OG 4.2.19

Nuclear Astrophysics w ith INTEGRAL

J. Paul

DAPNIA/Service d´Astrophysique, CEA/ Saclay, 91191 Gif-sur-Yvette Cedex, France

On behalf of the INTEGRAL Science Working Team

Abstract

Observations of gamma-ray lines fromnuclear transitions in thedecay of radioactiveisotopes produced in supernovaeand novae, with thepurposeto providethemost direct way of validating current models of explosive nucleosynthesis processes, rank among theprimescientific objectives of the INTEGRAL mission which will also grasp valuablenuclear astrophysics data on hydrostatic nucleosynthesis processes in massive stars and on high energy interactions involving accelerated particles.

1 Introduction:

The ESA (European SpaceAgency) scientific mission INTEGRAL (International Gamma-Ray

Astrophysics Laboratory) is dedicated to thestudy of cosmic sources actives in the energy range15 keV to

10 MeV with concurrent sourcemonitoring in theX-ray (3-35 keV) and visible(500-850 nm) bands. The

INTEGRAL Observatory will belaunched in September 2001 by a Russian PROTON rocket into a highly eccentric 72-hour orbit. Thenominal lifetimeof theObservatory will be2 years with possible extension to up to 5 years. A largefraction of theobserving timewill bemadeavailableto theworldwidescientific community. Thescientific goals of INTEGRAL areaddressed through thesimultaneous useof high resolution spectroscopy with fineimaging and accuratepositioning of celestial sources in thegamma-ray domain. Fine spectroscopy over the entire energy rangewill permit spectral features to beuniquely identified and line profiles to bedetermined for physical studies of thesourceregion. In such a context, oneof thetwo main

INTEGRAL instruments, thespectrometer SPI (figure1), has been designed to performspectral analysis of localized and extended regions with performances at 1 MeV such as an energy resolution E/

û

(�§�DQG�D

�

1

�QDUURZ�OLQH�VHQVLWLYLW\�RI� -6 photons s -1 cm -2 (10 6 s exposure).

: � 56 Co : � 56 Fe Supernovae 0.31 (a) 0.847, 1.238, 1.771

57 Co : � 57 Fe Supernovae 1.1 0.122, 0.136

22 Na : � 22 Ne Novae 3.8 1.275

44 Ti : � 44 Sc : � 44 Ca Supernovae 70-96 ( a,b) 0.068, 0.078, 1.156

26 Al : � 26 Mg Red Giants, WR Stars, Novae, Supernovae 1.1 10 6 1.809

60 Fe : � 60 Co : � 60 Ni Supernovae 2.2 10 6 (a) 1.173, 1.322

Noteto Table1: (a) Longest lifetimein thecaseof twofold decay chains (b) U ncertain estimate

Particleinteractions may also lead to theformation of excited nuclei, either by inelastic collisions, or spallation reactions. Nuclear excitation of stableand abundant isotopes by means of inelastic collision by accelerated (5-50 MeV/n) particles results in a prompt gamma-ray emission dueto thevery short lifetimeof the excited nuclear levels. However, thesenon-thermal processes, in order to beobservable, require particularly intensefluxes of accelerated particles.

3 Observational Highlights:

3.1 Thermal Nucleosynthesis: Thermal nucleosynthesis of radioactiveisotopes is present under two forms. Hydrostatic nucleosynthesis is at work in Wolf- Rayet ( WR) stars (massivestars experiencing heavy mass losses through intensestellar winds) and AGB stars (red giants developing thermal pulses). Explosive nucleosynthesis occurs in corecollapsesupernovae( SNII, SNIb), thermonuclear supernovaein binary systems ( SNIa) and novae.

3.1.1 Hydrostatic Nucleosynthesis: This mechanismis activein rather quitestellar stages, where temperatureand density areconstant over a long period of time. As far as gamma-ray lineastronomy is concerned, theprincipal process of interest is theproduction and ejection of 26 Al by WR stars, that seemto be thebest candidateaccording to therecent analysis of theobservations performed by the COMPTEL experiment on board the Compton Gamma-Ray Observatory ( Knödlseder, 1997). During hydrogen burning,

26 Al is produced via radiativeproton captures by 25 Mg; after having removed theunprocessed envelopeand thus uncovered the convectivecore, stellar winds carry away such a fresh 26 Al beforedecaying. Thedecay finally produces a lineat 1.809 MeV within theoptically thin interstellar medium. Themass of 26 Al thus generated is estimated to about 10 -4 M O . Thanks to theunprecedented performances of SPI (very high sensitivity to narrow lines combined to a widefield of view and to noticeableimaging capabilities),

INTEGRAL observations will bedecisivefor thestudy of the1.809 MeV emission dueto 26 Al decay in providing detailed mapping of thegalactic emission outlined by COMPTEL (seeFigure2).

3.1.2 Explosive Nucleosynthesis: Thetimescaleof explosive nucleosynthesis is so short that beta decay has no timeto operate. Under theseconditions, a host of isotopes aremadeunder theformof their radioactive

(proton-rich) progenitor. As far as core collapse supernovae ( SNII and SNIb) areconcerned, 56 Ni, 57 Ni and

44 Ti areof thehighest interest for gamma-ray lineastronomy, as well as 26 Al, presumably also formed in these events. Themass of theradioactiveisotopes thus generated depends on thetemperatureand density reached behind theshock waveand in front of theboundary between theimploding coregiving riseto a neutron star and the ejected material. The estimation of theseparameters is uncertain sincethey aresensitive to finedetails of thepre-supernova structureand evolution and to thehydrodynamics of the explosion. In thermonuclear supernovae ( SNIa), the exploding object is a whitedwarf (WD) overloaded by thematerial accreted froma companion. When thecritical Chandrasekhar mass (of about 1.4 M O ) is exceeded, thestar looses its stability. Degeneratecarbon burning becomes explosiveand a largefraction of theWD is transformed into 56 Ni. Nova explosions , originating also fromaccreting WD, much morefrequent than SNIa but much less spectacular, are expected to releaseradioactiveisotopes such as 7 Be, 22 Na and 26 Al.

Even in thecaseof an instrument as sensitiveas the INTEGRAL spectrometer, only nearby corecollapse supernovae(within theLocal Group of galaxies) are expected to producedetectablegamma-ray line emission through thedecay of theradioactiveisotopes they generate. However, thanks to thelong lifetimeof 44 Ti,

Figure 2: Map in galactic coordinate of the 1.809 MeV line emission due to 26 Al decay resulting from the data recorded by the COMPTEL experiment on board the Compton Gamma-Ray Observatory

(after Oberlack et al. 1996).

INTEGRAL will bein a position to detect theline emission fromthedecay of 44 Ti released by recent galactic supernovae, including most of thesupernovaethat should haveoccurred sincethelast observed explosion, namely thesupernova that Kepler observed in theyear 1604. Search for such hidden supernovaeranks among themost exciting objectives of INTEGRAL , especially when taking into account the COMPTEL detection of the1.156 MeV line emission fromthedecay of 44 Ti in thedirection of two nearby recent supernovae( Iyudin et al. 1994; 1998).

Becauseof thelargeamount of radioactivematerial they release(of theorder of 0.5 M O in theformof

56 Ni) and thanks to thefact that the ejected material becomes promptly transparent to gamma rays, thermonuclear supernovaeproduceso bright line emissions during thetens of days following the event that

INTEGRAL will bein a position to study distant SNIa, particularly in theVirgo cluster of galaxies.

Possibility will then begiven to assess thevery sourceof SNIa luminosity and to provideuseful hints on the useof SNIa as ^calibrated candles~ ableto tracethepast history of theUniverse.

3.2 Non Thermal Nuclear Excitation: Thesecond modeof production of cosmic gamma-ray lines is associated with flows of fast particles. Interactions of energetic nuclei generated by shock waveacceleration with theambient target mediumcould, in principle, producea wealth of gamma-ray lines. In such a context, observations of carbon and oxygen lines at 4.44 and 6.13 MeV would betheclueto theirradiation of molecular cloud by carbon and oxygen nuclei produced by massivestars and further accelerated to moderate energy ( Parizot, 1997).

4 Conclusion:

With thelaunch in thenear futureof the INTEGRAL spacecraft, a golden ageof nuclear astrophysics will open in Europe, at thepoint of convergenceof nuclear physics and astrophysics. Timeis ripeto join our efforts, especially having in mind thefact that INTEGRAL is an observatory-typemission with most of the total observing timebeing awarded as thegeneral programto thescientific community at large. Proposals for observations will beselected on their scientific merit only by a singleTimeAllocation Committee. Thefirst call for observation proposals will beissued oneyear prior to launch. TheIntegral ScienceData Center

( ISDC) will serveall users of INTEGRAL , in particular the entiregeneral observer community. The ISDC is theplacewherethearchiveand derived products will bebuilt and madeaccessibleto theworld wide astronomical community. All scientific data will bemadeavailableto thescientific community oneyear after they havebeen released to theobserver. This guarantees theuseof thescientific data for different investigations beyond theaimof a singleproposal. Explicit references on INTEGRAL can befound either in theproceedings of past INTEGRAL Workshops (held in Saint Malo and in Taormina) as well as in the

INTEGRAL World WideWeb pages (http://astro.estec.esa.nl/SA-general/Projects/Integral/integral.html).

References

Burbidge, M., Burbidge, G., Fowler, W., & Hoyle, F. 1957, Rev. Mod. Phys. 29, 547.

Iyudin, A.F. et al. 1994, A&A 284, L1.

Iyudin, A.F. et al. 1998, Nature396, 142.

Knödlseder, J. 1997, PhD Thesis, UniversitéPaul Sabatier, Toulouse.

Proceedings of the2nd INTEGRAL Workshop, Saint Malo, 1996, ^TheTransparent Universe~, Eds: C.

Winkler, T.J.-L. Courvoisier & P. Durouchoux, ESA SP-382, 1997.

Proceedings of the3rd INTEGRAL Workshop, Taormina, 1998, ^TheExtremeUniverse~, in press.

Oberlack, U. et al. 1996, A&AS C120, 311.

Parizot, E. 1997, PhD Thesis, UniversitéParis VII.