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Nuleosynthesis in the Hot Convetive Bubble in Core-CollapseSupernovaeJ. PruetN Division, Lawrene Livermore National Laboratory, P. O.Box 808, Livermore, CA 94550pruet1�llnl.govS. E. WoosleyDepartment of Astronomy and Astrophysis, UCSC, Santa Cruz, CA, 95064woosley�uolik.orgR. BurasMax-Plank-Institut f�ur Astrophysik, Karl-Shwarzshild-Str. 1, 85741 Garhing, Germanyrburas�mpa-garhing.mpg.deH.-T. JankaMax-Plank-Institut f�ur Astrophysik, Karl-Shwarzshild-Str. 1, 85741 Garhing, Germanythj�mpa-garhing.mpg.deandR.D. Ho�manN Division, Lawrene Livermore National Laboratory, P. O.Box 808, Livermore, CA 94550rdhoffman�llnl.govABSTRACTAs an explosion develops in the ollapsed ore of a massive star, neutrino emission drivesonvetion in a hot bubble of radiation, nuleons, and pairs just outside a proto-neutron star.Shortly thereafter, neutrinos drive a wind-like outow from the neutron star. In both the onve-tive bubble and the early wind, weak interations temporarily ause a proton exess (Ye >�0:50)to develop in the ejeted matter. This situation lasts for at least the �rst seond, and the ap-proximately 0.05 - 0.1 M� that is ejeted has an unusual omposition that may be important fornuleosynthesis. Using traer partiles to follow the onditions in a two-dimensional model of asuessful supernova explosion alulated by Janka, Buras, & Rampp (2003), we determine theomposition of this material. Most of it is helium and 56Ni. The rest is relatively rare speiesprodued by the deay of proton-rih isotopes unstable to positron emission. In the absene ofpronouned harged-urrent neutrino apture, nulear ow will be held up by long-lived waitingpoint nulei in the viinity of 64Ge. The resulting abundane pattern an be modestly rih in afew interesting rare isotopes like 45S, 49Ti, and 64Zn. The present alulations imply yields that,when ompared with the prodution of major speies in the rest of the supernova, are about thoseneeded to aount for the solar abundane of 45S and 49Ti. Sine the synthesis will be nearlythe same in stars of high and low metalliity, the primary prodution of these speies may havedisernible signatures in the abundanes of low metalliity stars. We also disuss unertaintiesin the nulear physis and early supernova evolution to whih abundanes of interesting nuleiare sensitive.Subjet headings: supernovae, nuleosynthesis 1



1. INTRODUCTIONWhen the iron ore of a massive star ollapsesto a neutron star, a hot proto-neutron star isformed whih radiates away its �nal binding en-ergy as neutrinos. Interation of these neutrinoswith the infalling matter has long been thoughtto be the mehanism responsible for explodingthat part of the progenitor external to the neu-tron star and making a supernova (e.g., Janka2001; Woosley, Heger, & Weaver 2002, and ref-erenes therein). During the few tenths of a se-ond when the explosion is developing, a onve-tive bubble of photo-disintegrated matter (nule-ons), radiation, and pairs lies above the neutronstar but beneath an aretion shok. Neutrinointerations in this bubble power its expansion,drive onvetive overturn, and determine its om-position. Sine baryons exist in the bubble onlyas nuleons, the ritial quantity for nuleosyn-thesis is the proton mass fration (Ye). Initially,in part beause of an exess of eletron neutri-nos over antineutrinos, Ye >�0:5 (Qian & Woosley1996). As time passes, however, the uxes of thedi�erent neutrino avors and their spetra hangeso that Ye evolves and beomes onsiderably lessthan 0.5. This epoh, also known as the \neutrino-powered wind", has been explored extensively asa possible site for the r-proess (Qian & Woosley1996; Ho�man, Woosley, & Qian 1997; Woosley etal. 1994; Cardall & Fuller 1997; Qian & Wasser-burg 2000; Takahashi, Witti, & Janka 1994; Ot-suki et al. 2000; Sumiyoshi et al. 2000; Thompson,Burrows, & Meyer 2001) as well as 64Zn and somelight p-proess nulei (Ho�man et al. 1996).In this paper we onsider nuleosynthesis dur-ing the earlier epoh when Ye is still greater than0.5. This results in a novel situation in whih thealpha-rih freeze out ours in the presene of anon-trivial abundane of free protons. The re-sulting nulear ows thus have harateristis ofboth the alpha-rih freeze out (Woosley, Arnett,& Clayton 1973; Woosley & Ho�man 1992) andthe rp-proess (Wallae & Woosley 1981). Severalproton-rih nulei, e.g., 64Ge and 45Cr, are pro-dued in suh great abundane that, after ejetionand deay, they ontribute a signi�ant fration ofthe solar inventory of suh speies.

2. Supernova Model and Nulear PhysisEmployed2.1. Explosion Model for a 15M� StarThe nuleosynthesis alulations in this paperare based on a simulation of the neutrino-drivenexplosion of a nonrotating 15M� star (ModelS15A of Woosley &Weaver 1995) by Janka, Buras,& Rampp (2003) (see also Janka et al. 2004). Thepost-boune evolution of the model was followedin two dimensions (2D) with a polar oordinategrid of 400 (nonequidistant) radial zones and 32lateral zones (2.7 degrees resolution), assuming az-imuthal symmetry and using periodi onditionsat the boundaries of the lateral wedge at �43:2oabove and below the equatorial plane. Convetionwas seeded in this simulation by veloity pertur-bations of order 10�3, imposed randomly on thespherial post-boune ore.The neutrino transport was deribed by solv-ing the energy-dependent neutrino number, en-ergy, and momentum equations in radial diretionin all angular bins of the grid, using losure rela-tions from a model Boltzmann equation (Rampp& Janka 2002). Neutrino pressure gradients andneutrino advetion in lateral diretion were takeninto aount (for details, see Buras et al. 2004).General relativisti e�ets were approximately in-luded as desribed by Rampp & Janka (2002).Although onvetive ativity develops in theneutrino-heating layer behind the supernova (SN)shok on a time sale of several ten milliseondsafter boune, no explosions were obtained with thedesribed setup until �250ms (Buras et al. 2003),at whih time the very CPU-intense simulationsusually had to be terminated. The explosion inthe simulation disussed here was a onsequeneof omitting the veloity-dependent terms from theneutrino momentum equation. This manipulationinreased the neutrino-energy density und thus theneutrino energy deposition in the heating regionby �20{30% and was suÆient to onvert a failedmodel into an exploding one (see also Janka et al.2004, Buras et al. 2004). This sensitivity of theoutome of the simulation to only modest hangesof the transport treatment demonstrates how losethe onveting, 2D models of Buras et al. (2003)with energy-dependent neutrino transport are toultimate suess.2



The evolution from the onset of ore ollapse(at about �175ms) through ore boune and on-vetive phase to explosion is shown in terms ofmass shell trajetories in Fig. 1. The explosionsets in when the infalling interfae between Si layerand oxygen-enrihed Si layer reahes the shokat about 160ms post boune. The orrespondingsteep drop of the density and mass aretion rate,assoiated with an entropy inrease by a fator of� 2, allow the shok to expand and onvetion tobeome more violent, thus establishing runawayonditions. The alulation was performed in 2Dfor following the ejetion of the onvetive shelluntil 470ms after boune. While matter is han-neled in narrow downows towards the gain ra-dius, where it is heated by neutrinos and some ofit starts expanding again in high-entropy bubbles,its neutron-to-proton ratio is set by weak intera-tions with eletron neutrinos and antineutrinos aswell as eletron and positron aptures on free nu-leons. The �nal value of Ye is a ruial parameterfor the subsequent nuleosynthesis. The mass dis-tribution of neutrino-heated and -proessed ejetafrom the onvetive bubble is plotted in Fig. 2.At 470ms after boune the model was mappedto a 1D grid and the subsequent evolution was sim-ulated until 1300ms after boune. With aretionows to the neutron star having eased, this phaseis haraterized by an essentially spherially sym-metri outow of matter from the nasent neutronstar, whih is driven by neutrino-energy deposi-tion outside the neutrinosphere (Woosley & Baron1992; Dunan, Shapiro, & Wasserman 1986).This neutrino-powered wind is visible in Fig. 1after �500ms. The fast wind ollides with thedense shell of slower ejeta behind the shok andis deelerated again. The orresponding negativeveloity gradient steepens to a reverse shok whenthe wind expansion beomes supersoni (Fig. 1;Janka & M�uller 1995). Charateristi parametersfor some mass shells in this early wind phase areshown in Fig. 3. Six representative shells are suf-�ient, beause the di�erenes between the shellsevolve slowly with time aording to the slow vari-ation of the onditions (neutron star radius, gravi-tational potential, neutrino luminosities and spe-tra) in the driving region of the wind near the neu-tron star surfae. In Table 3 the masses assoiatedwith the di�erent shells are listed.At the end of the simulated evolution the model

has aumulated an explosion energy of approxi-mately 0:6�1051 erg. The mass ut and thus initialbaryoni mass of the neutron star is 1.41M�. Themodel ful�lls fundamental onstraints for Type IISN nuleosynthesis (Ho�man et al. 1996) beausethe ejeted mass having Ye . 0:47 is .10�4M�(see Fig. 2) and thus the overprodution of N=50(losed neutron shell) nulei of previous explosionmodels does not our. More than 83% of theejeted mass in the onvetive bubble and earlywind phase (in total 0.03M� in this rather low-energeti explosion) have Ye > 0:5. The eje-tion of mostly p-rih matter is in agreement with1D general relativisti SN simulations with Boltz-mann neutrino transport in whih the explosionwas launhed by arti�ially enhaning the neu-trino energy deposition in the gain layer (Thiele-mann et al. 2003; Fr�ohlih et al. 2004). Thereason for the proton exess is the apture of ele-tron neutrinos and positrons on neutrons, whih isfavored relative to the inverse reations beause ofthe mass di�erene between neutrons and protonsand beause eletron degeneray beomes negligi-ble in the neutrino-heated ejeta (Fr�ohlih et al.2004; Qian & Woosley 1996).Although the explosion in the onsidered SNmodel of Janka, Buras, & Rampp (2003) wasobtained by a regression from the most au-rate treatment of the neutrino transport, it notonly demonstrates the proximity of suh auratemodels to explosions, but also provides a on-sistent desription of the onset of the SN explo-sion due to the onvetively supported neutrino-heating mehanism, and of the early SN evolution.The properties of the resulting explosion are veryinteresting, inluding the onditions for nuleosyn-thesis. The Ye values of the ejeta should be ratherinsensitive to the manipulation whih enabled theexplosion. On the one hand the expansion velo-ities of the high-entropy ejeta are still fairly low(less than a few 108 m s�1) when weak intera-tions freeze out, and on the other hand the omit-ted veloity-dependent e�ets a�et neutrinos andantineutrinos in the same way.2.2. Outows in the Convetive BubbleIn order to alulate the nuleosynthesis it isneessary to have a starting omposition and thetemperature-density (T � �) history of the matteras it expands and is ejeted from the supernova.3



Beause the matter is initially in nulear statistialequilibrium, the initial values of Ye, T , and � deter-mine the omposition whih is just protons with amass fration Ye and neutrons. We are most inter-ested in the innermost few hundredths to one tenthof a solar mass to be ejeted. This matter has aninteresting history. It was initially part of the sil-ion shell of the star, but fell in when the oreollapsed, passed through the SN shok and wasphotodisintegrated to nuleons. Neutrino heatingthen raised the entropy and energy of the matterausing it to onvet. Eventually some portion ofthis matter gained enough energy to expand andesape from the neutron star, pushing ahead of itthe rest of the star. As it ooled, the nuleonsreassembled �rst into helium and then into heavyelements.The temperature-density history of suh matteris thus not given by the simple ansatz often em-ployed in explosive nuleosynthesis | \adiabatiexpansion on a hydrodynami time sale". In fat,owing to onvetion, the temperature history maynot even be monotoni. Here we rely on traerpartiles embedded in the so alled \hot onve-tive bubble" of the 15 M� SN model alulated byJanka, Buras, & Rampp (2003) (Fig. 4). Thesetraer partiles were not distributed uniformly inmass, but hosen to represent a range of Ye in theejeta.The proton-rih outows of interest here be-gin at about 190 ms after ore boune (Fig. 1).Entropies and eletron frations harateristi ofa few di�erent trajetories are given in Table 2.Eah trajetory represents a di�erent mass ele-ment in the onvetive bubble. As is seen, Yefor the di�erent trajetories lies in the range from0:5�0:546, and the entropies per nuleon are mod-est, s=kb � 30 � 50. Figure 2 shows the ejetedmass versus Ye during the onvetive phase of theSN explosion.At the end of the 2D alulation of Janka,Buras, & Rampp (2003), the mass element in atypial trajetory had reahed a radius of about2000 km (orresponding to the time when theSN model was mapped from 2D to 1D and thusdetailed information for the mass elements waslost). Temperatures at this radius were typiallyT9 � T=109K � 4{5, whih is still hot enoughthat nulei have not yet ompletely re-assembled.To follow the nuleosynthesis until all nulear re-

ations had frozen out it was neessary to extrap-olate the trajetories to low temperature. In doingso, we assumed that the eletron fration and en-tropy were onstant during the extrapolated por-tion of the trajetory. This should be valid beausethe number of neutrino aptures su�ered by nuleibeyond � 2000 km is small.We onsidered two approximations to the ex-pansion whih should braket the atual behav-ior. The �rst assumes homologous expansion ata veloity given by the Janka et al. alulationbetween 10 billion and 4 billion K. This ignoresany deeleration experiened as the hot bubble en-ounters the overlying star and is surely an under-estimate of the atual ooling time (though per-haps realisti for the aretion-indued ollapse ofa bare white dwarf). In partiular, we estimatedthe homologous expansion time sale for eah tra-jetory as �hom = (tf � ti)= ln(�i=�f) where thesubsript i denotes the value of a quantity whenT9 = 10 and the subsript f denotes the value of aquantity at the last time given for the traer par-tile history (tf � 436ms; T9;f � 4{5). Values of�hom for di�erent trajetories are given in Table 2.The seond approximation was an attempt torealistially represent material athing up withthe supernova shok. This extrapolation is basedon smoothly merging the trajetories found in thealulations of Janka et al. with those alulatedfor the inner zone of the same 15 M� supernovaby Woosley & Weaver (1995). There are somedi�erenes. The earlier study was in one dimen-sion and the shok was launhed arti�ially us-ing a piston. The kineti energy at in�nity of theWoosley-Weaver model was 1:2� 1051 erg; that ofthe Janka et al. model was 0:6 � 1051 erg. Stillthe alulations agreed roughly in the tempera-ture and density at the time when the evaluationof traer partiles in the urrent 2D simulation wasstopped. In order not to have disontinuities in theentropy at the time when the two alulations aremathed, the density in the previous 1D alula-tion is hanged slightly. This merging of the latetime trajetories is expeted to be reasonable be-ause the shok evolution at several seonds postore boune is determined mostly by the explosionenergy.We shall see in Set. 3 that abundanes of keynulei are partiularly sensitive to the time it takesthe ow to ool from 2 �109K to 1 �109K. The ho-4



mologous expansion approximation gives this timeas about 100{200 ms, while the Kepler based es-timate gives this time as about 1 se. Both esti-mates are rough and should be viewed as repre-senting upper and lowed bounds to the time sale.Figure 5 shows the evolution of density in arepresentative trajetory for eah of the two ap-proximations to the ow at large radii. The tem-perature history in these trajetories is shown inFig. 6. Note the irregular and non-monotoni evo-lution of the thermodynami quantities at earlytimes.2.3. Outows in the Early WindWhile the shok sweeps through and expelsthe stellar mantle, matter is still being ontin-uously ablated from the surfae of the oolingneutron star. Neutrino heating, prinipally viaharged urrent neutrino apture, ats to maintainpressure-driven outow in the tenuous atmosphereformed by the ablated material. This outow hasa higher entropy and is less irregular than the on-vetive bubble.The evolution of material at radii smaller thana few hundred km is set by harateristis of theooling neutron star. It is at these small radii thatthe asymptoti entropy s and eletron fration Yeare set. At early times the neutron star has yetto radiate away the bulk of its gravitational en-ergy and so has a relatively large radius. Materialesaping the star during this period only needsto gain a little energy through heating to esapethe still shallow gravitational potential. Conse-quently, the entropy of the asymptoti outow isabout a fator of two smaller than the entropy ofwinds leaving the neutron star �10 seonds postore-boune. This an be seen from the analytiestimate provided by Qian & Woosley (1996)s � 235(L��e;51�2��e;MeV)�1=6 �106 mR �2=3 : (1)Here L��e;51 = L��e=1051erg=se , ���e;MeV approxi-mately the mean energy of eletron anti-neutrinosand R is the neutron star radius. A lower entropyimplies a higher density and therefore faster par-tile apture rates at a given temperature. Forproton-rih outows this typially results in syn-thesis of heavier elements.The eletron fration in the outow is set by a

ompetition between di�erent lepton apture pro-esses on free nuleons:�e + n  ! p + e� ; (2)e+ + n  ! p + ��e : (3)Beause the neutron star is still deleptonizing atearly times, the �e and ��e spetra an be quitesimilar. Also, one heating raises the entropy ofmaterial leaving the neutron star, the number den-sities and spetra of eletrons and positrons withinthe material beome similar. Under these irum-stanes the 1.29 MeV threshold for p! n resultsin ��e=e� apture rates whih are slower than theinverse �e=e+ apture rates. Weak proesses thendrive the outow proton rih. The eletron fra-tion in the wind is mostly set by the ompetitionbetween �e and ��e apture (beause e� apturesfreeze out when the density and temperature inthe outow beome low, whereas high-energy neu-trinos streaming out from the neutrinosphere stillontinue to reat with nuleons). When the om-position omes to equilibrium with the neutrinouxes, Ye � ��en��en + ���ep : (4)Here �� represents the eletron neutrino or an-tineutrino apture rate on neutrons or protons.Beause the star is still deleptonizing at earlytimes, the �e and ��e spetra an be quite similar.The 1.29MeV threshold for ��e apture then leadsto ��en > ���ep, and proton-rihness is establishedin the outow. Finally also the neutrino reationsease beause of the 1=r2 dilution of the neutrinodensity with growing distane r from the neutronstar.Table 3 gives harateristis of the early windfound in the simulations of Janka, Buras, &Rampp (2003). As expeted, the wind is pro-ton rih at early times. Eventually, the hardeningof the ��e spetrum relative to the �e spetrumwill ause Ye to fall below 1/2. This turnover hasnot yet ourred when the hydrodynami simula-tion was stopped. It should take plae at a latertime when the wind properties (mass loss rate,entropy) have hanged suh that the nuleosyn-thesis onstraints for the amount of Ye < 0:47ejeta (Ho�man et al. 1996) will not be violated.At 1.3 s after boune the mass loss rate of about3� 10�3M� s�1 and wind entropy of � 80 kb per5



nuleon in the Janka et al. model are likely to stillause an overprodution of N=50 nulei if Ye wentsigni�antly below 0.5.The temperature in the wind at the end of thetraed shell expansion is T9 � 2 (Fig. 3). Approx-imations for the wind evolution at lower tempera-tures are the same as those disussed above.2.4. Nulear Physis EmployedThe reation network used for the present al-ulations is given in Table 1. Estimates of reationrates and nulear properties used in our alula-tions are the same as those used in the study ofX-ray bursts by Woosley et al. (2004). Briey, re-ation rates were taken from experiment wheneverpossible, from detailed shell-model based alula-tions (Fisker et al. 2001) for a few key (p; ) rates,and from Hauser-Feshbah alulations (Rausher& Thielemann 2000) otherwise. Proton separa-tion energies, whih are ruial determinants ofnuleosynthesis in ows with Ye > 1=2, were takenfrom a ombination of experiment (Audi & Wap-stra 1995), the Hartree-Fok Coulomb displae-ment alulations of Brown et al. (2002) for manyimportant nulei with Z>N, and theoretial esti-mates (M�oller et al. 1995). Choosing the best nu-lear binding energies is somewhat involved andwe refer the reader to the disussion in Brown etal. (2002) and Fig. 1 of Woosley et al. (2004).Ground-state weak lifetimes are experimentallywell determined for the nulei important in thispaper. At temperatures larger than 109 K the in-uene of thermal e�ets on weak deays was es-timated from the ompilation of Fuller, Fowler, &Newman (1982) where available. Table 7 gives thenulei for whih the Fuller et al. rates were used.A test alulation in whih we swithed thermalrates o� and used only experimentally determinedground-state rates showed little e�et on the im-portant abundanes. Setion 3.1 ontains a dis-ussion of the inuene of nulear unertainties onyields of some interesting nulei.3. Nuleosynthesis ResultsTable 2 gives the major alulated produtionfators for a number of trajetories in the onve-tive bubble and for our two di�erent estimates ofthe material expansion rate at low temperatures.Table 3 gives prodution fators for nulei syn-

thesized in di�erent mass elements omprising theearly wind. Here the prodution fator for nulidei is de�ned as Pi = MMej XiX�;i ; (5)where M is the total mass in a given trajetory,Mej = 13:5M� is the total mass ejeted in theSN explosion, Xi is the mass fration of nulidei in the trajetory, and X�;i is the mass frationof nulide i in the sun. To aid in interpreting thetables we show in Fig. 7 plots of Xi=X�;i hara-terizing the nuleosynthesis in two representativehot-bubble trajetories.Prodution fators integrated over the di�er-ent bubble trajetories are given in Table 4. Ifone assumes rapid expansion, prodution fatorsof 45S, 63Cu, 49Ti, and 59Co are all above 1.5.For the slower expansion time sale below 4� 109K, whih we regard as more realisti, a di�er-ent set of nulei are produed, espeially 49Ti and64Zn. Depending upon mass and metalliity, 49Timay already be well produed in other regionsof the same supernova (Woosley & Weaver 1995;Rausher, Heger, Ho�man, & Woosley 2002), but64Zn is not. The synthesis here thus represents anew way of making 64Zn and this same proess willfuntion as well in zero and low metalliity stars asin supernovae today. However, 64Zn was alreadyknown to be produed, probably in greater quan-tities, by the neutrino-powered wind (Ho�man etal. 1996).Prodution fators integrated over the di�erentwind trajetories are given in Table 5. The some-what high-entropy wind synthesizes 45S, 49Ti and46Ti more eÆiently than the bubble. Typial val-ues of X=X� for these three nulei are approxi-mately 104 in the wind and approximately 2 � 103in the bubble. In the present alulations the in-tegrated prodution fator for S in the wind isbetween about 1.5 and 4.7 depending on the timesale desribing the wind expansion at T9 . 2.For omparison, in the 15 M� supernova ofRausher, Heger, Ho�man, &Woosley (2002), thisprodution fator was about 7 for many majorspeies, inluding oxygen. This is lose to theombined wind/bubble prodution fators of Sand 46;49Ti in the present alulations. The othermost abundant produtions in Tables 4 and 5 fallshort of this - but not by muh. The bulk pro-6



dution fators in a 25 M� supernova are abouttwie those in a 15, but our explosion model is noteasily extrapolable to stars of other masses. If 25M� stars explode with a similar kineti energy itwill probably take a more powerful entral engineto overome their greater binding energy and a-retion rate during the explosion. Probably thisrequires more mass in the onvetive bubble. Infat, the energy of the 15 M� supernova used here,0:6�1051 erg, would be regarded by many as low.It may be that the mass here should be doubledtoo.It is important to note that the speies listedin Tables 4 and 5 are not made as themselves butas proton-rih radioative progenitors. Major pro-genitors of important produt nulei are given inthe far right olumn of Table 4. Typial progeni-tors of important nulei are 3{4 harge units fromstability. This an be understood through on-sideration of the Saha equation. Before hargedpartile reations freeze out at T9 � 1:5 � 2, nu-lear abundanes along an isotoni hain are wellapproximated as being in loal statistial equilib-rium:X(Z + 1;N)X(Z;N) � 10�5 exp(Sp=T ) �5T 3=29 GZ+1;NGZ;N :(6)Here Sp is the proton separation energy of theZ+1,N nulide, G represents the partition fun-tion, �5 = �=105g m�3, T9 = T=109K, andA=Z+N. Equation (6) predits that the abun-danes of nulei with Sp . 500 keV are very small.Perhaps the most notable feature of the proton-rih trajetories is their ineÆieny at synthesiz-ing elements with A& 60. Neutron-rih outows,by ontrast, readily synthesize nulides with massA� 100. This is shown in Table 6 whih givesprodution fators haraterizing nuleosynthesisin somewhat neutron-rih winds ourring in theSN. The Kepler-based extrapolation of the �rsttrajetory in Table 2 is used for these Ye < 0:5alulations. Estimates of the mass in eah Ye binfor the alulations of Janka, Buras, & Rampp(2003) are shown in Fig. 2.Termination of the nulear ow at low massnumber in proton-rih outows has a simple ex-planation. Unlike nulei at the neutron driplines, proton-rih waiting point nulei have life-times muh longer than the time sales hara-

terizing expansion of neutrino-driven outows. Inaddition, proton apture from waiting point nu-lei to more rapidly deaying nulei is ineÆient.To illustrate the diÆulty with rapidly assemblingheavier proton-rih nulei, onsider nulear owthrough 64Ge. This waiting point nuleus has alifetime of approximately 64 se. The ratio of theamount of ow leaving 65As to that leaving 64Geis found from appliation of the Saha equationabove,�+(65As)Y (65As)�+(64Ge)Y (64Ge) � 10�2 �5T 3=29 exp(Sp=T ): (7)Here �+ represents the �+ deay rate and Sp is theproton separation energy of As. For 65As, �+ �ln(2)=0:1 se and for 64Ge, �+ � ln(2)=64 se. Byde�nition, proton apture daughters of waitingpoint nulei are haraterized by small proton sep-aration energies. The binding energy of 65As stillhas large unertainties, though is known to be lessthan about 200keV (Brown et al. 2002). Positrondeay out of the proton apture daughter of thewaiting point nulei is negligible for suh smallproton separation energies. These onsiderationsdo not hold for X-ray bursts, where time salesharaterizing nulear burning an be tens or hun-dreds of seonds.The diÆulty with rapid assembly of heavyproton-rih nulei is also evident in the �nal freeproton and alpha partile mass frations. Thetrend of Xp and X� with Ye is shown in Fig. 8 forthe di�erent Kepler extrapolated bubble trajeto-ries. Also shown in this �gure is the proton massfration alulated under the assumption that allavailable nuleons are bound into alpha partiles.This is an approximate measure of the mass fra-tion of available protons. Note that the mass fra-tion of protons in the two alulations are nearlyidential. This is beause assembly of proton-rihnulei ours on a very slow time sale set by afew �+ rates.Beause nuleosynthesis past A� 60 is ineÆ-ient these proton-rih ows do not produe N=50losed shell nulei. Historially, overprodutionof N=50 nulei has plagued alulations of super-nova nuleosynthesis (Howard et al. 1993; Witti etal. 1993; Woosley et al. 1994). The inuene ofweak interations in driving some of the outowto Ye > 1=2 ameliorates this problem.7



3.1. Details of the Nuleosynthesis andCritial Nulear PhysisTo aid in understanding the general haraterof these proton-rih ows we show in Fig. 9 theevolution of nulear mass frations as a funtionof the neutron number. At T9 � 4, � aptureshave led to eÆient synthesis of tightly boundspeies with N=28 and N=30. As temperaturedereases � apture beomes less eÆient and �+deay drives ow to higher neutron number. FromTable 4 it is seen that the nulei we are most inter-ested in arise from deay of nulei with N=21, 24,31 and 32. From Fig. 9 it is lear that synthesisof nulei with these neutron numbers representsa minor perturbation on the nuleosynthesis as awhole.Tables 4 and 5 show that 45S, the only stablesandium isotope, has a ombined wind/bubbleprodution fator of about 6 if freeze-out is rapidand a ombined prodution fator about 50%smaller in the slower Kepler extrapolated traje-tories. EÆient synthesis of sandium in protonrih outows assoiated with Gamma Ray Burstshas been noted previously by Pruet et al. (2004),while Maeda & Nomoto (2003) found that san-dium may also be synthesized explosively in shoksexploding anomalously energeti supernovae. In-deed, values presented here for Ye, s=kb, and � inthe early SN wind are very lose to estimates ofthese quantities in winds leaving the inner regionsof aretion disks powering ollapsars (MaFadyen& Woosley 1999; Pruet et al. 2004). The origin ofS is urrently unertain and it may be quite abun-dant in low metalliity stars (Cayrel et al. 2004)suggesting a primary origin. In the present alu-lations the yields of this element are lose to thoseneeded to explain the urrent inventory of S.To understand how synthesis of sandium de-pends on the outow parameters and nulearphysis, note that S arises mostly from �+ deayoriginating with the quasi waiting-point nuleus45Cr. In turn, N=21 isotones of 45Cr originatefrom �+ deay out of isotones of 40Ca. The dou-bly magi nuleus 40Ca is eÆiently synthesizedthrough a sequene of alpha aptures. At tem-peratures larger than about 2 � 109 K statistialequilibrium keeps almost all N=20 nulei lokedinto 40Ca. This nuleus is � stable and has a �rstexited state at 3.3 MeV, too high to be thermally

populated. Flow out of N=20 an only proeedwhen the temperature drops to approximately 1.5billion degrees and statistial equilibrium favorspopulation of 42Ti over 40Ca. The proton apturedaughter of 40Ca (41S) has a proton separationenergy of only 1.7 MeV and is not appreiablyabundant. Deay out of 42Ti is then responsiblefor allowing ow to N=21. 42Ti has a well deter-mined �+ half life of 199�6 ms, a proton sepa-ration energy whih is unertain only by about 5keV, and a �rst exited state too high in exitationenergy to play a role in allowing ow to N=21. Inshort, nulear properties are well determined forimportant N=20 nulei. One nulei make theirway to N=21 at T9 � 1:5, their abundanes aredivided between the tightly bound 45Cr and 43Ti.Here unertainties in nulear physis may be moreimportant. For 45Cr the proton separation energyis unertain to about 100 keV and the spin of theground state is unertain. To the extent that therelative abundanes are set by the Saha equation,these unertainties ould imply an unertainty ofa fator of several in the relative abundanes of45Cr and 45Ti at T9 � 1:5. In turn, this impliesappreiable unertainty in the estimated S yield.Whether or not S is eÆiently synthesized fol-lowing deay of 45Cr depends on the expansiontime sale at low temperatures. This is beausethe �+ daughter of 45Cr is 45V, whih has a rela-tively small proton separation energy of 1.6 MeV.At low temperatures the Saha equation favors pro-ton apture to 46Cr. If the expansion is slowenough that most 45Cr deays at temperatureswhere 45V(p; )46Cr is still rapid, then ow out ofthe N=22 nulei ours via �+ deay out of 46Cr.In this ase 46Ti is synthesized rather than 45S.49Ti originates from the the N=24 nulide49Mn. At T9 � 1:4 nulei with N=24 are dividedroughly equally between 49Mn and 50Fe. Un-ertainties in the proton separation energies andlifetimes of these nulei are small. 49Mn does havea low lying exited state at 382 keV whih is ther-mally populated at low temperatures. However,49Mn is a nuleus with Z=N+1 that is expetedto have ground and exited state deay rates thatare dominated by super-allowed Fermi transitionswhih are almost independent of exitation energy.Lastly, we turn our attention to ow out of theN=32 isotones whih are progenitors of 60Zn and63Cu. Proton-rih nuleosynthesis near 64Ge has8



been extensively disussed in the X-Ray Burst lit-erature (e.g. Brown et al. 2002). Unertainties inbasi nulear properties important for synthesis of60Zn are small. This is not true for 63Cu, whih isformed diretly by the deay of 63Ga. 63Ga has aJ� = (5=2)�exited state at 75.4 keV whih dom-inates the partition funtion at T9 � 1:5 sine theground state has J = 3=2. The weak lifetime ofthis exited state is experimentally undetermined(as are the weak lifetimes of all short lived exitedstates) and ould easily be a fator of �ve longer orshorter than the quite long ground state lifetimeof � 32 se. This translates into an unertainty ofa fator of several in the inferred 63Cu yield.The inuene of possible unertainties in thetime sale, entropy, and eletron fration hara-terizing the di�erent trajetories an be seen fromthe results in Table 2. Modest hanges in the out-ow parameters result in fators of � 2 hanges inyields of the most important isotopes. This is ev-ident by the quite di�erent eÆienies with whihthe lower entropy bubble and higher entropy windsynthesize 45S and 49Ti.So far we have not onsidered the inuene ofneutrino interations, exept impliitly throughthe setting of Ye. If matter remains lose tothe neutron star, neutrino apture and neutrino-indued spallation may ompete with positron de-ay, even on a dynami time sale. However, neu-trino apture alone annot at to aelerate nu-lear ow past waiting point nulei and allow syn-thesis of the heavier proton-rih elements. Thereason is that the neutrino apture rates on thewaiting point nulei are about the same as therate of neutrino apture on a free proton (Woosleyet al. 1990). Every apture of a neutrino by aheavy nuleus is aompanied by a apture onto afree proton. The eletron fration is then rapidlydriven to 1=2 sine the neutron produed in thisway immediately goes into the formation of an �-partile. This is analogous to the \�-e�et" dis-ussed in the ontext of late-time winds (Fuller &Meyer 1995; Meyer et al. 1998).4. Conlusions and ImpliationsThe important news is that, unlike simulationsof a few years ago, there is no poisonous overpro-dution of neutron-rih nulei in the viinity ofthe N = 50 losed shell (Woosley et al. 1994).

When followed in more detail (i.e. mainly with abetter, spetral treatment of the neutrino trans-port), weak interations in the hot onvetive bub-ble drive Ye bak to 0.5 and above so that most ofthe mass omes out as 56Ni and 4He. Sine 56Feand helium are abundant in nature, this poses noproblem.Beyond this it is also interesting that theproton-rih environment of the hot onvetivebubble and early neutrino-driven wind an syn-thesize interesting amounts of some omparativelyrare intermediate mass elements. If the total massof SN ejeta with Ye & 0:5 is larger than a fewhundredths of a solar mass, these proton-rih out-ows may be responsible for a signi�ant frationof the solar abundanes of 45S, 64Zn, and someTi isotopes, espeially 49Ti.However, these ejeta do not appear to be im-pliated in the synthesis of elements that do nothave other known astrophysial prodution sites.For example, S an be produed explosively, while64Zn an be synthesized in a slightly neutron-rihwind. It seems unlikely that onsideration of nu-leosynthesis in proton-rih outows will lead tomeaningful onstraints on onditions during theearly SN.Sine the onditions in the hot onvetive bub-ble resemble in some ways those of Type I X-raybursts (high temperature and proton mass fra-tion), we initially hoped that the nulear owswould go higher, perhaps produing the p-proessisotopes of Mo and Ru. Suh speies have provendiÆult to produe elsewhere and the rp-proessin X-ray bursts an go up as high as tellurium(Shatz et al. 2001). Unfortunately the densityis muh less here than in the neutron star andthe time sale shorter. Proton-indued ows areweaker and the leakage through ritial waitingpoint nulei is smaller. Using the present nulearphysis, signi�ant prodution above A=64 is un-likely. However, heavier nulei an be produed inejeta that are right next to these zones but withvalues of Ye onsiderably less than 0.50 (Ho�manet al. 1996).This work was performed under the auspies ofthe U.S. Department of Energy by University ofCalifornia Lawrene Livermore Laboratory underontrat W-7405-ENG-48. The UCRL numberfor this doument is UCRL-JRNL-206359. HTJ9
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Table 1Reation Network Used for the Present CalulationsElement Nmina Nmaxb Element Nmina Nmaxb Element Nmina NmaxbH 1 2 He 1 4 Li 3 6Be 3 8 B 3 9 C 3 12N 4 14 O 5 14 F 5 17Ne 6 21 Na 6 33 Mg 6 35Al 7 38 Si 8 40 P 8 42S 8 44 Cl 8 46 Ar 9 49K 11 51 Ca 10 53 S 13 55Ti 12 58 V 15 60 Cr 14 62Mn 17 64 Fe 16 66 Co 19 69Ni 18 71 Cu 21 73 Zn 21 75Ga 24 77 Ge 23 80 As 26 82Se 25 84 Br 28 86 Kr 27 88Rb 31 91 Sr 30 93 Y 33 95Zr 32 97 Nb 35 99 Mo 35 102T 38 104 Ru 37 106 Rh 40 108Pd 40 110 Ag 41 113 Cd 42 115In 43 117 Sn 44 119 Sb 46 120Te 47 121aMinimum neutron number inluded for the given element.bMaximum neutron number inluded for the given element.
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Table 2Charateristis of nuleosynthesis in some representative bubble trajetoriesTrajetory Ye s=kb �hom (se) m=M� Prodution (�dyn = �hom)a Prodution (Kepler Based Extrapolation)a1 0.500 18.4 0.086 9.25e-04 59Co(0.33) 64Zn(0.17)64Zn(0.12) 59Co(0.17)49Ti(0.10) 49Ti(0.16)5 0.502 15.9 0.066 7.05e-04 59Co(0.17) 64Zn(0.30)63Cu(0.15) 49Ti(0.14)49Ti(0.12) 60Ni(0.09)10 0.505 21.7 0.062 3.58e-04 59Co(0.07) 64Zn(0.10)63Cu(0.05) 49Ti(0.09)49Ti(0.05) 46Ti(0.04)20 0.513 17.8 0.104 4.63e-04 45S(0.14) 49Ti(0.19)46Ti(0.06) 64Zn(0.07)42Ca(0.05) 60Ni(0.05)30 0.521 26.2 0.047 2.67e-04 59Co(0.03) 49Ti(0.08)45S(0.02) 64Zn(0.03)63Cu(0.02) 60Ni(0.02)35 0.524 26.9 0.062 2.28e-04 45S(0.07) 49Ti(0.13)42Ca(0.04) 46Ti(0.03)46Ti(0.03) 64Zn(0.03)40 0.545 40.6 0.024 3.12e-04 42Ca(0.04) 49Ti(0.25)45S(0.04) 46Ti(0.06)46Ti(0.03) 45S(0.04)aListed here are the three nulei with the largest prodution fators. The prodution fator for eah nuleus is given in parenthesisnext to the nuleus.

13



Table 3Prodution fators in the early windYe s=kb �hom (se) m=M� Prodution (�dyn = �hom)a Prodution (Kepler Based Extrapolation)a0.551 54.8 0.131 1.53e-03 45S(1.73) 49Ti(2.02)49Ti(0.97) 46Ti(0.70)46Ti(0.87) 45S(0.36)0.558 58.0 0.127 6.40e-04 45S(0.95) 49Ti(1.09)49Ti(0.52) 46Ti(0.38)46Ti(0.48) 45S(0.20)0.559 76.7 0.099 6.80e-04 45S(0.60) 49Ti(1.07)49Ti(0.38) 46Ti(0.41)46Ti(0.31) 45S(0.22)0.560 71.0 0.112 4.80e-04 45S(0.55) 49Ti(0.79)49Ti(0.31) 46Ti(0.29)46Ti(0.27) 45S(0.15)0.568 74.9 0.059 8.00e-04 45S(0.55) 49Ti(1.25)46Ti(0.35) 46Ti(0.47)49Ti(0.35) 45S(0.25)0.570 76.9 0.034 1.04e-03 46Ti(0.38) 49Ti(1.49)45S(0.35) 46Ti(0.57)42Ca(0.31) 45S(0.31)aListed here are the three nulei with the largest prodution fators. The prodution fator for eah nuleus is givenin parenthesis next to the nuleus. Table 4Prodution fators integrated over the different bubble trajetoriesnuleus Prodution (�dyn = �hom) Prodution (Kepler Based Extrapolation) Major Progenitor(s)59Co 2.81 0.37 59Cu;59 Zn49Ti 2.00 6.53 49Mn63Cu 1.91 0.28 63Ga;63 Ge45S 1.65 1.33 45Cr64Zn 1.28 3.61 64Ge46Ti 1.22 1.97 46Cr60Ni 1.10 1.81 60Zn42Ca 1.04 0.46 42Ti
Table 5Integrated prodution fators for the early windnuleus Prodution (�dyn = �hom) Prodution (Kepler Based Extrapolation)45S 4.74 1.5049Ti 2.83 7.7046Ti 2.66 2.8142Ca 2.16 0.4651V 1.09 0.9050Cr 0.56 0.0914



Table 6Charateristis of Nuleosynthesis in Neutron Rih TrajetoriesYe m=M� Produtiona0.470 6.40e-05 74Se(6.59)78Kr(4.25)64Zn(1.35)0.475 7.98e-05 64Zn(1.36)74Se(0.85)78Kr(0.78)0.480 1.59e-04 64Zn(1.49)78Kr(0.34)68Zn(0.30)0.485 3.36e-04 62Ni(0.92)58Ni(0.35)64Zn(0.23)0.490 6.24e-04 62Ni(1.21)58Ni(0.42)66Zn(0.13)0.495 1.36e-03 62Ni(1.30)58Ni(0.41)61Ni(0.23)aListed here are the three nuleiwith the largest prodution fators.The prodution fator for eah nu-leus is given in parenthesis next tothe nuleus.

15



Table 7Nulei for whih thermal weak rates are inludedAtomi mass Elementsa21 F, Mg, Na, Ne, O22 Mg, Na, Ne23 F, Mg, Na, Ne24 Mg, Na, Ne, Si25 Mg, Na, Ne, Si26 Mg, Na, Si27 Mg, Na, P, Si28 Mg, Na, P, S, Si29 Mg, Na, P, S, Si30 P, S, Si31 Cl, P, S, Si32 Cl, P, S, Si33 Cl, P, S, Si34 Cl, P, S, Si35 Cl, K, P, S36 Ca, Cl, K, S37 Ca, Cl, K, S38 Ca, Cl, K, S39 Ca, Cl, K40 Ca, Cl, K, S, Ti41 Ca, Cl, K, S, Ti42 Ca, K, S, Ti43 Ca, Cl, K, S, Ti44 Ca, K, S, Ti, V45 Cr, K, S, Ti, V46 Cr, K, S, Ti, V47 Cr, K, S, Ti, V48 Cr, K, S, Ti, V49 Cr, Fe, K, Mn, S, Ti, V50 Cr, Mn, S, Ti, V51 Mn, S, Ti, V52 Fe, Mn, Ti, V53 Cr, Fe, Mn, Ti, V54 Cr, Fe, Mn, V55 Cr, Fe, Mn, Ti, V56 Cr, Fe, Mn, Ni, S, Ti, V57 Cr, Cu, Fe, Mn, Ni, Ti, V, Zn58 Cr, Cu, Fe, Mn, Ni, Ti, V59 Cr, Cu, Fe, Mn, Ni, V60 Cr, Cu, Fe, Mn, Ni, Ti, V, ZnaAll elements of the given mass for whih theFuller, Fowler, & Newman (1982) rates were in-luded.
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Fig. 1.| Radius versus post-boune time for se-leted \mass shells" in the exploding SN modelof Janka, Buras, & Rampp (2003), spaed withintervals between 0.001M� and 0.1M�. The sim-ulation was arried out in two dimensions untilabout 470ms after boune, and was ontinued inspherial symmetry thereafter. During the 2Dperiod the lines do not trae the trajetories ofLagrangian mass elements but orrespond to theradii of spheres enlosing ertain values of the in-tegrated rest mass. The expanding dashed linesmark the positions of forward shok and wind ter-mination shok, respetively, and the thin dashed,wiggled line represents the angularly averaged po-sition of the gain radius. The neutrinosphere po-sitions of eletron neutrinos (solid), eletron an-tineutrinos (dashed), and muon and tau neutri-nos and antineutrinos (dash-dotted) are also indi-ated. The explosion sets in when the shok passesthe infalling interfae between the Si layer and theoxygen-enrihed Si layer (given by the trajetorymarked with dots) at whih the density begins todrop steeply and the entropy inreases from about2.5 to nearly 5 kb per nuleon.
17



Fig. 2.| Ejeta mass versus Ye of neutrino-heatedand -proessed matter during the onvetive phaseuntil �470ms post boune. The insert shows theregion around Ye � 0:5 in higher resolution. Thegrey shading indiates estimated errors due to thelimited spatial resolution of the two-dimensionalsimulation (for details, see Buras et al. 2004).
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Fig. 3.| Density, temperature, Ye, and entropy as funtions of post-boune time along the trajetories ofmass elements around an enlosed baryoni mass of 1.41M�. The elements �rst follow the rise of temperatureand density in the outer layers of the ontrating neutron star and then enter a phase of very rapid expansionwhen they are ejeted in the neutrino-driven wind. The urves are labeled by the time the mass elementsross a radius of 100 km. The ollision with the slower preeding ejeta ours through a wind terminationshok and is visible as a non-monotoniity of the density and temperature, assoiated with an entropyinrease of 10{15 kb per nuleon.
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Fig. 4.| Convetive bubble around the entralneutron star in the two-dimensional SN model ofJanka, Buras, & Rampp (2003). Time in this �g-ure is measured from the onset of ollapse, oreboune was at 175ms, the length sale is in km.The panels on the left show the temperature inKelvin, those on the right Ye. The upper plotsgive radial pro�les for all angular bins of the po-lar oordinate grid of the simulation, whih wasarried out in a lateral wedge of �43:2o (with pe-riodi boundary onditions) around the equatorialplane. The latter is indiated by white diagonallines. The positions of the traer partiles at theonset of the explosion are marked by rosses inthe lower panels. Their positions were hosen (bypost-proessing the �nished simulation) suh thatthe Ye distribution of the �nal ejeta was appro-priately represented.
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Fig. 6.| Evolution of temperature in the traje-tory displayed in Fig. 5.
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Fig. 7.| Overprodution plot for nuleosynthe-sis in some of the traer partile trajetories inthe onvetive bubble of the SN model of Janka,Buras, & Rampp (2003). Results for two assump-tions about the dynami time sale are shown foreah trajetory.
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