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What is the lowest possible reheating temperature?

Steen Hannestad*
Department of Physics, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark

and NORDITA, Blegdamsvej 17, DK-2100 Copenhagen, Denmark
~Received 12 March 2004; published 9 August 2004!

We study models in which the universe exits reheating at temperatures in the MeV regime. By combining
light element abundance measurements with cosmic microwave background and large scale structure data we
find a fairly robust lower limit on the reheating temperature ofTRH*4 MeV at 95% C.L. However, if the
heavy particle whose decay reheats the universe has a direct decay mode to neutrinos, there are some small
islands left in parameter space where a reheating temperature as low as 1 MeV is allowed. The derived lower
bound on the reheating temperature also leads to very stringent bounds on models withn large extra dimen-
sions. Forn52 the bound on the compactification scale isM*2000 TeV, and forn53 it is 100 TeV. These
are currently the strongest available bounds on such models.
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I. INTRODUCTION

The standard big bang model has been tested thorou
up to temperatures around 1 MeV where big bang nuc
synthesis occurred. At much higher temperatures the
verse is assumed to have undergone inflation, during wh
the primordial density perturbations are produced.

Towards the end of inflation the inflaton potential stee
ens so that slow roll is violated, and the universe enters
reheating phase. During this phase all particles which
kinematically allowed are produced, either by direct decay
from the thermal bath produced by the inflaton decay.

Finally the universe enters the radiation dominated ph
at a temperatureTRH, which is a function of the inflaton
decay rate. The only certain bound on this reheating temp
ture comes from big bang nucleosynthesis, and has in sev
previous studies been found to be around 1 MeV@1–4#.

It should be noted that even if the reheating tempera
after inflation is much higher there can still be subsequ
‘‘reheating’’ phases, in the sense that reheating is define
be a period where the energy density is dominated by
unstable nonrelativistic particle species. In standard reh
ing this is the inflaton, but in supersymmetric models it cou
for instance be the gravitino.

In the present paper we update previous calculations
this reheating phenomenon, using data from cosmic mic
wave background and large scale structure observations.
thermore we extend the analysis to include the possibility
having a direct decay mode of the heavy particle into lig
neutrinos. If the heavy particle is a scalar this decay is n
mally suppressed by a factor (mn /mf)2 because of the nec
essary helicity flip. However, the heavy particle could eith
be a nonscalar particle, or it could be a pseudoscalar like
majoron which couples only to neutrinos. Even though su
models are slightly contrived it is of interest to study wheth
the temperature bound on reheating is significantly affec
by the possibility of direct decay into neutrinos.

In Sec. II we discuss the set of Boltzmann equations n
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essary to follow the evolution of all particle species. In S
III present results of the numerical solution of these eq
tion, and in Sec. IV we compare model predictions with o
servational data. Finally, Sec. V is a review of other ast
physical constraints on heavy, decaying particles, and S
VI contains a discussion.

II. BOLTZMANN EQUATIONS

We follow the evolution of all particles by solving th
Boltzmann equation for each species,

] f

]t
2Hp

] f

]p
5Ccoll , ~1!

where Ccoll is the collision operator describing elastic an
inelastic collisions.

A. Neutrinos

Neutrinos interact with the electromagnetic plasma
weak interactions. A comprehensive treatment of this can
instance be found in Ref.@5#. The collision integrals can be
written as@5#

Ccoll,i~ f 1!5
1

2E1
E d3p2

2E2~2p!3

d3p3

2E3~2p!3

d3p4

2E4~2p!3

3~2p!4d4~p11p22p31p4!

3L~ f 1 , f 2 , f 3 , f 4!SuM u12→34,i , ~2!

whereSuM u12→34,i is the spin-summed and averaged mat
element including the symmetry factorS51/2 if there are
identical particles in initial or final states. Th
phase-space factor isL( f 1 , f 2 , f 3 , f 4)5 f 3f 4(12 f 1)(12 f 2)
2 f 1f 2(12 f 3)(12 f 4).

This collision integral can be reduced to 2 dimensio
using the method developed in Ref.@5#. However, if Pauli
blocking and interactions involving only neutrinos are n
glected the integrals can in fact be reduced to 1 dimens
as described in Ref.@2#. In the following we use this method
©2004 The American Physical Society06-1
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The quantitative error resulting from this is quite small~it is
at most a few percent, as stated in Ref.@2#!.

In addition to standard weak interactions we allow for
direct decay off to neutrinos,f→nn̄. If f is nonrelativistic
then each neutrino is born with momentummf/2 and in this
case the collision integral is

Cf→n i n̄ i
5bn i

2p2

~mf/2!2
Gfnfd~pn2mf/2!, ~3!

wherebn i
is the branching ratio into neutrino speciesi, and

Gf is the decay rate of the heavy particle. For simplicity w
assume equal branching ratios into all neutrino species. E
if this is not the case the neutrino distribution functions w
be almost equilibrated by oscillations@6#. This means that
bne

.bnm
.bnt

.bn/3. An interesting possibility, which we
do not consider here, is the presence of sterile neutrinos.
instance, if the LSND result is confirmed then four neutri
mass eigenstates are needed, one of which must be steri
standard cosmology this possibility is severely constrain
but in models with extremely low reheating temperature
bound can be relaxed@7#.

Note that if one assumes that neutrinos are in kinetic e
librium so that they can be described by a single tempera
Tn it is in fact possible to solve the Boltzmann equati
semianalytically @8#. However, this is a very poo
approximation for the case when there is a direct de
modef→nn̄.
al
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B. f

We assume the heavy particle to be completely nonr
tivistic. If that is the case then the Boltzmann equation c
be integrated to give the following equation for the evoluti
of the energy density:

ṙf52Gfrf23Hrf , ~4!

i.e. there are no inverse decays. This is a good approxima
for all the cases covered in the present work.

We only work with masses which are low enough th
there are no hadronic decay channels open. This of co
severely restricts the possible models. However, if there
hadronic branching ratio then the minimum allowed rehe
ing temperature increases dramatically@2#, and we are inves-
tigating what thelowestpossible reheating temperature is.

C. Electromagnetic plasma

The evolution of the photon temperature can then
found from the equation of energy conservation

drT

dt
523H~rT1PT!, ~5!

whererT and PT are the total energy density and the to
pressure respectively. This equation can be rewritten as
evolution equation forTg
dTg

dt
52

2~12bn!rfGf14Hrg13H~re1Pe!14Hrn1drn /dt

]rg /]Tg1]re /]Tg
. ~6!
nd
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D. Scale factor

Finally we solve the Friedmann equation to find the sc
factor as a function of time

H5
ȧ

a
5A8pGrT

3
. ~7!

Altogether we solve Eq.~7! together with Eq.~1! for each
neutrino species, Eq.~4! for f, and Eq.~6! for the photon
temperature, to obtaina(t), Tg(t), rf(t), and f n i

(t).

E. Initial conditions

Following convention we define the reheating temperat
of the universe to be when

Gf53H~TRH!. ~8!

To a reasonable approximation the universe is radia
dominated at this point so that
e

e

n

H5S g* p2

90 D 1/2TRH
2

MPl
, ~9!

whereMPl52.431018 GeV is the reduced Planck mass a
g* is the number of degrees of freedom.

This means that there is a one to one correspondence
tweenGf andTRH,

TRH,MeV.0.7Gs21
1/2 , ~10!

whereg* 510.75 has been used. Note that the constan
proportionality is somewhat arbitrary~although it should al-
ways be of order 1!, and just gives a rough idea about th
thermal temperature when the universe enters the stan
radiation dominated phase. Another reasonable defini
would have beenGf5H(TRH) which would lead to the re-
lation TRH,MeV.0.4Gs21

1/2 . The bottom line is thatTRH is just
an effective parameter, the exact definition of which is som
what arbitrary.

As long as the initial time is set so thatt i!t(TRH) and
Tmax*TD,n , where Tmax is the maximum temperatur
6-2
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reached by the plasma after timet i andTD,n is the neutrino
decoupling temperature then the final outcome is indep
dent of initial conditions. The universe starts out bei
strongly matter dominated and the final neutrino energy d
sity, as well as the light element abundances depend onl
Gf , mf , andbn . The initial time is found from the Fried
mann equation by assuming complete domination off so
that t i5

2
3 @8pGrf,i /3#21/2.

F. Nucleosynthesis

One of the main observables from the epoch around n
trino decoupling is the abundance of light elements, mai
helium and deuterium. In order to calculate these abunda
we have modified the Kawano nucleosynthesis code@9#.
First it has been modified to incorporate the modified te
perature evolution, and second the subroutines used to
culate weak interaction rates forn↔p have been modified to
incorporate the full numerical electron neutrino distributi
coming from the solution of the coupled Boltzmann equ
tions. This allows us to calculate the abundance of4He and
D for the various models.

Although the Kawano code is less precise than so
newer Big Bang Nucleosynthesis~BBN! codes~see for in-
stance Refs.@10,11#! it is more than sufficiently accurate fo
our purposes. The reason is that incomplete neutrino de
pling only enters via a modified expansion rate and the w
n-p conversion rates, both of which are treated accurately
the Kawano code.

III. NUMERICAL RESULTS

We have solved the set of coupled Boltzmann equati
for all species for the free parameters,mf , Gf , andbn .

The main output from this is the relativistic energy de
sity in neutrinos, parametrized in units of the energy den
of a standard model neutrino,rn0

,

Nn5
rne

1rnm
1rnt

rn0

. ~11!

A. bnÄ0

If bn50 then the equations become independent ofmf
and this case has already been covered in Ref.@2#. We
present this as our first case in order to compare results
those of Ref.@2#. Figure 1 shows the effective number
neutrino species,Nn , after complete decay off. This figure
is identical to Fig. 4 in Ref.@2#.

We also test whether our results are independent of in
conditions. In Fig. 2 we showTg(t) and rf(t) for Gf
56.4 s21 for two different initial times,t i51.831023 s and
t i58.831023 s. In both cases we assume an initial phot
temperature of 2.3 MeV~we could equally well have chose
an initial temperature of 0!. While the maximum temperatur
reached is clearly dependent ont i , Tg and rf quickly be-
come indistinguishable, and as long as the temperature w
this happens is greater than the neutrino decoupling temp
ture all final results are independent oft i . Furthermore, as
expected@2#, the photon temperature scales asTg}t21/4 dur-
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ing the matter dominated period and shifts to the usualTg
}t21/2 once the universe becomes radiation dominated~ex-
cept for a small deviation due to heating bye1e2 annihila-
tion!.

B. bnÅ0

Next we cover the case whenbnÞ0. This is much more
complicated to solve numerically because of the presenc
the delta functiond(pn2mf/2) and the fact that the solutio
now depends on bothbn andmf . In Fig. 3 we showNn for
different values ofGf andbn . From this figure is clear tha
when bn is small the effective number of neutrino speci
becomes independent ofmf and increasing withGf , with
Nn→3 for Gf→`.

For the opposite case whenbn51 ~only decay to neutri-
nos! the situation is the opposite. WhenG→` the limiting
value is againNn53. This corresponds to the case whenf
decays into neutrinos, but the effective neutrino tempera
after completef decay is higher thanTD .

WhenG→0 the effective number of neutrino species go
to infinity. This corresponds to the case whenf decays so

FIG. 1. The effective number of neutrino species as a funct
of Gf when there is no direct decay into neutrinos,bn50.

FIG. 2. Tg and rf as functions of time forGf56.4 s21, bn

50 and two different initial times. The full line is fort i58.8
31023 s, whereas the dashed is fort i51.831023 s.
6-3
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FIG. 3. Contour plot ofNn for
differentmf andGf . The top left
plot is for bn50.1, the top right
for bn50.5, the bottom left for
bn50.9, and the bottom right for
bn51.0.
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slowly that the produced neutrinos never equilibrate with
electromagnetic plasma, leaving only neutrinos.

However, there is a large intermediate region whereNn

,3, even forbn51. The reason for this unexpected featu
can be explained as follows: When high energy neutri
(E@T) are produced by directf decay they have a ver
high annihilation cross section toe1e2, because the cros
section goes asE2. However, the produced electrons a
positrons are immediately converted into a sea of low ene
e1, e2, andg because of electromagnetic interactions. T
means that the production rate of neutrinos is much lower
the case where the reheating temperature is very high
does not matter because the universe still has time to t
malize completely afterf decay. However, ifTRH;TD , this
is not possible and the result is thatNn,3 because of the
very efficient conversion of neutrinos intoe1e2. Notice also
that this effect becomes less pronounced whenmf decreases
because neutrinos are born with energies closer to 3T, and
the mismatch between forward and backward rates beco
smaller.

In Figs. 4 and 5 this effect can be seen directly on
distribution functions. In Fig. 4, which showsbn51, Gf
56.4 s21, andmf5120 MeV, it can be seen that the distr
bution function is higher than thermal at high energies
cause off decay. However, there are fewer low energy ne
trinos because of the inefficient production viae1e2

annihilation.
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Conversely, in Fig. 5, which showsbn51, Gf550 s21,
andmf5120 MeV, it can be seen that the decay rate is h
enough that neutrinos equilibrate with the electromagn
plasma, except for a small deviation aroundpn5mf/2. This
subsequently leads toNn.3 after completef decay.

IV. COMPARISON WITH DATA

In order to constrain the parametersbn , Gf , andmf we
compare the predicted values ofNn , 4He, and D with the

FIG. 4. The distribution function forne for different values of
Tg whenG56.4 s21, bn51, andmf5120 MeV. The dotted line is
for Tg52.18 MeV, the dashed forTg50.42 MeV, the long-dashed
for Tg50.19 MeV, and the full line forTg50.01 MeV. The full
gray ~red! line is an equilibrium distribution withTn5Tg .
6-4
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observationally determined values. In addition to the para
eters directly related tof the nucleosynthesis outcome d
pends crucially on the baryon density,h5nB /ng .

Taken at face value the recent cosmic microwave ba
ground ~CMB! data from the WMAP satellite constrainh
tightly. However, it has been shown that there is a signific
correlation betweenh andNn in the CMB data. This mean
that it is not possible to take CMB constraint onh directly
and apply it to the nucleosynthesis calculations. Rather a
CMB likelihood analysis forNn andh must be carried out
This can then be combined with the nucleosynthesis lik
hood analysis forbn , Gf , mf , andh.

First the following subsection covers the current obser
tional status, then the next covers the constraints on de
parameters which can be obtained.

A. Observational data

1. Light element abundances

The primordial helium abundance has been derived
two independent groups. Fields and Olive@12# find the value

YP50.23860.00260.005, ~12!

whereas Izotov and Thuan@13# find

YP50.24460.00260.005. ~13!

Because of this inconsistency we blow up the error b
on YP and use the value

YP50.23860.015, ~14!

which encompasses the allowed regions of both obse
tional determinations.

The most recent determination of the primordial deu
rium abundance has yielded the value@14#

D/H5~2.7860.29!31025. ~15!

FIG. 5. The distribution function forne for different values of
Tg whenG550 s21, bn51, andmf5120 MeV. The dotted line is
for Tg57.7 MeV, the dashed forTg50.93 MeV, the long-dashed
for Tg50.23 MeV, and the full line forTg50.01 MeV. The full
gray ~red! line is an equilibrium distribution withTn5Tg .
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A determination of the primordial lithium abundance h
also been performed by several groups. However, this m
surement is prone to large systematics and we refrain f
using it here.

2. Cosmic microwave background

The CMB temperature fluctuations are conveniently d
scribed in terms of the spherical harmonics power spectr

Cl[^ualmu2&, ~16!

where

DT

T
~u,f!5(

lm
almYlm~u,f!. ~17!

Since Thomson scattering polarizes light there are additio
power spectra coming from the polarization anisotropi
The polarization can be divided into a curl-free~E! and a curl
~B! component, yielding four independent power spect
CT,l , CE,l , CB,l and the temperatureE-polarization cross
correlationCTE,l .

The WMAP experiment has reported data onCT,l and
CTE,l , as described in Refs.@15–17#.

We have performed the likelihood analysis using the p
scription given by the WMAP collaboration which include
the correlation between differentCl ’s @15–17#. Foreground
contamination has already been subtracted from their p
lished data.

3. Large scale structure

The 2dF Galaxy Redshift Survey~2dFGRS! @18# has mea-
sured the redshifts of more than 230 000 galaxies with
median redshift ofzm'0.11. An initial estimate of the con
volved, redshift-space power spectrum of the 2dFGRS
been determined@19# for a sample of 160 000 redshifts. O
scales 0.02,k,0.15h Mpc21 the data are robust and th
shape of the power spectrum is not affected by redshift-sp
or nonlinear effects, though the amplitude is increased
redshift-space distortions. A potential complication is the f
that the galaxy power spectrum may be biased with resp
to the matter power spectrum, i.e. light does not trace m
exactly at all scales. This is often parametrized by introd
ing a bias factor

b2~k![
Pg~k!

Pm~k!
, ~18!

where Pg(k) is the power spectrum of the galaxies, a
Pm(k) is the matter power spectrum. However, we restr
our analysis of the 2dFGRS power spectrum to scalek
,0.15 h Mpc21 where the power spectrum is well describ
by linear theory. On these scales, two different analyses h
demonstrated that the 2dFGRS power spectrum is consis
with linear, scale-independent bias@20,21#. Thus, the shape
of the galaxy power spectrum can be used straightforwa
to constrain the shape of the matter power spectrum.

The only parameters which affect CMB and structure f
mation are the baryon density,h, and the relativistic energy
6-5
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density at late times, parametrized byNn @24,25# ~see also
Refs. @26–33#!. It is therefore relatively straightforward t
perform the CMB1LSS likelihood analysis.

It should also be noted here that there are other cos
logical data sets which could have been used for the anal
The Sloan Digital Sky Survey~SDSS! @22,23# is at present
comparable in size to the 2dF survey, although it will eve
tually be significantly bigger. Some likelihood analyses a
include CMB other than WMAP, particularly on smalle
scales. With the present data the final outcome of the ana
would change very little by including this additional dat
That this is the case can for instance be seen from the
that the CMB1large scale structure~LSS! data analysis for
Nn is very almost identical in Refs.@34# and @35#, even
though different data sets are used.

B. Likelihood analysis

Nucleosynthesis is affected both by the expansion
aroundT;0.1–1 MeV, and by the electron neutrino dist
bution function. The reason is that electron neutrino en
directly in the weak reactions which interconvert protons a
neutrons.

The specific neutrino distributions are therefore found
functions of temperature and used in a modified version
the Kawano BBN code@9#. This is then used to calculat
primordial abundances of deuterium and helium.

For calculating the theoretical CMB and matter pow
spectra we use the publicly availableCMBFAST package@36#.
As the set of cosmological parameters we chooseVm , the
matter density,Vb , the baryon density,H0, the Hubble pa-
rameter,t, the optical depth to reionization,Q, the normal-
ization of the CMB power spectrum,b, the bias parameter
and the effective number of neutrino speciesNn , found from
the solution of the Boltzmann equations. We assume ne
nos to be almost massless. We restrict the analysis to
metrically flat modelsVm1VL51.

For each individual model we calculatex2 in the follow-
ing way: Given a theoretical CMB spectrum thex2 of the
WMAP data is calculated using the method described in R
@17#. With regards to the 2dF data we use the data points
window functions from Ref. @37# ~http://
www.hep.upenn.edu/;max/2df.html!. 68% and 95% confi-
dence levels from the data are calculated fromDx252.31
and 6.17 respectively.

1. bnÄ0

In Fig. 6 we show 68% and 95% exclusion limits forh
andGf from BBN, CMB, and LSS. The top panel for BBN
only is very similar to Fig. 8 in Ref. 2, except that we use
slightly different bounds on light element abundances. Fr
BBN alone the 95% bound onTRH is roughly 0.6 MeV.
However this bound is achieved for relatively lowh,
whereas CMB1LSS strongly prefer a high value ofh.
Therefore combining the BBN and CMB1LSS constraints
removes the lowTRH region and increases the lower bou
to 3.9 MeV.
04350
o-
is.

-
o

sis

ct

te

r
d

s
f

r

ri-
o-

f.
nd

2. bnÅ0

Apart from the fact thatNn depends onbn there is a
second effect which is just a important. WhenbnÞ0 there
are more high energy neutrinos. Around weak freezeout th
are many more protons than neutrons. WhenEn@mn2mp

the weak absorption cross section is equal on protons
neutrons. This means that additional neutrinos at high e
gies will have the net effect of converting protons into ne
trons, so that in the end more helium is produced. Note
this is the opposite effect of just increasing the weak int
action rates, in which caselesshelium would be produced
The phenomenon is quite similar to what happens iff has a
hadronic decay channel. In that case pions and kaons wi
produced, which subsequently convert protons to neutr
and lead to overproduction of helium.

In Fig. 7 we show 68%, 95%, and 99.99% confiden
exclusion plots forGf andmf , marginalized overh.

Both whenbn is small and whenbn51 the bound onTRH
becomes independent ofmf . In both cases the 95% bound
TRH*4 MeV.

However, there is an intermediate regime forbn which
allows for much lower values ofTRH. The reason for this
can be seen directly from Fig. 3, i.e. there is an intermed
range whereNn can be kept close to 3, even for lowGf .
However, for large masses~which is of course by far the
most likely! there is no allowed region. The reason is the o
given in the previous section: More high energy neutrin
will produce more helium, and this in turn will conflict with
observations.

The final outcome is that for almost all values ofmf and
bn there is a robust lower bound onTRH which is around 4
MeV. However there is a small region wherebn;0.9, mf

FIG. 6. 68% and 95% confidence exclusion plot of the para
etersh10[10103h andGf for the case whenbn50.
6-6
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FIG. 7. 68%, 95%, and
99.99% confidence exclusion plo
of the parametersGf and mf us-
ing all available data~CMB1LSS
1BBN!. The top left plot is for
bn50.1, the top right for bn

50.5, the bottom left for bn

50.9, and the bottom right for
bn51.0.
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&40 MeV where a reheating temperature as low as roug
1 MeV is allowed.

It should perhaps be noted here that iff is heavy (mf
*2mp) then there is likely to be some hadronic branching
the decay. If this is the case then the bound is strengthe
significantly @38#.

V. OTHER CONSTRAINTS

If f is a scalar then the decay rate to neutrinos is n
mally suppressed by a factormn

2 because of the necessa
helicity flip. Therefore the simplest assumption is thatf has
no branching into neutrinos. If for instance the heavy parti
is a pseudoscalar like the axion, then there is an upper bo
on the coupling to photons @39,40#, gfg<0.6
310210 GeV21 for mf&30 keV. For higher masses th
bound is significantly weaker. However, even if this bound
used together with the decay widthGf→2g5gfg

2 mf
3 /64p

then we find that

Gf→2g&50mf,10 MeV
3 s21, ~19!

which is easily satisfies for the parameter space we are
sidering.

On the other hand, iff is a particle like the majoron
which couples only to neutrinos then the decay width is@41#
04350
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Gf→nn̄5
gfn

2 mf

16p
;331019gfn

2 mf,MeV s21 ~20!

The bound on the dimensionless coupling constant co
from BBN as well as supernova considerations and is
order 1026–1025 for majorons in the MeV mass rang
@40,42#. For more massive majorons the bound weake
Again it is clear that the decay parameters which we cons
here are not excluded by any other astrophysical or exp
mental data.

The final conclusion is that heavy, decaying particles su
as the ones considered here cannot be directly exclude
any current data. Furthermore a branching ratio into neu
nos can be anywhere from 0 to 1.

VI. CONCLUSION

We have carefully calculated constraints on models w
extremely low reheating temperature, where a massive
ticle decays aroundT;1 MeV. By combining constraints on
light element abundances with constraints onh andNn from
CMB and large scale structure we derived a fairly rob
limit of

TRH*4 MeV. ~21!
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This bound is a significant improvement over the previo
bound ofTRH*0.7 MeV, calculated from BBN alone. It is
interesting that the lower bound is significantly higher th
the n↔p conversion freezeout temperature,T;0.8 MeV,
and even higher than the neutrino decoupling tempera
TD;2 MeV. This shows that even small residual effec
from a modified neutrino decoupling history can be me
sured with present observational data.

Models with reheating temperature in the MeV regime
in general difficult to reconcile with such features as bar
genesis~see for instance Ref.@43# for a discussion of this
issue!. However, in models with large extra dimensions
low reheating temperature is essential in order to avoid o
production of massive Kaluza-Klein graviton states. T
means that we can use our present bound to derive limit
the compactification scale in such models. For the cas
I.

.G
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nd

04350
s

re

-

e
-

r-
s
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of

two extra dimensions the bound isM*2000 TeV and forn
53 it is M*100 TeV. This bound is somewhat stronger th
the bound coming from considerations of neutron star co
ing and gamma ray emission.

Finally, it should be noted that future CMB and larg
scale structure data will allow for a much more precise
termination of bothNn and Vbh2 ~see for instance Refs
@31,44#!. This in turn means that in the future the bound
the reheating temperature can be strengthened significan
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