arXiv:1207.6648v2 [hep-ph] 20 Nov 2012

Neutrino oscillations above black hole accretion disks: disks with electron-flavor emission

A. Malkus,^{1, ∗} J. P. Kneller,^{1, †} G. C. McLaughlin,^{1, ‡} and R. Surman^{2, §} 1Department of Physics, North Carolina State University, Raleigh, NC 27695 USA. 2Department of Physics and Astronomy, Union College, Schenectady, NY 12308 USA (Dated: November 21, 2012)

Black hole accretion disks can form through the collapse of rotating massive stars. These disks produce large numbers of neutrinos and antineutrinos of electron flavor that can influence energetics and nucleosynthesis. Neutrinos are produced in sufficient numbers that, after they are emitted, they can undergo flavor transformation facilitated by the neutrino self interaction. We show that some of the neutrino flavor transformation phenomenology for accretion disks is similar to that of the supernova case, but also, we find the disk geometry lends itself to different transformation behaviors. These transformations strongly influence the nucleosynthetic outcome of disk winds.

PACS numbers: 14.60.Pq Keywords: neutrino mixing, neutrino-neutrino interaction, accretion disk

I. INTRODUCTION

Accretion disks are a compelling astrophysical setting, the properties of which are still being understood. Sophisticated numerical models have examined the origins of the disks and their structure. The disks may arise out of mergers between neutron stars [1, 2], between a neutron star and a black hole [3], or as a result of some stellar collapses [4–6]. It has been suggested that accretion disks could play an important role in the production of gamma ray bursts [7, 8] and they have also been studied as possible sites for nucleosynthesis in the absence of neutrino oscillations [9–16]. Disks that originate from stellar collapse with sufficiently high accretion rates are understood to have a region of trapped neutrinos with mean energies of tens of MeV. These disks emit primarily electron and anti-electron type neutrinos and relatively little mu and tau type. The emission surface of the neutrinos generally exceeds that of the antineutrinos, but the antineutrinos have higher temperatures [10, 17, 18]. We focus on these features of the stellar collapse case.

Beginning in the early 1990s, it was realized [19] that coherent forward scattering of neutrinos could impact neutrino oscillation, resulting in coherence between neutrinos of different energies and parametric resonances [20]. Therefore, we expect that neutrino-neutrino interactions will play an important role in neutrino oscillations above disks. Neutrino oscillations involving neutrino-neutrino interactions have been extensively studied in general and in the contexts of the early universe and supernovae [21–35]. When restricted to two flavors, the numerical results in regions of high neutrino density have been analyzed in terms of an analogy to precession and nutation of spins in a magnetic field [36– 38]. This analogy is called the Neutrino Flavor Isospin (NFIS) picture. Another approach was to use the techniques of BCS theory [39]. The early calculations assumed that interacting neutrinos shared a common history, in what is known as the single angle approximation [40]. Calculations that compute the histories of neutrinos across many trajectories resulted in effects not seen in the single angle approximation, including the decoherence of different energy modes [41, 42]. Numerical calculations [43–46] showed that oscillations split the neutrino spectra among flavors at discrete energies. These so-called spectral splits depend on the adiabaticity of the oscillations [39, 47]. They can be understood in terms of the NFIS picture as a magnetic resonance phenomenon [48].

Neutrino-neutrino interactions above disks were studied by Dasgupta et al. [49]. They generalized self-maintained coherence behavior –where neutrinos of different energies oscillate as a single mode– to a disk geometry. For their disk geometry, Dasgupta et al. studied two identical, circular disks, without black holes at the center, emitting both

∗Electronic address: acmalkus@ncsu.edu †Electronic address: jim˙kneller@ncsu.edu ‡Electronic address: gcmclaug@ncsu.edu §Electronic address: surmanr@union.edu

neutrinos and antineutrinos, with number densities fixed to a constant ratio, so that neutrinos dominated the selfinteraction term. Coherent forward scattering of neutrinos on electrons (matter) was included by assuming a small mixing angle. With this model, a single “nutation” region, similar to that found in supernovae, was found when the neutrino densities became sufficiently low.

In this paper, we create disk models that reflect the qualitative understanding we have of black hole accretion disks that originate from stellar collapse and include an explicit matter interaction term. We choose our neutrino and antineutrino disks to have different temperatures and different radii, so that the ratio between the neutrino flux densities will not be fixed, but will vary with position.

Typically, the antineutrino disk will be hotter than the neutrino disk, but smaller. Therefore, there are two basic relationships the densities may have above the disks. Neutrinos may always dominate or antineutrinos dominate near the disk while neutrinos dominate further away. Our disks have “holes” in the center, from which no neutrinos or antineutrinos are emitted. This region corresponds to the space close to the black hole within its last stable orbit. To these disks, we add a nontrivial electron density.

We also consider the role that neutrino flavor transformation plays in nucleosynthesis. The impact of matterenhanced neutrino flavor transformation core collapse supernovae nucleosynthesis has been considered in e.g. [50–53] and the impact of self interaction on supernova nucleosynthesis has been considered in [54, 55]. However, the impact of flavor transformation in disk nucleosynthesis has not been previously evaluated.

In section II we outline our two general disk models and in section III we outline our method. In section IV, we perform a single angle numerical computation of three flavor neutrino oscillations in these disks. In section V, we analyze the results, and find a new type of transition region in accretion disks. In section VI we discuss the ramifications for nucleosynthesis and in section VII we conclude.

II. DISK MODEL

A. General Features of Accretion Disks

Our goal is to use a model that reproduces some general features of disks. The material near the plane of the disk is hot and protons and neutrons exist as free nucleons participating in the reactions of equation 1 as well as other scattering interactions. n + ν_e ⇀↽e^− + p p + ν̄_e ⇀↽e^+ + n (1) For some disks with low accretion rates, below ∼ 0.1 M_⊙/s, the reactions primarily proceed from right to left since electron neutrinos and electron antineutrinos are not trapped [56].

As the accretion rate increases above ∼ 0.1 M_⊙/s, the rates for neutrino interactions increase as well. Where the disk is hottest, near the plane of the disk, the neutrinos may be trapped [17]. Further away, they can stream freely. For disks with high accretion rates, ∼ 1 M_⊙/s, both electron neutrinos and antineutrinos are trapped [10, 18], although the emission surface of the electron neutrinos is more extended along the plane of the disk. In addition, electron antineutrinos begin to free stream closer to the plane of the disk than electron neutrinos. Therefore, electron antineutrinos are hotter than the electron neutrinos when they are both free streaming, but the electron neutrinos originate from a larger emission surface.

Other flavors of neutrinos, including ν_μ and ν_τ are trapped in disks with high accretion rates, eg ∼ 10 M_⊙/s [2, 57]. They can produce a range of nucleosynthesis [58] and are interesting because they may be sites for r-process nucleosynthesis. We will not address them here, because they do not typically originate from stellar collapse.

Given these considerations, we focus on two disks that describe two qualitatively different pictures. The flux above a disk can be antineutrino dominated close to the emission surface (since the antineutrinos are hotter) but neutrino dominated far from the disk since the neutrino emission surface is larger, and the disk is radiating net lepton number. This is the situation that one would expect from the type of steady state disk models described in Surman and McLaughlin [10] and Chen and Beloborodov in [18]. The other situation that can occur is that the flux above the disk is always neutrino dominated.

Model Tν Tν̄ Rν Rν̄ R0 A 3.2 MeV 3.4 MeV 1.5 × 10^7 cm 10^7 cm 3.2 × 10^6 cm B 3.2 MeV 4.1 MeV 1.5 × 10^7 cm 10^7 cm 3.2 × 10^6 cm

TABLE I: Parameters corresponding to models in this paper, including Tν , the temperature of the neutrino emitting surface; Tν̄ , the temperature of the antineutrino emitting surface; Rν , the outer radius of the neutrino emitting disk; Rν̄ , the outer radius of the antineutrino emitting disk; and R0, the inner radius of both the neutrino and antineutrino emitting disks.

B. Our Models

We use two models that reproduce the features discussed in the section II A. We take disks to be thin, geometrically flat with a hole in the center with a constant temperature throughout. These temperatures determine the neutrino fluxes entirely since we characterize the spectrum with Fermi-Dirac distributions with zero chemical potential. The disks emit only electron neutrinos and antineutrinos and we assume that the neutrinos and antineutrinos emitted from the disks follow straight line paths, not relativistic paths.

We chose two relationships between the neutrino and antineutrino disks. These disks are summarized in table I. First, we look at a disk where the neutrinos are slightly cooler than antineutrinos but have a larger disk. We call this model A. It is the most qualitatively similar to the proto-neutron star: the trajectory we follow above this disks will be dominated by neutrinos. We also look at a disk which is motivated by the disks discussed in [10, 18] where antineutrinos are significantly hotter than the neutrinos, but again the neutrinos have a larger disk. We call this model B. The trajectory above this disk will start out dominated by antineutrinos near the disk surface and at some further position will be dominated by neutrinos.

We take the electron densities to be consistent with a wind type of outflow as discussed e.g. in [58], and use the same electron density in both models. We give the explicit form of the parametrization in section VI.

We examine both disks in the normal and inverted hierarchies. The vacuum neutrino mixing parameters were taken to be the mass squared differences, m^2 − m^2_1 = δm^2_1 = 7.59 × 10^{−5} eV^2, | |m2_3 − m2 | | = | |δm2_{32} | | = 2.43 × 10−3 eV2; and the mixing angles, θ_{13} = 9^∘, θ_{12} = 34.4^∘ and θ_{32} = 45^∘. These choices are consistent with the current PDG values [59].

III. NEUTRINOS

Neutrino oscillations are governed by an equation with the ambient neutrino potential, the vacuum contribution and a contribution from interactions with electrons and positrons, i d dt S(Ω, q, x, t) = (H_V (q) + H_e(x, t) + H_{νν} (x, t)) S(Ω, q, x, t) (2)

where t is the time elapsed, x is the neutrino position, and

H_{νν} (x, t) = √ 2G_F ∫_∞ 0 dq ∫ Ω (1 − cos Θ_{qq}′ ) (ρ_ν (Ω, q, x, t)dn_ν (Ω, q, x, t) − ρ_{ν̄} (Ω, q, x, t)dn_{ν̄} (Ω, q, x, t)) (3)

The integration variable, q is the energy of an ambient neutrino that shapes the potential. The infinitesimals, dn_ν (Ω, q, x, t) and dn_{ν̄} (Ω, q, x, t) are the densities of neutrinos and antineutrinos and Θ_{qq}′ is the angle between a neutrino with momentum q^′ and an ambient neutrino with momentum q. The information about density evolution is contained in S(Ω, q, x, t), the scattering matrix that evolves the neutrino density matrix, ρ_ν (Ω, q, x, t): ρ_ν (Ω, q, x, t) = S(Ω, q, x, t)ρ_ν (Ω, q, x, 0)S^†(Ω, q, x, t). The antineutrino density matrix, ρ_{ν̄} (Ω, q, x, t) is similarly evolved by another scattering matrix, S̄(Ω, q, x, t). We will take both the neutrino and antineutrino density matrices to start with all of the neutrinos and antineutrinos in the electron flavor. The matrix, H_V is the vacuum Hamiltonian.

The matter Hamiltonian is proportional to V_e(x, t) = √ 2G_F (N_e− (x, t)−N_e+ (x, t)), the contribution from neutrinos interacting with electrons and positrons, where N_e∓ (x, t) is the electron(positron) density which is then scaled by √ 2G_F , where G_F is Fermi’s constant.

The difference between the accretion disk case and the protoneutron star is the geometry of the source. To handle the symmetries of the disk, we define a coordinate system based on the location of a neutrino, as shown in Figs. 1 and 2. We consider a neutrino that is a distance x from the center of the disk and a distance z above. From

FIG. 1: A side view of the disk. The solid (red) star indicates the origin of the neutrino on a flat disk with a straight-line trajectory. The empty star indicates the current position of the neutrino above the disk.

FIG. 2: A bird’s eye view of the disk. The z axis is coming out of the page. The solid (red) star indicates the origin of the neutrino on the disk.

these coordinates, we define θ, the angle between the z axis and the neutrino momentum. We also define ϕ, the angle between the x axis and the projection of the neutrino momentum. This information completely characterizes straight-line trajectories.

In the coordinate system of Figs. 1 and 2, the angle between the ambient neutrino with coordinates ϕ and θ, and the other neutrino with coordinates ϕ^′ and θ^′ can be written

cos Θ_{qq}′ = cos θ^′ cos θ + sin θ^′ sin θ cos(ϕ^′ − ϕ), (4)

for all pairs of neutrino trajectories. The electron neutrino and antineutrino densities are dn_ν (Ω, q, x, t) and dn_{ν̄} (Ω, q, x, t) respectively.

dn_{ν(ν̄)}(Ω, q, x, t) = Φ_{ν(ν̄)}(q)dϕd(cos θ) 4π , (5)

where Φ_{ν(ν̄)} is the flux of neutrinos(antineutrinos).

In this work, we use the single angle approximation. This assumption factorizes the angular and energy integrals in equation 2 and is equivalent to assuming all neutrinos along every trajectory behave identically. Because we apply a single angle approximation and because we take the disks to have constant temperature, we can factor the integral of equation 2 into more manageable parts, H_{νν} (x, t) √ 2G_F = ∫_∞ 0 dq ∫ Ω (1 − cos Θ_{qq}′ ) (ρ_ν (Ω, q, x, t)dn_ν (Ω, q, x, t) − ρ_{ν̄} (Ω, q, x, t)dn_{ν̄} (Ω, q, x, t)) = 1 4π ∫_∞ 0 Φ_ν (q)dq ∫ Ω_ν

(1 − cos Θ_{qq}′ ) ρ_ν (Ω, q, x, t)dϕd(cos θ) − 1 4π ∫_∞ 0 Φ_{ν̄} (q)dq ∫ Ω_{ν̄}

(1 − cos Θ_{qq}′ ) ρ_{ν̄} (Ω, q, x, t)dϕd(cos θ). (6)

where the Ω_{ν(ν̄)} reminds us to take the integral over the appropriate range of angles for the neutrino (antineutrino) disk. This term can be further simplified and the θ integrals can be performed analytically.

H_{νν} (x, t) = −G_F z √ 2π ∫_∞ 0 ( Φ_ν (E)ρ_ν (E, x, t) ∫_{Rν} R_0 C(r, x, t)rdr − Φ_{ν̄} (E)ρ^∗_{ν̄} (E, x, t) ∫_{Rν̄} R_0 C(r, x, t)rdr ) dE, (7) where C(r, x, t) = π ( (l + m) (z cos θ^′ + x sin θ^′ cos ϕ^′) − 4x sin θ^′ cos ϕ^′ ( x^2 + z^2 )) 2 (lm)^{3/2} − 2E (_{m−l} m ) √ ml , (8)

with R_0 is the last stable orbit, R_{ν(ν̄)} is the radius of the (anti)neutrino disk, E is the (anti)neutrino energy l = (x − r)^2 + z^2, m = (x + r)^2 + z^2 and E(M) is the complete elliptic integral of the second kind. Therefore, we perform both the energy and r integrations numerically.

IV. CALCULATION

Using the disk models described in section II and the technique described in section III, we calculate neutrino flavor transformation in both hierarchies. We follow the path of neutrinos from a position of x = z = 3 × 10^6 cm along the x = z trajectory. We plot the results in Figs. 3, 4. 5 and 6. The upper plots show the neutrino (red, solid) and antineutrino (red, dot-double-dashed) weighted survival probability as a function of progress along the trajectory. The weighted survival probability is taken to be the ratio between the oscillated and unoscillated neutrino capture rates, i.e. the rates of Eq. 1, and is independent of energy. The lower plots show the interaction strengths for various contributions to the Hamiltonian in units of ergs. The red line is T r(H_{νν} ). If the term is dominated by neutrinos T r(H_{νν} ) > 0, the line is solid and if dominated by antineutrinos T r(H_{νν} ) < 0, it is dot-double-dashed. The cyan dotted line shows V_e(t) while the blue dashed and green dot-dashed show the vacuum strengths,

δm^2_{13} 2 ⟨E⟩ , δm^2_{12} 2 ⟨E⟩ (9) for the mean energy, ⟨E⟩.

First we use model A where the neutrino disk is larger than the antineutrino disk and slightly cooler, so that the neutrino flux is always larger than the antineutrino flux. We show the results for each hierarchy in Figs. 3 and 4. In the inverted hierarchy, dramatic transitions are first seen when electron density drops enough to come close to the δm^2_{13} vacuum scale just before 10^8 cm; in the normal hierarchy, the probability remains almost flat until transitions occur at ∼ 2 × 10^8 cm.

Our second model, model B, entails a neutrino disk that is large, but cooler than the antineutrino disk. The antineutrino disk contributes more to the flux close to its surface but further away, the neutrino disk takes over. The contribution to the evolution from neutrino-neutrino interaction changes sign somewhere above the disk. The results are shown in Figs. 5 and 6. The results are similar for both hierarchies. The weighted electron neutrino survival probability begins at unity. As the neutrino-neutrino interaction strength changes sign, the survival probability plummets. The transition begins when the neutrino-neutrino interaction strength is approximately the same magnitude as the neutrino-matter interaction strength (up to the vacuum contribution) but opposite in sign. The survival probability rises for the antineutrinos again as neutrino-neutrino interaction strength and the neutrino-matter interaction strength are again the same.

FIG. 3: Model A; inverted hierarchy. Electron neutrino survival probability and strengths of the neutrino-neutrino interaction term for the inverted hierarchy. Upper plot: Weighted survival probability of electron neutrinos (red, solid) and electron antineutrinos (red, dot-double-dashed) as a function of the progress along the trajectory. The weighted survival probabilities are ratios of the energy integrated neutrino and antineutrino capture rates. All neutrinos began in the electron flavor at x = z = 3 × 10^6 cm. Lower plot: Comparison between the strength of the neutrino-neutrino interaction (red line), the vacuum strengths (blue and green dashed lines), and the neutrino-matter interaction strength (cyan dotted line). Regions of types (I) and (II) are labeled in the upper panel.

V. ANALYSIS

We see three kinds of regions among our models, and associate them with different circumstances.

(I) Standard MSW transitions that occur when the neutrino-matter interaction strength cancels the vacuum strength.

(II) Transitions that occur when the neutrino-neutrino interaction strength is about the same scale as the vacuum strength. These are associated with nutation oscillations in the NFIS picture.

(III) Transitions that occur when the neutrino-neutrino interaction strength is the same size as the neutrino-matter interaction strength, and both are much larger than the vacuum strength. These are associated with the canceling of those terms.

Standard MSW transitions, type (I) are well understood. They become important to both our models beginning at several times 10^8 cm in Figs. 3, 4, 5, and 6, when low energy contributions from the neutrino flux begin to hit the MSW resonances. Neutrinos will undergo resonant transitions when the neutrino-matter interaction strength reaches the vacuum strength, δm^2_{12}/2E; The hierarchy determines whether neutrinos or antineutrinos undergo oscillation enhancement at δm^2_{13}/2E. The MSW transitions are energy dependent, but since we have presented survival probabilities with the energy dependence integrated out, there is no single position where the effect takes place. In Fig. 3 for model A, a type (I) region associated with δm^2_{13}/2E occurs between about 2 × 10^8 cm and 10^9 cm, where the survival probability for electron antineutrinos rises. In the same figure, the region associated with δm^2_{12}/2E appears between about 10^9 cm and 10^{10} cm where the electron neutrino survival probability drops slowly. Similarly, the type (I) region associated with δm^2_{13}/2E for model B in the inverted hierarchy is where the survival probability for electron antineutrinos drops between about 2 × 10^8 cm and 10^9 cm in Fig. 5. In the normal hierarchy, the MSW effects are most important for δm^2_{12}/2E, again, appearing between about 10^9 cm and 10^{10} cm. Figure 4 shows a small rise in the electron neutrino survival probability in this region for model A, and Fig. 6 shows a significant rise in the electron neutrino survival probability for model B.

FIG. 4: Model A; normal hierarchy. Weighted electron neutrino survival probability and strengths of the neutrino-neutrino interaction term for the normal hierarchy. Upper plot: Weighted survival probability of electron neutrinos (red, solid) and electron antineutrinos (red, dot-double-dashed) as a function of the progress along the trajectory. The weighted survival probabilities are ratios of the energy integrated neutrino and antineutrino capture rates. All neutrinos began in the electron flavor at x = z = 3 × 10^6 cm. Lower plot: Comparison between the strength of the neutrino-neutrino interaction (red line), the vacuum strengths (blue and green dashed lines), and the neutrino-matter interaction strength (cyan dotted line). Regions of types (I) and (II) are labeled in the upper panel.

A region of type (II) appears in our model A in the inverted hierarchy just before 10^8 and in the normal hierarchy somewhat after 10^8 cm as seen in Figs. 3 and 4. The transformations occur as the neutrino-neutrino interaction strength approaches the vacuum scales, δm^2_{13}/(2 ⟨E⟩) and δm^2_{12}/(2 ⟨E⟩). This causes a drop in probability for both neutrinos and antineutrinos in both hierarchies. Nutation oscillations in an anisotropic environment have been studied previously for the protoneutron star [38, 60]. In the NFIS picture, as articulated in [38] and [60], strong oscillations are expected in such a region and are associated with nutation in the inverted hierarchy, where as smaller oscillations are expected in the normal hierarchy.

Previous calculations for neutrino flavor transformation in disks in the inverted hierarchy [49] followed along the same lines: both neutrinos and antineutrinos experienced nearly the same drop in probability in the inverted hierarchy in the type (II) region. We verify such a drop, at around 10^8 cm in Fig. 3 but we find that neutrinos and antineutrinos behave differently. This is expected since we consider disks with neutrino and antineutrino trapped regions of different sizes (also with black holes at the center). Thus in our calculations, the effective angles for the neutrinos and antineutrinos are different.

The normal hierarchy has not previously been considered with a disk geometry. However, it has been studied in a spherical geometry, i.e. the protoneutron star. Bipolar oscillations were studied for the normal hierarchy by Duan, Fuller and Qian [41], who found small amplitude oscillations in regions of type (II) for some parameters. The amplitude of these oscillations was found to depend on the electron density. Our density is much closer to the vacuum scale than the suppressive density considered in [41]. The smaller densities there were associated with larger oscillations in the normal hierarchy.

In model B, we find little evidence for transitions that correspond with the type (II) region. Oscillations arise in a region of type (III) as well. These occur in the normal and inverted hierarchies in model B, but not in model A. In model B, the region of type (III) occurs at about 4 × 10^6 cm and then at 5 × 10^7 cm. To understand why this type of region can produce oscillations, we look at two flavors, simplifying the neutrino-neutrino interaction term to show the structure,

H_{νν} (t) = ( h_{νe} (t) − h_{ν̄e} (t) h_{eμ}(t) h_{μe}(t) h_{νμ} (t) − h_{ν̄μ} (t) ) . (10)

FIG. 5: Model B; inverted hierarchy. Weighted electron neutrino survival probability and strengths of the neutrinoneutrino interaction term the inverted hierarchy. Upper plot: Weighted survival probability of electron neutrinos (red, solid) and electron antineutrinos (red, dot-double-dashed) as a function of the progress along the trajectory. The weighted survival probabilities are ratios of the energy integrated neutrino and antineutrino capture rates. All neutrinos (antineutrinos) began in the electron flavor at x = z = 3 × 10^6 cm. Lower plot: Comparison between the strength of the neutrino-neutrino interaction (red line), the vacuum strengths (blue and green dashed lines), and the neutrino-matter interaction strength (cyan dotted line). Regions of types (I) and (III) are labeled in the upper panel.

The contributions from electron neutrinos, muon neutrinos, electron antineutrinos and muon antineutrinos are given by h_{νe} , h_{νμ} , h_{ν̄e} , h_{ν̄μ} respectively, so that eg,

h_{νe} (t) = √ 2G_F ∫_∞ 0 dq ∫ Ω (1 − cos Θ_{qq}′ ) ρ_{ν,ee}(Ω, q, x, t)dn_ν (Ω, q, x, t), (11) where we’ve suppressed the dependence of h(t) on x. They correspond to the probability of finding a neutrino or antineutrino in a particular flavor state up to the rest of the interaction scale. For example, at the start of our trajectory, before any oscillation, there are only electron flavor neutrinos and antineutrinos, so that h_{νμ} = h_{ν̄μ} = 0 and h_{νe} (t) − h_{ν̄e} (t) = √ 2G_F ∫_∞ 0 dq ∫ Ω (1 − cos Θ_{qq}′ ) (dn_ν (Ω, q, x, t) − dn_{ν̄} (Ω, q, x, t)) . (12)

At an arbitrary time, the total Hamiltonian will be

H_V + H_e(t) + H_{νν} (t) = 1 2 ( V_e(t) −^{hνe (t)−hνμ (t)}_2 +^{hν̄e (t)−hν̄μ (t)}_2 −^{δm2}_{2E} cos 2θ_{12}^{δm2}_{2E} sin 2θ_{12} + 2h_{eμ}(t) δm^2 2E sin 2θ_{12} + 2h_{μe}(t)^{δm2}_{2E} cos 2θ_{12} − V_e(t) +^{hνe (t)−hνμ (t)}_2 −^{hν̄e (t)−hν̄μ (t)}_2 ) , (13) where we’ve subtracted of the trace of the interaction terms which supplies an overall phase. Like with the MSW resonance, we expect to see large flavor transformation when the diagonal terms vanish, leaving only the flavor mixing off-diagonal terms remaining. When there are only electron flavor neutrinos and antineutrinos, the interaction term is H_V + H_e(t) + H_{νν} (t) = 1 2 ( V_e(t) +^{hνe (t)}_2 −^{hν̄e (t)}_2 −^{δm2}_{2E} cos 2θ_{12}^{δm2}_{2E} sin 2θ_{12} + 2h_{eμ}(t) δm^2 2E sin 2θ_{12} + 2h_{μe}(t)^{δm2}_{2E} cos 2θ_{12} − V_e(t) −^{hνe (t)}_2 +^{hν̄e (t)}_2 ) . (14)

FIG. 6: Model B; normal hierarchy. Weighted electron neutrino survival probability and strengths of the neutrino-neutrino interaction term for the normal hierarchy. Upper plot: Weighted survival probability of electron neutrinos (red, solid) and electron antineutrinos (red, dot-double-dashed) as a function of the progress along the trajectory. The weighted survival probabilities are ratios of the energy integrated neutrino and antineutrino capture rates. All neutrinos (antineutrinos) began in the electron flavor at x = z = 3 × 10^6 cm. Lower plot: Comparison between the strength of the neutrino-neutrino interaction (red line), the vacuum strengths (blue and green dashed lines), and the neutrino-matter interaction strength (cyan dotted line). Regions of types (I) and (III) are labeled in the upper panel.

Neutrinos and antineutrinos will experience the cancellation slightly differently because of the relative sign of the vacuum portion to the interaction portion. Nevertheless, since the neutrino-matter interaction strength is very large compared to the vacuum, there will be transitions for both when the system is antineutrino dominated, h_{ν̄e} (t) > h_{νe} (t). These criteria are met in model B at about 4 × 10^6 cm. We see large flavor transitions for both neutrinos and antineutrinos. When there are no electron flavor neutrinos, the interaction term becomes

H_V + H_e(t) + H_{νν} (t) = 1 2 ( V_e(t) −^{hνμ (t)}_2 +^{hν̄μ (t)}_2 −^{δm2}_{2E} cos 2θ_{12}^{δm2}_{2E} sin 2θ_{12} + 2h_{eμ}(t) δm^2 2E sin 2θ_{12} + 2h_{μe}(t)^{δm2}_{2E} cos 2θ_{12} − V_e(t) +^{hνμ (t)}_2 −^{hν̄μ (t)}_2 ) . (15)

In this case, we expect that there will be big transitions in both hierarchies when the system is neutrino dominated, h_{νμ} (t) > h_{ν̄μ} (t). These criteria are met in model B (Figs. 5 and 6) at about 4 × 10^6 and 5 × 10^7 cm and we do indeed see flavor transitions, this time, larger for antineutrinos and smaller for neutrinos. Note that we do not see large flavor transitions in model A at about 10^6 cm because the neutrinos at that point are all electron flavor and neutrinos outnumber antineutrinos. There is no way for the diagonal terms to cancel in model A, until the MSW region at a few times 10^8 cm.

In model B, a region of type (II) occurs during the first type (III) region. However, we associated this transition primarily with a type (III) region since the starting point corresponds to the approximate cancellation of the diagonal term in the Hamiltonian.

VI. RAMIFICATIONS FOR NUCLEOSYNTHESIS

The neutrinos emerging from the disk will interact with material outflowing from the inner disk, and thus influence any resulting nucleosynthesis. In this work, we present an example case to illustrate the potential impact. We begin with a one-dimensional disk model with ṁ = 3M_⊙/s, a = 0 from [18]. We choose this disk because it has characteristics similar to disks formed from stellar collapse [5, 56, 57]. The disk has trapped regions for the electron neutrinos and antineutrinos, but not the mu and tau flavors. We calculate the neutrino and antineutrino decoupling surfaces as in [10]. We then find the single-temperature, flat disk approximations to these surfaces that produces the best match to the full disk neutrino emission. The resulting parameters—T_ν = 3.2 MeV, R_ν = 150 km, T_{ν̄} = 4.1 MeV, R_{ν̄} = 100 km—are identical to those of model B, where antineutrinos dominate near the disk and neutrinos farther out.

The element synthesis is calculated as in [58]. The outflow is taken to be adiabatic and radial, with velocity v = v_∞(1 − r_0/r)^β , where v_∞ is the final coasting velocity of 0.1c, and β controls how rapidly the material accelerates. Close to the disk the the material consists of primarily neutrons and protons, with a ratio set by the forward and reverse weak reactions, Eq. 1. The subsequent nucleosynthesis is calculated with the sequence of network codes described in [58]; neutrino interactions on nucleons are included throughout.

If neutrino oscillations are ignored, the outflowing neutron-rich material can synthesize nuclei characteristic of the second abundance peak of the r-process of nucleosynthesis, as shown in Fig. 7 for outflow parameters s/k_B = 50 and β = 1.4. The initial neutron-to-proton ratio in the material is greater than one, since the antineutrino capture on protons is initially favored over neutrino capture on neutrons. All of the protons and most of the neutrons assemble into alphas and heavier ‘seed’ nuclei; the r-process proceeds when the remaining neutrons are captured on the seeds. However, once the alphas form, the remaining neutrons are depleted by neutrino interactions on neutrons, and additional alphas form immediately from the protons that result. Thus, there are too many seed nuclei and too few remaining neutrons for a full r-process. The situation changes when neutrino oscillations are taken into account. The disappearance of neutrinos after they have progressed 4×10^6 cm causes the neutrino interaction rate to plummet, as shown in the top panel of Fig. 8. Thus, the conversion of neutrons to protons during alpha particle formation is cut off. Fewer alpha particles and seed nuclei form, and more neutrons remain to capture on these seeds, as illustrated in the bottom panel of Fig. 8. The result, shown in Fig. 7, is a more robust r-process that produces heavy nuclei out to the A ∼ 195 region.

As the top panel of Fig. 8 shows, the neutrinos reemerge at around 1000 km, and thus could potentially slow the r-process by converting neutrons to protons at later times in the nucleosynthesis. To see the extent to which this effect operates, we additionally run the simulation with the neutrinos turned off after the neutrinos have progressed > 2 × 10^7 cm. The results of this simulation are included in Figs. 7 and 8, which show that by this time the capture rates are small and so the impact on the r-process is minimal.

VII. CONCLUSIONS AND REMARKS

We have studied models of neutrino and antineutrino emission for accretion disks that encapsulate the qualitative behavior of the neutrino fluxes leaving the disk. Two models were examined in detail: those dominated by neutrinos (model A) and those that begin dominated by antineutrinos and end up dominated by neutrinos (model B). The neutrino dominated disks in the normal hierarchy result in little flavor transition until the neutrino interaction strengths become close to the vacuum strengths. In both hierarchies they exhibit oscillations in type (II) (nutation/bipolar) regions. On the other hand, disks that begin antineutrino dominated and end up neutrino dominated produce large flavor transition when the neutrinos flux is about the same as the antineutrino flux. These transitions are associated with the cancellation of the neutrino and antineutrino terms with the neutrino-matter interaction strength, i.e. a type (III) (matter-neutrino enhanced) region.

The calculations described here can be expanded to more complex scenarios. We considered disks of a single temperature, but one should consider also disks with a temperature distribution such that hotter neutrinos are emitted at the center and cooler neutrinos are emitted at the edges. The expected effect would be to shift the interesting transformation behavior nearer to the disk. We performed our calculations in the single angle approximation, but it would be worthwhile to expand this to multi-angle scenario. Based on the arguments in [33] we expect that single angle calculations will work well as a description of type (II) transitions just as in the supernova case, although there will be some situations akin to those studied in [34] when multiangle calculations are necessary. Type (III) transitions have not been studied from this perspective before. We compared the position of the type (III) region for the radial neutrino with those coming from various positions on the disk and find that this region is at a similar position for all neutrinos. However, about 30% of these neutrinos have multiple type (II) regions. Thus multi-angle calculations are warranted. Finally, halo effects have been suggested as a mechanism to alter the simple picture of type II transformations [62], although no complete calculations exist yet. Such effects may influence accretion disk neutrinos as well.

Transitions close to the disk, like those we see in model A, are particularly important because they occur at a

FIG. 7: Final abundance patterns for simulations with disk outflow parameters s/kB = 50 and β = 1.4 in the absence of neutrino oscillations (red line), with oscillations assuming a normal hierarchy (blue line), and with oscillations until r > 2 × 10^7 cm, when the neutrino interactions are turned off (green line). The scaled solar r-process pattern [61] is included for reference (black crosses).

time when the neutrinos are influencing nucleosynthesis. Using a disk which approximates the type of disk found in a “collapsar” scenario [5], i.e. one that has trapped electron neutrinos and antineutrinos only, with different sized trapping regions, we find that the addition of neutrino oscillations enables the formation of r-process elements. These transitions will typically occur close to the disk, where the neutron to proton ratio is being set. The removal of the electron neutrinos as a consequence of this transition, allows the neutron to proton ratio to remain sufficiently high to allow the production of the r-process elements. This effect should be typical of disks that have type (III) transitions.

Acknowledgments

We thank North Carolina State University for providing the high performance computational resources necessary for this project. This work was supported in part by U.S. DOE Grants No. DE-FG02-02ER41216, de-sc0004786, DE-FG02-05ER41398, and de-sc0006417.

[1] D. Eichler, M. Livio, T. Piran and D. N. Schramm, Nature 340, 126 (1989). [2] M. Ruffert, H. T. .Ruffert and H. T. .Janka, astro-ph/0106229.

[3] R. Narayan, B. Paczynski and T. Piran, Astrophys. J. 395, L83 (1992) [astro-ph/9204001]. [4] B. Paczynski, Astrophys. J. 494, L45 (1998) [astro-ph/9710086]. [5] A. MacFadyen and S. E. Woosley, Astrophys. J. 524, 262 (1999) [astro-ph/9810274]. [6] A. I. MacFadyen, S. E. Woosley and A. Heger, Astrophys. J. 550, 410 (2001) [astro-ph/9910034]. [7] M. Ruffert and H. T. Janka, Astron. Astrophys. 344, 573 (1999) [astro-ph/9809280].

FIG. 8: The top panel shows the electron neutrino capture rate for the case with no neutrino oscillations (red line) compared to the case with oscillations in the normal hierarchy (blue line). The bottom panel shows the mass fractions of neutrons (solid lines) and alpha particles (dashed lines) for the three nucleosynthesis calculations of Fig. 7

[8] P. Meszaros, Ann. Rev. Astron. Astrophys. 40, 137 (2002) [astro-ph/0111170]. [9] S. -Y. Wanajo and H. -T. Janka, Astrophys. J. 746, 180 (2012) [arXiv:1106.6142 [astro-ph.SR]]. [10] R. Surman and G. C. McLaughlin, Astrophys. J. 603, 611 (2004) [astro-ph/0308004]. [11] J. Pruet, S. E. Woosley and R. D. Hoffman, Astrophys. J. 586, 1254 (2003) [astro-ph/0209412]. [12] J. Pruet, R. Surman and G. C. McLaughlin, Astrophys. J. 602, L101 (2004) [astro-ph/0309673]. [13] R. Surman, G. C. McLaughlin, M. Ruffert, H. -T. .Janka and W. R. Hix, Astrophys. J. 679, L117 (2008) [arXiv:0803.1785 [astro-ph]].

[14] L. -T. Kizivat, G. Martinez-Pinedo, K. Langanke, R. Surman and G. C. McLaughlin, Phys. Rev. C 81, 025802 (2010) [arXiv:1001.3009 [astro-ph.HE]].

[15] B. D. Metzger, G. Martinez-Pinedo, S. Darbha, E. Quataert, A. Arcones, D. Kasen, R. Thomas and P. Nugent et al., arXiv:1001.5029 [astro-ph.HE].

[16] O. L. Caballero, G. C. McLaughlin and R. Surman, Astrophys. J. 745, 170 (2012) [arXiv:1105.6371 [astro-ph.HE]]. [17] T. D. Matteo, R. Perna and R. Narayan, Astrophys. J. 579, 706 (2002) [astro-ph/0207319]. [18] W. -X. Chen and A. M. Beloborodov, Astrophys. J. 657, 383 (2007) [astro-ph/0607145]. [19] J. T. Pantaleone, Phys. Lett. B 287, 128 (1992). [20] S. Samuel, Phys. Rev. D 48, 1462 (1993).

[21] R. Barbieri and A. Dolgov, Nucl. Phys. B 349, 743 (1991). [22] Y. -Z. Qian and G. M. Fuller, Phys. Rev. D 52, 656 (1995) [astro-ph/9502080]. [23] G. M. Fuller and Y. -Z. Qian, Phys. Rev. D 73, 023004 (2006) [astro-ph/0505240]. [24] H. Duan, G. M. Fuller, J. Carlson and Y. -Z. Qian, Phys. Rev. D 74, 105014 (2006) [astro-ph/0606616]. [25] A. B. Balantekin and Y. Pehlivan, J. Phys. G G 34, 47 (2007) [astro-ph/0607527]. [26] H. Duan, G. M. Fuller and Y. -Z. Qian, Phys. Rev. D 76, 085013 (2007) [arXiv:0706.4293 [astro-ph]]. [27] G. L. Fogli, E. Lisi, A. Marrone and A. Mirizzi, JCAP 0712, 010 (2007) [arXiv:0707.1998 [hep-ph]]. [28] A. Esteban-Pretel, S. Pastor, R. Tomas, G. G. Raffelt and G. Sigl, J. Phys. Conf. Ser. 120, 052021 (2008) [arXiv:0712.2176 [hep-ph]].

[29] R. F. Sawyer, Phys. Rev. D 79, 105003 (2009) [arXiv:0803.4319 [astro-ph]].

[30] J. Gava, J. Kneller, C. Volpe and G. C. McLaughlin, Phys. Rev. Lett. 103, 071101 (2009) [arXiv:0902.0317 [hep-ph]]. [31] H. Duan and J. P. Kneller, J. Phys. G G 36, 113201 (2009) [arXiv:0904.0974 [astro-ph.HE]]. [32] S. Galais, J. Kneller, C. Volpe and J. Gava, Phys. Rev. D 81, 053002 (2010) [arXiv:0906.5294 [hep-ph]]. [33] H. Duan, G. M. Fuller and Y. -Z. Qian, Ann. Rev. Nucl. Part. Sci. 60, 569 (2010) [arXiv:1001.2799 [hep-ph]]. [34] H. Duan and A. Friedland, Phys. Rev. Lett. 106, 091101 (2011) [arXiv:1006.2359 [hep-ph]]. [35] A. Banerjee, A. Dighe and G. Raffelt, Phys. Rev. D 84, 053013 (2011) [arXiv:1107.2308 [hep-ph]]. [36] S. Pastor, G. G. Raffelt and D. V. Semikoz, Phys. Rev. D 65, 053011 (2002) [hep-ph/0109035]. [37] H. Duan, G. M. Fuller, J. Carlson and Y. -Z. Qian, Phys. Rev. Lett. 97 (2006) 241101 [astro-ph/0608050]. [38] S. Hannestad, G. G. Raffelt, G. Sigl and Y. Y. Y. Wong, Phys. Rev. D 74, 105010 (2006) [Erratum-ibid. D 76, 029901 (2007)] [astro-ph/0608695].

[39] Y. Pehlivan, A. B. Balantekin, T. Kajino and T. Yoshida, Phys. Rev. D 84, 065008 (2011) [arXiv:1105.1182 [astro-ph.CO]]. [40] Y. Z. Qian and G. M. Fuller, Phys. Rev. D 51, 1479 (1995) [astro-ph/9406073]. [41] H. Duan, G. M. Fuller and Y. -Z. Qian, Phys. Rev. D 74, 123004 (2006) [astro-ph/0511275]. [42] A. Esteban-Pretel, S. Pastor, R. Tomas, G. G. Raffelt and G. Sigl, Phys. Rev. D 76, 125018 (2007) [arXiv:0706.2498 [astro-ph]].

[43] H. Duan, G. M. Fuller and Y. -Z. Qian, Phys. Rev. D 77, 085016 (2008) [arXiv:0801.1363 [hep-ph]]. [44] B. Dasgupta, A. Dighe, G. G. Raffelt and A. Y. Smirnov, Phys. Rev. Lett. 103, 051105 (2009) [arXiv:0904.3542 [hep-ph]]. [45] G. Fogli, E. Lisi, A. Marrone and I. Tamborra, JCAP 0910, 002 (2009) [arXiv:0907.5115 [hep-ph]]. [46] B. Dasgupta, A. Mirizzi, I. Tamborra and R. Tomas, Phys. Rev. D 81, 093008 (2010) [arXiv:1002.2943 [hep-ph]]. [47] G. G. Raffelt and A. Y. .Smirnov, Phys. Rev. D 76, 125008 (2007) [arXiv:0709.4641 [hep-ph]]. [48] S. Galais and C. Volpe, Phys. Rev. D 84, 085005 (2011) [arXiv:1103.5302 [astro-ph.SR]]. [49] B. Dasgupta, A. Dighe, A. Mirizzi and G. G. Raffelt, Phys. Rev. D 78, 033014 (2008) [arXiv:0805.3300 [hep-ph]]. [50] G. M. Fuller, W. C. Haxton and G. C. McLaughlin, Phys. Rev. D 59, 085005 (1999) [astro-ph/9809164]. [51] Y. -Z. Qian, G. M. Fuller, G. J. Mathews, R.W. Mayle, J. R. Wilson and S. E. Woosley, Phys. Rev. Lett. 71, 1965 (1993). [52] T. Yoshida, T. Kajino, H. Yokomakura, K. Kimura, A. Takamura and D. H. Hartmann, Phys. Rev. Lett. 96, 091101 (2006) [astro-ph/0602195].

[53] T. Yoshida, T. Kajino, H. Yokomakura, K. Kimura, A. Takamura and D. H. Hartmann, Astrophys. J. 649, 319 (2006) [astro-ph/0606042].

[54] H. Duan, A. Friedland, G. C. McLaughlin and R. Surman, J. Phys. G G 38, 035201 (2011) [arXiv:1012.0532 [astro-ph.SR]]. [55] S. Chakraborty, S. Choubey, S. Goswami and K. Kar, JCAP 1006, 007 (2010) [arXiv:0911.1218 [hep-ph]]. [56] R. Popham, S. E. Woosley and C. Fryer, Astrophys. J. 518, 356 (1999) [astro-ph/9807028]. [57] G. C. McLaughlin and R. Surman, Phys. Rev. D 75, 023005 (2007) [astro-ph/0605281]. [58] R. Surman, G. C. McLaughlin and W. R. Hix, Astrophys. J. 643, 1057 (2006) [astro-ph/0509365]. [59] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012) [60] H. Duan, G. M. Fuller, J. Carlson and Y. -Z. Qian, Phys. Rev. D 75, 125005 (2007) [astro-ph/0703776]. [61] C. Snedan, J. J. Cowan and R. Gallino Ann. Rev. Astronomy and Astrophysics 46, 241 (2008) [62] J. F. Cherry, J. Carlson, A. Friedland, G. M. Fuller and A. Vlasenko, arXiv:1203.1607 [hep-ph].