arXiv:1111.5461v1 [astro-ph.HE] 23 Nov 2011

UHE neutrinos from Pop III stars: concept and constraints

V. Berezinsky^1 and P. Blasi^{2, 1} 1INFN, Laboratori Nazionali del Gran Sasso, I–67010 Assergi (AQ), Italy 2INAF, Osservatorio Astrofisico di Arcetri, Largo E. Fermi 5, 50125 Firenze, Italy (Dated: November 24, 2011)

In this paper we reconsider the model of neutrino production during the ’bright phase’, first suggested in 1977, in the light of modern understanding of both the role of Pop III stars and of acceleration of particles in supernova shocks. We concentrate on the production of cosmogenic ultrahigh energy neutrinos in supernova (SN) explosions that accompany the death of massive Population III stars. Protons are assumed to be accelerated at such SN shocks and produce neutrinos in collisions with CMB photons. In the calculations we deliberately use simplified assumptions which make the physical results transparent. Pop III stars, either directly or through their SN explosions, are assumed to be responsible for the reionization of the universe as observed by WMAP. Since the evolution of massive Pop III stars is much faster than the Hubble rate H, we consider the burst of UHE proton production to occur at fixed redshift (z_b = 10 and z_b = 20). We discuss in some detail the problems involved in the formation of collisionless shocks in the early universe as well as the acceleration of charged particles in a medium that has potentially very low pre-existing magnetization, if any at all. The composition of the accelerated particles in Pop III stars explosions is expected to be proton dominated, based upon the predictions of BBN and the Hydrogen-enhanced stellar-wind from primary Pop III stars. A simple calculation is presented to illustrate the fact that the diffuse neutrinos flux from the bright phase burst is concentrated in a relatively narrow energy interval, centered at E^c_ν = 7.5 × 10^{15} (20/z_b)^2 eV. The νμ flux may be detectable by IceCube without violating the cascade upper limit and without exceeding the expected energetics of SNe associated with Pop III stars. A possible signature of the neutrino production from Pop III stars may be the detection of resonant neutrino events (ν̄e + e^− → W^− → hadrons) at energy E0 = 6.3 × 10^{15} eV. For the burst at z_b = 20 and ν̄e-flux at the cascade upper limit, the number of resonant events in IceCube may be as high as 10 events in 5 years of observations. These events have equal energies, E = 6.3 × 10^{15} eV , in the form of e-m cascades. Taking into account the large uncertainties in the existing predictions of cosmogenic neutrino fluxes at E > 10^{15} eV, we argue that UHE neutrinos from the first stars might become one of the most reliable hopes for UHE neutrino astronomy.

I. INTRODUCTION

Ultra High Energy (UHE) neutrino astronomy at energies above 10^{16} − 10^{17} eV may open a new observational window on the universe. The most reliable prediction for the diffuse fluxes of these neutrinos can be achieved for the cosmogenic neutrinos [1], produced in pγ collisions of UHE protons with CMB photons (see [2] and [3] for recent calculations and reviews). Such reliability mainly follows from three factors: i) The flux of parent protons at redshift z of neutrino production can be normalized to the observed flux of protons at present (redshift z = 0); ii) The number density and energy spectrum of the target (CMB) photons are both known with high accuracy at any cosmological epoch z; iii) the interactions of UHE protons with CMB photons occur at center of mass (cm) energy that does not exceed ∼ GeV , well accessible to laboratory experiments and hence well known.

On the other hand, the numerical predictions of neutrino fluxes at Earth are affected by huge uncertainties, mainly due to the unknown evolution with redshift of the source space density and luminosity, the generation spectrum (∝ E^{−γg} ) and the maximum energy (E^{acc}_{max}) of accelerated protons. Because of these uncertainties, any upper bound on the flux of cosmogenic neutrinos becomes of the highest importance. For cosmogenic neutrinos this limit is not provided by the Waxman-Bahcall bound [4], because the latter is imposed by the parent proton flux at z = 0, fixed in the calculations. Meanwhile the calculated flux can differ by orders of magnitude due to uncertainties in γ_g, E_{max} and the evolution of sources [5].

A more general upper limit, valid in particular for the cosmogenic neutrino flux is the cascade upper limit [6]. The production of UHE neutrinos from pion decays is accompanied by the production of UHE electrons, positrons and photons, which start an e-m cascade due to the collisions with CMB photons. The HE photons, remnants of these cascades, contribute to the diffuse gamma-radiation with gamma rays of energy reaching several hundreds GeV. Recent measurements of the diffuse gamma-ray flux by the Fermi-LAT telescope [7] was used in Ref. [8] to put a stronger upper limit on the diffuse neutrino flux, which excluded many models with detectable cosmogenic neutrino flux.

The detectability of cosmogenic neutrinos is further disfavoured by the recent Auger measurements of UHECR mass composition [9]: both X_{max} and RMS data strongly suggest that at energies larger than 2 × 10^{18} eV the primaries are nuclei with steadily increasing mass number A. In contrast with these data the HiRes [10] and Telescope Array [11] mass composition agrees well with a pure proton composition. The cosmogenic neutrino flux produced by primary nuclei is considerably lower than in the case of primary protons [12]. The Auger results on mass composition, together with the Fermi-based neutrino upper limit suggest a rather grim possibility of detection of cosmogenic neutrinos.

Here we revise a model of UHE neutrino production related to the so-called Population III (Pop III) stars [13, 14]. Recently this population of stars attracted much attention as the most plausible sources of ionizing photons in the early universe, at redshift z ∼ 10 − 20, as observed by WMAP [15].

Originally, one of the main motivations that led to propose the existence of Pop III stars was the apparent gap between the chemical composition of the universe as predicted by BBN, mainly light elements up to Lithium, and the presence of metals needed for the formation of Population II stars. Pop III stars bridge this gap by synthesizing the first metals in the universe and spreading them through the interstellar and intergalactic medium, where they are later instrumental for the formation of Pop II stars. For this scenario all Pop III stars or a large fraction of them must finish their evolution by SN explosions, and therefore these stars should be very massive, heavier than 50M_⊙.

After recombination at z_{rec} ≈ 1100, the baryons in the universe are in the form of cold, neutral, atomic hydrogen and light atoms. However, at redshift z_{reion} = 11.0 ± 1.4, according to WMAP [15], the baryonic gas is observed to be ionized. The reionization occurred due to photons produced by astrophysical sources. The most plausible sources of such photons are indeed hot Pop III stars, which produce ionizing photons either directly [16] or as a result of Pop III supernova explosions [17].

Pop III stars arise from baryons gravitationally pulled into potential wells formed by dark matter (DM) dominated mini-halos. These mini-halos collapse at z ∼ 20 − 30 and eventually capture baryons which can form stellar objects. Numerical simulations of this collapse show no fragmentation of baryonic matter and the first stars form with large masses, spread over a wide range, with a typical value M ∼ 100M_⊙ (see [18] and references therein).

At masses 140M_⊙ ≤ M_∗ ≤ 260M_⊙, Pop III stars are fully disrupted in SN explosion due to e^+e^− pairinstability. These SNe are called Pair-Instability SNe (PISN). The energy output of PISN in the form of ejecta is in the range 10^{51} − 10^{53} erg, and could be much higher than for Pop II and Pop I SNe. In the mass range M < 140M_⊙ and M > 260M_⊙, a massive black hole and disc are produced, with ejection of gas in the form of jets. These stars are good candidates for GRBs, and UHE neutrinos from Pop III GRBs were recently studied in [19]. For further information on Pop III stars and SNe see the reviews in [20].

In the following we will refer to this epoch of Pop III star formation as the bright phase, an expression often used also to refer to a period of enhanced quasar activity (about ∼ 20 quasars are observed at 5.7 <∼ z <∼ 6.4 [21]).

The paper is organized as follows: in section II we discuss some subtle issues related to the formation of shocks in Pop III supernova explosions and in the particle acceleration at such shocks. In section III the basic features of the bright-phase model are described. In section IV we present the calculations of the neutrino fluxes and the constraints on such fluxes. The conclusions are presented in section V.

II. SHOCK FORMATION AND PARTICLE ACCELERATION

The environment in which Pop III stars explode as SNe is quite unlike that of SNe in the present universe and one may wonder whether particle acceleration may take place at all. The intergalactic medium at redshift z ∼ 10−20 is unlikely to be magnetized in any appreciable way. This leads to two questions: 1) does a shock develop in the supernova explosions, since such shocks are collisionless, namely mediated by electromagnetic instabilities? 2) if the shock forms, is there enough magnetic turbulence to lead to diffusive particle acceleration up to energies ∼ 10^{19} − 10^{20}eV , needed for neutrino production?

Numerical simulations of the development of the ion Weibel instability in the absence of a pre-existing magnetic field show that a shock front does in fact form [22]. The simulations are carried out for relativistic electronion plasmas, while the motion of the plasma ejected from a Pop III star explosion might be newtonian or relativistic depending upon details of the explosion, but the general physical principles that lead to the formation of the shock front should be left unchanged, so we may be confident that a shock wave does indeed form even in a weakly magnetized or unmagnetized medium such as the one that is expected to embed Pop III stars. The fate of the magnetic field behind the shock is not well established: the magnetic filaments which are formed through the Weibel instability might merge to form larger scale magnetic fields, but it is not clear whether this happens before the field may be damped.

More important than the presence of pre-existing magnetic field is the reionization of the surrounding gas prior to the SN explosion: a collisionless shock would hardly develop in a tenuous neutral medium, such as in the universe soon after recombination. Pop III stars can naturally fulfill the ionization requirements since, being very hot, they are expected to be responsible for the production of intense UV radiation that causes reionization (see e.g.[16] and references therein).

The issue of particle acceleration is more delicate in that diffusive acceleration at a shock front requires the existence of a turbulent magnetic field upstream and downstream of the shock. The only way that magnetic field can be generated upstream of the shock is through streaming instability, an intrinsically non-linear process (particle acceleration occurs if accelerated particles are able to excite the instability but the instability is excited by accelerated particles). This process is also necessary in SNe in the ISM, and in fact the instability must be driven to its non-linear regime if to reach cosmic ray energies as high as the knee [23]. The streaming instability can proceed in a resonant [24] or non-resonant [25] way, but these are just two sides of the same physical phenomenon [26]. The non-resonant branch grows faster for higher shock velocities [26].

Once the instability turns non-linear it is very difficult to predict its saturation, which might be dominated by intrinsic dynamical scales (such as the advection time of a fluid element through the shock) or by damping. The issue of damping might be of particular importance in the clouds where Pop III stars originate since the neutral fraction might be appreciable and ion-neutral damping could well shut the instability off. In the absence of damping and assuming a naive extrapolation of quasilinear theory to the non-linear regime one can estimate the saturation levels of the instability as: δB^2_{res} 8π = 1 M_A ρV^2_s ξ_{CR} (1)

in the resonant case, and δB^2_{nr} 4π = 1 2 ρV^2_s V_s c ξ_{CR} (2)

in the non resonant case. Here M_A = V_s/v_a is the Alfvenic Mach number, and v_a = B/(4πρ)^{1/2} is the Alfven speed. Clearly neither the Alfvenic Mach number nor the Alfven speed are well defined in the non linear regime, but this ambiguity is the price to pay to write down a simple estimate of the magnetic field generated through streaming of accelerated particles upstream of the shock. In all these formulae we assumed that the shock is non-relativistic. Our estimate for the amplified magnetic field is:

δB_{res} ≈ 96B^{1/2}_μ n^{1/4}_1 V^{1/2}_9 ξ^{1/2}_{CR} μG, (3)

in the resonant case and

δB_{nr} ≈ 590n^{1/2}_1 V^{3/2}_9 ξ^{1/2}_{CR} μG, (4)

in the non resonant case. Here V_9 = V_s/10^9cm/s and n_1 = n/1cm^{−3}. ξ_{CR} is the fraction of the inflow ram pressure m_pnV^2_s that gets converted to accelerated particles.

Assuming Bohm diffusion, the acceleration time in the two cases reads

τ_{res}(E) ≈ 3.5 × 10^{−7}E(eV )B^{−1/2}_μ n^{−1/4}_1 V^{−5/2}_9 ξ^{−1/2}_{CR} s (5) in the resonant case, and

τ_{nr}(E) ≈ 5 × 10^{−8}E(eV )V^{−7/2}_9 n^{−1/2}_1 ξ^{−1/2}_{CR} s (6)

in the non-resonant case.

It is important to keep in mind that in the nonresonant case the self-generated turbulence is on spatial scales that are much smaller than the gyration radius of the particles, therefore these modes are not very effective in scattering the particles, despite the large growth rate. In this sense, the assumption of Bohm diffusion for nonresonant modes is poorly justified, and would require an efficient cascade of the modes to much larger scales, an inverse cascade.

There are at least three different ways to define the maximum energy of accelerated particles: 1) Time limitation: τ(E^{acc}_{max}) ∼ T_{ST} , where T_{ST} is the time when the remnant enters the Sedov-Taylor phase; 2) Space limitation of the precursor: D(E^{acc}_{max})/V_s ∼ ηR_{ST} , where R_{ST} is the radius of the supernova remnant at the beginning of the Sedov phase, and η ≲ 1; 3) Space limitation on the gyration radius: r_L(E^{acc}_{max}) ∼ R_{ST} . The three criteria lead to different estimates for the value of E^{acc}_{max}.

The Sedov time and radius are related to the ejected mass and to the total energetics through:

T_{ST} = 70 M^{5/6}_{ej,⊙} ϵ^{1/2}_{51} n^{1/3}_1 years (7) and R_{ST} = 6.6 × 10^{18} ( M_{ej,⊙} n_1 )_{1/3} cm, (8)

where ϵ_{51} is the total energetics in units of 10^{51} erg and M_{ej,⊙} is the mass of the ejecta in units of solar masses.

Among the three criteria for E^{acc}_{max} listed above, the last one leads to the highest estimated value:

E^{acc}_{max} ≈ 2 × 10^{17}B^{1/2}_μ n^{−1/12}_1 V^{1/2}_9 ξ^{1/2}_{CR}M^{1/3}_{ej,⊙} eV (9)

for the resonant case, and

E^{acc}_{max} ≈ 10^{18}n^{1/6}_1 V^{3/2}_9 ξ^{1/2}_{CR}M^{1/3}_{ej,⊙} eV (10)

for the non resonant case. One can see that maximum energies as high as (2 − 5) × 10^{19} eV might be reached if the values of the parameters are pushed to their extremes.

In principle larger values of E^{acc}_{max} can be reached if the Pop III stars explode in a dense stellar region, so that accelerated particles may feel the repeated action of multiple shocks. Such situation occurs at high redshifts where the physical volume which hosts the fixed number N of pregalactic Pop III stars is (1 + z)^3 times smaller than at present. Even a stronger case might be realized in mini-cluster models, when the Pop III stars are produced in the relatively small volume of a mini-cluster. In this case the spatial scale to be used to determine the maximum energy is the size of the region where the shocks emerge, provided the acceleration time remains smaller than the loss time scale as plotted in Fig. 1. Acceleration at multiple shocks has been first discussed in [24] and is known to result in a hard spectrum: in the asymptotic case of a very large number of shocks, the spectrum of accelerated particles tends to ∝ E^{−3/2}.

Larger values of E^{acc}_{max}, up to 10^{20} eV, were inferred in previous literature for the case of acceleration at relativistic shocks with large Lorentz factors Γ ≫ 1, see e.g. [27]. Usually this case is considered for jets, and in particular for GRBs, which are often assumed to be potential sources of particles with maximum energies ∼ 10^{20} eV [28, 29]. These energies are the consequence of the relativistic motion of the outflow in jets, which in principle can shorten the acceleration time by a factor 1/Γ.

Particle acceleration at relativistic shocks requires the presence of strong turbulence generated in the downstream region, in order to avoid particle trapping, typical of relativistic shocks: particle acceleration is possible only for quasi-parallel shocks namely for magnetic fields oriented within an angle ∼ 1/Γ from the normal to the shock surface. At perpendicular shocks the return probability from downstream tends to vanish thereby making spectra steeper. In fact, even the compression of the large scales in the upstream turbulent fields at the shock surface may lead to spectra steeper than the canonical E^{−2.3} [30], that is expected for parallel relativistic shocks in the regime of small pitch angle scattering. The presence of strong turbulence may alleviate this problem, so to make GRBs from Pop III stars potential sources of UHECRs with energy E^{acc}_{max} ∼ 10^{20} eV.

The issue of whether particle acceleration can occur in the first stars is also of relevance for the origin of cosmic magnetic fields: in a recent paper [31] the authors proposed that if supernovae arising from the death of primeval stars accelerate CRs effectively (though not necessarily to very high energies), the instability induced by the escape of these cosmic rays into the intergalactic medium may lead to the formation of magnetic seeds that can possibly be reprocessed and amplified at later cosmic epochs.

III. THE MODEL

Here we consider a model in which the bright phase is powered by SN explosions of Pop III stars.

In order to enrich space with metals, the rate of SN explosions must be high and thus Pop III stars have to be massive, typically with M > 50M_⊙. Stars in the interval of masses (140 − 260)M_⊙ undergo e^+e^− instability and end their evolution with full destruction in SN explosions. Outside this interval, and most notably at M > 50M_⊙, a SN explosion leaves behind a massive black hole. In both cases a SN explosion results in the formation of a shock front where particles from the interstellar medium can be accelerated (see section II for the detailed discussion). The formation of such (collisionless) shock is expected to be made possible because of the ionization of the circumstellar region caused by photons produced by either the Pop III star itself or its supernova. The chemical composition of the accelerated particles should reflect that of the circumstellar medium, which is quite different from that in our Galaxy. The primordial gas after BBN is

FIG. 1: Energy losses of protons at cosmological epochs z_b = 10 (shown in red) and z_b = 20 (shown in blue). Adiabatic energy losses are given by H(z). Also shown are losses due to pair production on CMB, p + γ_{cmb} → p + e^− + e^+, and pion photo-production, p + γ_{cmb} → N+pions. Photoproduction responsible for the generation of neutrinos dominates at energy above the crossing of the pair-production and pion production curves (E^b_c = 3 × 10^{18} eV at z_b = 20 and E^b_c = 5.5 × 10^{18} eV at z_b = 10). The intersection of the pair-production curve with H(z) (adiabatic losses) determines the energy εpair, above which the pair-production energy losses dominate (εpair = 2.1 × 10^{16} eV at z_b = 20 and εpair = 5 × 10^{16} eV at z_b = 10).

characterised by 75% of Hydrogen and by absence of the heavy elements (metals). Some heavy element pollution is expected to be caused by multiple SN explosions in the same spatial regions. On the other hand, the metallicity of the gas in Pop II star formation regions is expected to be relatively low, therefore it appears reasonable to assume that the medium around Pop III stars is dominated by light elements. We assume here that most of the accelerated particles are protons.

As discussed above, the SN explosion of Pop III stars can result in the formation of either non-relativistic or relativistic shock fronts, the latter usually associated to the formation of jets. The spectrum of accelerated particles in the two cases is usually taken to be ∝ E^{−γg} with γ_g = 2.0 for non-relativistic shocks and γ_g = 2.2 − 2.3 for relativistic shocks, although numerous physical effects can change this naive expectation. In both cases we assume maximum energy of acceleration E^{acc}_{max} ∼ 10^{20} eV and the minimum energy to be as low as E_{min} ∼ m_pc^2 ∼ 10^9 eV. Increasing E_{min} results in larger neutrino flux in the calculations below.

As far as E_{max} is concerned, the energy 10^{20} eV may be problematic in non-relativistic shocks, although particle reacceleration at multiple SN shocks may hopefully provide this energy (see section II). The situation with

E_{max} ∼ 10^{20} eV is more promising but still poorly understood in the case of relativistic shocks.

Rather than achieving a quantitatively accurate prediction of the neutrino flux from Pop III stars, our aim here is to develop a simple calculation that catches the main physical ingredients and illustrates in a clear, transparent way, the relevant aspects of the problem. The distinctive feature of our model is the assumption that the duration of the bright phase, occurring at redshift z_b, is very short compared with the Hubble time H^{−1}(z_b) at the same epoch. The latter can be calculated as H(z_b) = H_0 √ Ω_m(1 + z_b)^3 + Ω_Λ with H_0 = 72 km/s Mpc, Ω_m = 0.27, and Ω_Λ = 0.73. At z_b = 10 the Hubble time is H(z_b)^{−1} ≈ 8 × 10^8 yr, to be compared with the lifetime ∼ 10^6 yr of a Pop III star with M ∼ 100M_⊙ on the Main Sequence (the longest time of this star evolution), with the time of particle acceleration, t_{acc} ∼ 10^4 −10^5 yr, and with the characteristic time of photopion energy losses, ∼ 3 × 10^5 yr, responsible for neutrino production (see Fig. 1 for comparison of these times at various energies). These estimates serve as a clear justification for the assumption of bursting bright phase: all processes are assumed to occur at the fixed redshift z_b, for which further on we consider z_b = 10 and z_b = 20 as our benchmark cases (see Fig. 1). It is interesting to note that models with two bursts of reionization can be formulated [32], as based on taking into account the important role of neutral H_2 molecules in star formation. The redshifts of the predicted bursts are z_1 ≈ 11 − 15 and z_2 ≈ 6, close to the value of z_b that we consider.

Having in mind the same goal of simplicity of formulae and transparency of the calculations, we assume power law spectra with slope γ_g = 2.0 , which does not lead to dramatic differences compared with similar spectra with γ_g ∼ 2.2 − 2.3.

IV. ASSUMPTIONS AND ESTIMATES

The burst of accelerated protons produced during the bright phase at epoch z_b produces a spectrum that can be expressed as a function of the energy density ω_p(z_b) of the same protons at that epoch as:

n_p(E_b, z_b) = ω_p(z_b) ln(E^{max}_b /E^{min}_b )

E^{−2}_b . (11)

Henceforth ω_p(z_b) will be used at the main normalization parameter of our calculations.

The cosmogenic neutrinos are produced in collisions of UHE protons with CMB photons through generation of pions, p + γ_{cmb} → π^±+anything. On average a proton transfers 20% of its energy to the leading pion, and this energy is approximately equally divided among the four leptons (three neutrinos and one electron), so that E_ν = (1/20)E_p. Photopion production dominates starting at the proton energy E^b_c , where energy losses due to photopion production exceed pair-production losses

(p + γ_{cmb} → p + e^− + e^+). At z = 0 this condition occurs at proton energy E_c ≈ 6 × 10^{19} eV, therefore at epoch z_b this energy is E^b_c (z_b) = E_c/(1 + z_b) (see Fig. 1), since the energy of CMB photon is (1+z_b) times higher. Hence the characteristic neutrino energy in the observed spectrum is E^c_ν = 1 20 E_c (1 + z_b)^2

= 7.5 × 10^{15} ( 20 1 + z_b

)_2

eV, (12)

where an extra factor (1 + z_b) appears because of the redshifted neutrino energy. Below E^c_ν , the neutrino spectrum becomes flatter, being produced by pions moving backwards in the cm-system. Above E^c_ν , the neutrino spectrum follows the parent proton spectrum, ∝ E^{−2}. Eq. (12) thus gives the neutrino energy where detectability reaches its maximum. The main contribution to the number of detected neutrinos is given by some energy interval centered at E^c_ν .

For the calculation of the neutrino spectrum it is convenient, following [1, 34, 35], to introduce the so-called ’unmodified’ proton spectrum, calculated taking into account only adiabatic energy losses due to redshift. This proton spectrum at z = 0 is

n^{unm}_p (E) = ω_p(z_b) (1 + z_b)^4 1 ln(E_{max}/E_{min})

E^{−2}. (13)

Eq.(13) is easy to understand because ω_p(z_b)/(1 + z_b)^4 is the unmodified energy density of protons at z = 0: (1 + z_b)^3 is due to the expansion of the universe and the extra factor (1 + z_b) accounts for adiabatic energy losses.

The spatial density of UHE neutrinos at z = 0 can now be readily calculated using the unmodified proton spectrum and taking into account that each proton in one photonuclear pγ collision produces three neutrinos and the energy of a neutrino E_ν is connected with the energy E of the ’unmodified’ proton as E_ν = (1/20)E, independent of the redshift z when the collision occurs, because adiabatic energy losses of neutrinos and UHE protons are identical.

Thus, one obtains at E_ν ≥ E^c_ν :

n_ν (E_ν )dE_ν = 3f_π± 20 ω_p(z_b) (1 + z_b)^4 1 ln(E_{max}/E_{min}) dE_ν E^2_ν

, (14)

where f_π± ≈ 2/3 is the fraction of charged pions.

The maximum neutrino energy at z = 0 can be estimated as

E^{max}_ν = 1 20 E_{max} = 1 20 E^{max}_b 1 + z_b

. (15)

The neutrino flux,

E^2_ν J_ν (E_ν ) = 0.1 c 4π ω_p(z_b) (1 + z_b)^4 1 ln(E_{max}/E_{min})

, (16)

is fully determined by the value of the basic parameter ω_p(z_b)/(1 + z_b)^4.

We can normalize this parameter to the future IceCube sensitivity [39] E^2J_{νμ} (E) = 3×10^{−9} GeV/cm^2 s sr. (The present upper limit of IceCube is a factor of 3 higher). From this condition the basic parameter must be

ω_p(z_b)/(1 + z_b)^4 ≥ 9.5 × 10^{−7} eV cm^{−3}. (17)

We can estimate now the maximum energy of acceleration E^{acc}_{max} = E^{max}_b discussed in section II. The rigorous limit follows from the condition that pion production dominates upon pair production (see Fig. 1):

E^{max}_b = E_c(z_b) = E_c 1 + z_b

= 3 × 10^{18} ( 20 1 + z_b ) eV. (18)

The same limit follows from the condition which provides an appreciable neutrino flux, E^{max}_ν ≥ E^c_ν . In the present estimates we assume that E^{max}_b ∼ 10^{20} eV. The case E^{max}_b >∼ 1×10^{19} eV needs more detailed calculation of the neutrino spectra and will be presented in a forthcoming paper.

In the following we discuss the constraints on the cosmogenic neutrino flux from the bright phase.

The production of UHE neutrinos from pion decays is accompanied by e-m cascade radiation, which provides us with an upper limit on the neutrino flux [6]. The neutrino flux given by Eq. (16) with energy density (17) must respect this limit as given by the recent Fermi observations [7]. In [8] this limit is expressed in terms of an upper limit on the energy density of the cascade radiation ω^{max}_{cas} ≤ 5.8×10^{−7} eV/cm^3. We can estimate the cascade energy density in our calculations from ω_p(z_b) evaluated in Eq. (17).

At energies E_b ≥ ε_{pair} (see Fig.1), protons lose energy on time scales shorter than the Hubble time H^{−1}(z_b), producing e^+e^− pairs and pions. The energy density ω^b_{cas} of the cascade radiation at epoch z_b can be written as

ω^b_{cas} <∼

∫_Emax_b

ε_{pair}

n_p(E_b)E_bdE_b, (19)

and for the cascade energy density at z = 0 we have

ω_{cas} <∼ ω_p(z_b) (1 + z_b)^4 [ ln E^{max}_b ε_{pair} ] [ ln E^{max}_b E^{min}_b ]_{−1} (20)

= 2.9 × 10^{−7}eV/cm^3.

One can see that the cascade energy density (20), which follows from neutrino production in the bright phase does not exceed the upper limit ω^{max}_{cas} = 5.8 × 10^{−7} eV/cm^3, obtained in [8] from Fermi observations. In fact, this upper limit is derived for the cascade spectrum produced at redshift z = 0, while in our case the cascade is produced at large z_b and its spectrum is redshifted. This makes the upper limit higher than ω^{max}_{cas} from [8].

Finally, we address the issue of whether the energy density of protons in Eq. (17) which is needed to warrant detectability of the neutrino flux in IceCube can be provided by Pop III SN explosions. For this, we estimate a fraction ξ of cosmological baryon mass processed by Pop III pre-supernovae.

From the energy density of UHE protons ω_p(z_b) = W^p_{SN}n_∗(z_b), provided by the SN energy release in the form of UHE protons W^p_{SN} and from the space density of Pop III presupernovae n_∗, one obtains ξ = ω_p(z_b) (1 + z_b)^4

M_∗(1 + z_b) W^p_{SN}Ω_bρ_{cr}

. (21)

Here we used the equality M_∗n_∗(z_b) = ξρ_b(z_b), where M_∗ ∼ 100M_⊙ is a typical mass of Pop III presupernova and ρ_b(z_b) = Ω_bρ_{cr}(1 + z_b)^3 is the total baryonic mass density at epoch z_b, where for the baryonic gas density at z = 0 we use the WMAP [15] value Ω_bρ_{cr} = 4.27 × 10^{−31} g/cm^3. For M_∗ = 100M_⊙ the SN energy release can be conservatively estimated as W^p_{SN} ∼ 10^{51} erg. As a result we obtain for the case of Eq. (17) the reasonable value ξ = 1.4 × 10^{−2}, i.e. about 1% of the total baryonic mass processed by Pop III presupernovae.

If to assume that each SN explosion leaves behind a black hole with mass M_{bh} ∼ 3M_⊙, the fraction of baryonic mass in the form of these black holes is only η = ξM_{bh}/M_∗ ∼ 4 × 10^{−4}.

A. ν̄e + e^− → W^− → hadrons resonance. The resonant production of hadrons by UHE ν̄_eneutrinos is a remarkable feature and signature of the Pop III bright phase model.

The resonant production of W-bosons was first proposed by S.L. Glashow in 1960 [36] for the generation of high energy muons in the reaction ν̄_e + e^− → W^− → μ^− + ν̄_μ. In 1977 Berezinsky and Gazizov [37] suggested another channel of the Glashow resonance ν̄_e + e^− → W^− → hadrons for the detection of UHE neutrinos. The resonant neutrino energy is given by

E_0 = m^2_W /(2m_e) = 6.3 × 10^6 GeV, (22)

and the rate of resonant events ν_{res} in a detector with total number of electrons N_e is determined by the exact formula derived in [37]:

ν_{res} = 2πN_eσ_{eff} J_{ν̄e} (E_0)E_0, (23)

where J_{ν̄e} (E_0) is the diffuse flux at the resonant energy E_0, N_e = (5/9)M/m_H is the number of electrons in the underground detector with mass M, 2π is the solid angle at which a deep-underground detector is open for resonant neutrinos (for the detailed calculations see [38]), σ_{eff} = (3π/ √ 2)G_F = 3.0 × 10^{−32} cm^2 is the effective cross-section obtained by integration of the Breit-Wigner cross-section over energy.

The flux of ν̄_e-neutrinos produced in pγ_{cmb} collisions is strongly suppressed and appears mostly due to oscillations as has been already anticipated in [37]. According to recent calculations, J_{ν̄e} (E) is approximately the same for all flavours, namely it is about 1/6 of the all-flavour neutrino flux.

For the application of the Glashow resonance to the Pop III bright phase, we have to first determine z_b. It can be found from the condition that the energy of the parent proton for the resonant neutrino at z_b must be above the critical energy E_c/(1+z_b), at which the energy losses for pion and e^+e^−-pair production are equal. Using E_c = 6 × 10^{19} eV one has

1 + z_b = ( E_c 20E_0 )_{1/2} = 21.8, (24)

which coincides with our assumption z_b = 20.

The attractive feature of this model is that it imposes milder constraints on E^{acc}_{max}. Indeed, the energy of the parent proton for resonant neutrino at z_b is E_p(z_b) = 20E_0(1 + z_b) = 2.8 × 10^{18} eV, which is considerably lower than E^{acc}_{max} discussed in section II. Below we assume E^{acc}_{max} = 1 × 10^{19} eV.

We calculate now the rate of the resonant events in IceCube with effective mass M ∼ 1 × 10^9 t. According to Eq. (23), there is only one unknown quantity for the calculations, the flux J_{ν̄e} (E_0), which we take as maximal, namely corresponding to the cascade upper limit ω^{max}_{cas} = 5.8 × 10^{−7} eV/cm^3. Using Eq. (16) for the neutrino flux with ω_p(z_b)/(1 + z_b)^4 from Eq. (20), and assuming equipartition of neutrino flavours with a fraction 1/6 for ν̄_e, we obtain the rate of the resonant events in IceCube as

ν_{res} = 0.1c 12 N_eσ_{eff} ln(E^{max}_b /ε_{pair}) ω^{max}_{cas} E_0

(25)

In more accurate calculations, where one takes into account that decaying pions transfer only half of their energy into e-m cascade, E^{max}_b in Eq. (25) should be substituted by √ E^b_c E^{max}_b , and the rate of events reaches ν_{res} = 1.3 yr^{−1}. In fact, this rate is not the maximal one, because as already mentioned above, ω^{max}_{cas} = 5.8 × 10^{−7} eV/cm^3 was obtained for z = 0, while for z_b = 20 this limit is higher. Most probably each resonant event with tremendous energy release 6.3×10^{15} eV in the form of nuclear and electromagnetic cascades will be detected in IceCube. Ten well identified events with equal energies during five years of observations is a good enough signature of Pop III bright phase model with z_b ≥ 20.

V. CONCLUSIONS

There are theoretical and observational indications that the first star formation, the galaxy formation and AGN went through a phase of enhanced activity at high redshifts, z ∼ 10 − 20 (e.g. low metallicity stars and the observation of about 20 quasars at z ∼ 5 − 6.4 [21]).

In this paper we concentrate upon a bright phase in the stellar evolution, in the form of Pop III stars. These astrophysical objects play an important role in at least two ways: 1) they enrich the universe with the metals that appear to be necessary for the formation of Pop II stars, thereby bridging the gap between the chemical composition of the universe as predicted by BBN and the one observed in nowadays universe. 2) Pop III stars may reionize the universe, at a redshift that WMAP observations measure as z_{reion} = 11.0 ± 1.4

Both the metal enrichment and the reionization require that Pop III stars are short-lived and therefore very massive stars, typically with M_∗ >∼ 100M_⊙, which explode as supernovae. In the mass range 140M_⊙ <∼ M_∗ <∼ 260M_⊙ the star is fully disrupted due to the e^+e^− pair-instability. In the mass range outside this interval a massive black hole and disc are produced, with ejection of gas in the form of jets. In both cases a SN explosion results in a shock where particle acceleration may take place. In the low-mass limit M ∼ (15 − 40)M_⊙ the energy release is W_{SN} ≈ 2 × 10^{51} erg [33], at large masses M > 100M_⊙ it may exceed 10^{53} erg. In case of a very massive black hole the energy output can be much higher due to the Blandford-Znajek effect.

Here we concentrated on the possibility that diffusive particle acceleration may take place at the shocks that are generated when Pop III stars explode. The medium in which these SN explosions occur is expected to be made mainly of hydrogen (75 %), with a small contamination of helium and other light elements. Although a metal contamination must appear and increase once the bright phase starts, we expect that this represents a weak effect. Therefore, we considered protons as the main component of accelerated particles.

We discussed at length three delicate aspects of the problem of acceleration: 1) the formation of collisionless shocks around primordial stars; 2) the generation of magnetic field; 3) particle scattering and acceleration.

Pop III stars are the most natural sources of reionization of the universe due to their high temperature and luminosity [16]. The reionization of the universe is a crucial ingredient of our discussion, since in the absence of such a phenomenon the collisionless shocks asociated with SN explosions would hardly form or would have very peculiar characteristics. These shocks are formed because of the mediation of electromagnetic instabilities such as the Weibel instability that was found to be effective even in the absence of a pre-existing magnetic field. The generation of magnetic field is just a different aspect of the problem of shock formation, in that the presence of magnetic field is the very reason why particle motion is slowed down, thereby fulfilling the Rankine-Hugoniot conditions at the shock surface. Magnetic field can also be formed downstream of the shock if the upstream plasma contains density inhomogeneities that induce shock corrugation and eventually lead to eddies that may considerably amplify a magnetic seed [40]. For relativistic shocks, amplication of the magnetic field by a macroscopic turbulent dynamo triggered by the Kelvin-Helmholtz shear instability has been investigated in [41].

It is worth stressing that in these cases the magnetic field is formed behind the shock surface and advected downstream. It is therefore not useful in terms of scattering the particles upstream of the shock, a necessary condition for particle acceleration. Magnetic field can be produced upstream of the shock through streaming instability excited by accelerated particles. This instability can be excited in a resonant or non-resonant way, the former being in general slower for fast shocks but more effective in scattering accelerated particles. We found that these processes can hardly allow particles to reach energies in excess of 10^{19} eV for fast but non-relativistic shocks, although higher E_{max} can be possibly obtained if numerous SNe explode in the same region.

Higher maximum energies, in excess of 10^{20} eV have been widely discussed and claimed to be achievable in the case of relativistic motion of the SN ejecta [27, 29] that are thought to occur in GRB afterglows (see however discussion in section II).

UHE neutrinos in our model are produced in pγ_{cmb} collisions. The energy of CMB photons is (1 + z_b) times higher than at z = 0, and the density of these photons is (1 + z_b)^3 times larger. We assume that a burst of UHE proton generation occurs at redshift z_b and consider two values z_b = 10 and z_b = 20 as benchmark cases. The generation spectrum is assumed to be ∝ E^{−2} with E^{acc}_{max} = 1 × 10^{20} eV or somewhat less. With these assumptions, the neutrino flux, given by Eq. 16), is fully determined by the basic parameter represented by the energy density ω_p(z_b) of UHE protons at epoch z_b, recalculated at the present epoch ω_p = ω_p(z_b)/(1 + z_b)^4 (see Eq. (16) ). In order to have the muon-neutrino flux detectable by IceCube, this parameter must be ω_p >∼ 1 × 10^{−6} eV/cm^3. The dominant number of detected events is confined within a limited energy interval centered at energy E^c_ν = 7.5 × 10^{15}(20/z_b)^2 eV (Eq. (12). At this energy the detected flux has a weak maximum. The predicted flux with the value of ω_p given above is detectable by IceCube and respects the cascade upper limit on cosmogenic neutrinos and SN energetics for Pop III stars.

A unique signature of the Pop III burst model may be provided by ν̄_e neutrinos interacting in a detector through the resonant reaction ν̄_e +e^− → W^− → hadrons. The resonant energy of the neutrino is given by Eq. (22) as E_0 = 6.3 × 10^{15} eV, and the rate of neutrino events in a detector is determined by one unknown quantity, the neutrino flux at energy E_0, J_{ν̄e} (E_0), see Eq. (23). We take this flux as to saturate the cascade upper limit corresponding to the cascade energy density ω^{max}_{cas} = 5.8×10^{−7} eV/cm^3, though in the model with fixed z_b this limit is expected to be higher. The redshift of the burst z_b, or more precisely its lower limit, can be found from the condition that the energy E_p(z_b) of a proton, parent of the resonant neutrino, must have energy higher than E_c(z_b), at which pion energy losses at epoch z_b exceed those for e^+e^− production. This condition determines the burst redshift as z_b = 20.8, see Eq. (24). The resonant events can be observed in IceCube through the Cerenkov light from nuclear and e-m cascades with energy E_0. In IceCube the predicted frequency of resonant events for the flux at the cascade upper limit is rather low, about 10 events in 5 years, but with a tremendous energy deposit, the same for all events. This may provide us with a reasonable signature of the model discussed here. These events are accompanied by muons with energies of order 0.5E^c_ν ∼ 4 × 10^{15} eV.

[1] V. S. Beresinsky and G. T. Zatsepin, Phys. Lett. B 28, 423 (1969); Sov. J. Nucl. Phys. 11, 111 (1970), F. W. Stecker, Ap. Sp. Sci.,20, 47 (1973).

[2] R. Engel, D. Seckel, T. Stanev, Phys. Rev. D 64, 093010 (2001), O. E. Kalashev, V. A. Kuzmin, D. V. Semikoz, G. Sigl, Phys. Rev. D 66, 063004 (2002), D. V. Semikoz and G. Sigl, JCAP 0404, 003 (2004), D. Seckel and T. Stanev, Phys. Rev. Lett., 95, 141101 (2005), T. Stanev et al, Phys. Rev. D 73, 043003 (2006), V. Berezinsky, Nucl. Phys. Proc. Suppl., B 151, 260 (2006), D. Allard et al., JCAP 9, 5 (2006), H. Takami, K. Murase, S. Nagataki, K. Sato, Astropart. Physics, 31, 201 (2009), K. Kotera, D. Allard, A. Olinto, JCAP 10, 13 (2010), [3] A. Letessier-Selvon and T. Stanev,arXiv:1103.0031, K. Kotera and A. V. Olinto, arXiv:1101.4256.

[4] E. Waxman and J. Bahcall, Phys. Rev. D 59, 023002 (1998).

[5] V. Berezinsky, Invited talk at Int. Conf. Neutrino 2010, arXiv:1102.3591 [6] V. S. Berezinsky and A. Yu. Smirnov, Astrophys. Sp. Sci.

32 461 (1975), for recent works see Z. Fodor, S. D. Katz, A. Ringwald and H. Tu, JCAP 0311, 015 (2003); K. Kotera, D. Allard and A. V. Olinto, JCAP 10, 13 (2010).

[7] A. A. Abdo et al. [Fermi-LAT collaboration], arXiv:1002.3603.

[8] V. Berezinsky, A. Gazizov, M. Kachelrieß, S. Ostapchenko, Phys. Lett. B 695, 13 (2011),arXiv:1002.3444; M. Ahlers et al., Astropart. Phys. 34, 106 (2010), arXiv:1005.2620; G. B. Gelmini, O. Kalashev, D. V. Semikoz, arXiv:1107.1672 .

[9] J. Abraham et al. [Pierre Auger Collaboration], Phys.

Rev. Lett. 104, 091101 (2010), P. Abreu, [Pierre Auger Collaboration], 32 ICRC, arXiv:1107.4804 [10] P. Sokolsky (for HiRes Collaboration) arXiv:1010.2690. [11] C. C. H. Jui (for Telescope Array Collaboration), arXiv:1110.0133.

[12] D. Hooper, A. Taylor, S. Sarkar, Astropart. Phys.

23, 11 (2005); M. Ave et al., Astropart. Phys., 23, 19 (2005); D. Allard et al., JCAP 0609, 005 (2006).

[13] V. S. Berezinsky, Proc. Int. Conference ’Neutrino-77’ Elbrus 1977, v.1, p.177, V. S. Berezinsky and L. M. Ozernoy, Astron. Astrophys. 98, 50 (1981).

[14] V. S. Berezinsky, S. V. Bulanov, V. A. Dogiel, V. L. Ginzburg and V. S. Ptuskin, Astrophysics of

Cosmic Rays, Chapter VIII, 10d (Elsevier, Amsterdam (1990).

[15] G. Hinshaw et al (WMAP Collaboration) , Ap.J. Supplement Series 180, 225 - 245 (2009).

[16] A. Venkatesan and J. W .Truran, Astrophys.J. 594, L1 (2003). arXiv:astro-ph/0304388 and references threin.

[17] J.L. Johnson and S, Khochar arXiv:1105.3207 and references threin.

[18] V. Bromm, N. Yoshida, L. Hernquist, Astrophys.J.596 L135 (2003), arXiv:astro-ph/0305333 [19] S. Gao, K. Toma, P. Meszaros, Phys. Rev. D83, 103004 (2011).

[20] S.E. Woosley, A. Heger, T. A. Weaver, Rev. of Mod.

Phys. 74, 1015 (2002); A. Hager andb S. Woosley, Life and Death of Pop III Stars in “First Star III” conference, Santa Fe, 2005; B. W. O’Shea, C. F. McKee, A. Hager, T. Abel, “First Stars III” conference summary. arXiv:0801.2124.

[21] T. Goto et al., arXiv:1104.1636.

[22] A. Spitkovsky, Astrophys. J. Lett. 39, 673 (2008). [23] P. Blasi, E. Amato, and D. Caprioli, MNRAS 375, 1471 (2007).

[24] A.R. Bell, MNRAS 182, 147 (1978). [25] A.R. Bell, MNRAS 353, 550 (2004).

[26] E. Amato, and P. Blasi, MNRAS 392, 1591 (2009). [27] A. Achterberg et al., MNRAS 328, 393 (2001) [Eprint arXive: astro-ph/0107530).

[28] E. Waxman, Phys. Rev. Lett. 75, 386 (1995). [29] M. Vietri, Astrophys. J. 453, 883 (1995). [30] M. Lemoine and B. Revenu, MNRAS 366, 635 (2006). [31] F. Miniati, and A.R. Bell, Astrophys. J. 729 (2011) 73. [32] R. Cen, Astrophys. J. 591, 12 (2003), [Eprint:

arXiv:0210473].

[33] C. C. Joggerst et al., arXiv:0907.3885.

[34] V. S. Berezinsky and S. I. Grigor’eva, Astron.& Astrophys. 199, 1 (1988).

[35] V. Berezinsky, A. Z. Gazizov and S. I. Grigorieva, Phys.

Rev. D 74, 043005 (2006).

[36] S. L. Glashow, Phys. Rev. D 118, 316 (1960). [37] V. S. Berezinsky and A. Z. Gazizov, JETP Lett. 25, 254 (1977); V. S. Berezinskii, S. V. Bulanov, V. A. Dogiel, V. L. Ginzburg and V. S. Ptuskin, Astrophysics of Cosmic Rays, Chapter VIII, (Elsevier, Amsterdam (1990).

[38] V. S. Berezinsky and A. Z. Gazizov, Sov. J. Nucl. Phys.

33, 120 (1981).

[39] R. Abbasi et al. [IceCube Collaboration], Phys. Rev. D 84, 082001 (2011), arXiv:astro-ph 1104.5187 J. Ahrens et al. [IceCube Collaboration], Astropart. Phys. 20, 507 (2004) [Eprint: arXiv:astro-ph/0305196].

[40] J. Giacalone and J.R. Jokipii, Astrophys. J. Lett. 663 (2007), 41.

[41] W. Zhang, A. Macfadyen, and P. Wang, Astrophys. J.

Lett. 692 (2009) 40.