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Standard model neutrinos as warm dark matter
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Standard model neutrinos are not usually considered plausible dark matter candidates because the usual
treatment of their decoupling in the early universe implies that their mass must be sufficiently small to make
them ‘‘hot’’ dark matter. In this paper we show that decoupling of standard model neutrinos in low reheat
models may result in neutrino densities very much less than usually assumed, and thus their mass may be in the
keV range. Standard model neutrinos may therefore be warm dark matter candidates.
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I. INTRODUCTION

Cosmological dark matter in the form of neutrinos wi
masses in the eV range is the quintessential example o
dark matter~HDM! @1#. Indeed, for a standard relic that d
couples from the surrounding thermal bath when still rela
istic, the current abundance can be easily estimated to b@2#

VXh2.78S gX

g* ~TD! D S mX

keVD , ~1!

wheregX is the number of degrees of freedom of the parti
and g* (TD) is the total effective number of relativistic de
grees of freedom at the decoupling temperatureTD . Relativ-
istic standard model neutrinos decouple from chemical e
librium at a temperature of a few MeV, wheng* (TD)
.10.75. Since current observations indicate that the d
matter density amounts to approximatelyVX.0.3, one usu-
ally concludes that the mass of standard model neutr
cannot be larger than about 30h2 eV @2,3#.

Since neutrinos must be light in order to avoid overclo
ing the universe, they were moving at nearly the speed
light at redshiftz;106 when the cosmic horizon first encom
passed 1012M ( , the amount of dark matter contained in th
halo of a large galaxy like the Milky Way. This implies tha
the free streaming of light neutrinos destroyed any fluct
tions smaller than that of a supercluster~about 1015M (!.
Cosmological structure forms in a light-neutrino dominat
universe in a top-down scenario, in which superclusters
galaxies form first, with galaxies and clusters formi
through a process of fragmentation. However, in this s
nario galaxies form too late and their distribution is mu
more inhomogeneous than observations indicate. An e
more serious problem is that when normalized to the l
amplitude of the cosmic microwave background fluctuatio
detected by the Cosmic Background Explorer~COBE! satel-
lite @4#, the HDM spectrum is only beginning to reach no
linearity at the present epoch and the free-streaming wa
length cutoff in the amplitude of the spectrum should
0556-2821/2001/64~4!/043512~5!/$20.00 64 0435
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considerably smaller to form any structure by the prese
Because of these difficulties, the idea of standard model n
trinos as dark matter has been gradually abandoned in f
of scenarios where most of the mass in the universe is in
form of cold dark matter~CDM!.

The purpose of this paper is to show that in low-reh
cosmologies, standard model neutrinos may play the role
warm dark matter~WDM!, avoiding the pitfalls of HDM,
and may be responsible for the cosmological structures
observe.

The key point of our observation is that the limit to th
contribution of neutrinos to the present density need not c
strain neutrino masses to be in the eV region. On the c
trary, neutrino number densities in low-reheat models may
more than an order of magnitude lower than usually
sumed, and their mass,mn , more than an order of magnitud
higher, perhaps in the keV range. Fluctuations correspond
to sufficiently large galaxy halos with masses arou
1011M ( may survive free streaming and standard model n
trinos may act as WDM. Before launching into more deta
let us see why standard model neutrinos may be heavier
usually thought.

II. ON THE NEUTRINO DENSITY

The traditional computation of the abundance of stand
model neutrinos in the early universe is based on the sim
but untested,assumption that light neutrinos were in chem
cal equilibrium at temperatures larger thanTD . In other
words, in the standard cosmological bound,mn&30h2 eV, it
is tacitly assumed that the universe had gone throug
radiation-dominated phase with temperatures larger t
about an MeV with active neutrinos in equilibrium. The a
sumption of an initial condition of neutrinos in thermal an
chemical equilibrium in a radiation-dominated universe
then equivalent to the hypothesis that the maximum temp
ture obtained during the~last! radiation-dominated era
which we will refer to as the reheating temperatureTRH , is
much larger than the decoupling temperature. The fact
©2001 The American Physical Society12-1
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we have no physical evidence of the radiation-dominated
well before the epoch of nucleosynthesis is a simple,
crucial, point. It was shown in Ref.@5# that light-element
nucleosynthesis limitsTRH to be larger than 0.7 MeV. If the
parent particlef generating the reheating process has a n
vanishing branching ratioBh into hadrons, the correspondin
limit on TRH can be tighter. For instance, forBh51022 and
the mass of thef-particle mf5102 TeV, the limit is TRH

.2.5 MeV @5#. The limit on TRH for nonvanishingBh can
be evaded if eithermf,1 GeV ~since baryonic final state
are not kinematically allowed! or if mf is somewhat larger
than 104 TeV for Bh51022. The latter condition guarantee
that the f-particle density right before the completion
reheating is sufficiently small (nf /s.0.3TRH /mf) not to
affect the neutron-to-proton ratio. As a consequence, in
following we will considerTRH as an unknown quantity tha
can take any value as low as; MeV.

It is usually assumed that the radiation-dominated
commences after a period of inflation, and that the cold u
verse at the end of inflation becomes the hot universe of
radiation-dominated era in a process known as rehea
The reheating process need not be instantaneous. On the
trary, before the radiation-dominated phase there may h
been a prolonged phase during which the energy densit
the universe was dominated by some component other
radiation. This component is often represented by a cohe
oscillating field such as the inflaton field, but one could ju
as easily imagine that the universe is dominated by so
unstable massive particle species. During reheating there
slow formation of a thermal bath of relativistic particle
The temperature of this thermal bath has a pecu
behavior @2#. It reaches a maximum temperatureTmax

;TRH(HI
2MPl

2 /TRH
4 )1/4 (HI is the value of the Hubble rate a

the beginning of the reheating process! and then has a les
steep dependence on the scale factora than in the radiation-
dominated era,T;a23/8. During this phase entropy is con
tinuously created~the universe is reheating!! and the Hubble
rate scales likeH;@g* (T)/g

*
1/2(TRH)#(T4/TRH

2 M Pl).
At a given temperature, the expansion is faster for sma

reheat temperatures. When the temperature decrease
TRH , the universe enters the radiation phase, and one re
ers the more familiar Hubble law,H;T2/M Pl .

Let us now assume that the largest temperature of
universe during the radiation-dominated phase is very sm
of the order of a few MeV. Since neutrinos have only we
interactions, it is very difficult for the thermal scattering
during the reheating stage to generate standard model ne
nos through processes likee1e2→nn̄ and to bring neutrinos
into chemical equilibrium. Furthermore, decreasing the
heat temperature increases the rate of the expansion o
universe, making it more and more difficult for the we
interactions to bring the neutrinos to chemical equilibriu
Therefore, if the reheating temperature is small enough, s
dard model neutrinos produced during the reheating s
nevergo into chemical equilibrium. In this case, neutrin
are present in the thermal bath at the beginning of
radiation-dominated phase, but they have a number den
nn that is smaller than the equilibrium number density@6#.
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This simple argument shows that the present abundanc
neutrinos may be much smaller than predicted assuming
the largest temperature of the radiation-dominated unive
was much larger than a few MeV. Thus, standard model n
trinos heavier than about 30h2 eV are perfectly compatible
with cosmology.

The above expectation was confirmed in Ref.@6#, where
the effective number density of neutrinos was computed
solving the corresponding Boltzmann equation obtained
der the assumptions of Maxwell–Boltzmann statistics a
local thermodynamic equilibrium in the calculation of th
thermal averaged cross section. This amounts to assum
that electrons have an equilibrium Boltzmann distributi
function and to neglect all the Pauli blocking factors. In th
paper we have performed a more refined and correct com
tation by solving directly the kinetic equations for the ne
trino phase-space distributionf n(p,t).

We will use the numerical code developed in Ref.@7#,
where the collision integrals are analytically reduced to t
dimensions@8#. The kinetic equations for neutrinos have th
form

] f i~p1 ,t !

]t
2H~ t !p1

] f i~p1 ,t !

]p1
5I i ,coll , ~2!

where the collision integralI coll is dominated by two-body
reactions 112→314, and is given by the expression

I coll5
S

2E1
( E d3p2

2E2~2p!3

d3p3

2E3~2p!3

d3p4

2E4~2p!3 ~2p!4

3d (4)~p11p22p32p4!F~ f 1 , f 2 , f 3 , f 4!uMu12→34
2 .

~3!

Here F5 f 3f 4(12 f 1)(12 f 2)2 f 1f 2(12 f 3)(12 f 4), uMu2

is the square of the weak-interaction amplitude summed o
spins of all particles except the first one, andS is the sym-
metrization factor which includes (1/2!) for each pair
identical particles in the initial and final states and a factor
2 if there are two identical particles in the initial state. F
nally, there is a summation over all possible sets of lepton
3, and 4. Notice that a similar approach was taken in Ref.@5#,
even though there the interactions among neutrinos as
as the electron mass were neglected and electrons wer
sumed to have a Boltzmann distribution.~These approxima-
tions allow the reduction of the collision integrals in th
kinetic equations to one-dimensional integrals, thus sim
fying the numerical calculations.! Furthermore, in Ref.@5#
the emphasis was on the impact of very low reheating te
peratures on standard big-bang nucleosynthesis, and th
fore neutrinos were taken to be massless.

We have assumed that reheating is due to the decay
light states of a particlef, which might be the inflaton field
a modulus field, or any unstable particle which domina
the energy density of the universe before the radiati
dominated phase. The time evolution of therf energy den-
sity is given by
2-2
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drf

dt
52Grf23Hrf , ~4!

where G is the decay rate of thef field, which may be
expressed in terms of the reheat temperatureTRH as G
53H53(TRH

2 /M Pl)@8p3g* (TRH)/90#1/2 whereg* (TRH) is
the number of relativistic degrees of freedom atTRH . Notice
that in Refs.@5,6#, the value ofg* in the (G2TRH) relation
was fixed to 10.75. This is not necessarily the actual valu
g* (TRH); we will return to this point below. Also, in Ref
@6#, the definition ofTRH is G5H, rather thanG53H.

We imposed the covariant energy conservationṙ(t)5
23H(r1P), wherer as the total energy density is

r5rf~ t !1
p2Tg

4

15
1

2

p2E dqq2
Aq21me

2

exp~E/Tg!11

1
1

p2E dqq3f ne
~q!1

2

p2E dqq3f nm
~q!, ~5!

and a similar expression holds for the pressureP. The initial
density of the scalar fieldrf is not relevant since it jus
defines the initial time of the evolution.

At the beginning of the evolution, the electromagne
interactions are much faster than the neutrino interac
rates and therefore, before neutrinos are produced,
plasma reaches temperatures higher than the final rehe
temperatureTRH @2,6#. Later, neutrinosn i of a given flavor
start being produced by electron-positron annihilatio
(e1e2→n i n̄ i) and by neutrino-~anti!neutrino annihilations
(n j n̄ j→n i n̄ i with iÞ j ). While tau- and muon-neutrinos ar
produced only by neutral current interactions, electro
neutrino production has a contribution from charged curr
interactions as well. However, since the present bound
mne

is in the eV range, we will not be interested inne’s as
dark matter. At late times, the neutrino distribution reach
some dynamical shape which differs from the equilibriu
one. We have checked that the neutrino abundances fo
the same evolution curve regardless of their initial ab
dances and the final neutrino distribution is insensitive to

FIG. 1. The relative neutrino densities as functions of time
TRH51 MeV.
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initial conditions. The time dependence of neutrino dens
~at late times! is shown in Fig. 1.

The final tau- and muon-neutrino number density~they
are the same! normalized to the neutrino number density
equilibrium nn /nn

EQ ~wherenn
EQ52j(3)Tn

3/p2) is plotted in
Fig. 2 as a function ofTRH . This ratio becomes smaller tha
unity for TRH smaller than about 8 MeV, signaling a depa
ture from equilibrium. The final momentum distributio
function for TRH51 MeV is plotted in Fig. 3. For compari
son, we have plotted the equilibrium neutrino distributi
function taking into account the fact that the neutrino te
perature is a factor 1.4 times smaller then the photon te
peratureTg due toe6 annihilation after neutrino decoupling

What is relevant is that the abundance of tau- and mu
neutrinos is about a factor of 2.731022 smaller than the
standard abundance for reheating temperatures aroun
MeV. This in turn implies that the standard upper bound
30h2 eV onmn no longer applies and the abundance of ta
and muon-neutrinos for 1 MeV&TRH&3 MeV can be ex-
pressed as

Vnt
h25Vnm

h25S mn

4 keVD S TRH

1MeVD 3

, ~6!

r FIG. 2. The relative number density of different neutrino spec
to the equilibrium neutrino number density as a function of t
reheating temperature.

FIG. 3. The final distribution functions forne , nm and nt for
TRH51 MeV as function of the dimensionless momentumpn /Tg .
The dotted line corresponds to the standard model neutrino di
bution function.
2-3
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where we used a power-law approximatio
nn /nn

EQ'0.024(TRH/1 MeV)3. For larger reheat
temperatures, 3 MeV&TRH&8 MeV, one needs a slightly
more complicated expression to fitnn : nn /nn

EQ

.0.44 tan21@(TRH(MeV)22.6)/1.17#10.43.
As mentioned above, the value ofg* in the (G2TRH)

relation is actually a function ofTRH . The value ofg* (TRH)
provides an indication of the relative abundance
neutrinos in the thermal bath. The value ofg* (TRH) as a
function ofTRH is given in Fig. 4 and allows us to relate th
decay rate to the reheat temperature,G21

5 (MeV/TRH)2g* (TRH)21/21.6 sec. 0.56(MeV/TRH)2.16

sec.
Our result in Eq.~6! is slightly smaller than the relic

neutrino abundance computed in Ref.@5#. For instance, Fig.
2 of Ref. @5# shows a value ofVnh2 a factor of 1.6 larger
than what is given by Eq.~6!, for TRH52 MeV. The calcu-
lation in Ref.@5# makes the approximation of~i! neglecting
the electron mass in the collision integrals,~ii ! assuming a
Boltzmann distribution for the electrons,~iii ! neglectingn
2n interactions. We find that the first approximation is w
justified, but the other two give errors of up to 30%~depend-
ing on the value ofTRH), which however are opposite in sig
and roughly cancel each other. The numerical discrepanc
largely explained by the fact that the authors of Ref.@5# fix
g* (TRH)510.75, and therefore their result should be mu
plied by a correction factor@10.75/g* (TRH)#3/4. For the
same reason, the limit onTRH derived in Ref.@5# from nu-
cleosynthesis should also be rescaled by a fa
@10.75/g* (TRH)#1/4. With this procedure we find that nucleo
synthesis gives slightly more stringent lower bounds
TRH : TRH.1.2 MeV ~at 68% C.L.! andTRH.0.8 MeV ~at
95% C.L.!.

The result of Eq.~6! is similar to that found in Ref.@6#
~allowing for the differing definition ofTRH mentioned
above!. This small difference traces to the assumptions m
in Ref. @6# of Maxwell-Boltzmann statistics and local the
modynamic equilibrium in the calculation of the thermal a
eraged cross section.

FIG. 4. The actual value ofg* at TRH as a function ofTRH .
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III. STANDARD MODEL NEUTRINOS AS WARM
DARK MATTER

CDM reproduces the observable universe at large sca
but appears to be in conflict with observations on su
galactic scales. CDM produces too many dwarf galaxies
overdense galactic cores compared to observations. The
lution of this difficulty has been searched for along differe
routes. Many suggestions can be united under recipe o
ducing the power on small scales. In the WDM scenario, t
reduction occurs naturally via the mechanism of free strea
ing. The comoving smoothing scale can be estimated as
comoving horizon at matter-radiation equality times therms
velocity of dark matter particles at that time@9#

R'0.2~Vnh2!1/3~keV/mX!4/3Mpc. ~7!

Interestingly,VX also takes correct value within the sam
range ofmX if the reheating temperature is of order 1 Me
@see Eq.~6!#. This numerical coincidence deserves furth
study and detailed numerical investigation.

Encouraging preliminary results were obtained in R
@10#. To aid such studies, we parametrize our final distrib
tion function of neutrinos as a thermal distribution with som
effective ‘‘temperature’’ and a ‘‘chemical potential.’’ The dif
ference between the effective temperature and the stand
model neutrino temperature is insignificant~only a few per-
cent! and the modification to the distribution function can
attributed to the chemical potential, which is shown in Fig.

At large TRH the chemical potential approaches t
standard-model valuem50.01Tn . At small TRH it can be
fitted asm/Tn58.8 exp(20.84TRH /MeV).

To conclude, the combination of a standard model n
trino of mass of a few keV and a reheat temperature of ab
an MeV will result in neutrinos as candidate WDM. Assum
ing Vn50.3 in one species of neutrino andh50.65, then
R50.4(TRH /MeV)4 Mpc. As discussed above, any rehe
temperature above about an MeV is consistent with BBN

We want to stress that the hypothesis of neutrinos
WDM is not necessarily inconsistent at present with the
cent data on atmospheric and solar neutrino anomalies.

FIG. 5. The effective chemical potential as a function of reh
temperature.
2-4
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mospheric neutrino data could be accomodated
oscillations between quasi-degeneratenm andnt states and in
such a case solar neutrino observations would requirene to
oscillate into a sterile state. Alternatively, although this p
sibility is disfavored by Superkamiokande data, the atm
spheric neutrino deficit might be explained by the convers
o

m

04351
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of nm into a sterile state, and the solar neutrino data by c
version ofne into an active state.
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