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Preface to “The Role of Halo Substructure in

Gamma-Ray Dark Matter Searches”

This is an era in which a tremendous international effort, both theoretical and experimental, is

being made to unveil the ultimate nature of particle dark matter in the universe. Yet, not only is its

microscopic nature unknown, but key aspects regarding its distribution and clustering also remain

to be fully comprehended, especially at the smallest scales, where both observations and simulations

are challenging. This lack of knowledge also has a great impact on the search for dark matter. As a

prominent example, an important, open topic of research is to understand the precise role that the

dark matter halo substructure may have for ongoing, or yet-to-come, dark matter search strategies

and observational campaigns.

Halo substructure represents a natural expectation of the way structure formation works within

the standard ΛCDM cosmological model: small structures or halos collapse and form first, and then,

by accretion and merging, larger structures come into existence. In this bottom-up formation scenario,

halo substructures, or subhalos, are predicted to be largely abundant within larger halos, for instance

galaxies such as ours. Dwarf satellite galaxies are thought to be the most massive exponents of halo

substructure in the Milky Way, while a very numerous population of lighter subhalos, not massive

enough to possess a visible baryonic counterpart, is also expected to fill the galactic volume up to

distances much larger than the size of the bulge and the disk of stars and gas.

When it comes to gamma-ray dark matter searches—those that look for gamma-ray photons

generated from the decay or annihilation of dark matter particles—it is currently evident that halo

substructure plays a critical role. Both dwarf galaxies and dark subhalos are known to be excellent

targets per se for current or future gamma-ray observatories. Furthermore, the clumpy distribution

of subhalos residing in larger halos boosts the predicted dark matter signals at Earth considerably

with respect to a scenario in which no subhalos are accounted for in the computations. In this

regard, a precise characterization of the statistical and structural properties of subhalos becomes

critical. Intriguingly, as said, many questions remain open on the subhalo population that need to

be answered should we want to make further progress. Indeed, current and planned gamma-ray

experiments possess, for the first time, the exciting potential to reach the most relevant regions of the

dark matter parameter space, but, in order to achieve this potential, a more profound knowledge of

the most promising dark matter targets and scenarios is mandatory. Only in doing so will we be able

to obtain accurate predictions of dark matter-induced photon fluxes to properly motivate and invest a

significant fraction of telescopes’ observing time on selected targets and to derive robust conclusions

from these observations and from this whole dark matter search effort. Certainly, the field is now

mature enough to demand precision work on every front.

This Special Issue was partially conceived during the workshop “Halo Substructure and Dark

Matter Searches” held at the Institute for Theoretical Physics (IFT UAM-CSIC) in Madrid in June

20181, in which an overview of the current knowledge about dark matter subhalos was laid out.

In written form now, building upon the discussions of the workshop, we aim to summarize where

we stand today with respect to our knowledge of dark matter halo substructure from different

viewpoints, to identify what are the remaining big questions, to discuss how we could address them

in the near future, and, by doing so, to find new avenues for further research. With this goal in

mind, the present volume includes a series of comprehensive reviews, written by some of the most
1      https://eventos.uam.es/16257/detail/halo-substructure-and-dark-matter-searches.html
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renowned experts, covering some of the key topics in the field: what we know about halo and subhalo

formation and evolution from N-body cosmological simulations (by J. Zavala and C. Frenk), our

current understanding of the annihilation signal boost due to the presence of subhalos (S. Ando et al.),

and the present status of dark matter searches in dwarf galaxies using both gamma-ray (J. Rico) and

radio frequencies (G. Beck). These reviews are then complemented with a number of research articles

focusing on specific hot topics, e.g., dark subhalo searches (M. Stref et al.), subhalo annihilation boosts

(M. Hütten et al.), subhalo survival (F. Calore et al.), subhalo properties in alternative cosmological

scenarios (A. Moliné et al.), and subhalo searches with the HAWC TeV gamma-ray observatory (J.

Coronado and M. Sánchez-Conde).

Our collection is not complete. We had planned for further contributions that would have

completed the Special Issue. These included, e.g., gravitational lensing as a test of halo substructure,

the dark matter content of Milky Way dwarf satellite galaxies from observations, stellar streams as

a test of halo substructure, and the search for low-mass galactic subhalos with gamma rays, among

others. We could not get such papers in time for this Special Issue. However, the interested reader has

access to specific talks on these and related topics in the video recording of the Madrid workshop2.

All in all, this Special Issue will act as a necessary and long-awaited bridge between the N-body

simulation and gamma-ray dark matter search communities. In summary, we hope that this Special

Issue will provide a fairly balanced and useful summary of the state of the art in halo substructure,

thereby serving as a starting point for further research on this topic.

Madrid and Venice: 7 April 2020

Miguel A. Sánchez-Conde, Michele Doro

Special Issue Editors

2      https://eventos.uam.es/16257/section/13616/halo-substructure-and-dark-matter-searches.html
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Abstract: The development of methods and algorithms to solve the N-body problem for classical,
collisionless, non-relativistic particles has made it possible to follow the growth and evolution of
cosmic dark matter structures over most of the universe’s history. In the best-studied case—the cold
dark matter or CDM model—the dark matter is assumed to consist of elementary particles that
had negligible thermal velocities at early times. Progress over the past three decades has led to
a nearly complete description of the assembly, structure, and spatial distribution of dark matter
haloes, and their substructure in this model, over almost the entire mass range of astronomical objects.
On scales of galaxies and above, predictions from this standard CDM model have been shown to
provide a remarkably good match to a wide variety of astronomical data over a large range of epochs,
from the temperature structure of the cosmic background radiation to the large-scale distribution
of galaxies. The frontier in this field has shifted to the relatively unexplored subgalactic scales,
the domain of the central regions of massive haloes, and that of low-mass haloes and subhaloes,
where potentially fundamental questions remain. Answering them may require: (i) the effect of
known but uncertain baryonic processes (involving gas and stars), and/or (ii) alternative models
with new dark matter physics. Here we present a review of the field, focusing on our current
understanding of dark matter structure from N-body simulations and on the challenges ahead.

Keywords: dark matter; structure formation; cosmological N-body simulations
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1. Introduction

The current theory of the formation and evolution of cosmic structure in the universe is based
on the dark matter hypothesis in which ∼84% of the mass-energy density of the universe [1] is in the
form of a new type of particle, or particles, with negligible electromagnetic interactions. The evidence
for the existence of dark matter is varied and compelling. It comes from cosmic structures on all scales
and across all epochs: from the smallest, dark-matter-dominated dwarf galaxies (e.g., [2]), through
the largest clusters of galaxies (e.g., [3]), to the large-scale structure of the universe (e.g., [4]) and
back to the very seeds of cosmic structure reflected in the temperature of the cosmic background
radiation (CMB; e.g., [1]). This body of evidence, accumulated over the past three decades, can be
accounted for within a coherent theory of structure formation in which the gravity of the dark matter
amplifies primordial density perturbations imprinted during an early period of cosmic inflation [5,6].
Empirical evidence for the existence of dark matter comes purely from its gravitational effect: despite
significant efforts, experimental searches for dark matter particles in accelerators (e.g., for a review
in LHC searches see [7]), and dedicated detectors on Earth (e.g., [8,9]) and in space (e.g., [10,11]) so
far remain unsuccessful. Until the particles are discovered, dark matter will remain a hypothesis,
albeit one with strong empirical support.

In addition to the dark matter hypothesis, the standard theory of structure formation makes a
specific assumption about the nature of dark matter, which is only partially supported by observations.
This is that the dark matter consists of classical, non-relativistic, collisionless particles which had
negligible thermal velocities at early times. This “cold dark matter” (CDM) is assumed to behave as a
fluid throughout most of the universe’s history, except at very early times when this assumption breaks
down in different ways depending on the specific mechanism of dark matter production. The most
common hypothesis is that the dark matter particles are thermal relics from the Big Bang (e.g., [12]).
In this case, dark matter was symmetric1 and in thermal equilibrium with the photon-baryon plasma
through interactions with standard model particles. As the universe cools down, dark matter decouples
from the standard model particles, its creation annihilation stops and its co-moving density freezes out.
If the strength of the interactions is assumed to be on the scale of the weak force, then the thermal-relic
abundance of these weakly interacting massive particles (WIMPs) is quite close to the observed
abundance of dark matter. This remarkable coincidence, haplessly known as the WIMP miracle, has
enshrined WIMPs as the most popular dark matter candidates, especially since new physics at the
weak scale (and with them the emergence of WIMP-like particles) was anticipated by Supersymmetric
theories in order to solve the hierarchy problem (e.g., [13]). Moreover, WIMPs are the quintessential
CDM candidate because once they decouple, they are nearly collisionless and, since they are massive
(∼10 GeV–1 TeV), they behave as a classical (non-quantum) fluid that becomes non-relativistic very
early on.

The combination of the WIMP miracle with the success of the CDM model in explaining the
observed large-scale structure of the universe in the mid-1980s [14] established the current paradigm
of structure formation in which gravity is the only dark matter interaction. This model has been widely
adopted by the community working on galaxy formation and evolution and, as a result, most of our
understanding on how cosmic structure emerges comes from studies that assume the CDM model.
This is a relevant remark in the context of this review because the properties of dark matter haloes and

1 Equal amounts of dark matter and anti-dark matter.
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their substructure depend on the nature of dark matter (see Section 2). In reality, the range of allowed
dark matter models, motivated to varying degrees by particle physics considerations, is vast. In this
landscape of models, only a fraction fall in the CDM category alongside WIMPs, e.g., the QCD axion
(motivated by a proposed solution to the strong CP problem in particle physics [15]).

Dark matter could become non-relativistic at sufficiently late times to suppress, by free-streaming,
the formation of low-mass galactic-scale haloes. This case is, in fact, one of the best-studied alternatives
to CDM, known as warm dark matter (WDM). In contrast to WIMPs, these particles have masses of O
(1 keV). A sterile neutrino, included as a part of a model that accounts for neutrino masses and for
the baryon asymmetry of the universe, is the favorite WDM candidate (for a recent review see [16]).
Another possibility is that dark matter is made of extremely light bosons with a O (1 kpc) de Broglie
wavelength, in which case quantum effects would be relevant on galactic scales (such possibility falls
in the category of “fuzzy dark matter”; for a review see [17].)

Although the interactions between dark matter and standard model particles are severely
constrained, the interactions among the dark matter particles themselves are not. It is possible that dark
matter may have its own rich phenomenology hidden from the ordinary matter. This hidden dark matter
sector might possess new forces and particles, some of which could be viable dark matter particles that
are strongly self-interacting2. These collisional particles fall under the category of self-interacting dark
matter (SIDM; for a review see [18]3). Some of the hidden particles might be light enough that they
effectively act as dark radiation that prevents the gravitational collapse of dark matter on subgalactic
scales4 (e.g., [20,21]). As mentioned earlier, the CDM hypothesis is only supported to some extent:
astronomical data allow a variety of models in which dark matter behaves significantly differently
from CDM.

The goal of this paper is to provide a review of the formation, evolution and dynamics of dark
matter haloes and subhaloes, as revealed primarily by N-body simulations. Although no account
of the properties of haloes based purely on gravitational dynamics can be complete since baryonic
processes play a significant role in galaxy formation, and new dark matter physics could also do
so, we focus on the standard CDM paradigm of structure formation in part because the subfield of
cosmological N-body simulations has historically been developed in this context, and also because
the emergence and properties of dark matter structures are most simply understood in the context of
CDM. Alternative dark matter models with additional physical ingredients to gravity, albeit appealing,
are more complicated. In various parts of this review, we will explore how different assumptions for
the nature of dark matter can lead to different predictions from CDM.

2. Formation of Dark Matter Haloes

2.1. Initial Conditions: The Primordial Power Spectrum in the Linear Regime

A theory of structure formation aims to explain the evolution of the universe from a nearly
homogeneous initial state, with tiny matter density perturbations, δρ/ρ, seeded by inflation,
which grow to leave an imprint on the CMB (emitted at the time of recombination, z ∼ 1100,
when δρ/ρ ∼ 10−3), through the emergence of the self-gravitating dark matter haloes where galaxies
form (δρ/ρ � 1), to the universe we observe today characterized by a web of filamentary large-scale
structure (δρ/ρ ∼ 1).

The starting point is the end of cosmic inflation when dark matter perturbations are predicted
to have a nearly scale-invariant power spectrum, Δ2 ∝ k3+ns , where Δ2(k) = k3P(k)/2π2 is the

2 By strong, we mean that the cross-section for self-interaction is of the order of the nuclear cross-section for visible matter (set
by the strong force).

3 Some SIDM models are motivated by the baryon asymmetry; in these models, dark matter, unlike traditional WIMPs, shares
this asymmetry (for a review of asymmetric dark matter see [19]).

4 In contrast to WDM, the damping of small structures is not due to free-streaming, but to a collisional, Silk-like, damping.

3
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dimensionless power spectrum, and the spectral index ns = 0.965 [1]. The growth of dark matter
perturbations in the expanding universe is driven by self-gravity. As long as the perturbations are
small, δρ/ρ � 1 (the linear regime), this growth can be described by linear perturbation theory in which
each perturbation evolves independently of all others.

Two important processes occur in the linear regime, which modify the primordial power spectrum.
The first (known as the Mészáros effect [22]) operates during the period when the energy density in
the universe is dominated by radiation: the growth of dark matter perturbations on scales smaller
than the horizon stagnates, while super-horizon scales continue to grow. This situation pertains
until matter overcomes radiation as the dominant component of the energy density, after which all
perturbations grow at the same rate. The transition introduces a characteristic scale in the power
spectrum, the size of the horizon at the time of matter-radiation equality. On scales smaller than
this, the power spectrum flattens. The second important scale, a cutoff in the power spectrum, is of
non-gravitational origin and reflects the particle nature of dark matter. The physical mechanism that
imposes this cutoff is model dependent. For thermal relics (like many WIMP models and certain types
of WDM), the mechanism is free-streaming, a form of collisionless (Landau) damping, whose scale
is given by the horizon size at the epoch when the dark matter particles become non-relativistic; the
more massive the particle, the earlier this epoch, and thus the smaller the (co-moving) free-streaming
scale is 5, kfs = 2π/lfs. This is the best-known cutoff mechanism, which has been traditionally used
to classify dark matter into three categories (where mχ denotes the mass of the particle): cold 6

(mχ ∼ 100 GeV, kfs ∼ 2.5 × 106 h/Mpc); warm (mχ ∼ 1 keV, kfs ∼ 3.8 h/Mpc); and hot (mχ ∼ 30 eV,
kfs ∼ 0.3 h/Mpc).

A different type of damping is collisional damping, which prevents the gravitational collapse
of small structures, resulting in an effective cutoff in the power spectrum. An example is kinetic
coupling of WIMPs, which effectively keeps dark matter coupled to the photon-baryon plasma until
the universe cools enough that the interactions become inefficient, damping perturbations beyond
a scale in the range (2.6 × 105–1.2 × 108) h/Mpc [24]. Another example is collisional damping due
to interactions between dark matter and relativistic particles in the early universe (either photons
or neutrinos, e.g., [25,26], or, in non-standard models, dark radiation in hidden dark sector models,
e.g., [20,21]). The relativistic particles create an effective radiation pressure that counteracts the
gravitational collapse, driving oscillations in the density perturbations, akin to the well-known baryon
acoustic oscillations (BAOs), but on much smaller scales; by analogy they are called dark acoustic
oscillations, DAOs 7. Once the universe cools down, the dark matter decouples from the relativistic
particles, imprinting a characteristic scale (the size of the sound horizon at the time of decoupling) in
the power spectrum, followed by a Silk-like damping cutoff.

The main features of the clustered dark matter distribution during the linear regime are illustrated
in Figure 1. On the largest scales, not affected by the Mézáros effect, the power spectrum is nearly
scale-invariant, Δ2 ∝ k3+ns ; on smaller scales it bends to increasingly shallower slopes. For CDM
(black line), the power spectrum remains featureless well below galactic scales. For reference, a dark
matter halo today hosting a typical dwarf galaxy would have a mass ∼1010 M�, roughly corresponding
to a (co-moving) wavenumber ∼12 h/Mpc8. Measurements of galaxy clustering on scales larger than
individual galaxies, together with constraints from the flux spectrum of the Ly-α forest (e.g., [28])
constrain the power spectrum to be like CDM to the left of the hashed area in Figure 1. On smaller

5 The (co-moving) free-streaming scale is given by: lfs = 2ctnr/anr
[
1 + ln(aeq/anr)

]
, where tnr is the age of the universe at

the time when the dark matter particles become non-relativistic (at a temperature 3kBTnr ∼ mχc2); anr = 1/(1 + znr) is the
scale factor at tnr (a ∝ t1/2 in the radiation-dominated era); and aeq is the scale factor at the time of matter-radiation equality.

6 For cold particles, we have assumed CDM WIMPs, which requires taking into account the kinetic decoupling temperature
and epoch; specifically, we took Equation (43) of [23].

7 Please note that acoustic oscillations are also present in WIMP-CDM models (e.g., [27]), but they occur at much smaller
scales than in relevant hidden dark sector models where they can be of galactic scale.

8 We use M = 4π/3ρ(π/k)3, where ρ is the mean dark matter density today.
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scales the power spectrum could have a damping cutoff due to either collisionless (as in WDM models;
red line) or to collisional (as in models with DAOs; blue line) processes. We have not included the
cutoff characteristic of fuzzy dark matter models, but we note that it is also oscillatory like the DAOs
models (but due to quantum rather than collisional effects; see e.g., Figure 2 of [29]).

Figure 1. Dimensionless linear dark matter power spectrum in different dark matter models. In the
current paradigm, cold dark matter (CDM), the power spectrum keeps on rising to well below
subgalactic scales. Alternative models such as warm dark matter (WDM) or interacting dark matter
(DAOs) have a cutoff at or slightly below galactic scales, which determines the abundance and structure
of small-mass dark matter haloes and subhaloes and the galaxies within. In the black hashed area, the
dark matter is constrained by the observed large-scale distribution of galaxies (e.g., [30,31]) and the
Ly-α forest constraints on WDM [28] to behave as CDM. Figure adapted from [32].

As long as the dark matter perturbations remain linear (δρ/ρ � 1), they grow at a rate that does
not depend on their co-moving scale, Δ2(k; t) ∝ D2(t), where D(t) is the growth factor, which depends
only on the mean density of matter and dark energy (see e.g., [33]). Once the density contrast is no
longer small (δρ/ρ ∼ 0.1), perturbation theory breaks down since gravity couples perturbations on
different scales and their evolution can no longer be calculated as independent modes.

2.2. The Non-Linear Regime: N-Body Simulation Methods

To follow the evolution of dark matter density perturbations beyond the linear regime, several
approaches are possible depending on the problem of interest. (i) High order perturbation theory which
can be used to study the quasi-linear regime (δρ/ρ � 1), particularly in a modern reformulation such as
the Effective field theory of large-scale structure [34,35]. (ii) Analytical models with simplified assumptions
for the growth, turnaround (i.e., decoupling from the expansion of the universe), collapse and
virialization (i.e., the formation of a gravitationally self-bound structure) of individual perturbations.
The best-known examples are the Spherical collapse [36] and Ellipsoidal collapse [37] models which link a
primordial perturbation to the final equilibrium configuration: the dark matter halo. (iii) The halo model
(for a review see [38]), which combines the analytical models in (ii) with the assumption of a Gaussian
density field and can be used to compute the abundance of virialized haloes as a function of their
mass (the halo mass function); together with a model for the dark matter distribution within haloes, it

5



Galaxies 2019, 7, 81

can be used to model the non-linear dark matter power spectrum on all scales. (iv) Models based on
the Stable clustering hypothesis ([39,40]), which assumes that the number of neighboring dark matter
particles within a fixed physical separation remains constant, and can be used to study the deeply
non-linear regime; a recent reformulation in phase space has been shown to be a promising alternative
to the halo model [41–43]. (v) Numerical N-body simulations, which solve ab initio the gravitational
evolution in phase space of a distribution of N particles sampled from an initial power spectrum.
This is the most general and powerful approach to study the clustering evolution on all scales and
is the focus of this review. (vi) Techniques that avoid the particle discretization inherent in N-body
simulations by following the phase-space distribution function directly [44]. These are particularly
useful to study evolution from truncated power spectra such as for hot or warm dark matter for which
standard N-body techniques suffer from artificial fragmentation [45].

In the case of classical, non-relativistic, collisionless particles, i.e., CDM, N-body simulations
follow the evolution of the dark matter phase-space distribution function, f (�x,�v; t), which in principle
is given by the collisionless Boltzmann equation coupled with the Poisson equation for the gravitational
field, Φ(�x) (a combination known as the Vlasov-Poisson equation):

d f
dt

=
∂ f
∂t

+ ∑
i

vi
∂ f
∂xi

− ∑
i

∂Φ
∂xi

∂ f
∂vi

= 0 (1)

ρχ(�x; t) =
∫

f (�x,�v; t)d3�v (2)

∇2Φ(�x) = 4πGρχ(�x) (3)

where d/dt is the Lagrangian derivative. Cosmological N-body simulations9 solve this equation in
an expanding universe using a co-moving reference frame (with the expansion included explicitly
through the solution of the Friedmann equations for the scale factor), discretizing the distribution
function as an ensemble of N phase-space elements or “particles”, {�xi,�vi}, with i = 1, ..., N. Since the
collisionless Boltzmann equation implies that the phase-space distribution remains constant in time
along any trajectory {�x(t),�v(t)}, the distribution obtained by following the N particles from initial
conditions sampled from the phase-space distribution at t = 0, constitute a representative Monte-Carlo
sampling of the distribution function at any subsequent time, t. The N particles are thus a statistical
representation of the coarse-grained10 distribution function:

f̃ (�x,�v) ∼ ∑
i

miW(|�x − �xi|; ε)δ3(�v − �vi);
d f̃
dt

= 0 (4)

ρ̃(�x) =
∫

f̃ (�x,�v)d3�v ∼ ∑
i

miW(|�x − �xi|; ε) (5)

Φ̃(�x) =
∫

g(�x −�x′)ρ̃(�x′)d3�x′ (6)

where mi is the mass of the simulation particle, δ3(�v − �vi) is the DiRAC delta function in 3D, W is a
kernel density with a softening length ε11, introduced to obtain a smooth density field from the set of
N discrete particles; i.e., the kernel effectively models each simulation particle as an extended mass
distribution12; finally, the last equation for the potential is the general solution to Poisson’s equation as

9 For a review see e.g., Section 3 of [46].
10 By this we mean an average of the fine-grained distribution function in the collisionless Boltzmann equation over the scales

resolved in the simulation, typically several times the interparticle separation.
11 In principle, each particle can have an individual softening, see e.g., Section 4 of [47].
12 The introduction of a softening scale in the density (or potential) suppresses gravitational two-body large-angle scatterings

which are artificial for an approximately continuous dark matter density distribution.
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a convolution of the density field with a suitable Green’s function13. Since each simulation particle
represents a region of phase space containing a very large number, mi/mχ, of real dark matter particles,
the information in an N-body simulation is always incomplete, limited by the phase-space resolution
and the softening length.

With the discretization method employed in an N-body simulation, calculating the evolution
of the phase-space distribution is reduced to following self-consistently the dynamics of a system of
N particles (usually in terms of the Hamiltonian of the system in the co-moving frame) according
to the potential derived from the particle distribution. Modern codes used to solve this problem
employ efficient methods for computing the gravitational potential and integrating the Hamiltonian
system forward in time. Early cosmological simulation codes used the particle-mesh (PM) technique in
Fourier space (e.g., [48,49]) or direct integration of the N2 interactions (e.g., [50]). The former is limited
in resolution by the size of the mesh while the latter is limited by speed. These two shortcomings
can be overcome by combining both techniques in the P3M method (e.g., [51,52]), in which the
long-range forces acting on a particle are calculated on a PM grid and the short-range forces by direct
N2 summation. An alternative approach is the hierarchical tree method [53] in which an octree is used
to divide the volume recursively into cubic cells and increasingly coarse cells are used to compute the
forces on a particle at increasingly large distances. The most widely used cosmological simulation
code is GADGET-2 [54], which uses the treePM algorithm, whereby short-range forces are computed
with the tree method and long-range forces with Fourier techniques14.

If dark matter cannot be treated as CDM, then the fundamental equations may need to be
modified. For models that only deviate from CDM because of a cutoff in the initial power spectrum
(such as hot or warm dark matter and certain DAO models), the N-body Equations (1)–(6) and
methods used for CDM are still valid as long as the dark matter behaves as a collisionless, classical
system, and the simulation starts well after the dark matter particles have become non-relativistic;
all that is needed is a modification of the initial conditions (see Section 2.3 below). On the other
hand, if dark matter is non-relativistic but no longer collisionless, like in SIDM, then the collisionless
Boltzmann equation needs to be replaced by the full collisional Boltzmann equation, which has an
extra term (the collisional operator) in the right-hand-side of Equation (1), to account for the effect
of dark matter collisions according to a self-scattering cross-section. It is possible to incorporate this
new term within the Monte-Carlo approach of traditional N-body simulations by adding “collisions”
between each simulation particle and its immediate neighbors in a probabilistic way that reflects the
effective scattering rate given by the cross-section (e.g., [55–59]; see Appendix A of [58] for a detailed
derivation). An alternative to the N-body approach is the “gravothermal fluid” approximation [60],
which considers an SIDM dark matter halo as a self-gravitating, spherically symmetric, ideal gas with
an effective thermal conductivity (related to the self-scattering cross-section, see e.g., [61]). Although
this approach is restricted, it provides physical insight into the evolution of SIDM haloes, and a degree
of validation of SIDM N-body simulations. Finally, if quantum effects are important for the dark matter
fluid, then the Vlasov-Poisson equation needs to be replaced by the Schrödinger–Poisson equation,
whose solution requires numerical methods quite distinct from the N-body approach (e.g., [62,63]).

2.3. The Non-Linear Regime: Initial Conditions and The Emergence of the Cosmic Web

The techniques of Section 2.2 can be used to integrate forward in time a particle distribution
starting from an initial state, the initial conditions, usually taken to be in the linear regime described
by perturbation theory. The basic techniques for generating general initial conditions were laid out
in [14,64] and have been refined over the years (e.g., [65,66]; for a review see [67] or Appendix C1.1.4

13 In Fourier space, Equation (6) is simply a multiplication ˆ̃Φ(�k) = ĝ(�k) ˆ̃ρ(�k).
14 For a review of the force computation methods see Section 3.5 of [46].
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of [68]). They provide a particle realization with the statistical properties of the linear dark matter
density field described by the power spectrum. In general the procedure can be divided into two steps:

(i) create a realization of an unperturbed cube of side L by distributing N particles homogeneously in
a lattice or in a glass-like configuration15 to avoid imprinting a grid-like pattern in the simulation.

(ii) perturbations of wavelength λ down to the Nyquist frequency of the particle distribution are
represented by plane waves of spatial frequency in Fourier space, k = 2π/λ, whose amplitudes
and phases are drawn at random from a Gaussian distribution with variance proportional to the
desired linear power spectrum. The density field and its gravitational potential in real space are
then obtained by an inverse Fourier transform. Using the Zel’dovich approximation [70], or the
more accurate second-order Lagrangian perturbation theory (e.g., [71]), these fields are used to
compute the displacements needed to transform the uniform N-particle distribution in part (i)
into a distribution that has the desired power spectrum.

Figure 2. Illustration of the initial conditions for an N-body simulation. Left: the dimensionless linear
CDM power spectrum. The vertical dashed lines mark the modes corresponding to the maximum and
minimum scales that can be represented in the initial conditions: the fundamental mode, 2π/L, and
the Nyquist mode, π/d, where L and d are the cube length and interparticle separation, respectively.
Right: a realization of the dark matter density field generated from the power spectrum on the left at
redshift z = 127 using N = 10243 particles in a cosmological cube of co-moving side, L = 40 Mpc/h.
The code MUSIC [65] was used to generate the particle distribution and the Pynbody package [72] to
create the image.

An illustration of the end result of this procedure is shown in Figure 2. The initial conditions
generator, MUSIC [65], was used to construct the particle distribution on the right, which is a
statistical realization of the CDM linear power spectrum shown on the left. The main limitations for a
cosmological simulation are already set in the initial conditions: the maximum length scale that can
be simulated is determined by the (co-moving) side of the computational cube16, and the minimum
length scale that can represented in the initial conditions is set by the Nyquist frequency of the particle
distribution17. The choice of cube length and particle number depends on the science goal of the
simulation and on the computing resources available. We will come back to this point below.

15 The particles are initially placed at random in the simulation cube and then left to evolve under a repulsive force by reversing
the sign of the gravitational force until they reach an equilibrium configuration that has no discernible grid pattern [69].

16 A sufficiently large volume is needed to sample large-scale modes that remain approximately linear during the simulation
where power is transferred from large to small scales; without appropriate large-scale sampling, the clustering is no longer
accurate once perturbations on the scale of the cube become non-linear.

17 In practice, power below the Nyquist frequency is generated non-linearly so the resolution of the simulation is not limited
by the Nyquist frequency but rather by the gravitational softening scale, ε.
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The procedure illustrated in Figure 2 for CDM can be readily applied to other dark matter models
with different initial power spectra. In fact, in models where dark matter only behaves differently
from CDM at very early times, e.g., in thermal-relic WDM models, it is the different initial conditions
(the lack of power on small scales in WDM relative to CDM in the linear regime) that gives rise to the
main differences between these models (since the residual thermal motions in WDM models of interest
are negligible (see e.g., [73]). In models with a truncated initial power spectrum, the subsequent
evolution is affected by particle discreteness in the reconstruction of the density field which introduces
an irreducible (shot-noise) power. This results in spurious clustering on scales close to the cutoff
length [74] that requires careful treatment to either remove small-scale artificial clumps [75] or avoid
their formation altogether by using non-standard simulation techniques [45,76].

Once the initial conditions are generated, an N-body simulation is performed, most commonly in
a computational cube with periodic boundary conditions, to follow the evolution of the density and
velocity fields into the non-linear regime across all resolved scales. An example, the Millennium II
simulation [77], is illustrated in Figure 3. The left set of panels shows the projected dark matter
density distribution at various snapshots corresponding to the redshifts shown at the top right of
each panel. The emergence of the cosmic web, the result of gravitational clustering, is apparent, with
its now familiar pattern of filaments over a range of scales surrounding voids. The right panel shows
the evolution of the power spectrum at the same snapshots (solid lines). The hierarchical onset of
non-linear structure, from small to large scales is clearly apparent by reference to the linear power
spectrum (grey lines).

Figure 3. Emergence of the cosmic web. Left: evolution of the (projected) dark matter density field
in a slab of length L = 100 Mpc/h and thickness 15 Mpc/h from the Millennium-II simulation [77].
The redshift corresponding to each snapshot is shown on the top right. Right: The dimensionless dark
matter power spectrum (solid lines) at the redshifts shown on the left. For comparison, also shown are:
the linear power spectrum (thin grey lines) and the non-linear power spectrum for the lower resolution
but larger scale (500 Mpc/h) Millennium I simulation (in dotted lines; [4]). The dashed lines show the
Poisson noise limit for the Millennium I (left) and Millennium-II (right) simulations. Figure adapted
from [77]18.

18 Reproduced from Michael Boylan-Kolchin et al. Resolving cosmic structure formation with the Millennium-II Simulation. MNRAS (2009)
398 (3): 1150-1164, doi: 10.1111/j.1365-2966.2009.15191.x. By permission of Oxford University Press on behalf of the Royal Astronomical
Society. For the original article, please visit the following u. This figure is not included under the CC-BY license of this publication. For
permissions, please email: journals.permissions@oup.com.
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The first CDM cosmological N-body simulations in the 1980s [14,78] already contained all
the relevant physical processes of gravitational clustering for collisionless dark matter, but were
computationally limited; they could follow the evolution of only O(104) particles. In the decades since
then, the tremendous improvement in computational capabilities has been such that cosmological
(L � 100 Mpc/h) simulations with O(109) particles are routinely performed19, and the most expensive
simulations to date have reached the one trillion particle milestone [80].

Figure 4. The galaxy distribution in various redshift surveys and in mock catalogues constructed from
the Millennium simulation [4]. The small slice at the top shows the CfA2 “Great Wall” [81], with the
Coma cluster at the center. Just above is a section of the Sloan Digital Sky Survey in which the “Sloan
Great Wall” [82] is visible. The wedge on the left shows one half of the 2-degree-field galaxy redshift
survey [83]. At the bottom and on the right, mock galaxy surveys constructed using a semi-analytic
model applied to the simulation [84] are shown, selected to have geometry and magnitude limits
matching the corresponding real surveys. Adapted from [85].

To compare the simulations to astronomical data it is necessary to make a correspondence between
dark matter haloes and the galaxies that would form within them. In the earliest simulations, galaxies
were identified with high peaks of the suitably filtered density field, an assumption known as “biased
galaxy formation” [14,86]. Physically based models of galaxy formation that could be grafted onto
N-body simulations were developed in the early 1990s [87]. These are known as “semi-analytic models”
because they encapsulate the relevant physical models in a set of coupled differential equations that
are solved numerically. These equations assume spherical symmetry and describe the cooling of gas,
the formation of stars, chemical evolution, the growth and merging of central supermassive black holes
and feedback effects arising from energy injected into the gas during the course of stellar evolution and
by active galactic nuclei triggered by accretion of gas onto the central black hole. The model is applied
at every stage of the gravitational evolution of the merging hierarchy of haloes, described by a merger
tree (see Section 3.1). Semi-analytic models have been extremely successful in linking the distribution

19 For a review of the state of cosmological simulations circa 2012 see [79].
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of dark matter computed in an N-body simulation to the observed universe [88–91] and have become
very sophisticated in predicting visible galaxy properties over a large range of wavelengths (e.g., [92]).
An example based on the Millennium simulation is shown in Figure 4.

Dark matter N-body simulations are the cornerstone of the current understanding of how galaxies
form and evolve and, as illustrated in Figure 4, have been very successful in explaining the large-scale
structure of the universe [85]. The latter accomplishment is non-trivial and demands certain conditions
about the nature of dark matter. For instance, already in the 1980s, light neutrinos were ruled out
as the dominant component of dark matter by their incompatibility with the observed large-scale
structure [93], thus demonstrating the potential of N-body simulations to test models for the nature
of the dark matter. By contrast, the fact that CDM matched the observations available at the time
remarkably well contributed greatly to its establishment as the standard model of cosmogony [14]. By
now, it is firmly established that whatever the dark matter is, it must behave as CDM on large scales
(see Figures 1 and 4). It is important to recognize, however, that a wide range of dark matter candidates
behave just as CDM on large scales and thus are also allowed by the large-scale structure data, as
we discussed in Sections 1 and 2.1. In this sense, the success of the CDM model in explaining the
large-scale structure of the universe is shared by allowed WDM, SIDM and fuzzy dark matter models.

2.4. The Structural Properties of Dark Matter Haloes

As a consequence of gravitational instability, the tiny density perturbations present when the CMB
was emitted grow in time, eventually separating from the expansion of the universe and becoming
self-gravitating bound structures known as dark matter haloes. This process of forming virialized
haloes can be understood from the simple spherical collapse model [36]. Haloes become increasingly
more massive with time, smoothly by accreting mass from their surroundings or merging with other,
smaller haloes. The latter thus become subhaloes, which is the topic of Section 3. Although the
large-scale environment and spatial clustering of dark matter haloes are clearly relevant, here we focus
on the abundance (halo mass function) and internal structure of dark matter haloes. These properties
are the most useful when attempting to differentiate dark matter models. Currently, however,
the halo mass function and halo structure on the key subgalactic scales are only weakly constrained
observationally. We should also note that not all dark matter is contained within haloes. The fraction
of unclustered dark matter is naturally a strong function of time reflecting the growth of collapsed
objects by hierarchical clustering. Even today at most ∼ 20% is expected to be unclustered in the CDM
model [94]. A recent update of this work (applied also to WDM) puts the fraction even lower, at the
percent level [95].

Definition of a halo—Because of the dynamic nature of haloes and their lack of spherical symmetry,
precisely defining the boundary of a halo, and thus its mass, is, to some extent, arbitrary [14,96,97].
A variety of definitions exist in the literature with the most common ones being: (i) the FOF
(friends-of-friends) mass, defined as the mass of the set of particles that are linked together by a
percolation scale, defined by a linking length, b ∼ 0.2 in units of the mean interparticle separation [14];
(ii) a spherical overdensity mass, MΔ, contained within a sphere centered on the halo (with the center
placed at the minimum of the gravitational potential of the halo), with a radius given by the spherical
collapse model, whereby the collapsed region that defines a halo contains an average density Δ(z)
times the critical density for closure [98]. The overdensity, Δ(z), is a redshift-dependent function of
cosmology [99,100], but for the Einstein-de Sitter cosmology, Δ ∼ 178 at all times; (iii) the viral mass,
defined with Δ = 200, which early simulations identified as the radius that separates the region of the
halo that is in dynamical equilibrium from the surrounding region that is still collapsing [98]. Given the
simplicity of the latter, its relation to dynamical equilibrium, and its connection with the Einstein-de
Sitter spherical collapse overdensity, the radius, r200, and the enclosed mass, M200, are widely used in
the field as the boundary and mass of dark matter haloes, respectively.

The halo mass function—The mass function of dark matter haloes, i.e., the number density of haloes
of different mass, has been characterized quite precisely in the last couple of decades by N-body
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simulations (e.g., [77,101–106]), and is now well determined over the full range of epochs and masses
relevant to galaxy formation, from O(108 M�) dwarf-size haloes to O(1015 M�) cluster-size haloes.
The number density of haloes per unit mass scales as:

dn
dM

∝ Mα, where α ∼ −1.9 for low masses, (7)

with an overall normalization that correlates with the large- scale environment, with denser
environments having a larger halo abundance [78,107].

Figure 5. Halo mass function for different dark matter models (adapted from [20]). Left: The large-scale
dark matter distribution in a slab of a 64 Mpc/h cube in different cosmologies: CDM and WDM in the
top left and bottom right, respectively; two interacting dark matter models in the other two panels.
Right: The halo mass function at z = 0 for the models on the left. The transparent light blue region
marks the resolution limit of the simulations. The cutoff in the primordial linear power spectrum of the
non-CDM models results in a lower abundance of low-mass haloes, visible in the panels on the left and
quantified in the halo mass function on the right.

The shape of the halo mass function is reasonably well understood from statistical arguments
based on the properties of the initial Gaussian density field (described by the power spectrum)
and the gravitational collapse of density perturbations into virialized haloes as modeled by the
spherical collapse model. These arguments are the basis of the Press–Schechter [108] and extended
Press–Schechter (EPS) formalisms [109,110], which provide a good fit to the simulation results,
particularly if the assumption of spherical symmetry for the collapse of overdensities is replaced
by the assumption of ellipsoidal collapse [37]. At the small-mass end, the power-law form of the mass
function is broken at a mass that depends on the nature of the dark matter. For example, a cutoff in the
power spectrum, whether due to relativistic, collisional, or quantum effects, introduces a corresponding
cutoff in the halo mass function. The mass function for WDM (e.g., [45,75,111,112]) and interacting dark
matter (e.g., [20,113,114]) models have now been fairly well characterized with N-body simulations
(with appropriate corrections for spurious fragmentation due to particle discreteness near the cutoff
[74,75]). The Press–Schechter approach can be readily extended to provide a reasonable approximation
to the halo mass function in these models as well (e.g., [115–117]).

Figure 5 provides an example of the effect of a cutoff in the primordial power spectrum on the
halo mass function relative to CDM. The “atomic dark matter model”, ADMsDAO [118], is an example
of a model with dark acoustic oscillations, while WDM is a well-known example of the free-streaming
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effect (see Figure 1). These two models give rise to qualitatively different types of suppression in
the abundance of low-mass haloes. The halo mass function thus contains a signature of the type of
primordial power spectrum cutoff.

The inner structure of dark matter haloes—One of the remarkable findings of the past few
decades is that the spherically averaged mass density profiles of dark matter haloes in dynamical
equilibrium have a nearly universal form which is independent of halo mass, initial conditions20 and
cosmological parameters. These profiles are quite well described by a very simple functional form
with just two parameters, the so-called Navarro-Frenk-White (NFW) profile [119,120]:

ρNFW(x) =
ρs(c)

cx(1 + cx)2,
(8)

where x = r/r200, and c = r200/rs is the concentration of the halo; rs is the scale length, which, for the
NFW profile, coincides with the radius, r−2, at which the logarithmic slope of the profile is equal to −2;
finally ρs(c) = δcρcrit, where ρcrit = 3H2/8πG is the critical density of the universe, and:

δc =
Δc3

3Kc(c)
(9)

where Kc(c) = ln(1 + c)− c/(1 + c). Although recent simulations have shown that a different profile,
the so-called Einasto profile, which has three parameters, is a slightly better fit to simulations [121], the
asymptotic behavior of the NFW profile for ρ(r → 0) ∼ r−1 remains a remarkably good approximation
to the inner structure of CDM haloes (see top left panel of Figure 6). The physical origin of this
divergent cusp and the remarkably universal profile shape are not fully understood. It has been argued
from N-body simulations of the early stages of structure formation that the first CDM haloes to form,
i.e., those near the free-streaming scale of CDM have a steeper cusp than NFW, ∼r−1.5, which is
subsequently flattened after a few mergers to ∼r−1 [122–125]. More recent simulations which follow
the growth of the first mini-haloes all the way to the present, seem to confirm this, suggesting that the
ubiquitous ∼r−1 slope develops at some point after the formation of the halo and remains until z = 0.

Halo concentration—The remarkable simplicity of the NFW halo density profile goes beyond
Equation (8): the profile is, in fact, fully specified by a single parameter, halo mass, because the
concentration (or scale radius) correlates with mass, with lower-mass haloes generally being more
concentrated than higher-mass haloes [120,126–136]. This correlation is ultimately a consequence of
the hierarchical nature of structure formation by gravitational instability from a primordial power
spectrum that as in CDM, grows monotonically towards small scales (see Figure 1). Lower-mass
haloes form earlier, when the mean density of the universe is larger, and larger-mass haloes form
later when the mean density of the universe is lower. The inner regions of haloes collapse first [137]
and their density reflects the mean density of the universe at that time. Hence, smaller-mass haloes
are more concentrated than larger-mass haloes. Furthermore, since (at least for CDM), the power
spectrum, Δ2(k), becomes flatter at larger k (due to the Mészáros effect), haloes with a wide range
of masses collapse in a short time interval and this flattens the concentration-mass relation at low
masses. Models based on these simple arguments explain, at some level, the concentration-mass
relation measured in simulations [120,131,135], and also provide a natural connection between the
mass assembly of haloes in time and their structure as a function of radius: each radial shell has the
characteristic density of the cosmic background density at the time when it collapses [132]. Random
deviations around the mean collapse time expected for haloes of a fixed mass and a stochastic merger
history introduce scatter in the concentration-mass relation.

20 This is only true if, on the scales of interest, the primordial power spectrum grows monotonically towards large k.
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Figure 6. The structure of CDM haloes. The different panels show several characteristics of the
spatial (left) and dynamical (right) structure of a Milky Way-size CDM halo (M200 ∼ 1.8 × 1012 M�;
r200 ∼ 250 kpc) from the Aquarius project [138]. The top panels show the spherically averaged radial
density (left; [138]21) and velocity dispersion (right; [121]22) profiles, which are nearly universal for
haloes in dynamical equilibrium. The bottom panels show the halo shape (left: moment of inertia axis
ratios, and triaxiality: T = (a2 − b2)/(a2 − c2); [139]23) and local dark matter velocity distribution near
the solar circle: 2 kpc < r < 9 kpc (right; [140]24).

Halo velocity distribution—For a spherical, self-gravitating, collisionless system in dynamical
equilibrium, with radial density profile, ρ(r), the Boltzmann equation reduces to the well-known Jeans
equation [141]:

d(ρσ2
r )

dr
+ 2

β

r
ρσ2

r = −ρ
dΦ
dr

, (10)

where Φ(r) is the gravitational potential related to the density by Poisson’s equation, σr(r) is the
radial velocity dispersion profile, and β(r) = 1− (σ2

θ + σ2
φ)/σ2

r is the velocity anisotropy profile, which
quantifies the degree of anisotropy of the particle orbits in the dark matter halo. Haloes tend to be
isotropic only in their centers and are radially anisotropic in their outskirts [121,142], with a velocity
anisotropy that is related to the logarithmic slope of the density profile [143]. The velocity structure of
dark matter haloes in equilibrium is thus intimately linked to their spatial distribution (see top right
panel of Figure 6), which is strikingly evident in the so-called pseudo-phase-space density, Q ≡ ρ/σ3,
where σ2 = σ2

r + σ2
θ + σ2

φ is the square of the 3D velocity dispersion. This quantity has been found
to be an almost perfect power law, Q ∝ r−1.875, over several orders of magnitude [121,144], and is in

21 Reproduced from Volker Springel et al. The Aquarius Project: the subhaloes of galactic haloes. MNRAS (2008) 391 (4): 1685–1711, doi:
10.1111/j.1365-2966.2008.14066.x. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For the original
article, please visit the following https://academic.oup.com/mnras/article/391/4/1685/1747035.

22 Reproduced from Julio Navarro et al. The diversity and similarity of simulated cold dark matter haloes. MNRAS (2010) 402 (1): 21–34, doi:
10.1111/j.1365-2966.2009.15878.x. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For the original
article, please visit the following https://academic.oup.com/mnras/article/402/1/21/1028856.

23 Reproduced from Carlos Vera-Ciro et al. The shape of dark matter haloes in the Aquarius simulations: evolution and memory. MNRAS
(2011) 416 (2): 1377–1391, doi: 10.1111/j.1365-2966.2011.19134.x. By permission of Oxford University Press on behalf of the Royal
Astronomical Society. For the original article, please visit the following https://academic.oup.com/mnras/article/416/2/1377/1061105.

24 Reproduced from Mark Vogelsberger et al. Phase-space structure in the local dark matter distribution and its signature in direct detection
experiments. MNRAS (2009) 395 (2): 797–811, doi: 10.1111/j.1365-2966.2009.14630.x. By permission of Oxford University Press on behalf
of the Royal Astronomical Society. For the original article, please visit the following https://academic.oup.com/mnras/article/395/2/797/
1747020. The figures mentioned in footnotes 21–24 are not included under the CC-BY license of this publication. For permissions, please
email: journals.permissions@oup.com

14



Galaxies 2019, 7, 81

remarkable agreement with the self-similar solution for infall onto a point mass in an Einstein-de Sitter
universe [145]. The radial behavior of Q is a manifestation of the nearly universal structure of dark
matter haloes, which connects both their spatial and kinematical distributions.

Besides having anisotropic particle orbits, CDM haloes have a non-Maxwellian velocity
distribution. This may be seen in a simple way by noting that for a purely isotropic spherical system
(β = 0), the full velocity distribution function of the halo depends only on the specific energy, f (E),
and is fully given by the Eddington formula [146]:

f (E) = 1√
8π2

∫ √E

0
du

d2ρ

dΨ2 (r(Ψ(u))), (11)

where u =
√E − Ψ and E and Ψ(r) are the (negative) specific energy and gravitational potential,

respectively. If haloes were spherical and isotropic, their velocity distribution would be given purely
by the NFW density profile through Equation (11). Even at this level of approximation we can see that
haloes would not be described by a Maxwellian distribution function (only the singular isothermal
sphere, ρ ∝ r−2, results in a Maxwellian distribution in Equation (11)). In other words, haloes are
non-Maxwellian simply by virtue of their NFW density profiles. In fact, CDM haloes in simulations
have local25 velocity distributions that show significant departures from Maxwellian, related to the
dynamical assembly of the halo. The features that appear in the local velocity distribution are unique
for a particular halo, and retain the memory of its assembly history ([140]; see bottom right panel of
Figure 6).

Halo shapes—Although to first order, CDM haloes are well described by the spherical NFW profile,
they are, in fact, triaxial [78]. In general, CDM haloes are prolate in the inner parts and oblate in the
outskirts ([78,139,147,148]; see bottom left panel of Figure 6). This radial dependence of halo shape
seems to be related to the assembly history of the halo within the cosmic web: the central regions,
being assembled at earlier times through accretion along narrow filaments, end up being more prolate,
while the outskirts, more recently assembled by less anisotropic accretion end up more oblate [139,149].
Thus, the halo shape profile at z = 0 carries some memory of its assembly history. Overall, more
massive haloes are more aspherical than lower mass haloes [150,151] because in the hierarchical CDM
model, the more massive haloes form more recently and thus their shapes retain memory of the most
recent accretion event [152].

Dependence on the nature of the dark matter—There are significant changes in the structure of dark
matter haloes if the dark matter particles do not behave as CDM. In currently allowed models, these
deviations are mostly confined to the central regions, i.e., is within the scale radius, rs. By introducing
a new scale in the process of structure formation, be it in the initial conditions (e.g., a cutoff in the
linear power spectrum), or during the non-linear evolution phase (e.g., a subgalactic scale mean free
path due to self-interactions), these models break the near universality of CDM haloes.

25 Given the limited resolution of simulations, local in this sense refers to regions of at least O (10 kpc3) as in [140].
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Figure 7. Structure of haloes in models with different types of dark matter: collisional (SIDM; σT/mχ �
1 cm2/g) and with a galactic-scale free-streaming cutoff (WDM; mχ ∼ 2.3 keV). Upper panels: projected
dark matter distribution of a Milky Way-size halo in the SIDM model (left panel; [57]26) and in the
WDM model (right panel; [153]27). Bottom left: spherically averaged density profiles. WDM haloes are
well described by an NFW profile, but have lower concentrations than their CDM counterparts of the
same mass; SIDM haloes develop flat density cores during a transient stage that inevitably ends with the
collapse of the core once the gravothermal catastrophe is triggered. Bottom right: spherically averaged
velocity dispersion profiles. WDM haloes still obey the universal scaling for the pseudo-phase-space
density, ρ/σ3 ∝ r−1.875, at most radii, except in the very center, which results from a similar velocity
dispersion profile to that in CDM but shifted downwards and to the right as a result of the lower
concentration. SIDM haloes develop isothermal density cores of size of the order of the scale radius.

26 Reproduced from Mark Vogelsberger et al. Subhaloes in self-interacting galactic dark matter haloes. MNRAS (2012) 423 (4): 3740–3752, doi:
10.1111/j.1365-2966.2012.21182.x. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For the original
article, please visit the following https://academic.oup.com/mnras/article/423/4/3740/1749150. This figure is not included under the
CC-BY license of this publication. For permissions, please email: journals.permissions@oup.com.

27 Reproduced from Mark Lovell et al. The haloes of bright satellite galaxies in a warm dark matter universe. MNRAS (2012) 420 (3): 2318–2324,
doi: 10.1111/j.1365-2966.2011.20200.x. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For the
original article, please visit the following https://academic.oup.com/mnras/article/420/3/2318/979379. This figure is not included under
the CC-BY license of this publication. For permissions, please email: journals.permissions@oup.com.
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In models with a galactic-scale cutoff in the primordial power spectrum, such as WDM and
interacting DM, the main changes can be understood from the later collapse of the first generation
of haloes in these models compared to CDM. In contrast to CDM, these galactic-size haloes are not
formed hierarchically from the assembly of smaller haloes but, instead, by monolithic collapse. Their
characteristic density therefore reflects the mean background density at the time of the monolithic
collapse. By contrast, a CDM halo of the same mass forms from the assembly of smaller fragments that
typically formed earlier and are therefore denser. Simulations of WDM models have characterized
the spatial structure of WDM haloes quite accurately, showing that the density profiles of allowed
models are, in fact, well described by the NFW profile but with a lower concentration at a given
mass [75,112,154–157]. The concentration-mass relation for WDM haloes can then be modeled in an
analogous way to CDM, but taking into account the cutoff in the power spectrum [158] which is
therefore reflected in the concentration of the haloes. An example of this is shown in the bottom left
panel of Figure 7, where the density profile of a CDM halo is mapped into that of a 2.3 keV thermal
relic WDM halo by simply scaling down the concentration using Equation (39) of Reference [157],
which connects the concentration to the cutoff scale in the power spectrum28. This lower concentration
is also reflected in the velocity dispersion profile (see bottom-right panel of Figure 7).

It is interesting to note that the pseudo-phase-space density, Q ≡ ρ/σ3, in WDM haloes scales with
radius in the same way as in CDM, Q ∝ r−1.9. In principle, Q can never exceed its primordial value,
Q = Qmax, determined by the thermal velocities of the unclustered dark matter particles [159]. This
is because for a collisionless system, Liouville’s theorem requires conservation of the fine-grained
phase-space density and the coarse-grained density, approximated by Q, can never exceed this value.
Thus, the central regions of WDM haloes cannot exceed a maximum density, i.e., they form a central
density core. However, the value of Qmax is so large in allowed WDM models that the core size is tiny,
O (10 pc) for ∼keV thermal WDM relics in dwarf-size haloes [160,161]; WDM cores are thus irrelevant
in practice. Finally, WDM haloes are slightly less triaxial than CDM haloes as a whole for a fixed mass,
at masses near the cutoff scale [112].

In SIDM, collisions between the dark matter particles have an on impact in the inner structure of
haloes once the timescale for collisional relaxation at the characteristic radius of the halo rs, trel,s ∼
(ρ(rs)〈vrel,s〉σT/mχ)−1, where 〈vrel,s〉 is the characteristic local relative velocity, becomes comparable
to the age of the inner halo. The original CDM density cusp turns into a core within the region
where this condition is satisfied. The interaction cross-section thus introduces a new scale in structure
formation—the mean free-path for particle collisions—which breaks the near universality of CDM
haloes. The transformation of the cusp into a core due to elastic collisions at the halo center is
a transitory phase that leads to a quasi-equilibrium configuration once the core has acquired its
maximum size, which is approximately the radius at which the velocity dispersion profile peaks (see
bottom panels in Figure 7). Prior to this, the transfer of energy during elastic collisions proceeds from
the outside in since the velocity dispersion profile has a positive gradient in the inner regions and so
there is a net “heat flux” from the regions close to the maximum of the velocity dispersion to the center
(e.g., [162]). Once the core reaches its maximum size, subsequent collisions can only result in a net heat
flux from the inside out since the velocity dispersion profile has a negative slope in the outer regions.
This condition triggers the gravothermal collapse of the central parts of the SIDM halo, which results
in the contraction of the core to form a new cusp, ultimately collapsing into a black hole [61,163]29.

28 This functional form has been corroborated by [112], but the parameters in the two studies are different. The formula is
nevertheless a good approximation to the general behavior.

29 The gravothermal collapse [164] is a familiar process in globular clusters, where the inner regions have negative specific
heat that is smaller than the positive specific heat in the outer regions. In the case of globular clusters, the collapse can be
prevented by the formation of binary stars at the center. In the case of a SIDM halo, since the interactions are purely elastic,
the process is expected to continue until a black hole forms. The black hole efficiently accretes the inner core of the SIDM
halo (e.g., [165]). This discussion refers strictly to elastic self-scattering. If collisions are inelastic, then the energy released
needs to be taken into account and, in fact, it could prevent the gravothermal collapse; see [166].
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For 0.1 � σT/mχ � 10 cm2/g, cosmological N-body simulations have shown that SIDM haloes
today should have cores of size of the order of the scale radius [56–58,162,167]. At the lower end
of this range of cross-sections, SIDM cores are small, ∼0.2rs [58], making SIDM haloes only slightly
different from their CDM counterparts. This is why below this cross-section, SIDM is essentially
indistinguishable from CDM as a theory of structure formation [168]. At the higher end of the
cross-section range, the core sizes are slightly larger than the scale radius and approach the full
thermalization of the core, with a maximum size bounded by the radius at which the velocity dispersion
peaks (a case such as this is shown in the bottom panels of Figure 7). Within the thermalized region, the
orbits of dark matter particles are isotropized by collisions, erasing most of the memory of the assembly
of the central regions [169]. This makes haloes centrally rounder than their CDM counterparts [170]
and causes them to have local velocity distributions that are close to Maxwellian [171]. Since the onset
of the gravothermal collapse phase is expected to be ∼(250–400)trel,s [165], the core phase of SIDM
haloes in this range of cross-sections is relatively long-lived.

3. Halo Mergers and the Emergence of Subhaloes

In the previous section we reviewed the structural properties of dark matter haloes in CDM
and in well-known alternatives such as WDM and SIDM. In this section, we focus on dark matter
subhaloes. Since these exhibit similar structural properties to haloes, modified by a few relevant
physical processes, we draw extensively on the results of the previous section. Our goal now is to
describe these processes and how they affect the abundance and structure of subhaloes.

3.1. Halo Mass Assembly: Smooth Accretion vs Mergers

Haloes grow by accreting dark matter, either through mergers with smaller haloes or by accretion
of diffuse, smooth material. The importance of each of these channels depends on the shape of the
primordial power spectrum and on the smallest mass halo that can be formed, both of which, in turn,
depend on the nature of dark matter particles. For instance, in WIMP-CDM models, the minimum
halo mass is in the range (10−12–10−6) M� [23,24], which is many orders of magnitude below the
resolution of current cosmological simulations. Thus, in reality, the amount of smooth accretion
measured in a simulation consists of a combination of true unclustered dark matter and unresolved
dark matter haloes (e.g., [137,172]). However, estimates based, for example, on the excursion set
formalism can be used to extend the results of simulations into the unresolved regime. In the resolved
regime, the analytical expectations are in good agreement with simulations [94,137]. These calculations
show that the amount of smooth accretion onto present-day CDM Milky Way-size haloes is in the
range ∼(10–20)% [94,137]. Thus, in this hierarchical structure formation model, haloes today are
mainly composed of the remnants of disrupted smaller haloes. Of these, major mergers (i.e., those
with progenitor with mass ratios greater than 1:10) contribute, on average, less than 20% of the final
mass [137].

When does a halo become a subhalo? We mentioned earlier that the boundary of a halo is not sharply
defined, but rather chosen approximately to separate the region within which the dark matter is in
dynamical equilibrium from an outer region where the dark matter is still mostly infalling. In a similar
way, the moment at which a halo becomes a subhalo, i.e., when it crosses this transition region for
the first time, is somewhat arbitrary. For simplicity, it is common to use the virial radius, e.g., r200,
as the boundary of the halo and thus, to define a subhalo as a halo that has crossed the virial radius
of a larger halo at some point in the past (see left panel of Figure 8). One could argue for a more
physical definition, based for instance on the relevance of the tidal forces exerted by the dominant halo
host in the local environment but, for simplicity, and because of its common usage, we will use the
former, simple definition of a subhalo. We should remark that it is not uncommon for subhaloes to
leave the boundary of the main halo at some point after first crossing [173–175], and thus, the subhalo
population today extends to radii a few times the current virial radius ([175]; those systems beyond
the virial radius are commonly known as backsplash haloes [173]).
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Figure 8. Dark matter subhaloes. Left: schematic representation of a dark matter halo merger tree
(taken from [176]30) at discrete redshifts. In a hierarchical model, haloes grow by the accretion of
smaller neighboring haloes (A,B,C,D), which become subhaloes at the time when they first cross
the virial radius of the host halo. The main branch of the tree represents the evolution of the main
progenitor (shown in blue). Since this process occurs across the entire hierarchy of structures, there
are subhaloes within subhaloes (sub-subhaloes; like a, b, c in system D) and so on. Right: a simulated
Milky Way-size CDM halo from the Aquarius project (figure taken from [138]31; this is the same halo
illustrated in Figure 6). The circles in the main image mark six subhaloes that are shown enlarged in
the surrounding panels, as indicated by the labels. Sub-subhaloes are clearly visible (corresponding
to the configuration illustrated in the last step, z0, in the left panel). The bottom row shows several
generations of sub-subhaloes contained within subhalo f.

3.2. Evolution of Subhaloes: Initial Conditions

Halo merger trees and merger rates–-N-body simulations have been instrumental in determining the
mass assembly history of haloes. A particular powerful tool are halo merger trees (for an overview of
different algorithms to construct these trees see [177]). A halo at the redshift of interest is regarded
as the trunk of the tree and the merger tree structure consists of a catalogue of progenitors, which
constitute the secondary branches that eventually merge onto the main branch of the tree (see left
panel of Figure 8). Thus, a merger tree contains information about the accretion times and masses
of the haloes that eventually become subhaloes. Both properties, together with the corresponding
position and velocity vectors, represent the initial conditions for the subsequent dynamical evolution
of the subhalo.

An interesting statistical property that can be extracted from a merger tree is the merger rate per
halo, dNm/dξ/dz [178], which gives the mean number of mergers, dNm, per mass ratio, dξ (relative to

30 Reproduced from Carlo Giocoli et al. The substructure hierarchy in dark matter haloes . MNRAS (2010) 404 (1): 502–517, doi:
10.1111/j.1365-2966.2010.16311.x. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For the original
article, please visit the following https://academic.oup.com/mnras/article/404/1/502/3101607. This figure is not included under the
CC-BY license of this publication. For permissions, please email: journals.permissions@oup.com.

31 Reproduced from Volker Springel et al. The Aquarius Project: the subhaloes of galactic haloes. MNRAS (2008) 391 (4): 1685–1711, doi:
10.1111/j.1365-2966.2008.14066.x. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For the original
article, please visit the following https://academic.oup.com/mnras/article/391/4/1685/1747035. This figure is not included under the
CC-BY license of this publication. For permissions, please email: journals.permissions@oup.com.
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the main progenitor at the time of accretion), per redshift interval, dz. This quantity has been found to
have a functional form that is nearly universal [178,179]:

dNm

dξdz
(M0, ξ, z) = A

(
M0

1012 M�

)α

ξβexp
[(

ξ

ξ̃

)γ]
(1 + z)ηz , (12)

where M0 is the mass of the descendant and the fitting parameters (for the Millennium simulation) are
given in Table 1 of [179] (see also [180]). In fact, ηz is very small, which implies a very weak redshift
dependence; α > 0 and β > 0, implying that the merger rate is higher in more massive haloes and
for small mass ratios (the expected outcome in a hierarchical model). We should remark that halo
merger trees can also be constructed from Monte-Carlo realizations based on merger rates computed
using the extended Press–Schechter formalism, e.g., [181]. This analytical approach, calibrated to
simulations [182], is also widely used to model the assembly of dark matter haloes, particularly in the
context of semi-analytic models of galaxy formation (e.g., [183]).

Distribution of accretion times and orbital properties—Equation (12) can be used to compute the
average number of haloes that become subhaloes of a host at a given redshift in a certain mass range.
Halo merger trees can be used to compute other statistics of the subhalo population that are directly
linked to their subsequent evolution, specifically: (i) the distribution of accretion (or infall) times,
and (ii) the distribution of orbital properties at the time of accretion. In a time-independent spherical
potential only two variables are needed to specify the orbit of a tracer particle (plus the orientation of
the orbit). Although subhaloes orbiting a host halo are far from this idealized case, it is nevertheless
useful to describe the initial orbital parameters in this way since this provides a point of comparison
with the simple spherical potential. These two parameters can be chosen to be the radial, Vr, and
tangential, Vθ , velocities of the subhalo at the time of infall [184], typically expressed in terms of the
virial velocity of the host halo, V200 =

√
GM200/r200. Another common choice is to characterize the

orbital properties at infall in terms of a circular orbit of the same energy, E, and the same magnitude of
the angular momentum, j [185]. The initial orbit is then defined by the circularity, η = j(E)/jcirc(E),
and the infall radius, r200/rcirc(E), at the time of accretion32.

Figure 9 shows a sample of the orbital parameters of the subhalo population at the time of
infall, calculated from high-resolution N-body simulations [186]. The bottom left panel shows the
distribution of subhalo infall times for Milky Way-size haloes, M200(z = 0) = 1012 M�. This plot only
includes subhaloes accreted after the formation redshift of the halo, zHF, defined as the time at which
the main progenitor had half the mass of the final halo. Since the merger rate is higher for larger
descendant masses (Equation (12)), and since the halo is growing from z = zHF until today, we expect
the distribution of infall times to decrease with redshift down to a minimum at zHF, independently of
the mass ratio. Naturally, recently accreted haloes will be found mostly near the virial radius of the
host, while haloes accreted long ago will be mostly found in the central regions (we will return to this
point below). For subhaloes in bound orbits, we would expect orbital velocities at infall to be close to
the virial velocity of the host halo, V200 [187]. The distributions of radial and tangential velocities of
infalling satellites for Milky Way-size haloes are shown in the middle panels of Figure 9. Although
broad, the distributions of orbital velocities do indeed have median values around V200. In fact,
these distributions are not independent since the total velocity of the subhalo orbit, (V2

r + V2
θ )

1/2, is
determined by the potential of the host halo. Therefore, the ridge line of the bivariate distribution,
(Vr, Vθ), shown in the right panel of Figure 9, is close to circular (see also [187]).

32 Another set of parameters that can be used to define the orbit are the apocentre and pericenter. Different parametrizations
can be transformed into one another since they are all related to the potential, φ(r).
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Figure 9. Initial conditions for the orbits of subhaloes infalling into haloes of present-day mass
M200 = 1012 M� (figures taken from [186]33; see that paper for similar plots for other host masses).
Upper left: the distribution of formation redshifts (defined as the redshift at which the mass of the
main progenitor of the halo was half its present value). These and the other histograms in this figure
are normalized such that the integral over the distribution is unity. Lower left: distribution of infall
(accretion) redshifts of subhaloes of different mass ratios, ξ (relative to the host halo at the time of
accretion; see legend). Middle: distributions of radial (upper panel) and tangential (lower panel)
subhalo orbital velocities at infall, relative to the virial velocity of the host, for the same halo mass
and subhalo-to-halo mass ratios as in the lower-left panel. Right: bivariate distribution of orbital
parameters for infalling haloes into hosts of mass M200(z = 0) = 1013 M�.

3.3. Dynamics of Subhaloes

The material content of a halo consists of: (i) a smooth component made up mostly of the debris
of disrupted subhaloes but also of material that was accreted in diffuse form; (ii) gravitationally
self-bound substructure—the subhaloes. As mentioned in Section 3.1, the contribution of truly smooth
accretion to the total mass of a halo at z = 0 is subdominant, and even though most dark matter is
accreted by (minor) mergers, only a small fraction, ∼10%, remains today in bound subhaloes, at least in
the CDM model [138]34. Thus, most of the mass in a halo consists of the remnants of the environmental
processes responsible for stripping mass from subhaloes after infall.

33 Reproduced from Lilian Jian et al. Orbital parameters of infalling satellite haloes in the hierarchical ΛCDM model. MNRAS (2015) 448
(2): 1674–1686, doi: 10.1093/mnras/stv053. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For
the original article, please visit the following https://academic.oup.com/mnras/article/448/2/1674/1053529. This figure is not included
under the CC-BY license of this publication. For permissions, please email: journals.permissions@oup.com.

34 This estimate is based on an extrapolation over many orders of magnitude of the subhalo mass function determined in
simulations down to the free-streaming mass of WIMP-CDM particles. We discuss this in more detail below.
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Figure 10. Left: Distribution in the 2D radial phase-space plane of subhaloes identified in a Milky
Way-size halo simulation (Via Lactea II [188]; figure adapted from [189]35). Subhaloes are color-coded
according to their infall time (measured from z = 0). Subhaloes that are just being accreted are radially
infalling, while those that were accreted earlier and have completed many orbits lose energy through
dynamical friction and sink towards the halo center. Right: the 2D radial phase-space structure of
simulation particles in a different Milky Way-size halo simulation (Aquarius [138]; figure adapted
from [190]36). Each particle is color-coded according to the number of caustics it passes (roughly
proportional to the number of orbits executed by a given particle). The top panel includes bound
subhaloes, while the bottom one does not. In the latter, tidal streams from disrupted subhaloes are
more clearly visible.

Figure 10 provides an illustration of the richness of information contained in the phase-space
structure (shown here in its 2D radial projection) of haloes today that is relevant to these environmental
processes. In the left panel, the location in phase space (at z = 0) of the subhaloes of the Via Lactea II
simulation of a Milky Way-size halo [188] is shown color-coded according to the subhalo infall time.
This figure reveals the path of a subhalo as it orbits in the host halo: it first falls in radially and then
loses energy as it is subjected to dynamical friction and tidal forces in the host halo. The former causes
the subhalo to sink towards the center while the latter gradually strip mass from it, creating tidal
streams. This picture can be appreciated with clarity in the right-hand panels of the figure where
the (2D) phase-space structure of the dark matter particles is shown for a different Milky Way-size
halo simulation (Aquarius; [138]). The color in this case encodes the number of caustics that a given
particle traverses37. Since caustics occur near orbital turning points, the number of caustics is roughly

35 Reproduced from Miguel Rocha et al. Infall times for Milky Way satellites from their present-day kinematics. MNRAS (2012) 425 (1):
231–244, doi: 10.1111/j.1365-2966.2012.21432.x. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For
the original article, please visit the following https://academic.oup.com/mnras/article/425/1/231/998181. This figure is not included
under the CC-BY license of this publication. For permissions, please email: journals.permissions@oup.com.

36 Reproduced from Mark Vogelsberger and Simon D. M. White. Streams and caustics: the fine-grained structure of Λ cold dark matter haloes.
MNRAS (2011) 413 (2): 1419–1438, doi: 10.1111/j.1365-2966.2011.18224.x. By permission of Oxford University Press on behalf of the Royal
Astronomical Society. For the original article, please visit the following https://academic.oup.com/mnras/article/413/2/1419/1070092.
This figure is not included under the CC-BY license of this publication. For permissions, please email: journals.permissions@oup.com.

37 Caustics represent folds in the fine-grained phase-space distribution function, which in CDM evolves according to the
collisionless Boltzmann equation (Equation (1)). Before the formation of non-linear structures, CDM particles are distributed
nearly uniformly in space with small density and velocity perturbations and very small thermal velocities. CDM particles
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proportional to the number of orbits each particle traverses. The caustic count is thus an excellent way
to highlight substructure in the 2D phase-space structure seen in the right-hand panel of Figure 10
since particles that are part, or were part, of a subhalo have undergone more particle orbits in their
earlier host. This plot thus shows the richness of the substructure present in haloes today. As we
mentioned earlier, most of the matter in a halo today has been accreted through mergers and consists
of material that was stripped from subhaloes.

Identifying substructure–-Several algorithms are in common use to identify subhaloes in N- body
simulations and define their boundaries and properties. These subhalo finders are based on different
techniques. Here we will list only the most popular ones; for a comprehensive comparison study
see [193]. A common approach consists of finding local density maxima in the parent halo density
field and then associating adjacent particles with this peak using a binding energy criterion; a subhalo
is thus defined as the collection of particles that is gravitationally self-bound, with the density peak
at its center. Examples are: SUBFIND [91]; Bound Density Maxima [194]; VOBOZ [195]; Amiga
Halo Finder [196]. A different approach is the “time domain subhalo finder” which follows the time
evolution of haloes and tracks them when they become subhalos by identifying their bound particles,
as in the Hierachical Bound-Tracing or HBT [197,198]. A similar procedure is used in SURV [176,199],
which uses the merger history tree of a halo across all its branches to identify subhalos.

An improvement over this 3D spatial approach can be made by including information on the
particle velocities, which has the advantage that subhaloes that are in close spatial proximity with one
another can be more easily disentangled. In this case, a density criterion is not enough, but the relative
velocity between merging subhaloes is a telltale sign of a merger. Modifications of these algorithms
can be used to identify the tidal streams that are the remnants of the tidal stripping process (see below)
and which are not localized in real space, but have clear signatures in phase space. Examples of
phase-space finders are the Hierarchical Structure Finder [200] and ROCKSTAR [201].

Current subhalo finders can identify subhaloes down to 20–100 particles and different algorithms
roughly agree with one another on their location and main properties [193]. Below we review the main
physical processes that affect the evolution and inner structure of subhaloes along their orbits, as well
as relevant lessons learned from N-body simulations.

Tidal stripping—Once a halo reaches the outer boundary of the host halo into which it will merge,
tidal forces begin to act, suppressing the accretion of matter into the merging halo and stripping mass
from its outer layers in a process known as tidal stripping. Since the enclosed overdensity of a subhalo
depends on its position within the host, the virial radius is no longer a meaningful concept. A more
relevant scale is the tidal radius, rt, defined as the radius at which the differential tidal force of the host
halo is equal to the gravitational force due to the mass of the subhalo, or equivalently, as the radius
within which the enclosed mean mass density of the satellite is comparable to the mean mass density
of the main halo interior to the distance, R, to the satellite. The expectation is that the matter beyond
the tidal radius will be removed from the subhalo, reducing its mass as it orbits around the host. For a
circular orbit and assuming that the subhalo mass, msub(< rt), is much smaller than the enclosed mass
of the host, M(< R), and that rt � R, the tidal radius is given by [202]38:

rt = R
[

msub(< rt)

(2 − dlnM/dlnr) M(< R)

]1/3

. (13)

thus occupy a thin, approximately three -dimensional, sheet in 6D phase-space volume. Since CDM particles are collisionless
and evolve according to Equation (1), the fine-grained phase-space density is conserved during gravitational evolution (this
was discussed earlier in the context of the maximum phase-space density in WDM models in Section 2.4), which implies
that the original thin sheet can be stretched and folded but it cannot be broken. Caustics appear where folds occur, and have
very large spatial densities, limited only by primordial thermal motions (e.g., [190–192]).

38 This equation ignores the effects of the centrifugal force on the satellite as it orbits around the host. Including this effect
(assuming circular orbits) modifies Equation (13) slightly by changing the factor of 2 in the denominator to 3 [203].
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For non-circular orbits, the situation is more complex (in fact in the most general cases, the tidal
radius can be ill-defined; see e.g., [203]), but the principle behind the concept of tidal radius remains
valid: the relevant physical quantity to determine the boundary of the subhalo is the relative strength
of the gravitational attraction of the subhalo and the tidal forces of the host. In this way, the tidal radius
is commonly used to model tidal stripping in a variety of collisionless systems, not only subhaloes, but
also, for example, globular clusters. In particular, for a slowly varying tidal field (i.e., in the adiabatic
approximation), the mass loss due to stripping may be modeled as: [204–206]:

dmsub = αtmsub(> rt)
dt

torb(R)
, (14)

where torb(R) is the instantaneous orbital period at the radius of the subhalo, and αt is a tuning
parameter, which encapsulates departures from this simple approximation (e.g., the details of subhalo
structure); αt is typically calibrated from simulations but the values used vary significantly in the
literature, which is a major limitation. Equation (14) assumes that the relevant timescale for mass loss
is the orbital period of the subhalo, which is justified by noting that the energy scale for the tidally
stripped material is given by the change in the potential of the host across the body of the satellite
∼rtdφhost(R)/dR [207]. The left panel of Figure 11 shows an example of tidal stripping in this slow
(adiabatic) mode for a subhalo in a circular orbit around a static host potential (from [208]). As pointed
out by [209], a combination of the ill-defined tidal radius and uncertainty in the parameter αt, makes
the modeling of this adiabatic case quite complicated, with the end result that models based on
Equation (14) do not, in general, match simulation results accurately. In any case, it is rare for subhalo
orbits to be nearly circular; for realistic orbits, most of the tidal mass loss happens near pericentre.

Tidal shock heating—While tidal stripping (Equation (14)) refers to the gradual loss of loosely
bound material from a subhalo due to a slowly varying external potential, a rapid (impulsive)
variation in the potential causes a transfer of the satellite’s orbital energy to the internal energy
of its particles. These tidal shocks are most important at pericentre where the impulsive condition is
best satisfied. The redistribution of internal energy produced by the shock alters the inner structure
of the subhalo and can unbind some of its particles [204,209,210]. This process is well described by
the “impulsive approximation” (see [211,212] for the case of globular clusters) in which tidal forces are
assumed to act during a much shorter time than the dynamical timescale of the satellite (see [213,214]).
The approximation gives the specific energy change suffered by particles in the subhalo due to a tidal
shock as39:

(ΔE)i,tid = (Δv)2
i,tid ≈

∣∣∣∣∫orbit
�ai,tid(t)dt

∣∣∣∣2 , (15)

where�ai,tid is the acceleration experienced by a particle in the subhalo and the integral is performed
along the orbit of the subhalo. If (ΔE)i,tid > Ei,b, where Ei,b is the binding energy of the particle,
we may assume that the particle will become unbound. The mass fraction of particles that satisfies
the inequality is then assumed to be removed instantaneously from the subhalo. The impulsive
approximation accurately captures the results of simulations for radial orbits. An example is shown in
the right-hand panel of Figure 11 (taken from [209]).

Although the energy injection in Equation (15) from tidal shocks might not be enough to unbind
particles, it can still affect the inner structure of a subhalo. As a result of the shock, the orbits of dark
matter particles in the center expand, reducing the inner density, although this process is not strong
enough to create a central core [210,215]. The resulting density profile is, in fact, still well described
by an NFW profile in the inner regions, albeit with a higher concentration, while the outer regions
are considerably steeper than NFW due to stripping. For instance Reference [215], using idealized

39 It is possible to evaluate Equation (15) for a given fixed potential and a given subhalo orbit (see e.g., Equation (20) of [209]
for an NFW halo).
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simulations in a static external halo potential, found a profile of the form ρ ∝ rγexp(−r/rb), with a
central slope, γ ∼ 1, and a cutoff radius due to tidal shocks, rb (see bottom right panel of Figure 11).

For a general subhalo orbit, a combination of the adiabatic (Equation 14) and impulsive
(Equation (15)) approximations provides a good estimate of the amount of stripped mass; the former is
valid particularly near the apocentre of nearly circular orbits while the latter is more appropriate near
the pericentre of eccentric orbits. The impulsive approximation reproduces the results of simulations
quite accurately for radial orbits, but the adiabatic approximation is not very adequate for the reasons
discussed above (see also Section 4.3 of [209]).

Figure 11. Tidal effects in subhaloes. Left: evolution of a subhalo in a circular orbit in a static host halo
potential. Since the tidal field strength is constant, the subhalo gradually loses mass (red particles are
bound to the subhalo, black particles are unbound) as it orbits in the host halo creating characteristic
tidal streams (figure adapted from [208] 40). Right: the effect of tidal shocks. For nearly radial orbits,
the variations in the potential near pericentre are rapid (relative to the internal dynamical timescale of
the subhalo) and this leads to an impulsive tidal shock, which causes a drastic removal of mass (upper
right) and a change in the dark matter distribution (bottom right). In the upper panel the fraction of
stripped mass as a function of circularity (see Section 3.2), given by the impulsive approximation, is
compared with that in a controlled simulation (figure adapted from [209]41). The model works quite
well for radial orbits but it fails for circular orbits (as in the left panel), for which an adiabatic model
is more appropriate (Equation (14)). In the lower panel, tidal shocking is seen to reduce the mass
in the central regions but preserves the asymptotic NFW behavior, while the outer regions become
considerably steeper than NFW (figure adapted from [215]42).

40 Reproduced from Frank C van den Bosch and Go Ogiya. Dark matter substructure in numerical simulations: a tale of discreteness noise,
runaway instabilities, and artificial disruption. MNRAS (2018) 475 (3): 4066–4087, doi: 10.1093/mnras/sty084. By permission of Oxford
University Press on behalf of the Royal Astronomical Society. For the original article, please visit the following https://academic.oup.com/
mnras/article/475/3/4066/4797185. This figure is not included under the CC-BY license of this publication. For permissions, please email:
journals.permissions@oup.com.

41 Reproduced from Frank C van den Bosch et al. Disruption of dark matter substructure: fact or fiction? MNRAS (2018) 474 (3): 3043–3066,
doi: 10.1093/mnras/stx2956. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For the original article,
please visit the following https://academic.oup.com/mnras/article/474/3/3043/4638541. This figure is not included under the CC-BY
license of this publication. For permissions, please email: journals.permissions@oup.com.

42 c©AAS. Reproduced with permission. For the original article, please visit the following https://iopscience.iop.org/article/10.1086/420840.
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Subhalo-subhalo encounters–-Tidal heating can also be caused by impulsive encounters with other
subhaloes, which can add up to produce a net effect on the subhalo inner structure and mass loss
(a process called galaxy harassment in the context of satellite galaxies; [216]). A similar impulsive
approach to the one above can be used to estimate the strength of this form of tidal heating, but the
calculation is more complicated because, among other things, the distribution of subhaloes in the host
and the encounter rate need to be modeled. A recent study finds that tidal shocking from encounters
is subdominant (by a factor of several) compared to shocking during pericentric passages [209].

Dynamical friction—When an object of mass, Ms, moves through an ambient medium of
collisionless particles of mass m � Ms, the object experiences a drag force known as dynamical
friction. This force may be thought of as the gravitational pull exerted by a local enhancement in the
ambient density formed behind the moving object (a trailing wake) as the object gravitationally focuses
the surrounding particles (see left panels of Figure 12).

Figure 12. Dynamical friction experienced by subhaloes. Left: simulation of a subhalo orbiting a
Milky Way-size halo; the initial mass ratio and circularity of the orbit are 0.1 and 0.5, respectively. The
images show the projected over- (or under-) density relative to the initial value at t = 0, at different
times during the evolution. The thick solid line marks the subhalo orbit, which decays over time due
to dynamical friction. This gravitational process induces a wake in the host halo trailing behind the
satellite (most clearly visible in the top left panel). The dipole feature at the center of the host is caused
by the tidal effect of the subhalo, which perturbs the position of the halo potential minimum. This
effect diminishes with time as the satellite is stripped of mass (figure adapted from [217]43). Right:

evolution of the radial distance of a simulated subhalo orbiting a Milky Way-size halo (figure taken
from [218]44). The orbit decays by dynamical friction on a timescale that strongly depends on the initial
mass ratio (different colors) and circularity of the orbit (dashed and solid lines). The timescales are
well approximated by the fitting formula (Equation (18)), which is an improvement over the classical
Chandrasekhar formula (Equation (17)).

The net result of dynamical friction is a transfer of orbital angular momentum and energy from the
moving object into the surrounding medium. The process can be analyzed as a series of uncorrelated
sequential encounters between the object of mass, Ms, and velocity, �vs, and particles randomly taken

43 Reproduced from Go Ogiya and Andreas Burkert. Dynamical friction and scratches of orbiting satellite galaxies on host systems. MNRAS
(2016) 457 (2): 2164–2172, doi: 10.1093/mnras/stw091. By permission of Oxford University Press on behalf of the Royal Astronomical
Society. For the original article, please visit the following https://academic.oup.com/mnras/article/457/2/2164/970692. This figure is not
included under the CC-BY license of this publication. For permissions, please email: journals.permissions@oup.com.

44 Reproduced from Michael Boylan-Kolchin et al. Dynamical friction and galaxy merging timescales . MNRAS (2008) 383 (1): 93–101,
doi: 10.1111/j.1365-2966.2007.12530.x. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For the
original article, please visit the following https://academic.oup.com/mnras/article/383/1/93/1067887. This figure is not included under
the CC-BY license of this publication. For permissions, please email: journals.permissions@oup.com.
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from the ambient medium with velocity distribution, fm(�u). These interactions occur on a timescale
much shorter than the variations in the velocity, �vs, of the object. If the ambient medium is assumed to
have a homogeneous density, ρm, then the changes to the velocity of the object perpendicular to its
motion average to zero by symmetry, while the velocity changes parallel to the direction of motion are
given by the well-known Chandrasekhar dynamical friction formula [219], which, for the drag force,
�Fdf, takes the form:

�Fdf = Ms
d�vs

dt
= −16π2M2

s mlnΛ
[∫ |�vs |

0
fm(|�u|)u2d|�u|

]
�vs

|�vs| (16)

= −4π

(
GMs

vs

)2
lnΛ ρ(< |�vs|) �vs

|�vs| ,

where ρ(< |�vs|) is the density of ambient particles with speed less than |�vs| and lnΛ ≡
ln
[
1 + (bmax/b90)

2] is the Coulomb logarithm, with b90 = G(Ms + m)/v2
∞, v∞ the initial relative

velocity of an individual encounter, and bmax the maximum impact parameter (bmax � b90). As a
consequence of dynamical friction, the orbit of the object decays in time sinking towards the center of
the host halo. For circular orbits in a spherical singular isothermal host halo (implying a Maxwellian
velocity distribution, fm) of mass, Mh, the timescale for the orbit to decay to zero (i.e., the dynamical
friction time) is approximately given by (e.g., [68]):

tdf
tdyn

≈ 1.17
ln(Mh/Ms)

(
Mh
Ms

)
, (17)

where tdyn = rvir/Vc is the dynamical timescale at the virial radius of the halo, rh, with Vc the circular
velocity of the host halo, which is independent of radius for a singular isothermal sphere. For more
general orbits, Equation (17) requires a correction that scales with the circularity, η, as tdf ∝ ηγη , where
γη ∼ 0.53 [220], implying that more eccentric orbits decay more rapidly (see right panel of Figure 12).

Equation (16) is derived under the following assumptions: (i) both the satellite and the particles
that make up the ambient medium can be treated as point masses; (ii) the self-gravity of the ambient
medium can be ignored, and (iii) the distribution of ambient medium particles is infinite, homogeneous
and isotropic. None of these assumptions is strictly valid in realistic situations. Nevertheless,
Chandrasekhar’s formula provides a reasonable description of dynamical friction, particularly when
modifications are included to account for the density profile of the subhaloes and their orbits; in
practice, this can be done by regarding the Coulomb logarithm as a free parameter that depends on
these properties. An example of this is provided in [218] with a series of idealized N-body simulations
of a subhalo infalling into a host, both described by a Hernquist density profile45. This study found the
following fitting function to the dynamical friction timescale (a few examples of the orbital evolution
in this study are shown in the right panel of Figure 12):

tdf
tdyn

= A
(Mh/Ms)b

ln(1 + Mh/Ms)
exp[cη(E)]

[
rc(E)
r200

]d
, (18)

where E is the initial orbital energy of the satellite (we recall that rc(E) is the radius of a circular orbit
of the same energy, E), and the fitting parameters are of order one46. Equation (18) was found to be
valid over a wide range of orbital parameters; the most relevant restriction is 0.025 ≤ Ms/Mh ≤ 0.3.

45 The Hernquist halo profile [221] has the same asymptotic behavior at the center as the NFW halo and has the advantage that
the velocity distribution function in the isotropic case has an analytic form (see Equation (11)), which makes it particularly
simple to set up initial conditions for simulating haloes in dynamical equilibrium.

46 The values for these parameters reported in [218] are: A = 0.216, b = 1.3, c = 1.9, and d = 1.0, but we point out that in this
study both the halo and the subhalo were modeled as Hernquist profiles.
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For smaller mass ratios, the dynamical friction timescale becomes much larger than the age of the
universe, while for larger mass ratios, the relevant timescale is just the dynamical or free-fall time47.

3.4. The Abundance, Spatial Distribution and Internal Structure of Dark Matter Subhaloes

The abundance, spatial distribution within the host halo and internal structure of subhaloes are
determined by the combined effects of the initial conditions at the time of accretion, which depend on
cosmology, and the dynamical processes described in the previous section. These properties are best
derived in full generality using cosmological N-body simulations but analytic models can provide
valuable physical insights [222]. In this section, we present some of the key structural properties of the
subhalo population, as revealed by simulations. Naturally, these properties are closely related to those
of isolated haloes (discussed in Section 2.4) with a few relevant modifications.

Figure 13. Subhalo abundance. Left: the subhalo velocity function at z = 0 for haloes of different
maximum circular velocity, from ∼150 km/s to ∼1000 km/s (bottom to top). In terms of the velocity
ratio, x = Vsub/Vh, the velocity function is nearly universal, scaling as x−3 (dashed line) with a
scale-dependent normalization (see Equation (20); figure adapted from [223]48). Right: the number
density of subhaloes as a function of halocentric distance in units of the virial radius for Milky Way-size
haloes (triangles) and cluster-size haloes (circles). All subhaloes with msub/Mh > 10−5 have been
included. The dashed lines are the average NFW fits to the density profiles of the hosts. These functions
have been normalized to unity at the virial radius. Figure adapted from [224].

The subhalo mass function—As in the case of isolated haloes, the total CDM subhalo mass function
(measured within the virial radius) is remarkably close to universal and, in fact, has a similar low-mass
slope as the halo mass function [138,225–229]: dnsub/dmsub ∝ mα

sub, where α ∼ −1.9 (see Equation (7)).
This similarity to the halo mass function is partly because most subhaloes identified at a given time
were accreted relatively recently and thus tidal effects have not had time to act; see Figure 9. The
normalization of the subhalo mass function depends on the mass of the host halo, with more massive
haloes having, on average, larger subhalo populations [137,227,230]. This reflects the earlier assembly
of low-mass haloes, which allows tidal effects more time to act and disrupt subhaloes. For similar
reasons other properties of the host halo can have second-order effects on the amplitude of the subhalo

47 Equation (18) was only explored for values of the circularity in the range 0.3 ≤ η ≤ 1.0 and for 0.65 ≤ rc/r200 ≤ 1.0; the
lower limits were imposed to avoid radial orbits that would take the subhalo so close to the center of the halo in the first
orbit that the tidal effects of the galaxy cannot be ignored. So far we have not discussed baryonic effects, but it is worth
mentioning them here since Equation (18) was not investigated outside this range and might not be valid there even in the
absence of a central galaxy.

48 c©AAS. Reproduced with permission. For the original article, please visit the following https://iopscience.iop.org/article/10.1088/0004-
637X/740/2/102.
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mass function, e.g., at fixed mass, more concentrated haloes (which assemble earlier) have fewer
subhaloes.

When the subhalo mass function is scaled to the host halo mass it becomes nearly universal across
halo masses, with a functional form that is well fitted by [230–233]:

N(> μ ≡ msub/Mh) =

(
μ

μ̃1

)1+α

exp

[
−
(

μ

μcut

)b
]

, (19)

where the exponential cutoff accounts for the increasing rarity of subhaloes of mass close to that of the
host halo mass49. The parameter, μ̃1, is the typical mass fraction of the most massive subhalo (relative to
the host halo mass), which, for a Milky Way-size halo, is of order 0.01, but with a large spread [232]. The
universality of the subhalo mass function is, however, not perfect; the remaining dependence on host
halo mass can be captured by allowing a relatively weak scaling of the normalization parameter, μ̃1.
This dependence is amplified, and perhaps better expressed, if the subhalo velocity function is used
instead, i.e., if the abundance is given in terms of the maximum circular velocity instead of the mass
(see left panel of Figure 13). In this case, an accurate approximation is given by [223]:

N(> x ≡ Vsub/Vh) ∝ V1/2
h x−3, x < 0.7, (20)

which implies, for instance, that a cluster-sized halo (Vh ∼ 1000 km/s) has ∼2.2 times more
substructure of a given velocity ratio than a Milky Way-size halo (Vh ∼ 200 km/s). Notice that
this difference is considerably weaker if the mass ratio is used since, in this case, the abundance scales
as a power law of exponent ∼−0.9 rather than ∼−3.

The fact that the power-law exponent of the subhalo mass function at low masses, α, is greater
than −2 is important; a steeper slope would imply that the total mass in substructures diverges when
extrapolated to arbitrarily low masses. For a given particle dark matter model we know, of course, that
this extrapolation cannot be continued beyond the truncation mass below which the properties of the
dark matter particle prevents the formation of smaller structures (due to the suppression mechanisms
mentioned in Section 2.1). In the case of CDM-WIMPs, the extrapolation of the subhalo mass function
down to the Earth’s mass (10−6 M�) implies that the fraction of mass contained in unresolved subhaloes
is ∼4.5%, in contrast to the ∼13% mass fraction found in the highest resolution simulation (with a
particle mass of 2 × 104 M�) to date of a Milky Way-size halo [138]. As mentioned earlier, most of
the mass in haloes is not, in fact, in the form of self-bound subhaloes, but in the remnants of the tidal
stripping process accumulated over the entire history of the halo.

The radial distribution of subhaloes—The spatial distribution of a subhalo population reflects the
balance between accretion of new subhaloes and tidal disruption of older ones. This distribution has
been studied extensively in N-body simulations [138,225,231,234–237] and the picture that emerges is
that the radial distribution of subhaloes is significantly less centrally concentrated than the dark matter
distribution (i.e., the smooth halo), and is relatively independent of the host halo mass (see right panel
of Figure 13). Most remarkably, when subhaloes are selected according to mass (rather than maximum
circular velocity) and the distribution is normalized to the mean number density of subhaloes of a
given mass within the virial radius, there appears to be no trend in the shape of the number density
profile with subhalo mass [138,175,231]. A recent analysis using the HBT finder, however, has shown
that the most massive subhaloes are actually more concentrated in the central regions than lower-mass
subhaloes [198], which seemingly reflects the resilience of very massive subhaloes to tidal stripping
despite suffering from substantial dynamical friction. The near universality of the radial distribution
of subhaloes is then the result of a convolution of the distribution of subhaloes before infall (sometimes

49 The fitting parameters in Equation (19) in the case of the Millennium simulations may be found in [230], where a redshift
dependence is also provided.
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called the unevolved radial distribution of subhaloes), which is nearly scale free, with a tidal stripping
process that is also nearly scale free, except at the massive end (see [222] for an analytical model of the
subhalo distribution). It is interesting that the radial distribution of subhaloes with maximum circular
velocity >Vsub is steeper than that of subhaloes with mass >msub (see e.g., [238]), since the latter is
more heavily influenced by tidal stripping.

The ratio between the average, mass-selected subhalo radial distribution and the average NFW
mass density profile of their host haloes (both normalized to the virial radius as defined in [224]
and shown in the right-hand panel of Figure 13), is approximated quite accurately by the following
functional form [224]:

φ(x ≡ r/rvir) =
dÑ/dx3|sub

dÑ/dx3|NFW
= 4

x4

(1 + x)2 (21)

The inner structure of dark matter subhaloes–-Cosmological N-body simulations have shown that
the density profiles of subhaloes retain the near universal properties of isolated field haloes but with
modifications that reflect the tidal effects discussed in Section 3.3. These modifications are consistent
with expectations of analytical estimates and controlled simulations. In particular, for CDM, the
subhalo radial density profile exhibits the same central cusp as an isolated halo in equilibrium (left
panel of Figure 14), while the outer regions show a steep truncation at a radius approximately equal to
the tidal radius given in Equation (13) (see Figure 15 of [138]). We should remark that, as has been
found for field haloes [121], a better fit to the density profile of subhaloes is given by the 3-parameter
Einasto profile [239]50:

ρE(xE ≡ r/r−2) = ρ−2e−2(xαE
E −1)/αE , (22)

where αE is a shape parameter and ρ−2 and r−2 are the density and radius at which the logarithmic
slope of the density profile is equal to −2. The Einasto and NFW profiles are quite similar, and both
give good fits to the subhalo profiles in the range 0.01 < xE < 100 if αE ∼ 0.22 [241,242]. Although for
isolated haloes the parameters αE and r−2 can be related to the virial mass of the halo, M200 [135,240],
in a similar way as the halo (NFW) concentration is connected to the virial mass, the situation is less
clear for subhaloes [241], and the spread of the parameters across subhalo masses is large. Thus, for
its simplicity, the NFW profile remains a reasonable approximation to the structure of both haloes
and subhaloes.

Since for subhaloes the virial radius no longer has a proper meaning as the “boundary” of the
object, the concentration parameter, defined as c = r200/rs commonly used to characterize NFW haloes,
is no longer appropriate. Instead, it is convenient to define the concentration of a subhalo in a way
that is independent of its size. One such measure of concentration is the characteristic overdensity, δV ,
defined as the mean density within the radius, rmax, where the circular velocity peaks, at a value of
Vmax, relative to the critical density [138,226]:

δV =
ρ(< rmax)

ρcrit
= 2

(
Vmax

Hrmax

)2
, (23)

where H is the Hubble constant. Equation (23) can be related to the standard scale density of the NFW
profile (δc in Equation (9)), and thus to the NFW concentration, in a straightforward way [226]:

δV =
( c

2.163

)3 Kc(2.163)
Kc(c)

Δ, (24)

where Kc was defined just after Equation (9). We note that for the NFW profile, rmax/rs = 2.163.

50 Although the introduction of a third parameter will obviously improve the quality of the fit, the Einasto profile is, in fact,
a slightly better fit to simulations than the 2-parameter NFW profile even after one of the parameters (αE) is fixed to an
appropriate value. For instance, fixing αE ∼ 0.16 gives a better fit than NFW to haloes across a range of halo masses [240].
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Figure 14. The inner structure of subhaloes. Left: spherically averaged density profile of subhaloes
(which is remarkably similar to that of isolated haloes). The plot shows the density profile of a Milky
Way-size halo (solid black line) and eight of its largest subhaloes (color lines). The vertical dotted line
marks the radius beyond which the simulation results are converged. The self-similarity in the central
region is better appreciated in the inset where the density and radius are scaled to their values at the
scale radius, rs. The figure is for the Via Lactea II simulation and is adapted from [188]. Upper right:
mean relation between the maximum circular velocity, Vmax, and the radius at which it is achieved,
rmax, for subhaloes within r50 (the radius within which the mean enclosed density is 50 times the critical
density) of one the Milky Way-size halo simulations in the Aquarius project, at different resolution
levels (color lines). The red dashed lines show the scatter (68% of the distribution) for the highest
resolution level. The dotted line is a fit to the mean relation for subhaloes and lies systematically below
the equivalent line for isolated haloes (solid line). Lower right: a measure of concentration for subhaloes
(see Equation (24)) within different radial ranges, as given in the legend. The solid line corresponds to
isolated haloes. Figures adapted from [138]51.

Since the concentration of haloes (and subhaloes) is tightly correlated with their mass (see
Section 2.4), Equation (23) implies a tight correlation between Vmax and rmax, which indeed has been
found and characterized in simulations (see right panel of Figure 14). For instance in the case of the
Aquarius-A Milky Way-size halo, the following fitting functions (to the mean relations in subhaloes)
provide a direct connection in terms of the subhalo mass52:

Vmax = 10 km/s
(

msub

3.37 × 107M�

)0.29

δV(z = 0)
2

=

(
Vmax

H0rmax

)2
= 2.9 × 104

(
msub

108M�

)−0.18
. (25)

51 Reproduced from Volker Springel et al. The Aquarius Project: the subhaloes of galactic haloes. MNRAS (2008) 391 (4): 1685–1711, doi:
10.1111/j.1365-2966.2008.14066.x. By permission of Oxford University Press on behalf of the Royal Astronomical Society. For the original
article, please visit the following https://academic.oup.com/mnras/article/391/4/1685/1747035. This figure is not included under the
CC-BY license of this publication. For permissions, please email: journals.permissions@oup.com.

52 We note that there is a typo in the caption of Figure 28 in [138], which gives the fitting function for δV and msub (5.8 ×
108 M� → 5.8 × 104 M�).
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The fitting function for the rmax − Vmax relation implied by Equation (25) is shown as a dotted line
in the upper right panel of Figure 14, while the corresponding relation for isolated haloes in the
Millennium I simulation is shown as a solid line [129]53. The most relevant result when comparing
haloes and subhaloes in the rmax − Vmax plane is that both share the same relation, but subhaloes
have systematically higher concentrations at a given Vmax [126]: in Figure 14 the dotted line is a factor
of 0.62 lower than the solid line, i.e., subhaloes have on average rmax values that are smaller than
haloes of the same Vmax by this factor. Equivalently, the characteristic overdensity, δV , in subhaloes
is roughly a factor of (1/0.62)2 ∼ 2.6 larger for subhaloes than for haloes of the same Vmax (lower
right panel of Figure 14), which roughly corresponds to a 30% increase in the NFW concentration.
This relative increase in concentration is larger for subhaloes nearer the center of the host, as expected
from the nature of the tidal forces experienced by the subhaloes as described in Section 3.3: while tidal
stripping naturally reduces Vmax, it reduces rmax even further [210]54, making the subhalo effectively
more concentrated; the stronger the mass loss, the stronger the effect, and hence the trend with
halocentric distance.

It is thus possible to model the inner density profile of the subhalo population by assuming
a model for the concentration-mass relation of field haloes and making a simple correction to the
subhalo concentration depending on the location of the subhalo. More exhaustive studies of subhalo
concentration exist that provide fitting functions across a wide range of subhalo masses, host halo
masses, and distance to the halo center (e.g., [244] for the case of Milky Way-size haloes).

The shapes and internal kinematics of subhaloes–-The impact of tidal forces in the structure of
subhaloes is reflected also in their shapes. Although tides tend to elongate objects, these distortions
are short-lived features accentuated during pericentric passages. Once the tidal streams cease to be
bound to the subhalo, simulations have shown that the bound material remains in an equilibrium
configuration that is, in fact, more spherical than it was at the time of infall; the stronger the tidal
effects, the more spherical the subhalo becomes [245]. Although these differences are significant for
the fraction of the subhalo population whose orbits are strongly influenced by the tides of the host, the
subhalo population as a whole is only slightly affected and exhibits a small systematic shift towards
less aspherical shapes compared to field haloes [246]. This is because the global subhalo population
is dominated in number by subhaloes near the virial radius of the host, which have only recently
fallen in.

When tidal effects are strong, the internal kinematics of subhaloes are also substantially altered.
In particular, the velocity anisotropy of the dark matter particles becomes increasingly tangential
(β < 0) from the subhalo center outwards [246], in contrast to field haloes that are radially anisotropic
at larger radii. This is the result of the preferential stripping by tides (when the subhalo is near
pericentre) of subhalo particles with radial orbits. On the other hand, the pseudo-phase-space density,
Qsub, of subhaloes in equilibrium retains the universal power-law behavior of CDM field haloes, but
with a slightly shallower slope, Qsub ∼ r−1.6 [246], compared to ∼r−1.9 for field haloes.

3.5. The Impact of the Nature of the Dark Matter

Subhalo abundance–-By far the main difference in the subhalo populations predicted in models
with different kinds of dark matter is the abundance of low-mass subhaloes. In particular, as we
discussed in Section 2.4, models in which the primordial power spectrum of density perturbations has
a cutoff at relatively low k (such as WDM and interacting dark matter) have a corresponding cutoff in
the mass function of haloes and subhaloes. These models predict far fewer haloes and subhaloes than

53 Obtained by taking the power-law concentration-mass relation in [129] (their Equation (4)), and using Equations (23)
and (24).

54 For a clear illustration of the evolutionary track of subhaloes in the rmax − Vmax plane due to tidal stripping, see Figure 8
of [243].
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CDM, and this offers the best prospect for distinguishing between them and perhaps constraining the
properties of the particles themselves (such as the WDM particle mass).

A cutoff in the mass function breaks the universal behavior of the halo and subhalo mass functions
at low masses in a way that also depends on the nature of the dark matter particle. For example,
the self-similarity of the abundance of CDM subhaloes as a function of relative mass, exhibited
in Equations (19) and (20), is broken [247] because the cutoff scale expressed in terms of the ratio,
μ = msub/Mh, occurs at larger values of μ for smaller values of Mh. The radial distribution of subhaloes
in WDM models is quite similar to that in the CDM case, with only minor differences explained by the
enhanced tidal stripping of low-mass WDM haloes resulting from their lower concentrations [222,247].

In many SIDM models the subhalo mass function remains largely unchanged as long as the
interaction cross-section, σT/mχ < 10 cm2/g [57,58,248]. For higher values, collisions between dark
matter particles within subhaloes and in the host are frequent enough to unbind material from the halo.
This form of subhalo evaporation is energetically efficient because the energy transfer is determined by
the relative velocity of the colliding particles, which is of the order of the orbital velocity. In this case,
the mass loss in subhaloes is enhanced and the subhalo abundance is depleted relative to the CDM
case, particularly in the central regions [57].

Inner structure of subhaloes–-The inner structure of WDM and SIDM subhaloes is rather similar to
that of field haloes (see Figure 7), and the outer structure is altered by tidal effects in a very similar way
as in CDM. The main difference is an enhancement in the concentration of subhaloes relative to their
field counterparts in WDM models [247] due to the increased efficiency of tidal stripping of WDM
subhaloes, which are less concentrated than in CDM at the time of infall. Tidal stripping also plays a
greater role in SIDM subhaloes [248]. Most importantly, it can trigger a gravothermal catastrophe and
this can give rise to segregation according to particular orbits, with cuspy profiles for subhaloes which
have experienced substantial tidal mass loss and central cores for those where tidal effects have been
minimal [249].

4. Outlook

It is fair to say that the evolution of the phase-space distribution of classical, non-relativistic,
collisionless dark matter (CDM) down to galactic-scale haloes and subhaloes is now essentially a solved
problem, largely through the application of N-body simulations over the past 40 years55. This strong
statement carries a couple of major caveats, which define today’s frontier in N-body simulations of
cosmological structure formation.

First, the statement above can still hold if, instead of CDM, most of the dark matter consists of
other types of particles, such as WDM and SIDM56, for which N-body simulations with appropriate
modifications have been applied at a similar level of detail as in CDM; in this review we have discussed
the most important changes in the dark matter phase-space structure that occur in these alternative
models. Nevertheless, there are still dark matter models that remain unexplored, or only partially
explored with N-body simulations, e.g., hidden dark sector models with DAOs [21,114] and inelastic
SIDM57. Secondly, and crucially, the statement above does not take account of the interplay between
baryons and dark matter, which are dynamically coupled through gravity. Several mechanisms that
can radically modify the dark-matter-only predictions of N-body simulations and which are, of course,

55 By galactic-scale haloes and subhaloes, we mean self-bound dark matter structures that can potentially host a galaxy, i.e., is
haloes of mass above ∼108 M�, in which gas can cool by atomic processes (e.g., [68,250]).

56 This is true only for elastic SIDM, and for cross sections that do not exceed the gravothermal collapse threshold,
σT/mχ ∼ 10 cm2/g, for dwarf-size haloes (see the last paragraphs of Section 2.4). Although the regime of gravothermal
collapse has been known for a couple of decades [162,163], a comprehensive analysis of this regime has yet to be carried out
(see [32,249,251,252] for recent developments in this interesting regime).

57 There is a class of inelastic SIDM models in which the dark matter can have ground and excited states (e.g., [253]), and in
which scattering between the excited and ground states can result in energy injection at the center of dark matter haloes
thus altering their structure. Only until very recently have these models began to be explored with simulations [166,254].
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crucial for a complete theory of structure formation and its connection to reality, have been studied
extensively for several decades. We briefly summarize these in Section 4.1 below.

Finally, we make two remarks concerning the limited resolution of current N-simulations: (i) there
have been recent claims that subhaloes can be artificially disrupted in cosmological simulations due to
discreteness effects and inadequate force resolution [208,209]; if correct, these effects could alter some
of the current results on the abundance and structure of subhaloes, particularly at low masses; (ii) as
we have seen, the best current N-body simulations only resolve haloes of mass greater that ∼105 M�,
many orders of magnitude larger than the cutoff mass in the linear density power spectrum for CDM.
Yet, if the dark matter is made of Majorana particles, these, so far unresolved, haloes could be crucial
for predicting the properties of their annihilation radiation and thus for elucidating the nature of dark
matter. The first attempts at understanding the properties of haloes down to the cutoff in the CDM
primordial power spectrum have been made [122–124] but new techniques will be required to tackle
this problem in full generality.

4.1. The Impact of Baryonic Physics on Dark Matter Structure

In the linear regime, the (gravitational) impact of baryons (and electrons and photons) in the
dark matter distribution, of which baryonic acoustic oscillations is perhaps the best-known outcome
(e.g., [255]), is fairly well understood. In the non-linear regime, on the other hand, the complexity
of baryonic physics is much greater, and the list of relevant processes is extensive: gas dynamics,
radiative processes, star formation and evolution, supermassive black hole formation and evolution,
etc. Here we focus on some of the most important mechanisms that modify the predictions for the
abundance and structure of CDM haloes from N-body simulations.

Condensation of baryons into haloes: adiabatic gas cooling and mergers.- In the classical theory of
galaxy formation, gas initially follows dark matter; as haloes collapse and virialize, the associated
gas heats up by shocks and adiabatic compression to the virial temperature of the halo [87,256]58.
Subsequently, the gas can radiatively cool and condense towards the center of the halo if the cooling
time is shorter than the free-fall time. The halo mass threshold for effective cooling depends on the
density, temperature and metallicity of the gas; cooling is quite efficient in low-mass haloes down
to the atomic cooling limit (virial temperatures ∼104 K, corresponding to halo masses ∼108 M�)
below which cooling becomes highly inefficient. At higher masses (∼1013 M� for gas with solar
metallicity, e.g., [87]), cooling is also suppressed because the cooling time exceeds the free-fall time,
limiting the condensation of baryons, a process that can be exacerbated when the gas is heated by
energy input from Active Galactic Nuclei (AGN) [84,258]. A hot, quasi-hydrostatic corona forms
from which gas can subsequently cool at the center. Additional gas may be brought in by galaxy
mergers. Regardless of the condensation mode, the assembly of the central galaxy ultimately results in
an enhancement of the central gravitational potential, compared to the situation where the galaxy is
absent. The dark matter distribution reacts dynamically, becoming more concentrated, a process first
modeled assuming an adiabatic response leading to the contraction of the halo [259,260]. Even though
the assembly of baryonic matter by mergers is not, in general, adiabatic, the simple adiabatic model
remains a reasonable approximation [261]. In the absence of heating processes, the general expectation
is thus that haloes should be cuspier than the NFW profile in the central regions, as indeed is seen in
cosmological hydrodynamics simulations (e.g., [262,263]).

Energy injection into haloes: UV background photoheating.- The hydrogen emerging from
recombination is, of course, neutral. However, the UV radiation produced by stars in the first
generations of galaxies reionizes this gas and heats it up, suppressing gas cooling into low-mass haloes

58 Large relative velocities between gas and dark matter inherited from the photon-baryon coupling before recombination
can impede the growth of gravitational perturbations and stop gas from accreting into the first haloes [257]. This process,
however, is only thought to be relevant for the formation of the first stars.
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and subsequent star formation [264,265]. This heating mechanism moves the minimum scale for galaxy
formation from the atomic cooling limit to larger halo masses of order 109 M� today 59 [250,267–274].
This baryonic process is important also because, in conjunction with the expulsion of gas from haloes
by supernova feedback (see below) at high redshift, it reduces the overall baryonic content, and thus,
the total mass content of low-mass haloes; this reduces the growth rate and final masses of these haloes
compared to their counterparts in simulations without baryons [250,275].

Energy injection into haloes: supernova and AGN feedback.- When massive stars explode as supernovae
in the final stages of their evolution they release vast amounts of energy, a fraction of which may
couple effectively to the surrounding interstellar medium (ISM), heating it and pushing it in a violent
blowout. The combined impulsive removal of baryonic outflows from several supernovae creates a
collective effect in the host galaxy known as supernova feedback, which has a fundamental role in
regulating star formation [87]. Supernova feedback affects the evolution of the galaxy population at
all galactic masses, but is particularly important in low-mass haloes which have shallow potential
wells; supernova-driven galactic winds affect both the abundance [256,276,277] and inner structure of
low-luminosity galaxies. Acting in conjunction with reionization, such winds strongly suppress galaxy
formation in small haloes, reducing the abundance of luminous low-mass galaxies [269,271,272].

Energy injection from supernova can potentially alter the inner structure of dark matter haloes: if
gas becomes gravitationally dominant in the center and most of it is removed suddenly, as could happen
in a starburst, energy can be transferred from the gas to the dark matter and this can cause the center to
expand, turning the original NFW cusp into a core. This mechanism, first proposed in the 1990s [278],
became fashionable again several years later [279–286] when tentative observational evidence for cores,
particularly in dwarf galaxies, began to emerge [287]. This evidence, however, is controversial [288,289].
While the proof of concept in [278] was based on a single explosive event, recent simulations have
shown that repeated outflows can create rapid fluctuations in the gravitational potential which
efficiently transfer energy to the dark matter [282]. This core-formation mechanism depends on the
details of the baryon physics implemented in the simulation [290] and not all cosmological simulations
produce cores in dwarf galaxies [291]. On scales larger than dwarfs, energy injection by AGN has
been invoked as a mechanism for core formation; however, the conditions required to alter the deep
potential wells of massive galaxies appear quite extreme [292–296].

Energy injection into subhaloes: tidal effects from baryonic structures. In Section 3.3 we described the
tidal effects that the host halo induces on the dynamics and structure of subhaloes. The presence of
a central galaxy enhances these effects both in subhaloes and in the satellite galaxies within them,
particularly when their orbits cross the region where the central galaxy dominates the tidal field.
Tidal shocking by a galactic disc can result in the total disruption of subhaloes around the central
regions of the host [297,298] and other structural changes. Current hydrodynamical simulations of
Milky-Way-like galaxies and their environment seem to agree that the overall effect is a substantial
reduction in the number of subhaloes near the center [299–301].

There has been great progress in the past decade in incorporating baryonic physics into full
cosmological simulations; today galaxy formation and evolution can be modeled in unprecedented
detail [302–306]. In this way the effect on the dark matter phase-space distribution of the complex
interplay between the cooling and heating mechanisms of baryons described above can be studied in
their full cosmological setting. Despite this undeniable progress, many aspects of baryonic physics
remain poorly understood and, when they involve processes on scales below the resolution of the
simulation, they need to be included as a subgrid model. There are different approaches to this problem
which are often difficult to validate, and this translates into substantial uncertainties in some of the
predictions of the simulations (see [304] for a discussion of the limitations of gas dynamics simulations).

59 This mass threshold is smaller at higher redshifts, see e.g., Figure 3 of [266].
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4.2. Astrophysical Tests of the Nature of the Dark Matter

Laboratory searches for dark matter have so far proved unsuccessful. This, and the failure to
find evidence for SUPERSYMMETRY, has generated gloom among proponents of the lightest stable
supersymmetric particle as the dark matter (even though the mass of the Higgs boson suggests
that the supersymmetry scale is likely to be larger than a few TeV, beyond the reach of the LHC).
There have been, however, claims that both CDM-WIMPs, and WDM particles in the form of sterile
neutrinos of mass 7 keV, have been discovered, the former through γ-ray annihilation radiation from
the Galactic Center [307], the latter through a 3.5 keV decay line in the X-ray spectra of galaxies and
clusters [308,309] 60. These claims are highly controversial but, since cosmogonic models based on
such particles have strong predictive power, they are disprovable with appropriate astrophysical
observations.

The standard CDM model has naturally come under the closest scrutiny. Perhaps the two most
important predictions of this model (derived from N-body simulations) are: (i) the existence of a vast
population of haloes and subhaloes which, below a mass of order 109 M�, are dark; (ii) the presence
(in the absence of the baryon effects discussed in the preceding section) of a steep cusp (ρ ∝ r−1) in
the density profile of dark matter haloes of all masses. These two predictions are related to three of
the much publicized four problems of the CDM model on subgalactic scales (often referred to as the
“small-scale crisis” of CDM): the (i) missing satellites; (ii) too-big-to-fail and (iii) core-cusp problems.
The fourth is the so-called (iv) planes of satellites problem. Indeed, some of alternative dark matter
particle models, such as SIDM, have been proposed specifically to solve some or all these perceived
astrophysical problems.

The missing satellites problem is the discrepancy between the relatively small number of satellites
observed around the Milky Way and M31 and the many orders of magnitude larger number of halo
substructures predicted by CDM N-body simulations [312,313]. The “too-big-to-fail” problem is
the existence in CDM N-body simulations of massive, dense galactic subhaloes (maximum circular
velocities, Vmax > 30 km/s) whose kinematics appear inconsistent with those of the brightest Milky
Way satellites [314]. The core-cusp problem is the discrepancy between the cuspy universal NFW
density profiles predicted for pure CDM/WDM haloes and the inference of central cores in some
galaxies, particularly dwarfs (e.g., [315]). The “planes of satellites” problem is the arrangement of the
bright satellites of the Milky Way, M31 (and a few others) on a thin plane in which the satellites seem
to be coherently rotating and which have been claimed to be incompatible with CDM [316–318].

The first three of the four perceived problems can be solved once the effects of baryons discussed
in Section 4.1 are taken into account. Perhaps paradoxically, the solution to what later became known
as the “missing satellites” problem was understood long before it came to be regarded as a problem for
CDM. The strong suppression of galaxy formation in haloes below a mass of ∼1010M� was originally
calculated using semi-analytic techniques [264,265,267], as were the implications for the abundance
of galactic satellites in the CDM model [269,271,272]. This solution has been repeatedly confirmed
by modern gas dynamic simulations (e.g., [250,266,319,320]). Similarly, the “too-big-to-fail” problem
disappears when baryons are taken into account, in this case through the more subtle effect of the
reduced growth of subhaloes arising from the early loss of baryons mentioned above [250]. The
“core-cusp problem”, if it exists at all, can also be solved by the type of explosive baryonic effects
discussed in Section 4.1, which can transform NFW cusps into cores61. The existence of “planes of
satellites” in the Milky Way and M31 turns out not to be as unlikely as has been claimed (e.g., [317,323]),
once the statistics are calculated rigorously, taking into account the “look elsewhere effect” [324]62.
The origin of these planes is almost certainly the anisotropic nature of the accretion of satellites along

60 Contrary to some claims, XMM data for Draco, and Hitomi data for Perseus, are consistent with a 7 keV neutrino [310,311].
61 Other baryon effects that can transform cusps into cores have been proposed (e.g., [321,322]) but have been less studied.
62 See [325] for an opposed view.
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filaments of the cosmic web [326,327] although the exact mechanism is still unclear as is the expected
frequency of these structures.

While it is now generally agreed among practitioners of the field that CDM is not afflicted by a
“missing satellite” or a “too-big-to-fail” problem, the data on the satellites of the Milky Way can be used
to constrain alternative dark matter models, particularly those with a cutoff in the primordial power
spectrum. In WDM, the cutoff length scale varies roughly inversely with the mass of particle. Thus, if
this mass is too small, then too few small-mass haloes would form and their abundance could be too low
to account for the observed number of satellites of the Milky Way. The expected subhalo abundance
increases roughly in proportion to the mass of the parent halo [328] so, in reality, the observed
abundance of satellites constrains both the particle mass and the host halo mass simultaneously. For
instance, using a semi-analytic model of galaxy formation, the thermal WDM model was found to
conflict with the data if the Milky Way halo mass is smaller than 1.1 × 1012 M� [329]. Using a similar
approach, [330] have ruled out a significant fraction of the parameter space of sterile neutrinos and
conclude that the models that are in best agreement with the observed 3.5 keV line require the Milky
Way halo to have a mass no smaller than 1.5 × 1012 M�, a value that may already be in conflict with
the most recent determinations of the Milky Way halo mass [331]. We should note that since the central
densities of WDM haloes are lower than those of their CDM counterparts, the “too-big-to-fail problem”
is easily avoided in WDM [153,332].

Although the strongest constraints on the SIDM cross-section come from the shapes and dynamics
of massive haloes (particularly of galaxy clusters, see e.g., Table 1 of [18]), the Milky Way satellites are
perhaps the best testbed for SIDM, since it is in these systems that the model shows its greatest promise
as an alternative to CDM. A few years ago it was suggested that the interesting range of cross-sections
for the SIDM model to alleviate the “too-big-to-fail” problem (without taking into account the baryonic
processes just mentioned) is 0.1 � σT/mχ � 10 cm2/g [168]. Since then, several studies have taken a
closer look at the properties of the Milky Way satellites within the context of SIDM and the picture
that is emerging points to promising tests for the near future which will either strengthen SIDM as an
alternative to CDM or narrow the range of allowed cross-sections. For instance, the diversity of dark
matter densities on subkiloparsec scales in the Milky Way satellites is difficult to accommodate for
SIDM cross sections σ/mχ ∼ 1 cm2/g [32]. The inferred high dark matter densities in the ultra-faint
satellites (albeit uncertain due to possible systematic effects) are at first sight difficult to explain
within SIDM, which naturally predicts cores, particularly in low-mass dark matter-dominated haloes.
However, a gravothermal collapse phase in SIDM haloes has recently been proposed [32,249,251,252]
as a mechanism to create a diverse population of dwarf-size haloes, some of which would be cuspy
(those that collapse), and others that would have cores. If cores are indeed shown to be present in
(some) dwarf galaxies, then dark matter self-interactions and the explosive baryon effects in CDM
mentioned above provide alternative explanations that need to be contrasted. A promising way to
achieve this, recently put forward [333], is to search for distinct signatures in the detailed kinematics
of the stellar population as they respond differently to these two core-formation mechanisms, one
impulsive (supernova feedback) and the other adiabatic (SIDM).

Since, as we have seen, the simplicity of the predictions of N-body simulations can be easily
obscured by the complexity of baryon effects, testing dark matter models with astronomical
observations might, at first sight, seem a hopeless task. In fact, this is not the case: most haloes
in CDM (and in many alternative dark matter models) are dark, i.e., unaffected or almost unaffected
by baryons. It is the existence of a vast population of such small-mass haloes (m � 5 × 109 M�)
that is the hallmark of the CDM model that distinguishes it from, for example, the WDM model.
Fortunately, nature has provided us with several tools to detect dark objects in the universe. One
of these takes advantage of a side effect of cosmic reionization which allows haloes in a small mass
window (108 � 5× 109) M� to retain neutral hydrogen in hydrostatic equilibrium with the dark matter
potential and in thermal equilibrium with the ionizing UV background, gas which is, however, too
diffuse to make stars [334]. These objects called RELHICs (REionization-Limited HI Clouds, [335])
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may be detectable in forthcoming blind HI surveys and provide, in principle, a critical test of CDM
and related models in a regime that has not been proved before.

An interesting idea that has been proposed to infer the existence of small dark subhalos orbiting
in the Milky Way halo is the disturbance they cause when they cross a tidal stellar stream [336]. When
a subhalo crosses a stream, it induces velocity changes along and across the stream that can give
rise to a visible gap, particularly in cold streams such as those stripped from globular clusters. The
cross-section for gap creation is dominated by the smallest subhalos so gaps can, in principle, constrain
the identity of the dark matter. The creation of gaps has been investigated with analytical treatments
or idealized numerical studies and it has been suggested that perturbers of mass ∼107 M� could be
detected in the GD-1 and Pal 5 globular cluster stellar streams [337]. A complication of this method
is that perturbations on the streams can be induced not only by dark subhaloes but also by giant
molecular clouds and the bar at the center of the Milky Way [338]. Recent deep imaging around the Pal
5 stellar stream does indeed reveal significant disturbances, in particular two gaps which have been
attributed to the impact of subhalos of mass in the range 106–107 M� and 107–108 M� respectively
(although the smaller gap could also be due to the impact of a giant molecular cloud) [339,340].

However, perhaps the most direct method to search for the ubiquitous small-mass dark haloes
is gravitational lensing. There are two specific instances where strong gravitational lensing could
provide the means to do this. The first are the “flux-ratio anomalies” seen in some multiple-lensed
quasars; the second are small distortions of Einstein rings and large arcs.

In a multiple-lensed image, the magnifications are determined by high order derivatives of the
lensing potential and are therefore particularly sensitive to small changes in the potential such as those
produced by intervening small-mass structures. If the mass distribution of the lens is smooth, the
ratios of the fluxes of close images (formed when the sources are close to a fold or a cusp of the caustic)
follow a certain asymptotic relation [341,342]. These smooth-lens relations are violated if there are
intervening structures or substructures in the lens giving rise to flux-ratio anomalies, which probe the
total amount of mass in structures along the line of sight to the lens [341,343,344]. Flux-ratio anomalies
have been observed in several quadruple-lensed quasars but dark substructures alone are insufficient
to explain the observed anomalies [345], implying that other effects such as inadequate lens modeling
may be at work. With better modeling of the lens (including stellar discs and luminous satellites), it has
been possible to set a lower limit to the mass of a thermal WDM particle (see [346] and Harvey et al. in
preparation), similar to the limits from satellite counts discussed above and to those derived from the
observed inhomogeneity of the gas distribution at high redshift probed by the Lyman-α forest [347].

A more direct strategy for detecting dark structures and substructures is to search for distortions
in strongly lensed images. When the source (a background galaxy), the lens (a massive halo) and the
observer are perfectly aligned, a circular feature near the center of the lens, an Einstein ring, is formed;
if the alignment is not perfect, then giant arcs are formed. If the lens is a halo of mass larger than
∼1013 M�, the radius of the Einstein ring is generally larger than the image of the central galaxy and
can thus be studied in detail. If a halo or subhalo happens to be projected onto the Einstein ring, it
too will gravitationally lens the light from the source producing a small distortion in the image of the
Einstein ring or giant arc [348]. This strategy has already yielded a halo of ∼108 M� [349] 63 and could
detect haloes as small as ∼107 M� [353,354].

Detecting the small signal generated by individual projected haloes or subhaloes requires accurate
modeling of the source and the lens (the “macro” model; (e.g., [348,355])) and sophisticated statistical
techniques to analyze the image residuals. Dark haloes imprint other observable features onto strong
arcs. For example, distortions to the lensing potential caused by the cumulative contribution of many

63 This halo mass was estimated assuming a truncated pseudo-Jaffe profile (see e.g., Equation (42) in [350]). The inferred mass
is likely to be larger if an NFW profile is assumed instead. For instance, a similar dark matter substructure detected with
lensing was reported by [351] with a mass of ∼3.5 × 109 M� assuming a truncated pseudo-Jaffe profile, while assuming an
NFW profile this substructure is estimated to have a mass of ∼1010 M� [352].
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hundreds of projected structures produce unique correlated residuals in the lensed image, the nature
of which is dependent on the abundance and mass distribution of the halo population and, therefore,
on the nature of the dark matter [356,357]. The mass function of dark haloes may also be detectable
through the N-point functions of the projected density field or the substructure convergence power
spectrum [357].

A very attractive feature of strong lensing as a means to detect small-mass objects is that, for lens
configurations of interest, the dominant source of strong arc distortions are field haloes along the line
of sight, rather than subhaloes resident in the lens [358,359]64. This makes this test uniquely powerful
because, as we have seen, the haloes of interest, of mass less than ∼108 M�, are completely dark: they
have never been modified in any way by baryons. Thus, the test depends mostly on the abundance of
pristine “field” dark matter haloes which we know very well how to calculate rigorously and precisely
with N-body simulations for cosmological models of interest.

Approximately a few hundred high quality strong lens systems would suffice to rule out
either the 7 keV sterile neutrino model or CDM itself [360]. Very high-resolution imaging is the
primary requirement, either in the optical or UV, or using interferometry at submillimeter and longer
wavelengths [354]. At least several tens of systems with high quality data are already available and
future imaging facilities such as LSST and Euclid will increase the number of suitable strong lenses by
orders of magnitude. By bypassing the complications introduced by baryons, which have spoiled all
previous efforts to test the CDM model unambiguously and distinguish it from alternative models, be
they on small or large scales, gravitational lensing offers a unique opportunity for a breakthrough in
this quest from astrophysics evidence alone.
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Abstract: The presence of dark matter substructure will boost the signatures of dark matter
annihilation. We review recent progress on estimates of this subhalo boost factor—a ratio of the
luminosity from annihilation in the subhalos to that originating the smooth component—based on
both numerical N-body simulations and semi-analytic modelings. Since subhalos of all the scales,
ranging from the Earth mass (as expected, e.g., the supersymmetric neutralino, a prime candidate
for cold dark matter) to galaxies or larger, give substantial contribution to the annihilation rate, it is
essential to understand subhalo properties over a large dynamic range of more than twenty orders
of magnitude in masses. Even though numerical simulations give the most accurate assessment in
resolved regimes, extrapolating the subhalo properties down in sub-grid scales comes with great
uncertainties—a straightforward extrapolation yields a very large amount of the subhalo boost factor
of �100 for galaxy-size halos. Physically motivated theoretical models based on analytic prescriptions
such as the extended Press-Schechter formalism and tidal stripping modeling, which are well tested
against the simulation results, predict a more modest boost of order unity for the galaxy-size halos.
Giving an accurate assessment of the boost factor is essential for indirect dark matter searches and
thus, having models calibrated at large ranges of host masses and redshifts, is strongly urged upon.

Keywords: halo substructure; dark matter annihilation; indirect dark matter searches; subhalo boost

1. Introduction

One of the most popular candidates for dark matter is weakly interacting massive particles
(WIMPs) [1,2]. They are motivated by beyond-the-standard-model physics such as supersymmetry [3]
or universal extra-dimensions [4], although the non-discovery of new physics at the TeV scale with the
Large Hadron Collider puts these models to serious test [5]. In addition, WIMPs can naturally explain
the relic dark matter density with thermal freezeout mechanisms, where the WIMPs following the
weak-scale physics were in chemical equilibrium until freezeout—when the expansion of the Universe
became faster than the annihilation rate [6]. Since dark matter is often the lightest particle in an
extended sector, it can self-annihilate only into the standard-model particles, which end up producing
gamma rays, charged cosmic rays, and neutrinos. Indirect detection of dark matter annihilation is
therefore a direct test of the thermal freezeout of WIMPs.

WIMPs are also a subcategory of cold dark matter (CDM), where they were nonrelativistic
when structure formation started. In the CDM framework, it is known that the structures form
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hierarchically, from smaller to larger ones. These virialized structures are referred to as halos and they
are nearly spherically symmetric. Typical size of the smallest structure is highly model dependent.
In the case of the supersymmetric neutralino that is one of the most popular WIMP candidates,
the smallest halos tend to be of the Earth mass, 10−6M� but with very large range of possible values
of ∼10−12–10−3M� [7–14]. Smaller halos collapse at higher redshifts when the Universe was denser,
and hence they are of higher density. A larger dark matter halo today contains lots of substructures (or
subhalos) of all mass scales, which can go down to the Earth masses or even smaller and hence denser.

Since the annihilation rate depends on the dark matter density squared (and 〈ρ2〉 ≥ 〈ρ〉2),
the presence of the subhalos will boost the gamma-ray signatures from dark matter annihilation. This
subhalo boost of dark matter annihilation, in relation with the smallest-scale subhalos, has been a topic
of interest for very many years [15–50]. The main difficulty is the fact that subhalos of all the scales
ranging from the Earth mass (or even smaller) to larger masses (a significant fraction of their host’s
mass) give a substantial contribution to the annihilation rate. Covering this very large dynamic range
is challenging even with the state-of-the-art numerical simulations. In simulations of Milky-Way-size
halos (1012M�) [37,51,52], one can resolve only down to 104–105M�, and there still remains more than
ten orders of magnitude to reach.

We will review recent progress on the subhalo contribution to dark matter annihilation. (See also
Reference [53] for a review on generic processes that subhalos undergo.) We first discuss approaches
using the numerical N-body simulations and estimate of the annihilation boost factor by adoping
the results and extrapolation down to very-small-mass ranges. To complement the approach based
on simulations, we then review an analytical approach. In the CDM framework, fraction of halos
that collapse is described with the Press-Schechter formalism [54] based on spherical or ellipsoidal
collapse models. This has been further extended to accommodate collapsed regions within larger halos
(excursion set or extended Press-Schechter formalism [55]), which can be applied to address statistics
of halo substructure. More recent literature suggests that the annihilation boost factor, defined as the
luminosity due to subhalos divided by the host luminosity, is modest, ranging from order of unity to a
few tens for galaxy-size halos [35,46–50]. This relatively mild amount of the annihilation boost makes
the prospect of indirect dark matter searches less promising compared with earlier more optimistic
predictions [36,40,41,56]. We note that our focus is mainly on subhalo boost factors in extragalactic
halos. For the subhalo boosts in the Galactic halo, on the other hand, we need to assess the spatial
distribution of the subhalos too. The N-body simulations described in Section 3 can address this issue
but again are subject to resolution issues as well as the baryonic effect. See, for example, Reference [47]
for an alternative approach adopting analytical prescription.

This review is organized as follows. In Section 2, we introduce basic concepts of density profiles,
mass functions, and the annihilation boost factors of the subhalos, starting with simple formulations.
Here we make some simplifying assumptions, which are to be addressed in later sections. In Section 3,
we summarize the progress from the numerical simulations for the subhalos and the annihilation
boost factors. Section 4 presents more recent approaches based on realistic formulation than Section 2.
In Section 4.1, we first show new analytic models that predict the subhalo mass functions well in
agreement with the results from the numerical simulations for various ranges of the host masses and
redshifts, and that the annihilation boost factors are on the order of unity even for cluster-size halos.
Then, we summarize other semi-analytic approaches for computing the annihilation boost factors,
based on self-similarity (Section 4.2) and universal phase-space clustering (Section 4.3) of the subhalos.
We conclude the review in Section 5. Finally, for convenience, we summarize fitting functions for
the subhalo mass functions, and annihilation boost factors that can be applicable to nearly arbitrary
masses and redshifts in Appendix A.

2. Formulation

In this section, we introduce several important quantities such as density profiles, subhalo mass
function, and the annihilation boost factors. This section is based on a simplified analytic model, which
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in several aspects are unrealistic but sets the basis for the latter discussions according to numerical
simulations (Section 3) and more sophisticated semi-analytical models (Section 4).

2.1. Subhalo Boost Factor

The rate of dark matter annihilation is proportional to dark matter density squared, ρ2
χ, where χ

represents the dark matter particle. In the presence of substructure, ρχ is divided into two terms:

ρχ(x) = ρχ,sm(x) + ρχ,sh(x), (1)

where ρsm and ρsh represent smooth and subhalo components, respectively. (In the following, we omit
the subscript χ.) The volume average of the density squared in a host halo characterized by its
virial mass M and redshift z, which is the relevant quantity for the indirect dark matter researches,
is therefore written as

〈ρ2(x)〉M,z = 〈ρ2
sm(x)〉M,z + 〈ρ2

sh(x)〉M,z + 2〈ρsm(x)ρsh(x)〉M,z. (2)

We assume that the smooth component ρsm is characterized by the following Navarro-Frenk-White
(NFW) profile [57,58]:

ρNFW(r) =
ρs

(r/rs)(1 + r/rs)2 , (3)

where ρs is a characteristic density and rs is a scale radius. These parameters, ρs and rs, are evaluated
such that the volume integral of ρNFW yields the total halo mass M, and thus we have ρsm(r) =

(1− fsh)ρNFW(r), where fsh is defined as the mass fraction in the subhalos. The first term is then simply

〈ρ2
sm(x)〉M,z =

1
V

∫
d3xρ2

sm(r) =
4π(1 − fsh)

2

3V
ρ2

s r3
s

[
1 − 1

(1 + cvir)3

]
, (4)

where V = 4πr3
vir/3 is the volume of the host out to its virial radius rvir, cvir ≡ rvir/rs is the

concentration parameter. The parameters characterizing the host profile—ρs, rs, and cvir—are all
functions of M and z.1

Next, we evaluate the second term of Equation (2), 〈ρ2
sh(x)〉. We characterize each subhalo i with

the location of its center xi and mass mi. Density due to all the subhalos at a coordinate x is written as
a sum of the density profile around the seed of each subhalo, that is,

ρsh(x) =
∫

dm′
∫

d3x′ ∑
i

δD(m′ − mi)δ
3
D(x′ − xi)m′ush(x − x′|m′), (5)

where δN
D is the N-dimensional Dirac delta function, and ush(r|m) defines the density profile of the

subhalo with mass m and is normalized to one after the volume integral.2 We define the ensemble
average of the product of these delta functions as

dnsh(x, m)

dm
=

〈
∑

i
δD(m − mi)δ

3
D(x − xi)

〉
, (6)

1 We note, however, that the concentration cvir has a scatter, which is often characterized by a log-normal distribution, whose
mean c̄vir is the function of M and z. We will include this in the latter sections.

2 For the sake of simplicity for analytic expressions, we assume that the suhbalo mass is the only parameter characterizing its
density profile. One can introduce many more parameters to make the model more realistic.
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its volume integral over the host halo as

dNsh
dm

=
∫

d3x
dnsh(x, m)

dm
, (7)

and call both dnsh/dm and dNsh/dm the subhalo mass function. We also obtain the mass fraction in
the subhalos as

fsh(M, z) =
1
M

∫
dmm

dNsh
dm

. (8)

By multiplying Equation (5) by itself and taking both the ensemble and the volume averages,
we have

〈ρ2
sh(x)〉M,z ≡ 1

V

∫
d3x〈ρ2

sh(x)〉

=
1
V

∫
d3x

∫
dm′

∫
d3x′

∫
dm′′

∫
d3x′′m′ush(x − x′|m′)m′′ush(x − x′′|m′′)

×
〈

∑
i

δD(m′ − mi)δ
3
D(x′ − xi)∑

j
δD(m′′ − mj)δ

3
D(x′′ − xj)

〉

=
1
V

∫
d3x

∫
dm′

∫
d3x′ dnsh(x′, m′)

dm′ m′2u2
sh(x − x′|m′)

=
4π

3V

∫
dm

dNsh
dm

ρ2
s,shr3

s,sh

[
1 − 1

(1 + ct,sh)3

]
, (9)

where at the last equality we adopted the NFW function for the subhalo density profile mush(r|m) with
the scale radius rs,sh, characteristic density ρs,sh, and tidal truncation radius rt,sh ≡ ct,shrs,sh beyond
which the subhalo density abruptly decreases to zero. At the third equality of Equation (9), we ignored
the term arising from j �= i as we evaluate the quantity at one point x and assume that subhalos do not
overlap. We note, however, that such a term becomes relevant for obtaining the two-point correlation
function, or the power spectrum; see References [27,38] for more details.

We define the subhalo boost factor as the ratio of the total luminosity from dark matter
annihilation in the subhalos and that from the smooth component in the case that there is no substructure.
By comparing Equations (4) and (9), and remembering that the luminosity is proportional to the
volume integral of the density squared, the boost factor is simply written as

Bsh(M, z) =
1

Lhost,0(M, z)

∫
dm

dNsh(m|M, z)
dm

Lsh(m), (10)

where the subscript 0 shows that this is a quantity in the case of no subhalo contributions. Equation (10)
is also valid for any other spherically symmetric density profiles than the NFW.

Finally, we evaluate the last cross-correlation term in Equation (2). See also References [47,59–62].
Following a similar procedure as in Equation (9), we have

2〈ρsm(x)ρsh(x)〉M,z =
2
V

∫
d3x〈ρsm(x)ρsh(x)〉

=
2
V

∫
d3xρsm(x)

∫
dm′

∫
d3x′m′ush(x − x′|m′)dnsh(x′, m′)

dm′

≈ 2
V

∫
d3xρsm(x)

∫
dmm

dnsh(x, m)

dm
, (11)

where in the last equality, we first used the fact that the subhalo density profile is much more sharply
peaked than their spatial distribution, and take dnsh/dm out of x′ integration adopting x′ ≈ x as its
spatial variable. Second, we performed volume integral for u(x − x′|m) over x′ variable, which simply
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returns one, to reach the last expression of Equation (11). Then we assume that the spatial distribution
of the subhalos is independent of their masses:

dnsh(x, m)

dm
= Psh(x)

dNsh(m)

dm
, (12)

where Pmsh(x)d3x represents the probability of finding a subhalo in a volume element d3x around x.
With this and Equation (8), we have

2〈ρsm(x)ρsh(x)〉M,z =
2 fshM

V

∫
d3xρsm(x)Psh(x). (13)

For simplicity, we assume that the subhalos are distributed following the smooth NFW component.
In this case, we have ρsm(x) = (1 − fsh)MPsh(x), and

2〈ρsm(x)ρsh(x)〉M,z =
2 fsh

1 − fsh
〈ρ2

sm(x)〉 = 8π fsh(1 − fsh)

3V
ρ2

s r3
s

[
1 − 1

(1 + cvir)3

]
. (14)

The luminosity from the smooth component in the presence of the subhalos (Lsm) is related to the
host luminosity in the subhalos’ absence via Lsm = (1 − fsh)

2Lhost,0, because the density in the smooth
component gets depleted by a factor of 1 − fsh, if there are subhalos. Thus, the total luminosity from
both the smooth component and the subhalos are given by

Ltotal = Lsm + Lsh + Lcross

=
[
(1 − fsh)

2 + Bsh + 2 fsh(1 − fsh)
]

Lhost,0

=
(

1 − f 2
sh + Bsh

)
Lhost,0 (15)

Often, Ltotal/Lhost,0 is also referred to as the subhalo boost factor in the literature. Note, however,
that we have not included the effect of sub-subhalos (and beyond) yet in this formalism. In order
to accommodate it, in the right-hand side of Equation (10), we need to include the sub-subhalo
boost to the subhalo luminosity Lsh. Thus, we replace Lsh with (1 − f 2

ssh + Bssh)Lsh, where the
subscript “ssh” represents the contribution from the sub-subhalos. If the subhalo mass fraction fsh
and the boost factor Bsh depend only on the host mass, then one can assume fssh(m) = fsh(m) and
Bssh(m) = Bsh(m), and repeat the calculations in an iterative manner. See, however, Section 4.1 for a
more realistic treatment.

2.2. Characterization of Dark Matter Halos

We shall discuss the density profile of dark matter halos that are characterized by the virial radius
rvir, the scale radius rs, and the characteristic density ρs. The halo is virialized when a mean density
within a region reaches some critical value times the critical density of the Universe at that time:
Δvir(z)ρc(z), where ρc(z) = ρc,0[Ωm(1 + z)3 + ΩΛ], ρc,0 = 3H2

0 /(8πG) is the present critical density,
H0 = 100h km s−1 Mpc−1 is the Hubble constant, Ωm and ΩΛ are the density parameters for matter
and the cosmological constant, respectively. In CDM cosmology with the cosmological constant, this
critical value is given as [63]

Δvir(z) = 18π2 + 82d(z)− 39d2(z), (16)

where d(z) = Ωm(1 + z)3/[Ωm(1 + z)3 + ΩΛ]− 1. Given the virial mass M and the redshift z of the
halo of interest, rvir is therefore obtained by solving

M =
4π

3
Δvir(z)ρc(z)r3

vir. (17)
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Alternatively, one can define M200 and r200 via

M200 =
4π

3
200ρc(z)r3

200. (18)

M200 is often adopted to define halo masses in N-body simulations.
The concentration parameter cvir ≡ rvir/rs (or c200 ≡ r200/rs) has been studied with numerical

simulations and found to be a function of M and z. It follows a log-normal distribution with the mean
of c̄vir(M, z) (e.g., Reference [64]) and the standard deviation of σlog c ≈ 0.13 [65]. The mean c̄vir has
been calibrated at both large (galaxies, clusters) and very small (of Earth-mass size) halos, and found
to decreases as a function of M and z. Once cvir is drawn from the distribution, it is used to obtain
rs = rvir/cvir. Finally, ρs is obtained through the condition of having mass M within rvir:

M =
∫ rvir

0
dr4πr2ρ(r) = 4πρsr3

s f (cvir), (19)

f (x) = ln(1 + x)− x
1 + x

, (20)

where the second equality of Equation (19) holds in the case of the NFW profile.
In the case of the subhalos, the procedures above cannot be adopted. This is because they are

subject to tidal effects from the host, which strip masses away from the subhalos. However, the regions
well inside the scale radius rs—because of strong self-gravity—is resilient against the tidal force and
hence the annihilation rate hardly changes. These tidal processes, therefore, make the subhalos more
concentrated and hence effectively brighter compared with the field halos of the same mass. In many
analytical studies in the literature [29,32,44,66], however, the effect of tidal stripping was ignored and
the concentration-mass relation of the field halos was adopted, which resulted in underestimate of the
annihilation boost factor. This has been pointed out by Reference Bartels and Ando [46] and will be
discussed in Section 4 (see also References [48,49]).

3. Estimates of Annihilation Boost with Numerical Simulations

In order to assess the annihilation boosts, one has to have reasonably good ideas on the density
profiles ρ(r), the concentration-mass relation,3 and the subhalo mass function. Cosmological N-body
simulations have been a powerful tool for probing all of them because once a halo collapses from
initial density fluctuations, it evolves under a strongly nonlinear environment. They have indeed
demonstrated that there are a large amount of surviving subhalos (see Figure 1) in halos and halos
have cuspy density profiles.

3 The concentration-mass relation is defined as the average concentration parameter as a function of halo mass.
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Figure 1. Dark matter distribution of a Milky-Way-size halo taken from a high-resolution cosmological
N-body simulation [67].

3.1. Subhalo Abundance

Cosmological N-body simulations predict that there are many surviving subhalos in host halos as
a consequence of hierarchical structure formation. Klypin et al. [68] and Moore et al. [69] performed
high-resolution cosmological N-body simulations for the formation and evolution of galaxy-scale
halos. They demonstrated that too many subhalos existed in simulated halos in comparison with the
number of observed dwarf galaxies in the Local Group. This discrepancy is known as the “missing
satellite problem” that has been investigated by a number of follow-up simulation studies (e.g.,
References [70–72]). Even though it triggered many studies attempting to reduce small-scale structures
by imposing other non-CDM candidates such as warm dark matter [73] and self-interacting dark
matter [74], it is also possible to solve it with standard baryonic physics including early reionization [75]
and self-regulation of star formation in low-mass halos [76–79]. Hence, it is no longer regarded as a
serious problem of the CDM model.

These studies suggest a large number of “dark satellites” exist in halos, which do not contain
optically visible components such as gases and stars. The population of dark satellites is more
abundant in host halos than visible satellite galaxies and could enhance annihilation boosts significantly.
To estimate subhalo boosts to annihilation signals accurately, understanding abundance of subhalos as
well as their density structure is crucial.

A number of studies have calculated the subhalo mass function in halos using cosmological
N-body simulations (e.g., References [29,37,51,80]), indicating that it obeys a power law

dNsh
dm

∝ m−α, (21)

where the slope −α ranges from −2 to −1.8, although no consensus has yet emerged. There is also a
large halo-to-halo scatter for the subhalo abundances [80,81]. The subhalo abundance at a fixed mass
halo depends on their accretion history. Namely, it increases with the mass of halo and decreases with
the halo concentration (e.g., References [65,80–87]).

Due to the limitation of currently available computational resources, simulations cannot resolve
the full hierarchy of subhalos from the smallest to the most massive scales, which ranges more than
twenty orders of magnitude in the mass. Even in the highest resolution simulations for galaxy-scale
halos, the smallest resolved subhalo mass is around ∼105M� [37,51], which is still more than ten
orders of magnitude more massive than that of the cutoff scale. To study subhalo boosts to annihilation
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signals, a single-power-law subhalo mass function, Equation (21), is traditionally extrapolated beyond
the resolution.

Another approach is to use some analytical models (e.g., References [46,50,85,88–90]), which can
shed light on the resolution issue. Hiroshima et al. [50] developed a model of the subhalo evolution
calibrated with cosmological N-body simulations and found that the power-law index of the subhalo
mass function is in a rather narrow range between −2 and −1.8 with a vast range of subhalo mass from
z = 0 to 5. This picture is more or less consistent with the assumption of the subhalo mass function of
the single power law. More details on the analytic approach are discussed in the following section.

Note that the annihilation boost factors strongly depend on the underlying subhalo mass
function [44,45,48]. Assuming that ∼10% of the halo mass is within subhalos, the difference of
the boost factors in the Milky-Way-size halo could be as large as a factor of ten between the slope of
−α = −2 and −1.9 [44]. More extensive simulations are needed to obtain the subhalo mass function in
wide mass ranges and also to compare with analytic models [50].

3.2. Density Profile of Dark Matter Halos

By the end of the 1980’s, it was already known in both analytic [91] and numerical [92] studies
that the density profiles were described by power-law functions. Reference Dubinski and Carlberg [93]
studied the density profiles of dark matter halos using cosmological N-body simulations and argued
that the profiles were well described by a Hernquist model [94].

Navarro et al. [57,58] simulated the structures of CDM halos systematically with masses in the
range of galaxy to rich cluster size. They claimed that the radial density profile ρ(r) could be described
by a simple universal profile, Equation (3), the so-called NFW profile. They also claimed that the shape
of the profile was universal, independent of cosmological parameters, the primordial power spectrum,
and the halo mass. Today, the NFW profile has been extensively used to model halos analytically for
various purposes.

After the work of NFW, A number of subsequent studies (e.g., References [95,96]) performed
simulations with better mass resolutions. Whereas previous studies [57,58] used only ∼10,000 particles,
they used ∼1,000,000 particles for a halo, and found that the slope was steeper than −1. In the
original results of the NFW, the numerical two-body relaxation effects due to the small number
of particles affected the structures of central regions and led to form a shallower cusp. Higher
resolution simulations could resolve more inner structures of halos [97–104]. In most cases, the slope
of density became shallower as the radius went inward. A different approach was adopted by Jing
and Suto [105], who used the triaxial model for describing the central structures. Moore et al. [96] and
Diemand et al. [106] considered a more general profile,

ρ(r) =
ρs

(r/rs)γ
[
1 + (r/rs)

η](β−γ)/η
. (22)

If β = 3, γ = 1, and η = 1, the profile is the same as NFW.
More recent studies [37,51,52] archived one of the highest resolution dark matter only simulations

for galaxy-size halos with mass resolution better than 104M�. Their results are in agreement in that
the density slope cannot be described by a single power law and the slope is around −1 at the radius
∼0.001r200. Besides, Springel et al. [37] and Stadel et al. [52] fitted the density using the Einasto
profile [107]

ρ(r) = ρs exp
{
− 2

αE

[(
r
rs

)αE

− 1
]}

, (23)

where αE is a free parameter. Note that rs and ρs are not the same parameters as those in Equation (3).
Although we can obtain the density profile down to the radius ∼0.001r200, the result does not

converge to a single power law. In addition, the physical origin of this flattening towards the center is

62



Galaxies 2019, 7, 68

not understood at all. However, the importance of understanding the central structures is increasing.
In particular, if we would like to detect signals from dark matter annihilation, the central structure of
the dark matter halo is essential.

The most important parameter to describe the halo profile is the concentration parameter.
Assuming the universal NFW profile regardless of the halo mass, the concentration-mass relation gives
the annihilation rate as a function of the halo mass. Combined with assumed subhalo mass functions,
they enable to estimate the annihilation boost factor. The concentration-mass relation of halos has
been widely investigated and a number of fitting functions has been suggested [44,45,64,65,108–117].
The concentration shows a weak dependence on the halo mass. The average concentration at fixed halo
mass becomes smaller with increasing halo mass because the central density is tightly correlated with
the cosmic density at the halo formation epoch, reflecting the hierarchical structure formation [108,118].

Traditionally, the concentration-mass relation has been calibrated with cosmological N-body
simulations for relatively massive halos (1010M� � M200 � 1015M�). Because the mass dependence
of the concentration is weak for these mass halos, it is found that a single power-law function,
c ∝ M−αc

200 , with slope αc in the range of 0.08 to 0.13, gives reasonable fits [108,110–112,114].
However, the dependence gradually becomes weaker toward less massive halos, and a clear flattening
emerges [44,45,64,65,117,119,120], ruling out single power-law concentration-mass relation for the full
hierarchy of subhalos.

These fitting functions are valid for the NFW density profile. More generally, the concentration
can be defined independently of the density profile and the subhalo mass as (e.g., [37,48,121])

cV =
ρ̄(< rmax)

ρc
= 2

(
Vmax

H0rmax

)2
, (24)

where rmax is the radius at which the circular velocity reaches its maximum value Vmax. This definition
is also used to estimate the annihilation boost factor (e.g., [48]).

Even with the highest resolution simulations for galaxy-scale halos, the smallest resolved subhalo
mass is around ∼105M� [37,51]. To estimate the annihilation boost from the full hierarchy of subhalos,
we have to make some assumption of the concentration at unresolved scales, which has a significant
impact on the result. One approach is extrapolating single power-law fittings to the smallest scale
beyond the mass range calibrated with simulations, although the literature including the above
cautions the risk of such extrapolations. With such extrapolations, the concentration of the smallest
halo can reach more than 100, substantially enhancing the annihilation boost. A number of studies
have computed the concentration in such a manner and the resulting boost factor is a few hundreds
for Milky-Way halos [36], and ∼1000 for cluster-scale halos [40,41,56].

Another approach is adopting analytic models or fitting functions that can reproduce flattening
of the concentration-mass relation (e.g., [44,64,115,116]). In contrast to using the power-law
extrapolation, the resulting boost factor is rather modest, three to a few tens [44,45,47] for Milky-Way
halo, and less than ∼100 for cluster-scale halos [44,45,56].

The density profile at fixed halo mass shows a significant halo-to-halo scatter [122], possibly
making a big impact on the annihilation signal. Inferring from the cosmological Millennium
simulation [123], the effect of this non-universality on the annihilation flux is a factor of ∼3 [122],
which indicates that the uncertainty of the concentration-mass relation for low-mass halos has a more
significant effect.

These discussions are based on the universal density profile and the concentration-mass relation
for field halos. There is a concern that whether or not we can apply the universal NFW profile for the
full hierarchy of halos and subhalos beyond the range that cosmological simulations have been able to
tackle. We discuss this issue in Section 3.4. More importantly, we have to use the concentration-mass
relation for subhalos, not field halos. We also discuss this issue in the following section.
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3.3. Density Profile of Dark Matter Subhalos

Density structures of subhalos are more challenging to be investigated than field halos because it
requires much higher resolutions. Therefore, to evaluate the subhalo contribution to the annihilation
signals, the universal NFW profile and the concentration-mass relation for field halos have been
historically assumed to be the same for subhalos as a first approximation, although the underlying
assumption is not well studied. Complex physical mechanisms relevant to subhalos could change their
original density profiles, such as the tidal effect from host halos, the encounter with other subhalos,
and denser environment than the field.

Cosmological simulations have been suggesting that the density profile of subhalos is cuspy in
analogy with field halos. On the other hand, the average concentration of subhalos tend to be higher
than those of field halos (e.g., [37,48,97,108,121]). For example, Bullock et al. [108] showed that subhalos
and halos tend to be more concentrated in dense environments than in the field, and the scatter of
concentrations is larger. This result was taken into account to estimate the gamma-ray flux from dark
matter annihilation (e.g., [124]). Diemand et al. [121] showed that outer regions of subhalos tend to be
tidally stripped by host halos, which gives higher concentrations. These results suggest that both earlier
formation of halos/subhalos in dense environments and tidal effect are responsible for the increased
concentration. Pieri et al. [125] derived the concentration-mass relation of subhalos in Milky-Way-size
halos by analyzing high resolution cosmological simulations [37,51] and showed that it depends on
the location of subhalos relative to host halos. Subhalos have considerably large concentrations near
the center than at the edge of host halos. Moliné et al. [48] quantified the concentration of subhalos
in Milky-Way-size halos as a function of not only subhalo mass but distance from host halo center,
and found a factor 2–3 enhancement of the boost factor compared to the estimation that relied on the
concentration-mass relation of field halos (see also Figure 2).
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Figure 2. The mass-concentraion relation of halos and subhalos at z = 0, derived from high-resolution
cosmological N-body simulations, Phi-0 [67], Phi-1, ν2GC-H2, and ν2GC-S [50,126,127] (green, orange,
purple, and red, respectively). Dashed and dotted curves are fitting formulae proposed by [48,64],
respectively. The dependence of the distance to host halo center gives three different dashed curves.

As shown in the literature in the above, higher concentrations of subhalos than field halos could
have a big impact on the annihilation boost. However, van den Bosch and Ogiya [128] argued that
subhalos even in state-of-the-art cosmological simulations suffer from excessive mass loss and artificial
tidal disruption due to inadequately large force softening (see also [129,130]). If that is the case, it might
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be possible that subhalos have larger concentrations than those ever considered. These issues should
be addressed by extremely high resolution cosmological N-body simulations and analytic models
(e.g., [50]).

3.4. Density Profile of Dark Matter Halos Near Cutoff Scales

In the CDM framework, smaller halos collapse first, and then they merge into more massive halos.
Since the smallest halos contain no subhalos, their central structures might entirely differ from that
observed in more massive halos. If the dark matter particle is the lightest supersymmetric particle
such as the neutralino, the smallest halo mass is predicted to be around the Earth mass [11,12,14].
Such halos are sometimes referred to as “microhalos.”

The density profiles of the microhalos have been investigated using cosmological N-body
simulations [45,66,131–133]. Diemand et al. [131] simulated the formation of Earth-mass microhalos
by means of cosmological N-body simulation. They claimed that a single power law could describe
the density profiles of microhalos, ρ(r) ∝ r−γ, with a slope γ in the range of 1.5 to 2. As a consequence
of such steep slope, most microhalos could not be completely destructed by the Galactic tide and
encounters with stars, even in the Galactic center.

Ishiyama et al. [132] have performed N-body simulations with much higher resolution and
showed that the density profile of microhalos had steeper cusps than the NFW profile. The central
density scales as ρ(r) ∝ r−1.5, which is supported by follow-up cosmological simulations [45,66,133]
and cold-collapse simulations [134]. Ishiyama [45] has also shown that the cusp slope gradually
becomes shallower with increasing halo mass. Major merger of halos is responsible for the flattening,
indicating that the process of violent relaxation plays a key role (see also [133,135]). Similar density
structures are observed in recent simulations of ultracompact minihalos [136–138] and warm dark
matter [139]. The self-similar gravitational collapse models (e.g., [91,140–143]) can also give hints to
understand the main physical origin of such steeper cusps, because the smallest halos do not contain
smaller density fluctuations by definition and collapse from initially overdense patches.

Such microhalos with steep cusps can cause a significant effect on indirect dark matter searches.
Ishiyama et al. [132] argued that the central parts of microhalos could survive against the encounters
with stars except in the very Galactic center. The nearest microhalos could be observable via
gamma rays from dark matter annihilation, with usually large proper motions of ∼0.2 deg yr−1,
which are, however, stringently constrained with the diffuse gamma-ray backgrond [33]. Gravitational
perturbations to the millisecond pulsars might be detectable with future observations by pulsar timing
arrays [132,144–146]. Anderhalden and Diemand [66] have assumed a transition from the NFW to
steeper cusps at scales corresponding to ∼100 times more massive than the cutoff and have found
that such profiles can enhance moderately the annihilation boost of a Milky-Way-size halo by 5–12%.
They also have found that concentrations of microhalos are consistent with a toy model proposed by
Bullock et al. [108].

Ishiyama [45] showed that the steeper inner cusps of halos in the smallest scale and near the cutoff
scale could increase the annihilation rate of a Milky-Way-size halo by 12–67%, compared with estimates
adopting the universal NFW profile and an empirical concentration-mass relation [44] (see Figure 3).
The value, however, depends strongly on the adopted subhalo mass function and concentration
model. They have found that concentrations near the free-streaming scale show little dependence
on the halo mass and corresponding conventional NFW concentrations are 60–70, consistent with
the picture that the mass dependence is gradually becoming weaker toward less massive halos
(e.g., [44,45,64,65,117,119]), ruling out a single power-law concentration-mass relation.

As shown in the literature above, steep density cusps of halos near the free-streaming scale have
an impact on the annihilation boost. However, these studies rely on the density structure seen in field
halos, not subhalos. It is also important to quantify the structures of subhalos near the free-streaming
scale by larger simulations. Another concern is that the cutoff in the matter power spectrum should
suppress the number of subhalos near the free-streaming scale, which should weaken the annihilation
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signal. However, the shape of the mass function near the free-streaming scale is not understood well
for the neutralino dark matter. The structure of subhalos and the subhalo mass function near the
free-streaming scale should be explored by larger volume cosmological N-body simulations.
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Figure 3. Boost factor as a function of halo virial mass. The data used in six thick curves are taken
from Ishiyama [45]. Two subhalo mass functions, dn/dm = A/Mvir(m/Mvir)

−ξ , are used (A = 0.012,
ξ = 2.0, and A = 0.030, ξ = 1.9 [44,48]). Thick dotted curves are for the NFW profile, where the
empirical concentration-mass relation of field halos [44] are assumed for the full hierarchy of subhalos.
Including the effect of steeper cusp of halos near the free streaming scale gives thick dashed curves.
Besides, thick solid curves are results of incorporating the concentration of these halos derived from
cosmological simulations [45]. For comparison, boost factors obtained in other studies are shown with
thin dashed curves [48] (two subhalo mass functions are used), thin solid curves [41], and crosses [36,51].

4. Semi-Analytic Approaches

4.1. Models Based on Structure Formation and Tidal Evolution

In an analytical approach in Section 2, the subhalo luminosity Lsh is characterized with the mass
of the subhalo and the redshift of interest; see, for example, Equation (10). The mass and redshift,
however, are not the only quantities that fully characterize the subhalo properties. Indeed, they depend
on the accretion history and mass loss after they fall onto their host halo, that is, two subhalos that have
the identical mass could have formed with different masses and accreted at different redshifts, evolved
down to z = 0 reaching the same mass. Bartels and Ando [46] and Hiroshima et al. [50] developed an
analytical prescription to take these effects into account, which we follow in this section.

A subhalo is characterized with its mass and redshift when it accreted onto its host, (ma, za). The
concentration parameter ca is drawn from the log-normal distribution with mean c̄a(ma, za) [64] and
σlog c = 0.13 [65]. Since the subhalo was a field halo when it just accreted, one can use the relations in
Section 2.2 to obtain rs,a and ρs,a for the NFW profile.

After the accretion, the subhalos evolve by losing their mass through tidal forces. The mass-loss
rate is typically characterized by a dynamical timascale at the redshift z,

τdyn(z) = 1.628h−1 Gyr
[

Δvir(z)
178

]1/2 [H(z)
H0

]−1

, (25)
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as follows [90]:

ṁ(z) = −A
m(z)

τdyn(z)

[
m(z)
M(z)

]ζ

, (26)

where H(z) = H0[Ωm(1 + z)3 + ΩΛ]
1/2, m(z) and M(z) are the subhalo and host-halo masses at z,

respectively. Following Jiang and van den Bosch [90], Hiroshima et al. [50] adopted simple Monte Carlo
simulations to estimate ṁ based on the assumption that the subhalo loses all the masses beyond its
tidal radius in one complete orbit at its peri-center passage. While Jiang and van den Bosch [90] found
A = 0.81 and ζ = 0.04, Hiroshima et al. [50] extended the mass and redshift ranges of applicability
and found that these parameters are weakly dependent on both M and z:

log A =

{
−0.0003 log

[
M(z)
M�

]
+ 0.02

}
z + 0.011 log

[
M(z)
M�

]
− 0.354, (27)

ζ =

{
0.00012 log

[
M(z)
M�

]
+ 0.0033

}
z + 0.0011 log

[
M(z)
M�

]
+ 0.026. (28)

One can solve Equation (26) to obtain the subhalo mass at a redshift of interest z, m(z), with a
boundary condition of m(za) = ma. For the evolution of the host, M(z), Hiroshima et al. [50] adopted
a fitting formula given by Correa et al. [147].

The subhalo density profile after accretion is also well described with the NFW profile with a
sharp truncation at rt:

ρ(r) =

{
ρsr3

s /[r(r + rs)]2, for r < rt,
0, for r ≥ rt.

(29)

This is indeed a good approximation found in the simulations [37]. In addition to rt,
Peñarrubia et al. [129] found that the internal structure changes. If the inner profile is ∝ r−1 just
like NFW, the maximum circular velocty Vmax and its corresponding radius rmax evolve as

Vmax(z)
Vmax,a

=
20.4[m(z)/ma]0.3

[1 + m(z)/ma]0.4 , (30)

rmax(z)
rmax,0

=
2−0.3[m(z)/ma]0.4

[1 + m(z)/ma]−0.3 , (31)

respectively. After computing Vmax and rmax at z, one can convert them to ρs and rs through

rs =
rmax

2.163
, (32)

ρs =
4.625
4πG

(
Vmax

rs

)2
, (33)

which are valid for the NFW profile. Finally by solving the condition

m(z) =
∫ rt

0
dr4πr2ρ(r) = 4πρsr3

s f (rt/rs), (34)

the truncation radius rt is obtained. Hiroshima et al. [50] omitted subhalos with rt < 0.77rs from the
subsequent calculations assuming that they were tidally disrupted [148]. This criterion, however, might
be a numerical artifact [130]. Either case, Hiroshima et al. [50] checked that whether one implements
this condition or not did not have impact on the results of, for example, subhalo mass functions.

Thus, given (ma, za, ca), one can obtain all the subhalo parameters after the evolution, (m, rs, ρs, rt),
in a deterministic manner. The differential number of subhalos accreted onto a host with a mass ma

and at redshift za, d2Nsh/(dmadza), is given by the excursion set or the extended Press-Schechter
formalism [55]. Especially Yang et al. [89] obtained analytical formulation for the distribution
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that provides good fit to the numerical simulation data over a large range of m/M and z.
Hiroshima et al. [50] adopted their model III.

The subhalo mass function is obtained as

dNsh(m|M, z)
dm

=
∫

dma

∫
dza

d2Nsh
dmadza

∫
dcaP(ca|ma, za)δ(m − m(z|ma, za, ca)), (35)

where P(ca|ma, za) is the probability distrbution for ca given ma and za, for which
Hiroshima et al. [50] adopted the log-normal distribution with the mean c̄a(ma, za) [64] and the
standard deviation σlog ca = 0.13 [65]. We show the subhalo mass functions obtained with Equation (35)
for various values of M and z in Figure 4, where comparison is made with simulation results of similar
host halos. Halos and subhalos formed in these simulations were identified with ROCKSTAR phase
space halo finder [149]. The bound mass is used as the subhalo mass, which nearly corresponds to the
tidal mass [48]. For all these halos, one can see remarkable agreement between the analytic model
and the corresponding simulation results in resolved regimes. Successfully reproducing behaviors at
resolved regimes, this analytic model is able to make reliable predictions of the subhalo mass functions
below resolutions of the numerical simulations, without relying on extrapolating a single power-law
functions, from which most of the previous studies in the literature had to suffer. The subhalo mass
fraction is then obtained as

fsh(M, z) =
1
M

∫
dmm

dNsh(m|M, z)
dm

=
1
M

∫
dma

∫
dza

d2Nsh
dmadza

∫
dcaP(ca|ma, za)m(z|ma, za, ca), (36)

and is shown in Figure 4 (bottom right) for various values of redshifts. The subhalo mass fraction
is found to increase as a function of M and z. At higher redshifts, since there is shorter time for the
subhalos to experience tidal mass loss, fsh is larger. Again, a good agreement in fsh is found between
the analytic model and the simulation results by Giocoli et al. [86].

The annihilation boost factor is then

B(0)
sh (M, z) =

1
Lhost,0(M, z)

∫
dma

∫
dza

d2Nsh
dmadza

∫
dcaP(ca|ma, za)L(0)

sh (ma, za, ca|M, z), (37)

which is to be compared with Equation (10) that was derived with a simpler (and unrealistic) discussion.
The superscript (0) represents the quantity in the absense of sub-subhalos and beyond. The subhalo
luminosity, L(0)

sh (ma, za, ca|M, z), is proportional to the volume integral of density squared ρ2
sh(r) out to

the truncation radius,

L(0)
sh (ma, za, ca|M, z) ∝

∫
d3xρ2

sh(x) =
4π

3
ρ2

s,shr3
s,sh

[
1 − 1

(1 + rt,sh/rs,sh)3

]
, (38)

where ρs,sh, rs,sh and rt,sh are functions of (ma, za, ca) as well as M and z.
Then, the effect of subn-subhalos (for n ≥ 1) can be estimated iteratively. At nth iteraction, when

a subhalo accreted onto its host at za with ma, it is assigned a sub-subhalo boost factor B(n−1)
sh (ma, za).

After the accretion, the outer region of the subhalo is stripped away by the tidal force and thus
all the sub-subhalos within this stripped region will disappear, reducing the sub-subhalo boost
accordingly. Hiroshima et al. [50] assumed that the sub-subhalos were distributed within the subhalo
following nssh(r) ∝ [1+ (r/rs)2]−3/2. The luminosity due to sub-subhalos within a radius r is therefore
proportional to their enclosed number

Nssh(< r|rs) =
∫ r

0
dr′4πr′2nssh(r′) ∝ r3

s

[
sinh−1

(
r
rs

)
− r√

r2 + r2
s

]
, (39)
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and it gets suppressed by a factor of Nssh(< rt|rs)/Nssh(< rvir|rs,a) due to the tidal stripping.4

The luminosity due to the smooth component also decreases as L(0)
sh (< rt|ρs, rs)/L(0)

sh (<

rvir|ρs,a, rs,a), where

L(0)
sh (< r|ρs, rs) ∝ ρ2

s r3
s

[
1 − 1

(1 + r/rs)3

]
. (40)

Figure 4. Subhalo mass function for galaxy (M200 = 1.8 × 1012 M�) and cluster (M200 = 5.9 ×
1014 M�) halos at z = 0 (top left), halos with 2.3 × 1012 M� at z = 2 and 4.7 × 1011 M� at z = 4
both of which would evolve to M200 = 1013 M� at z = 0 (top right) and smaller halos of M200 =

106 M� and 107 M� at z = 5 (bottom left). Results of the analytic models by Hiroshima et al. [50]
are compared with those from the numerical simulations of similar halos and other fitting functions:
Springel et al. [37], Diemand et al. [150] (top left), ν2GC H2 [126,127], Giocoli et al. [86] (top right)
and Phi-2 (Ishiyama et al., in preparation; bottom left). The bottom right panel shows the subhalo mass
fraction fsh as a function of the host mass M200 for various values of redshift z. The thin solid curve is
for z = 0 but with lower mass threshold of 1.73 × 1010h−1 M� to be compared with Giocoli et al. [86]
results shown as the squares.

Thus the sub-subhalo boost after the nth iteration, B(n)
ssh is obtained by

B(n)
ssh(ma, za, ca|M, z) = B(n−1)

sh (ma, za)
Nssh(< rt|rs)/Nssh(< rvir|rs,a)

L(0)
sh (< rt|ρs, rs)/L(0)

sh (< rvir|ρs,a, rs,a)
. (41)

4 We note that in estimating the effect of subn-subhalos in the boost factors, Reference Hiroshima et al. [50] ignored the
changes of ρs and rs and hence did not include the factor of r3

s in Equation (39) and ρsr3
s in Equation (40). In addition,

in Equation (43), they multiplied L(0)
sh by a factor of 1 + B(n)

ssh instead of 1 − f 2
ssh + B(n)

ssh. We correct for all these effects in
this review.
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Similarly, the sub-subhalo mass fraction fssh is obtained by

fssh(ma, za, ca|M, z) = fsh(ma, za)
Nssh(< rt|rs)/Nssh(< rvir|rs,a)

msm(< rt|ρs, rs)/msm(< rvir|ρs,a, rs,a)
, (42)

where fsh(ma, za) is obtained with Equations (36) and msm(< r|ρs, rs) ∝ ρsr3
s f (r/rs) is the enclosed

mass within r of the smooth component of the subhalo. The subhalo boost factor after nth iteration
is obtained with Equation (37) by replacing L(0)

sh with [1 − f 2
ssh + B(n)

ssh ]L
(0)
sh [see discussions below

Equation (15)]:

B(n)
sh (M, z) =

1
Lhost,0(M, z)

∫
dma

∫
dza

d2Nsh
dmadza

∫
dcaP(ca|ma, za)

×
[
1 − f 2

ssh(ma, za, ca|M, z) + B(n)
ssh(ma, za, ca|M, z)

]
L(0)

sh (ma, za, ca|M, z). (43)

The host luminosity in the absence of the subhalos Lhost,0(M, z) is defined by marginalizing over
the concentration parameter cvir:

Lhost,0(M, z) ∝
4π

3

∫
dcvirP(cvir|M, z)ρ2

s (M, z, cvir)r3
s (M, z, cvir)

[
1 − 1

(1 + cvir)3

]
. (44)

with the log-normal distribution P(cvir|M, z).
Figure 5 shows the subhalo boost factors Bsh as a function of the host mass M at various redshifts

z (top left). The boost factors are on the order of unity, while it can be as larger as ∼5 for cluster-size
halos. It is also noted that they are larger at higher redshifts, because the subhalos have less time to
be disrupted. The top right panel of Figure 5 shows the effect of subn-subhalos, which is saturated
after the second iteration. The contribution to the boost factors due to sub-subhalos and beyond is
�10% for the hosts with Mhost ≥ 1013M�. The bottom left panel of Figure 5 shows the luminosity ratio
Ltotal/Lhost,0 = 1 − f 2

sh + Bsh (Equation (15)) as a function of the host masses for various values
of the redshifts. The bottom right panel of Figure 5 shows comparison with the results of the
other work [41,44,48]. We note that the analytic models do not rely on the subhalo mass function
prepared separately, as the models can provide them in a self-consistent manner. The resulting boost
factors are, however, found to be more modest than the previous results. This is mainly because the
subhalo mass function adopted in the literature is larger than the predictions of the analytic models.
However, they might be larger because of halo-to-halo variance. See discrepancy between predictions
of the subhalo mass function for the 1.8 × 1012M� halo by Hiroshima et al. [50] and the result of
Springel et al. [37] shown in the top left panel of Figure 4.

Finally, for convenience of the reader who might be interested in using the results without going
into details of the formalism, we provide fitting functions for both the subhalo mass functions and the
annihilation boost factors. They are summarized in Appendix A.
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Figure 5. The subhalo boost factor Bsh as a function of the host mass M200 for various values of redshift
z (top left) based on the analytic models by Hiroshima et al. [50]. The effect of subn-subhalos, up to
n = 3, is shown in the right panel in the case of z = 0. Note that the three curves except for n = 0
overlap with each other. The bottom left panel shows the ratio between the total luminosity including
the subhalo boost and the luminosity in absence of subhalos, Ltotal/Lhost,0 = 1− f 2

sh + Bsh. The bottom

right panel shows comparison of Bsh between several models at z = 0: G12 [41], SC14 [44] and M17 [48]
are based on N-body calculations while H18 [50] is on analytic calculations. The subhalo mass function
for the N-body results is assumed to be dNsh/dm ∝ m−α.

4.2. Models for Self-Similar Subhalos

Assuming a self-similarity of the subhalos, Kamionkowski and Koushiappas [35] developed a fully
analytic formulation for the probability distribution function of the dark matter density, P(ρ). Then
Kamionkowski et al. [39] applied the formulation to the result of cosmological N-body simulations,
to obtain the fitting function for the Galactic local boost factor at Galactocentric radius r:

Bsh(r) = fsm(r)eδ2
f + [1 − fsm(r)]

1 + αK
1 − αK

[(
ρmax

ρχ(r)

)1−αK

− 1

]
, (45)

where fsm(r) is the volume fraction occupied by the smooth component and ρmax is the
highest dark matter subhalo density. Through the calibration with the numerical simulations,
Kamionkowski et al. [39] found δ f = 0.2, αK = 0 and that the subhalo fraction was given by

1 − fsm(r) = κ

[
ρχ(r)

ρχ(100 kpc)

]−0.26

, (46)
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where κ = 0.007. Fornasa et al. [42] then suggested a larger value of κ = 0.15–0.2 to obtain a larger
boost consistent with earlier work [36,40,41]. The maximum subhalo density ρmax is estimated as
ρmax = [c3/ f (c)/12]200ρc(z f ), where c and z f are the concentration parameter and collapse redshift
of the smallest halos. Kamionkowski et al. [39] adopted c = 3.5 and z f = 40 and ρmax = 80 GeV cm−3.
On the other hand, Ng et al. [43] obtained a smaller ρmax ≈ 20 GeV cm−3 even with a very small cutoff
masses of Mmin = 10−12M� Within the virial radius of the Milky-Way halo, the subhalo boost factor
for dark matter annihilation is found to be no greater than ∼10 [39].

4.3. Universal Clustering of Dark Matter in Phase Space

Zavala and Afshordi [49] investigated the behavior of dark matter particles that belong to the halo
substructure in the phase space of distance and velocity. Reconstructing the phase-space distribution
using the Aquarius numerical simulations [37], they found universality of the coarse-grained
phase-space distribution ranging from dwarfs to clusters of galaxies. They developed physically
motivated models based on the stable clustering hypothesis, spherical collapses and the tidal stripping
of the subhalos and applied to the obtained phase-space distribution data from the simulations to
find a good agreement. Then, they computed the nonlinear matter power spectrum based on the
halo model [151] down to very small free-streaming cutoff scales. Based on the power spectrum,
they obtained the subhalo boost factor greater than ∼30–100 for the Milky-Way size halos, which is
significantly larger than the values obtained with other analytic work [39,46,50]. This discrepancy
might come from the treatment at very small scales, where it is very hard to calibrate the analytic
models against the results of the numerical simulations.

5. Conclusions

It is established that dark matter halos are made up with lots of substructures. Especially in the
cold dark matter scenario, small structures form first and merge and accrete to create larger halos. If the
dark matter is made of weakly interacting massive particles such as the supersymmetric neutralino,
the smallest halos can be as light as or even lighter than the Earth. The rate of dark matter annihilation
and hence its signatures such as gamma-ray fluxes are proportional to dark matter density squared
and therefore, having small-scale “clumpy” subhalos will boost the signals.

It is, however, of an extraordinary challenge to estimate this subhalo boost factor, that is, the ratio
of luminosity from dark matter annihilation in the subhalos to that in the smoothly distributed main
component. This is mainly because subhalos of all the mass scales ranging from Earth to galaxy masses
can contribute to the boost factor nearly equally per decade in mass. In this review, we cover recent
progress to overcome this issue to obtain realistic and unbiased estimates on the subhalo boost factor
that will impact on interpretation of the measurements on particle physics parameters such as the
annihilation cross section. While cosmological N-body simulations provide the most accurate avenue
to study structures in highly nonlinear regime, it is inevitably limited by the numerical resolution.
Even the state-of-the-art N-body simulations [37,150] can resolve subhalos ranging for only several
decades, which is still more than ten orders of magnitude in short to resolve all the subhalos. Therefore,
the boost estimates have to rely on extrapolation of the subhalo properties such as its mass function
and concentration parameter, which are often well described with power-law functions. Danger of
extrapolating trends found in resolved regime for other many orders of magnitude had been widely
acknowledged but nevertheless, it was found that the estimates based on such extrapolations tended
to give very large amount of boost factor of ∼100 (∼1000) for galaxy (cluster) size halos [36,41].

As a complementary approach, analytic models have been investigated. They are based on
self similar propertiese of the subhalos [35,39], universal phase-space distribution [49] and extended
Press-Schechter formalism combined with tidal stripping modeling [46,50]. (More recent numerical
approach also adopts the concentration-mass relation calibrated for the subhalos in order to take the
tidal effects into account [48].) Most importantly, these are all calibrated with the cosmological N-body
simulations at resolved regimes and proven to reproduce the simulation results such as the subhalo
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mass functions. For example, the most recent analytic models by Reference Hiroshima et al. [50]
predict the subhalo mass functions for various host masses and redshifts, which are found to be in
good agreement with the simulation results [37,86,126,150]. The annihilation boost factors based on
these analytic models tend to be more modest, O(1) for galaxy-size halos and � O(10) for cluster-size
halos. However, none of these models have been tested against simulations at very small host halos
that are less massive than 106M�. Simulations of microhalos with 10−6M� suggest cuspier profiles
towards halo centers such as r−1.5 [45] and if this is the case for the subhalos too, it would boost the
annihilation rate further.

It is known that including baryons in the simulations affects properties of subhalos such as spatial
distribution and density profiles (e.g., References [152–155]) and hence there might be some effect
on the annihilation boost factors. This, however, remains largely unexplored and has to wait for
future progress. However, since the subhalos of all masses ranging down to about the Earth mass
contribute to the boost factors and the baryons will likely affect only halos of dwarf galaxies or larger,
we anticipate that it is not a very important effect for the annihilation boost factors.

The subhalo boosts directly impact the obtained upper limits on the dark matter annihilation cross
section from the extragalactic halo observations. Therefore, to obtain the most accurate estimates of
the boost factor by reducing uncertainties on structure formation at small scales as well as the physics
of tidal stripping is of extreme importance for the indirect searches for particle dark matter through
self-annihilation with the current and near future observations of high-energy gamma-rays, neutrinos
and charged cosmic rays.
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Appendix A. Fitting Formulae

In this appendix, we provide fitting functions obtained with the analytical calculation in
Hiroshima et al. [50] that covers more than twenty orders of magnitude in the mass range and
the redshift up to ∼10. The mass function of the subhalo m2dNsh/dm, the luminosity of the
subhalo separated from the particle physics factors Lsh, and the boost factor Bsh = Lsh/Lhost,0
[see Equation (10)] as functions of the host mass and the redshift are provided here. We also summarize
fitting functions for the boost factor Bsh at z = 0 in the literature. Note that the host mass is always
measured in units of the solar mass (M�) in this appendix.

Appendix A.1. Subhalo Mass Function

The fitting formula is written in the follwing form:

m2 dN
dm

= (a + bmα) exp

[
−
(

m
mc

)β
]

, (A1)
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introducing a cutoff mass mc; a, b, and mc in Equation (A1) are functions of the host mass and
the redshift:

a(Mhost, z) = 6.0 × 10−4Mhost(z)
(
2 − 0.08 log10 [Mhost(z)]

)2
(

log10

[
Mhost(z)

10−5

])−0.1

(A2)

×(1 + z),

b(Mhost, z) = 8.0 × 10−5Mhost(z)
(
2 − 0.08 log10 [Mhost(z)]

) (
log10

[
Mhost(z)

10−5

])−0.08z
(A3)

×
(

log10

[
Mhost(z)

10−8

])−1 (
log10

[
Mhost(z)

1018

])2

,

mc = 0.05 (1 + z) Mhost(z), (A4)

α = 0.2 + 0.02z, (A5)

β = 3. (A6)

In Figure A1, we show the comparison between the mass function obtained in analytical
calculations [50] and Equation (A1). By integrating Equation (A1), we obtain the mass fraction
shown in Figure A2.

Figure A1. Subhalo mass function m2dN/dm at z = 0. Each line corresponds to a different host halo
mass. The fitting formula is applicable for the host mass from Mhost � 10−4 to 1014 M� and redshifts
up to ∼6.

Figure A2. The subhalo mass fraction obtained by integrating Equation (A1).
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Appendix A.2. Subhalo Luminosity

The luminosity of a subhalo is written as

Lhost(M) ∝ ρ2
s r3

s

[
1 − 1

(1 + c3
vir)

]
, (A7)

assuming a subhalo of NFW profile. In this section, the characteristic density ρs and the scale
radius rs are measured in units of g/cm3 and cm, respectively. For simplicity, we do not show
the integration over the distribution of the virial concentration parameter P(cvir|M, z) in the above
expression. The constant of proportionality is detemined by fixing the particle physics model. However,
we do not include it in the following expression since it cancels in the calculation of the boost factor
Bsh by taking the ratio of the host and subhalo luminosity Lsh/Lhost.

The fitting formula for the luminosity takes the form of

log10 Lsh = b + a log10 m, (A8)

where

a = (−0.025z + 0.18)
(

log10

[
Mhost(z)

10−5

])0.3

+ (0.06z + 0.53), (A9)

b = −0.95 log10 [Mhost(z)] + (0.1 − 0.015z) log10

[
Mhost(z)

104

]
+ 0.07. (A10)

Appendix A.3. Annihilation Boost Factor

The boost factor is sensitive to the models of the concentration-mass relation. We provide fitting
functions for two different concentration-mass relation models here. One coresponds to the canonical
model in Reference [50] which assumes the concentration-mass relation derived in Reference [64].
The other corresponds to the concentration-mass relation in Reference [156]. For both cases, the fitting
function of the boost factor is written in a combination of two sigmoid functions, f (x) = (1 + e−ax)−1,

log10 Bsh =
X(z)

1 + e−a(z)(log10[Mhost]−m1(z))
+ c(z)

(
1 +

Y(z)
1 + e−b(z)(log10[Mhost]−m2(z))

)
. (A11)

Funcitons X, Y, a, b, c, m1, and m2 depend on the redshift but they do not on the host mass.

• For Correa’s concentration [64]

X(z) = 2.7e−0.2z + 0.15, (A12)

Y(z) = 0.4 + (−0.224z + 0.56) e−0.8z, (A13)

a(z) = 0.10 + 0.095e−0.5z, (A14)

b(z) = 0.03z2 − 0.08z − 0.83, (A15)

c(z) = 0.004z2 − 0.04z − 0.6, (A16)

m1 = −3.17z + 17.4, (A17)

m2 = − (0.2z − 1)5 − 4. (A18)
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• For Okoli’s concentration [156]

X(z) = 2.2e−0.75z + 0.67, (A19)

Y(z) = 2.5e−0.005z + 0.8, (A20)

a(z) = 0.1e−0.5z + 0.22, (A21)

b(z) = 0.8e−0.5(z−12)4 − 0.24, (A22)

c(z) = −0.0005z3 − 0.032z2 + 0.28z − 1.12, (A23)

m1 = −2.6z + 8.2, (A24)

m2 = 0.1e−3z − 12. (A25)

All of these formulae are applicable for hosts at arbitrary redshifts up to z ∼ 7.

Figure A3. Comparisons between the boost factor from our calculations in Reference [50] and the
fitting functions in this section. The left panel is the result assuming the concentration-mass relation in
Reference [64] while the right panel assuming the relation in Reference [156].

Appendix A.4. Fitting Functions for the Boost Factor in the Literature

Several works provide the fitting function for the boost factor at z = 0. We summarize functions
provided in Gao et al. [41], Sánchez-Conde and Prada [44], and Moliné et al. [48] here.

• Gao et al. [41] have analyzed cluster scale halo of Mhost = [5, 20]× 1014h−1M� in the Phoenix
project [157]. Subhalos down to m ∼ 106 can be resolved in their calculations.

Bsh = 1.6 × 10−3
(

Mhost
M�

)0.39
. (A26)

• Sánchez-Conde and Prada [44] derive the boost factor based on the concentration-mass relation in
Reference [115]. The fitting function is provided for their fiducial model assuming the minimum
halo mass to be Mmin = 10−6M� and the subhalo mass function dN/dm ∝ m−2. Each subhalo is
assumed to be a field halo.

log10 Bsh(z = 0) =
5

∑
i=0

bi

(
ln

Mhost
M�

)i
(A27)
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with

b0 = −0.442 (A28)

b1 = 0.0796 (A29)

b2 = −0.0025 (A30)

b3 = 4.77 × 10−6 (A31)

b4 = 4.77 × 10−6 (A32)

b5 = −9.69 × 10−8 (A33)

• Moliné et al. [48] derive the boost factor taking the dependence of the survived halo properties on
the distance from the host, that is, the host potential. The form of the function is similar to that of
Sánchez-Conde and Prada [44] but adopitng different log bases:

log10 Bsh(z = 0) =
5

∑
i=0

bi

(
log10

Mhost
M�

)i
(A34)

and parameters bi are

b0 = −0.186 (A35)

b1 = 0.144 (A36)

b2 = −8.8 × 10−3 (A37)

b3 = 1.13 × 10−3 (A38)

b4 = −3.7 × 10−5 (A39)

b5 = −2 × 10−7 (A40)

for α = 2 and

b0 = −6.8 × 10−2 (A41)

b1 = 9.4 × 10−2 (A42)

b2 = −9.8 × 10−3 (A43)

b3 = 1.05 × 10−3 (A44)

b4 = −3.4 × 10−5 (A45)

b5 = −2 × 10−7 (A46)

for α = 1.9.
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Abstract: If dark matter is composed of weakly interacting particles with mass in the GeV-TeV
range, their annihilation or decay may produce gamma rays that could be detected by gamma-ray
telescopes. Observations of dwarf spheroidal satellite galaxies of the Milky Way (dSphs) benefit from
the relatively accurate predictions of dSph dark matter content to produce robust constraints to the
dark matter properties. The sensitivity of these observations for the search for dark matter signals
can be optimized thanks to the use of advanced statistical techniques able to exploit the spectral
and morphological peculiarities of the expected signal. In this paper, I review the status of the dark
matter searches from observations of dSphs with the current generation of gamma-ray telescopes:
Fermi-LAT, H.E.S.S, MAGIC, VERITAS and HAWC. I will describe in detail the general statistical
analysis framework used by these instruments, putting in context the most recent experimental
results and pointing out the most relevant differences among the different particular implementations.
This will facilitate the comparison of the current and future results, as well as their eventual integration
in a multi-instrument and multi-target dark matter search.

Keywords: dark matter; indirect searches; gamma rays; dwarf spheroidal satellite galaxies; statistical
data analysis

1. Introduction

The existence of a dominant non-baryonic, neutral, cold matter component in the Universe,
called dark matter, has been postulated in order to explain the kinematics of galaxies in galaxy
clusters [1] and stars in spiral galaxies [2], as well as the power spectrum of temperature anisotropies
of the cosmic microwave background [3]. In one of the most plausible and thoroughly studied
theoretical scenarios, dark matter is composed of weakly interacting particles with mass in the range
between tens of GeV and hundreds of TeV, generically referred to as WIMPs [4]. The Standard Model
(SM) particles that could result from WIMP annihilation or decay would hadronize, radiate and/or
decay, producing detectable stable particles such as photons, neutrinos, proton–antiproton pairs or
electron–positron pairs [5]. Looking for unambiguous spectral and/or morphological signatures of
dark matter annihilation or decay in the extra-terrestrial fluxes of those particles is usually referred to
as indirect dark matter searches.

Gamma rays are promising messengers to search for WIMPs. Since they are electrically neutral,
they are not deflected by magnetic fields and point back to their production site, and therefore could be
used to determine the underlying dark matter spatial distribution. At non-cosmological scales, gamma
rays are also essentially unaffected by energy losses, which would preserve the features expected for
dark matter annihilation and/or decay spectra, which depend on the values of the dark matter mass
and the branching ratios to the different annihilation/decay channels, which could thus be studied.
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Finally, the gamma-ray signal intensity would depend on the annihilation cross-section or the decay
lifetime, which could therefore be determined if we measured a signal from an astronomical site
for which we have a good estimate of its dark matter content based on independent measurements
and/or simulations.

N-body simulations predict the formation of cold dark matter haloes in a hierarchical clustering
fashion [6]. dSphs form in dark matter galactic subhalos that contain enough baryonic matter to
have activated stellar formation (pure dark matter halos should also exist, but they remain as of yet
unidentified). They are irregular satellite galaxies with mass ∼107M� and the largest known ratios
of dark to luminous matter. The extension of the expected gamma-ray emission from the Milky Way
dSphs is typically between ∼0.1–0.5◦ [7], which is of the order of the angular resolution of most of the
current-generation gamma-ray telescopes.

Gamma-ray telescopes of the current generation have performed extensive observational
campaigns of dSphs in search for dark matter signals. Along the years, gamma-ray telescopes have
progressively adopted state-of-the-art statistical analysis techniques for their dark matter searches,
optimized to exploit the particular spectral and morphological features expected for the signal. All the
instruments have converged into a general statistical analysis framework, albeit with some significant
differences among the different implementations. Some of these differences are unavoidable, since
they are needed to adapt the analysis to the different experimental scenarios, whereas others rather
consist in choices of conventions, approximations, or simplifications. These latter ones include the
methods for computing the spectral and morphological models for the expected gamma-ray signal and
associated background, their use in the statistical analysis, and the treatment of the related statistical
and systematic uncertainties. Understanding both the similarities and the differences among the
various analysis implementations is fundamental in view of meaningful comparison and combination
of the obtained results.

In this paper, I review the present status of indirect dark matter searches with observations of
dSphs with gamma-ray telescopes. In Section 2 I summarize the formalism for the computation of
the gamma-ray fluxes expected to be produced by dark matter processes in dSphs. In Section 3,
I briefly introduce the current generation of gamma-ray telescopes, their working principles and
main features. Section 4 is devoted to the detailed description of the common statistical data analysis
framework used by all these instruments in their search for dark matter in dSphs. Finally, in Section 5,
I perform a critical comparison of the particular analysis implementations, review and contextualize
the latest experimental results published by the different instruments, and show the prospects for their
near-future combination.

2. Gamma-Ray Signals From Dark Matter Processes in dSphs

dSphs are among the cleanest astronomical targets for indirect dark matter searches. They are
thought to be highly dominated by dark matter (mass-to-light ratios of the order of 103 [8]), and
they harbor no known astrophysical gamma-ray sources that could produce a relevant background.
Furthermore, dSphs contain in general no significant amount of dark gas, which allows their dark
matter distribution to be inferred with relatively good precision from the stellar motions, enabling
in turn robust predictions of the intensity of the associated gamma-ray signals, generally within
an accuracy of one order of magnitude [7]. Finally, given how most of the known dSphs sit on
relatively clean interstellar environments (i.e., out of the Galactic plane, where the particle densities,
cosmic ray fluxes and radiation fields are small), the expected gamma-ray signal would come from
well-understood prompt processes. Secondary processes such as inverse Compton scattering of
primary or secondary electrons, or gamma-ray cascading processes initiated by their interaction with
radiation fields (hence depending on local details of those radiation fields), can be in general ignored
when computing the gamma-ray flux expected from dark matter at dSphs. Therefore, since flux
predictions rely on relatively few assumptions compared to other typical observational targets like
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e.g., the Galactic center or clusters of galaxies, the bounds on the WIMP properties that can be inferred
from the presence or absence of a gamma-ray signal are also relatively robust.

If WIMPs (hereafter denoted by χ) concentrate with number density nχ in a dSph, annihilating

and/or decaying with a rate Γχ and an average isotropic gamma-ray spectrum dNγ

dE , then the differential
flux of gamma rays of energy E observable from Earth coming from direction p̂, per unit energy and
solid angle Ω, is given by the following expression:

d2Φ
dEdΩ

(E, p̂) =
1

4π

dNγ

dE
(E)

∫
los(p̂)

dl nχ(p̂, l) Γχ , (1)

with l the distance from Earth and the corresponding integral running over the line of sight in the
direction p̂.

As explicitly noted in Equation (1), dNγ

dE contains all the spectral dependence of the gamma-ray
flux, and therefore determines the probability density function (PDF) for the energy of the emitted
gamma rays. On the other hand, all the morphological dependence is contained in the line-of-sight
integral, which hence determines the PDF for the gamma-ray arrival direction. Given that we can
make relatively reliable predictions about these two PDFs, they will constitute key ingredients in the
maximum-likelihood data analysis, as we will see below in detail.

The expected primary products of the WIMP annihilation and decay processes are pairs of leptons,
quarks or gauge bosons, which would produce secondary gamma-rays (among other stable products)
through final-state radiation or hadronization+decay chains. It is straightforward to compute the
contribution to dNγ

dE from the different annihilation/decay channels, for a given WIMP mass, using
standard Monte Carlo simulation packages such as PYTHIA [9]. The spectral energy distribution
of the gamma-ray continuum resulting from these processes peaks between one and two orders of
magnitude below the WIMP mass, depending on the channel, as shown in Figure 1. The plots show
that Fermi-LAT is the most sensitive instrument for searching for WIMPs up to a dark matter mass (mχ)
of few TeV in the case of bb̄ channel and of few 100 GeV for the τ+τ− channel. Cherenkov telescopes
dominate the search between those masses and ∼ 100 TeV for bb̄ and few 10 TeV for τ+τ−, and HAWC
for even higher WIMP masses. Primary gamma rays like, e.g., those from the χ[χ] → γγ or χ[χ] → γZ
processes would be [quasi-]monochromatic. These would constitute the cleanest possible dark matter
signal, given how there is no known astrophysical process able to produce such gamma-ray spectral
lines, and that backgrounds affecting the measurement could be drastically reduced using spectral
criteria. If detected, a gamma-ray line would by itself be considered a clear evidence for the presence
of dark matter. However, due to parity conservation, primary gamma rays can only be produced via
loop processes, which significantly reduces their associated rate Γχ.

It is useful to particularize the line of sight integral in Equation (1) for the annihilation and
decay cases:

• For annihilation, Γχ = 1
k nχ〈σv〉, with 〈σv〉 the average of the product of the WIMP velocity and

annihilation cross section. The value of k depends on whether WIMPs are Majorana (k = 2,
to take into account that an annihilation involves two identical particles) or Dirac particles (k = 4,
reflecting the fact that particles can only annihilate with their—equally abundant—antiparticles).
Including this into Equation (1), and writing the WIMP number density nχ in terms of its mass
and density (ρ), we obtain:

d2Φann

dΩ dE
(E, p̂) =

1
4π

〈σv〉
k m2

χ

dJann

dΩ
(p̂)

dNγ

dE
(E) , (2)

where we have defined the annihilation differential J-factor as:

dJann

dΩ
(p̂) =

∫
los(p̂)

dlρ2(p̂, l) . (3)
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• For decay, the rate is given simply by the inverse of the dark matter decay lifetime, i.e., Γχ = τ−1
χ ,

since each WIMP particle decays independently of each other. Including this into Equation (1),
we get:

d2Φdec
dΩ dE

(E, p̂) =
1

4π

1
τχmχ

dJdec
dΩ

(p̂)
dNγ

dE
(E) , (4)

where we have defined the decay differential J-factor as:

dJdec
dΩ

(p̂) =
∫

los(p̂)
dlρ(p̂, l) . (5)

Figure 1. Expected gamma-ray spectral energy distribution for WIMPs of masses mχ = 0.01, 0.1, 1, 10
and 100 TeV annihilating with 〈σv〉 = 3 × 10−26 cm3 s−1 into bb̄ (left) and τ+τ− (right) pairs in a
dSph with associated J-factor Jann = 5 × 1021 GeV2 cm−5; also shown are the sensitivity curves for the
instruments considered in this paper. Fermi-LAT sensitivity curve [10] corresponds to observations of
a point-like source at Galactic coordinates (l, b) = (120◦, 45◦) for 10 years, analyzed using the latest
(Pass8) data reconstruction tools; HESS [11], MAGIC [12] and VERITAS [13] curves correspond to 50 h
of observations of a point-like source at low (Zd � 30◦) zenith distance; HAWC curve [14] is for five
years of observations of a point-like source at a declination of +22◦N. The flux sensitivity for 50 h
observations with the future Cherenkov Telescope Array [15] is shown for comparison.

The J-factor in a region of the sky ΔΩ is given by:

J(ΔΩ) =
∫

ΔΩ
dΩ

dJ
dΩ

, (6)

both for Jann and Jdec. It is convenient to define the total J-factor for a given dSph as:

J ≡ J(ΔΩtot) , (7)

with ΔΩtot a region of the sky containing the whole dSph dark matter halo. The differential J-factor
can be written as:

dJ
dΩ

(p̂) = J · dJ
dΩ

(p̂) , (8)

where dJ
dΩ can be interpreted as the PDF for the arrival direction of gamma rays produced by dark

matter processes in the dSph halo, since
∫

ΔΩtot
dΩ dJ

dΩ = 1. Using this notation, the differential
gamma-ray flux per energy and solid angle can be written as:

d2Φ
dEdΩ

(E, p̂) = a J
dJ
dΩ

(p̂)
dNγ

dE
(E) , (9)
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(with a being either aann ≡ 1
4π

〈σv〉
k m2

χ
for annihilation or adec ≡ 1

4π
1

τχmχ
for decay). The differential flux

per unit energy is given by:

dΦ
dE

(E) ≡
∫

ΔΩtot
dΩ

d2Φ
dEdΩ

(E, p̂) = a J
dNγ

dE
(E) . (10)

The distribution of dark matter within the halo, ρ(p̂, l), is usually estimated by solving the
spherical Jeans equation for the stellar kinematic data [16]. Using this technique, several authors
have produced catalogues of J-factors for the different known dSphs. In general, the classical dSphs,
with relatively large stellar populations (O(100 − 1000)), have relatively low associated J-factors
(typically between 3× 1017 and 7× 1018 GeV2cm−5 within an integrating angle of 0.5◦), with associated
uncertainties also relatively low (typically below 50%), suitable for setting robust limits to dark matter
properties. On the other hand, members of the ultra-faint population (those discovered by the Sloan
Digital Sky Survey or later, with O(10 − 100) members stellar populations) can have larger estimated
J-factors (some above 1019 GeV2cm−5) but also larger uncertainties (some above a factor 10), therefore
providing better prospects for discovery but less robust constraining power. A detailed review about
the expected dark matter content and distribution of the known dSphs can be found elsewhere in
this volume.

3. Gamma-Ray Telescopes

For WIMP indirect searches with gamma-rays, the relevant energy range spans from 100 MeV
to 100 TeV (see Figure 1). Photons of these energies interact in the upper layers of the atmosphere,
making impossible their direct detection from the ground. Several different experimental techniques
have been developed to detect gamma rays, each optimized for a different energy range and hence for
different dark matter masses.

At energies below ∼100 GeV, we can efficiently measure gamma rays before their destructive
interaction in the atmosphere by direct detection with balloon or satellite-borne detectors. Gamma rays
interact within the detector, and convert into e+e− pairs, which are tracked to estimate the direction of
the primary particle, and then stopped by a calorimeter to estimate its energy. This method is limited
by the relatively small achievable collection area, corresponding essentially to the physical size of
the detector. On the other hand, the technique presents the great advantages of ∼100% duty cycle,
large field of view, and that the much more abundant charged cosmic rays can be easily identified
and therefore vetoed, resulting in virtually background-free gamma-ray measurements. Currently, the
most advanced gamma-ray telescope using this detection technique is the Fermi-LAT. It consists of
a large-field-of-view (2.4 sr), pair-conversion telescope, sensitive to gamma rays in the energy range
between 20 MeV and about 300 GeV [17]. The latest Fermi-LAT source catalogue contains about
5000 sources [18], a third of which remain unassociated. Since its launch in June 2008, the LAT has
primarily operated in survey mode, scanning the whole sky every 3 h. The exposure coverage of this
observation mode is fairly uniform, with variations below 30% with respect to the average exposure.
Thanks to this full-sky coverage, Fermi-LAT will be able to perform dark matter searches using its data
archive should new dSphs be discovered in the future.

Above few tens of GeV, gamma-ray fluxes become too low for the relatively small collection
area of Fermi-LAT, and it is advantageous to measure them indirectly through the detection of the
secondary particles and/or the radiation present in the particle cascade resulting from their interaction
in the atmosphere, which greatly increases the effective collection area.

Cherenkov telescopes measure the Cherenkov radiation emitted by the electrons and positrons
of the cascade (which travel faster than light in the atmosphere), thus producing an image of such
cascade. The intensity, orientation, and shape of Cherenkov images allow for the estimation of the
energy and arrival direction of the primary particle, and provide some separation power between
gamma rays and charged cosmic rays. Several nearby telescopes observing the same gamma-ray
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source may image the same cascade from different perspectives, increasing the precision of these
measurements. The weak points of this technique are the small duty cycle (about 10–15%, since they
operate only during night, with no or relatively dim moonlight and good atmospheric conditions),
narrow fields of view of few degrees diameter at most, and the presence of the irreducible background
produced by charged cosmic rays. Among its advantages, we find the large collection area, given by
the size of the Cherenkov light pool projected on the plane of the telescope reflector (e.g., ∼105 m2 for
1 TeV gamma ray at low zenith distance). The resulting flux sensitivity achieved by this technique
reaches currently around ∼1% of the Crab nebula in 25 h of observations. There are three main running
Cherenkov observatories exploiting this detection technique: H.E.S.S, MAGIC and VERITAS. H.E.S.S
is composed of four 12-m diameter telescopes operating since 2004, surrounding one 28-m diameter
telescope since 2012, located in the Khomas Highland (Namibia). The energy threshold is 30 GeV and
the field of view has a diameter of 5◦. MAGIC is composed of two 17-m diameter telescopes, located at
the Observatorio Roque de los Muchachos at La Palma, Canary Islands (Spain), in operation since 2004
in single-telescope mode and 2009 in two-telescope mode. MAGIC energy threshold is 30 GeV and
the FoV is 3.5◦ diameter. Finally, VERITAS is composed of four 12-m diameter Cherenkov telescopes,
located at the Fred Lawrence Whipple Observatory, Arizona (USA), operating since 2007. VERITAS
has an energy threshold of 85 GeV and a FoV of 3.5◦ diameter.

Finally, water Cherenkov particle detectors measure the charged particles present in the cascades
initiated by the primary gamma rays when interacting in the atmosphere. The amount of detected
particles and their spatial distribution allow to measure the energy of the primary and to discriminate
between gamma rays and cosmic rays, whereas the difference of detection time at different detectors
allows to estimate the arrival direction. This technique is sensitive to gamma rays and cosmic
rays between few hundred GeV and 100 TeV. It has the advantages of 100% duty cycle, plus large
effective area and field of view, but a limited separation power between gamma rays and cosmic rays.
The currently most advanced water Cherenkov gamma-ray detector is HAWC, composed of 300 water
Cherenkov detectors located at an altitude of 4100 m at the Sierra Negra volcano, near Puebla (Mexico),
covering 22,000 m2. It is sensitive to gamma rays between 500 GeV and 100 TeV, with a field of view of
15% of the sky, and daily coverage of 8.4 sr, or 67% of the sky (a region where dark matter searches
using the HAWC data archive will be possible should new dSphs will be discovered in the future).
Partial HAWC operations started in 2013, and the full detector was completed in March 2015.

4. Statistical Data Analysis

Advanced searches for dark matter annihilation or decay in dSphs with gamma rays rely on
the distinct spatial and spectral features of the expected signals. We expect dark matter signal to be
distributed morphologically according to dJ

dΩ , and spectrally according to dNγ

dE , and those PDFs are in
general clearly distinguishable from those expected for background processes.

Regarding the use of the morphological information, the spatial coincidence of the signal with
the position of the dSph would provide strong discrimination power, because we do not expect that
gamma rays can be produced at dSphs by any conventional astrophysical process. However, using
the information of the morphology of the gamma-ray emission around the position of the dSph is
more delicate, because such morphology is in general subject to relatively large uncertainties, and
assuming an incorrect shape may bias the result of the search. In addition, the expected size of the
dark matter halo is, for many of the known dSphs and for the considered gamma-ray instruments,
consistent with point like sources, or at most slightly extended, which means that we can obtain no or
little signal/background discrimination power from the use of the morphological information. All
this is particularly true for dark matter annihilation, for which, due to the ρ2 dependence of dJ

dΩ , the
expected signal is more compact and more affected by uncertainties on the details of the dark matter
distribution within the halo. When looking for dark matter decay signal, on the other hand, such
dependence is linear with ρ, which leads to less peaked and less uncertain morphologies.
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The use of spectral information would be key for univocally attributing a dark matter origin
to a detected gamma-ray signal, because in general, the features present in the spectra predicted
for dark matter annihilation or decay cannot be produced by other conventional astrophysical
processes. For instance, in the most extreme/luckiest case, the detection of gamma-ray spectral
lines would be considered as unambiguous prove for the observation of dark matter annihilation or
decay. Other processes, like creation of Standard Model particle pairs also produce distinct spectral
features providing high discrimination power over backgrounds, such as the existence of sharp
kinematic spectral cutoffs (see Figure 1). These considerations are general for all dark matter searches,
independently of whether they are performed on dSphs or elsewhere. Searches in dSphs have the
additional advantage that dark matter signals are, in principle, universal, any potential detection
from a given dSph could be confirmed by looking for the same spectral features in the emission from
other dSphs. Contrary to the case of dJ

dΩ , uncertainties in dNγ

dE can be considered negligible for a given
annihilation/decay channel. This is the main reason why gamma-ray instruments utilize the spectral
information not only for reinforcing the credibility of an eventual future detection, but also to increase
the sensitivity of the search and therefore provide more constraining bounds to the dark matter nature
in case of no detection.

Current dark matter searches using gamma rays are based on different implementations of the
likelihood-ratio test [19], which we use to quantify the compatibility of the measured data (D) with
different hypotheses, in particular with the null hypothesis (i.e., that no dark matter signal is present
in D), through the associated p-value. Finding a sufficiently low p-value (by convention in the field
p < 3 × 10−7) for the observed data D under the null hypothesis assumption is usually referred to as
detecting dark matter. In case of a positive detection, we can use the likelihood function to measure
the dark matter physical parameters such as its mass, annihilation cross section, decay lifetime, and
branching ratio to the different decay/annihilation channels (collectively represented here by the
vector α). Conversely, if the null hypothesis cannot be excluded, we can use the likelihood function to
set limits to the parameters α.

The likelihood function can be written in the following general form:

L(α; ν|D) , (11)

where, apart from its dependence on α and D, we have made explicit that L can also depend on
other, so-called, nuisance parameters (ν), for which we only know their likelihood function (normally
constrained using dedicated datasets). In general, nuisance parameters represent quantities used in the
computation of α and that are affected by some uncertainty, either of statistical or systematic nature,
or both. Prototypical examples of nuisance parameters are the number of background events of certain
estimated energy and arrival direction present in the signal region, or J. One standard technique to
eliminate the nuisance parameters when making statements about α is using the profile likelihood
ratio test:

λP(α |D) =
L(α; ˆ̂ν |D)

L(α̂; ν̂ |D)
, (12)

where α̂ and ν̂ are the values maximizing L, and ˆ̂ν the value that maximizes L for a given α. According
to Wilks’ theorem −2 ln λP(α) is distributed, when α are the true values, as a χ2 distribution with
number of degrees of freedom equal to the number of components of α, independent of the value
of ν. It is an extended practice in indirect dark matter searches with gamma rays to decrease the
n-dimensional vector α of free parameters to a one-dimensional quantity α, by considering that
gamma-ray production is dominated either by annihilation (α = 〈σv〉, i.e., the velocity-averaged
annihilation cross section) or by decay (α = τ−1

χ , i.e., the decay rate), and scanning over values of
the dark matter particle mass (mχ) and pure annihilation/decay channels (i.e., considering at each
iteration 100% branching ratio to one of the possible SM particle pairs). For each scanned combination,
Equation (11) reduces to a likelihood function of just one purely free (i.e., non-nuisance) parameter.
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In such a case, for instance, 1-sided 95% confidence level upper limits to α are taken as αUL95 = α2.71,
with α2.71 found by solving the equation −2 ln λP(α2.71) = 2.71.

The data D can refer to NdSph different dSphs, in which case it is convenient to write the joint
likelihood function as:

L(α; ν|D) =

NdSph

∏
l=1

Lγ(αJl ; μl |Dγl ) · LJ(Jl |D Jl ) , (13)

where we have factorized the joint likelihood into the partial likelihood functions corresponding to
each dwarf, and those subsequently into the parts corresponding to the gamma-ray observations
(Lγ) and J-factor measurement (LJ), respectively; Jl is the total J-factor (see Equation (7)) of the l-th
considered dSph, which, as we have made explicit, is a nuisance parameter degenerated with α in Lγ;
μl represents the additional nuisance parameters different from Jl affecting the analysis of the l-th dSph;
Dγl represents the gamma-ray data of the l-th dSph, whereas D Jl refers to the data constraining Jl .

For each dSph, we may have Nmeas independent measurements, each performed under different
experimental conditions, by the same or different instruments. That is, we can factorize the Lγ term as:

Lγ(αJ; μ|Dγ) =
Nmeas

∏
k=1

Lγ,k(αJ; μk|Dγ,k) , (14)

where we have omitted the index l referring to the dSph for the sake of clarity, and with μk and Dγ,k
representing the nuisance parameters and data, respectively, referred to the k-th measurement.

For each observation of a given dSph under certain experimental conditions, Lγ,k often consists
of the product of NE′ × Np̂′ Poissonian terms (P) for the observed number of gamma-ray candidate
events (Nij) in the i-th bin of reconstructed energy and j-th bin of reconstructed arrival direction, times
the likelihood term for the μ nuisance parameters (Lμ), with NE′ the number of bins of reconstructed
energy and Np̂′ the number of bins of reconstructed arrival direction, i.e.:

Lγ,k(αJ; μ|Dγ) =
NE′

∏
i=1

Np̂′

∏
j=1

P
(
sij(αJ; μ) + bij(μ)|Nij

) · Lμ(μ|Dμ) , (15)

where the indexes l and k referring to the dSph and the measurement have been removed for the
sake of a clear notation. The parameter of the Poissonian term is sij + bij, where sij is the expected
number of signal events in the i-th bin in energy and the j-th bin in arrival direction, computable
using αJ as we will see below; and bij the corresponding contribution from background processes. Dμ

represents the data used to constrain the values of the nuisance parameters μ. We have made explicit
that the uncertainties associated to μ can in principle affect both the computation of the signal and
background contributions. For instance, uncertainties in the overall energy scale affect the computation
of sij, whereas uncertainties in the background modeling affect the computation of bij. However,
uncertainties affecting sij are usually considered to be largely dominated by the uncertainty in the
J-factor and the dependence of sij on μ therefore ignored. Thus, sij, is given by:

sij(αJ) =
∫

ΔE′
i

dE′
∫

Δp̂′
j

dΩ′
∫ ∞

0
dE
∫

ΔΩtot
dΩ
∫ Tobs

0
dt

d2Φ(αJ)
dE dΩ

IRF(E′, p̂′|E, p̂, t) , (16)

where E′, p̂′, E and p̂ are the estimated and true energies and arrival directions, respectively; dΩ′ and
dΩ infinitesimal solid angles containing p̂′ and p̂, respectively; Tobs the total observation time; t the
time along the observations; and IRF the instrument response function, i.e. IRF(E′, p̂′|E, p̂, t) dE′ dΩ′ is
the effective collection area of the detector times the probability for a gamma ray with true energy E
and direction p̂ to be assigned an estimated energy in the interval [E′, E′ + dE′] and p̂′ in the solid angle
dΩ′ (see more details below), at the time t during the observations. The integrals over E and p̂ perform
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the convolution of the gamma-ray spectrum with the instrumental response, whereas those over E′

and p̂′ compute the events observed within the i-th energy bin (ΔE′
i) and the j-th arrival direction bin

(Δp̂′
j). It must be noted that, defining several spatial bins within the source produces relatively minor

improvement in sensitivity to dark matter searches for not significantly extended sources (i.e., those
well described by a point-like source, as it is the case for many dSphs) [20]. For significantly extended
sources, on the other hand, using a too fine spatial binning makes the obtained result more sensitive
to the systematic uncertainties in the dark matter spatial distribution within the dSph halo. Thus, a
realistic optimization of Np̂′ based on sensitivity should balance the gain yielded by the use of more
spatial information and the loss caused by the increase in the systematic uncertainty.

The IRF can be factorized as the product of the detector collection area Aeff (Tobs · Aeff is often
referred to as exposure), times the PDFs for the energy ( fE) and incoming direction ( f p̂) estimators, i.e.:

IRF(E′, p̂′|E, p̂, t) = Aeff(E, p̂, t) · fE(E′|E, t) · f p̂(p̂′|E, p̂, t) , (17)

where, following the common practice, the (small) dependence of fE with p̂ has been neglected. f p̂ is
often referred to as the point spread function (PSF).

Finally, the likelihood for the total J-factor is usually written as:

LJ(J | Jobs, σJ) =
1

ln(10)Jobs
√

2πσJ
e−(log10(J)−log10(Jobs))

2
/2σ2

J ; (18)

with log10 Jobs and σJ the mean and standard deviation of the fit of a log-normal function to the
posterior distribution of the total J-factor [21]. Therefore, including LJ in the joint likelihood is a way
to incorporate the statistical uncertainty of J in the estimation of α. It is worth noting that, because α

and J are degenerate, in order to perform the profile of L with respect to J it is sufficient to compute
Lγ vs α for a fixed value of J, which facilitates significantly the computational needs of the profiling
operation (see details in footnote 12 of reference [22]). Including Jobs systematic uncertainties is much
more complex, since they depend mainly on our choice of the dark matter halo density profile function
(e.g., NFW [23], Einasto [24], etc.), and there is no obvious way of assigning a PDF to that choice.
Because of this, the impact of that uncertainty in the bounds in α are usually roughly quantified
by performing the likelihood analysis several times, each assuming different fitting functions, and
comparing the results obtained for each of them.

The PDF of the test statistic −2 ln λP for the no-dark matter null hypothesis, i.e., when the true
value of α is given by αtrue = 0, is needed for evaluating the significance of a possible signal detection.
Computing upper limits to α, on the other hand, consists in finding the value of αtrue for which the
integral of the PDF above α̂ corresponds to the required confidence level. Estimating the PDF for
−2 ln λP with fast simulations is feasible (from a computational-demand standpoint) when the involved
p-values are high enough so that they can be evaluated with a relatively low number of simulated
datasets. In practice, however, results for dark matter searches using gamma-rays are generally
computed assuming Wilks’ theorem validity, and that −2 ln λP is distributed as a χ2. The adoption
of Wilks’ theorem by all the experiments allows at least a direct comparison among their results.
One should keep in mind, however, that the described statistical framework is also usually affected by
the non-fulfillment of the conditions of validity of Wilks’ theorem, at least because of two different
reasons. First, because α is normally restricted to the physical region (i.e., to non-negative values),
which produces over-coverage (i.e., the computed confidence interval contains the true value more
often than the quoted confidence level) for negative background fluctuations, i.e., when the likelihood
absolute maximum lies at the border of the physical region. This can be avoided by using the correct
−2 ln λP PDF for this situation [25]. Another way commonly used to partially mitigate this problem is
to show the obtained result (e.g., the upper limit to α) in comparison to its PDF for the no-dark matter
(αtrue = 0) hypothesis. Such PDF is estimated using fast simulations and/or pure-background datasets
(such as those obtained by considering randomly selected directions as potential DM targets), and it is
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normally characterized by its median (referred to as the sensitivity of the measurement) and the bounds
for some predefined (e.g., 68%, 95%, etc.) symmetric containment quantiles. By such comparison one
can evaluate whether the obtained result is significantly incompatible with the αtrue = 0 hypothesis.
The second violation of Wilks’ theorem validity conditions affects the computation of confidence
intervals (i.e., the PDF of the test −2 ln λP for αtrue > 0). In this case, however, because α and J are
degenerate in the likelihood function, the log-normal shape of the likelihood term LJ (see Equation (18))
results in the loss of Gaussianity of the likelihood for α required by the Wilks’ theorem.

As we will see in the next Section, the most common simplifications adopted in gamma-ray data
analyses consist in ignoring the statistical and/or systematic uncertainties in J or in the background
contribution to the signal region. Omitting these relevant uncertainties in general improves artificially
the reported sensitivity and bounds obtained by the analysis, which must be taken into account when
comparing results obtained under different assumptions.

5. Results

None of the different gamma-ray telescopes has obtained a significant detection in their search
for dark matter signals from dSphs. Therefore, they provide results in the form of upper limits to
the annihilation cross section or lower limits to the decay lifetime. In this section, I summarize the
results obtained by the different considered instruments. In addition, I highlight and motivate the
main analysis choices adopted by the different experiments as well as the differences with respect to
the general framework described in Section 4, also summarized in Table 1.

5.1. Fermi-LAT

The Fermi-LAT data are publicly available and several authors outside the Fermi-LAT
Collaboration have searched for DM annihilation signals in dSphs (e.g., references [26–34]). The
Fermi-LAT Collaboration has carried out several searches for dark matter signals from dSphs,
corresponding respectively to 11 months observations of 14 dSphs [35], 24 months of observations of
10 dSphs [36], 4 years [37] and 6 years [21] of data of 25 dSphs. Here we concentrate on this latter work.

In their 6-year-data search, the Fermi-LAT Collaboration applied their most developed data
(re-)analysis, known as Pass 8. They subsequently searched for gamma-ray signals individually
in 25 dSphs (including the classical and the ultra-faint ones discovered by the Sloan Digital Sky
Survey [38]), and combined the 15 targets with better determined dark matter content. The dark matter
distribution in each dSph was parameterized using the Navarro-Frenk-White (NFW) profile [23],
constrained using the prescription by Martinez (2015) [39]. The dNγ

dE average spectra for the
different considered channels, on the other hand, were obtained from the PHYTIA-based [9] DMFIT
package [40].
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Fermi-LAT data statistical analysis follows Equations (13) and (14), with NdSph = 15 observed
dSphs and Nmeas = 4 referring to the four independent datasets, each containing events with one of the
four possible event direction reconstruction quality level, and hence each described by different IRF.
They consider bins of reconstructed energy in the range between 500 MeV and 500 GeV and bins of
incoming direction in a region of interest of 10◦ × 10◦ around the position of each dSph. The dominant
background is produced by gamma rays from nearby sources (whose estimated energy and incoming
direction are consistent, due to the finite angular resolution of the instrument, with being originated at
the dSph dark matter halo), or by the diffuse gamma-ray component resulting from the interaction
of cosmic rays with the interstellar medium or from unresolved sources of Galactic and extragalactic
origin, depending on the particular dSphs being considered. The analysis does not explicitly treat
the relevant background parameters μ in Equation (15) as nuisance parameters. Instead, the spectral
parameters (e.g., normalization, photon index, etc.) of the different background sources are fixed using
the following simplified method. The flux normalizations of the different background components
are determined by means of a maximum-likelihood fit to the spacial and spectral distributions of
the observed events, with the rest of spectral parameters fixed to the values listed in the updated
third LAT source catalog [52]. Then, it is checked that the values of the background normalization
factors obtained using this method do not change significantly by including an extra weak source at
the locations of the dSph, which shows that the background are well-constrained by this procedure.
Studies showed that the effect of the background uncertainty from this procedure contributed at a few
percent of statistical uncertainty of the signal and are therefore safe to neglect.

In order to produce a result valid for arbitrary spectral shapes (i.e., arbitrary value of mχ and
of the branching ratios to the different annihilation/decay channels), the Fermi-LAT Collaboration
computes, for each observed dSph and bin of estimated energy ΔE′

i , the value of:

Lγ i(Φi) =

Np̂′

∏
j=1

P(sij(Φi) + bij|Nij) (19)

as a function of Φi, that is, the sum over the spatial bins of the Lγ likelihood values within ΔE′
i . In order

to obtain a set of generic Lγ i values, they compute sij(Φi) using Equation (16) assuming a power-law
gamma-ray spectrum ( dΦ

dE ∝ E−Γ) of spectral index Γ = 2. The spatial distribution of gammas (which
does not depend on the energy) is considered known and fixed, and given by the dJ

dΩ curves obtained
from the fit to the stellar kinematics to the different dSphs. Equation (15) can then be written in terms
of the Lγ i factors as:

Lγ,k(αJ; μ|Dγ) =
NE′

∏
i=1

Lγ i(Φi(αJ)) . (20)

The values of Lγ i vs Φi for each of the analyzed dSphs were computed, tabulated and released by
the Fermi-LAT Collaboration [53]. This allows any scientist to compute Lγ for the dark matter model

of their choice by just selecting the corresponding values of α, mχ, the total dNγ

dE and J, and computing
the corresponding Φi values as:

Φi(αJ) =
∫

ΔEi

dE
dΦ(αJ)

dE
, (21)

with dΦ
dE given by Equation (10). We note that this approach allows to compute bounds on αJ with

associated confidence level known only to a certain (unquantified) precision that depends on how
similar are the investigated spectral shape and the one assumed when computing the values of Lγ i (i.e.,
a power-law with Γ = 2 in the Fermi-LAT case). In addition, it should be stressed that such precision
depends also on the PDF of the energy estimator and that, therefore, the range of investigated spectral
shapes for which we can establish bounds within a certain precision using this technique is different
for different instruments.
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No significant gamma-ray signal from dSphs was found in the Fermi-LAT data, either individually
in each dSph (the largest deviation from the null hypothesis is found for Sculptor, with −2 ln λP = 4.3),
or in the combined analysis (−2 ln λP = 1.3). Some of the obtained exclusion limits are shown in
Figure 2. This work represents the most constraining search for WIMP annihilation signals for the dark
matter particle mass range below ∼1 TeV. As shown in the figure, the limits exclude the thermal relic
cross section for mχ < 100 GeV in the case of annihilation into bb̄ or τ+τ− pairs.

Figure 2. The 95% confidence-level upper limits to 〈σv〉 for the χχ → bb̄ (left) and χχ → τ+τ− (right)
annihilation channels derived from 6-year observations of 15 dSphs with Fermi-LAT. The dashed black
line shows the median of the distribution of limits obtained from 300 simulated realizations of the
null hypothesis using LAT observations of high-Galactic-latitude empty fields, whereas green and
yellow bands represent the symmetric 68% and 95% quantiles, respectively. The dashed gray curve
corresponds to the thermal relic cross-section [54]. Reprinted figure with permission from reference [37];
copyright (2014) by the American Physical Society.

These results were combined with MAGIC observations of Segue 1, into the first coherent search
for dark matter using several gamma-ray instruments [22]. Details about this work are provided below.

In a later work, the Fermi-LAT and the Dark Energy Survey (DES) collaborations also used the
data from 6 years of observations to look for dark matter signals over a sample of 45 stellar systems
consistent with being dSphs [55]. The search was performed shortly after the discovery of 17 of the
considered dSph candidates, for which no reliable estimate of the dark matter content was available at
the time. Because of this, all considered candidates were assumed to be point-like sources, and the
J-factors for the non-confirmed dSphs estimated from a purely empirical scaling relation based on
their heliocentric distance. For four of the examined dSphs, a 2σ discrepancy with the null hypothesis
was found, which does not contradict significantly such hypothesis, particularly once the number
of investigated sources, channels and masses is considered. Overall, the strategy of observing a set
of not fully confirmed dSphs candidates, for which no reliable estimate of the J-factor exists yet is
justified since a solid positive gamma-ray signal from any of the observed targets would have been
considered a strong experimental evidence of dark matter annihilation or decay. In absence of such
signal, however, the obtained limits are less robust than those from the 15 confirmed dSphs described
above, which remain the reference in the field for the sub-TeV mass range.

5.2. Cherenkov Telescopes

Dark matter searches with Cherenkov telescopes have evolved from simple event-counting
analyses to more complex maximum-likelihood analyses of optimized sensitivity thanks to the
inclusion of the expected spectral and morphological features of the dark matter signals [56].

In the most basic version of the likelihood function, the nuisance parameters μ (see Equation (15))
are the bij factors themselves. They are constrained by measurements in signal-free, background-control
(or Off) regions with τ times the exposure of the signal (or On) region. A more complete analysis
also includes the treatment of τ as a nuisance parameter, given that the latter is normally affected by
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significant statistic (στ,stat) and systematic (στ,sys) uncertainties. The statistical uncertainty comes from
the fact that τ is often estimated from the data themselves (comparing the events observed in regions
adjacent to the On and Off ones). The systematic uncertainty takes into account the residual differences
of exposure between the Off and On regions, and it is normally assumed to be of the order of 1% for
the current generation of Cherenkov telescopes [12]. It can be shown that this systematic uncertainty
is the limiting factor to the sensitivity of the event-counting analyses for NOn � (τ+1)τ

Δτ2 , i.e., between
∼ 104 and ∼ 2 × 104 events for τ in the typical range between 1 and 10, and 1% systematic uncertainty
in τ (i.e., στ,sys = 0.01τ). Once we reach this number of observed events in the signal region, increasing
the statistics of the dataset does not longer contribute to improve the sensitivity of the search.

The gamma-ray likelihood function for Cherenkov telescopes can thus be written as the product
of Poisson likelihoods for the On and Off region times a Gaussian likelihood for τ, i.e.:

Lγ(αJ; {bij}i=1,...,NE′ ;j=1,...,Np̂′ , τ | {NOn,ij, NOff,ij}i=1,...,NE′ ;j=1,...,Np̂′ ) =

NE′

∏
i=1

Np̂′

∏
j=1

[
P
(
sij(αJ) + bij | NOn,ij

) · P(τbij | NOff,ij)
]
· G(τ | τobs, στ) , (22)

with NOn,ij and NOff,ij the number of observed events in the On and Off regions, respectively, in the
i-th bin of reconstructed energy and the j-th bin of reconstructed arrival direction; and G an (often

neglected) Gaussian PDF with mean the measured value τobs and width στ =
√

σ2
τ,stat + σ2

τ,sys.
The considered energy range depends on the instrument (e.g., larger reflectors provide lower

thresholds) and the dSph observation conditions (e.g., higher zenith angle observations imply higher
threshold). For the current instruments and observed dSphs, the lowest energy bin starts between
80 and 800 GeV, whereas the highest one can reach up to between 10 and 100 TeV.

In the analysis of Cherenkov telescope data, the convolution of d2Φ
dEdΩ · Aeff with the PSF function

f p̂ needed to compute sij according to Equation (16) is usually performed numerically through the
analysis of Monte Carlo simulated events. We note that Equation (16) can be written as:

sij =
∫

ΔE′
i

dE′
∫ ∞

0
dE
∫ Tobs

0
dt

dΦ
dE

(E) Āeff,j(E,
dJ
dΩ

, t) fE(E′|E, t) , (23)

with Āeff,j the signal morphology-averaged effective area within spatial bin j, defined as:

Āeff,j(E,
dJ
dΩ

, t) =

∫
Δp̂′

j
dΩ′ ∫

ΔΩtot
dΩ d2Φ

dE dΩ (E, p̂) Aeff(E, p̂, t) f p̂(p̂′|E, p̂, t)

dΦ
dE (E)

=
∫

Δp̂′
j

dΩ′
∫

ΔΩtot
dΩ

dJ
dΩ

(p̂) Aeff(E, p̂, t) f p̂(p̂′|E, p̂, t) . (24)

Āeff,j depends on the morphology of the gamma-ray emission ( dJ
dΩ ), although not on its intensity,

hence not on J. Therefore, for point-like sources observed with constant IRF at a given fixed direction,
Āeff,j is only a function of the energy. As a matter of fact, what normally is referred to as the effective
area of a given Cherenkov telescope is the value of Āeff,j(E) for a circular spatial bin centered at
the position of a point-like source (observed at low zenith distance under dark and good weather
conditions), with radius optimized to maximize the signal-to-noise ratio. In practice, Āeff,j(E) is
computed with Monte Carlo simulations: Using a sample of simulated gamma rays with arrival
directions distributed according to dJ

dΩ and trajectories impacting uniformly in a sufficiently large area
(Atot) around the telescope pointing axis, Āeff,j is computed scaling Atot by the ratio between events
detected within spatial bin j and the total number of generated events. For reasons of economy of
computational resources, Āeff,j is computed in some of the analyses described here approximating
dJ
dΩ by a point-like source (i.e., by a delta function), even for the analysis of moderately extended
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dSphs. This approximation is less accurate the more extended the source. The bias introduced in Āeff,j
becomes relevant when the source extension is comparable to or bigger than the region for which Aeff
may be considered flat.

5.2.1. H.E.S.S

The first dark matter searches using observations of dSphs with the H.E.S.S telescopes were
based on an event-counting analysis, with no attempt to use the expected spectral and morphological
signatures in the search [57,58]. H.E.S.S also performed early searches on non-confirmed dSphs like
Canis Major [59] or even globular clusters [60]. Their most recent searches use state-of-the-art analysis
techniques like the one described in Section 3, and are based on observations of Sagittarius (∼90 h),
Coma Berenices (∼9 h), Fornax (∼6 h), Carina (∼23 h) and Sculptor (∼13 h) dSphs, where H.E.S.S has
searched for both continuum [41] and line-like [44] dark matter spectra. We will concentrate in these
two latter works.

There are significant differences in the high-level maximum-likelihood analyses used by H.E.S.S
in their searches for continuum and spectral lines. In the search for continuum spectra the dNγ

dE was
taken from analytical parameterizations [42], generally valid up to dark matter mass of 8 TeV; and
the J-factors were estimated using the prescription by Martinez (2015) [39], assuming alternatively
cuspy NFW [23], and cored Burkert [43] profiles. In the search for spectral lines, on the other hand, the
dNγ

dE is trivial, and the J-factors were taken from the work by Geringer-Sameth et al. (2014) [7], which
assumes a Zhao-Hernquist dark matter density profile [61]. The case of Sagittarius dSph was treated
separately in both works, given that this galaxy is likely affected by tidal disruption [62], and therefore
the J-factor calculation is subject to comparatively larger systematic uncertainties, not included in the
likelihood analysis.

There are also slight differences in the likelihood function used by H.E.S.S in the continuum and
spectral line dark matter searches. In both cases they use the likelihood function of Equation (22)
without including the term accounting for the uncertainty in τ. In the case of continuum spectra, only
one (Np̂′ = 1) circular spatial bin centered at the position of each dSph was considered, whereas for
spectral lines Np̂′ = 2 or 3 (depending on the size of the considered dSph), concentric 0.1◦-width
ring-like spatial bins were used. The reason for this difference must be purely historical (given how
the expected and measured spatial information is essentially common to both searches), probably
in an attempt to increase the sensitivity by including more information in the likelihood analysis.
The drawback of this approach, has already been discussed in Section 4: It can introduce a bias in sij,
with an unquantified effect in the final sensitivity to α. In both analyses, for the computation of sij
following Equation (16), the dependence of the effective area with p̂ within the signal region and the
effect of the PSF are ignored. We note that these two simplifications require opposite conditions: Aeff
can be better approximated by a constant value for smaller signal regions, i.e., smaller dSphs, whereas
the effect of the angular resolution in the distribution of measured events is smaller for larger dSphs.
The effect in the final result of adopting these two simplifications is not quantified.

H.E.S.S found no significant gamma-ray signal in the observed dSphs, considered either
individually or collectively, for any of the assumed emission spectra (continuum or spectral line).
The maximum observed deviations from the null hypothesis are ∼2.6σ for the continuum spectra
search in Fornax, and ∼1.2σ for the spectral-line search in Sagittarius. The exclusion limits for the
annihilation cross-section for continuum spectra (see Figure 3-left) peak at dark matter masses of
around 1–2 TeV, depending on the considered channel. Assuming a NFW density profile, the strongest
constraint is provided by Sagittarius dwarf, with 〈σv〉UL95 ∼ 2 × 10−23 cm3 s−1 for a combination of
W+W− and ZZ annihilation channels. The bounds resulting from the combination of all the observed
dSphs are only marginally better because Sagittarius has, under the NFW-profile assumption, the
largest by far J-factor among the considered dSph, and because it has been observed by H.E.S.S for
significantly longer time than the rest of the dSphs. However, given that the value of the J-factor for
Sagittarius is affected by large systematic uncertainties (on account of the possibility that the system is

100



Galaxies 2020, 8, 25

affected by tidal disruption), H.E.S.S has also provided constraints obtained from the combination of all
the other dSphs, which results in the limit 〈σv〉UL95 ∼ 10−22 cm3 s−1, for the same annihilation channel.
In the case of the search for spectral lines, limits do not depend significantly on the inclusion or not of
Sagittarius (see Figure 3-right), since with the newer approach in the evaluation of the J-factor used in
this work, the limits are dominated by Coma Berenices results. In the mass range between 400 GeV
and 1 TeV, the obtained limit to the velocity-averaged cross section is 〈σv〉UL95 ∼ 3 × 10−25 cm3 s−1.
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Figure 3. The 95% confidence level upper limits to the cross section of dark matter annihilating into a
combination of W+W− and ZZ (left, reprinted figure with permission from reference [41]; copyright
(2014) by the American Physical Society) and γγ pairs (right, reprinted figure with permission from
reference [44], ©IOP Publishing Ltd. and Sissa Medialab; reproduced by permission of IOP Publishing;
all rights reserved). Different lines show limits from individual dSphs and from their combination
with and without Sagittarius. For the spectral line search, also the median of the distribution of limits
obtained for simulated realizations of the null hypothesis is shown, together with the corresponding
1σ and 2σ symmetric quantiles.

5.2.2. MAGIC

MAGIC performed early dark matter searches using observations of the dSphs Draco [63],
Willman 1 [64] and Segue 1 [65]. These searches had a relatively poor sensitivity, due to the fact
that they were based on one-telescope observations and simple event-counting data analysis. With the
addition of the second telescope, MAGIC dark matter search strategy was based on deep observations
(∼160 h) of the dSph with the highest J-factor known at that moment, namely Segue 1 [45], and the
use for the first time by Cherenkov telescopes, of advanced maximum-likelihood analysis techniques.
In addition, MAGIC Segue 1 observations were part of the aforementioned first multi-instrument
combined search, together with data from Fermi-LAT [22], a work that I will discuss later in more detail.
After that, MAGIC initiated a diversification of observed targets, starting by ∼100 h of observations of
the Ursa Major II dSph [46].

MAGIC dark matter searches in Segue 1 and Ursa Major II follow essentially the same data
selection, calibration and processing procedures, but contain significant differences in several elements
of their high-level analysis. The gamma-ray average spectra per annihilation reaction ( dNγ

dE ) were
obtained from the parameterization by Cembranos et al. (2011) [42] in the case of Segue 1, and the
PPPC 4 DM ID computation [47] in the case of Ursa Major II. The spectra provided by these two works
do not differ significantly for the considered energy range. The J-factor for Segue 1 was computed
solving the Jeans equation assuming an Einasto density profile [24], and for Ursa Major II was taken
from Geringer-Sameth et al. (2014) [7].
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The likelihood function used by MAGIC for dark matter searches has also evolved over the
years. For the observations of Segue 1 they used, instead of Equation (22), the following unbinned
likelihood function:

Lγ(αJ; b | {E′
i}i=1,...,NOn) = P

(
s(αJ) + b | NOn

) · NOn

∏
i=1

fs+b(E′
i) , (25)

where the uncertainty on τ is ignored, only one spatial bin is considered, and the energy-wise product
of Poisson terms is substituted by a global Poisson term for the total number of observed events (NOn),
times the joint likelihood for the observed values of estimated energies. The latter is computed as the
product of the PDF for the reconstructed energy fs+b(E′) evaluated at each observed E′, where fs+b =

1
s+b (s fs + b fb), with fs and fb the PDFs for the reconstructed energies for signal and background
events, and s (the free parameter) and b (a nuisance parameter) the total expected number of signal
and background events, respectively. fs is the normalized convolution of the gamma-ray spectrum
with the IRF, i.e.:

fs(E′) = Tobs
s

∫ ∞

0
dE

dΦ
dE

Āeff(E) fE(E′|E) , (26)

with Āeff(E) computed following Equation (24). fb, on the other hand, is modeled using the data
from one or several Off regions. This approach presents the drawback of neglecting the statistical and
systematic uncertainties in the background spectral shape. In comparison, in the binned version of the
likelihood function (Equation (22)) the statistical uncertainty is taken into account by the inclusion of
the nuisance parameters bij and τ. This unbinned analysis hence typically produces results that are
several tens of percent artificially more constraining than the binned one. Another important difference
of the MAGIC Segue 1 analysis with respect to the general framework is that it does not include
statistical uncertainties in the J-factor. This was justified by the fact that the bounds to α scale with
1/J, and therefore the provided results allow the computation of the limits for any other J-factor value
(provided dJ

dΩ is kept fixed). This argument is valid only for single-target observations, but not for
results obtained combining observations from different dSphs with different J values and uncertainties.
Another main difference between this analysis and the general framework is the treatment of the cases
when the value α̂ maximizing the likelihood lies outside the physical region, i.e., α̂ < 0. For those cases,
the 95% confidence limit on α was computed as αUL95 = α2.71 − α̂, with α unrestricted (i.e., allowed to
take negative values) during the likelihood maximization process. With this prescription, the limit
obtained for any negative fluctuation in the number of excess events is equal to the limit for zero excess
events (i.e., the sensitivity), at the expense of some over-coverage (i.e., the bounds are conservative).

In the analysis of Ursa Major II data, MAGIC used the general analysis framework described in
Section 4, with binned likelihood, statistical uncertainties in the J-factor considered, and α restricted to
positive values. In addition, for the first time in the analysis of Cherenkov telescope data, the Off/On
exposure ratio τ in Equation (22) was considered a nuisance parameter, taking into account both its
statistical and systematic (στ,sys = 1.5%) uncertainties, thus providing more realistic results.

MAGIC found no significant gamma-ray signal in the observations of Segue 1 or Ursa Major II.
This was translated into limits to the dark matter annihilation cross section (and decay lifetime),
assuming different dark matter induced gamma-ray production mechanisms. Using Segue 1, MAGIC
carried out a systematic search for annihilation and decay processes, looking for the continuum spectra
from production of bb̄, tt̄, μ+μ−, τ+τ−, W+W− and ZZ pairs, spectral lines from γγ and γZ channels,
and other spectral features such as those produced by virtual internal bremsstrahlung emission (XXγ)
and gamma-ray “boxes” (ΦΦ → γγγγ). With Ursa Major II data, the searches were limited to
annihilation into bb̄, μ+μ−, τ+τ− and W+W− pairs. Figure 4 shows the results for annihilation into
bb̄ pairs obtained from each of the observed dSphs (there is no MAGIC-only combined result). The
obtained limits are in general within the 68% containment region expected for the null hypothesis,
except for the low mass range mχ � 300 GeV in the case of Segue 1, where they stay nevertheless
within the 95% containment region. 95% confidence level upper limits to the annihilation cross-section
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of dark matter particles into bb̄ pairs reach 〈σv〉UL95 ∼ 5 × 10−24 cm3 s−1 for mχ ∼ 2 TeV in the case
of Segue 1, and 〈σv〉UL95 ∼ 2 × 10−23 cm3 s−1 in the case of Ursa Major II. Segue 1 observations were
also used to constrain the lifetime of mχ ∼ 20 TeV particles decaying into bb̄ pairs to be larger than
τLL95

χ ∼ 3 × 1025s.
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Figure 4. The 95% confidence level upper limits to 〈σv〉 (solid line) for the process χχ → bb̄ from
observations of the dSphs Segue 1 (left, reprinted figure under CC BY license from reference [45])
and Ursa Major II (right, reprinted figure with permission from reference [46], ©IOP Publishing Ltd.
and Sissa Medialab; reproduced by permission of IOP Publishing; all rights reserved) with MAGIC;
also shown are the median of the distribution of limits for the null-hypothesis, and the limits of the
symmetric 68% and 95% quantiles. For Ursa Major II, both the results with and without considering J
statistical uncertainty are shown.

5.2.3. VERITAS

VERITAS has performed dark matter searches using observations of the dSphs Segue 1 (92 h),
Draco (50 h), Ursa Minor (60 h), Boötes 1 (14 h) and Willman 1 (14 h). For early observations [66,67],
they used a simple event counting analysis approach. More recently, they analyzed their full datasets
and combined them using advanced analysis techniques [48].

In this latter work, the average gamma-ray spectra ( dNγ

dE ) for the investigated dark matter
annihilation channels were taken from the PPPC 4 DM ID computation [47], and the differential
J-factors from Geringer-Sameth et al. (2014) [7]. For the high-level, statistical data analysis, VERITAS
used a test statistic equivalent to the ratio of the following likelihood function [68], namely:

Lγ(α | {E′
i , θ′i}i=1,...,NOn) =

NOn

∏
i=1

fs+b(E′
i , θ′i) . (27)

This likelihood function is similar to the one used by MAGIC in the Segue 1 analysis
(Equation (25)). They are both unbinned simplified versions of the general likelihood function for
Cherenkov telescopes shown in Equation (22). With respect to the MAGIC Segue 1 likelihood function,
in Equation (27) the external Poisson term for the total number of observed events is omitted, and the
event-wise term consists in the evaluation of the 2-dimensional PDF for the measured energy E′ and
the angular separation θ′ between the measured arrival direction and the dSph center. We remind the
reader that fs+b = 1

s+b (s fs + b fb). In the 2-dimensional case, assuming that the convolution of the
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gamma-ray distribution with the IRF is radially symmetric with respect to the center of the dSph (i.e.,
the dependence on p̂′ reduces to a dependence on θ′), then fs(E′, θ′) is given by:

fs(E′, θ′) = 2πθ′Tobs
s

∫ ∞

0
dE
∫

ΔΩtot
dΩ

d2Φ
dE dΩ

IRF(E′, p̂′|E, p̂) . (28)

Only events in an On region defined by a maximum distance of θ′cut = 0.17◦ from the center
of the dSphs are considered, and the dependence of the effective area Aeff on the arrival direction
p̂ for events passing such cut is ignored. The dependence of fb on E′ is modeled by smearing the
distribution of E′ measured for events of the background-control (Off) region, whereas the spatial
distribution is assumed to be uniform within the On region. Both b and fb are fixed during the
likelihood maximization, i.e., no statistical or systematic uncertainties in the background estimation
are considered. Moreover the J-factor uncertainty is not included in the likelihood. Instead, the effect
of the uncertainty in J is quantified by repeating the limit calculation over an ensemble of dark matter
halo realizations using, for each dSph, halo parameter values randomly chosen from their inferred
PDFs, and reporting the 68% confidence level containment quantiles of the obtained distribution of
results5. However, the main reported result in this case is still the median of such distribution, which
is only sensitive to the central J-factor and not to its uncertainty, producing limits a factor ∼2 more
constraining than if J was considered a nuisance parameter.

A possible advantage of the use of the likelihood function of Equation (27) is that it allows a
relatively simple estimation of the PDF for the associated −2 ln λP test statistic [68] directly from the
data and without relying on the validity of the conditions of the Wilks’ theorem. This is so, because
−2 ln λP can be expressed as the sum of two random variables (those corresponding to the signal and
background contributions to −2 ln λP, respectively), which, for the likelihood function of Equation (27),
are distributed according to a compound Poisson distribution. VERITAS results are hence robust in the
sense that have a well determined confidence level under the assumption that the likelihood function
was correct.

VERITAS has not found evidence of dark matter signals from neither of the four considered
dSphs individually, or combined in a joint analysis. The null-hypothesis significance is well within
the ±2σ quantile, for all considered targets, annihilation channels (uū, dd̄, ss̄, bb̄, tt̄, e+e−, μ+μ−,
τ+τ−, W+W−, ZZ and hh) and mχ values, except for mχ ≥ 5 TeV dark matter particles annihilating
into γγ in Draco dSph. In this latter case, a negative fluctuation slightly below −2σ is observed,
which is not incompatible with purely statistical fluctuations, or could be alternatively explained
by unaccounted systematic uncertainties in the background estimation. Figure 5 shows VERITAS
limits to the annihilation cross-section into bb̄ and τ+τ− pairs, compared with other limits from
dSph observations by other gamma-ray instruments. The constraints reach 〈σv〉UL95 ∼ 10−23 cm3

s−1 at mχ ∼ 1 TeV for bb̄, and 〈σv〉UL95 ∼ 3 × 10−24 cm3 s−1 at ∼300 GeV for τ+τ− annihilation
channels, respectively.

5 That is: limits, which are one-sided confidence intervals, are provided with error bars, which are two-sided confidence
intervals. Some authors [69] have described graphically the potentially pernicious consequences of extending this practice.
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Figure 5. The 95% confidence-level upper limits to the dark matter annihilation cross-section into
bb̄ (left) and τ+τ− (right) pairs, obtained from dSph observations by VERITAS (black solid line),
compared with results from other gamma-ray instruments (see legend for the details). Reprinted figure
with permission from reference [48]; copyright (2017) by the American Physical Society.

5.3. HAWC

HAWC has searched for dark matter annihilation and decay signals in 15 dSphs observed during
507 days between November 2014 and June 2016 [49]. They computed the average gamma-ray spectra
per annihilation or decay event ( dNγ

dE ) using the PYTHIA v8.2 simulation package [50], and the J-factors
using the CLUMPY software package [51], assuming NFW [23] dark matter density profiles. The
searches were carried out using the binned likelihood function described in Equation (15). Data were
binned in reconstructed energy E′ (referred to as fhit in HAWC publications [14]) covering the range
between 500 GeV and 100 TeV, and in reconstructed arrival direction p̂′, covering an area of 5◦ radius
around each of the analyzed dSphs. The computation of the signal events sij in each bin was performed
using Monte Carlo simulations of the whole observations, assuming point-like sources and a reference
value of α, and scaling the result for any other needed value, which is equivalent to using Equation (16).

No nuisance parameters accounting for uncertainties in the background estimation were
considered, i.e., no Lμ term was included in the Equation (15) likelihood function. The values bij were
estimated from the measured number of events in the same bin of local (or detector) coordinates at
times when such coordinates do not correspond to any of the analyzed dSphs or any known HAWC
sources. Measured background rates at each local spatial bin were then normalized using the all-sky
event rate measured in 2-h intervals. Using this method, the statistics used for background estimation
correspond to an Off/On exposure ratio factor of τ = 30–300 [70], and the related statistic uncertainties
(included in the case of Cherenkov telescopes by the second Poisson term in Equation (22)), can
therefore be safely neglected. However, the effect of the systematic uncertainty associated to this
method is not quantified or taken into account in the analysis. In addition, similarly to the case of
VERITAS, HAWC does also not include in the maximum likelihood analysis the statistical uncertainty
in the J-factor, i.e., they ignore the LJ term in Equation (13). They do quantify the impact on the limits
caused by the consideration of the dSphs as point-like sources and by several detector effects not
perfectly under control in the Monte Carlo simulations used for calibrating the detector.

HAWC has not found gamma-rays associated to dark matter annihilation or decay from the
examined dSphs, considered either individually or collectively. The significance of rejection of the
null hypothesis for all considered targets, channels (bb̄, tt̄, τ+τ−, W+W− and μ+μ−), and mχ values
(between 1 and 100 TeV) is within 2σ, except for few marginally larger negative fluctuations. Figure 6
shows the limits to the annihilation cross section obtained by HAWC for the bb̄ and τ+τ− annihilation
channels, compared to limits obtained by other gamma-ray instruments. Limits reach 〈σv〉UL95 ∼
10−23 cm3 s−1 at mχ ∼ 3 TeV for bb̄, and 〈σv〉UL95 ∼ 2× 10−24 cm3 s−1 at ∼1 TeV for τ+τ− annihilation
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channels, respectively. For decay, lower limits to the decay lifetime were set to τLL95
χ ∼ 3 × 1026 s

for the 100 TeV mass dark matter particle decaying into bb̄ pairs or τLL95
χ ∼ 1027 s for decaying into

τ+τ− pairs.

Figure 6. The 95% confidence level upper limits to the annihilation cross-section of dark matter particles
annihilating into bb̄ (left) and τ+τ− (right) pairs, from HAWC observations of dSphs (black solid
line). Results from other gamma-ray instruments are also shown (see legend for details), as well as the
median and 65% and 95% symmetric quantiles of the distribution of limits obtained under the null
hypothesis. Figure reproduced with permission from reference [49], ©AAS.

5.4. Multi-Instrument Searches

Following Equations (13) and (14), MAGIC and Fermi-LAT have computed a multi-target,
multi-instrument, joint likelihood, producing the first coherent joint search for gamma-ray signals from
annihilation of dark matter particles in the mass range between 10 GeV and 100 TeV [22]. The data
used in this work correspond to the Fermi-LAT 6-years [21] and the MAGIC Segue 1 [45] observations
discussed earlier in Sections 5.1 and 5.2.2, respectively. MAGIC analysis was slightly adapted to match
LAT conventions, in the following aspects: (i) The determination of the J-factor; (ii) the treatment of
the statistical uncertainty of J through the LJ term in Equation (13); and (iii) the treatment of the cases
in which the limits lie outside the physical (α ≥ 0) region.

The MAGIC/Fermi-LAT combined search for dark matter did not produced a positive signal,
but it allowed setting global limits to the dark matter annihilation cross section and, for the first
time, a meaningful comparison of the individual results obtained with the two instruments. Figure 7
shows the 95% confidence level limits to the cross-section of dark matter particles of mass in the range
between 10 GeV and 100 TeV annihilating into bb̄ and τ+τ− pairs. The obtained limits are the currently
most constraining results from dSphs, and span the widest interval of masses, covering the whole
WIMP range. In the regions of mass where Fermi-LAT and MAGIC achieve comparable sensitivities,
the improvement of the combined result with respect to those from individual instruments reaches a
factor ∼2.
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Figure 7. The 95% confidence level upper limits to the cross-section for dark matter particles
annihilating into bb̄ (left) and τ+τ− (right) pairs. Thick solid lines show the limits obtained by
combining Fermi-LAT observations of 15 dSphs with MAGIC observations of Segue 1. Dashed
lines show the limit obtained individually by MAGIC (short dashes) and Fermi-LAT (long dashes),
respectively. The thin-dotted line, green and yellow bands show, respectively, the median and the
two-sided 68% and 95% symmetric quantiles for the distribution of limits under the null hypothesis.
Reprinted figure with permission from reference [22], ©IOP Publishing Ltd. and Sissa Medialab;
reproduced by permission of IOP Publishing; all rights reserved.

This approach is applicable to all the high-energy gamma-ray instruments (and also to high
energy neutrino telescopes, with slight modifications in Equation (16) to account for the oscillations).
The so-called Glory Duck working group has initiated an activity aimed at the combination of all dark
matter searches performed with Fermi-LAT, H.E.S.S, MAGIC, VERITAS and HAWC using observations
of dSphs [71]. Each collaboration will analyze their own datasets and will provide the likelihood values
as a function of the free parameter α (i.e., the terms Lγ,k in Equation (14)) for the different considered
annihilation channels and mχ values, for their combination and J-factor profiling through Equation (13).
Likelihood values from the different instruments will be computed using the same conventions for the
computation of the gamma-ray spectra and the J-factors, as well as the same statistical treatment of
the data, most notably a common consideration of all relevant uncertainties by the inclusion of the
corresponding nuisance parameters in the likelihood functions. While in principle foreseen only for
the combination of gamma-ray data in the search of annihilation signals, this work could pave the
path for other combined searches, such as searches for decay signals, the inclusion of other kinds of
targets or even extending the searches to include also results from neutrino telescopes. This approach
will ensure that all the combined individual results will be directly comparable among them, and
will produce the legacy result of the dark matter searches using the current generation of gamma-ray
instruments.
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Abstract: Dwarf spheroidal galaxies have long been discussed as optimal targets for indirect dark
matter searches. However, the majority of such studies have been conducted with gamma-ray
instruments. In this review, we discuss the very recent progress that has been made in radio-based
indirect dark matter searches. We look at existing work on this topic and discuss the future prospects
that motivate continued work in this newly developing field that promises to become, in the light of
the up-coming Square Kilometre Array, a prominent component of the hunt for dark matter.

Keywords: dark matter; indirect detection; dwarf spheroidal galaxies

1. Introduction

Dwarf spheroidal galaxies (dSphs) have long been known as highly Dark Matter (DM) dominated
objects with little baryonic emission that would obscure indirect detection efforts [1]. This has lead to
extensive searches for DM annihilation resulting in gamma-ray emissions with numerous telescopes.
Early efforts focussed on the Draco dwarf [2,3] but later campaigns using the Fermi Large Area
Telescope [4] (Fermi-LAT) [5–9], the High Energy Stereoscopic System (HESS) [10–13], and the High
Altitude Water Cherenkov (HAWC) experiment [14] have greatly expanded the search to many other
dwarf galaxy objects. However, radio continuum is another region of the spectra that few dSphs
are detected in [15]. This suggests another possible avenue for hunting DM indirect emissions.
For WIMP models, with masses above a few GeV [16], this emission would have to be in the form of
long-lived leptons emitting synchrotron radiation. Therefore, the need to disentangle the magnetic
field and DM contributions to this putative emission is a complicating factor that is not present in
gamma-ray detection experiments. In addition, diffusion of the emitting electrons may substantially
impact expected synchrotron emissions. To characterise the diffusive environment, we need detailed
information about the diffuse baryon content and turbulent magnetic field structure within the dwarf
galaxy [17]. This is, of course, considerably complicated by the low levels of expected diffuse baryonic
content and weak emissions from target objects. These complications explain the historical preference
for hunting indirect DM emission in gamma-rays. However, radio instruments have several points
in their favour. Firstly, their angular resolution is vastly superior to that of gamma-ray experiments,
especially when interferometry is employed (Atwood and others for the Fermi/LAT collaboration [4]
vs. Perley et al. [18], for instance). This is important as it can be used to avoid the confusion
of diffuse dark matter emission with that of unresolved point sources. In compliment to this,
radio interferometers are entering a golden age of increasing sensitivity as embodied, in the GHz
frequency range, by the Jansky Very Large Array (JVLA) [18], and the up-coming Square Kilometre
Array (SKA) [19] and its precursor experiments MeerKAT [20] and the Australian Square Kilometre
Array Pathfinder (ASKAP) [21]. In addition, lower frequency experiments such as the LOw Frequency
ARray (LOFAR) [22] and the low-frequency SKA component are pushing the boundaries of minimum
detectable fluxes to levels below 1 μJy. This is very promising for the indirect detection of DM as the
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advancement of radio astronomy techniques and technology will begin to overcome the traditional
obstacles in the way of radio-based searches, allowing the strengths of radio instruments to make their
impact on the hunt for DM.

This review therefore covers the progress that has been made towards the observation of diffuse
radio emissions from dwarf spheroidal galaxies and the use of this to probe the parameter space of
particle dark matter that produces electrons/positrons through annihilation or decay processes. The use
of radio observation for indirect DM detection was prominently advocated in [23], using the magnetic
field estimates on dSphs by Klein et al. [15] as motivation, with the Draco dwarf galaxy particularly in
mind. This work spurred further searches with the Green Bank Telescope (GBT) [24,25] covering the
Wilman I, Ursa Major II, and Coma Berenices. For this experiment, being a single dish, an external
source catalogue was necessary (the NVSS was used [26]) to remove the contribution of point sources
to the radio continuum map of the target objects. The authors of [24,25] noted the strong dependence
of their results on the magnetic field scenario within the dSphs observed, a particular issue as the
instruments used could not discern the magnetic field structure. This problem of source extraction can
be obviated by using interferometers to make the radio maps of the dwarf galaxy in the first place.
This was the approach that was followed in the subsequent works addressing three classical and three
ultra-faint dSphs with the Australian Compact Telescope Array (ATCA) [27–29]. Higher achievable
sensitivities could also have allowed for magnetic field estimation; however, it was found that ATCA
was not sensitive enough to detect μG level fields via rotation measure, and polarimetry is complicated
by low levels of dust and gas [28]. A follow-up observation was performed more recently targeting
the Reticulum II dSph [30], following interest in this target by the gamma-ray DM community [7].
The direct use of interferometers allowed for greatly improved constraints on the DM annihilation
cross-section over a wide mass range. Which are, in some cases, competitive with those obtained by a
Fermi-LAT study of 15 dSph objects [6].

The results of these existing searches are presented here and compared to a literature benchmark
of the Fermi-LAT dSph searches [6]. In addition, we follow Regis et al. [29] and present the future
prospects of these radio searches by using estimation of sensitivity gains over ATCA by instruments
such as JVLA, ASKAP, MeerKAT, and the SKA.

This review is structured as follows: Section 2 covers all the theoretical details needed to model the
synchrotron emission from electrons resulting from DM annihilation/decay, including the handling of
diffusion within the radio searches presented here. In Section 3, we go into detail on the approach taken
to the deep radio searches, as well as instrumental details used, in [24,25,29,30]. In Section 4, we discuss
the results of these aforementioned searches and compare them to our literature benchmark. Finally,
in Section 5, we discuss the future prospects for deep radio searches with up-coming experiments and
summarise the outlook in Section 6.

2. Radio Emissions from Dark Matter

In this section, we cover all necessary theoretical considerations needed to model potential radio
emission that results from DM annihilation or decay.

2.1. Electron Source Functions from DM Annihilation/Decay

In general, we describe the production of some particle species i, via DM annihilation or decay,
with a source function Q. This Q function gives the number of particles of type i produced per unit
volume per unit time per unit energy. This function will depend upon both the position within the
DM halo r and the energy of product i particles, E.

For annihilation, this is given by
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Qi,A(r, E) = 〈σV〉∑
f

dN f
i

dE
BfNχ(r) , (1)

where 〈σV〉 is the velocity-averaged DM annihilation cross-section at 0 K, the index f labels the states

produced by annihilation with branching ratios Bf and i particle production spectra dN f
i

dE , Mχ is the

WIMP mass, and finally Nχ(r) =
ρ2

χ

M2
χ

is the DM particle pair density at a given halo radius r.

The source function in the case of DM decay is given by

Qi,D(r, E) = Γ ∑
f

dN f
i

dE
Bf nχ(r) , (2)

where Γ is the decay rate of the DM particle, the spectra dN f
i

dE will match those used above but for
annihilation cases where the DM particle mass is half of that used for studying decay processes,
and nχ(r) =

ρχ

Mχ
is the DM particle number density at a given halo radius r.

2.2. DM Halos of Dwarf Spheroidal Galaxies

There are three considered density profiles that are used in deep radio searches examined in this
review. They are detailed as a function of the radial coordinate r below:

ρN(r) =
ρs

r
rs

(
1 + r

rs

)2 ,

ρB(r) =
ρs(

1 + 1.52r
rs

)(
1 +
(

1.52r
rs

)2
) ,

ρE(r) =
1
4

ρse
− 2

α

(
( r

rs )
α−1

)
,

(3)

where ρs is characteristic density, which normalises the density profile to virial mass of the halo Mvir;
rs is the scale radius, related to the virial radius via rvir = rscvir where cvir is the virial concentration
parameter; and α is the free Einasto parameter. In Equation (3), these density profiles are, in order,
Navarro–Frenk–White (NFW) [31], the Burkert profile [32], and the Einasto profile [33]. Several profiles
need to be considered when studying dwarf galaxies as there is some uncertainty as to their halo
structure in the literature [34,35].

2.3. Diffusion of Secondary Electrons

It is vital in the discussion of DM-induced radio emission to consider the diffusion and energy-loss
experienced by resultant electrons. This is because both the position and energy distributions of
DM-produced electrons will influence the subsequent synchrotron emission. Particularly, it has
been shown in [23,36,37] that the effect of diffusion on the emitted flux is highly significant in small
structures such as dwarf galaxies. The diffusion equation for electrons within the halo is given by

∂

∂t
dne

dE
= ∇

(
D(E, x)∇dne

dE

)
+

∂

∂E

(
b(E, x)

dne

dE

)
+ Qe(E, x) , (4)

where dne
dE is the electron spectrum, the spatial diffusion is characterised by D(E, x), while b(E, x)

specifies the rate of energy-loss and Qe(E, x) is the electron source function from DM annihilation or
decay. The solution that is sought from such an equation is the stable equilibrium electron distribution.
Two main approaches exist in the literature, one being Crank–Nicolson method for discretising
derivatives. This approach is used in publicly available cosmic-ray transport codes such as DRAGON
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and GALPROP [17,38] and is employed in [29,30]. To implement this method, the time derivative is
discretised

∂

∂t
dne

dE
=

dni
dE (t + Δt)− dni

dE (t)
Δt

, (5)

where i indicates a position r (assuming spherical symmetry) and we drop the e subscript for clarity.
The Crank–Nicolson scheme is then

dni
dE (t + Δt)− dni

dE (t)
Δt

=
α1

dni−1
dE (t + Δt)− α2

dni
dE (t + Δt) + α3

dni+1
dE (t + Δt)

2Δt
− α1

dni−1
dE (t)− α2

dni
dE (t) + α3

dni+1
dE (t)

2Δt
+ Qi . (6)

The α coefficients for the r discretisation are defined to match the form of Equation (4)

α1

Δt
=

[
−D + ∂D

∂r
Δr

+
D

Δr2

] ∣∣∣∣∣
r=ri

, (7)

α2

Δt
=

2D(r = ri)

Δr2 , (8)

α3

Δt
=

[
D + ∂D

∂r
Δr

+
D

Δr2

] ∣∣∣∣∣
r=ri

. (9)

The energy derivatives are discretised with the coefficients

α1

Δt
=

bi(E)
ΔE

, (10)

α2

Δt
=

bi(E + ΔE)− bi(E − ΔE)
ΔE

+ 2 , (11)

α3

Δt
= − bi(E)

ΔE
. (12)

The energy-loss function for inverse-Compton scattering of CMB photons and synchrotron
emission is [28]

b(E, r) = 2.7 × 10−17GeV s−1

(
1 + 0.095

(
B(r)
μG

)2
)(

E
GeV

)2
. (13)

The diffusion function is [28]

D(E, r) = D0

(
B(r)
1μG

)−α ( E
1GeV

)α

, (14)

where α is the slope of the magnetic field power spectrum and D0 ranges between 1028 and 1030 cm2 s−1.
The other approach to solving Equation (4) employs a semi-analytical formalism via the use

of Green’s functions, as used in [23,36,37]. In this approach, it is assumed that the DM halo,
and accompanying baryon distributions, have spherical symmetry. Additionally, it is assumed that the
energy-loss and diffusion processes have no spatial dependence. Under these assumptions, the solution
to diffusion equation takes the form

dne

dE
(r, E) =

1
b(E)

∫ Mχ

E
dE′ G(r, E, E′)Q(r, E′) , (15)

with G(r, E, E′) being a Green’s function. This is expressed as
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G(r, E, E′) = 1√
4πΔv

∞

∑
n=−∞

(−1)n
∫ rh

0
dr′ r′

rn

×
(

exp

(
− (r′ − rn)

2

4Δv

)
− exp

(
− (r′ + rn)

2

4Δv

))
Q(r′)
Q(r)

,

(16)

where rh is the maximum radius considered for spatial diffusion, rn = (−1)nr + 2nrh are the image
charge positions, and

Δv = v(u(E))− v(u(E′)) , (17)

with

v(u(E)) =
∫ u(E)

umin

dx D(x) ,

u(E) =
∫ Emax

E

dx
b(x)

.
(18)

These last equations constitute a similar change of variables to those used in [39,40] to solve
Equation (4). Since we have assumed that diffusion and energy-loss do not depend on halo position
r, we include their effects via average values for the field strength and thermal plasma density.
These average values are defined as follows: B ≡ √〈B(r)2〉 and n ≡ 〈n(r)〉, where the angular
brackets indicate a radial average. We can then express the spatial diffusion coefficient in terms of
these averages as [41]

D(E) = D0

(
B

1μG

)− 1
3
(

E
1GeV

) 1
3

, (19)

where the turbulence has been assumed Kolmogorov distributed, and D0 is the diffusion constant.
Note that the radial dependence of the diffusion coefficient is very weak. This justifies the assumption
that we can make use of only the averaged value of the magnetic field in the diffusion coefficient.
The general electron energy-loss function is then

b(E) =bICE2(1 + z)4 + bsyncE2B2

+ bcouln(1 + z)3
(

1 +
1

75
log
(

γ

n(1 + z)3

))
+ bbremn(1 + z)3

(
log
(

γ

n(1 + z)3

)
+ 0.36

) (20)

where γ = E
mec2 , n is given in cm−3 and bIC, bsynch, bcoul , and bbrem are the inverse-Compton,

synchrotron, Coulomb, and Bremsstrahlung energy loss factors, taken to be 0.25, 0.0254, 6.13, and 1.51,
respectively, in units of 10−16 GeV s−1. The energy E is expressed in GeV and the B-field is in terms
of μG.

2.4. Synchrotron Emission

An electron of energy E, gyrating within a magnetic field of strength B produces synchrotron
emission with frequency dependent power given by [42]:

Psynch(ν, E, r, z) =
∫ π

0
dθ

sin θ2

2
2π

√
3remecνgFsynch

( κ

sin θ

)
, (21)

where ν is the observed frequency, z is the source redshift, the mass of the electron is given by me,
the non-relativistic gyro-frequency of the electron is νg = eB

2πmec , and re =
e2

mec2 is the classical radius of
the electron. Finally, κ and Fsynch are defined as
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κ =
2ν(1 + z)

3ν0γ2

(
1 +
(

γνp

ν(1 + z)

)2
) 3

2

, (22)

and

Fsynch(x) = x
∫ ∞

x
dy K5/3(y) � 1.25x

1
3 e−x

(
648 + x2

) 1
12 . (23)

The synchrotron radiation emissivity at a position r within the halo can then be found to be

jsynch(ν, r, z) =
∫ Mχ

me
dE
(

dne−
dE

+
dne+

dE

)
Psynch(ν, E, r, z) . (24)

This quantity is the basic ingredient in determining the flux seen by a distant observer. The flux
density spectrum emitted within a radius r of the halo centre is found via

Ssynch(ν, z) =
∫ r

0
d3r′

jsynch(ν, r′, z)

4πD2
L

, (25)

where DL is the luminosity distance from observer to halo. Then, the azimuthally averaged surface
brightness is given by

Isynch(ν, Θ, ΔΩ, z) =
∫

ΔΩ
dΩ

∫
l.o.s

dl
jsynch(ν, l, z)

4π
, (26)

where the integration regions ΔΩ and l.o.s define a cone of solid angle ΔΩ around the line of sight
(l.o.s). Note that this l.o.s makes an angle Θ with the central axis of the halo.

3. Deep Radio Searches for Dark Matter Emissions

Dark matter radio emissions would be the result of synchrotron radiation emitted by electrons
produced in annihilation/decay processes. This emission depends upon the DM density and so will
be a truly diffuse component of the radio continuum, being on the scale of the DM halo or a few
arcminutes in the case of nearby dSph targets. This means that there are two important sources of
uncertainty in these searches. The first is the removal of contamination by point sources and the second
is the dependence on the unknown magnetic field environment within the dwarf galaxy. The removal
of point source contributions to the radio continuum data requires a fine enough resolution to resolve
such objects. This means that radio interferometers form a necessary component of the hunt for diffuse
radio emission. Two approaches have been considered in the literature: The first is the use of a single
dish radio telescope (GBT) and extracting the sources via the use of a source catalogue produced by
interferometer surveys (NVSS for instance). The second is to perform the observations directly with an
interferometric array (ATCA is used in [29,30]).

In the single telescope approach of Spekkens et al. [24], a 40.5 deg2 area of the sky is observed at
1.4 GHz with the GBT. The field in question contained the dSphs Wilman I, Ursa Major II, and Coma
Berenices. The resolution attained is 10′ and NVSS catalogue [26] is used to subtract the unresolved
contributions of point sources to the continuum emissions. The final sensitivity attained in the source
subtracted maps is around 7 mJy per beam. Limits on DM annihilation are then obtained via the
surface brightness profile of the diffuse emission being compared to expected results for DM models
with varying WIMP mass, halo density profile, and annihilation cross-section. The largest uncertainties
in this work are the magnetic field profile and the diffusion of the synchrotron electrons (in this case the
model from [23,36] was used). The DM limits are derived under the assumption of a fiducial scenario
where the diffusion constant D0 is taken to be 0.1 of that for the Milky Way, following scaling from [43],
and the magnetic field is taken to be B ∼ 1 μG. The authors of these works [24,25] also showed how
sensitive their limits are to the assumptions made in regards to B and D0.
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Regis et al. [29] and Regis et al. [30] followed a common methodology different to that used
in [24,25]. In Refs. [27,29], the authors used the ATCA array to target the Carina, Fornax, Sculptor,
Hercules, Segue 2, and Bootes II dSphs. Two mosaic regions of 1◦ and 0.5◦ were chosen containing
three dSphs each. These regions were observed in a 2 GHz band around a central value of 2.1 GHz
in the radio continuum. The H168 and H214 ATCA configurations were used, these having compact
cores (baselines less than 100 m) and one long baseline around 4 km. A region of 20–30 arcminutes was
targeted around each dSph for analysis with 10–17 h (varying by dSph) on these regions in question.
This allowed a nominal sensitivity to 20–40 μJy to be reached. Data cleaning was performed via the
MFCLEAN routine from Miriad [44]. Sources were extracted with two approaches: SExtractor [45]
and SFIND within Miriad. The first of these approaches detects sources via their deviation in flux
relative to the local background and the second uses a false detection rate method. These two
methods were then tuned to match their source catalogues to a random position variation of around
1 arcsecond. The resulting high resolution maps have a synthesised 8 arcsecond beam size (with
10 beams per source), a confusion limit of 3 μJy, and an rms noise of 30–40 μJy. This is significant as it
implies that source confusion will not be a factor in the analysis, as it lies below the rms sensitivity
attained. A second set of maps was also produced with a Gaussian taper on the scale of 15 arcseconds.
This Gaussian tapered case results in a larger 1 arcminute synthesised beam, which will be more suited
to detecting fluxes on the scale of extended DM emission. This tapering also has the consequence
of making the point sources easier to extract from the visibility plane prior to Fourier inversion,
leaving an rms noise of 100 μJy due to confusion limitations (which are far more significant with the
taper in use). The authors of [29,30] always presented the DM limits from the most constraining map,
choosing between either the tapered case or the high resolution maps. The authors considered two
additional sources of uncertainty: bandwidth smearing and clean bias. The small size of the observed
frequency band was shown to result in no significant bandwidth smearing. Clean bias, resulting from
incomplete UV coverage, involves flux from sources being redistributed to the noise during data
cleaning. This was mitigated by following the approach suggested in [46] and stopping the cleaning
process at a residual flux three times above the rms noise. The observations in question could not
discern the magnetic field, being too insensitive to observe the rotation measure and the low dust and
gas content of dSphs making polarimetry extremely challenging.

In Refs. [28,29], the Crank–Nicolson diffusion model (from Section 2.3) was implemented and
the authors studied three diffusion schemes. The first case is an optimistic case (OPT) where there
is no spatial diffusion of the DM-produced electrons and only energy-loss at injection is considered.
This OPT scenario takes the DM halo of the target dwarf galaxies to have an Einasto density profile,
and magnetic field strength is calculated via an assumption of local equipartition (yielding averaged
values between 4 and 8 μG for the studied dSphs). The second diffusion scheme is situated between
an optimistic or pessimistic scenario and is called AVG or average. This case assumes a diffusion
constant given by D0 = 2 × 1028 cm2 s−1 with the diffusion function D experiencing an exponential
increase over the scale of the stellar half-light radius r∗. The magnetic field in the AVG case is inferred
from the rate of star formation (with the correlation normalised against data for the Large Magellanic
cloud), which yields field strengths between 0.4 and 2.0 μG. The DM halo profile for the dSphs is
assumed to be NFW in this AVG scenario. In the third pessimistic scenario (PES), the magnetic field is
inferred from star formation but only by considering data for the last Gigayear of the history of each
dSph target. The halo density profile is assumed to take a cored Burkert shape. In terms of diffusion
functions, PES takes D to be of the same form as in the AVG case, but, with D0 being smaller by two
orders of magnitude. In both the AVG and PES cases, the magnetic field decays exponentially over the
scale r∗.

In Ref. [30], the Reticulum II dSph was targeted with the ATCA telescope in a similar configuration
to [27–29], complemented by large angular scale data from the KAT-7 array [47]. These ATCA
observations involved a 23.7′ region containing Reticulum II and attained a 10 μJy rms sensitivity,
as the position of Reticulum II on the sky means that galactic foregrounds are less significant. The target
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was observed for 30 h in a 2 GHz band centred on 2.1 GHz. The synthesised beam is around 7.5′′ × 2.0′′

in size with well-imaged structures being above 3′ in extent. The KAT-7 data came from 9 h with six
antennae and 44 h with five antennae in a 400 MHz band centred on 1822 MHz. These data are used as
a consistency check, as the lack of long-baselines means the source subtraction is not so well defined as
with ATCA. Following kinematic estimates [48], the authors employed an Einasto density profile for
the DM halo, a magnetic field model assuming B0 = 1 μG with exponential decay on the scale r∗ and
the same diffusion function as the AVG scenario above.

4. Search Results

Preliminary work was done in this field in [24,25] motivated by arguments from [23,36].
Spekkens et al. [24] targeted the dSphs Wilman I, Coma Berenices, and Ursa Major II using data from
the Greenbank telescope and the NVSS catalogue. The results of this study indicate that, for WIMPs
with masses around 100 GeV, the DM annihilation cross-section was constrained below 10−25 cm3 s−1.
These results are extended by the second study [25], where the authors targeted only Ursa Major II using
data from Greenbank telescope and excluded (at 2σ confidence level) WIMP models with mχ = 10 GeV
annihilating directly to electrons for cross-sections > 10−26 cm3 s−1 and those annihilating to b quarks
with mχ = 100 GeV and 〈σ〉 > 10−24 cm3 s−1. The results in both studies [24,25] assume a constant
magnetic field of 1 μG and diffusion consistent with [23]) and thus of similar magnitude to the AVG
scenario in [28].

Now, we consider the more recent work of [29] (part of a trio of works [27–29] that contain all the
observational and theoretical details of the study), where deep radio observations were performed with
ATCA on the Carina, Fornax, Sculptor, Hercules Segue 2, and Bootes II dSphs. In this case, the authors
studied three diffusion schemes detailed above in Section 3. Limits on the annihilation cross-section
span around six or seven orders of magnitude between the three models with the largest gap being
between OPT and AVG (AVG and PES differ by around 2 orders of magnitude). For individual galaxies,
in the AVG scenario, the constraints are competitive with those found in [24] over a wide mass range
(10–5000 GeV). However, a combined constraint produced in the AVG is considerably stronger (as can
be seen for several annihilation channels in Figure 1).

Regis et al. [30] found no evidence of diffuse radio emission in Reticulum II and thus derived
constraints on the WIMP annihilation cross-section or decay rate from this (following a model similar
to AVG above). These constraints are displayed in Figure 1.

What is evident in Figure 1 is that the limits from non-observation of diffuse emission in Reticulum
II from [30] are up to an order of magnitude stronger than those from [29] for all displayed annihilation
channels (note that the diffusion scenarios are very similar in this comparison). Particularly, the bb
channel is an order of magnitude better in [30] but other channels are far more similar. When these
constraints are placed into literature context against a benchmark like the Fermi-LAT dwarf galaxy
gamma-ray limits [6] we find that [29] is around an order of magnitude less stringent than Fermi.
In the case of [30], we see that these limits are more competitive with those from gamma-rays than [29],
being more stringent for low masses with the muon annihilation channel and within a order of
magnitude of Fermi-LAT otherwise. It is worth noting that we are comparing a single dwarf galaxy
with [30], and six galaxies in [29], against a combined 15 galaxy analysis in [49], which indicates the
competitive potential of the radio approach.

In Figure 2, we display analogous results for the scenario of decaying dark matter particles.
These are compared against the Fermi-LAT dwarf galaxy limits from [49]. In this case, we plot
the limited channels presented in [29] for this particular study. What is evident is that the limits
from [30] make some improvements over those from gamma-rays. This increase is more than an
order of magnitude for masses below 1 TeV in the case of the muon channel (where [29] is also
superior to Fermi-LAT by around an order of magnitude), and factor 2 improvements at mass between
100 GeV and 10 TeV for bb, and similar increases between 20 and 1000 GeV for the tau-lepton channel.
The W-boson channel is very similar for both gamma-ray and radio studies.
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Figure 1. Cross-section upper limits from existing searches, presented at a confidence level of 95%.
Four annihilation channels are covered and we display results from Fermi-LAT [6], the AVG diffusion
scenario from [29], and Reticulum II results from [30]. The left panel shows the b-quark and τ-lepton
channels. The right panel shows W-boson and muon channels.

Figure 2. Decay rate limits from existing searches, presented at a confidence level of 95%.
Four annihilation channels are covered and we display results from Fermi-LAT [49], the AVG diffusion
scenario from [29] (limited to channels quoted in the reference), and Reticulum II results from [30].
The left panel shows the b-quark (bb) and τ-lepton channels. The right panel shows W-boson and
muon channels.
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5. Future Prospects

Many new generation radio observatories are either coming online presently or are expected
within the near future. We cover those that operate in a similar bandwidth to [24,25,29,30] in detail
but do not discuss those experiments that operate outside this frequency band as their projections
are not easily comparable to the results presented by the aforementioned studies. We note, however,
that it has been argued that LOFAR [22] may have some potential in indirect DM detection [50,51],
however neither of these studies directly addressed the dSph scenario considered here.

A particular example of improvements over the results from [29,30] could be drawn from deep
radio searches with the existing JVLA [18] telescope. In particular, making use of the D configuration
with baselines between 1 km and 35 m to observe both the large scale diffuse emission and perform
source extraction. This instrument is capable of an rms sensitivity in the GHz range of around 10 μJy
for 1 h per pointing which can provide a substantial advantage over the ATCA observations used
in [29,30]. Despite this choice of optimal instrumental configuration, JVLA data would still require even
longer baseline observations to remove point sources. This is because the D configuration confusion
limit approaches 90 μJy and will thus impact on the potential to probe faint diffuse radio fluxes.
Thus, overall, the JVLA may produce as much as factor of 2 improvement on the results of [29,30],
as shown for the [29] targets in Figure 3. Such an improvement would make the limits from Reticulum
II in [30] very competitive with the gamma-ray case presented for a study of 15 dSphs by Fermi-LAT
and shown in the same plot.

Figure 3. Cross-section upper limit prospects for the JVLA, ASKAP EMU, MeerKAT, and SKA from [29]
compared to Fermi-LAT limits [6]. These limits are displayed at 95% confidence interval and only for
the b-quark (bb) channel.

For the SKA [19] precursor ASKAP [21], its survey project EMU [52] will attain GHz continuum
rms sensitivity of 10 μJy over a 30 square degree area with an angular resolution of 10 arcseconds.
There are 14 known Milky-Way satellites in this area and many more dwarf galaxy detection could be
expected from southern-sky surveys [53–55] (as the Sloan Digital Sky Survey more than doubled the
number of known northern-sky dSphs). The authors of [29] argued for an increase in sensitivity over
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their results of a factor of 5–10, factoring in an increase in the dSph sample observed (as can be seen in
Figure 3).

In the case of the SKA precursor MeerKAT [20], the field of view will be smaller than ASKAP
but it has a faster survey speed and will be well suited to deep dSph observations. This is because
it should potentially obtain �1 μJy rms sensitivity around the GHz range (with an integration time
approaching 1000 h). As can be seen in Figure 3, MeerKAT can probe more of the parameter space
than Fermi-LAT for the AVG diffusion scenario.

The SKA itself will achieve up to a two orders of magnitude improvement on its precursors [19]
sensitivity for the mid-frequency band ranging 350–1050 MHz. It will also have the advantage of
being able to determine magnetic field structures via rotation measures for fields around 1 μG in the
dSph environment. In Figure 3, this leads to being able to produce superior limits to Fermi-LAT (for
WIMP mass ≥ 20 GeV) even in the PES diffusion scenario. These sensitivity improvements come with
caveats. The first is that, with the SKA reaching such potentially faint diffuse fluxes, confusion limits
will unpredictably affect the source subtraction adjustment to the sensitivity. Secondly, the low level
star formation emissions expected within the dSph could be a complicating factor for very faint
fluxes. This second caveat can be mitigated through a combination of the use of optical correlations
and the fine angular resolution of the SKA itself to identify star formation contributions. However,
these caveats do mean that the projection in Figure 3 is likely optimistic.

6. Outlook

The preceding discussion indicates that radio searches for DM annihilation/decay in dwarf
galaxies is entering into an age in which it becomes more sensitive to putative DM emissions than
gamma-ray telescopes. This means that these kinds of deep radio GHz frequency searches will become
a leading candidate for indirect DM hunting as they mature with the arrival of future telescopes such
as the SKA and its precursors. Supplementing these GHz projects with lower frequencies via LOFAR
or SKA-LOW will make the study of DM via diffuse emission in dwarf galaxies a powerful probe into
one of the largest hiatuses in current models of cosmology.
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Abbreviations

The following abbreviations are used in this manuscript:

DM Dark Matter
dSph Dwarf spheroidal galaxy
SKA Square Kilometre Array
ATCA Australian Telescope Compact Array
GBT Green Bank Telescope
JVLA Jansky Very Large Array
ASKAP Australian Square Kilometre Array Pathfinder
EMU Evolutionary Map of the Universe
KAT Karoo Array Telescope
LOFAR LOw Frequency ARray
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Abstract: Dark-matter subhalos, predicted in large numbers in the cold-dark-matter scenario, should
have an impact on dark-matter-particle searches. Recent results show that tidal disruption of these
objects in computer simulations is overefficient due to numerical artifacts and resolution effects.
Accounting for these results, we re-estimated the subhalo abundance in the Milky Way using
semianalytical techniques. In particular, we showed that the boost factor for gamma rays and
cosmic-ray antiprotons is increased by roughly a factor of two.

Keywords: particle dark matter; subhalos; indirect searches

1. Introduction

There is overwhelming evidence that most of the matter in the universe is nonbaryonic [1].
An exciting possibility to account for these puzzling observations is that the universe is filled
with exotic particles that interact only very weakly with ordinary matter [2,3]. One of the most
elegant and popular dark-matter (DM) particle candidates is the Weakly Interacting Massive Particle
(WIMP). These hypothetical particles are being looked for in particle colliders [4–6], in direct
detection experiments [7–9], and in cosmic radiation [10,11], so far without success. Although one
of the motivations for WIMPs is related to the fact that they emerge naturally in particle theories
addressing a hierarchy problem [12–14], WIMPs are also attractive stemming from their very simple
thermal-production mechanism in the early universe. Moreover, a large fraction of available parameter
space is still unconstrained and currently actively explored [15]. For completeness, it is worth
recalling that many alternatives to WIMPs exist that we do not discuss here, like axions [16], sterile
neutrinos [17], primordial black holes [18], and extended dark sectors [19]. The cosmological paradigm
best supported by current probes is that DM is cold, i.e., collisionless and nonrelativistic. This implies
a structuring of matter on scales smaller than typical galaxies, with a model-dependent cutoff [20,21].
Interestingly, subgalactic scales are those where there could be departures from the predictions of the
cold DM paradigm because of some observational issues [22]. This might sign new specific properties
of the dark matter (e.g., [23]), or it could be due to baryonic effects (e.g., [24]). This motivates a detailed
inspection of the impact of DM properties on the smallest scales, irrespective of the underlying scenario.

The small-scale structuring of DM, as treated, for instance, in the WIMP scenario, translates
into a large population of subhalos within galactic halos [25–27]. Modeling these subhalos is crucial
if one is to make accurate predictions for direct and indirect DM searches. This is a difficult task,
as numerical simulations are far from resolving the smallest structures predicted by the cold DM
paradigm. To incorporate the smallest structures, one can extrapolate the results of simulations over
orders of magnitude in scales (see, e.g., [28]) but this represents a leap of faith. On the other hand,
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one can employ semianalytical models (see, e.g., [29–32]). The difficulty with the latter is accounting
for the tidal effects experienced by subhalos within the host galaxy. These models can be calibrated on
cosmological simulations, which are supposed to consistently describe the tidal stripping of subhalos
in their host halo. However, it was recently pointed out by van den Bosch and collaborators [33,34]
that simulations are plagued with numerical artifacts that lead to a significant overestimate of the tidal
stripping efficiency, and therefore to an underestimate of the actual subhalo population even within
the numerical resolution limit. An alternative and complementary way to study the tidal stripping
of subhalos is to rely on analytical or semianalytical methods, which are based on first principles
and allow to deal with subhalo mass scales, down to the free-streaming scale. Here, we review the
semianalytical model developed by Stref and Lavalle [35] (SL17 hereafter), which incorporates a
realistic and kinematically constrained Milky Way mass model (including baryons) and predicts the
galactic subhalo abundance.1 This model accounts for different sources of tidal effects, and can easily
accommodate to different prescriptions for tidal disruption efficiency.

This paper is structured as follows. In Section 2, we briefly review the SL17 model and discuss the
resilience of subhalos to tidal effects in light of recent analyses of simulation results [33,34]. In Section 3,
we compute the DM mass density within subhalos, as well as the number density of these objects
in the Milky Way. Finally, in Section 4, we look at the impact of our results on indirect searches for
annihilating DM, focusing on gamma rays and cosmic-ray antiprotons.

2. Semianalytical Model of Galactic Subhalos

In this section, we review the SL17 Galactic subhalo population model and discuss the tidal effects
experienced by subhalos. We then propose a way of incorporating the recent results of van den Bosch
and collaborators in the model in a consistent calibration procedure.

2.1. Review of the Stref and Lavalle Model

SL17 is a semianalytical model of galactic subhalos that is built upon dynamical constraints and
cosmological considerations. The main input of the model is the initial subhalo phase-space density

dN
dV dm dc

(�r, m, c) ∝
dPv

dV
(�r)× dPm

dm
(m)× dPc

dc
(c, m) , (1)

where phase space refers to the position–mass–concentration space. Functions dPv/dV, dPm/dm and
dPc/dc are the spatial, mass, and concentration distributions, respectively. It is assumed that, should
subhalos behave as hard spheres (as is the case for single DM “particles” in a cosmological simulation),
they would be spatially distributed as dPv/dV ∝ ρDM where ρDM is the total DM density profile of
the galaxy. This sets our initial conditions before tidal disruption. The smooth DM mass density is
computed through

ρsm(�r) = ρDM(�r)− 〈ρcl〉 (�r) , (2)

where 〈ρcl〉 is the average DM mass density inside clumps (this quantity is explicitly computed
in Section 3). In the following, we use the galactic mass models constrained by McMillan [36] on
pre-Gaia data for the DM and baryonic mass distributions. In this framework, Equation (2) ensures
the compatibility of our subhalo model with the constrained DM profile ρDM. Although this work is
devoted to the study of Milky Way subhalos, SL17 can in principle be used to study the substructure
population in any virialized DM system. One only needs a mass model for the system in question and
a proper calibration of the subhalo mass fraction through the procedure outlined in Section 2.3.

1 We refer to this model as semianalytical because it involves integrals that must be computed numerically. The model does
not rely on numerical simulations except at the level of a calibration described in Section 2.3.
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Mass m and concentration c refer to cosmological mass m200 and concentration c200 (defined with
respect to the critical density), where we dropped the 200 index for convenience. The subhalo mass
function measured in simulations is consistent with a power law [26,27]

dPm

dm
(m) ∝ m−αm Θ(m − mmin)Θ(mmax − m) , (3)

where Θ is the Heaviside step function, and the power-law index is αm = 1.9 or αm = 2. These values
of αm encompass the Press and Schechter [37] mass function and the Sheth and Tormen [38] mass
function, as illustrated in Figure 1. These functions can be computed directly from the matter power
spectrum in the framework of excursion set theory [39], for spherical collapse (Press–Schechter) and
ellipsoidal collapse (Sheth–Tormen). Thus, the two power-law indices we considered bracket the
theoretical uncertainties on the small-scale mass function. If the DM is made of WIMPs, mass cutoff
mmin can be related to the kinetic decoupling of the DM particle and is found to lie between 10−4 M�
and 10−10 M� [29,40–45]. Maximal mass mmax is set to 0.01 × MDM, where MDM is the total DM mass
in the Milky Way. Concentration distribution dPc/dc is generically found to exhibit a log-normal
distribution for field halos [46,47], which defines our initial concentration distribution (before tidal
stripping). We adopt the peak value and variance fit in Sánchez-Conde and Prada [48], which was
shown to provide a good description of cosmological simulations run independently by several groups.
Subhalos are assumed to have a Navarro–Frenk–White (NFW) profile [49] with parameters set by m
and c (the impact of choosing an Einasto profile [50] instead of NFW was investigated in [35]).
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Figure 1. Mass function dn/dm multiplied by m2. We show the prediction of Press and Schechter [37]
(red line), Sheth and Tormen [38] (green line) as well as the power-law mass functions with
index αm = 1.9 (magenta line) and αm = 2 (blue line). The Press–Schechter and Sheth–Tormen
mass functions were computed for the cosmology of Planck 2018 [1] using the transfer function
of Eisenstein and Hu [51] and a sharp-k filter. All mass functions are normalized to unity with
Mmin = 10−10 M�.

The subhalo population is strongly affected by tidal interactions with the potential of the host
galaxy [52]. This is accounted for in the model through the calculation of a tidal radius rt for each
subhalo. The tidal radius should be interpreted as the physical extension of a subhalo, which is in
general smaller than the extension it would have on a flat background. The physical mass of a subhalo
is then

mt(�r, m, c) = 4π
∫ rt(�r,m,c)

0
dx x2 ρsub(x) ≤ m , (4)
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where ρsub is the subhalo inner mass density profile. In our modeling, tidal stripping only removes
the outer layers of subhalos while leaving the inner parts unchanged. In reality, DM should
rearrange itself into a new equilibrium state. Central density however, should be left essentially
unchanged [53]. Since we are interested in indirect searches for annihilating DM, and the central density
gives the dominant contribution to the annihilation rate, our modeling should lead to a reasonable
approximation. Two important contributions are accounted for in SL17: the effect of the smooth galactic
potential (including both DM and baryons), and the gravitational shocking induced by the baryonic
disk [54,55]. The latter effect turns out to be very efficient at stripping subhalos in the inner 20 kpc of
the galaxy, a result also found in numerical studies [56–58]. The strength of SL17 over simulations is
that it accounts for the constrained potential of the MW, with a detailed description of baryons.

2.2. Subhalo Disruption?

Whether a subhalo can be completely disrupted by tidal effects is an open question. A number
of numerical studies found that a subhalo is completely disrupted when the total energy gained
through tidal-stripping or disk-shocking effects is comparable to the binding energy [56,59]. On the
other hand, some studies [60–62] found that cuspy subhalos almost always survive mass loss, leaving
a small bound remnant behind even after gaining an energy far greater than their binding energy.
These contradictory results may have been reconciled in a recent series of papers by van den Bosch and
collaborators [33,34,63]. In these studies, it is shown that subhalo disruption in N-body simulations
can actually be entirely explained by numerical artifacts. In particular, disruption is shown to be
highly sensitive to the value of the force-softening length. If this length is taken sufficiently small, the
authors showed that subhalos survive tidal mass loss in the form of a small bound remnant. We aim at
quantifying the impact of these results on the whole subhalo population. Tidal disruption is modeled
in a very simple way in SL17: given a subhalo with scale radius rs and tidal radius rt, we assume

rt(�r, m, c)
rs(m, c)

< εt ⇔ subhalo is disrupted (5)

In Equation (5), εt is a dimensionless free parameter assumed universal, i.e., independent of
the subhalo’s mass, concentration, or position. In SL17, the value of the disruption parameter was
set to εt = 1 in agreement with numerical results (see, e.g., [59]). The results of van den Bosch and
collaborators point toward a much lower value for εt. In this work, we consider two extreme values:
εt = 1 and εt = 0.01. The latter means a subhalo is disrupted when it has lost around 99.99% of its
mass. In the following, we refer to these two configurations as “fragile subhalos” (εt = 1) and “resilient
subhalos” (εt = 0.01). The final subhalo phase-space density can now be written:

dN
dV dm dc

(�r, m, c) =
Ntot

Ktot

dPv

dV
(�r)× dPm

dm
(m)× dPc

dc
(c, m)Θ

(
rt(�r, m, c)
rs(m, c)

− εt

)
, (6)

where Ntot is the total number of substructures within the virial radius of the Milky Way, and Ktot is
a normalization factor:

Ktot =
∫

dV
dPv

dV
(�r)
∫

dm
dPm

dm
(m)

∫
dc

dPc

dc
(c, m)Θ

(
rt(�r, m, c)
rs(m, c)

− εt

)
. (7)

2.3. Calibration Procedure

In its current version, the SL17 model requires a calibration of the subhalo abundance in
a given mass range (this will change in future versions). To be consistent with results from
the highest-resolution simulations available, calibration is done by demanding that the subhalo
mass fraction is similar to what is found in the dark matter-only Via Lactea II simulation [26].
This amounts to 11% of the total dark halo mass in the form of subhalos in the virial mass range
[m1, m2] = [2.2 × 10−6MDM, 8.8 × 10−4MDM] where MDM is the total DM mass of the galaxy. We stress
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that these numbers are expressed in terms of virial masses, not tidal masses (see [35] for further
details). To reproduce the (likely overestimated) tidal disruption efficiency in simulations, we have to
set εt = 1 at the calibration stage, and we also neglect the impact of baryons. Disruption efficiency
parameter εt can safely be changed after the calibration has been completed. It is much safer to perform
this calibration on dark-matter-only simulations because tidal stripping induced by baryons strongly
depends on the details of the stellar distribution, which is acutely constrained in the Milky Way.
More formally, the normalization procedure reads:

fsub(m1, m2) =
1

MDM

∫
dV
∫ m2

m1

dm
∫

dc × m × dN
dV dm dc

∣∣∣∣
DMO, εt=1

. (8)

Fixing fsub(m1, m2) = 0.11 leads to the total number of clumps NDMO, εt=1 in the simulation-like
configuration. Note that this value assumes that m is really m200 in the equation above, not the
tidal mass.

Now that the model is properly calibrated, we incorporate all the effects that are not included in
the calibration, i.e., the tidal effects due to the baryons and possibly εt < 1. This is done by assuming
that subhalos in the outskirts of the galaxy are not affected by baryonic tides or the value of εt.
This is motivated by the observation that tidal effects are inefficient far from the center of the galaxy,
and subhalos almost behave like isolated halos. The DM mass within clumps per unit of volume can
be expressed as

〈ρcl〉 (�r) =
∫ mmax

mmin

dm
∫ ∞

1
dc

dN
dV dm dc

mt(�r, m, c) , (9)

where mt is the tidal subhalo mass introduced in Equation (4). Equating 〈ρcl〉 (r200), where r200 is the
virial radius of the galaxy, in the DM-only + εt = 1 configuration, to the same quantity in the realistic
configuration (including baryons and εt ≤ 1) leads to the simple relation

NDMO, εt=1

KDMO, εt=1
=

Ntot

Ktot
. (10)

The two normalization factors K can be computed using Equation (7), and we obtain the value of
Ntot. The number of subhalos within the solar radius r� = 8.21 kpc is shown in Table 1. This number
is highly sensitive to the parameters of mass function αm and mmin, as already shown in Reference [35].
Furthermore, it is quite sensitive to εt: going from εt = 1 to εt = 0.01, the number of subhalos increases
by at least an order of magnitude. The impact of εt on subhalo mass and number density is investigated
in the next section.

Table 1. Top panel: number of subhalos within r� = 8.21 kpc, for different values of mass function
parameters αm and mmin, for εt = 1. Bottom panel: same as top panel, for εt = 0.01.

εt = 1 mmin = 10−4 M� mmin = 10−10 M�
αm = 1.9 1.90 × 1010 1.55 × 1016

αm = 2 2.64 × 1011 8.40 × 1017

εt = 0.01 mmin = 10−4 M� mmin = 10−10 M�
αm = 1.9 6.64 × 1011 1.68 × 1017

αm = 2 9.06 × 1012 9.10 × 1018

3. Mass and Number Densities of Subhalos

In this section, we computed the mass density within subhalos, as well as the subhalo number
density. Subhalo mass density is defined in Equation (9). Once subhalo density is known, it is used to

131



Galaxies 2019, 7, 65

determine the amount of DM smoothly distributed across the galaxy through Equation (2). The DM
mass inside subhalos was compared with the total DM density ρDM in Figure 2. Mass density in the
form of subhalos is predicted to be much higher, by orders of magnitude, for resilient subhalos than
for fragile subhalos. The former case is also more theoretically justified, although the latter one allows
us to compare with very conservative assumptions. At the position of the Solar System, the impact
is around one order of magnitude. Although these are large differences, we note the subhalo mass
density is still far below the total DM density. This means that most of the DM mass within the orbit of
the Sun is smoothly distributed rather than clumpy, irrespective of the efficiency of the tidal disruption
set by εt.
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Figure 2. Left panel: Dark matter (DM) mass density inside subhalos 〈ρcl〉 for mmin = 10−4 M�.
The mass function index is αm = 2 (red) or αm = 1.9 (blue). We show the result for εt = 1 (dashed) and
εt = 0.01 (solid). Total DM density is shown as a black solid curve for comparison. Right panel: same
as left panel, for mmin = 10−10 M�.

The subhalo number density in SL17 can be formally written:

dN
dV

(�r) =
∫

dm
∫

dc
dN

dV dm dc
(11)

=
Ntot

Ktot

dPv

dV
(�r)
∫ mmax

mmin

dm
dPm

dm
(m)

∫ ∞

1
dc

dPc

dc
(c, m)Θ

(
rt(�r, m, c)

rs
− εt

)
. (12)

The obtained results are shown in Figure 3. Number density, just like mass density, is highly
sensitive to αm and mmin, as well as the disruption parameter. Interestingly, the values we get in
the Solar neighborhood are comparable to the local number density of stars n∗ ∼ 1 pc−3. For a low
value of minimal mass mmin, the subhalo number density can even be much higher, possibly going as
high as 105 pc−3. This could have a number of interesting implications for the interactions between
subhalos and stars. The tidal heating of subhalos by stars has been investigated in a number of
studies [29,60,64–68], with different conclusions. In the next section, we look at the impact of our
results on indirect DM searches.
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Figure 3. Left panel: subhalo number density for mmin = 10−4 M�. Mass function index is αm = 2 (red)
or αm = 1.9 (blue). We show the result for εt = 1 (dashed) and εt = 0.01 (solid). Right panel: same as
left panel, for mmin = 10−10 M�.

4. Impact on Indirect Searches for Annihilating Dark Matter

In this section, we quantify the impact of galactic clumps on indirect searches for self-annihilating
DM. Inhomogeneities are known to enhance the DM annihilation rate in galactic halos [69].
We computed the local DM self-annihilation rate and evaluated the enhancement due to the survival of
clump remnants, referred to as the boost factor. Two complementary channels were then investigated:
gamma rays and antiproton cosmic rays.

4.1. Annihilation Profiles and Local Boost Factors

The number of self-annihilation of DM particles at position�r is proportional to ρ2(�r), where ρ is
DM mass density. If subhalos are discarded, the galactic annihilation profile is

L0(�r) = ρ2
DM(�r) . (13)

Let us now consistently include the contribution of subhalos. The luminosity of a single clump is

Lt(�r, m, c) =
∫

Vt
d3�r ρ2

sub(�r) , (14)

where Vt(�r, m, c) is the volume of the clump within its tidal radius. The annihilation of the full subhalo
population is simply obtained by integrating the luminosity of a single object over the subhalo
phase-space number density:

Lcl(�r) =
∫ mmax

mmin

dm
∫ +∞

1
dc

dN
dVdmdc

Lt(�r, m, c) . (15)

The full annihilation profile must also incorporate the annihilation in the smooth halo
(different from L0, which is the density assuming all the DM is smoothly distributed), as well as the
annihilation of subhalo particles onto smooth halo particles. The first contribution can be written as:

Lsm(�r) = ρ2
sm(�r) , (16)
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where ρsm(�r) = ρDM(�r)− 〈ρcl〉 (�r) is the smooth DM density. The clump-smooth contribution is:

Lcs(�r) = 2 ρsm(�r) 〈ρcl〉 (�r) (17)

= 2 ρsm(�r)
∫ mmax

mmin

dm
∫ +∞

1
dc

dN
dVdmdc

mt(�r, m, c) . (18)

The total annihilation profile is simply the sum of all contributions:

L(�r) = Lcl(�r) + Lsm(�r) + Lcs(�r) . (19)

This should be compared to L0(�r) to evaluate the impact of clustering on the annihilation rate.
This is usually done in terms of a boost factor, which we define as

1 + B(�r) = L(�r)
L0(�r)

. (20)

This is not quite the boost factor used in indirect searches, which is defined through a ratio of fluxes
(see Equations (23) and 29)). The boost in Equation (20) is rather the local increase in the annihilation
rate due to clustering. According to this definition, the boost is zero if L = L0, i.e., substructures are
not included.2

The annihilation profiles are shown on the top panels in Figure 4, and the associated boost factors
are shown on the bottom panels. As already shown a long time ago, see e.g., References [29,70],
the boost is an increasing function of the galactocentric radius r = |�r|. This is due to the morphology
of the annihilation profiles that is modified by the inclusion of clumps: we have Lcl ∝ ρDM while
L0 ∝ ρ2

DM. The high sensitivity of the annihilation profile to the mass function index αm is also
noticeable, which is by far the largest source of uncertainty on clump contribution. The value of
disruption parameter εt has almost no impact on the boost above 20 kpc due to the ineffectiveness
of tidal effects far from the center of the galaxy. Below 20 kpc, the boost is strongly sensitive to the
disruption parameter. In the inner few kiloparsecs, fixing εt = 0.01 leads to a boost orders of magnitude
larger than in the εt = 1 configuration. We, however, have B(�r) � 1 below 3 kpc regardless of the
value of εt, meaning L � L0 and subhalos do not have any impact on the annihilation rate in that
region. The region where the impact of εt on the annihilation profile is the most important is located
between 3 and 10 kpc. This region coincidentally includes the Solar System, located at r � 8 kpc.
This motivates a more detailed investigation of two standard annihilation channels: gamma rays and
cosmic-ray antiprotons, which are sensitive to different annihilation regions.

2 This differs by one unit from the definition used in Reference [35].
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Figure 4. Total luminosity density profiles as defined in Equation (19), for a mass function index αm = 2
(red) and αm = 1.9 (blue). We show the results for efficient tidal disruption (εt = 1, dashed) and very
resilient clumps (εt = 0.01, solid). (Left panel) Results for mmin = 10−4 M�, (right panel) results for
mmin = 10−10 M�. The total luminosity density without clumps is displayed as a solid black line on
each panel.

4.2. Application to Gamma Rays

The energy-differential flux of gamma rays originating from DM self-annihilation is, on a given
line of sight,

dΦγ

dE dΩ
=

1
4π

〈σv〉
2 m2

χ

dNγ

dE

∫
ds ρ2 , (21)

where 〈σv〉 is the thermally averaged annihilation cross-section, mχ is the DM mass, dNγ/dE is the
gamma-ray spectrum at annihilation, and s the distance coordinate along the line of sight.3 If the
annihilation cross-section is velocity-independent, astrophysical ingredients only enter through the
J-factor, defined as

J(ψ) =
∫

ds ρ2(s, ψ) , (22)

where ψ is the angle between the direction of the galactic center and the line of sight
(spherical symmetry of the dark halo is assumed). The impact of small-scale clustering on this J-factor
has been considered in a number of studies [32,48,70–78]. We define the gamma-ray boost factor as

1 + Bγ(ψ) =
J(ψ)
J0(ψ)

, (23)

where J0 =
∫

dsL0 is the J-factor without subhalos. Unlike local boost B in Equation (20), gamma-ray
boost Bγ depends on line of sight rather than the position in the galaxy [70]. The boost is shown as a
function of ψ in Figure 5. The growth of local boost B(�r) as a function of r translates into a growth of
Bγ(ψ) as a function of ψ, i.e., the maximal gamma-ray boost is reached at the anticenter. This maximal
boost ranges from 0.5 to 9, depending on the values of αm and mmin. The survival of clumps noticeably
increases the boost at all latitudes. The gain is greater at small latitudes where substructures are more

3 The expression of dΦγ/dE should be multiplied by 1/2 if the DM particle is not its own antiparticle.
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impacted by tidal effects. Below ψ � 40 deg, the boost is increased by a factor of at least two in all
configurations. This should have important consequences for indirect searches using gamma rays,
especially at high latitudes. Interestingly, high latitudes have been shown to be a very sensitive probe
of DM annihilation even without the inclusion of clumps [79].
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Figure 5. Left panel: gamma-ray boost factor as defined in Equation (23), as a function of angle
ψ between the direction of the galactic center and the line of sight, for a minimal subhalo mass of
mmin = 10−4 M�. We show the results for efficient tidal disruption (εt = 1, dashed) and very resilient
clumps (εt = 0.01, solid). Right panel: same as left panel, for mmin = 10−10 M�.

4.3. Application to Cosmic-Ray Antiprotons

Charged cosmic rays constitute an indirect detection channel, complementary to gamma
rays [10,80]. Since their original proposal as a probe of DM annihilation [81], cosmic-ray antiprotons
have been shown to be especially sensitive, see e.g., References [82–88]. Antiprotons have been the
subject of much scrutiny since the latest measurement of the antiproton flux performed by the AMS-2
collaboration [89]. A number of studies [90–95] have found a discrepancy between the measured flux
and a purely secondary origin of antiprotons. This discrepancy could be interpreted as evidence for
annihilating DM, although the significance of the excess is debated as it depends on the propagation
model used and the modeling of systematic uncertainties. In this context, it is worth evaluating
systematic uncertainties coming from small-scale structuring.

Since antiprotons have a random motion due to their diffusion on the inhomogeneities of the
magnetic halo, their detection gives little information on their source. This implies that the antiproton
boost factor, and the boost for charged cosmic rays in general, is not direction-dependent, unlike for
gamma rays. Instead, this boost is energy-dependent [96] and has been shown to be mild, at most
a factor of two [31,74]. Although smaller than the gamma-ray boost, this can still be larger than the
systematic uncertainties on cosmic-ray propagation. This motivates a new computation of the boost,
which we performed here. The antiproton boost factor is defined as:

1 + Bp(T) =
Φp(T)

Φp,0(T)
, (24)
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where T is the antiproton kinetic energy, Φp is the DM-induced antiproton flux including the subhalo
contribution, and Φp,0 the same flux assuming all the DM is smoothly distributed. To obtain the flux,
one must solve the cosmic-ray steady-state propagation equation

−KΔΨ + �∇.(�VcΨ) + ∂E [b Ψ − KEE∂EΨ] + 2hδ(z) ΓannΨ = QDM , (25)

which accounts for spatial diffusion, convection, energy losses, diffusive re-acceleration, and spallation
processes in the disk (taken as infinitely thin). In Equation (25), Ψ is the antiproton number density per
unit energy that is related to the flux through Φp = vp/(4π)× Ψ where vp is the antiproton speed.
Antiprotons are sourced by DM annihilation:

QDM(E,�r) =
〈σv〉

2
dNp

dE

(
ρ(�r)
mχ

)2

, (26)

where dNp/dE is the antiproton spectrum at annihilation.4 Several unknown propagation parameters
enter Equation (25). These can be constrained using the measured boron-to-carbon ratio (B/C) [97].
We used the best-fit model derived by Reinert and Winkler [92], which includes an energy break in
the diffusion coefficient. The B/C ratio can only constrain K0/L, where K0 is the normalization of
the diffusion coefficient, and L is the half-height of the magnetic halo. As shown in Reference [83],
the DM-induced antiproton flux crucially depends on L; hence, we considered two extremal values in
this work. A lower bound on L can be obtained from low-energy positron data [98], and the authors
of Reference [92] found L = 4.1 kpc. For the largest value, we took L = 15 kpc. According to the
analysis of Reference [92], the B/C data are consistent with negligible re-acceleration. Furthermore,
we neglected energy losses that are unimportant for high-energy antiprotons. The resulting transport
equation can be solved semianalytically using Green’s function formalism (see Reference [31] for the
solution), and the differential flux can be written as:

dΦp

dT dΩ
=

vp

4π

〈σv〉
2 m2

χ

∫
dEs

∫
d3�rs G(E ← Es;�r� ←�rs)

dNp

dE
(Es) ρ2(�rs) . (27)

Since all energy-dependent terms have been neglected in Equation (25), the energy part of Green’s
function is trivial

G(E ← Es;�r� ←�rs) = δ(E − Es)× G(�r� ←�rs) , (28)

and the boost factor can be simply written:

1 + Bp(T) =
∫

d3�rs G(�r� ←�rs)L(�rs)∫
d3�rs G(�r� ←�rs)L0(�rs)

. (29)

The boost factor is shown as a function of the antiproton kinetic energy in Figure 6. We first note
that the boost is roughly energy-independent. This is because antiprotons probe the entire volume
of the magnetic halo during their lifetime, independently of their energy. This is not true at low
energies, below a few GeVs, where energy losses become relevant. The half-height of the magnetic
halo has a small impact on the boost, with L = 15 kpc leading to a slightly larger Bp than L = 4.1 kpc.
The main source of uncertainties are coming from subhalo parameters αm, mmin, and εt. Survival
parameter εt had significant impact on the result, with a small value εt = 0.01 leading to a boost
roughly twice as large as in the εt = 1 case. As for gamma rays, the most critical parameter is αm.
For a low-value αm = 1.9, the boost never exceeded 10%, while it was always higher for αm = 2.

4 If DM is not its own antiparticle, Q should be divided by 2.
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Overall, playing with the propagation and subhalo parameters, we found that the antiproton boost can
conservatively range from 2% to 140%. These values are in agreement with earlier results. Although it
is conservative to ignore small-scale clustering when deriving limits on the annihilation cross-section
using data, the boost should be included when interpreting an excess as a signature of DM annihilation.
Indeed, a factor of two in the DM contribution would change the inferred mass and cross-section of
the hypothetical DM particle.
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Figure 6. Top panel: antiproton boost factor as a function of kinetic energy, as defined in Equation (29).
We show the result for a half-height of the magnetic halo of L = 15 kpc, and a minimal subhalo mass of
mmin = 10−4 M� (left) or mmin = 10−10 M� (right). Bottom panel: same as top panel, for half-height
L = 4.1 kpc.

5. Conclusions

Subhalos suffer mass loss due to their interaction with the tidal field of the galaxy, which makes
their modeling very challenging. Consequently, most subhalo models rely at least partly on numerical
simulations to calibrate their predictions. However, it was recently shown that numerical simulations
might not properly account for the tidal disruption of subhalos, as artificial effects lead to a serious
overestimation of the efficiency of these processes [33,34]. We note that the resistance of subhalos to
tidal stripping is further supported by theoretical arguments, like adiabatic invariance that should
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prevail in their inner parts [55], as already emphasized in Reference [35]. We derived some of the
consequences of these results using the semianalytical galactic subhalo population model of Stref and
Lavalle [35], assuming tidal disruption efficiency εt = 0.01. We predicted the spatial dependence of
the subhalo properties due to tides induced both by the global gravitational potential and baryonic
disk shocking. We remind the reader that this model is built from constrained mass models for the
Milky Way and is therefore consistent with current kinematic constraints, which is usually not the
case in extrapolations from “Milky Way-like” simulations. We found that the local mass density is
still dominated by the smooth component of the dark halo. The local number density of subhalos is
increased by roughly one order of magnitude with respect to estimates based on a tidal disruption
efficiency similar to that inferred from simulations (εt = 1). This makes the subhalo number density
comparable, for a broad range of minimal subhalo mass mmin, to the local star number density.
Since our description of the subhalo population relies solely on gravitational principles, it should
be valid for a wide range of cold DM candidate such as WIMPs, axions, or primordial black holes.
One only needs to modify the mass function, in particular, mmin, to explore alternatives to the WIMP
scenario. The resilience of subhalos increases the local WIMP annihilation rate, which, in turn, affects
predictions for indirect searches. For gamma rays, we found that the boost factor was increased by
at least a factor of two for ψ < 40 deg, and slightly less for higher values of ψ. The boost factor for
antiprotons is also increased by a rough factor of two if subhalos are resilient to tidal disruption. For a
complementary study comparing the SL17 model to simulation results regarding indirect searches in
gamma rays and neutrinos, we refer the reader to Reference [99].

For future work, we plan on including a more detailed mass function, directly deriving from
the primordial power spectrum, as well as the tidal heating of subhalos due to individual stars, and
studying the consequences of having a large population of small objects in the Solar neighborhood.
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Abstract: The distribution of dark-matter (DM) subhalos in our galaxy remains disputed, leading to
varying γ-ray and ν flux predictions from their annihilation or decay. In this work, we study how,
in the inner galaxy, subhalo tidal disruption from the galactic baryonic potential impacts these signals.
Based on state-of-the art modeling of this effect from numerical simulations and semi-analytical
results, updated subhalo spatial distributions are derived and included in the CLUMPY code. The latter
is used to produce a thousand realizations of the γ-ray and ν sky. Compared to predictions based
on DM only, we conclude a decrease of the flux of the brightest subhalo by a factor of 2 to 7 for
annihilating DM and no impact on decaying DM: the discovery prospects or limits subhalos can
set on DM candidates are affected by the same factor. This study also provides probability density
functions for the distance, mass, and angular distribution of the brightest subhalo, among which the
mass may hint at its nature: it is most likely a dwarf spheroidal galaxy in the case of strong tidal
effects from the baryonic potential, whereas it is lighter and possibly a dark halo for DM only or less
pronounced tidal effects.

Keywords: dark matter; galactic subhalos; semi-analytic modeling; gamma-rays and neutrinos

1. Introduction

In this contribution to The Role of Halo Substructure in Gamma-Ray Dark-Matter Searches, we revisit
a previous study on the detectability of galactic dark clumps in γ-rays [1]. The latter relied on the
best knowledge we had a few years ago of the properties of dark-matter (DM) clumps in the Milky
Way. These properties (e.g., the mass and spatial distributions of galactic subhalos) were inferred
from numerical simulations with a typical mass resolution of a few 105 M�, and extrapolated down
ten orders of magnitude to the model-dependent minimal masses of subhalos [2,3]. Functional
parametrizations were incorporated in the CLUMPY code [4–6] to generate γ-ray skymaps, accounting
for the whole population of subhalos. For each combination of subhalo properties we explored,
hundreds of skymap realizations were drawn, allowing us to calculate the average properties of the
brightest clump. In the context of the future CTA γ-ray observatory [7] and its foreseen extragalactic
survey, we concluded that the limits on DM set from this brightest clump should be “competitive and
complementary to those based on long observation of a single bright dwarf spheroidal galaxy”.

In the recent years, numerical simulations [8–10] and semi-analytical studies [11–15] have
investigated the impact of the baryonic components of disk galaxies on their subhalo population
by tidal stripping and disruption. These works reached the generic conclusion of a strong depletion
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of subhalos in the disk regions (i.e., also the Solar neighborhood), though with different quantitative
estimates. Such a difference is expected due to the diversity of assumptions and methods used by
different groups. In any case, this immediately questions the conclusion reached in [1], where the
brightest subhalo was found, on average, at ∼10 kpc from the Galactic center and at similar distance
from Earth. Experimental limits on DM from galactic subhalos, derived from Fermi-LAT [16–24] or
expected from prolonged operation [25], from HAWC [26,27], or future instruments such as GAMMA
400 [28] and CTA [1,29], should also be impacted by this result.

The paper is organized as follows: Section 2 presents the overall methodology and recalls how
all relevant subhalos are efficiently accounted for with CLUMPY. Section 3 lists the subhalo critical
parameters, highlighting the very different spatial distributions considered in this analysis. Section 4
presents updated statistics of the subhalo population and provides probability density functions (PDFs)
of the brightest subhalo’s properties (distance to the observer, mass, brightness, etc.). The analysis
is performed for both annihilating DM [30–32] via the so-called J-factors, or decaying DM [33,34]
(D-factors). We also show one realization of a subhalo skymap for all configurations considered.
We conclude and briefly comment on the consequences for DM indirect detection limits in Section 5.

2. Important Quantities and Methodology

2.1. γ-ray and ν Fluxes from Dark Matter

The γ-ray or ν flux from annihilating/decaying DM particles, at energy E, along the line-of-sight
(l.o.s.) in the direction (ψ, θ), and integrated over the solid angle ΔΩ = 2π (1 − cos αint), is given by

dΦγ,ν

dE

(
E, ψ, θ, ΔΩ

)Annihil.

Decay
=

1
4π ∑

f

dN f
γ,ν

dE
Bf ×

⎧⎪⎪⎪⎨⎪⎪⎪⎩
〈σv〉

m2
DM δ

1
τDM mDM

⎫⎪⎪⎪⎬⎪⎪⎪⎭︸ ︷︷ ︸
Particle physics term:

dΦPP
γ,ν

dE
(E)

×
∫ ΔΩ

0

∫
l.o.s.

dl dΩ ×
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ρ2(�r)

ρ(�r)

⎫⎪⎪⎪⎬⎪⎪⎪⎭︸ ︷︷ ︸
Astrophysics term: J- or D-factor

, (1)

where we made the distinction between the cases of DM self-annihilation (top) and decay (bottom).
In both cases, mχ is the mass of the DM particle, dN f

γ/dE and Bf correspond to the spectrum per
interaction and branching ratio of annihilation or decay channel f , and l is the distance from the
observer. In case of annihilation, 〈σv〉 is the velocity-averaged cross-section1, while τDM is the DM
particle lifetime in the decay scenario. Finally, ρ(�r) is the overall Galactic DM density distribution.
The latter can be cast formally as the sum of a smooth distribution ρsm of unclustered DM particles,
and a collection of i = 1 . . . Nsubs subhalos, each with a density ρi(�r). The astrophysical term for
annihilating DM2 then reads [4,5,35],

dJtot

dΩ
=
∫
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∑
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+ 2
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i
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dJcross−prod/dΩ

. (2)

The above formula corresponds to a single realization of the underlying distribution of subhalos
in the galaxy. The statistical properties of this distribution can be partly obtained from the formalism of
hierarchical structure formation (e.g., [36]) or extracted from numerical simulations, as discussed below.

1 We assume here the DM particle to be a Majorana particle, so that δ = 2 (for a Dirac, δ = 4).
2 For conciseness, we present in Equations (2) and (3) formulae for annihilating DM only. Analogous formulae without a

cross-product term and linear in the DM density can also be written for the D-factor of decaying DM.
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2.2. Generating Skymaps with CLUMPY v3.0

For all our calculations, we rely on the public CLUMPY code described in [4–6]. It is a flexible code
that efficiently emulates the end-product of numerical simulations in terms of γ-ray and neutrino
signals for DM annihilation or decay. It allows easy exploration of how results are affected when
changing the properties of the DM halos. CLUMPY v2.0 [5] was used for this purpose, to estimate the
sensitivity of the CTA [1] and HAWC [27] γ-ray telescopes to galactic DM subhalos. Aside from
galactic subhalo studies, CLUMPY has also been used by several teams to model DM annihilation or
decay in γ-rays or ν in many targets: dwarf spheroidal galaxies [37–46], the galactic halo [47–49],
the Smith HI cloud [50], nearby galaxies [51], galaxy clusters [52–54], and also for the extragalactic
diffuse emission [55].

The present analysis is performed with CLUMPY v3.0 [6].3 For completeness, we recap below the
main steps of the CLUMPY calculation used for this work:

• CLUMPY and the particle physics term: Equation (1) shows that the particle physics term and the
astrophysical terms are decoupled.4 As the flux depends on the specific DM candidate chosen,
we provide results in terms of J- and D-factors only; CLUMPY can easily be used to transform those
into γ-ray or ν fluxes for any user-defined DM candidate (see CLUMPY’s online documentation5).

• CLUMPY and the astrophysics term: to calculate skymaps of dJ/dΩ, one should rely in principle on
Equation (2). However, this is impractical in terms of computing time, as ∼1014 subhalos are
expected in a Milky Way-sized DM halo. This problem can be overcome by formally separating
Equation (2) in an average and “resolved” component,

dJtot

dΩ
=

dJsm

dΩ
+

〈
dJsubs

dΩ

〉
+

〈dJcross−prod

dΩ

〉
+

Ndrawn
subs

∑
k=1

dJk
drawn
dΩ

. (3)

With this ansatz, only a limited number Ndrawn
subs of subhalos need to have their J-factor profiles

calculated individually, while an average description is sought for the remaining “unresolved”
DM. The criterion to discriminate between resolved and unresolved components often relies
on a simple subhalo mass threshold, e.g., as done in works directly relying on numerical
simulations [57] or their subhalo catalogs [58]. CLUMPY has been developed to treat this problem
in a more efficient way, acknowledging the fact that rather light, but close-by subhalos may show
J-factors comparable to heavier, more distant objects. The CLUMPY approach relies on the notion
that the overall DM signal fluctuates around an average description, 〈Jtot〉 ± σJsubs , and we refer
to [4] for a detailed description of our criterion to accordingly discriminate between unresolved
and resolved halos. For the purpose of this work (and also the previous [1]), this approach allows
us to preselect halos likely to shine bright at Earth and to consider all decades down to the smallest
subhalo masses in the calculation.

3. Modeling the Galactic Subhalo Distribution

In this study, we focus on the impact of tidal disruption of subhalos in interaction with the baryonic
components of the Milky Way, and compare four parametric models of the resulting galactic subhalo

3 When releasing CLUMPY v3.0, we corrected a misprint that was present in v2.0, related to our implementation of the virial
overdensity from [56]. This issue was responsible for obtaining in [1] about a factor 3 more subhalos than expected per flux
decade (see full details in the CLUMPY documentation). We recall that in [1], we found that galactic variance is responsible
for a factor � 10 uncertainty on the value of the brightest subhalo, and that other subhalo properties were responsible for
another factor ∼6. Given these very large uncertainties, the conclusions on DM limits set from dark clumps with CLUMPY v2.0
are not qualitatively changed, but we urge users to rely on CLUMPY v3.0 for future studies.

4 Strictly speaking, this factorization holds true only for DM candidates for which 〈σv〉 is independent of the velocity and
consideration of small redshift cells, Δz/z � 1.

5 https://lpsc.in2p3.fr/clumpy.
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abundance and their J/D-factors. We consider three quantities to be most sensitive to the J/D-factor
distribution: (i) the spatial PDF of subhalos in the Milky Way, dP/dV, (ii) the mass-concentration6

relationship, c(m, r), and (iii) the calibration of the total number of subhalos in the Milky Way, Ncalib.
The latter number is determined from numerical simulations, in a range where subhalos are resolved.
Here, Ncalib is defined for the mass range 108–1010 M�, and it typically falls in the range 100–300.7

For modeling the subhalo distribution with these parameters, we start from an “unevolved”
distribution, where we assume the position and mass of a subhalo to be uncorrelated,

d3P
dVdm dc

=
dP
dV

(�r)× dP
dm

(m)× dP
dc

(c, m). (4)

Here, dP/dm and dP/dc describe the PDFs for a subhalo to have a given mass and a given
concentration c. In reality, the factorization in Equation (4) may break down when subhalos
gravitationally interact with the DM and baryonic potentials of their host halo [15,62], entangling
their mass and positional distributions. We will consider this effect by “evolving” the distribution of
Equation (4) in the model presented in Section 3.2.3.

3.1. Fixed Subhalo-Related Quantities

This work focuses on the impact of a baryonic disk potential on the subhalo population,
mainly through the spatial PDF dP/dV (see Section 3.2). We keep several other subhalo-related
quantities fixed to isolate this effect. For details on these parameters and how they affect the subhalo
emission, we refer to our earlier work in [1] and only provide a brief summary below:

• Index αm of the power-law subhalo mass PDF dP/dm ∝ m−αm and subhalo mass range: We choose
αm = 1.9, mmin = 10−6 M�, and mmax = 1.3× 1010 M�. The maximum clump mass for all models
is set to 10−2 × M200 of the NFW halo from Section 3.2.3. This is motivated by the fact that we
do not consider the possibility of any subhalos heavier than the Magellanic clouds, the heaviest
satellites of our galaxy. The minimal clump mass and αm mostly affect the diffuse emission
boost from unresolved halos. For a fixed normalization Ncalib, a steeper mass function (αm = 2.0)
decreases the number of bright halos (J � 1020 GeV2 cm−3) by not more than ∼30%.

• Width of dP/dc: We set σc = 0.14 [63]. Using a larger scatter σc = 0.24 [64] increases only by a
few percent the number of subhalos per flux decade. Reducing the scatter or no scatter has the
opposite effect.

• Subhalo density profile: We model all subhalos with a spherically symmetric NFW profile [65].
Using an Einasto profile [65,66] instead amounts to a global increase ∼2 of the number of subhalos
per flux decade within the considered integration regions ΔΩ. Please note that micro-halos with
m � M� may show steeper inner slopes [67–69]; however, we have found that these micro-halos
do not provide new bright, resolved subhalo candidates [1].

• Level of sub-substructures: We do not consider an emission boost from substructure within subhalos.
Such a boost from additional levels of substructure8 increases the number of subhalos per flux
decade, with the largest increase of almost a factor 2 for the largest luminosities. Sub-substructures
actually increase the signal in the outskirts of halos (see Figure 4 of [1]), the impact of which
depends on the instrument angular resolution or containment angle used in the analysis.
For instance, in [1], no impact was found for dark clumps within the angular resolution of CTA.

6 The concentration is defined to be c = rΔ/r−2, with rΔ, taken to be the subhalo boundary, is the radius at which the mean
subhalo density is Δ times the critical density (see, e.g., [6]), and r−2 is the position in the subhalo for which the slope of the
density is −2. We use Δ = 200 in this work.

7 This range was recently shown to be in agreement with the observed number of dwarf spheroidal galaxies SDSS corrected by
the detection efficiency [59], alleviating the tension caused by the so-called missing satellite problem in CDM scenarios [60,61].
Given the minimal mass of subhalos, mmin, Ncalib can be used to calculate the mass fraction, fDM, of DM in subhalos.

8 As shown in [5] (see their Figure 1), only the first level of substructure significantly boosts the halo luminosity, the next
levels bringing a few extra percent at most.
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Please note that our choice for these constant parameters will lead to a rather conservative
number of detectable subhalos and J-factor of the brightest ‘resolved’ subhalo—hence conservative
limits for DM indirect detection—compared to other choices. Pushing all the parameters to get the
most optimistic case would lead to a factor ∼2–3 increase of the J-factor of the brightest subhalo [1].

3.2. The Spatial Distribution dP/dV of Subhalos

We consider four configurations of dP/dV in this work, which are described below and
summarized in Table 1. The first configuration (model #1) is close to one of our 2016 study [1], i.e.,
based on results from DM-only simulations. It is used as a reference to which the other configurations
describing interaction with the baryonic disk are compared to. We consider a spherically symmetric
Galactic DM halo and correspondingly, also dP/dV distribution. The maximum distance of any
subhalo from the Galactic center is set to R200 = 231.7 kpc for all configurations, inspired by the
NFW halo from Section 3.2.3. We show later that the brightest subhalo is found only with negligible
probability at larger Galactocentric radii for all models. Please note that despite the common value for
R200, the total Galactic DM profile is different from one configuration to another. We however focus
here on the clumpy part of the halo only and do not consider the smoothly distributed DM.9 While this
article is dedicated to the derivation and comparison of statistical properties of the subhalo population
brightness for these different models, we still emphasize that when going to firm predictions and limits,
the overall DM profile should matter. Indeed, the Milky Way is a strongly constrained system [70,71],
which must be taken into account when extrapolating simulation results. This aspect goes beyond
the scope of this work though, but is worth mentioning as the Gaia mission is currently boosting our
handle on Milky Way dynamics [72,73].

Table 1. Subhalo parameters for the models investigated in this study, with model #1 based on results of
DM-only numerical simulations, while models #2 to #4 are different implementations of DM subhalos
post-processed in the Milky Way halo and baryonic disk potential. For models #2, #3, and #4, we also
show the number of surviving subhalos with tidal masses between 108 M� and 1010 M�. See Section 3
for details and parameters common to all subhalo configurations.

Model #1 Model #2 Model #3 Model #4

dP
dV

Aquarius [74] Phat-ELVIS [10] SL17 [15] with εt =10−2 SL 17 [15] with εt =1
Einasto Sigmoid-Einasto Equation (5) ∝ ρsm ∝ ρsm

αE = 0.68 αE = 0.68 NFW � NFW �

r−2 = 199 kpc r−2 = 128 kpc r−2 = rs = 19.6 kpc � r−2 = rs = 19.6 kpc �

- r0 = 29.2 kpc - -
- rc = 4.24 kpc - -

Ncalib 300 - 276 � 276 �

Nsurviving - 90 114 ± 11 112 ± 10

c(m) Moliné et al. [75] Moliné et al. [75] Sánchez-Conde & Prada [63] Sánchez-Conde & Prada [63]
� Properties of the initial subhalos from which the surviving ones are obtained after interaction with the
baryonic potential.

3.2.1. Model #1: DM only (as Implemented in Hütten et al., 2016)

This first configuration uses the position-dependent concentration parametrization of
Moliné et al. [75]. The latter is based on the analysis of the DM-only simulations VL-II [76] and
ELVIS [77], and it predicts that subhalos of a given mass are more concentrated close to the galactic
center than in the outer parts of their host halos. This effect is related to tidal disruption in the DM
potential of the host halo. In the outer parts, when tidal disruption in the DM potential becomes

9 We still provide later the total DM profile for the semi-analytical configurations (model #3 and model #4) because it is one of
the building blocks of the model.
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negligible, the concentration is very close to the concentration found for field halos [63].10 DM-only
tidal effects also affect the spatial PDF of subhalos [62], and all recent DM-only simulations found
it to be flatter than the DM distribution in the smooth halo. We use an Einasto profile for dP/dV
with αE = 0.68 and r−2 = 199 kpc, following the results of the Aquarius A-1 halo [74], and we fix
the number of subhalos above 108 M� to Ncalib = 300, as an upper bound to what was found in the
Aquarius simulations [74]. Subhalo outer radii and corresponding masses in this model are kept to be
cosmological radii and masses, and subhalos are truncated where their mean density reaches 200 times
the critical density of the Universe (see, e.g., [6] for details). This model is contained in the parameter
space already explored in our previous study [1].

3.2.2. Model #2: DM + Galactic Disk Potential (Numerical, Phat-ELVIS)

In the recent Phat-ELVIS simulations, Kelley et al. [10] have accounted for the effect of the Milky
Way baryon potential (including stellar and gas disk, and bulge). They found that subhalos were
strongly destroyed in the inner part of the halo, leaving basically no subhalo with mass m � 5× 106 M�
within the inner ∼30 kpc of the host DM halo. This is at odds with the predicted dP/dV of previous
simulation sets (e.g., Aquarius [74] that was previously used as reference in [1]).

Using the subhalo catalog from the simulations provided by the authors, we compute the
normalized subhalo PDF per unit volume, dP/dV, at z = 0, averaged over the 12 Milky-Way-like
halos available. The dispersion in each bin provides the error bar. The data are fitted using the
following parametrization:

dP
dV

(r) =
A

1 + e−(r−r0)/rc
× exp

{
− 2

αE

[(
r

r−2

)α

− 1
]}

, (5)

and results are shown in the left panel of Figure 1. The first term in Equation (5) is a Sigmoid function,
centered on r0 and increasing from 0 to A given rc, that allows us to capture the sharp decrease of
the number of subhalos in the inner regions of the parent halo. The Sigmoid then transitions to an
Einasto profile with characteristic scale r−2 and index αE. In order to have an Einasto profile close
to the DM-only case in the outer parts (see previous paragraph), we fix αE = 0.68, and the best-fit
parameters, obtained on all subhalos in the catalog are r0 = 29.2 kpc, rc = 4.24, and r−2 = 128 kpc.11

The constant A is set to ensure dP/dV is a PDF.
Finally, among the 12 Milky-Way-like host halos of the Phat-ELVIS simulations, we select halos

with masses similar to the NFW halo introduced in the following Section 3.2.3, in the range of
1.1 × 1012 − 1.4 × 1012 M�; averaging the number of subhalos between 108 and 1010 M� that have
survived interaction with the baryonic potential, we fix in CLUMPY the normalization of the number
of subhalos to Ncalib = Nsurviving = 90. In the same way as in the DM-only model # 1, we define and
calculate subhalo masses based on their cosmological radii.

3.2.3. Models #3 and #4: DM + Disk Potential (Semi-Analytical, SL17)

Complementary to numerical approaches, semi-analytical models have also been considered by
several authors, e.g., [11–15]. In this work, we use the study by Stref and Lavalle [15] (SL17 hereafter)
to capture the effects of tidal stripping from the smooth galactic potential of DM and baryons and disk
shocking by the baryonic disk. The model in SL17 is built on the dynamically constrained mass models
from McMillan [71], where the latter used kinematic data (including maser observations, the Solar

10 The difference between using the space-dependent or field halo concentration was found to be a factor ∼2 larger on the
brightest subhalo in [1].

11 The Milky-Way-like halos in the Phat-ELVIS simulations have masses ranging from 7 × 1011 M� to 1.9 × 1012 M�, and virial
radii from 235 kpc to 329 kpc respectively. The fit above was performed on the radial range common to all host halos,
namely from 0 to 235 kpc. The value of the parameters remain compatible at the one-sigma level when increasing the radial
range to 329 kpc, or when cutting on masses above 5 × 106 M�.
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velocity, terminal velocity curves, the vertical force and the mass within large radii) to determine the
Milky Way’s DM distribution following the parametrization of Zhao [78]

〈ρtot(r)〉 = ρs

(
r
rs

)−γ [
1 +
(

r
rs

)α](γ−β)/α

. (6)
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Figure 1. Spatial PDFs of subhalos surviving interaction with the baryonic disk potential. (Left panel):
directly computed from the catalogs of the Phat-ELVIS simulations [10]. Dots correspond to the average
over the 12 Milky-Way-like halos in the simulations, with error bars obtained from the dispersion over
the 12 halos. The best-fit model (red curve) has been computed using the parametrization given by
Equation (5). (Right panel): SL17 model for various mass ranges (line styles) and values of εt (colors).
See Figure 2 for a comparison between all dP/dV models used in the analysis.

In this work, we only consider the results based on the NFW parametrization (α, β, γ = 1, 3, 1),
for which the best-fit parameters are rs = 19.6 kpc, ρs = 8.517 × 106 M� kpc−3, resulting in
R200 = 231.7 kpc and M200 = 1.31 × 1012 M�. We checked that our conclusions are left unchanged if
considering a cored profile (α, β, γ = 1, 3, 0) instead. In SL17, the initial population of subhalos traces
the above Galactic DM halo mass PDF and there is initially no correlation between a subhalo’s mass
and its position,

dP
dV

(r, initial) ∝ 〈ρtot(r)〉 . (7)

The addition of tidal interactions modifies this picture because tidal effects select subhalos based
on their mass and concentration to produce an ’evolved’ subhalo population. This evolution
manifests itself in two aspects: (i) subhalos with a given mass at a given position with too small
a concentration are disrupted, while (ii) subhalos that survive are stripped from a large fraction
of their mass. Mass stripping is encoded into the subhalo tidal radius rt, which is computed as
described in [15]. Please note that tidal effects in SL17 are computed assuming circular orbits for the
clumps. Cosmological simulations show that subhalos are efficiently disrupted by tidal interactions.
For instance, Hayashi et al. [79] find that a subhalo with tidal radius rt and scale radius rs is disrupted
if rt � 0.77 rs. It has however been recently pointed out by van den Bosch et al. [80,81] that disruption
within simulations might be largely explained due to a lack of numerical resolution, Poisson noise,
or runaway instabilities. According to these authors, subhalos are far more resilient to tidal disruption
than numerical simulations tend to show, implying that a subhalo could survive even if rt � rs

(this result is expected from theoretical grounds [82,83] and in agreement with earlier findings by
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Peñarrubia et al. [84]). The SL17 model includes a free parameter εt that allows us to simply investigate
both possibilities. The εt parameter is defined such that

rt

rs
< εt ⇔ subhalo is disrupted. (8)

This disruption criterion can also be expressed in terms of the concentration: the subhalo is disrupted
if c < cmin where cmin is referred to as the minimal concentration (which depends a priori on the
subhalo’s position and mass). A “cosmological-simulation-like” configuration, where subhalos are
efficiently disrupted, corresponds to εt ∼ 1. Conversely, a model of very resilient subhalos is obtained
by setting εt � 1. In the following, we will consider two extreme values : εt = 0.01 (model #3) and
εt = 1 (model #4). The former value implies a subhalo is disrupted when it has lost around 99.99% of
its cosmological mass. Please note that the value of rt does depend on the choice of εt.

The behavior of the SL17 model is illustrated in Figure 1 (right panel) where we show the spatial
distributions of surviving subhalos for different mass decades. We see that the distribution of lighter
objects extends to lower radii than the distribution of heavier ones. This is because, as already pointed
out in [15], smaller objects are more concentrated on average and therefore more resilient to tidal
disruption. Interestingly, if simulations overestimate tidal disruption as pointed out in van den
Bosch et al. [80,81], i.e., εt = 0.01 with our parametrization, SL17 predicts a large population of very
light subhalos in the innermost regions of the Milky Way.

The number of subhalos in SL17 is calibrated onto the Via Lactea II cosmological simulations [76],
by the mass fraction in resolved subhalos in these simulations. Since Via Lactea II is a DM-only
simulation, the calibration is performed without the baryonic tides and setting εt = 1 for consistency.
This leads to Ncalib = 276 for initial cosmological subhalo masses, m200, between 108 M� and 1010 M�
as quoted in Table 1. Adding a baryonic potential and considering tidally stripped masses leads to
∼110 surviving subhalos in the same mass range for both choices of εt (see also Table 1).

3.2.4. dP/dV Model Comparison

The four subhalo PDFs considered in this study are compared in Figure 2. The configurations
based on the Phat-ELVIS and the Aquarius simulations are shown in red and blue, respectively,
while the SL17 models are shown in yellow (εt = 0.01) and green (εt = 1). In order to make a
meaningful comparison with the simulation results, we only show the SL17 prediction for large subhalo
tidal masses (m > 106 M�), comparable to the mass of the smallest objects identified in Phat-ELVIS.

The effect of a galactic disk as implemented in the Phat-ELVIS simulation is to disrupt most
subhalos in the inner 30 kpc of the galactic halo, as opposed to a DM-only simulation such as Aquarius
where subhalos can survive down to much lower radii. The subhalo distribution predicted by SL17,
which accounts for the effect of the disk, resembles the one of Phat-ELVIS in that massive subhalos are
disrupted at the center. We note that dP/dV peaks at a lower radius in SL17 compared to Phat-ELVIS.
Setting εt = 0.01 pushes the peak radius to an even lower value with respect to the εt = 1 case,
as expected since subhalos are then more resilient to disruption.

A more detailed understanding of the difference between these models is beyond the scope of
this paper, since the SL17 models are semi-analytically constructed from the kinematically constrained
mass model of the Milky Way from [71] taking into account the mass dependence of the subhalo
spatial distribution, while the DM-only and Phat-ELVIS configurations are based on approximate fits
to Milky-Way-like halos from numerical simulations. We still note a similar trend between the SL17
(εt = 1) and Phat-ELVIS configurations, which may indicate that the semi-analytical method associated
with the former (pending some simplifying assumptions) somewhat capture the main features of the
latter (pending numerical effects likely to dominate in the central regions).
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Figure 2. The four spatial PDFs of subhalos considered in this work: SL17 models for subhalos
with m > 106 M� (yellow and green), PDF based on the Phat-ELVIS simulation (red) [10], and on
the Aquarius simulation (blue) [74]. To highlight the behavior at low radii where tidal effects
are the most relevant, the curves are shifted to match the value of dP/dV(231.7 kpc) in the
Phat-ELVIS configuration.

4. Results

Using CLUMPY, we generate fullsky subhalo populations and corresponding J- and D-factors
according to the models from Table 1. For all configurations, the distance between the Sun and
the Galactic center is set to R� = 8.21 kpc [71]. We consider two estimations of the J-/D-factors,
integrating either over the full angular extent of a subhalo or up to a radius of αint = 0.5◦. Averages
and PDFs are then obtained from a statistical sample of 1000 realizations of the subhalo population for
each model.

4.1. Subhalo Source Count Distributions

Figure 3 presents the source count distribution for all models and J-factors J > 2× 1016 GeV2 cm−5

(D > 2 × 1015 GeV cm−2),12 similar to Figure 3 of our earlier work [1]. Solid lines show J-/D-factors
within αint = 0.5◦ (ΔΩ = 2.5 × 10−4 sr), dashed lines the full signal. For two configurations, we also
show the variance bands of the distributions. For the first time, we also show in this work the D-factor
distribution for decaying DM. Comparing the solid and dashed curves, it can be seen that in the
case of annihilation, most of the fainter halos’ emission is contained within the innermost 0.5◦ except
for the ∼100 brightest halos (left panel). This is different in the case of DM decay, for which the
emission profile is much more extended (right panel). Comparing the models of this work, we reach
the following conclusions for annihilating DM (left panel):

• Model #2 (Phat-ELVIS, red lines) predicts about a factor 5 less halos per flux decade than the
Aquarius-like DM-only reference model #1. The average brightest halo (within 0.5◦) is about a
factor 4 fainter than expected for the DM-only case. This drastic decrease of bright objects is both
attributed to the fact that the Phat-ELVIS simulations [10] find (i) overall less subhalos in Milky
Way-like galactic halos (Ncalib = 90 vs. Ncalib = 300) and (ii), no subhalos are found close to Earth
in the innermost 30 kpc of the galactic halo.

• Model #3 (SL17, yellow lines) predicts almost the same abundance of bright halos as the DM-only
model #1. Model #3 starts from an initial subhalo distribution biased towards the Galactic center

12 We checked for convergence in order to obtain a complete ensemble of objects above these thresholds.
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following the overall DM distribution, and accounts for tidal subhalo disruption and stripping
afterwards according to the semi-analytical model of [15]. With εt = 0.01 few subhalos are
affected. In turn, the DM-only model #1 already includes a subhalo distribution anti-biased
towards the Galactic center in an evolved galactic halo according to the Aquarius simulations
(although the considered fitting to the Aquarius simulations [74] does not account for a mass
dependence of the halo depletion).

• Model #4 (SL17, green lines) applies a much stronger condition on tidal stripping and
total depletion than the model #3 configuration within the semi-analytical approach of [15].
Illustratively, we calculate a total of 1.41 × 106 initial subhalos (in the full range between
mmin = 10−6 M� and mmax = 1.3 × 1010 M�) for the subhalo models #3 and #4, out of which
20,000 are completely disrupted for the model #3 (εt = 10−2). In contrast, 530,000 halos are
disrupted for εt = 1 in the model #4.13 In result, a factor 2 less halos are present above the lower
end of the displayed brightness distributions, the ratio increasing for the brightest decades. Recall
that surviving halos are truncated at the same tidal radius in models #3 and #4.

For unstable, decaying DM, the flux is proportional to the distance-scaled DM column density
(Figure 3, right panel). Contrary to the case of annihilation, we find:

• Changing the signal integration region ΔΩ drastically impacts the collected signal, as the emission
shows a much broader profile than for annihilation. This loss is most drastic for the brightest halos.

• For an integration angle of αint = 0.5◦, all models are in remarkable agreement at the brightest
end. For fainter flux decades and considering the signal over the full halos extent, models differ
by a factor ∼5 (however, with a rather large spread in the D-factor PDF of the brightest halo in the
individual models, see the later Figure 5). This suggests that predictions for the largest subhalo
flux from decaying DM should be rather model-independent.
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Figure 3. Cumulative source count distribution of galactic subhalos (full sky, averaged over
1000 simulations) for all configurations gathered in Table 1. (Left panel): annihilating DM.
(Right panel): decaying DM. In both panels, the solid lines show the distribution of the J-factors
within αint = 0.5◦, whereas the dashed lines for integrating over the full halo extents up to r200 or rt.

For illustrative purposes, Figure 4 displays subhalo skymaps of a random realization of each of
the four models under scrutiny. For each model and to ease comparison, the same DM subhalo sky
is used in case of annihilation (J-factors, left) or decay (D-factors, right). The sky realization varies
of course from one model to the other. We do not include the average and smooth DM distributions
here. The maps include all subhalos with masses above 104 M� (cosmological masses in the models

13 Please note that most drawn subhalos are disrupted at masses below a tidal mass of 104 M�, the scale above which subhalos
are shown in the later Figure 4.
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#1 & #2, tidal masses in the models #3 & #4). For example, in the DM-only case, this corresponds to
1,214,313 halos included in the map, and for a HEALPix resolution of Nside = 1024, CLUMPY requires
∼30 CPUh for its computation in case of annihilation (∼20 CPUh in case of decay). Please note that we
did not select the shown random sky realizations to reflect some particular average or extreme case.
In Appendix A, we list some properties of the brightest objects in these maps, which can be compared
to the average properties derived in the remainder of this section.
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Figure 4. One random realization of the Galactic DM subhalo sky (all subhalos above 104 M�, ignoring
the smooth contribution) in case of annihilation (left) or decay (right), derived from the models
gathered in Table 1. Maps are drawn in galactic coordinates (Mollweide projection) with (l, b) = (0, 0)
at their centers. (From top to bottom): Model #1 emulating numerical DM-only simulations
(1,214,313 drawn halos); model #2 emulating the Phat-ELVIS simulations [10] (364,064 drawn halos);
and the semi-analytical models #3 (subhalos more resilient against tidal disruption, 549,572 surviving
halos) and #4 (less subhalos surviving tidal destruction, 546,096 surviving halos) according to SL17 [15].
The displayed maps (fits format, 50 MB in file size) can, along with their subhalo catalogs, be provided
upon request. In Appendix A, we list some properties of the brightest objects in these maps.
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4.2. Statistical Properties of the Brightest Halo

Finally, we focus on the statistics linked to the halo with the largest J or D-factor (its properties
are marked with a “�” symbol in the following). For cold DM particles structuring on small scales,
fully dark subhalos represent interesting targets for indirect searches. Conversely, not detecting the
brightest of them can be used to set limits. We remark that focusing on the brightest halo alone for
setting limits is a simplistic assumption in some circumstances. For example, there are numerous
yet unidentified sources detected by the Fermi-LAT which could include a (i.e., the brightest) DM
subhalo [16–21,85,86], so constraints set should be correspondingly weaker in this scenario.

The bottom row of Figure 5 shows the PDFs of J� and D�, distilled from 1000 realizations of a
DM subhalo sky for each model.14 From this follows that the brightest expected signal from subhalos
has in median a J-factor of J̃�0.5◦ = 8.8+11

−4.0 × 1019 GeV2 cm−5 ( J̃�full = 1.6+2.9
−0.9 × 1020 GeV2 cm−5) for the

optimistic DM-only model. The signal is expected a factor 7 lower, at J̃�0.5◦ = 1.3+0.8
−0.4 × 1019 GeV2 cm−5

( J̃�full = 3.2+2.5
−1.3 × 1019 GeV2 cm−5; factor 5 lower) in the case of a largely depleted inner galactic halo

(model #4). For decaying DM, all models produce remarkably similar fluxes within αint = 0.5◦ (lower
left panel of Figure 5) of D�

0.5◦ ∼ 4+3
−1 × 1018 GeV cm−2. Over the full extent of the halo, however,

the width of the D-factor distributions is much larger, and D-factors between D�
full � 1020 GeV cm−2

up to D�
full � 1022 GeV cm−2 are obtained.

The PDFs of the brightest subhalo’s properties may also be derived. The top row of Figure 5 (left)
shows that for annihilating DM, the brightest halo is found at a distance of ∼10 kpc from Earth for
the models #1 (see also [1]) and #3, and also on similar Galactocentric radii (left panel of second row).
For the models #2 and #4, which reflect strong tidal disruption of halos in the inner galactic region,
bright halos are found at about ∼30–40 kpc distance from the Galactic center, and equivalent distances
from Earth. For decaying DM, models #2 and #4 give similar predictions, while models #1 and #3
tend to predict the brightest halo at larger Galactocentric and observer distances (right panels of the
top rows).

More importantly, the third row of Figure 5 sheds light on the question whether the brightest DM
halo is likely to be a dark halo or a satellite galaxy. For annihilating DM, models #2 and #4 predict
subhalos with masses m� � 108 M� to shine brightest in γ-rays or ν; these objects are most probably
associated with a (dwarf) satellite hosted in their center [88]. For the DM-only case #1 this is not
anymore so obvious, as discussed in [1], as lighter objects become probable candidates to provide the
highest fluxes. Finally, model #3 predicts very light and close-by halos to shine the brightest: If this
model reflects the true nature of DM in our galaxy, the highest γ-rays or ν signal from Galactic DM
substructure will likely arise from a dark spot in the sky. For decaying DM, the brightest Galactic DM
subhalo is likely a satellite galaxy with mass m� � 108 M�.

For blind searches of this brightest halo, it is finally useful to check whether there is a preferred
direction in the sky to search for the brightest halo. As all our configurations are symmetrical around
the direction towards the Galactic center, we present in the fourth row of Figure 5 the probability per
unit area, dP/d cos(θ�), to find the brightest halo at the angular distance θ� from the Galactic center
(GC). As found in [1], in the DM-only case #1, the brightest halo is more probably found in a direction
close to the GC. In contrast, model #3 suggests to preferentially search in a ring-like region at ∼90◦

distance from the GC; while models #2 and #4 predict the highest probability to find the brightest
subhalo towards the galactic anticenter. While these trends also apply for searches for DM decay in
subhalos (right panel), they are much more pronounced for signals from annihilating DM.

14 Probability distributions were derived using a kernel density estimation (KDE) with an adaptive Gaussian kernel according
to [87] (except dP/d(cos θ�), which was obtained from a histogram). To handle the boundary conditions of dP/dm(m >
mmax = 1.3 × 1010 M�) = 0 and dP/dV(R > R200 = 231.7 kpc) = 0, we use the PyQt-Fit KDE implementation by P.
Barbier de Reuille, https://pyqt-fit.readthedocs.io (not anymore maintained as of submission of the manuscript), which
accounts for a renormalization algorithm at the boundary. Please note that for a precise power-law source count distribution,
the PDF of J�/D� follows a Fréchet distribution, see App. B of [1].
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Figure 5. PDFs of the γ-ray (or ν) brightest galactic subhalo properties for the four investigated models.
(Left panel): annihilating DM. (Right panel): decaying DM. Solid lines show the statistics for only the
emission from the innermost αint = 0.5◦ of a subhalo, dashed lines the emission over the full extent.
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5. Conclusions

In this work, we have studied the impact of tidal disruption of subhalos by Milky Way’s baryonic
potential on the properties of the γ-ray and ν signals from subhalos. This effect is mostly encoded in
the spatial distribution of subhalos, and four models have been considered. The first model serves
as reference and is based on ‘DM-only’ simulations, not including tidal disruption in the baryonic
potential. Similar models based on this assumption have been applied by many authors in the
past, e.g., [1,16,18,29,58]. A second model was obtained by implementing the recent results from
the Phat-ELVIS numerical simulation (resolution-limited to a few 106 M�) where the inner 30 kpc of
the Milky Way are depleted of subhalos. The last two models relied on semi-analytical calculations
applicable to the whole subhalo mass range: these calculations find a Galactocentric radius �10 kpc,
slightly dependent on the subhalo mass, below which subhalos are stripped of their outer parts or
even disrupted, depending on a disruption criterion εt, taken to be to 1 or 10−2 in this study.

These models lead to significantly different brightness populations of DM annihilation and decay
signals. To quantify the difference, we have simulated 1000 realizations of the subhalo population
for each model. Focusing on the brightest subhalo, whose properties can be used to study DM
detectability [1], we find (for an integration angle of 0.5◦) a factor 2 to 7 less signal compared to the case
of subhalos in the DM-only configuration, but no significant difference for the decay signal. Our large
statistical sample also allowed us to reconstruct the PDF of several properties of this brightest subhalo
(mass, distance to the observer, angular distribution in the sky). In particular, the mass information
indicates that in models without or little disruption in the disk potential, the brightest subhalo can be
close by, and with a mass range below that of known dwarf spheroidal galaxies, i.e., a dark clump.
On the other hand, in models with strong tidal disruption, the brightest subhalo is farther away,
and its preferred mass is shifted to values similar to those of satellite galaxies, i.e., it could be a known
dSph. The latter situation would worsen the prospects of blind galactic dark clump searches with
background-dominated instruments that were discussed in [1].

In any case, our results highlight the importance of better characterizing the spatial PDF of the
subhalo population, in particular by constraining further the level of tidal disruption. Although both
numerical and semi-analytical approaches show the same trend in reducing the number and brightness
of subhalos, there remain serious quantitative differences. We recall that it is still debated whether or not
tidal disruption could be significantly amplified by numerical artifacts in simulations [80,81]. On the
other hand, present-day semi-analytical methods currently rely on simplifying assumptions, some
of which should be relaxed, e.g., include a more realistic distribution of orbits—see complementary
studies in [89,90]. A further question is related to the possible redistribution of DM inside stripped
subhalos, see, e.g., [12,91,92]. Until a clearer picture surfaces, all possibilities from weak to strong tidal
effects must be equally considered for indirect DM searches. Finally, we stress again that any complete
DM halo model comprising a subhalo population should be checked against kinematic constraints,
which are increasingly stringent for the Milky Way in the context of the Gaia results [72,73]. This is
particularly important for tidal disruption as it strongly depends on the detailed description of the
baryonic components of the galaxy. Predictions or limits based on galactic halo models which do not
account for these constraints should be taken with caution.

All our calculations were performed with the public code CLUMPY, and our results illustrate how
this code can quickly be used to incorporate and exploit any progress made by numerical simulations
and/or semi-analytical calculations. All computations and drawing of random realizations of the
discussed models can be repeated at one’s own account. Also, the subhalo skymaps and catalogs
shown here as illustration for the various models are available upon request.
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Appendix A. Properties of the Brightest Subhalos in the Example Maps

In Table A1, we list the properties of the brightest subhalos in the random realizations displayed in
Figure 4. Please note that different objects may provide the largest flux for annihilation or decay and for
different integration regions ΔΩ, and the largest values are marked in boldface (except for the DM-only
halo, where the very same object is the brightest in all considered scenarios). Further properties of the
objects (structural parameters, brightness of lower ranked subhalos, etc.) can be retrieved from the full
subhalo catalogs which can be provided to the reader upon request.

Table A1. Properties of the brightest subhalos in the random realizations displayed in Figure 4.

Position in Distance Mass m� J0.5◦ Jtot D0.5◦ Dtot

Map (l, b) l� [kpc] [M�] [GeV2 cm−5] [GeV cm−2]

DM only (−54◦,−13◦) 16.3 4.0 × 109 1.8 × 1020 5.5 × 1020 1.1 × 1019 1.8 × 1021

Phat-ELVIS (−141◦,+31◦) 42.2 2.0 × 109 1.4 × 1019 2.3 × 1019 3.6 × 1018 1.3 × 1020

(+37◦,+8◦) 69.5 3.8 × 109 1.4 × 1019 2.0 × 1019 4.1 × 1018 9.2 × 1019

SL17, εt = 10−2 (−19◦,−73◦) 7.8 3.7 × 106 3.3 × 1019 6.1 × 1019 2.3 × 1018 7.1 × 1018

(−73◦,+20◦) 54.8 2.3 × 109 1.0 × 1019 2.6 × 1019 4.1 × 1018 9.0 × 1019

SL17, εt = 1 (+71◦,−25◦) 30.1 1.3 × 108 9.0 × 1018 1.5 × 1019 2.3 × 1018 1.6 × 1019

(+93◦,−50◦) 68.5 3.4 × 109 5.2 × 1018 1.4 × 1019 3.4 × 1018 8.4 × 1019
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Abstract: Searches for “dark” subhaloes in gamma-ray point-like source catalogues are among
promising strategies for indirect dark matter detection. Such a search is nevertheless affected by
uncertainties related, on the one hand, to the modelling of the dark matter subhalo distribution in
Milky-Way-like galaxies, and, on the other hand, to the sensitivity of gamma-ray instruments to the
dark matter subhalo signals. In the present work, we assess the detectability of dark matter subhaloes
in Fermi-LAT catalogues, taking into accounts uncertainties associated with the modelling of the
galactic subhalo population. We use four different halo models bracketing a large set of uncertainties.
For each model, adopting an accurate detection threshold of the LAT to dark matter subhalo signals
and comparing model predictions with the number of unassociated point-sources in Fermi-LAT
catalogues, we derive upper limits on the annihilation cross section as a function of dark matter mass.
Our results show that, even in the best-case scenario (i.e., DMonly subhalo model), which does not
include tidal disruption from baryons, the limits on the dark matter parameter space are less stringent
than current gamma-ray limits from dwarf spheroidal galaxies. Comparing the results obtained with
the different subhalo models, we find that baryonic effects on the subhalo population are significant
and lead to dark matter constraints that are less stringent by a factor of ∼2 to ∼5. This uncertainty
comes from the unknown resilience of dark matter subhaloes to tidal disruption.

Keywords: dark matter; galactic sub-halos; gamma rays

1. Introduction

The identification of dark matter (DM) is one of the major endeavours of particle physics and
cosmology of the 21st century. Despite theoretical and experimental efforts deployed to detect DM
particles, the nature of this elusive form of matter remains mostly unknown. We know cold DM to be
successful in describing the universe on large scales [1]. However, null outcomes of weakly-interacting
massive particle (WIMP, [2]) searches in direct, indirect, and collider experiments, together with
deviations from cold DM predictions on small scales [3], challenge this paradigm and feed the interest
for alternative DM scenarios.

However, deviations from cold DM predictions on small scales tantalise this paradigm and cast
serious doubts on the weakly-interacting massive particle hypothesis, the most scrutinised model for
cold DM so far [2]. Additionally, searches for DM particle candidates at the weak scale have been until
now unsuccessful with current instruments, on ground and in space. In particular, attempts of indirect
detection of high-energy photons from WIMP self-annihilation provide some among the strongest
limits on WIMP DM [4,5]. At this stage, it is unclear if the WIMP (and cold DM) paradigm has to be
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revised in favour of other, still viable, DM particle models (warm and ultra-light DM models), or if
it is instead kinematically outside of the main explored range and can be discovered with the next
generation of gamma-ray telescopes, e.g., the Cherenkov telescope array (CTA, [6]).

Indirect detection constraints on the WIMP parameter space are unavoidably affected by
background model systematics. This is particularly severe in the inner region of the galaxy, where
the gamma-ray emission is dominated by the interactions of cosmic rays with the interstellar matter
and fields (i.e., galactic diffuse emission). “Cleaner” and, in this respect, more promising targets for
DM identification are dwarf spheroidal galaxies, optically faint galaxies whose dynamics has been
proved to be dominated by large haloes of DM [7]. Those faintest detectable galaxies can probe
the WIMP paradigm with multi wavelength observations, from optical to gamma rays (see for
example [8,9]). Moreover, the DM haloes hosting dwarf spheroidal galaxies are thought to be the
most massive of a vast population of DM subhaloes, overdensities in the DM host halo surrounding
our galaxy [10,11]. While the majority of these DM subhaloes lacks an optical counterpart, a steady
gamma-ray signal from directions where no object can be associated in other wavelengths would be
a hint for WIMP annihilation.

Searches for DM subhaloes are typically performed in point-source catalogues of the Large
Area Telescope (LAT), aboard the Fermi satellite. Point-source catalogues like the Third Fermi-LAT
Source Catalogue (3FGL) [12], and the Second Catalogue of Hard Fermi-LAT Sources (2FHL) [13]
contain a number of gamma-ray sources which are not associated with any known astrophysical object.
Classification algorithms, utilizing in particular spectral information, are applied on these unassociated
sources in order to single out potential DM subhalo candidates [14–16].

Limits on the DM parameter space (annihilation cross-section vs. mass) are derived by
comparing the number of expected DM subhalo candidates in the catalogues with predictions of
the number of subhaloes above the Fermi-LAT detection threshold expected from theoretical models
of subhaloes [16–22]. To this end, one needs to know how many subhaloes are expected to be bright
enough in gamma rays to be seen above the standard astrophysical background. This requires, on the
one hand, a detailed description of the galactic subhalo population. The complicated physics of
subhalo evolution inside the potential of their host leads to different quantitative pictures depending
on the models. To bracket these uncertainties, various models, either analytical or based on numerical
simulations, are considered in this study, see Section 2. On the other hand, the number of expected
detectable subhaloes is obtained by convolving the DM subhalo signal with the Fermi-LAT detection
threshold. The LAT detection threshold depends on the spectral signal that is looked for. Reference [22]
showed that computing the sensitivity of the LAT to DM subhalo signals, adopting the specific spectral
energy distribution determined by the particle physics DM model (see also Section 3), provides more
accurate predictions on the number of expected detectable subhalo and that important differences with
respect to assuming a fixed sensitivity threshold arise. We will therefore use the Fermi-LAT detection
threshold as derived in [22].

The goal of the present paper is to assess the detectability of DM subhaloes as predicted by
state-of-the-art DM subhalo models [23]. We will do so by using the more accurate Fermi-LAT
sensitivity threshold to DM subhalo signals [22]. In Section 2 we describe the galactic subhalo models,
in Section 3 we remind the reader the main ingredients to compute the gamma-ray DM signal from
dark subhaloes, and in Section 4 how the LAT sensitivity is computed. We present the results in
Section 5, and conclude in Section 6.

2. Galactic Subhalo Modelling

Subhaloes are subject to a variety of phenomena, including tidal stripping, gravitational shocking,
and dynamical friction, which make their modelling challenging. Subhaloes can be studied by the
means of fully-numerical cosmological simulations or simplified analytical models. These different
approaches lead to similar qualitative pictures regarding the galactic subhalo population but often
differ on a quantitative level. To get a handle on the modelling uncertainties, four models are considered
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in this study. These models share some common features: spherical symmetry is assumed for the
galactic halo, subhaloes all have a Navarro–Frenk–White (NFW) density profile and their mass function
is a power law with index αm = 1.9.1 These assumptions are all verified on the scales resolved by
numerical simulations, see e.g., [10,26]. Four configurations are considered, which are identical to
those used in Hütten et al. [23], which the reader is referred to for further details.

Our first model is based on the Aquarius DM-only N-body simulation [26] and as such is called
DMonly. The subhalo spatial distribution in Aquarius is found to be well fitted by an Einasto profile
with parameters αE = 0.68 and r−2 = 199 kpc. The core in the distribution is created by tidal
interactions which tend to disrupt subhaloes at the center of the host. The total number of subhaloes
is fixed by assuming 300 high-mass clumps with masses larger than 108 M�, as an upper bound to
the Aquarius findings [26]. Subhaloes are further assumed to follow the mass-concentration relation
given by Moliné et al. [27]. While a well-known effect of tides is to remove matter from the outskirts of
subhaloes, this is not accounted for in DMonly and all the subhaloes have their cosmological extension
(defined with respect to the critical density of the universe).

The Phat-ELVIS model is based on a suite of DM-only simulations which incorporate a static disc
potential [28]. Through gravitational shocking, the disc is very efficient at disrupting most subhaloes
in the inner 30 kpc of the host galaxy. The spatial distribution of the remaining population is well fitted
by the following function:

dP
dV

(r) =
A

1 + e−(r−r0)/rc
× exp

{
− 2

α

[(
r

r−2

)α

− 1
]}

, (1)

with α = 0.68, r0 = 29.2 kpc, rc = 4.24 kpc and r−2 = 128 kpc. Similar to the DMonly model,
the mass-concentration relation is taken from [27] and the density profile of subhaloes extends to their
cosmological extension.

Our next configurations are based on the semi-analytical model of Stref and Lavalle [29] (SL17
from now on). This model relies on a realistic description of the Milky Way and incorporates the
stripping effect due to the gravitational potential of the galaxy as well as the shocking effect from the
disc. It is not clear yet whether the efficient disruption of DM subhaloes as observed in simulations is
realistic or not [30–32]. This can be of importance because it has been shown to impact predictions
for indirect searches [33]. To account for this uncertainty, we consider two scenarios. In the first one,
called SL17-fragile, subhaloes are disrupted when their tidal radius rt is equal to their scale radius
rs. In the second one, called SL17-resilient, subhaloes are more robust and survive unless rt < 10−2 rs.
Unlike the DMonly and Phat-ELVIS models, subhaloes in the SL17 configurations are stripped down
to their tidal radius.

Knowing the DM subhalo spatial density ρDM, it is possible to compute the so-called astrophysical
or J -factor towards the direction—line of sight (l.o.s.)—of the subhalo of interest:

∫ Δ Ω

0

∫
l.o.s.

d� dΩ ρ2
DM(�) , (2)

where the integral along the l.o.s. is further integrated over the solid angle Δ Ω = 2π (1 − cos θint).
In what follows, we will set θint = 0.1◦ effectively considering subhaloes as point-like sources. We note
that previous works have overestimated the J -factor—and thus got too stringent limits on DM—by
integrating up to 0.5◦ [22] or, up to the DM profile scale radius, e.g., [16]. Indeed, as we will explain
below, the way in which the LAT sensitivity to DM spectra is computed strictly applies to point-like
sources having an angular extension of 0.1–0.3◦. Cutting the integration radius up-to 0.1◦ worsens
the final limits on the DM annihilation cross section by a factor of 2, over all the DM mass range.

1 The mass function is sharply cut at mmin = 10−6 M�. This mass cut-off can be related to the kinetic decoupling of the DM
particle in the early universe, see e.g., [24,25].
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Again, we believe this choice to be truly conservative. The J -factor is one of the crucial ingredients to
compute gamma-ray DM fluxes, as we will see below.

Having incorporated these models in the CLUMPY code [34–36], we consider 1000 Monte Carlo
realisations for each configuration, and we select all subhaloes with J (<0.1◦) >1017 GeV2cm−5.
The choice of this cut guarantees that the flux from DM annihilation (for e.g., cross-section values
∼1026−10−23 cm3/s and masses ∼100 GeV is well below the Fermi-LAT catalogues threshold,
and therefore that we do not miss any detectable subhalo. As we highlight below, this cut also
allows us to study what is the role, if any, of low-mass subhaloes. We note that relying on the
simulations done in [23] guarantees that the subhalo population is complete in brightness.

In Figure 1, we show the scatter plots of J -factor values, J (<0.1◦), as a function of subhalo mass,
MSH, in one realisation of the Monte Carlo simulations for each subhalo model.
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Figure 1. Scatter plot of J -factor values, J within 0.1◦, as a function of subhalo mass, MSH,
in one realisation of the Monte Carlo simulations for each subhalo model—top left: DMonly, top

right: Phat-ELVIS, bottom left: SL17-fragile, bottom right: SL17-resilient. The colour-bar represents
the subhalo distance from Earth, hereafter dSH. The realisation shown is the one containing the lowest
mass subhalo. We remind that we have applied a cut of J (<0.1◦) > 1017 GeV2cm−5.

3. Gamma Rays from Subhaloes

The J -factor is proportional to the predicted gamma-ray flux from WIMP DM annihilation.
We therefore expect that the most-likely detectable subhaloes will be also the ones with the highest
J -factor. However, the sensitivity of a gamma-ray telescope to a DM (or astrophysical) signal does also
depend on the gamma-ray spectrum that is looked for—in general harder spectra (e.g., BL Lacertae
objects, spectral index ∼2.2) are detected more easily—as we will see below.

To compute the predicted flux from DM annihilation, we have to specify the particle physics
content of the underlying DM particle model we consider. In what follows, we provide equations
for Majorana DM candidates (such as the neutralino in supersymmetric extensions of the Standard
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Model)—predictions for Dirac DM particles can be obtained by multiplying the flux for an additional
factor of 1/2.

The flux of photons expected in a given energy range from annihilation of DM particles of mass
mDM, distributed spatially following the DM distribution ρDM, writes generally as:

F (Emin, Emax) =
〈σ v〉

8πm2
DM

J
∫ Emax

Emin

dNi
DM

dE
dE , (3)

where 〈σ v〉 is the thermally averaged annihilation cross section, and dNi
DM/dE is the energy spectrum

providing the number of gamma rays per annihilation of DM in a given final state i (e.g., bb̄, τ+τ−,
etc.). We use tabulated DM spectra from [37].

4. Fermi-LAT Sensitivity to DM Subhalos

We adopt the flux sensitivity calculation of Calore et al. [22], where the authors provided
an accurate calculation of the LAT sensitivity to DM annihilation signals from subhaloes and showed
that such a determination of the detection threshold leads to significant differences with respect to
adopting a fixed flux threshold. The Fermi-LAT source detection simulation of DM subhaloes was
performed for the third Fermi-LAT catalog of point sources (3FGL) [12], and the second catalog of
hard Fermi-LAT sources (2FHL) [13]. In both catalogues, unassociated sources represent a significant
fraction of all detected sources: About 15% in the 2FHL and 30% in the 3FGL.

Interestingly, some gamma-ray emitting DM subhaloes can hide among unassociated sources
in the Fermi-LAT catalogues. In the present work, we assess what is the sensitivity to DM subhalo
modelling of the Fermi-LAT 3FGL and 2FHL catalogues.

As can be seen from Figures 5–8 in [22], the flux sensitivity threshold of Fermi-LAT for the
3FGL and 2FHL set-ups depends both on latitude and mass of the DM candidate: Regardless of
the annihilation channel, the flux sensitivity threshold decreases by a factor of about 2 between 20◦

and 80◦ in latitude for all masses, for both the 3FGL and 2FHL set-up. Also, higher (lower) DM
masses are more easily detected in the 3FGL (2FHL) set-up, as thoroughly explained in [22]. We note
that our sensitivity threshold for the bb and τ+τ− channels is very similar to the one more recently
derived by Coronado-Blazquez et al. [16]. Given the contamination of the galactic diffuse foreground,
the sensitivity calculation of [22] is truly accurate for |b| > 20◦. We will therefore consider only
subhlaoes at high latitudes.

5. Results

To derive the number of detectable subhaloes for a given mass and final state annihilation channel,
we computed the corresponding gamma-ray flux (Equation (3)) in the same energy range of the
catalogue we want to compare with (E > 0.1 GeV for the 3FGL and E > 50 GeV for the 2FHL). For
each subhalo in the Monte Carlo simulations, we then compared the DM gamma-ray flux with the
Fermi-LAT sensitivity threshold at the position of the subhalo: A subhalo was detected if its gamma-ray
flux was larger than the flux threshold at its position.

In general, the number of detectable subhaloes was almost linearly proportional to the annihilation
cross section. As found in [22], the number of detectable subhaloes did not strongly depend on the
DM mass for annihilation into bottom quarks, while, because of the harder spectrum, the DM mass
was more relevant in the case of annihilation into τ leptons. In Table 1, for each model and catalogue
configuration, we provide the annihilation cross section required to have at least one subhalo detectable
for annihilation into b-quarks and τ leptons. We note that the minimal cross section needed to detect at
least one subhalo was about a few 10−25 for annihilation into bb̄ in the 3FGL, in the case of the DMonly
model. The minimal cross section for SL17-resilient was found to be a factor of ∼2 higher, while it
was ∼4–5 higher for the Phat-ELVIS and SL17-fragile models. The hierarchy between the models was
similar for the 2FHL catalogue and for annihilation into τ+τ−. These minimal cross sections exceed
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current bounds from Fermi-LAT observations towards dwarf spheroidal galaxies, see e.g., [38]. Dwarf
spheroidal galaxies are traditionally believed to give the strongest and most robust limits of the DM
parameter space—although several, independent, works addressed the robustness of such a bound
showing that it is prone to uncertainties of a factor of a few mainly because on the uncertainty in the
modelling of the foreground at the dwarf position [9] and of the dwarf DM distribution [39–41].

Table 1. Cross-section required to have at least one subhalo detectable in the 3FGL (2FHL) catalogue
set-up for a 100 GeV (1.5 TeV) DM particle mass.

One Detectable Subhalo Cross-section (cm3/s)

3FGL, bb̄ 3FGL, τ+τ− 2FHL, bb̄ 2FHL, τ+τ−

DMonly 8.80 × 10−25 17.25 × 10−25 3.81 × 10−23 10.52 × 10−23

Phat-ELVIS 34.64 × 10−25 76.96 × 10−25 18.99 × 10−23 50.91 × 10−23

SL17-fragile 44.50 × 10−25 100.02 × 10−25 28.91 × 10−23 63.82 × 10−23

SL17-resilient 19.32 × 10−25 34.23 × 10−25 9.70 × 10−23 19.30 × 10−23

It is of interest to have a look at the distribution of the J -factor of detectable subhaloes versus their
mass. This is shown in Figure 2 for the 3FGL catalogue set-up. In contrast to Figure 1, all subhaloes are
here represented by grey dots, while the ones detectable in the 3FGL catalogue are shown by coloured
points. Note that these subhaloes, represented by their J -factors, are detectable for fluxes from a DM
particle with mass of 100 GeV and annihilation cross section into bb̄ of 5× 10−24 cm3/s. Figure 3 shows
the same for the 2FHL catalogue set-up, DM mass of 1.5 TeV and annihilation cross section into bb̄ of
5 × 10−22 cm3/s.
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Figure 2. Same as in Figure 1 displaying all subhaloes selected as grey dots and those which would be
detectable in the 2FHL catalogue as coloured points. The results are shown for a DM mass of 100 GeV,
b-quark annihilation, and a cross section of 5 × 10−24 cm3/s.
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Figure 3. Same as in Figure 1 displaying all subhaloes selected as grey dots and those which would be
detectable in the 2FHL catalogue as coloured points. The results are shown for a DM mass of 1.5 TeV,
b-quark annihilation, and a cross section of 5 × 10−22 cm3/s.

A few considerations are in order. First, for the set of particle physics parameter chosen,
for the 3FGL (2FHL) set-up the J -factor threshold for subhalo detection was about 7 × 1017 (4 ×
1017)GeV2/cm5 for all four models. However, not all subhaloes with J -factor above this threshold
were detectable in the Fermi-LAT catalogues; indeed, the DM mass and latitude dependence of the
flux sensitivity threshold implied that the highest J -factor subhaloes were sometimes not the most
likely detectable ones with the LAT. This could be clearly seen, for example, in the bottom right panel
of Figure 2: While the brightest gamma-ray subhalo had J ∼ 8 × 1018 GeV2/cm5, the detectable
subhalo with the highest J -factor had J ∼ 5 × 1018 GeV2/cm5. The same occurred for the 2FHL
set-up. Secondly, the mass of detectable subhaloes could span up to seven orders in magnitude (from
∼102 M� to ∼1010 M�) depending on the configuration, as was the case for DMonly and SL17-resilient.
We concluded that among detectable sources there were both dwarf galaxies and dark subhaloes.
Indeed, galaxy formation models agreed that DM haloes with mass > 108 M� are massive enough to
systematically host galaxies. Although the exact threshold for star formation is quite debated and dark
subhaloes can even coexist with luminous ones above that star formation threshold [42], low-mass
subhaloes (below 107 M�) are almost surely optically dark objects. However, those can still have
large J -factor and be among detectable subhaloes. This occurred for our DMonly, but also in a model
where the effect of baryons in the galaxy was fully modelled (SL17-resilient). Finally, we note that in
subhalo models where tidal disruption was less efficient (DMonly and SL17-resilient), most detectable
subhaloes were located at a distance less than 20 kpc from us. Some of them were even closer than 10
kpc. On the other hand, when tidal disruption was efficient (as in Phat-ELVIS and SL17-fragile),
a larger fraction of detectable subhaloes was located farther away (see also [23] for details). This was
because the stellar disc disrupted most objects orbiting within the inner ∼20 kpc of the galaxy.
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In Figure 4, we display the all-sky gamma-ray maps of selected haloes corresponding to the
realisations shown in Figure 1. Fluxes were computed again assuming a DM mass of 100 GeV and
an annihilation cross section into bb̄ of 5× 10−24 cm3/s, for the 3FGL catalogue set-up. Subhaloes whose
flux exceeded the sensitivity threshold are highlighted by light orange circles on the skymaps. Besides
the latitude cut |b| > 20◦, we could see that bright clumps at high latitude remained undetectable
because of the latitude (and DM mass dependence) of the LAT detection threshold. We also note that
subhaloes could have a very small angular extension on the sky and still be detectable, as could be seen
in particular on the SL17-resilient skymap (bottom right). This was due to the cuspy density profile of
DM haloes: Even if the structure was stripped off its outer layers by tidal effects, the J -factor was
only mildly affected and could remain quite high.

|b| = 60◦, Fthr = 4.01× 10−10 ph cm−2 s−1

|b| = 40◦, Fthr = 5.96× 10−10 ph cm−2 s−1

|b| = 20◦, Fthr = 7.92× 10−10 ph cm−2 s−1

Detectable subhalos

|b| = 60◦, Fthr = 4.01× 10−10 ph cm−2 s−1

|b| = 40◦, Fthr = 5.96× 10−10 ph cm−2 s−1

|b| = 20◦, Fthr = 7.92× 10−10 ph cm−2 s−1

Detectable subhalos

10−12 10−11 10−10 10−9

F(0.1◦) [ph cm−2 s−1]

DMonly PhatELVIS

SL17-fragile SL17-resilient

Figure 4. For the same realisations as in Figure 2, we display the corresponding all-sky gamma-ray
maps of the selected haloes. Fluxes are computed assuming a DM mass of 100 GeV and an annihilation
cross section into bb̄ of 5 × 10−24 cm3/s, for the 3FGL catalogue set-up. We overlay the LAT sensitivity
threshold curves at fixed latitude values. The orange circles indicate the subhaloes that are above
threshold, and that would therefore be detectable in the 3FGL catalogue. Top left: DMonly; top right:
Phat-ELVIS; bottom left: SL17-fragile; bottom right: SL17-resilient. The orange circles indicating the
detectable subhaloes have a diameter of 7◦.

Dedicated searches for DM subhalo candidates among Fermi-LAT unassociated sources have
been performed in the past through spectral and spatial analyses, often based on machine learning
classification algorithms, see the latest analysis in [16]. The most recent analysis found 16 (4, 24) DM
subhalo candidates in the 3FGL (2FHL, 3FHL) catalogue [16]. The flux sensitivity threshold inferred
from Figure 9 of [16] was quite similar to the corresponding sensitivity curves of the 2FHL—so we will
provide predictions for the 2FHL in the present work. Also, the limits from the 3FGL and 2FHL were
completely complementary and the strongest over the full DM mass range considered in [16].

172



Galaxies 2019, 7, 90

Knowing the number of DM subhalo candidates in Fermi-LAT catalogues, it is possible to infer
an upper limit on the DM annihilation cross-section: For a given DM mass, this would be the value
of 〈σ v〉 giving a number of detectable subhaloes equal to the number of DM subhalo candidates, Nc.
The strongest bounds on DM would of course correspond to the case in which Nc = 0 (and therefore
the subhalo to be used to set the bound is the one with the largest J -factor). On the other hand,
the most conservative limits come from the case where Nc is equal to the number of unassociated
sources—which is anyhow unrealistic since most likely the largest fraction of these is indeed made up
by standard astrophysical objects.

In Figure 5, we present upper limits on the DM annihilation cross-section as a function of the
particle mass that comes from comparing the number of detectable subhaloes in the four models under
consideration with the number of DM subhalo candidates from [16]. The upper limit on the cross
section was defined as the maximum value of 〈σ v〉 for which the predicted subhalo gamma-ray fluxes
were equal to the catalogue sensitivity flux threshold. The uncertainty bands corresponded to the
uncertainty in the subhalo modelling, propagating the spread in the 1000 Monte Carlo realisations of the
subhalo models (namely, the “galactic subhaloes variance”). We found that the DMonly configuration
led to the strongest bounds on the annihilation cross-section. The bound from SL17-resilient was a
factor of ∼2 weaker, while the bounds from Phat-ELVIS and SL17-fragile are similar and are ∼5–6
times weaker. Unsurprisingly, configurations where tidal disruption was not very efficient led to the
strongest bounds. We could compare our bounds from the DMonly model with the limits obtained
by [16] for the 3FGL and 2FHL catalogues (the authors also computed a limit for the updated 3FHL
catalogue). Their limits were a factor of ∼3 stronger for both catalogues. For the origin of this difference
there could be various reasons: for example, we recall that our DMonly model was based on the
Aquarius cosmological simulation while the subhalo model used in [16] is based on Via Lactea II [10].
Subhaloes in these simulations have a different spatial distribution and the total number of resolved
objects within the virial radius of the galactic halo also differs, hence there is no reason to expect the
exact same gamma-ray prediction from both models. Also, [16] consider J -factor integration angles
equal to rs, while we integrate only up to 0.1◦. We note that in the case of the 2FHL our limits were cut
at 100 GeV masses; below this mass the limits steeply increased because of a loss of sensitivity of the
2FHL catalogue.

In Figure 6, we put together the limits from the 3FGL and 2FHL catalogues and compared
them to existing limits from gamma-ray observations of dwarf spheroidal galaxies [9,38]. We also
display the “sensitivity reach” of DM searches towards unassociated gamma-ray sources, namely
the limit on the annihilation cross section one gets imposing that no DM subhalo candidate remains
among unassociated gamma-ray sources in the 3FGL and 2FHL catalogues. We stress that cutting
the integration radius up to 0.1◦ leads to less strong bounds on the annihilation cross section (about
a factor of 2 at all masses). Again, we believe our choice to be truly conservative, against what was
done in the past. We can therefore see that the limits on the DM parameter space from the dark subhalo
search are not as competitive as the search towards dwarf spheroidal galaxies—at least with present
catalogues (and current sensitivity threshold). Indeed, the sensitivity reach for the 3FGL and 2FHL
catalogues is always above the current limits from dwarf galaxies.
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Figure 5. Upper limits on the dark matter (DM) annihilation cross-section, 〈σ v〉, from the observation
of 16 (4) DM subhalo candidates, Ncand, in the 3FGL (2FHL) catalogue (the number of candidates
is taken from [16]). We show the limit for DMonly (purple curve), Phat-ELVIS (red dashed curve),
SL17-resilient (blue dotted-dashed curve) and SL17-fragile (green dotted curve). The same colour-code
applies to uncertainty bands which represent the spread due to the 1000 Monte Carlo realisations for
each subhalo model. Top left (right) panel: Annihilation into bb̄ (τ+τ−) for the 3FGL catalogue. Bottom
left (right) panel: Annihilation into bb̄ (τ+τ−) for the 2FHL catalogue.

10 10 10 10

mDM [GeV]

10−

10−

10−

10−

10−

10−

10−

10−

〈σ
v
〉[
cm

3
/s
]

3FGL
cand =

+

2FHL
cand =

+

10 10 10 10

mDM [GeV]

10−

10−

10−

10−

10−

10−

10−

10−

〈σ
v
〉[
cm

3
/s
]

3FGL
cand =

+

2FHL
cand =

Figure 6. Upper limits on the DM annihilation cross section, 〈σ v〉, from the observation of 16 (4) DM
subhalo candidates, Ncand, in the 3FGL—purple solid—(2FHL—red solid) catalogue, for the DMonly.
The sensitivity reach (Ncand = 0) of the 3FGL (2FHL) is also shown by the turquoise dashed-dotted
line (blue dashed-dotted line). The same colour-code applies to uncertainty bands which represent the
spread due to the 1000 Monte Carlo realisations of the subhalo model. Left (Right) panel: Annihilation
into b-quark (τ lepton) finale states. Overlaid, the limits from gamma-ray observations towards dwarf
spheroidal galaxies from Albert et al. 2016 [38] (black dotted), and Calore et al. 2018 [9] (red dotted).
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6. Discussion and Conclusions

In this work we have assessed the detectability of DM subhaloes in Fermi-LAT catalogues taking
into account the uncertainties associated to the modelling of the galactic subhalo population. We have
investigated four different subhalo models: one based on the Aquarius DMonly simulation [26],
one on the Phat-ELVIS DM simulation which incorporates a disc potential [28], and two configurations
based on an analytical model [29]. The incorporation of these models in CLUMPY [34–36] allowed
us to perform 1000 Monte Carlo realisations for each configuration. We then identified among each
realisations the detectable subhaloes according to the criterion derived by Calore et al. [22] for the 3FGL
and 2FHL Fermi point-source catalogues. We obtained the DM annihilation cross-section required to
detect at least one subhalo, see Table 1, to be a few ×10−25 (×10−23) for the 3FGL (2FHL) catalogue
set-up. We found that, irrespective of the subhalo model, the minimal cross section was already
ruled out by gamma-ray observation of dwarf galaxies. Using the unassociated point-sources in the
Fermi-LAT catalogues, we could derive upper limits on the annihilation cross section as a function of
the DM mass. We have done so using the number of subhalo candidates found by Coronado-Blazquez
et al. [16] to get a conservative limit and we have shown the result in Figure 5. A more stringent
bound was obtained if we assumed all the unassociated sources were in fact explained by conventional
astrophysical objects. We showed the corresponding bound along with existing limits from dwarf
galaxies in Figure 6. We found that even for the DMonly configuration, which did not include tidal
disruption from baryons, the subhalo bound was less stringent than the dwarf galaxy limit.

Comparing the results obtained with the different subhalo configurations, we found that baryonic
effects on the subhalo population were significant and lead to DM constraints that were less stringent
by a factor of ∼2 to ∼5. This uncertainty came from the unknown resilience of DM subhaloes to
tidal disruption.

We note that, compared to previous works, we conservatively adopted a radius of 0.1◦ for
the J -factor integration. This choice was fully consistent with the computation of the Fermi-LAT
threshold to subhalo signals as point-like sourcessubhaloes. Unavoidably, this led to limits on the
annihilation cross section which were a factor of a few less stringent than what we found in the
literature towards dark subhaloes. Nevertheless, we mention that stronger constraints can be set by
looking at extended Fermi-LAT-unassociated sources. Spatial extension of a gamma-ray-unassociated
source at high-latitude is generally considered a very promising hint for the DM nature of that
emission. So far, however, no source has been flagged as extended [16], and, in general, only a few
subhaloes are found to be extended in galaxy formation simulations [20,22]. The DM subhalo models
studied in the present work instead, depending on the model, predicted from a few up to tens of
subhaloes with significant angular extension (>1deg). This means that, in order to properly assess their
detectability, the sensitivity to the LAT to such a type of extended signals needs to be computed. We
leave this work for a future publication, where we will also derive corresponding constraints on the
DM parameter space.

In the future, CTA [6] is expected to boost the search for DM particles with high-energy
gamma rays. Sensitivity studies show that we expect at least factor of 10 improvements in the limits
from the galactic center analysis [43,44]. Also, searches towards dark subhaloes can be competitive,
for example, by exploiting the data from a foreseen large-sky survey [43,45]. In particular, CTA deep
follow-up observations of subhalo candidates or of hints of weak signals in gamma-ray surveys will
provide an unprecedented discovery potential for indirect DM signals. Limits from known dwarf
satellites with future telescopes will be very promising also because of the revolutionary results
promised by the large synoptic survey telescope (LSST) [46]: tens to hundreds of new faint satellites of
the Milky Way are expected to be discovered and their stellar kinematics to be measured with high
accuracy, characterising their DM content. This will further accelerate the DM-constraining power
of already existing data, such as the ones collected by Fermi-LAT and future CTA observations [47].
Finally, lower gamma-ray energies (i.e., <100 MeV) represent an almost unexplored territory. Advanced
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proposals for MeV telescopes exist [48,49], and future prospects look very promising, offering new
opportunities to discover and/or constrain DM particle models [50].
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Abstract: The ΛCDM cosmological framework predicts the existence of thousands of subhalos in
our own Galaxy not massive enough to retain baryons and become visible. Yet, some of them may
outshine in gamma rays provided that the dark matter is made of weakly interacting massive particles
(WIMPs), which would self-annihilate and would appear as unidentified gamma-ray sources (unIDs)
in gamma-ray catalogs. Indeed, unIDs have proven to be competitive targets for dark matter searches
with gamma rays. In this work, we focus on the three high-latitude (|b| ≥ 10) sources present
in the 2HWC catalog of the High Altitude Water Cherenkov (HAWC) observatory with no clear
associations at other wavelengths. Indeed, only one of these sources, 2HWC J1040+308, is found to
be above the HAWC detection threshold when considering 760 days of data, i.e., a factor 1.5 more
exposure time than in the original 2HWC catalog. Other gamma-ray instruments, such as Fermi-LAT
or VERITAS at lower energies, do not detect the source. Also, this unID is reported as spatially
extended, making it even more interesting in a dark matter search context. While waiting for more
data that may shed further light on the nature of this source, we set competitive upper limits on the
annihilation cross section by comparing this HAWC unID to expectations based on state-of-the-art
N-body cosmological simulations of the Galactic subhalo population. We find these constraints to be
particularly competitive for heavy WIMPs, i.e., masses above ∼25 (40) TeV in the case of the bb̄ (τ+τ−)
annihilation channel, reaching velocity-averaged cross section values of 2× 10−25 (5× 10−25) cm3·s−1.
Although far from testing the thermal relic cross section value, the obtained limits are independent
and nicely complementary to those from radically different DM analyses and targets, demonstrating
once again the high potential of this DM search approach.

Keywords: dark matter; subhalos; dark matter searches; gamma-rays

1. Introduction

As of today, we believe that about 85% of all the matter in the Universe is of a non-baryonic
nature [1–3]. Despite its large abundance, the ultimate nature of this so-called dark matter (DM)
remains unknown, being at present one of the most puzzling questions in modern physics.

N-body cosmological simulations reveal that DM structures form hierarchically in a bottom-up
scenario: the DM particles first collapse into small gravitationally bound systems (known as halos),
and then form more massive structures through a complex history of merging and accretion. As a
result, DM halos contain a very large number of smaller subhalos [4,5].

For DM candidates with weak-scale masses and interactions, as those preferred by
supersymmetric particle physics theories [6], subhalos with masses between approximately
10−11–10−3 M� [7–9] (depending on the specific DM particle model) up to roughly 1010 M� are
expected to exist in a Milky Way-like galaxy. The vast majority of the Galactic DM subhalos are not
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expected to be massive enough to host baryons and therefore remain completely dark, with no visible
counterparts [10–14]. Yet, many of these light subhalos or dark satellites will lie much closer to the Earth
compared to the most massive ones, given both their much larger number density and higher survival
probability at small Galactocentric radii against tidal disruption [15,16].

If the DM is made of the so-called Weakly Interacting Massive Particles (WIMPs) DM [17,18], these
small subhalos may outshine in gamma rays. WIMPs can achieve the correct relic DM abundance
(the so-called “WIMP miracle”), through self-annihilation in the early Universe. This process gives
rise to a Standard Model (SM) particle-antiparticle pair which, among other possible subsequent
by-products, may yield gamma-ray photons [19,20]. Small subhalos may be potentially interesting for
this kind of indirect dark matter search since, as mentioned, many of them may be located close enough
to Earth to yield high enough gamma-ray fluxes [21–24]. Interestingly, an important fraction of objects
(typically between 30–40%, depending on the catalog) in the very high energy (VHE, E > 100 GeV) sky
are unidentified sources (unIDs), i.e., objects with no clear single association or counterpart. Some of
these unIDs may actually be DM subhalos [22,23,25–33]. In our work, we will explore this possibility
focusing on the unIDs recently detected in the VHE regime by the High Altitude Water Cherenkov
Observatory (HAWC) [34,35].

One of the greatest challenges when using dark satellites to search for DM is to come up with a
reliable characterization of the low-mass subhalo population that would allow for robust predictions
of their DM annihilation fluxes. Indeed, there is no N-body cosmological simulation at present able to
resolve the entire Galactic subhalo population all the way down to the expected minimum subhalo
mass. In this paper, we will adopt the results in [24], where the authors devised an algorithm to
repopulate the original Via Lactea II (VL-II) [15] N-body cosmological simulation with low-mass
subhalos below its resolution limit, of about ∼105M�. To do so, they first studied what found for
the abundance and distribution of resolved subhalos in the simulation, and extrapolated the relevant
quantities to smaller subhalo masses. In addition, they adopted state-of-the-art models to describe
the subhalo structural properties [36]. With the predictions of [24] at hand, and in the absence of an
obvious DM subhalo candidate among the pool of HAWC unIDs, which is actually reduced to just one
source in the end, 2HWC J1040+308, we will show in this work that it is possible to place competitive
constraints on the WIMP DM parameter space following the procedure described in [22,23].

The structure of this paper is as follows. In Section 2 we briefly describe the observational status
of the VHE sky, paying special attention to the HAWC observatory. We also address our specific target
selection in this section. Section 3 is devoted to the computation of the DM constraints taking into
account the different instrumental parameters and the theoretical predictions from N-body simulations.
We conclude in Section 4, where we also make explicit the caveats in our analysis, compare our
results to previous work and make qualitative assessments for future unID-based DM search strategies
and experiments.

2. HAWC Unidentified Sources

In this section, we briefly review the HAWC observatory and discuss the target selection we made
for this work.

2.1. HAWC and the TeV Sky

The High Altitude Water Cherenkov Observatory (HAWC) is a VHE gamma-ray detector with a
one-year sensitivity of 5–10% of the flux of the Crab Nebula. Unlike imaging atmospheric Cherenkov
telescopes (IACTs), such as H.E.S.S. [37], MAGIC [38] or VERITAS [39], which detect the Cherenkov
light emitted by the extensive air showers produced by the gamma rays in the atmosphere, HAWC
detects particles of these air showers that reach ground level with water-based Cherenkov detectors.
Therefore, HAWC is able to operate continuously and to achieve a field of view (FoV) larger than
1.5 sr [40]. HAWC is located on the flanks of the Sierra Negra volcano near Puebla, Mexico, and consists
on a large pond of water tanks, each of 7.3 m of diameter, located at 4100 m elevation. The pond
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contains 900 photomultiplier tubes (PMTs), while each tank contains 200,000 liters of purified water [41].
Starting operations in 2012 with 30 tanks, they were progressively increased to 300 in 2015, detecting
TeV gamma and cosmic rays with a high duty cycle (>95%) [42,43].

Currently, there are about 200 known VHE gamma-ray sources detected by a handful of
observatories, compiled within the TeVCat1 catalog [44]. A Galactic map in Hammer-Aitoff projection
with all TeVCat sources and their class is plotted in Figure 1. From these, roughly 60 sources remain
with no clear association. Most of them are probably astrophysical sources of Galactic origin, since
many were discovered after the Galactic plane survey by H.E.S.S [45]. Yet, there are several unIDs
located at high Galactic latitudes, in particular three of them reported in the 2HWC catalog—the
second HAWC catalog [46] comprising 507 days of instrument operation. In this work, we will focus
on these sources.

Figure 1. VHE sources listed in the TeVCat online catalog as of November 2019, here shown in
Hammer-Aitoff projection and Galactic coordinates. Background is the gamma-ray sky as seen by
Fermi-LAT in 4 years of operation. Note the higher density of sources, in particular of unIDs, along the
Galactic plane. The figure was generated with the TeVCat online tool [44].

2.2. Target Selection

We chose to work only with the high-latitude unIDs listed in the 2HWC catalog mainly for
two reasons:

• Why HAWC?—HAWC is currently the only VHE observatory able to survey a significant fraction
of the whole sky. Indeed, the combination of its 1.5 sr FoV, Earth rotation and location in Mexican
soil, 19◦ above the Equator, makes it possible to observe 2/3 of the sky every day.2 In contrast,
IACTs are pointing telescopes, i.e., they need to know the location of the sources in advance and,
thus, just point towards specific targets. For the purposes of this work, it becomes critical to have
observations of a large fraction of the sky. This is so because we adopt the methodology introduced
in [23] to set constraints on the DM annihilation parameter space using unIDs. The method is
based on a comparison between the number of catalogued unID sources and subhalo predictions
derived from N-body cosmological simulations. Large fractions of the sky, observed with a nearly
uniform exposure, will allow for a more accurate comparison to N-body simulations, as we can

1 tevcat2.uchicago.edu.
2 In fact, HAWC applies a zenith cut of 45◦, which for a daily exposure translates in 8.4sr, corresponding exactly to 66.85% of

the sky.
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derive a more robust statistical determination of the subhalo annihilation fluxes for significantly
large sky areas. We remind that these fluxes are proportional to the so-called J-factor:

J =
∫

ΔΩ
dΩ
∫

l.o.s
ρ2

DM [r (λ)] dλ, (1)

where the first integral is performed over the solid angle of observation (ΔΩ), the second one
along the line of sight (l.o.s, λ), and ρDM is the dark matter density profile of a given subhalo.

• Why high latitude? ΛCDM predicts the existence of DM subhalos at all Galactic latitudes
distributed nearly isotropically from the Sun’s position in the Galaxy. On the other hand,
the majority of Galactic VHE astrophysical sources, such as pulsars, binaries, supernova remnants
and pulsar wind nebulae, are expected to cluster heavily along the Galactic plane, where most of
the stars and gas reside. Since many of these objects are expected to also be hidden among the
pool of unIDs awaiting for a proper classification, we expect the distribution of unIDs to peak
around zero Galactic latitude as well (as already discussed in Figure 1). For our purposes, these
low-latitude sources only add contamination to our sample of potential DM subhalo candidates.
Therefore, we apply a cut in our analysis at Galactic latitudes |b| ≤ 10◦. For consistency, this cut
will also need to be done on our predicted subhalo distribution. On average, our Galactic cut
removes only ∼11% of the simulated subhalos, while 87% of 2HWC unIDs are left out. Actually,
in practice we cut a larger region |b| ≤ 30◦ in the N-body simulation in order to match the 2/3 sky
coverage of HAWC, and in this way we have a totally fair one-to-one comparison among observed
and simulated sky.

After this selection, we are left with only three candidates in the 2HWC catalog, namely 2HWC
J1309−054, 2HWC J1040+308 and 2HWC J0819+157. All three candidates are reported as very faint,
i.e., near the source detection threshold of the catalog. In fact, [35] recently analyzed 760 days of HAWC
data, i.e., approximately 50% more integration time than the original 2HWC catalog, and found both
2HWC J0819+157 and 2HWC J1309−054 to be under the detection threshold. This behaviour of source
flux versus integration time is not expected for actual sources but from spurious ones instead. Thus,
in the following we only consider the remaining candidate for our analysis, 2HWC J1040+308. We
note that a spectral analysis was already performed for this source in [35], no preference for DM being
found. Yet, more data are probably needed before being able to definitely reject this unID as a DM
subhalo. Thus, we conservatively keep this source as the only surviving target in our list of potential
subhalo candidates and set DM limits by assuming the existence of one single DM subhalo candidate
in HAWC data.

2.3. 2HWC J1040+308 as a DM Subhalo Candidate

Before proceeding to set DM limits in the next section, we would like to highlight here some
properties of 2HWC J1040+308 that make this unID particularly appealing in a DM context, as such
properties may be compatible with a DM origin for the observed emission:

• Spatial extension—Spatial extension has been hailed as a “smoking gun” for DM
annihilation [24–26,47]. Indeed, low-mass yet sufficiently close DM subhalos may be expected to
appear as extended unID sources. 2HWC J1040+308 is found to be spatially extended in HAWC
data with a radius of 0.5◦ [46]. This fact is even more notable for the case of very high latitude
sources like this one (b = 61◦), as sources at high latitudes are typically extragalactic and thus
the majority of them are expected to be point-like. Indeed, it would be hard to explain all these
features with a single astrophysical source – AGNs would appear as point-like sources, while
Galactic sources could appear as extended, yet this source’s high latitude would imply a small
distance and thus it would be surprising not to have a detection in any other wavelengths. On the
other hand, as these unIDs correspond to very faint sources near the detection threshold, it is
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currently unclear whether they would appear as extended, even if being actual DM subhalos,
as the DM annihilation flux profile decreases very rapidly with distance to the subhalo center.

• Multi-wavelength search—As already mentioned, dark satellites are not massive enough to
retain baryons and, as a result, they are not expected to shine at any wavelengths due to
astrophysical processes. However, gamma-ray emission is expected to happen should these
objects be composed of WIMP DM.3 A dedicated search at different wavelengths was performed
for 2HWC J1040+308, with null results. In particular, a combined search in less energetic gamma
rays with Fermi-LAT and VERITAS was performed in [52], with no detection. An additional
search can be performed with the SSDC online tool,4 where no significant emission at lower
energies is found.

• Heavy WIMP mass—It is interesting to note that a joint analysis of Fermi LAT [53], VERITAS [54]
and HAWC data was recently done in [52] and no gamma-ray emission was reported for 2HWC
J1040+308 in the comparatively lower energy range covered by the LAT and VERITAS. This is
so despite the fact that 2HWC J1040+308 exhibits a hard spectrum with a photon spectral index
of Γ = 2.08 ± 0.25 in the HAWC energy range [46], which would in principle make a detection
at low energies easier to realize. If interpreted in a DM scenario, these results suggest heavy,
TeV WIMP masses as we would not expect a detection by Fermi LAT or VERITAS only in case
of significantly high values of the WIMP mass, for which a DM spectrum beyond the range of
sensitivity of these two instruments would be generated. Also, interestingly, this unID slightly
prefers a fit to a “Cutoff Power Law” instead of a “Simple Power Law” [35], which is a parametric
form that better reproduces a typical DM annihilation spectrum [22,23]. Heavy WIMPs are well
motivated [55–57] and, probably, favoured in the light of current DM constraints in the usual 〈σv〉
(velocity-averaged annihilation cross section) vs. mχ (WIMP mass) parameter space: IACTs are
still far from being able to probe the thermal relic cross section values [58] for large, TeV WIMP
masses, while for much lighter, O(GeV) masses there are already robust and strong constraints,
e.g., [23,59].

All the above considerations make 2HWC J1040+308 an excellent candidate for being a DM
subhalo. Yet, lacking a definitive answer for the moment we will proceed and will set constraints to
DM annihilation using HAWC unIDs, just assuming that we cannot discard 2HWC J1040+308 as a
DM subhalo.

3. DM Constraints

The methodology we follow to set our DM constraints is explained in full detail in [23]. In short,
these are computed according to (i) the number of remaining HAWC unIDs as potential DM subhalo
candidates, i.e., just one source (2HWC J1040+308), as discussed in Section 2; (ii) the flux sensitivity
of the instrument to DM annihilation; and iii) the J-factor predictions for the Galactic DM subhalo
population as derived from N-body cosmological simulations. The annihilation cross section and
WIMP mass 〈σv〉 and mχ are related by [23]:

〈σv〉 = 8π · m2
χ · Fmin

J · ∫ ∞
Eth

(
dN
dE

)
dE

(2)

where Fmin is the minimum flux needed for a point-source detection, J is the astrophysical J-factor
(see Equation (1)), and

∫ ∞
Eth

(
dN
dE

)
dE = Nγ is the integrated DM spectrum. This DM spectrum is

obtained from the PPPC4 DM ID tables [60], including electroweak corrections, and integrated from

3 DM-induced emission may also be expected in radio due to synchrotron radiation from secondary particles [48–51]; yet the
high density of radio sources would make any potential association probably very challenging.

4 https://tools.ssdc.asi.it/
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Eth = 300 GeV for a variety of annihilation channels. Hereafter, though, and for the sake of clarity, we
will focus on bb̄ and τ+τ− channels, considering only pure annihilations (unity branching ratio).

3.1. Minimum Detection Flux

As mentioned previously, the minimum detection flux (Fmin) is defined as the one required by the
instrument to have a detection. More specifically, it is the source flux that is needed to reach TS = 25
over the background, where TS is the Test Statistic, defined as,

TS = −2 log
[L(H1)

L(H0)

]
(3)

L(H1) and L(H0) are, respectively, the likelihoods under the source and no source (null hypothesis)
assumptions. Ideally, as done in [23], one would need to account for the variations of this quantity
across different instrumental setups (integration time, energy threshold, instrument response functions,
etc.) and adopting different DM spectra.5 Finally, the source latitude should also be taken into account;
however this is a second-order effect once the Galactic plane is removed from the analysis, as it is
the case.

Unfortunately, the VHE sky still lacks a proper model for the all-sky Galactic diffuse gamma-ray
emission, which exists at lower energies [61]. This, and the fact that we do not possess the HAWC
instrumental response functions (IRFs), private for this Collaboration’s internal use at the moment,
precludes a precise characterization of the HAWC Fmin. Instead, we will have to rely only on the
differential sensitivity from Figure 16 of [62].6 At each energy, the Fmin can be obtained by dividing the
differential sensitivity in TeV · cm−2 · s−1) value by the log-central energy value in each considered
bin to obtain ph · cm−2 · s−1). In our case, we need the Fmin corresponding to a declination of 30.87◦,
which turns out to be very near the absolute minimum of the curve shown in Figure 16 of [62].7

Note, however, that the reported flux in [62] assumes a power law spectrum with a photon spectral
index Γ = 2.63 (Crab-like), while our DM subhalo candidate exhibits a considerably harder spectrum,
Γ = 2.08, and therefore it should be comparatively easier to detect. Also, the sensitivity is expected
to scale as ∼√

t (assuming Poisson photon statistics), where t is the exposure time. Thus, as the
reported flux in [46] was computed for 507 days of operation, the performance of HAWC would be
underestimated for the 760 days of the current analysis.

With these limitations in mind, it is actually possible to compute a better estimate for Fmin than
the one described above. We will define the improvement factor as the ratio between our estimation
of Fmin and the official one. First, we take into account the improvement due to the photon spectral
index—a source with smaller index (harder spectrum), will be easier to detect than a source with larger
index (softer spectrum). We can use the scaling relation reported in [46], i.e., the variation of Fmin with
the source spectral index, for an energy value of 7 TeV, used as the pivot energy. By calibrating the
improvement at this energy, we can extend it to all the considered energy range (300 GeV–100 TeV),
taking into account the spectral shapes of both power laws. Then, we rescale the obtained Fmin by
differences in exposure times, i.e., a factor

√
507/760 = 0.82.

Also, as our unID is an extended source, with a reported extension of 0.5◦, the HAWC sensitivity
is expected to worsen with respect to that for a point-like source. Indeed, according to [34], a 0.5◦

source would require a flux 1.93 times larger to be detected at the same significance, independently

5 This is so because, by default, this quantity is computed for a source spectrum with a power law index Γ ∼ 2, while the DM
is better parametrized by a “Power Law with SuperExponential Cutoff” [23], where the index and cutoff energy vary over
the annihilation channel and WIMP mass.

6 This sensitivity is computed for the Crab, which is located at DEC∼ 22◦, while our source is at ∼30◦ instead. Fortunately,
the HAWC sensitivity for both locations is expected to be very similar [34].

7 We note that, should we have had more than one unID, we would have computed a mean value after averaging the
corresponding differential sensitivities for each source’s declination.
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of the assumed spectral index. As we are tailoring the sensitivity to our candidate, we will take this
correction factor into account. As a result, the disagreement between our results and those in [35] is
reduced to a factor ∼ 25.

A comparison between both the originally reported Fmin in [62] (Γ = 2.63, t = 507 days, point-like)
and the “improved” Fmin here described for our candidate (Γ = 2.08, t = 760 days, 0.5◦) is shown in
Figure 2 as the blue and red curves, respectively. The latter is the one that will be used to set our DM
constraints in Section 3.3.8

Figure 2. HAWC minimum flux, Fmin, needed to reach source detection (TS = 25) at a sky declination
equal to 30.87◦. In blue, the Fmin as originally reported in [62] for the case of a point source described
by a power law spectrum with index Γ = 2.63 and 507 days of exposure. The red curve shows the
Fmin for our DM subhalo candidate instead (with a spatial extension of 0.5◦, Γ = 2.08 and 760 days
of exposure). This one is computed taking into account (i) the improvement factor of ∼5 derived for
this unID at a pivot energy of 7 TeV [46], marked in the figure as a dashed grey vertical line; (ii) the
difference in exposure times, which makes the Fmin improve by a factor

√
507/760 = 0.82; and (iii) a

factor ∼2 worsening due to the extension of the source, according to [34]. See text for further details on
these computations. The overall Fmin improvement is roughly an order of magnitude at low energies,
while at the highest energies there is no improvement at all.

3.2. J-Factor

The last ingredient needed to set the DM constraints is the J-factor. In the case of unID-based
DM searches, we conservatively assume that all N DM subhalo candidates in our unID list (N = 1 in
this work) are in fact DM subhalos [22,23]. Then, we require consistency of this supposedly observed
number of DM subhalos with that obtained from N-body simulations, by assuming that the J-factor of
the Nth (1st, in this work) most brilliant DM subhalo in our simulation sets the border between the
population of detected and non-detectable subhalos.

As input, we use the N-body simulation work by [24], specifically designed to assess the relevance
of low-mass subhalos for this kind of studies. The authors of [24] repopulate the original Via Lactea II
DM-only N-body cosmological simulation of a Milky-Way-size halo [15] with subhalos well below
its resolution limit by applying bootstrapping techniques and semi-analytical extrapolations of the
relevant quantities. In particular, the subhalo mass function is extended down to 103M�, the subhalo
distribution within the host halo is assumed to be similar to that of the resolved subhalos in the parent

8 The spectral index is reported to have an uncertainty Γ = 2.08 ± 0.25. We checked that this uncertainty translates into a
factor ∼4 uncertainty in Fmin at most (factor 2 when compared to the benchmark Γ = 2.08).
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simulation, and a state-of-the-art concentration model [36] is used to model the subhalo structural
properties and, ultimately, to compute the J-factors. Actually, hundreds of realizations of the parent
simulation are performed that allow deriving statistical meaningful J-factor results. More precisely,
as done in [23], in order to derive 95% C.L. upper limits on the DM annihilation cross section, we
obtain the distribution of J-factor values for the Nth subhalo under consideration and then as reference
J-factor the one above which 95% of the J-factor distribution is contained; see Figure 3.

In this particular case, we cut out from the simulation results the Galactic region |b| ≤ 10◦ in order
to match the cut that we applied on the data to avoid the Galactic plane contamination (see Section 2.2).
We also take into account that HAWC, unlike Fermi-LAT, does not achieve a uniform exposure for
the whole sky but only for ∼2/3 of it. Specifically, to mimic this effect in the simulation side, we cut
out the |b| ≤ 30◦ region (i.e., we only keep 2/3 of the whole sky) in every realization. Finally, as we
are interested in dark satellites alone, only M≤ 107M� subhalos (i.e., not massive enough to retain
baryons) are considered. We checked that the resulting distribution looks isotropic as seen from the
Earth. The result of applying and of not applying cuts on the J-factor distributions for the most brilliant
subhalo in the simulations is shown in Figure 3. The value used to set the constraints, above which 95%
of the distribution is contained, is log10(J) = 19.47, a factor 4.26 smaller than the value before cuts.9

Figure 3. J-factor distributions for the brightest subhalo across 1000 realizations of the DM subhalo
population as derived in [23] from the Via Lactea II N-body simulation. Red and blue histograms show,
respectively, the values before and after applying our selection cuts on the simulated DM subhalos,
namely a mass cut (M ≤ 107M�) and a coordinate cut (|b| > 30◦). The dashed, purple vertical line
marks the value of the J-factor that will be used to set the 95% C.L. DM limits in Section 3, and it is
defined as the one above which 95% of the J-factor distribution is contained.

9 The J-factor of our brightest subhalo is comparable to the one typically quoted for dwarf spheroidal satellite galaxies (see
e.g., [63]), which are expected to be well above the extragalactic isotropic DM-induced gamma ray background. On the
other hand, the value of the DM-induced Galactic diffuse emission is comparable to the isotropic contribution at high
latitudes [64], and therefore also negligible compared to the brightest subhalo J-factor. Finally, the boost due to Galactic
unresolved substructure contributing to the diffuse emission in the line of sight of this unID is expected to be at the level of
a few percent and, thus, not relevant here. The boost due to substructures is only particularly important when integrating
the subhalo signal for the whole host halo; see e.g., the discussions and results in [36].
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3.3. Results

Once all involved quantities in Equation (2) have been properly characterized, we can set
constraints on the DM parameter space at 95% confidence level. These are plotted in Figure 4 for the
bb̄ and τ+τ− annihilation channels. We remind, once again, that these limits adopt a single HAWC
unID as being a potential DM subhalo (2HWC J1040+308).

Figure 4. 95% upper limits on the DM annihilation cross section as derived from HAWC unIDs and
predictions from N-body cosmological simulations. Indeed, these constraints use 2HWC J1040+308
alone, i.e., the only HAWC unID located at |b| ≥ 10◦ and surviving our selection criteria in
Section 2.2. Left (right) panel shows the 95% C.L. upper limits for the bb̄ (τ+τ−) annihilation channel.
For comparison, we also show as a blue, dot-dashed line the DM constraints obtained from Fermi-LAT
unIDs using the same methodology [47]. Limits from the observation of the Galactic center region by
H.E.S.S., i.e., the best DM constraints achieved from IACT observations at present, are included in both
panels as well as a green, dashed line [65]. Finally, a dotted, orange line shows the constraints from
Fermi-LAT observations of dSphs [59]. Please note that we did not include in this Figure the results
in [35], as a one-to-one comparison would be misleading given the fact that the methodology and
underlying assumptions in both works are significantly different; see discussion in Section 3 for details.

The obtained 95% upper limits to the DM annihilation cross section are most stringent for
masses of ∼20 (2) TeV for the bb̄ (τ+τ−) annihilation channel, reaching cross section values around
5 × 10−25 (8 × 10−25) cm3·s−1. This is roughly one order of magnitude far from the thermal relic cross
section value, yet they are competitive with today’s IACTs best constraints (derived from H.E.S.S.
observations of the Galactic center [65]) for very heavy WIMPs annihilating to bb̄ above ∼50 TeV. It is
worth emphasizing that our DM constraints are independent and complementary to the ones obtained
for other astrophysical targets and by means of different analysis techniques.

We must note here that we observe a mismatch between the DM constraints obtained in this
work and the ones shown in [35]. This disagreement, that reaches a factor ∼25 for τ+τ−, is hard to
understand in detail but it is probably due to several factors. In particular, our Fmin is expected to
be a fair approximation while [35] adopts the actual sensitivity of HAWC to a DM spectrum (only
computable with the IRFs). In that work, the structural properties of subhalos were described according
to [66], which is well-suited for field halos, not subhalos. Indeed, we use [36], where subhalos exhibit
concentration values a factor 2-3 larger than field halos of the same mass. As the J-factor is roughly
proportional to the third power of the concentration, this correction would thus yield J-factors about a
factor 8-9 times larger, leading to better constraints. Other possible systematics, such as those coming
from the Galactic diffuse emission model and the observation strategy adopted in [35], may turn out to
be particularly relevant. Also, we note that they show cross-section values needed for detection, while
we here show 95‰upper limits. All in all, a precise one-to-one comparison with the results in [35] is
not possible, as the methodology and underlying assumptions are different.
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For the sake of comparison, we also show in Figure 4 the constraints found by [23] following a
similar methodology, but using unIDs in Fermi-LAT catalogs instead. Both these low and high energy
unID-based DM limits meet at roughly 2 (0.7) TeV for bb̄ (τ+τ−) annihilation channel.

Finally, it is important to note that our DM limits are subject to potentially large uncertainties.
In addition to the already mentioned caveats in the computation of the minimum detection flux
(see Section 3.1), 10 there exist important theoretical uncertainties in the N-body simulation predictions,
such as the survival probability of the lightest subhalos near the Galactic center [67–69],11 the precise
subhalo structural properties, the impact of baryons on the subhalo population [22,70] or the value
of the minimum subhalo mass that is adopted to separate between visible and dark satellites [71].
These and other issues that affect the Galactic subhalo population will be addressed elsewhere. Also,
for WIMP masses above ∼10 TeV, the theoretical spectra of [60] should include higher-order EW
corrections, although these are expected to be potentially relevant only for leptonic channels such as
e+e− and μ+μ−.

4. Summary and Conclusions

In this work, we studied the HAWC unIDs reported in the 2HWC catalog to search for potential
DM subhalos. HAWC proves to be the best VHE gamma-ray observatory to perform this kind of search
at present, as it is the only one that surveys a significant portion of the sky in this energy window.

Starting from a total of 23 unIDs in the 2HWC, we apply several selection criteria in Section 2.2
based on expected DM signal and subhalo properties. More precisely, at first we only select those
HAWC unIDs located at Galactic latitudes |b| ≥ 10◦ to avoid contamination from astrophysical sources
along the Galactic plane. 87% of the 2HWC unIDs do not pass this cut, i.e., we are left with only three
unIDs. We then consider these three unIDs as DM subhalo candidates, yet two of them do not even
reach the flux detection threshold when adding ∼250 more days of data [35]. Therefore, only one unID,
labeled as 2HWC J1040+308, remains as a potential DM subhalo after our filtering procedure. Indeed,
the measured flux of this unID grows as expected when considering more integration time, which
reinforces its actual existence.

When scrutinized in further detail, 2HWC J1040+308 turns out to be especially interesting in a
DM context, as it is reported in the 2HWC catalog as spatially extended, it exhibits a hard spectrum
and does not possess visible counterparts neither at other wavelengths nor for other gamma-ray
observatories operating at lower energies such as Fermi-LAT and VERITAS. The combination of the
latter with the hard source spectrum might point towards particularly heavy WIMP masses, if the
gamma-ray emission was actually produced by DM annihilation.

While waiting for more data that can help to shed further light on the true nature of 2HWC
J1040+308, we proceed in Section 3 and set limits on the DM annihilation cross section by conservatively
assuming that this source is actually a subhalo. To do so, we follow the methodology in [23] and
compare the HAWC unID observations with predictions for the Galactic subhalo population as derived
from N-body cosmological simulations of a galaxy such as our own. In particular, we follow the
simulation work in [23,24], where the VL-II DM-only simulation was repopulated to include subhalos
with masses down to 103M�. This work provides the expected subhalo J-factors, which we combine
with our own estimate of the HAWC instrumental sensitivity to DM subhalos in order to set 95% C.L.
upper limits in the 〈σv〉-mχ parameter space.

10 Namely the lack of both the HAWC IRFs and a Galactic diffuse TeV emission model.
11 We note that tidal stripping is implicitly included in our simulations. Yet, we note that the mentioned works claim that the

disruption of a large fraction of low-mass subhalos in simulations may be artificial and numerical in origin—if this was
indeed the case, the distribution of J-factors of the entire subhalo population would surely reach larger values, as we would
expect more and closer-to-Earth subhalos. Therefore, our results are conservative, as the DM limits would become even
more stringent for resilient subhalos.
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Our DM limits are most stringent for masses of ∼20 (2) TeV for the bb̄ (τ+τ−) annihilation channel,
reaching cross section values around 5 × 10−25 (8 × 10−25) cm3·s−1. Although roughly one order of
magnitude far from the thermal relic cross section value, our limits are competitive with today’s
IACTs best constraints [65]) above ∼50 TeV for bb̄ annihilation channel. Also, these constraints are
independent and complementary, yet competitive, to those obtained for other astrophysical targets
adopting diverse analysis techniques.

The analysis presented in this work is subject to some potentially important uncertainties.
In particular, a proper determination of the minimum HAWC detection flux taking into account
the specific instrumental setup used in the observations, as well as the DM spectrum, annihilation
channel and WIMP mass, would be required. The HAWC IRFs are nevertheless not public, thus
this study is beyond the scope of the current paper. Instead, we used public information in [46,62]
to come up with a fair estimate of the HAWC sensitivity to DM subhalos (Section 3.1). Another
source of uncertainty is the lack of a proper Galactic diffuse gamma-ray background model, which
prevents us from including it in our estimate of the HAWC sensitivity to DM. Yet, as in the end only
one unID survives our cuts, this single unID is located at high Galactic latitudes (where the diffuse
emission is expected to be subdominant) and exhibits a hard spectrum well fitted by a power law,
we expect this uncertainty from the Galactic diffuse model to be a second order effect. Finally, there
are also theoretical uncertainties hidden behind the adopted N-body simulation work. In particular,
the survival probability of the smallest subhalos near the Galactic center—thus subject to strong tidal
forces—is a matter of fierce debate in the community at present, with different works [67–69] providing
diverse answers. In addition, the impact of baryons on the subhalo population was not considered
here. Baryons may induce a reduction of the number of subhalos near the Sun’s position, which would
worsen our DM constraints probably by a factor of a few [22,70].

Looking into the future, more data, preferably not only in the VHE regime, are needed in order to
elucidate the true nature of 2HWC J1040+308, i.e., the only HAWC unID that survives our selection
cuts and, indeed, a promising DM subhalo candidate. Related to this, we note that the simplest and
most robust way to improve our DM constraints is to also associate 2HWC J1040+308 to a known
astrophysical source. In fact, a simple detection of variability or multi-wavelength emission would
be enough to discard it as a DM subhalo (see several examples of unID rejections in [23]). As HAWC
accumulates exposure time, also its minimum detectable flux will be lowered, thus allowing for better
DM limits for a fixed number of unIDs. New HAWC observations and additional exposure time will
surely bring up new unIDs though, thus in the end the resulting DM limits may improve or worsen
depending on the number of unIDs that will be potential DM subhalos [22,23].

Finally, the upcoming Cherenkov Telescope Array (CTA) [72], with its superb instrumental
capabilities, enhanced sensitivity to DM, improved angular resolution to pinpoint source extension,
and already planned surveys of large portions of the VHE sky with unprecedented sensitivity, should
be able to set the most competitive DM limits in the TeV energy range by means of the unID-based
method used in this work. Alternatively, it is also possible that CTA may bring the first robust DM
subhalo discovery.
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Abstract: One possible and natural derivation from the collisionless cold dark matter (CDM) standard
cosmological framework is the assumption of the existence of interactions between dark matter (DM)
and photons or neutrinos. Such a possible interacting dark matter (IDM) model would imply a
suppression of small-scale structures due to a large collisional damping effect, even though the
weakly-interacting massive particle (WIMP) can still be the DM candidate. Because of this, IDM
models can help alleviate alleged tensions between standard CDM predictions and observations at
small mass scales. In this work, we investigate the properties of the DM halo substructure or subhalos
formed in a high-resolution cosmological N-body simulation specifically run within these alternative
models. We also run its CDM counterpart, which allowed us to compare subhalo properties in both
cosmologies. We show that, in the lower mass range covered by our simulation runs, both subhalo
concentrations and abundances are systematically lower in IDM compared to the CDM scenario. Yet,
as in CDM, we find that median IDM subhalo concentration values increase towards the innermost
regions of their hosts for the same mass subhalos. Similarly to CDM, we find IDM subhalos to be
more concentrated than field halos of the same mass. Our work has a direct application to studies
aimed at the indirect detection of DM where subhalos are expected to boost the DM signal of their
host halos significantly. From our results, we conclude that the role of the halo substructure in DM
searches will be less important in interacting scenarios than in CDM, but is nevertheless far from
being negligible.

Keywords: dark matter halos; subhalos; indirect dark matter searches; cosmological model

1. Introduction

The current standard model of cosmology, ΛCDM, is based on a cosmological constant to explain
the late-time accelerated expansion of the Universe and a cold dark matter (CDM) component to
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account for the required additional gravitational attraction to form and support the galaxies and larger
structures we observe today [1]. In this framework, the structure of the Universe is formed via a
hierarchical, bottom-up scenario (see, e.g., [2]) with small primordial density perturbations growing
to the point where they collapse into the filaments, walls, and eventually dark matter (DM) halos
that form the underlying large-scale-structure filamentary web of the Universe. The galaxies are
embedded in these massive, extended DM halos teeming with a self-bound substructure. Any viable
cosmological model has to predict both the abundance and internal properties of these structures and
their substructures successfully, and match the observational data on a wide range of scales. ΛCDM
achieves this challenging feat well on the largest scales [3–7]. Yet, on small scales, tensions have
been reported between its predictions and observations in our local cosmological neighbourhood.
The abundance of DM substructures predicted by numerical simulations of structure formation exceeds
significantly the number of satellite galaxies observed around the Milky Way and neighbouring
Andromeda galaxy (see, e.g., [8,9]). Various explanations for this and similar discrepancies such as
the “too big to fail“ [10], “cusp vs. core” [11], and “satellite alignment“ problems [12,13] were brought
forward, with some of them attributed to feedback mechanisms in the baryonic sector that suppressed
star formation in such small halos (see, e.g., [14]), thus leaving them without any observable tracers in
the observational surveys [15], or altering the DM profiles within the halos [16–21]. Others turned to
alternative models for the DM to account for the lower amount of small subhalos (see, e.g., [22,23])) or
deviations of their expected properties [24–26]. The latter pathway is not only well motivated, as the
properties of DM have yet remained largely a mystery, but in return, this also allows us to use the
study of galaxies and their structural properties as effective probes into the very nature of the elusive
DM particle.

One natural deviation from the collisionless CDM in the standard model is the assumption of
the existence of interactions between DM and the standard model (SM) particles we know about,
in particular, photons or neutrinos [27–29]. This does not only affect, as we show in this article,
the formation of DM structures on small scales, but also provides an explanation for the exact relic
abundance of DM, Ωcdmh2 = 0.12011, found in the Universe today [1]. With such interactions, DM was
in full thermal equilibrium with SM particles at sufficiently early times and then annihilated into SM
particles until the DM decoupled from the standard sector as the Universe expanded and cooled down.
The cross-section needed to retain the observed abundance of DM is surprisingly close to the one
expected from the interaction via the weak force in the SM, thus coining the name “weakly interacting
massive particles (WIMP) miracle”. Beyond-SM theories provide a variety of WIMP DM candidates
such as the minimal SUSY standard model with the neutralino and sneutrino and their electroweak
scale interactions [30] or the minimal Universal extra dimension model of the Kaluza–Klein (KK)
theory with the first excitation mode of the gauge field as the lightest KK-particle [31]. When it comes
to the interaction partner, the usefulness of baryons is limited due to their relatively low abundance
in the Universe at any time and the existing constrains on the cross-section with DM from direct
detection experiments. Similarly, charged leptons, whose potential coupling with “leptophilic” DM
was initially proposed as an explanation for an excess positron flux from outer space, as well as DM
direct detection signals [32], are constrained by, e.g., the lack of observations of such interactions in
collider experiments [33]. On the other hand, relativistic neutrinos and photons can be found in high
abundance in the radiation-dominated era of the early Universe and particle-physics experiments,
e.g., particle colliders, providing only very few constraints on their potential interaction with DM.
Additionally, the cross-section considered in this work is sufficiently low that, e.g., the scattering rate
of observable cosmic photons on DM halos is negligible as the mean free path of a photon even within
the high-density inner regions of large DM halos is still many orders of a magnitude larger than these
regions themselves.

In our work, we do not pick a specific model, but simply work within an effective theory,
i.e., an effective interaction term between some unspecified, otherwise sterile DM particles and our SM
particles of choice, photons and neutrinos in the Lagrangian. We will refer to this model as interacting
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dark matter (IDM). Depending on the actual type/mass of the mediator in our “black box”, this can
lead to the momentum/velocity-dependence of our effective cross-sections but, for simplicity, we
mainly focus on the following inn velocity-independent scenarios. For any given cross-section, the DM
remains coupled to the radiation in the early Universe until the latter is diluted enough as the Universe
expands for the DM to become decoupled. As a result of this coupling, primordial perturbations, and
thus, the seeds of late-time structures, are suppressed within the DM below a certain scale. This is
visible as a cut-off in the linear matter power spectrum. For a DM–radiation scattering cross-section
of σ/σTh = 2 × 10−9(mdm/GeV) with σTh, the Thomson cross-section, and mdm the DM mass, this
characteristic scale is ∼100 kpc [34] and increases or decreases with the cross-section [28,35–40].

Returning to the premise of using the halo and subhalo population as a probe into the nature
of DM, we can use this suppression and its consequences for the structure formation to find bounds
on the interaction cross-section. Unfortunately, as previously mentioned, a more direct study of the
halo population is difficult as the distribution of its visible tracers, i.e., stars and gas, is also subject
to not fully-quantified astrophysical processes. Strong lensing may provide a way to determine the
DM profile of larger halos [41], but the halos around the cut-off scale are orders of magnitude smaller.
Indirect methods, on the other hand, namely the detection of the annihilation or decay products of
DM particles, are highly dependent on the statistical and structural properties of the halo and subhalo
population. For instance, the extragalactic γ-ray and neutrino signals due to DM annihilations, when
estimated via the so-called halo model [42–44], depend mainly on the DM halo and subhalo structural
properties, as well as their abundances (see, e.g., [45–49]). Clearly, the considered cosmological model
is crucial for such DM searches as different predictions for structure formation on small scales imply
different gamma-ray or neutrino signal estimations. Ultimately, this may translate into different
constraints on the DM annihilation cross-section when compared to those obtained assuming the
standard ΛCDM scenario. In [50], the isotropic extragalactic signals expected from DM annihilations
into γ-rays and neutrinos were investigated for both IDM and ΛCDM models using only the main
halo properties as extracted from DM-only simulations. In this work, we study the properties of the
halo substructure in the same IDM scenario of [50], for which we now use a set of N-body, DM-only
cosmological simulations with higher particle resolution. Due, mainly, to the tidal stripping effects on
the subhalo population, describing the subhalo DM density profiles is not a trivial task (see, e.g., the
discussion in [49]). Thanks to our higher resolution simulations, by taking a profile-independent
approach, we study IDM halo and subhalo structural properties as a function of the distance to the
host halo centre and subhalo mass for the first time. As we explain in this work, one such way to
characterize such properties without assuming a given density profile is to consider in the analysis
the peak circular velocity Vmax and the radius at which this velocity is attained Rmax. In previous
works [34,50], halo properties were presented as a function of halo mass. In order to compare halo and
subhalo properties, in this work, we also present these properties as a function of Vmax. On the other
hand, in [51], a study about the number of subhalos in a Milky-Way-sized halo was performed as a
function of Vmax. In this work, we present such analyses as a function of the distance to the host halo
centre and subhalo mass.

The work is organized as follows. We briefly summarize the theory behind IDM in Section 2,
followed by a description of our simulations in Section 3. For both IDM and ΛCDM models, in Section 4,
we present our results for subhalo properties such as concentrations, abundances, and subhalo radial
distributions within the host halos. We finally discuss these results and draw our conclusions in
Section 5.
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2. Interacting Dark Matter

In our effective theory of IDM, the interactions between DM and photons (or alternatively
neutrinos) result in additional terms in the equations governing the evolution of the cosmic components
(see, e.g., [52]),

θ̇b = k2ψ −Hθb + c2
s k2δb − R−1κ̇ (θb − θγ) , (1)

θ̇γ = k2ψ +

(
1
4

δγ − σγ

)
k2δb − κ̇ (θγ − θb)− Cγ−DM , (2)

θ̇DM = k2ψ −HθDM − CDM−γ , (3)

where ψ is the gravitational potential, H = aH is the conformal Hubble rate, cs is the baryon sound
speed, and δ, θ, and σ are the density, velocity divergence, and anisotropic stress potential, respectively,
associated with the baryon (b), photon (γ), and DM fluid. For the electromagnetic interactions (EM) in
the SM, the first two equations include terms with the Thomson scattering rate κ̇ ≡ aσThcne, where c is
the speed of light and ne the density of free electrons (the scale factor a appears since the derivative is
taken with respect to conformal time). The ratio of the baryon to photon density, R ≡ (3/4)(ρb/ργ),
is a pre-factor to ensure momentum conservation. CDM−γ and Cγ−DM = −S−1CDM−γ are the new
interactions terms that have to be added to include interactions between DM and the cosmic photon
background with S ≡ (3/4)(ρDM/ργ) as the scaling of the counter term in the momentum, and ρDM
is the dark matter energy density. Analogous to the EM interaction,

CDM−γ = μ̇ (θDM − θγ) (4)

depends on the new interaction rate μ̇ ≡ aσDM−γcnDM. Here, σDM−γ is the elastic scattering
cross-section between DM and photons, while nDM = ρDM/mDM is the DM number density. For the
DM–neutrino interactions, similar modifications can be added. In [38], an implementation of these
modified Euler equations for the CLASS Boltzmann solver was presented. We are using this work to
calculate the linear evolution of the Universe up to the point (in this work, at redshift z = 127) where
we switch to simulations to also cover the full non-linear evolution and resulting structure formation
accurately (for more details, see also [51]).

3. Simulations

For this work, we calculated the non-linear evolution of the matter distribution using a suite
of cosmological DM-only simulations. This includes both simulations of single-resolution periodic
volumes of 100 Mpc, as well as zoom-in simulations, which focus on representative sub-volumes to
improve the maximum resolution for a subset of the obtained DM structure samples.

We performed these simulations with the parallel tree-particle mesh N-body code, P-Gadget3 [53],
for both a standard, collision-less CDM and a γCDM model with a cross-section σ/σTh = 2 ×
10−9(mDM/GeV). This value is (roughly) the upper bound obtained in previous works from satellite
number counts of Milky-Way-sized halos [34,51]. In [54], a more conservative constraint was claimed
using measurements of the ionization history of the Universe at several redshifts, results from N-body
simulations, and recent estimates of the number of Milky Way satellite galaxies. However, the approach
implemented can generate large uncertainties since the presence of low-mass subhalos in galactic halos,
which simulations cannot resolve, and extrapolations are necessary to obtain the results. Note that
whereas larger cross-sections would erase most of the observed substructure, smaller cross-sections
would imply results in between CDM and IDM. The simulations begin at a redshift of z = 127 (the
DM–radiation interaction rate is negligible at all times afterwards). For the initial conditions, we used
the same cosmology (WMAP7), random phases, and second-order Lagrangian perturbation theory
(2LPT) method [55] as the APOSTLE project [56] and our previous studies of the impact of IDM on
galactic substructures [51]. After having performed the full-volume run for both standard CDM and
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γCDM with a particle mass mPart = 1.96 × 108 M�/h and a comoving softening length lsoft = 2.7 kpc,
we identified the DM structures within using the Rockstar halo finder [57]. All halo properties were
determined for spherically-overdense regions with a density of 200-times the critical density of the
Universe at present, ρc. With these results, a cubic sub-volume was chosen at z = 0 with a side
length of 14 Mpc/h that reproduces the overall halo mass function on the mass scales covered by
it. A 1 Mpc-wide margin was added, and the resulting volume traced back to the initial redshift.
We checked that the sub-volume thus constructed was still convex in these Lagrangian coordinates.
This ensured that the progenitors of the structures within the targeted region evolved well within the
high-resolution region, when the resulting volume was re-run using a zooming technique [58] with
mPart = 4.85 × 105 M�/h and lsoft = 860 pc in the targeted region.

Throughout this work, we use the term Box to refer to the full-volume simulation (100 Mpc) at
z = 0 for each cosmology. The zoom re-simulations model four Local Groups (LGs). We filtered the
results to pick only those halos that were well within the higher resolution region, namely inside a
∼2.1-Mpc/h radius at z = 0. This was done in order to avoid boundary affects, such has halos that
consist partly of higher-mass particles, which are ignored here. The total number of halos and subhalos
found in both Box and LGs simulations is given in Table 1, together with the most relevant parameters
of these simulations.

Table 1. Most relevant parameters of Box and Local Groups (LGs) simulations, together with their
corresponding halo and subhalo abundances. Columns 2–4 indicate the box size Lsim, the particle
mass mPart, and the comoving softening length lsoft. The rest of columns provide the total number of
subhalos Nsub,IDM/CDM and halos Nh,IDM/CDM for each cosmological model. We remind that there are
4 LGs in each case.

Lsim mPart lsoft Nsub,IDM Nsub,CDM Nh,IDM Nh,CDM

Box 100 Mpc 1.96 × 108 M�/h 2.7 kpc 17,481 27,973 125,704 197,208
LGs 15 Mpc/h 4.85 × 105 M�/h 860 pc 1606 11,092 10,513 40,874

4. Results

As mentioned, IDM exhibits a linear matter spectrum different from the one of CDM [28,35–40].
The IDM matter power spectrum features a cut-off around a smooth scale of ∼100 kpc for the
cross-section that we are considering in this work (σ/σTh = 2 × 10−9(mDM/GeV)). Therefore,
a suppression of the number of halos below the scale of those hosting dwarf galaxies was expected
(i.e., for halo masses below ∼1010 M�/h). In addition, such a linear matter power spectrum impacts
the structural halo properties, such as shape, spin, density profile, and halo concentrations [34,50,51].
In this section, we show the results we found for halo and subhalo concentrations in our simulations,
as well as subhalo abundances.

4.1. Halo Concentrations

We considered two different definitions for the concentration parameter. The first and more
standard is cΔ ≡ Rvir/r−2, i.e., the ratio between the halo virial radius, Rvir, and the radius r−2 at
which the logarithmic slope of the DM density profile d log ρ

d log r = −2. The other definition has the
advantage of being independent of the adopted DM density profile and the particular definition used
for the virial radius [59–61]:

cV =
ρ̄(Rmax)

ρc
= 2

(
Vmax

H0 Rmax

)2
, (5)

where ρ̄ is the mean physical density within Rmax and H0 the Hubble constant. At a given Vmax,
the concentration provides an alternative measure of the characteristic density of a halo.
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Assuming an NFWprofile [62,63], the relation between cV and cΔ is given by [59]:

cV =
( cΔ

2.163

)3 f (Rmax/rs)

f (cΔ)
Δ , (6)

where f (x) = ln(1 + x) − x/(1 + x) and rs = r−2 is the scale radius. For spherical (untruncated)
halos1 with a virial mass MΔ and virial radius RΔ at redshift z = 0, we have:

MΔ =
4π

3
R3

Δ ρc Δ . (7)

where ρc is the critical density of the Universe at present, Δ is the overdensity factor that defines the
halos, and rΔ is its virial radius.

Using our set of simulations, both Box and LGs for IDM and CDM models, we obtained the
medians of cV and cΔ. The latter was found by applying the cV-cΔ relation of Equation (6) to the
cV(Vmax) values found for every halo in the simulations. We adopted Δ = 200 as the value for the
overdensity to define the halos. For Box, we applied a restriction on halo maximum circular velocity
such that only halos with Vmax > 60 km/s were included; in the case of the LG dataset, this restriction
was set at Vmax > 10 km/s. Both criteria were adopted in order to avoid resolution issues in the
determination of cV at the smallest scales resolved by the simulations. We grouped halos into bins
of Vmax and obtained the medians of cV. For both the LGs and Box simulations, similar bin sizes
were chosen to cover the entire Vmax range, ∼10 km/s < Vmax < 103 km/s. For each cosmology, we
considered five bins in LGs and nine bins for Box simulations.

In Figure 1, we show halo concentration values and the corresponding 1σ standard deviation
(left panel) as found in Box (blue) and the four LG (red) simulation runs. Left and right panels show,
respectively, results for both median cV(Vmax) and c200(M200) values, the latter in bins of the halo mass
M200 (four for both Box and LG data), calculated using Equation (7) and covering a mass range of
∼ 108 M�/h < M200 < 1014 M�/h. In order to have truly isolated halos, the so-called “field halos”, in
our analysis, we only considered halos that do not have another massive neighbour (defined as more
than half the mass of the halo under consideration) located within a distance of 1.5-times its virial
radius, R200. In order to compare IDM and CDM subhalo concentrations one-to-one, we also include
in Figure 1 the corresponding CDM concentrations. First, it is worth noting that Figure 1 shows an
excellent agreement between the concentration values found in both Box and LGs at the scale where
the simulations overlap. Furthermore, as expected, both IDM and CDM yielded similar results at large
halo masses, while we derived significantly lower median concentration values below halo masses
∼ 1011 M�/h in the case of IDM compared to CDM. Interestingly, this decrease of concentration
values was similar to that found in WDM simulations, an effect that has been explained as being
due to the delayed formation time of low-mass halos [64]. In addition, a similar analysis for c200

was performed in [34,50] where also the dependence on redshift was presented. Our results were
in good agreement with such previous ones at z = 0. As we explained above, such results for the
concentration-mass relation, c200(M200), were obtained from cV(Vmax) (see Equation (6)). In this way,
we double checked previous results for IDM halo concentrations where a NFW profile was assumed.
At late times, interacting DM models become (effectively) non-collisional for the cross-section studied
here, in the same way that the free-streaming in WDM models becomes negligible at low redshifts.
Therefore, the observed lower IDM concentration values at small halo masses also originate from the
later collapse of DM halos in these models.

1 Which are not affected by tidal forces.
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Figure 1. Median halo concentrations and 1σ errors as found in our set of simulations, Box (blue) and
LGs (red), at z = 0. (a) Left panel: median cV values as a function of Vmax. (b) Right panel: c200 as a
function of M200. In both panels, the circle symbols refer to the IDM simulations, whereas the triangles
to CDM.

4.2. Subhalo Concentrations

The same analysis in Vmax and subhalo mass, m200, bins was performed for cV and c200 subhalo
concentrations, respectively. In this case for Box, eight bins were considered to cover the Vmax range
and five for m200. We applied a restriction on subhalo maximum circular velocity such that only
subhalos with Vmax > 60 km/s were included; for the LGs, this restriction was set at Vmax > 10 km/s
considering just three bins for both Vmax and m200 in order to obtain the median concentration values
with good subhalo statistics. From the results of Box and LG simulations together, the Vmax range
covered was 10 < Vmax < 500 km/s in each cosmology.

In the left panel of Figure 2, we depict median cV(Vmax) values and corresponding 1σ errors as
found in Box (blue) and the four LGs (red). The right panel shows the results for c200(m200). As in
Figure 1, we also include the corresponding CDM concentrations. As can be seen, the medians of cV

(c200) in both cosmologies were similar for Vmax > 60 km/s (m200 > 2 × 109 M�/h), while there was a
significant departure between them at lower Vmax (m200) values. Unfortunately, the simulations had
a limited mass resolution and subhalo statistics in that range, which translated into large 1σ errors,
and as a consequence, our results were not conclusive. Yet, they provided a consistent picture of
the subhalos’ concentration behaviour at small Vmax (m200) values, IDM subhalos exhibiting lower
concentrations than CDM subhalos in the mentioned Vmax < 60 km/s range.

Assuming a CDM framework, previous works have shown that the subhalo concentration
depends not only on the mass of the subhalo, but also on the distance to the centre of its host
halo [49,60,65]. In order to know if the same behaviour is found for IDM subhalos, Figure 3 depicts,
for the LGs, the medians and 1σ errors of cV (left panel) and c200 (right panel) as a function of the
distance from the host halo centre in units of R200. As before, we also include in the figure our results
for the CDM case, which were in good agreement with the previous ones presented in [49]. The median
IDM subhalo concentration increased towards the centre of the host halo more significantly than in the
CDM case. Yet, for each considered radial bin, IDM concentrations were significantly and consistently
lower than CDM ones. Such effects could be understood by studying in detail the properties of both
CDM and IDM subhalos at infall. This study is beyond the scope of this paper and will be presented
elsewhere. Again, large error bars prevented us from extracting firm conclusions, and thus, we will
not propose any parametric fits to the data in this paper. However, this is an interesting qualitative

199



Galaxies 2019, 7, 80

result that points to a significantly different distribution of subhalo concentrations inside the host halo
in the IDM scenario compared to CDM.
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Figure 2. Median subhalo concentrations and 1σ errors as found in our set of simulations, Box (blue)
and LGs (red), at z = 0. The circle symbols represent the results from the IDM simulations, whereas the
triangle symbols correspond to the CDM results. (a) Left panel: the median cV as a function of Vmax.
(b) Right panel: c200 as a function of m200 as obtained using Equations (6) and (7) for every subhalo in
the simulations.
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Figure 3. Median subhalo concentrations and 1σ errors as a function of xsub, i.e., the distance to the
centre of the host halo normalized to R200. We show results for cV (left) and c200 (right) as derived from
our set of LG simulations.

In the standard CDM cosmological framework, it is well established from simulations that
subhalos are more concentrated than field halos of the same mass [9,45,49,60,65–69]. It might not be
the case in the IDM model; indeed, the mean subhalo concentration values (see Figure 2) fell within
the values of halo concentrations studied in previous works for CDM. However, from Figure 1, we see
that the IDM halos exhibited lower concentrations compared with the halo concentrations in CDM of
the same mass, and then, differences were expected between the concentrations of subhalos and their
hosts in the interacting models. In Figure 4, we shape such differences between halos and subhalos in
the IDM scenario by comparing their median cV (c200) values and 1σ errors as a function of Vmax (m200)
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as found in our set of simulations. Analogously to what occurs in CDM, we obtained that also in IDM
models, subhalos with mass m200 < 1011 M�/h tended to be more concentrated than their host halos.
As in the previous cases above, a more quantitative statement about the observed trend is nevertheless
not possible for the moment, given the relatively large uncertainties involved in our study.

c v

Vmax [km/s]

LGs
Box

Subhalos
Halos101

102

103

104

105

106

107

 10  100

Figure 4. Left panel: Median halo (open circles) and subhalo (filled circles) cV concentration values
and corresponding 1σ errors, as a function of Vmax, as found in our set of simulations for interacting
dark matter (IDM) at z = 0: Box (blue) and LGs (red). Right panel: the same, but for c200 as a function
of m200.

4.3. Subhalo Abundances

As mentioned, DM interactions lead to a matter power spectrum different from the one in CDM.
This matter power spectrum features a cut-off around a smooth scale of ∼ 100 kpc and therefore
a suppression of the number of halos in the lower mass range. The impact of such an IDM initial
matter power spectrum on the abundance of halos was studied in [34,50], where a comparison with
the standard CDM result was also presented. A suppression of the number of low-mass halos with
masses below M200 ∼ 1011 h−1 M� was found, which became particularly significant at the smallest
considered halo masses. In this section, we will complement these previous studies by using our set of
IDM simulations to obtain the first results for subhalo abundances. We will do so in a broad subhalo
mass range, i.e., [2 × 106, 1012] M�/h.

In Figure 5, we show the cumulative number of subhalos, N(> m200), as a function of subhalo
mass, m200, for both IDM and CDM scenarios and for both Box and LGs. Then, we consider all subhalos
residing in halos with Mh > 3 × 1013 M�/h for Box and 3 × 1011 M�/h < Mh < 1.4 × 1012 M�/h
for LGs. These ranges allow us to have more than 30 subhalos per host in both cosmologies and
both simulation sets. For each halo, we calculate the cumulative number of subhalos by adopting 100
subhalo mass bins and by finding the mean for each subhalo mass bin over all the main halos in the
corresponding simulation. In the same Figure 5, we also show in solid lines the result of fitting the
data with the following parametric expression:

N(> m200) = β mγ
200 (8)

This fitting function follows previous works that calculated the cumulative subhalo mass function
from N-body cosmological simulations and where the subhalo mass function was found to obey a
power law dN/dm ∝ m−α

200. [59]. Both the normalization factor, β, and the slopes, γ = −α + 1, will
depend on the adopted cosmological model. In Table 2, we report the best-fit values we found in our
simulations for γ and β, both for the CDM and IDM scenarios. Using the LG data, the fits worked
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well for the subhalo mass range [0.59, 3.39]× 1010 M�/h and [1.19, 9.66]× 1010 M�/h for Box, in both
cosmological models.

Table 2. Best-fit parameters and χ2 values for the cumulative subhalo mass function given in
Equation (8) according to our data. We show results for both IDM and CDM as obtained from
our LG and Box simulations.

γLGs βLGs χ2,LGs γBox βBox χ2,Box

IDM −0.71 6.04 ×106 0.27 −0.83 6.74 ×109 0.068
CDM −0.88 7.22 ×108 0.19 −0.83 1.10 ×1010 0.36

Figure 5. Cumulative number of subhalos, N(> m200), as a function of subhalo mass, m200, in the case
of IDM (circle symbols) and CDM (triangles) as obtained from Box (blue) and LG (red) simulations at
z = 0. We also show the corresponding fits using Equation (8) with the best-fit parameters reported in
Table 2 (solid coloured lines).

As can be seen in Figure 5 and in Table 2, in the case of the LGs, the normalization of the cumulative
subhalo mass function in the IDM case was significantly lower than that of CDM subhalos. More
precisely, we found that mean N(> m200) values for IDM subhalos were almost a factor ∼ 10 lower
than those of CDM for subhalos in the range 107 M�/h < m200 < 108 M�/h, this factor decreasing
towards large subhalo masses. In Box, which covers comparatively larger halo masses, the differences
among the two considered cosmologies were not statistically significant any more. Indeed, all these
results were as expected. As discussed above, the particular differences between the IDM and CDM
initial matter power spectra led to a suppression of smaller structures in the former case with respect
to the latter, an effect that must become more evident in the LGs compared to Box, as the former
simulations resolved smaller subhalo masses.

Finally, we also studied the radial dependence of the number of subhalos in the IDM case
and compared it to the more standard CDM subhalo radial distribution. We did so only for the LGs,
since high-resolution simulations are necessary to perform this kind of analysis. Indeed, we checked
that the statistics in the Box simulation was not sufficient to perform the work properly. Figure 6
depicts mean values and corresponding 1σ errors of the number density as a function of the distance
from the centre of the host halo (in units of its R200) for halos with [0.5–1] ×1012 M�/h. As can be
seen, the radial number density of IDM subhalos increased towards the centre of the host halo as in
the CDM case, but is significantly lower than the latter at all host radii.
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Figure 6. Number density of subhalos as a function of distance to the host halo centre, xsub = rsub/R200.
We show results for both IDM (circle symbols) and CDM (triangles). Both cases refer to the LG
simulation set; see the text for details.

5. Summary and Discussion

We investigated DM subhalo properties in models where the linear matter power spectrum is
suppressed at small scales due to DM interactions with radiation (photons or neutrinos). We did so by
making use of N-body cosmological simulations, which are known to be a crucial tool to study the
properties of DM structures. More precisely, we used data from our own set of simulations, described
in Section 3. The runs were performed in both the standard CDM paradigm and in the IDM scenario,
where the latter assumed interactions of DM with photons.2 This allowed us to compare DM halo and
subhalo properties as found in both cosmologies. Since the main impact of the DM-photon interactions
on structure formation occurs mainly at small scales, we used data not only from a large simulation
box (100 Mpc), but also high-resolution zoom-in simulations of four local groups.

First, in Sections 4.1 and 4.2, we studied, respectively, halo and subhalo concentrations as a
function of halo/subhalo mass (and, alternatively, Vmax). Both for halos and subhalos, we observed
a significant reduction of the concentrations in the lower mass range (or, alternatively, small Vmax

values). Our result for halos confirmed the findings of previous works, e.g., [34,50], while this was
the first time that the concentration of IDM subhalos was studied. This decrease of concentration
values was expected and originated from the later collapse of low-mass DM halos and subhalos in
IDM cosmologies, similarly to that observed in WDM simulations [64].

In Section 4.2, we studied subhalo concentrations as a function of the subhalo distance to the
host halo centre. As in the CDM framework, we found that the median subhalo concentration values
increased towards the innermost regions of the host for subhalos of the same mass. Yet, we obtained
significantly lower median concentrations in the IDM case with respect to CDM at all radii (see
Figure 3). Limitations in the number of subhalos prevented us from quantifying this effect more in
detail; thus, it seemed robust to present in our data clearly. New N-body cosmological simulations with
improved resolution will be needed in order to perform a more exhaustive analysis in this direction.

2 We do not include the case of DM-neutrino interactions, yet the results are expected to be similar to those presented in this
work; see the discussions, e.g., in [34,51].
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In addition, when comparing our results for IDM halos and subhalos of the same mass, we
concluded that in these IDM models, the subhalos were more concentrated than field halos (see
Figure 4), similarly to what has been found for CDM, e.g., [49].

Finally, we also presented in Section 4.3 our results for subhalos abundances as a function of the
distance to the host halo centre and subhalo mass. Our results were in agreement with expectations for
IDM models, namely we found a significantly smaller number of subhalos in IDM with respect to that
observed in our CDM simulations. However, not only the normalization of the cumulative subhalo
mass function decreased (up to a factor ∼10 at the smallest resolved subhalo scales), also its slope
was substantially lower in IDM (γ = −0.71 versus γ = −0.88 for CDM in the approximated range
107 M�/h < m200 < 109 M�/h; see Figure 5 and Table 2). As expected from theory, these differences
among both cosmologies were not observed in the larger Box simulation. The radial distribution of
subhalos within host halos exhibited a similar trend: there were fewer subhalos in IDM compared to
CDM. Yet, we did not find appreciable differences in behaviour, i.e., the functional form of both radial
distributions was similar.

In addition to the obvious interest in structure formation and the study of halo and subhalo
properties, we note that our work has a direct application to studies aimed at the indirect detection
of DM, namely the detection of the annihilation or decay products of DM particles. For instance,
the extragalactic γ-ray and neutrino emission due DM annihilations depends mainly on the DM halos
and subhalo properties (see, e.g., [45,46,48,49]). Another example is the so-called subhalo boost: subhalos
are expected to boost the DM signal of their host halos significantly, e.g., [47,49]. This subhalo boost is
very sensitive to the details of both subhalo concentration and subhalo abundance. Overall, from our
results, we conclude that the role of halo substructure in DM searches will be less important in IDM
scenarios than in CDM, given the fact that both the subhalo concentrations and abundances are lower in
the former compared to the latter. Yet, it will not be negligible, as we also found in our IDM simulations
larger concentrations for subhalos with respect to field halos of the same mass. Although this work
represents an important step in addressing this and related issues, a quantitative study of the precise
role of IDM subhalos for DM searches is left for future work: the IDM cosmological model mainly
impacts low mass structures; thus, it will be necessary to have higher resolution simulations than
those used in this work in order to do so. Likewise, for a full analysis of IDM halo and subhalo
properties, it will be also necessary to run IDM simulations adopting other values of the cross-section
of DM interactions.
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