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Updated nucleosynthesis constraints on unstable relic particles
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We reexamine the upper limits on the abundance of unstable massive relic particles provided by the success
of big-bang nucleosynthesis calculations. We use the cosmic microwave background data to constrain the
baryon-to-photon ratio, and incorporate an extensively updated compilation of cross sections into a new
calculation of the network of reactions induced by electromagnetic showers that create and destroy the light
elements deuterium,3He, 4He, 6Li and 7Li. We derive analytic approximations that complement and check the
full numerical calculations. Considerations of the abundances of4He and6Li exclude exceptional regions of
parameter space that would otherwise have been permitted by deuterium alone. We illustrate our results by
applying them to massive gravitinos. If they weigh;100 GeV, their primordial abundance should have been
below about 10213 of the total entropy. This would imply an upper limit on the reheating temperature of a few
times 107 GeV, which could be a potential difficulty for some models of inflation. We discuss possible ways
of evading this problem.
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I. INTRODUCTION

Some of the most stringent constraints on unstable m
sive particles are provided by their effects on the abundan
of the light nuclei produced primordially in the early Un
verse via big-bang nucleosynthesis~BBN! @1–14#. Astro-
physical determinations of the abundances of D,4He and
7Li agree with those found in homogeneous BBN calcu
tions, for a suitable range of the baryon-to-photon ratioh
@15,16#. The decay products of massive unstable partic
such as gravitinos would have produced electromagn
and/or hadronic showers in the early Universe, which co
have either destroyed or created these nuclei, perturbing
concordance. Maintaining the concordance provides imp
tant upper limits on the abundances of such massive uns
particles. The power of this argument has recently been
creased by observations of the power spectrum of fluc
tions in the cosmic microwave background~CMB! @17#.
These now provide an independent determination ofh that is
in rather good agreement with the value suggested by B
calculations@18–22#, reducing one of the principal unce
tainties in the previous BBN limits on massive unstable p
ticles.

This development has triggered us to reevaluate th
BBN constraints. We do so via a new calculation of the n
work of nuclear reactions induced by electromagnetic sh
ers that create and destroy the light elements deuterium~D!,
3He, 4He, 6Li and 7Li. We perform a coupled-channe
analysis of the light-element abundances, which enable
to analyze the possible existence of isolated ‘‘islands’’
parameter space that are not minor perturbations of stan
homogeneous BBN calculations. In carrying out this p
gram, we also take the opportunity to improve previous t
oretical treatments of some reactions in essential ways.
also derive analytic approximations to our results, wh
0556-2821/2003/67~10!/103521~20!/$20.00 67 1035
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serve as a check of the numerics, and offer additional ins
into the essential physics.

Considerations of the D abundance alone would have
to the apparent existence of finely tuned ‘‘tails’’ of parame
space that extend the region allowed by standard BBN
culations to rather larger abundances of unstable relic
ticles. In the past, these tails were argued to be excluded
the basis of the combinedD13He abundance. It is now
widely considered that the complicated chemical and ste
history of 3He renders such an argument unsafe@23#. How-
ever, we show here that these tails are excluded robustly
the astrophysical abundance of4He, and also conflict with
the measured6Li abundance. These other abundances a
exclude a disconnected channel of parameter space
would have been allowed by the D abundance alone. Ove
the most stringent upper limit on the possible abundance
an unstable massive relic particleX with lifetime tX*102 s
is provided by the6Li abundance. FortX5108 s, we find

MX

nX
0

ng
0 , 5.0310212 GeV, ~1!

with the upper limit from the4He abundance being abou
two orders of magnitude less stringent.

As an illustrative application of this new analysis, we r
consider the allowed abundance of unstable gravitinosG̃
with masses up to about 10 TeV, which are expected to h
lifetimes *102 s. Using standard calculations of therm
gravitino production in the early Universe@24–32,8#, the
constraint~1! suggests a stringent upper limit on the rehe
ing temperatureTR of the Universe following inflation:

TR&106 GeV for MG̃;100 GeV. ~2!

Such a stringent upper limit can be problematic for stand
inflationary models@33#, some of which predict higherTR
©2003 The American Physical Society21-1
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;1012 GeV. A low reheating temperature might also
problematic for some models of baryogenesis in which th
mal production of baryon-number-violating particles is ne
essary, though not for others. The simplest leptogenesis
narios@34# require the production of a right-handed neutri
state whose decays violate lepton number. However, e
scenarios which require the thermal production of rig
handed neutrinos can in fact accommodate very low reh
temperatures@35,36#, and non-thermal production of pa
ticles with masses less than the inflation mass is possible
very low reheating temperatures@37#. Leptogenesis scenario
@38# of this type as well as those involving preheating@39#
have been proposed.1

Reheat temperatures higher than~2! would be allowed if
tG̃&104 s, as might occur ifMG̃*3 TeV and/or the grav-
itino has many available decay modes. Alternatively, o
may consider the possibility of a very light gravitino th
would be stable or metastable. However, in this case
upper limit ~1! would apply to the next-to-lightest supersym
metric particle~NLSP!. In conventional minimal supersym
metric standard model~MSSM! scenarios with a very ligh
gravitino, this might be the lightest neutralinox. However,
the relicx abundance may also be calculated, and is likely
conflict with the upper limit~1!.

This brief discussion serves to emphasize the importa
of evaluating the cosmological upper limit on the possi
primordial abundance of unstable relic particles, to which
bulk of this paper is devoted. In Sec. II we discuss the m
relevant photodissociation and photoproduction proces
and describe their implementation in a code to calculate
network of reactions creating and destroying light eleme
in the early Universe. A brief discussion of the observatio
constraints used is in Sec. III. Analytical and numerical
sults for light-element abundances are presented in Sec
Our main constraints on unstable particles are describe
Sec. V, where we compare and combine the upper lim
obtained by considering different light nuclei. Finally, in Se
VI we discuss in more detail the implications of our resu
for cosmological gravitinos. Section VII contains some co
ments on particles with longer~and shorter! lifetimes. In the
Appendix, we compile and discuss the cross sections use
this analysis.

II. PHOTON INJECTION AND ABUNDANCE EVOLUTION

As an example of the constraints imposed on the ab
dance of a heavy metastable particle by observations of l
elements, we consider the radiative decay of a massive
ticle ~such as a gravitino! with lifetime *104 s. The ener-
getic decay photon initiates an electromagnetic show
which in turn initiates a network of nuclear interactions. T
decays of some unstable heavy particles also initiate h
ronic showers, which would provide an additional set of co
straints. These are typically important for shorter lifetim
t&102 s. However, we restrict our attention in this paper

1We also recall that Affleck-Dine@40# leptogenesis@36,41# can be
accomplished at lowTR .
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the network of reactions induced by electromagnetic sho
ers, and comment on very short~and very long! lifetimes in
Sec. VII.

A. The Initial degraded photon spectrum

At the epoch of interest to us here,tX*104 s, the massive
gravitino2 is very non-relativistic, and can be treated as if
rest with respect to the background. We assume that a g
itino of massMX decays into a photon (g) and a neutralino
(x), each with their respective energies,

Eg5
MX

22mx
2

2MX
and Ex5

MX
21mx

2

2MX
. ~3!

In the limit MX@mx , the energies become almost equ
Eg;Ex; 1

2 MX .
The primary photon with injection energyE0 interacts

with the background plasma and creates an electromagn
cascade. The most rapid interactions in this cascade are
productionggbg→e1e2 off of background photons, and in
verse Compton scattering. These processes rapidly redis
ute the injected energy, and the nonthermal photon spect
rapidly reaches a quasi-static equilibrium as discussed
@7,9,10#. The ‘‘zeroth generation’’ quasi-equilibrium photo
energy spectrum is

pg~Eg!55
K0S EX

Eg
D 1.5

if Eg,EX ,

K0S EX

Eg
D 2.0

for EX,Eg,EC ,

0 otherwise,

~4!

where the normalization constantK0 is determined by de-
manding that the total energy be equal to the injected ene
K05E0 /$EX

2@21 ln(EC /EX)#%. This spectrum is the same a
that used by Protheroe, Stanev, and Berezinksy@10# and
Jedamzik@12#, and also agrees with the result of a detail
numerical integration of the full Boltzmann equation by K
wasaki and Moroi@9#.3 It is a broken power law with a
transition atEg5EX and a high-energy cutoff atEg5EC .
We adopt the same energy limits as Kawasaki and Mo
namely EX5me

2/80T and EC5me
2/22T. Physically, these

scales arise due to the competition between photon degr
tion rates. The scales rise as the temperature drops, in w
case there exist more high-energy photons to break up nu

The zeroth-generation nonthermal photons then suffer
ditional interactions of Compton scattering, ordinary p
production off of nuclei, andg2g scattering. These slowe

2For definiteness, we will refer to the decaying particle as a gr
itino, though our analysis is general and pertains to any mas
particle with electromagnetic decays in the lifetime range cons
ered.

3The spectrum stated in@9# includes further photon degradation
which has been factored out to determine our spectrum.
1-2
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processes further degrade the photon spectrum. The ev
tion of the resulting ‘‘first-generation’’ photons is governe
by

dNg

dt
~Eg!5

nX

tX
pg~Eg!2Ng~Eg!Gg~Eg!, ~5!

where nX5nX
0(11z)3exp(2t/tX) and tX are the decaying

particle number density at redshiftz and mean lifetime, re-
spectively. Also,Ng is the photon energy spectrum, which
simply the product of the density of statesDg and the occu-
pation number fractionf g . IntegratingNg over all energies
yields the number densityng

inj of the injected photons. Fur
ther,Gg is the rate at which the photons are further degra
through further interactions with the background plasma. T
key difference betweenpg andNg is that the rates degradin
photons directly after injection are much faster than the ra
that further degrade photon energy determiningNg . We note
that the effects due to the expansion of the universe on
photon spectrum are negligible because, during this ep
electromagnetic interactions are much faster than the ex
sion rate.

The dominant photon degradation rates are those
double photon scattering, Compton scattering and pair p
duction off nuclei. Because their high rates are fast compa
to the cosmic expansion, the photon distribution reaches q
sistatic equilibrium~QSE!. This distribution is given by set
ting ~5! equal to zero, yielding

N g
QSE~Eg!5

nXpg~Eg!

Gg~Eg!tX
. ~6!

This QSE solution is the same as that derived in@9#, where it
is calledf g(eg). The photon spectrumpg can be determined
easily from this equation, knowing that double-photon sc
tering dominates the high-energy region, whereas Comp
scattering and pair production off nuclei dominate at low
energies. We recall that the redshift dependence of this Q
solution lies entirely innX , pg , andGg .

B. Photodestruction and photoproduction of nuclei

The equations governing the production and destruc
of nuclei are very similar to those for photons, being giv
by

dNA

dt
~EA!5JA~EA!2NA~EA!GA~EA!, ~7!

whereJA and GA are the source and sink rates of prima
speciesA. The derivatived/dt takes into account the red
shifting of energies and the dilution of particles due to t
expansion of the universe. The source terms for the prim
species are due to the photodissociation of background
ticles, and are defined by

JA~EA!5(
T

nTE
0

`

dEg N g
QSE~Eg! sg1T→A~Eg!

3d@E A
T~Eg!2EA#, ~8!
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whereE A
T(Eg) is the energy of theAth species produced by

the photodissociation reactiong1T→A. The sinks are simi-
larly defined by

GA~EA!5(
P

E
0

`

dEg N g
QSE~Eg! sg1A→P~Eg!. ~9!

Since we are interested in calculating total abundance
elements, it is necessary to integrate~7! over the energyEA .
The equation then becomes

dnA

dt
5(

T
nTE

0

`

dEg N g
QSE~Eg! sg1T→A~Eg!

2nA(
P

E
0

`

dEg N g
QSE~Eg! sg1A→P~Eg!.

~10!

This removes the redshifting term, leaving only the diluti
term in the derivative,d/dt. It is useful to use the mole
fraction Yi[ni /nB of baryons in a particular nuclide, rathe
than the absolute abundance. This allows us to take out
expansion effects, yielding

dYA

dt
5(

T
YTE

0

`

dEg N g
QSE~Eg! sg1T→A~Eg!

2YA(
P

E
0

`

dEg N g
QSE~Eg! sg1A→P~Eg!,

~11!

wherenB is the baryon number density andd/dt is an ordi-
nary time derivative. It is also convenient to change fro
time differentiation to differentiation with respect to redshi
and also to extract the factornXE0 /tX out of N g

QSE. In this
way, we obtain

dYA

dz
52

rM Xng
0

HrtX
expS 21

HrtX~11z!2D ~12!

3F(
T

YTE
0

`

dEgS tX

E0nX
N g

QSE~Eg! Dsg1T→A~Eg!

~13!

2YA(
P

E
0

`

dEgS tX

E0nX
N g

QSE~Eg! Dsg1A→P~Eg!],

~14!

where we have usedE05 1
2 MX ~corresponding to two-body

decay into a photon and a particle of negligible mass!, and
have definedr[nX

0/ng
0 and Hr[A32pGr rad

0 /3. We should
note that, with these terms pulled out, the integrals beco
functions only of redshift, and the dependence on the pr
erties of the decaying particle has been removed. This
mulation is very useful in making the numerical impleme
tation fast and efficient.
1-3
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C. Secondary element production

In the previous section we discussed the production
light elements by the photodissociation of heavier eleme
However, the initial photoproduction and photodestruction
light nuclei is not necessarily the only process that happ
before thermalization. The primary interactions produce n
thermal particles, which then interact with the backgrou
plasma, degrading their energy. However, they may still h
enough energy to initiate further, secondary nuclear inte
tions.

We now modify the evolution of the primary particle
described in the previous section to include ener
degrading interactions:

dNA

dt
~EA!5JA~EA!2NA~EA!GA~EA!

2
]

]EA
@bA~EA!NA~EA!#, ~15!

where we have added the last term to include the ene
degradation of the speciesA, wherebA52dE/dt is the rate
of energy loss. This term appears as an energy gradient,
serving the particle number in the absence of sources
sinks.

In most situations, the energy degradation rate is m
faster than any sink, so that the sinks can be ignored.
unstable particles, if the lifetime of the particle is compara
to the stopping time of that species, then theGA term cannot
be ignored. In general the interactions are fast enough
reach a quasistatic equilibrium, but the form of the solut
is somewhat more complicated than the photon case:

N A
QSE~EA!5

1

bA~EA!
E

EA

`

dEA
8

3expF2E
EA

EA
8
dEA

9
GA~EA

9 !

bA~EA
9 !

GJA~EA
8 !. ~16!

SubstitutingJA into this equation, we get

N A
QSE~EA!5

1

bA~EA! (
T

nTEE A
21(EA)

`

dEgNg~Eg!

3sg1T→A~Eg!expF2E
EA

EA(Eg)

dEA
9
GA~EA

9 !

bA~EA
9 !

G .

~17!

With this QSE solution in hand, we can determine the rate
secondary production of an elementS:

dNS

dt U
sec

~ES!5(
T8

E
0

`

dEAN A
QSE~EA!GA1T8→S~EA!

3d@ES~EA!2ES#. ~18!

Integrating overES yields
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dnS

dt U
sec

5(
T8

nT8E
0

`

dEAN A
QSE~EA!sA1T8→S~EA!uvAu.

~19!

Again, using the mole baryon fraction to remove expans
effects from the differential equation, we obtain

dYS

dt U
sec

5(
T8

YT8E
0

`

dEAN A
QSE~EA!sA1T8→S~EA!uvAu.

~20!

After some algebraic manipulation, we obtain the followin
evolution equation for secondary production:

dYS

dz U
sec

52
rM Xh~ng

0!2

HrtX
~11z!3expS 21

HrtX~11z!2D
3 (

T,T8
YTYT8E

0

`

dEA

sA1T8→S~EA!uvAu
bA~EA!

3E
E A

21(EA)

`

dEgS tX

E0nX
N g

QSE~Eg! Dsg1T→A~Eg!

3expF2E
EA

EA(Eg)

dEA
9
GA~EA

9 !

bA~EA
9 !

G , ~21!

whereh is the baryon-to-photon ratio:h[nB
0/ng

0 .
Table II lists the secondary reactions considered. Deu

rium production does not occur within the lifetime range
interested to us, since the neutron decays before it ha
chance to react with a proton to form deuterium, as poin
out in @7#. Also, we have verified that the secondary produ
tion of mass-7 elements is not significant, being small co

TABLE I. The relevant photodissociation reactions and th
respective threshold energies are listed in the table below, and
cross sections are listed in the Appendix.

Reaction Threshold (Eg,th)

d(g,n)p 2.2246 MeV
t(g,n)d 6.2572 MeV
t(g,np)n 8.4818 MeV
3He(g,p)d 5.4935 MeV
3He(g,np)p 7.7181 MeV
4He(g,p)t 19.8139 MeV
4He(g,n) 3He 20.5776 MeV
4He(g,d)d 23.8465 MeV
4He(g,np)d 26.0711 MeV
6Li( g,np) 4He 3.6989 MeV
6Li( g,X)3A 15.7947 MeV
7Li( g,t) 4He 2.4670 MeV
7Li( g,n) 6Li 7.2400 MeV
7Li( g,2np) 4He 10.9489 MeV
7Be(g, 3He)4He 1.5866 MeV
7Be(g,p) 6Li 5.6058 MeV
7Be(g,2pn) 4He 9.3047 MeV
1-4
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pared with that produced during BBN. The only significa
secondary production is that of6Li, as first shown in@12#
and later in@13#. We show below that6Li actually provides
the strongest constraint for the lifetime range we are in
ested in. Note that the relevant threshold energies~Table II!
are those in which the nuclei are in the cosmic rest fram
and thus are computed in the fixed-target laboratory fra
Consequently, these are about a factor of two higher than
center-of-mass thresholds used in@12# and @13#.

III. OBSERVATIONAL CONSTRAINTS

Before we discuss the results of our numerical analy
we first discuss the current status of the observational de
minations of the light-element abundances. The abunda
subsequent to any photodestruction or production must
mately be related to these observations. Furthermore,
results are dependent on the assumed baryon-to-photon
which may either be determined through the concordanc
the BBN-produced abundances or through the analysis o
CMB spectrum of anisotropies. As noted above, there is r
tively good agreement between the two.

A. Observed light element abundances

Through painstaking observations of very different ast
nomical environments, primordial abundances can be
ferred for D, 4He, and 7Li. In addition, 3He and 6Li have
also been measured, and can provide important supplem
tary constraints. Here we summarize the data and
adopted limits: more detailed reviews appear in@15#. For all
nuclides, accurate abundance measurements are challe
to obtain, due to systematic effects which arise from, e.g.
imperfect understanding of the astrophysical settings
which the observations are made, and from the proces
which an abundance is inferred from an observed l
strength.

Deuterium is measured in high-redshift QSO absorpt
line systems via its isotopic shift from hydrogen. In seve
absorbers of moderate column density~Lyman-limit sys-
tems!, D has been observed in multiple Lyman transitio
@42,43#. Restricting our attention to the three most reliab
regions@42#, we find a weighted mean of

S D

HD
p

5~2.960.3!31025. ~22!

TABLE II. Relevant secondary reactions are listed below, in
format similar to Table I.

Reaction Threshold (Ep,th)

p(n,g)d 0.0000 MeV
4He(t,n) 6Li 8.3870 MeV
4He(3He,p) 6Li 7.0477 MeV
4He(t,g) 7Li 0.0000 MeV
4He(3He,g) 7Be 0.0000 MeV
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We note, however, that thex2 per degree of freedom is rathe
poor (;3.4), and that the unweighted dispersion of the
data is;0.631025. This already points to the dominance
systematic effects. Observation of D in systems with hig
column density~damped systems! find lower D/H @44#, at a
level inconsistent with Eq.~22!, further suggesting that sys
tematic effects dominate the error budget@45#. If we used all
five available observations, we would find D/H5(2.660.3)
31025 with an even worsex2 per degree of freedom
(;4.3) and an unweighted dispersion of 0.8. As an up
limit to D/H, we adopt the 2-s upper limit to thehighestD/H
value reliably observed, which is D/H5(4.060.65)31025,
since we cannot definitively exclude the possibility that so
D/H destruction has occurred in the other systems.

We also require a lower limit on the primordial D abu
dance. Since galactic processes only destroy D, its pre
abundance in the interstellar medium@46#, D/H5(1.5
60.1)31025 provides an extreme lower limit on the primo
dial value, which is consistent with Eq.~22!. Therefore, we
adopt the limits

1.331025,S D

HD
p

,5.331025. ~23!

This lower bound is quite conservative, in light of the fa
that the existence of heavy elements confirms that ste
processing and thus D destruction has certainly occurre
some level.

Unlike D, 4He is made in stars, and thus co-produc
with heavy elements. Hence the best sites for determin
the primordial 4He abundance are in metal-poor regions
hot, ionized gas in nearby external galaxies~extragalactic HII
regions!. Helium indeed shows a linear correlation with m
tallicity in these systems, and the extrapolation to zero m
tallicity gives the primordial abundance~baryonic mass frac-
tion! @47#

Yp50.23860.00260.005. ~24!

Here, the first error is statistical and reflects the large sam
of systems, whilst the second error is systematic and do
nates.

The systematic uncertainties in these observations h
not been thoroughly explored to date@48#. In particular, there
may be reason to suspect that the above primordial ab
dance will be increased due to effects such as underly
stellar absorption in the HII regions. We note that othe
analyses give similar results:Yp50.24460.00260.005@49#
and 0.23960.002 @50#. For concreteness, we use the4He
abundance in Eq.~24! to obtain the range

0.227,Yp,0.249, ~25!

taking the 2-s range with errors added in quadrature.
Helium-3 can be measured through its hyperfine emiss

in the radio band, and has been observed in HII regions in
our Galaxy. These observations find@51# that there are no
obvious trends in3He with metallicity and location in the
Galaxy, but rather a3He ‘‘plateau.’’ There is, however, con
siderable scatter in the data by a factor;2, some of which
1-5
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may be real. Unfortunately, the stellar and Galactic evolut
of 3He is not yet sufficiently well understood to confir
whether 3He is increasing or decreasing from its primord
value @23#. Consequently, it is unclear whether the observ
3He plateau~if it is such! represents an upper or lower lim
to the primordial value. Therefore, we do not use3He abun-
dance as a constraint. If future observations of3He could
firmly establish the nature of its Galactic evolution, then3He
could be restored as a useful constraint on decaying parti
particularly in concert with D@11,13#.

The primordial7Li abundance comes from measureme
in the atmospheres of primitive~Population II! stars in the
stellar halo of our Galaxy. The7Li/H abundance is found to
be constant for stars with low metallicity, indicating a p
mordial component, and a recent determination gives

S 7Li

H D
p

5~1.2360.0620.32
10.68!310210 ~95% C.L.!, ~26!

where the small statistical error is overshadowed by syst
atic uncertainties@52#. The range~26! may, however, be un
derestimated, as a recent determination@53# uses a different
procedure to determine stellar atmosphere parameters,
gives 7Li/H p5(2.1960.28)310210. At this stage, it is not
possible to determine which method of analysis is more
curate, indicating the likelihood that the upper systema
uncertainty in Eq.~26! has been underestimated. Thus,
order to obtain a conservative bound from7Li, we take the
lower bound~once again combining the statistical and sy
tematic errors in quadrature! from Eq. ~26! and the upper
bound from@53#, giving

9.0310211,S 7Li

H D
p

,2.8310210. ~27!

Finally, 6Li is also measured in halo stars, in which th
6Li/ 7Li ratio is inferred from the~thermally blended! isoto-
pic line splitting. The lowest6Li abundances comes from
stars with primordial Li, which yield6Li/ 7Li50.0560.01
@54#. The 6Li in these stars is not primordial, as it is pro
duced by cosmic-ray interactions with the interstellar m
dium @55#, predominantlyaa→ 6Li1•••. These same pro
cesses lead to the production of Be and B, which
observed in halo stars at levels consistent with6Li cosmic-
ray production. Since the observed6Li abundances are con
sistent with being entirely Galactic in origin, we can u
these to set an extreme upper limit on the primordial6Li
abundance. One complication enters, due to the smaller b
ing energy of6Li relative to 7Li. This means that6Li could
in principle suffer depletion in stars due to nuclear burnin
without a similar depletion of7Li. However, once nuclea
burning becomes effective,6Li depletion factors become ex
tremely large making such observations extremely unlik
@56#. It is therefore safe to use the 2-s upper bound on the
6Li/ 7Li ratio

S 6Li
7Li

D &0.07. ~28!
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Other depletion processes such as diffusion@included in the
estimate of systematic uncertainties in Eq.~26!#, would af-
fect both 6Li and 7Li similarly and not their ratio. It is also
useful to consider the upper bound on6Li/H alone

S 6Li

H D
p

&2310211. ~29!

B. Cosmic microwave background anisotropy measurements

Cosmic microwave background~CMB! anisotropy data
are now reaching the precision where they can provide
accurate measure of the cosmic baryon content. Give
CMB measurement ofh, one can use BBN to make definit
predictions of the light element abundances, which can t
be compared with the observations discussed above.
comparison constrains the effects of decaying particles m
powerfully than if only the BBN calculations were availab
to constrainh.

Recent results from DASI@18# and CBI@19# indicate that
VBh250.02220.003

10.004, while BOOMERanG-98 @20# gives
VBh250.02120.003

10.004. These determinations are somewh
lower than the central values found by MAXIMA-1@21#:
VBh250.02620.006

10.010 and VSA @22#: VBh250.02960.009.
Taking a CMB value of

VBh250.02260.003 or h10,cmb56.060.8 ~30!

at the 1-s level, we would predict the following light ele
ment abundances:

4He: 0.24860.001 ~68% C.L.! ~31!

D/H3105: 2.720.3
10.9 ~68% C.L.! ~32!

3He/H3105: 0.960.1 ~68% C.L.! ~33!

7Li/H31010: 3.420.8
11.5 ~68% C.L.!. ~34!

Note that these numbers are not outputs of BBN calculati
corresponding toh1056.0, but rather are the peak values
a likelihood function found by convolving the results of th
BBN Monte Carlo with an assumed Gaussian for the dis
bution of CMB h values. For further details, see@16,17#.
With Microwave Anisotropy Probe~MAP! data, the accuracy
of hcmb should be 10% or better, which will give even tight
predictions on the light elements.

IV. MODEL RESULTS

We have implemented numerically the decaying-parti
cascades discussed in Sec. II. Using BBN light-elem
abundance predictions@16# as initial conditions, we calculate
the final abundances for particular sets of baryon and d
matter parameters. The three free parameters are

zX[
nX

0

ng
0

MX5rM X52rE0 , ~35!

tX andh.
1-6
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A. Analytic discussion

Some simple analytic approximations allow us to ga
insight into the essential physics in our problem. As we w
see, the following analytic treatment reproduces well the
havior of the light element abundance mountains and des
in our parameter space.

The dependence ontX can be understood@11# in terms of
the characteristic energy scales in the photon spectrum~4!.
Both the breakEX and the cutoffEC scale asEi}1/T. Thus,
in the ‘‘uniform decay’’ approximation where all particle
decay at t5tX , the decay occurs at T
;1024 MeV (tX/108 s)21/2. Consequently, we haveEX
;28 MeV (tX/108 s)1/2, and EC;103 MeV (tX/108 s)1/2,
and cutoffs thus increase withtX . In other words, higher-
energy photoerosion processes can occur for longer lifet
values. Comparison with Table I shows that, astX increases,
first EC and thenEX pass the threshold energyEth for any
given process, at which point the process becomes impor
A reaction can turn on whenEC*Eth , which in the uniform
decay approximation occurs when

tX*106 s S Eth

10 MeVD 2

, ~36!

while for shorter tX the channel is closed. The reactio
grows stronger whenEX*Eth , which occurs when

tX;107 s S Eth

10 MeVD 2

. ~37!

We can also understand thezX dependence of photodestru
tion ~and secondary production! analytically, as follows. In
the limit of smallzX , the decaying particle has no influenc
on the light-element abundances as predicted by primor
nucleosynthesis, predicting a universe made of mostly
drogen and4He, with small but significant amounts of D
3He, and7Li. Lithium-6 is not produced in significant quan
tities. Going beyond this trivial case we use a similar tre
ment as above, and employ the uniform decay approxi
tion. To begin, as long as a reaction can proceed, a typ
shower photon has energy

^E&556 MeVS Eth

10 MeVD 1/2S tX

108 s
D 1/4

, ~38!

so that the number of such photons per decay isNg
;E0 /^E&. Had the lower-energy piece of the power la
been much steeper~i.e., with a power indexp.2) we would
have^E&;Eth , and if it was much shallower~i.e., p,1) we
would have^E&;EX . However, we lie in an interesting re
gime where^E&;(Eth /EX)P21EX , where 1,p,2. Thus
the nonthermal photon density is

ng
inj5NgnX5zXng

BG/2^E&. ~39!

These photons are thermalized at a rate per photon
G therm;nesT;nBsT . The rate per photon for the photod
struction of speciesT to yield speciesP is GT→P;nTsT→P
5 f T→PYTG therm, whereYT5nT /nB , and f T→P5sT→P /sT
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is the relative strength of the cross section for photodest
tion of T into P, compared with the thermalization cros
section, which we take as the Thompson cross section
this discussion. Consequently, the change in the number
sity of A is the net production rate per volume (GT→A

2GA→P)ng
inj times the loss timeG therm

21 , or

dnA5nBdYA;ng
inj~GT→A2GA→P!

G therm
. ~40!

We see that the fractional change in an abundance is g
by

dYA

YA
;

zX

2h^E& S YT

YA
f T→A2 f A→PD . ~41!

If we look at the two extremes when either production
destruction dominates, we can derive the behavior ofzX ,
given that the fractional change in the abundance is;1/2:

zX
prod;3.2310211 GeVS 5000

YT

YA

D S 5.031024

f T→A
D S h10

6 D

3S Eth

20 MeVD 1/2S tX

108 s
D 1/4

, ~42!

zX
dest;6.331028 GeVS 5.031024

f A→P
D S h10

6 D
3S Eth

2.224 MeVD
1/2S tX

108 s
D 1/4

, ~43!

where the numbers are those appropriate for D.
This same treatment can be extended to secondary

duction of light elements. Since6Li is the only significant
secondary production, this is the only example we consi
here. In this case, only a fraction of the primary produ
have enough energy for this reaction to proceed, becaus
interactions with the background plasma. We estimate as
lows the fraction that can react to form6Li. Each prospective
reactant is produced with initial energyEA(^E&), and the
total amount of energy that can be lost between collision
Eloss5bA(^E&)/nBsTuvAu. The fraction of reactants left is
the ratio of these two energies,NP;EA(^E&)/Eloss;0.001.
Thus the number density of these remaining non-thermal
ticles is

nP
inj5NPdnA;NP

zXYTnB

2h^E&
f T→A . ~44!

The rate per particle can be described in a similar way
before, whereGA→S5 f A→SYT8G thermb. Since these particles
are non-relativistic, there is a factorb5v/c in the interaction
rate. We can thus determine the change in abundance o
secondary species:
1-7
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FIG. 1. ~Color online! Con-
tours of the4He mass fractionYp

~a! in the (zX ,tX) plane, forh10

56, and~b! in the (zX ,h) plane,
for tX5108 s. See the text for dis-
cussion.
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dnS;nBdYS;nP
injGA→S

G therm
. ~45!

The fractional change in the abundance is then given by

dYS

YS
;NP

zXYTYT8

2h^E&YS
f T→Af A→Sb. ~46!

Using parameters appropriate for6Li and b;0.01, we de-
rive the value ofzX when secondary production becom
important:

zX
sec;2.6310212 GeVS 2.531011

YTYT8

YS

D S 5.031024

f T→A
D S 0.05

f A→S
D

3S h10

6 D S Eth

20 MeVD 1/2S tX

108 s
D 1/4

. ~47!

One should note that, at the high photon energies require
induce these tertiary reactions, double-photon scatterin
comparable to the Compton scattering and nuclear p
production mechanisms for photon energy loss. This we
ens the dependence of the reaction rates on the baryon
sity. We now turn to the full numerical results, using the
analytical estimates as a guide to interpretation.

B. Numerical results

Our numerical results come from the integration of E
~12! and~21!, using the input spectra of Eq.~4!. We present
our results by showing abundance contours inzX2tX space
at fixed h1056, and inzX2h space at fixedtX5108 s. A
key innovation of the present work is a detailed fitting of t
energy dependence of the relevant cross sections. Thes
discussed in the Appendix, which also contains fitting form
las.

We begin our discussion with the most abundant co
pound nucleus, namely4He. Since the other light elemen
are predicted by BBN to have abundances that are orde
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magnitude smaller than4He, no significant production o
4He can take place. Thus electromagnetic showers from
caying particles can only destroy4He. These photodestruc
tion processes have an energy threshold ofEth;20 MeV and
so, from Eq.~36!, we expect this process to become inef
cient for tX&43106 s, and to shut down completely whe
tX&43105 s. Indeed, this is what is seen in Fig. 1~a!, where
we plot contours ofYp in the (zX ,tX) plane forh1056, the
value preferred by CMB analyses~30!. For tX*43106 s,
the 4He destruction factor goes from a small perturbation
a large one aszX grows from 10210 to 1029 GeV, until the
region zX*1028 GeV becomes a4He ‘‘desert.’’ Over the
region tX;43105 s243106 s, 4He destruction become
important only at increasingly highzX . This general behav-
ior has an impact on all of the other light elements, as4He is
the only important source for them.

In Fig. 1~b! we again plot contours of Yp , but now in the
(zX ,h) plane for tX5108 s. We see the generic feature
mentioned above, that for lowzX

4He is at its BBN predicted
value and for very largezX it is destroyed. At largeh, the
non-thermal photons are more quickly thermalized, thus h
ing less energy on average and making it more difficult
destroy nuclei. This linear rise is as predicted in Eq.~42!.

Figure 2 plots the corresponding contours of D/H. Seve
distinct regions are apparent. For alltX , in the regionzX
&10211 GeV, the decaying particles make only a small p
turbation to the primordial value of D/H. For values ofzX
*10211 GeV, the decaying particles can lead to significa
perturbations to D/H, the sign and magnitude of which d
pend strongly ontX . In the case of D, the important produc
tion processes are due to4He1g: the other light elements
have negligible abundances compared to4He, and thus are
unimportant as D sources. The D production channels h
thresholdsEth;25 MeV, so we expect these process to b
come inefficient fortX&53106 s. Furthermore, production
is only efficient when4He destruction is not large, i.e., whe
zX&1029 GeV. Of course, D production can only occu
when there is sufficient4He destruction, so we expect sig
nificant production to occur only up to some maximumzX .
1-8
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FIG. 2. ~Color online! Deute-
rium abundance contours plotte
as in Fig. 1.
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For higherzX , photodestruction becomes so dominant t
any production yields are immediately broken up via furth
photodestruction reactions, leaving a universe filled w
only protons. Thus, aszX increases, the D/H abundance ra
idly declines, dropping to and then below its primord
abundance, to approach zero in a D ‘‘desert.’’ Thus, we ex-
pect D production only in a region bounded from above a
below in zX , and to the left bytX&43106 s. These expec
tations are met by the D/H ‘‘mountain’’ in Fig. 2, whic
stretches betweenzX510210 GeV to zX51028 GeV.

For tX&53106 s, D production from4He does not oc-
cur. Since the photodestruction processesd(g,n)p has a
threshold ofEth52.224 MeV~the D binding energy!, D de-
struction drops out attX&43103 s, as seen in Fig. 2. Fi
nally, note that the competing processes of D production
destruction balance for some regions of parameter sp
where D retains its primordial values. These are the ‘‘ch
nels’’ which separate the regions we have already discus

In Fig. 2~b! the contours of D/H are shown in the (zX ,h)
plane fortX5108 s. Just like4He, these D contours show
the features sketched out in our analytic discussion. For
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zX , D is at its BBN value. At intermediate values, we a
climbing the photoproduction mountain. At even higher v
ues ofzX , we enter the photoerosion desert. Again the
pendences onh are entirely due to the photon energy-lo
mechanism being more efficient at higher baryon density

Results for 7Li/H are shown in Fig. 3. We see that th
results are qualitatively similar to those for4He, reflecting
the fact that secondary7Li production is negligible. Since
7Li is only destroyed, its weak binding compared to4He
leads to the wider expanse of the7Li desert. As mentioned
earlier, we considered the secondary production of7Li,
through the reactions4He(t,g) 7Li and 4He(3He,g) 7Be.
These reactions have no energy threshold, only a strong C
lomb barrier, soa priori they would seem important. How
ever, the net production of7Li through these reactions i
small compared to its primordial value set by BBN. This
due to the small cross sections for mass-7 production.

Unlike 7Li, standard BBN does not produce6Li in any
observable quantity, so any other production mechanism
important. The behavior of6Li, seen in Fig. 4~a!, can be
understood in terms of the4He and 7Li dynamics, because
FIG. 3. ~Color online! Con-
tours of 7Li/H, plotted as in Fig.
1.
1-9
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FIG. 4. ~Color online! Con-
tours of 6Li/H, plotted as in Fig.
1.
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these are the two6Li sources. As with D, we see a rough
horizontal mountain of6Li production, which is bounded on
the left by threshold effects. The dominant production ch
nel is from secondary reactions, and thus is tied to the4He
destruction threshold. The secondary reactions4He(t,n)6Li
and 4He(3He,p)6Li also have low energy resonances, furth
increasing their yields. The6Li production from 7Li and
7Be, however, has lower thresholds, and thus becomes d
nant for small lifetimes,tX&107 s. These channels are im
portant where7Li destruction is moderate but still sufficien
to make significant amounts of6Li, leading to a break in the
slope of the 6Li curve at zX;10211. The ‘‘nose’’ at zX
;1027 GeV andtX;107 s marks the location at which4He
photodissociation becomes important. With this increase
reactants, the amount of6Li increases sharply.

In Fig. 4~b! we see that the secondary production dom
nates the evolution of6Li for quite low zX . Since the6Li
secondary-production cross sections have thresholds, th
erage initiating photon energy must be higher than in
standard photodestruction process. In this higher-energy
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gime, double-photon scattering is comparable to the ot
photon energy-loss mechanisms. This reduces the de
dence on the baryon density, effectively flattening out
contours in the (zX ,h) plane where secondary production
important. At higherzX , photodestruction of6Li takes over,
taking us to the6Li desert.

As noted in@11#, the 6Li/ 7Li ratio offers additional con-
straints besides those provided by each nuclide separa
We plot 6Li/ 7Li contours in Fig. 5, where we see that the
are smoother than the contours for6Li alone. Because6Li
dissociation has a higher threshold than7Li—see Table I—
6Li/ 7Li is large in the desert region of highzX , though each
individual abundance is quite small. For smallerzX , 6Li
increases withzX , while 7Li either remains constant or de
creases. The upshot is that6Li/ 7Li grows with zX , as seen in
Fig. 5.

Having described the physics that leads to the abunda
patterns we have computed, we can now discuss how
physics allows the observed abundances to place constr
on decaying particles. To obtain these constraints, we c
FIG. 5. ~Color online! Con-
tours of 6Li/ 7Li, plotted as in Fig.
1.
1-10
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FIG. 6. ~Color online! Exclu-
sion limits based on deuterium ar
shown in~a! the (zX ,tX) plane for
h1056 and ~b! the (zX ,h) plane
for tX5108 s. The dark ~dark
blue! shaded region correspond
to an overabundance of D/H
while the light~light blue! shaded
region corresponds to an unde
abundance of D/H.
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V. LIMITS ON UNSTABLE RELIC PARTICLES

We now impose the observed light-element abunda
constraints of Sec. III A with the results of the previous se
tion. We do this for each element individually, then combi
the results to obtain the strongest constraints.

We remind the reader that light element constraints
decaying particles depend onh, but of course one cannot us
the standard BBN limits onh as part of ones limits. In the
past, this difficulty has only been overcome by adopting li
its onh derived from non-nucleosynthetic arguments. The
limits have, until recently, been rather weak, which h
weakened the power of the light element constraints. T
situation has now changed drastically. We recall that sev
CMB experiments now imposeh10.6 with a 15% uncer-
tainty. Thus, if we adopt the CMB results, we no longer m
treat h as weakly constrained by non-BBN argumen
strengthening the results we derive.
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We quote limits forh1056, and emphasize results fo
tX5108 s, which is roughly the lifetime for which the con
straints are the strongest, and is also within the range
current interest for gravitino decays. These limits do va
with choice of baryon-to-photon ratio, scaling ash1/2. Over
the range allowed by the CMB, our constraints do not cha
significantly. Results at lowertX weaken rapidly, while the
constraints at highertX scale roughly astX

1/4, as in Eqs.~42!,
~43! and~47!. The dependences ontX andh shown analyti-
cally in Sec. IV A are clearly seen in Figs. 6, 7, and 8, th
one can determine how the constraints change for diffe
parameters.

Also, the current observational status of standard B
comes into play. Namely, the present observational data
4He and 7Li are in tension with those for D, the forme
preferringh10;3 and the latterh10;6. On the one hand, if
standard BBN is correct and the tension is due to system
errors, the result is that these errors weaken the constra
that one can place on decaying particles. On the other h
if the observations were to improve to the point that t
FIG. 7. ~Color online! As in
Fig. 6, including the constraints
from 4He, medium~pink! shading
and 7Li, medium-light ~green!
shading.
1-11
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FIG. 8. ~Color online! As in
Figs. 6 and 7, including the con
straints from 6Li, medium-dark
~red! shaded region and6Li/ 7Li,
very light ~yellow! shaded region.
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light-element agreement can no longer be accommoda
this could herald new physics. In this case, decaying parti
offer a way @11# of reconciling the abundances of the lig
elements, in which case one also derives estimates of
requiredzX andtX .

We turn first to the elements which are only destroy
namely 4He and 7Li. The observed constraints on4He ~25!
give

zX~ 4He!,2.5310210 GeV, ~48!

which is driven by the lower limitYp.0.227 that we
adopted. The sharp drop of4He with increasingzX ~i.e., the
descent into the desert of Fig. 1! ensures that the constrain
on zX is insensitive to the preciseYp limit chosen. The situ-
ation is similar for 7Li, for which Eq. ~27! give the weaker
constraint

zX~ 7Li !,231029 GeV. ~49!

For deuterium, net production and net destruction are b
possible. In terms of Fig. 2, this means that limits on
exclude the ridge in the D mountain, while allowing regio
at higher and lowerzX . In particular, the observed D abun
dances ~22! allow the range 231028 GeV&zX&3
31028 GeV, but the4He and 7Li constraints are each abl
to exclude this regime. Consequently, the only remaining
gion is the low-z side of the mountain,

zX~D!,3310211 GeV. ~50!

Since 6Li is not produced significantly in standard BBN
only production is important for lowzX , while for higherzX
destruction dominates. Thus, the situation is similar to tha
D: there is a6Li mountain, with the observations allowing
narrow high-zX region and a large low-zX region. The6Li/H
abundance of Eq.~29! gives

zX~ 6Li !,5310212 GeV ~51!
10352
d,
s

he

,

th

-

f

in addition to a higher region that is discordant with4He and
7Li. The 6Li/ 7Li ratio ~28! gives

zX~ 6Li/ 7Li !,7.0310212 GeV. ~52!

Figure 6 summarizes our results for the constraints base
D/H in both the (zX ,tX) plane~for h1056) and the (zX ,h)
plane fortX5108 s. The dark~blue! shaded regions corre
spond to an overabundance of D/H, i.e. regions where th
is net production of deuterium. The lighter~blue! shaded
regions represent an underabundance of D/H or reg
where there is net destruction of deuterium. Notice that
thin strips which are unshaded for which the D/H abunda
is acceptable. These will be excluded when the constra
from the other light elements are included.

In Fig. 7 we include the constraints from4He and 7Li.
Here we superimpose the4He constraint, shown as the me
dium shaded~pink! region. and the7Li constraint, shown as
the medium-light~green! shaded region, on the D/H con
straints. We see that D,4He, and7Li alone, i.e., primordial
species, impose a limit of

zX&zmax53.5310211 GeV, ~53!

which is dominated by the limits from D. We can do better
we include 6Li. Our limit 6Li/H&2310212 pushes the
above constraint down to

zX&zmax55310212 GeV ~54!

for tX5108 s as seen in Fig. 8 by the medium-dark~red!
shaded region. The constraint from the6Li/ 7Li ratio is shown
as the very light~yellow! shaded region. Notice that it be
comes the stronger constraint ath,5.0.

These constraints are subject to uncertainties in the6Li
limit, due both to the possible stellar depletion of6Li and the
known galactic production of6Li by cosmic rays. Our limit
is intended conservatively to allow for both effects. Even
we see the power of 6Li. We thus urge further
1-12
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observations of the Li isotopic ratio, as a firmer understa
ing of this nuclide could further strengthen the constraint
have derived.

Our results agree quite well with previous studies@11–
13#. When comparing to@11,13#, one has to take into accoun
that they have taken the relic abundance as the abund
before electron/positron annihilation, therefore a factor
11/4 should be applied to our results to compensate.
should note that@11# did not include secondary productio
reactions. The remaining differences are most likely due
assumed cross section fits. Since the previous studies d
present their photodissociation cross sections we ca
compare directly.

There is a significant difference in the predicted6Li abun-
dance, however. Besides cross section differences,
center-of-mass thresholds were used by@12,13# rather than
the laboratory frame thresholds we use. In this scenario,
laboratory frame is the appropriate frame. This mistake al
causes6Li to be overproduced by almost an order of mag
tude. Had the secondary cross sections we adopted not
significantly larger than those used by@12,13#, our constraint
would be noticeably weaker.

One might be concerned that uncertainties from nuc
reactions propagate into our results. BBN uncertainties h
been taken into account. The photodistruction cross secti
however, are weighted by steep functions of energy, wh
puts all of the cross section dependence very close to
threshold energy. The remaining uncertainties from the p
todissociation and secondary cross sections are of the o
of 10%, thus weakening our constraints only slightly. T
dominant uncertainties arise from the BBN predictions of
light element abundances.

As already noted, if the observed light-element abu
dances retain their current central values, but the error bu
shrinks, then the light-element data will be in discord w
standard BBN. Decaying particles might provide one p
sible means of reconciling such light-element observati
and theory. As an illustrative example, consider the cas
which the CMB fixesh1056, and the observed light eleme
abundances remain as above, but with the total error bu
equal to that of the current statistical errors. Then7Li and D
would be in significant disagreement. One could, howev
bring these nuclides and4He into agreement by appealing
the decaying-particle scenario we have laid out here, the
lowed region of parameter space still open being one
which a non-zerozX is preferred. The new7Li upper limit
would eliminate low values ofzX , allowing only a narrow
band withz'1029. The observations would force us to liv
in the narrow channel where D production and destruct
are nearly balanced, with a decaying particle lifetimetX
'33106 sec. In this regime,4He is at its BBN value, be-
cause of its high photoerosion threshold, shown in Tabl
However, the more weakly bound7Li is destroyed, at just
the right level to bring the observations in accord with the
observations. This rather fine-tuned scenario is testable
6Li observations. In this region of parameter space, we p
dict a 6Li abundance of6Li/H'10211 and 6Li/ 7Li'0.03.
This 6Li abundance would appear as a pre-galactic platea
halo stars. Indeed, the6Li level would be large enough to
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dominate the cosmic-ray component of6Li over most of the
Population II metallicity range.

VI. APPLICATION TO COSMOLOGICAL GRAVITINOS

We now illustrate the impact of our calculations by di
cussing their implications for cosmological gravitinos.
conventional supergravity scenarios, the gravitino is
pected to have a mass comparable to that of supersymm
partners of standard model particles, which should we
less than about 1 TeV if they are to stabilize the gauge h
archy @57#. Therefore, the gravitino is usually thought
weigh between about 100 GeV to 10 TeV, though both lar
and smaller masses have sometimes been considered
lightest supersymmetric particle~LSP! is generally thought
to be the lightest neutralinox, a model-dependent mixture o
the photinog̃, the z-ino Z̃ and the neutral HiggsinosH̃1,2
@58#. The LSP would be stable in models in whichR parity is
conserved, as we assume here. On the other hand, the
itino would be unstable, with a partialG̃→x1g decay rate
calculated to be

G~G̃→xg!5
1

4 S MG̃
3

MP
2 D Oxg

2 , ~55!

whereOxg is the fraction ofg̃ in the wave function of the
LSPx, andMP is the Planck mass. In many models, the LS
is essentially a pureU(1) gaugino (B-ino! B̃, in which case
Oxg5cos2uW and the neutralino mixing does not suppre
the gravitino decay rate~55!. We assume for now thatx
5B̃ and that no other gravitino decay modes are significa
in which case the gravitino lifetime is

tG̃52.93108S 100 GeV

MG̃
D 3

s. ~56!

We discuss later the modifications to our analysis neede
the LSP is essentially a pure Higgsino, another possibi
sometimes considered, or if other decay modes are ope
the gravitino.

The production of gravitinos in the early Universe h
been the subject of heated discussion. An unavoidable c
tribution is thermal production@59,8,60,61#. Here, we will
apply our results in combination with the recent calculati
in @61#, which gives

YG̃[
nG̃

ng
51.2310211S 11

mg̃
2

12mG̃
2 D 3S TR

1010 GeV
D

~57!

whereTR is the maximum temperature reached in the ea
Universe.4 In conventional inflationary cosmology,TR is the

4We note that this calculation is based on the dominant str
contributions to gravitino production. Electroweak correctio
would enhance the production rate by about 5–20 %.
1-13
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reheating temperature achieved at the end of the inflation
epoch. In some inflationary scenarios, there may be a
tional gravitino production, either during the inflationary e
och or later, before thermalization is achieved. Either
these effects would only accentuate the potential problem
discuss below, and we do not consider such possibili
here.

In Eq. ~57!, mg̃ is the low-energy gluino mass. In supe
symmetric models with gaugino mass unification, there i
definite relation between the gluino mass and theB-ino mass,
which, at the one-loop order sufficient for our purposes
mg̃ /mB̃.a3(mg̃)/a1. Typically, this ratio is between 5 an
6. If the B-ino is the LSP, as we are presently consideri
then mG̃>mB̃ . The middle term in Eq.~57! is therefore
never larger than 4, and tends to unity for large gravit
masses. Thus we estimate

YG̃.~0.722.7!3102113S TR

1010 GeV
D ~58!

in this case.
The upper limit~1! can be expressed as a limit onYG̃ :

YG̃,53102143S 100 GeV

mG̃
D . ~59!

Comparing the calculated abundance~58! with the upper
limit ~59!, we infer the following upper limit on the reheatin
temperatureTR , for MG̃;100 GeV:

TR,~1.927.5!3107 GeV. ~60!

This upper limit is far smaller than the reheating temperat
TR;1012 GeV expected in conventional inflationary sc
narios. As noted in the Introduction, this bound places
portant constraints on models of baryo/leptogenesis.

We recall that the upper limit~60! comes from a combi-
nation of data and calculations of different light-eleme
abundances. It could not be obtained by considering the d
terium abundance alone, as this would allow a ‘‘tail’’ of th
parameter space extending to large gravitino abunda
YG̃ , as well as an isolated ‘‘channel’’ at largeYG̃ . The tail
cannot be excluded just by considering also the abundanc
4He, though the channel probably can. However, as
cussed earlier, the tail can be excluded by also conside
the 6Li abundance. We have already discussed why we th
that measurements of the relevant photoreaction cross
tions and the astrophysical data are now sufficiently relia
for the 6Li data to be regarded as a serious constraint.

As we commented at the end of the previous section
the observed light-element abundances were to retain
current central values while the error budget shrank,
light-element data would become inconsistent with stand
BBN, and decaying particles might be able to reconcile s
light-element observations with theory. This scenario wo
predict a lifetime tG̃'33106 s and an abundancezG̃
'1029 GeV. These constraints would place the graviti
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mass atMG̃'460 GeV, with a relic abundance ofYG̃'2
310212, corresponding in turn to a reheating temperatu
TR.(0.823.1)3109 GeV.

How might the potentially embarrassing conclusion (6
be avoided or evaded?

The first option one might consider is diluting the dens
of gravitinos by several orders of magnitude some time
tween their production at a temperature close toTR and the
period when they decay. This large entropy release sho
certainly occur before BBN, i.e., when the aget&1 s, in
order to avoid destroying its predictions completely. Ve
likely, such a large entropy release would also have had
occur before baryogenesis, in order to avoid an unaccept
dilution of the primordially generated baryon asymmet
The latest epoch at which baryogenesis is seems likely
have occurred is the electroweak phase transition, which
curred when the aget;10210 s. Affleck-Dine baryogenesis
@40# offers one such possibility. In these models the Unive
becomes dominated by the oscillation of a scalar field alo
a supersymmetric flat direction. In general, the net bary
asymmetry produced in these models can be quite large
tually necessitating late entropy production@62#. The dilution
of the gravitino abundance would be an immediate con
quence. The issue of gravitino production and dilution
connection with baryogenesis was recently considered@63#
in the context of the pre-big-bang scenario@64#.

It is possible that the mass and decay modes of the g
itino are such that the bounds discussed here, which co
lifetimes from 104–1012 s, become inapplicable. We se

from Eq. ~55! that the rate forG̃→x1g decay would in-
crease by three orders of magnitude ifMG̃ were one order of
magnitude larger. In fact, a heavier gravitino might have
ditional decay modes open kinematically, possibly decre
ing its lifetime by another two orders of magnitude if all th
MSSM particle weighed less thanMG̃ . If tG̃;104 s, as
might occur if MG̃;1 TeV and it could decay intoX̃EW
1XEW as well asx1g, whereXEW is any standard mode
particle with only electroweak interactions, our limits a
significantly weakened. However, we remind the reader t
outside the range 104–1012 s other bounds come into play. A
smaller lifetimes, hadronic decay products will upset the p
diction of BBN @5,6,14#. From the recent results of@14#, one
finds that for lifetimes in the range 1 –104 s, the upper limit
to YG̃ is of order 10213, and this bound weakens at lowe
lifetimes. For t,few31022 s, the BBN limit disappears
Similarly, at longer lifetimes .1012 s, there are non-
negligible constraints from the observed gamma-ray ba
ground@65,7,66#. These are strongest for decay lifetimes
order the age of the Universe;1018 s, where the bound on
mG̃YG̃ is of order 10216. At still longer lifetimes, the bound
weakens quickly and becomes ineffective at lifetimes lon
than about 1024 s.

Could the cosmological embarrassment be avoided
MG̃!100 GeV? In such a case, the gravitino would presu
ably be the LSP, and absolutely stable ifR parity is con-
served, as we have been assuming. In fact, as argued in@61#,
a reheating temperature of order 1010 GeV would result in an
1-14
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acceptably large relic density of gravitinos. Converting t
gravitino abundance in Eq.~58! to its contribution to closure
density, one finds

VG̃h25~0.02620.1!3S mG̃

100 GeVD S TR

1010 GeV
D .

~61!

In this case, the lightest MSSM sparticle~presumably the
lightest neutralinox) would be the next-to-lightest supe
symmetric particle~NLSP!, and would itself be unstable: th
decay NLSP→g1G̃ would have a lifetime similar to Eq
~56!, and the bound~57! could be applied to the NLSP abun
danceYNLSP, which in terms ofVxh2 is

Vxh2,231024. ~62!

However, suppressingVxh2 to such a low value seems ver
difficult. Characteristic values ofVxh2 in the MSSM are
O(0.01210.0) @67#, corresponding toYx;10210, which is
far above the bound~57!. Indeed, in much of the phenom
enologically allowed supersymmetric parameter space,
relic density is too large. Relic neutralino densities as low
Eq. ~62! would require special parameter choices for wh
the neutralino is either primarily a massive Higgsino,
which case important coannihilation effects might suppr
the abundance, or the neutralino mass happens to be
close to half the mass of the heavy Higgs scalar and pse
scalar, so that rapids-channel annihilation reduces the ne
tralino density. In the former case, it is in fact unlikely th
coannihilations are sufficiently strong to satisfy the bou
~62!, despite reducing the relic density to a level well belo
critical. In the latter case, however, very low relic densit
are possible.

Could the cosmological embarrassment be avoided by
tering the composition of the LSP into which the gravitino
supposed to decay? The gravitino decay amplitude could
suppressed, and the lifetime estimate~56! correspondingly
increased, if the LSP did not have photino component,
example if it were essentially a pure Higgsino. However,
view of the discussion above, in realistic models it see
difficult to suppress theG̃2x2g coupling enough to in-
crease the gravitino lifetime sufficiently to relax the bou
~57! adequately, bearing in mind the bounds applicable
longer lifetimes.

Finally, we consider briefly the situation ifR parity is
violated. First we considerR-violating decays of the lightes
MSSM particle, assumed to be the lightest neutralinox. As
discussed earlier, its abundance is likely to beYx*10210,
which conflicts with our bounds unlesstx&104 s.5 Consid-
ering now the decays of the gravitino, assuming it to
heavier thanx, there are two options to consider. The sim
plest possibility is that it decays in the same way as in
R-conserving case:G̃→x1g, etc., in which case the previ

5Note that the casetx&102 s requires further consideration, goin
beyond the scope of this paper.
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ous R-conserving gravitino analysis applies, and we ag
conclude thattG̃&104 s. Alternatively, the dominantG̃ de-
cays might violateR parity. In this case, the boundtx

&104 s again applies, and, as discussed above, the s
bound applies to the decays of the lightest MSSM sparti

VII. DISCUSSION AND CONCLUSIONS

We have re-examined in this paper the upper limits on
possible abundance of any unstable massive relic par
that are provided by the success of big-bang nucleosynth
calculations. A new aspect of this work has been the use
cosmic microwave background data to constrain indep
dently the baryon-to-photon ratio, which was not possible
previous studies of this problem. We have also incorpora
in our analysis an updated suite of photonuclear and nuc
cross sections, and calculated both analytically and num
cally the network of reactions induced by electromagne
showers that create and destroy the light elements deuter
3He, 4He, 6Li and 7Li.

It was pointed out in previous work that considerations
the deuterium abundance alone would allow certain exc
tional regions of parameter space with relatively large ab
dances of unstable particles. However, as shown in this
per, considerations of the abundances of4He and 6Li
exclude these particular regions.

We have illustrated our results by applying them to m
sive gravitinos. If they weigh;100 GeV, their primordial
abundance YG̃ should have been &5310214

3(100 GeV/mG̃), corresponding to a reheating temperatu
TR,(1.927.5)3107 GeV. This could present a potentia
difficulty for some models of inflation and leptogenesis. W
have discussed various scenarios for evading this pote
embarrassment, for example by varying the gravitino ma
or by postulating an alternative scenario for baryogene

FIG. 9. ~Color online! Cross-section data for the reactio
4He(t,n) 6Li are plotted versus the center of mass energy. The s
curve is the parametrization we use, whilst the dashed curve is
adopted in previous studies@12,13#.
1-15
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such as non-thermal leptogenesis or the Affleck-Dine mec
nism.

This example of the gravitino illustrates the power a
importance of the cosmological upper limits on the abu
dances of unstable massive particles. Extensions of
analysis are clearly desirable. For example, it would be va
able to combine our analysis of electromagnetic decay
cades with a similar analysis of hadronic showers, a to
that lies beyond the scope of this paper.
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APPENDIX: CROSS SECTIONS

Kawasaki, Kohri and Moroi@13# have provided a usefu
table of reactions and references to nuclear data. We h
supplemented the data by using tabulations made by the
tional Nuclear Data Center~NNDC! @68# and the NACRE
Collaboration@69#. The relevant cross sections are listed h
for convenience, and we refer the interested reader to
NNDC and NACRE websites for further references on
data.

We have computed thresholds anduQu values using the
mass data of Audi and Wapstra@70#, available on the US
Nuclear Data Program website@71#. Reverse reaction dat
were sometimes available, in which cases we used deta
balance to transform the data into forward data. The eq

FIG. 10. ~Color online! Cross-section data for the reactio
4He(3He,p) 6Li are plotted versus the center-of-mass energy. T
solid curve is the parametrization we use, whilst the dashed cur
that adopted in previous studies@12,13#.
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tions of detailed balance for the reactionsg1T→A1B and
P1T→A1B are

sg1T→A1B5
gAgB

~11dAB!gT
S mEcm~A,B!

Eg
2 D sA1B→T1g

~A1!

sP1T→A1B5
~11dPT!gAgBmAmBEcm~A,B!

~11dAB!gPgTmPmTEcm~P,T!

3sA1B→P1T , ~A2!

where thegi are the statistical weights of each species,m is
the reduced mass of the systemA1B, andEcm(x,y) is the
center-of-mass energy of the systemx1y. See Blatt and
Weisskopf@72# and Fowler, Caughlan, and Zimmerman@73#
for discussions on these relations.

In the numerical fits, all energies are in MeV. In a fe
cases, which we have noted, the fits are those previo
published. Otherwise, we have adopted a specific empir
form for the nonresonant parts of the cross sections. T
form is the product of a power law in photon energyEg , and
a power law in photon energy above threshold,Eg2uQu. We
have found that expressions of this type provide a simple
accurate representation of the data.

~1! d(g,n)p, Eg,th5uQu52.224573 MeV@74#

s~Eg!518.75 mbF SAuQu~Eg2uQu!
E D 3

10.007947SAuQu~Eg2uQu!
E D 2

~AuQu2A0.037!2

Eg2~ uQu20.037!G .
~2! t(g,n)d, Eg,th5uQu56.257248 MeV@75,76#

s~Eg!59.8 mb
uQu1.95~Eg2uQu!1.65

Eg
3.6

.

~3! t(g,np)n, Eg,th5uQu58.481821 MeV@76#

s~Eg!526.0 mb
uQu2.6~Eg2uQu!2.3

Eg
4.9

.

~4! 3He(g,p)d, Eg,th5uQu55.493485 MeV@77,78#. We
use reverse reaction data from NACRE@69,79#

s~Eg!58.88 mb
uQu1.75~Eg2uQu!1.65

Eg
3.4

.

~5! 3He(g,np)p, Eg,th5uQu57.718058 MeV@78,80#

e
is
1-16
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s~Eg!516.7 mb
uQu1.95~Eg2uQu!2.3

Eg
4.25

.

~6! 4He(g,p)t, Eg,th5uQu519.813852 MeV@81–83#

s~Eg!519.5 mb
uQu3.5~Eg2uQu!1.0

Eg
4.5

.

~7! 4He(g,n) 3He, Eg,th5uQu520.577615 MeV@82,84–
87#

s~Eg!517.1 mb
uQu3.5~Eg2uQu!1.0

Eg
4.5

.

~8! 4He(g,d)d, Eg,th5uQu523.846527 MeV @88,89#.
We use reverse reaction data from NACRE@69,90#

s~Eg!510.7 mb
uQu10.2~Eg2uQu!3.4

Eg
13.6

.

~9! 4He(g,np)d, Eg,th5uQu526.0711 MeV@84#

s~Eg!521.7 mb
uQu4.0~Eg2uQu!3.0

Eg
7.0

.

~10! 6Li( g,np) 4He, Eg,th5uQu53.698892 MeV@91,92#

s~Eg!5104 mb
uQu2.3~Eg2uQu!4.7

Eg
7.0

.

~11! 6Li( g,X)3A, Eg,th5uQu515.794685 MeV@93#

s~Eg!538.1 mb
uQu3.0~Eg2uQu!2.0

Eg
5.0 H 3.7 expF2

1

2

3S Eg219.0

3.5 D 2G12.75 expF2
1

2 S Eg230.0

3.0 D 2G
12.2 expF2

1

2 S Eg243.0

5.0 D 2G J .

~12! 7Li( g,t) 4He, Eg,th5uQu52.467032 MeV, Ecm
5Eg2uQu @92#. We use reverse reaction data from NACR
@69#, with modifications from Cyburt, Fields, and Oliv
@16,94#
10352
s~Eg!50.105 mbS 2371 MeV2

Eg
2 D expS 22.5954

AEcm
D

3exp~22.056Ecm!~1.12.2875Ecm
2 21.1798Ecm

3

12.5279Ecm
4 !.

~13! 7Li( g,n) 6Li, Eg,th5uQu57.249962 MeV@95–97#

s~Eg!50.176 mb
uQu1.51~Eg2uQu!0.49

Eg
2.0

11205 mb
uQu5.5~Eg2uQu!5.0

Eg
10.5

1
0.06 mb

11S Ecm27.46

0.188 D 2 .

~14! 7Li( g,2np) 4He, Eg,th5uQu510.948850 MeV@92#

s~Eg!5122 mb
uQu4.0~Eg2uQu!3.0

Eg
7.0

.

~15! 7Be(g, 3He)4He, Eg,th5uQu51.586627 MeV,Ecm
5Eg2uQu. We use reverse reaction data from NACRE@69#,
with modifications from Cyburt, Fields, and Olive@16,98#

s~Eg!50.504 mbS 2371 MeV2

Eg
2 D expS 25.1909

AEcm
D

3exp~20.548Ecm!~120.428Ecm
2 10.534Ecm

3

20.115Ecm
4 !.

~16! 7Be(g,p) 6Li, Eg,th5uQu55.605794 MeV. We use
reverse reaction data from NACRE@69,99#

s~Eg!532.6 mb
uQu10.0~Eg2uQu!2.0

Eg
12.0

12.27

3106 mb
uQu8.8335~Eg2uQu!13.0

Eg
21.8335

.

~17! 7Be(g,2pn) 4He, Eg,th5uQu59.30468 MeV. No
data exist. We assume isospin symmetry and use the dat
the reaction7Li( g,2np) 4He @92#

s~Eg!5133 mb
uQu4.0~Eg2uQu!3.0

Eg
7.0

.

1-17
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~18! 4He(t,n) 6Li, Ep,th58.386972 MeV, uQu
54.78293 MeV,Ecm5@m4 /(m41mt)#Ep . We use reverse
reaction data@100#

s~Eg!51940 mb
@~Ecm2uQu!/uQu# .75

11S Ecm25.03043

.045 D 2

196.1 mb
@~Ecm2uQu!/uQu# .25

11S Ecm27.1329

1.5 D 2

132.8 mb
@~Ecm2uQu!/uQu#0.5

11S Ecm27.5239

12.5 D 2 .

The data and fit appear in Fig. 9.
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~19! 4He(3He,p) 6Li, Ep,th57.047667 MeV, uQu
54.019167 MeV, Ecm5@m4 /(m41m3)#Ep . We use re-
verse reaction data@101#

s~Eg!5170 mb
@~Ecm2uQu!/uQu# .75

11S Ecm25.8192

.3 D 2

175.0 mb
@~Ecm2uQu!/uQu# .25

11S Ecm27.5192

1.5 D 2

132.1 mb
@~Ecm2uQu!/uQu# .5

11S Ecm212.019

5.75 D 2 .

The data and fit appear in Fig. 10.
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