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Effect of a late decaying scalar on the neutralino relic density
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If the energy density of the Universe before nucleosynthesis is dominated by a scalar field 4> that dccays 
and reheats the plasma to a temperature Tm  smaller than the standard neutralino frcczc-out temperature, 
the neutralino rclic density differs from its standard value. In this ease, the relic density depends on two 
additional parameters: Tm , and the number of neutralinos produced per <j> decay per unit mass of the <j> 
field. In this paper, wc numerically study the neutralino rclic density as a function of these reheating 
parameters within minimal supersymmetric standard models and show that the dark matter constraint can 
almost always be satisfied.
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I. MOTIVATION

The neutralino is considered a good dark matter candi­
date, one that naturally yields the required relic density. 
Recently, however, it has been recognized that, owing to 
the experimental constraints and to the increased precision 
in the determination of the dark matter content of the 
Universe, the agreement between the observed relic den­
sity, O cdni/*2 =  0.113 ±  0.009 H I1 and the relic density 
predicted with standard cosmological assumptions, is far 
from being a generic feature of supersymmetric models. In 
fact, models with bino-like neutralinos tend to overproduce 
them, and special mechanisms such as coannihilations 
or resonant annihilations are required to suppress the 
relic density down to the observed range. In contrast, 
models with Higgsino- or wino-like neutralinos usually 
give too small a relic density and, to compensate for it, 
large neutralino masses (m x >  1 TeV) are needed. Non­
standard cosmologies and, in particular, models with low 
reheating temperatures provide a plausible solution to this 
problem. These include models with moduli decay [31, Q- 
ball decay [41, and thermal inflation [51. In all of these 
models there is a late episode of entropy production and 
nonthermal production of the LSP in particle decays is 
possible.

We concentrate on cosmological models in which the 
early Universe is dominated by the energy density of a 
scalar field that after some time decays giving rise to the 
radiation dominated era. The decay of the scalar field into 
light degrees of freedom and their subsequent thermaliza- 
tion— the reheating process— leaves the Universe at a
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use the recent more precise value Ocdm/(2 =0.109^QQQg, ob­
tained for a ACDM model with scale-invariant primordial per­
turbation spectrum through a global fit of cosmic microwave 
background, supcrnovac, and large scale structure data in [2 ],
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temperature 7 ^  known as the reheating temperature. If, 
as assumed in the standard scenario, 7 ^  is larger than the 
neutralino freeze-out temperature (T( o m v/20), the neu­
tralino relic density is insensitive to its value. But, because 
we have no physical evidence of the radiation dominated 
Universe before big bang nucleosynthesis, T r h  should be 
considered as a cosmological parameter that can take any 
value above a few MeV [6,71.

The existence of a weakly coupled scalar field that 
dominates the Universe during the process of neutralino 
production and freeze-out may affect the relic density in 
several ways. It modifies the temperature-scale factor and 
the temperature-expansion rate relations [8 - 1 01 that deter­
mine the freeze-out condition. It dilutes the neutralino 
thermal abundance by increasing the entropy of the 
Universe with its decay into radiation. It may also increase 
the neutralino relic density by decaying into supersymmet­
ric particles which in turn decay into neutralinos. As a 
result, the neutralino relic density may lie above or below 
its standard value depending on the reheating parameters.

Several papers dealing with the neutralino relic density 
in the presence of a decaying scalar field already exist in 
the literature [3,9-1 81. None of these, however, presents a 
systematic study of the combined effect of low reheating 
temperatures and nonthermal production, nor their impli­
cations within general supersymmetric models. The sys­
tematic study of thermal and nonthermal production 
mechanisms was introduced in Ref. [191. Here we study 
the implications within the minimal supersymmetric stan­
dard model (MSSM). After reviewing the standard sce­
nario, the equations that describe the reheating process will 
be introduced and numerically solved for different sets of 
parameters. We will elucidate the differences with respect 
to the standard computation and will investigate the effects 
of the reheating parameters on the neutralino relic density. 
Then, we will compute Vtyh2 in generic MSSM super- 
symmetric models for different sets of the reheating pa­
rameters. Finally, a brief discussion of our results as well as 
our conclusions will be presented.
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II. THE STANDARD SCENARIO

In the standard scenario, it is assumed that neutralinos 
are produced by scattering from the thermal plasma in a 
radiation dominated Universe. The neutralino relic density 
is then determined by the Boltzmann equation for the 
neutralino number density (n) and the law of entropy 
conservation:

—  =  —3 Hn — (av){n2 — nL), 
dt  q

*  -  - 3 H*. 
dt

( 1 )

( 2 )

Here t is time, s is the entropy density, H  is the Hubble 
parameter, neq is the neutralino equilibrium number den­
sity, and {crv) is the thermally averaged total annihilation 
cross section [20]. Both the expansion of the Universe and 
the change in number density due to annihilations and 
inverse annihilations are taken into account in Eq. (1). It 
is convenient to combine these two equations into a single 
one for Y  =  n /s  and to use x  =  m /T ,  with T  the photon 
temperature, as the independent variable instead of time:

dY
dx

1 ds 
3/7 ~dx

(crv)(Y2 -  Y l) . (3)

According to the Friedman equation, the Hubble parameter 
is determined by the mass-energy density p  as

877

3 I T ,
■P- (4)

where M P =  1.22 X 1019 GeV is the Planck mass. The 
energy and entropy densities are related to the photon 
temperature by the equations

P = ^  geff(T )T \  s = ^  hefr(T)T3 (5)

where gelT and heir are the effective degrees of freedom for
the energy density and entropy density, respectively. If we

1define the degrees of freedom parameter g* as

1/2
g*

K IT ( ,  , 1 1 d h eIT

glif  V 3 «elT3 he(( dT

then Eq. (3) can be written in the following way.

( 6)

dY_
dx

45 \ - ^ / 2 g ]J 2m . .. , , ,
'  ^ - ( o - v ) ( Y 2 ~  Y l) .  (7)

t t M 2

This single equation is then numerically solved with the 
initial condition Y  =  Yeq at x  ^  1 to obtain the present 
neutralino abundance y0. From it, the neutralino relic 
density can be computed

P p r
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mx s0Y0h2
2.755 X 108 y0m v/GeV, 

Pc Pc

( 8 )

where p ° and s0 are the present critical density and entropy 
density, respectively. In obtaining the numerical value in 
Eq. (8 ) we used TQ =  2.726 K for the present background 
radiation temperature and Ae|T( r 0) =  3.91 corresponding 
to photons and three species of relativistic neutrinos.

The numerical solution of Eq. (7) shows that at high 
temperatures Y  closely tracks its equilibrium value yeq. In 
fact, the interaction rate of neutralinos is strong enough to 
keep them in thermal and chemical equilibrium with the 
plasma. But as the temperature decreases, yeq becomes 
exponentially suppressed and Y  is no longer able to track 
its equilibrium value. At the freeze-out temperature (Tf tx), 
when the neutralino annihilation rate becomes of the order 
of the Hubble expansion rate, neutralino production be­
comes negligible and the neutralino abundance per comov- 
ing volume reaches its final value.

From this discussion follows that the freeze-out tem­
perature plays a prominent role in determining the neutra­
lino relic density. In the standard cosmological scenario, 
the neutralino freeze-out temperature is about m Y/20. In 
general, however, the freeze-out temperature depends not 
only on the mass and interactions of the neutralino but also, 
through the Hubble parameter, on the content of the 
Universe.

III. LOW REHEATING TEMPERATURE 
SCENARIOS

If the freeze-out temperature is larger than the reheating 
temperature (Tfo > Tm ) or equivalently if neutralinos 
decoupled from the plasma before the end of the reheating 
process, the neutralino relic density will differ from its 
standard value. In that case, the dynamics of the 
Universe is described by the following equations

dp#  =  _  
dt

3Hp<f> - (9)

^  =  “ 3Hn -  (crv)(n2 -  n2q) + — T 4, p 4, ( 1 0 ) 
dt m tj,

* i  = - 3Hs + L tP ±
dt T

( 1 1 )

where m ^,  F^, and p $ are, respectively, the mass, the 
decay width and the energy density of the scalar field, 
and b is the average number of neutralinos produced per 
4> decay. Notice that b and enter into these equations 
only through the ratio b /m ^  and not separately. Finally, the 
Hubble parameter, H, receives contributions from the sca­
lar field, standard model particles, and supersymmetric 
particles.
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These equations take into account the evolution of the 
scalar field, its contribution to the entropy density, and its 
possible dccay into supcrsymmctric particlcs. As cxpcctcd, 
in the limit p ^  —> 0 they rcducc to the standard scenario. In 
writing them, wc have implicitly assumed that initially the 
4> field inflated the Universe to a state of negligible en­
tropy, that in cach 4> dccay an energy is contributed to 
the matter and radiation plasma, that neutralinos arc in 
kinctic equilibrium (although not ncccssarily in chcmical 
equilibrium), and that the dccay products rapidly rcach 
kinctic and chcmical equilibrium. It is for the validity of 
the annihilation term in Eq. (10) that wc need to assume 
that neutralinos enter into kinctic equilibrium before pro­
duction ccascs. 2

In cosmologies with a decaying scalar, therefore, the 
neutralino rclic density depends on two additional parame­
ters: b / m 0 , and In specific models describing the 
physics of the 4> field, these parameters may be calculablc 
(see Ref. [19] and rcfcrcnccs therein). Our approach, how­
ever, will be completely phcnomcnological. Wc will treat 
b /m ^  and F^  as free parameters subjcct to the constraints 
that the dark matter bound imposes on them. For convc- 
nicncc instead of b / m $ wc will sometimes use the dimcn- 
sionlcss quantity

V
, /1 0 0  TeV

T hia
(13)

as the free parameter. Clearly, b = rj for m^ =  100 TeV.
on the other hand, is commonly expressed in terms of 

the parameter Trh — conventionally callcd the reheating 
temperature— defined by assuming an instantaneous con­
version of the scalar field energy density into radiation.

4773t?elT( r RH) RH

45 M P
(14)

Note that during the cpoch in which the Universe is 
dominated by the decaying 4> field, H  is proportional to 
T4 [8 ]. Wc can derive this dcpcndcncc starting from the 
evolution equation of the entropy per comoving volume 
S = set3, which is Eq. (11) multiplied by a3, namely 
dS /d t  = T ^ p ^ a 3/T .  During the oscillating 4> dominated

“There is currently no simple way of incorporating in our 
analysis situations with neutralinos out of kinctic equilibrium. 
However, wc expect our results to remain qualitatively the same 
for the following reason. The assumption of kinctic equilibrium 
affects only solutions which, as can be seen in Fig. 5. interpolate 
in reheating temperature between two correct solutions, namely, 
the standard one (at high reheating temperature, for which 
neutralinos arc initially in kinctic equilibrium) and the neutralino 
production purely through the scalar field dccay (case 3 below, 
for which kinctic equilibrium is irrelevant).

period, p'pa3 is constant, thus a 3 * p ^ 1. Using H  * 
[p^ a  wc obtain a3 * r  and writing T  * t" wc get 

S =* T3a3 '*■ t3,,~2. Substituting these expressions for S and 
T  as functions of time in the evolution equation for S, and 
matching the powers of ? on both sides, determines a  =
— (1/4). Hcncc, during the oscillating 4> dominated cpoch 
H  x  r 1 x  T4, and p$  *  H 2 *  T8. Sincc H  «  T ^ / M P at 
T =  7RH, it follows that H  =* T4/ ( T ^ M P).

To solve the system of equations (9)—(12), besides 77 and 
7rh  wc have to spccify the initial conditions for p^ , 
and s. Giving the value H,  of the Hubble parameter at the 
beginning of the 4> dominated cpoch amounts to giving the 
initial energy density p ^ , in the 4> field, or equivalently the 
maximum temperature of the radiation 7 max. Indeed, one 
has H, — p ^ 2/ /M p  — T*rdX/ ( T ^ M P). The latter relation 
can be derived from p^ =* T $/ T ^  and the consideration 
that the maximum energy in the radiation equals the initial 
(maximum) energy p ^ A t  the fundamental level the 
initial energy density of the scalar field 4> depends on the 
particular model describing it. In hybrid models of infla­
tion, for instance, p ^  , =* m^, whereas a much larger value 
is cxpcctcd in chaotic inflation p ^ , =* m^M p.  From a 
physical point of view it is not surprising that the rclic 
density is sensitive to the initial 4> energy density, for it 
determines the available energy of the Universe. If p ^  , is 
too small, the Universe can never get hot enough to 
thermally producc neutralinos and the rclic density is 
typically suppressed. If the neutralino rcachcs chcmical 
equilibrium, it is dear that its final density docs not 
depend of the initial conditions. An approximate condition 
for reaching chcmical equilibrium is [1 0 ] (crv) S  
10^ 9 GeV_2 (mA, / 100 GeV )(rRH/M eV )-2. Even without 
reaching chcmical equilibrium, the neutralino density is 
insensitive to the initial conditions provided the maximum 
temperature of the radiation 7niax s  mx [1 0 ], and wc al­
ways choosc p f j  such that this condition is fulfilled.

Regarding the other two initial conditions, wc assume 
that at an arbitrary rcfcrcncc temperature Tt the initial 
entropy is given by Eq. (5), and that the neutralino number 
density is negligible, «,• =  0. Wc explicitly chcckcd that 
when chcmical equilibrium is rcachcd, using different 
values for Tt and «,• docs not modify the neutralino rclic 
density. Thus, our results will all be independent on the 
initial conditions.

At early times, when 1T^  <sc 1 and the 4> field is oscil­
lating around the minimum of its potential, the scalar field 
energy density per comoving volume p ^ a 3 is essentially 
constant and useful analytical results can be derived from 
Eqs. (9)-(12). The temperature and the scalc factor arc 
related by T  * cC3̂  whereas the temperature and the 
expansion rate arc linked by H  * 7 4, marking the depar­
ture from the standard cosmological scenario— where T  * 
c r 1 and H  *  T2. This is not the only relevant departure, 
though. From a qualitative point of view, at least three
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important differences between the standard cosmology and 
the scenario with a decaying scalar field can be identified. 
They are

(i) During freeze-out the Universe may not be domi­
nated by radiation. Initially, the energy density is 
dominated by the scalar field </> and only at the end 
of the reheating process the Universe becomes 
radiation dominated.

(ii) The entropy density of the Universe is not con­
served but increases during the reheating era due 
to the scalar field decay.

(iii) Neutralinos could be produced nonthermally in </> 
decays. This production mechanism could even be 
the dominant source of neutralinos.

In Ref. [191 the solutions to Eqs. (9 )-(l 2) were obtained 
analytically (as well as numerically). There are four differ­
ent cases which result from the different ways in which the 
density Vtyh2 depends on TRH:

Case (1), thermal production without chemical equilib­
rium. By thermal production we mean 77 =* 0. In this case 

& 7 rH. The relic density was estimated in Ref. [91:

f t , W v )
ft,.cdm 10" '16 GeV

/100 GeVVs
m x

TRHy / i o y /2 
G e V / [g  J  ■

(15)

Case (2), thermal production with chemical equilibrium. 
In this case f t  Y & 7^ H. The neutralino freezes out while the 
universe is dominated by the </> field. Its freeze-out density 
is larger than usual, but it is diluted by entropy production 
from </> decays. The new freeze-out temperature T f™  is 
determined by solving n(crv) =* H  at T  =  T f ™ .  Using the 
relations between H , a, and T  in the decaying-*/) domi­
nated Universe, one finds [8,101

Case (4), nonthermal production with chemical equilib­
rium. In this case f t  ^  7 ^ .  Annihilation compensates 
for the nonthermal production of neutralinos until 
the nonthermal production ceases at T  =  7 r h - The condi­
tion for determining the relic density is Fann =* F^ at 
T  =  7rh- This leads to V0 =* 7RH -  F 0 /( s RH<cru» -  
1 /(T r h Mp{ crv)). From here it follows that

f t  v -  (7 ’l '.u ./7 ,R H ) f t std- (18)

In Ref. [191, it was concluded that only 
neutralinos whose standard relic density is f t std s  
ICT-'XlOO G eV /m Y) cannot be brought to f t cdm, indepen­
dently of rj, while all neutralinos with larger ( l std can be 
made to account for all of cold dark matter within these 
scenarios. In order to have an idea of how many neutralino 
models cannot be brought to have the full dark matter 
density. Fig. 1 shows the range of values of f t std for a 
few million mSUGRA models (with m0 ^  5 TeV for tech­
nical reasons) obtained using the algorithms described in 
[211 (data courtesy of Ted Baltz). One can see that very few 
of them, namely, only some with m x — mz / 2 for which 
neutralinos annihilate resonantly through a Z boson, have 
ftstd ~  10 :’(100 GeV/m^), i.e. are below the slanted 
line in the figures. Using the results (1 Y ~  7RH and (1Y ~  
7rh  found in cases 2  and 1 , we can also estimate the 
maximum standard relic densities that can be brought 
within the observed range. They read f t max — 
(TV.u./S MeV )4 a  1012(m v/100 GeV )4 for case 2 and 
f t  max — (77.U./5 MeV ) 7 =* 1021(m v/100 GeV) 7 for case 1.

In the following we investigate quantitatively how the 
reheating process modifies the evolution of the neutralino 
abundance during the reheating era. To numerically inte­
grate the equations describing the reheating process, we

f t .
t3  T  /y’NEW'v- RH f o. \* f.o. > Hi std- (16)

Our numerical results indicate a slope closer to 7RH, at 
least partially due to the change in j f ™  (see Fig. 2 below).

Case (3), nonthermal production without chemical equi­
librium. Here f t v ^  Trh- Nonthermal production is not 
compensated by annihilation. The production of neutrali­
nos is purely nonthermal and the relic density depends on 
rj. It can be estimated analytically as follows. For each 
superpartner produced, at least one LSP will remain at the 
end of a chain of decays (due to /?-parity conservation), 
and thus nx -  b n Here n$ =  p ^ / m ^ .  At the time of 
</>-decay p x — n iy b p ^ /m ^  =* 7RH, and the entropy is s =*

Tm -  Hence P<t>/S 
follows that

and Y0 =  7decay =* bTm /m (fi. It
lss (GeV)

f t .

ft,.,cdm

0  ^  ID3 (  m,Y V  ^ (1 ~!'i * (c°l°r online). Range of values of the standard relic
^VIOO GeVyVMeV/ density for mSUGRA models. Only those with a std

This solution is entirely independent of any assumption on 
neutralino kinetic equilibrium.

10~5(100 GeV/mA ), i.e. those below the slanted line, cannot 
be brought to have the total density of dark matter in low 
reheating temperature scenarios.
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modified the DarkSUSY [22] code so that the three equa­
tions (9)—(11) are solved simultaneously. The advantage of 
using a program like DarkSUSY is twofold. On the one 
hand, it provides an efficient and precise algorithm to solve 
differential equations like (10). On the other hand, it auto­
matically computes the total annihilation cross section 
(crv) in terms of supersymmetric parameters.

To begin our analysis, let us consider thermal production 
only (77 =  0 ) and let us see how low reheating tempera­
tures affect the neutralino relic density. In Fig. 2 we plot the 
evolution of the neutralino density Y = n /s  as a function 
of T  for a particular choice of mSUGRA parameters: 
M i/i  = mo =  600 GeV, A0 =  0, tan/3 =  10, and /x >  0. 
For this choice, l l sUlh2 =  3.6, thus we are examining the 
case of a slightly overdense neutralino. The solid lines 
show the equilibrium density and the neutralino density 
in the standard scenario. The other lines show the effect of 
different reheating temperatures between 10 GeV and 
10 MeV. The value of the freeze-out temperature, the 
temperature at which the neutralino abundance departs 
from equilibrium, can be easily read from the figure. 
Note also that the parameter Trh, shown by a short vertical 
line in each curve, coincides well with the actual reheating 
temperature (at which the curve changes slope, indicating 
that the oscillating <j> dominated era finishes and the radia­
tion dominated era begins). We are in our case (2), thermal 
production with chemical equilibrium, for which 11 xh2 « 
T ^ ,  as verified in the figure. The curve for Trh =  10 GeV 
closely tracks the standard one, yielding an abundance just 
below the standard prediction. As we move to smaller 
reheating temperatures, the freeze-out occurs earlier, at a

FIG. 2 (color online). The evolution of the neutralino abun­
dance for different values of and 7] = 0  (i.e. with only 
thermal production). In this figure we use the mSUGRA parame­
ters M1/2 =  m0 = 600 GeV, >40 =  0, tan/3 = 10 , and /j. > 0. 
The neutralino mass is =  246 GeV. The standard relic 
density is i l std/?2 =* 3.6.

temperature T f™  > Tf o and so the neutralino abundance 
at freeze-out is larger than in the standard scenario. But, 
between T j^w and TRH the neutralino abundance is diluted 
away by the entropy released during the decay of the scalar 
field. In this regime, represented by the descending straight 
lines, Y  «  T -\ Indeed, n xa 3 (with a the scale factor) re­
mains constant whereas from a cc 71 -8 / 3 follows that sa3 

decreases as hence Y  =  n x/ s  «  T-\ Because the en­
tropy dilution effect is dominant, the neutralino relic abun­
dance ends below the standard prediction and the smaller 
the reheating temperature, the smaller the relic density. 
Thus, if neutralinos are produced thermally, a low reheat­
ing temperature entails a suppression of the relic density 
with respect to its standard value.

Nonthermal production of neutralinos, however, can 
compensate for such suppression. In Fig. 3, we show the 
evolution of the neutralino abundance for TRH =  1 GeV 
and different values of rj. The dependence of Y  on the 
temperature between Tl o and is now different due to 
the production of neutralinos in the <f> decay. As we go 
from 0  to larger values of rj, the neutralino abundance 
increases and at 77 ^  1 0 — it becomes larger than the 
standard prediction. We are in our case (3), nonthermal 
production without chemical equilibrium, in which pro­
duction is not compensated by annihilation. In Eq. (17) we 
see that for fixed T r h  the final relic abundance increases 
with rj, i l x °c rj. Setting 11 =  l l cdm, we find the critical 
value of rj above which the relic abundance is larger than 
its standard value. Replacing Trh =  1 GeV, m x = 
246 GeV and l l cdm/!2 =  0.11, we find that 11 xh2 becomes 
larger than l l sUi/ !2 -  3.6 for the critical value rjc ^  0.7 X 
10- -\ For larger values of rj, the density of neutralinos is 
large enough for annihilations to become important. We 
are then in our case (4), nonthermal production with

FIG. 3 (color online). The evolution of the neutralino abun­
dance for Frh =  1 GeV and several values of 77. Minimal 
SUGRA parameters as in Fig. 2.
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chemical equilibrium, and Eq. (18) gives the final abun­
dance, Equating Eqs. (17) and (18) gives the value of r/ at 
the crossover, which is

Vc 2.5
a /M c v y

^ c d m  A  T r H  /
(19)

This crossover value of r/ is about 0.8 X 1CT4 for the 
example we are considering. Thus the curve with r/ =  
1CT2 in Fig. 3 corresponds to case (4). For large values 
of r/, the nonthermal production of neutralinos is efficient 
and Y & tjT for T >  7RH (as follows from N x =  n xa3 & 
r/t oc r/T~4). For r/ =  1CT2, for instance, the relic density 
is more than 2  orders of magnitude larger than the standard 
one. Hence, if neutralinos are produced nonthermally a low 
reheating temperature can yield a relic density below or 
above the standard result, depending on the values of Trh 
and r/.

What can be constrained with the observations today, 
however, is not the evolution of the neutralino abundance 
but just its asymptotic value— the neutralino relic density. 
In Fig. 4 we show i \ xhr as a function of r/ for different 
values of 7RH. In the figure, 7>.a = 12 GeV. For 7RH =  
50 GeV (solid line), the relic density is independent of b 
and equal to its standard value indicating that the freeze- 
out took place after the reheating era, in a radiation domi­
nated Universe, For smaller values of T r h - however, O x h 2 

does depend on r/. This is the regime of case (3), Eq. (17), 
in which nonthermal production is not compensated by 
annihilation. As mentioned above, setting O v =  O cdm in 
Eq. (17) one finds for each value of 7RH the critical value of 
r/ above which the relic abundance is larger than its stan­
dard value. For the particular model in the figure this value 
is 7]c 0.7 X 10- 2  (M cV/Trh). Equation (19) gives the 
crossover value r/c~ 0 0.8 X 102 (M cV /7RH) 2 at which 
annihilation becomes important, and for larger values of r/

the relic density is given by Eq. (18) [case (4)]. Notice that 
Vc -  Vc—o for = 10 GeV.

It is clear from Fig. 4 that the relic density is below the 
standard result for small rj, it increases with r/ and at a 
certain point, r/ =  r/c, coincides with the standard one; for 
7] > 7]c, the relic density is larger than in the usual cos­
mology. The value of Tfc. is inversely proportional to 7RH at 
low reheating temperatures, Trh ^  1 GeV in the figure. In 
this regime, the relic density becomes a straight line signal­
ing dominant nonthermal production of neutralinos with­
out chemical equilibrium [case 3, Eq. (17), i l xh2 & r/].

In Fig. 5, the relic density is shown as a function of Trh 
for different values of tj. This figure is similar to Fig. 1 of 
Ref. [191. We observe that at small 7RH, TRH <  1 GeV in 
the figure, the relic density is proportional to Trh- This is 
the regime of nonthermal production without chemical 
equilibrium, in which 0  v h1 ^  t/Trh  [case (3), Eq. (17)1. 
As TRH increases above 1 GeV there are in the figure some 
descending and some ascending curves. The descending 
curves correspond to nonthermal production with chemical 
equilibrium, in which i \ xhr & 1 /7RH [case (4), Eq. (18)1. 
The ascending curves correspond to thermal production 
with chemical equilibrium, where O xh2 & 7 4H [case (2 ), 
Eq. (16)1. At 7rh  >  T(o ^  12 GeV in the figure, i l xh2 is 
independent of r/ and 7 r h - and equal to its standard value. 
As a general conclusion, depending on the particular 
choices for Trh and 7], the relic density may be larger or 
smaller than its standard value.

Though specific values for the supersymmetric parame­
ters were chosen in Figs. 4 and 5, they actually represent a 
generic situation whenever O std is small enough for chemi­
cal equilibrium to be reached at high Trh- Taking different 
points in the parameter space is equivalent to rigidly trans­
lating the figures without altering their shapes.

= 50 GeV 

= 10 GeV 
= 5 GeV 

= 1 GeV 
= 100 MeV 
= lOMeV

FIG. 4 (color online). The neutralino relic density as a function 
of 17 for several values of 7 ^ .  Minimal SUGRA parameters as 
in Fie. 2.

FIG. 5 (color online). The neutralino relic density as a function 
of Trh for different values of rj. Minimal SUGRA parameters as 
in Fie. 2 .
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FIG. 6 (color online). Regions in the plane (rRH, 77) compat­
ible with the WMAP range for two different supersymmetric 
spectra. The solid region corresponds to m0 = M ]/2 = 
400 GeV, tan/3 =  10, A0 =  0, and fi >  0, parameters which 
yield =  1.8 and mK =  160 GeV. The hatched region
corresponds to m0 =  600 GeV, M l/2 =  800 GeV, A0 =  0, 
tan/3 =  45, and fi <  0, parameters which yield =  0.02 
and =  333 GeV.

Another way of visualizing the effects of Trh and 77 on 
the relic density is by studying the regions compatible with 
the WMAP range, i l C{imh2 =  0.09-0.13. In Fig. 6  we show 
such regions in the plane (Trh, 77) for two different sets of 
mSUGRA parameters. Neither model is viable in the stan­
dard cosmological scenario because one overproduces dark 
matter (solid region, corresponding to O std/ / 2 =  1.8 , m x =  
160 GeV) and the other underproduces it (hatched region, 
corresponding to O stdh 2 =  0.02, m x =  333 GeV). But, as 
this figure illustrates, in cosmologies with low reheating 
temperatures the neutralinos in both models can easily 
account for the dark matter content of the Universe. 
Notice that the first model requires a reheating temperature 
below 4 GeV. This is the value of Trh above which thermal 
production dominates and the relic density becomes inde­
pendent of 77 and proportional to 7 ^  [corresponding to 
our case (2 )] until Trh reaches the standard freeze- 
out temperature 7y o =* m x/ 20 =* 8 GeV, at which point 
the density becomes the standard relic density. Thus 
here (0.11/ O std/ r ) 1/47Ya =* Tf tJ 2 =* 4 GeV. The second 
model demands a value of 77 above 10-7 . It is also evident 
from the figure that in models which would be underabun- 
dant in the standard cosmology, for each value of 77 there 
may be up to two different reheating temperatures that give 
the correct relic density. In fact, in Ref. [19] it was 
shown that for neutralinos with standard densities O cdm s  
O std s  10_5(100 G cV /m v), there is no solution for 
77 :S 10_7(100 G cV /m v)2( f lcdm/{ l std), there are two so­
lutions for 10_7(100 G cV /m v)2( f lcdm/{ l std) s  <  
10_4(100 G cV /m v), and there is a single solution for 
larger values of 77.

IV. THE NEUTRALINO RELIC DENSITY IN 
SUPERSYMMETRIC MODELS

In the MSSM, neutralinos are linear combinations of the 
fermionic partners of the neutral electroweak bosons, 
called bino (B°) and wino (VV®), and of the fermionic 
partners of the neutral Higgs bosons, called Higgsinos 
(H% H®). We assume that the lightest neutralino, x> >s 
the dark matter candidate. Its composition can be parame­
trized as

X = N US° + N U W° + N n H°d + N UH°„ (20)

Because the neutralino interactions are determined by its 
gauge content, it is useful to distinguish between bino-like, 
wino-like, and Higgsino-like neutralinos according to the 
dominant term in (2 0 ).

Bino-like neutralinos annihilate mainly into fermion- 
antifermion pairs through sfermion exchange. Such anni­
hilation cross-section is helicity suppressed and gives rise 
to a standard relic density that is usually larger than ob­
served. Agreement with the observed dark matter abun­
dance can still be achieved in standard cosmological 
scenarios but only in restricted regions of the parameter 
space where special mechanisms such as coannihilations or 
resonant annihilations help reduce the relic density. Bino- 
like neutralinos are a generic prediction of minimal super­
gravity models.

Wino-like and Higgsino-like neutralinos, on the other 
hand, annihilate mostly into gauge bosons (W+ W~, ZZ, if 
kinematically allowed) through neutralino or chargino 
exchange; otherwise they annihilate into fermions. 
Through coannihilations with neutralinos and charginos 
of similar mass, their standard relic density is rather small. 
Neutralino masses as large as 1 TeV for Higgsinos or 2 TeV 
for winos are required to bring their thermal density within 
the observed range as can be seen in Fig. 7 (see below). 
Wino-like (shown in brown in Fig. 7) and Higgsino-like 
(shown in cherry in Fig. 7) neutralinos can be obtained in 
models with nonuniversal gaugino masses; AMSB models, 
for instance, feature a wino-like neutralino.

Since it is our aim to study the effect of a decaying scalar 
on the neutralino relic density within supersymmetric 
models, we must consider models generic enough to allow 
for bino-like, wino-like, and Higgsino-like neutralinos. To 
that end, we will examine MSSM models defined in terms 
of the parameter set M3, M 2, M\, mA, /x, tan/3, m0, A t, and 
A b. Here M, are the three gaugino masses, mA is the mass 
of the pseudoscalar Higgs boson, and tan/3 denotes the 
ratio v 2/ v x. The soft breaking scalar masses are defined 
through the simplifying ansatz M q =  M v =  Mn =  M E =  
M,  =  m0 whereas the trilinear couplings are given by 
A l/ =  diag(0, 0, At), A n =  diag(0, 0, Ab), and A,? =  0. All 
these parameters are defined at the weak scale. Specific 
realizations of supersymmetry breaking such as mSUGRA, 
mAMSB or split-SUSYare similar to— though not neces­
sarily coincide with— particular examples of these models.

PHYSICAL REVIEW D 74, 083514 (2006)
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FIG. 7 (color online). Scatter plot of the neutralino relic den­
sity as a function of the neutralino mass in the standard scenario. 
Wino-like. Higgsino-like and bino-like neutralinos are shown in 
brown, cherry and dark green, respectively.

Wc perform a random scan of such parameter spacc 
within the following ranges

10 GeV <  Mh mA, /x <  50 TeV, (21)

10 GeV <  m0 <  200 TeV, (22)

— 3m0 < A„ Ab <  3m0, (23)

1 <  tan/3 <  60. (24)

A logarithmic distribution was used for Mh mA, fjL and m0, 
and a linear one for A,, A b, and tan/3; the sign of fjL was 
randomly choscn. Accelerator constraints (as contained in 
DarkSUSY version 4.1 [22]) were imposed on these mod­
els. For cach viable model generated in this way, wc 
compute the neutralino rclic density for different values 
of the reheating parameters rj and J rh  (wc computed 1700 
models for cach pair of values of these two parameters and 
cach model is a point in the scattcr-plots). In this scction 
wc present and analyze such results.

Wc start by showing in Fig. 7 the rclic density as a 
function of the neutralino mass in the standard cosmologi­
cal scenario.3 The horizontal band indicates the WMAP 
range. From this figure wc can easily tell the different kinds 
of neutralinos: the rclic density of wino-likc (shown in 
brown) and Higgsino-like (shown in chcrry) neutralinos 
is determined essentially by the neutralino mass bccausc 
their annihilation cross scction is insensitive to the sfcr- 
mion and Higgs scctors. Consequently, models featuring

3The differences between Figs. 1 and 7 are due to the different 
supersymmetric models considered, the contrasting number of 
models studied, and the diverse sampling methods used.

these neutralinos arc distributed along straight lines and arc 
clcarly identifiable in the figure. The line corresponding to 
wino-likc neutralinos crosscs the WMAP interval at m x ^
2 TeV, whereas that corresponding to Higgsino-like ncu- 
tralinos docs it at m x ^  1 TeV, bccausc winos annihilate 
more efficiently than Higgsinos. Sincc the bino annihila­
tion cross scction depends on the sfcrmion spcctrum, the 
rclic density in models with bino-likc neutralinos can vary 
over a large range even for a given neutralino mass. As 
seen in the figure, bino-likc neutralinos (shown in dark 
green) typically yield too large a rclic density in the 
standard cosmological scenario.

Let us now consider models with a decaying scalar. A 
scatter plot of the rclic density as a function of the neu­
tralino mass for r/ =  0  and different values of 7 ^  is shown 
in Fig. 8 . The suppression of the rclic density due to small 
reheating temperatures is evident in this figure. For =  
10 GeV, this cffcct is noticcablc for large neutralino 
masses: the wino and Higgsino lines bend downward elose 
to m x ^  300 GeV, and heavy binos arc brought eloser to 
the WMAP range. For J RH =  1 GeV the suppression is 
larger and only light binos (m x <  200 GeV) give a rclic 
density compatible with the observations. If 7 ^  <  
100 MeV the neutralino rclic density is too small to ac­
count for the dark matter of the Universe.

In general, however, low reheating temperatures can be 
accompanicd by nonthermal production of neutralinos, 
modifying the previous results. In Fig. 9 wc show the rclic 
density for r/ =  10 - 6  and different reheating temperatures. 
The straight bands with a linear dcpcndcncc on m x shown 
in this and subsequent figures corresponds to our ease (3) 
solutions, nonthermal production without chcmical equi­
librium, given in Eq. (17). For J RH =  10 MeV neutralino

PHYSICAL REVIEW D 74, 083514 (2006)

Neutralino mass (GeV)

FIG. 8 (color online). Scatter plots of the relic density as a 
function of the neutralino mass for rj = 0  and different values of 
Trh (shown with different colors) for the same supersymmetric 
models of Fig. 7.
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Neutralino mass (GeV)

FIG. 9 (color online). As Fig. 8 but for 77 =  1(T6.

production is entirely nonthermal without chemical equi­
librium and consequently the relic density is proportional 
to the neutralino mass [Eq. (17)1. Obtaining the correct 
relic density requires a neutralino mass of about 4 TeV. If 
Trh =  100 MeV thermal effects are relevant only for light 
winos (mx <  200 GeV, for which Tf o ^  10 GeV <  Tr^); 
heavy winos as well as binos and Higgsinos are produced 
nonthermally. The neutralino relic density lies within the 
WMAP range only for mx =* 400 GeV. For Trh =  1 GeV, 
light (mx <  1 TeV) binos, winos and Higgsinos become 
clearly distinguishable. The correct relic abundance can be 
obtained at mx <  100 GeV for binos, mx = 250 GeV for 
Higgsinos, and mx = 450 GeV for winos. If mx >  1 TeV 
neutralinos are produced nonthermally and have a relic 
abundance well above the WMAP range. Finally, if Trh =  
10 GeV attaining the observed dark matter density requires 
mx <  300 GeV for binos, mx  ^  500 GeV for Higgsinos, 
and mx = 800 GeV for winos.

We will now look at the effect of different values of 77 for 
a given 1 ^ .  In Fig. 10 we show the relic density as a 
function of the neutralino mass for Trh  =  100 MeV and 
several values of 77. For 77 =  0, the relic density is sup­
pressed lying well below the WMAP range. For 77 =  10-9 , 
the WMAP density can be achieved outside the mass range 
explored numerically along the extrapolation of the slanted 
straight line to higher masses; the crossing occurs at mx = 
5 X 10s GeV, as follows using Eq. (17). With 77 =  10^6, 
the correct relic abundance can be achieved only for neu­
tralino masses between 300 and 400 GeV. With 77 >  10-3 , 
only a wino-like neutralino with mx = 100-200 GeV can 
account for the dark matter. Figure 11 is as Fig. 10 but with 
Trh =  10 MeV. For such a small reheating temperature, 
the thermal production of neutralinos is negligible. The 
dispersion of points discernible in this figure for 77 =  1 / 2  

(and for 77 =  1 0 -3 ) are due to the annihilation of neutra-

PHYSICAL REVIEW D 74, 083514 (2006)
’lmr100MeV

FIG. 10 (color online). Scatter plots of the relic density as a 
function of the neutralino mass for r KH =  1 GeV and different 
values of 77 (shown with different colors) for the same super- 
symmetric models of Fig. 7.

linos produced in the decay of the (/> field. These points 
correspond to nonthermal production with chemical equi­
librium, our case (4), Eq. (18). It is still possible to achieve 
the observed relic density for 77 between 10-6 and 10-3 .

To summarize graphically the effects of Trh and 77 on 
the relic density in generic supersymmetric models, we 
present in Fig. 12 an array of scatter plots of the relic 
density for different reheating parameters. The supersym­
metric models and color code are the same of Fig. 7, i.e. 
wino-like, Higgsino-like and bino-like neutralinos are 
shown in brown, cherry and dark green, respectively. 
Each panel includes the same supersymmetric models 
and so the differences in the relic densities are entirely

'l„ H=10 MeV

FIG. 11 (color online). As Fig. 10 but for r RH =  10 MeV.
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Trh=10GcV Tr h =1 GcV Trh=100McV Trh=10McV

^ 3 4 ^ 3 4 ^ 3 4 ^ 3 4
10 10 10 10 10 10 10 10 10 10 10 10

Neutralino Mass (GcV) Neutralino Mass (GeV) Neutralino Mass (GeV) Neutralino Mass (GeV)

FIG. 12 (color online). Scatter plots of the rclic density for different values of and r). Same supersymmetric models and color 
code of Fig. 7 (wino-likc, Higgsino-like and bino-likc neutralinos arc shown in brown, cherry and dark green, respectively).

due to the effects of rj and 7 r h -  The reheating temperature 
is constant along columns while r/ is constant along rows. 
Several conclusions can be drawn from this figure. The 
fourth row (r/ =  1CT3) tells us that, if r/ =  1CT3 bino-like 
neutralinos (dark green points) are disfavored due to their 
large relic density, and the dark matter is most easily 
explained with wino or Higgsino-like neutralinos. From 
the last column (T j^ =  10 MeV), we observe that if 
Trh =  10 MeV, t] should be between 10- 6  and 10- 3  in 
order to give the correct relic density. The crucial obser­
vation, however, is that by varying r/ and we can move 
all the points above (T j^ =  1 0 , r/ =  1 / 2 ) or below (Tj^ =  
100 MeV, t] =  10-9 ) the WMAP range. For almost all 
supersymmetric models, therefore, it is possible to find 
values of r/ and TRH that give the observed value of the 
relic density. In other words, by choosing r/ and T r h  

appropriately the dark matter bound may usually be 
satisfied.

A question we have not directly addressed so far is what 
the parameter space compatible with the WMAP dark

matter range is. Given the complexity of the parameter 
space involved (10 supersymmetric parameters plus TRH 
and b), it is not possible to answer this question in all its 
generality. What we can do is fix some parameters and see 
if there are constraints on any others. In Fig. 13, we show 
the value of r/ required to obtain 0.09 <  &,x h2 <  0.13 as a 
function of the neutralino mass, for three different values 
of the reheating temperature, TRH =  1 GeV, 100 MeV, 
10 MeV. Again here the straight bands proportional to 
mx l are due to nonthermal production of neutralinos with­
out chemical equilibrium [our case (3), Eq. (17)]. For 
Trh = 1 0  MeV, most neutralinos are produced nonther- 
mally and the relic density is proportional to r/ [Eq. (17)]. 
Heavy neutralinos (mx >  1 TeV) require r/ <  4 X 10- 6  

whereas the lightest neutralinos demand r/ =* 10-4 . From 
this band including most models, a small branch of wino- 
like neutralinos deviates (at mx =* 100 GeV, r/ =* 
4 X 10-:’) and reaches values of r/ as large as 10-2 . 
These models have a very small standard relic density 
and reach the required dark matter density range through
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FIG. 13 (color online), rj as a function of the neutralino mass 
for models compatible with the WMAP dark matter abundance 
range, for several Trh values (shown in different colors).

the solutions of our case (4), Eq. (18), nonthermal produc­
tion with chemical equilibrium, which require large values 
of rj. For Trh =  100 MeV, the figure is similar with the 
wino deviation occurring at larger masses (mx = 
250 GeV) and 77 extending up to 10-3 . For Trh =  
1 GeV, on the other hand, two different branches corre­
sponding to winos and Higgsinos can be distinguished. 
Moreover, some points lying below the nonthermal pro­
duction band are also present.

V. CONCLUSIONS

In cosmologies with a decaying scalar field, the dark 
matter bound on supersymmetric models can almost al­
ways be satisfied. In fact, by adjusting Trh and 77 the relic 
density can always be brought into the observed range 
except for neutralinos with f i std :S 10—''(100 GcV / m x ).

Models that in the standard cosmological scenario have 
a relic density above the WMAP range, as is generically 
the case for bino-like neutralinos, can be rescued by de­
creasing the reheating temperature of the Universe (either 
just suppressing the thermal production, if Tm  is below but 
close to the standard freeze-out temperature, or producing 
them non thermally with a nonunique combination of Trh 
and 77 for lower Trh values). Models that in the standard 
scenario have a relic density below the WMAP range, as 
for Higgsino- and wino-like neutralinos, can be saved with 
an appropriate and nonunique combination of Tm  and 77.

For dark matter detection purposes, the ideal neutra­
lino— i.e. one that accounts for all of the dark matter 
content of the Universe, has a relatively small mass, so 
that its number density is large, and has large interaction 
and annihilation cross sections— is an oddity within the 
standard cosmological scenario. A light neutralino with a 
large interaction cross section typically yields a relic den­
sity smaller than the dark matter density. Thus, within the 
standard cosmological scenario, we are esentially led to

two possibilities: a light neutralino with a small annihila­
tion cross section, such as a bino-like neutralino; or a heavy 
neutralino (mx >  1 TeV) with a large annihilation cross 
section, such as a Higgsino or wino-like neutralino. If 
neutralinos are produced nonthermally, as is possible in 
low reheating temperature scenarios, the neutralino relic 
density is determined by the physics at the high scale, 
which determines Trh and 77, and not by the annihilation 
cross section. Therefore, by adjusting Trh and 77, it be­
comes possible for a light neutralino with a large a n n ih i­
lation cross section to account entirely for the dark matter 
of the Universe. Ultraheavy neutralinos, in the TeV mass 
range, become good dark matter candidates too.

For example, the usual narrow corridors in mQ, M y 2 
space of good dark matter neutralino candidates in 
mSUGRA models are replaced by other narrow corridors, 
which, however, depend on the physics at the high scale 
that determines Trh and 77 =  b / m The m0, M]/2 plane 
for a mSUGRA model with A0 =  0, tan/3 =  10 and ji >  0 
is shown in Fig. 14. The gray (green) area is forbidden by 
experimental bound. The almost vertical lines in the figure 
show where neutralinos have Clcdmh2 =  0. 11, the central 
value of the range imposed by WMAP bounds, for Trh —
1 GeV and different values of 77. We see that in all points in 
the mQ, M]/2 space in Fig. 14 neutralinos can account for 
all of the cold dark matter, with appropriate values of Trh 
and 77. In other words, in low reheating temperature sce­
narios with a decaying scalar field, cosmological data 
constrain models at the inflationary or Planck scale which 
determine Trh and 77.

Future accelerator or dark matter detection experiments 
might find a neutralino in a region of the supersymmetric 
parameter space where its standard relic density is larger 
than the observed cold dark matter density. This would tell

PHYSICAL REVIEW D 74, 083514 (2006)

M „, (Gl-V)

FIG. 14 (color online). The lines show the values of m0 and 
M j/2 for which the relic neutralino density has the central value 
of the range imposed by WMAP bounds, namely n cdm/i2 =  0.11 
for different values of rj. Minimal SUGRA model with A0 =  0, 
tan/3 =  10 and /n >  0.
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us that the history of the Universe before big bang nucleo­
synthesis does not follow the standard cosmological as­
sumptions, and would point towards nonstandard 
scenarios, such as those with low reheating temperature 
studied here.

ACKNOWLEDGMENTS

This work was supported in part by the US Department 
of Energy Grant No. DE-FG03-91ER40662, Task C and

NASA grants No. NAG5-13399 and ATP03-0000-0057 at 
UCLA, and NFS Grant No. PHY-0456825 at the University 
of Utah. We thank A. Masiero and S. Nussinov for helpful 
discussions, O. Dore for referring us to the website in 
Ref. [2], and the Aspen Center for Physics, where part of 
this work was done.

[1J D.N. Spergel et al., Astrophys. J. Suppl. Scr. 148, 175
(2003).

[2] D.N. Spergel et al., astro-ph/0603449; http://lambda.
gsfc.nasa.gov/product/map/cuiTcnt/parameters.cfm.

[3J T. Moroi and L. Randall, Nucl. Phys. B570, 455 (2000).
[4] M. Fujii and K. Hamaguchi, Phys. Rev. D 6 6 , 083501

(2002); M. Fujii and M. Ibc, Phys. Rev. D 69, 035006
(2004).

[5J D.H. Lyth and E. D. Stewart, Phys. Rev. D 53, 1784 
(1996).

[6 ] M. Kawasaki, K. Kohri, and N. Sugiyama, Phys. Rev. Lett. 
82, 4168 (1999); Phys. Rev. D 62  ̂023506 (2000).

[7] S. Hannestad, Phys. Rev. D 70, 043506 (2004).
[8] J. McDonald, Phys. Rev. D 43, 1063 (1991).
[9] D. J. H. Chung, E. W. Kolb, and A. Riotto, Phys. Rev. D 

60, 063504 (1999).
[10J G.F. Giudice, E.W. Kolb, and A. Riotto, Phys. Rev. D 64, 

023508 (2001).
[11J M. Kamionkowski and M. Turner, Phys. Rev. D 42, 3310 

(1990); R. Jeannerot, X. Zhang, and R. Brandenberger, J. 
High Energy Phys. 12 (1999) 003; W. B. Lin, D. H. Huang, 
X. Zhang, and R. Brandenberger, Phys. Rev. Lett. 8 6 , 954
(2001)."

[ 12] T. Moroi, M. Yamaguchi, and T. Yanagida, Phys. Lett. B

342, 105 (1995); M. Kawasaki, T. Moroi, and T. Yanagida, 
Phys. Lett. B 370, 52 (1996).

[13J R. A11 ahverdi and M. Drees, Phys. Rev. Lett. 89, 091302
(2002); Phys. Rev. D 6 6 , 063513 (2002).

[14J S. Khalil, C. Munoz, and E. Torrente-Lujan, New J. Phys. 
4, 27 (2002); E. Torrente-Lujan, hep-ph/0210036.

[15J N. Fornengo, A. Riotto, and S. Scopel, Phys. Rev. D 67, 
023514 (2003).

[16J C. Pallis, Astropart. Phys. 21, 689 (2004).
[17J M. Endo, K. Hamaguchi, and F. Takahashi, Phys. Rev. 

Lett. 96, 211301 (2006); S. Nakamura and M. Yamaguchi, 
Phys. Lett. B 638, 389 (2006).

[18J M. Hashimoto, K. I. Izawa, M. Yamaguchi, and T. 
Yanagida, Prog. Thcor. Phys. 100, 395 (1998); K. Kohri, 
M. Yamaguchi and J. Yokoyama, Phys. Rev. D 70, 
043522 (2004); 72, 083510(E) (2005); J. Kaplan, hep- 
ph/0601262.

[19J G.B. Gelmini and P. Gondolo, Phys. Rev. D 74, 023510
(2006).

[20J P. Gondolo and G. Gelmini, Nucl. Phys. B360, 145 (1991).
[21J E. A. Baltz and P. Gondolo, J. High Energy Phys. 10

(2004) 052.
[22J P. Gondolo, J. Edsjo, P. Ullio, L. Bergstrom, M. Schclkc, 

and E. A. Baltz, J. Cosmol. Astropart. Phys. 07 (2004) 008.

083514-12

http://lambda

