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ABSTRACT

Dwarf spheroidal galaxies are excellent systems to probe the nature of fermionic dark matter due to their high observed dark
matter phase-space density. In this work, we review, revise, and improve upon previous phase-space considerations to obtain
lower bounds on the mass of fermionic dark matter particles. The refinement in the results compared to previous works is realized
particularly due to a significantly improved Jeans analysis of the galaxies. We discuss two methods to obtain phase-space bounds
on the dark matter mass, one model-independent bound based on Pauli’s principle, and the other derived from an application
of Liouville’s theorem. As benchmark examples for the latter case, we derive constraints for thermally decoupled particles
and (non-)resonantly produced sterile neutrinos. Using the Pauli principle, we report a model-independent lower bound of
m > 0.18keV at 68 percent CL and m > 0.13keV at 95 per cent CL. For relativistically decoupled thermal relics, this bound
is strengthened to m > 0.59keV at 68 percent CL and m > 0.41keV at 95 percent CL, while for non-resonantly produced
sterile neutrinos the constraint is m > 2.80keV at 68 percent CL and m > 1.74keV at 95 per cent CL. Finally, the phase-space
bounds on resonantly produced sterile neutrinos are compared with complementary limits from X-ray, Lyman ¢, and big bang

nucleosynthesis observations.

Key words: galaxies: dwarf —dark matter.

1 INTRODUCTION

The astrophysical and cosmological evidence for dark matter is
overwhelming. Precise observations of the cosmic microwave back-
ground (Aghanim et al. 2018) show that 26 per cent of the energy
density of the Universe consists of a form of matter that appears to
interact only gravitationally. In addition, innumerable studies suggest
strongly that galaxies, clusters of galaxies, and the vast majority of
the virialized objects in the Universe are dominated by some matter
that does not emit light (see e.g. Rubin & Ford 1970; Peebles 1984;
Dodelson 2003; Clowe et al. 2006; Dodelson 2011; Pardo & Spergel
2020).

The nature of dark matter represents one of the major mysteries of
modern physics. As such, a vast number of dark matter candidates
have been put forward. For instance, in terms of their mass, the
landscape of dark matter candidates extends from m ~ 10722 eV
for ultralight dark matter (Hui et al. 2017) to m ~ 100 M, in the
case of primordial black holes (Carr, Kuhnel & Sandstad 2016). In
between, there is an array of well-motivated dark matter candidates,

* E-mail: james.alvey @kcl.ac.uk

such as WIMPs with m ~ 1MeVto100TeV (Bertone, Hooper
& Silk 2005), axions (Marsh 2016), sterile neutrinos with m ~
(1-100) keV (Boyarsky et al. 2019), and asymmetric dark matter
withm ~ 1 GeV (Zurek 2014). The majority of well-motivated dark
matter candidates were proposed decades ago, and as a result, an
exhaustive experimental programme has been developed to search
for them. At this point in time, however, all direct searches for dark
matter have returned a null result.

Laboratory experiments are not the only way to probe the nature
of dark matter. In fact, astrophysics and cosmology have long been
used to constrain its properties. A pioneering astrophysical test of
fermionic dark matter was carried out in Tremaine & Gunn (1979).
They used the Pauli exclusion principle together with the fact that
dwarf galaxies have a high abundance of dark matter to place a lower
bound on its mass. At the time, the Tremaine and Gunn bound was
used to disfavour the possibility that active neutrinos were the dark
matter of the Universe. We now know that neutrinos cannot constitute
both the astrophysical and cosmological dark matter, but none the
less the argument still applies for any generic fermionic dark matter
particle.

Indeed, there is still plenty of motivation for relatively light
fermionic dark matter candidates (see e.g. Boyarsky et al. 2019

© 2020 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

220Z YoJe|\ Z0 uo Jesn ualasH qooer Aq $5Z8665/881 L/L/1L0S/3o1e/seluw/wod dno-olwapeoe//:sdiy wolj papeojumoc


http://orcid.org/0000-0003-2020-0803
http://orcid.org/0000-0001-8544-6498
http://orcid.org/0000-0002-1164-9302
mailto:james.alvey@kcl.ac.uk

for a review). This motivation primarily arises from the fact that
keV-scale sterile neutrinos can be produced in the early Universe
in the right abundance to constitute the entirety of the dark matter
(e.g. Dodelson & Widrow 1994; Shi & Fuller 1999). In addition, such
particles can be embedded into frameworks explaining the origin of
neutrino masses and the observed matter—antimatter asymmetry of
the Universe (Asaka & Shaposhnikov 2005).

Given this, a variety of astrophysical and cosmological tests
have been considered to constrain the masses of sterile neutrinos
and other similar dark matter particles. These species fall often
within the category of so-called warm dark matter, because they
typically possess some residual kinetic energy at the epoch of
galaxy formation. There are three main sets of bounds that keV-scale
fermionic dark matter particles should satisfy:

(1) Phase-space constraints — As envisaged by Tremaine & Gunn
(1979), there is a limit to the extent to which fermionic dark matter
particles can be compressed within a halo (see e.g. Dalcanton &
Hogan 2001; Boyarsky, Ruchayskiy & Iakubovskyi 2009a). This
class of constraints applies to all keV-scale fermionic dark matter
particles whether they are warm dark matter or not.

(i1) Galaxy count constraints — Warm dark matter suppresses the
growth of structure below its free-streaming length (on the scale of
smaller galaxies). One should then ensure that it is possible to at least
form the Milky Way satellites we observe (see e.g. Anderhalden et al.
2013; Lovell etal. 2016; Read et al. 2017; Jethwa, Erkal & Belokurov
2018; Kim, Peter & Hargis 2018; Nadler et al. 2020).

(iii) Lyman o forest constraints — Warm dark matter suppresses
the growth of structure at small scales, yet all observations of the
Lyman « forest appear to be compatible with the expectations of
cold dark matter (see e.g. Efstathiou, Schaye & Theuns 2000; Viel
et al. 2013; Garzilli et al. 2019a; Palanque-Delabrouille et al. 2020).

Note that in the case where the dark matter particles can decay
into photons (e.g. sterile neutrinos), X-ray constraints could further
constrain their parameter space (see e.g. Abazajian, Fuller & Tucker
2001; Boyarsky, Ruchayskiy & Shaposhnikov 2009b for a review).
Other promising techniques that may further constrain the warm dark
matter mass include observations of stellar streams (e.g. Ibata, Lewis
& Irwin 2002; Johnston, Spergel & Haydn 2002; Banik et al. 2019;
Helmi 2020), and gravitational lensing systems (e.g. Bacon, Amara
& Read 2010; Vegetti et al. 2018; Gilman et al. 2020).

In this work, we apply phase-space arguments to dwarf spheroidal
galaxies in order to put a lower bound on the fermionic dark matter
mass. There are two main reasons to do this: First, bounds based
on phase-space arguments are largely insensitive to the cosmolog-
ical setting, instead being based on robust statistical theorems or
principles. Secondly, on the data side, we benefit from an improved
kinematical analysis of dwarf spheroidal galaxies from Read, Walker
& Steger (2019), which allows us to better determine the density
profile. We study two different ways of obtaining such a bound, each
strengthening upon the previous one:

(i) Pauli exclusion principle — We first derive a robust, model-
independent bound. For this, we consider a self-gravitating object
that fully consists of a degenerate Fermi gas and require that the
Fermi velocity does not exceed the escape velocity.

(ii) Liouville’s theorem — A stronger, but model-dependent, bound
can be obtained by using Liouville’s theorem, which implies that
in a collisionless and dissipationless evolution, the maximum of
the dark matter phase-space distribution inside the dwarf galaxy
cannot exceed the primordial value. In order to apply Liouville’s
theorem, the form of the primordial distribution needs to be known.
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This is clearly model-dependent and as such we consider a number
of important benchmark cases. These include (i) relativistically
decoupled thermal dark matter and (ii) sterile neutrino dark matter
(both non-resonantly and resonantly produced). We also provide a
prescription for how such bounds can be obtained for any other
fermionic dark matter candidate.

Pivotal to this approach is the knowledge of the dark matter
phase-space density within the dwarf galaxy itself. We note that
several studies have dealt with similar bounds (e.g. Dalcanton &
Hogan 2001; Boyarsky et al. 2009a; Domcke & Urbano 2015; Di
Paolo, Nesti & Villante 2018; Savchenko & Rudakovskyi 2019),
however, we supersede these thanks to an improved Jeans analysis.
By making use of higher order moments of the line-of-sight stellar
velocity distribution, we are able to better measure the mass (and
therefore density) of the dark matter within the galaxy. We improve
the Liouville analysis in two stages, which will eventually lead to
two bounds, the second being stronger than the first but containing
slightly more assumptions. Note that the first stage also applies to
the method using the Pauli exclusion principle.

The first stage is simply to calculate the density and escape velocity
as a function of radius to place a lower limit on the phase-space
density. This is based on the fact that all dark matter located at a
given radius must have a velocity less than the escape velocity at
that radius. This will give a stronger constraint than the ones in
previous studies, see particularly Boyarsky et al. (2009a), because in
this reference the phase-space density was evaluated at the half-light
radius. In this work, with the improved Jeans modelling, however,
we can go to lower radii, where we will find that the phase-space
density is higher.

The second stage is to note that the assumption that the dark matter
fills the whole of velocity volume in phase space evenly all the way
to the escape velocity underestimates the phase-space density. The
velocity distribution is typically not uniform and can be larger for
velocities less than the velocity dispersion. Indeed this can be a
significant effect depending on the value of the dark matter velocity
anisotropy Bam(r). In order to estimate the velocity dispersion of dark
matter, we need to solve the Jeans equation again, this time for the
dark matter particles, with some realistic range of B4y (r). Following
this procedure, we can constrain the dark matter velocity dispersion.
This is a novel approach and allows us to obtain a more accurate
estimate of the phase-space density.

The remainder of this paper is organized as follows: In Section 2,
we provide a quick recap of the standard Jeans analysis and explain
our improved approach. Section 3 then lays out a detailed prescription
on how the phase-space bounds are obtained in this work. We then
apply this formalism on a set of benchmark models in Section 4.
In Section 5, we present our results and a detailed comparison with
previous studies. Finally, we draw our conclusions in Section 6.

2 IMPROVED JEANS ANALYSIS

Dwarf spheroidal galaxies are faint, low-mass objects, usually
thought to exist around larger host galaxies. Currently, only those
around the Milky Way and Andromeda can be detected using
telescopes, due to their extremely low luminosity (Simon 2019).
These galaxies have a very large mass-to-light ratio, implying that
they are almost completely made out of dark matter. They are thought
to form within subhaloes that collapse at higher redshift than large
galaxies like the Milky Way (White 1994). The early collapse time
of these objects results in a large central density of dark matter pgp,
while their small overall virial mass implies a low-velocity dispersion

MNRAS 501, 1188-1201 (2021)
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o. This means that the phase-space density of dark matter in these
objects (~pan/c?) is naturally one of the highest observable in the
local Universe.

We are able to better determine the density of dark matter in the
inner regions of the dwarf galaxy, far within the half-light radius, by
using a new Jeans analysis based on the work in Read et al. (2019).
In this part of the dwarf, the phase-space density is at its largest,
so accessing it naturally leads to improved limits on the mass of
fermionic dark matter. In what follows, we will first summarize the
formalism of the Jeans method and then detail the improved approach
utilized to obtain the dark matter density.

2.1 Jeans equation

The Jeans equation (Jeans 1922) is obtained from the collisionless
Boltzmann equation by assuming a steady-state solution together
with spherical symmetry. The traditional approach is to take the
second moments of the 6D distribution function f(X, v), giving rise
to

10 N Bo? GM(r)

- 2—L =— , 1
v ar (var) + r r2 M
where v(r) is the spherically averaged tracer density and B(r) is the
velocity anisotropy:

2
0y

B= ol ®)
Here, o and o, are the tangential and radial velocity dispersions,
respectively. Note that in this paper, we will be referring to g in the
context of the velocity distribution of stars, while we will use Bam
for the same quantity for dark matter.

Solutions to the Jeans equation (1) are subsequently used to
determine the line-of-sight velocity dispersion, given by (Binney
& Mamon 1982)

st = o [ (1285 ) o2 A ©)
s = T ®) S <_ﬂr2)w’ VAR

where X(R) denotes the tracer surface mass density at projected
radius R (2D surface density flattened on to a plane). In order to
reconstruct the density of dark matter in the inner regions of the
galaxy, the goal of the exercise is to go from observations of o1 os(R)
to the mass M(r) as a function of radius. It is clear, however, when
examining equations (1) and (3) that different choices of the stellar
velocity anisotropy S(r) will lead to different conclusions about M(r)
for the same o og(R). Since we are unable to obtain information
about the proper motion (and therefore f) of stars at the distance
of dwarf galaxies around the Milky Way, this results in a well-
known and real problem, sometimes referred to as the 8-degeneracy
problem.!

One discovery that has been made is that this degeneracy is
broken at the half-light radius. This means that regardless of the
choice of B(r), the mass enclosed at that radius does not vary
significantly (Wolf et al. 2010). Several groups have used this to
their benefit by identifying disparate groups of stars within the same
halo separated by their metallicity. They then used these separate
populations to obtain more robust mass estimates at different radii
and consequently improve their determination of the dark matter
density profile (Walker & Penarrubia 2011; Amorisco & Evans

!This is of course motivation for proposed telescopes like Theia that might
be able to measure proper motions for such distant stars (Boehm et al. 2017).
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2012).2 In this work, we will use a different approach to break the
B-degeneracy, which is the topic of the next section.

2.2 Higher moments of the velocity dispersion

There is an alternative when looking to break this problematic
degeneracy, which involves considering higher moments of the line-
of-sight velocity distribution — specifically the fourth moments.
This provides complementary information to just the dispersion, i.e.
the second-order moment. In particular, Merrifield & Kent (1990)
constructed virial estimators based on both the second-order velocity
dispersions and the fourth-order moments.? They showed that these
observables could be written in terms of the quantities S(r), M(r),
and o (r) and therefore could be used as additional data to restrict
solutions to the spherical Jeans equation. Explicitly, these fourth-
order moments are given by

o0 2 00
/ > (vfos) RAR = S / V(5 — 28)0*GMR dR, )
0 0
> 4 3 4 1= 2 3
E(vjps) R dR = 35 v(7 — 68)0,,GMR” dR. (5)
0 0

These estimators have been applied in a number of settings, most
notably to the analysis of spherical galaxies (Gerhard 1993), as well
as to the determination of the dark matter distribution at the scale of
dwarfs and clusters (Lokas & Mamon 2003; Lokas, Mamon & Prada
2005). The ability of these higher order moments of the velocity
distribution to constrain the internal dynamics of dwarf galaxies was
studied in Richardson & Fairbairn (2013, 2014), where the authors
found evidence for a cusp in the density profile of the Sculptor galaxy.

Most relevant to this current work is the fact that equa-
tions (4) and (5) were subsequently included in a new code,
GRAVSPHERE (Read, Walker & Steger 2018). There are a number
of interesting features to this work, including the possibility of
constraining a non-parametric density function. As noted above,
breaking the S-degeneracy means that the density within the inner
part of the dwarf can be far better constrained. The GRAVSPHERE
code was applied to new data for the classical dwarf galaxies in Read
et al. (2019), where the authors came to the interesting conclusion
that there seems to be a correlation between star formation and cored
dark matter profiles. In our work, we make use of the same data as
in this reference, which includes photometric data from Koposov
et al. (2014), McMonigal et al. (2014), and Flewelling et al.
(2019) and stellar-kinematic data from Mateo, Olszewski & Walker
(2008), Walker, Mateo & Olszewski (2009), Walker, Olszewski &
Mateo (2015), and Spencer et al. (2017, 2018), in addition to data
from Simon & Geha (2007), McConnachie (2012), and Alvarez
et al. (2020). We expect that the galaxies with the most cusp-like
profiles will have the largest dark matter phase-space densities and
are therefore the objects of most significance to the bound presented
in this work.

The results of using the GRAVSPHERE code for the dwarf galaxy
Leo II are shown in Fig. 1, along with the derived escape velocity as
a function of the radius within the galaxy. By itself, this is enough
information to derive a robust constraint on the dark matter mass
using the methodology described in Sections 3.1 and 3.3.1. None the
less, as we noted above, due to the small virial mass we expect that

%It should be noted that recent numerical experiments have opened some
questions about this method (Genina et al. 2018).

3Interestingly, it turned out that using only the second-order estimators was
almost as constraining as the traditional Jeans analysis.
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Figure 1. Upper panel: The density profile of the dwarf galaxy Leo Il derived
using the method described in Section 2.2. Lower panel: The escape velocity
as a function of radius of the same galaxy obtained using equation (8). In
both panels, the solid line refers to the average value of the quantity while
the darker and lighter shaded regions are the 68 percent and 95 percent
CL regions, respectively. The value ry/, refers to the 3D projected half-light
radius of the galaxy, where the uncertainty is expected to be minimal.

the velocity dispersion within these systems to be small compared
to the escape velocity. Therefore, as described in Section 3.3.2, if
we can combine the new information about the density profile with
some determination of the velocity dispersion of the dark matter,
then we can expect the bounds on the mass of the dark matter to
further improve. For this purpose, we solve a second spherical Jeans
equation, but this time for the dark matter:

19 2

GM(r)
;g(l’q.dm)“‘ , T2

2
2.3dm(7r,dm _ )

where p = pqn is the density profile for the dark matter, o, gy, is the
dark matter velocity dispersion, and B4 is the velocity anisotropy of
the dark matter particles. Now, having solved the Jeans equation (1)
for the stars, we know the mass profile M(r). This can then be plugged
in equation (6), together with an appropriate choice of the dark matter
velocity anisotropy, to obtain a solution for the dark matter velocity
dispersion as a function of radius. There is a final important point to
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Figure 2. The prior on the B4 profile used to solve equation (6) (shown in
grey) along with ensemble average profiles derived from the EDGE (shown in
purple) and AQUARIUS (shown in blue) simulations with cold dark matter.

note when carrying out this analysis: we cannot measure B4, SO in
order to solve equation (6), we must either motivate it theoretically,
or obtain a prior on B4y (7) from N-body simulations of this type of
galaxy. In the next section, we justify our choice using a combination
of these ideas.

2.3 Priors on the B4, profile

The choice as to which B4, (r) should be used to solve for the dark
matter velocity dispersion in equation (6) ultimately needs to be
guided by theoretical considerations and N-body simulations of dark
matter haloes. In particular, one should not use the same 8 profile
as in equation (1), since there is little reason to assume that the dark
matter follows exactly the same dynamics as the stars.

At radii larger than ~0.1 kpc, the prior we choose is based upon
B profiles derived from the dark matter in the EDGE simulation
suite (Agertz et al. 2020). EDGE uses the dual N-body and hydro-
dynamics code RAMSES (Teyssier 2002) to run cosmological zoom
simulations of dwarf galaxies. The suite covers a range in halo mass
atz=00f 1.5 x 10° < M/Mg < 8 x 10° at high resolution.* We base
our Bym(r) profiles on the dark matter component of the target halo,
out to the virial radius g (the radius at which the galactic density
falls to 200 times the critical density of the Universe). The prior on
Bam used in solving the Jeans equation in equation (6), together with
those from the EDGE (Agertz et al. 2020) and AQUARIUS (Springel
et al. 2008) simulation suites, is shown in Fig. 2.

One might suspect that the velocity anisotropy would be modified
when the dark matter becomes warm, which is something expected
in many but not all situations where dark matter is made out of light
fermions. To test that this is not the case, we also looked at beta
profiles from warm dark matter simulations of similar mass haloes in

4 Approximately 120 M, for dark matter particles and 3 pc for the spatial
grid at the highest refinement level.

MNRAS 501, 1188-1201 (2021)
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the Aquarius suite’ (Lovell et al. 2014). We found no significant
difference in the beta profile as a function of radius (sometimes By
becomes very slightly negative). Later we will find that relaxing the
priors on the velocity anisotropy parameter is much more than what
is required to envelope the results from WDM simulations that has a
relatively small effect on the results.

Near the Galactic Centre, the simulations quickly deteriorate due
to insufficient particle statistics. Nevertheless, there is a theoretical
motivation as to why the prior should approach zero towards the
centre, i.e. why the inner region is expected to be isotropic. From
a theoretical point of view, tangential anisotropy is unusual. Dark
matter haloes form from roughly cold collapse initial conditions
in any reasonable cosmology. This means that they start out as
an extended, low density, nearly homogeneous Lagrangian region
prior to collapse, with initial relative velocities much smaller than
their final relative velocities after virialization. In this situation,
particles collapse nearly radially, generating angular momentum only
through weak tidal torques or through the radial orbit instability. The
process of virialization leads to isotropy in the centre, but further out
relaxation is incomplete and the halo becomes frozen in a pseudo-
equilibrium state. This all leads us to expect approximate isotropy in
the centre and radial anisotropy further out.

As mentioned before, we have performed a run with a wider prior
on Bam (a factor of 5-10 times wider near the centre of the dwarf
and ~1.5 times wider at larger radii). We found, as expected, that
the inferred phase-space density mostly changed at small radii, with
the central value changing little. This indicates that the modelling
is consistent across the different possible choices for Bgn. As a
result, we found no significant change in the central values of our
constraints, while the 1o and 2o errors increased by at most a factor
of 1.2 and 1.6, respectively. This shows that our choice for the prior
in Fig. 2 results in robust constraints, with well-controlled errors.

3 HOW TO OBTAIN PHASE-SPACE BOUNDS ON
THE DARK MATTER MASS

In this section, we will explain the methodology, assumptions, and
theoretical considerations that allow us to place a bound on the
dark matter mass. The first bound we consider is based on the
Pauli exclusion principle, and is independent of both the baryonic
physics within the galaxy and the primordial production mechanism,
considering only the existence of a self-gravitating halo.

To go further, we must consider more carefully the principles
governing the evolution of the primordial distribution function. In
particular, we use the fact that for a collisionless, dissipationless
system, Liouville’s theorem tells us that the maximum value of the
phase-space distribution cannot increase. In practice, this means that
we must consider a specific production scenario, such as that of a
thermal particle, or (non-)resonant sterile neutrino generation.

This is not the end of the story, however, in order to set a bound
using Liouville’s theorem, we need to somehow probe the final state
of the distribution function within the dwarf galaxy. This is where
the improved Jeans analysis described above plays a crucial role.
There are various degrees to which we can try to utilize this analysis
to improve our estimate of the final observed phase-space density.
We present two methods to make such an estimate, one based on
maximal coarse graining and the other using information about the
velocity dispersion of dark matter inside the dwarfs.

SWe thank Mark Lovell and Andrew Robertson for providing us with Bam
profiles from AQUARIUS WDM simulations.
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3.1 Bounds from Pauli’s principle

This bound is based on Pauli’s exclusion principle and considers a
self-gravitating object that fully consists of a degenerate Fermi gas.®
The fermions fill up the available states and have a characteristic
(Fermi) velocity that is solely determined by the mass and number
density of the particles. Such a bound object can only exist if the
Fermi velocity does not exceed the escape velocity. A constraint
obtained in this way is independent of any primordial production
mechanism and does not require any information on the subsequent
evolution of the particles. Assuming a fermionic particle with g
internal degrees of freedom inside a halo with mass density p(r), the
Fermi velocity vg is given by

5 1/3
VR(r) = (M> . 7

Next, by considering how much work needs to be done to move a
particle from a radius r inside the halo to infinity, we find the escape
velocity to be

sy [ S 2GM(< rmp)\
UESC(r) = 87TG F p(y)y dy + - *
r 0

rmax
®)

In deriving this expression, we have assumed a cut-off scale
Fmax 1N the density profile, with M (<ry.x) denoting the total mass
contained within this radius. In this work, ry,.x represents the outer
radius at which the Jeans modelling is performed and is typically
around 500 kpc, well beyond the virial radius of the dwarf galaxies
considered.” The bound can then be obtained by imposing the
following condition:

©))

672p(r)\ "
gvcsc(r)3> '

UF(r) = Uesc(r) > Mdeg = (

This sets a robust lower bound on the dark matter mass. It is worth
noting that the derivation of the escape velocity assumes that the
halo is spherical. This is investigated quantitatively in appendix A
of Boyarsky et al. (2009a), and is shown to change the results by at
most ~ 10 per cent for these systems.

3.2 Bounds from Liouville’s theorem

Constraints obtained via the previous method can be further strength-
ened by using Liouville’s theorem. For a collisionless and dissipa-
tionless particle species, this theorem states that the time evolu-
tion of the fine-grained distribution function of a particle follows
a Hamiltonian flow. In particular, this means that its maximum
cannot increase throughout the cosmological evolution (Binney &
Tremaine 2008). Hence, Liouville’s theorem is a useful tool to
connect the primordial phase-space density to the one observed
today.

In principle, there are two parts to consider: the primordial
phase-space density and the one observed in the dwarf. There is a
complication in that we do not observe the fine-grained phase-space

Note that this work considers the dark matter to constitute a single-particle
species. The assumption of multicomponent dark matter may relax the bounds
obtained here (Davoudiasl, Denton & McGady 2020).

"We choose the radius of 500 kpc to be as robust as possible, and fully
consistent with the Jeans modelling. Even if we had used the tidal radius of
O(1) kpe, the bounds would have improved by only a factor of ~1.5.
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density at late times. We can only estimate a coarse-grained phase-
space density F*  which is an average quantity and thus none

coarse?
the less satisfies F/® < Fl Acknowledging this, we can derive

coarse — * fine *
a bound on the dark matter mass by writing Liouville’s theorem in
the following form:®
Fegrse = Fine < Fine = m" frax. (10)

coarse — fine

where the first inequality is as a result of the explicit coarse graining,
and the second is the application of Liouville’s theorem. Here, fiax
denotes the maximum of the primordial distribution function.

Given that we are interested in strengthening the currently existing
phase-space bounds on the fermionic dark matter mass, equation (10)
provides the following three ways to achieve this (and of which in
this work we will exploit the first and third options):

(1) An improved coarse graining — Since the phase-space density
is inversely proportional to the volume in velocity space, a more
accurate determination of the velocity dispersion at late times within
the halo will increase the observed, coarse-grained phase-space
density F!*° and thus make the bounds stronger.

(ii) Explicit tracking of the distribution function evolution — While
Liouville’s theorem states that the maximum of the primordial
phase-space density cannot increase, it could be possible that Fiie
actually decreases due to some dynamical effects, such as mixing
induced by merger events or randomization of bulk motions (see
e.g. Peirani, Durier & De Freitas Pacheco 2006; Piattella et al.
2013, and references therein). N-body simulations of fermionic dark
matter that track the evolution of the phase-space density have shown
that typically this is indeed the case (Shao et al. 2013). However,
since this prediction is not completely quantitative as of yet, we
use the maximally allowed theoretical value for fi,,x in order to be
conservative.

(iii) Better determination of the primordial distribution —
Fermionic particles obey Pauli’s principle, which imposes a stringent
upper limit on the maximum of their distribution function. This
provides the most conservative case for any given fermionic species.
Different production scenarios, however, can cause this maximum
to deviate from this number and therefore strengthen the bounds.
In our work, we use the best possible determination of Fin. " from
either theoretical considerations or simulations. In the event that it
is not possible to accurately do this, one can always fall back to the
Pauli principle. This is particularly relevant in deriving our bounds
on resonantly produced sterile neutrinos in Section 4.2, where further
discussion can be found.

3.3 The observed coarse-grained phase-space density

At the simplest level, the breaking of the f-degeneracy in the Jeans
analysis allows us to far better constrain the dark matter density
profile p(r) in the inner, most dense, regions of the dwarf. Indeed,
as we will see later on, it is in this region that the observed phase-
space density is highest. Now, we will describe two methods to
obtain a coarse-grained phase-space density: (i) based on maximal
coarse graining and (ii) based on coarse graining with physically

8Here, we denote the phase-space density by F and the distribution function
by f. For a non-relativistic particle, they are related via F = m®, since f =
dn/d3p = d(p/m)/d>(mv) = (1/m*)F.
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motivated assumptions about the velocity distribution of the dark
matter.

3.3.1 Maximal coarse graining — if you only know p(r)

Consider the case that one only has access to the density profile
of the dwarf galaxy p(r). Then one can be sure that the magnitude
of the velocity of the dark matter particles is less than the escape
velocity ves.. We generalize the approach in Boyarsky et al. (2009a)
to take advantage of the full density profile p(r), as opposed to just
the total enclosed mass at the half-light radius. To do so, we consider
a phase-space volume that consists of a spherical shell at radius r and
a velocity volume given by

I'(r)= gﬁvesc(rf- an

The coarse-grained phase-space density is then

p(r)y — 3p(r)
T(r) 4 vese(r)®”

Fu(r) = (12)
We call this type of coarse graining maximal coarse graining, as it
covers the entirety of the velocity phase-space volume in which the
particles reside. Using equation (10), we see that an application of
Liouville’s theorem allows us to set a bound via:

3p(r)

) = g o S

m* froax. 13)

A bound obtained in this way is the most conservative, as it does not
make any assumptions regarding the velocity distribution of the dark
matter particles. In particular, this does not require any knowledge
about the velocity anisotropy parameter fgy-

3.3.2 Gaussian coarse graining — using the velocity dispersion

We can improve this estimate of the maximal coarse-grained phase-
space density by considering the dynamics of the dark matter within
the halo. In particular, if we solve the Jeans equation for the dark
matter with a suitable prior on the B4, profile (see Section 2.3),
we can derive the radial and tangential velocity dispersions of the
particles.

If we combine this with an assumption about the form of the
dark matter velocity distribution, we do not need to coarse grain
the velocity phase-space volume. Instead, we can analytically find
the maximum phase-space density and significantly improve our
previous estimate. A commonly used choice for the velocity distri-
bution of dark matter inside a virialized halo is that of a multivariate
Gaussian. Such a distribution provides a reasonable description of the
dynamics as motivated by N-body simulations (Vogelsberger et al.
2009). Denoting the radial and tangential velocity dispersions as o,
and o, respectively, the coarse-grained phase-space density is given
by

— o(r) L[ v vdz,

For,v)= ———exp|—=| S +-5+—= ]|, 14
oV = et P [ 2\o? o o (1

where v = (v, vg, Vy) is the velocity vector. We call this procedure

Gaussian coarse graining to distinguish it from the approach in the
previous section. It can easily be seen that the maximum of this

MNRAS 501, 1188-1201 (2021)
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Figure 3. Comparison between the coarse-grained phase-space densities
Fu(r) and F2*(r) for the dwarf galaxy Leo II. These are computed as
explained in equations (12) and (15), respectively. The solid/dashed line
refers to the average value of the quantity while the darker and lighter shaded
regions are the 68 per cent and 95 per cent CL regions, respectively. The value
12 refers to the 3D projected half-light radius of the galaxy.

distribution occurs when v, = vy = vy = 0, which reads:’

max p(r)

F6 () = ooty (1

In a similar fashion to the case of maximal coarse graining, this
expression can again be used in equation (10) to obtain lower bounds
on the dark matter mass via:

max p(r)

T _ 4
Fg (r)= A oo < m” fmax- (16)

There is a slight caveat in using this expression to derive a bound, in
that for certain masses equation (15) can exceed the maximum phase-
space density allowed by the Pauli principle. We account for this
potential issue by imposing the phase-space density of a degenerate
gas as an upper bound on the inferred phase-space density.

Fig. 3 shows the coarse-grained phase-space densities using the
two different methods discussed above. In Section 5, we will present
bounds on the dark matter mass using both the maximal and Gaussian
coarse-graining methods.

°It is worth noting here that it has been common in the literature to use
the expression Q = p/(3*203) as an estimator of the coarse-grained phase-
space density in Liouville’s theorem. We emphasize that this is not a correct
procedure, as Liouville’s theorem explicitly states that the maximum of the
distribution function cannot increase, not its average. Moreover, a number of
works, e.g. Boyarsky et al. (2009a); Shao et al. (2013), have pointed out that
while this quantity has the correct dimensions, it is a significant overestimate
of the true phase-space density. Indeed, we see from equation (15) that the
value of Q is about 3 times larger. The intuition behind this is that the
expression Q = p/(3¥2¢3) does not take into account the fact that a large
proportion of the dark matter particles will have a velocity larger than v/3a,
leading to an overestimate. With this in mind, we follow the approach in
equation (15) to derive the bounds in this work.

MNRAS 501, 1188-1201 (2021)

4 BENCHMARK PARTICLE PHYSICS MODELS

As discussed in the previous section, and as is evident from equa-
tion (10), in order to set bounds on the dark matter mass, we need
to find the maximum value of the primordial distribution function
of a fermionic dark matter particle. Clearly, this depends on the
production mechanism of the species and as such we examine a
number of benchmark models here.

4.1 Relativistically decoupled thermal fermions

Assuming that the halo consists of a relativistically decoupled
thermal relic, the primordial distribution function is

8 1 N FD 8

(27-[)3 m fmzlx = (]7)

FD, \ _
fp) = 2027)3’

where Ty is the decoupling temperature and g is the number of
internal degrees of freedom. We note that ffP is independent of
T4ec and fermion mass mpp. Thus, we can place model-independent
bounds on mgp provided that the halo is formed entirely out of
species described by equation (17) in the early Universe.'® Within
a cosmological setting, such a particle does not represent the most
realistic dark matter candidate. As we will see later on, however, this
benchmark scenario will be useful when deriving bounds for other

models.

4.2 Sterile neutrinos

Sterile neutrinos are right-handed companions to the Standard Model
active neutrinos and have recently seen increasing interest as a dark
matter candidate (see e.g. Drewes et al. 2017; Boyarsky et al. 2019
for reviews on this topic). Fuelled by the discovery of an as-of-yet
unidentified emission line in the X-ray spectrum of galaxies and
galaxy clusters (Boyarsky et al. 2014; Bulbul et al. 2014), ongoing
efforts have been made to constrain its parameter space in the keV
region from an experimental (Mertens et al. 2015), astrophysical, as
well as a cosmological perspective (Boyarsky et al. 2009b; Boyarsky,
lakubovskyi & Ruchayskiy 2012).

Phase-space constraints on keV sterile neutrinos have been derived
before in e.g. Gorbunov, Khmelnitsky & Rubakov (2008), Boyarsky
et al. (2009a), Horiuchi et al. (2014), Wang et al. (2017) and,
together with those from UV luminosity function (Menci et al. 2016,
2017), Milky Way satellite counts (Cherry & Horiuchi 2017), and
Ly a observations (Garzilli et al. 2019b), have been found to be
complementary to those from X-ray limits (Boyarsky et al. 2019).
Each of the bounds mentioned above have a number of astrophysical
uncertainties associated with them. It is therefore important to
provide robust lower limits so as to tighten the constraints in this
region of parameter space.

As we emphasized before, in order to derive a bound, we must also
consider their cosmological production. In this work, only minimal
models that involve sterile neutrinos are considered. We cover two of
the most prominent ones in detail: (i) non-resonant and (ii) resonant
production. Moreover, we also discuss alternative production modes
of sterile neutrinos, such as through the decay of scalar particles in
the early Universe.

19Note that requiring this particle to represent the dark matter of the Universe
will yield a relationship between its temperature today and its mass.
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4.2.1 Non-resonant production

Sterile neutrinos can be produced via oscillations with active neutrino
species in the early Universe. In the absence of a primordial
lepton asymmetry, this proceeds via the well-known Dodelson—
Widrow mechanism (Dodelson & Widrow 1994) and is typically
termed non-resonant production. In this same reference it has been
shown that at low temperatures, the non-resonant sterile neutrino
distribution is roughly proportional to that of the active neutrino.
This has been further established by a comparison between the
thermal-like approach and that obtained by solving a Boltzmann
equation (e.g. Abazajian 2006). For masses relevant to this work, an
agreement within ~20 per cent was found in the low momentum
region where the maximum of the distribution is attained.!' As
such, we follow Boyarsky et al. (2009a), where we assume that the
primordial sterile neutrino distribution is approximately thermal'?
with a normalization constant A/ which ensures that the particle
constitutes the entirety of the dark matter. The maximum of the
distribution is thus

fNRP(p) _ gN 1 "NRP __ 93 eV @dm
Quy erlfe +1 ™ T T 20

where g, = 0.12 (Aghanim et al. 2018).

(18)

4.2.2 Resonant production

In the presence of a primordial lepton asymmetry, the production of
sterile neutrinos proceeds through an MSW-like effect. In this case,
the lepton asymmetry in the Standard Model neutrino sector gets
transferred to the sterile neutrino sector and leads to resonant peaks
in their distribution function. This is also known as the Shi—Fuller
mechanism (Shi & Fuller 1999).

The existence of such resonance peaks means that the exact shape
of the sterile distribution function in this mechanism can be computed
only numerically. Currently there are two codes available that are able
to do this: STERILE-DM (Venumadhav et al. 2016) and RESONANCE-
DM'? (Ghiglieri & Laine 2015). The two codes have different regions
of validity in the (m;, sin226) parameter space due to the different
assumptions that are made in the numerical implementations. In what
follows, we define the primordial lepton asymmetry as

Ny, — Ny, + Ry — Nyt

Le = 10° , (19)
N

H1n terms of bounds on the mass of the sterile neutrino, this will induce an
error of ~ 6 per cent, which is subdominant compared to those from the Jeans
analysis.

12We have tried to use the public codes STERILE-DM (Venumadhav et al. 2016)
and RESONANCE-DM (Ghiglieri & Laine 2015) to validate this assumption,
but found that both codes are not able to give reliable estimates for the
maximum of the distribution function (which occurs at low momenta) in this
configuration. However, both codes are able to reproduce the correct relic
abundance and distribution function for non-resonant sterile neutrinos at the
higher momentum range (p/T 2 0.1).

13Note that this code defines the sterile neutrino as a Dirac particle with
distribution f* = (f; + f;)/2, where f; and f; denote the true distributions
of the sterile neutrino and its charge conjugate. The helicity term f~ =
(fs — f5)/2 is not included in the equation of motion for f+ (Ghiglieri &
Laine 2015). However, as long as f* (and thus f~ as |f~| < f") are both much
smaller than the Fermi-Dirac distribution /P, the contribution of £~ to the
equation of motion for £ remains small (Ghiglieri & Laine 2019, 2020). This
means that for relatively small mixing angles and large lepton asymmetries
(when fgp > fs > f;) the sterile neutrino distribution can be obtained via f;
~ 2f". We have confirmed this also by directly comparing with STERILE-DM,
which outputs fi'

Fermionic DM and dSph galaxies 1195

where 7; is the number density of particle species i and s is the entropy
density of the Universe. Any asymmetries in the other flavours are
set equal to zero. Since STERILE-DM only operates with a lepton
asymmetry in the muon flavour sector, we made this choice to easily
compare between the two codes.'*

We have found that with the following procedure, we can obtain
robust bounds on the sterile neutrino mass:

(i) Large mixing angles — At large mixing angles (sin226 ~ 10~°
— 1077), the lepton asymmetry required to obtain the correct relic
abundance is relatively small (Lg << 100 at beginning of production).
Importantly, in this regime the sterile neutrino distribution function
approaches that of a Fermi-Dirac distribution f;(p) ~ fP(p) at low
momenta. The code RESONANCE-DM breaks down in this regime, as
it implicitly assumes that the sterile distribution is much smaller than
the Fermi—Dirac distribution. As such, we cannot use it to model
the behaviour in this area of parameter space. None the less, we can
conservatively estimate that the maximum of the distribution does not
exceed that of a Fermi-Dirac distribution, fR° < ¢/(2(27)*). This
is because the sterile neutrinos typically try to equilibrate with the
active neutrinos, which follow a thermal distribution at temperatures
of around 100 MeV. At large masses m, 2 3 keV we have explicitly
confirmed this with STERILE-DM.

(ii) Intermediate mixing angles — With the restriction that the
sterile neutrinos constitute the entirety of the dark matter, the lepton
asymmetry in this regime of mixing angles (sin 226 ~ 10712 — 1079)
is considerably larger (100 < Lg < 2500 initially). For masses of a
few keV and mixing angles in this range, STERILE-DM consistently
underproduces the sterile neutrino dark matter. The reason for this
behaviour is unknown. Within this regime, however, RESONANCE-
DM is able to return the correct relic abundance. Moreover, we
have explicitly checked that the required assumptions regarding
the hierarchy of distribution functions (f™ > f, > f,) hold in
this regime. As such, we can use RESONANCE-DM to compute the
distribution functions and derive the most up-to-date bounds on this
region of parameter space.'®

(iii) Small mixing angles — At very small mixing angles (sin 226
< 107'2), a large primordial lepton asymmetry is required (Ls >
2500) in order to reproduce the correct relic abundance of the dark
matter. Such large primordial lepton asymmetries are disfavoured by
successful BBN that requires L¢(T ~ 1 MeV) < 2500 at 95 per cent
CL. This value for the lepton asymmetry was obtained using the
relations in Pitrou et al. (2018) and corresponds to an error in
the primordial helium abundance of ~4.5 per cent, which is a
conservative estimate based on a comparison of the studies in Izotov,

14 At temperatures relevant for the production of sterile neutrino dark matter,
T ~ O(100) MeV, electrons are relativistic and therefore abundant in the
plasma, while the abundance of charged tau leptons is heavily suppressed.
As such, we expect that in the case of electron mixing our results will not
change significantly. On the other hand, for the tau mixing scenario, the
majority of the lepton asymmetry at 7 ~ 100 MeV will be in the tau neutrino
sector (Venumadhav et al. 2016), which could strongly enhance the production
of sterile neutrino dark matter for a fixed value of Lg. This may weaken both
the BBN and phase-space bounds shown in Fig. 5.

5There is a final technicality that the code does not output the distribution at
momentum p = 0, where we expect the maximum to be. However, we have
computed the abundance of those dark matter particles with momenta below
the lowest momentum point given by the code (p ~ 0.003 MeV) and found
that they only contribute a tiny fraction (~10~7) to the total abundance.
Therefore, this approach is valid under the assumption that there are no
processes that can significantly increase the abundance of low-momentum
(p < 0.003 MeV) dark matter particles.

MNRAS 501, 1188-1201 (2021)
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Thuan & Guseva (2014), Aver, Olive & Skillman (2015), Peimbert,
Peimbert & Luridiana (2016), Fernandez et al. (2018), Valerdi et al.
(2019) and takes into account potential systematic errors in the
primordial helium determination. Note that using a smaller error in
the helium abundance will not change the BBN bound significantly,
as the lepton asymmetry quickly decreases with increasing mixing
angle. Therefore, sterile neutrino dark matter with these small mixing
angles is disfavoured by this consideration. In addition, one should
note that the codes STERILE-DM and RESONANCE-DM expand the
equations of motion to leading order in the chemical potential, and
thus fail in this regime. Therefore, we do not model these regions
of parameter space, although we are able to extend the bound from
larger mixing angles vertically downwards to obtain a conservative
constraint (as the maximum of the distribution continues to decrease
with smaller mixing angles). Of course, this region is also covered
by the independent bound from BBN.

4.2.3 Alternative production scenarios

The most studied production mechanisms of keV-scale sterile
neutrinos in the early Universe are scatterings and oscillations
(both non-resonant and resonant) with active neutrinos. There are,
however, several other possibilities for sterile neutrino dark matter
production. A sample of alternative possibilities are: sterile neutrino
production from the decays of heavier particles, including singlet
scalars (Kusenko 2006; Shaposhnikov & Tkachev 2006; Konig,
Merle & Totzauer 2016), Dirac fermions (Asaka, Shaposhnikov
& Kusenko 2006; Abada, Arcadi & Lucente 2014) or charged
scalars (Frigerio & Yaguna 2015), and sterile neutrino production
assisted by neutrinophilic scalars (De Gouvéa et al. 2020) or
gauge bosons (Nemevsek, Senjanovic & Zhang 2012). Importantly,
regardless of the production mechanism, the very same procedure to
set bounds on the sterile neutrino mass described in Section 3 applies.
Although itis beyond the scope of this paper to set constraints on each
of these production mechanisms, we note that our procedure typically
yields a bound ms = O(1)keV for sterile neutrinos produced via
these alternative mechanisms. As an illustrative example of how to
use our derived bounds, one can consider the recent model of De
Gouvaa et al. (2020). Taking the benchmark scenario denoted as B
in that reference, the maximum of the distributionis f& ~2 x 1073
form; = 7.1 keV. From our Fig. 4 we can therefore see that this point
is unconstrained by our method. On the other hand, lower masses
will be constrained by our approach.

5 RESULTS

This section is devoted to the application of the tools developed
in Section 3 on the benchmark models discussed in Section 4.
Throughout the text, we report phase-space bounds on the fermionic
dark matter mass based on data from Leo II, where the strongest
constraints are found. We summarize the bounds'® for the other
dwarfs in Fig. 6. All results are shown for fermions with g = 2
degrees of freedom.

5.1 Bounds from Pauli’s principle
The density and escape velocity profiles for Leo II (see also Sec-

tion 2), are plugged in equation (9) to obtain the most robust, model-
independent phase-space constraint. The strength of the bound

16 A full set of tabulated bounds can be found on the GitHub page.
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Figure 4. Bounds on the maximum of the primordial distribution function
of fermionic dark matter fmax as a function of its mass. The purple and
blue curves are the coarse-grained phase-space densities obtained through
maximal and Gaussian coarse graining, respectively (see Section 3.3 for
details). This bound is based on equation (10), where a mass range is
excluded if fiax is below the solid/dashed line. The benchmark models from
Section 4 are added here as illustration (e.g. equation 17 for a relativistically
decoupled thermal particle), but the solid purple and dashed blue curves can
be used for any fermionic dark matter model to infer phase-space constraints
on its parameter space.

Table 1. Phase-space bounds on the fermionic dark matter mass (in keV)
for the benchmark models considered in this work using data from the Leo
IT dwarf galaxy. These constraints are based on Liouville’s theorem (‘Max.
coarse-gr’ from equation 13 and ‘Gauss. coarse-gr’ from equation 16).

Model Max. coarse-gr. Gauss. coarse-gr.

lo 20 lo 20
Thermal FD 0327013 032703 092103 092703
NRP sterile 125708 1.25751e 5021398 5027575
RP sterile See Fig. 5

depends on the distance from the centre, where we find that it
becomes stronger towards the centre of the dwarf. Hence, we report
it at this innermost region. We find that the mass of the fermionic
dark matter should satisfy:

027703 keV  (lo)
Meg = . (20)
0277039 keV  (20)

5.2 Bounds from Liouville’s theorem

We start by computing the coarse-grained phase-space densities
in equations (12) and (15). Next, we apply the conditions in
equations (13) and (16) to obtain the constraints for the benchmark
models considered here. We summarize the results in Table 1.

In addition, equations (13) and (16) allow us to directly set
constraints on the maximum of the primordial distribution function
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Figure 5. Bounds on resonantly produced sterile neutrinos. The blue,
hatched area is the phase-space constraint based on Gaussian coarse graining.
The dark blue line indicates the central value of the bound, below which
masses are excluded (as indicated by the arrow). The dark (light) blue regions
are the 10 (£20) confidence intervals. The purple region represents the
BBN constraint on the primordial lepton asymmetry, see Section 4.2.2 for
details. The black line depicts where sterile neutrinos are non-resonantly
created and above which the dark matter is overproduced. Complementary
constraints from X-ray observations (Boyarsky et al. 2019) and indicative
sensitivity of the Lyman « forest method (Baur et al. 2017) are also included,
see Section 5.2 for comments. The orange star with error bars denotes the
sterile neutrino interpretation of the tentative signal recently observed in
X-ray data (Boyarsky et al. 2014).

Jfmax> regardless of which model for the fermionic dark matter
is considered. Therefore, by mapping the bound on f.x to the
parameters of a specific particle physics model, phase-space bounds
can be readily obtained. The bound on fi,,x as a function of the dark
matter mass is shown in Fig. 4, where data from Leo II are used.

Finally, we report phase-space bounds on resonantly produced
sterile neutrinos in Fig. 5. These bounds are obtained using the
method described in Section 4.2.2. Note that the phase-space con-
straints in this figure are based on Gaussian coarse graining, while for
maximal coarse graining they are a factor ~2.8 weaker. Our results
are also put in a wider context by including complementary bounds
from BBN (Section 4.2.2) and X-ray and Lyman « studies.

We would like to stress here that, although the Lyman o method
is potentially more powerful in constraining resonantly produced
sterile neutrinos than the phase-space one described here, it is also
much more indirect and subject to very hard-to-control physical
uncertainties. In particular, a major uncertainty is the thermal history
of hydrogen, which could affect Lyman « absorption spectra in at
least two different ways: (i) by the Doppler widening of the lines that
destroys correlations at small scales, and (ii) by pressure effects that
physically prevent hydrogen from following dark matter at small
scales. For some thermal histories, these effects can explain the
small-scale cut-off observed in the Lyman o forest power spectrum
at redshifts 4.5 < z < 5.5. For other histories, the data become
inconsistent with ACDM and requires, for example, that the dark
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matter be warm (see Garzilli, Boyarsky & Ruchayskiy 2017). This
makes high-resolution data to some extent inconclusive and the
bound that can be derived from such data quite weak (Garzilli et al.
2019a). Experiments such as SDSS/BOSS probe the power spectrum
at larger scales, where no such cut-off is observed. In this case, the
high statistics of sources available in these surveys leads to statistical
error bars that are quite small, and hence, the formal sensitivity of
the method is rather high. On the other hand, it is unclear to what
extent the predictions for the power spectrum at these scales are
sensitive to the unknowns in the thermal history and whether the
subsequent physical/systematic uncertainties are at the same level as
the statistical ones. Arguably, this is not the case yet, and ensures
that although the Lyman @ method is potentially very constraining,
it is significantly less robust and conservative than the phase-space
approach described here.

5.3 Comparison with previous studies

A number of studies in the literature have obtained phase-space
bounds on fermionic dark matter. These include Dalcanton & Hogan
(2001), Di Paolo et al. (2018), Savchenko & Rudakovskyi (2019),
where constraints on degenerate and/or relativistically decoupled
thermal fermionic dark matter particles were obtained. Other works,
e.g. Gorbunov et al. (2008), Horiuchi et al. (2014), Wang et al.
(2017), have applied phase-space considerations to sterile neutrino
dark matter.

In this section, our main comparison is done with Boyarsky et al.
(2009a), as we follow a somewhat similar methodology. None the
less, we will note throughout the text that some of our conclusions
also apply to the methods utilized in the other references. For
convenience, we split the comparison with Boyarsky et al. (2009a)
into a discussion around the calculation of the fine- and coarse-
grained phase-space densities, followed by a comment on the way
the bounds are subsequently obtained.

5.3.1 Fine-grained phase-space density

We consider the same benchmark particle physics models as Bo-
yarsky et al. (2009a). The main difference lies in the prediction
of the maximum phase-space distribution of resonantly produced
sterile neutrinos. This reference uses distribution functions that are
obtained with a code based on the work in Laine & Shaposhnikov
(2008). There are two factors to consider here: first, their distribution
functions stop at a momentum p ~ 0.03 MeV, while ours extend
down to p ~ 0.003MeV. This roughly introduces a factor of 2
difference in the value of fi,.x, since the distribution function is still
increasing in this momentum range. Secondly, as with RESONANCE-
DM, the distributions they used are defined as f = %( fy + fo),notf.
For lepton asymmetries L 2 10, this becomes f; ~ % fs, introducing
an additional factor of 2. Boyarsky et al. (2009a) did not account for
this multiplicative factor when they obtained f;. We have confirmed
this by directly comparing their distributions with those obtained
in RESONANCE-DM. Together, these differences result in a factor ~4
decrease of their f;,,x compared to ours and thus a factor 44 ~ 1.4
overestimation in their mass bounds.

Other references that considered resonant sterile neutrinos either
used STERILE-DM (Wang et al. 2017), which we found to be not
valid at low masses (see discussion in Section 4.2.2), or again used
a rough version of the results from Laine & Shaposhnikov (2008;
see Gorbunov et al. 2008).

MNRAS 501, 1188-1201 (2021)

220Z YoJe|\ Z0 uo Jesn ualasH qooer Aq $5Z8665/881 L/L/1L0S/3o1e/seluw/wod dno-olwapeoe//:sdiy wolj papeojumoc



1198  J. Alvey et al.

5.3.2 Coarse-grained phase-space density

The study in Boyarsky et al. (2009a) assumed an isothermal distribu-
tion of stars and a constant dark matter density within the half-light
radius of each dwarf. Moreover, the velocity distribution of the dark
matter was taken to be isotropic, such that its escape velocity is given
by vese = +/60,, where ., is the velocity dispersion of the stars. The
latter quantity was then obtained from several studies available in the
literature. As a result, the phase-space density only depends on o,
and the half-light radius.

Our work builds upon the above approach in two ways. First, an
improved Jeans analysis is utilized to obtain the density profile of the
dark matter at radii smaller than the half-light radius. In particular,
the GRAVSPHERE code simultaneously fits both surface density and
velocity dispersion profiles, using photometric and stellar kinematic
data detailed in Read et al. (2019). Secondly, another Jeans equation
is solved for the dark matter itself to obtain the velocity dispersion.
This allows us to relax the assumption that o4, = o, by imposing
a prior on By, that is motivated by N-body simulations and physical
intuition (see Section 2.3). In this way, a more accurate determination
of the dark matter phase-space density inside dwarf galaxies can be
obtained, as described in Section 3.

The main bounds reported in Boyarsky et al. (2009a) are obtained
with Leo IV, which is not included in our set of dwarf galaxies.
Therefore, as a concrete example, we compare our results for the
galaxy Leo II. If we consider the maximal coarse-grained phase-
space density evaluated at the half-light radius, then we find that
the value obtained in our analysis is a factor ~10 smaller than in
this reference. The reason behind this is that their escape velocity
(Vese = \/60*) is about a factor ~2 smaller than ours (as computed
in equation 8). Since the phase-space density goes as Fy o< v>, this
accounts for the difference. If instead we calculate the maximal
coarse-grained phase-space density at the innermost radius, this
difference reduces to a factor that is ~1. This indicates that their
assumptions regarding the dark matter density profile inside dwarf
galaxies are somewhat at odds with the results of a higher order Jeans
analysis.

Some of the other references, e.g. Gorbunov et al. (2008), follow
a similar approach to Boyarsky et al. (2009a), while others esti-
mate the dark matter velocity dispersion either by doing N-body
simulations (Horiuchi et al. 2014), including a scaling parameter 7,
= 04m/0 suars (Dalcanton & Hogan 2001) or calculating an average
quantity from a given profile/distribution function (Wang et al. 2017;
Di Paolo et al. 2018).

5.3.3 Obtaining bounds

In obtaining the phase-space bounds with Liouville’s theorem, the
authors of Boyarsky et al. (2009a) estimated the phase-space density
for Leo IV using maximal coarse graining. In this work, we used
both maximal and Gaussian coarse graining, the latter leading to
stronger bounds. At this point, it is worth noting the following: in
this work, Gaussian coarse graining results in a factor ~10 larger
phase-space density than the one used in Boyarsky et al. (2009a)
to obtain their reported bounds. On the other hand, this increase is
partially compensated for by the factor ~4 decrease in the maximum
of the distribution function for resonantly produced sterile neutrinos
(discussed in Section 5.3.1). The net result of this is that their bounds
(using maximal coarse graining) and our bounds (using Gaussian
coarse graining) are roughly similar.

Another important point of comparison is the way the bounds
for resonantly produced sterile neutrinos are obtained. In Boyarsky
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et al. (2009a), a vertical line in the (s, sin226)-plane is drawn at
m, = 1keV, independent of the mixing angle. For intermediate and
small values of sin 226, this is a conservative bound, as the maximum
of the distribution function decreases with smaller mixing angles. In
Fig. 5, we see that properly accounting for this effect, causes the
bounds to extend to higher masses at those mixing angles. For larger
mixing angles, however, we find that the maximum of the distribution
function approaches that of a Fermi—Dirac distribution. As such, we
would expect that the bounds weaken in this range of mixing angles.
The absence of this feature is likely a result of the fact that this
reference used distribution functions that do not go to low enough
momenta. In addition, as we discuss extensively in Section 4.2.2,
the numerical modelling of the distribution function in this region of
parameter space is very challenging. With the current codes that are
available, we have suggested that the only conservative option in this
regime is to take the bound to be mg > mpp.

6 CONCLUSIONS

In this work, we have improved and refined the lower bounds on
the mass of fermionic dark matter from phase-space considerations.
This was mainly achieved via a more detailed Jeans analysis that
took advantage of higher order moments of the velocity distribution,
giving a significantly more constrained determination of the dark
matter density profile in dwarf spheroidal galaxies. The very large
phase-space density at the centre of these galaxies then allows us
to put competitive constraints on both generic fermions, as well
as specific fermionic dark matter candidates. Importantly, these
are complementary to bounds from other probes, such as those
from X-ray observations, which contain a very different set of
astrophysical uncertainties.

In Section 2, we gave a review of the Jeans analysis, together
with a summary of our approach to find the dark matter density
and velocity dispersion at small radii. Section 3 then laid out the
method used to set phase-space bounds on fermionic dark matter
from Pauli’s principle and by using Liouville’s theorem. In Section 4,
we applied this formalism to a set of benchmark models, ranging
from generic relativistically decoupled thermal fermions to sterile
neutrinos produced through various production mechanisms. Finally,
in Section 5 we presented our results and a comparison with previous
studies. The constraints obtained in this work are summarized in
equation (20), Table 1, and Figs 4, 5, and 6. Our main conclusions
are:

(1) Using the Pauli exclusion principle, our phase-space analysis
yields a bound of: mge, > 0.2770 3 keV at 68 percent CL and
Myeg > 0.27703%keV at 95 percent CL. This constraint is the most
robust, since it is independent of the fermionic particle physics model
considered and the evolution of its distribution function. It also does
not rely on the modelling of baryonic physics in the dwarf galaxies.

(i1) Under the assumption that baryonic feedback does not increase
the maximum of the distribution function, Liouville’s theorem can
further improve these bounds. We considered two approaches:
maximal and Gaussian coarse graining. For a range of benchmark
models, including non-resonantly produced sterile neutrinos, we set
alower bound on the mass of the fermionic particle of O(1) keV (see
Table 1).

(iii) An extensive analysis regarding the maximum of the dis-
tribution function for resonantly produced sterile neutrinos has
allowed us to place the most robust phase-space bounds on these
particles. We also updated the complementary bound from big bang
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Figure 6. Bounds on the mass of fermionic dark matter for the full set of dwarfs considered in this work. These are computed using the Pauli exclusion principle
(left) and Liouville’s theorem for relativistically decoupled thermal fermions (middle) and non-resonantly produced sterile neutrinos (right). The lo and 2o
constraints are represented by the darker and lighter colours, respectively. The dark vertical line inside the 1o constraint is the central value. For each dwarf, the
bounds above the dotted lines are obtained using maximal coarse graining, while those below are obtained using Gaussian coarse graining.

nucleosynthesis. The results are summarized in Fig. 5, where we
compare them to other relevant astrophysical bounds.

In summary, the phase-space approach described in this work
results in robust lower bounds on the mass of fermionic dark matter
particles, with well-controlled errors and ranges of validity. This
makes this method a valuable complement to other astrophysical
probes.

We also provide an outlook as to how the bounds may be
further improved in the future. First, a better understanding of the
evolution from a primordial distribution to the late-time state (e.g. the
possible decrease of its maximum due to dynamical effects during
virialization, see e.g. Shao et al. 2013) would allow one to make
stronger statements regarding the inequality in equation (10) than
from Liouville’s theorem. Secondly, for a given model, without a
robust modelling of the primordial distribution function, one has to
resort to the most conservative estimation of its maximum. As such,
a more rigorous derivation of the primordial phase-space density in
such scenarios will naturally strengthen the bounds presented here.
Finally, we proposed a novel way of estimating the observed phase-
space density by accessing information about the velocity dispersion
of the dark matter. As we have mentioned previously, it is expected
that the dark matter within dwarf galaxies with a low virial mass can
potentially have relatively small velocity dispersions and large central
densities. As such, a further improved modelling of the velocity—
space distribution function can add more weight to the assumptions
made in this work.
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