, ¢ in that it includes an electron neutrino in the
. _ final state. Since’, enters directly into the weak interactions
using a present photon temperature of 2.73thKs the di-  that interconvert neutrons and protons this decay can poten-
mensionless Hubble constant afds the cosmological den- tja|ly alter the outcome of nucleosynthesis drastically. Indeed
sity parameterg,=2 for one flavor of neutrino and an- the nonrelativistic results of Dodelson, Gyuk and Turner in-
tineutrino. Since observations demand thgh®<1 [5], we  dicate that the primordial helium abundancep Ycan be
have a mass limit on any given stable neutririBhus, any  changed radically, either increasing or decreasing dé-
neutrino with a mass in the range 100 eV—24 MeV is necpending on the mass and lifetime of the tau neutrino.
essarily unstable. There are, however, many possible modes Now, in the past few years, evidence has been gathering
of decay for a massive neutrino. that the standard picture of the way light nuclei are formed in
For example there is the predicted de¢@yv,—vie"e™  the early Universe may be facing a crigis8]. The main
if the mass is larger thann2, and the mixing angle between point is that helium is overproduced relative to the other light
the two neutrinos is different from zero. A flavor changing nuclei so that the standard theoretical predictions are only
neutral current can also lead to the deegy- vjv;v;. There  marginally consistent with the observational resyls].
can also be other more exotic modes of decay, for exampl®ther measurements of the primordial helium abundance do
decay via emission of scalars or pseudoscalars. This decgyeld somewhat higher valu¢49], and the unknown system-
mode is generic for example in the majoron models of neuatical errors both in observations and in chemical evolution
trino masg8]. calculations may, however, be larger than presently assumed
so that it is perhaps premature to talk of a real “crisis” for
big bang nucleosynthesis.
!Note that this relation changes slightly if the heating of neutrinos  Our approach will not be so much to discuss the specific
from e* e~ annihilation is included6]. limits from nucleosynthesis since these are still quite uncer-
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tain as it will be a discussion of the differences between our 1 .
way of solving the Boltzmann equations and those previ- Cweal[f]:ff d*p,d®p;d®p,
ously used. Nevertheless, in light of the possibility that some !

new element is missing from the standard nucleosynthesis

2
calculations we think that it is important to try and find meth- XA(f1,f2,f5,f2)S2 [M 1234
ods of changing the nucleosynthesis predictions by including 4
plausible new physics in the calculations. One possible way X 8*(pyt P pa—pa) (27, ®)

of doing this is to include a massive and unstable tau nels here A(Fy, 0 fa,fa)=(1—f1)(1—f,)fafsa— (1—fs)(1

trino. —f,)f.f, is the phase space factor, including Pauli blocking

In order to obtain good fits to the observational data it IS,¢ the final states, and®p = d®p/[ (27)2E]. Sis a symme-

as just mentioned, necessary to lower the helium abundan(fﬁzation factor of 1/2! for each pair of identical particles in

somewhat compared to the other light nuclei. This can b‘?nitial or final stateg20], and=|M|? is the weak interaction

achieved by having relatively low mass tau neutrinos deca¥natrix element squared and spin summed. The matrix ele-
while they are still relativistic or semirelativistic. However, . ants for the relevant processes have been compiled for ex-
this is exactly the region where the nonrelaﬂwspc formahsm‘,jlmme by Hannestad and Madsé@l]. p; is the four-
breaks down because it assumes a delta function momentufomentum of particle.
distribution of the decay products and neglects inverse de- gince we are only looking at Majorana neutrinos the de-
CayS. It is therefore of Significant interest to inVeStigate th|%ay terms are quite Simp'e_ Since there iS a|most no net |ep_
decay using the full Boltzmann equation in order to calculat&on number in the early Universe the Majorana neutrino is
abundances in this parameter region. . _effectively an unpolarized species. However, this means that
In the present paper we calculate the expected primordiahere can be no preferred direction in the rest frame of the
abundances for a tau neutrino mass in the range 0.1-1 Meparent particle. Therefore the decay is necessarily isotropic
In Sec. Il we describe the necessary formalism needed fdn this reference frame. In this case the decay terms can be
this calculation. In Sec. Il we discuss our numerical resultswritten as[22]
Section IV contains a description of our nucleosynthesis cal-

culations compared to the observational data and finally Sec. mir gt
V contains a summary and discussion. Coed fy 1=~ TI PAELA(T, T, Ty (6)
T Mg VTpVT E¢ !
Il. NECESSARY FORMALISM 9y m; E,
' Canl ]~ = e [ B A1 1,0
The fundamental way to describe the evolution of differ- Gve TMo=yPoe /B,
ent particle species in the early Universe is to use the Boltz- @)
mann equation 5
Caed f4] Po T IE:dE A(F, )
dea ! ¢ _g¢ TmoEqqus E;T v volvg o)
L[f]=2 Ci[f], 3) ®)

where A(f, .f, f4)=f, (1-f,)(1+f,)—f, fu(1-1,),

. _ _ . mg=m’ —2(mj+m? ) +(m3j—m?)%m? . ris the lifetime
where the sum is over different possible collisional terms for f th ﬁeav neutrirew and is thee statiTsticaI weiaht of a
the given particle, such as decay, scattering and pair annih 1€ heavy o — 9

lation. In our case, we include the standard weak interactiong' " par'icle. We usg, =g,,=2 andg,=1, correspond-

of neutrinos with each other and with electrons and posiing to ¢= ¢. This assumption is not significant to the present
trons. Furthermore we include a decay term. We shall asnvestigation. Furthermore we shall assume that the masses
sume, however, that the scalar particles are collisionless exf v, and ¢ are effectively zero during nucleosynthesis.

cept for the decays and inverse decays. That is, they have no The integration limits are

self interactions and no other interactions with neutrinos.

This may or may not be a good assumption, depending on mem,,

the various coupling constants. It greatly simplifies the cal- E, (Ei)=——"[E/(1+4(m, Img)2) M2+ (EZ—m?) 2]
culations, however. Now, the various terms in the Boltzmann 2m;

equation can be written as follows 9
and
ot dR1 of . M
L= 5t~ at RPap- @ Ef (E, )= 5 [E, (LH4(M/me)?)2p, ] (10

where the index=v,, ¢.
Since there are only 2-particle interactions like 2—3 Apart from the Boltzmann equation one needs equations
+4, Cyeak Can be written as to relate the evolution of time, the cosmic expansion rate and
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FIG. 1. The energy density of the different neutrinos and the FIG. 2. The electron neutrino distribution at asymptotically low

scalar particle in units of the energy density of a standard massleégmperature(after comple_te decayn units OT the dlstrl_butlon of a
neutrino for a tau neutrino mass of 0.5 MeV. The full line is for standard massless neutrino. The tau neutrino mass is 0.5 MeV. The

7=1 s, the dotted forr=10 s, the dashed for=100 s and the fE" line is for 7=1 s, the dotted forr=10 s, the dashed for
dot-dashed for= 1000 s. =100 s and the dot-dashed for 1000 s.

particle shifts from relativistic to nonrelativistic at a tem-

. A
the photon temperature. These_ quantities can be CaICUIat?)%rature of roughlyr=m/3. When the Universe is radiation
by use of the energy conservation equation

dominated
d(pR3)/dt+ pd(R®)/dt=0 (11) t (T -2 14
1s |1 MeV (14
and the Friedmann equation
Therefore, if the decay is relativistic,
H2=8mGpl3. (12 om-2
T<t(T=m/3)= - S (15
R is the cosmological scale factdd, is the Hubble param- ev

eter andp is the total energy density of all particles present. . . s . .
P 9y y P P Thus, if u;<1 the decay is relativistic, whereasuf>1 it is

nonrelativistic. For lifetimes of 1, 10, 100 and 1000 s the
. NUMERICAL RESULTS relativity parameters are respectively 0.028, 0.28, 2.78 and

We h ived the Bol ion for th luti 27.8. For nonrelativistic decays the decay neutrino distribu-
e have solved the Boltzmann equation for the evolution; o, oqq mes a rather narrow shape coming from the delta

qf distribut.ion functions together Wi.th the energy CONSeVaynetion energy distribution. For very short lifetimes the de-
t'f; eSquat_lgn,"Eq.(llg, and Thederledmann ei“gtionl’ I\liq'vcay installs an equilibrium between, v, and ¢ because of

( (;.I'f pt_eC| |ca|1 y Wethaveoslo ved for masses of U.1—1 Me rapid inverse decays. This can lead to a significant depletion
and lireimes larger than 0.1 s. of high momentum electron neutrinos as also noted by Mad-

lrt] .F'g' 1 évethshow tr:je eV(l)Iutlon t'OfI e?ergy tdensnytn_’l sen[12] who treated this case of very short lifetimes using
neutrinos an e pseudoscalar particle for a tau neu ”n8quilibrium thermodynamics.

mass of 0.5 MeV. The energy density evolves quite differ-
ently in the different cases. Since the energy density in a
nonrelativistic species only decreasesRis® compared to IV. NUCLEOSYNTHESIS EFFECTS

R4 for relativistic particles the rest mass energy of the tau | order to estimate the effect on nucleosynthesis, we
neutrino will dominate completely at late times if it is stable. haye employed the nucleosynthesis code of Kawgas],
If it decays the rest mass energy is transferred into relativistignodified in order to incorporate a decaying neutrino. This
energy so that the total energy density no longer increasgficludes taking into account the changing energy density as
relative to that of a single standard massless neutrino speciage|| as the change in electron neutrino distribution.
This difference is Clearly seen between different tau neutrino A decaying tau neutrino can affect nuc|eosynthesis in sev-
lifetimes. o eral different ways. First, the cosmic energy dengitys

In Fig. 2 we show the spectral distribution of the electronchanged. Since the cosmic expansion rate is given directly in
neutrino for a tau neutrino mass of 0.5 MeV and differentterms of this energy density via the Friedmann equation, Eq.
lifetimes. To understand this plot better we can define g12) itis also changed. It is a well known fact that increasing

“relativity parameter,” u, for the decay the energy density leads to an earlier freeze-out of the n-p
conversion and therefore produces more heliéiwhereas

m2 7, decreasing the energy density decreases the helium fraction.
“, i (13  This is the effect discussed by Kawasakial. [15], namely

" 9 MeV?s' that an MeV neutrino decaying into sterile daughter products
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10000f E as function of neutrino mass and lifetime. It is seen that
i ] helium can be significantly suppressed relative to the stan-
\ ] dard case if the lifetime is short enough and increased if the
E mass and lifetime are both high. If the mass and lifetime are
both sufficiently high the helium abundance is instead in-
creased. Notice also that even for small masses of the order
0.1 MeV the helium abundance can be changed significantly
compared to the standard value for rather a large range of
lifetimes.
Our Fig. 3 should be compared with for example the re-
i ] sults of Terasawa and Sai{®] or Dodelson, Gyuk and
1 Turner[13] obtained using nonrelativistic theory. The most
0.1 m, (V) 1.0 straightforward comparison is with Figs. 2b and 3b in Ref.
Y [9]. For long lifetimes the difference is quite small as would
FIG. 3. Helium abundance contours as a function of tau neutrind¥e expected since this is the nonrelativistic limit. However,
mass and lifetime for a baryon-to-photon ratig,of 3x 10 %°. The  for short lifetimes the difference is significant. For very short
full line is Y »=0.20, the dotted is ¥=0.22 and the dashed is lifetimes, our calculated He abundance is larger than that of
Y »=0.24. The value in the standard model for thisis Y,  Terasawa and Sato. The reason is that if one uses the full
=0.23809. Boltzmann equation in this case, decays and inverse decays
will bring the particle distributions into equilibrium as dis-
while still relativistic or semirelativistic can actually de- cussed in Sec. Ill. Thus, if one keeps on going to shorter and
crease the cosmic energy density thereby decreasing the hshorter lifetimes nothing new happens since it is already de-
lium abundance. cay in equilibrium. Therefore our curve for He flattens out
However, there is also another another effect stemminghstead of decreasing for very short lifetimes. For somewhat
from the change in electron neutrino temperature. Since thynger lifetimes our He abundance is on the other hand
electron neutrino enters directly into the n-p processes thismaller than that found by Terasawa and Sato. The reason
can be called a “first order” effect and is potentially much here is that the decay produces a peak of very low momen-
more important than the “second order” effect of changingtum electron neutrinos and that these states are not upscat-
the energy density. This effect of change in the electron neutered because the weak interactions have already frozen out.
trino temperature has already been discussed by several au-the end this produces a somewhat colder electron neutrino
thors in the context of nonrelativistic decay13. distribution than would have been obtained using nonrelativ-
If the decay is nonrelativistic, the energy of a producedistic theory and therefore predicts less helium. This low mo-
electron neutrino isn/2. If this energy is significantly above mentum peak can be seen in Fig. 2 for the example of a 0.5

1000k

1
’ e
1

7 (s)

100}

the energy threshold for the two processes MeV 7 neutrino. For nonrelativistic decays this peak disap-
_ . pears because low momemtum states are not energetically
ptve—n+e (16)  accessible. In essence our predicted curve for the He abun-

dance is therefore much flatter at short or intermediate life-
times than what one would obtain using the nonrelativistic
formalism. For very long lifetimes our calculation fits fairly

well with that obtained by Terasawa and Sato as could be

the decaying tau neutrinos will act to produce more Heexpect_ed. .
ying P h In Fig. 4 we show the abundance of BHe and’Li for a

[13,9]. The reason is that the absorption cross section at hig o
cific example of m= 0.5 MeV. We see that the abun-

energies is the same on neutrons and protons. Since there X
many more protons present than neutrons, more neutrorf@Nces of these elements only change by relatively small
will be produced. In the end this leads to a higher helium@mounts even for great variations in neutrino lifetime. Thus,

fraction. However, if the mass of the decaying neutrino isth€ Main effect of the decay is to lower the helium abun-

below this threshold the produced electron neutrinos willdf]mce v(\j/h|le leaving the other abundances more or less un-
stimulate the conversion of neutrons into protons therebf anged.

actually decreasing the He abundance. This effect then com- 1€ calculated a(\jbun?]anl;:es for_diffelzrlgnt_ m%s,sfes and Iilfe-
petes with the rest mass effect which increases Y times are compared with observational limits. Unfortunately

If the decay is relativistic the electron neutrinos are pro-N€re IS a great deal of controversy connected with these.

duced at roughly thermal energies. Effectively this amountd 1OWEVer, since our main e'.“phas's s on the dn‘ferences be-
to increasing the electron neutrino temperature. This in turdveen our apprqach to sqlvmg the Boltgmann equations and
leads to a decrease in helium production. If the decay taket'g‘e nonrelativistic approximations Pfe‘."OPS!V used, and not
place at high temperatures it is because beta equilibrium i€ Much on the specific nucleosynthesis limits to tau neutrino
kept for a longer time, whereas if the decay takes place ass _and I_|fet|mexve will not go into too much detail regard-
temperatures below the threshold for proton to neutron con9 this point. For"He we use the value calculated by Hata
version it still leads to lower helium abundance because afit @ [18] of
increase in the electron neutrino temperature stimulates the Y p=0.232+0.002+ 0.005. (18)
conversion of neutrons to protons over the inverse reaction.

In Fig. 3 we show contour lines for the helium abundanceFor deuterium the situation is somewhat complicated. From

and

P+ vete —n, (17)
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) ) FIG. 5. Allowed region of tau neutrino mass and lifetime. The

neutrino lifetime. The curves have been calculatechier0.5 MeV
and =3x10"1% The full line shows (D/H)/10° the dashed
shows [(D+°He)/H]/10°°> and the dot-dashed shows
("LifH)/207 1%

Another important fact is that since the helium abundance
is lowered without disturbing greatly the other abundances,
the upper and lower bound on the baryon-to-photon ratjo,
measurements in the local interstellar medium one can obtai'§ now 9'7\/(?” essennally only by the I'm'.ts coming from D,
a deuterium abundance B8] He and’Li. This also means that a [elatlvely. high value for

7 can be accommodated, aboux &0~ 1°, coming from re-
D/H=1.6x10"5, (199  quiring that ’Li should not be overproduced.

In Fig. 6 we show the allowed region af; as a function
which can be viewed as a lower limit to the primordial abun-of tau neutrino lifetime for three different masses. We have
dance. However, some recent results from quasi stellar otalso plotted the upper and lower limits ig, from the stan-
jects(QSO absorption systems seem to indicate a primordialdard calculation.
value much higher than th{24]

D/H=1.9-2.5x10"*. (20 V. CONCLUSION

We have studied the decay of a relatively low mass tau
utrino into an electron neutrino and a scalar or pseudo-
calar particle using the full Boltzmann equation. It was

bund that the primordial helium abundance,;Y can
. - ~~~"'change drastically compared to the standard value. This is in
afgumegts one can also obtain an upper limit to the PrMOIZ 5 ncordance with the findings of previous authors who used
dial D+ “He abundance di26] a nonrelativistic treatmerni®,13]. Our actual numerical val-
(D+3He)H=1.1x 10" %, (21) ues differ si_gr_1ifi_cantly fro_m those previously obtained by use
of nonrelativistic formalism, but the general trend is the

Finally for the abundance ofLi we use a bound of same, namely that low mass neutrinos decaying while rela-

Other similar observations yield much lower values, closer e
the local ond25]. In light of the controversy of using deu-

terium results from these measurements, we use the local
obtainable lower limit in the present paper. From evolution

LilH=1.4+0.3"38x1071° (22) 10000

obtained by Copi, Schramm and Turrigs.

Altogether these are the observational values which the
theoretical predictions should be able to reproduce. In the
standard model the theoretical predictions are only margin-
ally consistent with observations because helium is overpro-
duced compared to the other light nuclei. In our scenario this n
problem is resolved by having the tau neutrino decay during g v R —
nucleosynthesis into an electron neutrino final state. 3 E

In Fig. 5 we show the allowed region of lifetime versus 1 >
mass for the tau neutrino using the above constraints. In all 10 L ‘ s
the mass interval from 0.1-1 MeV it is possible to obtain a 2 4 6 8 10
fit to the observed abundances. Note however, that for Mo
masses in the high end of this region a fit can only be ob- g, 6. Allowed regions ofyy=10x 7 for different tau neu-
tained in a very narrow lifetime interval. This is because oftrino masses and lifetimes. The regions inside the full lines are
the very steep dependence o on the lifetime in this re-  allowed regions. The vertical dotted lines show the consistency in-
gion. For lower masses a good fit can be obtained in a broag@rval for 7, in the standard model for our chosen observational
region of lifetimes. constraints.

1000
L m = 0.5 MeV

T (s)
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tivistic or semirelativistic lower the helium abundance. In light of this possible discrepancy between observed and

The decay we have studied differs completely from thepredicted abundances we still feel that it is important to ex-
v,—v,¢ decay studied by Kawasakt al.[14,15 because plore possible ways to change the light element abundances
the electron neutrinos directly affect the weak reaction ratesia plausible introduction of new physics. The tau neutrino
that interconvert neutrons and protons. Only if much moredecay into an electron neutrino final state is just such a pos-
reliable estimates of the primordial abundances are devekibility.
oped will it be possible to discern between the two different Perhaps one should also finally note that even if the he-
decay modes. lium abundance turns out to have been significantly underes-

Our aim has mainly been to discuss the differences betimated a tau neutrino decay of the type we have discussed
tween using the full Boltzmann formalism and using the non-can still make nucleosynthesis predictions fit the observa-
relativistic approximation in doing these calculations. Wetions, but for completely different values of mass and life-
have not done very detailed statistical analysis in order tdime.
obtain strict nucleosynthesis limits.

However, it was shown that a good fit to the observed
primordial abundances can be achieved for a large range of
different masses and lifetimes. Given the possibly large un- This paper has been supported by a grant from the Theo-
known systematical errors in the observations and chemicaktical Astrophysics Center under the Danish National Re-
evolution models it is perhaps too early to talk of a real crisissearch Foundation. | wish to thank the Max Planck Institute
for big bang nucleosynthesis. However, once the observdor Physics in Munich for their hospitality during the writing
tional bounds become more strict there might very well turnof this paper as well as Georg Raffelt and Jes Madsen who
out to be such a crisis. have provided constructive discussion and criticism.
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