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Figure 2: Abundances expected for the light nuclei *He. D, *He and 7Li flo
(top to bottom) calculated in standard BBN. New estimates of the nuclear _S'l‘avmfalf'
cross-section errors from Burles et al. (1999a) and Nollet & Burles (1999) moolel
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vertical widths of the abundance predictions. The horizontal scale, 1, is the
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Figure 2: The distribution of the final sign of the neutrino asymmetry in the mixing pa-
rameter space. Negative sign(L) is plotted in black, positive sign(L) in white. The initial
asymmetry was chosen to be Li" = 1071°,

L with the initial value L™ = 1071°. As can be seen, the structure of sign(L) is highly
complex. In the upper left hand corner, extending downwards to large 8, there is a regular
region with no change in the asymmetry. Its existence is relatively easy to understand:
this is the region where only the very first oscillation is carried out before the sign of the
asymmetry is fixed. Since the direction of the first oscillation is determined by the sign of the
initial asymmetry L'™ (not necessarily the initial v,-asymmetry), the sign of final neutrino
asymmetry in this part of the parameter space should indeed be regular and fully determined.
The bands seen in the left hand side of Fig. 2 are formed as the system goes through two
or more oscillations. In this region the number of oscillations is slowly increased as 6 grows
leading to less determined sign(L) but it still can hardly be described as chaotic yet.

In addition to the two more or less regular regions there are regions where sign(L) appears
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consideration permits one to impose a somewhat better limit, but we will not go into
such detail here.

Keeping these restrictions in mind we proceed to derive bounds on M, and the
mixing angle 6 demanding that the influence of heavy neutrinos on BBN should not

be too strong.

4 Big-Bang Nucleosynthesis

In general, if a neutrino has a mass exceeding an MeV then it may influence the light
element abundances unless it decays much before the onset of nucleosynthesis (see
e.g. [14, 15] and references therein). A heavy unstable sterile neutrino will affect BBN
in several ways. The main effect is through the increased energy density which leads to
a faster expansion and hence an earlier freeze-out of the n/p-ratio. However, also the
decay products must be taken into account since the electron neutrinos directly enter
the n-p reactions. Moreover, if the v, decays into the e*e~ channel the temperature
evolution is altered (see [3, 16] for discussion).
The calculations are described in detail in Ref. [3]; here we only briefly describe
the basic steps. First we introduce the dimensionless variables
T =mea(t) and y=pa(t), (9)
R . cs A »
where a(t) is the cosmic scale factor and Mg is an arbitrary normalisation factor that
we have chosen as my = 1 MeV. We also introduce a dimensionless temperature
T = T, /my and measure all masses in units of my. In terms of these variables the
Boltzmann equations describing the evolution of the sterile neutrino, v,, and the

active neutrinos, v,, can be written as

(S0~ 1) 1482 (10.75)”2 non rel.

Oz fu,(z, =
Jo(z y) 'r,,,/sec (T.'l?)2 g*(T) \ dze'."j
— M, [ 3x2'T° (3¢(3) 7t (BT RT (10)
E,, + M3 1+ T M? . 3E, M? ) B
azéfun = Da(:c,y, MS) + SO(I’ y)’ ‘ (11)
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Figure 3: Summary of our exclusion regions in the sin?#-M,-plane. SN 1987A ex-
cludes all mixing angles between two solid horizontal lines. BBN excludes the srea,
below the two upper dashed line. ‘if the heavy neutrinos were abundant in the early
universe. These two upper dashed lines both correspond to the conservative limit
of one extra light neutrino species permitted by the primordial ‘He-abundance. The
higher of the two is for v,, mixing, and the slightly lower curve is for v, mixing.
In the region below the lowest dashed curve the heavy neutrinos are not efficiently
produced in the early universe and their impact on BBN is weak. For comparison we
have also presented here the region excluded by NOMAD Collabcration [2] for the
case of vy & v, mixing. K

kinetic equilibrium is assumed. This assumption very much simplifies the calcula-
tions because the integro-differential kinetic equations are reduced to simple ordinary
differential equations. However, we have found that this approximation deviates
substantially from the more exact treatment presented here. Even more accurate cal-
culations are feasible with the technique developed in our previous works [14, 15, 16]
where an accuracy at the sub-percent level was achieved, but this is a difficult and
time-consuming problem. We would like to postpone it until the existence of heavy

sterile neutrinos becomes more plausible.
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Figure 3: Summary of our exclusion regions in the sin®f-M,-plane. SN 1987A ex-
cludes all mixing angles between two solid horizontal lines. BBN excludes the area
below the two upper dashed lines if the heavy neutrinos were abundant in the early
universe. These two upper dashed lines both correspond to the conservative limit
of one extra light neutrino species permitted by the primordial “He-abundance. The
higher of the two is for v, , mixing, and the slightly lower curve is for Ve mixing.
In the region below the lowest dashed curve the heavy neutrinos are not efficiently
produced in the early universe and their impact on BBN is weak. For comparison we
have also presented here the region excluded by NOMAD Collaboratijon [2] for the

case of vy ¢+ v, mixing.

kinetic equilibrium is assumed. This assumption very much simplifies the calcula-
tions because the integro-differential kinetic equations are reduced to simple ordinary
differential equations. However, we have found that this approximation deviates
substantially from the more exact treatment presented here. Even more accurate cal-
culations are feasible with the technique developed in our previous works (14, 15, 16]
where an accuracy at the sub-percent level was achieved, but this is a difficult and
time-consuming problem. We would like to postpone it until the existence of heavy

sterile neutrinos becomes more plausible.
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Figure 1: Bounds from (v, — v4)-mixing. The middle full line describes the mass-mixing
relationship if sterile neutrinos are the dark matter for (v — v;)-mixing. The two other
full lines allow a factor 2 uncertainty in the amount of dark matter, 2par = 0.15 — 0.6.
The dashed line is for (ve — v,)-mixing. The hatched region for big masses is excluded
by the Diffuse Gamma Background. The region above the dotted line is excluded by the

duration of SN 1987A for (v, — v,)-mixing.

seems that the sterile neutrinos follow an equilibrium distribution function. This is not
quite the case, because the small momentum neutrinos are produced first, and hence
their relative importance is increased by the subsequent entropy release (which dilutes
the active neutrinos). A different non-thermal effect can appear for (v, — v,)-mixing,
since the factor ¢y is 0.17 when the u's are absent (for T < m,), whereas it grows to
¢o = 0.61 when the muons are fully present in the plasma. This means that bigger

momenta will be produced with a factor 1.9 more efficiently [25].
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Figure 1: Bounds from (v, —v,)-mixing. The middle full line describes the mass-mixing
relationship if sterile neutrinos are the dark matter for (v, — v,)-mixing. The two other
full lines allow a factor 2 uncertainty in the amount of dark matter, Qppr = 0.15 — 0.6.
The dashed line is for (v, — v,)-mixing. The hatched region for big masses is excluded
by the Diffuse Gamma Background. The region above the dotted line is excluded by the

duration of SN 1987A for (v, — v,)-mixing.

about 1.3 GeV for m = 1MeV, and about 0.13 GeV for m = 1keV. Further, the dilution
factor is somewhere between 1 and 4 depending upon whether the production happens
before or after the QCD transition, and can thus enlarge the allowed region slightly
compared to the figures, where we for simplicity used g. = 10.75. Looking at eq. (9) it
seems that the sterile neutrinos follow an equilibrium distribution function. This is not
quite the case, because the small momentum neutrinos are produced first, and hence
their relative importance is increased by the subsequent entropy release (which dilutes
the active neutrinos). A different non-thermal effect can appear for (v, — v,)-mixing,
since the factor c; is 0.17 when the p’s are absent (for T « m,), whereas it grows to
¢; = 0.61 when the muons are fully present in the plasma. This means that bigger

momenta will be produced with a factor 1.9 more efficiently [26).



