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We recently proposed a method to constrain s-wave annihilating MeV dark matter from a com-
bination of the Voyager 1 and the AMS-02 data on cosmic-ray electrons and positrons. Voyager
1 actually provides an unprecedented probe of dark matter annihilation to cosmic rays down to
∼ 10 MeV, in an energy range where the signal is mostly immune to uncertainties in cosmic-ray
propagation. In this letter, we derive for the first time new constraints on p-wave annihilation down
to the MeV mass range using cosmic-ray data. To proceed, we derive a self-consistent velocity dis-
tribution for the dark matter across the Milky Way by means of the Eddington inversion technique
and its extension to anisotropic systems. As inputs, we consider state-of-the-art Galactic mass
models including baryons and constrained on recent kinematic data, allowing for both a cored or
a cuspy halo. We then calculate the flux of cosmic-ray electrons and positrons induced by p-wave
annihilating dark matter and obtain very stringent limits in the MeV mass range, robustly excluding
cross sections greater than ∼ 10−22cm3/s (including theoretical uncertainties), about 5 orders of
magnitude better than current CMB constraints. This limit assumes that dark matter annihilation
is the sole source of cosmic rays, and could therefore be made even more stringent when reliable
models of astrophysical backgrounds are included.

PACS numbers: 12.60.-i,95.35.+d,96.50.S-,98.35.Gi,98.70.Sa

Thermal dark matter (DM) is one of the most appeal-
ing DM scenario owing to its simplicity and to the fact
that it can be experimentally or observationally tested.
It predicts that DM is made of exotic particles with cou-
plings to known elementary particles, such that they can
be produced in the early universe and driven to thermal
equilibrium before their comoving abundance is frozen
as expansion takes over annihilation [1, 2]. If this de-
coupling occurs when DM is non-relativistic, we are left
with cold DM (CDM), leading to a compelling cosmo-
logical structure formation scenario [3]. A prototypical
candidate is the WIMP (weakly-interacting massive par-
ticle), which is currently actively searched for by a series
of experiments. If the dark sector is not overly complex,
the typical relevant mass range for DM particles exhibit-
ing a thermal spectrum is ∼ 10 keV-100 TeV, which is
bound from below by structure formation [4–8], and from
above by unitarity limits [9]. The lower mass bound can
be raised up to the MeV scale for WIMPs arising in min-
imal dark sectors [10], still leaving a wide range of possi-
bilities [11]. The GeV-TeV scale is already under assault
thanks to the direct and indirect detection techniques
(for reviews, see e.g. [12–15]), and also thanks to parti-
cle colliders (e.g. [16, 17]). However, the sub-GeV and
multi-TeV mass ranges are much less constrained and
represent very interesting windows yet to be explored,
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with the former potentially leading to interesting cosmo-
logical signatures [10, 18]. In this letter, we will mostly
focus on the sub-GeV scale.

The annihilation properties of WIMPs usually help de-
fine the most relevant search strategy. The annihilation
rate, proportional to the average velocity-weighted anni-
hilation cross section 〈σv〉, is constrained at the time of
chemical decoupling by the cosmological DM abundance
[1, 19–21]. In the CDM scenario, WIMPs decouple when
non-relativistic in the early universe at a temperature
Tf = mχ/xf , where mχ is the WIMP mass and xf ∼ 20.
In most cases, the annihilation cross section can be ex-
panded in powers of x−1 ≡ (mχ/T )−1 ∝ v2 � 1 (see
some exceptions in [22]). Making the units explicit, we
may write this expansion as

〈σv〉 = 〈σv〉s-wave + 〈σv〉p-wave + higher orders (1)

= σ0 c+ σ1 c 〈
v2

r

c2
〉+O

(
v4

r

c4

)
,

where σ0 and σ1 are model-dependent cross-section terms
that encode the WIMP interaction properties, vr � c is
the relative WIMP speed (in a 2-particle system), c is the
speed of light, and 〈〉 denotes an average over the velocity
distribution.1 This form is particularly well suited to con-

1 In the context of the relic density calculation where a Maxwell-
Boltzmann distribution is assumed for WIMPs, the expansion is
often made in terms of inverse powers of x ≡ mχ/T , T being
the WIMP temperature. The correspondence with Eq. (1) is
σ1〈v2r 〉 ↔ (3/2)σ1/x, here in natural units. For a computation
in galactic halos, the speed vr to average over is the relative speed
between annihilating particles.
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sistently compare the constraints coming from very dif-
ferent probes. The speed-independent term ∝ σ0 is called
s-wave annihilation in analogy with the partial-wave ex-
pansion technique. WIMPs annihilating through s-wave
terms can easily be probed by indirect searches because
they efficiently annihilate in regions and/or epochs where
DM is locally dense enough. This is for example the
case at the time of recombination when the cosmic mi-
crowave background (CMB) was emitted, or in the cen-
ters of galactic halos in the present universe. The next
annihilation term ∝ σ1 is called p-wave annihilation. In
the following, we will concentrate on the latter and as-
sume that σ0 = 0.

The WIMP relic abundance sets constraints on the an-
nihilation cross section at a speed – or inverse tempera-
ture – in the early universe (v2 ∼ 3T/mχ ∼ 0.15), typi-
cally much larger than that in galactic halos (v2 ∼ 10−6),
and even much larger than at the recombination epoch
(v2 ∼ 10−9). This has no impact on the s-wave an-
nihilation rate which only depends on the squared DM
density, but makes p-wave annihilation much more dif-
ficult to probe with indirect searches. Instead, p-wave
annihilating WIMPs can be more efficiently probed by
direct searches, because rotated annihilation Feynmann
diagrams correspond to elastic scattering which is usually
not velocity-suppressed when annihilation is. A classical
example is that of fermionic WIMPs annihilating into
standard model fermions through a neutral scalar medi-
ator in the s-channel [23]. However, direct DM searches
are currently mostly efficient in the GeV-TeV mass range
[24], leaving the sub-GeV mass range unexplored (but see
[25, 26]).

We recently derived [27] strong constraints on s-
wave annihilating MeV DM from measurements of MeV
cosmic-ray (CR) electrons and positrons by the famous
Voyager 1 (V1) spacecraft, launched in 1977 [28]. V1
crossed the heliopause in 2012, which has allowed it to
collect interstellar sub-GeV CRs prevented by the solar
magnetic field from reaching the Earth [29, 30]. Our
bounds were extended to ∼TeV energies thanks to the
AMS-02 data on positron CRs [31]. These limits are
nicely complementary to those extracted from the CMB
data [32–36], a completely different probe. In the present
letter, we go beyond these results and compute the V1
and AMS-02 constraints on p-wave annihilation in detail.
As we will see, in contrast to the s-wave case, these con-
straints will be much more stringent than those inferred
from the CMB [35] or the diffuse extragalactic gamma-
ray background (EGB) [37, 38].

In the p-wave annihilation rate, the cross section no
longer factorizes out of the volume integral of the squared
WIMP mass density ρ2. Indeed, the cross section has
an explicit relative-speed dependence which is itself ex-
pected to vary across the Galactic halo. Therefore,
the source term for the injection of CR electrons and

positrons becomes:

Qp-wave
e+/e− (~x,E) = δχ

σ1 c
2

{
ρ(~x)
mχ

}2 dNe+/e−

dE (2)

×
∫
d3~v1

∫
d3~v2

|~v2−~v1|2
c2 f~v(~v1, ~x) f~v(~v2, ~x)

=δχ
σ1 c

2

dNe+/e−

dE

{
ρeff (~x)
mχ

}2

,

with

ρ2
eff(~x) ≡ ρ2(~x)

∫
d3~v1

∫
d3~v2

|~v2 − ~v1|2
c2

f~v(~v1, ~x) f~v(~v2, ~x)

= ρ2(~x)〈v
2
r

c2
〉~v1,~v2(~x) , (3)

where δχ = 1 (1/2) for Majorana (Dirac) DM fermions,
dNe+/e−/dE is the injected electron-positron spectrum,
and f~v(~v, ~x) is the normalized WIMP velocity distribu-
tion that depends on the position in the Milky Way
(MW). For each annihilation final state, the injected CR
spectrum will be determined from the Micromegas nu-
merical package [39], based on the Pythia Monte Carlo
generator [40]. All allowed final-state radiation processes
are included.

Eq. (3) shows that an important input in the p-
wave signal is the velocity distribution function (DF)
of WIMPs in the system of interest. In many p-wave
studies, the latter is often assumed to be a Maxwell-
Boltzmann (MB) distribution, either with a constant ve-
locity dispersion, or using the circular velocity as a proxy
for the velocity dispersion. While the MB approximation
is perfectly sound in the early universe up to CMB times,
it is much more dubious in galaxies, which do not behave
as isothermal spheres, especially in the densest central
regions [41, 42]. In this work, we adopt a more the-
oretically motivated approach based on the Eddington
inversion method [43], which relates the phase-space DF
of WIMPs to their mass density profile and the total po-
tential of the MW (including baryons) – see Ref. [44] for
an extensive critical review, to which we refer the reader
for all technical details (see also [45–47]). This approach
allows us to describe isotropic as well as anisotropic sys-
tems [48–50], assuming spherical symmetry for the dark
halo and the total gravitational potential. This actually
provides a much better predictive description of hydrody-
namical cosmological simulations than the MB approxi-
mation, even in the maximally symmetric approximation
(spherical symmetry and isotropy), especially in the cen-
tral regions of galactic halos [51].

To compute the phase-space DF of WIMPs from the
Eddington inversion method, we use the Galactic mass
model of Ref. [52], which is constrained against a series
of recent kinematic data. It includes a spherical DM
halo (scaling in radius r as ∝ r−γ in the center, with
γ ∈ [0, 1], and as ∝ r−3 at large radii), and baryonic
components comprising a bulge and three disks (the thin
and thick stellar disks, and a gaseous disk). All baryonic
components are “sphericized” to compute the DM DF
[44]. To account for uncertainties in the DM anisotropy,
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we considered both isotropic and anisotropic DFs. In
the latter case, we explore a wide range of possibilities
by using both the radially anisotropic Osipkov-Merritt
(OM) model with an anisotropy radius ra set to the
scale radius rs of the DM halo profile, and a tangentially
anisotropic model with a constant anisotropy parameter
β = −0.3. To further account for uncertainties in the
dark halo shape, we consider two inner-profile indices,
γ = 1/4 (cored-like profile) and γ = 1 (cuspy profile à
la Navarro-Frenk-White – NFW [53, 54]). Taking a fully
cored profile would break necessary conditions for dy-
namical stability of the DF [44]. Disregarding stability
of the DF and forcing γ = 0 would anyway provide re-
sults very similar to γ = 0.25, which is therefore a very
conservative case.

Eq. (2) is the source term of a steady-state CR trans-
port equation [55, 56], whose parameters (related to spa-
tial diffusion, energy losses, reacceleration, and convec-
tion) are standardly calibrated on secondary-to-primary
ratios [14, 57–63]. In the context of electron and positron
CRs, we can solve this equation by means of the pinching
semi-analytical method introduced in Ref. [64], compat-
ible with the USINE framework [63]. This method cap-
italizes over previous analytical developments optimized
for energies beyond the GeV [65–67], but improves on
the low-energy part where radiative energy losses in the
disk, diffusive reacceleration, and convection can domi-
nate over spatial diffusion. It basically allows us to recast
an equation where part of the energy losses occurs all over
the magnetic halo by another analytically solvable equa-
tion where all losses are pinched into an infinitely thin
disk (see also [68]) – this limit is justified as the Galactic
disk half-height h ∼ 100 pc is much smaller than that of
the magnetic halo, L & 5 kpc [64, 69, 70]. Both equations
have solutions strictly equivalent in the disk, and the lat-
ter can hence be used in the context of local DM searches.
In this work (and [71]), we slightly modify it to get more
accurate results when the propagation length gets smaller
than h, in which case the pinching approximation breaks
down. In this regime, however, the spatial boundaries
of the magnetic halo become irrelevant such that the in-
finite 3D solution [67, 68, 72] safely applies. This typi-
cally occurs at energies close to the injected energy. This
correction is therefore important to accurately compute
the local flux induced by a quasi-monochromatic injec-
tion, like in the process χχ̄ → e+e−(γ). A non-singular
transition is further easily implemented between the two
regimes. The same approach is used to predict the sec-
ondary positron background induced by the scattering of
CR nuclei off the interstellar medium (ISM), and pro-
vides better precision than previous similar calculations
[64, 68, 72, 73]. While we expect additional primary con-
tributions in the sub-GeV range from electron-positron
sources like pulsars [72, 74–78], likely responsible for the
rise in the positron fraction beyond a few GeV [79–81],
we will not include them here because associated predic-
tions are still plagued with large theoretical uncertain-
ties. Therefore, our limits on DM annihilation can be

considered as very conservative.

For CR propagation, we use two extreme cases identi-
fied in Ref. [27]: one with strong reacceleration (model
A), allowing CR electrons and positrons to get energies
higher than the WIMP mass in the MeV range; another
with negligible reacceleration (model B). In both cases,
energy losses in the MeV range have a timescale much
smaller than the then subdominant spatial diffusion and
convection processes (no longer true in the GeV range).
Model A is the MAX model proposed in [59, 83], whose
main feature beside a pseudo-Alfven velocity Va ∼ 100
km/s is a large magnetic halo with L = 15 kpc, mak-
ing it a very optimistic setup for DM signal predictions.
Though calibrated on old secondary-to-primary CR data,
this setup is still valid for its general characteristics [84].
Model B is the model of Ref. [70] best-fitting the recent
AMS-02 B/C data [85], and accounting for a spectral
break in the diffusion coefficient [86–93]. It is very con-
servative because it assumes the smallest possible mag-
netic halo with L = 4.1 kpc [69, 70, 94] (hence minimiz-
ing the yield from DM annihilation), and has negligible
reacceleration, reducing the flux predictions below a few
GeV.

Since losses in the MeV range are caused by radiative
interactions with the ISM, whose average properties over
∼ 100-pc scales are well controlled [95, 96], uncertainties
in the diffusion parameters have no impact on predictions
in this energy range. Model B thus provides a robust and
conservative limit as far as interstellar CR propagation is
concerned [27]. Moreover, for predictions associated with
the energy range covered by V1, solar modulation of CRs
[97] is irrelevant and does not contribute additional un-
certainties. In the AMS-02 range (∼GeV and above), we
use the so-called force-field approximation [98, 99] to deal
with solar modulation, with a conservative Fisk potential
estimate of φ = 830 MV [100]. In the GeV range, spatial
diffusion takes over, and propagation uncertainties can in
principle be larger. However, above a few tens of GeV, in-
verse Compton and synchrotron losses become the main
transport processes and propagation uncertainties reduce
to those in the magnetic and interstellar radiation fields
(B-field [101, 102] and ISRF [103]) — in this high-energy
limit, both propagation models converge, and solar mod-
ulation becomes irrelevant again. Uncertainties related
to the DM density profile are estimated by considering
both the cored-like and NFW profiles introduced above,
whose fits to kinematic data provide a very similar local
DM density ρ� ' 0.01M�/pc3 [52]. We also evaluate
the impact of uncertainties in the velocity DF by con-
sidering both radially and tangentially anisotropic DFs,
beside a reference isotropic DF.

We get limits on the p-wave cross section of Eq. (1) as
a function of the WIMP mass assuming a full annihila-
tion in e+e−(γ). Our results are shown in Fig. 1, where
the left (right) panel corresponds to the γ = 0.25 (1)
halo profile. We also show complementary bounds ob-
tained with the CMB [34, 35] (purple) rescaled to the
latest Planck results [36], the high-redshift intergalac-
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FIG. 1: Limits on the p-wave cross section as a function of the WIMP mass mχ, in the 100% χχ̄→ e+e−(γ) channel, for a
high-reacceleration propagation model (model A – green curve) or a reacceleration-less, very conservative, propagation model
(model B – blue curve). Uncertainty bands account for uncertainties in the anisotropy of the WIMP velocity DF. Also shown

are the limits obtained with the CMB [34–36], IGM [35], EGB [37, 38], and gamma-ray observations of dwarf galaxies [82].
Left panel: cored-like DM density profile with γ = 0.25 [52]. Right panel: cuspy DM density profile with γ = 1 [52].

tic medium (IGM) temperature [35] (orange), the dif-
fuse EGB [37, 38] (red), and gamma-ray observations of
MW-satellite dwarf galaxies [82] (dark green curve). The
CMB bound extrapolates the one obtained for s-wave an-
nihilation by assuming a MB DF with a temperature at
redshift ∼ 600 that depends on the WIMP kinetic decou-
pling temperature Tkd. We adopt two extreme values for
the ratio xkd = mχ/Tkd, 102 and 104, to cover most of

the relevant parameter (the CMB limit is ∝ x−1
kd ).

Our limits are shown for both propagation models A
(green) and B (blue curve), and the region for which so-
lar modulation of CRs is irrelevant (relevant) is indicated
as “SMod insensitive” (“SMod sensitive”). The associ-
ated shaded areas account for uncertainties induced by
the unknown anisotropy of the WIMP DF. We empha-
size that the limit obtained for model B is very conserva-
tive. Moreover, associated propagation uncertainties in
the sub-GeV V1 region reduce to those in the low-energy
energy losses, which are very small. This conservative re-
sult is strikingly more constraining than complementary
searches, by more than two orders of magnitude in the
5-100 MeV mass range, making CRs remarkable probes
of p-wave annihilation. This contrasts with constraints
obtained on s-wave annihilation, for which CMB bounds
are stronger. Indeed, as velocity factors enter the anni-
hilation rate, the CMB probe is penalized by a DM tem-
perature much lower at the recombination epoch than in
virialized galactic halos today. Moreover, the CR probe
has the advantage over gamma-ray observations that pre-

dictions saturate the data with very small annihilation
cross sections without considering any background. The
secondary background is in effect completely negligible in
the V1 energy range [27], while it gets close to the low-
energy AMS-02 positron data though in a regime where
solar modulation matters.

We note that our strongly improved limit lies now
only at two orders of magnitude from the p-wave cross
section required for the correct WIMP abundance, ∼
10−24cm3/s. Moreover, we stress that it already excludes
some interesting WIMP models with enriched dark sec-
tors, e.g. that of Ref. [104]. Our work thus provides strin-
gent constraints on particle model building along this
line.

To summarize, we have used the electron and positron
data from V1 and the positron data from AMS-02 to con-
strain p-wave annihilating DM. We have obtained limits
that are much more stringent than those derived from
complementary astrophysical messengers in the MeV-
TeV energy range. Those derived for our very conser-
vative model B are very robust in the V1 range (below
the GeV), because the flux predictions then only depend
on the average ISM properties, on the halo model, and
on the anisotropy level in the DM DF. We have shown
in Fig. 1 that using a kinematically constrained cored vs.
cuspy halo does not alter our result, nor does spanning
different anisotropy configurations. Moreover, above few
tens of GeV, solar modulation gets irrelevant again, and
CR propagation is then set by inverse-Compton and syn-
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chrotron losses, for which uncertainties reduce to those
in the local ISRF and B-field. We emphasize that these
limits could be made even more severe if additional as-
trophysical primary contributions were considered [105].
This will likely be done in the future when more detailed
low-energy CR studies succeed in more reliably modeling
the yield from these astrophysical sources.
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Appendix A: Effective density profile

In this section, we show the detailed results obtained
for the effective squared density profile defined in Eq. (3).
They are displayed on Fig. 2. The original squared pro-
file are shown in blue (γ = 0.25) and red (γ = 1) crosses
(rescaled by a factor of ∼ 10−6 ∼ (σv/c)

2, where σv is the
velocity dispersion in the Milky Way), while the velocity-
corrected profiles are shown in solid (dashed, dot-dashed,
and dotted) curves for the isotropic (constant tangen-
tial anisotropy, spatial-dependent radial anisotropy, and
Maxwellian) velocity DF. The bottom part of the plot
shows the residuals with respect to the isotropic, refer-
ence case. For the Maxwellian calculation, the velocity
dispersion is taken proportional to the circular velocity,
consistently with the isothermal sphere approximation
[42]. We see that the velocity-weighted squared profiles
lead to suppressed annihilation luminosity with respect
to the standard case. We also see that the Maxwell-
Boltzmann approximation strongly undershoots the lu-
minosity arising from the other predictions, which turn
out to be much better supported both by theory and
simulations [44, 51]. We have discarded the unrealistic
Maxwellian case from our limits.

Note that when going to CR flux predictions, diffusion
plays the role of averaging the luminosity over the CR
horizon which is set by the dominant transport process
at a given energy. Therefore, to figure out the local CR
yield induced by DM p-wave annihilation, one needs to
average the effective luminosity over the relevant volume
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FIG. 2: Effective squared density profiles, which translate
the impact of the spatial-dependent average squared relative

velocity. The effective profiles are shown for different
assumptions for the WIMP velocity DF, made explicit in the

legend.

around the observer, who sits at r ∼ 8 kpc from the
Galactic center.

Appendix B: Bounds on various annihilation
channels

In Fig. 3, we show the conservative limits we get for
different annihilation final states (propagation model B,
and cored-like halo profile with γ = 0.25). We see that
for final-state particle masses above a few GeV, limits are
dominated by the AMS-02 data. In contrast, the Voyager
data are very powerful in constraining leptonic channels.

Appendix C: Detailed view on theoretical
uncertainties

In this section, we provide additional details about the
origin of the uncertainties that were featured as shaded
areas around the limits shown in Fig. 1. They originate
from the different assumptions made for the anisotropy in
the velocity DF, which is not firmly predicted by the non-
linear theory and could therefore vary from a galaxy to
another. In order to span the most likely configurations,
we adopted two contrasting cases, one with constant tan-
gential anisoptropy, another with spatial-dependent ra-
dial (OM) anisotropy, on top on the isotropic Edding-
ton case and the simplistic Maxwellian approximation.
The limits obtained for these different configurations are
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FIG. 3: Limits on the p-wave annihilation cross section
obtained for different annihilation channels, using the most
conservative setup for the CR flux predictions: propagation
model B (no reacceleration, minimal magnetic halo size ∼ 4

kpc), and a cored-like halo profile (γ = 0.25).

shown in Fig. 4. The top (bottom) panels correspond
to the cored-like (NFW) halo with γ = 0.25 (γ = 1).
The left (right) panels are associated with CR predic-
tions made with optimistic (very conservative) propaga-
tion model A (B) that is characterized by a strong reac-
celeration and L = 15 kpc (no reacceleration and L = 4.1
kpc). All panels display the limits obtained for all the
velocity DFs mentioned above. These results can be eas-
ily interpreted from the hierarchy in the luminosity yield
shown in Fig. 2.
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FIG. 4: Impact of different assumptions for the anisotropy in the velocity DF, and relative comparison to the
Eddington-inverted isotropic DF (solid red curves). The black dotted curves show the results obtained for the Maxwellian

approximation, the blue dashed curves correspond to a constant anisotropy parameter β = −0.3 (tangential anisotropy), and
the green dash-dotted curves correspond to the Osipkov-Merrit model with an anisotropy radius set to the scale radius of the

DM halo. Left (right) panels: propagation model A (B). Top (bottom) panels: cored (NFW) DM halo.
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[40] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke,
N. Desai, P. Ilten, S. Mrenna, S. Prestel, C. O. Ras-
mussen, and P. Z. Skands, Computer Physics Commu-
nications 191, 159 (2015), arXiv:1410.3012 [hep-ph].

[41] H. Mo, F. C. van den Bosch, and S. White, Galaxy
Formation and Evolution (Cambridge University Press,
2010).

[42] J. Binney and S. Tremaine, Galactic Dynamics, 2nd ed.,
Princeton series in astrophysics (Princeton University
Press, Princeton, NJ USA, 2008., 2008).

[43] A. S. Eddington, MNRAS 76, 572 (1916).
[44] T. Lacroix, M. Stref, and J. Lavalle, JCAP 09, 040

(2018), arXiv:1805.02403.
[45] F. Ferrer and D. R. Hunter, JCAP 9, 005 (2013),

arXiv:1306.6586 [astro-ph.HE].
[46] D. R. Hunter, JCAP 2, 023 (2014), arXiv:1311.0256

[astro-ph.CO].
[47] K. K. Boddy, J. Kumar, and L. E. Strigari, Phys. Rev.

D 98, 063012 (2018), arXiv:1805.08379 [astro-ph.HE].
[48] L. P. Osipkov, Soviet Astronomy Letters 5, 42 (1979).
[49] D. Merritt, Astron. J. 90, 1027 (1985).
[50] P. Cuddeford, MNRAS 253, 414 (1991).
[51] T. Lacroix, A. Nunez, M. Stref, J. Lavalle, and E. Nezri,

In preparation (2018).
[52] P. J. McMillan, MNRAS 465, 76 (2017),

arXiv:1608.00971.
[53] J. F. Navarro, C. S. Frenk, and S. D. M. White, Astro-

phys. J. 462, 563 (1996), astro-ph/9508025.
[54] H. Zhao, MNRAS 278, 488 (1996), astro-ph/9509122.
[55] V. L. Ginzburg and S. I. Syrovatskii, The Origin of Cos-

mic Rays (New York: Macmillan, 1964).
[56] V. S. Berezinskii, S. V. Bulanov, V. A. Dogiel, and V. S.

Ptuskin, Astrophysics of cosmic rays (North Holland,
1990).

[57] A. W. Strong and I. V. Moskalenko, Astrophys. J. 509,
212 (1998), astro-ph/9807150.

[58] F. C. Jones, A. Lukasiak, V. Ptuskin, and W. Webber,
Astrophys. J. 547, 264 (2001), astro-ph/0007293.

[59] D. Maurin, F. Donato, R. Taillet, and P. Salati, Astro-
phys. J. 555, 585 (2001), astro-ph/0101231.

[60] A. W. Strong, I. V. Moskalenko, and V. S. Ptuskin,
Annual Review of Nuclear and Particle Science 57, 285
(2007), astro-ph/0701517.

[61] R. Kissmann, Astroparticle Physics 55, 37 (2014),
arXiv:1401.4035 [astro-ph.HE].

[62] C. Evoli, D. Gaggero, A. Vittino, G. Di Bernardo, M. Di
Mauro, A. Ligorini, P. Ullio, and D. Grasso, JCAP 2,
015 (2017), arXiv:1607.07886 [astro-ph.HE].

[63] D. Maurin, ArXiv e-prints (2018), arXiv:1807.02968
[astro-ph.IM].

[64] M. Boudaud, E. F. Bueno, S. Caroff, Y. Genolini,
V. Poulin, V. Poireau, A. Putze, S. Rosier, P. Salati,
and M. Vecchi, Astron. Astroph. 605, A17 (2017),
arXiv:1612.03924 [astro-ph.HE].

[65] S. V. Bulanov and V. A. Dogel, Astrophys. Space Sci.
29, 305 (1974).

[66] E. A. Baltz and J. Edsjö, Phys. Rev. D 59, 023511
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