arXiv:0909.0519v3 [astro-ph.HE] 12 Aug 2010

Gamma-ray signatures of annihilation to charged leptons in dark matter substructure

Matthew D. Kistler and Jennifer M. Siegal-Gaskins Center for Cosmology and Astro-Particle Physics and Department of Physics, Ohio State University, Columbus, Ohio 43210 (Dated: March 17, 2010)

Due to their higher concentrations and small internal velocities, Milky Way subhalos can be at least as important as the smooth halo in accounting for the GeV positron excess via dark matter annihilation. After showing how this can be achieved in various scenarios, including in Sommerfeld models, we demonstrate that, in this case, the diffuse inverse-Compton emission resulting from electrons and positrons produced in substructure leads to a nearly-isotropic signal close to the level of the isotropic GeV gamma-ray background seen by Fermi. Moreover, we show that HESS cosmicray electron measurements can be used to constrain multi-TeV internal bremsstrahlung gamma rays arising from annihilation to charged leptons.

PACS numbers: 95.35.+d, 95.85.Ry, 98.70.Sa, 98.70.-f

I. INTRODUCTION

The possibility of using dark matter [1] to provide energetic positrons and electrons [2–6] to explain the GeV positron excess [7] seen by PAMELA [8], the “ATIC bump” [9, 10], and the less-anomalous e^− + e^+ spectra measured by the Fermi Gamma-ray Space Telescope (hereafter, Fermi) [11] and HESS [12, 13] (in lieu of a nearby pulsar [14–16]) has sparked considerable interest (e.g., [17–28]). Generating the required e^± flux through annihilations in the smooth component of the Milky Way’s dark matter halo requires both a much larger annihilation cross section than might be expected for a thermal relic [29] and a large branching ratio to charged leptons. A variety of constraints (e.g., [30–36]) already apply to a smooth halo explanation, and will likely tighten with new data from Fermi [37].

We examine the observational consequences of annihilations occurring within the dark matter substructure of the Milky Way. Substructure differs from the smooth halo in its spatial distribution, which is less centrallyconcentrated [38, 39], and in its characteristic velocity dispersions, which are colder. We focus on the case of enhanced annihilation to charged leptons in “Sommerfeld” models, in which the annihilation cross section increases with decreasing relative velocity, and consider scenarios with a velocity-independent cross section. Annihilations to charged particles necessarily produce internal bremsstrahlung (IB) gamma rays [40–44]. Highenergy electrons and positrons will also produce gamma rays through various energy-loss processes. Beyond a few tens of kiloparsecs from the Galactic Center, the dominant loss process for electrons is the inverse-Compton (IC) upscattering of CMB photons.

We calculate the expected high-latitude gamma-ray emission from IB and IC resulting from dark matter annihilation in substructure throughout the Milky Way. In particular, rather than considering only the serendipitous presence of a single, nearby, massive dark matter clump [45, 46], we account for the collective emission from the entire subhalo population. Noting that electron- and gamma-ray-induced showers are difficult to distinguish in air Cherenkov telescopes, we discuss how constraints on TeV gamma-ray fluxes can be obtained from the cosmicray electron measurements made by HESS to limit annihilations to lepton pairs via their IB emission.

II. ANNIHILATION IN SUBSTRUCTURE

To describe their structural properties, we assume each individual dark matter subhalo to be described by a NFW density profile [47],

ρ_{sub} = ρ_s r/r_s (1 + r/r_s)^2

, (1)

where r_s is a scale radius and ρ_s a characteristic density. The differential luminosity (photons or particles per energy per time) L of a subhalo, for an annihilation cross section (σv)_0 that is independent of velocity, is L = K ∫ dV_{sub} ρ^2_{sub} ∝ ρ^2_s r^3_s ∝ M c^3 f^2(c)

, (2)

where M is the subhalo mass, c = r_{vir}/r_s is the concentration, f(c) = ln(1 + c) − c/(1 + c), and the particle physics-dependence of the annihilation rate is isolated in K = (σv)_0 2m^2_{DM} dN dE , (3)

with m_{DM} the dark matter particle mass and dN/dE the particle spectrum produced per annihilation.

Numerical simulations find a relation between concentration and mass for subhalos that varies as a function of distance from the Galactic Center [38, 39]. This is a natural consequence of tidal stripping, which more effectively removes mass from the outer regions of the subhalos while leaving the core relatively unscathed. Thus, for a given subhalo mass, subhalos located nearer to the Galactic Center will be more luminous than those at large radii. We adopt the modified Bullock et al. [48] relation for low-mass halos, with radial dependence, from Ref. [49]

c_{sub}(M, r) = 18 ( M 10^8 M_⊙ )_{−0.06} ( r r_{field} )_{−0.286} , (4) where r_{field} = 402 kpc is the radius where equal mass subhalos and field halos have the same concentration (see also [50]). Using this relation with Eq. (2), we can approximate the differential luminosity of a subhalo of mass M at a radius r from the Galactic Center by

L(M, r) = K L(M) ( r r_{field} )_{−0.7} , (5)

where we have defined L(M) = ∫ dV_{sub} ρ^2_{sub} ≃ L_0 ( M M_0

)_{0.87} (6) to describe the dependence of the annihilation rate on the structural properties of the subhalo. We note that the dependences on M and r are not formally separable, but are weak enough that Eq. (5) gives a reasonable approximation. The mass of Canes Venatici I [51], assuming a NFW density profile and concentration c = 19.5, is used to normalize L_0 and M_0.

We assume a power-law mass function for the subhalos [38, 39], dN/dM ∝ M^{−α} with α = 1.9 and extrapolate this relation to a minimum subhalo mass M_{min} = 10^{−6} M_⊙. Noting that (dN/dL) = (dN/dM)(dM/dL),

FIG. 1: Angular distribution of the emission from dark matter annihilation (J (ψ) from Eq. (10)). Top panel: Galactic substructure assuming radial distributions from Aquarius (solid) and Via Lactea II (dashed), compared to the smooth halo (dotted) assuming NFW, Einasto (α = 0.17, r−2 = 20 kpc), and cored isothermal (rcore = 5 kpc) density profiles (as labeled). Bottom panel: The substructure emission assuming the Einasto radial distribution with Aquarius parameters, broken down into contributions from radial shells surrounding the Galactic Center (with distances as labeled). Peaks are due to shell boundaries.

integration over the subhalo population yields

L_{subs} = ∫ Lmax L_{min} dL L dN dL , (7)

which contains the dependence of the annihilation rate on the structural properties and mass function of the subhalos, and is independent of position in the Galaxy.

We model the subhalo number density (i.e., number of subhalos per volume) at a radius r from the Galactic Center with an Einasto profile [52]

n_{subs} (r) ∝ exp { − 2 α_{subs} [( r r_{−2} )_{αsubs} − 1 ]} , (8)

with α_{subs} = 0.68 and r_{−2} = 199 kpc, as found by the Aquarius Project [39]. We assume a NFW profile for the smooth halo with r_s = 20 kpc, r_{vir} = 255 kpc, and M_{vir} = 1.9 × 10^{12} M_⊙, and normalize the subhalo distribution such that a fraction f_{subs} = 0.15 of M_{vir} is bound in substructure. For comparison, we also consider a number density distribution as in Via Lactea II, n_{VL−II} (r) ∝ (1 + r/R_s)^{−2} [49], with R_s ≈ 20 kpc.

The intensity (I) of gamma-ray emission resulting from annihilation in substructure at an angle ψ from the Galactic Center is I(ψ) = K 4π r_⊙ρ^2_⊙J (ψ), (9)

in which r_⊙ = 8.5 kpc and J (ψ) is given by the line-of-sight integral

J (ψ) =

L_{subs} r_⊙ρ^2_⊙ ∫ los ds n_{subs} (r) ( r r_{field} )_{−0.7} , (10)

where r = r(s, ψ). This is shown in Fig. 1 for the Aquarius and VL-II subhalo radial distributions, along with the analogous term for three possible smooth halo density profiles. Here, we have chosen L_{subs} such that the annihilation rate per volume is matched to the smooth halo at r_⊙. Both subhalo models produce a nearly-isotropic angular signal, much less strongly-peaked towards the Galactic Center than that of the smooth halo. In the following, we adopt the Aquarius distribution from Eq. (8).

III. SOMMERFELD ENHANCEMENT IN SUBSTRUCTURE AND THE SMOOTH HALO

A challenge in attributing the positron excess to dark matter annihilation is the need for a much larger annihilation cross section than expected for a thermal relic. One way to accomplish this is by introducing a scalar or vector boson that mediates an intermediate-range force between dark matter particles and can dramatically enhance the cross section for annihilation at low relative velocities (see Sommerfeld [53] for electromagnetic scattering). For dark matter, this can be through Standard

Model gauge bosons (e.g., [19, 54]) or a new mediator particle (ϕ) [17, 18].

We examine the possibility that annihilations in substructure, rather than in the smooth halo, are the dominant contributor to the measured local lepton flux and the astrophysical consequences that result. In this Section, we first show how this can arise for Sommerfeld models, then proceed to properties valid in general. The Sommerfeld enhancement can be expressed by the factor S(v) = (σv)/(σv)_0, where v is the relative velocity of the dark matter particles and (σv)_0 is the cross section in the absence of the additional force. These models can be parametrized by the coupling of the dark matter to the mediator (α_S ) and the ratio of the dark matter and mediator masses, m_{DM}/m_ϕ. For small velocities [17], S ∼ πα_S v . (11)

The enhancement saturates at the velocity v_{min} at which the de Broglie wavelength of the dark matter particles becomes comparable to the range of the force, i.e. 1/(m_{DM} v) ∼ 1/m_ϕ. The maximum enhancement is

S_{max} ∼ πα_S m_{DM} m_ϕ . (12)

Resonances corresponding to bound states can result in significantly larger enhancements in such models, when m_{DM}/m_ϕ ≃ 2n^2/α_S , for integer n [19]. We account for this by solving the nonrelativistic Schrödinger equation as in [17, 19, 55]. For simplicity, we consider α_S = 10^{−2}, and note that this choice qualitatively demonstrates the features of these models.

We also consider a more general parametrization of 1/v

FIG. 2: Subhalo and smooth halo contributions to the local annihilation rate as a function of mDM/m_ϕ in models with resonant behavior, for αS = 10^{−2}. Top panel: Ratio of the annihilation rate in substructure to the smooth halo (solid, left axis) and total annihilation rate (dotted, right axis). Bottom panel: Local enhancement factor in the smooth halo.

models without resonant behavior, as in [56]: S(v) = S_⊙ v_⊙ v + v_{min}

, (13)

where v_⊙ and S_⊙ are the relative velocity of smooth halo particles and enhancement factor at r_⊙. Without allowing for resonant behavior, large values of m_{DM}/m_ϕ are required to produce large enhancements.

In the smooth halo, the local annihilation rate per volume, Γ_{smooth} , depends on the dark matter density and velocity dispersion at the solar circle. We normalize the 1-D velocity dispersion to the local rotation curve [57], σ_{1D} ≃ v_{circ}/ √ 2 ≈ 180 km s^{−1}, and take σ_{1D} ∼ v. Then

Γ_{smooth} = ⟨σv⟩_0 S_⊙ 2m^2_{DM} ρ^2_⊙. (14)

As subhalos are dynamically colder than the smooth halo, their smaller internal velocity dispersions can lead to preferential enhancement of the annihilation rate. We adopt a simple relation between subhalo mass and velocity dispersion, σ_v ∼ M^{1/3}_{sub} (see also [58]), and assign an enhancement factor S[v(M_{sub})] to each subhalo of a given mass by approximating the relative velocity of the particles throughout the subhalo by σ_v ∼ v. (The r dependence of c_{sub} in Eq. (4) leads to a mild variation that we neglect here.) We normalize the σ_v (M_{sub}) relation using again the mass and velocity dispersion of Canes Venatici I [51]. For Sommerfeld models, Eq. (6) becomes

L(M) = L_0 ( M M_0

)_{0.87}

S[σ_v(M)] . (15)

The value of L_{subs} is then determined by Eq. (7) using L(M) as defined in Eq. (15). The local annihilation rate per unit volume from subhalos is

Γ_{subs} = ⟨σv⟩_0 2m^2_{DM}

L_{subs} n_{subs} (r_⊙) ( r_⊙ r_{field} )_{−0.7} . (16)

The large local number density of subhalos (n_{subs} (r_⊙) ∼ 2×10^8 kpc^{−3}) allows us to neglect the discreteness of subhalos as sources and use the annihilation rate averaged over the subhalo population via L_{subs} . Fig. 2 compares the local annihilation rates in the smooth halo and in substructure for a Sommerfeld model with α_S = 10^{−2}. For a significant region of the m_{DM}/m_ϕ parameter space, particularly near resonances, the subhalo rate vastly exceeds the smooth halo rate (top panel, solid line). In Fig. 3, the local smooth halo and substructure annihilation rates for a model without resonant behavior are compared. The two contributions are comparable at v_{min} ∼ 10 km/s, with subhalos dominating at lower v_{min}.

At high subhalo masses (>∼ 10^7 M_⊙) this approach breaks down due to the low number density of these subhalos, so that the presence of a nearby clump would have to be accounted for (although having such within 1 kpc is unlikely [38]). Including subhalos of all masses

FIG. 3: Same as top panel of Fig. 2, but as a function of vmin for a Sommerfeld model without resonant behavior. The total rate (dotted line, right axis) is calculated for S⊙ = 50 (both the smooth halo and subhalo rates scale linearly with S⊙).

in the calculation of the local flux results in an overestimate of L_{subs} of not more than 25% relative to assuming a maximum mass of 10^7 M_⊙ without accounting for a Sommerfeld enhancement, and smaller in models with lower v_{min}, a minor effect that we neglect. This can be understood from Eq. (7): in absence of a Sommerfeld enhancement, the total luminosity roughly scales ∝ ∫ dM M^{0.87} dN/dM ∝ M^{−0.03}_{min} , so that each decade of mass contributes nearly equally. (This has a much weaker dependence on the choice of lower cutoff than the L_{tot} ∝ M^{−0.226}_{min} of Ref. [59].)

The choices we have made in defining our substructure model are conservative: using a steeper mass function (e.g., α = 2), a smaller minimum subhalo mass M_{min} (e.g., [62–64]) a larger mass fraction in substructure f_{sub}, a higher normalization of the c(M) relation (as in Aquarius), or considering substructures-within-substructure [38, 49, 59] would all increase the subhalo annihilation rate relative to the smooth halo. The dependence of the ratio of the local annihilation rates in substructure and the smooth halo Γ_{subs}/Γ_{smooth} on α, f_{sub}, and M_{min} is explored in Table I, assuming a velocityindependent cross section (i.e., no Sommerfeld enhancement). For α = 1.9 (2.0) the mass function is normalized so that 15% (50%) (e.g., [49]) of the host halo mass is in subhalos of 10^{−6} to 10^{10} M_⊙.

The range of Γ_{subs}/Γ_{smooth} in Table I indicates that even in the absence of an enhancement arising primarily from Sommerfeld effects substructure can contribute significantly to the local annihilation rate, and hence no more than a modest enhancement in the substructure rate is typically required for this component to be locally dominant (see also [60, 61]). Current CMB constraints [65, 66] restrict the saturation cross section in Sommerfeld models to within a factor of a few of the value required in order to explain the PAMELA and Fermi data by annihilation in the smooth halo, consequently only models in which the subhalo contribution is no more than a factor of a few smaller than that of the smooth halo without Sommerfeld enhancement could

TABLE I: The ratio of local annihilation rates in substructure and the smooth halo Γ_{subs}/Γ_{smooth} and the fraction of the halo mass bound in substructure f_{sub} for various choices of mass function slope α and minimum subhalo mass Mmin, in the absence of Sommerfeld enhancement. The maximum subhalo mass is 10^{10} M⊙ in all cases.

α Mmin (M⊙) f_{sub} Γ_{subs}/Γ_{smooth} 1.9 10^{−4} 0.148 0.0366 1.9 10^{−6} 0.150 0.0452 1.9 10^{−12} 0.153 0.0815 2.0 10^{−4} 0.442 0.300 2.0 10^{−6} 0.500 0.541 2.0 10^{−12} 0.672 3.48

produce sufficient cosmic-ray fluxes without exceeding the allowed saturation cross section. Clearly, this condition can be satisfied for plausible subhalo parameters, which is valid even for dark matter models with other means of obtaining an enhanced annihilation cross section. We proceed assuming that annihilation to charged leptons in substructure dominates over the smooth halo and accounts for 100% of the anomalous fluxes. This condition is sufficient for the following purposes, which can be rescaled linearly with the local annihilation rate in substructure as desired.

IV. INTERNAL BREMSSTRAHLUNG

For pure leptonic final states, the only gamma-ray emission directly resulting from annihilations in substructure is internal bremsstrahlung (IB), e.g., χχ → ℓ^+ℓ^−γ. We consider a few representative annihilation channels: direct annihilation into 2 μ and 2 τ, and annihilation to 4 τ through a new particle ϕ (χχ → ϕϕ and each ϕ → 2τ), with cross sections required to explain the combined PAMELA/Fermi data [67, 68]. We calculate the IB spectra for the two lepton cases as in Ref. [41], dN_{IB} dE = 1 E α_{em} π ( 1 + x^2 ) ln ( 4m^2_{DM}x m^2_{μ, τ} ) , (17)

where x = 1 − E/m_{DM} and α_{em} ≃ 1/137. For m_{DM} ≫ m_{μ, τ} , E, this has the behavior dN_{IB}/dE ∝ E^{−1} [40]. We similarly calculate the four lepton case, as detailed in Ref. [69]. For the 2 μ channel, we omit the gamma-ray contribution from muon decay, μ → e ν_e ν_μ γ, which is negligible for the scenario considered here.

The IB gamma-ray intensity from annihilation in substructure at ψ = 180^∘ (the minimum of the dark matter signal) is shown in Fig. 4 for the above cases, along with gamma rays resulting directly from pionic tau decays in the 2 τ scenario (using DarkSUSY [70]). Considering a smooth halo model would result in signals smaller by a factor of ∼ 2 − 3 for all profiles at large angles. Although

FIG. 4: Isotropic gamma-ray signals resulting from dark matter annihilations in substructure (assuming an Aquarius number density profile). Left side: Inverse-Compton gamma-ray emission of the final state electron/positron population from annihilations at distances > 20 kpc from the Galactic Center (solid line) and including all radii (dotted). This can be compared to COMPTEL [91], EGRET [92], and Fermi [93] diffuse gamma-ray data. Right side: Internal bremsstrahlung associated with the birth of charged leptons is shown for annihilation to two muons (mDM = 1.6 TeV; dot-dashed), two taus (mDM = 4 TeV; dark dashed), and two τ^± pairs (mDM = 8 TeV; double-dot dashed). For the two tau case, we show the effect of including tau decays (light dashed). Cosmic-ray e^− + e^+ measurements from HESS (triangles) [12, 13] act as upper limits on an isotropic gamma-ray flux (see text).

we do not otherwise consider them, models based on decays in the smooth halo (e.g., [71–74]) would give signals comparable to those shown in Fig. 4.

Directly measuring such a diffuse gamma-ray flux at TeV energies is presently challenging, in part due to the effective area of Fermi saturating with energy [37]. While ground-based air Cherenkov telescopes do not have this problem, the electromagnetic showers that they observe are quite similar for TeV electrons and gamma rays, making them difficult to separate. Based on observations of fields far from the Galactic plane, HESS has recently reported measurements of the e^− + e^+ spectrum into the TeV regime [12, 13]. In principle, a nearly-isotropic ∼ TeV gamma-ray flux from dark matter annihilation could result in an apparent feature in this spectrum. As noted in Refs. [12, 13], there should be little contribution from extragalactic TeV gamma rays.

In Fig. 4, we show the HESS e^− + e^+ spectrum, which can be regarded as a conservative upper limit on isotropic TeV gamma rays. The maximum gamma-ray fraction of this measurement is likely <∼ 10% (although systematic uncertainties could result in as much as ∼ 50%) [12]. It is likely that a dedicated analysis that accounts for the fields of view observed by HESS and determines a limit on the photon fraction in a given energy interval can strengthen these constraints. Improved understanding of the underlying astrophysical electron spectrum would also allow for tighter constraints from high-latitude emission, while avoiding uncertainties associated with TeV Galactic Center emission, which is highly profiledependent [75] and would not apply here if substructure is depleted near the center of the Galaxy.

V. INVERSE-COMPTON GAMMA RAYS

Absent a means of containing them, high-energy electrons resulting from annihilations will escape subhalos without difficulty. Far from the Galactic disk, the most important loss channel is inverse-Compton scattering on the CMB (we neglect the cosmic IR background, which has energy density a few percent that of the CMB [76]), since the magnetic fields there should be small [77, 78] and result in negligible synchrotron losses. To calculate the gamma-ray flux, we must first find the equilibrium e^− + e^+ spectrum. We start from the diffusion-loss equation for a spectrum of relativistic electrons, n_e(E) [79, 80] dn_e dt = D(E) ∇^2n_e(E) + d dE [b(E)n_e(E)] + Q(E) , (18)

where the diffusion coefficient, D, is assumed to be isotropic, Q(E) is the source term, and b(E) = b_0 E^2 is the radiative loss term, with b_0 ≃ 0.3 × 10^{−16} GeV^{−1} s^{−1} for the CMB (in the Thomson limit). For dark matter, equilibrium can be assumed. In an isotropic system, there is no dependence upon D, since particle losses are compensated for by gains. At ∼ 1 TeV, the electron cooling time is ∼ 10^6 yr, so that even if electrons propagate rectilinearly, they would only travel a distance of order the virial radius of the Milky Way. This is likely an overestimate, since their propagation should be affected by the halo magnetic field, although its structure and strength is uncertain. Considering the length scales relevant for electrons injected by annihilation in substructure, we make the simplifying assumption that this halo magnetic field results in the IC losses occurring near the injection point (more care is needed for smooth halo signals due to the steeper gradient in particle injection with radius [81, 82]). This reduces the problem to a continuity equation [83] − d dE [ b_0 E^2n_e(E) ] = Q(E) , (19)

which can be readily solved for a given injection spectrum. While IB signals may vary greatly between annihilation channels, essentially all models that remain viable post-Fermi lead to nearly identical equilibrium electron spectra (up to uncertainties in the astrophysical spectrum and propagation models) [67, 68]. With generality, we consider dark matter with m_{DM} = 2.35 TeV annihilating into two μ^± pairs (as in [68]). The calculation proceeds similarly to [84] as

dΦ_{IC} dE = 1 4π J (ψ) r_⊙ Γ_⊙ dN_{IC} dE , (20)

where Γ_⊙ is the local annihilation rate per volume (matched to that required to agree with PAMELA/Fermi) and the resultant IC gamma-ray spectrum per annihilation, dN_{IC}/dE, is calculated using the methods of Ref. [83]. In the inner Galaxy, synchrotron and IC losses on optical/IR photon backgrounds would result in a broad range of secondary photons [85]. We thus consider the signal resulting from annihilations occurring beyond 20 kpc from the Galactic Center, where IC on the CMB can be safely assumed to be the dominant energy-loss mechanism (based on modeling of the Galactic optical/IR photon field [86]). Using J (180^∘) for r > 20 kpc yields the solid line in Fig. 4, which can be seen from the bottom panel of Fig. 1 to be nearly isotropic. Naively including radii interior to 20 kpc would result in the dotted line.

For the scenario considered here, the IC spectrum happens to peak at a similar energy to the pionic spectrum from cosmic-ray interactions [87]. We note that this IC signal retains less angular information concerning substructure [88–90] than direct gamma rays (such as IB). In comparing to isotropic gamma-ray data [91–93], we have made no attempt to account for other astrophysical contributions (see, e.g., [94, 95] for blazars).

The velocity-dependence of the annihilation cross section in Sommerfeld models makes calculating the cosmic signal in this scenario more complicated than in the standard picture [96]. This requires moving beyond the assumption of a constant boost (as in [97, 98]) due to a dependence of the velocity dispersion and hence the cross section on halo mass. Also, the effects of baryons on dark halos vary with mass, since low-mass halos likely were never able to retain gas to form stars, and even in halos containing dwarf galaxies dark matter governs dynamics in the inner regions [99]. Although a detailed treatment of these matters is beyond our scope, a simple estimate based on the total annihilation rate within the Milky Way halo (and scaling the amount of mass within substructure with host halo mass) suggests that this could be a factor of a few larger than the IC flux from substructure in the Milky Way halo only (as in Fig. 4) with a similar spectral shape. We note that the scenarios assumed in Refs. [97, 98] are fundamentally different than considered here, since gamma-ray measurements of the inner Galaxy can strongly constrain annihilations in the smooth halo for the density profiles considered and a velocity dependence in the enhancement was not taken into account in those studies.

VI. CONCLUSIONS

If one takes the position that astrophysical resolutions of the positron excess are untenable, then to have a viable dark matter scenario requires invoking a relatively-large annihilation cross section. One possibility for achieving this goal is a velocity-dependent cross section due to the presence of a new medium-range force resulting in a Sommerfeld enhancement. In this study, we have examined the observational consequences of annihilation to charged particles in the context of a halo populated with dark matter substructure.

In determining the dark matter annihilation signatures of Galactic substructure, it must be kept in mind that the microphysics (annihilation) occurs within kinematically distinct subhalos so that their macroscopic distribution sets many aspects of the problem. We have demonstrated that for a range of models, Sommerfeld-based or otherwise, annihilations in substructure, rather than in the smooth halo, are the dominant source of the locallymeasured lepton flux. These substructure-dominated models imply associated IB and IC gamma-ray emission at high latitudes at a level accessible to (and possibly already in tension with) current observations. We have also argued that HESS TeV electron measurements can be regarded as limits on the isotropic TeV gamma rays arising from IB. Importantly, these new prospective signals can be tested with upcoming gamma-ray observations by Fermi and air Cherenkov telescopes.

Acknowledgments.—We thank John Beacom, Ben Dundee, Michael Kuhlen, Troy Porter, Chris Orban,

Todd Thompson, and particularly Hasan Yüksel and Carsten Rott for useful discussions and comments. MDK and JSG were supported by NSF CAREER Grant No. PHY-0547102 (to JB), CCAPP, and Ohio State University.

[1] F. Zwicky, Helv. Phys. Acta 6, 110 (1933). [2] J. Silk and M. Srednicki, Phys. Rev. Lett. 53, 624 (1984). [3] A. J. Tylka, Phys. Rev. Lett. 63, 840 (1989). [4] S. Rudaz and F. W. Stecker, Astrophys. J. 325, 16 (1988).

[5] D. Eichler, Phys. Rev. Lett. 63, 2440 (1989). [6] M. Kamionkowski and M. S. Turner, Phys. Rev. D 43, 1774 (1991).

[7] S. W. Barwick et al., Astrophys. J. 482, L191 (1997);

J. J. Beatty et al., Phys. Rev. Lett. 93, 241102 (2004). [8] O. Adriani et al., Nature 458, 607 (2009). [9] S. Torii et al., arXiv:0809.0760. [10] J. Chang et al., Nature 456, 362 (2008). [11] A. A. Abdo et al. Phys. Rev. Lett. 102, 181101 (2009). [12] F. Aharonian et al., Phys. Rev. Lett. 101, 261104 (2008). [13] F. Aharonian et al., arXiv:0905.0105.

[14] H. Yuksel, M. D. Kistler and T. Stanev, Phys. Rev. Lett.

103, 051101 (2009).

[15] D. Hooper, P. Blasi and P. D. Serpico, JCAP 0901, 025 (2009).

[16] S. Profumo, arXiv:0812.4457.

[17] N. Arkani-Hamed, D. P. Finkbeiner, T. Slatyer and N. Weiner, Phys. Rev. D 79, 015014 (2009).

[18] M. Pospelov and A. Ritz, Phys. Lett. B 671, 391 (2009). [19] M. Lattanzi and J. I. Silk, Phys. Rev. D 79, 083523 (2009).

[20] M. Cirelli, M. Kadastik, M. Raidal and A. Strumia, Nucl.

Phys. B 813, 1 (2009).

[21] Y. Nomura and J. Thaler, Phys. Rev. D 79, 075008 (2009).

[22] D. Feldman, Z. Liu and P. Nath, Phys. Rev. D 79, 063509 (2009).

[23] V. Barger, W. Y. Keung, D. Marfatia and G. Shaughnessy, Phys. Lett. B 672, 141 (2009).

[24] R. Harnik and G. D. Kribs, Phys. Rev. D 79, 095007 (2009).

[25] K. Kohri, J. McDonald and N. Sahu, arXiv:0905.1312. [26] I. Z. Rothstein, T. Schwetz and J. Zupan, JCAP 0907, 018 (2009).

[27] M. Ibe, Y. Nakayama, H. Murayama and T. T. Yanagida, JHEP 0904, 087 (2009).

[28] D. Grasso et al. [FERMI-LAT Collaboration], arXiv:0905.0636.

[29] G. Jungman, M. Kamionkowski and K. Griest, Phys.

Rept. 267, 195 (1996).

[30] I. Cholis, G. Dobler, D. P. Finkbeiner, L. Goodenough and N. Weiner, arXiv:0811.3641.

[31] J. Zhang, X. J. Bi, J. Liu, S. M. Liu, P. F. Yin, Q. Yuan and S. H. Zhu, Phys. Rev. D 80, 023007 (2009).

[32] E. Borriello, A. Cuoco and G. Miele, Astrophys. J. 699, L59 (2009).

[33] M. Pato, L. Pieri and G. Bertone, arXiv:0905.0372. [34] M. Cirelli and P. Panci, Nucl. Phys. B 821, 399 (2009). [35] L. Zhang, G. Sigl and J. Redondo, arXiv:0905.4952.

[36] M. Pohl and D. Eichler, arXiv:0912.1203. [37] W. B. Atwood et al. [LAT Collaboration], Astrophys. J.

697, 1071 (2009).

[38] J. Diemand, M. Kuhlen, P. Madau, M. Zemp, B. Moore, D. Potter and J. Stadel, Nature 454, 735 (2008).

[39] V. Springel et al., Mon. Not. Roy. Astron. Soc. 391, 1685 (2008).

[40] J. F. Beacom, N. F. Bell and G. Bertone, Phys. Rev.

Lett. 94, 171301 (2005).

[41] L. Bergstrom, G. Bertone, T. Bringmann, J. Edsjo and M. Taoso, Phys. Rev. D 79, 081303(R) (2009).

[42] N. F. Bell and T. D. Jacques, Phys. Rev. D 79, 043507, (2009).

[43] R. Essig, N. Sehgal and L. E. Strigari, Phys. Rev. D 80, 023506 (2009).

[44] L. Pieri, M. Lattanzi and J. Silk, arXiv:0902.4330. [45] D. Hooper, A. Stebbins and K. M. Zurek, Phys. Rev. D 79, 103513 (2009).

[46] P. Brun, T. Delahaye, J. Diemand, S. Profumo and P. Salati, Phys. Rev. D 80, 035023 (2009).

[47] J. F. Navarro, C. S. Frenk and S. D. M. White, Mon.

Not. Roy. Astron. Soc. 275, 720 (1995).

[48] J. S. Bullock et al., Mon. Not. Roy. Astron. Soc. 321, 559 (2001).

[49] M. Kuhlen, J. Diemand and P. Madau, Astrophys. J.

686, 262 (2008).

[50] L. Pieri, G. Bertone and E. Branchini, Mon. Not. Roy.

Astron. Soc. 384, 1627 (2008).

[51] J. D. Simon and M. Geha, Astrophys. J. 670, 313 (2007). [52] J. Einasto, Trudy Inst. Astroz. Alma-Ata, 5, 87 (1965). [53] A. Sommerfeld, Annalen Phys. 403, 257 (1931). [54] J. Hisano, S. Matsumoto, M. M. Nojiri and O. Saito, Phys. Rev. D 71, 063528 (2005).

[55] B. Robertson and A. Zentner, Phys. Rev. D 79, 083525 (2009).

[56] M. Kuhlen and D. Malyshev, Phys. Rev. D 79, 123517 (2009).

[57] M. J. Reid et al., Astrophys. J. 700, 137 (2009). [58] J. Bovy, Phys. Rev. D 79, 083539 (2009). [59] V. Springel, S. D. M. White, C. S. Frenk, J. F. Navarro, A. Jenkins, M. Vogelsberger, J. Wang, A. Ludlow, and A. Helmi, Nature 456, 73 (2008).

[60] Q. Yuan, X. J. Bi, J. Liu, P. F. Yin, J. Zhang and S. H. Zhu, arXiv:0905.2736.

[61] L. Pieri, J. Lavalle, G. Bertone and E. Branchini, arXiv:0908.0195.

[62] A. M. Green, S. Hofmann and D. J. Schwarz, JCAP 0508, 003 (2005).

[63] S. Profumo, K. Sigurdson and M. Kamionkowski, Phys.

Rev. Lett. 97, 031301 (2006).

[64] T. Bringmann, New J. Phys. 11, 105027 (2009). [65] T. R. Slatyer, N. Padmanabhan and D. P. Finkbeiner, Phys. Rev. D 80, 043526 (2009).

[66] S. Galli, F. Iocco, G. Bertone and A. Melchiorri, Phys.

Rev. D 80, 023505 (2009).

[67] P. Meade, M. Papucci, A. Strumia and T. Volansky, arXiv:0905.0480.

[68] L. Bergstrom, J. Edsjo and G. Zaharijas, Phys. Rev. Lett.

103, 031103 (2009).

[69] J. Mardon, Y. Nomura, D. Stolarski and J. Thaler, JCAP 0905, 016 (2009).

[70] P. Gondolo, J. Edsjo, P. Ullio, L. Bergstrom, M. Schelke and E. A. Baltz, JCAP 0407, 008 (2004).

[71] C. R. Chen, F. Takahashi and T. T. Yanagida, Phys.

Lett. B 671, 71 (2009).

[72] P. F. Yin, Q. Yuan, J. Liu, J. Zhang, X. J. Bi and S. H. Zhu, Phys. Rev. D 79, 023512 (2009).

[73] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, P. W. Graham, R. Harnik and S. Rajendran, Phys. Rev. D 79, 105022 (2009).

[74] S. L. Chen, R. N. Mohapatra, S. Nussinov and Y. Zhang, Phys. Lett. B 677, 311 (2009).

[75] G. D. Mack, T. D. Jacques, J. F. Beacom, N. F. Bell and H. Yuksel, Phys. Rev. D 78, 063542 (2008).

[76] M. G. Hauser and E. Dwek, Ann. Rev. Astron. Astrophys. 39, 249 (2001).

[77] P. M. W. Kalberla and J. Kerp, Astron. Astrophys. 339, 745 (1998).

[78] L. M. Widrow, Rev. Mod. Phys. 74, 775 (2002). [79] M. S. Longair, High energy astrophysics. Vol.2: Stars, the galaxy and the interstellar medium, (Cambridge: Cambridge University Press, 1994).

[80] A. W. Strong, I. V. Moskalenko and V. S. Ptuskin, Ann.

Rev. Nucl. Part. Sci. 57, 285 (2007).

[81] E. A. Baltz and J. Edsjo, Phys. Rev. D 59, 023511 (1998). [82] T. Delahaye, R. Lineros, F. Donato, N. Fornengo and P. Salati, Phys. Rev. D 77, 063527 (2008).

[83] G. R. Blumenthal and R. J. Gould, Rev. Mod. Phys. 42, 237 (1970).

[84] H. Yuksel and M. D. Kistler, Phys. Rev. D 78, 023502 (2008).

[85] E. A. Baltz and L. Wai, Phys. Rev. D 70, 023512 (2004). [86] T. A. Porter and A. W. Strong, astro-ph/0507119. [87] F. W. Stecker, Cosmic Gamma Rays, (Mono Book Corp., Baltimore, 1971).

[88] J. M. Siegal-Gaskins, JCAP 0810, 040 (2008). [89] S. Ando, Phys. Rev. D 80, 023520 (2009). [90] M. Fornasa, L. Pieri, G. Bertone and E. Branchini, Phys.

Rev. D 80, 023518 (2009).

[91] G. Weidenspointner et al., AIP Conf. Proc. 510, 467 (2000).

[92] P. Sreekumar et al. [EGRET Collaboration], Astrophys.

J. 494, 523 (1998).

[93] A. A. Abdo et al., arXiv:1002.3603.

[94] J. M. Siegal-Gaskins and V. Pavlidou, Phys. Rev. Lett.

102, 241301 (2009).

[95] T. Narumoto and T. Totani, Astrophys. J. 643, 81 (2006).

[96] P. Ullio, L. Bergstrom, J. Edsjo and C. G. Lacey, Phys.

Rev. D 66, 123502 (2002).

[97] S. Profumo and T. E. Jeltema, JCAP 0907, 020 (2009). [98] A. V. Belikov and D. Hooper, arXiv:0906.2251. [99] L. E. Strigari, J. S. Bullock, M. Kaplinghat, J. D. Simon, M. Geha, B. Willman and M. G. Walker, Nature 454, 1096 (2008).