arXiv:1301.6640v2 [astro-ph.CO] 7 Feb 2013

Sterile neutrino fits to dark matter mass profiles in the Milky Way and in galaxy clusters

Man Ho Chan The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong^∗

Robert Ehrlich George Mason University, Fairfax, VA 22030^†

Abstract

In several recent papers it was claimed that SN 1987A data supports the existence of 4.0 eV and 21.4 eV active neutrino mass eigenstates, and it was suggested that such large active neutrino masses could be made consistent with existing constraints including neutrino oscillation data and upper limits on the neutrino flavor state masses. The requirement was that there exist a pair of sterile neutrino mass states nearly degenerate with the active ones, plus a third active-sterile doublet that is tachyonic (m^2 < 0). Here, independent evidence is presented for the existence of sterile neutrinos with the previously claimed masses based on fits to the dark matter distributions in the Milky Way galaxy and four clusters of galaxies. The fits are in excellent agreement with observations within the uncertainties of the masses. In addition, sterile neutrinos having the suggested masses address the ”cusp” problem and the missing satellites problem, as well as that of the ”top down” scenario of structure formation – previously a chief drawback of HDM particles. Nevertheless, due to the highly controversial nature of the claim, and the need for two free parameters in the dark matter fits, additional confirming evidence will be required before it can be considered proven.

∗Electronic address: mhchan@phy.cuhk.edu.hk †Electronic address: rehrlich@gmu.edu

I. INTRODUCTION

In several recent papers evidence was presented based on an analysis of SN 1987A for the existence of two active neutrino mass eigenstates having masses 4.0±0.5eV and 21.4±1.2eV , hereafter referred to as the ”claim” [1, 2]. The present paper reviews that claim and presents new independent evidence supporting it. It is shown that the problem of dark matter within galaxies and galaxy clusters can be resolved using a pair of sterile neutrinos having the very same masses as claimed previously. Even though the claim was based on active neutrinos from SN 1987A, their existence would require sterile neutrinos having nearly the same masses, so as to be compatible with various constraints. We first discuss the model for the sterile neutrino fits to the dark matter distribution in the Milky Way and galaxy clusters, then briefly review the prior work making the claim of 4.0±0.5eV and 21.4±1.2eV neutrino masses, and finally discuss some ways the claim could be corroborated further.

II. STERILE NEUTRINOS AS HOT DARK MATTER IN GALAXIES AND CLUSTERS

Traditionally, the dark matter problem has been mainly addressed by the assumption it is cold. However, recent literature indicates that cold dark matter cannot explain the existence of flat cores at the center of clusters [3–6] and the relative absence of satellite galaxies[7]. The existence of warm or hot dark matter better reconciles theory and the observations by solving these problems. In fact, simulations show that a flat core can be produced and the number of dwarf galaxies surrounding the Milky Way would be smaller if the dark matter particles are warmer [8, 9]. Furthermore, since the sterile neutrino mass used is larger in the galaxies than in clusters, the formation time of the galactic halo will be shorter. Hence, in this scenario, the galaxies would completely form before the clusters, which matches the bottom-up formation scenario in the structure formation. If they exist most of the sterile neutrinos can be produced through active-sterile neutrino oscillation by resonant or nonresonant mechanisms during the early epoch of the Big Bang [10, 11]. If sterile neutrinos are the dark matter particles, their halo profile should match the dark matter profile in both clusters and galaxies.

A. Derivation of sterile neutrino dark matter mass profile

In this section, we derive the sterile neutrino halo profile and compare it to the observed mass profile in clusters and the Milky Way.

The pressure of the sterile neutrinos is given by P = 4πg_s 3m_sh^3 ∫_∞ 0 p^4dp e^{ϵ−μkT}s + 1 , (1)

where m_s, g_s, T_s, ϵ = p^2/2m_s, μ and p are the rest mass, degrees of freedom, temperature, kinetic energy, chemical potential and the momentum of the sterile neutrinos respectively. If m_s ∼ 1 eV for a 10^{15}M_⊙ cluster mass and m_s ∼ 20 eV for a 10^{11}M_⊙ galactic mass, the number densities are about 10^5 cm^{−3} and 10^6 cm^{−3} respectively. For T_s ∼ 1 K, this number density is nearly the same order of magnitude of the quantum number density n_Q = (2m_skT_s/h^2)^{3/2} ∼ 10^6 −10^7 cm^{−3}. Therefore, most sterile neutrinos are in the classical regime or they are only slightly degenerate (e^{ϵ−μkT}s ≫ 1). Then, Eq. (1) can be written as P = 4πg_s 3m_sh^3 ∫_∞ 0 e^{− ϵ−μkT}s (1 − e^{− ϵ−μkT}s )p^4dp. (2) Let u = √ ϵ/kT_s = p/ √ 2m_skT_s and v = √ 2ϵ/kT_s = p/ √ m_skT_s, Eq. (2) becomes P = 4πg_s 3m_sh^3 [ (2m_skT_s)^{5/2}e^{μ/kTs} ∫_∞ 0 e^{−u2} u^4du − (m_skT_s)^{5/2}e^{2μ/kTs} ∫_∞ 0 e^{−v2} v^4dv ] . (3)

The integrals in Eq. (3) are both equal to 3 √ π/8. Therefore we get P = π^{3/2}g_s 2m_sh^3 e^{μ/kTs} (m_skT_s)^{5/2}(2^{5/2} − e^{μ/kTs} ). (4) Additionally, the number density of the sterile neutrinos is given by n = 4πg_s m_sh^3 ∫_∞ 0 p^2dp e^{ϵ−μkT}s + 1 . (5)

By using the same approximation method, we get n = π^{3/2}g_s h^3 e^{μ/kTs} (m_skT_s)^{3/2}(2^{3/2} − e^{μ/kTs} ). (6) Therefore we have P = nkT_s 2 ( 2^{5/2} − e^{μ/kTs} 2^{3/2} − e^{μ/kTs} ) . (7)

In the classical limit e^{μ/kTs} → 0, Eq. (7) reduces to the ideal gas law P = nkT_s. However, if we expand e^{μ/kTs} up to first order to allow a slight degeneracy, we have

P = nkT_s(1 + 2^{−5/2}e^{μ/kTs} ). (8)

So that from Eq. (6), we then have e^{μ/kTs} ≈ 2^{−3/2}nh^3 π^{3/2}g_s (m_skT_s)^{−3/2}. (9)

Substituting Eq. (9) into Eq. (8), and writing n as n(r) to reflect its dependence on radial distance, we obtain for the final equation of state for the slightly degenerate neutrinos P (r) = n(r)kT_s + n^2(r)h^3 16π^{3/2}g_s

(m_skT_s)^{−3/2}(kT_s)^{−1/2}. (10)

By using the hydrostatic equilibrium condition, since ρ(r) = m_sn(r) we find dP (r) dr = − Gm_sM(r)n(r) r^2

, (11)

and finally, the overall mass profile M(r) can be found as the sum of the dark matter profile and the observable baryonic mass profile M_B (r)

M(r) = M_D(r) + M_B (r) = ∫_r 0 4πr^2m_sn(r)dr + M_B (r), (12)

The three coupled eqs. (10-12) cannot be solved in closed form, but a numerical solution is possible if one assumes values for the parameters m_s, T and ρ_0 and then iterates in radial steps outwards from r = 0.

This leaves only the issue of the function M_B (r). In clusters, the baryonic mass profile is commonly expressed in the β-model profile [12]

M_B (r) = ∫_r 0 4πr^2ρ_{B0} ( 1 + r^2 r^2_c )_{−3β/2} dr, (13) where ρ_{B0}, r_c and β are the parameters that can be fitted by the surface brightness profile of a cluster. In the Milky Way, the baryonic mass is mainly composed by the bulge and disk. These components can be modelled by the gravitational potential model [13]

M_B (r) = − r^2 G [ d dr (_2 ∑ n=0 M_{cn} √ r^2 + r^2_{cn} + 3∑ n=0 M_{dn} √ r^2 + (c_n + b)^2 )] , (14)

where M_{cn}, M_{dn}, r_{cn}, c_n and b are fitted parameters in the model [13]. Since the sterile neutrino temperature is nearly homogeneous, just like the cosmic microwave background, we can assume that the sterile neutrino is isothermal in an entire cluster and in the Milky Way.

Note that the larger the sterile neutrino mass, the smaller will be the halo size. Therefore it is assumed that the dark matter profile in the Milky Way is mainly characterized by the 21.4±1.2 eV sterile neutrinos and that of galaxy clusters by the 4.0±0.5 eV sterile neutrinos. In Fig. 1 and 2, we fit the derived total mass profiles (from Eqs. 10-14) together with the data from four large clusters (A478, A1413, A2204 and PKS0745) [14] and the rotation curve of the Milky Way [15, 16], respectively. The central density of the sterile neutrino halo ρ_{s0} and the sterile neutrino temperature T_s are the only free parameters adjusted in the fits. The neutrino temperatures used in Figs. 1 and 2 are T_s = 0.1 − 0.5 K (for m_s = 4.0 eV) and T_s = 0.07 K (for m_s = 21.4 eV) respectively. The parameters used in the baryonic mass profile from each cluster can be obtained from observations [17–23]. As can be seen, the fits agree very well with the observed data, suggesting that 4.0 eV sterile neutrinos may be in fact the major component of dark matter in galaxy clusters within 1.5 Mpc, and that 21.4 eV sterile neutrinos may be its main component in the Milky Way within 25 kpc.

III. PRIOR WORK MAKING THE CLAIM

The values of the neutrino masses have been a matter of considerable interest both theoretically and experimentally ever since they were shown to be nonzero by virtue of the existence of neutrino oscillations. Empirically, for the flavor state masses only upper limits exist from various decay processes, such as tritum beta decay, which as of 2013 yields an upper limit on the electron neutrino mass m < 2.0eV [24]. An even lower limit exists on the sum of the 3 flavor state masses from cosmology which can be as low as 0.24eV , depending on how the analysis was done [24]. It is of course only the mass differences between pairs of the mass eigenstates, Δm^2, that are revealed in neutrino oscillation experiments not the masses themselves, with the relation between the flavor and mass eigenstates and their respective masses being through the mixing matrix U_{ij} :

(a) ν_{F i} = ΣU_{ij} ν_{Mj} (b) m^2_{F i} = Σ|U_{ij} |^2m^2_{Mj} (15) The ability of an experiment to measure the mass itself for a mass eigenstate is severely limited for eV-scale masses, and perhaps the only feasible sources for doing so are the supernovae for which the long baseline and briefness of the initial pulse offer a hope of having the arrival times of distinct mass states separate out en route to Earth. The recent pair of papers making the claim of 4.0 eV and 21.4 eV masses was based on an analysis of SN 1987A [1, 2] – and relies on an idea that was first investigated much earlier[25, 26]. The recent papers, however, extended the earlier analyses by reducing the uncertainties in the claimed masses, and showing a way such large neutrino masses could be compatible with what is empirically known about neutrino mass limits [1, 2]. The claim rests on the assumption that most of the 24 neutrinos observed from SN 1987A were emitted during a time much less than the 15 second burst itself, possibly in as short a time as 1 second. If one simplistically assumes simultaneous neutrino emissions then the individual neutrino arrival times at the detectors t can be expressed in terms of the light travel time from the supernova t_0 and that neutrino’s mass m and energy E. Based on relativistic kinematics 1 − m^2c^2/E^2 = v^2/c^2 = t^2_0/(t_0 + t)^2 ≈ 1 − 2t/t_0, so that 1 E^2 = 2t m^2t_0

(16) Note that by Eq. (15), t = 0 is the time that infinite energy (v = c) neutrinos would have arrived at the detector – which given the neutrino time distribution in the detectors, is probably within ±0.5s the same as setting t = 0 for the first arriving neutrino in each of the three unsynchronized detectors [1]. Note that Eq. (15) implies that on a plot of 1/E^2 versus t all neutrinos having a fixed mass m lie on a straight line of slope M = 2/(m^2t_0). Thus, if neutrinos having two distinct masses were present among the 24 they would all lie close to one of two straight lines having slopes M_1 = 2/(m^2_1t_0) and M_2 = 2/(m^2t_0) that pass through the origin. Remarkably, as shown in, this pattern is exactly what the data show (within the uncertainties in 1/E^2) for every one of the 24 observed neutrinos [1, 25, 26].

There are many reasons for skepticism about the claim. One reason is that it is unlikely that all the 24 SN 1987A neutrinos were in fact emitted during a time as short as 1s, and some core collapse modelers calculate that much of the neutrino emission occurs over an extended time.[27] Nevertheless, other modelers do show the emissions to be very concentrated in time [28]. For example, [28] shows 73% emitted in the first second and 82% in the first 2 s (values based on a numerical integration of their Fig. 1). Finally, we note that the goodness of the two straight line fit (from which the claim was inferred) is not significantly impaired if there is a limited spread in emission times. Thus, in a Monte Carlo simulation in which 24 events are generated, assuming an emission time distribution and energy spectrum following those of [28], and assuming the masses of individual neutrinos are as claimed, the agreement of the fit to two straight lines is often just as good as for the actual data.

Achieving consistency between such large claimed masses and existing constraints on the neutrino masses requires an unconventional model of 3 active and 3 sterile neutrino mass states. In this 3 + 3 model there are three nearly degenerate active-sterile doublets, as depicted in Fig. 1 of [2]. The masses of the first two active-sterile doublets are m_1 = 4.0eV and m_2 = 21.4eV and the third active-sterile doublet mass is tachyonic, and has a conjectured mass: m^2_3 = −0.2keV^2. The splitting of the members of the two tardyonic (m^2 > 0) doublets are the values from neutrino oscillation experiments for Δm^2_{sol} and Δm^2_{atm} respectively, while the splitting for the tachyonic doublet is taken as 1eV^2 – the Δm^2 suggested by short baseline reactor neutrino experiments[29]. These choices make the fractional mass splitting of each doublet,^{Δm2}_{m2} , identical. It has been discussed elsewhere how this 3 + 3 model could be consistent with various observations about neutrinos, including upper limits on the flavor state masses, neutrino oscillation data, and the upper limits on any tachyonic neutrino masses that might be the source of dark energy [2]. Clearly, given its highly controversial nature the claim needs to be supported by other observations before it will be taken seriously. In fact, it is more impressive if such a confirmation comes from an entirely different area from supernova neutrinos. Therefore it is particularly interesting that the analysis reported in the present paper on the implications of sterile neutrinos for the dark matter in galaxies and galaxy clusters does in fact provide that independent sort of evidence. Unlike dark energy which depends on the average energy density throughout all space, dark matter tends to be concentrated in bound systems such as galaxies and clusters, and it is sensitive to the masses of the sterile neutrino mass eigenstates, and not the flavor eigenstates.

IV. DISCUSSION

In summary, here we have found excellent agreement with observations when using the claimed masses of two sterile neutrinos, 4.0 ± 0.5eV and 21.4 ± 1.2eV that had been inferred previously from an analysis of SN 1987A. Although such good fits (all within the cited 1σ errors on the masses) provides confirmation for the claimed masses existence, the highly controversial nature of the claim and the use of two free parameters to achieve the fits means that additional observations will be needed to prove the claim. The most direct confirmation might involve a neutrino oscillation experiment sensitive to Δm^2 = 21.4^2 − 4.0^2 = 442eV^2. For example, at a 30 MeV neutrino energy we find an oscillation wavelength of about 0.167 m, which could be readily observed, particularly using a high intensity source with a strong (30%) monochromatic component, such as the Oak Ridge Spallation Neutron Source (SNS) [30]. If we are fortunate enough to have another supernova in our galaxy any time soon, the good sensitivity of Super-Kamiokande and other detectors also could give such a clear confirmation or refutation of the claim. In fact, Super-K is even sensitive enough to search for a supernova burst from Andromeda (2 events expected). Surprisingly, even the observation of only 2-3 events associated with Andromeda could determine whether the claim of two mass eigenstates is correct, in light of the pulse spreading with source distance required by Eq. (15). However, it is important that such a search would need to be conducted differently from the one actually employed in a 2007 Super-K supernova search by Ikeda et al.[31], as described in a recent paper [32].

[1] Ehrlich, R. 2012, Evidence for two neutrino mass eigenstates from SN 1987A and the possibility of superluminal neutrinos, Astropart Phys, 35, 625 [2] Ehrlich, R. 2013, Tachyonic neutrinos and the neutrino masses, Astropart Phys, 41, 1 [3] Tyson, J. A. Kochanski, G. P., & dell’Antonio, I. P., 1998, Detailed Mass Map of CL 0024+1654 from Strong Lensing, ApJ 498, L107 [4] Sand, D. J. Treu, T. Ellis, R. S. Smith, G. P. & Kenib, J. P. 2008, Separating Baryons and Dark Matter in Cluster Cores: A Full Two-dimensional Lensing and Dynamic Analysis of Abell 383 and MS 2137-23, ApJ 674, 711 [5] de Blok, W. J. G. 2010, The Core-Cusp Problem, Advances in Astronomy, article id. 789293 [6] Newman, A. B. Treu, T. Ellis, R. S. & Sand, D. J. 2011, The Dark Matter Distribution in A383: Evidence for a Shallow Density Cusp from Improved Lensing, Stellar Kinematic, and X-ray Data, ApJ 728, L39 [7] Spergel, D. N. & Steinhardt, P. J. 2000, Observational evidence for self-interacting cold dark matter, Phy Rev Lett 84, 3760 [8] Chan, M. H. & Chu, M.-C. 2009, Astrophy and Space Sci 319, 143

[9] Cho, A. Science 336, 1091-1092 (2012) [10] Dodelson, S. & Widrow, L .M. 1994, Sterile neutrinos as dark matter, Phys Rev. Lett, 72, 17 [11] Shi, X. D. & Fuller, G. M. 1999, New Dark Matter Candidate: Nonthermal Sterile Neutrinos, Phys Rev Lett 82, 2832 [12] King, I. R. 1972, ”Density Data and Emission Measure for a Model of the Coma Cluster,” ApJ 174, L123 [13] Flynn, C. Sommer-Larsen, J. & Christensen, J. P. R. 1996, Kinematics of the outer stellar halo, MNRAS 281, 1027 [14] Pointecouteau, E. Arnaud, M. & Pratt, G. W. 2005, The structural and scaling properties of nearby galaxy clusters: I - The universal mass profile, Astr & Astrophys 435, 1 [15] Sofue, Y. Tutui, Y. Honma, M. Tomita, A. & Takamiya, T. Koda, J. & Takeda, Y. 1999, Central Rotation Curves of Spiral Galaxies, ApJ 523, 136 [16] Sofue, Y. 2011, PASJ 64, 75 [17] Pointecouteau, E. Arnaud, M. Kaastra, J. & de Plaa, J. 2004, XMM-Newton observation of the relaxed cluster A478: Gas and dark matter distribution from 0.01R_200 to 0.5R_200, Astron Astrophy 423, 33 [18] Pratt, G. W. & Arnaud, M. 2002, The mass profile of A1413 observed with XMM-Newton:

Implications for the M-T relation, Astron Astrophy 394, 375 [19] Vikhlinin, A. Kravtsov, A. Forman, W. Jones, C. Markevitch, M. Murray, S. S. Van & Speybroeck, L., 2006, Chandra sample of nearby relaxed galaxy clusters: mass, gas fraction, and mass-temperature relation, ApJ 640, 691 [20] Hoshino, A. et al., 2010, X-Ray Temperature and Mass Measurements to the Virial Radius of Abell 1413 with Suzaku, PASJ 62, 371 [21] Sanders, J. S. Fabian, A. C.& Taylor, G. B. 2005, A Chandra observation of the disturbed cluster core of Abell 2204, MNRAS 356, 1022 [22] Reiprich, T. H. & Böhringer, H., 2002, The Mass Function of an X-Ray Flux-limited Sample of Galaxy Clusters, ApJ 567, 716 [23] Chen, Y. Ikebe, & Y. Böhringer, H. 2003, X-ray spectroscopy of the cluster of galaxies PKS 0745-191 with XMM-Newton, Astron Astrophy 407, 41 [24] Beringer, J. et al. (Particle Data Group), 2012, Phys Rev D86, 010001, http://pdg.lbl.gov [25] Huzita, H. 1987, Neutrino mass speculation on the neutrino events from the supernova LMC

1987 A, Mod Phys Lett, A2, 905 [26] Cowsik, R. 1988, Neutrino masses and flavors emitted in the supernova SN1987A, Phys Rev D, 37, 1685 [27] Hudepohl, L. Mller, B. Janka, H. T. Marek, A. & Raffelt, G. G. 2010, Neutrino Signal of Electron-Capture Supernovae from Core Collapse to Cooling, Phys Rev Lett, 105, 249901(E) [28] Totani, T. Sato, K. Dalhed, H. E. & Wilson, J. R. 1998, Future Detection of Supernova Neutrino Burst and Explosion Mechanism, ApJ, 496, 216 [29] Mention, G. et al. Phys. Rev. D 83, 073006 (2011) [30] Efremenko, Y. & Hix, W. R., 2008 Carolina International Symposium on Neutrino Physics http://arxiv.org/ftp/arxiv/papers/0807/0807.2801.pdf [31] Ikeda M. et al. 2007, Search for Supernova neutrino bursts at Super-Kamiokande, ApJ, 669, 519 [32] Ehrlich, R. 2013, Could a reported 2007 analysis of Super-Kamiokande data have missed a detectable supernova signal from Andromeda? http://lanl.arxiv.org/abs/1301.3390 ************************************************************* the Milky Way, Phys Lett B, 200, 366

FIG. 1: Observed and fitted total mass profiles for clusters A478, A1413, A2204 and PKS0745-191. Given the 1σ errors on m_1 = 4.0 ± 0.5eV , the sterile neutrino masses used in the fits are 3.5 eV (dotted line), 4 eV (solid line) and 4.5 eV (dotted line) in each cluster. The central sterile neutrino densities and the sterile neutrino temperatures for the four clusters are: (ρ_{s0}, T_s) are (1.4 × 10^{−25} g cm^{−3}, 0.5 K) (A478), (1.5 × 10^{−25} g cm^{−3}, 0.1 K) (A1413), (1.5 × 10^{−25} g cm^{−3}, 0.5 K) (A2204) and (2.2 × 10^{−25} g cm^{−3}, 0.4 K) (PKS0745-191) respectively.

FIG. 2: Observed and fitted rotation curve of the Milky Way. The solid dark curve is the observed data obtained by Sofue et al.(1999) and the error bars are the latest data obtained by Sofue(2011). The components of the sterile neutrino halo, disk and bulge that contribute to the total rotation curve are shown. The dashed line and the dotted lines are the rotation curves fitted by using m_s = 21.4 eV (central density = 7.3 × 10^{−24} g cm^{−3}) and m_s = 20.2(22.6) eV, (central density = 7.3 × 10^{−24} g cm^{−3} for m_s = 21.4 eV and central density =6 × 10^{−24} g cm^{−3} and 8.5 × 10^{−24} g cm^{−3} for m_s = 20.2 eV and 22.6 eV respectively)The sterile neutrino temperature is 0.07 K.