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Radiative decay of a long-lived particle and big-bang nucleosynthesis
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The effects of radiatively decaying, long-lived particles on big-bang nucleosyntlB&i$) are discussed. If
high-energy photons are emitted after BBN, they may change the abundances of the light elements through
photodissociation processes, which may result in a significant discrepancy between the BBN theory and
observation. We calculate the abundances of the light elements, including the effects of photodissociation
induced by a radiatively decaying particle, but neglecting the hadronic branching ratio. Using these calculated
abundances, we derive a constraint on such particles by comparing our theoretical results with observations.
Taking into account the recent controversies regarding the observations of the light-element abundances, we
derive constraints for various combinations of the measurements. We also discuss several models which predict
such radiatively decaying particles, and we derive constraints on such mi@#66-282(99)07212-4

PACS numbd(s): 98.80.Ft, 26.35tC

[. INTRODUCTION element observations seemed to conflict with the theoretical
predictions of standard BBN. Their point was that standard
Big-bang nucleosynthesi8BN) has been used to impose BBN predicts too muctHe, if the baryon number density is
constraints on neutrinos and other hypothetical particles predetermined by the D abundance inferred from observations;
dicted by particle physics, because BBN is very sensitive tequivalently, standard BBN predicts too much D, if the
the thermal history of the early universe at temperatdires baryon number density is determined by tfide observa-
=1 MeV[1]. tions. Inspired by this “crisis in BBN,” many people re-
Weakly interacting, massive particles appear often in parexamined standard and non-standard BBN by including sys-
ticle physics. In this paper, we consider particles which haveéematic errors in the observations, or by introducing some
masses of~-O(100 GeV) and which interact with other par- non-standard properties of neutring®,10]. In a previous
ticles only very weakly(e.g., through gravitation These paper[11], we investigated the effect upon BBN of radia-
particles have lifetimes so long that they decay after theively decaying, massive particles. These particles induce an
BBN of the light elements (D’ He *He, etc), so they and electromagnetic cascade. We found that in a certain param-
their decay products may affect the thermal history of theeter region, the photons in this cascade destroy only D, so
universe. In particular, if the long-lived particles decay intothat the predicted abundances of BHe, and *He fit the
photons, then the emitted high-energy photons induce ele@bservations.
tromagnetic cascades and produce many soft photons. If the However, since the “BBN crisis” was claimed, the situ-
energy of these photons exceeds the binding energies of tlaion concerning the observations of deuterium has changed.
light nuclides, then photodissociation may profoundly alterThe D abundances in highly red-shifted quasar absorption
the light element abundances. Thus, we can impose corsystemgQAS) have been observed. The abundance of D in
straints on the abundance and lifetime of a long-lived particlehigh-z QAS is considered to be the primordial value. Thanks
species, by considering the photodissociation processes ite these direct new observations, we no longer need to use
duced by its decay. There are many works on this subjecpoorly understood models of chemical evolution to infer the
such as the constraints on massive neutrinos and gravitinggimordial abundance from the material in solar neighbor-
obtained by the comparison between the theoretical predidiood.
tions and observation2—-6].1 Moreover, there are also differing determinations of the
A couple of years ago, Hatet al. [8] claimed that light-  primordial “He abundance. Haiet al. used a relatively low
“He abundancéviz., Y=0.234, whereY is the primordial
mass fraction ofHe) [12,13. However, a highefHe abun-
*Present address: Research Center for the Early Universe, Ttdance {¥=0.244) has also been reportgdi—16, and it has

University of Tokyo, Tokyo 113-0033, Japan. been noted that this higher observation alleviates the discrep-
"Present address: School of Natural Sciences, Institute for Adancy with standard BBN theorjl7]. The typical errors in
vanced Study, Olden Lane, Princeton, NJ 08540. “He observations are less tharD.005, so we have discor-

IAs pointed out in Ref[7], even if the parent particle decays only dant_ data for*He. .
into photons, these photons will produce hadrons with a branching Since we have discordarfHe abundances and new ob-

ratio of at least 1%. However, since there is no data on some crucig€rvations for D, the previous constraint on the radiative de-
cross sections involvingLi and "Be, we cannot include hadrodis- Cay of long-lived particles must be revised. In addition, the
sociation in our statistical analysis. Since we have neglected hadr@tatistical analyses on radiatively decaying particles are in-
dissociation, our constraints may be regarded as conservativgufficient in the previous works. Therefore, in our present
bounds. paper, we perform a better statistical analysis of long-lived,
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radiatively decaying particles, and of the resultant photodis- A. Review of observation
sociations, in order to constrain the abundances and lifetimes | ot s start with a review of the observations of the light-

of long-lived particles. In deg:ing the constraint, we US€ gjement abundances. Two factors complicate the interpreta-
both high and low values of theHe abundance, because it is gion of the observations of the light-element abundances.

premature to decide which data are g'?'rrect. As a result, igjrst there are various observational determinations'Fe
will be shown that for low values of theHe abundance, we \hich are not consistent with each other, within the quoted
have a poor agreement between the observations and therors. This fact suggests that some groups have underesti-

standard BBN theory. Moreover, we show in this case that @4teq their systematic errdiWe believe it is premature to
long-lived particle with appropriate abundance and Ilfetlmejudge which measurements are reliable; hence, we consider

can solve the discrepancy. In the case of hitphe, standard  hoth of the observations when we test the consistency be-
BBN fits the observations, so we derive stringent constraintgeen theory and observation. Second, some guesswork is
on the properties of long-lived particles. L involved in the extrapolation back from the observed values

I th|36 paper, we also include the photodissociations oty the primordial values, as we shall discuss below. Keeping

Li and. Li fo7r Fhe first time. As we will show later, _the these factors in mind, we review the estimations of the pri-
destruction of ‘Li does not dramatically affect the predicted ,orgial abundances of FHe. *He. SLi. and “Li

4 . . Y ., L L A .' )

D and “He, in the region where the observed D afide D/H has been measured in the absorption lines of highly
values are best fit. However, ttfdi produced by the de- req shifted(and therefore presumably primordi#, (neutral

struction of ’Li can be two orders of magnitude more abun- hydrogen clouds which are backlit by quasars. The latest
dant than the standard BBN prediction ofLi/H  aquit suggestEL9]

~0(10 2. We discuss the possibility that this process may
be the origin of the®Li which is observed in some low- y9PS=(3.39+0.25 x 10" °. (6)
metallicity halo stars.

In Sec. Il, we study how consistent the theoretically pre-We use this value rather than the higher abundance which
dicted abundances and observations are, in the case of starad been reportef®0-23 in some of the old measurements
dard BBN. The radiative decay of long-lived particles is con-of D/H. The older results suggested the abundance yyas
sidered in Sec. Ill, and the particle physics models which~O(10%). However, we believe these results to be much
predict such long-lived particles are presented in Sec. IVmore uncertain. For example, the authors of R22] admit-
Finally, Sec. V is devoted to discussion and the conclusionted a large uncertainty in their results. Furthermore, results
given in Ref.[23] are based on the fit of only the Lyman
alpha limit, and the resolution is not good. Therefore, we will
not use the high D values in deriving the constraints, but we

We begin by reviewing standard big-bang nucleosynthesi¥ill just discuss the implications of taking the high value
(SBBN). We are interested in the light elements, since theilseriously.
primordial abundances can be estimated from observations. For *He, we use the pre-solar measurements. In this pa-
In particular, we check the consistency between the theoref2er, we do not rely upon any models of galactic and stellar

ical predictions and the observations for the following quan-chemical evolution, because of the large uncertainty in-
tities: volved in extrapolating back to the primordial abundance.

But it is reasonable to assume thite/D is an increasing
function of time, because D is the most fragile isotope, and it

Il. STANDARD BIG-BANG NUCLEOSYNTHESIS

y2=No/Ny, @ is certainly destroyed whenevéHe is destroyed. Using the
solar-system data reanalyzed by Gé25), the *He/D ratio
Y= payd pB, (20 s estimated to b§26]
r2Ps=(y39Ps/y9Pbs)  =0.591+0.536, 7
Ye=NeLi/ Ny, (©) © 37200
where® denotes the pre-solar abundance. We take this to be
I =Naud Np (4)  an upper bound on the primordidHe to D ratio:
robs<ro®bs' (8)
y7=n7/ny, 5

Because the theoretical prediction 3fie/D in SBBN agrees

wherepg is the total baryon energy density. o] v_veII_ with this upper bou_nd, we do not inc_lude t_his con-

In this section, we first review the observations of theStraint in the SBBN analysis. But when we investigate the
light elements, and the extrapolations back to the primordiaphotodlssomatlon scenario, the situation is quite different.
abundances. Next, we describe our theoretical calculations of
these abundances, by using standard big-bang theory as an
example. Finally, we compare the theoretical and observed? is also possible that primordial nucleosynthesis was truly inho-
light-element abundances to determine how well the SBBNnogeneou$18]. However, in this paper we adopt the conventional
theory works. belief that BBN was homogeneous.
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“He photodissociation produces both D afide and can 10g1o(y3°%) = — 9.76= (0.012 5= (0.09 gyt

raise the®He to D ratio[26]. Hence, in our analysis of BBN

with photodissociation, we include this upper bound, as de- *(0-3tactor of 2- (11)
scribed in the Appendisee Eq.(A5)]. An analysis based

upon the chemical evolution ofHe and D will appear in a Because®Li is so much rarer tharfLi, it is much more
separate paper by one of the authi®4]. difficult to observe. Currently, there is insufficient data to

The primordial“He abundance is deduced from observa-find the “Spite é)lat;aa}u”_ 0f6|—_i-_ However, we can set an
tions of extragalactic | regions(clouds of ionized hydro- upper bound on°Li/ ‘Li, since it is generally agreed that the
gen. Currently, there are two classes ¥f°S, reported by evolution of 6Li is dominated by production by spallation
several independent groups of observers. Hence, we considégactions of cosmic rays with the interstellar medjuithe
two cases: one low, and one high. upper bounds on®Li/’Li observed in low-metallicity

We take our low*He abundance from Olive, Skillman, ([Fe/H]<—2.0) halo stars range frofi31] ys/y;=0.045 to
and Steigmar{13]. They used measurements 8fle and Ye/Y7=0.13. (Note that the prlmor.d|a|6L| and ‘Li have
O/H in 62 extragalactic firegions, and linearly extrapolated both been destroyed in material which has been processed by

back to O/H=0 to deduce the primordial value stars)
Rotational mixing model§32] yield a survival factor for

Low: Y°P=0.234*(0.002* (0.009¢,s. (9  'Liof order 0.05and a survival factor fdiLi of order 0.005.
Therefore, the upper bound for primordiéli/ ‘Li ranges
(When they restrict their data set to only the lowest metal-approximately from
licity data, they obtainy®®S=0.230+0.003) Their system-
atic error comes from numerous sources, but they claim that yng/yngs 0.5 to 1.3. (12
no source is expected to be much more than 2%. In particu-

lar, they estimate that stellar absorption is of order 1% Ofgince we have only a rough range of upper bound€ldn

less. and no lower bound, we will not ustLi in our statistical

We take our highHe abundancﬂ:;lfrom Thuan and [z0toV gnajysis to test the concordance between observation and
[15]. They used measurements GHle and O/H in @ NeW  haory Instead, we will just check the consistency of our

sample of 45 blue compact dwarf galaxies to obtain theoretical results with the above constraint.

High:  Y°P$=0.244+ (0.002g45* (0.005 s (10)
B. Theoretical calculations

The last error is an estimate of the systematic error, taken Theoretically, the primordial abundances of the light ele-

from Izotov, Thuan, and Lipovetskyi6]. Thuan and Izotov ments in SBBN depend only upon a single parameter: the

claim that He stellar absorption is an important effect; this paryon-to-photon ratios. In our analysis, we modified

explains some of the difference between their result and tha{awano’s nuc|eosynthesis Co{m:{l to calculate the primor-

of Olive, Skillman, and Steigman. dial light-element abundances and uncertainties.

Rather than attempting to judge which group has done a |n our calculation, we included the uncertainty in the neu-
better job of choosing their sample and correcting for systron lifetime [34], in the rates of the 11 most important nu-
tematic errors, we prefer to remain open-minded. Hence, Weleosynthesis reactiori85], and in the rates of the photofis-
shall use both the high and lofHe abundances, without sjon reactiongsee Table Ii. We treated the neutron lifetime,
expressing a preference for one over the other. the nucleosynthesis reaction rates, and the photofission reac-

The "Li/H abundance is taken from observations of thetion rates as independent random variables with Gaussian
surfaces of Pop l(old generatiophalo stars.’Li is a fragile probability density functions(PDF’'s). We performed a
isotope and is easily destroyed in the warmer interior layersjonte Carld simulation over the neutron lifetime, nucleo-
of a star. Since more massiver equivalently, hotterstars  synthesis reaction rates, and photofission reaction rates, and
are mixed less, one might hope that the surfaces of old, hage found that the light-element abundances were distributed
stars consist of primordial material. Indeed, Spite and Spitepproximately according to independent, Gaussian PDF's.

[27] discovered a “plateau” in the graph dfLi abundance Therefore, the PDRp!M, for the theoretical abundances is
vs. temperature of old halo stars, at high temperature. Thigjven by the product of the Gaussian PDF'’s

plateau is interpreted as evidence that truly primordiail

has been detected. Using data from 41 plateau stars, Bonifa- _ 1 1{x=x\?

cio and Molaro [28] determine the primordial value PGa”SfX;X,(f):feXl{— E(Tj } (13
10010(ySP9) = — 9.762+ (0.012) 1o (0.05),s.  Bonifacio 2mo

and Molaro argue that the data provides no evidence for S

7Li/H depletion in the stellar atmospherésaused by, e.g., for the individual abundances:

stellar winds, rotational mixing, or diffusignHowever, for

our analysis, we shall adopt the more cautious estimate of

Hoggn [_29] that _7Li may have_ been supplementédy pro- 31t has recently been demonstrated that the uncertainties in SBBN
duction in cosmic-ray interactionsr depletedin starg by a  can be quantified by the much quicker method of linear propagation
factor of two[30]: of errors[36].
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0.26 ' ' — 1 113026 The dominant source ofLi in SBBN is D(«,7) ®Li. Thus,
0.25 J 025 the » dependence ofLi resembles that of D.
0.24 — 0.24 We have also plotted the &-observational constraints.
0.23 J o023 The amount of overlap of the boxes is a rough measure of
10-s B , , T PP the consistency between theory and observations. We can
3 ' ' R also see the favored ranges pf However, we will discuss
10~ L D/H 1 104 the details of our analysis more carefully in the following
section.
10-% M 10-% .o .
F / : : —t— C. Statistical analysis and results
107 & "Li/H = 107° Next, let us briefly explain how we quantify the consis-
§\\:\ — — ] tency between theory and observation. For this purpose, we
10-10 _| TS == | - 10-10 define the variablg? as
F f : — (aith_a;)bﬁz
10-1 o 10-1 =2 ———— (15)
: E GO C vk
1o e F 10" wherea; = (Y-, Y,log;qy7), and we add the systematic errors
(010 ' ' TS in quadrature: ¢°°9?= (%2 + (o>®2. (See the appendix

n for a detailed explanation of our use pf.) ¥* depends upon
the parameters of our theoftyiz. » in SBBN) through aith
FIG. 1. SBBN prediction of the abundances of the light ele- and U}h_
ments. The solid lines are the central values of the predictions, and Notice that we do not includéLi in the calculation ofy?,
the dotted lines represent thesl uncertainties. The boxes denote gjnce the®Li abundance has not been measured well. In-

the 1o observational constraints. stead, we check thatl/y!" satisfies the boundl2). In the
th o th uth i Gauss. th Gauss uth case of SBBN, we found that th&.i abundance is small
Pror(Y2' - Y™ logiy7) = p2 2 typ") X p7 R Y) enough over the entire range @f from 8.0<10 ! to 1.0
% 1072, [Numerically, y!/yt"<5x 10~4, which is well be-
X p7*togiy7)- 19 jow the E)ound(lZ).]y Yol

With this x? variable, we discuss how well the theoretical
prediction agrees with observation. More precisely, we cal-
culate fromy? the confidence leve(C.L.) with which the
SBBN theory is excluded, at a given point in the parameter
space of our theoryfor three degrees of freedom

In Fig. 1, we have plotted the theoretical predictions for
the light-element abundancésolid lineg with their one-
sigma errorgdashed lines as functions ofy.

+erf

The dependences of the abundanceszooan be seen
intuitively [1,37]. The “He abundance is a gentle, monotoni-
cally increasing function ofy. As 7 increases/He is pro- 2 1
duced earlier because the “deuterium bottleneck” is over-  C.L.= JX ———yYe Yy (16)
come at a higher temperature due to the higher baryon 0 23’2F(§)
density. Fewer neutrons have had time to decay, so more 2
“He is synthesized. SinctHe is the most tightly bound of
the light nuclei, D andHe are fused intdHe. The surviving [2x? x? \/?
abundances of D antHe are determined by the competition A ey o (17)
between their destruction rates and the expansion rate. The
destruction rates are proportional 49 so the largem is, the In Fig. 2, we have plotted thg? and confidence level at
longer the destruction reactions continue. Therefore, D andshich SBBN theory is excluded by the observations, as a
3He are monotonically decreasing functionszpfMoreover,  function of . We find that high*He is allowed at better than
the slope of D is steeper, because the binding energy of D ithe 68% C.L. aty~5x 100 while for low “He, no value
smaller than®He. of » works at the 91.5% C.L.

The graph of’Li has a “trough” neary~3x10~1% For The case of low*He suggests a discrepancy with standard
a low baryon densityp=3x10%°, 7Li is produced by BBN. Some people believe that this casts doubt on the low D
“He(T,y)’Li and is destroyed by'Li(p,a)*He. As 5 in-  or low *He measuremen{88]. However, we do not want to
creases, the destruction reaction becomes more efficient amgdsume SBBN theory and use it to judge the validity of the
the produced'Li tends to decrease. On the other hand for aobservations; rather, we use the observations to test BBN
high baryon densityy=3x10 1% 7Li is mainly produced theory. Therefore, we give equal consideration to both the
through the electron capture dBe, which is produced by high and low observed abundances*sfe.
%He(a,y) 'Be. Because’Be production becomes more ef-  Before closing this section, we apply our analysis to con-
fective asz increases, the synthesiz€dli increases. The strain the number of neutrino species. Here, we vargnd
“trough” results from the overlap of these two components.the numberN, of neutrino species, and we calculate the
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15 T T

— 156 TABLE |. Observational constraints on andN, in SBBN.

[ 99% C.L.

1 N, (95% C.L) 7% 10 (95% C.L)
1
'l

1 Low “He 21739 4759

10 |- - 10 High “He 2.8710 5.0°39

| 95%ClL.
X(3) e
[ 90%CL, , \ Y / i

. BBN +X

... 882 Gk : \/ . decaying particleX for BBN. For this purpose, we first dis-

i cuss the behavior of the photon spectrum induce.byhen
- . we show the abundances of the light elements, including the
0 - =0 effects of the photodissociation induced My Comparing
10-10 10-° : . :
n these abundances with observations, we constrain the param-

eter space form and X.
FIG. 2. x¥? as a function ofyp, for SBBN with three degrees of

freedom @7, 7¢,mxYx). We show our results for both of thtHe

abundances deduced from observation: fbve (dashedt high *He

(solid). In order to discuss the effect of high-energy photons on
BBN, we need to know the shape of the photon spectrum

confidence level as a function of these variables. The result§duced by the primary high-energy photons frafecay.

are shown in Figs. 3a,b. We can see that the standard sce- N the background thermal batwhich, in our case, is a

nario (N, =3) results in a good fit with a high value 6He, ~ Mixture of photonsygg, electronsegs, and nucleonNgg),

while the case of low*He results in a discrepancy. In fact, high-energy photons lose their energy by various cascade

low “He prefersN,~2, as pointed out bj8,10]. In Table I, ~ Processes. In the cascade, the photon spectrum is induced, as

we show the 95% C.L. bounds for the number of neutrinodiscussed in various literatuf89]. The important processes

speciesN, and 7 in the two cases of théHe abundances. N our case are _ _
Double-photon pair creatiomy ygg—et+e7)

°r \ / 7° In this section, we discuss the implications of a radiatively

A. Photon spectrum

i ——r Photon-photon scatteringy(t ygg— v+ 7)
St —— 88% C.LA Pair creation in nuclei{+Ngg—e"+e”+N)
C — 95% C.L] Compton scattering¥+egg— y+e~)
4 ] Inverse Compton scatterin@t + ygg— €™+ )
C ] (We may neglect double Compton scatterigg-egg="y
C ] +y+e~, because Compton scattering is more important for
N, 3 R — thermalizing high-energy photonsn our analysis, we nu-
r . merically solved the Boltzmann equation including the above
L i effects, and obtained the distribution function of photons,
n B f (E,). (For details, see Ref$4,5].)
L L e ] In Fig. 4, we show the photon spectrum for several tem-
1 C (a) O L peratured. Roughly speaking, we can see a large drop-off at
10-1t0 n 10-° E,~ m2/22T for each temperature. Above this threshold, the
T T T T T T T T III|III| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIIII LILILLLLLY
°r -- 68% C.L] 10%
[ — 95% C.L]
s [ ]
i ] _10%
5 ] 5
N.. 19 sssmmsmemmrnsann) R 4w - <]
- ] 7 020
2f : -
[ . ] - BG —
F (b) ngh 4He ] 100, | |T7 | o |kev_

1
10-10 n 10-® 1073 102 10! 1 10t 10 103
Energy (GeV)
FIG. 3. C.L. for BBN as a function of; andN,,, with (a) low

value ofY, and(b) high value ofY. The filled square denotes the FIG. 4. Photon spectrurh,=dn, /dE, for several background
best-fit point. temperatured>°.
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TABLE II. Photodissociation processes, and ther Lincertainty in the cross sections. Since there is no
experimental data on photodissociation ®e, we assume in this paper that the rate 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.

Photofission reactions dl.uncertainty Threshold energy Ref.
1. D+ y—p+n 6% 2.2 MeV [40]
2. T+y—n+D 14% 6.3 MeV [41,42
3. T+y—p+2n 7% 8.5 MeV [42]
4, *He+ y—p+D 10% 5.5 MeV [43]
5. SHe+ y—n+2p 15% 7.7 MeV [43]
6. ‘He+ y—p+T 4% 19.8 MeV [43]
7. “He+ y—n+ °He 5% 20.6 MeV [44,45
8. ‘He+y—p+n+D 14% 26.1 MeV [46]
9. 81i + y—anything 4% 5.7 MeV [47)]
10. "Li+ y—2n+ anything 9% 10.9 MeV [47)]
11. Li+y—n+ SLi 4% 7.2 MeV [47]
12. Li+ y— *He+ anything 9% 2.5 MeV [47)
13. "Be+ y—p+ CLi
14. "Be+ y— anything except®Li
photon spectrum is extremely suppressed. where ny is the number density of the nuclél, and

The qualitative behavior of the photon spectrum can bgdny/dt]sggy denotes the SBBN contribution to the Boltz-
understood in the following way. If the photon energy is highmann equation. To take account of the photodissociation pro-
enough, then double-photon pair creation is so efficient thagesses, we modified the Kawano cd@8], and calculated
this process dominates the cascade. However, once the phgre abundances of the light elements. The photodissociation
ton energy becomes much smaller tHamg/T), this pro-  processes we included in our calculation are listed in Table
cess is kinematically blocked. Numerically, this threshold iy,
aboutm3/22T, as we mentioned. Then, photon-photon scat-  The abundances of light nuclides will be functions of the
tering dominates. However, since the scattering rate due tfetime of X(7y), the mass ofK(my), the abundance of
this process is proportional 153, photon-photon Scattering before e|ectron-positron annihilation
becomes unimportant in the limi,— 0. Therefore, foiE,
<O(m§/T), the remaining procességair creation in nuclei Yx=nx/n,, (19
and inverse Compton scatterjngre the most important. ) .

The crucial point is that the scattering rate far, ~and the baryon-to-photon ratiag). In our numerical BBN
=m?/22T is much larger than that f(ﬁy<m§/221-' sincethe Simulations, we found that the nuclide abundances depend
number of targets in the former case is several orders dg?nly on the mass abundanog Yy, not onmy andYy sepa-
magnitude larger than in the latter. This is why the photorrately. In Figs. 5-9, we show the abundances of light nuclei
spectrum is extremely suppressed Fo=m2/22T. As are-  in themyYy vs. 7 plane, at fixedy. _
sult, if the X particle decays in a thermal bath with tempera- We can understand the qualitative behaviors of the abun-
ture T= m§/22Q (where Q is the binding energy of a nu- dances in the following way. First of all, if the mass density

clide) then photodissociation is not effective. of Xiis small enough, then the effectsXfre negligible, and
hence we reproduce the result of SBBN. Once the mass den-
B. Abundance of light elements withX sity gets larger, the SBBN results are modified. The effects

of X strongly depend ony, the lifetime of X. As we men-

Once the photon spectrum is formed, it induces the phoggnaq in the previous section, photons with energy greater
todissociation of the light nuclei, which modifies the result of - 1 2/557 participate in pair creation before they can
€

quuZ,:li;)-rl;hls process is governed by the following I?’Oltzmanninduce photofission. Therefore, if the above threshold energy

is smaller than the nuclear binding energy, then photodisso-

dny dny ciation is not effective. ,
<t T3HM= | If 7«=10" sec, therm2/22T<2 MeV at the decay time
SBBN of X, and photodissociation is negligible for all elements. In
this case, the main effect of is on the “He abundances: if
- nNE f dE,on,-n(E)TL(E,) the abundance of is large, its energy density speeds up the
N!

expansion rate of the universe, so the neutron freeze-out tem-
perature becomes higher. As a resdie abundance is en-
+>) nN,/f dE, o, n(E))f(E,), hanced relative to SBBN.
N If 10* sec =m4<1C® sec, then 2 MeV=mZ/22T
(18 <20 MeV. In this case?He remains intact, but D is effec-
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FIG. 5. The abundance of D/H in tlay Yy vs 7y plane with(a) FIG. 7. The abundance 8Li/H, for the same theory parameters
7=2x10"1 (b) »=4%x10"1 (c) »=5x10"1° and(d) »=6  as in Fig. 5.
X 10710,

=myYx=10° GeV, the abundance of D changes drasti-

tively photodissociated through the process-p—p-+n.  Cally due to the photodissociation dHe. Moreover, two-
Whenry=10° sec,m2/22T=7.7 MeV (the binding energy body decays of*He into *He or T (which decays intc*He)
of 3He), so °He is dissociated fory~10° sec and large &€ Preferred over the three-body decdtye+ y—p+n
enough abundances,Yy=10"8 GeV. However, D is even +D, so the He/D ratio increases, relative to SBBN. If
more fragile thar®He, so the raticHe/D actuallyincreases MxYx iS large enough, all the light elements are destroyed

relative to SBBN in this region, since it is dominated by D €fficiently, resulting in very small abundances.

destruction. If the lifetime is long enoughr{=10° sec) So far, we have discussed the theoretical calculation of
“He can also be destroyed effectively. In this case, the det-he I|ght-glement abundances in a modgl witecay. _In the .
struction of even a small fraction of thiHe can result in NeXt section, we compare the theoretical calculations with

significant production of D andHe, since the*He abun- observations, and derive constraints on the properties of

dance is originally much larger than that of D. This can be

. . C. Comparison with observation
seen in Figs. 5 and 6: fory=1C° sec and 10%° GeV P

Now, we compare the theoretical calculations with the

104 observed abundances and show how we can constrain the
1078 e
—~ -6 F 104 r
> 10774 10-5 |
o 1077§ B
-8 <> 1078 3
U 1078§ > 107k
A0 & 10
#1070 = 10 |
10711 ¢ x 10710
g 1077% § oox02 >~ 101t |
10-18 | —o2s “1o-12 |
104 . E 10-13 '_
— 10_5;- ': 10~* |
=i = i
-7 E —
S 10-f 3 107
10-° = 10:B
“10-10F ., 107°
5 10_11 r 7= 5 x10-1° >_.>< %8:1?
10-12 r ........ 10-12
10-13 | 10-13 E
10714t 10-14 r ==
10%10410°1081071081 021041051 08107108109 1031041051 081071081091 041051061 07108102
T, (sec) T, (sec) T, (sec) T, (sec)
FIG. 6. The mass fraction dfHe, for the same theory param- FIG. 8. The abundance dt.i/H, for the same theory parameters
eters as in Fig. 5. as in Fig. 5.
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FIG. 9. The abundance ciHe/D, for the same theory param-  F|G. 10. C.L. in themyYy vs 7y plane, for low value off. We
eters as in Fig. 5. take () 7=2x10"2 (b) =4x10"1°, (c) =5x10"1°, and(d)

7=6Xx10"1° The shaded regions asg/y,=0.5, and the darker
model parameters. As we mentioned in Sec. Il A, we havehaded regions ang,/y,=1.3.
two “He values which are inferred from various observed
data to be the primordial components. We will consider bothincreases, so the threshold energy of double-photon pair cre-
cases and derive a constraifithe statistical analysis we use ation decreases. Then for a fixeg Yy, the number of pho-
to calculate the confidence level is explained in the Appentons contributing to D destruction decreases. Thus, for
dix.) shorter lifetimes, we need largemyYy in order to destroy
Let us start our discussion with the lofHe case Y°°  sufficient amounts of D. The observed abundances prefer
=0.234*(0.002);5:= (0.005),,. Recalling that the low non-vanishingnyYy.
observed*He value did not result in a good fit in the case of  In Fig. 12, we show contours of? which have been
SBBN, we search the parameter space for regions of better fffrojected along the; axis into thery - myYy plane. By
than we can obtain with SBBN. projection, we mean taking the lowest C.L. value alongshe
In Fig. 10, we show the contours of the confidence levelaxis for a fixed point ¢y ,myYy). The region above the solid
computed using four abundances (DfHe,°He/D, and ike is excluded at the 95% C.L., while only the region
‘LiH), for some representativey values (710=2,4,5,6), within the dotted line is allowed at the 68% C.L. The 95%
where C.L. constraint forry<10° sec comes primarily from de-
. Lo struction of too much D; for,=10° sec, it comes primarily
710= 1< 107 20 from overproduction offHe in “He photofission.

, o The lowermy Yy region, i.e.,myYx~10"1* GeV, corre-
The region of parameter space which is allowed at the xTx T€d XX

68% C.L. extends down to low (see Fig. 10a Near 7, 104
=2, deuterium is destroyed by an order of magnitQaih-
out net destruction ofHe), so that the remaining deuterium
agrees with the calculated lowHe. For 7,0~5, SBBN
(mxYx=0) is allowed, and we have an approximate upper
bound onmyYy (although forry<1C® sec, slightly higher
values ofmyYy are allowed at lowr). For 7,4=6, no re-
gion is allowed at the 95% C.L., becausdecomes too high
to match even the observed D. We also plotted the regions
excluded by the observational upper bound<bit “Li. The
shaded regions args/y,=0.5, and the darker shaded re-
gions areyg/y,=1.3. Even if we adopt the stronger bound 10-t2
y6/y7=0.5, our theoretical results are consistent with the
observed®Li value.

In Fig. 11, we show the contours of the confidence levels
for various lifetimes,ry=10%,10°,10° sec. As the lifetime FIG. 11. C.L. in they vs myYy plane for various values afy ,
decreases, the background temperature at the time of dec&y low value ofY.
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107 ey rrmmp—rrrm—r Ty SBBN. Only D is destroyed; its abundance decreases by
L i A W —— 68% C.L. 3 about 80%. At lown~ (1.7-2.3)x 10 % in this model, the

10-¢ E- —— 95% C.L J predicted abundances of these three elements agree with the
10-7 _ _ observed values. It is interesting that the produBeidabun-

%\ 10-8 3 3 dance can be two orders of magnitude larger than the SBBN

S prediction in this parameter region. The origin of the ob-

e 107 F E served ®Li abundance, SLilH~0O(10" %9 is usually ex-

g 107 g = plained by cosmic ray spallation; however, our model dem-
1071 | . onstrates the possibility thdti may have been produced by
10-12 B 3 the photodissociation ofLi at an early epoch. OufLi pre-
10-18 B = diction is consistent with the upper bound Eg?2).

I Although myYx=10"1° GeV is favored, it is worth not-

10° 104 10° 10° 107 10° 10° ing that SBBN lies within the 95% C.L. agreement between
theory and observation. In Fig. 12, the 95% bound #Qr
=<10° sec comes from the constraint that not much more
FIG. 12. Contours of C.L. projected opaxis for low value of than 90% of the deuterium should be destroyed; fgr
Y. =10° sec the constraint is that deuterium should not be pro-
duced from*He photofission. In Table Ill, we show the rep-
sponds to SBBN, since there are not enough photons to afesentative values afyYy which correspond to 68% and
fect the light-element abundances. It is notable that thes85% confidence levels respectively, fey=10*—10° sec.
regions are outside of the 68% C.L. This fact may suggest Next, we would like to discuss the higtHe case Y°Ps
the existence of a long-lived massive parti¥l@nd may be  =0.244*+(0.002);5:* (0.005),{]. Since the D abundance
regarded as a hint of physics beyond the standard model ©6) and high value of*He (10) both prefer a relatively high
standard big bang cosmology. value of , the SBBN prediction can be consistent with ob-
For example, in Fig. 13 we show the predicted abun-servation in this case. Therefore, we expect to be able to
dances of*He, D, Li and °Li adopting the model param- constrain the model parameters.
eters 7y=10° sec andmyYyx=5x10"1° GeV. The pre- For four representativey values (7,0=2,4,5,6), we plot
dicted abundances dHe and’Li are nearly the same as in the contours of the confidence level in Fig. 14. In Fig. 2, we

T, (sec)

026 [ T T T T T —r— 0.26
Yp 0.25 3 E 0.25
0.24 [ —0.24
023 [ .22 023
10-8 £ ; : : —+—+—+—+—+ 10-°
D/H 3
10 & - 10~
1075 S 105
1079 | = 10~
Li/H B 3
10-10 | < 10-10
; 10-11
1 10-12
— 10-13
E ﬁ 10714
10-10 10-°

FIG. 13. Predicted light-element abundanéee, D, “Li and SLi at =10 sec andmyYy=5x10"1° GeV. The contours which are
favored by observation are plotted, adopting the Itde and low D values. The dotted line denotes the 95% C.L. and the shaded region
denotes the 68% C.L. The predictédi abundance is two orders of magnitude larger than the case of SBBN.

023506-9



HOLTMANN, KAWASAKI, KOHRI, AND MOROI PHYSICAL REVIEW D 60 023506

TABLE lIl. Upper or (upper-lowef bound onmy Yy in units of GeV for the case of loWHe. Note that
the C.L. is for four degrees of freedom, amds varied to give the extreme values fiok Yy .

«=10% sec 18 sec 16 sec 16 sec 16 sec 18 sec

95% C.L. 6x10°° 9x10°° 1x10°° 3x10°%2 4x1071® 3x10°%3
68% C.L. (6-60)x10 7 (8—-80)x10 %0 (1-9)x10°©

see that the SBBN calculations agree with the observeglke the case of low D and low*He shown in Fig. 16, and
abundances for mid-range values of the baryon-to-photon rahe upper bounds are within a factor of ten for most of the
tio (7~5x1019. Thus, the approximate upper bound for [ifetimes.

myYy is plotted in Fig. 14c.(Again, for 74<10° sec,

slightly higher values oy Yy are allowed at lowy.) In Fig. D. Additional constraints

15, we show the C.L. plots for three typical lifetimesg

—10%10°,1CF sec. This plot shows that SBBN works at bet-  We now mention additional constraints on our model.
ter than the 68% C.L. for a range of lifetimes, but the non-Since the cosmic microwave background radiatiGMBR)

standard scenarios with largs, Yy and smally do notwork ~ has been observed by the Cosmic Background Explorer
as well as they did in the loW°"S case. Finally, we show the (COBE) [48] to very closely follow a blackbody spectrum,
C.L. contours projected along thgaxis into thery - myY, ~ ON€ may be concerned about the constraint this gives on
plane (Fig. 16. Table IV gives the upper bounds on particles with lifetime longer thar-10° sec[49], which is

myYx (GeV) which correspond to 68% and 95% C.L., for When the double Compton procesyfe =yt y+e )
some typical values of the lifetime. freezes ouf50]." After this time, photon number is con-

Before we discuss additional constraints, let us comment€rved, so photon injection from a radiatively decaying par-
on the case of high values of D/H, suggested by old obseficle would cause the spectrum of the CMBR to become a
vations[20—23. Even though the high values seem less re-Bose-Einstein distribution with a finite chemical potenial
liable, we believe their possibility has not been completelyCOBE [48] observations give us the constraipt|<9.0
ruled out. Therefore, it may be useful to comment on thisX 10 °. For smallu, the ratio of the injected to total photon
case. The high value of D abundarge~O(10 4)] prefers ~ €nergy density is given byp,/p,~0.71u. Thus, we have
a low value ofz, and hence it is completely consistent with the constraint
the low value ofy°°sin SBBN. Furthermore, if we adopt the —1/2
relatively large error bar foy, suggested by the observation, MYy <6x10"1° G e\/( X J

SBBN may also be consistent with higf?®S. Then, in this 10° se
case also, we can obtain upper bounds on the mass density

myYy as a function of its lifetime. The upper bound behaves for 10° secs my=4x10' sec. (21)
103 10 105 106 107 108 108 104 105 108 107 108 10° Note that the CMBR constraint is not as strong as the bounds
107 g gy BT ™ 10-* we have obtained from BBN. In particulatHe/D gives us

our strongest constraint for lifetimes longer tharf 1sec,
because*He photofission overproduceé$ie [26].
S S In this paper, we have considered only radiative decays;
~EE B i.e., decays to photons and invisible particles Hecayed to
e charged leptons, the effects would be similar to those of the
decay to photons, because charged leptons also generate
""""" L L 1072 glectromagnetic cascades, resulting in many soft photons. On
" the other hand, iK decayed only to neutrinos, the constraints
would become much weaker. In the minimal supersymmetric
standard modelMSSM), the X particle would decay to neu-
trinos and sneutrinos. The emitted neutrinos would scatter
off of background neutrinos, producing electron-positron
pairs, which would trigger an electromagnetic cascade. Be-
cause the interaction between the emitted and background
neutrinos is weak, the destruction of the light elements does

m,Y, (GeV)

m,Y, (GeV)

1l 1
103 104 10° 108 107 108 10® 104 105 106 107 108 10°

“This constraint applies only to particles with lifetime shorter than

T, (sec) T, (sec) ~4x10% sec, which corresponds to the decoupling time of
Compton/inverse Compton scattering. After this time, injected pho-
FIG. 14. Same as Fig. 10, except for high valueyof tons do not thermalize with the CMBR.
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FIG. 15. Same as Fig. 11, except for high valueyof
FIG. 16. Same as Fig. 12, except for high valuéroThe region

not occur very efficientlyf51]. In contrast, ifX decayed to above the solid line is excluded at the 95% C.L., while the region
hadrons, we expect that our bounds would tighten, becausiove the dotted line is excluded at the 95% C.L.

hadronic showers could be a significant source ofH, o ) )
SLi, Li, and “Be [6]. In fact, even though we have assumed I the gravitino is thermally produced in the early uni-
that X decays only to photons, these photons may convert tyerse, and decays without being diluted, it completely spoils
hadrons. Thus, the branching ratio to hadrons is at least dhe success of SBBN. Usually, we solve this problem by
order 1%, if kinematically allowed7]. Since we have ne- introducing inflation, which dilutes away the primordial

glected this effect, our photodissociation bounds are conse@ravitinos. However, even with inflation, gravitinos are pro-
vative. duced through scattering processes of thermal particles after

reheating. The abundandg,,=ns,/n, of the gravitino de-

V. MODELS pends on the reheating temperatiiig, and is given by 4]

~ —11 0
So far, we have discussed general constraints from BBN Y3,=3X10 "X (TR/10° GeV). (23)

on radiatively decaying particles. In the minimal StalndardTherefore, if the reheating temperature is too high, then grav-

model, there is no such particle. However, some extensiong - " overproduced, and too many light nuclei are pho-

of the standard model naturally result in such exotic par- di iated
ticles, and the light-element abundances may be significantl'g/0 Issociated. , .
' We can transform our constraints omy(myYy) into

affected in these cases. In this section, we present severgcl)nstraints Ny, Te). In particular, we use the projected

examples qf such radiatively decaying particles, and diSCl“'Sé:‘S% C.L. boundaries from Figs. 12 and 16. For several val-
the constraints. ues of the gravitino mass, we read off the most conservative

Our first exgmple s the graviting, WhiCh appears in all upper bound on the reheating temperature from Fig. 17, and
the supergravity models. The gravitino is the superpartner (;tge results are given by

the graviton, and its interactions are suppressed by inver
powers of the reduced Planck scal, =2.4x10'® GeV. ., _100 GeV (rap=dX10F sed : Tr=2x1CF GeV
Because of this suppression, the lifetime of the gravitino is 32 32 R ’
very long. Assuming that the gravitino’'s dominant decay Map=1 TeV (75,=4X10° sed : Tr=6X10° GeV,
mode is to a photon and its superpart(ire photing, the

gravitino’s lifetime is given by Map=3 TeV (75,=1x10" sed : Tr=2X10" GeV.

T3p=4X 10° secx (mg/1 TeV) 3, (220 If the gravitino is heavy enoughn(;,=5 TeV), then its
lifetime is too short to destroy even D. In this case, our only
wheremy, is the gravitino mass. Notice that the gravitino constraint is from the overproduction 8He. If the gravitino
mass isO(100 GeV-1 TeV) in a model with gravity- mass is lighter, then the lifetime is long enough to destroy D,
mediated supersymmetr§S8USY) breaking, resulting in a He, or even*He. In this case, our constraint on the reheat-
lifetime which may affect BBN. ing temperature is more severe.

TABLE IV. Same as Table lll, except for higfHe.

«=10" sec 18 sec 16 sec 16 sec 18 sec 18 sec
95% C.L. 7% 1078 7x10°° 8x10710 6x10 12 7x10°13 5x 1013
68% C.L. 51076 5x10°° 6x10° 10 3x10° 12 5x 1013 3x10° 13
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FIG. 17. Contours of 95% C.L., yielding an upper bound on the  FIG. 18. Contours of 95% C.L., yielding an upper bound on the
reheating temperature, as a function of the gravitino mass. gravitino mass, as a function of the right-handed slepton mass.

Another example of our decaying particle is the lightestynerent? s the equilibrium number density of B-inos. The

superparticle in the MSSM sector, if it is heavier than the B . - .
" . ; : o . factor 2 is present because two B-inos annihilate into leptons
gravitino. In particular, if the lightest neutralino is the light-

est superparticle in the MSSM sector, then it can be a sourcg °N€ collision. We solved this equation and obtained the

of high-ener hotons, since it will decay into a photon and &> density of the B-ino as a function of the B-ino mass
gn-energy pr ' y P . and the right-handed slepton masBor details, see, e.g.,
a gravitino. In this case, we may use BBN to constrain th

MSSM. Ref. [53].) Numerically, formg=100 GeV, myYyx ranges

-9 -5

The abundance of the lightest neutralino is determinedom ~10° GeV to~10"" GeVas we varyr;, from 100
when it freezes out of the thermal bath. The abundance is &€V to 1 TeV. IfmyYy is in this range, BBN is significantly
function of the masses of the superparticles, and it become¥fected unless the lifetime of the B-ino is shorter than
larger as the superparticles get heavier. Thus, the upp ,—1¢ sec (see Tables Ill and 1y The lifetime of the
bound onmy Yy can be translated into an upper bound on theB-ino is given by
mass scale of the superparticles.

In order to investigate this scenario, we consider the sim- _
plest case where the lightest neutralino(@mos} purely BT

B-ino B. In this case, the lightest neutralino pair-annihilates

1 m?écos2 O

48 m3, M3

through squark and slepton exchange. In particular, if the 7% 10t mp 32 26
right-handed sleptons are the lightest sfermions, then the B secx 100 Ge 1 GeV (26)
dominant annihilation iB+B—I"+1~. The annihilation ) o .
cross section though this process is given5g] Notice that the lifetime becomes shorter as the gravitino
mass decreases; hence, too much D &ricare destroyed if
2 2me the gravitino mass is too large. Therefore, we can convert the
<0vre|>=877af<vz> 5 B ———— 52 constraints given in Figs. 12 and 16 into upper bounds on the
(mg+m; )2 (mg+m; )° gravitino mass. Since the abundance of the B-ino is an in-
R R . .
; creasing function of the slepton masg,_, the upper bound
2mg on the gravitino mass is more severe for larger slepton
+ (29 masses. For example, fong=100 GeV, the upper bound

2 m2 )4
(mg+ mTR) on the gravitino mass is shown in Fig. 18. At some represen-
tative values of the slepton mass, the constraint is given by
where(v?) is the average velocity squared of B-ino, and we

added the contributions from all three generations by assum- mj =100 GeV :mg,=1 GeV,
ing the right-handed sleptons are degenetatéth this an-
nihilation cross section, the Boltzmann equation for the num- mTR=300 GeV : my,=700 MeV,

ber density of B-inos is given by

h§+3Hn§=—2(0v re|>[n’§—(n”EQ)2], (25) mi,=1 TeV : mg,=400 MeV.

As expected, for a larger value of the slepton mass, the pri-

mordial abundance of the B-ino gets larger, and the upper
Sif the B-ino is heavier than the top quark, then tawave con- bound on the gravitino mass becomes smaller.

tribution annihilating into top quarks becomes important. In this Another interesting source of high-energy photons is a

paper, we do not consider this case. modulus field¢p. Such fields are predicted in string-inspired
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supergravity theories. A modulus field acquires mass fronstraints on the properties of the radiatively decaying particle
SUSY breaking, so we estimate its masg to be of the in each case.
same order as the gravitino masgee for exampl¢5s4]). When we adopt the lowtHe value, we find that a non-
In the early universe, the mass of the modulus field isvanishing amount of such a long-lived, massive patrticle is
negligible compared to the expansion rate of the universe, spreferred:myYyx=10"1° GeV and 16 secsr=10° sec.
the modulus field may sit far from the minimum of its po- On the other hand, consistency with the observations im-
tential. Since the only scale parameter in supergravity is th@oses upper bounds anyYy in each cases.
Planck scaleM, , the initial amplitude¢, is naively ex- We have also studied the photodissociation’df and
pected to be ofO(M, ). However, this initial amplitude is SLi in this paper. These processes do not affect thé'te,
too large; it leads to well-known problems such as matteland “He abundances, becaudei and °Li are many orders
domination and distortion of the CMBR. Here, we regaigl  of magnitude less abundant than BtHe, and*He. When we
as a free parameter and derive an upper bound on it. examine the region of parameter space where the predicted
Once the expansion rate becomes smaller than the massatfundances agree well with the observad and the low
the modulus field, the modulus field starts oscillating. During*He observations, we find that the producdid/H may be
this period, the energy density of is proportional toR™3  of order 102 which is two orders of magnitude larger than
(whereR is the scale factdr hence, its energy density be- the prediction of SBBNsee Figs. 7 and 13The predicted
haves like that of non-relativistic matter. The modulus even-6Lj is consistent with the observed upper bound ELp)
tually decays, when the expansion rate becomes comparalieroughout the region of parameter space we are interested
to its decay rate. Without entropy production from anotherin. Although presently it is believed that the obsen/id
source, the modulus density at the decay time is approxiabundance is produced by spallation, our model suggests an-

mately other origin: the observefiLi may be produced by the pho-
todissociation of’Li.
Pe We have also discussed candidates for our radiatively de-
Y,=—2~5x10° GeVx(my/1 TeV)¥3(¢/M, )2, fa Y
My Yo n (M V)" (/M) caying particle. Our first example is the gravitino. In this

(27 case, we can constrain the reheating temperature after infla-

. . fiel . tion, because it determines the abundance of the gravitino.
wherep, is the energy density of the modulus field. As in We obtained the stringent boundsTg<10° GeV

our other models, we can convert our constraints on_ 10° GeV for 100 GeVem,,<1 TeV. Our second ex-
(TX.’mXYX) (Figs. 12 and 1?3”“0 constraints on r_(]d)"ﬁ(’)' .ample is the lightest neutralino which is heavier than the
Using the most conservative of these constraints, we Stilh o iing When the neutralino is the lightest superparticle in
obtain very stringent bounds on the initial amplitude of thethe MSSM sector, it can decay into a photon and a gravitino.
modulus fielddy: If we assume the lightest neutralino is pure B-ino, and its
— A% : =1x10" mass is about 100 Gevz then the relic number density of
m, =100 GeV (7,~4 16 seq : go=1X10" GeV, B-inos is related to the right-handed slepton mass, because

-1 Tev ~AX10P : <5x10f GeV, they annihilatel mainly through_ right-handed slepton ex-
Mo eV (74 se0 : do change. For this case, we obtained an upper bound on the
m,=3 TeV (7'¢,~1><104 sed : $o=9x10° GeV. gravitino mass: ms,»,<400 MeV—1 GeV for 100 GeV

=mj_ <1 TeV. Our third example is a modulus field. We

Clearly, our upper bound from BBN rules out our naive ex-obtained a severe constraint on its initial amplituds,
pectation thatpo~M, . It is important to notice thaicon- <10° GeV—10° GeV for 100 Ge\emg,<1 TeV. This
ventiona) inflation cannot solve this difficulty by diluting bound is well below the Planck scale, so it suggests the need
the coherent mode of the modulus field. This is because thtar a dilution mechanism, such as thermal inflation.
expansion rate of the universe is usually much larger than the

mass of the r_nodulus field, and hence thg mpdulus field dpes ACKNOWLEDGMENTS
not start oscillation. One attractive solution is a thermal in-
flation model proposed by Lyth and Stewgsb]. In the ther- This work was supported by the Director, Office of En-

mal inflation model, a mini-inflation of about 10 e-folds  ergy Research, Office of Basic Energy Services, of the U.S.
reduces the modulus density. Even if thermal inflation oc-Department of Energy under Contract DE-ACO03-
curs, there may remain a significant modulus energy density76SF00098. K.K. is supported by JSPS.

which decays to high-energy photons. Thus, BBN gives a

stringent constraint on the thermal inflation model. APPENDIX

V. DISCUSSION AND CONCLUSIONS In this appendix, we explgin how we answer 'ghe guestion
“How well does our simulation of BBN agree with the ob-
We have discussed the photodissociation of light elementserved light-element abundances?” To be more precise, we
due to the radiative decay of a massive particle, and we havephrase the question as “At what confidence level is our
shown how we can constrain our model parameters from thsimulation of BBN excluded by the observed light-element
observed light-element abundances. We adopted both loabundances?”
and high “He values in this paper, and we obtained con- From our Monte Carlo BBN simulation, we obtain the

023506-13



HOLTMANN, KAWASAKI, KOHRI, AND MOROI PHYSICAL REVIEW D 60 023506

theoretical probability  density  function (PDP Since the observations of the light-element abundances
P AYS, Y™ log;yt™) of our simulated light-element abun- are independent, we can write the total observational PDF
dances yy, Y, and logy}). We find that for BBN+X as

th o\ th \th thy } ; AL

PoaAY7 Y _ ,Iog%oy7.) is well ap.prOIX|mated by a multivari pObs.(/0bS yobs 0bS Jo g 0bS)
ate Gaussian distribution function:

=pobs(rob3><pobs(yobs’Yobs,log obs)'
pt2f217(yt2h'Yth,|ogloyt7h) 23 247\Y2 oY 7

— pGausiyth) X pGausthh) < pGauss(log yth) (Al) (A6)

2 2/ ! w7 To simplify the notation, we write
where a=(y5, Y™ ", logy7) (A7)

2
— 1 1[x—X
pGaUS?X;X,U)I exd — = ' (AZ) aobs:(ygbs'Yobs,robs'|Ogloygb5) (A8)
2mo : 7 h th h th

b™"=(yz', Y. logiy7") (A9)

Note thatpl,(y¥',Y'™", log,oy"") depends upon the param-
etersp =(7,- - -) of our theory(The ellipses refer to param- b°Ps= (y9PS,Y°PS log, oyS°S). (A10)
eters in non-standard BBNe.g, myYyx,7x.) In particular,
the means and standard deviationg§f(y5",Y'", log, oy
are functions op.

For BBN Witt;\ a radiatively decaying particle, we also p§47(Ab)=f db®" pgfﬁ(b"bﬂ fdbth pg]n(bth)
consider the ratio'"=yY/y". Our Monte Carlo BBN simu- h vob
lation allows us to find the PDBYY(r'"). We approximate X 5(Ab—(b™—b"))

Then the quantitied a=a'"—a°"S have a PDF given by:

ptzg by a Gaussian, and neglect the correlation betwesmd " obs
yo Y™ log,qyy'. This assumptiofwhich is justified in work :f db pzaAb)pzs7(b—Ab), [SBBN]
to be published by one of the authdi®4]), allows us to (A11)
write
Pt yE Y1 oy p) Phatda = [ da® p2ie™) [ da® pihfa
=poyr'™p) X poadys, Y logiyy' ip). (A3) x d(Aa— (alh—aob9))
We want to compare these theoretical calculations to the
observed light-element abundancey3®s, Y°PS, and :f da plL,(a)ps(a—Aa), [BBN+X]
log,qy5PS. Since the observations of the light-element abun- (AL2)
dances are independent, we can factor the PDF
pgfl’;(ygbs,yobs, |ogloygb5) as where we have suppressed the dependence of
sbe. obe wobe r . ob P2uAAD), P2iAb™), Pre{Ad), and pzi{a™) on the
P27y YOS logiy ") theory parameterp. The integral in Eq(All) is simply a
G ian:
=Py X PPV X P loguySY. (A4 .,
s aby= I1 1 1 [ Ab;—Ab;
We assume Gaussian PDF's fg}°S, Y°PS and logqySPs. P24 )_i:2,4,7 Pro, N ) o2 ’
We use the mean abundances and standard deviations given (A13)

in Egs.(6), (9), (10), and(11). Since we have two discordant — % B )
values of “He, we considered two cases, i.e., high and lowwhere Ab;=b{"=b*%, of=(o{")2+ ("2, and i runs

values of*He abundances. overy,, Y and loggy;. To evaluate EqA12), we note that
3He is more complicated. Aside from the trivial positivity obs / ,ob ob obs, 1,0b
a’re) = 1o x b Al4
requirement, we only have an upper boundr8f® (the pri- P23t &9 = Paa( 1) X P27 0™ (A1)
. 3 .
mordial I;|beS/ D, as deduced from solar-system observajons posaA @™ = pos(r'™) X piiAb™), (A15)
namely,r°°><rg. Because of this, we choose, for the PDF
0 robs— wherepS?s and pY}, are Gaussian. The integral then factors
L 1 o as
O<r°b3<r@
obs/ .obs) _ ! !
ro°%) = _
Pastr™ G Phat )= [ drpfn p8ir—ar)
Nexg — 3| ——— T o<ro°,
Jro
(AS) X f db phiAb)p3sAb—Ab)  (AL6)
where the normalization factor = 1/(GwL ooV 2), and R R
ro.0:0 are given in Eq(7). = P23(Ar) X p3,{Ab). (A17)
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The first integral can be evaluated as

poy(Ar)= f drpi(r+Ar)pS5%(r) (A18)
ro r+Ar—rth 2 f d 1 r+Ar—rth 2+ r—ro)?

\/_a'th 5 r\/_ath 2 oﬁh 0r0
(A19)

N G+Ar—rﬁ Ar—rth N oo E—r F{ 1(Ar—rﬁ+g 2
=—leffl ——=—|—efl ——| |+ = 1—erf exg — | ———| |, A20
2 ( \/Egtrh \/Eofh 2 o \/—2'?;r 2 o, (A20)

|
where'&*z—(ath)*%(a Y72, tlo2=rol(0,0)%— (Ar
2. o (o r;DZ_I—(O-r@)Zr ollore C_|__(|D)=L2 (3|(Ar)p§3(Ar)fSz 7(Ar)d(Ab)pém(Ab),
3 4

Our question can now be rephrased as “At what confi- (A27)

dence level isAa=0 excluded?” To answer this, we need to
consider the regio®in abundance space where the value ofVN€reS;s = the set ofAr such thatpys(Ar)= p/max(pm)

the PDF is higher than and SpAAr) = the set of Ab such that pj,{Ab)
A ;p/p23(Ar). We can easily evaluate the Gaussian integral.
~:{ P24AAb=0;p) [SBBN] (A21) Again, the result is conveniently expressed in termgdf
Py Aa=0;p) [BBN+X] N
cLp= [ danpian
Mathematically phrased, S23
2 Ar)
C.L.(p)=Ld(Ab)p§47(Ab;p), [SBBN] (A22) x| - \[;X(Ar)exsz)’%erf %) ,

(A28)

C.L(p)= f d(Aa)pisAAa;p), [BBN+X] (A23) -
P~ s Psed A2ip). | ] where  x(Ar) = —2lod (2m)*20,0407p/pos(Ar)].  We
then evaluate EqA28) numerically.

Our confidence level is calculated for four degrees of
freedomAa; (three, in the case of SBBNIt denotes our
certainty that a given poirnp in the parameter space of the
A - theory is excluded by the observed abundances. In order to
S={AapyAAap)>p}, [BBN+X]. (A25  compare our theory with a late-decaying partitieree pa-

. . . DT Yy, h ith a diff
We use the C.L. to constrain various scenarios of BBN. Lirpnebtgrrff :)-grarr:éte?se an(;gl;cjoﬁet iﬁosr)é\év;‘ o{;g |W((-:;Le|3t
In the SBBN case, the integral is Gaussian and is eaSII%vant to use a? variable in these parameters. This transfor-

expressed in terms of’=—2 lod (2m)*?s,0407p] [s€€  mation would be possible if the abundaneesvere linear in

where

S={Ab:p5,{Ab;p)>p}, [SBBN], (A24)

Egs. (15 and(17)]: the theory parameters In this case, we could integrate out
2x a theory parameter such asand set a C.L. exclusion limit
\/—exp( - = +erf , [SBBN]. (with a reduced number of degrees of freedam the re-

(A26) maining parameters. However, tle turn out to be highly

nonlinear functions op, so integrating out a theory param-
To evaluate the BBMN X integral Eq.(A23), we separate the eter turns out to have little meaning. Instead, we project out
Gaussian variableAb from the non-Gaussian variabler,  various theory parameter@s explained in Sec. Il Cto
using the decomposition in EGA16): present our results as graphs.
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