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1. Introduction

Astrophysical observations are a prime avenue to shed light on the nature of dark matter (DM),
whether it is made of particles, macroscopic object or it is due to our lack of understanding of
gravity. In the case of particle DM candidates, indirect searches using multiple probes have led
to complementary constraints on the underlying properties of the particle candidate. Gamma-ray
searches in particular have proven to be a powerful tool to constrain scenarios where the DM can
self-annihilate [1].

In the context of gamma-ray searches, most of the effort has been dedicated to the study of
the simplest weakly interacting massive particle (WIMP) scenario where the DM particle has a
velocity-independent (s-wave) annihilation cross-section set by the relic abundance. However the
absence of any confirmed detection has lead to a broadening of search strategies in the recent
years. In particular, many theoretical models predict a velocity-dependent annihilation cross-
section which leads to a richer phenomenology which we investigate here. For instance, if the DM
annihilates through a scalar mediator, annihilation proceeds through a p-wave process which leads
to a strong velocity dependenceσvrel ∝ v2

rel (see e.g. [2]). Another interesting configuration arises if
annihilation is mediated by a particle lighter than the DM. In the presence of an attractive potential,
this leads to the Sommerfeld effect which can greatly enhance the cross section and create a specific
velocity dependence. The phenomenology of DM can also be complicated on the astrophysics
side. Cold particle candidates are expected to collapse on very small scales which leads to a vast
population of substructures within galactic DM halos [3]. These small subhalos have long been
known to impact predictions for velocity-independent annihilation, however less attention has been
given to their interplay with velocity-dependent annihilation.

This study is dedicated to the prediction of the astrophysical factor governing the DM-induced
gamma-ray flux, including velocity dependence and subhalos. The different theoretical ingredients
needed for the calculation are presented in Sec. 2. Several targets of interest covering different
mass range (dwarf spheroidal galaxies and galaxy clusters) are considered and presented in Sec. 3.
We investigate how the particle models and the modeling of subhalos impact the ranking of these
targets in Sec. 4. This proceedings is based on Lacroix et al. 2021 (to be published).

2. Theoretical ingredients

2.1 Velocity-dependent annihilation

We consider the phenomenological scenario in which DM particles self-interact through the
exchange of a (light) mediator φ of mass mφ with coupling gX =

√
4π αX , where αX plays the role

of dark fine structure constant (we fix αX = 10−2 in the following). This long-range interaction
modifies the s-wave annihilation cross-section in the following way

σvrel = (σvrel)0 × S , (1)

where S can be evaluated by solving Schrödinger’s equation for an attractive Yukawa potential. The
Sommerfeld factor S depends on the velocity through a parameter εv = v/(c αX), and the masses
and coupling through a parameter εφ = mφ/(αX mχ). Its shape depends on the partial wave i.e.
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there is a factor Ss for s-wave and a different factor Sp for p-wave. Although these factors have a
complicated expression, different asymptotic regimes can be identified

• if εv � 1, there is no enhancement Ss ' Sp ' 1

• if εφ � 1, there is again no enhancement

• if εφ � εv � 1, this corresponds to the Coulomb regime, Ss ∝ 1/v and Sp ∝ 1/v3, and there
is no dependence in εφ

• if εv � εφ � 1, the Sommerfeld factor becomes almost independent of the velocity, except
on a series of resonances at εφ = 6/(π2 n2)with n an integer where Ss and Sp are proportional
to 1/v2

In practice, instead of numerically solving Schrödinger’s equation for a Yukawa potential, we use
the analytic solution available for a Hulthén potential which is very similar [4].

2.2 Dark matter subhalos and phase-space modeling

To compute the enhancement of the annihilation rate induced by substructures, we use the
analytical model of ref [5]. This model allows to compute the parameter-space density function
of subhalos (which depends on the concentration, mass and position) inside any given DM halo.
It relies on theoretical inputs from cosmology (Seth-Tormen halo mass function, concentration
distribution) and gravitational dynamics (tidal effects). The minimal subhalo mass, which is in
principle related to the kinetic decoupling of the DM particle [6], is a free parameter of the model
and is set to 10−6 M�.

Let f (®r, ®vrel) be the relative phase-space distribution function (pdf) of DM particles inside a
subhalo, then a Sommerfeld-enhanced s-wave cross-section leads to a luminosity

Ls ∝

∫
ρ2(®r)

[∫
f (®r, ®vrel) Ss(vrel) d3®vrel

]
d3®r . (2)

In practice, rather than computing the phase-space pdf for each subhalo, we make the following
approximations∫

f (®r, ®vrel) Ss(vrel) d3®vrel ' Ss
[〈
v−2

rel
〉−1/2] with

〈
v−2

rel
〉
=

∫
f (®r, ®vrel) v

−2
rel d

3®vrel , (3)

where the relative velocity moment is computed using Eddington’s inversion method [7]. Similar
expressions and approximations are established for the Sommerfeld-enhanced p-wave annihilation
case. The luminosity of the full object is obtained by integrating Ls over the subhalo parameter-space
density function and adding the contribution of the smooth DM component.

3. Targets

3.1 Dwarf spheroidal galaxies

Due to their close proximity (a few tens of kpc), their high DM density and low astrophysical
background, dwarf spheroidal galaxies (dSphs) in the Milky Way are among the most interesting
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targets for DM indirect searches. DSphs are separated in two categories, the classical and the
ultra-faints. In this study, we pick three classical dSphs (Draco, Ursa Minor and Sculptor) and
two ultra-faint dSphs (Ursa Major II and Coma Berenices) which were found to be among the best
targets for DM annihilation [8]. In the latter study, the DM profile parameters were reconstructed
from a Markov Chain Monte Carlo (MCMC) engine coupled to the CLUMPY code1 [9, 10]. The
DM density profile in the dSphs is modeled using the Einasto profile.

3.2 Galaxy clusters

Galaxy clusters are the largest gravitationally-bound objects in the Universe. Their masses are
between 1014-1015 M� and up to 80% of this mass is DM. The rest is baryonic matter in the form of
galaxies, gas and dust. Although some gamma-ray emission is expected due to cosmic-ray activity,
clusters still constitute excellent targets for indirect searches. DM subhalos play an important in
these objects since the boost to the annihilation signal is expected to be much larger than in dSphs.
We rely on ref [11] and pick three galaxy clusters (Coma, Fornax and Perseus) for the present study.
The DM profile of the clusters is modeled by the NFW profile. Galaxy cluster mass measurements
are subject to large uncertainties, hence we rely on two different estimates for each cluster in our
analysis. One estimate stems from X-ray measurements ("hydro" mass) while the other is based on
Sunyaev-Zeldovich [12].

4. Results

Elements related to astrophysics in the expression of the DM-induced gamma-ray flux are
contained within the so-called J-factor along a given line of sight (l.o.s)

J =
∫
∆Ω

dΩ
∫

l.o.s.
ds ρ2

eff(s) , (4)

where ρeff is an effective DM density. If the annihilation is s-wave and subhalos are ignored, ρeff is
equal to the true DM density, otherwise it has to be modified as discussed in Sec. 2. We show the
J-factor for the Sommerfeld case as a function of εφ in Fig. 1. We recall that when εφ � 1, which
corresponds to rightmost part of each panel, there is no Sommerfeld enhancement. Let us focus on
dSphs first which are shown in the upper panel. The solid curves show the result including subhalos
while the dashed curves show the result assuming all the DM is smooth. When Sommerfeld effect is
turned off, subhalos only provide a very small boost, of order a few tens of percent, and the dashed
and solid curve are very close. In a dwarf galaxy without clumps, we typically have εv ' 10−2 so
when εφ > 10−2 we are in the resonant regime and when εφ < 10−2 we are in the Coulomb regime.
This can be seen on the dashed curves. However, the presence of subhalos implies much lower
values of εv can be reached because the velocity dispersion is very low in these objects. This means
that the resonant regime extends to much lower values of εφ, hence the J-factor can reached much
higher values compared to the smooth case. The enhancement can be very large even in-between
resonances because S ∝ 1/εφ in this case while S does not depend on εφ in the Coulomb regime.
The phenomenology is essentially the same in the p-wave case, although the amplitude is strongly
suppressed compared to s-wave and the shape is slightly different.

1https://clumpy.gitlab.io/CLUMPY/
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For galaxy clusters, which are shown in the bottom panel of Fig. 1, the trend is the same but
the effect is even more dramatic because the subhalo boost factor is much larger than in dSphs for
s-wave annihilation. Even without Sommerfeld enhancement, the boost can be as high as 30 in the
case of the Fornax cluster. The boost takes much larger values at low εφ, reaching several orders of
magnitude. Similar observations can be made in the p-wave case, with the amplitude being again
suppressed compared to s-wave.
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Figure 1: J-factor as a function of εφ , with and without subhalos. The top panels show the results for dSphs
and the bottom panels show the results for galaxy cluster. The left panels show the s-wave case and the right
panels show the p-wave.

In Fig. 2, the J-factor of an object is shown for each of the source category we consider :
Fornax for the galaxy clusters, Draco for the classical dSphs, Ursa Major II for the ultra-faints
dSphs, and IC10 for the dIrrs. Looking at s-wave first, without subhalos, we see that for εφ � 1
we have JFornax < JIC10 < JUMaII < JDraco. If substructures are included, JFornax is significantly
boosted and gets very close to JIC10. Going down to lower values of εφ, the J-factors of the different
targets get closer and closer. The same behavior is observed for p-wave with a different hierarchy
: here we have JIC10 < JFornax < JDraco < JUMaII. As εφ gets lower, the annihilation in the most
massive objects (Fornax and IC10) get significantly boosted and catches up with the annihilation in
the lightest ones.

The interplay between the Sommerfeld effect and subhalos not only impacts the hierarchy
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Figure 2: J-factors comparison for all targets. The left panel shows the s-wave case and the right panel
shows the p-wave case.

between targets of interest but can also impact their detectability above the Milky Way (MW)
halo foreground annihilation. This annihilation is also impacted by Sommerfeld enhancement and
subhalos. We have computed this contribution as a function of the angle ψ0 between the line of sight
and the Galactic plane. The result is shown as the blue solid line in Fig. 3 along with the J factor of
each object in the study. The integration angle is 0.5◦. The case εφ � 1 (i.e. without Sommerfeld)
is shown in the left panel while the right panel shows the results for εφ ' 10−4 (off-resonances).
We see that some targets can be above or below the MW foreground depending on whether the
Sommerfeld effect in plugged-in or not. For instance, Fornax is slightly below the blue curve in the
left panel, but slightly above the right panel.
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Figure 3: Comparison between J-factors of the various targets in this work and the expected foreground
from DM annihilation in the Milky Way halo.
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5. Conclusion

In this study, we have achieved a consistent calculation of the astrophysical factor for gamma-
ray searches including a Sommerfeld-enhanced annihilation cross-section and the effect of DM
subhalos. We have shown that these two effects combine can lead to a dramatic increase of the
expected gamma-ray flux from targets of interest such as dwarf galaxies and galaxy clusters. We
have explicitly computed the J-factors for some of these objects and shown that the hierarchy in
terms of luminosity can also be impacted. Finally, we have compared these luminosities to the
foreground annihilation from the MW DM halo and found that some targets can be either below or
above that foreground depending on the value of the particle physics parameters. In future works,
we will discuss how these results impact the constraints on the DM microscopic properties.
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