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Summary

Significant progress has been made in moving toward the TeraScale Supernova Initiative’s (TSI) ultimate goal of performing realistic three-dimensional simulations of core collapse supernova explosions. In particular, progress has been made in the development of codes to perform two-dimensional simulations with multifrequency and multi-angle, multifrequency neutrino transport. Progress on simulating the supernova macrophysics [e.g., the stellar core fluid flow or the neutrino transport in the core] has been matched by progress in developing microphysical models of the stellar core nuclei, the interaction of neutrinos with these nuclei and other core constituents, and bringing the state of the art micro- and macro-physics together in new stellar core collapse simulations. In addition, progress on developing these multi-physics models has been paralleled by focused simulations that include a subset of supernova physics. These focused simulations have led to three fundamental discoveries of significant relevance to supernova theory and TSI’s multidimensional, multi-physics models.

Science Accomplishments:

(1) Three-dimensional hydrodynamics simulations have uncovered a supernova shock wave instability that had not been considered before in supernova theory. This instability may play a significant role in generating the supernova and in defining its shape, which in turn may provide a first-principles explanation for the polarization of supernova light and the “kicks” given to neutron stars born in these explosions. (2) Recently, a second instability, which may occur deep in the stellar core during the supernova and aid in generating the explosion, was discovered. This was achieved through detailed numerical experiments of the complex interplay between neutrino transport and the stellar core fluid in the deepest regions of the supernova. (3) The first stellar core collapse simulations with state-of-the-art neutrino transport and state-of-the-art models of the nuclei in the stellar core have been carried out. These simulations have brought together two fields, nuclear physics and astrophysics, at their respective frontiers, demonstrated the importance of accurate nuclear physics in supernova models, and motivate planned experiments to measure the nuclear processes occurring in stars. (4) Simulations of the "r-process," the rapid neutron capture 
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Visualization of the supernova shock wave instability by J.M. Blondin (NCSU), A. Mezzacappa (ORNL), and R. Toedte (ORNL).

process believed to be responsible for half the heavy elements (elements above iron), led to the important result that an r-process can occur in very different environments than previously believed, providing a way around some of the difficulties encountered in past models to produce an r-process. (5) Developments that will enable the first realistic two-dimensional supernova simulations coupling two-dimensional hydrodynamics with two-dimensional, multifrequency neutrino transport have been completed. These simulations will represent a quantum leap in realism relative to past two-dimensional models. The development of two-dimensional multiangle, multifrequency neutrino transport is also well underway and has now entered a testing stage. This “Boltzmann” transport capability is ultimately required given the sensitive dependence of the supernova mechanism on both the neutrino angular distributions and neutrino spectra. (6) Extensive calculations to increase the realism of and the number of interactions for the neutrino-stellar core interactions in our neutrino transport models have been completed. (7) Preliminary magnetohydrodynamics (MHD) studies of stellar core collapse, to understand the evolution of stellar core rotation, turbulence, and magnetic fields, and their interaction, and the role of stellar magnetic fields in the supernova mechanism, have been performed. 

Plans for FY04 and FY05:

We will carry out the first two-dimensional supernova simulations with multifrequency neutrino transport. These will mark a leap in realism relative to past two-dimensional models. And we will follow up with three-dimensional models. Computations to provide state of the art stellar core thermodynamics and neutrino interactions will continue to increase in realism, and we will begin to carry out element synthesis studies in situ that before had been carried out in parameterized models. Our preliminary MHD studies will be followed by simulations integrating MHD and neutrino transport in order to perform the first realistic two-dimensional radiation magnetohydrodynamics simulations of core collapse supernovae. And we will continue to develop transport models with nonzero neutrino mass to explore the impact of neutrino mass on supernova dynamics and element synthesis. 
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