Summary of discussion session I: the neutrino signal and triangulation

A. Burrows

October 16, 1998

Discussion leader: A. Burrows

The neutrino detection/triangulation discussion group was tasked with reviewing the current status of our theoretical understanding of the neutrino emissions that attend core-collapse supernova explosions and the birth of either neutron stars or black holes. Further, and importantly, we explored the feasibility of employing the Supernova Alert Network now being organized to triangulate on the burst and to derive a quick angular position that could be communicated to the astronomical community within hours of the detection. Eschewing the issues of the logisitics, politics, and practicality of such early warning, we investigated merely whether triangulation was theoretically possible.

There is a broad consensus on the basic features of the neutrino light curve from a supernova, but it should be recalled that the luminosities and timescales for different massive star progenitors will be different. Generically, infall may last from 200 to 600 milliseconds during which time electron neutrinos will predominate. They will have roughly a capture spectrum that gradually hardens until shock breakout. The rise time of the associated luminosity depends upon the nuclear symmetry energy, but is approximately 5 milliseconds. The total energy radiated during this phase is roughly 10^{51} ergs. Bounce is almost immediately followed by the formation of the shock in the neutrino-opaque regions (at near 20 kilometers). The shock starts with a velocity near 50,000 km/s and so very quickly achieves the neutrinosphere (50-100 kilometers) and breaks out. Shock breakout is announced by a prodigious burst of electron neutrinos produced by electron capture on free protons newly liberated by shock dissociation of the infalling nuclei. The electron neutrino luminosity may achieve 10^{54} ergs/second. The characteristic time of the breakout burst is ¸3-10 milliseconds and the total energy radiated in electron-type neutrinos during breakout is ¸3�10^{51} ergs. The magnitude of the latter will depend on the density structure of the collapsing Chandrasekhar core, and will be higher for the more massive progenitors. During this phase, perhaps 10 events in both SuperK and in ICARUS can be expected from a collapse at 10 kpc.

During breakout, the matter is heated to such a degree that anti-electron neutrinos and mu and tau neutrinos and anti-neutrinos (hereafter “˚¯”’s) are thermally produced and radiated. The turnon timescale of this component is less than one millisecond, but the initial luminosity of the ¯˚e’s and the ˚¯’s depends upon the degree of degeneracy of the electrons near the neutrinospheres and the magnitude of the production sources, still poorly known. It is thought that the initial anti-electron neutrino luminosity is within about one order of magnitude of its peak value (¸20-50 milliseconds after breakout). Even at such a level, at 10 kpc both SuperK and SNO will register 100’s of ¯˚e events per second, in SuperK perhaps a kilohertz. After the abrupt rise, the anti-electron neutrino luminosity rises further to approximately meet the falling electron-type luminosity. After 20-50 milliseconds, the two decay together as the light curve transitions to the longer-term protoneutron star cooling and neutronization phase. Similarly, the “˚¯” luminosity per species achieves a value not more than 30% away from the electron neutrino luminosity.

The decay is gradual and there may be some quasi-periodic pulsation of the luminosities during this phase. However, the shock wave launched with such fanfare stalls into an accretion shock at 100-200 kilometers within 10-20 milliseconds of breakout. There is a delay to explosion, that may last between a few hundred milliseconds and a second, during which time perhaps ˘ 10^{53} ergs of neutrinos may be radiated. Explosion, when it comes, and there is some debate about the details of explosion, should be accompanied by a decrease by about a factor of two over about 20 milliseconds in all the neutrino luminosities. This may be detectable. After explosion, the luminosities decay on timescales of seconds to a minute. Indeed, after as long as a minute, the event rate at 10 kpc in SuperK may still be as high as one per second. After breakout, the spectra of all the neutrino species first harden on timescales of hundreds of milliseconds, then soften, particularly after explosion, as the luminosity inexorably decays. The rise and fall timescales, as well as the explosion time, are not known theoretically with sufficient precision.

Hence, the features detectors should key in on are: the infall rise, the breakout, the early anti-electron neutrino rise, the production of mus, the signature of explosion, the rise and fall of the average neutrino energies, and the late-time persistence. In addition, if a black hole forms during the highluminosity phase, the prediction is that the signal will stop within less than a millisecond. Such a phenomenon will be detectable.

Given this generic neutrino light curve, can we use accurate timing of the features in the burst to triangulate on the supernova? This will depend upon the signal strength (and, hence, the distance). At the canonical distance of 10 kpc, with the forward-peaked SuperK electron neutrino events (¸100- 150), one should be able to achieve ¸4^ffi pointing without the aide of the network. If the initial anti-electron-type signal is indeed as abrupt as we believe and if it starts at a high luminosity, then initial count rates near one kilohertz in SuperK, SNO, and LVD/MACRO/ICARUS might enable the network to locate a supernova to within ¸10^ffi at 10 kpc. The fact that the current detectors are all in the northern hemisphere is a problem, as is the possible fuzziness of the initial luminosity rise. Those who have recently explored the viability of triangulation still disagree with each other [1, 2, 3], but the discussion group was optimistic that at least the statistical issues will soon be resolved. Furthermore, there was general excitement that the Network might indeed be able to announce, with whatever angular precision, the advent of a galactic supernova and allow the astronomical community the early warning it has never before enjoyed. Supernova 1987A was and is a spectacular event from which we detected not only a neutrino burst, but photons across the entire electromagnetic spectrum. The Boston University workshop was a testament to the hope and faith of the emerging supernova neutrino community that SN1987A was but a foretaste of what is to come.

References

[1] M. Vagins, Workshop transparencies, p. 195

[2] C. Virtue, Workshop transparencies, p. 203

[3] J. Beacom, Workshop transparencies, p. 209

1 Bibliography

S. Bruenn, Workshop transparencies, p. 159 A. Burrows and T. Mazurek, “Signature of Stellar Collapse in Electron- Type Neutrinos”, Nature 301, 315 (1983).

A. Burrows,“On Detecting Stellar Collapse with Neutrinos” Ap. J. 283, 848 (1984).

A. Burrows and J. Lattimer,“The Birth of Neutron Stars”, Ap. J. 307, 178 (1986).

A. Burrows, “Supernova Neutrinos” Ap. J., 334, 891 (1988). A. Burrows,“Neutrinos from Supernova Explosions”, Ann. Rev. Nuc.

Part. Sci. 40, 181 (1990).

A. Burrows, D. Klein and R. Gandhi“The Future of Supernova Neutrino Detection”, Phys. Rev. D45, 3361 (1992).

A. Burrows,“ On the Nature of Core-Collapse Supernova Explosions,” J. Hayes and B. A. Fryxell,Ap. J., 450, 830 (1995).

A. Burrows,“Towards a Synthesis of Core–Collapse Supernova Theory,” Nucl. Phys. A 606, 151 (1996).

A. Burrows, Workshop transparencies, p. 10 H. Janka and E. Müller, “The First Second of a Type-II Supernova: Convection, Accretion, and Shock Propagation”, astro-ph/9503015 B. Messer et al., “Neutrino-driven supernovae: Boltzmann neutrino transport and the explosion mechanism”’, astro-ph/9804080

B. Messer et al., “A Comparison of Boltzmann and Multigroup Flux- Limited Diffusion Neutrino Transport During the Postbounce Shock Reheating Phase in Core Collapse Supernovae”, astro-ph/9805276

A. Mezzacappa et al., “The Interplay Between Protoneutron Star Convection and Neutrino Transport in Core Collapse Supernovae”, astro-ph/9709184 A. Mezzacappa et al., “Investigation of Neutrino-Driven Convection and the Core Collapse Supernova Mechanism Using Multigroup Neutrino Transport”, Ap J. 495, 911-926 (1998)

A. Mezzacappa, Workshop transparencies, p. 157 E. Myra and A. Burrows,“Neutrinos from Type II Supernovae: The First 100 Milliseconds”, Ap. J. 364, 222 (1990).

J. Pons et al., “Evolution of Protoneutron Stars”, astro-ph/9807040 M. Prakash, Workshop transparencies, p. 181