arXiv:0906.4117v1 [astro-ph.CO] 22 Jun 2009

Active and Sterile Neutrino Emission and SN1987A Pulsar Velocity

Leonard S Kisslinger, Department of Physics, Carnegie Mellon University, Pittsburgh, PA 15213 Sandip Pakvasa, Department of Physics and Astronomy, University of Hawaii at Manoa, Honolulu, HI 96822

Recently estimates have been made of the velocities of pulsars produced by the emission of sterile neutrinos during the first 10 seconds and by active neutrinos during the second 10 seconds after a supernova event reaches thermal equilibrium. Neutrinos produced with electrons in the lowest Landau level are emitted in the direction of the magnetic field, and the resulting pulsar velocity depends mainly on the temperature. Using measurements of the neutrino energies emitted from SN1987A, the temperature can be estimated, and from this we estimate the velocity of the resulting pulsar from both active and large mixing-angle sterile neutrinos.

PACS Indices:97.60.Bw,97.60.Gb,97.60.Jd

A supernova event, which is the gravitational collapse of a massive star, often leads to the formation of a rapidly rotating neutron star, a pulsar. It has been observed that many pulsars move with linear velocities of 1000 km/s or greater, the pulsar kick. See Ref.[1] for a review.

Electrons in very strong magnetic fields, such as those found at the surface of a protoneutron star created by a supernova, are in Landua levels [2, 3]. If the electron is in the lowest Landau level, n=0, it has only negative helicity with respect to the direction of the magnetic field, say in the z direction. This leads to neutrinos produced with the electrons by URCA or modified URCA processes to have momenta strongly correlated with the magnetic fields, which could produce pulsar kicks.

It was shown in a recent work on pular kicks[4] that if electrons created by the modified URCA processes, which dominate neutrino emission after 10 seconds[5], are in the n=0 level, only those moving in the z (B) direction will contribute to neutrino emision. Therefore, even though only one or two percent of the neutrino emissivity occurs during the period of approximately 10 to 20 seconds after the supernova collapse, since almost all emission is correlated in the z direction this can account for the observed large pulsar velocities, the pulsar kicks. The resulting pulsar velocity, v_{ns}, is proportional to the temperature, T, of the protoneutron star surface to the seventh power, and one must be able to estimate T in order to predict v_{ns}.

The largest neutrino emission after the supernova collapse takes place during the first 10 seconds, when the neutrinosphere starts at about 40 km, with the URCA process dominating neutrino production. However, due to the high opacity for standard model neutrinos in the dense region within the neutrinosphere, few neutrinos are emitted, and the large pulsar kick is not obtained[6]. This has led to studies of pulsar kicks coming from sterile neutrinos to which the active neutrinos oscillate. In a study using sterile neutrinos with a very small mixing angle and a large mass (mass > 1 kev), constrained to fit dark matter, it was shown[7] that large pulsar kicks can be obtained. More recently, using fits to the LSND[8] and MiniBoone[9] experimental data, which seem to need two large mixingangle light sterile neutrinos[10, 11, 12, 13], it was shown[14] that these sterile neutrinos can also give rise to large pulsar velocities. As in Ref [4] for active neutrinos, it was shown that the pulsar velocity from large mixing angle sterile neutrinos is proportional to the temperature, T, of the protoneutron star surface to the seventh power.

In the present work we use the results of Refs [4, 14] to estimate the velocity of a pulsar produced by SN1987A. In the 10 second period in which the modified URCA process dominates neutrino emission, the radius of the neutrino sphere, R_ν , is a little smaller that the radius of the protoneutron star, R_{ns}, so all the created neutrinos correlated with the z direction are emitted. In ref[4] it was shown that with the probability of the electron being in the n=0 Landau level ≃ 0.4 and R_ν ≃ 9.96 km, the velocity given to the neutron star during this period by active neutrinos, for a neutron star with the mass of our sun is

v^{active} ns = 1.03 × 10^{−4}( T 10^{10}K

)^7 km s . (1)

During the first 10 seconds, using the model of [11, 12] with two light large mixing angle neutrinos, it was shown that the velocity given to a pulsar is

v^{sterile} ns ≃ 3.35 × 10^{−7}( T 10^{10}K

)^7 1 sin^2(2θ) km s ,(2)

where the mixing angles of the two sterile neutrinos give sin^2(2θ) = 0.004 and 0.2

2 Clearly for a prediction of the velocity of the pulsar, one must know the temperaure at the surface of the protoneutron star quite accurately. If one knows the energy of the emitted neutrinos at 10 seconds, T is determined by the relationship that kT = E_ν /3.15. Twenty neutrinos from SN1987A were detected by Kamiokande-II[15] and IMB[16]. The energies of the neutrinos measured by IMB were two to three times larger than those of Kamiokande-II. This has been discussed in many papers. For the present work we need an analysis of the data to obtain a mean energy of the neutrinos at about 10 seconds. An early model [17] chose T=4.1^{+1.0}_{−0.4}. Since then there have been many analyses. See references [18, 19]. Although there are discrepancies, the general agreement is that the neutrino energy at 10 seconds is in the range 9-14 Mev, giving a temperature range:

T ≃ (3 ↔ 4.5) MeV = (3.5 ↔ 5.2) × 10^{10}K ,(3)

which results in our prediction from Eq.(1) that

v^{active,SN1987A} ns ≃ (0.66 → 10.6) km s , (4)

which is too small in comparison with other sources of pulsar kicks to be significant. Note that if the neutrino energy were 30 MeV, v_{ns} would be greater than 1000 km/s,for high-luminoscity pulsars.

From Eq(2) the velocity of the a pulsar produced via SN1987A by large mixing angle sterile neutrinos has the range given by T and sin^2(2θ)

v^{sterile,SN1987A} ns ≃ (1.08 × 10^{−2} → 8.6) km s , (5)

where we use the range sin^2(2θ) ≃ 0.004 → 0.2. Once more, we find that the resulting velocities are too small in comparison with other sources of pulsar kicks to be significant. Note also, if the pulsar momentum were to be produced by the emission of sterile neutrinos, although one one cannot detect sterile neutrinos and therefore determine the temperature, if there is a large mixing angle the sterile neutrinos can oscillate back to active neutrinos, which can be detected.

In conclusion, we find that the velocity of the pulsar from SN1987A resulting from the emission of either active or sterile neutrinos is too small to be significant.

This research was supported in part by the DOE.

[1] B.M.S. Hansen and E.S. Phinney, astro-ph/9708071, Mon. Not. R. Astron. Soc. 291, 569 (1997) [2] M.H. Johnson and B.A. Lippman, Phys. Rev. 76, 828 (1949) [3] J.J. Matese and R.F. O’Connel, Phys. Rev. 180, 1289 (1969) [4] E.M. Henley, M.B. Johnson and L.S. Kisslinger, Phys. Rev. D76, 125007 (2007) [5] J.N. Bahcall and R.A.Wolf, Phys. Rev. 140, B1452 (1965) [6] D. Lai and Y-Z Qian, ApJ. 505, 844 (1998). This article has references to earlier work on standard neutrinos and pulsar kicks.

[7] G. M. Fuller, A. Kusenko, I. Mocioiu and S. Pascoli, Phys. Rev. D 68, 103002 (2003) [8] A. Aguilar et al (LSND Collaboration), Phys. Rev.

D64, 11207 (2001) [9] A.A. Aguilar-Arevalo et al (MiniBooNE Collaboration), Phys. Rev. Lett. 98, 231801 (2007) [10] M. Sorel, J.M. Conrad, and M.H. Shaevitz, Phys.

Rev. D70, 073004 (2004) [11] M. Maltoni and T. Schwetz, Phys. Rev. D76,

0930005 (2007); M. Maltoni, J. Phys. Conf. Ser. 110, 082011 (2008) [12] M. Sterbenz, LANL, MiniBooNE TN 225 [13] T. Goldman, G.J. Stephenson, Jr. and B.H.J.

McKellar, Phys. Rev. D 75, 091301 (2007) [14] L.S. Kisslinger, E.M. Henley and M.B. Johnson, arXiv:0906.2807 [astro-ph] (2009) [15] K. Hirata et.al. (Kamioknade-II collaboration), Phys. Rev. Lett. 58, 1490 (1987); Phys. Rev. D38, 448 (1988) [16] R.M. Bionta et. al. (IMB Collaboration), Phys. Rev.

Lett. 58, 1494 (1987) [17] J.N. Bahcall, T. Piran, W.H. Press and D.N.

Spergel, Nature 327, 682 (1987) [18] C. Lunardini and A. Yu Smirnov, Astropart. Phys.

21, 703 (2004); see A. Yu Smirnov, Twenty years after SN1987A, Hawaii, (2007) for references and discussion.

[19] A. Mirizzi and G. G. Raffelt, Phys. Rev. D72, 063001 (2005); see G. G Raffel, Twenty years after SN1987A, Hawaii (2007) for references and discussion