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We examine a mechanism which can lead to flavor transformation of neutrino-antineutrino
asymmetries in the early universe, a process which is unavoidable when the neutrino mixing
angles are large. This sets the best limit on the lepton number of the universe, and hence
on the relic neutrino abundance. We also consider the consequences for the relic neutrino
abundance if extra neutrino interactions are allowed, e.g., the coupling of the neutrinos
to a light (compared to m,) boson. For a wide range of couplings not excluded by other
considerations, the relic neutrinos would annihilate to bosons at late times, and thus make
a negligible contribution to the matter density today. This mechanism evades the neutrino
mass limits arising from large scale structure.

I. INTRODUCTION

The discovery of neutrino oscillations confirms that neutrinos have non-zero mass, requiring
physics beyond the minimal standard model. The solar and atmospheric oscillation experiments
have measured neutrino mass-squared differences dm32, ~ 7x 1075 eVZ and dm32, ~ 2x 1073 eV? [1],
which implies lower limits on at least two neutrino masses of \/ém3, and /dm3,. The best
laboratory limit on neutrino mass arises from tritium beta decay. At the present sensitivity of
m, < 2.2 eV (at 95% CL) [2], this upper limit applies to each of the three mass eigenstates.
KATRIN, a proposed next-generation tritium beta decay experiment, will have sensitivity down to
m,, ~ 0.2 eV [3]. New neutrinoless double beta decay experiments will have even greater sensitivity,
if neutrinos are Majorana particles [4]

Neutrino mass can also be measured with cosmology. This is an exciting possibility, since
the current cosmological limits on the sum of the neutrino masses range from 0.5 to 2 eV, and
future observations should realistically be able to reach the scale \/dm3;, by which the discovery of
neutrino mass is guaranteed [5]. The cosmological approach involves determining the fraction of the
dark matter that consists of neutrinos. Although neutrinos are not a dominant component of the
dark matter, they can have a significant effect of the growth of large scale structure. Measurement
of the large scale structure power spectrum constrains the energy density in neutrinos, p, =
> m,N,, and hence sets a neutrino mass limit provided N,, the number density of relic neutrinos,
is (independently) well determined.

The best constraints on N, arise from big bang nucleosynthesis (BBN). We shall explain how
knowledge that the solar neutrino mixing angle is large, allows the BBN limit on the relic neutrino
abundance to be greatly improved. This is possible because large angle mixing leads to equilibration
of the neutrino flavors before the time of BBN, such that all three active neutrino flavors are subject
to the stringent constraints that would otherwise apply only to . Given that cosmological limits
on neutrino mass rely on the assumption that the relic neutrinos have the standard abundance,
the determination of N, from BBN is an important input.

While we may now confidently predict IV, at the epoch of BBN, its possible that non-standard
physics could change this value during the period between BBN and the formation of structure.
We shall examine a model in which non-standard interactions keep the neutrinos in equilibrium
until late times. Provided the neutrino decouple when they are non-relativistic, their abundance
today can be very small, and the cosmological neutrino mass limits evaded.



II. STRINGENT CONSTRAINTS ON RELIC NEUTRINO-ANTINEUTRINO
ASYMMETRIES DUE TO FLAVOR EQUILIBRATION

The relic neutrino background has never been directly detected, so we must resort to indirect
means to infer its properties. One of the most useful tools available is big bang nucleosynthesis.
While our knowledge of both neutrino mixing and cosmology have recently undergone dramatic
improvement, there remain open questions. The central question we address in this section is the
possibility of a large relic neutrino asymmetry, or equivalently: how big is the universe’s lepton
number?

While the baryon asymmetry of the universe is well determined, ng/n, ~ 5 x 10710, the size
of the lepton asymmetry is unknown. Given constraints on charge neutrality, any large lepton
asymmetry would have to be hidden in the neutrino sector. The simplest assumption is that the
baryon and lepton asymmetries are of the same size, as would be the case if B — L were conserved.
However, there are viable models in which L may be large while B is small [6], and if confirmed
would be a very important clue.

Since neutrinos and antineutrinos should be in chemical equilibrium until they decouple at a
temperature T' ~ 2 MeV, they may be well-described by Fermi-Dirac distributions with equal and
opposite chemical potentials:

1
~ 1+exp(p/T —¢)’

where p denotes the neutrino momentum, 7" the temperature, and ¢ the chemical potential in units
of T. The lepton asymmetry L, for a given flavor v, is related to the chemical potential by
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where ((3) ~ 1.202. A nonzero chemical potential results in extra energy density, such that the
effective number of neutrinos is increased from the standard model prediction by
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Large chemical potentials affect BBN in two ways:

1. The extra energy density increases the expansion rate of the universe, thus increasing the
BBN helium abundance, and also alters the CMB results. This sets the weak bound |£,| S 3,
for all three flavors.

2. An additional, much stronger, limit can be placed on the v, — T, asymmetry, as it di-
rectly effects the neutron to proton ratio prior to BBN by altering beta-equilibrium. (Beta-
equilibrium is between the weak interactions n + v, <> p+ e~ and p+ v, <> n+et.) For
example, positive £, increases the v, abundance relative to 7, thus lowering the neutron to
proton ratio and decreasing the helium yield. This sets the limit |£| S 0.04.

However, it is possible that the two effects compensate for each other, i.e., the effect of a small
&e is partially undone by an increased expansion rate due to a large &, . In this case the bounds
become [7]:

—0.01 <& < 0.22, (4)
|€ur| < 2.6, (5)

where the upper limits are obtained only in tandem.



A. Consequences of Large Angle Mixing

Since we know neutrinos oscillate, the individual lepton numbers L, L, and L, are violated,
and only the total lepton number is conserved. It was suggested in Ref. [8] that the large neutrino
mixing angles implied by the present data may lead to equilibration of all three flavors in the early
universe. If a large asymmetry hidden in §, ; were to be transfered to £ well before weak freezeout
at T'~ 1 MeV, the stringent BBN limit on £, would then apply to all three flavors, improving the
bounds on &, ; by nearly two orders of magnitude.

This proposal was recently studied in detail in Refs. [9-11], where close to complete equilibration
of the asymmetries £, ; with £ was found. We have examined this equilibration mechanism, and
in particular, found analytic solutions for the parameters controlling the evolution [11].

B. Flavor Equilibration and Effective Oscillation Parameters

Equilibration of neutrino flavors in the early universe is driven by MSW transitions, which occur
when the temperature of the universe is in the MeV range. These MSW transition convert the
initial flavor states (which are approximately mass eigenstates at high temperature) into vacuum
mass eigenstates as the universe expands and cools. Since the neutrino mixing angles (and most
importantly, the solar mixing angle) are large, the final state has large components of all three
flavors. Large neutrino mixing angles are thus a crucial ingredient in obtaining flavor equilibrium.
(If the solar neutrino mixing angle had been a small angle, equilibration would not be complete.)

Equilibration of v, with v, and v, takes place when T' ~ 2 MeV, via an MSW transition which is
driven by the solar mass squared difference. (Equilibration of v, and v; takes place earlier, around
T ~ 10 MeV, controlled by the atmospheric neutrino mixing parameters.) The MSW transitions
which take place are actually more complicated than typical MSW transitions that occur, for
example, for solar neutrinos. This is because in addition to a refractive index arising from forward
scattering interactions with charged leptons in the plasma, there are also refractive effects caused
by forward scattering from other neutrinos in the background medium. This neutrino-neutrino
forward scattering introduces a non-linear contribution to the effective potential [12]. Surprisingly,
the effect of this non-linear term is to synchronize the neutrino ensemble such that all momentum
modes go through the MSW resonance together. The entire ensemble behaves as though it had
the same effective momentum (which is close to the thermal average.) See [9-11, 13] for details.

Under these conditions, the evolution of the neutrino ensemble must be calculated by solving
a quantum Boltzmann equation [14] which describes the evolution of the neutrino density matrix.
However, in the limit in which the neutrino-neutrino forward scattering is dominant (which occurs
for all parameters of interest) we have calculated effective oscillation parameters which describe
the evolution of the entire neutrino ensemble [11]. The evolution is governed by an effective matter

term, given by
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Here V7 is the thermal potential arising from the finite-temperature modification of the neutrino
mass due to the presence of thermally populated charged leptons in the plasma
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If the mixing angle and mass squared difference in vacuum are 8y and 5m% respectively, the effective
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FIG. 1: The color denotes the value of 26, where 8 is a mixing angle. In the upper panel, we show the
value of the matter-affected mixing angle, neglecting the refractive index term arising from neutrino-neutrino
forward scattering. In the lower panel, we have included the effects of neutrino-neutrino forward scattering.
The result is a dramatic synchronization of the momentum ensemble, to a single effective momentum,
Dsyne/T ~ m. That is, all of the momentum modes behave as though they have momentum p/T ~ 7, shown
with a white horizontal dashed line.

or “synchronized” oscillation frequency is given by

om? 3/2 :
Agyne = 52—TO (7r2 ‘/|‘f2) \/Sln2 26y + (—cos 20y + Z)2. (8)

However, it is the effective mixing angle sy that is important in describing when the MSW
transformation takes place. This angle is given by

sin? 26,
sin? 20y + (— cos 26 + Z)?’

(9)

sin? 20sync =

and thus we find it is the mixing angle which would correspond to the momentum state
Z%:m/1+§2/27r2 ~ (10)

in the absence of the nonlinear potential. This result indicates a remarkable coincidence. Namely,
that the nonlinear potential drives the system to an effective momentum of p/T ~ =, which is
very close to the thermal average p/T ~ 3.15. Fig. 1 illustrates evolution of the mixing angle as a
function of temperature.



C. Discussion and Implications

The synchronized MSW transition takes place in conjunction with collisional processes which
tend to decohere superpositions of neutrino flavor states. Through these two effects, very close
to complete equilibration of neutrino flavors occurs. Therefore, because asymmetries in any flavor
will affect beta-equilibrium, the stringent limits on v, can now be applied to all flavors. The limits
on the relic neutrino chemical potentials thus become

|€e| ~ ‘gltl ~ |€T| 5 0.04, (11)

and the lepton number
|L| = |Le+ Ly + Ly| S 0.08. (12)

By comparison with the old limits in Eq. 4, this is an improvement by two orders of magnitude.

Flavor equilibration is an important result, as it excludes the possibility of degenerate BBN [15],
and is the strongest limit on the total lepton number of the universe and is likely to remain so for the
foreseeable future. In terms of extra relativistic degrees of freedom, the limit is impressively tight:
If & 7 < 0.04, then AN, < 3 x 0.0007 = 0.002. One significant implication is that cosmological
constraints on (and future measurements of) neutrino masses will not be subject to uncertainty in
the relic neutrino density.

Strictly speaking, one version of the degenerate BBN scenario is still possible: It is conceivable
that & ~ &, ~ & ~ 0.2, provided that another relativistic particle species contributes the extra
energy density required to compensate for the large v, chemical potential. However, this extra
energy density could no longer consist of active neutrinos, so would have to be something more
exotic. Such an unnatural scenario could eventually be detected via the CMB.

III. THE NEUTRINOLESS UNIVERSE

Cosmological limits on neutrino mass are possible because neutrinos cause a suppression of
the large scale structure power spectrum. When neutrinos are relativistic, they free stream out
of density perturbations, reducing the growth of structure. This results in a suppression of the
matter power spectrum on all scales below that of the horizon at the time the neutrinos became
non-relativistic, after which they act like cold dark matter. The extent to which this lack of
clustering affects the distribution of matter today depends on the ratio of the energy density of
the non-clustering component (neutrinos) to the total density of matter. The former is

Ym,

— = T 13
93512 eV /° (13)

Py = Xmyn,
where p.r is the critical density associated with a flat universe, and h specifies the Hubble constant,
Hy = 100h kmsec™" Mpc . The limit on the right in Eq. (13) assumes the standard cosmological
abundance. Recall that, in the standard scenario, neutrinos couple to the rest of the cosmic plasma
until the weak interactions freeze out at T' ~ 1 MeV. After freeze out, their abundance scales simply
as a2 where a is the cosmic scale factor. Thus, in the standard cosmology, there are expected to
be roughly as many cosmic neutrinos today as photons in the cosmic microwave background.

Limits from structure formation on the sum of neutrino masses now range from 0.5 to 2 eV,
with the spread largely due to different assumptions about the relative bias between the mass and
galaxy distributions [16]. Bias is one important issue, but this will be circumvented with future
weak lensing surveys, which will measure the mass distribution directly.



Another possible weak link in the cosmological constraint is the assumption that neutrinos have
the standard abundance. We have shown that BBN constraints, combined with neutrino mixing
data, no longer allow the possibility of a significantly increased n,, due to a large lepton asymmetry.
Are there other ways to alter the relic neutrino abundance, and in particular, to lower it?

If neutrinos have extra interactions so that they remain in equilibrium until late times, they
would freeze out when they are non-relativistic, in which case their final abundance would be
suppressed by a factor o« e ™/Tf. We show that new neutrino couplings in the allowed range
can lead to a wanishing relic neutrino density today, hiding the effects of neutrino masses from
cosmological observations. This possibility is falsifiable both directly and with other experiments.

A. Interaction Model

We consider the cosmological consequences of coupling neutrinos to each other with scalar or
pseudo-scalar bosons, through tree level couplings of the form

L = hijT;v;¢ + gi;Uivsvj¢ + h.c., (14)

as in Majoron-type models, for example. The field ¢ is massless (or light compared to m,).
Viable models of this type have been discussed in Ref. [17]. The solar neutrino [18] and meson
decay [19] limits on these couplings are very weak, |g| S 1072. Stronger limits may obtain in certain
circumstances. Neutrinoless double beta decay limits g < 10™%, but the other couplings may be
much larger. Supernova constraints [20] may exclude a narrow range of couplings around g ~ 1075,
but the boundaries are model dependent. Scalar couplings could mediate long-range forces with
possible cosmological consequences, while pseudoscalar couplings mediate spin-dependent long-
range forces, which have no net effect on an unpolarized medium [21]. Since ¢ couples only to
neutrinos, we do not consider these effect further, so we shall not distinguish g or h type couplings.

The ¢ boson can be brought into thermal equilibrium through its coupling to the neutrinos,
and the v — ¢ system may stay in thermal contact until late times, through the processes v¢ <> v¢
and v; <+ vj¢. Most important though is vv <+ ¢¢, a process which depletes the total number of
neutrinos. In the standard case, the neutrinos decouple from each other and the matter at 7'~ 1
MeV, but interactions with ¢ may keep neutrinos in equilibrium until they are non-relativistic,
T ~ 1 eV. In order to accomplish this, g must be sufficiently large; we show below that this
requires g 2 1072, well within the allowed range. If the couplings are this large, then all cosmic
neutrinos efficiently annihilate into scalars, leaving no relic neutrinos today, thereby hiding the
effects of neutrino mass and evading the cosmological mass limits.

B. Annihilation Rate

The rate for neutrino annihilation is
[' = (ov)neq, (15)

where the cross section is [22, 23]

gt 111 1+8 2
o= [T 5 i

and /s is the center of mass energy and 32 = 1 — 4m?/s. In the non-relativistic limit the annihi-

lation rate becomes
4 3/2
g T mT —m/T
nr==—"—|— 17

T) 64m m3 ( 27 ) ¢ ’ (17)



where we have used (8%) ~ 3T /m.

For sufficiently large g, the annihilation rate will be larger than the expansion rate until the
temperature drops well beneath the neutrino mass. Once T' < m,, the neutrino abundance will
become exponentially suppressed, asymptoting to the equilibrium abundance at the freeze out
temperature, T, defined as the temperature at which the annihilation rate is equal to the expansion
rate. If Ty is less than of order m/7, the neutrinos will be suppressed from their nominal abundance
by a factor greater than 100: they will play no role in subsequent cosmological evolution. We find
that as long as g 2 1072, the annihilation is complete by Ty, with only a negligible amount of
neutrinos remaining.

Note that for g 2 1073, the scalar will be brought into thermal equilibrium before BBN. The
energy density of a scalar boson is equivalent to 4/7 that of a neutrino species. Given that current
BBN limits are N¢T < 3.3 — 4, an additional scalar is allowable. (In the case that the electron
neutrinos have a large chemical potential, even NST = 7 is permitted, provided the extra degrees
of freedom do not consist of active neutrinos.)

C. Neutrino-¢ Energy Density

Even if the neutrinos completely annihilate into massless ¢’s, they still have a small impact on
the distribution of matter in the universe today. The energy density in the v — ¢ system differs
from that in the three massless neutrinos of the canonical standard cosmological model and from a
model of three massive non-interacting neutrinos. In particular, the epoch of matter domination is
delayed in the interacting neutrino scenario outlined above. This delay leads to a small suppression
of the matter power spectrum on small scales. To explain this suppression, we first compute the
evolution of the energy density in the v — ¢ system and compare it with the conventional scenarios.

As the neutrinos annihilate, the temperature of the v — ¢ fluid increases with respect to the
photon temperature. To track the temperature evolution, we can use entropy conservation. The
entropy density of the v — ¢ fluid is

272

S0 = ST+ 6 x (7/8)Fm /)] (18)
where
Fm/T) = = ooy + ) (19)

When the neutrinos are highly relativistic, F' = 1, while it is exponentially suppressed at late times
when the neutrinos become non-relativistic. Entropy conservation then implies

T, T, 1+21/4 1/3
T, (T_¢> [1 T RUAFm/T]| (20)

If (T,p/ T, )init takes the standard value, (4/11)'/3 at early times, at late times we have (T,4/T,) =
(25/ 11)1/ 3. This implies an increase in the radiation energy density, corresponding to an effective
number of neutrinos of N¢" = 6.6. The evolution of the energy density is shown in Fig. 2.

CMB measurement constrain the number of light relativistic degrees of freedom. The current
limit is NST < 7 [24], hence does not rule out this scenario. However, one must be careful about
interpreting such a limit, as the absence of freestreaming will lead to additional effects [25]. Future
high precision CMB experiments may be able to observe these effects.
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FIG. 2: Evolution of the energy density in three different scenarios, as a function of the scale factor a. Heavy
curves at top are total energy density including matter, photons, and neutrinos; light curves at bottom are
energy density in neutrino sector (including in the interacting case the ¢’s). Three different scenarios are
depicted, differing in neutrino content: three massless neutrinos (solid), three degenerate standard model
(non-interacting) neutrinos with ) m, = 1 eV (dotted); and three interacting degenerate neutrinos plus
massless ¢ (dashed). Matter domination occurs later in the interacting v — ¢ scenario. We use the same
total matter density, (2, = 0.3, throughout.

D. Power Spectrum

We have calculated the large scale structure power spectrum, assuming the limit where neutrino
annihilation is complete. We find that the current neutrino mass limits can be completely evaded:
all values of neutrino mass are allowed, even those much greater than 1 eV. The results are shown
in Fig. 3, where for comparison we have also shown the suppression caused by free streaming in
the standard case.

In the interacting scenario, the usual suppression due to neutrino mass is absent, simply because
neutrinos make no contribution to the matter density today. However a small suppression of the
power spectrum does occur, due to the modified expansion history. Since the ¢ heating leads to an
enhanced radiation density, matter radiation equality is delayed (see Fig.2). This means that the
potentials for scales which enter the horizon during the radiation dominated epoch will decay for a
slightly longer period, leading to a small suppression of the power spectrum on these scales. Note
that if the neutrino annihilation is complete well before matter radiation equality, as would be
the case for very heavy neutrinos, the full effects of the extra radiation are felt. This corresponds
to the bottommost of the solid curves in Fig.3. For very small neutrino masses, m, < leV, the
increase in the radiation density due to neutrino annihilation occurs after time of matter radiation
equality. At this stage, the universe has already entered the matter dominated regime, where the
potentials are dominated by the dark matter, and the radiation is less important. The effects of
the extra radiation created by neutrino annihilation are thus quite small. (The power spectrum is
slightly suppressed with respect to a standard massless neutrino scenario, since there is still a small
amount of extra radiation due the population of ¢.) For intermediate cases, e.g., Y m, = 1leV, we
find a suppression P/P(m, = 0) ~ 0.8, compared to 0.5 in the normal case.
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FIG. 3: The ratio of power spectra P/P(m, = 0) where P(m, = 0) is the power spectrum for the standard
scenario with massless neutrinos. The solid curves show this ratio for various (degenerate) neutrino masses
in the interacting scenario; dashed show the ratio in the standard scenario. Current limits range between
the 1 and 2 eV standard curves. Note that masses above the tritium bound are not possible in either case.

E. Discussion

In the interacting scenarino, the present neutrino mass limits from large scale structure are
eliminated. Therefore, future laboratory based tests of absolute neutrino mass, such as the KA-
TRIN [3] tritium beta decay experiment, will play a unique and essential role. A comparision
between tritium beta decay, neutrinoless beta decay, and cosmological neutrino mass limits will
provide complimentary information and allow stringent test of neutrino properties.

The interacting scenario is falsifiable, as these couplings are of the appropriate size to lead to
neutrino decay over astronomical distances, which has testable consequences [26]. The scenario
may also be tested with future high precision CMB measurements [25].

IV. CONCLUSIONS

We have shown that large angle MSW transitions lead to neutrino flavor equilibration in the
early universe. This sets the strongest limit on the universe’s lepton number, because stringent
constraints on the v, — U, asymmetry can now be applied to all three flavors, and the possibility
of “degenerate” BBN eliminated. An important consequence is that in the standard cosmological
scenario, the relic neutrino number density is now extremely well determined, thereby removing a
possible uncertainty in cosmological determinations of neutrino mass.

We have also examined a model in which the relic neutrino density today is vanishing. This
may be achieved with extra interactions which keep the neutrinos in thermal equilibrium until
they become non-relativistic. In this scenario, the neutrino annihilate into massless bosons at late
times, and thus make a negligible contribution to the matter density today. This eliminates the
present neutrino mass limits arising from large scale structure.



10

Acknowledgments

The material presented here is based on work done at Fermilab in collaboration with Kev Abazajian,
John Beacom, and Scott Dodelson, and published as:

e The Neutrinoless Universe, J. F. Beacom, N. F. Bell and S. Dodelson, astro-ph/0404585.

e Stringent constraints on cosmological neutrino antineutrino asymmetries from synchronized flavor
transformation, K. N. Abazajian, J. F. Beacom and N. F. Bell, Phys. Rev. D 66, 013008 (2002).

[1]

K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003); S. N. Ahmed et al., nucl-ex/0309004; M. B. Smy
et al., Phys. Rev. D 69, 011104 (2004). S. Fukuda et al., Phys. Rev. Lett. 85, 3999 (2000); M. H. Ahn
et al., Phys. Rev. Lett. 90, 041801 (2003).

Ch. Weinheimer et al., Phys. Lett. B460, 219 (1999); V.M. Lobashev et al., Phys. Lett. B460, 227
(1999); J. Bonn et al., Nucl. Phys. Proc. Suppl. 91, 273 (2001).

A. Osipowicz et al., hep-ex/0109033.

S. R. Elliott and P. Vogel, Ann. Rev. Nucl. Part. Sci. 52, 115 (2002).

K. N. Abazajian and S. Dodelson, Phys. Rev. Lett. 91, 041301 (2003); M. Kaplinghat, L. Knox and
Y. S. Song, Phys. Rev. Lett. 91, 241301 (2003).

I. Affleck and M. Dine, Nucl. Phys. B249, 361 (1985); A. Casas, W. Y. Cheng, and G. Gelmini, ibid.
297 (1999).

J. P. Kneller, R. J. Scherrer, G. Steigman and T. P. Walker, Phys. Rev. D 64, 123506 (2001);
S. H. Hansen, G. Mangano, A. Melchiorri, G. Miele, and O. Pisanti, Phys. Rev. D 65, 023511 (2002).
C. Lunardini and A. Y. Smirnov, Phys. Rev. D 64, 073006 (2001).

A. D. Dolgov et al., Nucl. Phys. B 632, 363 (2002).

Y. Y. Y. Wong, Phys. Rev. D 66, 025015 (2002).

K. N. Abazajian, J. F. Beacom and N. F. Bell, Phys. Rev. D 66, 013008 (2002).

J. Pantaleone, Phys. Lett. B 287, 128 (1992).

S. Pastor, G. G. Raffelt, and D. V. Semikoz, Phys. Rev. D 65, 053011 (2002).

L. Stodolsky, Phys. Rev. D 36, 2273 (1987); B. H. McKellar and M. J. Thomson, ibid. 49, 2710 (1994).
H. S. Kang and G. Steigman, Nucl. Phys. B372, 494 (1992); S. Esposito, G. Mangano, G. Miele, and
O. Pisanti, J. High Energy Phys. 0009, 038 (2000); M. Orito, T. Kajino, G. J. Mathews and Y. Wang,
Phys. Rev. D 65, 123504 (2002).

D. N. Spergel et al., Astrophys. J. Suppl. 148, 175 (2003); M. Tegmark et al., astro-ph/0310723.
S. Hannestad and G. Raffelt, hep-ph/0312154.

K. Choi and A. Santamaria, Phys. Lett. B 267, 504 (1991); A. Acker, A. Joshipura and S. Pakvasa,
Phys. Lett. B 285, 371 (1992); A. Acker, S. Pakvasa and J. Pantaleone, Phys. Rev. D 45, 1 (1992).
J. F. Beacom and N. F. Bell, Phys. Rev. D 65, 113009 (2002).

V. D. Barger, W. Y. Keung and S. Pakvasa, Phys. Rev. D 25, 907 (1982); C. E. Picciotto et al., Phys.
Rev. D 37, 1131 (1988); D. I. Britton et al., Phys. Rev. D 49, 28 (1994).

G. M. Fuller, R. Mayle and J. R. Wilson, Astrophys. J. 332, 826 (1988); M. Kachelriess, R. Tomas and
J. W. F. Valle, Phys. Rev. D 62, 023004 (2000); Y. Farzan, Phys. Rev. D 67, 073015 (2003).

B. A. Gradwohl and J. A. Frieman, Astrophys. J. 398, 407 (1992); F. Ferrer, J. A. Grifols and
M. Nowakowski, Phys. Rev. D 61, 057304 (2000); A. D. Dolgov, Phys. Rept. 320, 1 (1999).

E. W. Kolb and M. S. Turner, Phys. Lett. B 159, 102 (1985).

J. A. Grifols, E. Masso and S. Peris, Phys. Lett. B 215, 593 (1988); K. Choi and A. Santamaria, Phys.
Rev. D 42, 293 (1990).

P. Crotty, J. Lesgourgues and S. Pastor, Phys. Rev. D 67, 123005 (2003).

Z. Chacko, L. J. Hall, T. Okui and S. J. Oliver, hep-ph/0312267; S. Bashinsky and U. Seljak, astro-
ph/0310198.

J. F. Beacom, N. F. Bell, D. Hooper, S. Pakvasa and T. J. Weiler, Phys. Rev. Lett. 90, 181301 (2003);
Phys. Rev. D 69, 017303 (2004); G. Barenboim and C. Quigg, Phys. Rev. D 67, 073024 (2003).



