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I review briefly three problems where tensions between predictions based on numerical
simulations of the Lambda-CDM prototype and observations at small (galactic) scales
occur. These include (i) the core-cusp problem on the galactic profiles, (ii) the missing
satellite problem, and the (ii) too-big-to-fail problem. I explain what these problems are
and present potential resolutions, first through some astrophysical mechanisms, which
however, as I argue, fail to alleviate completely the problems, at least currently. Then, I
discuss fundamental modifications of the Lambda-CDM model, through the inclusion of
self-interacting dark matter (SIDM). I argue that a simple model of SIDM, with (warm)
self-interacting right-handed neutrinos (RHN), that exist in minimal extensions of the
Standard model of particle physics, appears promising in providing a resolution of the
aforementioned “small-scale-Cosmology crisis”, in particular the core-cusp problem, and
an observationally consistent description of the core-halo structure in galaxies.

Keywords: Cosmological observations; self-interacting interacting dark matter; right-
handed-neutrinos.

1. Introduction

A plethora of precision cosmological observations®, based on type Ia supernovae,
cosmic microwave background (CMB) radiation, large scale structure, baryon acous-
tic oscillations and strong and weak lensing data, point towards the fact that only
~ 4% of the current energy budget of the Universe consists of the known form of
matter (mainly baryons), while the rest seems to be of uknown nature, specifically
~ 69% dark energy (DE) and ~ 27% dark matter (DM). The current universe
appears to enter an acceleration phase (for a second time after inflation), and the
data point towards an equation of state for the dark energy to be close to that of
a de Sitter space-time, w ~ —1, corresponding to a positive cosmological-constant,
A > 0. The best fit to the large-scale data seems to be provided by the so-called
A-Cold-Dark-Matter (ACDM) model for the Universe, according to which the DE
is provided by a positive cosmological constant A > 0, while the DM content of
the Universe is thermal, of “Cold” type, corresponding to a mass range for the
(assumed) dominant DM particle species m,, > 100 keV. Several particle physics
models, in particular Supersymmetry, provide candidates for this type of DM, al-
though currently there is no experimental evidence from collider experiments that
such extensions of the Standard Model (SM) are realised in nature?, thus leaving
us only with Cosmological evidence for the existence of DM.

Despite the success of the ACDM model at large (cosmological) scales, however,
there are tensions at galactic scales which, if not due to observational fluctuations,
or admitting astrophysical resolution, may hint new physics beyond the ACDM
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paradigm. In this talk we mention briefly some of these challenges, and discuss
their potential resolution by modifying the ACDM model via the inclusion of self
interactions in the Dark Matter sector.®

2. Small Scale Challenges of the ACDM Model

There are three challenges to the ACDM model at galactic scales, collectively called
some times as “small-scale cosmology crisis, which we focus our attention upon in
this section:

(i) The Core-Cusp problem, that is, a discrepancy between the observed dark
matter density profiles of low-mass galaxies and the density profiles predicted by
cosmological N-body simulations. Characteristically, all the ACDM-based (DM
only) simulations form dark matter halos which have “cuspy” dark matter distri-
butions, with the density increasing steeply, i.e. as p oc 7~ !, at small radii. This is,
e.g., evidenced in the standard Navarro-Frenk-White (NFW) DM profile.® On the
contrary, the rotation curves of most of the observed dwarf galaxies indicate flat
central density profiles (“cores”).®

(il) The “missing satellite or dwarf galaxy problem”, which pertains to a discrep-
ancy between observations and ACDM-based numerical cosmological simulations,
which predict the evolution of the distribution of matter in the universe. Such simu-
lations point towards a hierarchical clustering of DM, where smaller halos merge to
form larger halos. Although there seem to be enough observed normal-sized galax-
ies to account for such a numerical distribution, the number of (observed) dwarf
galaxies is orders of magnitude lower than that expected from the simulations.”

(iii) The too big to fail problem, which is a discrepancy arising between the
most massive subhaloes predicted in (dissipationless) ACDM simulations and the
observed dynamics of the brightest dwarf spheroidal (dSph) galaxies in the Milky
way. In other words, the ACDM simulations predict that the most massive sub-
haloes of the Milky way are too dense to host any of its bright satellites, with
luminosity higher than 10° the luminosity of the Sun.®

The problems may admit astrophysical explanations, and some of them may
be alleviated by improved measurements. For instance, many studies have shown
that including baryonic feedback (particularly feedback from supernovae and active
galactic nuclei) can “flatten out” the core of a galaxy’s dark matter profile, since
feedback-driven gas outflows produce a time-varying gravitational potential that
transfers energy to the orbits of the collisionless dark matter particles.? The missing
satellite problem also admits standard Astrophysical solutions.!® One is that the
smaller halos do exist but only a few of them end up becoming visible because
they have not been able to attract enough baryonic matter to create a visible dwarf

2We do not discuss here other recent challenges of ACDM, e.g. those associated with the different
value of the Hubble parameter Hp, obtained between CMB/Planck-Coll. measurements! and
Cepheid-galaxies observations3, which could be alleviated via modified DE models, such as the

“running vacuum”. 4
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galaxy. In support of this, Keck observations in 2007 of eight newly discovered ultra-
faint Milky Way dwarf satellites showed that six were almost exclusively composed
of DM, around 99.9% (with a mass-to-light ratio of about 1000).'! Such ultra-faint
dwarfs substantially alleviate the discrepancy between the predicted and observed
numbers of satellites around the Milky Way, but there are still discrepancies by
a factor of about four too few dwarf galaxies over a significant range of masses.
See also the recent work Ref. 12 in this direction. Other solutions may be that
dwarf galaxies tend to be merged into or tidally stripped apart by larger galaxies
due to complex interactions. This tidal stripping has been part of the problem
in identifying dwarf galaxies in the first place, which is an extremely difficult task
since these objects have low surface brightness and are highly diffused, so much that
they are virtually unnoticeable. Finally, the Too-Big-to-Fail Problem may also be
tackled by taking into account baryonic feedback.

From the point of view of the ACDM simulations, all three problems have their
root in the fact that the cold DM particles, which the ACDM simulations rely upon,
have too short free streaming length during the epochs of galaxy formation, and
therefore they form too clumped and too many structures compared to those ob-
served. The interesting question therefore is whether these problems, especially the
core-casp problem, provide hint towards a paradigm shift of the underlying funda-
mental physics, implying deviations from ACDM framework. One such deviation is
to include self interactions among the DM particles.

3. Resolution through Self Interacting Dark Matter Models

Self interactions have been argued to play an important role in galactic structure al-
ready in Ref. 13. The original idea of Self-Interacting DM (SIDM) was implemented
for CDM particles with rest masses above 1 MeV/c? (up to 10 GeV/c?), consistent
with the nature of the effective interactions and the mean free paths considered in
that work. This way of thinking regarding self-interactions was applied uniquely on
DM halo scales with typical densities of 1072M, /pc?, suggesting that normalized
total cross-sections of order o/m ~ 0.1 — 100 ¢cm?/g, would imply observational
effects in the inner regions of the DM halos. It was also shown that a SIDM regime
with these values of o/m would generate shallower inner DM profiles, with a nec-
essary reduction in the amount of sub-structures, thereby alleviating the core-cusp
and the missing satellite problems of collisionless ACDM '*. However, contempora-
neously, some tension with upper limits in the DM cross sections as obtained from
lensing studies on galaxy cluster scales emerged. In a subsequent work, > motivated
by updated analysis of the Bullet Cluster,!® new cosmological simulations within
CDM were performed, with the aim of further scrutinizing the effects of SIDM on
inner halo cores of galaxies and galaxy clusters. The authors of Ref. 15 concluded
that o/m ~ 0.2 barn GeV~! = 0.1 cm? g~ is consistent with all the observational
constraints. In general, SIDM would make no difference from ACDM at large scales,
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but individual galaxies would appear more cored and spherical, with higher velocity
dispersion.

Stringent constraints of the interaction cross section of SIDM have been inferred
in Ref. 17 by means of new DM observables in merging galaxies, taking into account
the DM drag. In particular, the study of 72 mergers using this new technique
imposed a more stringent upper bound on the SIDM cross section per unit DM
mass, thus defining a new range for the total SIDM cross section”

USIDM/m

0.1 <
cm? g1

< <0.47 (1)
This might lead to a potential resolution of the three “small scale cosmology prob-
lems” of DM, discussed previously. For instance, self interactions may tackle the
core-cusp and too big to fail problems by reducing the central density. In this lat-
ter respect we mention the works of Ref. 20, according to which self interactions
can lead to both deceleration and evaporation of a DM halo when the latter moves
through a background of DM particles. This results in a shift of the halo’s centroid
relative to the collisionless stars and galaxies.

4. Self-Interacting Right-Handed Neutrinos as (Warm) DM and
Galactic Structure

A concrete model of SIDM, which may have significant effects on the galactic struc-
ture, and which plays an important role in particle physics, has been studied in
Ref. 21. It is based on a class of self-interacting models of massive right-handed
neutrinos that exist in minimal extensions of the standard model??. The model
constitutes a microscopic (particle physics) realisation of previous ideas that pop-
ulations of electrically neutral fermionic particles might play an important réle for

23, In such a scenario, the DM fermion is played

the galactic core-halo structure
by the right-handed neutrino (RHN), which has a mass of a order a few tens of
keV, and implies a universal and novel DM density profile (compact core - di-
lute halo), with important implications for the very central and halo regions of
galaxies. The model is in agreement with observations, provided sufficiently strong
self-interactions among the RHNs are considered?!. The Lagrangian of the right-
handed neutrino sector, including gravity, reads (in units i = ¢ = 1, which we use

throughout here):

L=Ler+ LNy, +Lv + L) (2)

bPHowever, some tension with the upper bound of (1) still remains, since the analysis and as-
sumptions of Ref. 18 on their study of the Abell Cluster 3827 have been questioned in Ref. 19,
which presented corrected estimates for the SIDM cross section: osipay/m ~ 3 cm? g~ 1, when self

interactions result in a drag force, and ogipnv/m ~ 1.5 cm? g~ 1 in the case of contact interactions.
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where
R

__ 1
Lor = ——Y Lnn, =i Np1n" Vi Npi — 2m Neg N
GR Torc’ Fr1 = 1N R1Y V. Ng1 5MN°rR1NR1,

1 1 _
Ly = —ZVWV“” + 5m2Vva, Lr=—gvV,Jt =—gvV,Nr1v"Nr1, (3)

with R the Ricci scalar for the static spherically symmetric metric background
considered in Ref. 21, V, the gravitational covariant derivative acting on a Majorana
spinor, m the mass of the sterile RHN neutrino, and my the mass of the dark
vector boson providing the carrier of the self-interactions among RHN. When the
Lagrangian (3) is expressed in terms of the Majorana field N¢ = N, the massive-
vector-mesons V,, couple to the axial current Ny#y5N.

In general one may add to (2) a Yukawa term, coupling RHNs to the active
neutrino sector (see, e.g., the case of YMSM in Ref. 22)

Lyac= Y Farloa Npr¢®+he , I=1,23 a=enpur (4)
a, I

where ¢, are the lepton doublets of the SM, o = e, i, 7, Fi; are appropriate Yukawa
couplings, and ¢ is the SM conjugate Higgs field, i.e. ¢ = imu@*, with 15 the 2 x 2
Pauli matrix. If one ignores self interactions among the RHN, then, upon consid-
ering such a coupling, one obtains stringent X-ray and Big Bang Nucleosynthesis
(BBN) constraints?* of the mixing angle and mass of Np1, given that (4) implies
decays of the heavy neutrinos Ny — vH, where H is the Higgs excitation field,
¢ = v+ H, with v the vacuum expectation value. In the context of ¥MSM?2, the
decay time of the lightest of the RHN neutrinos can be longer than the age of the
universe, hence the latter can be considered as stable for all practical purposes,
thus playing the role of the entirety of DM. This assumption requires sufficiently
low mixing with the standard model sector, with the corresponding mixing angle
given by sin?f = Za:e,u.r W;# On the other hand, the requirement that the
sterile neutrino constitutes the entirety of DM, requires it to be produced in suffi-
cient amounts in the early Universe, and hence, if no self-interactions are assumed,
there are lower bounds for 6, depending on the RHN mass m. The best fit to date?*
points to a narrow allowed region in the RHN mass m ~ 10 keV and mixing angle
sin?(26) ~ 10712 (slightly wider regions for m are allowed?’ if one uses the galactic
density profile of Ref. 23).

In the RHN SIDM model of Ref. 21 the mixing with the SM sector was ignored,
F,1 = 0, in which case the lightest neutrino is absolutely stable. The important
feature are the self-interactions of the right-handed neutrino, which ensured phe-
nomenologically correct values for the radius and mass of the galactic core within
certain mass density profiles?3. Such interactions among RHNs also lead to produc-
tion mechanisms of the RHN DM that no longer require lower bounds on the mixing
angle # with the standard model sector, hence the stringent X-ray constraints of
Ref. 24 can be evaded. The analysis of Ref. 21 showed that, under the assumption
of the absence of a central black hole in the galaxy?23, the allowed range for RHN
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DM mass that fit the Milky Way observables is: 47 keV/c? < m < 350 keV /c?, the
upper bound being set by reaching the critical core mass for gravitational collapse,
M o« M3, /m? ~ 4.4 x 10°M. One also concludes that the inclusion of suffi-
ciently strong interactions in the dark sector among the sterile neutrinos can lead
to significantly more compact cores and higher central degeneracies than in the free
case?3¢,

The total RHN-RHN scattering cross-section in the quantum core of the Galaxy
has been calculated in Ref. 21 in a perturbative regime g < 1 for the dimension-
less interaction coupling, o%9%t = 29%77@2 (p?/m? < 1). This allows for
a comparison of these results with the generic ones existing in the literature and
mentioned in the previous section, on the required range of the total cross section
per unit DM mass, o/m, in order to resolve the small-scale Cosmology “crisis”
(Eq. (1)). To put things in perspective, one can normalize the interaction field
strength in terms of the visible sector (SM) weak interaction dimensionfull coupling,
the Fermi “constant” Gp. Thus, if, e.g. one constrains the total cross-section to
the N-body simulation value o*°! /m = 0.1 cm?/g (or, in general, to lie in the region
(1) discussed above), the coupling constant Cy would be constrained to the value
Cyv € (2.6 x 108,7 x 10%), for RHN-DM masses in the range m € (47,350) keV. It
worths noticing that for Cy- ~ 102 G, the mass of the massive-vector meson would
be constrained to values my < 3 x 10 keV, in order to satisfy gy < 1 as requested
by the self-consistency of the perturbation scheme applied to the computation of
the cross-section?!.

As stressed in Ref. 21, the inclusion of baryonic matter is not expected to change
the basic conclusions that the introduction of WDM fermion self interactions affects
the core/halo structure and in particular induces higher central degeneracies and
higher compactness of the inner quantum core of galaxies. Moreover, the model
of self-interacting sterile neutrinos provides a natural resolution to the core-cusp
problem of DM at small scales, because the density profiles based on fermionic
phase-space distributions develop always an extended plateau on halo scales, in a
way that resemble Burkert or cored Einasto profiles. Another important feature is
the fact that the right-handed neutrino DM mass is ‘colder’ by a few keV as com-
pared to most of the Warm Dark Matter (WDM) models available in the literature,
which implies that the model does not suffer from such standard WDM problems.

It goes without saying, that the presence of self-interacting right-handed neutri-
nos with a mass range of a few tens of keV may co-exist harmonically with other
types of DM, given that the latter may consist (like ordinary matter) of more than
one dominant species. In this way, at large scales, the predictions of the Lambda-
CDM model might still be valid, while at galactic scales the role of self-interacting

°If the assumption that the RHN DM co-exists with a central black hole is made, then one may
accommodate the narrow window of Ref. 24 in the analysis of Ref. 21, although, as already
mentioned, the existence of self interactions of RHN evades the constraints of Ref. 24.
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RHN WDM may play a crucial role in providing agreement of the predicted galactic

structure and the pertinent DM distribution with observations.
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