arXiv:1306.4526v1 [astro-ph.HE] 19 Jun 2013

Imprint of Explosion Mechanism on Supernova Relic Neutrinos

Ken’ichiro Nakazato^{1, ∗} 1Department of Physics, Faculty of Science & Technology, Tokyo University of Science, 2641 Yamazaki, Noda, Chiba 278-8510, Japan (Dated: June 20, 2013)

The spectrum and event rate of supernova relic neutrinos are calculated taking into account the dependence on the time it takes for the shock wave in supernova cores to revive. The contribution of black-hole-forming failed supernovae is also considered. The total event rate is higher for models with a longer shock revival time and/or a failed-supernova contribution. The hardness of the spectrum does not strongly depend on the shock revival time, but the spectrum becomes hard owing to the failed supernovae. Therefore, the shock-revival-time dependence of supernova relic neutrinos can be distinguished from the contamination by failed supernovae. It is expected that the still unknown explosion mechanism of collapse-driven supernovae will be revealed in the near future because the shock revival time should depend on it.

PACS numbers: 97.60.Bw, 95.85.Ry, 98.70.Vc, 14.60.Pq

Supernova explosions are fundamental to the evolution of the universe and one of the central issues in astrophysics. Unfortunately, the explosion mechanism of collapse-driven supernovae is still an open question after a half century in spite of significant and long-lasting research efforts [1–4]. However, progress in this field has been slow but steady [5–8]. We now know that the core collapse of massive (≳ 10M_⊙) stars is bounced by the nuclear repulsion force and a shock wave is launched outward. It is difficult to reproduce such an explosion numerically because the shock wave tends to stall. The physics underlying shock propagation is still under debate.

We cannot study a collapsing core, which is embedded in a stellar envelope, through optical observations. Recently, Belczynski and co-workers [9, 10] proposed a new method of estimating the time taken for shock propagation using the mass distributions of neutron stars and black holes. They concluded that a model in which the stalled shock revives within 100-200 ms of the bounce convincingly accounts for the lack of observed compact remnants in the mass range 2-5M_⊙. This shock revival time is important because it should depend on the explosion mechanism. However, further quantitative estimation of the shock revival time may be difficult using their scheme.

In this Letter, we present a different indicator of the shock revival time: supernova relic neutrinos. Collapsedriven supernovae emit a large amount of MeV neutrinos, which constitute relic background radiation [11–13]. Thanks to the extraordinary efforts to reduce the background, the upper limit from the Super-Kamiokande detector [14, 15] is now close to the standard predictions [16]. We will probably observe the signal of supernova relic neutrinos using future large detectors of Mton mass.

We utilize the Supernova Neutrino Database [17], where the neutrino light curves and spectra until 20 s are given for a variety of progenitor stellar masses (13-

50M_⊙) and metallicities (Z = 0.02 and 0.004). In this data set, the results of neutrino-radiation hydrodynamic simulations for the early phase and quasi-static evolutionary calculations of neutrino diffusion for the late phase are combined assuming shock revival at either 100, 200 or 300 ms after the bounce. Here, we evaluate the flux of supernova relic neutrinos with different shock revival times and investigate how to extract information about the shock revival time.

Cosmic sources of MeV neutrinos are not only ordinary collapse-driven supernovae but also failed supernovae, which collapse to a black hole without explosion [18–20]. They are small in number but contribute to the overall flux because the luminosity and mean energy of their neutrinos are higher than those of ordinary collapse-driven supernovae [21–23]. In the Supernova Neutrino Database [17], the progenitor model with 30M_⊙ and Z = 0.004 corresponds to a failed supernova. Below, we also consider the contribution due to failed supernovae.

Since the core collapse of some progenitors may result not in collapse-driven supernovae but in failed supernovae, we start with the total core-collapse rate, which is written as R_{CC}(z) = ζ_{CC}ρ̇_∗(z), as a function of the redshift z with the cosmic star formation rate history ρ̇_∗(z). Here, the conversion coefficient ζ_{CC} is related to the initial mass function ψ(M) as

ζ_{CC} =

∫_{Mmax}

M_{min} ψ(M)dM ∫_{100M⊙} 0.1M_⊙ Mψ(M)dM , (1)

where M_{max} and M_{min} are the maximum and minimum masses of progenitors that end with a core collapse, respectively. In this study, we set M_{min} = 10M_⊙ and M_{max} = 100M_⊙ for consistency with the progenitor models adopted in Ref. [17]. We use the Salpeter A initial mass function [24, 25], which scales as ψ(M) ∝ { M^{−2.35}, M ≥ 0.5M_⊙, M^{−1.5}, M < 0.5M_⊙, (2) yielding ζ_{CC} = 0.0071/M_⊙. This value is close to that in Ref. [23].

For the star formation rate, we assume a smoothed broken power law of the form [23, 26, 27]

ρ̇_∗(z) = ρ̇_0 [ (1 + z)^{αη} + ( 1 + z B )_{βη} + ( 1 + z C )_{γη}]1/η , (3) with α = 3.4, β = −0.3, γ = −3.5 and η = −10. The coefficients B = (1 + z_1)^{1−α/β} and C = (1 + z_1)^{(β−α)/γ} (1 + z_2)^{1−β/γ} make breaks at z_1 = 1 and z_2 = 4, respectively. We adopt ρ̇_0 = 0.02M_⊙yr^{−1}Mpc^{−3} for the cosmic star formation rate at z = 0. The resultant corecollapse rate at z = 0, R_{CC}(0) = 1.4 × 10^{−4}yr^{−1}Mpc^{−3}, in this model is consistent with the recently estimated nearby supernova rate within a distance of 6-15 Mpc of 1.5^{+0.4}_{−0.3} × 10^{−4}yr^{−1}Mpc^{−3} [28].

The fraction of core collapses that result in failed supernovae, ε(z), is the most uncertain factor. According to stellar evolution theory, the mass loss is inefficient and the core is massive for metal-poor stars, as in the model adopted in Ref. [17]. Therefore, we can surmise that ε(z) is larger in a high-redshift universe. Here, we follow the idea of Yüksel and Kistler [23], who drew guidance from the rate of bright gamma-ray bursts, which evolves with z more strongly than the star formation rate. We assume that ε(z) grows with z similarly and write ε(z) = ε_0(1+z)^δ [29] with δ = 1 [23]. In this study, we examine two extreme cases, ε_0 = 0 and 0.1, for the fraction at z = 0. Finally, we obtain the rates of collapsedriven supernovae R_{SN}(z) = (1−ε(z))R_{CC}(z) and blackhole-forming failed supernovae R_{BH}(z) = ε(z)R_{CC}(z).

The flux of supernova relic neutrinos on Earth is written as

dF (E_ν ) dE_ν = c ∫_{zmax} 0 dz H_0 √ Ω_m(1 + z)^3 + Ω_Λ × [ R_{SN}(z)

∫_{Mmax}

M_{min} ψ(M) dN_{SN}(M, E^′_ν ) dE^′_ν dM

+ R_{BH}(z) dN_{BH}(E^′_ν ) dE^′_ν ] (4) with the velocity of light c and cosmological constants H_0 = 70 km/s/Mpc, Ω_m = 0.3 and Ω_Λ = 0.7. The neutrino energy on Earth, E_ν , is related to that at the redshift z, E^′_ν , by E^′_ν = (1 + z)E_ν . The initial mass function is normalized as

∫_{Mmax}

M_{min} ψ(M)dM = 1. We

adopt the models of solar metallicity (Z = 0.02) in the Supernova Neutrino Database [17] for the neutrino number spectrum of ordinary supernovae with mass M, dN_{SN}(M, E^′_ν )/dE^′_ν . For the neutrino number spectrum of failed supernovae, dN_{BH}(E^′_ν )/dE^′_ν , we use the model of 30M_⊙ and Z = 0.004 in the Supernova Neutrino Database [17] as a representative model.

The most promising channel for detecting supernova relic neutrinos is the inverse β decay reaction of electron antineutrinos, ν̄_e + p → e^+ + n. Note that the neutrinos undergo flavor conversion before detection. Recently, the mixing angle of neutrino oscillation θ_{13} has been confirmed to be nonzero [30, 31] and evaluated to be sin^2 2θ_{13} ∼ 0.1 [32–34]. Thus, at present, the most undetermined parameter in neutrino oscillation is the mass hierarchy. In this study, we consider the Mikheev-Smirnov- Wolfenstein effect expected in the stellar envelope [35, 36] and assume the survival probability of ν̄_e to be P̄_{ee} = 0.68 for the normal mass hierarchy and P̄_{ee} = 0 for the inverted mass hierarchy [37]. We do not take into account the neutrino-neutrino collective effects, which are estimated to contribute at the 5-10% level [38]. We also neglect the effect of shock wave propagation on neutrino oscillation, which should be minor for a time-integrated signal [39].

The positron spectrum due to supernova relic neutrinos is obtained as

dN_e+ (E_e+ ) dE_e+

= N_tσ(E_{ν̄e} ) dF (E_{ν̄e} ) dE_{ν̄e} , (5)

where σ(E_{ν̄e} ) is the cross section for the inverse β decay [40]. The positron energy is given as E_e+ = E_{ν̄e} − Δc^2 with the neutron-proton mass difference Δ. We set the number of target protons as N_t = 1.5 × 10^{33} for Super- Kamiokande with a 22.5 kton fiducial volume and N_t = 3.7 × 10^{34} for a future 560 kton detector such as Hyper- Kamiokande.

In Figure 1, we show the positron spectra evaluated for Super-Kamiokande over 1 year obtained from our models with different shock revival times and fractions of failed supernovae. The event rate becomes higher with the inclusion of failed supernovae, as already known [21–23]. Furthermore, it also depends on the shock revival time: the models with a longer shock revival time have a higher event rate. This is for the following reason. The accretion of matter onto the bounced core continues until the shock revival. The released gravitational potential of the accreted matter is converted to the emitted neutrino energy. Thus, if the shock revives after a longer time, a larger amount of matter is accreted and more neutrinos are emitted.

Comparing the cases of normal and inverted mass hierarchies, the contribution of failed supernovae is clearer for the normal mass hierarchy. From the accretion of matter, ν_e and ν̄_e are emitted more abundantly than ν_x (= ν_μ = ν̄_μ = ν_τ = ν̄_τ ) owing to the capture of electrons and positrons on nucleons. In contrast, neutrinos of all species are emitted equivalently from the cooling of a proto-neutron star. Thus, all flavors have similar spectra for ordinary collapse-driven supernovae. On the other hand, for failed supernovae, neutrinos from the accretion of matter dominate and the total emission energy of ν̄_e is about twice those of ν̄_μ and ν̄_τ . The survival probabil-

FIG. 1: Positron spectra in Super-Kamiokande over 1 year obtained using our supernova relic neutrino models. Solid, dashed and dot-dashed lines correspond to shock revival times of 100, 200 and 300 ms, respectively. Thick lines denote the case without failed supernovae (ε0 = 0) and thin lines denote the case with failed supernovae (ε0 = 0.1). The upper and lower panels show the spectra for normal and inverted mass hierarchies, respectively.

ity of ν̄_e is 0.68 for the normal mass hierarchy, whereas all ν̄_e convert to ν̄_μ or ν̄_τ for the inverted mass hierarchy. Therefore, the expected flux is larger for the normal mass hierarchy.

Since the mean energy of neutrinos emitted from failed supernovae is higher than those of ordinary collapsedriven supernovae, the spectrum of relic neutrinos becomes hard owing to the failed supernovae. On the other hand, the flux is larger but the spectrum is not too hard for the models with a longer shock revival time. This is because, after the shock revival, a proto-neutron star is not heated and the mean energy of neutrinos gradually decreases. Using the difference in spectrum, we can separate information about the shock revival time from the ambiguity in the fraction of failed supernovae.

Here, we consider the event rates in the positron energy ranges of 10 MeV ≤ E_e+ ≤ 18 MeV, N_L, and 18 MeV ≤ E_e+ ≤ 26 MeV, N_H . For N_H , the upper limit of the supernova relic neutrinos has already been given by Super-Kamiokande [14]. By improving the capabilities of detectors tagging the inverse β decay with Gd [41], the relic neutrino signal should be detectable for N_L. The sum of N_L and N_H , N_L + N_H , represents the total event rate, and the spectral features are reflected in the difference between N_L and N_H , N_L − N_H .

Plots of N_L + N_H versus N_L − N_H expected using a 560 kton detector over 10 years for the normal and inverted mass hierarchies are shown in Figures 2 and 3,

FIG. 2: Plots of NL + NH versus NL − NH for the normal mass hierarchy, where NL and NH are the event rates per 560 kton × 10 year in the positron energy ranges of 10 MeV ≤ E_e+ ≤ 18 MeV and 18 MeV ≤ E_e+ ≤ 26 MeV, respectively. Filled symbols represent the case without failed supernovae (ε0 = 0) and empty symbols represent the case with failed supernovae (ε0 = 0.1). Circles, triangles and squares represent the shock revival times of 100, 200 and 300 ms, respectively. Lines are shown as a guide to the eyes.

FIG. 3: Same as Figure 2 but for the inverted mass hierarchy.

respectively. The total event rate is 250-600 for all cases and it is higher for the models with a longer shock revival time and/or a failed-supernova contribution. On the other hand, the shock-revival-time dependence and failed-supernova contribution exhibit different trends on the N_L + N_H versus N_L − N_H plane. Since the relic neutrino spectrum becomes hard owing to failed supernovae, the event rate of high-energy neutrinos (N_H ) becomes much higher. In contrast, N_H and N_L increase equally if the shock revival is retarded. Therefore, for the same total event rate (N_L + N_H ), the cases with a longer shock revival time have a larger value of N_L − N_H than the cases with failed supernovae. This feature is clearer for the case of the inverted mass hierarchy. Using this tendency on the N_L + N_H versus N_L − N_H plane, we can estimate the shock revival time apart from the contamination by failed supernovae. Since the shock revival time should depend on the still unknown explosion mechanism of collapse-driven supernovae [9, 10, 17], supernova relic neutrinos should indicate the physics underlying the explosion.

Since this is the first attempt to evaluate the spectrum and event rate of supernova relic neutrinos taking into account the dependence on the shock revival time, there are some issues beyond the scope of this study. Here, we have assumed that all supernovae have the same shock revival time, whereas it may depend on the progenitor mass and/or metallicity. If the neutrinos from a Galactic supernova are detected, we should be able to confine the progenitor dependence of the shock revival time. Therefore, observations of Galactic supernova neutrinos and relic supernova neutrinos are complementary. Uncertainty also resides in the evolution of the failed supernova fraction, ε(z). However, it may be estimated as the difference between the measured cosmic supernova rate and the total core-collapse rate predicted from the star formation rate [25]. Although the neutrino signal from a failed supernova is sensitive to the nuclear equation of state [18], we have used a single model in this study. Future nuclear experiments such as heavy-ion collisions are important to fix the ambiguity.

In summary, we have investigated the relic background radiation from collapse-driven and failed supernovae. This study is the first to provide the dependence on the shock revival time, which reflects the unknown explosion mechanism. We have found that the relic neutrino flux is larger for models with a longer shock revival time and/or a failed-supernova contribution. The hardness of the spectrum does not strongly depend on the shock revival time, whereas the spectrum becomes hard owing to failed supernovae. Furthermore, we have proposed the use of the N_L + N_H versus N_L − N_H plane to estimate the shock revival time while removing the uncertainty of the fraction of failed supernovae. We hope that our conclusion will be shown to be valid by the future progress in astronomical observations and nuclear experiments.

The author is grateful to H. Suzuki for fruitful discussions and appreciates the cooperation of D. Kato received in the early stage of this study. This work was partially supported by Grants-in-Aids for the Scientific Research (Nos. 20105004, 23840038, 24105008) from MEXT in Japan.

∗ Electronic address: nakazato@rs.tus.ac.jp [1] S.A. Colgate and R.H. White, Astrophys. J. 143, 626 (1966).

[2] K. Sato, Prog. Theor. Phys. 54, 1325 (1975). [3] H.A. Bethe and J.R. Wilson, Astrophys. J. 295, 14 (1985).

[4] T. Totani, K. Sato, H.E. Dalhed and J.R. Wilson, Astrophys. J. 496, 216 (1998).

[5] F.-K. Thielemann, R. Hirschi, M. Liebendörfer and R. Diehl, in Astronomy with Radioactivities, edited by R. Diehl, D.H. Hartmann and N. Prantzos (Berlin: Springer Verlag, 2011).

[6] K. Kotake, T. Takiwaki, Y. Suwa, W. Iwakami Nakano, S. Kawagoe, Y. Masada and S. Fujimoto, Adv. Astron. 2012, 428757 (2012).

[7] H.-Th. Janka, Ann. Rev. Nucl. Part. Sci. 62, 407 (2012). [8] A. Burrows, Rev. Mod. Phys. 85, 245 (2013). [9] K. Belczynski, G. Wiktorowicz, C.L. Fryer, D.E. Holz and V. Kalogera, Astrophys. J. 757, 91 (2012).

[10] C.L. Fryer, K. Belczynski, G. Wiktorowicz, M. Dominik, V. Kalogera and D.E. Holz, Astrophys. J. 749, 91 (2012).

[11] T. Totani, K. Sato and Y. Yoshii, Astrophys. J. 460, 303 (1996).

[12] S. Ando and K. Sato, New J. Phys. 6, 170 (2004). [13] J.F. Beacom, Ann. Rev. Nucl. Part. Sci. 60, 436 (2010). [14] M. Malek et al., Phys. Rev. Lett. 90, 061101 (2003). [15] K. Bays et al., Phys. Rev. D 85, 052007 (2012). [16] S. Horiuchi, J.F. Beacom and E. Dwek, Phys. Rev. D 79, 083013 (2009).

[17] K. Nakazato, K. Sumiyoshi, H. Suzuki, T. Totani, H. Umeda and S. Yamada, Astrophys. J. Suppl. 205, 2 (2013).

[18] K. Sumiyoshi, S. Yamada, H. Suzuki and S. Chiba, Phys.

Rev. Lett. 97, 091101 (2006).

[19] K. Nakazato, K. Sumiyoshi, H. Suzuki and S. Yamada, Phys. Rev. D 78, 083014 (2008).

[20] T. Fischer, S.C. Whitehouse, A. Mezzacappa, F.- K. Thielemann and M. Liebendörfer, Astron. Astrophys. 499, 1 (2009).

[21] C. Lunardini, Phys. Rev. Lett. 102, 231101 (2009). [22] A. Lien, B.D. Fields and J.F. Beacom, Astrophys. J. 81, 083001 (2010).

[23] H. Yüksel and M.D. Kistler, arXiv:1212.4844. [24] I.K. Baldry and K. Glazebrook, Astrophys. J. 593, 257 (2003).

[25] S. Horiuchi, J.F. Beacom, C.S. Kochanek, J.L. Prieto, K.Z. Stanek and T.A. Thompson, Astrophys. J. 738, 154 (2011).

[26] A.M. Hopkins and J.F. Beacom, Astrophys. J. 651, 142 (2006).

[27] H. Yüksel, M.D. Kistler, J.F. Beacom and A.M. Hopkins, Astrophys. J. 683, L5 (2008).

[28] S. Mattila, T. Dahlen, A. Efstathiou, E. Kankara, J. Malinder, A. Alonso-Herrero, M.À. Pèrez-Torres, S. Ryder, P. Väisänen and G. Östlin, Astrophys. J. 756, 111 (2012).

[29] M.D. Kistler, H. Yüksel, J.F. Beacom, A.M. Hopkins and J.S.B. Wyithe, Astrophys. J. 705, L104 (2009).

[30] K. Abe et al., Phys. Rev. Lett. 107, 041801 (2011). [31] K. Adamson et al., Phys. Rev. Lett. 107, 181802 (2011). [32] F.P. An et al., Phys. Rev. Lett. 108, 171803 (2012). [33] J.K. Ahn et al., Phys. Rev. Lett. 108, 191802 (2012).

[34] Y. Abe et al., Phys. Rev. D 86, 052008 (2012). [35] L. Wolfenstein, Phys. Rev. D 17, 2369 (1978). [36] S.P. Mikheev and A.Y. Smirnov, Yad. Fiz. 42, 1441 (1985).

[37] K. Kotake, K. Sato and K. Takahashi, Rep. Prog. Phys.

69, 971 (2006).

[38] C. Lunardini and I. Tamborra, JCAP 1207, 012 (2012).

[39] S. Kawagoe, T. Yoshida, T. Kajino, H. Suzuki, K. Sumiyoshi and S. Yamada, Phys. Rev. D 81, 123014 (2010).

[40] A. Strumia and F. Vissani, Phys. Lett. B 564, 42 (2003). [41] J.F. Beacom and M.R. Vagins, Phys. Rev. Lett. 93, 171101 (2004).