arXiv:1111.1536v1 [astro-ph.CO] 7 Nov 2011

A WDM model for the evolution of galactic halos

L. Acedo^∗ Instituto de Matemática Multidisciplinar,

Universidad Politécnica de Valencia, Camino de Vera s/n, 46022 Valencia, Spain

November 8, 2011

Abstract It is a well-known fact that the gravitational effect of dark matter in galaxies is only noticeable when the orbital accelerations drop below a_0 ≃ 2 × 10^{−8} cm s^{−1} (Milgrom’s Law). This peculiarity of the dynamic behaviour of galaxies was initially ascribed to a modification of Newtonian dynamics (MOND theory) and, consequently, it was used as an argument to criticize the dark matter hypothesis. In our model, warm dark matter is composed by collisionless Vlasov particles with a primordial typical velocity ≃ 330 km s^{−1} and, consequently, they evaporated from galactic cores and reorganized in halos with a cusp at a finite distance from the galactic center (in contrast with Cold Dark Matter simulations which predict a cusp at the center of galaxies). This is confirmed by mean-field N-body simulations of the self-gravitating Vlasov dark matter particles in the potential well of the baryonic core. The rest mass of these particles, μ, is determined from a kinetic theory of the early universe with a cosmological constant. We find that μ is in the range of a few keV. This result makes sterile neutrinos the best suited candidates for the main component of dark matter.

Keywords: dark matter simulations, galaxy evolution, physics of the early universe

∗E-mail: luiacrod@imm.upv.es

1 Introduction

In the pioneer work of Zwicky [1] he presented the results of the first detailed observations of the dynamics of the Coma galaxy cluster. In this work, it was hypothesized that most of the matter in these clusters must be dark because luminous matter is not sufficient to account for the orbital velocities as deduced from Newtonian dynamics. Zwicky’s dark matter hypothesis was consigned to oblivion by the astrophysical community until the end of the seventies and the beginning of the eighties of the past century. At that time, a series of exhaustive measurements of the Doppler shift for the 21 cm hydrogen line in the galactic gas clouds for the Milky Way and other galaxies proved, beyond any doubt, that the rotation curves of galaxies were anomalous [2, 3, 4]. This anomaly is characterized by a flat asymptotic region in the rotation curve corresponding to a constant orbital velocity of stars and gas clouds, V_∞. This is the case even for distances of thousands of kpcs beyond the luminous core of the galaxy. If galaxies were composed only of the observed luminous matter we will expect a decrease of the orbital velocity ∝ r^{−1/2}, r being the distance to the galactic centre. Consequently, the most natural explanation of this phenomenon is the presence of Zwicky’s dark matter, inferred from the observation of clusters of galaxies, also inside individual galaxies in the form of disperse halos with a volumetric density decreasing as r^{−2}.

Just two years after the acceptance of this evidence by the astrophysical community, Milgrom proposed an alternative explanation for the anomalous rotation curves of galaxies based upon a modification of Newtonian dynamics for small accelerations (MOND theory) [5]. A careful analysis of the rotation curves published by Faber & Gallagher [2] revealed that the effect of the supposed dark matter seems to activate only when the orbital acceleration is smaller than a_0 ≈ 2 × 10^{−8} cm s^{−2} (do not confuse with the curvature radius of the Universe usually denoted by the same symbol). Consequently, Milgrom modified Newton’s second law of dynamics by assuming that the gravitational mass of an object is a function m(a/a_0). From his theory, Milgrom also derived the following equation

V^4_∞ = a_0GM , (1)

where V_∞ is the asymptotic orbital velocity in the rotation curve of a galaxy and M is its observable mass. This equation is consistent with the Tully– Fisher relation between V_∞ and the luminosity of a galaxy, L ∝ V^δ_∞, with

2.5 < δ < 5 [6]. The MOND theory gathered later some attention [7, 8, 9] but it is defended only by a limited number of theoreticians. The preference for the dark matter explanation is not only a consequence of the application of Occam’s razor principle. In recent years the evidence for dark matter has been increasing by means of indirect observations that fit nicely into the dark matter paradigm but which are very difficult to explain by the MOND theory: (i) Gravitational lensing by galaxy clusters is far more intense than one could expect from the observable luminous matter [10] (ii) The measurements of the cosmic microwave background (CMB) anisotropies by the Boomerang and Wilkinson Microwave Anisotropy probes have placed certain limits on the necessary amount of matter in the Universe to explain the formation of galaxies from the primordial fluctuations at the matter–radiation decoupling era (see [11] for a three-year survey of the recent WMAP project and see [12] for a review of the Boomerang project). Moreover, the peak found at l_{max} ≃ 200 in the CMB spectrum implies a flat Universe [13] and this can only be explained if we have more mass in the Universe than that observed in galaxies and clusters. Consequently, dark matter (DM) has become and essential ingredient of modern cosmology and without it concordance with the observational data from all these independent sources cannot be achieved [14, 15, 16]. The overwhelming evidence for DM has promoted, from the last decade of past century, the proliferation of hypotheses on its nature. The most economic hypothesis attributes this lost mass to bodies which emit little radiation: brown or white dwarfs, neutron stars or black holes. However, the analysis of recent observations of gravitational microlensing events has discarded this source as a significant contribution to DM [17, 18].

A popular alternative assigns the main role to particles predicted by extensions of the Standard Model: axions (with a rest mass μ ∼ 10^{−5} eV), magnetic monopoles (μ ∼ 10^{16} GeV), weakly interacting massive particles (WIMPs), the so-called neutralinos, or another supersymmetrical partner of already known particles (with masses in the range μ ∼ 1–10^3 GeV) or, even, neutrinos heavier than ordinarily assumed (μ ∼ 10 eV). This intriguing possibility has boosted an interesting synergy between cosmology, astrophysics and particle physics. In particular, there have been important experimental efforts in the determination of an upper limit for the mass of the electron neutrino. In the Mainz neutrino mass experiment [19] and the Troitsk experiment [20] an absolute limit for the electron neutrino mass is found by investigating in large detail the endpoint of the tritium β decay spectrum. A limit m_{ν,e}c^2 < 2.8 eV is found in these experiments. Even more precise measurements, in the sub-eV range are expected from Katrin project [21]. Fixing confidence intervals for the masses of the muon and tau neutrino is even more difficult as it has to be based on decay processes, such as τ → 3π^± +ν_τ , of particles produced in accelerators [22]. This way it was estimated that m_{ν,τ} c^2 < 15 MeV. The phenomenom of neutrino oscillations also put some bounds on the splitting of masses for neutrinos [23]. The maximum mass difference squared, Δm^2 is bounded by 2.4 × 10^{−3} eV. By combining this result with the upper limit on neutrino mass, a scenario in which the three neutrino species have rest masses below the eV range is steadily gaining acceptance among cosmologists and particle physicists. Taking into account that neutrino abundances are fixed in the Big Bang model, the known neutrinos cannot be the main ingredient of DM [14, 15]. Experimental settings devised to detect other candidates for DM particles – axions or neutralinos – have also been unsuccesful to date [17]. The lack of detection of WIMPs has favoured the suggestion of a family of sterile neutrinos – sterile means that they do not interact via neutral or charged currents – which appears in some minimal extensions of the Standard Model [24, 25]. Sterile neutrinos are even more difficult to detect than WIMPs because, essentialy, they only interact through gravity. Their masses are predicted to be in the range 2 < M_I < 5 keV. These masses, which are relatively large compared with that of ordinary neutrinos, are acquired by means of the so-called seesaw mechanism [26]. It has been proposed that sterile neutrinos could explain pulsar kick velocities [27] or the baryonic asymmetry in the Universe [25].

A pioneer proposal for a sterile neutrino was given by Dodelson and Widrow [28] in 1994. They considered that these neutrinos could be produced by oscillations in the early Universe. However, a mass around 0.1 keV was predicted in this model. Larger masses are desirable in order to confront the main problem associated with light dark matter: the large free-streaming lengths which avoid the accretion of galaxies in the young Universe. Another mechanism was proposed later on by Shi and Fuller [29]. They proposed that sterile neutrinos with masses in a range 0.1-10 keV are produced via a lepton-number-driven resonant conversion of active neutrinos at the big bang nucleosynthesis epoch. With larger masses for the sterile neutrinos the accretion problem could be circumvented. The energy spectrum of these neutrinos resembles a gaussian with a cutoff at E/k_BT ≃ 0.7. Consequently, they are sufficiently cold to condensate on primordial fluctuations and favour galaxy formation. On the other hand, the off-resonance process yields a different energy spectrum [28]: f_s/f_a = 7.7 g^{1/2}_⋆ ( m_a 1 eV

)_2 (1 keV m_s ) y ∫_∞ x dξ (1 + y^2ξ^2)^2

, (2)

where f_s (f_a) is the spectrum of the sterile (active) neutrinos, m_s and m_a are their masses, g_⋆ is a constant, y = E/(k_BT ) and x = 78(T/1 GeV)^3(1 keV/m_s). For T ≪ 1 GeV and a mass for the sterile neutrino of the order of keV the spectrum of sterile neutrinos is proportional to that of the active species. Another alternative has been given by Shaposhnikov and Tkachev [30] and Kusenko [31]. In these models a heavy scalar decays through some channels into the sterile neutrinos. If this model is correct it would exist some chance for discovering such a scalar in the Large Hadron Collider. More recently, it has been suggested that the decay of sterile neutrinos into ordinary neutrinos and X rays will boost the production of molecular hydrogen in the early Universe [32]. Consequently, star formation will also increase despite of the larger free-streaming lengths for Warm dark matter (WDM). In this scenario there is a constraint for X-ray observations which implies that the mass of sterile neutrinos must be smaller than 3 keV [33].

On the part of experimental particle physics, sterile neutrinos have been used in the sketching of an explanation for the low energy anomaly in the neutrino oscillations studied in the Liquid Scintillator Neutrino Detector or LSND [34]. Very recent results from the MiniBooNE collaboration excludes, at a 98 % confidence, neutrino oscillations between two species as an explanation of the LSND anomaly [35]. The relevance of the sterile neutrino theory for cosmology is also controversial [36].

On the other hand, some recent work by Boyarsky et al. [41, 42] determines the lower thresholds for the masses of WDM particles based upon the Lyman-α forest and the WMAP5 results. This threshold depends on the production mechanism of the sterile neutrino but a mass in the range of a few keV is compatible with the WMAP and Lyman-α data.

With independence of the nature of the constituent particles of DM, the DM hypothesis is the better explanation of a plethora of astrophysical observations. However, an important point of discrepancy remains, because simulations of cold dark matter (CDM) accretion favour the formation of halos with a cusp at the center of the galaxies (the latest and more precise CDM’s halos simulation is known as Via Lactea II [37]). The calculations of galactic density profiles from the rotation curves [38] and many observations of these rotation curves from galaxies [39] contradict the prediction of an halo with a peak at the center of galaxies. This phenomenon is related with Milgrom’s law because a galactic core almost free from DM will imply that there exists a critical orbit separating the inner regions of the galaxy, where rotation behaviour can be deduced from the observed mass, and the outer regions where DM must be invoked to explain the discrepancy. The increasing and independent evidence on dark matter has made the clarification of this paradox, in the context of dark matter models, urgent. Trying to reconcile DM models with Milgrom’s law could also help us in clarifying the properties of the fundamental particles which form it.

A recent proposal to explain Milgrom’s law in a DM model has been given by Kaplinghat & Turner [8]. These authors suggest that scale-free primordial fluctuations and baryonic dissipation can explain the remarkable numerical coincidence a_0 ∼ cH_0 between Milgrom’s critical acceleration, a_0, and the present value of Hubble constant, H_0. Dunkel has also shown that by taking into account the DM gravitation potential a generalized MOND equation can be derived as a special limit [40]. However, the process which formed DM halos is not explained in these models.

We propose a different approach based upon a simple idea: warm dark matter (WDM) particles are trapped in the gravitational field of the galaxies but their velocities are sufficiently large compared with the typical orbital velocities in the galactic cores and also random in their directions. Consequently, they tend to evaporate from the core and distribute in a disperse halo. These WDM particles were trapped back at the time of galaxy formation, when the CMB was roughly at a temperature k_BT ≃ 3 eV [14]. A kinetic model for the Hubble expansion cooling of this collisionless gas indicates that the mass of these particles is in the keV range (μ ≲ 3 keV), in good agreement with the sterile neutrino model. We use mean-field N-body simulations for 2 × 10^4 DM particles moving in the static spherical potential well of the core in order to study the evolution of the halo and compare with the mass distribution of our galaxy (Section 2). A model with DM and cosmological constant fitting the most recent parameters obtained from WMAP [11] is used to study the cooling of WDM in the early Universe. The rest mass of the constituents of WDM is obtained by applying the condition that the typical velocity of the matter trapped in primordial inhomogeneities was fixed at the galaxy formation era (Section 3). The reason for the quenching of the velocity distribution is the gravitational trapping of DM in the galaxy. This way the effect of Hubble expansion after the galaxy formation era is

Figure 1: Mass inside a sphere of radius R centered at the center of our Galaxy corresponding to the galactic bulge (dotted line), disk (dashed line) and dark matter halo (solid line).

eluded. The papers ends with some conclusions and remarks in Section 4.

2 Self-gravitating model for Vlasov particles and a baryonic core

Models for the matter distribution of galaxies have been developed with a margin of accuracy only for the Milky Way. In this case the mass inside a sphere of radius r from the galactic center has been determined by Kalberla & Kerp [43, 44]. We have plotted these results in Fig. 1 where separated curves for the galactic bulge, the galactic disk and DM are shown. We notice that the DM mass inside an sphere of radius < 5 kpc is negligible.

The mass distributions in Fig. 1 have three conspicuous features: most of the visible mass is inside a sphere of radius R_c ≃ 10 kpc (M_c = 75×10^9 solar masses), there exists a region corresponding to distances r_0 ∼ 5 kpc < R_c almost free from DM and the halo spans from r_0 to very large distances

R_0 ≃ 50 kpc. The totalm mass of the galaxy (bulge, disk and halo) is, approximately, M = 300 × 10^9 solar masses.

The objective of this section is to propose a dynamical model for the interaction of DM Vlasov particles and a spherical baryonic core to explain qualitatively the DM distribution in Fig. 1. Self-gravitating systems have been an area of intense study for more than forty years [45, 46, 47, 48]. Interest into these models has been mainly spurred by their applications to globular clusters of stars [49]. Recently, the Smoluchowski-Poisson equation for self-gravitating random walkers has been proposed as an adequate model for describing accretion of planetesimals in the solar nebulae where dissipation and turbulence plays an important role [50, 51]. In these works the qualitative behaviour of self-gravitating systems is derived from a mean-field theory approach in which the gravitational force acting upon a particle is calculated by means of Gauss’s theorem (for a spherically symmetric system). This way we avoid a rigorous N body simulation which implies an unaffordable computational cost.

In order to develop our mean-field model for the evolution of the galactic halo we will take two assumptions for granted: (i) The galactic core is reasonably well represented by an sphere with radius R_c which contains most of the baryonic mass. This core was formed very early after the condensation around primordial inhomogeneities (ii) In the early Universe DM followed the distribution of baryonic matter more closely than today. In particular, we will assume that all the DM was uniformly distributed inside the core. The velocity modulus, v̄ is taken the same for all DM particles and the angular distribution is homogeneous in the unit sphere. Alternatively, we can consider this initial condition as an extreme perturbation in the configuration space without historical significance. In any case, we will find an evolution towards a fixed point in the self-gravitation dynamics whose robustness is tested by exploring two initial velocity distributions a Dirac delta and a truncated parabola.

Starting from these initial conditions and, taking into account that DM particles are Vlasov particles that only interacts gravitationally among themselves and with the core, the time evolution is deduced from the numerical integration of Newton equations by Euler method:

X_i(t + h) = X_i(t) + hV_i(t) + O(h^2) V_i(t + h) = V_i(t) + hA_i(X_1, . . . , X_n) + O(h^2) , i = 1, . . . , N (3) where X_i(t) and V_i(t) are, respectively, the position and velocity of the i-th particle at time t, N is the total number of particles, A_i(X_1, . . . , X_n) is the acceleration of the i-th particle due to the joint gravitational attraction of the other Vlasov particles and the baryonic core and h is the time step of the numerical method. It is convenient to scale these parameters in terms of characteristic parameters referred to the core. So, we will measure distances in units of R_c, masses in units of the mass of the core, M_c and velocities in terms of the escape velocity of a particle from the edge of the core in the absence of any more mass, V_c = √ 2GM_c/R_c. The rest of units are derived:

R_c/V_c is the unit of time and V^2_c /R_c is our unit of acceleration. Iteration of Eq. (3) is straightforward if we assume that spherical symmetry is preserved by the evolution (the acceleration for each particle always points towards the center of the core). This way, we can easily calculate a mean-field estimation of the modulus of A_i as follows:

|A_i| = r_i 2 + n(r_i)m 2r^2_i if r_i < 1

1 + n(r_i)m 2r^2_i if r_i ≥ 1 , (4)

where n(r) is the number of particles at a distance from the center of the core smaller than r, r_i is the distance of the i-th particle from the center of the core at time t. m = M_H /N is the scaled mass of a single particle in the simulation, M_H being the mass of the DM halo. We must take into account that these particles would represent many real DM particles because N is small. Notice than in Eq. (4) we have already used the scaled parameters defined above. We will use this units in the following.

In order to grasp the behaviour of the halo for large times we have performed simulations for several values of the typical velocity of DM particles and N = 20000. Timestep is taken as h = 10^{−4}. The results for the evolution radial density as a function of time for V̄ = 1.5 are shown in Fig. 2. The radial density, R(r) = 4πr^2ρ(r) (ρ(r) being the volumetric density), was calculated using the following approximation R(r) ≈ (n(r + Δr) − n(r))m/Δr and taking Δr = 0.1. We find that for V̄ = 1.5 and larger typical velocities the DM evaporates from the baryonic core. In this process a diffusive wave with increasing width develops. This spherical wave propagates at almost constant velocity expanding forever into intergalactic space. Globular clusters and dwarf galaxies should have lost most of their DM content through this evaporation process. However, dwarf galaxies are also DM dominated. The mechanism in this case could be peculiar and related with the evolution

Figure 2: The radial density of DM particles for t = 2, 5, 10, 15, 20 (numbered from the left to right according to the position of the peaks). We take V̄ = 1.5 as the initial velocity modulus.

of this type of galaxies as we discuss in Sec. 4. If we apply the result of this simulation to the case of ω Centauri using the data given by Meylan and Mayor [52], R_c = 30 pc and M_c = 18 millions solar masses, we find that the process in Fig. 2 happened in only 8 million years. In the course of this time the halo has expanded to a scale of ≃ 300 pc. Later on, the halo continued its expansion being finally captured by the potential well of the Milky Way or dispersed into the intergalactic space of the Local Group. This is a similar process to the formation of nebulaes, such as the Crab or the Ring nebulaes, by the explosion of supernovaes [53]. In this processes the debris of the supernovae explosion, moving at a speed larger than the escape velocity from the original star, disperse in a diffuse halo over the centuries to form the nebulaes we see today.

On the other hand, galaxies have conserved a great amount of DM. This behaviour is obtained for smaller typical velocities for the DM particles. In Fig. 3 we have plotted the results for the radial density of the DM distribution in four time snapshots from t = 5 to t = 50 with V̄ = 1.1. The development

Figure 3: The radial density of DM particles for t = 5 (solid line), 20 (dashed line), 35 (dashed-dotted line) and 50 (dotted line). Initial velocity modulus was V̄ = 1.1.

of a characteristic cusp structure, with a cusp at a finite distance from the galactic center, is clearly observed. Moreover, the Vlasov particles do not disperse but, equally important, they do not collapse at the center of the core. An stationary state is achieved with a maximum radial density at the edge of the baryonic core. The resulting DM halo keeps bound by the joint attraction of the core and its own self-gravitation. In the case of the Milky Way we may assume R_c = 10 kpc and M_c = 75 × 10^9 solar masses (using this radius most of the baryonic mass is contained inside the core). The time evolution of the simulations in Fig. (3) should correspond to, approximately, 2000 millions years.

An slice of the halo at t = 10 obtained by plotting only the particles with coordinate z in the range [−0.2, 0.2] is shown in Fig. 4. We observe the development of an inner spherical region with it is already almost devoid of DM particles.

In order to compare with the Kalberla & Kerp density model for out

Figure 4: Particles in the DM halo at t = 10 with a coordinate −0.2 < z < 0.2 (initial velocity V̄ = 1). The circle delimits the extension of the baryonic core.

Galaxy [43, 44] we have fitted their data by a Padé approximant as follows:

M_H (r) =

M_H r^3 ξ_0 + ξ_1r + ξ_2r^2 + r^3

, (5)

where M_H (r) is the DM mass inside a sphere of radius r, M_H is the total mass of the halo and ξ_0, ξ_1 and ξ_2 are constants. If we measure the mass in units of 10^{12} solar masses and the distance in kpc we get M_H = 0.225, ξ_0 = 5874.07, ξ_1 = −40.17 and ξ_2 = −0.2539. These values were obtained by imposing the conditions that the result of Eq. (5) coincides with the data in Fig. 1 for r = 5, 10 and 20 kpc. The mass of the halo is M_H = M − M_c = 225 × 10^9 solar masses.

In Fig. 5 we compare the results of the Padé approximant for the radial density, R(r) = dM_H (r)/dr with the simulation results for three different initial velocities of the DM particles (distances and masses are conveniently scaled with R_c = 10 kpc and M_c = 75 × 10^9 solar masses) after 500000 time steps (t = 50). The initial mass of the DM was M_H = 3 (in units of the mass of the baryonic core). The position and radial density at the cusp are qualitatively well described by the distribution obtained in the simulations for V̄ = 1.15. However, the tail of the halo is probably composed by particles with an initially larger velocity and cannot be fitted by considering a Dirac delta velocity distribution. However, we obtain an estimation of V̄ = 1.3V_c = 330 km s^{−1} for the primordial typical velocities of DM particles.

We also notice that the area under the predicted profiles in Fig. 5 is smaller than the initial mass of the DM. The reason for that is the evaporation to intergalactic space of a 20 % of the DM particles after the virialization of the halo.

It is also interesting to consider a more realistic initial velocity distribution for the DM particles. In this spirit, we propose a distribution proportional to the square of the velocity modulus with a cut-off as follows:

f(v) = 81 64 v^2 v̄^3 if v < 4v̄/3 0 if v > 4v̄/3 , (6)

The cut-off is chosen to verify the normalization condition and v̄ is the average velocity. Sterile neutrinos produced by the resonant conversion of active neutrinos are supposed to end up with an energy spectrum of this kind in the protogalaxies [29].

Figure 5: The asymptotic form of the galactic radial density of the DM halo for V̄ = 1 (dotted line), V̄ = 1.15 (solid line) and V̄ = 1.3 (dashed-dotted line). Circles correspond to the Padé approximant for the density of the Milky Way DM halo as derived from Eq. (5). Initial DM mass is three times larger than the baryonic mass and we use 10^4 particles. The radial distance r is measured in units of R_c = 10 Kpc.

Figure 6: The same as Fig. 5 but for an initial distribution of velocities as given in Eq. 6. The dotted line corresponds to v̄ = 1.2 and M_H = 3 and the solid line corresponds to v̄ = 1.3 and M_H = 4. We used 500000 time steps to achieve the stationary state and 10^5 DM particles. The unit of distance is R_c = 10 Kpc.

In Fig. 6 we have plotted the simulation results for an initial homogeneous distribution of 10^5 DM particles moving with initial velocities drawn according to Eq. (6). The agreement with the radial density of our galaxy is specially good if we consider a primordial typical velocity V̄ = 1.3V_c a mass of the DM halo four times larger than the mass of the baryonic matter.

In the next section we deduce the mass of DM particles from this typical velocity by considering that they cooled by the expansion of the Universe before being captured by the protogalaxies.

3 Hubble cooling of dark matter in the early Universe

In this section we discuss a kinetic model for weakly interacting massive particles or free Vlasov particles only interacting gravitationally as they move in a ΛCDM expanding Universe. We assume a flat Universe filled with the critical mass according to accepted concordance with the CMB observations [11, 13]. The space-time metric is given by:

ds^2 = dτ^2 − a^2(τ) [ dx^2 + dy^2 + dz^2 ] . (7)

A standard result of cosmological models [54, 55] is the following set of equations for the cosmological radius, a(τ), in terms of the energy density, ϵ, and the pressure, p: ä a = − 4πG 3c^4

(ϵ + 3p) (8) ( ȧ a )_2 = 8πG 3c^4 ϵ , (9)

where the dots denote successive derivatives with respect to τ. The parameter H = ȧ/a is the so-called Hubble constant whose value has been largely constrained by the WMAP project [11] and is currently accepted to be given by H = 73 km s^{−1} Mpc^{−1}. From Eq. (8) we find that the energy density of the Universe is related with H as ϵ = 3c^4H^2/8πG. In the ΛCDM model, the energy content of the Universe comes essentially, from dark energy (with an equation of state p = −ϵ) and dark matter or baryonic matter (whose pressure is negligible compared with the energy density and is, usually, ignored, p = 0). In percentage terms, WMAP results are compatible with the values:

Ω_Λ = 0.72, Ω_{DM} = 0.23 and Ω_B = 0.05 for the fractions of dark energy, dark matter and baryonic matter, respectively.

Integration of the system in Eq. (8) yields:

a^⋆(τ) = ( 1 − Ω_Λ

Ω_Λ )_{1/3} sinh^{2/3} [ 3τ 2τ_Λ ] , (10)

where a^⋆(τ) is the cosmological radius at cosmological time τ measured in units of the present radius and τ_Λ = 1/(H √ Ω_Λ) ≃ 15.8 × 10^9 years. From the condition a^⋆(τ_0) = 1 we get the age of the Universe, τ_0 ≃ 13.2 × 10^9 years. The absolute curvature radius of the Universe at present, a(τ_0), can be inferred from the decceleration parameter [56, 57] but the value of a(τ_0) is not necessary in our kinetic model.

Standard Big Bang Cosmology placed the era of formation of galaxies at the time corresponding to a temperature of the CMB k_BT ≈ 3 eV. At that time, matter energy density exceeded radiation energy density and collapse around primordial fluctuations started [14]. The CMB temperature is governed by a red-shift law: T (τ) = 2.7277/a^⋆ K which in connection with Eq. (10) implies that the protogalaxies formed 12000 years after the Big Bang. If dark matter were composed by weakly interacting massive particles it is also generally accepted by cosmologists that decoupling took place at a CMB temperature k_BT ≈ 1 MeV, i.e. 30 minutes after the Big Bang.

In our kinetic model, we consider that a DM particle colliding with a baryon (interacting via weak fields) at the time before galaxy formation thermalizes and, consequently, its kinetic energy raises to k_B2.7277/a^⋆ eV, because baryons and radiation are in thermal equilibrium. The total energy of a DM particle after an interaction is taken to be

E = μc^2 + k_BT a^⋆ , (11)

where μ is the rest mass of the DM particle. Linear momentum at that time is given by

p^2 = k_BT a^⋆ [ 2μ + k_BT a^⋆c^2 ] . (12)

Linear momemtum of a free particle in an expanding Universe decreases as a^{−1}(τ) [58]. Consequently, the kinetic energy of a DM particle at time t, that thermalized at time t^′ and never collided again, can be expressed as follows Q(t, t^′) = √ μ^2c^4 + [ a^⋆(t^′) a^⋆(t) ]_2

ϵrad(t^′) [ ϵrad(t^′) + 2μc^2 ] − μc^2 , (13) where ϵrad(t) = ϵ_0/a^⋆(t) and ϵ_0 = 2.35046 × 10^{−4} eV is the average energy of a CMB photon in present day Planck spectrum. The average kinetic energy of a DM particle at time t, assuming that it was thermalized at an earlier time t^′, is approximately given by ⟨K(t)⟩ = e^{−⟨λ⟩(t,t′)(t−t′ )}Q(t, t^′) + ∫_t t^′ dηλ(η)e^{−⟨λ⟩(η,t)(t−η)} Q(t, η) , (14) where ⟨λ⟩ (t, t^′) is the average collision frequency in the time interval (t^′, t) for a DM particle in the baryonic background. Notice that the first term gives us the contribution for those DM particles that do not collide in that interval of time and the second corresponds to DM particles colliding one of several times with baryons (with the most recent collision at time η).

Collision frequency for weakly interacting dark matter particles in a baryonic background is estimated as follows:

λ(t) = σ(E)n_B (t)v_B(t) , (15)

where σ(E) is the cross section for weak interactions [15]:

σ(E) ≈ (ℏc)^{−4}G^2_F E^2 . (16)

For sterile neutrinos weak interactions are suppressed by a factor sin^2 θ, θ being the mixing angle with ordinary neutrinos [32]. In the oscillation production theories an upper limit has been derived in order to avoid the crowding of the early Universe with sterile neutrinos [59]: θ < 1.3 × 10^{−4}(1 keV/M_s)^{0.8}, where M_s is the mass of the sterile neutrino. In the early Universe the energy, E, is commonly identified with the CMB background enery scale, E = ϵ_0/a^⋆(t). G_F = 1.166 × 10^{−5}(ℏc)^3 GeV^{−2} is Fermi’s constant. The baryonic density decreases with the cube of the Universe radius:

n_B (t) = n_0 a^{⋆3}(t)

, (17)

using a present day baryon density, n_0 ≃ 3 baryons m^{−3} as readily deduced from the abundance Ω_B ≃ 0.05 for baryons at the ΛCDM model. Finally, v_B (t) is the relative velocity between DM particles and baryons. If we take it as the baryon velocity (a rough approximation) we get

v_B(t) = c √ ϵ_0(t)(ϵ_0(t) + 2m_B c^2) ϵ_0(t) + m_B c^2 ≈ √ 2ϵ_0 m_B c^2 a^{⋆−1/2} , (18) where m_B c^2 ≃ 939 MeV is the baryon mass. Inserting Eqs. (18), (17) and (16) into the expression for the collision frequency in Eq. (15) yields

λ(t) = (G_F ϵ_0)^2(ℏc)^{−4}n_0 √ 2ϵ_0 m_B a^{⋆−11/2} . (19)

From Eqs. (19) and (10) we can obtain the time average collision frequency as follows ⟨λ⟩(t, t^′) = 1 t − t^′ ∫_t t^′ λ(t)dt . (20) This integral can be evaluated exactly in terms of hypergeometric functions yielding ⟨λ⟩(t, t^′) = 2 3 τ_Λ t − t^′ (G_F ϵ_0)^2 (ℏc)^{−4}n_0 √ 2ϵ_0 m_B ( Ω_Λ 1 − Ω_Λ

)_{11/6} [ ψ ( 3t 2τ_Λ ) − ψ ( 3t^′ 2τ_Λ )] , (21)

where ψ(x) = 1 16 cosh x [ 5e^{−2πi/3}_2F_1 ( 1/2, 1/3, 3/2, cosh^2 x )

+ 3 5 sinh^2 x − 2 sinh^{8/3} x ] , (22)

2F_1 being an hypergeometric function of order (2, 1) [61].

In Fig. 6, we have plotted the typical velocity of DM particles as a function of its rest mass deduced from its kinetic energy in Eq. (14): v/c = √ ⟨K(t)⟩^2 + 2 ⟨K(t)⟩ μc^2/(⟨K(t)⟩ + μc^2). The initial time is approximately t_i = 1 second after the Big Bang (corresponding to k_BT ≃ 150 MeV, the estimation for the decoupling era of sterile neutrinos produced via oscillations [28, 29]). Notice that the average kinetic energy will be given by Eq. (13) because sterile neutrinos are collisionless Vlasov particles after their decoupling. Collision frequency is very small indeed: if we consider that the mixing angle for sterile neutrinos is θ ≃ 10^{−4}, according to a recent estimation for active-sterile neutrino oscillations [59, 60], the average collision frequency in the interval t_i < t < 1.1t_i, calculated from Eq. (21), is of the order of a collision every 10^7 years. In our scenario, the primordial typical velocities must be ≃ 300 km s^{−1} which implies, according to Fig. (7), that their rest

Figure 7: Typical velocity of DM particles at the galaxies formation era as a function of its rest mass. Solid line is the result for sterile neutrinos (which we assume to decouple at a temperature correspondig to 150 MeV).

mass is roughly 3 keV, in good agreement with the estimation for the mass of sterile neutrinos. On the other hand, the results in Fig. 7 are very robust concerning the era of decoupling of sterile neutrinos or their mixing angle (we conclude that sterile neutrinos were free streaming particles almost from their appearance). Consequently, the decision about the scenario most suitable for the formation of sterile neutrino: off-resonance[28], on-resonance[29] or by the decay of heavy scalars [30, 31] is to be given by particle phyics. On the other hand, a recent lower bound mRP = 2 keV for the resonance production mechanism and mNPR = 1.77 keV for the non-resonant mixing with active neutrinos obtained from a phase-space analysis of DM distribution in dwarf spheroidal galaxies [41] agrees with our estimate from the proposed dynamical self-gravitating model.

4 Conclusions and Remarks

We propose that dark matter trapped in galaxies is warm and evaporates from the galactic cores. The plausibility of this scenario is investigated in the context of a self-gravitation model for the halo of DM particles moving in the potential well of a spherical baryonic core.

The distribution of DM in galaxies is inferred from their rotation curves [2, 3, 4]. There is some agreement about that DM does not concentrate in the core of the galaxies, as one could naively expect, but their mass density peaks at a finite distance from the galaxies center – varying from a galaxy to another – and few DM particles are found inside the galactic core. This is confirmed by recent observations of 26 low surface brightness galaxies carried out by de Blok & Bosma [39] and by calculations of galactic density profiles inferred from rotation curves [38]. This is the so-called cuspy halo problem. Nevertheless, there is also a controversy about the interpretation of galactic rotation curves and some authors claim that central rotation velocities are underestimated by conventional techniques [62, 63].

In our theory, Milgroms’ law and the cuspy halo problem are related. We show that it can be explained within the dark matter paradigm by simply assigning a primordial typical velocity to dark matter particles within the order of 300 km s^{−1}. The self-gravitation model predicts the evolution towards a cuspy halo (with a cusp at a finite distance from the galactic center) starting from an initial homogeneous distribution. In this process an inner spherical region, with a radius similar to the radius of the core, appears. This region is almost empty of DM particles and, consequently, anomalies in the orbits of visible matter are only detected at a critical radius corresponding to Milgrom’s orbital acceleration. Assuming that the velocity distribution of the dark matter gas was quenched at the time of the formation of galaxies, we have derived the typical mass of dark matter particles to fulfill the condition above. Their mass (∼ 3 keV) coincides with recent estimations for sterile neutrinos which arise in extensions of the standard model of elementary particles. In order to develop a better insight into the evolution of galaxies some simplifying assumptions used in our model could be removed in more realistic implementations, i. e., we can consider a rotating disk of baryonic matter in addition to the core, the parallel evolution of the halo of Vlasov particles and the dissipative clouds of baryons. Another problem is the dominance of DM over baryonic matter in dwarf galaxies with typical velocities in the flat region of rotation curves ≃ 60 km s^{−1} [39]. An special mechanism could be considered in this case such as a WDM+CDM model or the accretion of low velocity DM particles in the outskirts of large galaxies nearby. With these features a better understanding on the formation of galaxies and, in turn, on the nature of DM could be obtained. Work along these lines is in progress and will be published elsewhere.

4.1 acknowledgments

The author gratefully acknowledges M. Tung for some useful suggestions and a critical reading of the manuscript. The NASA’s Astrophysics Data System is also acknowledged for providing some references.

References

[1] F. Zwicky, Die Rotverschiebung von extragalaktischen Nebeln, Helv.

Phys. Acta 6(1933) 110.

[2] S. M. Faber and J. S. Gallagher, Masses and mass-to-light ratios of galaxies, Ann. Rev. Astron. & Astrophys. 17 (1979) 135.

[3] V. C. Rubin, W. K. Ford and N. Thonnard, Rotational properties of 21 Sc galaxies with a large range of luminosities and radii, from NGC 4605 (R = 4 kpc) to UGC 2885 (R = 122 kpc), Astrophys. J. 238 (1980) 471.

[4] J. A. R. Caldwell and J. P. Ostriker, The mass distribution within our Galaxy - A three component model, Astrophys. J. 251 (1981) 61.

[5] M. Milgrom, A modification of the Newtonian dynamics as a possible alternative to the hidden mass hypothesis, Astrophys. J. 270 (1983) 365; A modification of the Newtonian dynamics - Implications for galaxies, Astrophys. J. 270 (1983) 371.

[6] R. B. Tully and J. R. Fisher, A new method of determining distances to galaxies, Astron. Astrophys. 54 (1977) 661.

[7] J. Bekenstein and M. Milgrom, Does the missing mass problem signal the breakdown of Newtonian gravity?, Astrophys. J. 286 (1984) 7.

[8] M. Kaplinghat and M. Turner, How Cold Dark Matter Theory Explains Milgrom’s Law, Astrophys. J. 569 (2002) L19.

[9] M. Milgrom, astroph/9810302v1.

[10] J. A. Tyson, G. P. Kochanski and I. P. dell‘Antonio, Detailed Mass Map of CL 0024 + 1654 from Strong Lensing, Astrophys. J. 498 (1998) L107, astroph/9801193.

[11] WMAP collaboration, D. N. Spergel et al., Three-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Implications for Cosmology, Astrophys. J. 170 (2007) 377, astroph/0603449.

[12] Boomerang collaboration, P. D. Mauskopf et al., Measurement of a Peak in the Cosmic Microwave Background Power Spectrum from the North American Test Flight of Boomerang , Astrophys. J. 536 (2000) L59, astroph/9911444.

[13] Boomerang collaboration, P. de Bernardis et al., A flat Universe from high-resolution maps of the cosmic microwave background radiation, Nature 404 (2002) 955, astroph/0004404.

[14] M. S. Turner and J. A. Tyson, Cosmology at the millennium, Rev. Mod.

Phys. 71(2) (1999) 5145, astroph/9901113.

[15] A. Liddle, An Introduction to Modern Cosmology, John Wiley & Sons, Chichester, West Sussex, U.K., 2003.

[16] P. Coles and F. Lucchin, Cosmology: The Origin and Evolution of Cosmic Structure, John Wiley & Sons, Chichester, West Sussex, U.K., 2002.

[17] T. J. Sumner, Experimental Searches for Dark Matter,Living Reviews in Relativity 5 (2002) 4 [Online article: cited on January 21, 2008 ], (http://www.livingreviews.org/Articles/Volume5/2002–4sumner/).

[18] J. Lesgourgues and S. Pastor, Massive neutrinos and cosmology, Phys.

Rep. 429 (2006) 307, astroph/0603494.

[19] Ch. Weinheimer et al., High precision measurement of the tritium β spectrum near its endpoint and upper limit on the neutrino mass, Phys. Lett. B 460 (1999) 219.

[20] V. M. Lobashev, Study of the tritium beta-spectrum in experiment “Troitsk ν-mass” , Prog. Part. Nucl. Phys. 48 (2002) 123.

[21] KATRIN experiment, A .Osipowicz et al., hep-ex/0109033.

[22] F. Cerutti, CERN-ALEPH-PUB-99-003 (CERN, Geneva), hep-ex/9903062.

[23] R. N. Mohapatra and A. Y. Smirnov, Neutrino Mass and New Physics, Ann. Rev. Nucl. Part. Sci. 56 (2006) 569, hep-ph/0603118.

[24] T. Asaka, S. Blanchet and M. Shaposhnikov, The νMSM, Dark Matter and Neutrino masses, Phys. Lett. B 631 (2005) 151, hep-ph/0503065.

[25] M. Shaposhnikov, The νMSM, dark Matter and neutrino masses,J. of Phys.: Conf. Ser. 39 (2006) 176.

[26] E. J. Chun, C. W. Kim and U. W. Lee, Three neutrino Δm^2 scales and the singular seesaw mechanism, Phys. Rev. D 58 (1998) 093003, hep-ph/9802209

[27] A. Kusenko and G. Segre, Neutral current induced neutrino oscillations in a supernova, Phys. Lett. B 396 (1997)197, hep-ph/9701311

[28] S. Dodelson and L. M. Widrow, Sterile neutrinos as dark matter, Phys.

Rev. Lett. 72 (1) (1994) 17, hep-ph/9303287.

[29] X. Shi and G. M. Fuller, New Dark Matter Candidate: Nonthermal Sterile Neutrinos, Phys. Rev. Lett. 82 (1999) 2832, astro-ph/9810076

[30] M. Shaposhnikov and I. Tkachev, The νMSM, inflation, and dark matter, Phys. Lett. B 639 (2006) 414, hep-ph/0604236.

[31] A. Kusenko, Sterile Neutrinos, Dark Matter, and Pulsar Velocities in Models with a Higgs Singlet, Phys. Rev. Lett. 97 (2006) 241301, hep-ph/0609081

[32] P. L. Biermann and A. Kusenko, Relic keV Sterile Neutrinos and Reionization, Phys. Rev. Lett. 96 (2006) 091301, astro-ph/0601004

[33] A. Boyarsky, A. Neronov, O. Ruchayskiy, M. Shaposhnikov and I.

Tkachev, Strategy for Searching for a Dark Matter Sterile Neutrino, Phys. Rev. Lett. 97 (2006) 261302, astro-ph/0603660.

[34] A. de Gouvêa, Seesaw energy scale and the LSND anomaly, Phys. Rev.

D 72 (2005) 033005, hep-ph/0501039

[35] MiniBooNE collaboration, A. A. Aguilar-Arevalo et al., Search for Electron Neutrino Appearance at the Δm^2 ≃ 1 eV^2 Scale , Phys. Rev. Lett. 98 (2007) 231801, arXiv:0704.1500

[36] S. Dodelson, A. Melchiorri and A. Slosar, Is Cosmology Compatible with Sterile Neutrinos?, Phys. Rev. Lett. 97 (2006) 041301, astro-ph/0511500

[37] M. Kuhlen et al., The Via Lactea INCITE simulation: galactic dark matter substructure at high resolution ,J. Phys. Conf. Ser. 125:012008 (2008), arXiv:0810.3614

[38] G. Gilmore et al., arXiv:0804.1919v1

[39] W. J. G. de Blok and A. Bosma, High-resolution rotation curves of low surface brightness galaxies, Astron. Astrophys. 385 (2002) 816.

[40] J. Dunkel, On the Relationship between Modified Newtonian Dynamics and Dark Matter, Astrophys. J. 604 (2004) L37, astro-ph/0401591

[41] A. Boyarsky, O. Ruchayskiy and D. Iakubovskyi, A lower bound on the mass of dark matter particles, JCAP 03 (2009) 005, arXiv:0808.3902

[42] A. Boyarsky el al., Lyman-α constraints on warm and on warm-plus-cold dark matter models, JCAP 05 (2009) 012, arXiv:0812.0010v2

[43] P. M. W. Kalberla and J. Kerp, Hydrostatic equilibrium conditions in the galactic halo, Astron. Astrophys. 339 (1998) 745.

[44] P. M. W. Kalberla and J. Kerp, Hydrostatics of the Galactic Halo, in B.

K. Gibson, T. S. Axelrod and M. E. Putman, Eds., The Third Stromlo Symposium: The Galactic Halo, ASP Conf. Series 165 (1999) 453.

[45] S. J. Aarseth, Dynamical evolution of clusters of galaxies, I, Mon. Not.

R. Astron. Soc. 126 (1963) 223.

[46] M. Hénon, Sur l’évolution dynamique des amas globulaires,Annales d’Astrophysique 24 (1961) 369; Sur l’évolution dynamique des amas globulaires. II.-amas isolé, Annales d’Astrophysique 28 (1965) 62.

[47] D. Lynden-Bell, Negative specific heat in astronomy, physics and chemistry, Physica A 263 (1999) 293, cond-mat/9812172

[48] W. E. Thirring, Selected Papers of W. E. Thirring with Commentaries, American Mathematical Society, 1997.

[49] G. Meylan and D. C. Heggie, Internal dynamics of globular clusters , The Astronomy and Astrophysics Reviev 8 (1997) 1, astro-ph/9610076

[50] P. H. Chavanis, Trapping of dust by coherent vortices in the solar nebula, Astron. Astrophys. 356 (2000) 1089, astro-ph/9912087

[51] L. Acedo, On the gravitational instability of a set of random walkers, Europhys. Lett. 73 (5) (2006) 698.

[52] G. Meylan and M. Mayor, Studies of dynamical properties of globular clusters. II - The rotation, velocity dispersion and mass of Omega Centauri and 47 Tucanae, Astron. Astrophys. 166 (1986) 122.

[53] F. S. Kitaura, H.-Th. Janka and W. Hillebrandt, Explosions of O-Ne- Mg cores, the Crab supernova, and subluminous type II-P supernovae, Astron. Astrophys. 450 (2006) 345, astro-ph/0512065

[54] S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity, John Wiley & Sons, New York, 1972.

[55] C. W. Misner, K. S. Thorne and J. A. Wheeler, Gravitation, Freeman & Company, San Francisco, 1973.

[56] A. G. Riess et al., Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant, Astrophys. J. 116 (1998) 1009, astro-ph/9805201

[57] The Supernova Cosmology Project, S. Perlmutter et al., Cosmology From Type IA Supernovae: Measurements, Calibration Techniques, and Implications, Bull. Am. Astron. Soc. 29 (1997) 1351.

[58] S. M. Carroll, Lecture Notes on General Relativity, gr-qc/9712019v1.

[59] K. Abazajian, Production and evolution of perturbations of sterile neutrino dark matter, Phys. Rev. D 73 (2006) 063506, astro-ph/0511630.

[60] T. Asaka, M. Shaposhnikov and A. Kusenko, Opening a new window for warm dark matter, Phys. Lett. B 638 (2006) 401, hep-ph/0602150

[61] M. Abramowitz and I. Stegun, Eds., Handbook of Mathematical Functions, Dover, New York, 1972.

[62] G. Rhee et al., The Rotation Curves of Dwarf Galaxies: A Problem for Cold Dark Matter?, Astrophys. J. 617 (2004) 1059, astro-ph/0311020.

[63] O. Valenzuela et al., Is There Evidence for Flat Cores in the Halos of Dwarf Galaxies? The Case of NGC 3109 and NGC 6822, Astrophys. J. 657 (2007) 773.