arXiv:astro-ph/0701677v2 26 Jan 2007

Supernova neutrino observations: What can we learn?

Contribution to Proc. Neutrino 2006: XXII International Conference on Neutrino Physics and Astrophysics, 13–19 June 2006, Santa Fe, New Mexico.

Georg G. Raffelt

Max-Planck-Institut für Physik (Werner-Heisenberg-Institut) Föhringer Ring 6, 80805 München, Germany

E-mail: raffelt@mppmu.mpg.de

Abstract. Twenty years after SN 1987A, the vast international programme of experimental neutrino physics and neutrino astronomy suggests that large detectors will operate for a long time. It is realistic that a high-statistics neutrino signal from a galactic SN will be observed. I review some of the generic lessons from such an observation where neutrinos largely play the role of astrophysical messengers. In principle, the signal also holds valuable information about neutrino mixing parameters. I explain some recent developments about the crucial importance of collective neutrino oscillations in the SN environment.

1. Introduction Twenty years ago, the neutrino burst from supernova (SN) 1987A in the Large Magellanic Cloud was observed. On 23 February 1987 at 7:35 h universal time, the Kamiokande II [1, 2] and IMB [3, 4] water-Cherenkov detectors each registered a burst clearly attributed to SN 1987A. A contemporaneous signal in the Baksan scintillator detector [5, 6] may have been caused by the neutrino burst as well. A significant event cluster in the LSD experiment [7, 8] was observed several hours earlier and had no counterpart in the other detectors and vice versa. It can be associated with SN 1987A only if one invokes very non-standard double-bang scenarios of stellar collapse [9]. A lively account of the exciting and somewhat confusing history of the SN 1987A neutrino detection was given by M. Koshiba [10] and A. Mann [11].

This unique observation of stellar-collapse neutrinos helped to pave the way for a new era of neutrino physics. Today, the discovery of neutrino masses, lepton mixing, and flavor oscillations are quickly fading to become yesterday’s sensation while the experimental efforts are turning to yet more challenging issues, notably the question of leptonic CP violation, the absolute neutrino masses, and their Majorana nature. A broad programme of experimental neutrino physics, dedicated SN neutrino observatories, and the construction of IceCube as a high-energy neutrino observatory almost guarantee the operation of large detectors for a long time so that the eventual observation of a high-statistics SN neutrino burst is a realistic possibility. A review of the ongoing, planned or proposed neutrino experiments with SN detection capabilities was given by K. Scholberg at this conference [12].

In our galaxy, the SN rate is perhaps 1–3 per century, so that the observation of a SN neutrino burst is a once-in-a-lifetime opportunity. What can we learn? There is no simple answer to this question because what we will learn depends on the detectors operating at that time, what they will observe, what else we then know about neutrinos, and which non-neutrino observations will be available. Galactic SNe are typically obscured, but even then probably would be seen, for example, in x- or γ-rays. Moreover, a gravitational wave signal could be observed.

Forecasting all possible scenarios would be both impossible and moot. Rather, I will focus on a number of generic issues. First, in Sec. 2 I review current estimates of the galactic SN rate and about their distance distribution. In Sec. 3 I will review some of the obvious lessons from a SN neutrino observation. Here, neutrinos largely play the role of astrophysical messengers. In Sec. 4 I turn to flavor oscillations where the observations could reveal crucial information about neutrino mixing parameters. Until recently, the impact of collective neutrino oscillations in the SN context had been underestimated. Therefore, the overall picture of SN neutrino oscillations is in a state of flux. Sec. 5 is given over to a summary and conclusions.

2. Next supernova: Where and When?

Existing and near-future neutrino detectors [12] do not reach beyond the galaxy and its satellites. Super-Kamiokande would observe about 10^4 events from a SN at a typical galactic distance of 10 kpc. The next significant target would be the Andromeda region at a distance of 760 kpc, reducing the rate by (10/760)^2 = 1.7 × 10^{−4}, i.e., Super-K would register 1–2 events. If a megatonne detector is built with perhaps 30 times the Super-K fiducial volume, it would provide several tens of events. Even such a low-statistics observation would be very useful as we shall see below. From the nearest galaxies beyond Andromeda, even a megatonne detector would register only 1–2 events. It was noted, however, that correlating them with astronomical SN observations may allow one to reduce background enough to build up SN neutrinos at a rate of perhaps 1 neutrino per year from galaxies out to several Mpc [13].

One classic method to estimate our galaxy’s SN rate is to scale from external galaxies. Another classic approach is to extrapolate the five historical SNe of the past millenium to the entire galaxy, leading to a larger but more uncertain estimate. The most recent estimate derives from the γ-rays emitted by^{26}Al (half-life 7.2 × 10^5 years) that is produced in massive stars. Finally, the non-observation of a galactic neutrino burst since 30 June 1980 when the Baksan Scintillator Telescope (BST) took up operation, and the almost complete coverage of the neutrino sky by different detectors since then, provides the upper limit shown in Table 1.

Therefore, one expects 1–3 core-collapse SNe per century in our galaxy and its satellites. With a megatonne-class detector one would reach Andromeda (M31) and its immediate neighbors such as Triangulum (M33), roughly doubling the expected rate. On the other hand, the last SN from that region was observed in 1885! However, we also note that SNe can be quite frequent in some galaxies. The record holders are NGC 6946 with SNe 1917A, 1939C, 1948B, 1968D, 1969P,

Table 1. Estimated rate of galactic core-collapse SNe per century.

Method Rate Authors Refs.

Scaling from external galaxies 2.5 ± 0.9 van den Bergh & McClure [14, 17] (1994) 1.8 ± 1.2 Cappellaro & Turatto [15, 16] (2000) Gamma-rays from galactic^{26}Al 1.9 ± 1.1 Diehl et al. (2006) [17] Historical galactic SNe (all types) 5.7 ± 1.7 Strom (1994) [18] 3.9 ± 1.7 Tammann et al. (1994) [19] No neutrino burst in 25 years^a < 9.2 (90% CL) Alekseev & Alekseeva [20] (2002)

aWe have scaled the limit of Ref. [20] to 25 years of neutrino sky coverage.

1980K, 2002hh and 2004et and the galaxy NGC 5236 (M83 or Southern Pinwheel) with SNe 1923A, 1945B, 1950B, 1957D, 1968L and 1983N [21]. These time sequences provide a healthy lesson in Poisson statistics: even if the average rate is quite large, one may still wait for a long time for the next SN, or conversely, we could be lucky and observe one soon, even if the average rate is as small as suggested by Table 1.

What would be a typical distance for a SN in our own galaxy? Core-collapse marks the final evolution of massive stars and thus must occur in regions of active star formation, i.e., in the spiral arms. As proxies for the distribution one can use either observations in other galaxies or in our galaxy the distribution of pulsars, SN remnants, molecular and ionized hydrogen, and OB-star forming regions [22]. All of these observables are consistent with a deficit of SNe in the inner galaxy and a maximum at 3.0–5.5 kpc galactocentric distance. Small regions of high starforming activity have been found within 50 pc from the galactic center that may contribute up to 1% of the galactic star-formation rate [23], although this finding does not seem to contradict the overall picture of a reduced SN rate in the inner galaxy.

As a representative example we follow Ref. [24] and consider a common parametrization for the galactic surface density of core-collapse (cc) events,

σ_{cc}(r) ∝ r^ξ exp(−r/u) , (1)

where r is the galactocentric radius. For the birth location of neutron stars, a fiducial distribution of this form was suggested with the parameters ξ = 4 and u = 1.25 kpc [25]. They are consistent with several SN-related observables, even though large uncertainties remain. Thermonuclear SNe, that are believed to originate from old stars in binary systems, more closely follow the matter distribution. It can be parameterized as [22]

σ_{Ia}(r) ∝ exp ( − r 4.5 kpc ) . (2)

We show the SN distance distributions corresponding to these models in Fig. 1. The tails at large distances are unphysical due to a complete lack of data.

The average distance for the assumed distribution is ⟨d_{cc}⟩ = 10.7 kpc with a rms dispersion of 4.9 kpc. This agrees with the fiducial distance of 10 kpc that is frequently assumed in the literature. On the other hand, the dispersion is very large so that the number of neutrinos detected even from a “typical” galactic SN can vary by more than an order of magnitude.

Figure 1. Distance distribution of core-collapse (solid) and thermonuclear SNe (dotted) according to the assumed galactic surface distributions of Eqs. (1) and (2), respectively [24].

3. Basic lessons from a SN neutrino observation 3.1. Early warning, distance and direction Turning to the many uses of a SN neutrino observation, we first note that a it occurs several hours before the optical explosion, allowing one to issue an alert. The Supernova Early Warning System (SNEWS) provides this service to the neutrino and astronomy communities [28].

Most galactic SNe are optically obscured. While it is implausible that the SN will remain invisible in the entire electromagnetic spectrum, it is interesting if it can be located by its neutrinos alone [29, 30]. The best existing pointing capability is provided by ν + e → ν + e scattering in Super-K where an accuracy of about 8^∘ (95% CL half-cone opening angle) can be achieved. If neutron tagging becomes possible by adding gadolinium [31], the accuracy increases to about 3^∘. For a megatonne-class detector with 30 times the Super-K fiducial volume, these numbers improve to 1.4^∘ (no neutron tagging) and 0.6^∘ (90% tagging efficiency).

The distance of SN 1987A, besides is obvious association with the Large Magellanic Cloud, could be directly determined with light echoes from its inner ring [32, 33]. If the next galactic SN is obscured, nothing of the sort may be possible and one may actually have to rely on the neutrinos to estimate its distance. However, SNe are no good neutrino standard candles. The total emitted energy depends on the poorly known nuclear equation of state as well as the total mass of the progenitor star. The signal registered by the standard ν̄_e + p → n + e^+ reaction is also subject to details of the flavor-dependent neutrino emission and on flavor oscillations. Altogether, one could probably estimate the distance within a factor of two or so.

The prompt ν_e burst, on the other hand, comes close to being a standard candle [34, 35, 36]. Here the problem is that the world lacks a big ν_e detector because in water-Cherenkov and scintillator detectors the main channel is inverse beta decay. In a large liquid Argon TPC the charged-current absorption ν_e +^{40}Ar →^{40}K + e^− would provide an exquisite ν_e signal [37]. In a megatonne water-Cherenkov detector with neutron tagging, the signal from ν + e scattering could be isolated and a distance determination within 5–10% may become possible, in particular if the neutrino mass hierarchy and the 13-mixing angle were known [36].

3.2. Neutrino spectrum The SN 1987A neutrino observations provided a unique confirmation of the overall picture of core-collapse and neutron-star formation. The signal lasted for about ten seconds, a time scale predicted by the diffusive neutrino energy transport in a nuclear-density hot compact star. The energies in the ten MeV range, representative of the temperature at the “neutrino sphere,” roughly agrees with expectations. (The physics of core-collapse phenomena was presented by H.-T. Janka at this conference; for a recent review see [27].)

In detail, however, the ν̄_e energies implied by Kamiokande-II [1, 2] and IMB [3, 4] do not agree well with each other or with expectations. In particular, the Kamiokande-II energies are significantly lower than expected [38, 39, 40, 41]. To interpret the SN 1987A data in any useful way one must make a prior assumption about the spectral shape [40]. The tension in the data and with theoretical models may well be a fluke of small-number statistics, but a serious comparison of the neutrino spectrum with theory for sure requires better data. Even a low-statistics signal of a few tens of events from a SN in Andromeda in a megatonne detector would provide valuable information. Without better data one has to rely on theoretical models, for example, to interpret future measurements of the cosmic Diffuse Supernova Neutrino Background (DSNB) from all past SNe (see C. Lunardini’s presentation at this conference [42]).

A large detector might reveal new subdominant spectral components. A few 100–200 MeV events contemporaneous with the ordinary burst could reveal that energy leaks out directly from the inner core in some novel form of radiation. For example, right-handed neutrinos produced in the SN core could decay into active ones [43] or neutrinos with Dirac magnetic moments could escape from the SN interior and spin-precess into active ones on the way to us [44, 45].

3.3. Signal duration The signal duration of the SN 1987A burst agrees well with expectations. This observation is the basis for perhaps the most useful particle-physics lesson from SN 1987A: apparently there was no other energy-loss channel but the ordinary neutrinos [46, 47, 48, 49]. This “energyloss argument” has been applied to a large number of cases, notably axions, Majorons, righthanded neutrinos, and Kaluza-Klein gravitons, often providing the most restrictive limits on the underlying particle-physics model. Extensive reviews are Refs. [50, 51, 52] and some more recent applications are discussed in Refs. [53, 54, 55, 56].

Far-reaching conclusions about fundamental physics are here based on a sparse sample of data. Even a relatively low-statistics observation would be enough to remove any lingering doubt if these energy-loss limits are actually correct. Beyond a general confirmation, a high-statistics observation would not improve such limits very much because their uncertainties are typically dominated by physics in the SN core. This includes uncertainties about the temperature, density and composition of the medium as well as uncertainties of how to calculate interaction and emission rates in a nuclear medium.

3.4. High-statistics light curve If one were to observe a high-statistics neutrino light curve, crucial details of the core-collapse paradigm cold be tested. In particular, one could probably separate the early accretion phase from the later Kelvin-Helmholtz cooling phase after the explosion has been launched. If the standard delayed-explosion scenario is indeed correct, one could probably see the different phases in the neutrino light curve and confirm or refute this scenario [57]. Besides Super-K, the IceCube detector would be well suited to this task even though it does not provide spectral information, but a high-statistics “bolometric” neutrino light-curve that reflects the time-structure of the burst with high significance.

A detailed cooling profile would allow one to test the theory behind neutrino transport in a hot nuclear medium. Moreover, one may be able to detect short-term time variations that are caused by the large-scale convection pattern during the accretion phase. A sudden termination would reveal late black-hole formation. Of course, there could be completely unexpected features.

Even a high-statistics signal has only limited time-of-flight sensitivity to neutrino masses. Even the most ambitious forecasts do not seriously go below 1 eV [58, 59, 60], not good enough in the light of cosmological limits [61, 62] and the expected sensitivity of the KATRIN tritium decay experiment [63]. A few tens of events from a SN in Andromeda would also provide a sensitivity of about 1 eV. One man’s trash is another man’s treasure: we now expect the timeof-flight dispersion caused by neutrino masses to be so small that fast time variations at the source will faithfully show up at the detector.

4. Neutrino flavor oscillations 4.1. Ordinary MSW oscillations Since SN 1987A, many of the “simple” questions about neutrinos have been answered, but more challenges lie ahead. The observation of a galactic SN burst may help us to address some of them. The neutrinos pass through the mantle and envelope of the progenitor star and encounter a vast range of matter densities, implying two MSW resonances. One of them corresponds to the “atmospheric mass difference” (H-resonance), the other, at lower density, to the “solar mass difference” (L-resonance). Of particular interest is the MSW effect at the H-resonance driven by the unknown 13-mixing angle. This resonance occurs in the neutrino sector for the normal mass hierarchy, and among anti-neutrinos for the inverted hierarchy. It is adiabatic for sin^2 Θ_{13} >∼ 10^{−3} and non-adiabatic for sin^2 Θ_{13} <∼ 10^{−5}. Therefore, the neutrino burst is, in principle, sensitive to the mass hierarchy and the 13-mixing angle [64, 65].

One important simplification is that the neutrino energies are far below the μ and τ mass thresholds. Therefore, the species ν_μ, ν̄_μ, ν_τ , and ν̄_τ have only neutral-current interactions. Their fluxes and spectra emerging from the SN and their detection cross sections are the same. They are collectively denoted as ν_x or equivalently ν̄_x. On the other hand, ν_e and ν̄_e have chargedcurrent interactions, notably with protons, neutrons and nuclei with different abundances so that we finally need to distinguish between the three species ν_e, ν̄_e and ν_x. Oscillation effects can be summarized in terms of the energy-dependent ν_e survival probability p(E) as

F_{νe} (E) = p(E)F^0_{νe} (E) + [1 − p(E)]F^0_{νx} (E) , (3)

where the superscript zero denotes the primary fluxes. An analogous expression pertains to ν̄_e with the survival probability p̄(E). Table 2 summarizes the survival probabilities for different mixing scenarios where Θ_⊙ refers to the “solar” mixing angle [64, 65].

The most pronounced and most robust flavor-dependent structure of a SN neutrino signal is the prompt ν_e burst. Unfortunately, the main detection channel in all existing and near-future detectors is ν̄_e + p → n + e^+. In Super-K, the prompt ν_e burst would generate of order 10 events from νe scattering so that the burst perhaps could be just barely detected. Of course, in a megatonne water-Cherenkov detector with neutron tagging, the ν_e burst would be an extremely useful tool both for studying flavor oscillations and determining the SN distance [30]. Likewise, a large liquid Argon TPC would be a powerful and useful ν_e detector [37].

For the time being, inverse beta decay will provide the dominant signal. Oscillation effects are more subtle in this channel because the primary spectra and fluxes of ν̄_e and ν̄_x are probably more similar than had been thought until recently [66, 67]. Moreover, the relative spectral energies and fluxes change during the accretion and cooling phases. At present, reliable predictions for the time-dependent quantities ⟨E_{ν̄e} ⟩/⟨E_{ν̄x} ⟩ and F_{ν̄e} /F_{ν̄x} are not available and in fact may differ for different SNe because the progenitor mass may play some role.

Therefore, one must focus on model-independent signatures. One is the matter regeneration effect if the neutrinos are observed through the Earth. Flavor oscillations would manifest themselves by characteristic energy-dependent signal modulations [68, 69, 70, 71, 72, 73], an effect that would be especially apparent in a large scintillator detector because of its superior energy resolution. One could also compare the signals of different detectors if one of them sees the SN shadowed and the other not [70]. We have provided an online tool that allows one, for chosen detector locations, to calculate the probability for the next galactic SN to be shadowed in none, one, or both detectors [24]. Both for SN and geo-neutrino detection, several big scintillator detectors in different locations would be more useful than one large detector such as the proposed LENA [74] in a single location.

Another characteristic signature of flavor oscillations could be a pronounced dip or doubledip feature in the late neutrino signal caused by shock-wave propagation. When the shock wave passes the H-resonance region, the MSW adiabaticity is temporarily broken. Moreover, for some time several H-resonances obtain because the density profile is not monotonic. If one were to

Table 2. Survival probabilities for neutrinos, p, and antineutrinos, p̄, in various mixing scenarios. The channels where one expects Earth effects, shock-wave propagation effects, and where the full ν_e burst is present or absent are indicated.

Scenario Hierarchy sin^2 Θ_{13} p p̄ Earth effects Shock wave ν_e burst

A Normal >∼ 10^{−3} 0 cos^2 Θ_⊙ ν̄_e ν_e absent B Inverted >∼ 10^{−3} sin^2 Θ_⊙ 0 ν_e ν̄_e present C Any <∼ 10^{−5} sin^2 Θ_⊙ cos^2 Θ_⊙ ν_e and ν̄_e — present observe such features, they could serve as a diagnostic both for neutrino oscillation parameters and the astrophysics of shock-wave propagation [75, 76, 77, 78].

The SN matter profile need not be smooth. Behind the shock-wave, convection and turbulence can cause significant stochastic density variations that tend to wash out the neutrino oscillation signatures [79, 80]. The quantitative relevance of this effect remains to be understood.

4.2. Collective neutrino oscillations The trapped neutrinos in a SN core as well as the neutrinos streaming off its surface are so dense that they provide a large matter effect for each other. The nonlinear nature of this neutrinoneutrino effect renders its consequences very different from the ordinary matter effect in that it results in collective oscillation phenomena [81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93] that can be of practical interest in the early universe [94, 95, 96, 97] or in core-collapse SNe [98, 99, 100, 101, 102, 103, 104, 105, 106, 107]. The crucial importance of “bipolar oscillations” for SN neutrinos was first recognized in Refs. [104, 105, 106] and some of their salient features explained in Ref. [107].

What are the conditions for neutrino-neutrino matter effects to be relevant? Considering for simplicity a two-flavor situation, vacuum oscillations are driven by the frequency ω = Δm^2/2E. The ordinary matter effect is important when λ >∼ ω where λ = √ 2G_Fn_e. Neutrino-neutrino effects are important when μ >∼ ω where μ = √ 2G_Fn_ν. It is crucial to note that ordinary matter effects do not override neutrino-neutrino effects. As stressed in Ref. [104], it is a misconception that neutrino-neutrino effects would be negligible when λ ≫ μ.

The low-energy weak-interaction Hamiltonian is of current-current form so that the interaction energy between two particles of momenta p and q is proportional to (1 − v_p · v_q) where v_p = p/E_p is the velocity. In isotropic media the v_p · v_q term averages to zero. On the other hand, collinear-moving relativistic particles produce no weak potential for each other. For neutrinos streaming off a SN core, the (1 − v_p · v_q) term implies that the neutrino flux declines not only with the geometric r^{−2} factor, but the average interaction energy μ has another r^{−2} factor that accounts for the increasing collinearity of the neutrino trajectories with distance from the source [99]. Considering the atmospheric mass difference of 1.9–3.0 × 10^{−3} eV^2 and using a typical energy of 15 MeV, we may use ω = 0.3 km^{−1} as a typical value, where we here express frequencies and energies in km^{−1} that is a useful unit in the SN context. Moreover, if we use 10^{51} erg s^{−1} as a typical neutrino luminosity, and if we use 10 km as the neutrino-sphere radius, we may use μ = 0.3 × 10^5 km^{−1} at the neutrino sphere so that indeed μ ≫ ω. With the r^{−4} scaling of the effective μ, collective neutrino oscillations will be important out to a radius of about 200 km.

There are two extreme cases of collective oscillation effects that have been discussed in the literature. Synchronized oscillations occur when the neutrino-neutrino interaction “glues” the neutrino flavor polarization vectors together enough so that they evolve the same. In other words, even though the vacuum oscillation frequency Δm^2/2E is different for different modes, they all oscillate with the same “synchronized frequency” that is an average of the vacuum or in-medium frequencies (“self-maintained coherence”). Of course, if the vacuum or in-medium mixing angle is small, this synchronization effect has no macroscopic significance.

The generic case of bipolar oscillations occurs in a neutrino gas with equal densities of, say, ν_e and ν̄_e. In an inverted-mass situation with a small mixing angle, the ensemble will undergo oscillations of the sort ν_eν̄_e → ν_μν̄_μ → ν_eν̄_e → . . ., approximately with the “bipolar frequency” κ = √ 2ωμ that is much faster than the vacuum oscillation frequency. The period of this phenomenon depends logarithmically on the mixing angle, explaining why this phenomenon is not much affected by the presence of ordinary matter [104, 105, 107]. For the normal hierarchy, the ensemble performs small-amplitude harmonic oscillations with the frequency κ so that macroscopically “nothing” happens.

The next complication are “multi-angle effects,” probably first stressed in Ref. [92] and numerically explored in Ref. [105]. In a non-isotropic neutrino gas, the self-term is not the same for all modes because of the (1 − v_p · v_q) factor. The result is an instability that causes a neutrino gas with equal densities of ν and ν̄ to de-cohere kinematically in flavor space between different directions of motion. Independently of the mass hierarchy and with the smallest initial anisotropy, complete flavor equipartition obtains. The time scale, again, is set by the bipolar frequency κ. The overall time to achieve equilibrium depends logarithmically on the mixing angle and the initial anisotropy [93].

Bipolar oscillations are a collective pair-conversion effect; there is no enhanced flavor conversion. For equal densities of ν_e and ν̄_e, the net electron lepton number vanishes. “Pair oscillations” do not change of overall flavor lepton number. One requirement is that there is a sufficient “pair excess” in some flavor. This is not the case in the interior of a SN core where all neutrinos are in thermal equilibrium, and only the ν_e have a large chemical potential that increases the number density of ν_e (relative to ν_μ or ν_τ ) while at the same time suppressing the ν̄_e density. Therefore, bipolar oscillations do not seem to be relevant in the interior of a SN core. Synchronized oscillations will occur, but with an extremely small in-medium mixing angle.

On the other hand, there is an excess of both ν_e and ν̄_e in the neutrinos streaming off a SN core, where generically F_{νe} > F_{ν̄e} . If this asymmetry is too large, the oscillations are still of the synchronized type, even though there is a pair excess. Bipolar conversions will begin playing a role beyond a radius where the effective μ is small enough that the asymmetry no longer prevents them. The critical region is between a few tens of km above the neutrino sphere and about 200 km. Without the “multi-angle effect,” the outcome would be generic in that complete pair-conversion ν_eν̄_e → ν_xν̄_x would occur for the inverted mass hierarchy, and essentially nothing new would happen for the normal hierarchy. Including multi-angle effects, the outcome does not seem generic but rather depends on details [105].

As for observable flavor oscillation effects from the next galactic SN, the deleponization burst likely remains unaffected because it is characterized by an excess of ν_e and a suppression of ν̄_e. During the accretion phase, some degree of flavor-swapping may occur and since the relevant region is within the stalled shock wave, one may speculate if some effect on the SN dynamics itself obtain in the spirit of Ref. [108]. After a successful explosion, nucleosynthesis in the neutrino-driven wind above the neutron star may well be affected, a possibility that was the main motivation for the exploratory study of Ref. [105, 109]. Possible modifications of what will be observed in the neutrino signal of the next galactic SN have not yet been studied. Some interesting work remains to be done!

5. Summary Twenty years after SN 1987A we are well prepared for the observation of another neutrino burst from a collapsing star. The scientific harvest would be immense. Without any doubt, neutrinos would be excellent astrophysical messengers and allow us to follow stellar collapse and many of its details “in situ.” From the particle-physics perspective, many of the unique lessons from SN 1987A could be corroborated. In principle, the neutrino burst also holds information about the neutrino mass hierarchy that is extremely difficult to determine in the laboratory. On the other hand, collective neutrino oscillation effects that had not been fully appreciated may change some of the previous paradigm. In preparation for the next galactic SN burst, both theorists and experimentalists have more work to do than just wait!

Acknowledgments This work was partly supported by the Deutsche Forschungsgemeinschaft under Grants No. SFB- 375 and TR-27 and by the European Union under the ILIAS project, contract No. RII3-CT- 2004-506222.

References

[1] K. Hirata et al. (KAMIOKANDE-II Collaboration), “Observation of a neutrino burst from the supernova SN 1987A,” Phys. Rev. Lett. 58, 1490 (1987).

[2] K. S. Hirata et al., “Observation in the Kamiokande-II detector of the neutrino burst from supernova SN1987A ,” Phys. Rev. D 38, 448 (1988).

[3] R. M. Bionta et al., “Observation of a neutrino burst in coincidence with supernova 1987A in the Large Magellanic Cloud,” Phys. Rev. Lett. 58, 1494 (1987).

[4] C. B. Bratton et al. (IMB Collaboration), “Angular distribution of events from SN 1987A ,” Phys. Rev. D 37, 3361 (1988).

[5] E. N. Alekseev, L. N. Alekseeva, V. I. Volchenko and I. V. Krivosheina, “Possible detection of a neutrino signal on 23 February 1987 at the Baksan underground scintillation telescope of the Institute of Nuclear Research,” Pisma Zh. Eksp. Teor. Fiz. 45, 461 (1987) [JETP Lett. 45, 589 (1987)].

[6] E. N. Alekseev, L. N. Alekseeva, I. V. Krivosheina and V. I. Volchenko, “Detection of the neutrino signal from SN 1987A in the LMC using the INR Baksan underground scintillation telescope,” Phys. Lett. B 205, 209 (1988).

[7] V. L. Dadykin et al., “Detection of a rare event on 23 February 1987 by the neutrino radiation detector under Mont Blanc,” Pisma Zh. Eksp. Teor. Fiz. 45, 464 (1987) [JETP Lett. 45, 593 (1987)].

[8] M. Aglietta et al., “On the event observed in the Mont Blanc Underground Neutrino observatory during the occurrence of Supernova 1987A,” Europhys. Lett. 3, 1315 (1987).

[9] V. S. Imshennik and O. G. Ryazhskaya, “A rotating collapsar and possible interpretation of the LSD neutrino signal from SN 1987A,” Pisma Astron. Zhurnal, 30, 17 (2004) [Astron. Lett. 30, 14 (2004)] [astro-ph/0401613].

[10] M. Koshiba, “Observational neutrino astrophysics,” Phys. Rept. 220, 229 (1992). [11] A. K. Mann, Shadow of a star: The neutrino story of supernova 1987A (Freeman, 1997). [12] K. Scholberg, “Supernova neutrino detection,” astro-ph/0701081.

[13] S. Ando, J. F. Beacom and H. Yuksel, “Detection of neutrinos from supernovae in nearby galaxies,” Phys.

Rev. Lett. 95, 171101 (2005) [astro-ph/0503321].

[14] S. van den Bergh and R. D. McClure, “Rediscussion of extragalactic supernova rates derived from Evans’s 1980–1988 observations,” Astrophys. J. 425, 205 (1994).

[15] E. Cappellaro, R. Evans and M. Turatto, “A new determination of supernova rates and a comparison with indicators for galactic star formation,” Astron. Astrophys. 351, 459 (1999) [astro-ph/9904225].

[16] E. Cappellaro and M. Turatto, “Supernova types and rates,” astro-ph/0012455. [17] R. Diehl et al., “Radioactive^{26}Al and massive stars in the Galaxy,” Nature 439, 45 (2006). For a review of supernova rates from various methods see the supplementary material provided in the electronic version of the Nature article and in astro-ph/0601015.

[18] R. G. Strom, “Guest stars, sample completeness and the local supernova rate,” Astron. Astrophys. 288, L1 (1994).

[19] G. A. Tammann, W. Löffler and A. Schröder, “The galactic supernova rate,” Astrophys. J. Suppl. 92, 487 (1994).

[20] E. N. Alekseev and L. N. Alekseeva, “Twenty years of galactic observations in searching for bursts of collapse neutrinos with the Baksan underground scintillation telescope,” Zh. Eksp. Teor. Fiz. 95, 10 (2002) [J. Exp. Theor. Phys. 95, 5 (2002)] [astro-ph/0212499].

[21] Padova-Asiago supernova catalogue http://web.pd.astro.it/supern [22] K. M. Ferriere, “The interstellar environment of our Galaxy,” Rev. Mod. Phys. 73 (2001) 1031 [astro-ph/0106359].

[23] D. F. Figer, R. M. Rich, S. S. Kim, M. Morris and E. Serabyn, “An extended star formation history for the Galactic Center from Hubble Space Telescope/NICMOS observations,” Astrophys. J. 601 (2004) 319 [astro-ph/0309757].

[24] A. Mirizzi, G. G. Raffelt and P. D. Serpico, “Earth matter effects in supernova neutrinos:

Optimal detector locations,” JCAP 0605, 012 (2006) [astro-ph/0604300]. For the online tool see http://www.mppmu.mpg.de/supernova/shadowing [25] I. Yusifov and I. Küçük, “Revisiting the radial distribution of pulsars in the Galaxy,” Astron. Astrophys.

422 (2004) 545 [astro-ph/0405559].

[26] D. R. Lorimer, “The Galactic population and birth rate of radio pulsars,” in: Young neutron stars and their environments, IAU Symposium No. 218 (14–17 July 2003, Sydney, Australia), ed. by F. Camilo and B. M. Gaensler (San Francisco, Astronomical Society of the Pacific, 2004) p. 105 [astro-ph/0308501].

[27] H. T. Janka, K. Langanke, A. Marek, G. Martinez-Pinedo and B. Mueller, “Theory of core-collapse supernovae,” astro-ph/0612072.

[28] P. Antonioli et al., “SNEWS: The SuperNova Early Warning System,” New J. Phys. 6, 114 (2004)

[astro-ph/0406214]. See also http://snews.bnl.gov [29] J. F. Beacom and P. Vogel, “Can a supernova be located by its neutrinos?,” Phys. Rev. D 60, 033007 (1999) [astro-ph/9811350].

[30] R. Tomás, D. Semikoz, G. G. Raffelt, M. Kachelriess and A. S. Dighe, “Supernova pointing with low- and high-energy neutrino detectors,” Phys. Rev. D 68, 093013 (2003) [hep-ph/0307050].

[31] J. F. Beacom and M. R. Vagins, “Antineutrino spectroscopy with large water Cherenkov detectors,” Phys.

Rev. Lett. 93, 171101 (2004) [hep-ph/0309300].

[32] N. Panagia et al., “Properties of the SN 1987A circumstellar ring and the distance to the Large Magellanic Cloud,” Astrophys. J. 380, L23 (1991) [33] A. Gould and O. Uza, “Upper limit to the distance to the Large Magellanic Cloud,” Astrophys. J. 494, 118 (1998) [astro-ph/9705051].

[34] T. A. Thompson, A. Burrows and P. A. Pinto, “Shock breakout in core-collapse supernovae and its neutrino signature,” Astrophys. J. 592, 434 (2003) [astro-ph/0211194].

[35] K. Takahashi, K. Sato, A. Burrows and T. A. Thompson, “Supernova neutrinos, neutrino oscillations, and the mass of the progenitor star,” Phys. Rev. D 68, 113009 (2003) [hep-ph/0306056].

[36] M. Kachelriess, R. Tomas, R. Buras, H. T. Janka, A. Marek and M. Rampp, “Exploiting the neutronization burst of a galactic supernova,” Phys. Rev. D 71, 063003 (2005) [astro-ph/0412082].

[37] I. Gil-Botella and A. Rubbia, “Oscillation effects on supernova neutrino rates and spectra and detection of the shock breakout in a liquid argon TPC,” JCAP 0310, 009 (2003) [hep-ph/0307244].

[38] H.-T. Janka and W. Hillebrandt, “Neutrino emission from type II supernovae: an analysis of the spectra,” Astron. Astrophys. 224, 49 (1989) [39] B. Jegerlehner, F. Neubig and G. Raffelt, “Neutrino oscillations and the supernova 1987A signal,” Phys.

Rev. D 54, 1194 (1996) [astro-ph/9601111].

[40] A. Mirizzi and G. G. Raffelt, “New analysis of the SN 1987A neutrinos with a flexible spectral shape,” Phys.

Rev. D 72, 063001 (2005) [astro-ph/0508612].

[41] M. L. Costantini, A. Ianni, G. Pagliaroli and F. Vissani, “Is there a problem with low energy SN1987A neutrinos?,” astro-ph/0608399.

[42] C. Lunardini, “The diffuse supernova neutrino flux,” astro-ph/0610534.

[43] S. Dodelson, J. A. Frieman and M. S. Turner, “Constraints to the decays of Dirac neutrinos from SN 1987A,” Phys. Rev. Lett. 68, 2572 (1992).

[44] R. Barbieri and R. N. Mohapatra, “Limit on the magnetic moment of the neutrino from supernova SN 1987A observations,” Phys. Rev. Lett. 61, 27 (1988).

[45] D. Nötzold, “New bounds on neutrino magnetic moments from stellar collapse.,” Phys. Rev. D 38, 1658 (1988).

[46] J. R. Ellis and K. A. Olive, “Constraints on light particles from Supernova SN 1987A,” Phys. Lett. B 193, 525 (1987).

[47] G. Raffelt and D. Seckel, “Bounds on exotic particle interactions from SN 1987A,” Phys. Rev. Lett. 60, 1793 (1988).

[48] M. S. Turner, “Axions from SN 1987A,” Phys. Rev. Lett. 60, 1797 (1988).

[49] R. Mayle, J. R. Wilson, J. R. Ellis, K. A. Olive, D. N. Schramm and G. Steigman, “Constraints on axions from SN 1987A,” Phys. Lett. B 203, 188 (1988).

[50] D. N. Schramm, “Neutrinos from Supernova SN 1987A,” Comments Nucl. Part. Phys. 17, 239 (1987). [51] G. G. Raffelt, “Astrophysical methods to constrain axions and other novel particle phenomena,” Phys. Rept.

198, 1 (1990).

[52] G. G. Raffelt, “Particle physics from stars,” Ann. Rev. Nucl. Part. Sci. 49, 163 (1999) [hep-ph/9903472]. [53] C. Hanhart, D. R. Phillips, S. Reddy and M. J. Savage, “Extra dimensions, SN 1987A, and nucleon nucleon scattering data,” Nucl. Phys. B 595, 335 (2001) [nucl-th/0007016].

[54] C. Hanhart, J. A. Pons, D. R. Phillips and S. Reddy, “The likelihood of GODs’ existence: Improving the SN 1987A constraint on the size of large compact dimensions,” Phys. Lett. B 509, 1 (2001) [astro-ph/0102063].

[55] H. K. Dreiner, C. Hanhart, U. Langenfeld and D. R. Phillips, “Supernovae and light neutralinos: SN 1987A bounds on supersymmetry revisited,” Phys. Rev. D 68, 055004 (2003) [hep-ph/0304289].

[56] P. Fayet, D. Hooper and G. Sigl, “Constraints on light dark matter from core-collapse supernovae,” Phys.

Rev. Lett. 96, 211302 (2006) [hep-ph/0602169].

[57] T. Totani, K. Sato, H. E. Dalhed and J. R. Wilson, “Future detection of supernova neutrino burst and explosion mechanism,” Astrophys. J. 496, 216 (1998) [astro-ph/9710203].

[58] T. Totani, “Electron neutrino mass measurement by supernova neutrino bursts and implications on hot dark matter,” Phys. Rev. Lett. 80, 2039 (1998) [astro-ph/9801104].

[59] J. F. Beacom and P. Vogel, “Mass signature of supernova νμ and ντ neutrinos in Super-Kamiokande,” Phys.

Rev. D 58, 053010 (1998) [hep-ph/9802424].

[60] E. Nardi and J. I. Zuluaga, “Constraints on neutrino masses from a galactic supernova neutrino signal at present and future detectors,” Nucl. Phys. B 731, 140 (2005) [hep-ph/0412104].

[61] J. Lesgourgues and S. Pastor, “Massive neutrinos and cosmology,” Phys. Rept. 429, 307 (2006) [astro-ph/0603494].

[62] S. Hannestad, “Primordial neutrinos,” hep-ph/0602058.

[63] G. Drexlin et al. (KATRIN Collaboration), “KATRIN: Direct measurement of a sub-eV neutrino mass,” Nucl. Phys. Proc. Suppl. 145, 263 (2005).

[64] A. S. Dighe and A. Y. Smirnov, “Identifying the neutrino mass spectrum from the neutrino burst from a supernova,” Phys. Rev. D 62, 033007 (2000) [hep-ph/9907423].

[65] A. Dighe, “Supernova neutrinos: Production, propagation and oscillations,” Nucl. Phys. Proc. Suppl. 143, 449 (2005) [arXiv:hep-ph/0409268].

[66] M. T. Keil, G. G. Raffelt and H.-T. Janka, “Monte Carlo study of supernova neutrino spectra formation,” Astrophys. J. 590, 971 (2003) [astro-ph/0208035].

[67] G. G. Raffelt, M. T. Keil, R. Buras, H.-T. Janka and M. Rampp, “Supernova neutrinos: Flavor-dependent fluxes and spectra,” Proc. of the 4th Workshop on Neutrino Oscillations and their Origin: NooN 2003 (10– 14 February 2003, Kanazawa, Japan), eds. Y. Suzuki, M. Nakahata, Y. Itow, M. Shiozawa and Y. Obayashi (World Scientific, Singapore, 2004), pp. 380–387 [astro-ph/0303226].

[68] C. Lunardini and A. Yu. Smirnov, “Supernova neutrinos: Earth matter effects and neutrino mass spectrum,” Nucl. Phys. B 616 (2001) 307 [hep-ph/0106149].

[69] C. Lunardini and A. Y. Smirnov, “Probing the neutrino mass hierarchy and the 13-mixing with supernovae,” JCAP 0306 (2003) 009 [hep-ph/0302033].

[70] A. S. Dighe, M. T. Keil and G. G. Raffelt, “Detecting the neutrino mass hierarchy with a supernova at IceCube,” JCAP 0306 (2003) 005 [hep-ph/0303210].

[71] A. S. Dighe, M. T. Keil and G. G. Raffelt, “Identifying earth matter effects on supernova neutrinos at a single detector,” JCAP 0306, 006 (2003) [hep-ph/0304150].

[72] A. S. Dighe, M. Kachelriess, G. G. Raffelt and R. Tomàs, “Signatures of supernova neutrino oscillations in the earth mantle and core,” JCAP 0401, 004 (2004) [hep-ph/0311172].

[73] M. Lindner, T. Ohlsson, R. Tomàs and W. Winter, “Tomography of the Earth’s core using supernova neutrinos,” Astropart. Phys. 19 (2003) 755 [hep-ph/0207238].

[74] T. Marrodán Undagoitia, F. von Feilitzsch, M. Göger-Neff, K. A. Hochmuth, L. Oberauer, W. Potzel and M. Wurm, “Low energy neutrino astronomy with the large liquid-scintillation detector LENA,” J. Phys. Conf. Ser. 39, 287 (2006).

[75] R. C. Schirato, G. M. Fuller, “Connection between supernova shocks, flavor transformation, and the neutrino signal,” astro-ph/0205390.

[76] R. Tomàs, M. Kachelriess, G. Raffelt, A. Dighe, H. T. Janka and L. Scheck, “Neutrino signatures of supernova shock and reverse shock propagation,” JCAP 0409 (2004) 015 [astro-ph/0407132].

[77] G. L. Fogli, E. Lisi, A. Mirizzi and D. Montanino, “Probing supernova shock waves and neutrino flavor transitions in next-generation water-Cherenkov detectors,” JCAP 0504 (2005) 002 [hep-ph/0412046].

[78] S. Choubey, N. P. Harries and G. G. Ross, “Probing neutrino oscillations from supernovae shock waves via the IceCube detector,” Phys. Rev. D 74, 053010 (2006) [hep-ph/0605255].

[79] G. L. Fogli, E. Lisi, A. Mirizzi and D. Montanino, “Damping of supernova neutrino transitions in stochastic shock-wave density profiles,” hep-ph/0603033.

[80] A. Friedland and A. Gruzinov, “Neutrino signatures of supernova turbulence,” astro-ph/0607244. [81] J. Pantaleone, “Neutrino oscillations at high densities,” Phys. Lett. B 287, 128 (1992). [82] S. Samuel, “Neutrino oscillations in dense neutrino gases,” Phys. Rev. D 48, 1462 (1993). [83] V. A. Kostelecký, J. Pantaleone and S. Samuel, “Neutrino oscillation in the early universe,” Phys. Lett. B 315, 46 (1993).

[84] V. A. Kostelecký and S. Samuel, “Neutrino oscillations in the early universe with an inverted neutrino mass hierarchy,” Phys. Lett. B 318, 127 (1993).

[85] V. A. Kostelecký and S. Samuel, “Nonlinear neutrino oscillations in the expanding universe,” Phys. Rev. D 49, 1740 (1994).

[86] V. A. Kostelecký and S. Samuel, “Self-maintained coherent oscillations in dense neutrino gases,” Phys. Rev.

D 52, 621 (1995) [hep-ph/9506262].

[87] V. A. Kostelecký and S. Samuel, “Neutrino oscillations in the early universe with nonequilibrium neutrino distributions,” Phys. Rev. D 52, 3184 (1995) [hep-ph/9507427].

[88] S. Samuel, “Bimodal coherence in dense selfinteracting neutrino gases,” Phys. Rev. D 53, 5382 (1996) [hep-ph/9604341].

[89] V. A. Kostelecký and S. Samuel, “Nonequilibrium neutrino oscillations in the early universe with an inverted neutrino mass hierarchy,” Phys. Lett. B 385, 159 (1996) [hep-ph/9610399].

[90] J. Pantaleone, “Stability of incoherence in an isotropic gas of oscillating neutrinos,” Phys. Rev. D 58, 073002 (1998).

[91] S. Pastor, G. G. Raffelt and D. V. Semikoz, “Physics of synchronized neutrino oscillations caused by selfinteractions,” Phys. Rev. D 65, 053011 (2002) [hep-ph/0109035].

[92] R. F. Sawyer, “Speed-up of neutrino transformations in a supernova environment,” Phys. Rev. D 72, 045003 (2005) [hep-ph/0503013].

[93] G. G. Raffelt and G. Sigl, “Self-induced decoherence in dense neutrino gases,” hep-ph/0701182. [94] C. Lunardini and A. Y. Smirnov, “High-energy neutrino conversion and the lepton asymmetry in the universe,” Phys. Rev. D 64, 073006 (2001) [hep-ph/0012056].

[95] A. D. Dolgov, S. H. Hansen, S. Pastor, S. T. Petcov, G. G. Raffelt and D. V. Semikoz, “Cosmological bounds on neutrino degeneracy improved by flavor oscillations,” Nucl. Phys. B 632, 363 (2002) [hep-ph/0201287].

[96] Y. Y. Y. Wong, “Analytical treatment of neutrino asymmetry equilibration from flavour oscillations in the early universe,” Phys. Rev. D 66, 025015 (2002) [hep-ph/ 0203180].

[97] K. N. Abazajian, J. F. Beacom and N. F. Bell, “Stringent constraints on cosmological neutrino antineutrino asymmetries from synchronized flavor transformation,” Phys. Rev. D 66, 013008 (2002) [astro-ph/0203442].

[98] J. T. Pantaleone, “Neutrino flavor evolution near a supernova’s core,” Phys. Lett. B 342, 250 (1995) [astro-ph/9405008].

[99] Y. Z. Qian and G. M. Fuller, “Neutrino-neutrino scattering and matter enhanced neutrino flavor transformation in Supernovae,” Phys. Rev. D 51, 1479 (1995) [astro-ph/9406073].

[100] G. Sigl, “Neutrino mixing constraints and supernova nucleosynthesis,” Phys. Rev. D 51, 4035 (1995) [astro-ph/9410094].

[101] S. Pastor and G. Raffelt, “Flavor oscillations in the supernova hot bubble region: Nonlinear effects of neutrino background,” Phys. Rev. Lett. 89, 191101 (2002) [astro-ph/0207281].

[102] A. B. Balantekin and H. Yüksel, “Neutrino mixing and nucleosynthesis in core-collapse supernovae,” New J. Phys. 7, 51 (2005) [astro-ph/0411159].

[103] G. M. Fuller and Y. Z. Qian, “Simultaneous flavor transformation of neutrinos and antineutrinos with dominant potentials from neutrino neutrino forward scattering,” Phys. Rev. D 73, 023004 (2006) [astro-ph/0505240].

[104] H. Duan, G. M. Fuller and Y. Z. Qian, “Collective neutrino flavor transformation in supernovae,” astro-ph/0511275.

[105] H. Duan, G. M. Fuller, J. Carlson and Y. Z. Qian, “Simulation of coherent non-linear neutrino flavor transformation in the supernova environment. I: Correlated neutrino trajectories,” Phys. Rev. D 74, 105014 (2006) [astro-ph/0606616].

[106] H. Duan, G. M. Fuller, J. Carlson and Y. Z. Qian, “Coherent development of neutrino flavor in the supernova environment,” astro-ph/0608050.

[107] S. Hannestad, G. G. Raffelt, G. Sigl and Y. Y. Y. Wong, “Self-induced conversion in dense neutrino gases:

Pendulum in flavour space,” Phys. Rev. D 74, 105010 (2006) [astro-ph/0608695].

[108] G. M. Fuller, R. Mayle, B. S. Meyer, J. R. Wilson, “Can a closure mass neutrino help solve the supernova shock reheating problem?”, Astrophys. J. 389, 517 (1992).

[109] Y. Z. Qian, G. M. Fuller, G. J. Mathews, R. Mayle, J. R. Wilson and S. E. Woosley, “A connection between flavor mixing of cosmologically significant neutrinos and heavy element nucleosynthesis in supernovae,” Phys. Rev. Lett. 71, 1965 (1993).