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We study the possible decay of a coherently oscillating scalar field, interpreted as dark matter, into light

fermions. Specifically, we consider a scalar field with sub-eV mass decaying into a Fermi sea of neutrinos.

We recognize the similarity between our scenario and inflationary preheating where a coherently

oscillating scalar field decays into standard model particles. Like the case of fermionic preheating, we

find that Pauli blocking controls the dark matter decay into the neutrino sea. The radius of the Fermi

sphere depends on the expansion of the universe leading to a time varying equation of state of dark matter.

This makes the scenario very rich and we show that the decay rate might be different at different

cosmological epochs. We categorize this in two interesting regimes and then study the cosmological

perturbations to find the impact on structure formation. We find that the decay may help in alleviating

some of the standard problems related to cold dark matter.
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I. INTRODUCTION

Dark matter has become an extremely interesting area of
research in both cosmology and particle physics. From the
particle physics point of view it can be thermal WIMPs,
axions, Kaluza Klein states, etc. Though supersymmetric
(SUSY) models predict its mass to be of the order the
electroweak scale, there are viable models of dark matter
where its mass can be as low as sub-eV, for example,
axionlike dark matter. Especially the direct and indirect
search for dark matter has narrowed down the parameter
space of these well studied candidates to a large extent.
Hence it is highly likely that dark matter is of much more
exotic nature than thought of. In addition, there may be a
requirement for more complicated physics such as inter-
actions with dark energy or with neutrinos. Similarity
between the neutrino mass and the present dark energy
density scale has inspired people to look for a connection
between the two. Now we know that the normal active
neutrino cannot be a viable dark matter candidate because
of its free-streaming ability. But the existence of sub-eV
neutrino mass might point towards richer sub-eV scale
physics. In fact there have been a few interesting works
[1,2] where new states of sub-eV masses are present in the
dark sector. The reason is, if the dark sector interacts only
gravitationally with the standard model sector, a TeV scale
SUSY breaking in SM would predict scalar particles of

mass TeV2

MPl
� 10�3 eV in the dark sector. Scalar dark matter

of milli eV mass with a possible coupling to neutrinos has
been discussed in [3]. Also moduli of sub-eV mass can
easily arise from string compactification [4].

If in nature dark matter arises from such a low energy
scale, we would expect it to decay into light fermions like
neutrinos through a Yukawa type of coupling. GeV scale
dark matter decay (and annihilation) to neutrinos has
drawn lots of recent interest [5–11], especially in the
context of recent cosmic ray measurements and the
DAMA/LIBRA experiment [12,13]. But in our case, dark
matter is of sub-eV mass and the signature of its decay into
neutrinos is mainly cosmological, especially in structure
formation. Recently, in a different context, the nonthermal
wimp miracle [14] was introduced where a scalar of TeV
mass decays into a stable dark matter particle. So the decay
of a scalar particle can lead to very rich phenomenology in
cosmological context.
The possible decay of scalar dark matter into light

neutrinos is an effect which could potentially help to
understand the apparent surplus of power on small scales
in simulations containing normal CDM [15–17]. This sur-
plus could, for instance, be an indication that CDM is
simply clustering too much on small scales and we need
some mechanism to reduce their gravitational interaction.
This is where the decay could play a role—see [18] for a
similar idea. In this paper we study the nature of the decay
and its possible signature in structure formation. As we
consider an axionlike scalar dark matter, it is undergoing a
coherent oscillation and might decay into neutrinos
through a parametric excitation. In that case, the process
will have many similarities with inflationary fermionic
preheating [19–22]. Therefore, we dub the process pre-
heating dark matter.
Cosmology with decaying/interacting dark matter has

been an interesting topic of research [23–29] in recent
times as it gives a probe to detect dark matter indirectly
through its effects on structure formation. On top of that, if
it decays into dark energy it might give rise to a unified
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description of dark matter and dark energy. In most of the
studies [30,31], the rate of energy transfer from dark matter
to other components (e.g., dark energy, radiation, or neu-
trinos) has been empirically assumed driven by mathemati-
cal simplicity. Here we present a concrete model of dark
matter decay to light fermionic states like neutrinos and
then study its imprint on structure formation. In particular,
we derive the decay rate of dark matter as a function of
redshift using the theory of fermionic preheating. We find
that in the initial stage the decay rate is faster and deter-
mined by parametric resonance. But at late times the para-
metric production ceases and redshifts of fermionic modes
control the decay rate. This time, varying decay rate makes
the phenomenology rich and offers a prominent imprint on
the structure formation, something which might be experi-
mentally probed by near future experiments.

The plan of the paper is as follows: In Sec. II we discuss
the particle physics aspect of our scenario. In Sec. III, we
incorporate the idea of inflationary preheating for scalar
dark matter decaying into neutrinos. In Sec. IV, we identify
different epochs of decay and derive the background evo-
lution, i.e. how dark matter and neutrino energy densities
evolve in presence of the decay. In Sec. V, we derive the
perturbation equations for our scenario, and in Sec. VI we
obtain temperature anisotropy and matter power spectra.
Finally, we summarize our work in Sec. VII.

II. PHENOMENOLOGICAL MODEL

Here we discuss how our scenario fits into a particle
physics setup. Scalar fields of sub-eV masses are common
in different particle physics models. In many models of
TeV scale gauge mediated supersymmetry breaking, a
gravitationally coupled dark sector contains a scalar of
sub-eV mass. Also, string compactifications generically
predict axionlike scalars such as the dilaton and large
numbers of moduli [32,33] whose mass can easily be in
the sub-eV range.

As we are interested in a sub-eV scalar field which
couples to light fermions like the standard model neutrino,
our set up is inspired by the models of mass varying
neutrino dark energy [34] where a sub-eV mass scalar
couples to the standard model neutrino—see also [35–
39]. Especially, we refer to a model of supersymmetric
neutrino dark energy, where multiple scalars of such low
mass are present and can couple to neutrinos. In such a
theory, it has been shown that the scalar potential takes the
form of the well-known hybrid inflation potential. We refer
readers to [1] for details and will briefly discuss here. The
Lagrangian for mass varying neutrino dark energy is given
by

L � mD�N þ �ANN þ H:c:þ VðAÞ; (1)

where mD is the Dirac mass and � is the left chiral Weyl
field representing active neutrinos. N is the right-handed

heavy fermion and A is the scalar. � is some Yukawa
coupling.
In supersymmetric models of neutrino dark energy

where �, N, A are promoted to superfields l, n, a, the
superpotential takes the form

W ¼ �annþmDln: (2)

After taking quantum corrections into account, it has
been shown that this leads to a hybrid inflation kind of
potential. Depending on the temperature of the universe,
the scalar either remains trapped at a metastable minimum
playing the role of dark energy or it rolls off and starts
oscillating coherently, behaving like cold dark matter.
Following a simple model [3], the Lagrangian looks like

L ¼ �n2c
2
3 þ 2�n2c 2c 3 þm3c 3�3 þm2c 2�2

þ Vsusy þ Vsoft þ V� þ H:c:; (3)

where

Vsusy ¼ 4�2n22n
2
3 þ �2n43; (4)

and

Vsoft ¼ ~m2
2n

2
2 � ~m2

3n
2
3 þ ~a3n

3
3: (5)

The terms in V� are included in order to generate a
Majorana mass for the neutrino in the vacuum. In this
kind of theory the superpartner sneutrinos (here denoted
by n2, n3) can easily be of sub-eV mass and play the role of
dark matter. Also it can easily couple to light fermions
(neutrinos). From now on, we will switch our focus to
cosmological effects of such a model.

III. PREHEATING FROM SCALAR DARKMATTER

We are essentially interested in a light scalar field dark
matter of sub eV mass which has a coupling to an ultra
light fermion which for our case is the standard model
neutrino. We consider decays of such dark matter into
neutrinos, though our framework is true for decay into
any fermion. Following the mechanism of inflationary
preheating, in this section we will understand the physical
nature of the decay and will clarify different regimes of
decay. We will see that the decay rate changes as the
universe expands due to time evolution of a resonance
parameter which controls the parametric excitation of
neutrinos.
We mainly follow the work [22] on fermionic preheating

and apply that to our scenario. So we refer to this work for
detailed derivation of the equations. Briefly, to find the
number density of created fermions through the preheating
mechanism in an expanding background, one derives a
mode equation using the original Dirac equation with the
Friedmann-Lemaı̂tre-Robertson-Walker metric. It has been
shown that the comoving number density of created fer-
mions can be obtained by solving for a mode function
XkðtÞ. For a Yukawa type coupling ��c �c , the mode

OLE EGGERS BJÆLDE AND SUBINOY DAS PHYSICAL REVIEW D 82, 043504 (2010)

043504-2



equation is given by

X00
k þ ½�2 þ ð ~mþ ffiffiffi

q
p

fÞ2 � i
ffiffiffi
q

p
f0�Xk ¼ 0; (6)

where �0fðtÞ is the background solution for the time
evolution of the oscillating scalar field, � � k

m�
is the

dimensionless fermion mass, ~m � mc

m�
, and the resonance

parameter q � �2�2
0

m2
�

. These three parameters completely

determine the parametric production of fermions. We con-
sider the oscillation of the field with the usual quadratic
potential V ¼ 1

2m
2�2 as this is a good approximation

around minima of any potential. The term ( ~mþ ffiffiffi
q

p
f)

can be thought of as an effective mass of the fermion. As
the scalar field oscillates, the effective mass itself will
oscillate around zero and the parametric production of
fermions is enhanced when the effective mass crosses
zero. It has been shown numerically that nkðtÞ oscillates
and, due to Pauli blocking, its maximum value never
crosses unity. But for decay into bosonic particles it is
not bounded by unity. We stress that the behavior of this
parametric production is considerably different than the
perturbative decay process� ! �c c , where the decay rate

is given by � ’ �2m
8� .

In the above mode equation, expansion of the universe
has been neglected which may only be true at very late
times where the Hubble parameter drops. To get a full
understanding, one must include the expansion of the uni-
verse. This alters two aspects. The parameters q and � now

become time dependent. More specifically, we get q �
�2�2ð�Þ

m2
�

and the physical momentum p � �
aðtÞm�

where aðtÞ
is the scale factor of the universe. As a result, the periodic
modulation of the comoving number density does not hold
anymore. For large values of the resonance parameter (q �
1), the calculation of parametric production becomes, in
fact, simple. Luckily, we will see later that for our case
q � 1 for large periods of (cosmological) time. Using the
method of successive scattering for fermions, it has been
shown [22] that due to the loss of periodicity of nk the
production of fermions happens through a stochastic filling
of a Fermi sphere up to a Fermi radius �F which depends
on scale factor aðtÞ and is given by

�2
F ’

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qðtÞ1=2

q
aðtÞ: (7)

Now to find the exact dependence, one needs to know
how qðtÞ changes with scale factor. As we are using a
quadratic potential for the scalar, the solution for the scalar
field for this case is well known. Oscillation of � in this
case is given by the asymptotic solution

�ðtÞ � �0

a3=2
cosðtÞ: (8)

Using this, it is easy to derive

�F ¼ m�q
1=4
0 a1=4; (9)

where q0 � �2�2
0

m2
�

.

So, as the universe expands, the Fermi sphere also ex-
pands producing more and more neutrinos. But the reso-
nance parameter decreases as the amplitude of oscillation
drops due to Hubble friction and at some point the Fermi
sphere stops expanding when qðtÞ becomes of the order of
unity. At this regime, the redshift of fermionic modes due
to Hubble expansion is fast enough to prevent the para-
metric excitation. Finally, fermions will be produced with a
much lower rate in the perturbative regime and perturbative
processes continue unless m� < 2mc .

IV. DIFFERENT DECAY REGIMES

Using the above results, now we can focus on production
of neutrinos and its time evolution. Here we assume that
parametrically produced neutrinos mix with other relic
neutrinos and acquire the same temperature through ther-
malization. It is instructive to note that as the mass of the
scalar is way less than in the usual inflationary preheating
scenario, we would get parametric excitation until very late
times. From the previous discussion, we have learned that
the resonance parameter q is very crucial to determine the
nature of the decay and q itself is time dependent. Now we
will discuss the two different decay regimes and the tran-
sition time between them for our simple model with a
quadratic potential.

A. Regime I: Expanding Fermi radius (q � 1)

During early stages of parametric production

qðtÞ � �2�ðtÞ2
m2

�

¼ 2�2 �DM

m4
�

: (10)

As we are interested in scalar mass of the order of m� �
10�3 eV, almost all over the cosmic history until today,
�DM � ð10�3 eVÞ4. Now if the coupling constant � is of
the order of unity, we still get parametric production at very
late times. But for smaller couplings parametric excitation
stops at earlier redshift when qðtÞ ’ 1. Later we will take
different choices of the coupling � and study how it affects
the formation of structure. The produced neutrino number
density is obtained through the volume of the Fermi sphere
with radius

�
phys
F ¼ q1=4a1=4 � a�1 ¼ q1=4a�3=4; (11)

where q ¼ �2�2

m2
�

. This can be used to calculate the neutrino

density

�� ’
Z �F

0
d3k ¼ 8��2 1

2
m2

��
2 ¼ 8��2�DM; (12)

where we have used �DM ¼ 1
2m

2
��

2. It is important to note
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that the neutrino energy density is proportional to the local
dark matter density. Using this fact and the continuity
equation for the total dark matter and neutrino fluid, we
can find the evolution of the dark matter energy density and
hence neutrino energy density. The continuity equation for
the dark matter and neutrino as a whole reads

_� tot þ 3H�totð1þ wtotÞ ¼ 0; (13)

where wtot ¼ Ptot

�tot
, �tot ¼ �� þ �DM and Ptot ¼ P� þ PDM.

Equation (13) can be split up into the two components

_� DM þ 3H�DM ¼ �Q (14)

and

_� � þ 4H�� ¼ Q; (15)

where Q represents the decay rate from dark matter to
neutrinos and we have taken advantage of the fact that
PDM ¼ 0 and P� ¼ 1

3��. Combining Eqs. (12), (14), and

(15) we get the relations

�DM ¼ �i
DM

�
a

ai

��	
�� ¼ 8��2�DM; (16)

where the i denotes the value at some fixed time (e.g.

today) and 	 ¼ 3þ32��2

1þ8��2 . So here we clearly see that due

to parametric production, dark matter no longer redshifts as
1=a3. Its effective equation of state changes from zero to
slightly higher values. The higher the coupling �, the
higher the deviation. This effective equation of state, which
corresponds to the value we would get if we did not know
about the coupling between dark matter and neutrinos, can
be calculated from a revised version of Eq. (14) _�DM þ
3H�DMð1þ weffÞ ¼ 0. The result is

weff ¼ 	

3
� 1: (17)

We note that for � ! 0, it gives the right limit for the
equation of state weff ! 0.

B. Regime II: Fermi radius stops expanding (q ’ 1)

In the second regime, parametric excitations weaken due
to the drop in resonance parameter q. During this regime,
q� 1 and the radius of the physical Fermi sphere has
approached the constant value kF �m�. This means the

decay is controlled by the redshifts of Fermi momentum
due to the expansion. As the universe expands, the Fermi
momentum drops, opening up space in the Fermi sphere.
This space is immediately filled up by the scalar field
decaying into neutrinos. The regime may be important
for structure formation if the decay into neutrinos can
cause a substantial decrease in the dark matter density.
This is possible when �DM �m4

�, because, in this case,

decay of each DM particle to a neutrino causes a significant
decrease in the dark matter energy density. As the dark
matter mass is of the order sub eV in our model, this can

happen only at late times. This can enhance the late ISW
effect thus modifying the structure formation on large
scales. Again, using Eq. (12) we easily obtain �� ¼
4�m4

�. From the continuity equations Eqs. (14) and (15)

we get the relations

�DM ¼ �


3
þ

�
�i
DM þ 


3

��
ai

a

�
3

�� ¼ 


4
; (18)

where 
 ¼ 16�m4
�. So we see that the neutrino energy

density is constant in this regime, only the dark matter
density dilutes. This is what we expect, because if there
were no decay into neutrinos, its density would simply
redshift like the standard model neutrino governed by the
Hubble expansion. But here, as soon as phase space opens
in the Fermi sea of neutrinos due to cooling of the universe,
it gets refilled by the decay from dark matter thus keeping
its density constant.
In this regime the effective equation of state for dark

matter can be calculated to be

weff ¼


3

�DM

; (19)

which, depending on model parameters, can deviate an
appreciable amount toward the present—see Fig. 1.

C. Transition redshift

In this subsection we find the transition redshift between
the two epochs in terms of model parameters m� and �.

Patching the two regimes together at a scale factor aT we
arrive at the relations

FIG. 1 (color online). The effective equation of state of dark
matter in the preheating dark matter scenario with the following
parameter choices: Dotted green line: �DM;0 ¼ 0:21, � ¼ 0:001
with ��;0 ¼ 0:022, dot-dashed blue line: �DM;0 ¼ 0:06, � ¼
0:05 with ��;0 ¼ 0:081, and dashed red line: �DM;0 ¼ 0:12,
� ¼ 0:03 with ��;0 ¼ 0:068.
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�� ¼ 8��2�DM

�DM ¼ m4
�

2�2

�
a
aT

��	 for a < aT

�� ¼ 

4

�DM ¼ � 

3 þ

�
�0
DM þ 


3

��
a0
a

�
3
;

for a > aT

(20)

where the 0 denotes present day values, and aT can be
determined from the preheating dark matter parameters as

aT ¼
�ð�0

DM þ 

3Þ

m4
�

2�2 þ 

3

�
1=3

a0: (21)

V. PERTURBATION ANALYSIS

In order to study the implications of preheating dark
matter, we perform a cosmological perturbation analysis in
the synchronous gauge in which a line element is given by

ds2 ¼ a2ð�Þ½�d�2 þ ð�ij þ hijÞdxidxj�; (22)

where i, j ¼ 1, 2, 3, �ij is the Minkowski space metric, hij
is the perturbation to the metric and we are using comoving
coordinates x� ¼ ð ~x; �Þ in a spatially flat background
space-time. We follow the procedure given by Ref. [40],
in which, to linear order in the perturbations, the stress-
energy tensor is given by

T0
0 ¼ �ð ��þ �Þ T0

i ¼ ð ��þ �PÞvi ¼ �Ti
0

Ti
j ¼ ð �Pþ PÞi

j þ �i
j; �i

i ¼ 0;
(23)

where the perturbations to energy density and pressure are
defined as � ¼ �� �� and P ¼ P� �P, �i

j is the aniso-

tropic shear perturbation, and vi is the coordinate velocity
of the fluid.1 The latter is a small quantity and can be
treated as a perturbation of the same order as � and P.
Instead of working with the velocity itself we use the
divergence defined as � ¼ ikivi. Similarly, instead of the
anisotropic shear perturbation, we use the shear stress �.

This is defined as � ¼ �ðkikj�1
3�

j
i Þ�i

j

ð ��þ �PÞ .

The conservation of energy and momentum for our
coupled fluid implies that the covariant derivative of the
stress-energy tensor is 0.

���
;� fluid ¼ @�T

�� þ ��
��T

�� þ ��
��T

�� ¼ 0: (24)

However, for the individual components in the fluid it is
slightly different

�
��
;� CDM ¼ �Q �

��
;� � ¼ Q; (25)

where the Q can be determined directly from Eq. (14).
Using the time-time (00) component of the stress-energy
tensor from Eq. (23) and combining with Eq. (25) above,

we get the equation of motion for the individual density

contrasts i ¼ �i

�i
. Using the space-space (ii) components

in the same way will give us the time evolution of �i.
Hence we arrive at the equations of motion for the DM

and neutrino components for q � 1

_� ¼ � 4

3

�
�� þ

_h

2

�

_CDM ¼ �
_h

2

_�� ¼ � 1

1þ 8��2
H�� þ k2

�
1

4
� � ��

�

_�CDM ¼ 0: (26)

Similarly, for q� 1 we get

_� ¼ � 4

3

�
�� þ

_h

2

�

_CDM ¼ �
_h

2
þ 4H

��

�CDM

ðCDM � �Þ

_�� ¼ �4H�� þ k2
�
1

4
� � ��

�

_�CDM ¼ 0: (27)

It is the effect of the term containing � and the term
containing the neutrino energy density �� in the evolution
of the CDM density contrast that separates the evolution of
perturbations in the preheating dark matter case from the
normal case, where the decay of CDM is not permitted.

VI. RESULTS

In this section we present the numerical results we
obtained by using the equations from the two previous
sections. We modified the publicly available CMBFAST

code [42] to include preheating dark matter to get both
the matter power spectrum and the temperature anisotropy
spectrum. This code is developed to calculate the linear
CMB anisotropy spectra based on integration over the
sources along the photon past light cone, but also outputs
transfer functions from which the linear matter power
spectrum can be calculated.
In our analysis, we keep the epoch of matter-radiation

equality fixed, and the only free parameters are the current
value of �DM;0 and the parameter �. In addition, we keep

the amount of baryons today fixed at �b ¼ 0:05 and
choose the normalized Hubble expansion rate at the value
hHubble ¼ 0:7. We include one species of massless neutri-
nos produced in the decay as well as the three standard
model neutrinos, which, for simplicity, are assumed to
have a degenerate mass spectrum with m� ¼ 1:5�
10�3 eV. We assume that the neutrinos produced in the
decay mix with standard neutrinos, although this assump-
tion makes no qualitative difference to the results.

1For further information about cosmological perturbation the-
ory see Ref. [41]

DARK MATTER DECAYING INTO A FERMI SEA OF . . . PHYSICAL REVIEW D 82, 043504 (2010)

043504-5



The impact of preheating dark matter on the temperature
anisotropy spectrum can be seen in Fig. 2. The most
apparent difference from the spectrum of �CDM can be
seen on largest angular scales, l & 100 (corresponding
roughly to a degree), although for some choices of parame-
ters the positions and relative heights of the peaks are also
affected. We generally observe an increase in power on
scales, 20< l < 100, whereas on scales l & 10 we see an
increase or a decrease in power depending on the model
parameters. For scales l & 100, the dominant contribution
to the CMB temperature anisotropy spectrum comes from
the Integrated Sachs-Wolfe effect, which arises because of
the evolution of the gravitational potentials encountered by
the photon on its journey from the last-scattering surface.
The modification to the cosmological background because
of preheating dark matter can be quite significant, as we
saw in the last section. This is particularly so in the q� 1
regime, where the neutrino energy density becomes con-
stant, which leads to a second term in the evolution of the
CDM perturbation in Eq. (27).

On the largest angular scales l < 20, the dominant con-
tribution to the CMB temperature anisotropy spectrum
comes from the late-time Integrated Sachs-Wolfe effect
(ISW). This effect is a result of the universe entering an
epoch of rapid expansion as it becomes dominated by dark
energy. In this epoch, photons moving into gravitational
potential wells will get a boost as the potential well is
decaying and becomes slightly shallower while the photon
is passing through it—and vice versa for gravitational hills.
It is clear that this effect depends intimately on many
different parameters such as�DM;0 and��;0. In our model,

dark matter is being transformed into light neutrinos—i.e.
radiation—most efficiently at late times, and hence we
expect an effect on the largest scales. In the context of
interacting dark matter–dark energy models, the ISWeffect
has been studied in [43].

Turning our attention to the matter power spectra, we
know that the linear matter power spectrum is extremely
well determined by SDSS (see Ref. [44]) and WMAP (see
Ref. [45]) on intermediate and large scales. And in addi-
tion, Ly-� forest data have some constraints on the small
scales—see e.g. [46]. Hence we normalize our matter
power spectra such that they coincide with matter power
spectra obtained from using normal �CDM at the largest
scales (these are also the latest to have entered the horizon).
The results are presented in Fig. 3 for different values of �
and�DM;0. A small damping on small angular scales seems

to be generic, similar to standard models of CDM and hot
dark matter, where a similar reduction in power is
achieved. We note that in order to comply with e.g. super-
nova data (Ref. [47]) we cannot change �M;0 drastically.

Of course we do turn CDM into neutrinos that redshift as
radiation—only slightly faster than CDM. Hence we have
some room to change �M;0 and still be in agreement with

data.
The matter power spectra for the different parameter

choices are agreeing relatively well with �CDM as result
of the small �-value. Still, we do notice the small reduction
on the smallest scales which can be probed by CMBFAST.
This is to be expected since part of the CDM responsible
for the gravitational wells is decaying into neutrinos which
undergo free-streaming on these small scales. This pre-

FIG. 2 (color online). The temperature anisotropy spectrum as
a function of the angular modes in the preheating dark matter
scenario with the following parameter choices: Solid black line:
�CDM with �DM;0 ¼ 0:24, ��;0 ¼ 0:71, dotted green line:

�DM;0 ¼ 0:21, � ¼ 0:001 with ��;0 ¼ 0:022, dot-dashed blue

line: �DM;0 ¼ 0:06, � ¼ 0:05 with ��;0 ¼ 0:081, and dashed

red line: �DM;0 ¼ 0:12, � ¼ 0:03 with ��;0 ¼ 0:068.

FIG. 3 (color online). Top: The matter power spectra as a
function of k½Mpc�1� in the preheating dark matter scenario
with the following parameter choices: Solid black line: �CDM
with �DM;0 ¼ 0:24, ��;0 ¼ 0:71, dotted green line: �DM;0 ¼
0:21, � ¼ 0:001 with ��;0 ¼ 0:022, dot-dashed blue line:

�DM;0 ¼ 0:06, � ¼ 0:05 with ��;0 ¼ 0:081, and dashed red

line: �DM;0 ¼ 0:12, � ¼ 0:03 with ��;0 ¼ 0:068. Bottom: The

difference between the preheating dark matter model and
�CDM [2ð�CDMÞ=2ðPHDMÞ] as a function of k.
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vents them from clustering, and since we are creating an
appreciable amount of neutrinos due to the decay of CDM,
we generally expect this reduction of power on small
scales.

On even smaller scales we also expect a considerable
effect, which will reduce the clustering ability of CDM.
Unfortunately, we cannot probe those scales satisfactorily
with CMBFAST—as it is using linear perturbation analysis
and we expect the evolution to be highly nonlinear. The
investigation of the effect of preheating dark matter on
nonlinear scales is beyond the scope of the present work
and will be postponed to a future paper.

VII. CONCLUSION

In this work, we have considered a coherently oscillating
scalar field of sub-eV mass which behaves as dark matter.
Because of its coupling, it slowly decays into neutrinos as
the universe expands until today. The decay rate as a
function of redshift has been derived following the physics
of inflationary preheating of a scalar into fermions. We find
that the decay rate is modulated by Pauli blocking and the
expansion of the universe, giving us rich physics of dark
matter decay into a neutrino sea.

We studied the effect of the decay on structure formation
and obtained spectra for the anisotropies in the cosmic
microwave background and matter power spectra. For the
parameters proposed in this paper, we showed that given
the decay we are able to slightly reduce the amount of
power on small scales in the matter power spectra—some-
thing which seems to be required from data—while at the

same time being in good agreement with SDSS and
WMAP observations.
Interestingly, the proposed scenario leads to features in

the temperature anisotropy spectrum,which can be seen as
a prominent late ISW effect and slight modifications to the
second and third peaks. Consequently, as future direction,
it would be interesting to study the late ISWeffect in detail,
from which we will be able to constrain the model parame-
ters more effectively. In addition, we would like to do a
follow-up COSMOMC analysis using the newest data
available as well as to examine the effect of preheating
dark matter on structure formation on nonlinear scales.
After such an analysis it will be more clear what the best
choice of preheating dark matter parameters is such that a
comparison with future Planck data, for instance, will be
easier. Furthermore, we expect future weak lensing surveys
to be useful in constraining our scenario since they can
provide insight into the statistics of the dark matter distri-
bution—hence they can (hopefully) shed some light on
what happens on small (and large) scales of gravitational
clustering.

ACKNOWLEDGMENTS

We would really like to thank Neal Weiner for ideas and
discussions and motivating this work. O. E. B. thanks Steen
Hannestad and Yvonne Wong for helpful discussions dur-
ing this work. S. D. thanks Kris Sigurdson for some fruitful
suggestions. The research of S. D. is supported by the
Natural Sciences and Engineering Research Council of
Canada.

[1] R. Fardon, A. E. Nelson, and N. Weiner, J. High Energy
Phys. 03 (2006) 042.

[2] Z. Chacko, L. J. Hall, and Y. Nomura, J. Cosmol.
Astropart. Phys. 10 (2004) 011.

[3] S. Das and N. Weiner, arXiv:astro-ph/0611353.
[4] N. Kaloper and L. Sorbo, Phys. Rev. D 79, 043528 (2009).
[5] J. Mardon, Y. Nomura, D. Stolarski, and J. Thaler, J.

Cosmol. Astropart. Phys. 05 (2009) 016.
[6] M.R. Buckley, K. Freese, D. Hooper, D. Spolyar, and H.

Murayama, Phys. Rev. D 81, 016006 (2010).
[7] D. Spolyar, M. R. Buckley, K. Freese, D. Hooper, and H.

Murayama, arXiv:0905.4764.
[8] R. Allahverdi, S. Bornhauser, B. Dutta, and K.

Richardson-McDaniel, Phys. Rev. D 80, 055026 (2009).
[9] L. Covi, M. Grefe, A. Ibarra, and D. Tran, J. Cosmol.

Astropart. Phys. 04 (2010) 017.
[10] J. Hisano, M. Kawasaki, K. Kohri, and K. Nakayama,

Phys. Rev. D 79, 043516 (2009).
[11] J. Liu, Q. Yuan, X. Bi, H. Li, and X. Zhang,

arXiv:0911.1002.

[12] D. Hooper, F. Petriello, K.M. Zurek, and M.
Kamionkowski, Phys. Rev. D 79, 015010 (2009).

[13] J. Kumar, J. G. Learned, and S. Smith, Phys. Rev. D 80,
113002 (2009).

[14] B. S. Acharya, G. Kane, S. Watson, and P. Kumar, Phys.
Rev. D 80, 083529 (2009).

[15] J. F. Navarro, C. S. Frenk, and S. D.M. White, Astrophys.
J. 490, 493 (1997).

[16] A. A. Klypin, A. V. Kravtsov, O. Valenzuela, and F. Prada,
Astrophys. J. 522, 82 (1999).

[17] B. Moore, S. Ghigna, F. Governato, G. Lake, T. R. Quinn,
J. Stadel, and P. Tozzi, Astrophys. J. 524, L19 (1999).

[18] V. Sahni and L.M. Wang, Phys. Rev. D 62, 103517 (2000).
[19] P. B. Greene and L. Kofman, Phys. Lett. B 448, 6 (1999).
[20] G. F. Giudice, M. Peloso, A. Riotto, and I. Tkachev, J.

High Energy Phys. 08 (1999) 014.
[21] J. Garcia-Bellido, S. Mollerach, and E. Roulet, J. High

Energy Phys. 02 (2000) 034.
[22] P. B. Greene and L. Kofman, Phys. Rev. D 62, 123516

(2000).

DARK MATTER DECAYING INTO A FERMI SEA OF . . . PHYSICAL REVIEW D 82, 043504 (2010)

043504-7

http://dx.doi.org/10.1088/1126-6708/2006/03/042
http://dx.doi.org/10.1088/1126-6708/2006/03/042
http://dx.doi.org/10.1088/1475-7516/2004/10/011
http://dx.doi.org/10.1088/1475-7516/2004/10/011
http://arXiv.org/abs/astro-ph/0611353
http://dx.doi.org/10.1103/PhysRevD.79.043528
http://dx.doi.org/10.1088/1475-7516/2009/05/016
http://dx.doi.org/10.1088/1475-7516/2009/05/016
http://dx.doi.org/10.1103/PhysRevD.81.016006
http://arXiv.org/abs/0905.4764
http://dx.doi.org/10.1103/PhysRevD.80.055026
http://dx.doi.org/10.1088/1475-7516/2010/04/017
http://dx.doi.org/10.1088/1475-7516/2010/04/017
http://dx.doi.org/10.1103/PhysRevD.79.043516
http://arXiv.org/abs/0911.1002
http://dx.doi.org/10.1103/PhysRevD.79.015010
http://dx.doi.org/10.1103/PhysRevD.80.113002
http://dx.doi.org/10.1103/PhysRevD.80.113002
http://dx.doi.org/10.1103/PhysRevD.80.083529
http://dx.doi.org/10.1103/PhysRevD.80.083529
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1086/307643
http://dx.doi.org/10.1086/312287
http://dx.doi.org/10.1103/PhysRevD.62.103517
http://dx.doi.org/10.1016/S0370-2693(99)00020-9
http://dx.doi.org/10.1088/1126-6708/1999/08/014
http://dx.doi.org/10.1088/1126-6708/1999/08/014
http://dx.doi.org/10.1088/1126-6708/2000/02/034
http://dx.doi.org/10.1088/1126-6708/2000/02/034
http://dx.doi.org/10.1103/PhysRevD.62.123516
http://dx.doi.org/10.1103/PhysRevD.62.123516


[23] S. Das, P. S. Corasaniti, and J. Khoury, Phys. Rev. D 73,
083509 (2006).

[24] C. G. Boehmer, G. Caldera-Cabral, R. Lazkoz, and R.
Maartens, Phys. Rev. D 78, 023505 (2008).

[25] Z. K. Guo, N. Ohta, and S. Tsujikawa, Phys. Rev. D 76,
023508 (2007).

[26] G. Olivares, F. Atrio-Barandela, and D. Pavon, Phys. Rev.
D 77, 063513 (2008).

[27] A. Ibarra and D. Tran, J. Cosmol. Astropart. Phys. 02
(2009) 021.

[28] M. Cirelli, P. Panci, and P. D. Serpico, arXiv:0912.0663.
[29] A. Ibarra, D. Tran, and C. Weniger, J. Cosmol. Astropart.

Phys. 01 (2010) 009.
[30] J. Valiviita, E. Majerotto, and R. Maartens, J. Cosmol.

Astropart. Phys. 07 (2008) 020.
[31] R. Cen, Astrophys. J. Lett. (in press).
[32] J. Jaeckel and A. Ringwald, arXiv:1002.0329.
[33] F. Piazza and M. Pospelov, arXiv:1003.2313.
[34] R. Fardon, A. E. Nelson, and N. Weiner, J. Cosmol.

Astropart. Phys. 10 (2004) 005.
[35] R. Takahashi and M. Tanimoto, Phys. Lett. B 633, 675

(2006).
[36] O. E. Bjaelde, A.W. Brookfield, C. van de Bruck, S.

Hannestad, D. F. Mota, L. Schrempp, and D. Tocchini-
Valentini, J. Cosmol. Astropart. Phys. 01 (2008) 026.

[37] R. Bean, E. E. Flanagan, and M. Trodden, Phys. Rev. D 78,
023009 (2008).

[38] S. Antusch, S. Das, and K. Dutta, J. Cosmol. Astropart.
Phys. 10 (2008) 016.

[39] O. E. Bjaelde and S. Hannestad, Phys. Rev. D 81, 063001
(2010).

[40] C. P. Ma and E. Bertschinger, Astrophys. J. 455, 7 (1995).
[41] H. Kodama and M. Sasaki, Prog. Theor. Phys. Suppl. 78, 1

(1984).
[42] U. Seljak and M. Zaldarriaga, Astrophys. J. 469, 437

(1996).
[43] G. Olivares, F. Atrio-Barandela, and D. Pavon, Phys. Rev.

D 77, 103520 (2008).
[44] M. Tegmark et al. (SDSS Collaboration), Phys. Rev. D 69,

103501 (2004).
[45] E. Komatsu et al. (WMAP Collaboration), Astrophys. J.

Suppl. Ser. 180, 330 (2009).
[46] S. Zaroubi, M. Viel, A. Nusser, M. Haehnelt, and T. S.

Kim, Mon. Not. R. Astron. Soc. 369, 734 (2006).
[47] M. Kowalski et al., Astrophys. J. 686, 749 (2008).

OLE EGGERS BJÆLDE AND SUBINOY DAS PHYSICAL REVIEW D 82, 043504 (2010)

043504-8

http://dx.doi.org/10.1103/PhysRevD.73.083509
http://dx.doi.org/10.1103/PhysRevD.73.083509
http://dx.doi.org/10.1103/PhysRevD.78.023505
http://dx.doi.org/10.1103/PhysRevD.76.023508
http://dx.doi.org/10.1103/PhysRevD.76.023508
http://dx.doi.org/10.1103/PhysRevD.77.063513
http://dx.doi.org/10.1103/PhysRevD.77.063513
http://dx.doi.org/10.1088/1475-7516/2009/02/021
http://dx.doi.org/10.1088/1475-7516/2009/02/021
http://arXiv.org/abs/0912.0663
http://dx.doi.org/10.1088/1475-7516/2010/01/009
http://dx.doi.org/10.1088/1475-7516/2010/01/009
http://dx.doi.org/10.1088/1475-7516/2008/07/020
http://dx.doi.org/10.1088/1475-7516/2008/07/020
http://arXiv.org/abs/1002.0329
http://arXiv.org/abs/1003.2313
http://dx.doi.org/10.1088/1475-7516/2004/10/005
http://dx.doi.org/10.1088/1475-7516/2004/10/005
http://dx.doi.org/10.1016/j.physletb.2005.11.017
http://dx.doi.org/10.1016/j.physletb.2005.11.017
http://dx.doi.org/10.1088/1475-7516/2008/01/026
http://dx.doi.org/10.1103/PhysRevD.78.023009
http://dx.doi.org/10.1103/PhysRevD.78.023009
http://dx.doi.org/10.1088/1475-7516/2008/10/016
http://dx.doi.org/10.1088/1475-7516/2008/10/016
http://dx.doi.org/10.1103/PhysRevD.81.063001
http://dx.doi.org/10.1103/PhysRevD.81.063001
http://dx.doi.org/10.1086/176550
http://dx.doi.org/10.1143/PTPS.78.1
http://dx.doi.org/10.1143/PTPS.78.1
http://dx.doi.org/10.1086/177793
http://dx.doi.org/10.1086/177793
http://dx.doi.org/10.1103/PhysRevD.77.103520
http://dx.doi.org/10.1103/PhysRevD.77.103520
http://dx.doi.org/10.1103/PhysRevD.69.103501
http://dx.doi.org/10.1103/PhysRevD.69.103501
http://dx.doi.org/10.1088/0067-0049/180/2/330
http://dx.doi.org/10.1088/0067-0049/180/2/330
http://dx.doi.org/10.1111/j.1365-2966.2006.10333.x
http://dx.doi.org/10.1086/589937

