arXiv:1111.2275v1 [astro-ph.CO] 9 Nov 2011

Dark matter seeding and the kinematics and rotation of neutron stars

M. Ángeles Pérez-García^1 and Joseph Silk^2 1 Departamento de Física Fundamental and IUFFyM, Universidad de Salamanca, Plaza de la Merced s/n 37008 Salamanca 2 Institut d’Astrophysique, UPMC, 98 bis Boulevard Arago, Paris 75014, France; Department of Physics and Astronomy, The Johns Hopkins University, Homewood Campus, Baltimore MD 21218, USA; Beecroft Institute for Particle Astrophysics and Cosmology, University of Oxford, Keble Road, Oxford OX1 3RH, UK (Dated: November 10, 2011)

Self-annihilation of dark matter accreted from the galactic halo in the inner regions of neutron stars may affect their kinematical properties, namely velocity kicks and rotation patterns. We find that if a stable long-lived single or multiple strangelet off-center seed forms, there is an associated change in momentum and torque that may affect the kinematical observables of the star.

Light DM particle candidates in the range of 4.5 − 12 GeV/c^2 are favoured by recent results in DM direct detection, including the DAMA/LIBRA, CoGENT and CRESST-2 experiments [1], although these results have yet to be confirmed. Some DM indirect detection experiments [2] support these indications. There is however tension with other results, notably Fermi dwarf limits [3] and CMB damping tail measurements [4], but these can be avoided if for example there is an asymmetric DM component [5]. In addition, these particles interact gravitationally and can be accreted onto stars. Here we explore some implications for neutron stars (NSs) that extend our earlier work [6].

By studying the physics of NSs, we find that macroscopic measurable quantities such as linear velocities and rotation periods could provide an indirect indication of the presence and nature of DM. Typically, the average spatial velocity of a NS progenitor is less than 15 km s^{−1}, which means that they must receive a substantial kick at birth. Pulsars (PSRs) show very regular electromagnetic emission due to the misalignement of rotation and magnetic axes that make them visible to the intersecting light-of-sight observer on Earth. Surface magnetic fields for these objects are believed to be in the range B ≈ 10^9 − 10^{15} G. As is well known, most radio PSRs exhibit transverse velocities ranging from a few 100 km s^{−1} to above 1000 km s^{−1}, mostly in the galactic plane [7]. As for rotation, the observed PSR periods range from less than 0.1 s to the death line at ≈ 1 s. A different origin accounts for the recycled millisecond PSRs or magnetars with somewhat larger periods [8]. It has been shown in recent simulations [9] that rotation and kicks at birth can be linked to the detailed mechanisms in supernova (SN) core collapse and this, unless the kick is head-on, may cause a change in the rotation pattern. One can obtain modest kicks in the 100 − 500 km s^{−1} range [10] based on an anisotropic momentum distribution of the ejecta or parity-violating scattering of neutrinos [11].

Previously [6], we showed that the effect of DM seeding in NSs may provide a mechanism to form strange quark matter (SQM) bubbles or strangelets that, if stable and long-lived, could induce a partial NS conversion into a hybrid SQM star. This effect is somewhat analogous to what happens in nuclear ignition models where sparks can be induced in the bulk by heating a nuclear plasma with a laser [12]. Terrestrial strangelet production searches have been performed at high energy colliders at E864 in BNL and are currently undertaken at LHC and ISS (International Space Station) [13]. We show here that DM single or multispot spark seeding in compact objects may lead to a modification of NS kinematics and rotation. A typical NS has a mass M_{NS} ≈ 1.4M_⊙, radius R_{NS} ≈ 10 km and velocity, v_{NS} , that can be in excess of ≈ 1000 km/s. The associated momentum p_{NS} ≈ M_{NS} v_{NS} ≈ 3 10^{33}g 10^8 cm/s ≈ 3 10^{41} g cm/s. The birth energy released in a SN type II event is known to be E_ν ≈ 10^{53} erg. If kicks were to be explained by (massless) neutrinos, this means that they should carry typically p_ν ≈ E_ν /c ≈ 10^{53}/3 10^{10} = 3.3 10^{42} g cm/s. This results in an asymmetry α_p = p_{NS}/p_ν ≈ 10^{−2}. However, this neutrino rocket mechanism may be residual since thermal effects tend to make emission isotropic. Recent analyses of PSR observations seem to indicate possible correlations for the directions of the spin axis and the velocity vector, another piece of evidence for a large velocity in 3D phase space [14]. The radial distribution of the birth location of NSs at given galactocentric distance R can be fit using a relation derived by Lorimer that includes selection effects [15] ρ_{P SR}(R) = A ( R kpc )_n e^{−( RR0 )} kpc^{−2}, (1)

where n = 2.35, R_0 = 1.528 kpc and A = 64.6 kpc^{−4.35} and peaks at R_{max} = 3.6 kpc. NSs can accrete DM from the galactic halo by gravitational capture. This DM profile can be characterized using the continuouslyvarying slope function [16],

ρ_{DM} (r) = ρ_{−2}e^{−2α [( rr−2 )α−1]}, (2)

with ρ_{−2} = 0.22 GeV/cm^3, α = 0.19, and r_{−2} = 16 kpc so that at the solar neighbourhood the Keplerian velocity is v ≈ 220 km/s and the local DM density is 0.7 GeV/cm^3. Both observables can be approximately fit assuming most of the matter is DM and using typical parameters of Milky way-size halos. DM is accumulated over time in the central NS regions where it is rapidly thermalized (t_{th} ≈ 0.13 μs to achieve T = 30 MeV or t_{th} ≈ 4 μs to achieve T = 1 MeV [17] in the hot or cooled NS, respectively). Assuming DM is well described by a Boltzmann distribution, the thermal radius is given by r_{th}(t) = ( 3k_B T_c(t) 2πGρ_c(t)m_X )_{1/2} , (3)

where m_X is the DM particle mass. This quantity is time-dependent since the central temperatures T_c and mass densities ρ_c evolve with those in the progenitor star. For example, during the pre-collapse, typically T_c = 0.001 − 1 MeV and ρ_c = 10^{10−13} g/cm^3 while in the bounce phase, the temperature increases to T ≈ 40 MeV and there is a dramatic increase in the central density up to ρ_c = 4 10^{14} g/cm^3 in the time scale of the gravitational collapse, t_{collapse} ≈ 10^{−3} s. Assuming DM is of the Majorana type, it may self-annihilate. We define α_r =^{rth}_{RN S} as a measure of the radial coordinate fraction involved in annihilation processes that, at the few GeV scale, involve photons, leptons , light qq̄ pairs [18]. The ratio of the thermalization volume to that in the NS, V_{th}/V_{NS} ≈ α^3_r ≈ 10^{−6}. The central annihilation or spark production rate at radius r will be given by^{dΓa(r)}_{dr} ≈ ⟨σ_av⟩ n^2_X 4πr^2 where we assume that the DM particle number density, n_X (r) ≈ n_X , is constant on a scale r ≈ 10^2 m. In a SN type II core collapse, peak temperatures and densities are achieved off-center and production of one or more sparks may subsequently happen in those regions. Other exotic mechanisms may induce thermal or quantum nucleation of quark bubbles [19], however, it turns out that this may not be efficient since typical timescales are larger than standard cooling scenarios. The energy released over the thermalization volume and, accordingly, the rate of spark formation can be obtained assuming an efficiency, f, for DM annihilation [6] as Ė_a ≈ 2fCm_X c^2 where C is the DM capture rate. Assuming NS matter is mostly in the core under deconfined nucleons, the capture rate can be written as [20], C ≈ 2.7 × 10^{29} m_X (GeV ) ρ_{DM} ρ_0

(s^{−1}), (4)

where we have used σ_{XN} = 7 10^{−41} cm^2 and average core density ρ̄_{NS} =^{MN S}_{VN S} . We consider the spatial NS distribution speak and the Keplerian velocity is calculated from the enclosed DM and baryonic (B) mass components as v(R_{max}) = √_{G MDM +B (Rmax)} R_{max} . Galaxy mod-

els [21] show an inner mass distribution where f_M =

M_B/M_{DM} ≈ 1 , then at location r, M_{DM+B} (r) ≈ M_{DM} (r)+M̄_B = ∫_r 0 4πr^{′2}ρ_{DM} (r^′)dr^′ +M̄_B where M̄_B = ∫ ρ̄_B^{dΩ}_{4π} This yields v ≈ 220 km/s at the solar circle and at the NS distribution peak v ≈ 190 km/s. The spark energy release ΔE_{spark} = 2fm_X c^2 will be deposited in the medium in the vicinity of the production site. The primordial spark energy ratio to nucleon mass (m_N ≈ 1 GeV) is ΔE_s/m_N ≈ 2m_X f/m_N ≈ O(1 − 10). This high energy deposition may potentially lead to the formation of a strangelet [6]. The binding energy of such a strangelet is given in the MIT model as [22] E^A_{slet} ≈ E^A(μ_i, m_i, B) + E_{Coul} where μ_i and m_i are the chemical potential and mass of the ith-type quark, respectively. B is the MIT bag constant and E_{Coul} is the correction due to electrical charge. Those with mass number A > A_{min} are long-lived and energetically stable. As an estimate, the production rate of long-lived strangelets (with A = 10) at R_{max} would be Ṅ_{slet} = Ė_a/E^A_{slet} ≈ 10^{27} s^{−1} for a density of about 2n_{0,A} (n_{0,A} = 0.17 fm^{−3} or equivalently mass density ρ_0 = 2 10^{14} g/cm^3). The ratio of spark energy to strangelet binding energy BE = E^A_{slet} − Am_N is ΔE_s/BE ≈ O(1 − 10) making strangelets energetically accessible systems.

We will consider now for simplicity a single spark seed model located off-center at r_{off} = r_{of f} e_{off} , r_{of f} ≤ α_rR_{NS} . From the typical conditions in the interior of the (proto-)NS in the location of the growing spark α_r ≈ 10^{−2} − 10^{−1}. The spark radial direction forms an angle β with respect to e_{spin}, unitary vector in the spin axis direction. Once formed, the quark bubble is composed of burnt material consisting of u, d and s light quark sectors. The seed radius R_s will grow as a function of time, t, and central distance, r, due to the strong and weak interactions at a rate dR_s/dt = v_b(t, r) that can be estimated assuming a simplified two − step burning front that could evolve dynamically [23] depending on the matter equation of state (EOS). Since the strong interaction time-scale t_{strong} ≤ C^{−1}, the annihilation mechanism may produce an effective local heat source. Assuming the minimum stable strangelet has baryon number A_{min}, then in a semiclassical approach there is an increase in the energy release per nucleon, Δe_{th} ≈^{ΔEs}_{Amin} ≈^{2f mX c2}_{Amin} ≈ 0.1 − 1 GeV ≈ O(Λ_{QCD}) which is of the order of the binding energy of the nucleon or QCD scale, Λ_{QCD} ≈ 0.217 GeV.

In order to obtain the effect on the kinematic NS observables, we consider the combustion of an electrically charge neutral system of hadronic unburnt matter (phase 1) into the burnt quark phase (phase 2). For the hadronic star (composed of neutrons, protons and electrons in beta equilibrium and in global electrical charge neutrality), the EOS P = P (ϵ, ρ) will be taken as the APR model [24] at T ≈ 0. No magnetic fields will be considered. Instead, for the deconfined quark burnt material the MIT bag model will be taken for consistency with the finite lump of quark matter description. As the combustion takes place, weak interactions act on a timescale of t_{weak} ≈ 1/Γ_{Kaon} ≈ 10^{−8} s and a u − d − s − e system forms while the gravitational force tends to contract the star on a timescale t_{grav} ≈ 2R_{NS} /c = 10^{−4} s. Non-zero strangeness fraction involves reactions including u + d → u + s, u + e → d + ν_e, u + e → s + ν_e, where neutrinos freely escape. Jump conditions near the front in this relativistic fluid are given by a set of conservation laws (energy-momentum and baryon current ) across the combustion front and the increase in entropy condition for the two phases. In the rest frame for the burning front (c = 1) [25] the set is written as (ϵ_1+p_1)v^2_1 +p_1 = (ϵ_2+p_2)v^2 +p_2 , (ϵ_1+p_1)v_1 = (ϵ_2+p_2)v_2, s_1v_1 ≤ s_2v_2, n_1v_1 = n_2v_2, where p_i, ϵ_i, n_i = ρ_i/m_i and v_i are the pressure, energy, number density and velocity for the ith-phase. Using the preceding equations results in v^2_1 =^{(p2 −p1)(ϵ2+p1 )}

(ϵ_2−ϵ_1)(ϵ_1+p_2 ) and v 2 2 =^{(p2−p1 )(ϵ1+p2)}

(ϵ_2−ϵ_1)(ϵ_2+p_1 ) .

It is possible to classify the conversion when v_1, v_2 are comparable to the sound velocities for the two phases, c^2_{s,i} =^{∂pi}_{∂ϵi} . According to accurate calculations [26], finite strangelets may be positively charged on their surface due to the strangeness content in their deep interior for A ≈ 10^2 − 10^8 and cannnot bridge the gap to large A systems. This may indicate a limited growth potential in the context of safe finite volume ultrarelativistic heavy ion collisions in vacuum, however, in the core of these astrophysically-sized scenarios, the pressure is very large and hybrid objects may exist. The radial veloc-

FIG. 1. Hadronic, v1, and quark matter, v2, burning velocities as a function of matter mass density. The burning front has a velocity v_b = −v1.

ity profile in the star can be constructed by solving the static Tolman equations [27] or their rotating counterparts. We will not consider the more realistic rotating profile and, instead, we will use the r-dependent velocity in the burning site as in [23] as v(r) = ∫_r r_{of f} dv dr^′ dr ′. Once formed, the growth of the quark lump can build up a net excess of momentum ΔP in the system as a result of the different pressures in the burnt and unburnt regions, ΔP_{12} = P_1 − P_2. The associated impulse, I, and force, ΔF relate as I = ΔFΔt = ΔP with Δt the time over which the thrust is acting. We make the simplifying assumption that the burning front remains spherical and moves outwards at v_b(r) = −v_1(r) and reaches the edge R at Δt = ∫_R r_{of f} dr v_b (r) in the comoving frame. Due

to the fact that the lump is evolving in a non-inertial frame there will be associated forces and, for simplicity, we adopt the weak field Newtonian approximation. The mechanical force acting in the radial direction can now be parametrized using the effective transverse area ΔS = πR^2_s (t) as ΔF_{mech} = ΔP_{12}ΔSe_{off} . There will be a gravitational acceleration component due to the unburnt mass M(r) acting on the quark lump with volume V_s =^4_3 πR^3_s and mass M_s(R_s) = V_s(R_s)ρ_2(r_{of f} ) and therefore ΔF_{grav} = M_s(R_s)g where g = −^{GM(rof f )}_{r2of f} e_{of f} , using the fact that the unburnt progenitor star component is M(r_{of f} ) = V (r_{of f} )ρ_1(r_{of f} ). Due to the fact the compact star is rotating with angular velocity Ω, there is an additional effect due to centrifugal force ΔF_{centrif} as the quark lump grows towards the star edge. This can be estimated as ΔF_{centrif} = −M_s(R_s) Ω × Ω × r_{off} . Finally, ΔF_{centrif} = V_s(R_s) ρ_2(r_{of f} ) Ω^2r_{of f} Sinβ. Additionally there will be a contribution from the Coriolis force ΔF_{cor} due to the motion of the burning front that will induce some extra rotation. The form adopted is ΔF_{cor} = −2M_s(R_s)Ω × v_b. That is ΔF_{cor} = V_s(R_s) ρ_2(r_{of f} ) Ω v_1(r_{of f} ). For the sake of simplicity we will now consider motion in the equatorial plane and set β = π/2. Then, the composition ΔF = ΔF_{mech} + ΔF_{grav} +ΔF_{centrif} will produce an impulse that can impart a velocity kick in the progenitor NS with mass M_{NS} as, Δv_{NS} = I M_{NS} = ΔP M_{NS}

. (5)

Then the combustion will partially (or fully) exhaust the remaining unburnt material and then ΔF → 0. Assuming that in the final configuration, the object has a moment of inertia I_f the angular velocity is affected in the conversion, since there must be a torque τ modifying the angular momentum ΔJ = τΔt = r_{off} × ΔP. Using ΔF = ΔF_{cor} these expressions we finally derive, ΔΩ Ω = ΔτΔt I_f Ω

. (6)

The moment of inertia I_f will be, in general, timedependent and smaller than the original due to EOS softening in the conversion. As an approximate parametrization to this value, we take I_f = dM_{NS} R^2_{NS} with a d ≈ 0.18. It is important to note that if the lump is not able to grow within the star structure due to energetics then the star configuration could be hybrid [28]. This event could provide an efficient source of gravitational waves and set a wave-form pattern with clear signatures of the conversion. The possible contribution to the jetlike formation in the initial stages of a NS could be somewhat influenced by internal shocks and crust ejection if the conversion is complete [29].

FIG. 2. Average velocity kick in km/s (upper panel) and relative change in angular velocity (lower panel) as a function of hadronic mass density, ρ.

In Fig. 1 we can see the allowed physical velocities of the two phases as obtained for matter in beta equilibrium using the hadronic APR EOS [24] and the MIT bag model EOS for the quark phase as a function of the logarithm of the mass density. We use an intermediate value for the bag constant range, B^{1/4} = 150 MeV, and T = 0, where long-lived strangelets can form. The solutions are constrained to the physical values 0 ≤ v^2_i ≤ 1. It can be seen that for densities log_{10} [ρ(g/cm^3)] ≤ 14.685 burning is not allowed. The particular density window could be EOS-dependent but we expect this feature to be a general trend. In Fig. 2 the variations in linear velocities Δv in km/s (upper panel, dashed line) and angular velocity ratio ΔΩ/Ω (lower pannel, solid line) are shown as a function of mass density. We have assumed a typical initial value for frequency of ν = 300 Hz. We see that the linear velocities obtained are indeed bimodal, in the sense that both high kicks and low kicks are possible and are correlated with the change in the angular velocity. These kicks are compatible with NS observed values and also with measurements of the change in the angular velocity during GRB emission where Newtonian estimations give ΔΩ/Ω ≈ 10^{−3} − 10^{−2} [30]. We have used on average t_{thrust} ≈ 0.3 ms according to radial profile estimates of ≈ 1 km burning propagation in the allowed density window. We have shown that if a stable quark seed is able to grow, due to the annihilation of DM particles in the central regions of compact objects and according to the EOS of matter, then a kinematical signature should be present giving both bimodal low and high kicks and spin angular velocity values. We would like to thank J. Miller and C. Albertus for helpful discussions. M. A.

P. G. would like to thank University of Oxford for its kind hospitality. She acknowledges partial support under ESF project COMPSTAR, MICINN projects Consolider MULTIDARK, FIS-2009-07238 and Junta de Castilla y León GR-234.

BIBLIOGRAPHY

[1] D. Hooper, C. Kelso and M. Buckley, arXiv: 1110.5338 (2011) [2] D. Hooper and T. Linden, arXiv: 1110.006; T. Linden, D. Hooper and F. Yusef-Zadeh, arXiv 1106.5493 (2011) [3] A. Geringer-Sameth and S. Koushiappas, arXiv 1108.2914 (2011) [4] S. Galli et al., Phys. Rev. D. 84, 027302 (2011) [5] H. Iminnyaz, M. Drees and X. Chen, arXiv 1104.5548 (2011) [6] M. A. Perez-Garcia, J. Silk, J. R. Stone, Phys. Rev. Lett.

105, 141101 (2010) [7] G. Hobbs, D.L. Lorimer, A.G. Lyne, M. Kramer, Mon.

Not. R. Astron. Soc. 360 (2005).

[8] Woods and Thompson, astro-ph/0406133. [9] H. Spruit and E. S. Phinney, Nature 393, 139-141 (1998) [10] A. Wongwathanarat, H.T. Janka and E. Muller ApJ Lett.

725 L106 (2010).

[11] A. Kusenko, arXiv: astro-ph/0404483; A. Kusenko, G.

Segré, and A. Vilenkin, Phys. Lett. B, 437, 359 (1998) [12] A. I. Mahdy, H. Tkabe and K. Mima, Nucl. Fusion 39 467 (1999) [13] T. Armstrong et al, Phys. Rev.C 63, 054903 (2001). For strangelet searches at CMS see http://cmsdoc.cern.ch/castor/ and for AMS see http://ams.nasa.gov/.

[14] S. Johnston, G. Hobbs, S. Vigeland et al., Mon. Not. R.

Astron. Soc.,364, 1397 (2005), J. M. Rankin, ApJ 664, 443 (2007).

[15] D. R. Lorimer, Young Neutron Stars and Their Environments IAU Symposium, Vol. 218, (2004) F. Camilo and B. M. Gaensler, eds., arXiv:astro-ph/0308501.

[16] J. Navarro et al. , MNRAS, 349, 1039 (2004). [17] I. Goldman and S. Nussinov, PRD 40 3221 (1989) [18] M. Kuhlen, Advances in Astronomy, 2010, 162083 (2010) [19] E. Horvath et al, Phys. Rev. D 45 3865 (1992). [20] A. Gould, ApJ 321 571 (1981) [21] A. Klypin, H. Zhao and R. S. Somerville, ApJ 573, 597 (2002) [22] A. Chodos et al, Phys Rev. D 10 2599 (1974), J Madsen, Phys. Rev. D 47, 5156 (1993).

[23] A. Bhattacharyya et al, Phys. Rev. C, 74, 065804 (2006), B. Niebergal, R. Ouyed and P. Jaikumar, Phys. Rev. C, 82, 062801 (R) (2010).

[24] A. Akmal, V. R. Pandharipande and D. G. Ravenhall Phys. Rev. C 58, 1804 (1998).

[25] L. D. Landau and E. M. Lifshitz, Fluid Mechanics (Pergamon Press, New York, 1987).

[26] J. Madsen, Phys. Rev. Lett. 85 4687 (2000).

[27] J. R. Oppenheimer and G. M. Volkoff, Phys Rev. 55, 374 (1939).

[28] N. Glendenning, Compact stars, Ed. Springer-Verlag, New York (2000).

[29] F. Daigne, M. A Perez-Garcia and J. Silk ongoing work. [30] J. S. Heyl, ApJ 542, L45 (2000).