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Abstract: This review deals with the inconsistency of inner dark matter density profiles in dwarf
galaxies, known as the cusp—core problem. In particular, we aim to focus on gas-poor dwarf galaxies.
One of the most promising solutions to this cold dark matter small-scale issue is the stellar feedback,
but it seems to be only designed for gas-rich dwarfs. However, in the regime of classical dwarfs, this
core mechanism becomes negligible. Therefore, it is required to find solutions without invoking these
baryonic processes as dark matter cores tend to persist even for these dwarfs, which are rather dark-
matter-dominated. Here, we have presented two categories of solutions. One consists of creating dark
matter cores from cusps within cold dark matter by altering the dark matter potential via perturbers.
The second category gathers solutions that depict the natural emergence of dark matter cores in
alternative theories. Given the wide variety of solutions, it becomes necessary to identify which
mechanism dominates in the central region of galaxies by finding observational signatures left by
them in order to highlight the true nature of dark matter.

Keywords: dark matter; dwarf spheroidal galaxies; alternative theories; stellar feedback

1. Introduction
1.1. Lambda Cold Dark Matter Paradigm and Its Dark Matter Cusps

The nature of dark matter (DM) is currently one of the most fundamental and elusive
mysteries in physics. One way to constrain the nature of the DM is to understand how
DM is distributed in galaxies. The DM is arranged, particularly in the centre of galaxies,
according to the properties that we attribute to it. In the prevailing cosmological theory,
Lambda Cold Dark Matter (ACDM), a collisionless and non-relativistic non-luminous
matter, spans our entire Universe [1]. However, DM could be more complex and hotter
than simple CDM. Indeed, DM could be an ultra-light scalar field or self-interacting or
have several components. Nevertheless, the CDM paradigm can provide a quantitative
description of the Universe at present and is extremely successful at explaining the Universe
on large scales [2,3], as well as many important aspects of galaxy formation [4,5].

CDM cosmological simulations including only DM particles predict that DM halos
should have density profiles that behave as r~! at small radii. Halo mergers gradually drive
the halo density profiles towards a central density cusp with a sharp decline towards their
outskirts [6-8]. These early simulations of structure formation found a universal cuspy
density profile in halos ranging from dwarf galaxies to galaxy clusters [9]. This density
profile, which is almost independent of halo mass, cosmological parameters and the power
spectrum of initial fluctuations, appeared to be well-described by the following form [9,10]
(hereafter NFW):

00
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where r is the distance from the centre of the DM halo, and pg and 7, represent the cen-
tral density and scale radius, respectively. The NFW profile is a double power law that
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transitions from 7! at small radii to r—3 at large radii (see Equation (1)). The scale radius
marks the transition between the two slopes in the NFW profile. As the NFW profile
appears to be the generic consequence of halo mergers and becomes more resilient, this
might explain why this density profile is universally observed in most cosmological sim-
ulations. Nevertheless, later studies show that the DM density profile does not seem to
be universal. Indeed, DM density profiles rise steeply at small radii closer to p(r) o =%
with « = 0.8-1.4 [11-13] and they are well-fitted by an Einasto profile [14], particularly for
MW-like halos [15]. As the theory of the formation of our Universe dominated by the DM
is established, the ACDM model can now be confronted with observations.

1.2. The Historical Cusp—Core Problem

In order to find good observational probes of the DM distribution, it is essential that
the dynamics of selected galaxies are dominated by DM, i.e., with M,/ Mpy < 10~2. This
is the reason that the mass regime, which has been studied most extensively, is at the dwarf
galaxy scale. “Dwarfs” usually refer to galaxies with M, < 10° M. Around forty dwarf
galaxies have been discovered in the Local Group, which encompasses our MW galaxy and
the Andromeda galaxy [16]. The dwarf population of the MW exhibits various different
morphological types. Dwarfs can be divided into roughly two groups: those that lack gas
and have no ongoing star formation, corresponding to dwarf spheroidals (dSphs), and
those with gas and ongoing star formation are called dwarf irregulars (dIrrs) [17].

Early measurements of the HI rotation curves of gas-rich dwarf galaxies highlighted,
for the first time, a large discrepancy between the observed rotation velocities and those
predicted by ACDM simulations, especially in the inner parts [18-20]. The DM density
profile of dIrrs can be inferred by measuring the rotation of either the gas with HI or using
the stellar Ha emission line. The rotation curve is derived from the observed line-of-sight
velocity at any position in the galaxy velocity field. After data analysis, the central DM
distributions in these DM-dominated galaxies were found to be inconsistent with the 1/r
behaviour of cuspy profiles and indicate the presence of a constant-density core. The latter
implies p(r) o< r~* with a = 0 in the inner regions. This discrepancy between observations
and DM-only simulations led to the original small-scale problem, which has now become
known as the cusp—core problem [18,19].

However, it was argued that systematic effects could be responsible for the core sig-
nature in the rotation curve [21-23]. The absence of a comprehensive and satisfactory
resolution has also led to a wide range of different conclusions concerning the DM inner
profile [24]. As a consequence, the NFW form cannot be ruled out [25]. Recent surveys of
nearby dwarf galaxies, THINGS and LITTLE THINGS, have offered ultra-high-resolution
rotation curve data [26,27]. Indeed, high-resolution velocity fields were used to derive
stronger constraints on the DM distributions in galaxies [28-30]. A core profile represented
by the pseudo-isothermal model is preferred over the NFW profile to explain the obser-
vational data (see Figure 1). The mass distribution of the pseudo-isothermal sphere is
given by:

e p—_ E— , 2
Pe) 1+ (r/Rc)? @
where pg and R, are the central density and the core radius of the DM halo, respectively. By
reaching the necessary resolution to alleviate some systematic effects, the logarithmic inner
slope « of their DM halo densities was found to be approximately « = —0.32 £ 0.24 [31,32].
Thus, these recent measurements of galaxy rotation curves in dlrrs reinforce the historical
disagreement with the ACDM prediction at small scales (see Figure 1).
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Figure 1. Cusp—core problem: Inner slope « of the density profiles as a function of the radius of the
innermost point, within which « is measured. The theoretical slopes of a pseudo-isothermal halo are
over-plotted with dotted lines for a core size of 0.5 (leftmost), 1 (centre) and 2 (rightmost) kpc. The
solid line represents an NFW model [9]. The pseudo-isothermal model is preferred over the NFW
model to explain the observational data (see Equations (1) and (2)). The figure is reprinted from [32].

1.3. A Promising Solution for Gas-Rich Dwarf Galaxies

One of the key predictions of the ACDM paradigm is that DM assembles into halos
that develop cuspy density profiles following the NFW form in the absence of baryonic
effects. Indeed, the cusp—core problem in dIrrs was established without the inclusion of
baryons. This is the reason that baryonic physics appeared as a natural solution within
the ACDM framework. Moreover, the size of derived DM cores is typically on the order
of a few kpcs, where baryons start to play an important role. Since DM interacts only
gravitationally, baryons can affect it through the gravitational potential. The most promis-
ing solution, which was designated to explain this discrepancy at small scales, is stellar
feedback [33]. This feedback process consists of all interactions of stars with the interstellar
medium, which is mostly filled with gas. Contrary to radiative and chemical feedback, this
mechanical feedback acts as an energy injection of massive stars in the form of winds or SN
explosions [34-38]. Moreover, it was established that, at the dwarf scale, stellar feedback
dominates over other feedback processes, such as black hole feedback, as it mainly comes
from high-mass stars.

Even if baryons steepen the DM potential well when they cool and accumulate at their
centre [39-42], this feedback mechanism is able to alter the DM distribution by generating
significant movements of the gas. Indeed, gas gathers in DM halos and feedback can expel
large amounts of gas from the bottom of their potential well [33,43-53]. A fraction of this gas
then cools and returns to the centre, generating repeated cycles of significant gas outflows,
which, in turn, cause rapid fluctuations in the gravitational potential. These potential
fluctuations dynamically heat the DM and lead to the formation of a core. As a result, this
baryonic process transforms a central DM cusp (« = —1) into a core (« = 0). The gradual
dispersion of the DM particles away from the centre of the halo is ultimately responsible
for core creation. More precisely, these fluctuations in the potential transfer energy into DM
particles and expand the DM distribution. Thus, one solution to the cusp—core problem in
dIrrs is that a DM heating through stellar feedback generates a cusp-to-core transition for
the DM halo within the CDM paradigm.
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Cosmological hydrodynamical simulations performed with different codes such as
GASOLINE [54-57], FIRE [58-63], RAMSES [64] and GADGET [65-70] have proven the
efficiency of these feedback mechanisms for core creation. Many of the most advanced
hydrodynamic simulations with different feedback implementations are able to produce
core-like density profiles as inferred from rotation curves, such as those shown in Figure 1.
Figure 2, reprinted from [70], shows that, for py, = 0.1 cm 3, the DM profiles are all
consistent with NFW form above the convergence radius defined by [71]. For higher values
of py,, the density profiles depart systematically from NFW in some cases. The dependence
of the core radius on the halo mass is highlighted over a wide range of the gas density
threshold. This confirms that very-low-mass dwarfs do not exhibit large DM cores as in
earlier works [56,57,72]. Moreover, it is also demonstrated that the particular choice of py,
determines the size of the core (see Figure 2). However, it was concluded that a value of py,
higher than the mean interstellar medium density is necessary for forming cores induced by
stellar feedback [70,73]. However, these simulations have shown that cores form efficiently
only in a narrow range of stellar halo mass, which corresponds to bright dwarf galaxies
(M, =107 —10° My, (see Figure 2). It was also suggested that the inner slope of DM halos
is mass-dependent [48,56]. Indeed, a relationship was established between the slope « and
the stellar halo mass fraction, M. / My;, of simulated galaxies [56-59,74]. As a result, there
is a characteristic mass ratio of M, / My;; =0.005 for efficient core formation below which
DM halos remain similar to the cuspy NFW profile predicted by DM-only simulations. In
fact, DM halos become more cored as M, / My, increases to this characteristic mass ratio.
On the contrary, it was demonstrated that it is possible to induce cusp-to-core transition in
dwarfs of all stellar masses [75]. This was made feasible by the fact that the stellar masses
of dwarfs were slightly overestimated compared to those of cosmological simulations,
such as Illustris TNG [76]. As this gives a good match to observations of dlrrs, it suggests
questioning M. / My;, for dwarf galaxies in our cosmological models.
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Figure 2. Cusp-to-core transition: Mean enclosed DM density profiles at z = 0 of four dwarf galaxies
with stellar masses between 10° and 108 M, for different gas density thresholds for star formation,
Pih, compared to the NFW profile (dashed curve) in numerical simulations that incorporate baryonic
feedback. The virial radius of the halos is indicated by black arrows. The value of py, varies from
0.1 to 640 cm 3. For pg, = 0.1 cm~3, the DM profiles are all consistent with NFW form above
the convergence radius defined by [71]. This radius indicates the region within which numerical
convergence is not achieved because of two-body relaxation. For higher values of py,, the density
profiles depart systematically from NFW in some cases. The dependence of the core radius on the
halo mass is highlighted over a wide range of the gas density threshold. Very-low-mass dwarfs do
not exhibit large DM cores as in earlier works [56,57,72]. The particular choice of py, determines the
size of the core. This figure is reprinted from [70].
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Even if hydrodynamical simulations alleviate this ACDM tension by creating cores, its
significance depends on the feedback model [67-70,77]. Indeed, galaxies without sufficient
star formation are unlikely to have cores due to the lack of energy from feedback [78]. It
was also argued that the timing of star formation relative to DM halo growth can also affect
core formation. Cusps can regenerate from the core, induced by the feedback as a result
of DM-rich mergers [62]. As discussed, the gas density threshold is a crucial feedback
parameter for producing cores in galaxies. Cosmological simulations with low-density
thresholds for star formation, such as APOSTLE, Auriga and GEAR [69,79], have been
shown to not exhibit DM cores.

1.4. Review Plan

This review aims to focus on gas-poor dwarf galaxies with M, = 10° — 10’M,, as the
previous solution seems to be only designed for gas-rich dwarfs such as dIrrs, which are
still forming stars today. In dSphs, star formation ceased shortly after the beginning of
the Universe. In fact, they have characteristically old stellar populations and are generally
devoid of gas. All hydrodynamical simulations find that baryonic feedback is negligible
in the regime of classical dwarfs (M./M,ir < 1074 —1079), as expected on energetic
grounds [78,80]. Thus, it seems more and more challenging to find solutions without
invoking baryonic processes as DM cores tend to persist even for these dwarfs, which are
rather DM-dominated. In the absence of new solutions in ACDM, it will inevitably be
necessary to directly question the nature of the DM to reproduce the observations at small
scales in these galaxies.

Although the CDM paradigm can successfully explain various observations at different
scales, this discrepancy at small scales remains one of the greatest challenges faced by this
DM theory (see [81] for a detailed review on the observational challenges and see [72,82-84]
for global reviews related to the cusp—core problem). Even if we focus only on the cusp—core
problem in this review, there are other tensions of the ACDM model at small scales, which
are the missing satellites problem, the too big to fail problem and the alignment of the
substructures in the Galactic halo [72,85-87]. This review is intended to give an overview
of the current observational and theoretical status concerning the DM distribution at small
scales for gas-poor dwarf spheroidal galaxies but also seeks to offer new directions to solve
this challenging problem.

2. The Cusp—Core Problem in Gas-Poor Milky Way Satellites

Close to the MW and M31, one finds predominantly dwarf spheroidals. These dwarfs
are among the most DM-dominated galaxies in the Universe [88,89]. As DM constitutes
90% or more of the total mass in these dwarf spheroidals, the dynamics are determined
entirely by the gravitational field of the DM. Therefore, these systems provide an excellent
laboratory to study DM distribution at small scales. The eight most common dwarf
spheroidals are the galaxies orbiting around our galaxy and also named “classical” dwarfs.
These dSphs have a stellar component of around 10° M, embedded in a DM halo of around
10° M, (see Table 1). As depicted in the table, the DM masses are poorly constrained. Its
estimate is limited to two observed values: the line-of-sight velocity dispersion and the
projected half-light radius. Moreover, we underline that only one measurement of the
line-of-sight velocity dispersion per galaxy is available for the MW dwarfs.
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Table 1. Classical dwarf spheroidal galaxies: From left to right, the columns give, for each gas-poor
dwarf: the galaxy stellar mass from [90] assuming a mass-to-light ratio of 1, the DM mass from [91],
the stellar-to-halo mass ratio and the the number of kinematic member stars from [92]. We have
chosen to show the DM mass of the dwarfs assuming the presence of a core in order to underline that
these systems are even more dominated by DM following this density profile. The ratios calculated
here are only intended to give an idea of the scale in regard to the uncertainties on the DM masses.

Dwarf M., [10° Mg] M,;; [10° Mg M../My;, [1074] Member Stars
Fornax 14+4 2517 56 2573
Leo I 34+11 2518 13 328
Sculptor 14406 25158 0.5 1351
Leo IT 0.59 +0.18 2570 0.23 186
Sextans 0.41 +0.19 04105 10.25 417
Carina 024 +0.1 2017 12 767
Ursa Minor 0.20 £ 0.09 25425 0.07 430
Draco 0.27 + 0.04 25112 0.1 504

2.1. Dynamical Models

As most dwarf galaxies are devoid of gas, it is necessary to look at the kinematics of
their stars in order to probe their DM inner region. Indeed, rotation curve measurements
are impossible for dSphs as they lack rotating gas components. However, only line-of-sight
velocities of stars are observable. The line-of-sight velocity dispersion of these stars from
the spherical Jeans equation [93,94] can be written as [95]:

2 o R2\ v(r)o?(r)r
2 _ Rt r
Olos = . (R) /R (1 :B 72 ) 2 _R2 dr, ®3)
where %, (R) is the surface mass density at projected radius R and the radial velocity
dispersion ¢Z(r) is defined as:
1 © GM(u)v(u)
2
R0 = ey s, @

with

g(r) —e><p<2'/ ﬁ(:)) (5)

where v(r) and B(r) are the radial density profile and the velocity anisotropy, which de-
scribes the orbital structure of the stellar system, respectively. p = 0, 1 and —oo correspond
to an isotropic, fully radial and fully tangential distribution, respectively.

This technique allows the measurement of the central DM density profile in galaxies as
the line-of-sight velocity dispersion of stars depends on the mass profile M(r) [96-98]. How-
ever, there is a degeneracy between the radial density profile of DM, p(r), and the unknown
orbit distribution of the stars. This latter is typically characterized by the velocity anisotropy
parameter B, which is hard to constrain with only line-of-sight velocities [95,97,99,100].
This is the reason that analyses of the line-of-sight velocities in dwarf galaxies have led
to contradictory conclusions. Some authors conclude that the kinematic data require
DM core [101-103], while others found that the data are also consistent with the NFW
form [104-106]. For the brighter MW dwarfs, this degeneracy can be broken by using
metallicity or colour to split the stars into distinct components [102,103,107]. Other methods
have been proposed to break this degeneracy by using higher-order velocity moments [108],
Schwarzschild methods [105,109] and proper motions [110-112]. Indeed, together with
line-of-sight velocities and positions on the sky, stellar proper motions, which are the
two additional transverse velocity components, provide five out of the six phase-space
coordinates of the stars. The degeneracy may be also broken by including the fourth-order
projected virial theorem [99]. A non-parametric Jeans method, namely GravSphere, em-



Galaxies 2022, 10, 5

7 of 38

ploys the additional constraints from the virial shape parameters in the analysis [97]. This
higher-order Jeans analysis method has been shown to successfully recover the DM density
distributions of simulated dwarfs above half of the projected half-light radius [97,98]. In-
corporating proper motions of stars was also employed to ameliorate this mass—-anisotropy
degeneracy [111,113].

In Figure 3, the DM density profile of eight dwarf spheroidal galaxies was estimated
by using stellar kinematics [92]. In the 68% confidence interval, it is hard to distinguish
between cusp and core for the MW satellites according to GravSphere fits (see Figure 3). As
their profile is better constrained at a radius of 150 pc, it was established that seven dwarfs
have a central DM density p(150 pc) consistent with a cusp and only Fornax had a p(150 pc)
consistent with a DM core [92]. However, this still leaves room for DM cores of less than
100 pc based on GravSphere model uncertainties (see Figure 3). Accounting for dwarfs in
dynamical equilibrium, Ref. [114] found also a diversity of DM density profiles, with many
actually favouring cuspy profiles.
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Figure 3. Dynamical modeling: DM density profiles of the eight MW classical dwarf galaxies derived
from the stellar kinematics [92]. The shaded regions mark the 68% confidence intervals of the model.
In this interval, it is hard to distinguish between cusp and core for the MW satellites according to
GravSphere fits.

Furthermore, the Jeans method usually assumes dwarfs as spherical systems for
simplicity. However, it was claimed that the stellar component of the dwarfs is actually
non-spherical [17,115]. As they formed in a hierarchical manner, DM halos are also expected
to be non-spherical [116-118]. Ref. [119] applied the Jeans technique to the line-of-sight
velocity dispersion profiles of seven MW dwarfs. Contrary to [92], they found that five
dwarfs, including Fornax, have a cored central density profile [119]. Indeed, non-spherical
halo models seem to reveal a more diffuse DM distribution in the inner region of dwarfs.
By using the Jeans modelling, it is generally assumed that the MW tides have not had
much impact on the stellar kinematics of dwarfs. However, there is a different physical
effect, which is not due to tidal stripping and occurs only for highly eccentric orbits, namely
tidal shocking [120-122]. In fact, the MW tidal shocks can bring sufficient kinetic energy
to heavily affect the velocity dispersions of stars. Since DM calculations are based on
stellar kinematic measurements, one may wonder whether they could have been corrupted
by the fact that dSphs were out of equilibrium because of MW tides [90,123,124]. It was
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demonstrated that it takes more than three dynamical times for a system to virialise after a
perturbation [125]. Finally, this questions the validity of the dynamical mass estimate using
the Jeans equation, and hence of the estimates of the DM amount in MW dwarfs.

Moreover, a recent study highlights the need for a large number of kinematic member
stars for dwarfs in order to accurately determine the DM inner profile [126]. By using mock
observations, the authors showed that it is necessary to measure approximately 10,000 stars
within a single dwarf galaxy to infer correctly the DM distribution at small scales. With
data sets of fewer than 10,000 stars, it appears that the DM density distribution is biased
towards a steeper inner profile than the true distribution by applying the Jeans method.
This effect could explain why [92,114] found that the majority of classical dwarfs exhibit
cuspy profiles. As described in Table 1, the number of stars used by [92] to infer the DM
profiles of MW dwarfs is well below what is recommended by [126].

Despite the complexity of the Jeans analysis, dynamical models are often claimed to require
shallower density profile slopes that are consistent with a core at their centre [92,102,103,127,128].
The mass measurements of [129] reinforce the prediction for the presence of DM cores
in gas-poor MW satellites. Figure 4, reprinted from [61], shows the circular velocity of
19 subhalos in the DM-only simulation at z = 0. Only five subhalos from the GIZMO
cosmological simulation are consistent with Ursa Minor, Draco, Sculptor, Leo I and Leo II
As a result, the other DM subhalos are too dense. One way to reduce the inner DM density
of halos is core formation.

I I | !
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Figure 4. Rotation curves of classical dwarfs: Circular velocity of 19 subhalos in the dark-matter-only
simulation at z = 0. Black points show observed gas-poor satellites of the MW [129]. Only five
subhalos from the GIZMO cosmological simulation are consistent with Ursa Minor, Draco, Sculptor,
Leo I and Leo II. This figure is reprinted from [61].

2.2. Controversy on Producing DM Cores via Supernova Feedback

Historically, stellar feedback was invoked to solve this issue. However, as described by
Table 1, the classical dwarfs, except Fornax, are in the mass ratio regime (M. / My; < 1074-1073),
where the contribution of feedback for creating a DM core is negligible [57,78,80,130]. In
addition, only Fornax has extended star formation compared to the other dwarfs [92]. This
is the reason that stellar feedback via supernovae explosions could explain the presence of
a DM core as star formation proceeds for long enough in Fornax [92]. Nevertheless, star
formation shut down 1.75 Gyr ago in Fornax and it was demonstrated that, in 10° Mg,
dwarfs such as Fornax, DM cores induced by multiple repeated bursts need ~ 14 Gyr to
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fully form [75]. The efficiency of this core creation mechanism in dwarf galaxies remains
under intensive debate in the literature. We detail the possible reasons for the disagreement
between isolated and cosmological hydrodynamic simulations.

By using idealized high-resolution simulations, Ref. [75] argued that DM cores form if
star formation proceeds for long enough, but this gives stellar-to-halo mass ratios, which are
not obtained in CDM cosmological simulations in the dwarf regime [56,57,59,69,130,131]. It
was also reported that in the non-cosmological simulation of [75], some missing ingredients
such as the UV background and the halo growth via mergers could be the most important
sources of the differences. Indeed, the strong, ionising UV background radiation has been
identified as being capable of evaporating most of the gas in dwarf galaxies [132-135]. In
addition to the fact that cosmological simulations of galaxy formation tend to be more
realistic than isolated simulations, the ingredients for galaxy formation are calibrated to
the resulting structural properties of observed massive galaxies. As the efficiency of this
cusp-to-core mechanism at dwarf scale is mainly determined by the gas density threshold
for star formation, as discussed before, core formation thus depends on the baryon physics
implemented in the simulation [70,73]. However, in some studies that have claimed
the absence of DM cores in dwarfs, it was stressed that they are unable to resolve the
clumpy interstellar medium, which is crucial for observing cusp—core transformations via
supernova feedback [48,92]. Recently, Ref. [136] pointed out that supernova feedback is a
feasible mechanism of cusp—core transformation in dwarfs only if the supernova energy
injection is longer than the dynamical timescale of DM particles in the inner halo. Moreover,
they also stressed that DM heating is more efficient if baryons are more concentrated
towards the centre of the galaxy [136]. Previous hydrodynamical simulations established a
seeming connection between the presence of DM cores and the star formation history of
dwarf galaxies [75], but there is a consensus that finding signatures of stellar feedback is
not a sufficient condition for dwarfs to exhibit cores [136]. Indeed, baryon-induced cores in
dwarfs would be difficult to distinguish from DM cores produced by other mechanisms,
such as in alternative DM theories [137-139].

Cosmological simulations have to cover a wide range of spatial and timescales. It
is challenging to capture all relevant scales for this type of simulation. This is the reason
that dwarf galaxies continue to be one of the few areas where the CDM cosmological
model has difficulties matching observations. IllustrisTNG, as one of the most recent
cosmological hydrodynamical simulations, has achieved a mass and a spatial resolution
of ~10% Mg and 0.2 kpc, respectively [76]. This main limitation has been pointed out as
the source of the inconsistencies between predictions made by the CDM paradigm and
observations. This also contributes to explaining why the implementation of star formation
and feedback is challenging. Moreover, it is imperative to remember that the problem of
star formation is still unsolved at all redshifts and totally unconstrained at high redshift.
Even non-cosmological simulations require a number of choices and assumptions about the
initial conditions; as well as the input physics, it is essential to investigate the small-scale
physics in dwarf galaxies and test various mechanisms. Idealised simulations must make
a contribution. Thanks to these zoom simulations, we can achieve spatial resolutions
of up to 0.03 kpc with the VELA hydrodynamical simulation [140] and mass resolution
up to 6.2 x 102 Mg, with the NIHAO hydrodynamical simulation [74]. However, this
limitation should soon be overcome by extreme-resolution simulations [141], allowing us to
probe smaller physical scales than previously possible in cosmological simulations. These
simulations, with a mass and spatial resolution of 30 M, and ~0.1 — 0.4 pc, predict that
the stellar do not significantly alter the density profile from cuspy to cored distribution [74].
This result is consistent with some of the lower-resolution cosmological simulations [62,78].
However, feedback still needs to be modelled properly at these resolved scales.

3. Solutions

In this section, we investigate some of the most popular and promising solutions
to the cusp—core problem. We are particularly interested in solutions that could replace
stellar feedback. Indeed, this core mechanism seems inefficient for most dSphs, such
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as the gas-poor MW satellites. There are two main approaches that could solve this
discrepancy between ACDM and observations. Cosmological solutions invoke a different
spectrum at small scales [142], different nature for DM particles, such as fuzzy and self-
interacting DM [143-148], modified gravity theories [149-157] or Modified Newtonian
dynamics [158-161]. On the contrary, astrophysical solutions invoke sub-galactic baryonic
physics within the ACDM paradigm, such as stellar feedback [33]. A common aspect of
these two broad categories of solutions is that core creation has been identified as their main
mechanism. In this review, we adopt a different classification. Our first category includes
scenarios where DM cores emerge due to the flattening of initial ACDM cusps, named
cusp-to-core solutions. We then focus on solutions that depict the natural emergence of DM
cores, such as in fuzzy and self-interacting DM theories, named inherent core solutions.

3.1. Cusps to Cores

It is admitted that a massive particle moving through an infinite, homogeneous and
isotropic background of lighter particles experiences a force of dynamical friction given by

0

oM ©)

F(x,0) = 27tG?p(x) In(1 + A?) (erf(X) - \2/}; exp(—Xz))
where this massive particle of mass M at position x is moving at velocity v through a
background density p [162]. The quantity X is defined as |v|/+/(2)0, with ¢y being the
radial dispersion of lighter particles. The factor A that goes into the Coulomb logarithm is

taken to be
r/y

max(pm, GM/[0]2)’

where ry,,,, is the half-mass radius of the massive particle and v is the absolute value of
the logarithmic slope of the density, i.e., v = |dIn(p)/dIn(r)| [163]. The background
medium composed of lighter particles produces an overdensity region behind it due to
this friction between particles. The dynamical friction is responsible for a momentum
loss by the massive object due to its gravitational interaction with its own gravitationally
induced wake. The surrounding background medium, which consists of a combination of
collisionless matter such as DM, is heated at an equal and opposite rate to the energy lost
by the massive object. The rate of energy loss by the massive object is given by [164]:

A =

@)

dE _Mdv

An energy exchange occurs, increasing that of the medium particles at the expense of the
perturber. If the perturber passes close to the central region of a dwarf galaxy, it could
modify the DM inner structure via dynamical friction. During the perturber infall within
the galaxy;, it transfers part of its kinetic energy to the DM background through dynamical
friction, causing the DM particles in the central region of dwarfs to migrate outwards. The
particle heating and migration in the central region of the galaxy is expected to lead to the
flattening of the DM density profile. Indeed, at kpc scales, this collective effect induces
potential fluctuations, which erode the central density cusp of the DM halo.

3.1.1. Mergers with Dwarf Galaxies

In our cosmological model, galaxies form in a hierarchical manner. They are formed,
on the one hand, by mergers of pre-existing galaxies. High-resolution N-body simulations
have shown that, as the satellite falls onto M31, it is slowed down by dynamical friction
and its energy is transferred to the host halo. In this process, the initial cusp shallows down
for over a decade and is well-fitted by a core profile [165]. The efficiency of this mechanism
depends on the mass, as depicted by Equation (6), and on the orbit of the perturber. Indeed,
it was suggested that the cusp-to-core transition occurs where the mass of the perturber
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within its tidal radius r; roughly matches the enclosed mass of the DM background as
follows:

Mpert(rt) ~ Mpwm (Tp), )

where 7}, is the instantaneous orbital radius of the perturber [166,167]. Moreover, it has
been reported that merger events in which satellites fall on highly eccentric orbits onto
their host halos can initiate core formation in a ACDM Universe where halos have cuspy
profiles [165]. In order to alter the DM distribution by scattering particles away from the
centre, the satellite needs to pass through the central region of the galaxy. This condition is
only satisfied with nearly radial orbits.

Now, the question is to determine whether the cusps of the dwarf galaxies could be
disrupted during mergers. Major mergers of dwarf galaxies are very rare after z ~ 3 [168].
However, the CDM paradigm predicts that a very large number of DM substructures
exist inside galactic halos [169,170]. Recently, Gaia DR2 data have provided additional
evidence for these substructures [171]. DM halos are growing with time, notably by the
accretion of smaller halos, considered DM subhalos. They interact gravitationally with
all the components of the galaxy before becoming remnants of disrupted halos [172]. It
was pointed out that 10? (10'%) M., dwarf halos have accreted 10-11 (13-14) subhalos with
a mass ratio 10 < Mgt/ Mgyp < 100 over their history [173]. This can be seen as minor
mergers with these subhalos. Moreover, based on the approximated orbital distributions
of satellites by [174], it was shown that subhalos exhibit orbits, which are nearly radial
with an eccentricity e = 0.85 (¢ = 0.88) at z = 3 for 10° (10'°) M, dwarf halos [173].
Thus, dynamical perturbations induced by subhalo crossings, causing black holes (BHs) to
vacate the galaxy centre, could also modify the spatial distribution of DM particles [173].
Nevertheless, subhalos possess a very diffuse DM distribution. This is the reason that the
condition described by Equation (9) is satisfied only for small radii. Ref. [173] demonstrated
that the maximum offset reached by the BH due to heating from subhalos is 134 pc, which
delimits the region where the DM distribution could have been significantly perturbed by
subhalos. It was recently shown that, in ultra-faint dwarf galaxies, the potential fluctuations
could be also due to subhalo crossings, but the DM distribution remained cuspy while it
was flattened [175]. It is possible that the combination of stellar feedback and subhalos
could then enhance the flattening of the central DM density [175]. This mechanism seems
unfortunately inefficient, particularly in the case of the Fornax dwarf, which requires a DM
core of size ~ 1 kpc (see Figure 3). Recently, it was suggested that a dwarf major merger is
needed to recover the current spatial distribution of globular clusters (GCs) in Fornax [176].
This ancient merger (~10 Gyr ago) could have contributed to the formation of the large
DM core in the Fornax dwarf.

Moreover, it was claimed that the stellar component of the satellite play a major role
in core formation. Indeed, as this component is more concentrated compared to the DM of
the satellite (a. /apy = 0.1), it will further slow down the satellite during its infall and thus
disturb the central region of the host even more prominently [165]. As the stellar component
of the satellite enhances the destruction of the cusp, galaxies with a low halo-to-stellar ratio
could be promising candidates for such minor mergers, but they are only found at very
high redshift.

3.1.2. Globular Clusters and Gas Clumps

Galaxies also grow by the accretion of a variety of objects, such as GCs and gas clumps.
This is the reason that such massive objects have also been proposed for transforming cusps
into cores via heating by dynamical friction [164,166,177-180]. Figure 5, adapted from [166],
shows the modification of the inner DM structure after the first (upper panel) and second
(lower panel) closest pericentre passage of massive objects such as gas clumps or GCs with
different masses. The perturbers were started within the cusp region. All simulations are
shown using circular orbits for the infalling objects. We note that the response of different
central cusps to sinking perturbers with a range of masses using N-body simulations occurs
rapidly. The DM density distribution changes significantly from cuspy to having a core.
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Indeed, larger perturber masses lead to larger constant density central regions, as predicted
by Equation (9).

After the first closest pericenter passage
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Figure 5. Sinking of massive objects: DM density profiles of the host halo after the first (upper
panel) and second (lower panel) closest pericentre passage for the different perturber masses Mper =
[105, 5% 10°,2.5 x 10%,107,5 x 107]. From left to right, the panels show halos with different initial
absolute values of the logarithmic slope of the density v = |dIn(p)/dIn(r)|. The DM density
distribution changes significantly from cuspy to having a core. This figure is adapted from [166].

The results of these works clearly indicate, as a proof of concept, that dynamical friction
heating can have an important role in DM halos on different scales and the relevance of
this process depends on the properties of the massive objects and of the host halo. Such a
mechanism still requires another process to then destroy the gas clumps and GCs at the
centre of the DM halo. Otherwise, the resulting inner stellar density would be too high to be
consistent with observations [177]. For the gas clumps, stellar feedback could dissolve these
clumps. However, GCs form nuclear star clusters at the centre of galaxies, but observations
claim that none of the classical dwarfs exhibit a stellar nucleus at their centre.

3.1.3. Globular Clusters Embedded in Dark Matter

GCs are gravitationally bound groupings of mainly old stars, formed in the early phases
of galaxy formation. Classically, it has been claimed that GCs do not contain DM because their
dispersion velocities are too small. However, these measures are done at the centre of GCs,
where the influence of DM is very small. An absence of evidence is not evidence for absence.
Currently, there is no clear consensus on the formation of GCs, a subject that is hotly debated
and brings unique constraints on the formation of small-scale halos in the ACDM paradigm
of galaxy formation. It has been proposed that GCs may have a galactic origin, where GCs are
formed within DM minihalos in the early Universe [181-184]. Then, these GCs could have
merged to become, later, a part of the present-day host galaxy. Until now, these DM halos have
not been detected. More precisely, it was pointed out that the ratio of the mass in DM to stars
in several GCs is less than unity [185-191]. Even if GCs are proven not to have a significant
amount of DM today, it does not preclude them from having been formed originally within
a DM minihalo. A natural explanation is that they have lost their DM over time. Indeed,
there are several internal dynamical processes that could eject DM from GCs, such as DM
decay [192] and feedback processes [48,193]. It was also shown that GCs orbiting in the inner
regions of their host galaxies may lose a large fraction of their primordial DM minihalos due
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to tidal stripping [182,183,194,195]. This is the reason that the main mechanism by which
most GCs could have lost their DM minihalo is through severe tidal interactions with our
galaxy given their current positions. Nevertheless, GCs at a large distance from the MW centre
could have retained a significant fraction of DM because it was not completely stripped by
the galaxy. Even if observations of these GCs, such as NGC 2419 and MGC1, highlight that
they do not possess significant DM today [185,186], it does not exclude the existence of DM in
GCs but suggests that there is not necessarily a unique formation mechanism for GCs.

The motion of GCs embedded in DM minihalos inside the CDM halo of Fornax was
studied by considering both early and recent accretion scenarios of GCs by Fornax, with
the most prevalent initial conditions taken from Illustris TNG-100 cosmological simula-
tions [196]. Using high-resolution simulations, these minor mergers involved perturbers
with a low halo-to-stellar ratio (~10-20), which make GCs more massive. This is why
they fall more rapidly towards the galaxy center [197]. As expected, GC crossings near the
Fornax centre induce a cusp-to-core transition of the DM halo. Moreover, if the five GCs
were accreted recently, less than 3 Gyr ago, by Fornax, they should still be in orbit and no
star cluster should form in the centre of Fornax, in accordance with observations [197]. By
designing initial conditions such as GC orbits outside the Fornax tidal radius, avoiding
the formation of a nuclear star cluster at the Fornax centre is possible without invoking
this new dark component [198]. Nevertheless, crossings of GCs with a DM minihalo near
the Fornax centre induce a cusp-to-core transition of the DM halo and hence resolve the
cusp—core problem in this dwarf galaxy. The DM core size depends strongly on the fre-
quency of GC crossings [197]. It was subsequently highlighted that an infalling GC with a
DM minihalo enhances core formation without forming a nuclear star cluster at the Fornax
centre. Moreover, their results are in good agreement with the constraints on the DM mass
of GCs as these clusters lost a large fraction of their DM minihalos. All of these aspects
provide circumstantial evidence for the existence of DM halos in GCs. Nevertheless, it
was pointed out that this should be regarded as unlikely since GCs do not appear to be
ubiquitous in local dwarf galaxies [197].

3.1.4. Tidal Interactions

It is well-known that the classical dSph galaxies are satellites of the MW. Studies
about dwarfs of the Local Group have revealed that DM cores can be generated through
tidal stripping [91,199,200]. By removing more and more bound particles, in an outside-in
fashion, the effect of tides was also proposed as a solution to the cusp—core problem in a
CDM universe. Indeed, the mass removal due to tidal forces can reduce the DM content at
all scales, even in the central region [201]. This alternative mechanism was tested by [202]
in order to explain the low inferred density in Fornax (see Figure 3). The majority of their
Fornax analogues are able to lose DM from the inner 1 kpc due to tidal effects [202]. Even if
this mechanism leads to a reduction in the DM density at all radii, the inner DM region of
Fornax remains cuspy. Ref. [201] also stressed that there is a steepening of the central slope
of the DM profile during satellite accretion by a MW-like galaxy, even if dwarfs, which
have shallower DM profiles due to feedback heating before accretion, evolve into cuspy
DM halos [201]. Thus, due to a low orbital pericentre in the MW or due to tidal interactions
with other galaxies prior to infall, Fornax could exhibit a cuspy DM halo, with its low
density owing entirely to tides (see Figure 3). However, the absence of a DM core profile is
still in tension with the kinematics of Fornax below its half-light radius, depicted in our
Table 1 [92]. Furthermore, there is currently no sign of tidal stripping in Fornax. In other
words, no stream of unbound stars has yet been detected [203,204].

3.1.5. Cusp Regeneration

Along with mechanisms that flatten the central DM density, there are mechanisms that
can rebuild it. Even if feedback processes can generate cores in DM halos, simulations of
dwarf galaxies have shown that a DM cusp could regenerate in the centre of the halo [62,205].
It was claimed that the infall of substructures such as minor mergers with cuspy halos
is responsible for this cusp regrowth [59,62,175,205,206]. Figure 6 illustrates the cusp
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regeneration of a DM halo at late times due to the merger with a cuspy satellite. In the
same way, it was shown that the passages of DM minihalos of GCs could significantly
perturb the DM distribution in the Fornax halo centre [197]. Indeed, between crossings,
the halo can reform the cuspy halo owing to the new orbits of DM particles initially at
the Fornax centre as they gained energy from the GCs. In the right panel of Figure 6, we
observe reverse transitions of the Fornax DM halo. More precisely, there are forward and
reverse transitions from the cusp to the core [197]. We argue that DM minihalos, which
are still orbiting in the host dwarf, induce potential fluctuations and then displace the
DM potential centre. This potential shift is responsible for the cusp regeneration as these
subhalos are much denser. As shown before, tidal interaction with a host galaxy can also
contribute to core—cusp transformations. Ref. [207] stressed that it is questionable whether
DM cores in classical dwarfs could subsequently survive to the present day without being
tidally disrupted by the MW. As such, the cuspy profile seems to be more common at recent
epochs, as predicted by [92]. However, it is unclear on which timescales this process is
more likely to occur as it depends on the merger history and on the environment. As there
is a cusp regrowth problem within CDM, this leaves open the question of whether cores
are only transient states. Therefore, we should expect to observe a diversity of DM profiles
at a given mass. Ref. [92,119] found that our local dwarf galaxies can be separated into two
distinct classes, those with cold DM cusps and DM cores (see also Figure 3). This transient
phenomenon could explain this diversity in the dwarf regime.
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Figure 6. Cusp regeneration in dwarfs: Left panel: DM density profiles of a cuspy satellite (red line)
and of the host halo at different redshifts (black, dark grey and light grey lines). A black dashed line
represents an NFW profile fit to the host halo at z = 0.79. The merger with the satellite reforms the
erased cusp. Right panel: Fitted core radius r. of the DM halo induced by crossings of GCs with (in
purple) and without (in green) a DM minihalo as a function of time. rc # 0 (7. = 0) means that there
is (no) cusp-to-core transition for the dwarf DM halo. This figure is adapted from [175,197].

3.1.6. The Diversity Problem

A key observable related to the inner mass distribution of galaxies is their rotation
curve. The circular velocity curves of simulated galaxies vary systematically as a function
of their maximum circular velocity Vmax, with a marginal uncertainty according to the
CDM model. On the other hand, observed galaxies show a large diversity of rotation curve
shapes, even at fixed maximum rotation velocity, especially for dwarf galaxies. This is at
odds with the expectation for CDM halos, where Vinax fully determines V(2 kpc), and
this has been termed the diversity problem [77]. The origin of this diversity is still not
well understood.

Figure 7 shows the circular velocity V(2 kpc) versus Vinax for observed galaxies.
We used the coreNFW model in order to characterise the inner DM density from these
observed circular velocities. The coreNFW profile is a fitting function, which captures the
cusp—core transformation [75]. For this model, the cumulative mass profile is given by:

Menpw (< 1) = MNpw (< 1) ", (10)
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where Mnrw is the NFW mass profile and f” generates a shallower density profile below a

core radius r¢:
n
1= {mm(’)] ) (11)
Tc

where the parameter 0 < n < 1 controls how shallow the core becomes and corresponds to
the transition region between cusp and core. Indeed, n = 0 (n = 1) corresponds to a fully
cuspy (core) halo. The density profile of the coreNFW model is given by:

nfrt =)

. 12
472y, NEW (12)

PNFW = f"ONFW +
Given the halo mass and redshift, both halo concentrations cygy can be estimated from
cosmological N-body simulations. Indeed, the mass and concentration of halos at redshift
z = 0in ACDM are correlated:

loglo(Czoo) =0.905 - 0.101 loglo(MZOOh — 12), (13)

with a scatter Alogig(c200) = 0.1, where & is the Hubble parameter [208]. In Figure 7, the
lines trace the mean of the circular velocity at r = 2 kpc as a function of Vinax. Galaxies
below the red band are those with less mass within 2 kpc than expected from the predicted
ACDM model. This is evidence for the presence of cores in such galaxies (see Figure 7).
However, galaxies at large masses tend to have a higher circular velocity at ¥ = 2 kpc than
expected from ACDM. This is explained by the non-negligible contribution of the baryons
to the inner rotation curve in massive galaxies. We also note that the scatter in the circular
velocity at 2 kpc is reduced for galaxies below the red band as well as the mass increase
(see Figure 7).
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Figure 7. Diversity problem: Circular velocity at » = 2 kpc versus the maximum circular velocity,
Vimax, for observed galaxies. The lines trace the mean V(2 kpc) as a function of Vinax described
by ACDM (red), coreNFW model (see Equation (12)) for n = 0.25 (magenta), n = 0.5 (purple),
n = 0.75 (violet) and n = 1 (blue), where the width of the bands corresponds to the 1o scatter in DM
halo concentrations (see Equation (13)). Observed galaxies with their observation type, such as HI
(black square), Ha (black circle) and HI+Ha (black triangle), were taken from the compilation by [77].
Galaxies below the red band are those with less mass within 2 kpc than expected from the predicted
ACDM model.
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Explaining this observed diversity demands a mechanism that creates cores of various
sizes in only some galaxies, but not in others, over a wide range of Vinax. Nevertheless,
these galaxies, formed in similar halos, have approximately the same baryonic mass and
similar morphologies. Some diversity induced by differences in the distribution of the
baryonic component was expected, but, clearly, the observed diversity is much greater
than in simulations [31,54,209-211]. Further, we would expect that the DM is most affected
in systems where baryons play a more important role, such as high-surface-brightness
galaxies, whereas observations seem to suggest the opposite trend [70]. The observed
diversity could be explained by the cusp regeneration phenomenon or by a different
DM nature. Indeed, this behaviour of observed rotation curves is predicted by MOND
theory [212].

3.2. Inherent Cores

The presence of the core appears to persist for dwarf galaxies that are DM-dominated
and baryon-deficient. Thus, it is still unclear which dynamical process in a CDM environ-
ment can solve this puzzle. Another possibility is that the DM is more complex and hotter
than simple CDM. A wide range of alternative DM models have been proposed over the
last few decades. Mostly three main classes of alternative DM models have been simulated:
warm dark matter (WDM) [143,213-217], self-interacting dark matter (SIDM) ( [218-223]
and, for reviews, see [224,225]) and fuzzy dark matter (FDM). These fundamentally change
the gravitational law [144,145,147,224,226-230]. Many of these alternative theories have
been invoked to address ACDM small-scale problems and, particularly, the cusp—core
problem. FDM and SIDM, which are the two most recent alternative theories, are reviewed
in this section. Moreover, primordial black holes have recently been proposed to explain
the cusp—core problem as, from a dynamical perspective, they behave similarly to any other
CDM candidate [231].

3.2.1. Fuzzy Dark Matter

As there is a current lack of evidence for any CDM particle, such as weakly interact-
ing massive particles, DM, as an ultra-light scalar field with no self-interaction in the non-
relativistic limit, was introduced under the name of Fuzzy Dark Matter (FDM) [144,145]. This
scalar field is assumed to be made up of very light particles with a mass of ~10~22-10"1 eV.
One of the candidates for this alternative DM theory is the axion-like particles predicted by
string theories [232]. Such a scalar field is then well-described in the non-relativistic limit
by the coupled Schrodinger and Poisson equations [233]:

hZ

L0 2
zh§4) = —%V ¢ +mUy, (14)

V2U = 47Gpm, (15)

where m is the mass of FDM particles. The mass density is defined as pm = |¢|?> and U is
the gravitational potential. Such ultra-light DM particles have a characteristic wavelength
called the de Broglie wavelength:

22 -1
L 1_19<10 eV) <100km.s >kpc, a8

m (%

where v is the characteristic velocity. Equation (16) shows that the wavelength of a few kpc
is of astrophysical size. Indeed, the small masses of ultra-light DM particles are associated
with a very large de Broglie wavelength, where their quantum properties play an important
role [145,234,235]. Thus, the de Broglie wavelength is of the order of the scales at which the
cusp—core problem appears.

Axion-like particles are interesting DM candidates because they predict new structural
and dynamical phenomena on scales of galaxies. When the de Broglie wavelength A is on
the order of or larger than the inter-particle distance d;, quantum effects will dominate.
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In fact, DM particles have huge occupancy numbers at these small scales. In the non-
interacting Bose gas theory, the macroscopic occupation of the ground state is seen as
condensation and this phenomenon is called Bose-Einstein condensation. In FDM, the
particles form a Bose-Einstein condensate on galactic scales [145]. Figure 8 depicts that
it results in a DM core at the halo’s central region as the particles of the system are in the
ground state, described by a single wave function [230,235]. Cosmological simulations
of light DM found that the density profile of the innermost central region of the halos at
redshift z = 0 follows [230]:

Po 9 -3
r) = 10° Makpce™2, 17
o(r) (a +0.091(r/rc)2)8 oKp 17)

with
00 = 0.019m,2r=410° Mo kpe 3, (18)

where 1y = m/10~22 eV is the DM particle mass and r. is the radius at which the density
drops to one half its peak value for a halo at z = 0. The central mass density of the core is

given by [236]:
1/3
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where M, is the halo mass. The heating mechanism is due to quantum fluctuations
arising from the uncertainty principle. Indeed, the quantum pressure stabilises the grav-
itational collapse and prevents the formation of a cusp by suppressing the small-scale
structures [145,234,237]. The condensate is a stable region where no clustering takes place
(see Figure 8). These kpc cores offer one possible solution to the cusp—core problem.

However, when A < d;, DM particles can be considered to be a classical system.
Indeed, at large scales, condensation is broken and the system behaves as a system of
individual massive particles [226]. Figure 8 shows that the outer region of FDM halo
behaves similarly to CDM, which is well-approximated by the NFW [230]. Thus, the full
density profile of halos can be written as:

p(r) = O(rt — r)pc + O(rt — r)oNFW, (21)

where the O is a step function and #; is the transition radius, which marks the transition
between the core profile and NFW profile. This specific scale is proportional to the core
size as ry = ar. where o ~ 2-4 [236].

FDM was introduced by the motivation to solve the core—cusp problem in DM halos of
galaxies. As halo cores form naturally in FDM theory, this scenario is appealing in principle.
However, some specific observations are necessary to verify this type of DM. The quantum
nature of DM particles gives rise to specific density profiles and potential fluctuations that
may affect delicate structures such as tidal streams and disks [238].

As illustrated above, any DM model that sets a universal core profile cannot fit
observations. As such, baryonic physics must also play a significant role in shaping the DM
profiles. Figure 9 illustrates the DM density profiles of a halo with a final virial mass of 10'°
Mg at three different redshifts, assuming FDM, FDM with baryons and CDM with baryons.
At the earliest redshift z = 5.6, the CDM halo exhibits the highest central DM density with
a cuspy profile, while the FDM halos show core profiles. The FDM halo with baryons has a
lower density at the centre than the FDM-only halo because the baryon pressure delays its
collapse. In contrast, at z = 4, the FDM central density is more than one order of magnitude
higher with baryons than without, exceeding the central DM density of the CDM halo.
Indeed, in the presence of baryons, the cores grow by more than a factor of two. However,
the core mass does not evolve over time if baryons are absent (see Figure 9). As DM cores
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become more massive and compact in the presence of baryons, observed rotation curves
are likely harder to reconcile with FDM [239].

NFW, log(M;/M.) = 10
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Figure 8. FDM properties: (a) Snapshots of the DM projected densities along the line of sight at
z = 63, 31, 15, 7 and 5.5 under the CDM (upper panel) and FDM (lower panel) cosmologies. The
two cosmological simulations have led to the formation of three ~10°~10'" M, halos. Snapshots
highlight that FDM halos are connected via filaments, while CDM has filaments fragmented into
subhalos. (b) Slice of density field of FDM simulation at different scales at z = 0.1. We can distinguish
the cores with a size of ~0.3-1.6 kpc in each halo. These DM cores grow as particles are accreted and
surrounded by virialised halos. (¢) DM profiles of a 1010 M, halo at z = 0 for different values of ;.
Thin solid lines show the FDM core profiles for different axion masses. The thin black line shows
the NFW profile of a 101 M, halo at z = 0. The thick dashed lines show the full halo profile that
is a combination of the FDM profile transitioning to an NFW profile around r = 3r.. This figure is
adapted from [226,230,240].

Moreover, we expect that the DM distribution of centrally baryon-dominated galaxies,
especially those containing supermassive black holes, is more strongly affected [241-244].
Figure 9 also shows the density profiles of FDM halos with masses from 108 M, up to
1014 Mg, assuming an FDM particle mass of 10722 eV. It can be seen that the black hole
increases the central density only for M;, > 10'> M. This latter effect depends also
on the FDM particle mass. Thus, black holes are most effective at modifying the DM
distribution for higher halo masses and larger FDM particle masses. By numerically solving
the Schrodinger—Poisson equations, it was shown that black holes decrease the core radius
by increasing the central density of DM halos (see Figure 9).
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Figure 9. Adding baryons and black holes: (a) DM density profiles of a halo with a final virial mass of
1010 My at three different redshifts, assuming FDM only, FDM with baryons and CDM with baryons.
The FDM halo with baryons has a lower density at the centre than the FDM-only halo because the
baryon pressure delays its collapse. (b) Evolution of the core mass over redshift for an FDM halo with
(blue curve) and without baryons (green curve). The shaded regions represent the corresponding
standard deviations. In the presence of baryons, the cores grow by more than a factor of two. (c)
Density profiles of FDM halos with masses from 108 M, up to 10'* M, assuming an FDM particle
mass of m = 10722 eV. The dot-dashed (thicker) lines correspond to DM halos without (with) a central
black hole. It can be seen that the black hole increases the central density only for My, > 10'3 M.
This figure is adapted from [239,241].

Moreover, it not clear if FDM halos can be in line with the known galaxy scaling
relation [236,240,242,245]. Figure 10 depicts the mass profiles of FDM halos with masses
from 10° Mg, up to 10! M,. For m5; = 0.1, the predicted halo mass of the dwarf galaxies
is too high given their dynamical state in the galaxy, and higher m,, does not agree with
the inferred slopes of Sculptor and Fornax. Low-mass axions (3, = 0.1) can explain the
observed mass profile slopes in Sculptor and Fornax [246-248]. However, at such low
masses, the predicted halo masses of the ultra-faint dwarf galaxies such as Segue I are ruled
out by dynamical friction arguments. In contrast, high-mass axions (112, = 10) can explain
the halo masses of the ultra-faint dwarf galaxies such as Draco II, Triangulum II and Segue
L. For this axion mass, the predicted mass profiles do not agree with the observed slope of
Fornax and Sculptor. The latter highlights the tensions concerning the FDM particle mass
(see Figure 10). Indeed, stellar velocity measurements around the central BH of the MW
constrained the FDM particle mass to m < 10~19 eV [242]. However, the central motion
of bulge stars in the MW favours a mass of 10722 eV [249]. A similar value was found by
applying a Jeans analysis for MW dwarfs [250].



Galaxies 2022, 10, 5

20 of 38

1010 maos =0.1 ]010 mgy =1.0
—  log(M),/M.)=9.0 /7 —  log(M;,/M,)=9.0
— log(My/M.)=10.0 ) — log(M;,/Ma) =100
10° L — log(M,/M,)=11.0 ,/ 10° L — log(M,/M,)=11.0
— - log(M;,/M,)=12.0
) o
= 0f _ = 0%}
= "imn =011, =
2z 107} y 2z 107
= # =
/
/
10°F fnnj ¢ 10°F
iiegl,
jillly y
5 f all/ 5 f ra
10 : 10
10” 10" 10” 10" 10° 10'
rlkpc] rkpc]
10" ‘
— log(My/Mo) = 9.0
— log(My/M,) = 10.0
100 F — log(My/My)=11.0
'_Qi
= 0%
"
Vv
5 10"}
10°
10° .
107 10" 10° 10'

Figure 10. FDM inconsistencies: Mass profiles of FDM halos with masses from 10° Mg, up to
10 Me,. Left, middle and right panels represent the mass profiles corresponding to 5, = 0.1, 1
and 10, respectively. The individual data points for dwarf galaxies are collected from [129,251], and
the slopes of Fornax and Sculptor (green and red lines) are from [102]. The profiles show a core region
parametrised by Equation (19), which then follow an NFW profile at » = 3r.. These plots highlight
the tensions concerning the FDM particle mass. This figure is adapted from [240].

Furthermore, it was pointed out that observational data indicate a positive scaling
between the core radius 7. and the halo mass My, [252,253]. In other words, we expect
to have larger cores in massive galaxies. However, the FDM theory seems to predict the
opposite behaviour. Indeed, the core radius is a decreasing function of the halo mass in
an FDM universe, expressed as 7. o« M* with o = 1/3 —5/9 [230,254-259]. Thus, it seems
very difficult for FDM to reproduce the observed relationship between core radius and
halo mass in galaxies. To sum up, the FDM model provides a natural framework for the
formation of DM cores but its predictions are in conflict with observations of galaxies.

3.2.2. Self-Interacting Dark Matter

In the ACDM model, DM is assumed to be collisionless. Another promising alternative
is, therefore, self-interacting dark matter (SIDM) [260,261], proposed to solve the small-
scale problems and, more specifically, the cusp—core problem [223]. In this scenario, it was
initially assumed that DM interactions are isotropic elastic scatterings with an interaction
cross-section that is independent of velocity. Since the mass of the DM particle is not known,
self-interactions are commonly quantified in terms of the cross-section per unit particle
mass, 0/ m, which is an important cosmological value for SIDM theories. The total number
of interactions, I', that occurs per unit time is given by

-1 Pdm o/m Urel
[~ 01Gyr x (0.1M/pc3> (1 cng—1> (50 kms—1 )' (22)
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where m, o and v, are the DM particle mass, the cross-section and the relative velocity,
respectively. The upper panel of Figure 11 compares the DM density distribution at large
scales of CDM and SIDM halos. As the scattering rate I' is proportional to the DM density,
SIDM halos have the same structure as CDM halos at large scales, where the DM interactions
are negligible. Indeed, on the scale of their virial radius (rvi = 55 kpc), CDM and SIDM
halos are nearly identical. Moreover, the collision rate is also negligible during the early
Universe when DM structures form. Therefore, SIDM is consistent with observations of
large-scale structures, predicted by ACDM [4,5]. However, self-interactions perturb the
inner density structure of a DM halo at late times. The upper panel of Figure 11 highlights
that the SIDM halos at sub-galactic scales are less dense than in the CDM model due to the
formation of cores.
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Figure 11. SIDM halo properties: Upper panel: DM density maps of CDM (left) and SIDM halo with
amass of 9 x 10° Mg, and o/ m increasing from left to right in 100 and 10 kpc boxes. SIDM halos have
the same structure as CDM halos at large scales. At sub-galactic scales, the SIDM halos are less dense
than in the CDM model due to the formation of cores. Lower panel: DM density profiles of 9 x 10°
(left) and 1.2 x 1010 M, (right) halos in CDM and SIDM models. SIDM runs have ¢ /m between 0.1
and 50 cm? g~ 1. For o/m > 0.5 cm? g~ !, the self-interactions between DM particles produce central
cores with a size depending on o/m. This figure is adapted from [221].

A generic prediction for SIDM is that halos can form dense cores with size depending
on the cross-section o /m [131,137,138,220,221,262-269], as shown in the lower panel of
Figure 11. The redistribution of energy and momentum by DM particle collisions decreases
the central density of DM halos, known as a cusp-to-core transition [222,223,263,269,270].
In other words, this heating transfer alters the inner region of halos by turning cuspy
profiles into cored profiles. Core formations occur only if o/ m is sufficiently large to ensure
that the relatively high probability of scattering over time T,ge is comparable to the age of
the halo: ' x Tge ~ 1. Figure 11 illustrates that the self-interactions between DM particles
produce central cores for o/m > 0.5 cm? g=!in 9 x 107 — 1.2 x 10! M, halos. Numerous
simulations have then demonstrated that models with ¢/m ~ 0.5 — 10 cm? /g ~! produce
DM cores in dwarf galaxies with sizes ~0.3 — 1.5 kpc [138,220,221,263-265], which could
alleviate the cusp-core problem. In fact, the discrepancy with observations of low-surface-
brightness (LSB) galaxies having DM cores could be avoided in SIDM theory [223].
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The viability of DM self-interacting as a cusp—core transformation mechanism depends
on whether or not this cosmological model is consistent with all observations. In fact, it
remains to be seen whether SIDM models are able to explain the observed cores from
ultra-faint galaxies to galaxy clusters. The SIDM model requires compromises on the
cross-section, which needs to be small enough to be observationally allowed but sufficiently
large to alleviate the relevant small-scale problem. The first constraint on the SIDM cross-
section was derived from galaxy clusters, which impose ¢/m < 0.02 cm?/g [219]. Later,
this constraint was revised and the inferred values of < cv > /m for all six clusters are
consistent with a constant cross-section ¢/m = 0.1 cm? g~ ! according to the right panel of
Figure 12 [264,271]. The left panel of Figure 12 shows that the SIDM model (¢/m = 0.1 cm?
g~ 1) allowed by cluster constraints would be very similar to the CDM predictions. While
the most massive CDM subhalos are inconsistent with the kinematics of the MW dSphs,
the SIDM model can only alleviate this problem for ¢/m > 1 cm? g~ 1.
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Figure 12. Constraints from observations: Left panel: Circular velocity profiles encompassing a
distribution of 15 subhalos for CDM and SIDM models with a constant cross-section between 0.1
and 10 cm? g~ 1. Black points with error bars correspond to the circular velocity within the half-light
radii for nine MW dSphs [96,129]. While the most massive CDM subhalos are inconsistent with the
kinematics of the MW dSphs, the SIDM model with ¢/m > 1 cm? g~! can alleviate this problem.
Right panel: Velocity-weighted cross-section per unit mass as a function of the mean collision velocity
for dwarf galaxies (red), low-surface-brightness (LSB) galaxies (blue) and galaxy clusters (green). For
comparison, SIDM N-body simulations with ¢/m = 5 — 10 cm? g~! are represented by grey points.
Diagonal lines show the corresponding cross-section o/m. As o /m is not supposed to be constant in
velocity, it is more convenient to invoke < v > /m rather than o/m. The dashed curve represents
the best fit for a velocity-dependent cross-section. This figure is adapted from [272].

If the self-scattering cross-section per unit mass is ~1 cm? g~!, SIDM models can solve
the cusp—core problem at the scale of dwarf galaxies [220,263,265]. Figure 13 depicts the
circular velocity profiles V. of CDM and SIDM (c/m =1 cm? g’l) subhalos. Both CDM
and SIDM subhalos match only 15-16 MW satellites. Nevertheless, SIDM theory with
constant cross-section (¢/m = 1 cm? g~1) predicts DM subhalos with too low densities to
match the observations of ultra-faint galaxies (see Figure 13). Thus, a constant cross-section
of 0/m =1 cm? g~ is likely to be inconsistent with the observed halo shapes of ultra-faint
galaxies and several galaxy clusters.
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Figure 13. SIDM versus CDM: Circular velocity profiles Vi, of CDM and SIDM (o/m = 1 cm? g_l)
subhalos within 300 kpc from the centre of the simulated MW-like galaxies. Open symbols with
error bars correspond to circular velocities at the half-light radius for 24 MW satellites [91,200]. Lines
and symbols in grey (green) are consistent matches (mismatches) between simulated subhalos and
data points. Both CDM and SIDM subhalos match only 15-16 MW satellites. This figure is adapted
from [273].

Figure 14 highlights the possible velocity dependence discernible in these data from
dwarfs to clusters. As o/m varies within a wide range, SIDM models, which assume a
constant scattering cross-section, need to be abandoned since those that could solve the
cusp—core problem in dwarfs seem to violate several astrophysical constraints. In order
to alleviate the cusp—core problem and also match constraints at different scales, SIDM
models need to have a velocity-dependent cross-section o (v) that decreases as the relative
velocity of DM particles evolves from dwarfs to clusters, such as in Figure 14 [265,274,275].
For o/m > 10 cm? g~!, self-interactions between DM particles are frequent enough to
entail a core collapse, which is a well-known mechanism in globular clusters [276], within
a Hubble time in halos. Then, this results in the collapse of the core into a central cusp for
SIDM halos [266,277-280]. As the vdSIDM model has cross-sections near and above the
core collapse limit according to Figure 14, it produces a bimodal distribution composed
of cusps and cores for MW-like subhalos. Indeed, the core collapse is responsible for this
diversity, which is more consistent with cored brighter satellites and cuspy ultra-faint
galaxies [273]. Thus, core collapses can be considered a mechanism to create a diverse
population of dwarf-size halos, some of which would be cuspy and others that would have
cores in velocity-dependent SIDM models [273,280-282].

All previous works are based on SIDM simulations, without taking into account
baryonic physics. The inclusion of baryons into CDM simulations of dwarf galaxies has
injtially served to reduce the discrepancy between DM-only simulations and observations
concerning the inner DM distribution. We have shown previously that baryonic feedback
can reduce the central density of a cuspy DM halo. By including hydrodynamics in SIDM
simulations, it was found that the DM inner regions of dwarf galaxies with stellar masses
M, < 10° are nearly identical to the SIDM-only simulations [131,137,283]. Substantial
DM cores are formed in both SIDM and SIDM + baryon simulations. It appears then that
SIDM is more robust to feedback than CDM at dwarf scales [131,284]. This suggests that
the faintest dwarf spheroidals provide excellent laboratories constraining SIDM models.
Indeed, they are ideal targets as SIDM and CDM produce cores and cusps in these galaxies,
respectively.
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Figure 14. Velocity-dependent cross-section: Left panel: Cross-section as a function of the rela-
tive velocity. vdSIDM model consists of an SIDM with a strong velocity-dependent cross-section
(orange line). The collisionless region is delimited by the black area c/m < 0.1 cm? g~!. For
o/m > 10 cm? g~ !, self-interactions between DM particles are frequent enough to result in core
collapse within Hubble time in halos. The green area represents the relevant region for MW satellites.
A constraint on the cross-section from the elliptical galaxy NGC?720 is represented by a magenta
arrow. Right panel: Circular velocity profiles V. of vdSIDM (orange line in the left panel) subhalos
within 300 kpc from the centre of the simulated MW-like galaxies. Open symbols with error bars
correspond to circular velocities at the half-light radius for 24 MW satellites [91,200]. Lines and
symbols in grey (green) are consistent matches (mismatches) between simulated subhalos and data
points. As the vdSIDM model has cross-sections near and above the core collapse limit, it produces
a bimodal distribution composed of cusps and cores for MW-like subhalos. This figure is adapted
from [273].

For a high baryon concentration, it leads to a dense inner halo with a smaller core
in the SIDM model [285]. Moreover, baryons can cause SIDM halos to core-collapse
and become denser than DM halos in the presence of baryons [218,265,266,277,278]. As
long as the baryonic component dominates the central region, core collapse can occur for
o/m =05 cm? g’1 [284]. This is the reason that the SIDM model predicts both cored and
cuspy profiles, depending on the baryon concentration. As a result, the coupling between
the SIDM and baryons also provides an explanation for the uniformity of the rotation
curves [286-288].

Figure 15 shows that the logarithmic slope of the DM density profile, at 1.5% of the
virial radius inferred from the SIDM fits, is correlated with the stellar mass [288]. Then, the
SIDM + baryon model with an interaction cross-section of 3 cm? g~! can reproduce galaxy
rotation curves from ~50 to 300 km s~ [286,288,289]. The slope « of SIDM fits, which
include the baryonic impact, spans a large range from —0.5 to —2.5, indicating that the
SIDM model predicts both cored and cuspy halos. It was also pointed out that this reflects
different baryon distributions in galaxies, which have a large impact on SIDM halos. Thus,
the SIDM model predicts cored DM density profiles in low-surface-brightness galaxies and
cuspy density profiles in high-surface-brightness galaxies. It therefore agrees best with
observations. This coupling works because, within the characteristic scale of these galaxies,
the DM and the baryonic masses are comparable. As halos, which host concentrated stellar
populations, exhibit few differences in density profiles between CDM and SIDM models
in the presence of baryons, the resulting DM core is effectively indistinguishable between
CDM and SIDM (see Figure 15). It is possible that signatures in stellar kinematics could
distinguish between these two core formation mechanisms, one impulsive (feedback) and
the other adiabatic (SIDM) [139]. However, the impact of baryonic physics in ultra-faint
galaxies is negligible, such that it is difficult to imagine how a population of dense ultra-
faint galaxies can be accommodated with a constant cross-section of o/m = 3 cm? g~ ! (see
Figure 15) [273].
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Figure 15. Baryon impact on SIDM halos: Inner DM density slope a at ¥ =0.015r;, as a function
of My /My at z = 0 from SIDM fits [288], NIHAO [57] and FIRE-2 [58,290] hydrodynamical CDM
simulations. The SIDM fits of the SPARC sample [291], which contains 135 galaxies, including the
impact of baryons on the halo profile and compatible with a unique cross-section of 3 cm? g~!. The
shaded grey band shows the expected range of DM profile slopes for the NFW profile as derived
from CDM-only simulations by including concentration scatter. The slope a of SIDM fits spans a
large range from —0.5 to —2.5, indicating that the SIDM model predicts both cored and cuspy halos.
This figure is adapted from [289].

3.2.3. Primordial Black Holes as Dark Matter Candidates

Even if weakly interacting massive elementary particles are the most popular DM
candidates, DM could be made up of macroscopic compact halo objects such as primordial
black holes (PBHs) ([292-295]). These black holes could naturally be produced in the
early Universe via cosmic inflation, without the need to appeal to new physics beyond
the standard model ([296,297] and, for a recent review, [298]). One of the three allowed
mass windows around 25-100 M, is of special interest in view of the recent detection of
black-hole mergers by LIGO [299,300] and could potentially also detected by the Laser
Interferometer Space Antenna (LISA) [301].

The cusp—core problem in 10” M, halos such as low-mass dwarf galaxies by consider-
ing the possibility that a fraction of the DM is made up of PBHs was addressed by [231].
For a DM halo composed of CDM particles and PBHs (DM = PBH + CDM), the authors
have defined the PBH + CDM mass fraction as

Mppy
, 23
fm Mcpm ( )

where Mppy and Mcpy are the total masses of PBHs and CDM particles. It is known
that, in collisionless systems such as globular clusters, massive stars fall towards the
centre of the potential well and their energy is transferred to the lighter stars, which move
away from the centre [302,303]. Consequently, the density profiles of lighter stars change
due to this diffusion process [304-306]. In the same manner, Ref. [231] demonstrated
using high-performance N-body simulations on GPU that PBHs, as DM candidates, can
induce a cusp-to-core transition in PBH + CDM halos through gravitational heating from
two principal mechanisms, dynamical friction by CDM particles on PBHs and two-body
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relaxation between PBH and CDM (see Figure 16). As the CDM particle velocity increases in
the central region, the CDM density profile changes until core formation occurs. This figure
demonstrates that core formation accompanies the dynamical heating of CDM particles.
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Figure 16. Cusp-to-core transition due to PBH-DM heating: Density profiles of the CDM component
(left panels) and maps of the CDM mass-weighted velocity distribution projected face-on through a
100 pc (right panels) over time. The PBH + CDM halos are populated with 100 M PBHs, assuming
PBH — yEDM and different fm = 0.5. Core formation accompanies the dynamical heating of CDM

particles. This figure is reprinted from [289].

This suggests that this core formation mechanism works with a lower limit on the PBH
mass fraction of 1% of the total dwarf galaxy dark matter content [231]. This cusp-to-core
transition takes between 1 and 8 Gyr to appear, depending on the fraction f;;, the PBH
mass mpgy and the PBH scale radius rEBH [231]. As cores occur naturally in PBH + CDM
halos without the presence of baryons, there is no cusp—core problem in this alternative
theory. However, this mechanism seems only efficient in low-mass galaxies as the core
formation time is proportional to the halo mass. This is the reason that cores in higher-mass
galaxies could form only via a hierarchical scenario—in other words, through halo mergers.
Even if this alternative theory was already investigated in a cosmological context with only
DM + PBHs [307], this mechanism needs to be tested in the presence of baryons.

4. Conclusions

As understanding how dark matter (DM) is distributed in the central region of a galaxy
is directly related to one of the major unsolved problems in astrophysics—the nature of
DM—it is not surprising that the cusp—core problem in dwarf galaxies in accordance with
observations still remains a challenge. This review was intended to discuss all the main
research avenues for solutions to this small-scale issue within cold dark matter (CDM) but
also in alternative theories.

In the future, the cusp-core problem must be approached from two main angles. First,
an accurate inference of the DM density profile from observations is necessary. This should
become possible with more radial velocities in the central regions of dwarfs thanks to future
Gaia data release [308]. Currently, DM densities are barely constrained observationally at
~100 pc scales. As stressed by [126], we need more member stars for dwarfs to properly
use the Jeans analysis by assuming realistic non-spherical geometry for halos. Then, we
could focus in greater depth on other dwarfs than Fornax, which has been extensively
investigated because of its large stellar mass (see Table 1).

Second, all core formation mechanisms within CDM need to be addressed in a cosmo-
logical context to check their efficiency during the Universe’s formation, but it is also crucial
to find observational signatures of these mechanisms in order to distinguish and maybe
exclude some of them. For instance, if tidal effects are responsible for DM core formation in
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our local dwarfs, such tidal tails should be detectable in future surveys [202]. Concerning
alternative DM theories, efforts must be pursued in constraining their additional degrees
of freedom compared to CDM. Very recently, a new upper limit on the self-interacting
scattering cross-section in the SIDM universe was imposed based on comparing the mea-
surements of the central density at 150 pc of subhalos in a high-resolution cosmological
simulation and our local dwarf galaxies [309].

As outlined in the review, the contribution of baryons in a gravitational and hydrody-
namical fashion to the distribution of DM within galaxies is non-negligible. However, the
presence of baryons can potentially bias our understanding of the DM’s properties. For
instance, both stellar feedback and SIDM can initiate cusp-to-core transformation in dwarf
halos. However, it was pointed out these core mechanisms act on different timescales at
which they affect the gravitational potential [273]. Furthermore, it was demonstrated that
they could have a distinct signature in the velocity dispersion profiles of stars [310]. Such
observable properties can be used to distinguish these two mechanisms.

Future missions such as the James Webb Space Telescope have the ambition to give
us a direct insight into DM halos of very-high-redshift galaxies. These very old DM
structures will not have been altered by the effects of the environment yet. The presence
of DM cores in these galaxies will dramatically favour alternative theories where cores
emerge naturally. On the contrary, the absence of cores will reinforce the CDM model and
dynamical perturbers such as stellar feedback of infalling structures will be responsible for
the formation of cores at low redshift.
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