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Radiative decay of a massive particle and the nonthermal process in primordial nucleosynthesis
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We consider the effects on big bang nucleosynth@&iN) of the radiative decay of a long-lived massive
particle. If high-energy photons are emitted after the BBN epdchl( 10° sec), they may change the
abundance of the light elements through photodissociation processes, which may result in a significant dis-
crepancy between standard BBN and observation. Taking into account recent observational and theoretical
developments in this field, we revise our previous study constraining the abundance of the radiatively decaying
particles. In particular, on the theoretical side it was recently claimed that the nonthermal production of
which is caused by the photodissociation4fe, most severely constrains the abundance of the radiatively
decaying particle. We will see however, that it is premature to emphasize the importance of the nonthermal
production of®Li because(i) the theoretical computation of tHi.i abundance has a large uncertainty due to
the lack of a precise understanding of tflé production cross section, ar(d) the observational data of the
SLi abundance has large errors.
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I. INTRODUCTION After Ref. [3] was published, several new observational
data of light elements were reported. As for thide abun-

Big bang nucleosynthesi®BN) is one of the most im- dance, it was still unclear whether the observational value of
portant tools used to probe the early universe. Because it ihe primordial “He mass fractiorY is low (~0.234)[9,10]
very sensitive to the condition of the universe from #@ec  or high (~0.244)[11]. However, Fields and Olive consid-
to 10'2 sec, we can indirectly check the history of the uni- ered the Hel absorption effect and reanalyzed the Heth
verse and impose constraints on hypothetical particles bgnd obtained a relatively middle value ¥f(~0.238). On
observational light element abundances. the other hand, as for the primordial D/H, although low val-

There are many models of modern particle physics beues of D/H (~10°) [13] had been measured and regarded
yond the standard model, e.g., supergravity or superstrings the primordial abundance, a relatively high value of D/H
theory, which predict unstable massive particles with masses~10~4) was claimed again by Tytlest al.in the high red-
of O (100 GeVj, such as the gravitino, Polonyi field, moduli, shift quasistellar objectQSO absorption systemgl4]. In
and so on. They have long lifetimes because their interacheir paper they stressed that while the data may be inad-
tions are suppressed by inverse powers of the gravitationaquate to definitely conclude it to be of a precise value, there
scale. Consequently, these exotic particles may decay & still a possibility of the high D/H.
about the BBN epochT=1 MeV). If the massive particles On the theoretical side it was recently claimed that the
radiatively decay, the emitted high-energy photons induceeverest constraint on the radiatively decaying particle may
the electromagnetic cascade process. If the decay occurs dfe from the nonthermal production 8ti, which is a sec-
ter the BBN starts, the light elements would be destroyed byndary ®Li production due to the backgrountHe and the
the cascade photons and their abundances would be changeaergetic T or’He produced by théHe photodissociatiof.
significantly. Comparing the theoretically predicted light el- However, the observational data of the primordial compo-
ement abundances with the observational ones, we can inment of ’Li has large uncertainties. In addition, precise ex-
pose constrains on the energy density, the mass, and the lifperimental data for the nuclear cross sections are not avail-
time of the parent massive partic[d—3].> In particular, able. Therefore, it is unclear how important the nonthermal
Holtmann and the present authd® performed the maxi- °Li production is once we take account of these uncertain-
mum likelihood analysis including both theoretical and ob-ties.
servational errors and obtained the precise constraints. With these new developments in theory and observation,

we revise the previous constraint on the radiative decay of

There have been many articles concerning BBN and long-lived
massive particles; sdd,5] for hadronic decaying particlegs] for 2Such a possibility of the secondary process had already been
residual annihilations, ani?,8] for decaying neutrinos. pointed out by the earlier works for hadronic decaying particbés
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long-lived particles. We obtain the photon spectrum by solv- rgbzssrgb;@ ) (4)
ing the Boltzmann equation numericallg]. In addition, we ’ o

perform the Monte Carlo simulation which includes both theAIthough in the standard scenario the theoretical prediction

experimental and theoretical errors. Then, we estimate the . ¢ 1o ahove constrairtHe photodissociation pro-

method including both he thecredcal and the ebservationsfuces both D andke and can raise théfe to D raio[ 1]
9 aHence, we include this constraint into our analysis.

errors. The primordial “He mass fractiorY is inferred from ob-

Th's paper is organized as follows. I_n Sec. Il we brleﬂy?ervation of recombination lines from the low metallicity
review the current status of the observational data. In Sec. Il

) . . - xtragalactic HIl regions. SincéHe is produced with the
we mtroduc6e .the formglatlons for the photodissociation ancfmygen in stars, the primordial value is obtained to regress to
nonthermal®Li production. In Sec. IV we compare the the-

. - ; . ) . the zero metallicity O/H—0 for the observational data. Re-
oretical predictions with the observations. Section V is de- . . ; .

) cently, Fields and Olivg12] reanalyzed the data including
voted to conclusions.

the Hel absorption effect and they obtained

II. OBSERVATIONAL LIGHT ELEMENT ABUNDANCES yobs— 0-238t(O-OOZStati(O-OOS)sysn (5)

Here we summarize the current status of the observational
light element abundances. The primordial D/H is measuredavhere the first error is the statistical uncertainty and the sec-
in the high redshift QSO absorption systems. Recently newond error is the systematic one. We adopt the above value as
deuterium data was obtained from observation of QSO H$he observationaY.
0105+1619 at z= 2.536[16]. It was found that the cloud is The primordial ’Li/H is observed in the Pop Il old halo
neutral and has a simple structure. Five Lyman series transstars. We adopt the recent measurements by Bonifacio and
tions caused by D and H were observed there. The reportedolaro [20]
value of the deuterium abundance was relatively low,

(D/H)°P=(2.54+0.23)x 10" °. Combined with the previ- logyd (7Li/H)°PS]= —9.76+ (0.012 g1ar (0.05)¢y6
ous “low D" data which were obtained by the clouds atz
3.572 towards Q 19371009 and at z= 2.504 towards Q *(0.3)add- (6)

1009+2956(13], the primordial abundance is obtained as
Here we have added the additional uncertainty for fear that

low D:(D/H)°P3=(3.0+0.4) X 10" °. (1)  the ’Li in halo stars might have been supplementied pro-
duction in cosmic ray interactionsr depletedin starg [21].
We call this value “low D.” On the other hand, Wel#i al. It is much more difficult to observe the primordial com-

observed a high deuterium abundance in relatively low redponent ofSLi because®Li is so much rarer thariLi. Unfor-
shift absorption systems at=z 0.701 towards Q 17184807  tunately, enough data have not been obtained to find the
[17], “Spite plateau” of 5Li. However, we can set an upper bound
on SLi/"Li, since it is generally believed that the evolution of
high D:(D/H)°PS=(2.0+0.5x 10 4. (2)  SLiis dominated by the production throughgeC,N,O cos-
mic ray spallation(reactions of cosmic rays with the inter-
Tytler et al.[14] also observed the clouds independently andstellar mediun Intrinsically the models of the nucleosyn-
obtained the similar value. Since Weld al. and Tytler thesis through the cosmic ray spallation were motivated to
et al. did not obtain the full spectra of the Lyman series in simultaneously agree with the whole observational Li-Be-B
their observations, the precise fitting of D/H based on theabundance§22-24. On the other hand, recently it was
“high D” data might be inadequate. However, the possibil- claimed that the observationélLi abundance in halo stars is
ity of “high D” have not been excluded yet. Therefore, we too abundant from the point of view of the cosmic ray energy
also consider the possibility of “high D” and include it in if °Be is fit by the model of the cosmic ray meti5].
our analysis. Therefore, there seems to be some uncertainties in the mod-
For 3He, we use the presolar measurements. In this papeels of the cosmic ray spallation. In this situation, however, at
we do not rely upon models of galactic and stellar chemicaleast it would be safe to assume tifai abundance increases
evolution because of the large uncertainty in extrapolatingas the metallicity increases. Today we observe only®thie
back to the primordial abundance. But it is reasonable tqao “Li ratio in low-metallicity ((Fe/H] <—2.0) halo stars
assume thafHe/D is an increasing function of the cosmic [26],
time, because D is?the most fragile isotope and is always
destroyed whenevetHe is destroyed. Using the solar sys- obs  _ (6| /7] i\obs _ .
tem data reanalyzed by Geigks], I'6,7halo= (" Li/ "Li)ajo=0.05+0.02. )

rg’bf@E(sHe/D)%bs: 0.591+0.536, 3 \rlggstake this value as an upper bound on the primordial value
6,7 1
where® denotes the presolar abundance. We take this to be obs_ obs
an upper bound on the primordidHe to D ratior$%’, r'e,7 ~I6,7halo- ®
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TABLE I. List of photodissociation processes, and the imcertainty in the cross sections. Since there
are no experimental data on photodissociatiodBé, we assume that the rate, threshold, and uncertainty for
reaction 13 is the same as for reaction 11, and the rate for reaction 14 is the sum of the rates for reactions 10

and 12.
Photodissociation reactions d-uncertainty Threshold energy Ref.
1. D+ y—p+n 6% 2.2 MeV [27]
2. T+y—n+D 14% 6.3 MeV [28,29
3. T+y—p+2n 7% 8.5 MeV [29]
4. SHe+ y—p+D 10% 5.5 MeV [30]
5. SHe+ y—n+2p 15% 7.7 MeV [30]
6. ‘He+ y—p+T 4% 19.8 MeV [30]
7. 4He+ y—n+ 3He 5% 20.6 MeV [31,32
8. “He+ y—p+n+D 14% 26.1 MeV [33]
9. 8Li+ y—anything 4% 5.7 MeV [34]
10. Li+ y—2n+anything 9% 10.9 MeV [34]
11. "Li+y—n+ SLi 4% 7.2 MeV [34]
12. "Li+ y— “*He+anything 9% 2.5 MeV [34]
13. Be+ y—p+ SLi 4%
14. "Be+ y— anything excepfLi 9%
Ill. PHOTODISSOCIATION AND NONTHERMAL parameters are the baryon to photon rat9,(the lifetime of
PRODUCTION OF °Li X (7x), the mass o (my), and the yield variabléyy of X

A. Photodissociation after electron-positron annihilation,

In order to discuss the effect of high-energy photons on Yx=nx/n,, (10
BBN, we need the shape of the photon spectrum induced by ) ) .
the primary high-energy photons from the decay of the masivheren,, is the number density of the photdiin this paper
sive particleX. In the thermal batlimixture of photonsygg, ~ We assume thaX decays only into photons, i.emxYx cor-
electronseg, and nucleondgg), high energy photons lose responds tcApy/ny._Thgn, the phot_odlssomanon_rates de-
their energy by the following cascade processes: doublg?€nd on the combinatiomyYy which characterizes the
photon pair creation %+ yge—e€" +e~); photon-photon amount of the energy of the injected photaks,, as far as
scattering ¢+ yse— y+7); pair creation in nuclei ¢  Mx is much larger than 20 MeY35].
+Ngg—e"+e”+N); Compton scattering ¥+egs— v
+e7); inverse Compton scatteringgt + ygg—e=+ 7). In B. Nonthermal °Li production
this study we numerically solved the Boltzmann equation As pointed out by Jedamzikl5], both T and3He are
mcludmg the above processes, and obtained the d'St”bUt'oﬁroduced through the photodissociation“fe,
function of photonsf .(E,).

The cascade photons induce the photodissociation of the . n+3He,
light elements, which modifies the result of standard BBN He+ y— p+T
(SBBN). The evolutions of the light nuclei abundances are '
governed by the following Boltzmann equation:

(11)

They are still energetic and have enough kinetic energies to
produce®Li through the following processes with the back-

%+3HnN= dny ground “He:
dt dt SBBN
T+*He—5Li+n, (12)
-n dE.o N’ E)f(E I
N% j yINy-N (B TH(Ey) *He+“*He—SLi+p, (13

until they are stopped by the ionization loss through the

plasma excitation in the electromagnetic plasma. The thresh-

old energy of the®Li production is Eg‘gHez 4.03 MeV for

+2 Ny | dE,onryn(E)TL(E,),
NH

€)
where ny is the number density of the nucléi, and
[dny/dt]sgen denotes the SBBN contribution to the Boltz-  3Note that in Ref.[3], Yx=nx/n, is defined before electron-

mann equation. In Table | we list the photodissociation pro-positron annihilation ¢ " e~ ann). Then they have a relationship
cesses included in our computation. In this study the mode¥y|ere+e-ann= 11 Yx| beforee-e—ann.
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3He, andEl}=4.80 MeV for T. Then, the abundance &fi this situation we adopt a 20% error for the nontherrfial
produced through the nontherm{&IT) process in Eq(12) is production rates and perform the Monte Carlo simulation

governed by which includes them.
dn C. Constraint from cosmic microwave background
6L * .. . L
= =Nay J - E,04uey.pT(E,) T (E,) _In addition to the photodlsspu_atlon process, there also
NT E, +4Eg exists another constraint. A radiative decay process releases
" dE| -1 a net photon energy into the electromagnetic plasma. The
< f(Ey_E4 )/4n4He<TT( woLi(E) _) dE, emitted photons should be thermalized soon, otherwise the
EW “ dx photon spectrum deviates from the blackbody, which contra-
(14) dicts the observation of the cosmic microwave background
(CMB) [38]. This leads to the following constraints:
1/2
wherensj(nsye denotes the number density 8Ei( *He). 12 X
¢ . . : mMyYy<2.0xX1 — 1
04He(7,P)T(Ey) is the cross section of thtHe photodissocia- xYx=2.0x<10 Ge 100 se (16
H

tion, E, is the threshold energy of the photodissociation pro- _ _

cess,f.(E,) is the photon spectrum which is obtained by for u dlStOmOg [1.8x10° sec h%/0.02P<74=<2.3
solving the Boltzmann equation, ang,, e (E) is the ~X10° sec (gh?/0.02)], and

cross section of the process in EG2). dE/dx denotes the 12

rate of the ionization loss while the charged particle T is 1 TX

running a distancelx in the electromagnetic plasma. The MiYx=1.9<1077 Ge 100 sed (7

rate of the ionization loss is expressed[Bg]
for 'y distortion [2.3x10° sec gh?/0.02)<ry
=10 sed.

(19

(O]

ez, Ams
dX_ BZ P !

IV. COMPARISON WITH OBSERVATIONAL LIGHT
ELEMENT ABUNDANCES

@p

wherewé is the plasma frequency<(4mn.a/my), n, is the

electron number density, is electron mas< is the charge, , thy - S
A~O(1) is a constant ang is the velocity. The effect of alio (=rg7) in (7, MxYx) plane. The solid line represents

the procesg13) is described by replacing the suffix T with the model parameters which predict the observational mean
3He in Eq.(14). value ofrgj7 and the dashed line denotes the observational 2-

We include the above two processes of the nonthermaf UPPer bound. From the figure, one may think that the mean
8Li production in BBN code and compute tHiLi abun- value of the theoretical prediction constraimgYy severely.

dance. In the computation we adopt the experimental cros/€ should bear in mind, however, that the theoretical pre-
Section ar (g e =35+ 1.4 mb[37] commonly for the two diction has a Ia_lrge uncertalnw_whlch_c_:omes from the errors
processes. Because we have only one data point at the kinefié the production rates, and in addition the observational
energy E;=28 MeV in the laboratory system, we assumeconstra{nt.also has a I_arge error. To take account of. these
that the cross section is constant for the whole energy regiodncertainties systematically, we performed the maximum
and neglect its energy dependence. Then, we integrate trl,lgellhooq analysig 3] including both the theoretical and thg
second factor in Eq14) up to a high energy. One can easily obse_rv_atlonal errors. Hfre Wﬁ assumed that tEe thetﬁretlcal
find that there exists a serious problem in this procedure if ipredictions —of -~ (D/HY", Y™, logyd ("'Li/H) ], 3}

is compared to the case of the original photodissociatior (*He/D)", andrg'; obey the Gaussian probability distribu-
where the photodissociation rates steeply decrease as the dien functions (p.d.f.’s) with the widths given by the 1
ergy increases. Because we have the experimental data fefrors. Concerning the observational values, ([5P9)Y°PS,

the “He photodissociation rates only up to about 100 Mevand logd ("Li/H) °S] are assumed to obey the Gaussian
for the photon energy31-33, we should interpolate the p.d.f.’s while we treatrgjbz'S and rggs as non-Gaussian vari-
photodissociation rates in a high-energy region because @bles[3].

the mild dumping of the integrand. Then, the integration has In Fig. 2 we plot the results of thg? fitting by using the

a large uncertainty+20%) when we change the upper limit method of the maximum likelihood analysis. The solid
of the integration from 500 MeV to 1 Ge¥/Therefore, in  (dashedl line denotes the low Dhigh D) constraint. The

In Fig. 1 we plot the theoretically predictefLi to ’Li

“In addition, there may be another larger uncertainty which comes °If the cross sectionry, ne. decreases at a high energy like
from the differences of the method for the interpolation because wether nuclear interactions, tHfiki production is less important. As
do not know the correct shape of the cross sections. In this case, tlshown later, the resultant constraint is not changed even if we ne-
obtained constraint would be weaker. glect the®Li production.
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10410°10° 107 10° 10°101101101210% 10° 16° 107 10° 10°101101110% The obtained upper bound does not change our earlier

ig: results as much3]. It became slightly weaker because we

107 included the#n dependence for the photodissociation rates
10-¢ (T'=1/75) in this analysi$. We find that the nonthermally
;?.; 10::0 produced ®Li mildly contributes to the bound.The main
- :g_" reason is that both the theoretical computation and observa-
g 10-1 10-t tional data have very large uncertainties which amount to
10-18 about 30—-40 %.
ig:; Assuming that the parent massive particle is the gravitino
Lo-10 and that it dominantly decays into a photon and a photino
10-¢ (31— y+7), the lifetime 75, is related to the gravitino
e massmsy, as
10-#
3 to T3~ 4X 10° secx (mg/1 TeV) 3. (18
;E: 10-1t
g

10-12 Assuming that the gravitino is produced through the ther-
:g::f mal scattering in the reheating process after inflafiove
10-16 relate the abundanceé;;,=ngp,/n,, of the gravitino with the

10-10 reheating temperaturgg [2],
10410510°107 10910910101 011101210+ 105 10° 107 108 109101910111 012
T, (sec) 7, (sec)
Y3=1.1X10 11X (Tx/10° GeV). (19

FIG. 1. Plot ofbLi to "Li ratio in (7x, myYy) plane for various
baryon to photon ratiog=ng/n,) in () =2x10"°, (b) »=4
X107 (c) »=5x10"1° and(d) »=6x10"1% The solid line
denotes the observational mean valuéldf ’Li and the dashed line
denotes the observationalcupper bound.

In Fig. 3 we plot the upper bound on the reheating tempera-
ture after inflation at 95% C.L. as a function of the gravitino
mass. Here we can read off the constraint by using the rela-
tionship of the scalingApy/ny=%m3,2Y3/2(=mex) be-

dotted line denotes the upper bound from the CMB conause we assuméddecays into two phatons. From the ﬂg_-
re we can obtain the upper bound on the reheating

straint. In the figure, the region below the lines is consisten emperature

with the observations. The constraint from the CMB is al-

most always weaker than that from BBN. The main feature

of the difference between high D and low D is that the low D Maz=100 GeV (75,=4X 10° se9: Te=1x 10" GeV,
constraint is severer than high D for a relatively long lifetime

case fx=3x10° sec). That is because the high D con- my,=1 TeV (75,~4X10° seq:Tr=1x10° GeV,
straint modestly allows for the overproduction dle ac-
companying the*He photodissociation. On the other hand,
the high D constraint is more stringent for shorter lifetimes ¢
since the D dissociation is more important than thie pho-
todissociation.

The z dependence is understood as follows. The soft photons

produced in the electromagnetic cascade scatter off the background
electrons and nucleons and lose their energy. Thus the number den-
sity of soft photons with energy larger than the threshold decreases

10-5 %—”“" . I_Ii“j_m;;i:g";:‘ I];"'ll o ”"—% as a scattering rate which is proportionaljo Therefore, the pho-
10-¢ b = todissociation rates are proportional tay1/
o7 b — Low D 3 Tritium is unstable with a lifetimer;=5.614< 10 sec, and
. £ CMB constraint J decays into®He whose charge is two. Thus, becaudde is
% 107 2 E prone to stop ping much easier than T by the ionization loss,
2 10 3 I we might overestimate thé’Li production in parameter re-
> 10-10 | - gions where the stopping timersmp=fg(dE/dt)’1d E=25
E ol 3 x 10%sec(T/eV) 3(E/MeV)*?is longer than the lifetime of tritium,
Lot 2 S e ] i.e., for T<1.7 eV. Therefore, at a long lifetimg=5x 10'* sec,
E o our constraint might become weaker by about a factor of two. How-
107 g E ever, it is expected that the effect would not change the result sig-
1071 g nificantly because théHe overproduction gives a severer constraint
10°10# 105106107 108 10°10191 011 012 there.

7, (sec) 8Although these days it was claimed that gravitinos are also pro-
duced in the preheating epoch nontherm@B@—41], we do not
FIG. 2. Plot of the contour of the confidence level i (myYy) consider such processes here because there are some ambiguities on
plane. The soliddasheglline denotes the 95% C.L. for low igh the estimations and they depend on various model parameters. If the
D) projected on amy axis. The dotted line denotes the upper boundnonthermal production is effective, however, the obtained con-
which comes from CMB constraint. straint might be more severe.
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108 gy getic T and®He produced by théHe photodissociation. We
10t b ---- High D N obtained the photon spectrum through the electromagnetic
E cascade process by solving a set of Boltzmann equations
1ot r— Low D . numerically. In addition, to estimate the theoretical errors we
= 1010 [ - CMB constraint - performed Monte Carlo simulation including the theoretical
K g 3 uncertainties which come from those of nuclear reaction
= 100 E rates. To obtain the degree of agreements between theory and
N - observation, we performed the maximum likelihood method
£ E and they? fitting including both the observational and theo-
107 E retical errors.
108 & - As a result we have obtained the upper bound on the
. EL g abundancenyYy as a function of its lifetimery . The result
10 102 108 does not change our previous works significantly. This is
my; (GeV) because the theoretical and observational error$lfbrare

significantly large, and it contributes to the constraints more

FIG. 3. Plot of the contour of the confidence level ing,, Tg) Weakly.than-th-e3He overproduction accompanying tfele o
plane. The soliddashediline denotes the 95% C.L. for low thigh ~ Photodissociation. Therefore, we have concluded that it is

D). The dotted line denotes the upper bound which comes fronPremature to emphasize the importance of the nonthermal

CMB constraint. production of °Li.
We have also applied the results obtained by a generic
Map=3 TeV (7a,=1X 10" se0: Tr=9x 10' GeV radiatively decaying particle to gravitings,,, and we have

(20) got the upper bound on the reheating temperature after pri-
mordial inflation as a function of the mas3g=10’
at 95% C.L. —10° GeV for mg,=100 GeV-1 TeV(95% C.L).
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