arXiv:astro-ph/0203481 v1 27 Mar 2002

RESCEU-02-4 UTAP-02-411 YITP-02-16 astro-ph/0203481

Gamma-Ray Burst Neutrino Background and Star Formation History in the Universe

Shigehiro Nagataki^1, Kazunori Kohri^2, Shin’ichiro Ando^1, and Katsuhiko Sato^{1,3} 1Department of Physics, School of Science, University of Tokyo, 7-3-1 Hongo, Bunkyoku, Tokyo 113-0033, Japan nagataki@utap.phys.s.u-tokyo.ac.jp 2Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto, 606-8502, Japan 3Research Center for the Early Universe, University of Tokyo, 7-3-1 Hongo, Bunkyoku, Tokyo 113-0033, Japan

Abstract

We estimate the flux of the GRB neutrino background and compute the event rate at SK and TITAND in the collapsar model, assuming that GRB formation rate is proportional to the star formation rate. We find that the flux and the event rate depend sensitively on the mass-accretion rate. Although the detection of signals from GRBs seems to be difficult by SK, we find that we can detect them by TITAND (optimistically ∼ 20 events per year in the energy range E_{νe} ≥ 50MeV). Therefore, we show that we will obtain the informations on the mass-accretion rate of collapsar by observing the GRB neutrino background, which, in turn, should give us informations on the total explosion energy of GRBs.

98.62.Mw, 97.60.-s, 98.70.Rz, 95.85.Ry

Typeset using REVTEX

I. INTRODUCTION

Gamma-Ray Burst (GRB) is one of the most mysterious phenomena in the universe. Although there was a great revolution in our understanding on GRBs in 1997 that some of them were proved to be of extragalactic origins [1], there are still a lot of questions and puzzles left on the phenomena. That is why GRBs have been the fascinating targets for astronomers. In fact, there are a lot of interesting and valuable discussions under debate. For example, we have not known what is the origin of GRB. Although this problem has never been settled and still controversial, there are some reports that suggest the physical connections between GRBs and supernovae (SNe) [2]. If the SN/GRB connection is correct, GRBs will be born from the death of massive stars. Then the GRB event rate should trace the star formation history in the universe [3].

The central engine of a GRB is an important but difficult problem to be solved. Although a fireball model [4] is a promising and attractive one, we do not know how the initial condition is. We merely gave it artificially. In the fireball model, since the ratio of baryon number to photon number is required to be extremely small as an initial condition, only a peculiar environment could meet such a condition. As long as we believe the GRB/SN connection, however, a collapsar (failed supernova) model [5] will be one of the convincing candidates as the central engine of a GRB. In the model, much energy is generated by the neutrino heating from an accretion disk surrounding a black hole which is made by the core collapse of a massive star.

On the other hand, total explosion energy of a GRB is also one of the most important problems in the physics of GRBs. Observationally it is well known that there is a large dispersion of total energy of gamma-rays emitted from GRBs [6]. Although the dispersion may become small when we consider the beaming effects [7], after all we do not know the total explosion energy of the system that generates a GRB only by the gamma-ray observations.^1 In the theoretical side, the total explosion energy in the collapsar model is also not estimated clearly, and only a rough estimate is reported as a result of the numerical computations [9]. Therefore, to know the total explosion energy, we require the multidimension numerical hydrodynamical computations including the microphysics of neutrino heating in future, which is, of course, a laborious task to be performed.

Are there observations which give us new clues to know how a GRB is produced? In this study, we point out that the GRB neutrino background may be detected in a large water Cherenkov neutrino detector such as Super-Kamiokande (SK) and TITAND which is proposed as a next-generation plan of the multi-megaton water Cherenkov detector [8]. We also stress that this signal should give us valuable informations on GRBs, such as the total explosion energy and/or event rate of GRBs. The reason is as follows. In this study, we assume that the origins of GRBs are massive stars. Thus, the event rate of GRBs should trace the star formation history in the universe. Since we adopt the collapsar model here, we can assume that the central engine of a GRB is the neutrino heating from an accretion disk surrounding the central black hole. We show that the total number of neutrinos emitted

1 Here, the total explosion energy means the summation of energies of photons, leptons and baryons emitted from an origin of a GRB except for neutrinos.

from a GRB is very sensitive to the mass-accretion rate Ṁ which is difficult to estimate only from the existing theoretical models. However, we can obtain the informations of the mass-accretion rate by observing the GRB neutrino background. We also derive an approximate relationship between the total explosion energy and the mass-accretion rate of a GRB. Namely, although we cannot determine the total explosion energy only from the gamma-ray observations, we can obtain informations of it by observing the GRB neutrino background. That is an important clue to understand GRBs. In this study we find that the GRB neutrino background may be detected within ∼ 10 yrs by TITAND as long as the average mass-accretion rate among GRBs is Ṁ >∼ a few M_⊙ s^{−1}, and the probability that one collapsar generates a GRB is f ∼ 0.5 – 1.0.

Here we outline the organization of this paper. In section II, we explain the formulations in this study. Results are shown in section III. Discussions are given in section IV. Summary and conclusion are presented in section V.

II. FORMULATION

A. GRB formation history

First we assume that the rate of GRBs traces the global star formation history of the universe, R_{GRB}(z) ∝ R_{SFR}. Although a number of workers have modeled the expected evolution of the cosmic SFR with redshift, there are some uncertainties (in particular, at high redshift z ≥ 1), and further observations are required to determine the cosmic SFR. In this study, we use the three different parameterizations of the global star formation rate per comoving volume in an Einstein-de Sitter universe to take into account the uncertainty of the cosmic SFR which is derived by Ref. [3]. They are

R_{SF1}(z) = 0.3h_{65} exp(3.4z) exp(3.8z) + 45

M_⊙yr^{−1}Mpc^{−3}, (1)

R_{SF2}(z) = 0.15h_{65} exp(3.4z) exp(3.4z) + 22

M_⊙yr^{−1}Mpc^{−3}, (2) and R_{SF3}(z) = 0.2h_{65} exp(3.05z − 0.4) exp(2.93z) + 15

M_⊙yr^{−1}Mpc^{−3}, (3)

where h_{65} = H_0/65 km s^{−1} Mpc^{−1}.

Assuming that massive stars with masses larger than ∼ 35M_⊙ explode as GRBs [9] [10], GRB-rate density R_{GRB} can then be estimated by multiplying the selected SFR by the coefficient f × ∫_{125} 35 dm ϕ(m) ∫_{125} 0.4 dm mϕ(m) = 1.5 × 10^{−4} ( f 0.1 ) M^{−1}_⊙ , (4)

where ϕ(m) is the initial mass function (IMF) and m is the stellar mass in solar units. In this study, the Salpeter’s IMF (ϕ(m) ∝ m^{−2.35}) is adopted throughout. Here we assumed that one tenth of the collapsars whose mass range is in (35 – 125)M_⊙ are accompanied with GRBs (≡ f). The validity of this assumption and the detailed discussions are presented in section IV. We label these models as GRBR1, GRBR2, and GRBR3, respectively. For comparison, we use the SN-rate density R_{SN} by multiplying the selected SFR by the coefficient

∫_{35} 8 dm ϕ(m) ∫_{125} 0.4 dm mϕ(m) = 1.2 × 10^{−2}M^{−1}_⊙ . (5)

As for the energy spectrum of ν_e of SNe, the Fermi-Dirac distribution with zero chemical potential is used (see Figs 9– 11), which have the same luminosity with the numerical model [11].

In the flat universe, i.e., when the density parameter is Ω = Ω_M + Ω_Λ = 1 with the non-relativistic matter density (Ω_M ∼ 0.3) and the Λ term (Ω_Λ ∼ 0.7), the star formation rate is given by [3]

R_{SF}(z; Ω_M .Ω_Λ, h_{65}) = h_{65} √ ((1 + Ω_M z))(1 + z)^2 − Ω_Λ(2z + z^2) (1 + z)^{3/2}

R_{SF}(z; 1, 0, 1), (6)

where z is redshift. In Fig. 1, we show the GRB rates as a function of the redshift.

B. Accretion disk model

1. Energy Spectrum

In the collapsar model, neutrinos are mainly generated at the inner-most region of an accretion disk which is formed around the central black hole. Thus we estimate the energy spectrum of neutrinos using an analytical shape of the accretion disk. Popham et al. (1999) proposed an accretion-disk model including the effects of general relativity as a collapsar model [12]. The model in Ref. [12] and the numerically computed collapsar model [9] are fitted well by the analytical shape of the accretion disk in Ref [12,13]^2. We use it in this study. Then, the density [g cm^{−3}], the temperature [MeV] and the disk thickness [cm] are fitted as follows (see Ref. [15] for details).

ρ = 8.23 × 10^8 ( M 3M_⊙ )_{−1.7} (˙ M 0.1M_⊙s^{−1}

)_{1.03} 1 ( r r_s )_{1.07} ( 1 + ( r r_s ))_{0.76} , (7)

T = 2.3 × ( M 3M_⊙ )_{−0.2} (˙ M 0.1M_⊙s^{−1}

)_{0.108} 1 ( r r_s )_{0.425} ( 1 + ( r r_s ))_{0.21} , (8)

2 On the other hand, in the merger models, e.g., for the merger of NS-NS binaries, the analytical equilibrium solutions of the neutrino-cooled accretion disk and the properties of the neutrino emission are discussed in Ref. [14].

H = 5.8 × 10^6 ( M 3M_⊙ )_{0.9} (˙ M 0.1M_⊙s^{−1}

)_{−0.0183} 1 ( r r_s )_{−1.66} ( 1 + ( r r_s ))_{0.3867} , (9)

where M is the mass of the central black hole, r is the radial coordinate, and r_s (= 10^7cm) is the core radius, respectively. Note that the Schwarzshild radius is ≃ 8.862km(M/3M_⊙ ). In Ref. [12], they assumed that the mass of the central black hole is constant. In this study, however, to estimate the total energy of neutrinos we consider the effects that the mass of the central black hole becomes larger with time by accretions.

When we know the density and the temperature in the neutrino emitting region, we can estimate the emissivity of neutrinos (cm^{−3}sec^{−1}MeV^{−1}) in the accretion disk. The total emissivity of ν_e is represented by two terms: d^2n_{ν e} dtdE_{ν e} = d^2n^{eN}_{νe} dtdE_{ν e} + d^2n^{e+ e−}_{ν e} dtdE_{ν e} , (10)

where E_{ν e} is energy of ν_e. For n + e^+ → p + ν_e, the emissivity of ν_e is represented by d^2n^{eN}_{ν e} dtdE_{ν e} (E_{νe} ) =

G^2_F 2π^3

(1 + 3g^2_A)n_nE^2_{ν e} √ (E_{ν e} − Q)^2 − m^2_e (E_{ν e} − Q) 1 e^{(Eν}e^{−Q)/T} + 1 , (11)

where G_F is Fermi coupling constant, g_A is the axial vector coupling constant of the nucleon which is normalized by the experimental value of neutron lifetime τ_n ≃ 886.7 s [16], n_n is number density of neutron, Q ≃ 1.29 MeV, and m_e is electron mass. For e^− + e^− → ν_e + ν_e, we obtain d^2n^{e+ e−}_{ν e} dtdE_{ν e} (E_{ν e} ) =

G^2_F 9π^4

(C^2_V + C^2_A)E^3_{νe} 1 e^{Eνe /T} + 1 T^4 ∫_∞ m_e/T (ϵ^2 − (m_e/T )^2)^{3/2}

e^ϵ + 1 dϵ, (12) where C_V = 1/2 + 2 sin^2 θ_W , C_A = 1/2, and sin^2 θ_W ≃ 0.231 is Weinberg angle [16], and we assume T ≫ m_e. We plot them in Fig. 2 in the case that T = 5MeV and ρ = 10^{10}g · cm^{−3}.

Using Eqs. (7), (8) and (9), we obtain the integrated energy spectrum of ν_e, dn dE_{ν e} (E_{νe} ) = ∫_{Δt} 0 dt ∫ T ≥1MeV dV_a d^2n_{ν e} dtdE_{ν e} (E_{ν e} ), (13)

where ∫ dV_a denotes the integration in the volume of the emitting region in accretion disk where the temperature is high enough to produce neutrinos, i.e., T ≥ 1 MeV, ∫ dt denotes the integration of time t, and Δt ≡ M_a/Ṁ is the duration of the accretion (M_a is the mass of the progenitor). Here we assume that the time evolution of the mass of the central black hole is given by

M = M_i + Ṁ t, (14)

where M_i is the initial value of M. In this study, M_i is set to be 3M_⊙. In Fig. 3 we plot the obtained energy spectrum of ν_e emitted from the accretion disk in unit energy [MeV^{−1}].

Here we define the time-dependent luminosity of ν_e and ν_e by

L_ν (t) = ∫ T ≥1MeV dV_a (∫ dE_{ν e} d^2n_{νe} dtdE_{ν e} (E_{ν e} ) + ∫ dE_{νe} d^2n_{νe} dtdE_{νe} (E_{νe} ) ) , (15)

where dn_{νe} /dtdE_{νe} is the total emissivity of ν_e with their energy E_{νe} , and we assume it is approximately equal to dn_{ν e} /dtdE_{ν e} . In addition, we define the total energy of ν_e’s and ν_e’s emitted from a collapsar,

Q_{tot} = ∫_{Δt} 0 L_ν (t)dt. (16) We see from Eq. (8) that as the mass of the central black hole grows, the temperature becomes lower, and the flux of neutrinos decreases. In Fig. 4, we show the duration (≡ Δt_{ν,emit}) which is defined as the e-folding time of the time-dependent luminosity in Eq. (15). This almost corresponds to the timescale in which the temperature at the innermost region of the accretion disk becomes lower than ∼ 1 MeV. Namely this will approximately reflect the timescale of a GRB.

Now we investigate the dependence of the energy spectrum of anti-electron neutrino on the mass-accretion rate (Ṁ). The mass-accretion rate is theoretically not known while the numerical simulations have been performed, because there are uncertainties on the viscosity of the accretion disk and angular momentum of the progenitor. In Fig. 5, we show the energy spectrum for the case of Ṁ = 0.01M_⊙ s^{−1}, 0.1M_⊙ s^{−1}, 1M_⊙ s^{−1}, 5M_⊙ s^{−1}, and 10M_⊙ s^{−1}. The energy spectrum is represented as E^2_{νe} dn/dE_{ν e} [MeV] because the cross section of the reaction p + ν_e → n + e^+ is proportional to the square of the energy. It is clearly shown that the energy spectrum becomes hard, and intensity becomes large as the mass-accretion rate increases. This is because the temperature at the inner region of the accretion disk becomes higher. Here we have to give some comments on the application limit for the present accretion disk model in this study. High energy electron-positron pairs whose energies are greater than ∼ 100MeV produce muons and charged pions, which, in turn, decay into low energy leptons. Such microphysics is not included in the present model. The influence might become important for the high accretion rate model. In addition, as the density becomes large, the assumption that the neutrinos are optically thin might become to break down [12]. For example, the opacity of electron neutrino (τ ) at the inner most region of the accretion disk is estimated as [17] τ = ∫ 1 2 N_Aρσdr (17) ∼ 1.6 × 10^{−9}T^2_{MeV}ρ_{10}H (18)

∼ 4.1 × 10^{−3} (3M_⊙ M )_{1.5} ( Ṁ 0.1M_⊙s^{−1} )_{1.23} 1 ( r r_s )_{0.26} ( 1 + ( r r_s ))_{1.57} , (19)

where N_A is the Avogadro’s number, σ is the cross section of the neutrino off a nucleon, ρ_{10} is the density normalized by 10^{10} g cm^{−3}. Therefore, τ may comparably become unity if Ṁ is approximately 10M_⊙ s^{−1}, r ∼ r_g, and M ∼ 3M_⊙. From the above considerations, models with high accretion rate (Ṁ ∼ 10M_⊙ s^{−1}) may be the extreme cases.

In Fig. 6, we show the average neutrino luminosity which is defined by

L_ν = Q_{tot}/Δt_{ν,emit}. (20)

For comparison, in the figure we also show the result of Popham et al. (1999). The uncertainty of their results comes from the Kerr parameter of the central black hole (a = 0 – 0.5). From the figure, we find that our simple formula reproduce their results fairly well in wide range of mass-accretion rate. At high mass-accretion rate (Ṁ ∼ 10M_⊙ s^{−1}), our formula may overestimate the neutrino luminosity by a factor of three. As shown below (see section III), however, we also compute the GRB neutrino background in such models as extreme cases. In future, improvements of the accretion model will enhance the predictability of the flux of GRB neutrino background.

The event rates of ν_e expected in water Cherenkov detectors is represented by dR dE_e+ = N_p 4πD^2 σ_{pνe} (E_e+ ) dn dE_{ν e} (E_e+ ), (21)

where E_e+ = E_{ν e} −Q is the energy of the positron which is scattered through p+ν_e → n+e^+ in the detector, σ_{pνe} =^{G2F}_π (1 + 3g^2_A )E_e+ √ E^2_e+ − m^2_e is the cross section of the process, and D is the distance from the Earth to the collapsar. N_p is the number of proton in the detector, e.g., N_p ≃ 1.5 × 10^{33} for SK. Thus the total event rate is estimated by the integration, R = ∫ dE_e+ dR dE_e+ . (22)

2. Estimate for the total explosion energy

It is reported that the energy deposition rate becomes as large as ∼ 10^{51} erg s^{−1} by the νν pair annihilation [12]. In their studies, they computed the energy deposition rate considering the shape of the accretion disk. Their results are shown in Fig. 7 as a shaded region. Here the efficiency of ν_eν_e pair annihilations is defined as ϵ ≡ Q_{e+e−} /Q_{tot}, where Q_{e+e−} is the total deposited energy. Their results are fitted well as

ϵ = 1.32 × 10^{−2} ( Ṁ 1M_⊙s^{−1} )_{1.56}

, (23)

which is also shown in Fig. 7. In this study, we use this fitting formula to estimate the explosion energy of a GRB. Then, we obtain the total deposited energy by Q_e+_e− = ϵQ_{tot}. In Fig. 8, the total energy of emitted neutrinos (Q_{tot}) and the total deposited energy (Q_{e+e−} ) are shown as a function of the mass-accretion rate. Since the total explosion energy of SN1998bw is reported to be ∼ 10^{52} erg [9], we find that it corresponds to the mass-accretion rate ∼ (1 − 2)M_⊙s^{−1} in Fig. 8.

For simplicity, we ignored the heating process from ν_μν_μ and ν_τ ν_τ pair annihilations in this computation because the effect is much smaller than ν_eν_e pair annihilation. The reason is as follows. In the electromagnetic thermal bath, ν_μν_μ and ν_τ ν_τ pairs are produced from e^+e^− pair annihilations only through the neutral current interaction. In addition, ν_μν_μ and ν_τ ν_τ pairs annihilate into e^+e^− pairs only through the neutral current interaction. On the other hand ν_eν_e pairs are produced through both the charged and neutral currents and annihilate into e^+e^− pairs correspondingly through the same process. Then, compared with the case of ν_eν_e, the efficiency of the heating from ν_μν_μ and ν_τ ν_τ pairs in the electromagnetic thermal plasma is just within 10% of the total, even if the νν pair production from e^+e^− pair annihilation dominates all the other processes of neutrino production.

C. GRB neutrino background

In order to get the differential number flux of back ground neutrinos, first we compute the present number density of the background neutrinos per unit neutrino energy, dn(E_{ν e} )/dE_{ν e} in Eq. (13). The contribution of the neutrinos emitted in the interval of the redshift z ∼ z+dz is given as

dN_ν (E_{ν e} ) = R_{GRB}(z) dt dz dz dn(E^′_{ν e} ) dE^′_{ν e} (1 + z)dE_{ν e} , (24)

where E^′_{ν e} = (1 + z)E_{ν e} . It is noted that R_{GRB} is GRB rate per comoving volume, and the effect of the expansion of the universe is taken into account in Eq. (24). The Friedmann equation gives the relation between t and z as follows: dz dt = − H_0(1 + z) √ (1 + Ω_M z)(1 + z)^2 − Ω_Λ(2z + z^2). (25)

We now obtain the differential number flux of GRB, dF_ν (E_{ν e} )/dE_{ν e} , by using the relation dF_ν (E_{νe} )/dE_{ν e} = cdN_ν (E_{νe} )/dE_{ν e} : dF_ν dE_{ν e} = c H_0

∫_{zmax} 0 R_{GRB}(z) dn((1 + z)E_{ν e} ) dE_{ν e} dz √ (1 + Ω_M z)(1 + z)^2 − Ω_Λ(2z + z^2)

(26)

III. RESULTS

The differential number flux of GRB neutrinos is shown in Figs. 9, 10 and 11. As for the GRB formation history, GRBR1, GRBR2, and GRBR3 are assumed, respectively. It is found that the differential number flux is similar with each other even if the different star formation history is adopted. That is because the energy of neutrinos from high-z GRBs is redshifted as ∝ 1/(1 + z), and the volume containing high-z GRBs is relatively small ∝ 1/ √ (1 + Ω_M z)(1 + z)^2 − Ω_Λ(2z + z^2) as given in Eq. (26). Thus, we show the results only for GRBR3 below. On the other hand, we can see clearly that the differential number flux becomes larger as the mass-accretion rate increases. In particular, in high accretion model such as Ṁ = 5M_⊙, the intensity of the GRB neutrino background is larger than that of SN neutrino background in the energy region E_{ν e} ≥ 50MeV. As discussed below, in such a high energy region, the neutrino background will be obscured by the noise from the atmospheric neutrino background (ANB). As the event number increases, however, we will have statistically sufficient data, and the signals from GRBs will dominate the statistical error of ANB. In the next section we estimate the time required to detect the signals from GRB (see also Table III). Note that at the energy which is larger than 50MeV, the signals from GRBs dominate the noise of electrons from the decay of invisible muons because their spectrum has a steep cut-off at 50MeV. In the next section, we will discuss them in detail.

The event rates at SK are shown in Fig. 12 in units of yr^{−1} MeV^{−1} for various massaccretion rates. For event rates, increasingly we cannot discriminate among the three models of the star formation history because the cross section of p+ν_e → n+e^+ is proportional to the square of the neutrino energy (∝ E^2_{ν e} ), and the relative contribution of low energy neutrinos to the event rate is small. Therefore, irrespective of the differences among the models of the star formation history, we can expect the event rate of GRB neutrino background as a function of mass-accretion rate. Namely the informations on the average mass-accretion rate will be obtained from such an observation, which, in turn, should give us informations on the total explosion energy of a GRB (see Fig. 8). They are, of course, never obtained only by the gamma-ray observations.

In Fig. 13, we show the dependence of the event rates on the probability f that one collapsar generates a GRB in the case of Ṁ = 10M_⊙ s^{−1}. It is clear that the signals from GRBs dominate those from SN for E_{ν̄e} ≥ 30MeV in the case of f = 1.0. However, the noise from the atmospheric neutrinos obscures the signals of GRBs even if we adopt the high value of f (=1.0). In the next section, we discuss the detectability of the signals of the GRB neutrino background as a significant deviation from the statistical error of ANB.

To estimate the event rates more realistically, we should consider the effects of neutrino oscillation. The flavor eigen states ν_α (α, = e, μ, and τ ) are related with the mass eigen states ν_i (“i” = 1, 2, and 3) by the mixing matrix U as ν_α = ∑ i U_{αi}ν_i. Then, we parameterize it by

U = c_{13}c_{12} c_{13}s_{12} s_{13} −c_{23}s_{12} − s_{23}s_{13}c_{12} c_{23}c_{12} − s_{23}s_{13}s_{12} s_{23}c_{13} s_{23}s_{12} − c_{23}s_{13}c_{12} −s_{23}c_{12} − c_{23}s_{13}s_{12} c_{23}c_{13} , (27)

with s_{ij} = sin θ_{ij} and c_{ij} = cos θ_{ij} , where we ignored the CP phase in the lepton sector. In general, the probability of the vacuum oscillation from a flavor ν_α to a flavor ν_β is represented by P (ν_α → ν_β) = ⟨ν_β |ν_α(t)⟩ = ∑ i |U_{βi}|^2|U_{αi}|^2 + 2Re ∑ i>j U_{βi}U^∗_{βj} U^∗_{αi}U_{αj} e^{−i L2Eν δm2ij} , (28) where L is the distance from the source to the Earth (= ct), E_ν is the neutrino energy, and the mass difference is defined by δm^2_{ij} ≡ m^2_j − m^2_i . For simplicity, here we assume the normal hierarchy of neutrino masses, m_1 < m_2 < m_3. The results of recent oscillation experiments are as follows. The solar neutrino data favor the Large Mixing Angle solution (0.6 ≤ sin^2 2θ_{12} ≤ 0.98), and 2 × 10^{−5}eV^2 ≤ δm^2_{12} ≤ 4 × 10^{−4}eV^2 at 3σ C.L. [18]. The atmospheric neutrino data also imply the large mixing (sin^2 2θ_{23} ≥ 0.85), and 1.1×10^{−3}eV^2 ≤ δm^2_3(≃ δm^2_{13}) ≤ 5×10^{−3}eV^2 at 99 % C.L. [19]. The CHOOZ reactor experiment shows that sin^2 2θ_{13} ≤ 0.1 at 95 % C.L [20]. Then, the above data tells us that δm^2_{12} ≪ δm^2_3 ∼ δm^2_{13}.

Adopting the above data, we can assume that the mixing matrix is approximately simplified into

U ≃ √ 2/2 √ 2/2 0 −1/2 1/2 √ 2/2 1/2 −1/2 √ 2/2 . (29)

Because neutrinos propagate for long distances, the second term in Eq. (28) is averaged and becomes zero. Then, we have

P (ν_e → ν_e) = 1/2, (30) P (ν_μ → ν_e) = 1/4, (31) P (ν_τ → ν_e) = 1/4. (32)

If we choose the inverted hierarchy, i.e., δm^2_{32} ≪ δm^2_1 ≃ δm^2_{31}, we only interchange the roles of m_1 and m_3 in Eq. (27). Namely we only interchange the first and third columns of U. Even then, it is remarkable that the results in Eq. (30), (31), and (32) are not changed at all.

In Fig. 14, we show the event rate as a function of E_{νe} at SK in which we consider the effects of the neutrino oscillation for Ṁ = 10M_⊙ . It is noted that the flux of ν_e becomes lower as a result of the neutrino oscillation. That is because ν_μ and ν_τ are produced only through the e^+e^− pair annihilation.

IV. DISCUSSIONS

We consider the detectability of the neutrino background from GRBs. In the energy range E ≤ 50MeV, the neutrino background is obscured by the events of the electrons which come from the decay of invisible muons [21]. The spectrum of the electrons is given by dN/dE_e = (G^2_F /12π^3)m^2_μE^2_e (3 − 4E_e/m_μ), where m_μ is the muon mass, and E_e is the electron (positron) energy. The event rate of the electrons from the invisible muons at SK is about ∼ 1 in units of yr^{−1} MeV^{−1} in the energy range 50 ≥ E_{ν e} ≥ 20MeV [11]. Thus, signals of GRB neutrino background are smaller than those of electrons from invisible muons in the range. In addition, the signals from SN neutrino background will basically dominate those of GRB neutrino background in the energy range. On the other hand, the spectrum of electrons from the invisible muons has a steep cut-off at about 50 MeV because the maximum energy of the emitted electrons is about half of the muon mass. Thus, as mentioned above, the signal from GRBs becomes larger than the noise from invisible muons in the energy range E_{νe} ≥ 50MeV. In the case of the high mass-accretion rate such as Ṁ >∼ 5M_⊙, the signals of the GRB neutrino background are larger than those of SN neutrino background in the energy region. However, the severest noise comes from the atmospheric neutrinos. In Table I, we show the event rate (yr^{−1}) of ANB and its statistical error in SK/TITAND in the energy regions E_{ν̄e} = (50 – 60)MeV and E_{ν̄e} ≥ 50MeV [22,23]. TITAND is proposed as a next-generation plan of the multi-megaton water Cherenkov detector [8]. The first phase of TITAND is planed to be with 2 Mt water inside. Thus, the event rate becomes approximately one hundred times larger than SK.

For comparison, we show the event rates from the GRB neutrino background at SK/TITAND in Table II for various models. The third column of the table represents whether we consider the effects of the neutrino oscillation or not. ’Yes’ means that the effects of the neutrino oscillation are taken into account. It is apparent that the signals from GRB are smaller than the noise from ANB. As the event number increases, however, we will have statistically sufficient data, and the signals from GRBs will dominate the statistical error of ANB. Namely, then we can definitely detect the signals of the GRB neutrino background as a significant deviation from the statistical error of ANB. The time (yr) required to marginally distinguish the signals from the noise is computed by t = N/S^2, where N is the noise (yr^{−1}) from ANB and S is the signals from GRBs (yr^{−1}). In Table III, we show the time required to detect the signal of GRBs at SK/TITAND for the energy range E = (50 – 60) MeV and E ≥ 50 MeV. From the table, we find that we can detect the signals within ∼10 years at TITAND in the case that the mass-accretion rate is (5 – 10M_⊙ s^{−1}) and f is (0.5 – 1). Although it seems to take a long time to detect the signals from GRBs for the cases in which the conservative parameter sets are adopted, constraints for optimistic parameter sets will be obtained by the observations of TITAND. Of course, a larger water Cherenkov detector than TITAND will detect the signals from GRBs more immediately even if the GRBs obey the conservative parameters.

In this study, we have mainly assumed that one tenth of collapsars whose mass range are in (35 – 125)M_⊙ are accompanied with GRBs. Here we investigate the validity of the assumption. The locally observed value for the SN rate is in the range R_{SN} = (1.4 ± 0.5) × 10^{−4}h^3_{0.7} yr^{−1} Mpc^{−3}, where h = H_0/(100 km s^{−1} Mpc^{−1}) [24]. On the other hand, it is reported that the GRB rate at z = 0 is 2.4 × 10^{−9}h^3_{0.7} yr^{−1} Mpc^{−3} using the BATSE data catalog [25]. On the other hand, we assumed that the ratio of the collapsar rate to SN rate is ∼ 0.13 using Eqs. (4) and (5). Thus, we estimate that the collapsar rate at z = 0 is 1.8 × 10^{−5}h^3_{0.7} yr^{−1} Mpc^{−3}. Adopting the beaming factor is dΩ ∼ 4π × 10^{−3}, and the probability that one collapsar generates a GRB is f = 0.1, we estimate the GRB rate at z = 0:

R_{GRB} = 1.8 × 10^{−9} ( f 0.1 ) ( dΩ 4π × 10^{−3} ) ( h 0.7 )_3

, (33)

in units of yr^{−1} Mpc^{−3} which is consistent with the previous work. At present, the average beaming angle is not determined precisely except for some observations that suggest it is several degree [7]. Therefore, we leave the value of f as a free parameter at present. In addition, the previous works on the GRB formation rate would have a lot of uncertainties since only the BATSE data catalog is used in these analyses, and the average luminosity of GRBs is adopted to fit the model. More precise data on the beaming angle and on the GRB formation rate (for example, by using the peak-lag relation [26]) will give us informations on the probability f. Then, our predictions of GRB neutrino background become more correct.

In this study, we have assumed that GRB formation rate is proportional to the star formation rate in the universe. If this assumption is not correct, of course, the resulting energy spectrum will also be changed. Therefore, on the contrary, when we observe the differential flux of GRB neutrino background, we will also be able to know whether the GRB formation history traces the star formation history or not.

We used the model presented by Popham et al. (1999) as an accretion model. We have to investigate the model dependence of the neutrino luminosity in future. In particular, we have to investigate the neutrino-dominated accretion disk (NDAF) for the high accretion rate cases [14,?].

In this study, we have considered the effects of vacuum neutrino oscillations. However, the effects of MSW effects are not taken into account. As long as the collapsar model is adopted, the density profile of the progenitor should depend on the zenith angle and time. We are planning to investigate these effects in the near future.

When the mechanism of the central engine is not the neutrino heating but the Blandford- Znajek mechanism [28], the observations of GRB neutrino background will give a lower limit of the total explosion energy of a GRB.

V. SUMMARY AND CONCLUSION

We have estimated the flux of the GRB neutrino background and computed the event rate at SK/TITAND in the collapsar models, assuming that GRB formation history traces the star formation history. We have found that the flux and the event rate depend sensitively on the mass-accretion rate although the detection of signals from GRBs seems to be difficult by SK. On the other hand, however, we have found that the GRB neutrino background may be detected by TITAND within ∼ 10 yrs as long as the average mass-accretion rate is high (>∼ a few M_⊙ s^{−1}), and the probability that one collapsar generates a GRB is high (f = 0.5 – 1.0). Thus, we conclude that the informations on the mass-accretion rate of collapsar will be obtained by the observations of the GRB neutrino background, which in turn, should give us informations on the total explosion energy of GRBs in future. They are, of course, never obtained only by the gamma-ray observations. Although there are some simplifications in our analyses and some uncertainties on the present observations, our proposal to determine the total explosion energy of a GRB is very challenging and interesting. This paper is the maiden attempt about the GRB neutrino background. We will revise our model to enhance the predictability, and our suggestions will be tested by the future observations.

ACKNOWLEDGMENTS

S.N. is grateful to R. Narayan for useful comments. K.K. is grateful to T. Onogi for useful comments. S.N. and K.K. thank the Yukawa Institute for Theoretical Physics at Kyoto University, where this work was initiated during the YITP-W-01-06 on ’GRB2001’ and completed during the YITP-W-99-99 on ’Blackholes, Gravitational Lens, and Gamma- Ray Bursts’. The authors are grateful to Y. Totsuka, T.Suzuki, M. Nakahata, Y. Fukuda, and A. Suzuki for useful comments on the neutrino background at Super-Kamiokande. This research has been supported in part by a Grant-in-Aid for the Center-of-Excellence (COE) Research (07CE2002) and for the Scientific Research Fund (199908802) of the Ministry of Education, Culture, Sports, Science and Technology and by Japan Society for the Promotion of Science Postdoctoral Fellowships for the Research Abroad.

REFERENCES

[1] G. Boella, et al. Astron. Astrophys. Suppl. 122, 299 (1997) [2] T. J. Galama, P. M. Vreeswijk, J. van Paradijs, C. Kouveliotou, T. Augusteijn, H. Bohnhardt, J. P. Brewer, V. Doublier et al. Nature 395, 670 (1998); D. E. Reichart Astrophys. J. 521, 111 (1999); J. S. Bloom, S. R. Kulkarni, S. G. Djorgovski, A. C. Eichelberger et al. Nature 401, 453 (1999) [3] C. Porciani and P. Madau Astrophys. J. 548, 522 (2001) [4] P. Mészáros, M. J. Rees Astrophys. J. 476, 232 (1997) [5] S. E. Woosley Astrophys. J. 405, 273 (1993) [6] J. S. Bloom, D. A. Frail and R. Sari Astronomical J. 121, 2879 (2001) [7] D. A. Frail et al. Astrophys. J. 562, L55 (2001) [8] Y. Suzuki, “Multi-Megaton Water Cherenkov Detector for a Proton Decay Search – TITAND–”, hep-ex/0110005.

[9] A. I. MacFadyen, S. E. Woosley Astrophys. J. 524, 262 (1999) [10] S. E. Woosley and T. A. Weaver Astrophys. J. Suppl. 101, 181 (1995) [11] S. Ando, K. Sato and T. Totani astro-ph/0202450 [12] R. Popham, S. E. Woosley and C. Fryer Astrophys. J. 518 356 (1999) [13] S. Fujimoto, K. Arai, R. Matsuba, M. Hashimoto, O. Koike and S. Mineshige Publ.

Astron. Soc. Jap. 53, 509 (2001) [14] K. Kohri and S. Mineshige, astro-ph/0203177. [15] S. Nagataki and K. Kohri Prog. Theor. Phys. submitted.

[16] D. E. Groom et al. [Particle Data Group Collaboration], Eur. Phys. J. C 15 (2000), 1. [17] H. A. Bethe Rev. Mod. Phys. 62, 801 (1990) [18] J. N. Bahcall, M. C. Gonzalez-Garcia and C. Pena-Garay, arXiv:hep-ph/0111150. [19] T. Toshito [SuperKamiokande Collaboration], arXiv:hep-ex/0105023. [20] M. Apollonio et al. [CHOOZ Collaboration], Phys. Lett. B 466, 415 (1999) [arXiv:hepex/9907037].

[21] M.0Nakahata and Y. Fukuda, private communication. [22] T. K. Gaisser, T. Stanev and G. Barr Phys. Rev. D 38, 85 (1988) [23] M. Honda, T. Kajita, K. Kasahara and S. Midorikawa Phys. Rev. D 52, 4985 (1995) [24] P. Madau, M. della Valle and N. Panagia Mon. Not. R. Astr. Soc. 297, L17 (1998) [25] T. Totani Astrophys. J. 486, L71 (1997) [26] J. P. Norris, G. F. Marani and J. T. Bonnell Astrophys. J. 534 248 (2000) [27] R. Narayan, T. Piran and P. Kumar Astrophys. J. 557 949 (2001) [28] R. D. Blandford and R. L. Znajek Mon. Not. R. Astr. Soc. 179, 433 (1977)

FIGURES

FIG. 1. The cosmic GRB formation history. The solid, dotted and dashed curves show the rate of GRB formation per unit comoving volume as function of redshift for the models GRBR1, GRBR2, and GRBR3, respectively. Λ-dominated cosmology (Ω_M =0.3, Ω_Λ=0.7) is adopted. The Hubble constant is taken to be 70 km s^{−1} Mpc^{−1}. The probability that one collapsar generates a GRB (f) is set to be 0.1.

FIG. 2. Emissivity of ν_e. Here we adopt T = 5 MeV and ρ = 10^{10}g · cm^{−3}. Solid line represents the total emissivity of ν_e. Dashed (dotted) line is the contribution from n + e^+ → p + ν_e (e^+ + e^− → ν_e + ν_e).

FIG. 3. Energy spectrums of ν_e from a collapsar. Solid line represents the total energy spectrum. Dashed (dotted) line is the contribution from n + e^+ → p + ν_e (e^+ + e^− → ν_e + ν_e). The total accreting mass, the initial mass, and the mass-accretion rate are set to be 30M_⊙, 3M_⊙, and 0.1M_⊙ s^{−1}, respectively.

FIG. 4. Duration of the neutrino emission from a collapsar as function of the mass-accretion rate. The total accreting mass and the initial mass are set to be 30M_⊙, 3M_⊙, respectively.

FIG. 5. Dependence of the energy spectrum of anti-electron neutrino on the mass-accretion rate (Ṁ). Solid line, dotted line, short-dashed line, long-dashed line, and dot-short-dashed line correspond to Ṁ = 10M_⊙ s^{−1}, 5M_⊙ s^{−1}, 1M_⊙ s^{−1}, 0.1M_⊙ s^{−1} and 0.01M_⊙ s^{−1}, respectively.

FIG. 6. Average neutrino luminosity as a function of Ṁ. We also show the result of Popham et al. (1999) for comparison.

FIG. 7. Efficiency of ν_eν_e pair annihilations as a function of the mass-accretion rate. For comparison, we also show the result of Popham et al. (1999) as a shaded region.

FIG. 8. Total energy of emitted neutrinos (Q_{tot}) and total deposited energy (Q_{e+e−} ) in units of erg as a function of the mass-accretion rate.

FIG. 9. Differential number flux of GRB neutrino background [cm^{−2} s^{−1} MeV^{−1}]. Solid line, dotted line, short-dashed line, and long-dashed line correspond to Ṁ = 10M_⊙ s^{−1}, 5M_⊙ s^{−1}, 1M_⊙ s^{−1}, and 0.1M_⊙ s^{−1}, respectively. The case of SN neutrino background and atmospheric neutrino background (ANB) are shown in dot-short-dashed line and long-short-dashed line for comparison.

FIG. 10. Same as Fig.9 but GRBR2 is used.

FIG. 11. Same as Fig.9 but GRBR3 is used.

FIG. 12. Event rate of GRB neutrino background [yr^{−1} MeV^{−1}] at Super-Kamiokande. Solid line, dotted line, short-dashed line, and long-dashed line correspond to Ṁ = 10M_⊙ s^{−1}, 5M_⊙ s^{−1}, 1M_⊙ s^{−1}, and 0.1M_⊙ s^{−1}, respectively. Event rate of SN neutrino background and atmospheric neutrino background (ANB) are shown in dot-short-dashed line and long-short-dashed line for comparison.

FIG. 13. Dependence of the event rates on the probability f that one collapsar generates a GRB. Solid line and dotted line correspond to the case f = 1.0 and f = 0.1, respectively. We adopt the case of Ṁ = 10M_⊙s^{−1}

FIG. 14. Event rate at SK for the model of Ṁ = 10M_⊙. Solid lines represent the case in which the effects of neutrino oscillation are taken into consideration. Dotted lines represent the case of no oscillation.

TABLES

TABLE I. Event Rate (yr^{−1}) and Statistical Error of ANB at SK/TITAND N (yr^{−1}) √ N(yr^{−1}) E_{ν̄e} = (50 – 60)MeV 1.0/1.0×10^2 1.0/1.0×10^1 E_{ν̄e} ≥ 50MeV 2.6/2.6×10^2 1.6/1.6×10^1

TABLE II. Event Rate (yr^{−1}) of Signals at SK/TITAND Ṁ (M_⊙s−1) f Oscillation GRBR E_{ν̄e} =(50 – 60)MeV E_{ν̄e} ≥50MeV 10 0.1 Yes 3 9.1×10^{−3}/9.1×10^{−1} 1.7×10^{−2}/1.7 10 0.5 Yes 3 4.5×10^{−2}/4.5 8.6×10^{−2}/8.6 10 1.0 Yes 3 9.1×10^{−2}/9.1 1.7×10^{−1}/1.7×10^1 10 0.1 No 3 1.8×10^{−2}/1.8 3.4×10^{−2}/3.4 10 0.5 No 3 9.0×10^{−2}/9.0 1.7×10^{−1}/1.7×10^1 10 1.0 No 3 1.8×10^{−1}/1.8×10^1 3.4×10^{−1}/3.4×10^1 5 0.1 Yes 3 4.6×10^{−3}/4.6×10^{−1} 8.3×10^{−3}/8.3×10^{−1} 5 0.5 Yes 3 2.2×10^{−2}/2.2 4.2×10^{−2}/4.2 5 1.0 Yes 3 4.6×10^{−2}/4.6 8.3×10^{−2}/8.3 5 0.1 No 3 9.1×10^{−3}/9.1×10^{−1} 1.7×10^{−2}/1.7 5 0.5 No 3 4.6×10^{−2}/4.6 8.3×10^{−2}/8.3 5 1.0 No 3 9.1×10^{−2}/9.2 1.7×10^{−1}/1.7×10^1 1 0.1 Yes 3 8.3×10^{−4}/8.3×10^{−2} 1.4×10^{−3}/1.4×10^{−1} 1 0.5 Yes 3 4.2×10^{−3}/4.2×10^{−1} 6.9×10^{−3}/6.9×10^{−1} 1 1.0 Yes 3 8.3×10^{−3}/8.3×10^{−1} 1.4×10^{−2}/1.4 1 0.1 No 3 1.7×10^{−3}/1.7×10^{−1} 2.7×10^{−3}/2.7×10^{−1} 1 0.5 No 3 8.3×10^{−3}/8.3×10^{−1} 1.4×10^{−2}/1.4 1 1.0 No 3 1.7×10^{−2}/1.7 2.7×10^{−2}/2.7

TABLE III. Time (yr) Required to Detect the Signals at SK/TITAND Ṁ (M_⊙s−1) f Oscillation GRBR E_{ν̄e} =(50 – 60)MeV E_{ν̄e} ≥50MeV 10 0.1 Yes 3 1.3×10^4/1.3×10^2 2.3×10^4/2.3×10^2 10 0.5 Yes 3 5.1×10^2/5.1 9.3×10^2/9.3 10 1.0 Yes 3 1.3×10^2/1.3 2.3×10^2/2.3 10 0.1 No 3 3.1×10^3/3.1×10^1 5.8×10^3/5.8×10^1 10 0.5 No 3 1.3×10^2/1.3 2.3×10^2/2.3 10 1.0 No 3 3.2×10^1/3.2×10^{−1} 5.8×10^1/5.8×10^{−1} 5 0.1 Yes 3 5.0×10^4/5.0×10^2 9.9×10^4/9.9×10^2 5 0.5 Yes 3 2.0×10^3/2.0×10^1 4.0×10^3/4.0×10^1 5 1.0 Yes 3 5.0×10^2/5.0 9.9×10^2/9.9 5 0.1 No 3 1.3×10^4/1.3×10^2 2.5×10^4/2.5×10^2 5 0.5 No 3 5.0×10^2/5.0 9.9×10^2/9.9 5 1.0 No 3 1.3×10^2/1.3 2.5×10^2/2.5 1 0.1 Yes 3 1.5×10^6/1.5×10^4 3.7×10^6/3.7×10^4 1 0.5 Yes 3 6.0×10^4/6.0×10^2 1.5×10^5/1.5×10^3 1 1.0 Yes 3 1.5×10^4/1.5×10^2 3.7×10^4/3.7×10^2 1 0.1 No 3 3.8×10^5/3.8×10^3 9.2×10^5/9.2×10^3 1 0.5 No 3 1.5×10^4/1.5×10^2 3.7×10^4/3.7×10^2 1 1.0 No 3 3.8×10^3/3.8×10^1 9.2×10^3/9.1×10^1