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Early-Universe decay of 17 keV neutrinos is likely to happen in equilibrium for lifetime #e. < 10° sec.
For 3x10 ™% < ffee < 1 X 10 "2 sec the primordial “He mass fraction Y, may be reduced by up to 0.028
relative to the standard model. Bosons from the decay can form a Bose condensate, with interesting
consequences for galaxy formation and the dark-matter problem. The effects are generic to early-
Universe decay of fermions, not just of relevance for 17 keV neutrinos.

PACS numbers: 98.80.Cq, 13.35.+s, 14.60.Gh, 98.60.—a

Recent experimental evidence [1] for a 17 keV neutri-
no mass eigenstate with 0.8% mixing to v., while still
disputed, has led to extensive theoretical investigations
because it is very difficult to reconcile a particle with
these properties with standard particle theories, not to
mention cosmology and astrophysics [2]. In particular
the 17 keV neutrino (henceforth assumed to be v;) must
be unstable to prevent the Universe from being “over-
closed” by a factor of almost 200 today.

This Letter points out that the generically simplest de-
cay pattern

v,.— B+F, v.— B+F, )

where B and F denote bosons and fermions with antipar-
ticles B and F, is severely constrained by saturation of the
final-state levels, leading to an equilibrium with effective
lifetime approaching 10° sec irrespective of the free-
particle lifetime e, provided 3x10 T4 < e < 107 sec.

Two scenarios are studied, both assuming B and F to
be stable, with masses mp and mg less than 100 eV to
avoid an “overclosure” contribution from the decay prod-
ucts: (1) F#v,, (2) F=v,. Both scenarios arrive in two
variants, depending on B (assumed to have one internal
degree of freedom) being its own antiparticle or not. As-
suming a symmetric behavior of particles and antiparti-
cles, and no other reactions than decays and the corre-
sponding inverse reactions, similar distributions are pre-
dicted for the particles and antiparticles, with the same
sign for particle and antiparticle chemical potentials.
This leads to interesting consequences for big bang nu-
cleosynthesis in scenario 2 if 3x 10 7% < tfree < 1% 10 72
sec; a reduction of Y, of 0.02-0.03 may occur relative to
standard big bang nucleosynthesis (SBBN).

Scenario 1 (and 2 for a limited range of te) leads to
formation of a Bose condensate. This can have very in-
teresting consequences for galaxy formation and the
dark-matter problem. The possibility of nonzero chemi-
cal potentials also changes the hot dark-matter scenario
for galaxy formation, and the Tremaine-Gunn phase-
space limit on the mass of dark-matter particles [3,4] is
significantly altered.

The generic two-particle decay of a 17 keV neutrino is
simply described in the center-of-momentum frame,

where both of the relativistic decay products carry 8.5
keV of energy. By application of Lorentz transforma-
tions [5] one may calculate the momentum distribution of
the decay products in the cosmic frame assuming instant
isotropic decay in the rest frame at temperature 7, tak-
ing into account the thermal Fermi-Dirac distribution of
the decaying v,. An example is shown in Fig. 1, for
T,=1 MeV. The distribution function of the decay prod-
ucts derived in this purely kinematical fashion exceeds
the thermal distributions for momenta p <1 MeV. The
“oversaturation” of levels proceeds down to temperatures
of a few keV, corresponding to lifetimes ffee= 10> sec
[6]. This demonstrates that “free decay” of a v, with
lifetime less than 10° sec is impossible. The inverse reac-
tion is crucial, and an equilibrium description is more ap-
propriate.

The assumption of equilibrium breaks down when the
relevant reaction rates, depending on the actual couplings
in the model, become small relative to the cosmic expan-
sion rate. I shall assume that equilibrium is a good ap-
proximation as long as a significant fraction of the
kinematically preferred phase space for the decay prod-
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FIG. 1. Occupation number distribution for low-mass B and
F if decay was purely kinematic, instantaneous, and isotropic in
the rest frame at 7,=1 MeV (solid line). Dotted and dash-
dotted curves are thermal Fermi and Bose distributions at the
same temperature. The dashed curve is the fraction of decay
products with momentum below p.
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ucts is inaccessible; that is, for 7,>a few keV [7]. To
avoid a complicated reaction network, I shall limit discus-
sion 10 tree > 3% 10 7% sec, so that the decay process is
unimportant prior to freeze-out of the weak interactions
that keep neutrinos and antineutrinos in equilibrium at
T>23MeV,t<0.13 sec.

The occupation number distributions in equilibrium are

Fi(E) =lexpl(E; —p)/T1 1} 71, (2)
with chemical potentials constrained by
tyv,=pgtur, u; =pgtus. (3)

Equation (3) assumes that no reactions apart from decay
and inverse decay take place. The total number of fer-
mions (v, plus F) must be conserved by the decay, and
the number of bosons shall equal the number of v, that
have decayed (twice the number of v, decaying if B=B8).
Finally, the energy density must be conserved in the de-

cay. For F=v,, B =B, this leads to the conservation
equations

n71(Tp,0) =n, (T4,p,)+ ¥ ng(Ta,up), @)
n17(Tp,0)+n, (Tp,0) =n, (T4,pu, ) +n, (Ta,u,), (5)
p11(Tp.0) +p, (Tp,0) =p, (T4,u,)+p, (T4,pu.,)

+ 3+ p8(Ta,up) . (6)

where n;(T,u;), p;(T,u;) are number and energy densi-
ties, Tp is the neutrino temperature at decay (assumed to
be instant), and T is the temperature immediately after
decay. The distribution function of 17 keV neutrinos pri-
or to decay is that of Eq. (2) with u;7=0, E\7=p)7 be-
cause of the relativistic decoupling. Similar conservation
laws hold for the other three cases. For up=0, Egs. (3),
(5), and (6) describe the equilibrium, and a critical tem-
perature T.=[r%np/¢(3)1'" [with ng calculated from
Eq. (4)] is established. Below T, a fraction 1 —(T4/T,)*
of the bosons are in a Bose condensate with zero momen-
tum [8]. Figure 2 shows the evolution of chemical poten-
tials required to satisfy Eqs. (3)-(6), and Fig. 3 illus-
trates how v, survives until it becomes nonrelativistic.
This property is independent of the nature of the decay
products [9].

A 17 keV v, with a lifetime longer than 10 ™2 sec acts
like a normal third neutrino in SBBN calculations. For
lifetimes between 3% 10 ™% and 10 "2 sec the nucleosyn-
thesis changes if F =v,, the yields depending on whether
B is its own antiparticle. The interval of interest corre-
sponds to decay after v-v freeze-out at 7=2.3 MeV but
prior to freeze-out of the neutron-to-proton ratio at
T =0.7 MeV, which defines the main properties of the
SBBN outcome.

In scenario 1 the nucleosynthesis yields are identical to
SBBN—the particles involved in the decay affect nu-
cleosynthesis only through their energy density, and this
is merely redistributed between the species (this expecta-
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FIG. 2. Chemical potentials for decay in equilibrium. (a)
F#v,, B#=B;, (b) F#v,, B=B;, (¢) F=v.; B=B; (d) F=v.,
B#=B. Solid lines are for B, dotted lines for F, and dashed lines
for v,. Dash-dotted curves are T4/Tp, and dash-triple-dotted
curves T4/T..
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FIG. 3. Solid and dotted curves are the occupation number
distributions for B and F at Tp =1 keV. Dashed curves from
top to bottom show the evolution for v; at Tp =100, 10, 5, 3,
and 1 keV for F=v,, B=B. The other scenarios are similar; v,
disappears after 10° sec, at temperatures of a few keV.
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tion was confirmed to 0.1% accuracy by numerical nu-
cleosynthesis calculations).

In scenario 2 the energy is again redistributed without
changing the cosmic expansion rate. But now the weak
interactions giving the neutron-to-proton ratio at freeze-
out are pushed to the proton side since both u,, and

;, take identical positive values of +0.899 for B=B
(+0.657 for B=B) in units of T4 [which is 0.844
(0.884) times Tpl. This results in a total reduction of
0.028 (0.021) in Y, as illustrated in Fig. 4. The results in
Fig. 4 were calculated using Kawano’s [10] version of the
Wagoner code [11], modified to accommodate equal in-
stead of opposite values for the chemical potentials of v,
and v,, as well as T4 < Tp [12). Minor but observation-
ally indistinguishable changes resulted for D, *He, and
"Li [a (10-15)% reduction in 'Li being the only poten-
tially observable exception]. The neutron half-life was
taken to be 10.3 min.

Fitting the observed abundances of D, 3He, and 'Li
[13] leads to an allowed range of 2.8 <n;0<4.0 (7o
-lO'Onba,/nph, where nps; and ny, are the baryon and
photon number densities), with a corresponding *He pro-
duction of 0.236 =< Y, =< 0.241 in SBBN. This is margin-
ally consistent with the primordial production deduced
from observations: Y, =0.228 +0.010 [14]. Scenario 2
predicts 0.208 <Y, <0.212 for B#B, and 0.215<Y,
=<0.219 for B=B. The latter is marginally consistent
with observations. For lifetimes very close to 3x10 ™% or
1%x10 72 sec the *He yield approaches that of SBBN.
There has been a tendency of reducing observational esti-
mates of Y, in recent years. Should this tendency contin-
ue, it is worth noting that the scenario presented here is
one of the only mechanisms known that leads to a reduc-
tion in the primordial *He production without noticeable
effects on the other light elements.

In the low-temperature limit the end products of the
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FIG. 4. Primordial mass fraction of *He as a function of
baryon-to-photon ratio. The solid curve is the standard model.
Dashed and dotted curves correspond to Figs. 2(c) and 2(d).
The box is allowed by observations.

equilibrium decay in scenario 1 are a new fermion (and
its antiparticle), plus a boson (and its antiparticle, assum-
ing B=B), all with u— —oo. More likely, equilibrium is
broken in the Bose condensate regime, leaving as many as
36% of the bosons in the zero-momentum ground state.
The final number densities of F and B each equal that of
a relativistic zero-chemical-potential neutrino flavor. In
scenario 2 one again gets u— — oo in the low-T limit,
with a more likely loss of equilibrium when the chemical
potentials are —1<u/T4<1. For B =B and Tp near 5
keV there is a chance of pushing up to 26% of the bosons
into a condensate.

These distributions may change the hot dark-matter
galaxy formation scenarios with eV-mass fermions [15]
or bosons [16]. If F=v,, half the usual v, mass is needed
to account for a given value of the density parameter, Q.
This improves the possibilities for v, to be the dark
matter if the mass is close to the experimental upper
bound of 10 eV, but it also doubles the free-streaming
scale, if u,, =0, which may intensify the problems in
fitting simulations of structure formation. For Tp <S5
keV free streaming is further increased due to heating of
the v, distribution. The lower mass limit for neutrino
dark matter from the simplest applications of the
Tremaine-Gunn phase-space constraint [3,4] is strength-
ened by a significant factor for low u,, since the max-
imum occupation number fp.x is increased from 0.5 to
l/{exp[(mvf —m,)/T]+ 1}, and the mass limit is propor-
tional to fma/* = exp( —u,,/4T4). Thus v, cannot clus-
ter in galaxies for very negative u,,.

If the bosons are massive, they will contribute like one
light neutrino flavor to the density but have more power
on small scales due to higher occupation numbers at low
momenta. For small negative chemical potential the dis-
tribution will be somewhat intermediate between the
zero-chemical-potential neutrino and boson spectra
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shown in Fig. 2 of Ref. [16]. The Tremaine-Gunn limit
for the boson masses [4] is strengthened by a factor ap-
proaching exp(—pug/4T,4) for very negative up. If a
fraction of the bosons form a condensate, one has the fas-
cinating possibility of a dark-matter candidate which at
the same time acts as hot dark matter [16] (the = 65%
of particles not in the condensate) and cold dark matter
(the == 35% of particles in the condensate). Such hybrid
models have been shown to work well with massive neu-
trinos plus an unknown cold dark-matter component [17].
The boson model will be rather similar, but with only one
particle involved.

In summary, two-particle decay of a 17 keV v, in the
early Universe is forced into equilibrium with the inverse
decay. The effective lifetime is thereby extended to 10°
sec for free-particle lifetimes 3% 10 ~%-10° sec. If the
fermion produced in the decay is v, and the lifetime is
3x10 7410 72 sec, this may give one of the only known
mechanisms to reduce primordial *He without signifi-
cantly changing the production of other elements [18]. If
either of the decay products have eV masses, galaxy for-
mation may proceed via a variant of the hot dark-matter
model, or (in the case of Bose condensation) like a hybrid
hot+cold dark-matter model, with the same particle re-
sponsible for both components. Phase-space constraints
on the masses of dark-matter particles in galaxy halos are
strengthened significantly due to the nonzero chemical
potentials (except in the hybrid case).

I have attempted to keep the discussion very general
without reference to specific models for the 17 keV neu-
trino or its decay properties. Details may change in par-
ticular models, but the main inferences seem to be gener-
ic, and will prevail even for decays into three or more par-
ticles, for models identifying the 17 keV neutrino with a
fermion distinct from v,, and for other fermion decays in
the early Universe.
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