
Dust Evolution in Population III Supernova Remnants

TakayaNozawa
�
, TakashiKozasa

�
, AsaoHabe

�
, Eli Dwek†, Hideyuki Umeda

���
,

NozomuTominaga
���

, Keiichi Maeda‡ andKen’ichi Nomoto
��� ,§

�
Departmentof Cosmosciences,GraduateSchoolof Science,HokkaidoUniversity, Sapporo 060-0810,Japan
†Laboratoryfor AstronomyandSolarPhysics,NASAGoddard SpaceFlight Center, Greenbelt,MD 20771���

Departmentof Astronomy, Schoolof Science,Universityof Tokyo,Bunkyo-ku,Tokyo113-0033,Japan
‡Max-Planck-Institutfür Astrophysik,Karl-Schwarzschild Strasse1, 85741Garching, Germany

§Research Centerfor theEarly Universe, Schoolof Science,Universityof Tokyo,Bunkyo-ku,Tokyo113-0033,
Japan

Abstract. We presenttheresultsof calculationsfor theevolution of dustwithin PopulationIII supernova remnants(SNRs),
focusingonthedustformedin theunmixedejectaof TypeII SNe.WeshowthatoncedustgrainsinsidetheHecoreencounter
the reverseshock,theyaresubjectto differentfatesdependingon their initial sizesaini . For SNRsexpandinginto the inter-
stellarmedium(ISM) with nH � 0 � 1 cm

� 3, grainsof aini
� 0 	 05 µm aretrappedin thehot gasandarecompletelydestroyed;

grainsof aini
� 0.05–0.2µm aretrappedin thedenseshellbehindthe forwardshockwith thefinal sizesof 0.001–0.1µm;

grainsof aini 
 0 	 2 µm areinjectedinto theISM without significantdestruction.The total massof surviving dustis 0.01to
0.8 M � andis higherfor the lower ISM gasdensity. We alsoinvestigatetheelementalabundancesof thesecond-generation
starsthat form in the denseshell of PopulationIII SNRs,basedon the elementalcompositionof dustpiled up in the shell.
The comparisonof thoseresultswith the observationsof hyper-metal-poor(HMP) starsindicatesthat the transportof dust
segregatedfrom metal-richgaswithin a SNRcanberesponsiblefor theabundancepatternsof Mg andSi in HMP stars.
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INTRODUCTION

Dust grains in the early universeplay crucial roles in
theformationprocessesof starsandgalaxiesthroughthe
coolingof gasby their thermalemission([1, 2]) andthe
formationof H2 moleculeson their surfaces([3, 4]). In
addition,the extinction of stellar light by dustcausesa
seriousmisleadingin interpretingthestarformationrate
andtheinitial massfunctionof theveryearlygeneration
of starsfrom theobservationstowardhigh redshifts.The
extinctionandthermalemissionby dustgrainsstrongly
dependon their chemicalcompositionsandsizedistri-
butions.Thus,in orderto elucidatethe evolution of the
universefrom boththeoreticalandobservationalstudies,
it is indispensableto reveal thepropertiesof dustin the
earlyepochof theuniverse.

Giventhecosmicagelessthan1 Gyr, themainsources
of dustareconsideredto besupernovae(SNe)[5], since
the dust formation in stellar winds from evolved low-
massstarsrequirestoo long timescaleto supplycopious
amountsof dustto theinterstellarmedium(ISM). Some
theoreticalstudies([6, 7, 8, 9]) have investigatedthe
composition,size,andmassof dustformedin theejecta
of primordial Type II SNe(SNeII) andpair-instability
SNe.However, thenewly condenseddustgrainsaresub-
sequentlyprocessedby thereverseshockgeneratedfrom
the interactionof the SN ejectawith the surrounding

medium([9, 10]). Therefore,the propertiesandamount
of dustinjectedfrom SNeinto theISM significantlydif-
fer from thoseat thetimeof dustformation.

In this proceedings,we presenttheresultsfor theevo-
lution of thedustformedin primordialSNeby examin-
ing its processingthroughthecollisionswith thereverse
shocksandits transportwithin SNremnants(SNRs).Our
mainaim is to revealhow muchamountof dustcansur-
vivethereverseshockandits dependenceontheprogen-
itor massandtheambientgasdensity. It is shown thata
partof dustgrainssurviving thedestructionaretrapped
in the denseSN shell, which may have significantim-
pactsontheabundancepatternsof thestarsformedthere.
Thus, we investigate the elementalabundancesof the
second-generationstarsformedin thedenseshellof Pop-
ulation III SNRsand comparethosewith the observa-
tionsof hyper-metal-poor(HMP) stars.

DUST EVOLUTION IN POP III SNRS

Thedetailsof calculationsof thedustevolution in Popu-
lation III SNRsaredescribedin [10], wherethedynam-
icsanddestructionof dustarecarefullytreatedby taking
into accountthe size distribution and the initial spatial
distributionof eachdustspecies.In [10], thetime evolu-
tion of gastemperatureanddensityin SNRsis calculated



for the uniform ISM with the gastemperatureof 104 K
andhydrogennumberdensityof nH � 0 � 0.1, 1, and10
cm

� 3, basedon thehydrodynamicmodelsof Population
III SNeby [11]. For themodelsof theinitial dustwithin
the He core, the resultsof the dust formation calcula-
tionsby [7] areadopted.In this proceedings,we present
theevolutionof thedustformedin theunmixedejectaof
SNeII whoseprogenitormassesareMpr

� 13, 20, 25,
and30 M� andexplosionenergyis 1051 ergs.

Fig. 1a shows the trajectoriesof C, Mg2SiO4, andFe
grainsin theSNRfor Mpr

� 20 M � andnH � 0 � 1 cm
� 3,

andFig 1b representsthetimeevolutionof theirsizes.In
Fig. 1a, thetrajectoriesof theforwardshock,thereverse
shock,andthe surfaceof the He corearealsodepicted
by the thick solid lines.C, Mg2SiO4, andFe grainsin-
sidethe He core intrudeinto the reverseshockat 3650
yr, 6300yr, and13000yr, respectively, andtheir trans-
port andsurvive heavilydependon their initial sizesaini
and compositions.Grainswith aini

� 0 � 01 µm (dotted
lines) areefficiently deceleratedby thegasdragandare
quickly trappedin the hot gasof

�
106 K betweenthe

forwardandreverseshocks.Thesesmallgrainscontinue
to beerodedby thethermalsputteringuntil theyarecom-
pletely destroyed.For grainswith aini

� 0 � 1 µm (solid
lines), thekineticand/orthermalsputteringsreducetheir
sizes,but the grains can survive without being com-
pletely destroyed.C andMg2SiO4 grainsof aini

� 0 � 1
µm arefinally trappedin the denseSN shell formedat

� 2 � 105 yr with the sizesof 0.057and 0.031 µm, re-
spectively. In thedenseshell, theerosionof dustby the
thermalsputteringdoesnotworkbecausethegastemper-
aturedropsdown rapidly below 105 K ([12]). Fe grains
of aini

� 0 � 1 µm areinjectedinto theISM becauseof its
high bulk density, with the sizeof abouthalf the initial
one.Grainswith aini

� 1 µm (dashedlines) canmaintain
their high velocitiesandpassthroughtheforwardshock
to beinjectedinto theISM, undergoingthekinetic sput-
teringin thepostshockflow; their sizesdecreaseonly by
0.7%,6%, and8% of the initial onesfor C, Mg2SiO4,
andFegrains,respectively.

The behavior of the transportanddestructionof dust
within a SNR is almost independentof the progenitor
massconsideredhere; for nH � 0 � 1 cm

� 3, grainswith
aini � 0 � 05 µm arecompletelydestroyedby sputtering
in thehot gas,grainswith aini

� 0.05–0.2µm arepiled
up in thedenseSNshellwith thefinal sizesof 0.001–0.1
µm, andgrainswith aini

�
0 � 2 µm areejectedinto the

ISM without beingprocessedsignificantly. Accordingly,
the size distribution of the surviving dust in massis
greatlypopulatedby largesizes,comparedwith that at
its formation.The total massfraction of surviving dust
somehow dependson theprogenitormass(Fig. 2), since
the sizedistribution of eachdustspeciesat the time of
dustformationis differentfrom modelto model.

FIGURE 1. (a) Trajectoriesof C, Mg2SiO4, andFe grains
within the SNR for Mpr

� 20 M � andnH � 0 � 1 cm
� 3 and(b)

ratiosof their sizesto theinitial onesasafunctionof time.The
evolutionof dustwith aini

� 0.01,0.1,and1 µm is denotedby
thedotted,solid,anddashedlines,respectively. Thethick solid
lines in (a) indicatethe trajectoriesof the forwardandreverse
shocksandthepositionof thesurfaceof theHe core.

FIGURE 2. Total massfraction of surviving dust vs. the
progenitormass.Theresultsfor nH � 0 � 0.1,1, and10cm

� 3 are
connectedby thedotted,solid,anddashedlines,respectively.

On the other hand,the ambientgasdensitystrongly
affectstheevolutionof dustin aSNRbecausethehigher
ISM densityresultsin thehigherdensityof theshocked
gasandcausesthe efficient erosionanddecelerationof
dust due to more frequentcollisions with the hot gas.
Thus,with increasingthedensityin the ISM, the initial
sizebelow which dustis completelydestroyedincreases
(0.01,0.05,and0.2 µm for nH � 0 � 0.1,1, and10 cm

� 3,
respectively),andthetotalmassfractionof thesurviving
dust is depressedasshown in Fig. 2. The total massof
surviving dustis 0.01–0.8M � for nH � 0 � 10to 0.1cm

� 3.



ELEMENTAL ABUNDANCES OF THE
SECOND-GENERATION STARS

TwoHMPstars,HE0107-5240with [Fe/H] ��� 5 � 3 ([13,
14]) andHE 1327-2326with [Fe/H] ��� 5 � 45([15, 16]),
show extreme(>102 times)overabundancesof C, N, and
O andlarge(1–100times)enhancementsof Mg andSi
relative to Fe.RecentlydiscoveredHE 0557-4880with
[Fe/H] ��� 4 � 75 ([17]) is alsoa carbon-richultra-metal-
poor (UMP) star. Although the elementalcompositions
of theselow-massstarsareexpectedto reflectthenucle-
osynthesisin PopulationIII stars,theorigin of thepecu-
liar abundancepatternsin HMP andUMP starsis still a
matterof controversy.

The resultsfor the evolution of dust within a SNR
given in this papershow that thedustgrainswhich sur-
vive thepassageof thereverseshockbut arenot injected
into the ISM areaccumulatedin the denseSN shell in
105–106 yr. This transportof dust to the SN shell may
enabletheformationof starswith solarmassscalesthere
([1, 2]). Thus, we investigate whetherthe metal abun-
dancepatternsof HMP andUMP starscanbeexplained
by the elementalcompositionof dust piled up in the
shell,assumingthattheyarethesecond-generationstars
formedin theshellof TypeII SNRs.

We presentthe abundancesof C andO in the dense
shell in Fig. 3a and thoseof Mg and Si in Fig. 3b,
derivedfrom theresultsof calculationsfor Mpr

� 20M �
(filled symbols).Thecalculated[Fe/H] is � 5 � 20, � 5 � 53,
and � 4 � 92 for nH � 0 � 0.1,1, and10 cm

� 3, respectively,
which are in goodagreementwith thosefor HMP and
UMP stars.In addition,theabundancesof Mg andSi for
nH � 0 � 0.1and1 cm

� 3 arein therangeof 0
�

[Mg, Si/Fe]�
2 and reproducethe modestoverabundancesof Mg

and/orSi in HMP stars.OtherSNmodelswith Mpr
� 13,

25,and30M� alsogivethesimilarresultsfor [Fe/H] and
[Mg, Si/Fe] ([10]). Therefore,we canconcludethat the
transportof dustsegregatedfrom metal-richgaswithin
a SNR canbe an importantprocessin determiningthe
abundancepatternsof refractoryelementssuchasMg,
Si, andFein thesecond-generationstarsthatform in the
denseshell of primordial SNRs.It shouldbe notedthat
the extremeexcessesof C andO as observed in HMP
starscan not be reproducedby the modelsconsidered
here.Then, we examinethe abundancepatternsin the
shell by assumingthat not only the piled-upgrainsbut
also the gasoutsidethe innermostFe layer of the SN
is incorporatedinto theshell.This casecanproducethe
extreme( � 100 times) overabundancesof C and O but
leadsto unreasonableexcessesof Mg and Si as well
(seethe opensymbolsin Fig. 3). However, it might be
possibleto reproducetheelementalabundancesof HMP
starsif theSi-Mg-rich layeris not mixedwith thegasin
theshell.Thissubjectwill beleft for thefuturework.

FIGURE 3. Abundancesof (a) C andO and(b) Mg andSi in
theshellof theSNRfor Mpr

� 20 M � . Thefilled symbolsare
thosefrom the elementalcompositionsof the grainspiled up
in theshell,andthe opensymbolsarethoseincluding thegas
outsidetheinnermostFelayerin additionto thepiled-upgrains.
Theobservationaldatafor HMP andUMP starsaretakenfrom
[14, 15,16,17,18] andaredenotedby thedoublesymbols.
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