PROCEEDINGS

OF SCIENCE

Can radiative decay of long-lived particles after the
BBN solve cosmological °Li problem?

Motohiko Kusakabe*land Toshitaka Kajino
Department of Astronomy, School of Science, University of Tokyo and National Astronomical
Observatory of Japan

Grant J. Mathews
Center for Astrophysics, University of Notre Dame

Recant spectroscpic obsenations of metalpoar starshave indicatedthatboth “Li and®Li have
alundane plateauswith respecto the metallicity. Abundan@sof ’Li areabou a factorthree
lower thanthe primordial abundancepredictedby standardbig-bangnudeosynthsis (SBBN),
and®Li abundanesare~ 1/20 of ’Li, whereasSBBN predictsnegligible amounts of ®Li com-
paredto the deteded level. Thesediscrepanies sugget that °Li hasanotrer cosmologgal or
Galacticorigin thanthe SBBN. Furthermorejt could appearthat ‘Li (and also®Li) hasbeen
deplded from its primordial abundanceby somepost-BBN processes.We studythe possibility
thattheradiatve decy of long-lived particleshasaffectedthe cosmologgal lithium abundanes.
We calaulatethe nonthermalnuclesynthesisassociatedvith theradiatve decg, andexplorethe
allowedregion of the paranetersspecifyingthe propertiesof long-lived particles.We alsoimpose
constraintdrom obsenations of the CMB enegy spectrum.lt is found that non-thermanude-
osynthasisprodu@sbLi atthelevel detestedin metalpoar halostars(MPHSs),whenthelifetime
of the unstableparticlesis of the order~ 10® — 102 s andtheir initial atundane with respect
to thatof the phaonsis ~ (10 1% - 10 12 GeV)/Eq, whereE , is the emittedphdon enegy in
theradiative deay. We concludethata conbinationof two differentprocessescoud explain the
lithium isotopicabundancea in MPHSs. First, a non-thermacosmdogical nuclesynthesisasso-
ciatedwith theradiatve deay of unstableparticles;andsecongabou the samedegreeof stellar
depldion of both primordiallithium isotopicatundanes. If MPHSsexperiencefLi degetion of
factormuchgreate than~ 3, thesimpleradiative de@y processcannot bethe cawseof largeéLi
alundan@sin MPHSs.
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1. Introduction

In standarccosmologythe universeis thoughtto have experiencedig-bangnucleosynthesis
(BBN) atavery earlystage.D, T, 3He, “He, 6Li, ’Li and’Be areproducedn appreciablemount
at this epoch. The Wilkinson Microwave Anisotropy Probe(WMAP) satellitehasmeasuredhe
temperaturdluctuationsof the cosmicmicrowave background CMB) radiation,and parameters
characterizinghe standardbig bangcosmologyhave beendeducedt;, 2] from thesedata. For
the baryon-to-photomatio n deducedrom fits to the CMB, the BBN modelpredictsabundances
of thelight elementswvhich aremore-orlessconsistentvith thoseinferredfrom astronomicabb-
senations. This agreemenplacessignificantlimits on non-standaranodelswhich influencethe
cosmicnuclearabundances.

In this regard, unstablemassve particlesdecayingor annihilatingduring or after the BBN
epochare strongly constrained3—#8]. Theseparticle processesnduce electromagneti@nd/or
hadronicshaverswhich leadto the destructionof preeisting nucleiandto the productionof dif-
ferentnuclearspecies.In turn, thesemodificationsto the light elementabundancesare usedto
constraintheoriesfor the decayof relic particles.

Spectroscopitithium abundancesave beendetectedn the atmospheresf metalpoor stars.
Nearly constantabundancef 6Li and’Li in metal-poorPopulationll (Popll) starshave been
inferred[4, 8]. Spectroscopimeasurementsidicatethat metal poor halo stars(MPHSs)have a
verylargeatundancef 6Li, i.e. atalevel of aboutatwentieththatof ’Li. Thisis aboutthreeorders
of magnituddargerthanthe SBBN predictionof the®Li abundance.

We calculatethe nucleosynthesisiggeredby theradiative decayprocessesf long-livedrelic
particles. We take into accountthe primary, secondaryandtertiary processesesultingfrom the
electromagneticascadeshavers which both produceand destry the light elements. We then
constrainthe abundanceof long-lived particlesfrom the calculatednucleosynthesisWe do not
find, however, a simultaneousolutionto boththe ’Li and®Li atundancesinlessthereis stellar
destructionof lithium. We concludethat our model can explain the desired®Li productionby
non-thermahucleosynthesi thereis stellardestructiorof factor~ 3 for bothlithium isotopedo
explaintheobsered’Li [8].

2. Modd

We assumehe creationof high enegy photonsfrom theradiative decayof a massve particle
with a lifetime of 107 - 10'? s. See[#, H] for detailson the formulation which we adoptfor
calculationof the non-thermahucleosynthesigiggeredby the high enegy non-thermaphotons.

We assumehatthedecayingdark particleis non-relatvistic, andalmostat restin the expand-
ing universe. We denotethe imaginaryparticleby X, with a massMy anda life 1y thatdecays
into aphotonplusanotherark-matteparticle. We representheemittedphotonenegy by Eo and
definedy = (ng/n))E,q, where(ng /n)) is equalto anumbermatio of X to photonbeforeX-decay
Whenan enegetic photonemeges,it interactswith the cosmicbackgroundcandinducesan elec-
tromagneticascadeshover. Thefastemprocessearepair productionthroughbackgrounghotons
Yog (yybg — e"e") andinverseComptonscatteringof producedelectronsand positronsthrough
backgrounophotons(eiybg — ety). Thesetwo processeproduceelectromagnetishoversand
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the non-thermaphotonspectrunrealizesa quasi-statiequilibrium. The non-thermaphotonsex-
perienceadditionalprocessescluding: Comptonscattering(yegtg — yet); Bethe-Heitlerordinary
pair creationin nucIei(yNbg — ete " N); anddoublephotonscattering(yybg — vyy). Theseslowver
processefurther degradethe quasi-statiequilibriumphotonspectrum.

This non-thermaphotonamightinteractwith backgroundiucleianddifferentnuclearspecies
are produced. The primary reactionsandtheir crosssectionswe usedaretaken from [4]. If the
photo-dissociatetight nucleusof a primaryreactionhasenoughenegy to inducefurthernuclear
reactionsthensecondaryr tertiaryprocessearepossible. Theenegy lossratesof nuclearspecies
while propagiting throughthe backgroundaretaken from [B]. We alsotake into accountthe de-
structionof D, T,2He and®Li afterprimary productionby atundantbackgrounchuclides.And the
relevant processesn the secondarynon-thermalproductionof 6Li involve interactionsof back-
ground*Hewith primarytritium and®He particles.We have takeninto accounthesetwo reactions
with their crosssectiongrom [4].

3. Observations of Light Element Abundances

3.1 Light element abundances

The primordial atundancef D, 3He, *He, and’Li areinferredfrom variousobsenations.
Here,we summarizeour adoptecconstraints See[d] for referencesf obsenationaldata.

14x10°< D/H <52x10° (3.1)
SHe/H <3.1x10° (3.2)

0232< Y <0258 (3.3)
1.1x10 %< 7Li/H <7.1x107%°. (3.4)

8Li hasalsobeenmeasuredn MPHSsby spectroscop In [8], SLi wasdetectedat a better
thantwo sigmasignificancein nine of the 24 starsobsened. They suggestthat a SLi plateau
exists atloge, ; ~ 0.8. Becausehe SBBN predictsmuchlessabundanceof the primordial 6Li
(SLi/"Li ~ 10~°), somemechanisnshouldhave producedalmostall 6Li in MPHSs.Sincemultiple
processediave possiblysynthesizedLi at an early epoch[d0, 1], we do not put limits on the
primordialabundanceof Li. However, we adoptthe averagevalueof the atundancederived from
the eight MPHSswith detectionsaasaguide,

®Li/H~6.6x 10712 (3.5)

3.2 Cosmic microwave background anisotropies

Very precisedatahave beenobtainedby obsenationsof the spectrumof temperaturdiuc-
tuationsin the CMB. The WMAP datahave beenanalyzedand the enegy density of baryons
in the universehasbeendeducedwhich leadsto Q h? = 0.0224- 0.0009 for the WMAP first
year data[iL] in the running scalarspectralindex model. We adopta correspondingvalue of
n = (6.1753) x 1071%. The SBBN with the WMAP Q,h? parameteregion hasbeencalculated
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includingthe uncertaintieof the inferredeh2 andof thereactionratesonthe SBBN [12]. Their
resultis:

D/H = (2.607313) x 10°° (3.6)
3He/H = (1.04+0.04) x 10°° (3.7)
Y = 0.2479+0.0004 (3.8)
Li/H = (4.15'372) x 107 %, (3.9)

4. Result

We have calculatedl] thecosmologicahucleosynthesimcludingthe SBBN andnon-thermal
nucleosynthesisducedby theradiative decayof along-lived particle. The SBBN wascomputed
usingthe Kawanocode[13] with the useof the new world averageof the neutronlifetime [14]. We
checled the effect of secondarydestructionof the primary non-thermalnuclides. We confirmed
that the secondarydestructionprocessesf primary nuclideswere not very efficient (destruction
probabilitiesare< ﬁ(lcr?’)), sincethetime scaleof the Coulomblossfor thenon-thermahuclides
is muchsmallerthanthoseof thedestructiorreactions.

We have derved the constraintson the lifetime 1, and abundanceparameter(y from the
adoptedimits for the cosmologicalight elementabundances.Our resultis very similar to that
of [4], sincewe usethe sameformulation for non-thermalnucleosynthesisnd adopttheir es-
timated crosssections. A detailedexplanationhasbeengiven in [4] for the systematicsof the
radiative decay Fig. 1 shavs the derived constrainton 7, and{y for anunstableparticlefrom the
above consideratiorof the light elementabundancesn a modelwith n = 6.1 x 10°1°. The 3He
overalundantregion is shadedy the dark gray, andtherestof the excludedregion thelight gray.
Thelight coloredregionis fixedlargely by the deuteriumunderproductionFor 1, > 10° s,3He pro-
videsthestrongestimit ontheabundancearametemwhile for shortedifetimes(t, ~ 10* — 1P s)
thelimits arefrom D, implying {, <10 ° GeV.

5. Discussion

5.1 Distortion of the CM B spectrum

Sincenon-thermalphotonsproducedby the radiative decaydeformthe blackbodyspectrum
of the CMB, this is limited by the consisteng of the obsened CMB datawith a blackbodyspec-
trum [15, 16]. For epochsearlierthanz ~ 107, thermalbremsstrahlungjj.e. free-free emission
(eN — eNy), whereN is anion] andradiatve-Comptorscatteringe” y — e yy) acteffectively to
erasary distortionof the CBR spectrunfrom ablackbody For thedecayin epochsl®® < z < 107,
processeshangingthe photonnumberbecomeineffective, and Comptonscattering(ye — ye~)
causeghe photonsand electronsto achieve statisticalequilibrium. Then, the photonspectrum
shouldhave a Bose-Einsteirdistribution

1

fy(By) = ey SR (5.1)
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Figure 1. Gray regions identify the excludedareain Figure 2: Ratio of calculded °Li/H akundances (af-
the parameer space(Ty,{y) for modds with a fixed ter the nonthermalnudeosynthsis) to the obsered
valueof N = 6.1 x 10-1°. Thedarkgrayregionis ex- abundarce in MPHSs as a function of 1. Results
cludedby anoveratundane of 3He, whereasthelight in the allowed paraméer region of (1y, {y) produc
shadedregion is mostly excluded by an undeabun- ing 6Li/H larger thanthe value found in MPHSSs, or
dane of deuterium. The black shadel region super the marked region “SLi” in Fig. i are plotted. The
imposedshavs theregion excludedby thecorsiseng horizantal line indicatesa factorof threeoverprodue

requiremenof theCMB with ablackbody. Thecurved tion of °Li relative to the obsered MPHS value of
line identifies the contaur of ®Li /H = 6.6 x 10712, ®Li/H= 3 x 6.6 x 10 2. Thelargecirclesdende val-

correspoding to the atundanceof Li obsered in uesin theallowed region with alundan@sof 3He/H=
MPHSs. The region above the cortour andbelow the 1.3 — 2.5 x 107> and ®Li/H> 3 x 6.6 x 1012 The
nuclesynthesisand CMB constraintss allowed and othe paraneterssetsareindicaed by small squares.
atundantin 8Li. Thisfigure is takenfrom [€]. Thisfigure is takenfrom [B].

wherep is thedimensionlesghemicalpotentialderived from the conseration of photonnumber
Analysesof the CMB datasuggest relatively low baryondensitysothatradiatve-Comptorscat-
tering dominateghe thermalizationprocess.For small enepy injection from theradiatve decay
the chemicalpotentialcanbe approximatedinalytically[15].

For a late enegy injection at z < 10°, Comptonscatteringproducedittle effect and cannot
establisha Bose-Eingtin spectrum. The distortedspectrumis thendescribedby the Comptony
parameter Thereis a relationbetweeny andthe amountof the injectedenegy, AE/Eqgg = 4y,
whereAE andE_gg arethetotal enegy injectedandthe CBR enegy, respectiely.

The CMB spectrumhasbeenwell measuredndthe deducedimits are|u| < 9x 107, |y| <
1.2 x 10°° [7] andQ h? ~ 0.022with h ~ 0.71 []. Therefore the high alundanceparameter
region of {y is excludedby the u andy limits. In Fig. & the black shadingindicatesthe parameter
region excludedby the CBR distortionlimit. For a lifetime shorterthant, = 4 x 10t s Q h? ~
8.8 x 1(° s, the decayis constraineddy the chemicalpotentialt. On the other hand,whenan
unstableparticle decayslater, the CBR spectrumis limited by the Comptony parameter The
parameteregion of relatively long lifetime (1010 s < Ty) is constrainedoy the CMB spectrum
morestronglythanthelight elementabundances.

5.2 Parameter region consistent with 6Li in MPHSs
We analyzethe possibility that the radiative decayof long-lived particlesproduces’Li by
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non-thermaprocessvhile having almostno effecton ’Li or othernuclidesproducedn the SBBN.
Ellis, Olive & Vangionistudiedthepossibilitythattheradiative decayof unstableparticlesexplains
the discrepang of the BBN calculated’Li abundanceandlow ’Li plateauderived from obsera-
tions[18]. They found thatin the parameteregion where’Li is photo-dissociatedown to the
level of the ’Li plateau githerthe D abundancavastoo low or theratio *He/D wastoo largein the
contet of standardstellarevolutionandchemicalevolution. They concludedhatradiative particle
decayscannotbe a causefor the ’Li atundancelifference.They alsomentionedhe possibility of
8Li productionin their paper

Uncertaintiegemainin estimationf theLi abundancen stellaratmospheresandthe prob-
ability of depletionin starshasnot beenexcluded. Therefore,we supposehat the discrepang
of the ’Li abundances causedy stellardepletionor someothersystematiceffect. Thenthe SLi
alundancein the early universeshould have beenlarger whenfirst engulfedin a starthanthe
valuepresentlydeducedrom obsenrationsof MPHSs. Assumingthatis the case we imposethe
following constrainion thebLi atundanceaftertheradiative decayprocess,

SLi/H>6.6x10 12 . (5.2)

In Fig. & thecontourof thelowerlimit (5.2) is shavn by asolidline belov theCMB constraint.
Hence,a SLi-producingallowed parameteregion certainlyexistsfor t, = 10° — 10'2 sandy ~
10 12— 10 '? GeV. The parameteregion allowed by the above constraintsvhich also produces
alundan®Li is markedas*®Li".

We have analyzedthis parameterregion to seethe possibility of realization. We pick up a
modelcalculationwith input parametersf 7, = 1 x 101%s, {, =3 x 10 3 GeVandn = 6.1 x
10719, Thefinal abundancesbtainedn this modelare

D/H = 2.63x 10°° (5.3)
3He/H = 2.48x 10°° (5.4)
Y = 0.247 (5.5)
®Li/H = 469x 1011 (5.6)
| = 4. X . .
Li/H = 4.36x10 10 (5.7)

Theseare certainly consistenwith the constraintsve adoptedn Sec.3.1 The atundances
of 3He and®Li with respecto the SBBN akundancesncrease.The non-thermaPLi production
inevitably brings aboutthe productionof 3He, andthis gives a strongconstrainton the possible
parametespaceof unstableparticles[B, 8, 1§].

If theinconsisteng betweenthe ’Li abtundancepredictedoy SBBN andthatmeasuredrom
MPHSsis causedy stellardepletion °Li would have existedin the primordialgasatalevel larger
than the abundanceobsered in MPHSsby at leastthe ratio of the SBBN “Li/H predictionto
the meanvalue obseredin MPHSs. The obsered ’Li/H abundancd®] is ’Li/H~ 1.62 x 10~1°.
Hence this factoris ~ 3. SoLi shouldhave beenoriginally producedat anabundancemorethan
about3 timesthe presentlyobsenedvalue.

We have analyzedthe upperlimit to the ®Li akundanceresultingfrom the radiative decay
processindertherequiremenof consisteng with theotherlight-elemengbtundancesin Fig. 2, the
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6Li abundancesireplottedasa functionof Ty. Pointsonthis figure areallowedby the constraints
imposedabove and lead to Li alundancesabore the level obsered in MPHSs. The vertical
scaleis °Li/H normalizedto the mean®Li/H atundancen MPHSs(®Li/H),;pps The horizontal
line indicatesa factor of threeenhancemenin °Li. The large circles are for caseswith more
thanthreetimes as abundant®Li asthe level found in MPHSs. Here, we adoptthe one sigma
3He/H=(1.94 0.6) x 10~° [19] asan extra constraint. We notethat, in a caseadoptinga tighter
constrainfHe/H< (1.6+£0.3) x 10 ° [20], onecanstill find anallowedregion of 7, = 3 x 10'°—

3 x 10 s which satisfiesthe sameconstrainimposedon the 6Li abundance.The small squares
arefor the othercaseof Eq. (3.2).

This figure confirmsthat 5Li/H alundancesas large as thosein MPHSsmultiplied by the
ratio (7Li/H)/(7Li/H),\,IPHS canbe producedby non-thermalnucleosynthesigvithout significantly
impactingthe othernuclideabundancesAlthoughthis explanationcould resole the discrepang
betweenthe SBBN predictedeLi alundancesind thosederived from obsenations,it cannotre-
solve the so-calledlithium problem. This scenarionecessarilyequiressomemodelfor the stellar
depletionof 6Li and’Li. Indeed,asdiscussedn [8] andreferencesherein,modelsexist which
suggesh very large depletionfactorof 5Li alongwith some’Li depletion.The productionof 5Li
by radiative decaycannotexplain the obseredatundance®f both®Li and’Li, if thestellardeple-
tion proceedsasdescribedy thatmodel. However, approximatelyequalamountsof depletionfor
bothlithium isotopescanexplain the measuredbundancesvhencombinedwith the non-thermal
productionof 8Li [H]. As for the caseincludingthe hadronicdecayprocesg?1], it hasbeenfound
thatsuchparticledecaycouldsimultaneouslypolve boththe®Li and’Li problem,evenif apossible
degreeof depletionis included.
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