arXiv:0911.2222v1 [hep-ph] 12 Nov 2009

Exciting dark matter in the galactic center

Fang Chen, James M. Cline, Anthony Fradette, Andrew R. Frey, Charles Rabideau Physics Department, McGill University, 3600 University Street, Montréal, Québec, Canada H3A 2T8 e-mail: fangchen, jcline, frey @physics.mcgill.ca (Dated: November 11, 2009)

We reconsider the proposal of excited dark matter (DM) as an explanation for excess 511 keV gamma rays from positrons in the galactic center. We quantitatively compute the cross section for DM annihilation to nearby excited states, mediated by exchange of a new light gauge boson with off-diagonal couplings to the DM states. In models where both excited states must be heavy enough to decay into e^+e^− and the ground state, the predicted rate of positron production is never large enough to agree with observations, unless one makes extreme assumptions about the local circular velocity in the Milky Way, or alternatively if there exists a metastable population of DM states which can be excited through a mass gap of less than 650 keV, before decaying into electrons and positrons.

PACS numbers: 98.80.Cq, 98.70.Rc, 95.35.+d, 12.60Cn

I. INTRODUCTION

There is presently much discussion about whether several anomalous observations in galactic gamma ray and cosmic ray astronomy are better explained by dark matter models or by more conventional astrophysics. One such example is the 511 keV gamma ray excess from the galactic center, which has been observed for 40 years, most recently by the SPI spectrometer on the INTE- GRAL satellite [1]; for a recent review see ref. [2]. Pulsars [3], gamma ray bursts [4], supernovae [5], low-mass x-ray binaries [6], the galactic black hole [7] and anisotropic propagation effects [8] have been suggested as sources of positrons whose annihilation could explain the observations, but there is no consensus within the astrophysical community as to which of these might be the right explanation.

There have also been many attempts to explain the 511 keV signal using particle physics models, including annihilations of MeV scale dark matter (DM) [9] or millicharged DM [10], emission from cosmic strings [11], decays of sterile neutrinos [12], axinos [13], moduli (or modulinos) [14], WIMPs [15, 16], light photinos [17], or emission from composite objects [18]. Excited dark matter (XDM) [19] is a particularly appealing example, in which heavy DM particles in their ground state scatter into excited states, χ_0χ_0 → χ_1χ_1, with mass difference δM = M_1 − M_0. The excited states subsequently decay into e^+e^−χ_0, where the leptons are approximately nonrelativistic due to the mass difference being close to the threshold value ΔM^>∼ 2m_e. If the different DM states are members of a multiplet of a new hidden gauge symmetry, this framework has the advantage of being able to explain the small mass splittings naturally through quantum loop effects [20]; moreover the same class of theories can potentially explain excess positrons seen by higher energy experiments including ATIC [21], PPB- BETS [22], PAMELA [23] and the Fermi Large Area Telescope [24].

The XDM proposal requires that the excitation cross section be large, in fact close to the unitarity bound, in at least a few (and possibly many) partial waves [15], [25]. Ref. [19] made a first attempt to achieve such large values in a model where the excitation was mediated by exchange of a light scalar ϕ with m_ϕ in the MeV−GeV range. It was recognized that one must resum ladder diagrams with multiple ϕ exchanges when the DM particles are scattering at low velocity, but a quantitatively reliable way of doing so was not yet appreciated at the time of this work.

Subsequently ref. [20] showed how the calculation can be set up in the framework of nonrelativistic quantum mechanics of a two-state system. It provides an example of the Sommerfeld enhancement [26, 27], which in the last few years has been widely studied in the context of galactic dark matter annihilations. However, unlike the simpler one-state system where the enhancement can be approximated analytically, in the two-state system no analytic results for the excitation cross section are known (however see ref. [27] for recent progress in the annihilation cross section for multi-state DM). Ref. [28] made a first attempt to numerically solve the two-state system and to perform a preliminary scan of the parameter space. Technical challenges limited that analysis to relatively small coupling strengths of the exchanged boson to the dark matter. One goal in the present work is to extend these results to stronger couplings and to explore more widely the range of possibilities, including the dependence on the mass of the exchanged boson. A second is to explore the dependence of the predicted rate on parameters of the dark matter density and velocity profiles in the galaxy.

In section II we review the nonrelativistic quantum mechanical formulation of the problem and give a classical estimate of the number of partial waves that can be expected to significantly contribute to the excitation cross section. In section III we discuss the numerical method for computing partial wave amplitudes f_l as a function of velocity, and present sample results for f_l, as well as a survey of the range of boost factors which arise from a broad exploration of parameter space. In section IV we show how these results go into the calculation of the rate of positron production in the galactic bulge; our choice of different DM density and velocity dispersion profiles is explained there. Section V presents the results of our scan of the XDM model’s parameter space, consisting of the interaction strength and the mass of the exchanged particle, and the mass splitting between ground and excited state. We at first hold the DM mass M_0 fixed at a TeV [29], but then explore the dependence on M_0 and galactic DM distribution parameters at some optimal values of the microscopic parameters.

Our results show that a large enough rate to match observations cannot be achieved in the most straightforward implementation of the XDM scenario, but in section VI we review a modified version, with a population of stable or metastable intermediate states, which can overcome this deficit. In section VII we compare the predictions for the angular distribution of 511 keV gamma rays with the observed signal. Conclusions are given in section VIII. Appendix A derives the Born approximation for the excitation cross section, and B reviews the derivation of the radial dependence of the DM escape velocity.

II. EXCITATION CROSS SECTION

A key realization in ref. [20] is that the DM particles in the galaxy are highly nonrelativistic, and so it is not necessary to use the full apparatus of quantum field theory to analyze their scattering. Instead one can use the low energy effective theory, which is quantum mechanics. This enormously simplifies the problem, getting around the need to resum a perturbative expansion in ladder diagrams to find an effect which is nonperturbative, and enhanced by 1/v (or 1/v^2), the inverse velocity of the DM particles.

A. Quantum mechanical analysis

We assume that the DM is Majorana and that its multiplicity arises from it being in a nontrivial representation of a nonabelian gauge symmetry. This immediately implies that any two members of the multiplet, say χ_1 and χ_2, can only interact via off-diagonal couplings to the gauge boson. Furthermore the gauge symmetry should be spontaneously broken so that χ_1 and χ_2 can be nondegenerate; then the exchanged vector boson gets a mass μ. This leads to an attractive Yukawa potential, but only as an off-diagonal term in the matrix elements of the potential for the two-state system. It is important to note that each state consists of two particles,

|1⟩ = |χ_1, χ_1⟩, |2⟩ = |χ_2, χ_2⟩ (1)

by virtue of the fact that whenever a gauge boson is exchanged, the color of both DM particles has to change.

There also exist the states |χ_1, χ_2⟩ and |χ_2, χ_1⟩ which live in their own superselection sector, but we do not need to consider them because χ_2 is presumed to not be present in the initial state. The diagonal terms have no interactions; this part of the Hamiltonian consists only of the the mass-energies of the two particles. Subtracting the mass of the ground state, 2M_0, the matrix potential in the basis (1) is V_{ij} = ( 0 −α_ge^{−μr}/r −α_ge^{−μr}/r 2δM ) (2) where α_g = g^2/4π is the fine structure constant for the SU(N) gauge coupling g. The wave function for the twostate system (with components labeled by index i) in the CM frame is Ψ^i = ∑ l P_l(cos θ)R^i_{kl}(r), where k is the initial momentum. Defining Φ_{l,i}(r) = R^i_{kl}/r, the Schrödinger equation is − 1 M_1 Φ^{′′}_{l,i} + ( l(l + 1) M_0r^2 δ_{ij} + V_{ij} ) Φ_{l,j} = k^2 M_0

Φ_{l,i} (3)

For the numerical solution it is useful to rescale r = (α_g /2δM)x and define the dimensionless variables

Γ = M_0 α^2_g 2δM , Δ = k^2 2M_0δM = v^2 v^2_t , η = α_g μ 2δM (4) where v_t = √ 2δM/M_0 is the threshold velocity for producing the excited state. Then the Schrödinger equation takes the form

− Φ^{′′} + ( l(l + 1)

x^2

+ Γ(V̂ − Δ) ) Φ = 0, (5)

V̂ = ( 0 −^{e−ηx}_x −^{e−ηx}_x 1 ) (6) with the dimensionless potential V̂ . We require Δ > 1 for the initial state to have enough energy to produce the heavier |χ_2, χ_2⟩ final state.

To extract the scattering amplitudes, we decompose the numerical solution into incoming and outgoing waves, Φ^{in}_{l,1}, Φ^{in}_{l,2} and Φ^{out.}_{l,2} Partial wave unitarity implies the conservation of flux, k|Φ^{in}_{l,1}|^2 = k|Φ^{out}_{l,1} |^2+k^′|Φ^{out}_{l,2} |^2 (where k^{′2} ∼= k^2 − 2M_0δM), which we use as a check on our numerics. The fraction of incoming |χ_1, χ_1⟩ states which gets converted to the |χ_2, χ_2⟩ final state is thus

f_l = k^′ k |Φ^{out}_{l,2} |^2 |Φ^{in}_{l,1}|^2 (7) in the lth partial wave. f_l provides a measure of the extent to which a given partial wave can saturate the unitarity bound f_l ≤ 1 for σ_l, its contribution to the cross section. The partial wave cross section is

σ_l = π(2l + 1)

M^2_0 v^2 f_l(v) (8)

and the total cross section is σ = ∑ l σ_l.

B. Classical treatment

To get additional insight, it is useful to think about the classical version of the problem, in the limit where the scattering is elastic. The standard method for solving the central potential problem is to change variables to u = 1/r and to solve for θ(u) instead of r(t), where θ is the polar angle in the scattering plane (see for example section 4.5 of [30]). Take M̄ =^1_2 M_0 to be the reduced mass. Then it is straightforward to solve the first integral of the motion for θ(u) with initial conditions where the particles have velocity v = v_{rel}/2 in the center-of-mass frame and impact parameter b. Taking w = bu, the scattering angle is

θ_s = π − 2 ∫_{w0} 0 dw ( 1 − w^2 + 2α_g M̄b v2_{rel} e^{−μb/w} )_{−1/2} (9) where w_0 ∼ 1 is the turning point of the effective potential, the point where the integrand diverges. Notice that θ_s = 0 in the limit where the scattering potential vanishes. The result (9) shows the classical origin of the Sommerfeld enhancement, where the effect of the potential is strengthened by the factor 1/v^2 at low velocities, since the particle has more time to be influenced when it is moving slowly.

We can estimate the maximum angular momentum l = M_0vb which gives significant scattering by demanding that (2α_g /M̄bv^2_{rel})e^{−μb >}∼ 1. Solving for the argument of the exponential gives

l_{max} ∼

M_0 μ v ln ( α_g v l_{max} ) ∼ M_0 μ v ln ( α_g μ M_0v^2 ) (10)

The prefactor M_0v/μ is what one would have obtained by assuming the range of the force is 1/μ. Substituting this estimate for l_{max} (without the logarithm) into the formula for the cross section (8) and assuming f_l = 1 for all l < l_{max} results in the geometrical value of the cross section, σ = π/μ^2. The extra ln ( α_gμ/M_0v^2 ) factor is the origin of the Sommerfeld enhancement, which boosts the cross section by the square of the logarithm for lowvelocity scattering.

For the inelastic process, these classical insights need to be modified, since there is a threshold v > v_t for production of the excited state. Nevertheless they provide some idea as to how many partial waves one may expect to be important in the quantum mechanical cross section (7).

III. PARTIAL WAVE AMPLITUDES

In this section we describe our method of numerical solution of the Schrödinger equation, leading to the partial wave amplitudes f_l(v). In each partial wave, one boundary condition is that there are only incoming waves of state |1⟩ from r = ∞, whereas the outgoing waves are an admixture of |1⟩ and |2⟩. Specifically, |2⟩ must approach an eigenstate of radial momentum with positive eigenvalue, − i ∂ ∂_r Φ_{l,2} = k^′Φ_{l,2} (11)

where k^′ = √ k^2 − 2M_0δM. This constitutes two conditions, one for the real part and one for the imaginary part of the wave function. At the origin, both components behave like r^{l+1}, but their relative amplitudes are not known, so one must parametrize Φ_l ∼ r^{l+1}(^1_b ) with b a complex number. We thus have a shooting problem: the real and imaginary parts of b must be adjusted so as to satisfy the two boundary conditions at infinity. Standard algorithms exist for this kind of problem; we adopt the routines in ref. [31].

Instead of shooting, one can alternatively use a simpler approach, which is to solve the Schrödinger equation with the correct r^{l+1} behavior near r = 0, but arbitrary relative amplitudes of Φ_{l,1} and Φ_{l,2}, to obtain some solution Φ_0, which does not have the right behavior at large r. Since the complex conjugate Φ^∗_0 is also a solution, one can algebraically construct the b linear combination aΦ_0 + bΦ^∗_0 that has the desired behavior at large r. This is much faster than shooting because no iteration is required.

In principle, the method is straightforward, but complications arise when one tries to consider parameters in the regime Γ ≫ 1, that is, α_g ≫ √ 2δM/M_0. Notice that this need not be a particularly strong coupling for the application we have in mind, where δM ∼ 2m_e and M ∼ TeV: then α_g ≫ 10^{−3}. The algorithms break down except when η, which determines the dark gauge boson mass, is sufficiently large. The problem arises from the need to consider very different scales 1/Γ and 1/η; in particular the wave function oscillates many times in the interaction region x < 1/η. Then (we suspect) the solution with the desired behavior at large r becomes an exponentially small component of the generic solution, and so its extraction gets lost in the numerical noise. Despite this limitation, we will be able to explore the parameter space widely enough to see how the results extrapolate to the difficult regions, and thus give a complete characterization of the solutions.

A. Results for f_l

We show two examples of the results for f_l, eq. (7) in figure 1, as a function of Δ − 1 = v^2/v^2_t − 1; recall that v is the velocity of one of the particles in the center of mass frame, and v_t is the threshold velocity for producing the excited DM states. These results look quite different from the usual single-state s-wave Sommerfeld enhancement, which has numerous sharp resonance bands at low velocity. Here, there can be at best a few oscillations in a given partial wave, but not strongly peaked. These

FIG. 1: Top: fraction of partial waves converted to the excited state as a function of center-of-mass velocity (relative to the threshold velocity vt) for two sample sets of parameters, Γ = 10, η = 1.2, and Γ = 340, η = 8.2. Each curve is labeled by its partial wave l. Bottom: same, but showing region of smaller velocities.

might be due to having an approximately integral number of wavelengths within the width of the potential well, which of course is not square and so one would not expect nearly bound resonances to be very sharp. It would be interesting to find an analytic approximation to help better understand these results. We tried to develop the WKB approximation in this context, but without success.^1

For clarity in figure 1 we have chosen examples where the number of partial waves which contribute significantly are relatively small, but for our actual computations, there are examples (particularly for small values of η ≪ √ Γ) where hundreds of partial waves are relevant.

Using the estimate (10), and the definitions (4), we find

l_{max} ∼ √ ΓΔ η ln η Δ (12)

We typically computed up to l_{max} = 500 to insure convergence of the sum over l in the cross section, and we restrict ourselves to gauge boson masses, hence values

1 At least in some regions of parameter space, the WKB approximation fails due to the breakdown of matching conditions at the classical turning point. It is possible that more sophisticated approximate analytical techniques such as those used in [27] ameliorate this problem.

of η ∼ √ Γ, which are large enough to justify neglecting higher values of l (it also turns out that the interesting functional dependence of σ on η occurs in the region where η ∼ √ Γ). It will be apparent from the results that this is a mild restriction, in terms of understanding trends across the full parameter space of the model.

B. Boost factors

There is a large literature on the Sommerfeld enhancement for s-wave annihilation of DM at low velocities, where the effect is characterized by a boost factor, defined as the ratio of the enhanced cross section to the Born approximation value. Even though all our results for the scattering cross section are computed directly, without reference to the perturbative value, one might nevertheless be interested to know their ratio in the present context. To make the comparison, we need the perturbative expression for σ (here computed using relativistic quantum field theory),

σ = πα^2_g 2Δ { 32 (M^2_0 v^2_t (2Δ − 1) + μ^2) v^2_t ln 1 + ϵ 1 − ϵ + 128M^2_0 √ Δ(Δ − 1) μ^4 + M^4_0 v^4_t + 2μ^2M^2_0 v^2_t (2Δ − 1) } (13)

FIG. 2: Boost factors as a function of the dimensionless squared velocity Δ = v^2/v^2_t − 1 (recall that vt is the threshold velocity) for a wide range of the parameters defined in eq. (4), Γ = 10, . . . , 10^5 (rows) and η ∼ few × √ Γ (columns). We assume M0 = 1 TeV, and the curves in each panel correspond to δM = 0.2, . . . , 1 MeV, from top to bottom.

where ϵ = 2M^2_0 v^2_t √ Δ(Δ − 1)/(μ^2 + M^2_0 v^2_t (2Δ − 1)), and we have assumed δM ≪ μ ≪ M_0 to simplify the expression; see appendix A for details.

In figure 2 we plot the resulting boost factors as a function of center-of-mass velocity of the incoming particles, for the same range of parameters that we explore in the next section as being relevant for positron production, namely Γ = 10, . . . , 10^5 and η ∼ few× √ Γ, for δM = 0.2, 0.4, . . . , 1 MeV, and assuming a DM mass of M_0 = 1 TeV. From the figure it is apparent that the “boost factor” is an enhancement only for the smaller values of Γ, and is actually a suppression factor for Γ > 100, in the range of velocities where we have computed. One can see the onset of resonant enhancement at low velocity in the cases of Γ = 10 and 100, where the boost factor suddenly increases as a function of the dimensionless gauge boson mass parameter η. For fixed parameters Γ, η, Δ, we see from each family of curves that smallest values of δM give the largest cross section. This can be understood as being due to Sommerfeld enhancement, since for fixed Δ decreasing δM corresponds to decreasing the particle velocities.

One check on these results is provided by considering when the Born approximation for our potential should be valid. By demanding that the scattered wave be small compared to the incoming wave in nonrelativistic quantum mechanics, and working in the limit of low velocity, one obtains the constraint 2M_0| ∫_∞ 0 rV (r)dr| ≪ 1, which implies 2α_gM_0 ≪ μ, or in terms of the parameters (4), 2Γ ≪ η. This is violated everywhere in the region of parameter space we have considered, so there is no contradiction between our results and expectations based on the Born approximation.

IV. RATE OF POSITRON PRODUCTION

The rate of positron production within a radius r_c of the galactic center is given by

R_e+ = 1 2 ∫_{rc} 0 ⟨σv_{rel}⟩n^2(r) 4πr^2 dr (14)

where n(r) = ρ(r)/M_0 is the DM number density and ρ(r) is its mass density. The factor of^1_2 is to avoid double-counting, and we have assumed that the DM is distributed spherically symmetrically. Since the INTE- GRAL signal has a full-width at half-maximum of 8^∘ [32], we take r_c to be the radius which subtends 8^∘ at our distance of R_0 = 8 kpc from the galactic center, giving r_c = 1.1 kpc. We will discuss the uncertainty in R_0 and its impact on our results below. The predicted rate (14) is to be compared to the observed one (see ref. [19] for a detailed discussion) of R_{obs} = 3.4 × 10^{42} for the component coming from the galactic bulge [19].

The cross section in (14) is averaged over the velocities of the DM particles, using the Maxwell-Boltzmann distribution function f(v, r) = N { v^2 exp ( −v^2/2σ_v(r)^2 ) , v < v_{esc} 0, v ≥ v_{esc}, (15)

with a cutoff at the escape velocity for galactic DM. The normalization factor is given by

N^{−1}(r) = 2^{5/2}πσ^3_v (r) ( √ π 2 erf(X) − Xe^{−X 2} ) (16)

where X = v_{esc}/( √ 2σ_v (r)). We follow ref. [19] in using the r-dependent escape velocity (see appendix B for derivation),

v_{esc} = v_c √ 2 [ 1 − ln (_r r_{−2} )] , r ≤ r_{−2} v_c √ 2^{r−2}_r , r > r_{−2}. (17)

v_c is the circular velocity of DM, assumed to be approximately constant at radii near the characteristic scale r_{−2}, which is defined below. We take the fiducial value for v_c,

v_c = 220 km/s (18)

as in ref. [19] and many other references, but below we will also explore the sensitivity of our predictions to changes in this value. To average over the cross section, one integrates over both DM particle velocities,

⟨σv_{rel}⟩(r) = 8π^2 ∫_∞ 0 dv_1 ∫_∞ 0 dv_2

∫_1 −1 d(cos θ)

f(v_1, r) f(v_2, r) σv_{rel}, (19)

where v_{rel} = (v^2_1 + v^2 − 2v_1v_2 cos θ)^{1/2}, and the cross section is taken to vanish if^1_2 v_{rel} is less than the threshold velocity defined in eq. (4). We perform the integrals numerically.

A. Pure DM radial distributions

The r dependence of the velocity dispersion σ_v (r) and also the escape velocity v_{esc}(r) appearing in (15) depend on the shape of the DM density profile ρ(r). We will consider several hypotheses for the form of ρ(r), inferred from N-body simulations, some based on pure DM

FIG. 3: NFW, Einasto, and cored BDM density profiles, in the inner 1 − 10 kpc. Inset shows the region 0.01 − 1 kpc.

(PDM), and others which contain a baryonic component in addition to the DM (BDM). The PDM Aquarius simulation [33] finds the relation σ^3_v ∝ r^{1.875}ρ(r), where ρ is the DM density. Thus one needs to specify the density profile in order to fix σ_v (r).

We consider two widely-used density profiles, the NFW form

ρ(r) = 4ρ_{−2} ( r r_{−2} )_{−1} ( 1 + r r_{−2} )_{−2} , (20)

and the Einasto form

ρ(r) = ρ_{−2} exp [ −2 α (( r r_{−2} )_α − 1 )] , (21)

Here r_{−2} is the radius at which the logarithmic slope of the density is −2, the normalization is defined by ρ_{−2} = ρ(r_{−2}), and α is the shape parameter. A fit of the NFW form to the Milky Way galaxy in ref. [34] gives^2 r_{−2} = 14.1 (h/0.7)^{−2/3} kpc and ρ_{−2} = 0.13 (h/0.7)^2 GeV/cm^3 where h is the Hubble parameter. These are close to the best-fit values from the Aquarius simulation for the Aq- A-1 galaxy, which was the highest resolution simulation considered, given in tables 1-2 of ref. [33],

r_{−2} = 15 kpc ( h 0.7 )_{−1} , ρ_{−2} = 0.14 GeV cm^3c^2 ( h 0.7 )_2 , α = 0.17 (Aquarius-A-1 parameters) (22)

2 In the notation of ref. [34], r_{−2} = r_s = r_v /c and 4ρ_{−2} = δ_cρ_c, where r_v is the virial velocity, c is the concentration parameter, δ_c = 100c^3/[3(ln(1 + c) − c/(1 + c)] and ρ_c is the present critical density of the universe. r_v is related to the virial mass M_v by

r_v = ( 3M_v 4π · 100ρ_c )_{1/3} . Using their best fit values c = 18, M_v = 9.4 × 10^{11}M_⊙ (see erratum of [34]) leads to the values quoted for r_s and ρ_{−2}.

FIG. 4: Velocity dispersion profile for dark matter + baryons (BDM), solid curve, and for pure dark matter with Einasto or NFW density profiles, dashed curves.

We adopt these as our fiducial values. The resulting velocity dispersion is then

σ_v = v_0 ( r r_{−2} )_{0.625} ( ρ(r) ρ_{−2} )_{1/3} (23)

where the velocity scale v_0 (called σ_{max} in Table 1 of ref. [33]) is determined to be

v_0 ∼= 260 km/s (24)

The radial dependence of σ_v is plotted in figure 4, showing that the Einasto profile leads to much higher velocities in the inner regions r < r_{−2} than does the NFW profile.

B. Effect of baryons on distributions

The Aquarius simulation ignored the effects of baryons on the evolution of galaxies, but recent studies have included them and shown that their effect is to increase the velocity dispersion in the inner region r^<∼ 10 kpc [35]-[37]. Fitting the results of figure 2 in ref. [35], we find the velocity dispersion

σ_v (r) = v_0 ( r r_{−2} )_{−1/4} (25)

where v_0 happens to take the same value as in (24). Its shape is plotted in figure 4. The rise in v toward the galactic center can greatly boost the excitation rate of DM relative to the pure dark matter case, (23), and we will employ both for the purposes of comparison.

There is some disagreement between the different BDM simulations as to the impact of the baryons on the DM density profile. Ref. [35] finds that the cusp of the density distribution is softened (we refer to it as a “cored” profile), while ref. [37] obtains profiles that are consistent with the Einasto form. We will consider both possibilities in our computations of the positron production rate. To study the possible softening effect, we have digitized the BDM density profile at redshift z = 0 in fig. 1 of ref. [35] and fit its logarithm to a quartic polynomial,

log_{10} ρ_{cored} = 4∑ n=0 a_n log^n_{10}(r/kpc) (26)

with coefficients a_n = 1.7487, 0.0395, −2.537, 1.459, −0.3448, respectively, for n = 0, . . . , 4. This profile is plotted along with the NFW and Einasto forms (20)-(21) in figure 3 in the region 1 kpc < r < 10 kpc. For larger r, the three shapes are in closer agreement, while for r < 1 kpc the BDM profile is taken to be constant.

Other BDM simulations do not find the erasure of the cusp; ref. [37] finds good fits to the Einasto profile with a range of α values that are consistent with (22), but that go as low as α = 0.145. To illustrate the effect of the α parameter on the rate, we will consider this lower value in addition to the higher one α = 0.17 in (22).

V. SURVEY OF PARAMETER SPACE

There are four important dimensionless parameters that determine the rate of scatterings to produce the XDM states in the galaxy. Two have already been defined in eq. (4), Γ and η, which depend only upon the microphysics, i.e., the DM mass, mass splitting, gauge boson mass, and interaction strength. The others depend on the ratio between the threshold velocity v_t or the escape velocity v_{esc} and the parameter v_0 (that controls the average speed of DM particles in the galaxy), motivating us to define a ≡ 2δM M_0v^2_0 = v^2_t v^2_0 , b = v^2_{esc} v^2_0

(27)

Dependence on a, b arises from averaging the cross section over the velocity distribution of the DM. In ref. [15], a simpler estimate of the rate was made using the isothermal distribution function, f(v) = Nv^2e^{−v2 /v20} , giving

⟨σv_{rel}⟩ = 2 √ π M^2_0 v_0 ∑ l (2l + 1)

∫_v2_{esc}

v^2_t dv^2 v^2_0 e^{−v2/v20} f_l(v) (28)

where v_{esc} is the escape velocity, also taken to be constant and in the range ∼ 500 − 600 km/s.^3 In the limit of large a, b, the rate is exponentially suppressed, ∼ (e^{−a} − e^{−b}). Although we are calculating the rate more quantitatively in this paper, the simpler approach makes it clear how to

3 This estimate assumes that v_{esc} ≫ v_0 so that N ∼ v^{−3}_0 . In the unphysical limit v_{esc} ≪ v_0, the normalization factor goes to N ∼ v^{−3}_{esc} .

FIG. 5: Contours of logarithm of predicted over observed rate of positron production in the plane of η-δM for several DM velocity and density profiles. (η is proportional to the exchanged gauge boson mass; see eq. (4).) Those labeled “0” (thickest contours) match the observed rate. The DM mass is assumed to be M0 = 1 TeV.

expect the results to depend on a, b, at least semiquantitatively. In terms of dimensionful constants and the dimensionless ratios, one can parametrize the rate in the form

R_e+ = ρ^2_{−2}r^3_{−2} M^4_0 v_0 g(Γ, η, a, b) (29)

FIG. 6: Log of predicted over observed rate contours in the plane of mass splitting δM versus M0 (DM mass), v0 (velocity dispersion at r−2 = 15 kpc) or vc (circular velocity at r−2). The contour labeled “0” corresponds to the observed rate of positron production. The distance to the galactic center is fixed at R0 = 8 kpc in the top right panel (and the left ones), whereas it varies linearly with vc in the bottom right one. Other parameters are fixed at Γ = 10^4 , η = 50, α = 0.145 to maximize the rate, and the BDM velocity profile is used.

where the function g of the dimensionless variables has complicated dependence on Γ and η, but roughly (e^{−a} − e^{−b}) dependence on a, b. The contours of log(e^{−a} − e^{−b}) in the a-b plane are roughly linear over some ranges, suggesting that there should be a quasilinear degeneracy between the parameters δM and v^2_{esc}, which we will observe below.

A. Dependence on Γ, η, δM

For our initial exploration of parameter space, we computed the scattering rate for values Γ = α^2_g M_0/2δM = 10^1, 10^2, . . . , 10^5; this is the parameter that is most directly associated with the strength of the dark gauge interaction since it multiplies the potential in (6). For each value of Γ, we explore a range of η = α_gμ/2δM (recall that η determines the range of the interaction since μ is the gauge boson mass) that includes the region where the rate of excitations is maximized. For each value of Γ, we calculated contours of the positron production rate R_e+ in the η-a plane. However to make the presentation more concrete, instead of using the dimensionless variable a, we momentarily assume that the model should also account for the positron excesses seen by PAMELA and Fermi/LAT, the latter of which suggests that M_0 ∼= 1 TeV [29]. This enables us to plot the contours in the ηδM plane. An important question is whether the rate can ever be large enough if δM ≥ 2m_e since in the most natural models, each excited state must have enough energy to decay into an e^+-e^− pair.

In figure 5 we display results for three cases with the BDM velocity dispersion (25) and different assumptions for the density profile, and one example with the PDM dispersion (23). The largest rates are obtained in the former case, using cuspy density profiles, and Γ = 10^4. Even in this most favorable case however, the mass splitting cannot exceed 600 keV if the predicted rate is to match the observed one. The cored BDM density profile and the PDM velocity profile give much smaller rates, with correspondingly smaller upper limits on δM, 170 keV and 200 keV respectively.

B. Dependence on other parameters

Ideally one would like to find examples where the predicted rate can match observations for mass splittings δM^>∼ 2m_e, since in the simplest models each excited DM state must decay into the ground state plus e^+e^−. Toward this end, we have explored the dependence on other parameters which we previously held fixed. For this purpose we fix instead the microscopic parameters at one of the highest-rate examples found in fig. 5. Namely we take Γ = 10^4, η = 50, using the BDM velocity profile, and Einasto density profile with α = 0.145. We vary the DM mass M_0, the velocity dispersion parameter v_0, and the circular velocity parameter v_c. Recently ref.

FIG. 7: Spectrum of states for inverted mass hierarchy.

[38] presented evidence, based on trigonometric parallaxes and proper motions of masers in star-forming regions of the Milky Way, favoring a surprisingly large value v_c = 254 ± 16 km/s. The claim has been criticized in subsequent references [39, 40]; in particular ref. [40] notes that the method used only constrains the ratio v_c/R_0 ∼= 30 km/s/kpc, where R_0 is the distance to the galactic center. We therefore also consider the variation of v_c and R_0 together.

The results are shown in figure 6. The top left figure shows that there is an optimal value of M_0 ∼= 600 GeV for maximizing the rate, where δM = 650 keV gives the observed rate. This can be understood from the analytic approximation (29) where for fixed δM, the rate scales as a^4e^{−a} ∼ M^{−4}_0 e^{−c/M0} . The bottom left figure shows that the dependence on v_0, which controls the overall size of the DM velocity dispersion, is quite weak for values above the standard one v_0 ∼= 220 km/s (see footnote 3 for explanation). As expected, decreasing v_0 below this value only reduces the rate.

The right panels of figure 6 show the dependence on the circular velocity v_c, which controls the escape velocity of the DM. Keeping R_0 fixed, the upper right panel demonstrates that v_c would have to be increased to 350 km/s to allow for δM as large as 2m_e. However increasing R_0 in a correlated way, as suggested by ref. [40], allows for a stronger effect, because the cutoff r_c on the radial integration in eq. (14) increases proportionally with R_0. In this case, one would need v_c = 280 km/s and R_0 = 9.4 kpc. Such a large value of v_c is 4σ away from the recent mean determination of 236 ± 11 km/s [39] and that of R_0 is 2.5σ and 3.1σ outside the preferred values of refs. [41, 42] respectively.

We conclude that, by taking all parameters and distribution functions to their limits, it may be marginally possible to excite dark matter with a mass splitting as large as 2m_e, although most practitioners would probably regard the required values of v_c = 280 km/s and R_0 = 9.4 kpc as being unreasonably large.

VI. ALTERNATIVE XDM SCENARIOS AND TEV DARK MATTER

In ref. [28] it was pointed out that a long-lived species χ_1 with a mass splitting ΔM ∼ 2m_e above the ground

FIG. 8: Relation between r, r̃ and ϕ for the line of sight integral (33).

state χ_0 could be excited to a third state χ_2 with splitting δM ≪ 2m_e in an “inverted mass hierarchy” scenario, whose spectrum is shown in fig. 7. Then the XDM mechanism can work via the excitations χ_1χ_1 → χ_2χ_2 followed by the decays χ_2 → χ_0e^+e^−. The reduced value of δM allows the rate to be large enough to match observations without requiring extreme values for parameters of the galactic velocity profile.

Simple models of nonabelian DM with hidden SU(2) gauge symmetry were constructed in ref. [43] to realize this possibility. The scenario comes with the expense of needing a late-time nonthermal origin for the DM, as explained in [28] (see also [44]), since otherwise the same process needed for positron production in the galaxy will depopulate the χ_1 states in the early universe. If the DM goes out of kinetic equilibrium early enough, a small remnant of its initial relic density can be maintained; ref. [25] optimistically estimates that ∼ 1/10 of the initially produced relic density can survive. In this case we would need parameters corresponding to a rate R_e+ /R_{obs} = 100 to compensate for the ρ^2 ∼ 0.01 suppression in the rate, relative to the assumed case of a standard relic density. The upper right-hand panel of figure 5 (corresponding to BDM with a steep Einasto profile) reveals such examples (the contours labeled “2”) when Γ ∼ 10^3 −10^4 and δM ∼ 50 keV.

In the case of nonthermally-produced intermediate states, in order for this component of the DM to dominate over the conventionally produced thermal component of the ground state, it is necessary to have an annihilation cross section that is stronger than the one needed for the standard thermal relic density, which was computed for SU(2) DM in ref. [43]. This puts a constraint on the dark gauge coupling of triplet DM,

α_g > 0.03 ( M_0 1 TeV ) (30)

If we assume that M_0 ∼= 1 TeV, and 200 MeV < μ < 1 GeV, the preferred value for explaining excess leptons seen by the PAMELA and Fermi/LAT detectors, this

FIG. 9: Comparison of the predicted and observed angular profiles for Γ = 100, η = 3.5 and five values of δM, also varying the density profiles. All curves are normalized to 1 at r = 0 to emphasize the differences in shape. Bottom right graph shows dependence of the actual rate on δM for these same density profiles, assuming that M0 = 1 TeV.

puts constraints on the dimensionless parameters Γ, η: 4.6 < Γ × ( δM 100 MeV ) < 5100 (31) 0.03 < η × ( δM 100 MeV ) < 5 (32)

where we have also imposed that α_g < 1. Referring to fig. 5, we see that these can be satisfied for the top panels, which use Einasto profile and BDM velocity dispersion, even at Γ = 10. There thus seems to be considerable room in the parameter space for the XDM explanation of low-energy galactic center positrons, if one accepts the inverted mass hierarchy hypothesis and a relic density of intermediate mass states.

VII. ANGULAR DISTRIBUTIONS

Further constraints can be obtained by computing the expected angular profiles of the produced positrons. This gives one-sided bounds, because there is considerable uncertainty in the distance that a positron could propagate away from the galactic center before annihilating. But a model that predicts too wide an angular profile can be excluded since propagation effects will never make the true profile more narrow.

Neglecting propagation effects, the angular distribution of positrons is given by an integral similar to that in (14), but instead of integrating over the volume, one must integrate along the line of sight. We define a luminosity L(ϕ) by

L(ϕ) = ∫_∞ 0 ⟨σv_{rel}⟩(r) n^2(r) dr̃ (33)

where r̃ is distance along the line of sight, and r^2(r̃, ϕ) = R^2_0 +r̃^2 −2r̃R_0 cos ϕ, as illustrated in fig. 8. The observed profile is broadened by the SPI instrumental resolution of 3^∘ full width at half maximum, so we smooth it using a gaussian,

L_{obs}(ϕ) = N(c) ∫ dϕ_0 e^{−c(ϕ−ϕ0)2)}L(ϕ_0) (34)

where c = π(3^∘/180^∘)/(2^{3/2} ln 2).

Our results for the angular profile are shown in fig. 9, for sample microphysics parameters Γ = 100 and η = 3.5. We find that the shapes are relatively insensitive to these values, and rather depend more strongly on the DM density and velocity profiles, and the parameters a, b defined in (27). For the first five panels of this figure, we have ignored the overall rate and normalized all curves to match the observed profile at the galactic center, to better visualize the differences in widths of the predicted signals. The bottom right panel shows the real rate corresponding to each assumed density profile, as a function of δM (assuming M_0 = 1 TeV as before).

One can see that for the larger values of δM, the pure dark matter velocity profiles (as well as cored BDM) produce too wide a profile to match the observations, while the cuspy BDM case gives a narrower result that can be consistent if the positrons travel a distance of order 1 kpc before annihilating, as has been argued is possible [45]. This indicates that the kinematic advantage of having higher central velocities in the BDM scenario is more important than the boost to the cross section that one would expect from the Sommerfeld enhancement at lower velocities. Thus not only are the cuspy BDM profiles more easily able to match the observed rate, but they are also more consistent with the observed angular distribution.

VIII. CONCLUSION

In this paper we have tried to give the most quantitative treatment to date of the excited dark matter mechanism for producing positrons at the galactic center. A main technical improvement was the numerical computation of the excitation scattering cross section, which is nonperturbative and guaranteed to satisfy unitarity constraints. A second difference relative to previous treatments is that we included the effects of baryons on the velocity dispersion of DM in the inner kpc of the galaxy, which can significantly boost the rate of excitations. In addition we considered NFW and Einasto profiles for the DM density, varying parameters determining the cuspiness of the distributions, as well as those affecting the velocity distributions.

Even making all the most optimistic assumptions for increasing the rate of DM excitations, we were not able to find realistic parameter values which yield a large enough rate, if the mass gap between the ground state χ_0 and excited state χ_1 of the DM is sufficient for the subsequent decay χ_1 → χ_0 e^+e^− to produce the positron. The largest mass gap we found consistent with the observed rate was δM ∼= 650 keV, assuming the standard values v_c = 220 km/s and R_0 = 8 kpc, respectively, for the circular velocity of the sun around and its distance to the galactic center. By pushing these values to v_c = 280 km/s and R_0 = 9.4 kpc, we can barely accommodate a mass gap of δM = 2m_e, but these choices are respectively 4σ and 3σ away from the mean values.

One way to ease the tension would be to consider models where the excited states are charged and thus able to decay into single electrons or positrons; this would lower the required mass gap to just δM = m_e. But this requires a great deal more model-building gymnastics than the case of a neutral excited state. A theoretically more appealing alternative is the case of three DM states where χ_0χ_0 → χ_1χ_2, in which the mass gap δM_{01} between χ_0 and χ_1 is much smaller than δM_{02} > 2m_e [43, 46]. For example if δM_{01} = 0, then the effective δM which determines the threshold velocity is half as large as in the models that produce two of the same excited state. This possibility can arise if the hidden sector gauge group is SU(2)×U(1) and gets completely broken, for example. However to see if this class of models can really have a larger rate would require solving the Schrödinger equation in the three-state system, so while it is plausible that such asymmetric excitations could increase the rate, it is not proven by our analysis.

Another way of getting around our no-go result is to assume the existence of a stable or metastable population of already excited states χ_1, which need only be further excited to χ_2 through a small mass gap δM_{12}, if δM_{02} is assumed to be greater than 2m_e so that the decay χ_2 → χ_0 e^+e^− is allowed. We refer to this as the inverted mass hierarchy scenario. This idea comes with new complications, since it is difficult to prevent the excitation process from occuring earlier in the history of the universe, to maintain the population of χ_1 to the present day. However there is an intriguing possibility to overcome this by assuming the present DM particles are products of the late decay of a much heavier predecessor, and thus were initially relativistic, at a time when they would normally have been nonrelativistic had they been produced through conventional freeze-out [28]. The higher velocity suppresses the Sommerfeld enhancement at early times, when it would have the undesirable effect of depleting the metastable intermediate DM states. We hope to examine this scenario more carefully in future work.

We have not tried to impose in detail the additional constraints on the model which arise if one would like it to also account for the PAMELA and Fermi/LAT excess electrons/positrons, although we did focus on TeV scale DM for that purpose. If the DM explanation of the highenergy leptons is not ruled out by upcoming analyses, this would be an interesting next step. It might also be worthwhile to investigate the effect of a nonspherically symmetric DM halo [47] on the rate of positron production.

Acknowledgment: We thank Gil Holder for valuable discussions about the galactic parameters.

APPENDIX A: BORN APPROXIMATION CROSS SECTION

For comparison with the nonrelativistic excitation cross section from numerical solution of the Schrödinger equation, we here give the quantum field theoretic expression in the Born approximation. The spin-averaged squared matrix element is

|M|^2 = 4g^4 { 4 (t − μ^2)^2 [ 2(s^2 + u^2) + 4M^2_+t − M^4_+ + M^4_− − 6M^2_+M^2_− ]

+ 4 (u − μ^2)^2 [ 2(s^2 + t^2) + 4M^2_+u − M^4_+ + M^4_− − 6M^2_+M^2_− ]

+ 4 (t − μ^2)(u − μ^2) [ 4s^2 − 8M^2_+s + 2M^2_−s + 3(M^2_+ − M^2_−)^2 ] } (A1)

where g is the couping constant, s, t, u are the Mandelstam variables, M_± = M_1 ± M_0, and M_1, M_0 and μ are the dark matter and gauge boson mass respectively.

In the center-of-mass frame,

s = E^2_{cm}, t = −2p^2(1 − cos(θ)), u = −2p^2(1 + cos(θ)) (A2)

so the cross section is σ = 1 E^2_{cm}v_{rel} ∫ dΩ_{cm} 4π 1 8π 2|p| E_{cm} |M|^2 = g^4 |p^′| 2πE^3_{cm}v_{rel} { − 8s^2 − 16M^2_+s + 4M^2_−s + 6(M^2_+ − M^2_−)^2 pp^′(μ^2 + p^2 + p^{′2}) ln( μ^2 + (p + p^′)^2 μ^2 + (p − p^′)^2 ) − 64μ^4 + 192μ^2p^2 + 192μ^2p^{′2} + 64μ^2M^2_+ + 160p^4 + 160p^{′4} + 192p^2p^{′2} + 32s^2 − 16M^4_+ + 16M^4_− − 96M^2_+M^2_− (μ^2 + (p − p^′)^2)(μ^2 + (p + p^′)^2) + 16(2p^2 + 2p^{′2} + M^2_+ + μ^2) pp^′ ln( μ^2 + (p + p^′)^2 μ^2 + (p − p^′) ) } (A3)

We rewrite the kinematic variables using the dimensionless quantity Δ, v_{rel} = 2v_t √ Δ, p = M_0v_t √ Δ, p^′ = M_0v_t √ Δ − 1

E_{cm} = 2M_0 √ 1 + v^2_t Δ, M_+ = 2M_0 ( 1 + v^2_t 4 ) , M_− =

M_0 2 v^2_t (A4)

Using v_t ≪ 1 and δM ≪ μ ≪ M_0, we obtain the approximate expression (13) for the cross section.

APPENDIX B: ESCAPE VELOCITY

To be self-contained, we reproduce here the argument of ref. [19] for the r-dependence of the escape velocity. It is important to notice that dark matter does not dominate the mass of the inner galaxy. To account for the gravitational effect of the baryons, one can use the fact that the circular velocity v_c (the velocity of a test mass on a circular orbit around the galactic centre), is nearly constant out to radii or order r_{−2}. We make the simplifying assumptions that there is no mass beyond r = r_{−2} and that the density is spherically symmetric.

The gravitational potential is Φ = −G ∫_∞ r M(r^′) r^{′2} dr^′. (B1) where M(r), the mass within radius r, can be inferred from F = ma for a test particle of mass m: mv^2_c /r = GmM(r)/r^2. Hence M(r) = rv^2_c /G for r < r_{−2} and M = r_{−2}v^2_c /G for r > r_{−2}. The integral for Φ becomes

Φ = v^2_c { ln (_r r_{−2} ) − 1, r < r_{−2} −^{r−2}_r , r < r_{−2} (B2)

The escape velocity is given by^1_2 v^2_{esc} + Φ = 0, leading to eq. (17).

[1] J. Knödlseder et al., “Early SPI/INTEGRAL contraints

on the morphology of the 511 keV line emission in the 4th galactic quadrant,” Astron. Astrophys. 411, L457 (2003)

[arXiv:astro-ph/0309442];

P. Jean et al., “Early SPI/INTEGRAL measurements of galactic 511 keV line emission from positron annihilation,” Astron. Astrophys. 407, L55 (2003) [arXiv:astroph/0309484].

B. J. Teegarden et al., “INTEGRAL/SPI Limits on Electron-Positron Annihilation Radiation from the Galactic Plane,” Astrophys. J. 621, 296 (2005) [arXiv:astro-ph/0410354].

E. Churazov, R. Sunyaev, S. Sazonov, M. Revnivtsev and D. Varshalovich, “Positron annihilation spectrum from the Galactic Center region observed by SPI/INTEGRAL,” Mon. Not. Roy. Astron. Soc. 357, 1377 (2005) [arXiv:astro-ph/0411351].

J. Knödlseder et al., “The all-sky distribution of 511-keV electron positron annihilation emission,” Astron. Astrophys. 441, 513 (2005) [arXiv:astro-ph/0506026]; A. W. Strong et al., “Gamma-ray continuum emission from the inner Galactic region as observed with IN- TEGRAL/SPI,” Astron. Astrophys. 444, 495 (2005) [arXiv:astro-ph/0509290].

G. Weidenspointner et al., “The sky distribution of 511 keV positron annihilation line emission as measured with INTEGRAL/SPI,” arXiv:astro-ph/0702621.

[2] R. Diehl and M. Leising, “Gamma-Rays from Positron Annihilation,” arXiv:0906.1503 [astro-ph.HE].

[3] W. Wang, C. S. J. Pun and K. S. Cheng, “Could electronpositron annihilation lines in the Galactic center result from pulsar winds?,” Astron. Astrophys. 446, 943 (2006) [arXiv:astro-ph/0509760].

[4] M. Casse, B. Cordier, J. Paul and S. Schanne, “Hypernovae/GRB in the Galactic Center as possible sources of Galactic Positrons,” Astrophys. J. 602, L17 (2004) [arXiv:astro-ph/0309824].

G. Bertone, A. Kusenko, S. Palomares-Ruiz, S. Pascoli and D. Semikoz, “Gamma ray bursts and the origin of galactic positrons,” Phys. Lett. B 636, 20 (2006) [arXiv:astro-ph/0405005].

[5] P. A. Milne, J. D. Kurfess, R. L. Kinzer and M. D. Leising, “Supernovae and Positron Annihilation,” New Astron. Rev. 46, 553 (2002) [arXiv:astro-ph/0110442]. K. Ahn, E. Komatsu and P. Hoflich, “Cosmic gammaray background from Type Ia supernovae revisited: Evidence for missing gamma-rays at MeV,” Phys. Rev. D 71, 121301 (2005) [arXiv:astro-ph/0506126]. J. C. Higdon, R. E. Lingenfelter and R. E. Rothschild, “The Galactic Positron Annihilation Radiation & The Propagation of Positrons in the Interstellar Medium,” Astrophys. J. 698, 350 (2009) [arXiv:0711.3008 [astroph]]; “Is There a Dark Matter Signal in the Galactic Positron Annihilation Radiation?,” Phys. Rev. Lett. 103, 031301 (2009) [arXiv:0904.1025 [astro-ph.HE]].

[6] G. Weidenspointner et al., “An asymmetric distribution of positrons in the Galactic disk revealed by γ-rays,” Nature 451, 159 (2008).

R. M. Bandyopadhyay, J. Silk, J. E. Taylor and T. J. Maccarone, “On the Origin of the 511 keV Emission in the Galactic Centre,” arXiv:0810.3674 [astro-ph].

[7] K. S. Cheng, D. O. Chernyshov and V. A. Dogiel, “Annihilation Emission from the Galactic Black Hole,” Astrophys. J. 645, 1138 (2006) [arXiv:astro-ph/0603659].

[8] I. Gebauer, “Dark Matter Annihilation in the light of EGRET, HEAT, WMAP, INTEGRAL and ROSAT,” arXiv:0811.2767 [astro-ph].

N. Prantzos, “On the intensity and spatial morphology of the 511 keV emission in the Milky Way,” Astron. Astrophys. 449, 869 (2006) [arXiv:astro-ph/0511190].

“On the 511 keV emission line of positron annihilation in the Milky Way,” New Astron. Rev. 52, 457 (2008) [arXiv:0809.2491 [astro-ph]].

W. de Boer, “The dark connection between the EGRET excess of diffuse Galactic gamma rays, the Canis Major dwarf, the Monoceros ring, the INTEGRAL 511 keV annihilation line, the gas flaring and the Galactic rotation curve,” arXiv:0711.1912 [astro-ph].

[9] C. Boehm, T. A. Ensslin and J. Silk, “Are light annihilating dark matter particles possible?,” J. Phys. G 30, 279 (2004) [arXiv:astro-ph/0208458].

C. Boehm and P. Fayet, “Scalar dark matter candidates,” Nucl. Phys. B 683, 219 (2004) [arXiv:hep-ph/0305261]. C. Boehm, D. Hooper, J. Silk, M. Casse and J. Paul, “MeV dark matter: Has it been detected?,” Phys. Rev. Lett. 92, 101301 (2004) [arXiv:astro-ph/0309686]. C. Boehm, P. Fayet and J. Silk, “Light and heavy dark matter particles,” Phys. Rev. D 69, 101302 (2004) [arXiv:hep-ph/0311143].

D. Hooper, F. Ferrer, C. Boehm, J. Silk, J. Paul, N. W. Evans and M. Casse, “MeV dark matter in dwarf spheroidals: A smoking gun?,” Phys. Rev. Lett. 93 (2004) 161302 [arXiv:astro-ph/0311150].

C. Boehm and Y. Ascasibar, “More evidence in favour of light dark matter particles?,” Phys. Rev. D 70, 115013 (2004) [arXiv:hep-ph/0408213].

P. Fayet, “Light spin-1/2 or spin-0 dark matter particles,” Phys. Rev. D 70, 023514 (2004) [arXiv:hepph/0403226].

P. D. Serpico and G. G. Raffelt, “MeV-mass dark matter and primordial nucleosynthesis,” Phys. Rev. D 70, 043526 (2004) [arXiv:astro-ph/0403417].

J. F. Beacom, N. F. Bell and G. Bertone, “Gamma-ray constraint on Galactic positron production by MeV dark matter,” Phys. Rev. Lett. 94, 171301 (2005) [arXiv:astroph/0409403].

K. Ahn and E. Komatsu, “Cosmological lower bound on dark matter masses from the soft gamma-ray background,” Phys. Rev. D 71, 021303 (2005) [arXiv:astroph/0412630]; “Dark matter annihilation: The origin of cosmic gamma-ray background at 1-MeV to 20- MeV,” Phys. Rev. D 72, 061301 (2005) [arXiv:astroph/0506520].

Y. Rasera, R. Teyssier, P. Sizun, B. Cordier, J. Paul, M. Casse and P. Fayet, “Soft gamma-ray background and light dark matter annihilation,” Phys. Rev. D 73, 103518 (2006) [arXiv:astro-ph/0507707].

J. F. Gunion, D. Hooper and B. McElrath, “Light neutralino dark matter in the NMSSM,” Phys. Rev. D 73, 015011 (2006) [arXiv:hep-ph/0509024].

J. F. Beacom and H. Yuksel, “Stringent Constraint on Galactic Positron Production,” Phys. Rev. Lett. 97, 071102 (2006) [arXiv:astro-ph/0512411].

P. Sizun, M. Casse and S. Schanne, “Continuum gammaray emission from light dark matter positrons and electrons,” Phys. Rev. D 74, 063514 (2006) [arXiv:astroph/0607374].

C. Jacoby and S. Nussinov, “Some Comments on an MeV Cold Dark Matter Scenario,” JHEP 0705, 017 (2007) [arXiv:hep-ph/0703014].

Y. Kahn, M. Schmitt and T. M. P. Tait, “Enhanced Rare Pion Decays from a Model of MeV Dark Matter,” Phys. Rev. D 78, 115002 (2008) [arXiv:0712.0007 [hep-ph]].

[10] S. L. Dubovsky, D. S. Gorbunov and G. I. Rubtsov, “Narrowing the window for millicharged particles by CMB anisotropy,” JETP Lett. 79, 1 (2004) [Pisma Zh. Eksp. Teor. Fiz. 79, 3 (2004)] [arXiv:hep-ph/0311189]. J. H. Huh, J. E. Kim, J. C. Park and S. C. Park, “Galactic 511 keV line from MeV milli-charged dark matter,” Phys. Rev. D 77, 123503 (2008) [arXiv:0711.3528 [astro-ph]].

[11] F. Ferrer and T. Vachaspati, “511-keV photons from superconducting cosmic strings,” Phys. Rev. Lett. 95, 261302 (2005) [arXiv:astro-ph/0505063].

[12] C. Picciotto and M. Pospelov, “Unstable relics as a source of galactic positrons,” Phys. Lett. B 605, 15 (2005) [arXiv:hep-ph/0402178].

S. Khalil and O. Seto, “Sterile neutrino dark matter in B − L extension of the standard model and galactic 511 keV line,” JCAP 0810, 024 (2008) [arXiv:0804.0336 [hepph]].

[13] D. Hooper and L. T. Wang, “Evidence for axino dark matter in the galactic bulge,” Phys. Rev. D 70, 063506 (2004) [arXiv:hep-ph/0402220].

E. J. Chun and H. B. Kim, “Axino Light Dark Matter and Neutrino Masses with R-parity Violation,” JHEP 0610, 082 (2006) [arXiv:hep-ph/0607076].

[14] S. Kasuya and M. Kawasaki, “511-keV line and diffuse gamma rays from moduli,” Phys. Rev. D 73, 063007 (2006) [arXiv:astro-ph/0602296].

J. P. Conlon and F. Quevedo, “Astrophysical and Cosmological Implications of Large Volume String Compactifications,” JCAP 0708, 019 (2007) [arXiv:0705.3460 [hepph]].

N. J. Craig and S. Raby, “Modulino Dark Matter and the INTEGRAL 511 keV Line,” arXiv:0908.1842 [hep-ph].

[15] M. Pospelov and A. Ritz, “The galactic 511-keV line from electroweak scale WIMPs,” Phys. Lett. B 651, 208 (2007) [arXiv:hep-ph/0703128].

[16] J. A. R. Cembranos and L. E. Strigari, “Diffuse MeV Gamma-rays and Galactic 511 keV Line from Decaying WIMP Dark Matter,” Phys. Rev. D 77, 123519 (2008) [arXiv:0801.0630 [astro-ph]].

[17] A. Arvanitaki, N. Craig, S. Dimopoulos, S. Dubovsky and J. March-Russell, “String Photini at the LHC,” arXiv:0909.5440 [hep-ph].

[18] D. H. Oaknin and A. R. Zhitnitsky, “511-keV photons from color superconducting dark matter,” Phys. Rev. Lett. 94, 101301 (2005) [arXiv:hep-ph/0406146]. S. Kasuya and F. Takahashi, “511-keV line from Q balls in the galactic center,” Phys. Rev. D 72, 085015 (2005) [arXiv:astro-ph/0508391].

A. Zhitnitsky, “Cold Dark Matter as Compact Composite Objects,” Phys. Rev. D 74, 043515 (2006) [arXiv:astroph/0603064].

K. Lawson and A. R. Zhitnitsky, “Diffuse cosmic gammarays at 1-20 MeV: A trace of the dark matter?,” JCAP 0801, 022 (2008) [arXiv:0704.3064 [astro-ph]]. M. M. Forbes, K. Lawson and A. R. Zhitnitsky, “The Electrosphere of Macroscopic ’Quark Nuclei’: A Source for Diffuse MeV Emissions from Dark Matter,” arXiv:0910.4541 [astro-ph.GA].

[19] D. P. Finkbeiner and N. Weiner, “Exciting Dark Matter and the INTEGRAL/SPI 511 keV signal,” Phys. Rev. D 76, 083519 (2007) [arXiv:astro-ph/0702587].

[20] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer and N. Weiner, “A Theory of Dark Matter,” Phys. Rev. D 79, 015014 (2009) [arXiv:0810.0713 [hep-ph]].

[21] J. Chang et al., “An Excess Of Cosmic Ray Electrons At

Energies Of 300−800 GeV,” Nature 456 (2008) 362. [22] S. Torii et al., “High-energy electron observations by PPB-BETS flight in Antarctica,” arXiv:0809.0760 [astroph].

[23] O. Adriani et al. [PAMELA Collaboration], “An anomalous positron abundance in cosmic rays with energies 1.5−100 GeV,” Nature 458, 607 (2009) [arXiv:0810.4995 [astro-ph]].

[24] A. A. Abdo et al. [The Fermi LAT Collaboration], “Measurement of the Cosmic Ray e+ plus e- spectrum from 20 GeV to 1 TeV with the Fermi Large Area Telescope,” Phys. Rev. Lett. 102, 181101 (2009) [arXiv:0905.0025 [astro-ph.HE]].

[25] D. P. Finkbeiner, T. R. Slatyer, N. Weiner and I. Yavin, “PAMELA, DAMA, INTEGRAL and Signatures of Metastable Excited WIMPs,” arXiv:0903.1037 [hep-ph].

[26] J. Hisano, S. Matsumoto and M. M. Nojiri, “Explosive dark matter annihilation,” Phys. Rev. Lett. 92, 031303 (2004) [arXiv:hep-ph/0307216].

J. Hisano, S. Matsumoto, M. M. Nojiri and O. Saito, “Non-perturbative effect on dark matter annihilation and gamma ray signature from galactic center,” Phys. Rev. D 71, 063528 (2005) [arXiv:hep-ph/0412403] J. March-Russell, S. M. West, D. Cumberbatch and D. Hooper, “Heavy Dark Matter Through the Higgs Portal,” JHEP 0807, 058 (2008) [arXiv:0801.3440 [hep-ph]]. M. Lattanzi and J. I. Silk, “Can the WIMP annihilation boost factor be boosted by the Sommerfeld enhancement?,” Phys. Rev. D 79, 083523 (2009) [arXiv:0812.0360 [astro-ph]].

J. D. March-Russell and S. M. West, “WIMPonium and Boost Factors for Indirect Dark Matter Detection,” Phys. Lett. B 676, 133 (2009) [arXiv:0812.0559 [astro-ph]]. L. Pieri, M. Lattanzi and J. Silk, “Constraining the Sommerfeld enhancement with Cherenkov telescope observations of dwarf galaxies,” arXiv:0902.4330 [astro-ph.HE]. J. Bovy, “Substructure Boosts to Dark Matter Annihilation from Sommerfeld Enhancement,” Phys. Rev. D 79, 083539 (2009) [arXiv:0903.0413 [astro-ph.HE]]. J. Zavala, M. Vogelsberger and S. D. M. White, “Relic density and CMB constraints on dark matter annihilation with Sommerfeld enhancement,” arXiv:0910.5221 [astroph.CO].

J. L. Feng, M. Kaplinghat and H. B. Yu, “Halo Shape and Relic Density Exclusions of Sommerfeld-Enhanced Dark Matter Explanations of Cosmic Ray Excesses,” arXiv:0911.0422 [hep-ph].

[27] T. R. Slatyer, “The Sommerfeld enhancement for dark matter with an excited state,” arXiv:0910.5713 [hep-ph].

[28] F. Chen, J. M. Cline and A. R. Frey, “A new twist on excited dark matter: implications for INTEGRAL, PAMELA/ATIC/PPB-BETS, DAMA,” Phys. Rev. D 79 063530 (2009) arXiv:0901.4327 [hep-ph].

[29] I. Cholis, G. Dobler, D. P. Finkbeiner, L. Goodenough and N. Weiner, “The Case for a 700+ GeV WIMP: Cosmic Ray Spectra from ATIC and PAMELA,” arXiv:0811.3641 [astro-ph].

P. Meade, M. Papucci, A. Strumia and T. Volansky, “Dark Matter Interpretations of the Electron/Positron Excesses after FERMI,” arXiv:0905.0480 [hep-ph].

[30] L.N. Hand and J.D. Finch, “Analytical Mechanics” Cambridge University Press (1998).

[31] W. H. Press, B. P. Flannery, S. A. Teukolsky and W. T. Vetterling, “Numerical Recipes in FORTRAN 77:

The Art of Scientific Computing,” Second Edition, Cambridge University Press (1992).

[32] G. Weidenspointner et al., “The sky distribution of positronium annihilation continuum emission measured with SPI/INTEGRAL,” arXiv:astro-ph/0601673.

[33] J. F. Navarro et al., “The Diversity and Similarity of Cold Dark Matter Halos,” arXiv:0810.1522 [astro-ph].

[34] G. Battaglia et al., “The radial velocity dispersion profile of the Galactic halo: Constraining the density profile of the dark halo of the Milky Way,” Mon. Not. Roy. Astron. Soc. 364, 433 (2005) [Erratum-ibid. 370, 1055 (2006)] [arXiv:astro-ph/0506102].

[35] E. Romano-Diaz, I. Shlosman, Y. Hoffman and C. Heller, “Erasing Dark Matter Cusps in Cosmological Galactic Halos with Baryons,” arXiv:0808.0195 [astro-ph].

[36] M. G. Abadi, J. F. Navarro, M. Fardal, A. Babul and M. Steinmetz, “Galaxy-Induced Transformation of Dark Matter Halos,” arXiv:0902.2477 [astro-ph.GA].

[37] S. E. Pedrosa, P. B. Tissera and C. Scannapieco, “The joint evolution of baryons and dark matter haloes,” arXiv:0910.4380 [astro-ph.CO].

[38] M. J. Reid et al., “Trigonometric Parallaxes of Massive Star Forming Regions: VI. Galactic Structure, Fundamental Parameters and Non-Circular Motions,” Astrophys. J. 700, 137 (2009) [arXiv:0902.3913 [astro-ph.GA]].

[39] J. Bovy, D. W. Hogg and H. W. Rix, “Galactic masers and the Milky Way circular velocity,” Astrophys. J. 704, 1704 (2009) [arXiv:0907.5423 [astro-ph.GA]].

[40] P. J. McMillan and J. J. Binney, “The uncertainty in

Galactic parameters,” arXiv:0907.4685 [astro-ph.GA]. [41] A. M. Ghez et al., “Measuring Distance and Properties of the Milky Way’s Central Supermassive Black Hole with Stellar Orbits,” Astrophys. J. 689, 1044 (2008) [arXiv:0808.2870 [astro-ph]].

[42] S. Gillessen, F. Eisenhauer, S. Trippe, T. Alexander, R. Genzel, F. Martins and T. Ott, “Monitoring stellar orbits around the Massive Black Hole in the Galactic Center,” Astrophys. J. 692, 1075 (2009) [arXiv:0810.4674 [astro-ph]].

[43] F. Chen, J. M. Cline and A. R. Frey, “Nonabelian dark matter: models and constraints,” Phys. Rev. D 80, 083516 (2009) [arXiv:0907.4746 [hep-ph]].

[44] B. Batell, M. Pospelov and A. Ritz, “Direct Detection of Multi-component Secluded WIMPs,” Phys. Rev. D 79, 115019 (2009) [arXiv:0903.3396 [hep-ph]].

[45] W. Gillard, P. Jean, A. Marcowith and K. Ferriere, “Transport of positrons in the interstellar medium,” arXiv:astro-ph/0702158.

[46] C. Cheung, J. T. Ruderman, L. T. Wang and I. Yavin, “Kinetic Mixing as the Origin of Light Dark Scales,” Phys. Rev. D 80, 035008 (2009) [arXiv:0902.3246 [hepph]].

[47] J. March-Russell, C. McCabe and M. McCullough, “Inelastic Dark Matter, Non-Standard Halos and the DAMA/LIBRA Results,” JHEP 0905, 071 (2009) [arXiv:0812.1931 [astro-ph]].