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The ACDM standard model of cosmology is in excellent agreement with data on large scales
but has difficulty explaining all observations on small scales. I discuss a simple particle physics
model involving a new MeV-scale gauge boson that mediates dark matter self-interactions and
dark matter interactions with a new light fermion. This allows to solve all small-scale problems
of ACDM cosmology. It would be very attractive to identify the new light particle with a sterile
neutrino, but it appears that this option is disfavored.
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1. Introduction

Ever more precise observations probe the ACDM standard model of cosmology, a flat uni-
verse dominated by a cosmological constant and non-baryonic cold dark matter (DM), and seem-
ingly confirm this relatively minimal scenario. For example, the power spectrum of the cosmic
microwave background is in excellent agreement with ACDM [1], and the distribution of galax-
ies predicted by numerical simulations of structure formation closely matches actual observa-
tions [2]. However, looking more closely one realizes that these observations probe cosmology
at large scales. On small scales, i.e., in observations of dwarf galaxies, the scenario faces sig-
nificant challenges [3]. The number of small satellite galaxies predicted for a Milky-Way-size
galaxy in ACDM far exceeds the number of known Milky Way satellites (missing satellite prob-
lem). Small, DM-dominated galaxies seem to possess cored inner density profiles, which means
that the density becomes nearly constant towards the center. This is inconsistent with the ACDM
prediction of cuspy profiles, where the density is inversely proportional to the distance from the
center (cusp-core problem). Comparing the brightest observed satellites of the Milky Way with
the most massive satellites found in ACDM simulations, which should be too big to fail at form-
ing stars, one finds that the central regions of the simulated dwarf galaxies are more concentrated
than their observed counterparts (too-big-to-fail problem). An important caveat is that the sim-
ulations used to identify these problems considered only cold DM. It is therefore possible that
the simulations can be brought into agreement with observations by including the matter made of
Standard Model baryons. However, this possibility is called into question by the discovery that re-
fined simulations which do include baryons lead to an agreement between simulated and observed
dwarf rotation curves in some cases while discrepancies remain in others (diversity problem) [4].
That said, it certainly remains possible, and probably even likely, that the small-scale problems of
ACDM will eventually be explained by effects from the domain of astrophysics. Nevertheless, it is
interesting to wonder if and how they can be addressed by new particle physics, which is the focus
of this contribution.

2. Dark Matter Interacting with Itself and with Dark Radiation

The approach presented here employs a combination of DM self-interactions and late kinetic
decoupling due to interactions between DM and dark radiation. Viable simplified models were
classified in [5] but we will focus on a particular model first proposed in [6]. It includes a dark
sector consisting of an MeV-scale gauge boson V (dark photon), a scalar ®, a vector-like DM
fermion J, and chiral fermions N and N’ with eV-scale and MeV-scale masses, respectively. The
boson mediates a U(1)x gauge interaction, which is spontaneously broken by the vacuum expec-
tation value (®) ~ MeV. The dark fermions are charged under U(1)x and uncharged under the
Standard Model gauge group, while the Standard Model particles are neutral under U(1)x. In
order to cancel anomalies, we assign charges X and Xy» = —Xy to the chiral dark fermions.

Effective operators that can be generated by the exchange of heavy singlet fermions lead to
Majorana masses for the chiral dark fermions and to their mixing with the Standard Model neutri-
nos after U(1)y is broken.! We choose parameters such that my ~ eV and my: ~ MeV.

IThe original model [6] includes a second dark scalar, but this is not necessary [7].
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For our purposes, the terms of interest in the Lagrangian are
LD —gxVu (V" x + XvNY*N — XyN'Y*N') + k|H|*|©|?,

where gx denotes the U (1)y gauge coupling. Apart from the gauge couplings of the dark fermions,
there is a portal coupling between the dark scalar ® and the Standard Model Higgs H. This coupling
ensures that the dark sector is in thermal equilibrium with the Standard Model particles in the
very early universe. The DM relic density is thus obtained by the standard freeze-out mechanism.
Setting it equal to the observed value determines gx as a function of the DM mass mipy.

If the dark gauge boson is much lighter than the DM, it mediates a long-range DM self-
interaction. Its strength depends on the velocity of the DM particles. Hence, on the one hand we can
obtain sufficiently weak self-interactions for the large velocities occurring on the scale of galaxy
clusters, where stringent bounds exist. On the other hand, in dwarf galaxies, where much smaller
velocities are typical, the self-interaction cross section can become large, 6 /mpy ~ 1cm?/g. This
enables a solution of the cusp-core, too-big-to-fail, and diversity problems [8, 9, 10, 11, 12].

The light chiral fermion N stays relativistic in the early universe until the temperature falls
below its mass. Thus, it acts as dark radiation (a relativistic degree of freedom different from
photons and Standard Model neutrinos) for 7 2 1eV. The new gauge interaction leads to efficient
scattering between the DM and the dark radiation, which causes the two species to stay in kinetic
equilibrium long after the chemical decoupling (freeze-out) of the DM around T ~ mpp/25. As
a consequence, structure formation is suppressed at small scales [13, 14, 15]. This solves the
missing satellites problem if the kinetic decoupling between DM and dark radiation occurs at a
temperature Tiq slightly below 1keV [13, 16]. One should caution that the suppression of small-
scale structure is constrained by observations of the Lyman-o forest, analogous to the warm DM
scenario. A recent study concluded that this allows a reduction of the number of Milky Way
satellites by at most 30 % [17]. If this result stands, the model presented here can still contribute to
solving the missing satellites problem, but additional contributions from astrophysics are required.

With this qualitative understanding of the features of the model, we can now discuss which
regions in parameter space provide solutions to the small-scale problems of ACDM. As the dark
gauge coupling is fixed by the observed DM density and as the mass of the dark radiation particle
is only weakly constrained by the requirement my < Tiq, the relevant free parameters are the DM
mass, the mass myeq of the gauge boson mediating the U (1)y interaction, and the U (1)x charge Xy.
For Xy = 1, the parameter space region in which the missing satellites problem is solved is shown
by the green bands in figure 1. Smaller values of Xy weaken the interaction between DM and dark
radiation, which has to be compensated by lowering the dark photon mass if the impact on structure
formation is to stay the same; consequently, the green bands move to the left. The blue bands in
the figure indicate the parameter space region where DM self-interactions have the right strength
to solve the cusp-core, too-big-to-fail, and diversity problems. As the different bands overlap, all
small-scale problems can be addressed simultaneously. For Xjy = 1, this happens if the dark photon
mass is of order MeV and if the order of magnitude of the DM mass is either a TeV or a few
hundred MeV. The region with lighter DM may be favored by observations of galaxy clusters [17].

The light chiral fermions N increase the energy density of relativistic particles in the early
universe, which is parameterized by the effective number of neutrino species Negr. Assuming that
no other dark-sector particles remain relativistic during big bang nucleosynthesis, we find ANeg =
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Figure 1: Parameter space regions yielding the correct DM relic density as well as a solution of the missing
satellites (green bands) and other small-scale problems (blue bands), as determined by DarkSUSY 6.1 [18].
The numbers in the green band indicate the mass cutoff below which no galaxies can form (and 9 M;, means
10° M., for example). The numbers in the blue bands correspond to the DM self-interaction cross section at
dwarf-galaxy scales divided by the DM mass.

0.33. On the one hand, this is of the correct order of magnitude to address tensions between
measurements of the Hubble parameter Hy and the magnitude of matter density fluctuations og at
different redshifts [19]. On the other hand, it is in tension with big bang nucleosynthesis constraints
at the 20 level [20].

3. Sterile Neutrinos as Dark Radiation

A tempting possibility is identifying the new eV-scale fermion with the sterile neutrino as-
sociated with the anomalies observed in experiments such as LSND and MiniBooNE [21, 22]. A
standard sterile neutrino with ¢'(1eV) mass and ¢'(0.1) mixing with the Standard Model neutrinos,
as indicated by the anomalies, is strongly disfavored by cosmology since it is copiously produced
by oscillations in the early universe, which violates the bound on the sum of neutrino masses,
Y my <0.1eV [1]. However, in our scenario the U(1)x interaction of the sterile neutrinos N leads
to an effective matter potential that suppresses active-sterile neutrino mixing and thus sterile neu-
trino production at temperatures above an MeV [23, 24]. Hence, there is a chance to avoid the
cosmological neutrino mass bound.

At temperatures below the mass of the dark photon, however, the U(1)y interactions become
weaker, and consequently the active-sterile neutrino mixing returns to its unsuppressed vacuum
value. Then additional sterile neutrino production occurs [6], which is sufficient to equalize the
temperatures of Standard Model and sterile neutrinos [25, 26]. An interesting detail of this re-
thermalization or recoupling process is that it does not conserve entropy, contrary to claims in some
works, including [6]. One way to see this is realizing that the process is irreversible, which implies



Small-Scale Crisis in Cosmology — Sterile Neutrinos to the Rescue? Jorn Kersten

an increase in entropy. Instead, the total neutrino number and energy densities are conserved.
As a consequence, the momentum distribution functions are characterized by a common kinetic
temperature and a non-vanishing chemical potential [27].

A number of studies considered re-thermalization and its impact on cosmology, arriving at
varying conclusions [25, 26, 27, 28, 29, 30]. The most recent work [30] found that a sterile neutrino
with significant mixing with the Standard Model neutrinos is not a viable candidate for the dark
radiation particle. Depending on the values of the model parameters, the reason is either that the
bound on the sum of neutrino masses is violated or that neutrino free-streaming is too much reduced
to be compatible with cosmic microwave background observations.

4. Conclusions

Discrepancies between observations of dwarf galaxies and simulations of structure formation
may point to deviations from the standard picture of collisionless cold dark matter. I have presented
a model that introduces a new gauge interaction mediated by an MeV-scale gauge boson. This leads
to dark matter self-interactions solving the cusp-core, too-big-to-fail, and diversity problems. In
addition, a new eV-scale particle species interacts with the dark matter by the new force, which
results in the suppression of structure formation at small scales, solving the missing satellites prob-
lem. Thus, a simple particle physics model is able to address all small-scale problems of ACDM
cosmology.

It would be tempting to identify the new eV-scale fermion with a sterile neutrino that mixes
with the Standard Model neutrinos and explains the anomalies observed in oscillation experiments.
However, this option does not seem to be compatible with constraints from cosmology. In this
case, the new light particles have to be generic dark fermions that mix at most very weakly with
Standard Model neutrinos.
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