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Recent spectroscopic observationsof metalpoor starshave indicatedthatboth7Li and6Li have

abundance plateauswith respectto the metallicity. Abundancesof 7Li areabout a factor three

lower than the primordial abundancepredictedby standardbig-bangnucleosynthesis (SBBN),

and6Li abundancesare � 1
�
20 of 7Li, whereasSBBN predictsnegligible amountsof 6Li com-

paredto the detected level. Thesediscrepanciessuggest that 6Li hasanother cosmological or

Galacticorigin than the SBBN. Furthermore,it could appear that 7Li (andalso 6Li) hasbeen

depleted from its primordial abundanceby somepost-BBNprocesses.We studythepossibility

thattheradiative decay of long-livedparticleshasaffectedthecosmological lithium abundances.

Wecalculatethenon-thermalnucleosynthesisassociatedwith theradiativedecay, andexplorethe

allowedregionof theparametersspecifyingthepropertiesof long-lived particles.Wealsoimpose

constraintsfrom observationsof theCMB energy spectrum.It is found thatnon-thermal nucle-

osynthesisproduces6Li at thelevel detectedin metalpoor halostars(MPHSs),whenthelifetime

of the unstableparticlesis of the order � 108 � 1012 s andtheir initial abundance with respect

to thatof thephotonsis ��� 10� 13 � 10� 12 GeV� � Eγ0, whereEγ0 is theemittedphoton energy in

theradiative decay. We concludethata combinationof two differentprocessescould explain the

lithium isotopicabundances in MPHSs.First, a non-thermal cosmological nucleosynthesisasso-

ciatedwith theradiative decay of unstableparticles;andsecond, about thesamedegreeof stellar

depletion of bothprimordial lithium isotopicabundances.If MPHSsexperience6Li depletion of

factormuchgreater than � 3, thesimpleradiativedecayprocesscannotbethecauseof large6Li

abundancesin MPHSs.
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1. Introduction

In standardcosmology, theuniverseis thoughtto have experiencedbig-bangnucleosynthesis
(BBN) at a very earlystage.D, T, 3He, 4He, 6Li, 7Li and7Be areproducedin appreciableamount
at this epoch. The Wilkinson Microwave Anisotropy Probe(WMAP) satellitehasmeasuredthe
temperaturefluctuationsof the cosmicmicrowave background(CMB) radiation,andparameters
characterizingthe standardbig bangcosmologyhave beendeduced[1, 2] from thesedata. For
thebaryon-to-photonratio η deducedfrom fits to theCMB, theBBN modelpredictsabundances
of the light elementswhich aremore-or-lessconsistentwith thoseinferredfrom astronomicalob-
servations. This agreementplacessignificantlimits on non-standardmodelswhich influencethe
cosmicnuclearabundances.

In this regard, unstablemassive particlesdecayingor annihilatingduring or after the BBN
epochare strongly constrained[3 –6]. Theseparticle processesinduceelectromagneticand/or
hadronicshowerswhich leadto thedestructionof preexisting nucleiandto theproductionof dif-
ferentnuclearspecies.In turn, thesemodificationsto the light elementabundancesareusedto
constraintheoriesfor thedecayof relic particles.

Spectroscopiclithium abundanceshave beendetectedin theatmospheresof metalpoorstars.
Nearly constantabundancesof 6Li and7Li in metal-poorPopulationII (PopII) starshave been
inferred[7, 8]. Spectroscopicmeasurementsindicatethat metalpoor halo stars(MPHSs)have a
verylargeabundanceof 6Li, i.e.atalevel of aboutatwentieththatof 7Li. This is aboutthreeorders
of magnitudelargerthantheSBBNpredictionof the6Li abundance.

Wecalculatethenucleosynthesistriggeredby theradiativedecayprocessesof long-livedrelic
particles. We take into accountthe primary, secondary, andtertiary processesresultingfrom the
electromagneticcascadeshowers which both produceand destroy the light elements. We then
constrainthe abundanceof long-lived particlesfrom the calculatednucleosynthesis.We do not
find, however, a simultaneoussolutionto both the 7Li and6Li abundancesunlessthereis stellar
destructionof lithium. We concludethat our model can explain the desired6Li productionby
non-thermalnucleosynthesisif thereis stellardestructionof factor 
 3 for bothlithium isotopesto
explain theobserved7Li [9].

2. Model

We assumethecreationof high energy photonsfrom theradiative decayof a massive particle
with a lifetime of 102 - 1012 s. See[4, 9] for detailson the formulation which we adopt for
calculationof thenon-thermalnucleosynthesistriggeredby thehighenergy non-thermalphotons.

Weassumethatthedecayingdarkparticleis non-relativistic, andalmostat restin theexpand-
ing universe. We denotethe imaginaryparticleby X , with a massMX anda life τX that decays
into aphotonplusanotherdark-matterparticle.Werepresenttheemittedphotonenergy by Eγ0 and
defineζX �
� n0

X � n0
γ � Eγ0, where � n0

X � n0
γ � is equalto a numberratio of X to photonbeforeX-decay.

Whenanenergeticphotonemerges,it interactswith thecosmicbackgroundandinducesanelec-
tromagneticcascadeshower. Thefasterprocessesarepairproductionthroughbackgroundphotons
γbg (γγbg � e � e � ) and inverseComptonscatteringof producedelectronsandpositronsthrough
backgroundphotons(e� γbg � e� γ). Thesetwo processesproduceelectromagneticshowersand
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thenon-thermalphotonspectrumrealizesa quasi-staticequilibrium.Thenon-thermalphotonsex-
perienceadditionalprocessesincluding:Comptonscattering(γe�bg � γe� ); Bethe-Heitlerordinary
pair creationin nuclei (γNbg � e � e � N); anddoublephotonscattering(γγbg � γγ). Theseslower
processesfurtherdegradethequasi-staticequilibriumphotonspectrum.

Thisnon-thermalphotonsmight interactwith backgroundnucleianddifferentnuclearspecies
areproduced.The primary reactionsandtheir crosssectionswe usedaretaken from [4]. If the
photo-dissociatedlight nucleusof a primaryreactionhasenoughenergy to inducefurthernuclear
reactions,thensecondaryor tertiaryprocessesarepossible.Theenergy lossratesof nuclearspecies
while propagating throughthebackgroundaretaken from [6]. We alsotake into accountthede-
structionof D, T,3He and6Li afterprimaryproductionby abundantbackgroundnuclides.And the
relevant processesin the secondarynon-thermalproductionof 6Li involve interactionsof back-
ground4Hewith primarytritium and3Heparticles.Wehavetakeninto accountthesetwo reactions
with their crosssectionsfrom [4].

3. Observations of Light Element Abundances

3.1 Light element abundances

The primordial abundancesof D, 3He, 4He, and7Li areinferredfrom variousobservations.
Here,wesummarizeouradoptedconstraints.See[9] for referencesof observationaldata.

1� 4 � 10� 5 � D � H � 5� 2 � 10� 5 (3.1)
3He� H � 3� 1 � 10� 5 (3.2)

0� 232 � Y � 0� 258 (3.3)

1� 1 � 10� 10 � 7Li � H � 7� 1 � 10� 10� (3.4)

6Li hasalsobeenmeasuredin MPHSsby spectroscopy. In [8], 6Li wasdetectedat a better
than two sigmasignificancein nine of the 24 starsobserved. They suggestthat a 6Li plateau
exists at logε6Li � 0� 8. Becausethe SBBN predictsmuch lessabundanceof the primordial 6Li
(6Li/7Li 
 10� 5), somemechanismshouldhaveproducedalmostall 6Li in MPHSs.Sincemultiple
processeshave possiblysynthesized6Li at an early epoch[10, 11], we do not put limits on the
primordialabundanceof 6Li. However, weadopttheaveragevalueof theabundancederivedfrom
theeightMPHSswith detectionsasaguide,

6Li � H � 6� 6 � 10� 12 � (3.5)

3.2 Cosmic microwave background anisotropies

Very precisedatahave beenobtainedby observationsof the spectrumof temperaturefluc-
tuationsin the CMB. The WMAP datahave beenanalyzedand the energy densityof baryons
in the universehasbeendeduced,which leadsto Ωbh2 � 0� 0224� 0� 0009 for the WMAP first
year data [1] in the running scalarspectralindex model. We adopta correspondingvalue of
η ��� 6� 1� 0 � 3

� 0 � 2 � � 10� 10. The SBBN with the WMAP Ωbh2 parameterregion hasbeencalculated
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includingtheuncertaintiesof theinferredΩbh2 andof thereactionrateson theSBBN [12]. Their
resultis:

D � H � 2� 60� 0 � 19

� 0 � 17 � 10� 5 (3.6)
3He� H ��� 1� 04 � 0� 04� � 10� 5 (3.7)

Y � 0� 2479� 0� 0004 (3.8)
7Li � H � 4� 15� 0 � 49

� 0 � 45 � 10� 10 � (3.9)

4. Result

Wehavecalculated[9] thecosmologicalnucleosynthesisincludingtheSBBNandnon-thermal
nucleosynthesisinducedby theradiative decayof a long-livedparticle.TheSBBN wascomputed
usingtheKawanocode[13] with theuseof thenew world averageof theneutronlifetime [14]. We
checked the effect of secondarydestructionof the primary non-thermalnuclides. We confirmed
that the secondarydestructionprocessesof primary nuclideswerenot very efficient (destruction
probabilitiesare ��� � 10� 3 � ), sincethetimescaleof theCoulomblossfor thenon-thermalnuclides
is muchsmallerthanthoseof thedestructionreactions.

We have derived the constraintson the lifetime τX and abundanceparameterζX from the
adoptedlimits for the cosmologicallight elementabundances.Our result is very similar to that
of [4], sincewe usethe sameformulation for non-thermalnucleosynthesisand adopt their es-
timatedcrosssections. A detailedexplanationhasbeengiven in [4] for the systematicsof the
radiative decay. Fig. 1 shows thederivedconstrainton τX andζX for anunstableparticlefrom the
above considerationof the light elementabundancesin a modelwith η � 6� 1 � 10� 10. The 3He
overabundantregion is shadedby thedarkgray, andtherestof theexcludedregion thelight gray.
Thelight coloredregion is fixedlargelyby thedeuteriumunderproduction.For τX � 106 s,3Hepro-
videsthestrongestlimit on theabundanceparameter, while for shorterlifetimes(τX 
 104 ! 106 s)
thelimits arefrom D, implying ζX " 10� 9 GeV.

5. Discussion

5.1 Distortion of the CMB spectrum

Sincenon-thermalphotonsproducedby the radiative decaydeformthe blackbodyspectrum
of theCMB, this is limited by theconsistency of theobservedCMB datawith a blackbodyspec-
trum [15, 16]. For epochsearlier thanz 
 107, thermalbremsstrahlung,[i.e. free-freeemission
(eN � eNγ), whereN is anion] andradiative-Comptonscattering(e � γ � e � γγ) acteffectively to
eraseany distortionof theCBRspectrumfrom ablackbody. For thedecayin epochs105 � z � 107,
processeschangingthephotonnumberbecomeineffective, andComptonscattering(γe � � γe � )
causesthe photonsand electronsto achieve statisticalequilibrium. Then, the photonspectrum
shouldhaveaBose-Einsteindistribution

fγ �$#pγ � � 1

eεγ % T � µ ! 1 & (5.1)
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Figure 1: Gray regions identify the excludedareain
the parameter space(τX ,ζX ) for models with a fixed
valueof η ' 6( 1 ) 10� 10. Thedarkgrayregion is ex-
cludedby anoverabundanceof 3He,whereasthelight
shadedregion is mostly excluded by an underabun-
dance of deuterium. The black shaded region super-
imposedshowstheregionexcludedby theconsistency
requirement of theCMB with ablackbody. Thecurved
line identifies the contour of 6Li

�
H ' 6( 6 ) 10� 12,

corresponding to the abundanceof 6Li observed in
MPHSs.Theregion above thecontour andbelow the
nucleosynthesisandCMB constraintsis allowed and
abundantin 6Li. Thisfigure is takenfrom [9].

Figure 2: Ratio of calculated 6Li/H abundances (af-
ter the non-thermalnucleosynthesis) to the observed
abundance in MPHSs as a function of τX . Results
in the allowed parameter region of (τX , ζX ) produc-
ing 6Li/H larger than the value found in MPHSs,or
the marked region “6Li” in Fig. 1 are plotted. The
horizontal line indicatesa factorof threeoverproduc-
tion of 6Li relative to the observed MPHS value of
6Li/H ' 3 ) 6( 6 ) 10� 12. Thelargecirclesdenote val-
uesin theallowed regionwith abundancesof 3He/H'
1( 3 � 2( 5 ) 10� 5 and 6Li/H * 3 ) 6( 6 ) 10� 12. The
other parameterssetsare indicated by small squares.
Thisfigure is takenfrom [9].

whereµ is thedimensionlesschemicalpotentialderivedfrom theconservationof photonnumber.
Analysesof theCMB datasuggesta relatively low baryondensitysothatradiative-Comptonscat-
teringdominatesthe thermalizationprocess.For smallenergy injection from theradiative decay,
thechemicalpotentialcanbeapproximatedanalytically[15].

For a late energy injection at z � 105, Comptonscatteringproduceslittle effect andcannot
establisha Bose-Einstein spectrum.The distortedspectrumis thendescribedby the Comptony
parameter. Thereis a relationbetweeny andthe amountof the injectedenergy, ∆E � ECBR � 4y,
where∆E andECBR arethetotal energy injectedandtheCBR energy, respectively.

TheCMB spectrumhasbeenwell measuredandthededucedlimits are + µ + � 9 � 10� 5, + y + �
1� 2 � 10� 5 [17] andΩbh2 
 0� 022 with h 
 0� 71 [1]. Therefore,the high abundanceparameter
region of ζX is excludedby theµ andy limits. In Fig. 1 theblackshadingindicatestheparameter
region excludedby theCBR distortionlimit. For a lifetime shorterthanτX � 4 � 1011 s Ωbh2 

8� 8 � 109 s, the decayis constrainedby the chemicalpotentialµ. On the otherhand,whenan
unstableparticle decayslater, the CBR spectrumis limited by the Comptony parameter. The
parameterregion of relatively long lifetime (1010 s � τX ) is constrainedby the CMB spectrum
morestronglythanthelight elementabundances.

5.2 Parameter region consistent with 6Li in MPHSs

We analyzethe possibility that the radiative decayof long-lived particlesproduces6Li by
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non-thermalprocesswhile having almostnoeffecton7Li or othernuclidesproducedin theSBBN.
Ellis, Olive& Vangionistudiedthepossibilitythattheradiativedecayof unstableparticlesexplains
thediscrepancy of theBBN calculated7Li abundanceandlow 7Li plateauderived from observa-
tions [18]. They found that in the parameterregion where7Li is photo-dissociateddown to the
level of the7Li plateau,eithertheD abundancewastoo low or theratio 3He/Dwastoo largein the
context of standardstellarevolutionandchemicalevolution. They concludedthatradiativeparticle
decayscannotbea causefor the7Li abundancedifference.They alsomentionedthepossibilityof
6Li productionin their paper.

Uncertaintiesremainin estimationsof theLi abundancein stellaratmospheres,andtheprob-
ability of depletionin starshasnot beenexcluded. Therefore,we supposethat the discrepancy
of the 7Li abundanceis causedby stellardepletionor someothersystematiceffect. Thenthe 6Li
abundancein the early universeshouldhave beenlarger when first engulfedin a star than the
valuepresentlydeducedfrom observationsof MPHSs. Assumingthat is thecase,we imposethe
following constrainton the6Li abundanceaftertheradiativedecayprocess,

6Li � H , 6� 6 � 10� 12 � (5.2)

In Fig.1 thecontourof thelowerlimit (5.2) is shown by asolidline below theCMB constraint.
Hence,a 6Li-producingallowedparameterregion certainlyexists for τX � 108 ! 1012 s andζX 

10� 13 ! 10� 12 GeV. Theparameterregion allowed by theabove constraintswhich alsoproduces
abundant6Li is markedas“6Li”.

We have analyzedthis parameterregion to seethe possibility of realization. We pick up a
modelcalculationwith input parametersof τX � 1 � 1010 s, ζX � 3 � 10� 13 GeV andη � 6� 1 �
10� 10. Thefinal abundancesobtainedin thismodelare

D � H � 2� 63 � 10� 5 (5.3)
3He� H � 2� 48 � 10� 5 (5.4)

Y � 0� 247 (5.5)
6Li � H � 4� 69 � 10� 11 (5.6)
7Li � H � 4� 36 � 10� 10� (5.7)

Thesearecertainlyconsistentwith the constraintswe adoptedin Sec.3.1. The abundances
of 3He and6Li with respectto the SBBN abundancesincrease.The non-thermal6Li production
inevitably bringsaboutthe productionof 3He, andthis givesa strongconstrainton the possible
parameterspaceof unstableparticles[6, 9, 18].

If the inconsistency betweenthe 7Li abundancepredictedby SBBN andthatmeasuredfrom
MPHSsis causedby stellardepletion,6Li wouldhaveexistedin theprimordialgasata level larger
than the abundanceobserved in MPHSsby at least the ratio of the SBBN 7Li/H predictionto
themeanvalueobserved in MPHSs. Theobserved 7Li/H abundance[8] is 7Li/H 
 1� 62 � 10� 10.
Hence,this factoris 
 3. So6Li shouldhave beenoriginally producedat anabundancemorethan
about3 timesthepresentlyobservedvalue.

We have analyzedthe upperlimit to the 6Li abundanceresultingfrom the radiative decay
processundertherequirementof consistency with theotherlight-elementabundances.In Fig.2, the
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6Li abundancesareplottedasa functionof τX . Pointson this figureareallowedby theconstraints
imposedabove and lead to 6Li abundancesabove the level observed in MPHSs. The vertical
scaleis 6Li/H normalizedto the mean6Li/H abundancein MPHSs(6Li/H)MPHS. The horizontal
line indicatesa factor of threeenhancementin 6Li. The large circles are for caseswith more
than threetimes as abundant6Li as the level found in MPHSs. Here, we adoptthe one sigma
3He/H=� 1� 9 � 0� 6� � 10� 5 [19] asan extra constraint.We notethat, in a caseadoptinga tighter
constraint3He/H� � 1� 6 � 0� 3� � 10� 5 [20], onecanstill find anallowedregionof τX � 3 � 1010 !
3 � 1011 s which satisfiesthe sameconstraintimposedon the 6Li abundance.The small squares
arefor theothercaseof Eq.(3.2).

This figure confirmsthat 6Li/H abundancesas large as thosein MPHSsmultiplied by the
ratio (7Li/H)/(7Li/H)MPHS canbe producedby non-thermalnucleosynthesiswithout significantly
impactingtheothernuclideabundances.Althoughthis explanationcouldresolve thediscrepancy
betweenthe SBBN predicted6Li abundancesandthosederived from observations,it cannotre-
solve theso-calledlithium problem.This scenarionecessarilyrequiressomemodelfor thestellar
depletionof 6Li and7Li. Indeed,asdiscussedin [8] andreferencestherein,modelsexist which
suggesta very largedepletionfactorof 6Li alongwith some7Li depletion.Theproductionof 6Li
by radiativedecaycannotexplain theobservedabundancesof both6Li and7Li, if thestellardeple-
tion proceedsasdescribedby thatmodel.However, approximatelyequalamountsof depletionfor
both lithium isotopescanexplain themeasuredabundanceswhencombinedwith thenon-thermal
productionof 6Li [9]. As for thecaseincludingthehadronicdecayprocess[21], it hasbeenfound
thatsuchparticledecaycouldsimultaneouslysolveboththe6Li and7Li problem,evenif apossible
degreeof depletionis included.
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