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We present the effective J-factors for the Milky Way for scenarios in which dark matter annihilation is
p-wave or d-wave suppressed. We find that the velocity suppression of dark matter annihilation can have a
sizable effect on the morphology of a potential dark matter annihilation signal in the Galactic Center. The
gamma-ray flux from the innermost region of the Galactic Center is in particular suppressed. We find that
for dark matter density profiles with steep inner slopes, the morphology of the inner Galaxy gamma-ray
emission in p-wave models can be made similar to the morphology in standard s-wave models. This
similarity may suggest that model discrimination between s wave and p wave is challenging, e.g., when
fitting the Galactic Center excess. However, we show that it is difficult to simultaneously match s- and
p-wave morphologies at both large and small angular scales. The J-factors we calculate may be
implemented with astrophysical foreground models to self-consistently determine the morphology of the
excess with velocity-suppressed dark matter annihilation.
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I. INTRODUCTION

The Galactic Center (GC) is one of the most interesting
targets in searches for gamma rays arising from dark matter
annihilation. This region of sky has been particularly
interesting in recent years, as analyses of Fermi-LAT inner
Galaxy data have revealed a diffuse gamma-ray emission,
which is nearly spherically symmetric about the inner
Galaxy, that was not included in previous diffuse models
[1-4]. This emission is statistically significant, though its
precise morphology and energy spectrum is still subject to
systematic uncertainties [5—10] and may still be consistent
with an astrophysical population [11-16]. One way to
distinguish signal from background, and to distinguish
different types of signals from one another, is to use the
morphology of the photon flux. For the case of standard
s-wave dark matter annihilation, the annihilation rate scales
with the square of dark matter density; thus, for any choice
of density profile, one obtains a prediction of the signal flux
as a function of the angular distance from the GC. This
morphology is encoded in the J-factor, J(@), which contains
all of the astrophysical dependence of the photon flux.

There are variety of particle physics scenarios in which
the dark matter annihilation cross section has a nontrivial
dependence on the dark matter particle velocity in the
nonrelativistic limit. This dependence can lead to a sup-
pression or enhancement of the annihilation rate for low-
velocity dark matter. In either case, using the standard
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J-factor is no longer suitable; instead, it is necessary to
calculate an effective J-factor, which incorporates infor-
mation from the full dark matter velocity distribution
[17-21]. Since this velocity distribution has a nontrivial
spatial dependence, any velocity dependence of the anni-
hilation cross section leads to a departure from the expected
angular distribution of the photon flux arising from dark
matter annihilation near the GC.

In this paper, we show that the morphology of the GC dark
matter signal can change significantly if dark matter annihi-
lation is velocity dependent. We consider several well-
motivated and intuitively simple choices for the dark matter
mass distribution near the GC. In each case, we determine the
dark matter velocity distribution using the Eddington formula
and then determine the angular dependence of the effective
J-factor, for the case of either p-wave or d-wave annihilation.
We find that, as expected, the effective J-factor is suppressed
for p-wave annihilation and is even more suppressed for
d-wave annihilation. However, this result is of limited utility,
since the overall magnitude of the annihilation cross section
also depends on couplings and masses, which in turn depend
on the detailed particle physics model. Of more interest is
that, for cuspy profiles, the photon flux arising from p-wave
dark matter annihilation is less concentrated at small angles
than in the case of s-wave annihilation. This effect is even
stronger for d-wave annihilation.

The plan of this paper is as follows. In Sec. II, we
describe our method for determining the effective J-factor.
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In Sec. III, we present our results, and in Sec. IV, we
conclude with a discussion.

II. THE EFFECTIVE J-FACTOR

If dark matter is its own antiparticle with an annihilation
cross section oy, the resulting differential photon flux
produced by annihilation in an astrophysical object can
be written as

Ld 1 dN £.0).7,
:/df/d%lf(r( .0).%1)
dE,dQ~ 4ndE, my
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where my is the dark matter particle mass, dN/dE, is the
photon energy spectrum produced by a single annihilation
process, and £ is the distance along the line of sight. The
dark matter particles have velocities 7, and 7, and the dark
matter velocity distribution is given by f(7, ¥), normalized
such that [ d®vf(7,7) = p(¥), where p is the dark matter
density.

We parametrize the velocity dependence of the dark
matter annihilation cross section, in the nonrelativistic
limit, as 640 = (640),S(v), where v = [V; — U,| is the
relative velocity and (o4v), is the overall amplitude. We
may thus rewrite the differential photon flux as

d*® (64v)y AN
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where
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is the effective J-factor. In the standard case of s-wave
annihilation, we have S(v) = 1, and Jg(0) reduces to the
more familiar expression J(0) = [ dZ[p(r)]*.

We derive the velocity distribution of dark matter from
its density profile using the Eddington formula. We assume
that the velocity distribution is isotropic and spherically
symmetric, and thus depends only on r = |7| and v = |7
We further assume that the motion of a dark matter particle
is determined by an effective smooth potential (i.e., two-
body interactions are irrelevant). These assumptions,
along with Jeans’s theorem (or, equivalently, along with
Liouville’s theorem), imply that the time-averaged dark
matter velocity distribution depends only the energy, which
is the only integral of motion independent of the velocity
direction. Thus, we may write f(r, v) = f(e(r, v)), where
€ =1?/2+®(r) <0 is the energy per unit mass, and

®(r) <0 is the gravitational potential. Under these
assumptions, the velocity and density distributions are
related by

— o g 02
p(r) = 47:A dvv*f(r,v)
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def(e)\/ e —®(r), (4)

where the escape velocity v.,, = 1/—2®(r) depends on
the position of a dark matter particle within the halo.
Furthermore, f(¢) and dp/d® are then related by the Abel
integral equation, yielding the Eddington formula

1 [odp  do

Given any choice of the density profile p, one only needs
®(r) to determine the velocity distribution.

Under the assumption of spherical symmetry, it is
straightforward to obtain the gravitational potential due
to dark matter from p(r). The gravitational potential due to
baryonic matter near the GC is more complicated, because
the observed mass distribution in the bulge and the disk is
manifestly nonspherical. For simplicity and to allow us to
utilize the Eddington theory described above, we consider
a spherically symmetrized version of the disk and bulge
potentials, bearing in mind that the actual distributions are
much more complex [22]. With this simplification, the
gravitational potential from the bulge may be approximated
by [23,24]

GyM,

(I)bulge(r) = ¢ s

(6)

where M), = 1.5 x 10'° M, is the bulge mass and ¢, =
0.6 kpc is the bulge scale radius. We model the gravita-
tional potential from the disk by insisting that the mass of
the disk contained within a sphere of radius r is the same as
the mass contained within the spherical disk potential at
radius r. The spherical disk potential is

GyM,

(1 — e, ™)

Dy (r) =

where M; = 7 x 10'° M, is the disk mass and b, = 4 kpc
is the disk scale radius. To quantify the systematic
uncertainty incurred by this approximation for the disk
potential, Ref. [18] compared the predicted dark matter
velocity dispersion of a spherical disk potential to that of an
axially symmetric disk potential: the velocity dispersion
using the spherical disk potential can be up to ~20% larger
at intermediate radii, while the velocity dispersions from
both potentials agree well at small and large radii. Models
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of the baryonic potentials may ultimately be tested with
numerical simulations [25].

We thus have all the tools in place for calculating the
effective J-factor, given a specific form of the dark matter
density profile and the velocity dependence of the annihi-
lation cross section.

III. RESULTS

In addition to the standard scenario of s-wave dark
matter annihilation with S(v) =1, we also consider p-wave
annihilation with S(v) = v* and d-wave annihilation with
S(v) = v*. The annihilation of spin-0 or spin-1/2 dark
matter to light standard model fermions (XX — ff) from
an s-wave state is generically suppressed if dark matter is
its own antiparticle and if flavor violation is minimal.
In that case, the symmetry properties of the initial state
wave function require the s-wave (L = 0) state to have total
angular momentum J = 0; meanwhile, the ff final state
particles with J =0 must arise from different standard
model Weyl spinors, implying a matrix element which is
suppressed if flavor violation is minimal [26]. For
Majorana fermion dark matter with minimal flavor viola-
tion, the dominant contribution to the annihilation cross
section may thus be p-wave suppressed. If the dark matter
particle is a real scalar, the p-wave initial state is anti-
symmetric under particle exchange and thus forbidden, and
the dominant term in the annihilation cross section may
instead be d-wave suppressed [27].

Another well-motivated scenario is Sommerfeld-enhanced
dark matter annihilation [28], in which case S(v) is large at
small v. The effective J-factors for this scenario have been
considered previously in the context of dSphs [19-21]. Since
the dark matter velocity dispersion at the GC is expected to be
much larger than in known dSphs, the enhancement is
correspondingly larger in dSphs. Moreover, the astrophysical
foregrounds and backgrounds are under more control for
dSphs, making them cleaner targets. As dSphs are better
targets for searching for Sommerfeld enhancements, we do
not consider them in this work. We note, however, that it is
possible for coannihilating or multilevel dark matter to have
Sommerfeld-enhanced p-wave annihilation, in which the
annihilation rate in the GC could be higher than that in dSphs
[29]. Nonetheless, we focus on p- and d-wave annihilation,
for which the photon flux is typically less suppressed at higher
relative velocities and thus the GC is the better target.

We consider modified NFW dark matter density profiles
of the form

B Ps
p(r)_(r_;;)y(1+£)3—y’ (8)

where we fix the scale radius to r, = 20 kpc and the scale
density to p; = 8 x 10® M /kpc? [30,31] throughout this
work. We consider the profiles with inner slopes y = 0.6,

350 T T T T T T
v=0.6
300 - 1.0
[ )
- 250 - y=1.4 |
~
g 200 s
=
% 150 .
5
100 .
50 s
0 1 1 1 1 1 1
10t 10° 10" 10° 10° 10°
r [kpc]
FIG. 1. The three-dimensional dark matter velocity dispersion,

as a function of distance from the GC. We consider modified
Navarro-Frenk-White (NFW) profiles for benchmark values of
the inner slopes y, listed in the legend.

1.0, 1.2, and 1.4. For each of these values of the inner slope,
the corresponding local dark matter densities at 8.5 kpc are
0.15,0.25, 0.32, and 0.41 GeV cm™>, which are consistent
with the measured values (see Ref. [32] and references
therein). In each case, we determine the velocity distribu-
tion using Eq. (5), including contributions to the gravita-
tional potential from dark matter, the bulge, and the disk.

In Fig. 1, we show the three-dimensional velocity
dispersion

_ Jv*f(r,v)dv
[V f(rov)dv

as a function of distance from the GC, for each choice of
density profile. An interesting feature to note is that the
dispersion decreases at small distances from the GC, which
is due to two effects: the decrease in enclosed mass near the
GC and the angular momentum barrier. With less mass
enclosed by a circular orbit close to the GC, the centripetal
acceleration is lower, implying a smaller virial velocity.
Moreover, for an isotropic distribution, dark matter par-
ticles that are able to reach the very inner part of the GC
tend to have a small angular momentum. The velocity
dispersion also decreases and cuts off abruptly at large
distances, where the galactic escape velocity is small.
From these general observations, we naively expect
p- and d-wave annihilation to result in photon emission
that is suppressed both at small distances from the GC and
large distances from the GC. However, the form of the full
dark matter velocity distribution (and thus of the total
gravitational potential and dark matter density profile) is
necessary to determine the specific behavior of the effective
J-factor for various annihilation models.

We calculate the effective J-factors for our benchmark
values of the inner slope y, for s-, p-, and d-wave

©)
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TABLE 1. Table of the total integrated effective J-factor,
Jiot = [ dQJ4(6). We consider modified NFW profiles, with a
scale radius of 20 kpc and scale density of 8 x 10® M, /kpc?, for
benchmark values of the inner slopes y.

Jior [GeV? /em?]

y s wave p wave d wave
0.6 3.27e+22 5.58e+16 1.86e+11
1.0 1.30e+23 2.42e+17 9.53e+11
1.2 3.21e+23 6.07e+17 2.62e+12
1.4 1.05e+24 1.93e+18 9.13e+12

annihilation. For each case, we normalize J¢(6) by the total
effective J-factor, J,,, = [ dQJg(6), integrated over all
angles. We report the values of J,, in Table I. In the left
panel of Fig. 2, we show the quantity J(6)/J, Which is
the angular distribution of the photon flux. Since the
benchmark dark matter profiles have the same scale radius
and scale density, the values of Jg(0) are larger for steeper
inner slopes (larger values of y). In particular, differences in
Js(0) for various y are much larger at small angles, where
more of the dark matter is concentrated; away from the
GC, the benchmark profiles have the same outer slopes, so
their line-of-sight integrations at large angles are somewhat
similar (within an order of magnitude). Note that the
angular distribution at large angles is more suppressed
for larger values of y, due to the larger normalization
factor Jiy.

In the right panel of Fig. 2, we compare the various
annihilation models for a given choice of the dark matter
density profile; we show the ratios of the angular distri-
butions for p- and d-wave annihilation to that for s-wave
annihilation. For a pure NFW profile, within the inner 1° of
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FIG. 2.

the GC and at large angles =50°, the angular distribution is
suppressed for the case of p- or d-wave annihilation,
relative to s-wave annihilation. In the range 2-50°, the
distribution for p- and d-wave annihilation is enhanced.
These results are consistent with our expectations, given
the behavior of the dark matter velocity distribution.
Comparing the relative suppression/enhancement from
p- and d-wave annihilation for different values of y requires
more care. For cuspier profiles, velocity-suppressed anni-
hilation yields a more heavily suppressed angular distri-
bution in the inner 1°, as more of the dark matter is
concentrated at very small distances from the GC, where
the relative velocities are small. For less cuspy profiles,
however, there is less dark matter at small distances from
the GC, and the relative velocities are slightly higher. As a
result, the effect of velocity suppression near the GC is less
severe, while the effect far from the GC is more important.
For the case of y = 0.6, we indeed find that velocity-
suppressed annihilation leads to an enhancement in the
angular distribution within the inner 1° and a suppression at
large angles, compared to the case of a pure NFW profile.

We expect the generic features of velocity-suppressed
annihilation to hold for more general dark matter profiles
and even for different models of the baryonic potential. For
an isotropic dark matter distribution, the suppression of the
velocity dispersion both close to and very far from the GC
is a generic feature resulting from the angular momentum
barrier and the behavior of the virial and escape velocities,
regardless of the particular choice of dark matter profile
or baryonic potential. Moreover, as previously discussed,
modeling the disk with either a spherical or an axially
symmetric potential yields similar dark matter velocity
dispersions at small and large radii [18]. We expect an
axially symmetric disk to have little impact on our results at
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(Left) The normalized angular distribution, as a function of angle from the GC, of the photon flux arising from s-, p-, and

d-wave annihilation. We consider modified NFW profiles for benchmark values of the inner slopes y, listed in the legend. (Right) Similar
to the left panel, except we show the ratios of the normalized angular distributions for p-wave to s-wave annihilation and for d-wave to
s-wave annihilation. We show a reference line (dotted black) at 1, indicating where the distributions of the different annihilation models

coincide.
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small and large angles, apart from an overall reduction
of Ji. Numerical simulations may be used to test this
assumption for the potential and the assumption of isotropy
at different radii; simulations currently find a slight
deviation from isotropy near the solar radius [33,34].

IV. CONCLUSIONS

We have computed the effective J-factors for the GC,
relevant for velocity-dependent dark matter annihilation. In
particular, we focus on the well-motivated cases of p-wave
and d-wave suppressed annihilation into photons. We find
that properly incorporating the velocity dependence of
the annihilation can noticeably affect the morphology of
an annihilation signal. For models with velocity-suppressed
annihilation, the photon angular distribution is enhanced at
angles of O(10°) from the GC, but is suppressed within the
inner 1° if the profile is cuspy. The suppression of the
photon flux at small angles is a result of angular momentum
conservation: due to the presence of an angular momentum
barrier, the particles that are able reach the innermost part of
the GC tend to have lower kinetic energies. This effect is
more pronounced for cuspy profiles, in which more dark
matter is concentrated near the GC. For less cuspy profiles,
the more important effect is the suppression of the velocity
at large distances, which in turn suppresses the angular
distribution at large angles.

We have assumed a modified NFW profile, modeling the
gravitational potential due to baryons as spherically sym-
metric contributions from the bulge and the disk. A variety
of other astrophysical models are also possible. We expect
the qualitative behavior of the angular distribution for
velocity-suppressed annihilation to be robust against these
systematic uncertainties in the dark matter and baryonic
matter distributions, as the angular momentum barrier,
the decrease of the enclosed mass at small radii, and the
decrease in the escape velocity with distance from the GC
are universal features. However, determining whether or
not the velocity-suppressed annihilation leads to a sup-
pression or an enhancement of the angular distribution at
various angles—compared to that from the standard case
of velocity-independent annihilation—does depend on the
form of the dark matter and baryonic matter distributions
and requires a full calculation.

It is interesting to apply these results to the excess of
O(GeV) photons from the GC seen in Fermi-LAT data
[1,10]. If this excess arises from velocity-suppressed
annihilation of dark matter with a cuspy profile, it should
be suppressed within the innermost 1° of the GC. Fermi-
LAT data from the innermost 1° (which is the approximate
angular resolution of the Fermi-LAT) can thus be used to
test scenarios in which the origin of the GC excess is

TABLE II. Table of the fraction of the photon flux arising from
a 1° degree cone about the GC, assuming s-, p-, or d-wave
annihilation. We consider modified NFW profiles, with a scale
radius of 20 kpc and scale density of 8 x 10® My /kpc?, for
benchmark values of the inner slopes y.

y s wave p wave d wave
0.6 2.97¢-03 3.54e-03 4.80e-03
1.0 3.11e-02 2.06e-02 1.94e-02
1.2 1.00e-01 5.33e-02 4.21e-02
1.4 2.68e-01 1.37¢-01 9.75e-02

velocity suppressed dark matter annihilation. In Table I,
we provide the integrated angular distributions to find the
fraction of photon emission arising from a cone of radius 1°
about the GC.

For cuspy profiles, the fraction of the photon flux
emanating from the inner 1° can be suppressed by up to
a factor of 2 as a result of velocity-suppressed annihilation.
It is possible to counteract this suppression with a steeper
inner slope. For the case of y = 1.2 and s-wave annihila-
tion, about 10% of the flux arises from the inner 1°; while
for the case of y = 1.4 and p-wave annihilation, about 14%
of the flux arises from the inner 1°. But as we see from
Fig. 2, although choosing a steeper profile can compensate
for the effects of velocity suppression within the inner 1°,
they also cause a dramatic suppression of the angular
distribution for 8 = (O(10°). Changing the inner slope alone
can mask the effects of velocity-suppressed annihilation on
the signal morphology at small angles or at large angles, but
not both.

Of course, any analysis of the morphology of the GC
excess necessarily relies on assumptions about the mor-
phology of astrophysical foregrounds and backgrounds in
the direction of the GC. A detailed study of the consistency
of the morphology of the GC excess with velocity-
suppressed dark matter annihilation, and of the potential
of future instruments with better angular resolution, is an
interesting topic that we leave for future work.

ACKNOWLEDGMENTS

We are grateful to Alex Drlica-Wagner, Bhaskar Dutta,
and Andrew Pace for useful discussions. K. B. acknowl-
edges KITP and “The small-scale structure of cold(?) dark
matter” workshop for their hospitality and support under
NSF Grant No. PHY-1748958, during the completion of
this work. The work of J. K. is supported in part by NSF
CAREER Grant No. PHY-1250573. The work of L. E. S. is
supported by DOE Award No. de-scO010813.

063012-5



BODDY, KUMAR, and STRIGARI

PHYS. REV. D 98, 063012 (2018)

[1] L. Goodenough and D. Hooper, Possible evidence for dark
matter annihilation in the inner Milky Way from the fermi
gamma ray space telescope, arXiv:0910.2998.

[2] D. Hooper and L. Goodenough, Dark matter annihilation in
the Galactic Center as seen by the Fermi gamma ray space
telescope, Phys. Lett. B 697, 412 (2011).

[3] K.N. Abazajian and M. Kaplinghat, Detection of a
gamma-ray source in the Galactic Center consistent with
extended emission from dark matter annihilation and
concentrated astrophysical emission, Phys. Rev. D 86,
083511 (2012); Erratum, Phys. Rev. D 87, 129902(E)
(2013).

[4] T. Daylan, D. P. Finkbeiner, D. Hooper, T. Linden, S. K. N.
Portillo, N. L. Rodd, and T. R. Slatyer, The characterization
of the gamma-ray signal from the central Milky Way: A case
for annihilating dark matter, Phys. Dark Universe 12, 1
(2016).

[5] C. Karwin, S. Murgia, T. M. P. Tait, T. A. Porter, and P.
Tanedo, Dark matter interpretation of the Fermi-LAT ob-
servation toward the Galactic Center, Phys. Rev. D 95,
103005 (2017).

[6] M. Ackermann et al. (Fermi-LAT Collaboration), The Fermi
Galactic Center GeV excess and implications for dark
matter, Astrophys. J. 840, 43 (2017).

[7] I. Cholis and P. Salucci, Extracting limits on dark matter
annihilation from gamma-ray observations towards dwarf
spheroidal galaxies, Phys. Rev. D 86, 023528 (2012).

[8] F. Calore, I. Cholis, and C. Weniger, Background model
systematics for the Fermi GeV excess, J. Cosmol. Astropart.
Phys. 03 (2015) 038.

[9] F. Calore, 1. Cholis, C. McCabe, and C. Weniger, A tale of
tails: Dark matter interpretations of the Fermi GeV excess in
light of background model systematics, Phys. Rev. D 91,
063003 (2015).

[10] M. Ajello et al. (Fermi-LAT Collaboration), Fermi-LAT
observations of high-energy y-ray emission toward the
Galactic Center, Astrophys. J. 819, 44 (2016).

[11] K. N. Abazajian, The consistency of Fermi-LAT observa-
tions of the Galactic Center with a millisecond pulsar
population in the Central Stellar Cluster, J. Cosmol.
Astropart. Phys. 03 (2011) 010.

[12] R. Bartels, S. Krishnamurthy, and C. Weniger, Strong
Support for the Millisecond Pulsar Origin of the Galactic
Center GeV Excess, Phys. Rev. Lett. 116, 051102 (2016).

[13] S.K. Lee, M. Lisanti, B. R. Safdi, T. R. Slatyer, and W. Xue,
Evidence for Unresolved y-Ray Point Sources in the Inner
Galaxy, Phys. Rev. Lett. 116, 051103 (2016).

[14] J. Petrovi¢, P. D. Serpico, and G. Zaharijas, Galactic Center
gamma-ray “excess” from an active past of the Galactic
Center?, J. Cosmol. Astropart. Phys. 10 (2014) 052.

[15] L. Cholis, C. Evoli, F. Calore, T. Linden, C. Weniger, and D.
Hooper, The Galactic Center GeV excess from a series of
leptonic cosmic-ray outbursts, J. Cosmol. Astropart. Phys.
12 (2015) 005.

[16] D. Gaggero, M. Taoso, A. Urbano, M. Valli, and P. Ullio,
Towards a realistic astrophysical interpretation of the

gamma-ray Galactic Center excess, J. Cosmol. Astropart.
Phys. 12 (2015) 056.

[17] B. Robertson and A. Zentner, Dark matter annihilation rates
with velocity-dependent annihilation cross sections, Phys.
Rev. D 79, 083525 (2009).

[18] F. Ferrer and D. R. Hunter, The impact of the phase-space
density on the indirect detection of dark matter, J. Cosmol.
Astropart. Phys. 09 (2013) 005.

[19] K. K. Boddy, J. Kumar, L.E. Strigari, and M. Y. Wang,
Sommerfeld-enhanced J-factors for dwarf spheroidal
galaxies, Phys. Rev. D 95, 123008 (2017).

[20] S. Bergstrom et al., J-factors for self-interacting dark matter
in 20 dwarf spheroidal galaxies, Phys. Rev. D 98, 043017
(2018).

[21] M. Petac, P. Ullio, and M. Valli, On velocity-dependent dark
matter annihilations in dwarf satellites, arXiv:1804.05052.

[22] J. Bland-Hawthorn and O. Gerhard, The Galaxy in context:
Structural, kinematic, and integrated properties, Annu. Rev.
Astron. Astrophys. 54, 529 (2016).

[23] L. E. Strigari and R. Trotta, Reconstructing WIMP proper-
ties in direct detection experiments including galactic dark
matter distribution uncertainties, J. Cosmol. Astropart.
Phys. 11 (2009) 019.

[24] M. Pato, L. E. Strigari, R. Trotta, and G. Bertone, Taming
astrophysical bias in direct dark matter searches, J. Cosmol.
Astropart. Phys. 02 (2013) 041.

[25] T. Lacroix, M. Stref, and J. Lavalle, Anatomy of Eddington-
like inversion methods in the context of dark matter
searches, arXiv:1805.02403.

[26] J. Kumar and D. Marfatia, Matrix element analyses of dark
matter scattering and annihilation, Phys. Rev. D 88, 014035
(2013).

[27] F. Giacchino, L. Lopez-Honorez, and M. H. G. Tytgat,
Scalar dark matter models with significant internal Brems-
strahlung, J. Cosmol. Astropart. Phys. 10 (2013) 025.

[28] N. Arkani-Hamed, D.P. Finkbeiner, T.R. Slatyer, and N.
Weiner, A theory of dark matter, Phys. Rev. D 79, 015014
(2009).

[29] A. Das and B. Dasgupta, Selection Rule for Enhanced Dark
Matter Annihilation, Phys. Rev. Lett. 118, 251101 (2017).

[30] M. Pato, F. Iocco, and G. Bertone, Dynamical constraints on
the dark matter distribution in the Milky Way, J. Cosmol.
Astropart. Phys. 12 (2015) 001.

[31] P.J. McMillan, Mass models of the Milky Way, Mon. Not.
R. Astron. Soc. 414, 2446 (2011).

[32] J.I. Read, The local dark matter density, J. Phys. G 41,
063101 (2014).

[33] E. S. Ling, E. Nezri, E. Athanassoula, and R. Teyssier, Dark
matter direct detection signals inferred from a cosmological
N-body simulation with baryons, J. Cosmol. Astropart.
Phys. 02 (2010) 012.

[34] N. Bozorgnia, F. Calore, M. Schaller, M. Lovell, G. Bertone,
C.S. Frenk, R. A. Crain, J. F. Navarro, J. Schaye, and T.
Theuns, Simulated Milky Way analogues: Implications for
dark matter direct searches, J. Cosmol. Astropart. Phys. 05
(2016) 024.

063012-6


http://arXiv.org/abs/0910.2998
https://doi.org/10.1016/j.physletb.2011.02.029
https://doi.org/10.1103/PhysRevD.86.083511
https://doi.org/10.1103/PhysRevD.86.083511
https://doi.org/10.1103/PhysRevD.87.129902
https://doi.org/10.1103/PhysRevD.87.129902
https://doi.org/10.1016/j.dark.2015.12.005
https://doi.org/10.1016/j.dark.2015.12.005
https://doi.org/10.1103/PhysRevD.95.103005
https://doi.org/10.1103/PhysRevD.95.103005
https://doi.org/10.3847/1538-4357/aa6cab
https://doi.org/10.1103/PhysRevD.86.023528
https://doi.org/10.1088/1475-7516/2015/03/038
https://doi.org/10.1088/1475-7516/2015/03/038
https://doi.org/10.1103/PhysRevD.91.063003
https://doi.org/10.1103/PhysRevD.91.063003
https://doi.org/10.3847/0004-637X/819/1/44
https://doi.org/10.1088/1475-7516/2011/03/010
https://doi.org/10.1088/1475-7516/2011/03/010
https://doi.org/10.1103/PhysRevLett.116.051102
https://doi.org/10.1103/PhysRevLett.116.051103
https://doi.org/10.1088/1475-7516/2014/10/052
https://doi.org/10.1088/1475-7516/2015/12/005
https://doi.org/10.1088/1475-7516/2015/12/005
https://doi.org/10.1088/1475-7516/2015/12/056
https://doi.org/10.1088/1475-7516/2015/12/056
https://doi.org/10.1103/PhysRevD.79.083525
https://doi.org/10.1103/PhysRevD.79.083525
https://doi.org/10.1088/1475-7516/2013/09/005
https://doi.org/10.1088/1475-7516/2013/09/005
https://doi.org/10.1103/PhysRevD.95.123008
https://doi.org/10.1103/PhysRevD.98.043017
https://doi.org/10.1103/PhysRevD.98.043017
http://arXiv.org/abs/1804.05052
https://doi.org/10.1146/annurev-astro-081915-023441
https://doi.org/10.1146/annurev-astro-081915-023441
https://doi.org/10.1088/1475-7516/2009/11/019
https://doi.org/10.1088/1475-7516/2009/11/019
https://doi.org/10.1088/1475-7516/2013/02/041
https://doi.org/10.1088/1475-7516/2013/02/041
http://arXiv.org/abs/1805.02403
https://doi.org/10.1103/PhysRevD.88.014035
https://doi.org/10.1103/PhysRevD.88.014035
https://doi.org/10.1088/1475-7516/2013/10/025
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1103/PhysRevD.79.015014
https://doi.org/10.1103/PhysRevLett.118.251101
https://doi.org/10.1088/1475-7516/2015/12/001
https://doi.org/10.1088/1475-7516/2015/12/001
https://doi.org/10.1111/j.1365-2966.2011.18564.x
https://doi.org/10.1111/j.1365-2966.2011.18564.x
https://doi.org/10.1088/0954-3899/41/6/063101
https://doi.org/10.1088/0954-3899/41/6/063101
https://doi.org/10.1088/1475-7516/2010/02/012
https://doi.org/10.1088/1475-7516/2010/02/012
https://doi.org/10.1088/1475-7516/2016/05/024
https://doi.org/10.1088/1475-7516/2016/05/024

