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Abstract.
Thecalculationsfor theevolution of dustwithin PopulationIII supernova remnants(SNRs)are

presented,basedon themodelsof dustformedin theunmixedejectaof TypeII SNe.Weshow that
oncedustgrainscollidewith thereverseshockpenetratinginto theejecta,theirfatesstronglydepend
ontheinitial radiusaini . ForSNRsexpandinginto theinterstellarmedium(ISM) with nH � 0 � 1cm

� 3,
grainsof aini

�
0 	 05µm aretrappedin thehotgasto becompletelydestroyed;grainsof aini

� 0.05–
0.2 µm arepiled up in the denseshell formedbehindthe forwardshock;grainsof aini 
 0 	 2 µm
are injectedinto the ISM without beingerodedsignificantly. The total massof surviving dust is
0.01to 0.8M � for nH � 0 � 10 to 0.1cm

� 3. Wealsoinvestigatetheinfluenceof thepiled-upduston
theelementalabundancesof thesecond-generationstarsformedin thedenseshellof PopulationIII
SNRs.Thecomparisonof thecalculatedelementalabundanceswith thoseobservedin hyper-metal-
poor (HMP) andultra-metal-poor(UMP) starsindicatesthat the transportof dustseparatedfrom
metal-richgascanbean importantprocessin determiningtheabundancepatternsof Mg andSi in
HMP andUMP stars.

Keywords: dust;extinction,earlyuniverse,supernovae:general,stars;abundances,PopulationIII
PACS: 95.30.Lz,95.30.Wi, 97.10.Tk,97.20.Wt,97.60.Bw, 98.38.Mz

INTR ODUCTION

Dust grainsin the early universehave greatimpactson the evolutional history of the
universe:Dustgrainscontroltheenergy balancein interstellarspacethroughabsorption
of stellarlight andre-emissionof it, andplaycritical rolesin theformationprocessesof
starsandgalaxies.In particular, their thermalemissiongreatlyincreasestheefficiency
of coolingof gasin metal-poorcircumstances,which causesthestar-forminggascloud
to fragmentinto low-massgasclumpsof 0.1–1M � for metallicity of 10
 6 to 10
 5

Z� [1, 2, 3]. The absorptionand thermalemissionby dustgrainsheavily dependon
their composition,size,andamount.Thus,it is oneof the most importantsubjectsin
astrophysicsto elucidatetheorigin andevolutionof dustgrains.



The dominantsourcesof dustin theearly universeareconsideredto be supernovae
(SNe) evolving from the early generationsof massive stars.Theoreticalstudieshave
investigatedthe formationof dust in primordial Type II SNe(SNeII) [4, 5] andpair-
instabilitySNe[5, 6], andhaverevealedthecomposition,size,andmassof dustformed
in the ejecta;for SNeII, dustgrainsof 0.1–2M � areformed,which is in goodagree-
mentwith theamountrequiredto accountfor dustcontentin high-redshiftgalaxies[7,
8]. However, thereverseshockinducedby theinteractionof theSN ejectawith thesur-
roundingmediumreprocessesthenewly condenseddustgrainsandmakestheirsizeand
masssignificantlydifferentfrom thoseat thetime of dustformation[9, 10].

In thisproceedings,wepresentthecalculationsfor theprocessingof dustthroughthe
collisionswith the reverseshocksandits transportwithin PopulationIII SN remnants
(SNRs),in orderto revealthesizeandamountof dustinjectedfrom SNeinto theinter-
stellarmedium(ISM). Theresultsof calculationsshow thata partof thesurviving dust
grainsareaccumulatedin thedenseSN shell.Thesepiled-upgrainsmay have signifi-
cantinfluencesontheelementalabundancesof thesecond-generationstarsformedthere.
Therefore,assumingthat the compositionof the piled-upgrainsreflectsthe elemental
compositionof thosestars,weexploretheabundancepatternsof thestarsformedin the
denseshellof PopulationIII SNRsandcompareto thoseobservedin hyper-metal-poor
(HMP) andultra-metal-poor(UMP) stars.

EVOLUTION OF DUST IN PRIMORDIAL SNRS

Thecalculationsof thedustevolution in SNRsaredescribedin detailby Nozawa et al.
(2007)[10]. By takingthesizedistribution andspatialdistribution of eachdustspecies
from thedustformationmodelby [5] astheinitial conditions,thetransportof dustand
its destructionby sputteringarecalculated.The time evolution of the gastemperature
anddensityin SNRsexpandinginto theuniformISM with thehydrogennumberdensity
of nH � 0

� 0.1,1, and10 cm
 3 arecalculatedby adoptingthehydrodynamicmodelsof
PopulationIII SNeby [11]. In what follows,we presenttheresultsfor theevolution of
thedustformedin theunmixedejectaof SNeII with theprogenitormassesof Mpr

� 13,
20,25,and30M � andexplosionenergy of 1051 ergs.

In Figure1a, we show thetime evolutionsof positionsof C, Mg2SiO4, andFegrains
within the SNR for Mpr

� 20 M � andnH � 0
� 1 cm
 3, andthe time evolutionsof their

radii are given in Fig 1b. The thick solid lines in Fig. 1a depict the positionsof the
forwardshock,the reverseshock,andthesurfaceof theHe core.C, Mg2SiO4, andFe
grainscomove with thegasuntil theyencounterthereverseshockat 3650yr, 6300yr,
and13000yr, respectively. Oncedustgrainsintrudeinto the reverseshock,their fates
stronglydependon their initial radii aini andcompositions.Becausethe deceleration
rateof a grain is inverselyproportionalto its radius,the relatively small grainswith
aini

� 0 � 01 µm (dottedlines) areefficiently deceleratedby thegasdragandaretrapped
in thehotgasof

�
106 K createdby thepassageof thereverseandforwardshocks.These

smallgrainscapturedin thehotgasarecompletelydestroyedby thethermalsputtering.
C, Mg2SiO4, andFe grainswith aini

� 0 � 1 µm (dashedlines) penetratinginto the hot
gasareerodeddueto thekinetic and/orthermalsputterings,andtheir radii arereduced
by 43%,69%,and52%,respectively. C andMg2SiO4 grainsof aini

� 0 � 1 µm arefinally



FIGURE 1. Timeevolutionsof (a) positionsof C,Mg2SiO4, andFegrainswithin theSNRfor Mpr
� 20

M � andnH � 0 � 1 cm
� 3 and(b) ratiosof their radii to the initial ones.The evolution of dustwith aini

�
0.01,0.1,and1 µm is denotedby thedotted,dashed,andsolid lines,respectively. In (a), thepositionsof
theforwardshock,thereverseshocks,andthesurfaceof theHecoreareindicatedby thethick solid lines.

trappedin thedenseSNshellformedat � 2 � 105 yr, wherethedustgrainsareno longer
erodedby thethermalsputteringbecausethegastemperaturedropsdown quickly below
105 K [12]. The 0.1 µm-sizedFe grainswith higherbulk densityareejectedinto the
ISM. Sincethedecelerationby thegasdragis inefficient,grainswith aini

� 1 µm (solid
lines) alsogoacrosstheoutwardlyexpandingshockfront andareinjectedinto theISM
withoutbeingprocessedsignificantly,

Thebehaviorsof thetransportanddestructionof dustin aSNRheavily dependonthe
densityof gasin the ISM; asthe ISM gasdensityis higher, thedensityof theshocked
gasis higher, which leadsto theefficientdecelerationanderosionof dustthroughmore
frequentcollisionswith thehotgas.As aresult,thelowerlimit of theinitial radiusof dust
injectedinto theISM increaseswith increasingtheISM densityandis 0.03,0.2,and0.5
µm for nH � 0

� 0.1,1, and10 cm
 3, respectively. Furthermore,the initial radiusbelow
whichdustis completelydestroyedis enhancedby theincreaseof thedensityin theISM,
andis 0.01,0.05,and0.2 µm for nH � 0

� 0.1, 1, and10 cm
 3. Accordingly, asshown
in Figure2, the total massof thesurviving dustdecreaseswith increasingtheambient
densityandspansthe rangeof 0.01–0.8M � for nH � 0

� 10 to 0.1 cm
 3, dependingon
theprogenitormass.In anycases,theresultingsizedistributionof thedustthatsurvives
thedestructionshowsaseriouslackof small-sizedgrains,in comparisonwith thatat the
time of dustformation.Note that the evolution of dustwithin a SNR doesnot depend
ontheprogenitormassconsideredherebecausethesameexplosionenergy resultsin the
similar time evolutionof thegastemperatureanddensity.



FIGURE 2. Total massof surviving dustvs. theprogenitormass.Theresultsfor nH � 0 � 0.1,1, and10
cm

� 3 areconnectedby thedot-dashed,dashed,anddottedlines,respectively.

ELEMENT AL ABUNDANCES IN THE DENSESNSHELL

Currentlyknown mostiron-deficientstars,HE 0107-5240with [Fe/H] ��� 5 � 3 ([13,14])
andHE 1327-2326with [Fe/H] ��� 5 � 45 ([15, 16]) show peculiarabundancepatterns:
morethan100timesexcessesof C, N, andO and1–100timesenhancementsof Mg and
Si relative to Fe.Also, UMP star, HE 0557-4880with [Fe/H] ��� 4 � 75 ([17]) exhibits
a large( � 50 times)overabundanceof C. Althoughtheelementalcompositionsof these
low-massstarsareexpectedto reflectthenucleosynthesisin thevery earlygenerations
of stars,the origin of the abundancepatternsin HMP andUMP starsis still an open
question.

Theresultsfor theevolution of dustwithin a SNRpresentedin this papershow that
thedustgrainswhich arenot injectedinto the ISM but survive thedestructionthrough
thecollision with the reverseshockareaccumulatedin the denseSN shell in 105–106

yr. This transportof dust to the SN shell may not only enablethe formationof stars
with solarmassscalesthere[1, 2, 3] but alsoinfluencetheelementalabundanceof those
stars.Therefore,basedon the compositionof the piled-up grains,we investigate the
metalabundancepatternsof the starsformedin the denseshell of SNRsandcompare
to thoseobservedin HMP andUMP stars,assumingthattheyarethesecond-generation
starsformedin theshellof PopulationIII SNRs.

The results for the elementalcompositionand metallicity in the denseshell are
summarizedin Table1 for variousprogenitormassesandambientdensities.Metallicity
in the shell is in the rangefrom 10
 6 up to 10
 4 Z� , which is high enoughto form
low-massstarswith 0.1–1M � [1, 2, 3]. We canalsoseethatmostof calculated[Fe/H]
spansthe rangeof � 6 to � 4 � 5, which arein goodagreementwith thosefor HMP and
UMP stars.

In Figure 3a, we show the abundancesof Mg and Si (upper panel) and C and O



TABLE 1. Elementalcompositionandmetallicity in thedenseshellof primordialSNeII for various
progenitormassesandambientdensities.

Mpr (M� ) [Fe/H] [C/Fe] [O/Fe] [Mg/Fe] [Si/Fe] [Al/F e] [S/Fe] log
�
Z � Z���

nH � 0 � 0 	 1 cm
� 3

13 � 6 	 43 � 0 	 274 � 0 	 699 � 0 	 230 1 	 92 � 2 	 60 0 	 239 � 5 	 89
20 � 5 	 20 0 	 117 � 0 	 595 0 	 034 0 	 410 � 1 	 97 0 	 242 � 5 	 44
25 � 5 	 90 1 	 11 � 1 	 42 � 0 	 500 � 0 	 552 � 0 	 563 0 	 242 � 5 	 55
30 � 5 	 56 0 	 566 � 0 	 043 0 	 739 0 	 866 0 	 905 0 	 242 � 5 	 33

nH � 0 � 1 cm
� 3

13 � 5 	 15 1 	 11 � 0 	 555 � 0 	 459 1 	 01 – � 2 	 18 � 4 	 72
20 � 5 	 53 0 	 992 0 	 585 1 	 16 1 	 87 – 0 	 200 � 4 	 68
25 � 5 	 23 1 	 09 � 0 	 412 0 	 407 0 	 989 – 0 	 241 � 4 	 79
30 � 5 	 11 0 	 797 0 	 242 1 	 09 1 	 26 � 5 	 72 0 	 242 � 4 	 60

nH � 0 � 10 cm
� 3

13 � 4 	 13 0 	 284 � 2 	 54 � 3 	 89 0 	 599 – – � 4 	 40
20 � 4 	 92 0 	 946 � 2 	 15 � 1 	 80 2 	 14 – – � 4 	 09
25 � 5 	 10 1 	 60 0 	 122 0 	 232 2 	 34 – � 1 	 45 � 3 	 91
30 � 5 	 11 � 0 	 207 0 	 375 � 1 	 23 2 	 66 – � 0 	 696 � 3 	 84

(lower panel) in thedenseshellasa functionof [Fe/H] for theISM densityof 1 cm
 3.
The resultsof calculationsaredrawnby thefilled symbols,andtheobservationaldata
of HMP andUMP starsareplottedby theopensymbols.Wecanseethatin additionto
Fe,thecalculatedabundancesof Mg andSi canalsoreproducetheobservationsof HMP
starswith 1–100timesoverabundancesseenin HMP stars.Somemodels(suchasMpr

�

20 and30 M � for nH � 0
� 0 � 1 cm
 3) alsoshow themodestoverabundancesfor bothMg

andSi (seeTable1). Becausethe elementalcompositionof dustpiled up in the shell
canreproducetheabundancepatternsof refractoryelementssuchasMg, Si, andFe in
HMP andUMP stars,we canconcludethat thetransportof dustseparatedfrom metal-
rich gaswithin SNRscanberesponsiblefor theabundancepatternsin HMP andUMP
stars,if they are the second-generationstarsformed in the denseshell of primordial
SNRs.However, morethanonehundredtimesexcessesof C andO observedin HMP
andUMP starscannotbereproducedby any modelsconsideredhere.

Thereasonsis thatin thecalculationweassumedthatthemetal-richgasin theejecta
of SN doesnot mix with thegasin theshell.Then,asanextremecase,we examinethe
abundancepatternsin the shell by consideringthat in addition to the piled-upgrains,
the gasoutsidethe innermostFe layer of the SN is incorporatedinto the shell. The
resultsareshown by thefilled symbolsin Figure3b. This casecanproducetheextreme
overabundances( � 1000times)of C andO, but resultsin unreasonableexcesses(

�
100

times)of Mg andSi, which is not in agreementwith theobservations.Nevertheless,it
might be possibleto reproducethe elementalabundancesof HMP starsif the Si-Mg-
rich layeris notmixedwith thegasin theshell.Anyway, it is necessaryto examinewhat
extent of the gasin the SN ejectacanmix with the gasin the shell whenthe second-
generationstarsform in theSN shell.In thefutureworks,wewill considerthis subject.



FIGURE 3. Abundancesof Mg andSi (upperpanel) andC andO (lowerpanel) in theshellof theSNR
for nH � 0 � 1 cm

� 3; (a) theelementalabundancesobtainedfrom thegrainspiledup in theshell,and(b) the
elementalabundancesincludingthegasoutsidetheinnermostFelayeraswell asthepiled-upgrains.The
resultsof calculationsareshown by thefilled symbols.Theobservationaldatafor HMP andUMP stars
aredenotedby theopensymbolsandaretakenfrom [14, 15,16,17,18].
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