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NUCLEAR PHYSICS AND SUPERNOVAE�K. LangankeInstitute for Physis and Astronomy, University of AarhusDK-8000 Aarhus C, Denmark(Reeived November 20, 1999)The manusript reviews several nulear physis aspets of relevanefor supernova simulations. In partiular, it stresses the role played bystellar weak interation rates in the presupernova ollapse and the reentprogress ahieved to alulate these rates based on large-sale shell modelalulations. It further disusses the `hot neutrino bubble' above a newlyformed neutron star in a type II supernova as the possible site of the nulearr-proess, pointing to several still open questions. Finally the possible roleof neutrinos in this r-proess senario is investigated.PACS numbers: 26.50.+x1. The general pitureThe general ideas of the synthesis of elements in the universe has beenderived now more than 40 years ago by Burbidge, Burbidge, Fowler andHoyle [1℄ and, independently, by Cameron [2℄. Due to this piture, the lightelements (mainly hydrogen and helium) have been made during the BigBang, while the breeding plaes for most of the other elements are stars.The stars generate the energy, whih allows them to stabilize and shine formillions of years and longer, by transmuting nulear speies, thus formingnew elements. These proesses our inside the star, but are eventually re-leased if the star for example is massive enough and �nally explodes in atype II supernova. The freshly bred nulear material is mixed into the in-terstellar medium (ISM) and an thus beome part of the initial abundaneomposition for a new star to be formed. Thus the galatial hemial evo-lution represents a `osmi yle', and the modellation of the observed solarabundanes (e.g. [3℄) requires the simulations of the formation of a galaxyand of the stellar mass distribution, birth rates, evolution and lifetimes. Im-portantly one has to alulate the abundanes produed by a star of a given� Invited talk presented at the XXVI Mazurian Lakes Shool of Physis, Krzy»e,Poland, September 1�11, 1999. (281)



282 K. Langankemass and the amount and omposition of matter ejeted into the ISM bythe star's �nal type II supernova explosion. Finally ontributions of type Iasupernovae have to be added whih involve the formation and evolution ofbinary systems omposed of a giant star with a hydrogen envelope and anareting white dwarf.During their lifetime stars go through various burning stages ignitingnulear fuel with inreasingly higher harge numbers at inreasingly higherdensities and temperatures in the ore (hydrogen, helium, arbon, neon,oxygen, silion), while fuel with lower harge numbers are then burnt inshells in regions outside the ore. Stars with masses M < 10M0 (withthe solar mass M0) reah only onditions in the enter whih are su�ientfor ore helium burning; these stars produe mainly arbon, nitrogen, andhalf of the nulei heavier than iron. More massive stars basially make theelements between oxygen and zin, and, likely during their type II supernovaexplosion, also the other half of the elements heavier than iron. Finally, typeIa supernovae produe roughly half of the fration of nulei in the iron massregion, but also some portion of intermediate mass nulei.Despite its omplexity, rather onsistent studies of the galatial hemi-al evolution have been performed by Woosley and ollaborators [4℄ and byNomoto, Thielemann and ollaborators [5℄. Although the simulations in-volve still a few model assumptions (from the nulear input, the rate of theimportant 12C(�; )16O reation is still too unertain [6℄), exellent agree-ment is obtained with solar abundanes [7℄ for 76 isotopes from hydrogento zin, when the alulation is sampled at a time 4:55 � 109 years ago at adistane of 8.5 kp from the galaxy enter (orresponding to birth time and

720 8 16 24 32 40 48 56 64Fig. 1. Ratio of the alulated and observed solar abundanes for stable isotopesfrom hydrogen to zin. The dotted lines mark deviations by a fator of 2 betweenalulation and observation (from [4℄).



Nulear Physis and Supernovae 283position of our sun in the Milky Way). As an be seen in Fig. 1, most of theabundanes agree within a fator of 2.It should be mentioned that spei� nulei appear to be almost entirely(e.g. 11B, 19F) or in a large fration (e.g. 10B, 15N) made by neutrinonuleosynthesis [8℄. These nulei are the produt of reation sequenes in-dued by neutral urrent (�; � 0) reations on very abundant nulei like 12C,16O and 20Ne, when the �ux of neutrinos generated by ooling of the neu-tron star passes through the overlying shells of heavy elements. Further,reations between nulei in the interstellar medium and high-energy osmirays ontribute to the prodution of light elements (in partiular Be and Bisotopes). 2. Nulear physis input in supernovaeAstrophysial environments an reah very high densities and temper-atures. Under these onditions (temperatures T larger than a few 109 K),reations mediated by the strong and eletromagneti fore are in hemi-al equilibrium and the matter omposition is given by nulear statistialequilibrium, i.e. it is determined mainly due to the nulear binding energiessubjet to the onstraint that the total number of protons in the ompositionbalanes the number of eletrons present in the environment. The param-eter de�ning this onstrain is the eletron-to-baryon ratio Ye. Importantly,in these astrophysial environments the relevant density and time sales areoften suh that the neutrinos are radiated away, so that reations mediatedby the weak interation are not in equilibrium. Thus, weak interation ratesplay a deisive role in these environments hanging Ye and hene the om-position of the matter. Among these astrophysial environments are the twomajor distributors to the element prodution in the universe: supernovae oftype Ia and type II (e.g. [9℄).2.1. Stellar weak interation rates and type II supernovaeAt the end of hydrostati burning, a massive star onsists of onentrishells that are the remnants of its previous burning phases (hydrogen, he-lium, arbon, neon, oxygen, silion). Iron is the �nal stage of nulear fusionin hydrostati burning, as the synthesis of any heavier element from lighterelements does not release energy; rather, energy must be used up. If the ironore, formed in the enter of the massive star, exeeds the Chandrasekharmass limit of about 1.44 solar masses, eletron degeneray pressure annotlonger stabilize the ore and it ollapses starting what is alled a type IIsupernova. In its aftermath the star explodes and parts of the iron oreand the outer shells are ejeted into the Interstellar Medium. Although this



284 K. Langankegeneral piture has been on�rmed by the various observations from super-nova SN1987a, simulations of the ore ollapse and the explosion are still farfrom being ompletely understood and robustly modelled. To improve theinput whih goes into the simulation of type II supernovae and to improvethe models and their numerial simulations is a very ative researh �eld atvarious institutions worldwide.As pointed out by Bethe et al. [10, 11℄ the ollapse is very sensitive tothe entropy and to the number of leptons per baryon, Ye. In turn thesetwo quantities are mainly determined by weak interation proesses, ele-tron apture and � deay. First, in the early stage of the ollapse Ye isredued as it is energetially favorable to apture eletrons, whih at thedensities involved have Fermi energies of a few MeV, by (Fe-peak) nulei.This redues the eletron pressure, thus aelerating the ollapse, and shiftsthe distribution of nulei present in the ore to more neutron-rih material.Seond, many of the nulei present an also � deay. While this proess isquite unimportant ompared to eletron apture for initial Ye values around0.5, it beomes inreasingly ompetitive for neutron-rih nulei due to aninrease in phase spae related to larger Q� values.Under the stellar onditions disussed above, the weak interation ratesare dominated by Gamow�Teller and, if appliable, by Fermi transitions.Bethe et al. [10℄ reognized the importane of the olletive Gamow�Tellerresonane for stellar eletron apture. Shortly after, Fowler and Fuller out-lined the theory for stellar weak-interation rates. But as it then was im-possible to solve the many-nuleon problem involved, these authors had tointuitively and empirially estimate the stellar eletron apture and beta-deay rates (usually abbreviated as FFN, [12�15℄. These FFN rates havebeen used by the astrophysis ommunity until now.It has been lear that the interating shell model is the method of hoieto solve the many-nuleon problem neessary to alulate the stellar weak-interation rates. But only a ouple of years ago, suh a alulation appearedto be nearly impossible due to the extremely large model spae dimensionsto be onsidered (a few 10 millions or more). Impressive progress in bothhardware tehnology and shell model diagonalization programming, how-ever, allow now to treat these large shell model dimensions. Furthermore,relevant experimental data beame available whih an hek the qualityof the theoretial model. Within the last year it has been demonstratedthat state-of-the-art shell model studies are indeed up to the job to reliablyalulate the stellar weak-interation rates as they reprodue all relevant in-gredients very satisfying [16℄ (see Fig. 2). Having established the preditivepower of the model, it has been used to alulate the weak-interation rates(eletron apture, �� deay, but also positron apture and �+ deay) for awide range of astrophysial environment (temperatures up to 3 � 1010 K and



Nulear Physis and Supernovae 285densities up to 1010 g/m3) and for nulei in the mass range A = 45�65. Aneletroni �le of these shell model rates has been produed, using the sameformat in whih the FFN rates are stored.
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Fig. 2. Comparison of the shell model GT strength distribution (histogram) withdata [18�22℄ for seleted even�even (right) and odd-A nulei (left). For the om-parison the alulated disrete spetrum has been folded with the experimentalresolution. The positions of the GT entroid assumed in the FFN parametrizationare shown by arrows.It is important to stress two important aspets of the shell model rates(see Fig. 3):� The eletron apture rates are signi�antly smaller than estimated byFFN (on average by more than an order of magnitude) along a stellartrajetory.� The � deay rate exeeds the eletron apture for values of Ye =0.42�0.46. This is also true for the FFN rates, but has not been ex-plored yet, as older, statistial-model based �-deay rates have beenused in ollapse simulations.



286 K. LangankeThe seond �nding allows for the exiting possibility to ool the ore byemission of neutrinos without lowering Ye. Taking both �ndings together,one expets that the Ye value during the ollapse is larger than urrentlyassumed with interesting onsequenes for the atual ollapse and supernovamehanism. This exiting possibility must be explored and it is hoped forthat one might, for the �rst time, sueed to reliably alulate the entropyalong the ollapse trajetory.
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Fig. 3. Change in the total eletron apture and � deay rates, _Y ee and _Y �e , respe-tively. The shell model results are ompared with the FFN results [12�15℄ alongthe same stellar trajetory as in Fig. 14 of Ref. [26℄.Eletron apture, � deay and photodisintegration ost the ore energyand redue its eletron density. As a onsequene, the ollapse is aelerated.An important hange in the physis of the ollapse ours, if the densityreahes �trap � 4 � 1011 g/m3. Then neutrinos are essentially trapped inthe ore, as their di�usion time (due to oherent elasti sattering on nulei)beomes larger than the ollapse time. After neutrino trapping, the ollapseproeeds homologously [17℄, until nulear densities (�N � 1014 g/m3) arereahed. As nulear matter has a �nite ompressibility, the homologousore deelerates and bounes in response to the inreased nulear matterpressure; this eventually drives an outgoing shok wave into the outer ore;i.e. the envelope of the iron ore outside the homologous ore, whih inthe meantime has ontinued to fall inwards at supersoni speed. The oreboune with the formation of a shok wave is believed to be the mehanismthat triggers a supernova explosion, but several ingredients of this physially



Nulear Physis and Supernovae 287appealing piture and the atual mehanism of a supernova explosion arestill unertain and ontroversial. If the shok wave is strong enough not onlyto stop the ollapse, but also to explode the outer burning shells of the star,one speaks about the `prompt mehanism'. However, it appears as if theenergy available to the shok is not su�ient, and the shok will store itsenergy in the outer ore, for example, by exitation of nulei.After the supernova has exploded, a ompat remnant is left behind.The remnant is very lepton-rih (eletrons and neutrinos), the latter beingtrapped as their mean free paths in the dense matter is signi�antly shorterthan the radius of the neutron star. It takes a fration of a seond [23℄ for thetrapped neutrinos to di�use out, giving most of their energy to the neutronstar during that proess and heating it up. The ooling of the protoneutronstar then proeeds by pair prodution of neutrinos of all three generationswhih di�use out. After several tens of seonds the star beomes transpar-ent to neutrinos and the neutrino luminosity drops signi�antly [24℄. In the`delayed mehanism', the shok wave an be revived by these outward dif-fusing neutrinos, whih arry most of the energy set free in the gravitationalollapse of the ore [25℄.It is generally aepted that there is a temperature hierarhy between thevarious neutrino types introdued by the harged urrent reations with thesurrounding neutron-rih matter. Thus, � and � neutrinos and their antipar-tiles (usually ombiningly referred to as �x neutrinos) have the distributionwith the highest temperature (T = 8 MeV if one aepts a Fermi-Diradistribution with zero hemial potential [8℄). As the �e and ��e neutrinos in-terat with the neutron-rih matter via �e+n! p+e� and ��e+p! n+e+,the ��e neutrinos have a higher temperature (T � 5:6 MeV) than the �e neu-trinos (T = 4 MeV). It is useful for the following disussions to note thatthese temperatures orrespond to average neutrino energies of �E� = 25 MeVfor �x neutrinos, while �E� = 16 MeV and 11 MeV for ��e and �e neutrinos.In the delayed supernova mehanism, neutrinos deposit energy in thelayers between the nasent neutron star and the stalled prompt shok. Thislasts for a few 100 ms, and requires about 1% of the neutrino energy tobe onverted into nulear kineti energy. The energy deposition inreasesthe pressure behind the shok and the respetive layers begin to expand,leaving between shok front and neutron star surfae a region of low density,but rather high temperature. This region is alled the `hot neutrino bubble'and, as we will disuss below, might be the site of the nulear r-proess.The persistent energy input by neutrinos keeps the pressure high in this re-gion and drives the shok outwards again, eventually leading to a supernovaexplosion.It has been found that the delayed supernova mehanism is quite sen-sitive to physis details deiding about suess or failure in the simulation



288 K. Langankeof the explosion. Very reently, two quite distint improvements have beenproposed (onvetive energy transport [27,28℄ and in-medium modi�ationsof the neutrino opaities [29, 30℄ ) whih should make the explosion meha-nism more robust, as they inrease the e�ieny of the energy transport tothe stalled shok.2.2. Stellar weak interation rates and type Ia supernovaeA type Ia supernova is usually assoiated with a thermonulear explosionon a white dwarf, whih aretes mass from a ompanion star in a binarysystem. This mass �ow inreases the density and temperature in the oreso that �nally arbon is ignited in the enter of the star. Note that in ahighly degenerate objet like a white dwarf the energy release of the nulearburning is used to inrease the temperature (rather than for expansion asduring hydrostati stellar burning), whih in turn drastially inreases thenulear reation rates. Finally a thermonulear runaway is triggered anda burning front then moves outwards through the star at subsoni speed,�nally leading to a detonation whih explodes the star. It appears wellestablished that eletron apture will our in the burning front driving thematter to larger neutron exess and thus strongly in�uenes the ompositionof the ejeted matter and the dynamis of the explosion.Although the general piture of a type Ia supernova might be devel-oped, speial issues are urrently still under debate [31℄. This inludes themasses of the stars in the binary system, the mass aretion history andomposition, the matter transport during the explosion, and the speed ofthe burning front. These quantities have to be modelled and the resultingoutput (elemental abundanes and their veloity distributions) is omparedto observation allowing to hek the models. However, the results are alsostrongly a�eted by the weak-interation rates and the shell model ratespromise to remove this additional unertainty from the models. Preliminarystudies, performed with Thielemann's group, look very promising as the newrates apparently remove the overprodution of very neutron-rih isotopes,enountered in previous alulations with the FFN rates [32℄.2.3. Future work on stellar weak interation ratesAlthough the availability of the shell model rates for the mass rangeA = 45�65 is onsidered deisive progress in the ommunity of supernovamodellers, it is not su�ient. Eletron apture already ours during oxygenand silion burning, implying the need to extend the rates to lighter nulei(A < 45). Further a ore ollapse supernova might redue the Ye value beforeneutrino trapping to suh low values (Ye � 0:44) that nulei with A > 65



Nulear Physis and Supernovae 289beome abundant in the matter omposition, and hene weak-interationrates for these heavier nulei are also needed.To extend the shell model studies to lighter or heavier nulei than on-sidered by us so far, brings in new physis and new hallenges. In both asesalulations within model spaes spanned by one major shell, whih is ade-quate for the nulei with A = 45�65, is not su�ient. For the lighter nuleione has to inlude the orbitals from the lower sd shell, while for heaviernulei the g9=2 orbital has to be onsidered. This enlargement to two majorshells an exite unphysial enter-of-mass degrees of freedom. However,the mahinery to avoid suh spurious exitations is at hand. Seondly, novele�etive interations among the valene partiles have to be developed andtested.The alulation of the eletron apture rates for heavier nulei with neu-tron numbers larger than N > 40 involves also an interesting physis as-pet. Note that the Gamow�Teller operator ~�� , whih mediates the ele-tron apture transitions under stellar onditions, only ats on the spin andisospin degrees of freedom, but not on the spatial wave funtion. Thus,the Gamow�Teller operator an only move nuleons between orbitals in thesame major shell. This means that for nulei with proton number Z < 40and neutron number N > 40, Gamow�Teller transitions are idential zero(`Pauli bloked') in eletron apture, as N = 40 orresponds to the losedshell on�guration. It is argued that eletron apture during a supernovaollapse shifts from apture on nulei to apture on free protons, if nuleidominate the matter omposition for whih the Gamow�Teller transition isPauli-bloked. As disussed by Bethe [11℄ this situation an be overome bythermal exitation moving protons into orbitals of the next higher shell or byremoving neutrons of the otherwise bloked shell [33℄. But, the `thermal un-bloking' requires rather high temperatures (T > 1010K). However, there isanother unbloking mehanism, so far overlooked. The residual interation,in partiular the pairing fore among nuleons, also satters protons and neu-trons into the unbloked shell, thus having the same e�et as the thermalunbloking. Importantly, this e�et happens already at lower temperaturesand thus we expet that the Gamow�Teller transitions are atually neverbloked in the stellar eletron apture, in ontrast to the urrent believe.3. The r-proessAbout half of the elements heavier than mass number A = 60 are madein the astrophysial r-proess, a sequene of neutron apture and beta de-ay proesses. The r-proess is assoiated with environment of relativelyhigh temperatures (T � 109 K) and very high neutron densities (> 1020neutrons/m3) suh that the intervals between neutron aptures are gener-



290 K. Langankeally muh smaller than the � lifetimes, i.e. �n � �� in the r-proess. Thus,nulei are quikly transmuted into neutron-riher isotopes, dereasing theneutron separation energy Bn. This series of suessive neutron apturesomes to a stop when the (n; ) apture rate for an isotope equals the rateof the destrutive (; n) photodisintegration rate. Then the r-proess has towait for the most neutron-rih nulei to �-deay. Under the typial ondi-tions expeted for the r-proess, the (n; )=(; n) equilibrium is ahieved atneutron separation energies, Bn = 2 � 3 MeV [37℄. This ondition mainlydetermines the r-proess path, whih is loated about 15-20 units away fromthe valley of stability. The r-proess path reahes the neutron shell losuresat Nn = 50; 82, and 126 at suh low Z-values that Bn is too small to al-low the formation of still more neutron-rih isotopes; the isotopes then haveto �-deay. To overome the shell gap at the magi neutron numbers andprodue heavier nulei, the material has to undergo a series of alternating�-deays and neutron aptures before it reahes a nuleus lose enough tostability to have Bn large enough to allow for the ontinuation of the se-quene of neutron apture reations. Noting that the �-deay half-lives arerelatively long at the magi neutron numbers, the r-proess network waitslong enough at these neutron numbers to build up abundane peaks relatedto the mass numbers A � 80; 130, and 195. Simulations of the r-proessrequire a knowledge of nulear properties far from the valley of stability. Asthe relevant nulei are not experimentally aessible, theoretial preditionsfor the relevant quantities (i.e. neutron separation energies and half-lives)are needed. 3.1. r-proess in the hot neutrino bubbleWithin the last few years the neutrino-driven wind model has been widelydisussed as the possible site of r-proess nuleosynthesis [34, 35℄. Here itis assumed that the r-proess ours in the layers heated by neutrino emis-sion and evaporating from the hot protoneutron star after ore ollapse. Inthis model (e.g. [36℄), a hot blob of matter with entropy per baryon Sb andeletron-to-baryon ratio Ye, initially onsisting of neutrons, protons and �-partiles in nulear statistial equilibrium (NSE), expands adiabatially andools. Nuleons and nulei ombine to heavier nulei, with some neutronsand �-partiles remaining. Depending on the value of Sb, the nulei pro-dued are in the iron group or, at higher entropies, an have mass numbersA = 80�100. These nulei then beome the seeds and, together with theremaining neutrons, undergo an r-proess [37℄. In this model a suessfulr-proess depends mainly on four parameters: the entropy per baryon Sb,the dynamial timesale, the mass loss rate and the eletron-to-baryon ratioYe. All parameters depend on the neutrino luminosity and are determined



Nulear Physis and Supernovae 291mostly by �e and ��e absorption on free nuleons. During a supernova ex-plosion these parameters vary and the r-proess in the hot neutrino bubblebeomes a dynamial and time-dependent senario. Woosley et al. [34℄ havealulated the r-proess abundane for this site, adopting the parametersas given by Wilson's suessful supernova model. The �nal abundanesobtained after integration over the duration of the r-proess in the hot neu-trino bubble (several seonds) are shown in Fig. 4, showing quite satisfyingagreement between alulation and observation.

Fig. 4. r-proess abundanes in the hot neutrino bubble model ompared to obser-vation (from [34℄)The open question urrently is what kind of superpositions of entropiesthe supernova neutrino-driven wind environment really provides. In thesupernova model used by Woosley et al [34℄ entropies up to Sb = 300 havebeen reahed, but other models suggest that Sb is a fator of 3�5 smaller(e.g. [35℄). To understand the importane of the entropy, one has to onsiderthat the prodution of seed nulei has to go through the bottlenek of the3-body reation �+�+n! 9Be at the start. Due to the low Q-value of thisreation (Q = 1:57 MeV), a large entropy (or high photon number) drivesthis reation in equilibrium to the left, ensuring a rather small amount of 9Be.Sine all 9Be is basially transformed into seed nulei, a high entropy resultsin a small amount of seed nulei and a large neutron-to-seed ratio n=s [38℄.Systemati studies by Ho�mann and ollaborators [39℄ and Freiburghaus etal. [36℄ have shown that a suessful r-proess requires either large entropiesat the Ye values urrently obtained in supernova models, or smaller valuesfor Ye.Furthermore the duration of the r-proess, i.e. the minimal time re-quired to transmute, at one site, seed nulei into nulei around A � 200,



292 K. Langankeis dominantly given by the sum of the half-lives of the r-proess nulei atthe three magi neutron numbers. It appears as if the required minimaltime is longer than the duration of the favorable r-proess onditions in theneutrino-driven wind model. However, this problem might be overome asreent alulations indiate the hal�ives of nulei along the r-proess pathmight be notieably shorter than assumed so far.3.2. Hal�ives of waiting point nuleiThe hal�ives of nulei along the r-proess path are determined by theweak low-energy tails of the Gamow�Teller strength distribution, mediatedby the operator ���, and provide quite a hallenge to theoretial modellingas they are not onstrained by sum rules. Previous estimates have been basedon semi-empirial global models, quasipartile random phase approximation,or very reently, the Hartree�Fok�Bogoliubov method [40�42℄. But themethod of hoie to alulate Gamow�Teller transitions is the interatingnulear shell model, and the deisive progress in programming and hardwaremake reliable shell model alulations of the hal�ives r-proess nulei nowfeasible.In fat, the �rst series of shell model alulations, performed for ther-proess waiting point nulei with neutron number N = 82, has just been�nished [43℄. Experimental information is only available for 129Ag and 130Cd[44℄, and the shell model hal�ives agree well with the data, while the modelpreditions previously used in r-proess simulations overestimate the dataappreiably (see Fig. 5).The shell model results might imply two important onlusions:1) The time spent at the N = 82 waiting point is shorter than previouslyassumed (also supported by the reent HFB alulations [42℄). Thisis highly welome, as in the neutrino-driven wind model the longertheoretial hal�ive preditions made it very hard to transport matterfrom the light nulei up to uranium during the dynamial timesale inwhih the neutron supply is high enough to allow a suessful r-proess.2) Applying the approximate piture of a steady �ow to the r-proessnetwork, observed elemental abundanes should be proportional tothe hal�ives. This is well ful�lled for the shell model hal�ives for thelighter waiting point nulei with N = 82, but not inluding 130Cd.As the systematis of neutron separation energies put this nuleuson the r-proess path, our result suggests that the favorable r-proessonditions do not last long enough to proeed to the N = 126 r-proesspeak under the same onditions at whih the N = 82 peak is produed.This result is onsistent with very reent meteoreti and astronomial



Nulear Physis and Supernovae 293�ndings suggesting that the N = 82 and N = 126 r-proess peaks arepossibly made at two distint sites.
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Fig. 5. Comparison of the shell model (SM) hal�ives for the N = 82 waiting pointnulei with data [44℄ and other model preditions [40�42℄Although these �rst shell model results are useful, onsistent and �rmonlusions an only be reahed if shell model hal�ives are also availableat least for the other two sets of waiting point nulei related to the magineutron numbers N = 50 and N = 126. These alulations are not straight-forward, as the required model spaes reah the limits of what is urrentlypossible on parallel omputers.3.3. Neutrino-indued reations and the r-proessNeutrino-indued reations an be important during and even after ther-proess. In the onventional piture [37℄ the nulei are basially in(n; )/(; n) equilibrium during the r-proess. The r-proess path is mainlydetermined by neutron separation energies and the timesale is essentiallyset by the �-deays of the waiting-point nulei at the magi neutron numbersN = 50; 82 and 126. However, in the presene of a strong neutrino �ux, �e-indued harged-urrent reations on the waiting-point nulei might atuallyompete with �-deays and speed-up the passage through the bottle-neksat the magi neutron numbers [45℄. It is found [45℄ that, for typial neutrinoluminosities and spetra, �e-apture rates are of order 5 s�1 and thus anbe faster than ompeting �-deays for the slowest waiting-point nulei. Ofourse, quantitative onlusions an only be drawn from detailed numerialsimulations of the r-proess. A �rst step towards this goal has reently beenmade by Meyer et al. [46℄.



294 K. LangankeIt is usually assumed that the r-proess drops out of (n; )/(; n) equilib-rium in a sharp freeze-out. The very neutron-rih matter, assembled duringthe r-proess, then deays bak to the valley of stability by a sequene of �-deays. However, in the neutrino-driven wind senario the r-proess matterwill still be exposed to rather strong neutrino �uxes, even after freeze-out.By both �e-indued harged-urrent and �x-indued neutral-urrent rea-tions, neutrinos an inelastially interat with r-proess nulei. In theseproesses the �nal nuleus will be in an exited state and most likely deayby the emission of one or several neutrons. Thus, this post-proessing ofr-proess matter after freeze-out might e�et the �nal r-proess abundane.The neutrino post-proessing e�ets depend on the neutrino-indued neutronknok-out ross setions, whih Qian et al. [45℄ have alulated based on theontinuum random phase approximation and the statistial model, and onthe total neutrino �uene through the r-proess ejeta following freeze-out.The dominant features of the observed r-proess abundane distributionare the peaks at A � 130 and 195, orresponding to the progenitor nuleiwith N = 82 and 126 losed neutron shells. Haxton et al. �nd that 8 nulei,lying in the window A = 124�126 and 183�187, are unusually sensitive to

Fig. 6. E�et of postproessing by neutrino-indued reations on the r-proessabundane. The unproessed distribution (solid line) is ompared with the distri-bution after postproessing (dashed line). A onstant �uene of F = 0:015 hasbeen assumed whih provides a best �t to the observed abundanes for A = 183�87(see inset). The observed abundanes are plotted as �lled irles with error bars.(from [45℄)



Nulear Physis and Supernovae 295neutrino post-proessing [47℄. These nulei sit in the valleys immediatelybelow the abundane peaks whih an be readily �lled by spallation of theabundant isotopes in the peaks. To avoid overprodution of the nulei inthese abundane windows one is able to plae upper bounds on the �uene(F � 0:045 at A � 130 and � 0:030 at A � 195, respetively). Furthermore,it turns out that the observed abundane of the nulei in the two abundanewindows an be onsistently reprodued by the same �uene parameter (forexample see Fig. 6). This might be taken as evidene suggesting that the r-proess does our in an intense neutrino �uene, and thus that the interiorregion of a type II supernova is the site of the r-proess.We like to stress that the neutrino-indued knok-out liberates about 3�5neutrons from nulei in the abundane peaks around A = 130 and 195. Thusthis proess annot be able to �ll the well-developed abundane trough atA � 115 [48℄ where r-proess simulations with onventional mass formulaestrongly underestimate the observed abundanes. This disrepany mightpoint to interesting nulear struture e�ets in very neutron-rih nulei, re-lated to shell quenhing far from stability [49℄.It is a pleasure to thank G. Martinez-Pinedo whose ollaboration hasdeisively ontributed to the results presented in this manusript. Manyfruitful disussions with F.-K. Thielemann are gratefully aknowledged. Theresearh has been partly supported by a grant of the Danish Researh Coun-il. REFERENCES[1℄ E.M. Burbidge, G.R. Burbidge, W.A. Fowler, F. Hoyle, Rev. Mod. Phys. 29,547 (1957).[2℄ A.G.W. Cameron, Chalk River Report CRL-41 (1957).[3℄ B.E.J. Pagel, G. Trautvaisiene, Mon. Not. R. Astron. So. 276, 505 (1995);288, 108 (1997).[4℄ F. Timmes, S.E. Woosley, T.A. Weaver, Astrophys. J. Suppl. 98, 617 (1995).[5℄ T. Tsujimoto, K. Nomoto, Y. Yoshii, M. Hashimoto, F.-K. Thielemann, Math.Notes 277, 945 (1995).[6℄ L. Buhmann, R.E. Azuma, C.A. Barnes, J. Humblet, K. Langanke, Phys.Rev. C54, 393 (1996) and referenes therein.[7℄ E. Anders, N. Grevesse, Geohim. Cosmohim. Ata 53, 197 (1989).[8℄ S.E. Woosley, D. Hartmann, R.D. Ho�man, W.C. Haxton, Astrophys. J. 356,272 (1990).[9℄ D. Arnett, Supernovae and Nulei, Prineton University Press, 1996.
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