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The dark matter distribution in dwarf galaxies holds a wealth of information on the fundamental
properties and interactions of the dark matter particle. In this paper, we study whether ultralight bosonic
dark matter is consistent with the gravitational potential extracted from stellar kinematics. We use velocity
dispersion measurements to constrain models for halo mass and particle mass. The posterior likelihood is
multimodal. Particle masses of order m ~ 10722 eV require halos of mass in excess of ~1010 M, while
particle mass of order m > 10720 eV are favored by halos of mass ~[103-10°]M g, with a similar behavior
to cold dark matter. Regardless of particle mass, the lower halo masses are allowed if stellar dynamics are
influenced by the presence of a central black hole of mass at most ~10~2 the host halo mass. We find no
preference for models that contain a black hole over models that do not contain a black hole. Our main
conclusion is that either the fuzzy dark matter particle mass must be m > 10720 eV, or the Milky Way
dwarfs must be unusually heavy given the expected hierarchical assembly of the Milky Way, or the
Milky Way dwarfs must contain a central black hole. We find no evidence for either of the last two

possibilities and consider them unlikely.
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I. INTRODUCTION

In the past 20 years, Milky Way dwarf galaxies have
provided a wealth of information regarding the nature of
dark matter. As dark matter dominated systems with mass
to light ratios in excess of M/L = 10, and devoid of most
baryonic astrophysical complexities, they are ideal hypoth-
esis testing systems for some of the most fundamental
properties of dark matter. Dwarf galaxies have been used to
place the most robust to-date constraints on the annihilation
[1,2], decay [3-5], and self-interaction cross sections [6]. In
addition, their mere existence places limits on whether the
dark matter particle decoupled while relativistic [7].

The distribution of dark matter in dwarfs is a subject of
debate. Collisionless, cold dark matter gives rise to cusps,
while alternative dark matter models, like self-interacting
dark matter [8,9] and warm dark matter (free streaming
from nonzero velocities at decoupling) [10-12], predict
central profiles that are cored. The formation and dark
matter distribution of these objects through complex
baryonic galaxy formation arguments has been reproduced
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in simulations, and the underlying physics has been at the
forefront of fundamental dark matter study.

The tool of choice in all the aforementioned studies is
reconstructing the gravitational potential using stellar kin-
ematics (e.g., [2,13,14]). Measurements of stellar velocities
along the line of sight of bright red giants allows for the
distribution of dark matter to be reverse engineered [15].
Such measurements are extremely powerful because under a
set of reasonable dynamical assumptions they allow for
robust potential reconstruction with well controlled errors,
especially in the case of classical dwarf galaxies. Attempts to
apply such methods to the faintest objects in the Universe
(ultrafaint dwarf galaxies discovered in the past few years)
carry much larger uncertainties and thus are less con-
straining [3.,4].

In this paper we use stellar kinematics to test the viability
of ultralight bosonic dark matter in dwarf galaxies. Moti-
vations for such dark matter candidates come from GUT-
scale physics, originally introduced through the solution to
the strong CP problem in quantum chromodynamics
[16-18], and subsequently envisioned through cosmology
and large scale structure [19-35]. Qualitatively, such objects
go by the name of “fuzzy dark matter,” a term that denotes a
fundamental characteristic property: the existence of a
coherent quantum state (a Bose-Einstein condensate),

© 2022 American Physical Society
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described by the Schrodinger-Poisson equation and forming
soliton cores instead of cusps [36,37]; for a thorough review
please see Hui et al. [19].

The quantum pressure of fuzzy dark matter arises from
ultralight bosons mass ~107%? eV or scalar field dark
matter with de Broglie wavelength about the size of the
dwarf galaxy stellar component (~1 kpc). The existence of
a soliton core suppresses small scale structure [19,38] (see
[39,40] for additional constraints from Milky Way satel-
lites). Throughout the paper we will be using the terms
fuzzy dark matter and/or axionlike dark matter interchange-
ably to refer to dark matter that forms quantum pressure
supported soliton cores.

We examine the viability of ultralight boson dark matter
in dwarf galaxies using stellar kinematics in six classical
dwarf galaxies: Fornax, Sculptor, Draco, Sextans, Ursa
Minor, and Carina. We choose to use only classical dwarf
galaxies because they contain enough stars and observa-
tions (N, = 500) to provide meaningful constraints on the
dark matter gravitational potential.

The primary goal of this work is to determine whether
ultralight bosonic dark matter is consistent with velocity
dispersion measurements, and if so, what range of parameters
allow such consistency. We find that unless the Milky Way
did not have a typical evolution, the mass of the ultralight
dark matter particle must be at least m > 10720 eV.

The paper is organized as follows: In Sec. II we outline
the reconstruction of the mass distribution using stellar
velocity dispersion measurements (Jeans analysis). In
Sec. III we review a set of dark matter density profiles
that have been proposed in the literature as soliton solutions
to dark matter halos. Section IV summarizes the observa-
tions used in the paper, and in Sec. V we present the results.
We conclude in Sec. VL.

II. STELLAR KINEMATICS
POTENTIAL TRACERS

Line of sight stellar velocity measurements from dwarf
galaxies can be used in the construction of a stellar velocity
dispersion profile (velocity dispersion as a function of
radius from the center of the dwarf). The velocity
dispersion traces the underlying matter density distribution.

The spherical Jeans equation allows for the recon-
struction of the gravitational potential, ®(r) given a
velocity dispersion profile [41],

dd  GM(r)

dr P
1 d Bu(r)u3(r)
_—ma[y(r)u%(r)}—Zf- (1)

Here, f, the orbital anisotropy is a measure of the differ-
ence between tangential and radial dispersions,

2u3(r)

u3(r)

ﬂa(r)El_
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and v(r) is the stellar density profile, with u2(r) the radial
stellar velocity dispersion profile,

The mass enclosed is M(r) defined in the usual way,

M(r) = 4x /0 " 2p(s)ds. 4)

Under the assumption of spherical symmetry and dynami-
cal equilibrium, Eq. (1) has the general solution:

W) = [ st D as o)

where f(r) is

1) =2f(myexp | l’ﬁa<s>s-1ds} (©)

The assumption of dynamic equilibrium is implicit in the
Jeans equation, but unlikely to hold precisely for all of the
Milky Way satellites that we consider. Nevertheless, various
studies have shown that violation of this assumption is
unlikely to have dramatic effects on the inferred dynamical
mass [42-44]. In any case, the dynamical crossing time of a
typical Milky Way dwarf spheroidal is a small fraction of its
orbital period, such that we can expect a state of near
equilibrium to hold over most of the dwarf’s orbit.

If we assume the orbital anisotropy is a constant within a
given system, then the velocity dispersion projected along
the line of sight is

e 2\ u(r) i (r)r
*(R)X(R) = ZA <1 —ﬂa(r)1:—2> ( )2 ( )2 ar, (1)

where R is the projected radial distance from the center and
2(R) is the projected stellar density.

This formulation necessitates the use of a stellar profile.
We assume a Plummer profile [45]

) 1
~ 4zR} (1 + R2/R2)%/?”

v(R) (8)

for which the projected stellar distribution takes the form
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TABLE I. Summary of soliton core models.

Profile Free parameters Assumptions

NFW PasPss Tss 0Py Cold dark matter

Model A L a» Moz, Mg, Caop Halo mass parameter M5, corresponds to both the soliton mass parameter and the NFW
halo mass parameter, transition happens at 37, with a transition to outer NFW.
Total halo mass can be different than M.

Model B Pamay, M, € Transition happens at r, = f(my, M), ...), density continuity peoe(re) = pnrw(7e)-

Model C Bas Mo, Mg Transition happens at 3r., continuous density peoe(37.) = pnrw (37.), and the

second NFW parameter defined by mass conservation.

L 1

0 = R R

©)

We use the Bayesian inference tool MULTINEST [46] as
implemented in the Python package PYMULTINEST [47].
MULTINEST operates by sampling N points from the input
prior space, then discarding the lowest likelihood L point.
It is replaced by a new point with likelihood L; if L; > L,
and the prior volume is reduced. Going from lowest to
highest likelihoods in this way makes it easier to sum up the
likelihood over the prior volume later to compute a model’s
evidence, making this tool well suited to comparing models
for selection.

Following the analysis in Geringer-Sameth et al. [3], this
is implemented with the unbinned Gaussian likelihood
function'

N 2
L:H ! exp [—IW} (10)
i=1V/2m\/8%,; + *(R)) 25, + 0 (R;)

Here, u; is the projected velocity, R; is the projected
position, and 6, ; is the observational error in velocity of
the ith star in the dataset. (u) is the bulk velocity, which is
marginalized over with a flat prior.

III. HALO PROFILES

A key ingredient in using stellar velocities to reconstruct
the dark matter distribution in dwarf galaxies is the
assumed functional form of the dark matter density profile.
In order to explore the viability of ultralight bosonic dark
matter in dwarf galaxies it is necessary to start from a basic
description of the nonlinear evolution of halos. This is a
difficult problem where the only way to obtain such
information is through numerical simulations.

Below we first summarize the distribution of cold dark
matter in halos, namely the Navarro, Frenk and White
generalized profile (NFW hereafter) [48-50]. We then
describe three different prescriptions of the distribution

'For binned analysis and differences between binned and
unbinned analyses see Ref. [4].

of dark matter in fuzzy dark matter halos. All three are
based on an internal structure that contains a quantum
mechanical pressure-supported core. How the core tran-
sitions to the outer NFW-like dark matter distribution are
the subject of these three models. The differences are
summarized in Table I.

A. Cold dark matter distribution—NFW profile

The NFW profile [48] and subsequently its more
generalized form [49,50] are the outcome of N-body dark
matter simulations where initial thermal velocities in the
dark matter are negligible and do not affect the growth of
structure (cold dark matter). The form of the dark matter
distribution is given by a generalized NFW,

Ps

) = Gyt e
where p, and r, are the characteristic density and scale
radius respectively, and {a, 3,7} describe the power law
behavior of the dark matter distribution. The profile has an
inner density profile that goes as ~r77 and an outer
behavior characterized by ~r~. The normalization of such
a profile is specified either by the characteristic density p;
and the scale radius rg, or by the mass of the halo M, =
[ p(r)d®r and its concentration ¢ = R, /r,, where R, is the
radius of the halo.

One has the freedom to choose how to define a halo, for
example whether a halo is defined as a virial overdensity (in
this case A = vir) or a fixed product of A times the mean
matter density of the universe (e.g., A =200). In what
follows, when we refer to the mass of an NFW profile we
will be using A =200, i.e., the NFW profile can be
characterized by M,y and c,gg (0or Rygp).

This functional form of dark matter distribution has been
extensively studied in numerical simulations and has been
applied in studies aimed at reconstructing the gravitational
potential of dark matter halos on many scales, from galaxy
clusters [51] to the Milky Way [52] and dwarf galaxies [3,53].

When implemented in MULTINEST, the generalized NFW
parameters are sampled over flat priors in linear space for
the powers @, f, y and in logarithmic space for the
parameters (1 — ), Myyy/ Mg, and cyp:
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-1 < —logyo(1 = f,) < +1,
logo(5 x 107) < logyo(Mag/Mg) < logio(5 x 10%),

log;9(2) < logg(can0) < log;o(30),
05<a<3,

3<p <10,
0<y<l12.

Note that the original NFW profile has a power law
behavior given by {a,f,y} = {1,3,1}. The priors for
M, have an upper limit at Moy, = 5 x 10° M, because
increasing that limit has minimal effect on the posteriors.

B. Soliton cores

Fuzzy dark matter distribution in collapsed halos is a
highly nonlinear process that necessitates the use of
numerical simulations. The large scale cosmological simu-
lations of [36] found that axionlike dark matter does lead to
the formation of cores that reside in the center of dark
matter halos. The density of such cores at z = 0 (present
epoch) is parametrized as

1.9(10my,) 7 (r/kpe) ™ - _
4 — ¢ 10° Mgy kpe™3, (12
psohton(r) [1 +9.1x 10_2(}"/}"0)2]8 o Kpc ( )

where m,, = m/107% eV is the scaled dark matter particle
mass and r, is the characteristic radius, defined to be the
radius at which density drops to one half of the halo’s peak
value defined as pyjion(r = 0). The functional form of
Eq. (12) is accurate to 2% for 0 < r < 3r, [36].

The soliton core extends out to the characteristic radius,”

M -1/3
rcz15n5;<up?30> kpc. (13)

For the full wave dark matter density profile of Eq. (12), the
numerical simulations of Schive et al. [36], Mocz et al. [37]
show that at ~3r, there is a smooth transition to an NFW-
like profile.

There is however ambiguity in how the NFW profile is
defined in this case ({p;, ry}, or {Magg, ¢200}) and how it
relates to the characteristics of the soliton, namely,
{M5q9, my}) in Egs. (12) and (13). In other words, how
is the inner part of the halo (formed early on) related to the
distribution of matter in the outskirts of the halo?

Previous work proposed different methods on how to
make this transition. In this paper we will examine how

*The original fitting function from [36] was in terms of M.
Here, for consistency throughout the paper we use the relation-
ship between My, and M,; for a matter density of Qy = 0.3
[54] to express Eq. (13) in terms of M.

choices affect the posteriors using stellar kinematics in
dwarf galaxies.

1. Model A

The simplest solitonlike profile is one where the soliton
core transitions to an NFW profile at a radius of ~3r,. [39].
This is an artificially constructed halo with no physical
input other than the characteristics of the soliton core and
the outer functional behavior of the NFW profile. There is
no imposed physical connection between the two.

It is composed of two profiles that are matched to have
equal densities at the transition radius,

Psoliton| r—3 r. — PNFW | r=3r.* (14)

In this model, the free parameters that can define the
NFW profile are the mass M,y, and concentration cyy.
The soliton profile is defined by the same mass M,y and
the mass of the scalar dark matter particle m1,,.

The normalization, M5, and characteristic functional
behavior given by ¢, @, 3,7, of the NFW profile do not
need to correspond to physical halos as long as Eq. (14) is
satisfied. Here, the NFW mass parameter and the mass that
defines the soliton core is the same, but concentration can
vary untethered by the core’s form. The model parameters
are sampled over the following flat priors:

—1 < —logyo(1 - fa) < +1.
logyo(5 x 107) <logg (Ma/Mg) < log;(5 x 10'7),

log;((2) < logjo(ca00) < logyo(120),
—1 <logo(my) < 3.

This model represents the simplest (alas unphysical)
prescription for the dark matter distribution in a dwarf
galaxy.

2. Model B

A different approach for connecting the soliton core to
the outer parts of the halo was proposed in Gonzélez-
Morales et al. [55]. Here, the density of the soliton core is
fixed to the density of the NFW profile at a transition radius
that is governed by a free parameter e. In this definition,

Psoliton _ PNFW =ep (15)
[+ (re/ra)l® (L re/r )2 (re/ry)
where
Fe = rsol(e_l/8 - 1)1/2 (16)

and ry; = r./0.091%3 with r, given by Eq. (13) (note that
the Schive et al. [36] formulation is equivalent to the

063010-4



VIABILITY OF ULTRALIGHT BOSONIC DARK MATTER IN ...

PHYS. REV. D 106, 063010 (2022)

formulation by Gonzalez-Morales et al. [55] and Marsh and
Pop [56]).
The density profile in this model is then

1

[1+(r/rsu]>2]8 r< rs

pem(r) :psol{ (17)

ONFW
Tr/r)2fry 2 e

where

re re )2
rS rS
The free parameters chosen by MULTINEST in this model

are Moy, Crg9, Moo, and €. These parameters are sampled
over the flat priors:

—1 < —logy(1 - p,) < +1,
log;o(5 x 107) < logyg (Ma00/Mo) < logyo(5 x 10'7),

log;9(2) < logg(cano) < log10(120)
log((0.5) < log;o(my, )
-6 < 10g10(€)

Note that for this halo construction it is possible to choose a
halo mass parameter that governs core size but results in a
different total mass when integrating out to 5.

3. Model C

A more physically motivated formulation of the soliton
dark matter profile is proposed by Robles et al. [57]. This
formulation connects the inner core of Eq. (12) to an outer
NFW profile at a transition radius r, = ar., where a is
found to be a ~ 3 (see Schive et al. [36], Mocz et al. [37]):

psol(r> 0
pnew (1)

Prepi (1) = {

<r<r, (19)
o <1 < T

In this model, mass is conserved, and the total mass of a
halo is the sum of the mass in the soliton core and the mass
of the corresponding NFW profile. In other words,

MZOO = Mcore + 4ﬂ/rA pNFW(r,)rlzdrl' (20)

Note that we take @ = 3 as before, although this may
vary with M, as discussed in [57]. One important feature
of this profile is that not every combination of { M, m }
parameters is valid. This reflects the fact that there is a
minimum halo mass set by the core size, which is
determined by m,, (small halos are not allowed to form
because of quantum pressure).

We implement this model in MULTINEST by sampling
over the free parameters with the following flat priors:

—1 < —logo(1 = B,) < +1,
—1 <logo(my) <3
M35 (ma) /Mo <10g10(Mag/Mo) < logy(5 x 10'7),
where  M5i%(my,) is obtained from solving the

following equation for minimum possible M,y for a
given my,,

MBI — My

Ta <1+Z>2(£)2
s Ty

ey (e )|
@)

4xrd

where 7, = ar,., and r, is given by Eq. (13), psiiton 1S given
by Eq. (12), and Mo 1S

rlX
M goliton = /0 psolitond3r7 (22)
all of these functions of My, and m,,.

IV. OBSERVATIONS

For the dwarf galaxies Carina, Fornax, Sculptor and
Sextans we adopt the stellar-kinematic datasets of Walker
et al. [58]. We refer the reader to Walker ef al. [59] for a
detailed description of the target selection, observation,
and data reduction methods. In order to identify stars that
are members of each dwarf galaxy (as opposed to fore-
ground contaminants contributed by the Milky Way), we
adopt the membership probabilities estimated by Walker
et al. [60], which are derived under the simplifying
assumption that the velocity dispersion within each system
is constant with projected galactocentric distance.
Selecting only those stars having membership probability
> 95%, the samples contain 774, 2483, 1365 and 441
probable members of Carina, Fornax, Sculptor and
Sextans, respectively.

For Draco and Ursa Minor, we adopt stellar-kinematic
datasets of Spencer et al. [61], who include catalogs from
multiple literature sources spanning 30 years of observa-
tions. Applying the same simple model for distinguishing
member stars from foreground contaminants, we obtain a
dataset containing 692 probable member stars for Draco
(341 stars which have multiple observations, which are
combined into a single measurement by taking the mean
velocity, weighted by the inverse square of the velocity
error) and 680 for Ursa Minor (284 stars that have multiple
observations).

For all galaxies, we adopt the half-light radii originally
published by Irwin and Hatzidimitriou [62].
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FIG. 1. Velocity dispersion as a function of radius for the six classical Milky Way dwarfs. Black points depict binned velocity

dispersion measurements (with Poisson error bars). Gray and blue bands represent the 68% unbinned velocity dispersion from the
sampled generalized NFW model and the soliton model C posteriors, respectively. The vertical dashed line shows the half-light radius.

V. RESULTS

In Fig. 1 we show an example of fits to the velocity
dispersion data for all six dwarf galaxies. Note that the data
shown in Fig. 1 is binned (for illustration purposes), but the
fits are obtained from the unbinned analysis as described in
Sec. IT). We compare the posterior distributions in velocity
dispersion of the generalized NFW profile with one of the
soliton core profiles, model C [57]. The reason we choose
model C is because it is the most physically motivated
description, and allows a more direct comparison with the
NFW profile as mass is conserved in both cases (the sum of
soliton core mass and the mass distributed as NFW in
model C is the same as the total mass of an NFW-only
profile). The fits show how the data is most restrictive at the
half-light radius, with the outskirts of the halos more
unconstrained as expected.’

Figure 2 shows the main result of this paper. For all dwarf
galaxies we find that data allows two distinct regions in the
M) — m,, parameter space. One requires a low value of m1,,
and high M,,, while the other is the opposite, i.e., high
values of m,, and low M,y The reason is because as halo
mass increases, the size of the soliton core gets smaller as
re~M ;010/ ? and the density is higher as r. ~ M %(3) In other
words, as particle mass increases, quantum effects will
become less pronounced and thus the dark matter distribution
behaves more classically, and more NFW-like.

This behavior may be related to the same degeneracy that
exists between p, and r, when one fits NFW and/or
generalized NFW profiles to dwarf galaxies [63-65].
The origin of such degeneracy is the fact that the Jeans

The other two soliton prescriptions (model A and model B
[55]) have similar behavior in that regard.

equation is most constraining at the Plummer radius [65]. If
all models are then forced to have the same mass interior as
the Plummer radius, then it is possible to have models with
anticorrelated p, and r, being equally good fits to the data.

There are a few ways to understand why these different
regions of the M, — m,, parameter space are allowed by
the data. One way is to consider the concentration in the
distribution of dark matter; a cusped profile will have more
mass concentrated in the center as compared to a cored
profile of the same total mass, so the total mass for a cored
model must increase in order to fit the inner data points.

Another way to understand what drives the fit is to look
at the anisotropy (see Sec. II as to the physical reasoning of
how anisotropy can affect the fit). In Fig. 3 we show the
My, Mo, and anisotropy posteriors for model C (shown as
a colored scatter plot), as well as M,y and anisotropy
posteriors for the NFW model (shown as a histogram). It is
clear that model C soliton posteriors tend to have a higher
log;o(1 — f,) than NFW.* A higher log,o(1 — f3,) means a
more tangentially biased halo with lower velocity
anisotropy, which causes a suppressed velocity dispersion
at low radii. This subtle effect allows models with similar
halo mass but different mass distribution and velocity
dispersion in the inner radii to both be consistent with data.

A notable feature in Fig. 3 is a bimodal effect for model C
posteriors, where in addition to high log;o(1 —f,) there
is a mode with lower log,y(1 —f,). For models with
logo(1 = f,) ~ 0, the velocity dispersion is neither ampli-
fied or suppressed. For models with a negative log;o (1 — 3,),
this corresponds to more radially biased halos (higher f,,),
and an amplified velocity dispersion at low radii [41].

*Models A and B have similar behavior.
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FIG. 2. Halo mass and m,, posteriors for the six Milky Way dwarf galaxies. Pink contours correspond to model A, orange contours
correspond to model B, and blue contours represent model C. The gray histogram represents the halo mass posteriors for a generalized
NFW profile. Note that model B’s contours in Fornax lie directly under model C’s. This illustrates the anticorrelation between m,, and
M qo—high values of m,, require low halo masses, and low values of m,, require high halo masses. This result is due to changes in the

velocity dispersion anisotropy—see the text and Fig. 3 for details.

As shown in Fig. 3, these modes also correspond to low 15,
and high halo mass. As a result, these posteriors fit the
velocity dispersion at low radii well, either because they are
cored profiles with high density or the radial anisotropy is
radially amplified.’

Note that if we restrict the maximum limit in the prior of
the particle mass to logy m,, < 1.5, we find similar results
as in Gonzdlez-Morales et al. [55], namely a degeneracy
between anisotropy and m,, (or core size)—lower m,,
values are preferred when the anisotropy is allowed to be a
varying constant instead of fixed at # = 0. However, when
increasing the maximum allowed particle mass to
log,o my, < 3, higher particle masses (and lower core sizes)
are also allowed when anisotropy is a varying constant.
Therefore, it is not clear that low m,, values are a physical
outcome of the prior in the anisotropy [55], and instead this
effect may be the result of a restrictive prior in m1,,.

>This effect is more pronounced in dwarf galaxies without stars
at very low radii. For example in Draco, the innermost star in the
unbinned data is ~20 pc, as compared to Sculptor with an
innermost star at ~5 pc.

The degeneracy in the m,, — M», plane raises a ques-
tion as to the meaning of halo mass. We can interpret M,
as the mass of the halo in the field and before its interaction
with the Milky Way. In other words, the mass of the halo
today must be less than the mass quoted above. If 1,5, ~ 0,
then all six dwarfs require that the mass of their host dark
matter halo is approximately M,ny ~ 10°°710 M. These
halo masses are large compared to the masses obtained with
NFW fits (see gray histogram in Fig. 2). We already know
that the most massive dwarfs in the Milky Way are the
Large and Small Magellanic Clouds, which means that the
six dwarfs as implied here (1m,, ~ 0) are of order O ~ 107!
the mass of the Large Magellanic Cloud [66].

The question then is whether it is possible for the
Milky Way to host at least six dwarf galaxies with masses
of order O ~ 10! M. We can estimate this probability of a
dwarf galaxy having a mass of order O ~ 10! M by
estimating the probability that such halo was formed at
some time in the past and it is now part of the Milky Way.

Linear perturbation theory allows such an estimate. If a
perturbation crosses a critical overdensity threshold,
Ocollapse ~ 1.680, then the overdensity will virialize and
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Same as Fig. 2 but as a posterior scatter plot in the m,, — M,y parameter space for model C in all six dwarfs. Color

corresponds to the anisotropy parameter. High mass halos that favor m,, ~ 0 are more radially biased compared to lower mass halos that
favor m,, 2 2. The histogram corresponds to the mass posterior of an NFW fit to the data, with color corresponding to the average

velocity anisotropy in each bin of the histogram.

form a halo of mass M at redshift z. The rareness of this
fluctuation is encapsulated in the standard deviation of
fluctuations that contain a mass M at redshift z:

5collapse
_ 23
o(M>)D(z) )

V(M. 2) =
where 6(M) is the variance on scale My, and D(z) is the
growth factor of linear perturbations, defined such that
D(z=0)=1 [67].

The probability that such an object merged with the
Milky Way is then obtained by

P(Magp,2) = 1 — @[u(Mygq, z)] Mo/ Mam, (24)

This formulation accounts for the fact that there are
Myw /Moo distinct halos that could have merged to form
the Milky Way (trials factors). The function ®[v(M g, z)]
is the cumulative distribution function of a standard normal
distribution (with mean 0 and variance 1), and v(M, z)
given by Eq. (23).

If we assume My ~ 10" My and M, ~ 10'° M
then Myrw /Moo =~ 100, therefore the probability of the
Milky Way to have merged with one 10' M object is

P~0.15 [using Q) =0.3, Q, =0.7, and 7 =0.7 in
Eq. (23)]. The probability that all six of the dwarfs we
study here have originated from a 10'° M halo is thus
0.15% = 107°. We therefore conclude that either m,, must
be greater than m,, ~ 1, or that the Milky Way halo is not a
typical 102 M, halo.

There is however one other possibility for halos to be
described with a low m,, and a low M,y That is the
presence of a massive black hole embedded in a soliton
core. The physical mechanism that can lead to such objects
in dwarf galaxies is highly speculative, but nevertheless it
has been considered as a mechanism for generating cored
profiles within standard cold dark matter [68]. Such limits
have been placed in field dwarf galaxies, as in Reines
et al. [69].

Here, we can use the same formalism described in
Secs. I A and IIB3 to ask the question whether a
Milky Way dwarf galaxy with a soliton core can mimic
the velocity dispersion profile of a cusped profile (either
described by an NFW profile or by bosonic dark matter
with an m,, ~ 10 or greater).

We can implement this in the MULTINEST analysis with the
addition of a point mass at the center of each dwarf. In both
cases, the mass of the black hole is sampled over a flat prior:
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Figure 4 shows a comparison of m,,, M5y, and Mpy
posteriors for model C with a central black hole (shown as a
colored scatter plot) to m,, and M, posteriors for model C
without a black hole (shown as colored histograms). What is
observed at low black hole mass are the two distinct m1,5, —
M, regions for low black hole masses. However, as the
black hole mass increases, models with low m,, and high
Mo now prefer halos of lower mass. A halo with a black
hole of order O > 1073 of the halo mass can have a soliton
core with low m1,,. In other words, by adding a central point
mass to a cored profile, it is possible to mimic the effects of a
cusped profile (for a similar result but a different analysis in
Leo 1 see Bustamante-Rosell ez al. [70]).

Given these different models it is illuminating to ask the
question whether one model is preferred over another. This
can be obtained using the log-likelihood ratio, simply the
ratio of the likelihood of one model to the likelihood of
another. MULTINEST is particularly well suited to comparing
models; it works by keeping a set of live points sorted by
their likelihood, and replacing the lowest point only if the
next point drawn has a higher likelihood.

The evidence is the sum of likelihood over the prior
volume, which can be calculated efficiently from the live
points after convergence. In Fig. 5 we show the log

likelihood ratio log (Zx/Zy) where X and Y are the two
models being compared. A log-likelihood ratio of greater
than 10 is generally considered to be good evidence
preferring one model over the other [71], represented as

301 & {x Y}={NFW, Model C}
® {x, Y}={NFW, Model C + BH}
237 {X, Y}={NFW, NFW + BH}
- ® {x Y}={Model C, Model C + BH} +
s ¢
A
L]
= 1.04 i
N l .
=t
= 0.5 l T
00 4 _______ * ______ f ______ T _______ R
—0.5 1 + 7
_1.0 .
For'nax Car'ina Scullptor Sex"cans Dréco Ursa 'Minor
FIG. 5. Model comparison for the six dwarf galaxies shown as

the logarithm of the evidence ratio In(Zy/Zy). Positive values
favor model X, and negative values favor model Y, where X and
Y correspond to different models as shown in the legend. Values
greater than 1, outside of the purple band, are generally
considered good evidence. Note that Draco and Ursa Minor
have the least number of stars in this sample—see the text for
details.
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being outside the shaded purple band. Positive values prefer
model X and negative prefer model Y.

There is no evidence of one model being preferred over
another in most dwarfs, with the exception of Ursa Minor
preferring an NFW to the model C with or without a central
black hole. However, Ursa Minor is the dimmest and most
irregular of the considered galaxies, with the fewest number
of stars, as well as evidence of tidal disruption and so
should not be taken at face value [72,73]. Note also that
even though it is possible to have a central black hole and
reasonably low mass halo with low m,,, the evidence does
not favor the model with a black hole to the model without
a black hole.

VI. CONCLUSION

In this paper we explore the viability of ultralight bosons
as the dark matter in dwarf galaxies. This is motivated by
the large scale properties of the distribution of such dark
matter candidates. The formation of a soliton core (on kpc
scales) due to quantum pressure has been proposed as a
solution to the core/cusp problem in dwarf galaxies [74—
77], and other small scale issues in galaxy formation [38].

We use stellar velocity dispersion measurements in six
classical Milky Way dwarf galaxies, and employ a Jeans
analysis to reconstruct the gravitational potential. The form
of the soliton core is a fit to simulations [36,37] that
depends on the boson mass and the halo mass. In the inner
parts quantum pressure sets a core which smoothly tran-
sitions to an NFW-like profile in the outer parts of the halo.
We consider four different implementations of the core to
NFW-like transition.

We find a multimodal posterior distribution: two distinct
anticorrelated regions of particle mass and halo mass. The
resulting posteriors show that there are two allowed regions
of the parameter space: low particle masses (1., ~ 0) along
with high halo masses (M, ~ 10'°), or high particle
masses (m,, = 2, i.e., cold dark matter—like) with lower
halo masses (M, ~ [108-10°]M ), consistent with [19].
This is understood in the context of the velocity anisotropy
as shown in Fig. 3, which can suppress or supplement the
velocity dispersion to allow for two regions in parameter
space. However taking into consideration the hierarchical
merging history of the Milky Way, it is very improbable for
a Milky Way size halo to have six O ~ 10'© M subhalos
in addition to the Small and Large Magellanic Clouds. Thus
the high mass halos required to have low particle masses
are very unlikely.

An alternate viable option for a soliton core to exist in
dwarf galaxies is if a black hole is present in the center of
the dwarf galaxy. As shown in Fig. 4, it is possible to have
low particle mass with O~ [103-10°]M halos with
the inclusion of a central black hole with mass
Mgy ~ 10721073 My, This is proportionally a massive
black hole in comparison to halo size, especially in the
context of the black hole and host spheroid mass

relationship observed in previous studies (see, e.g., [78]).
Furthermore, no reliable mechanism through galaxy for-
mation or hierarchical structure formation is known to
explain their presence.

Given these models, it is natural then to ask the question
whether any of the models is considered favored by the
data. Figure 5 depicts the evidence, a measure of favor-
ability among any two models. We find that this analysis
and with the current state of data there is no appreciable
difference between an ultralight bosonic dark matter dis-
tribution over cold dark matter, nor does it favor a model
with a central black hole over a model without. This holds
for all of the classical dwarfs considered, with the exception
of Ursa Minor (the most irregular of the considered
galaxies, and the one with the least amount of stellar
velocity dispersion data).

This work is limited by the assumption that anisotropy is
constant for a given system, as opposed to letting it vary
with radius. This assumption can be relaxed in two ways:
first, one can repeat the aforementioned calculation by
allowing anisotropy to vary freely. Alternatively, it may be
possible to obtain tangential velocities in the near future. If
this observational challenge is accomplished then it will be
possible to fully reconstruct the three-dimensional potential
without ambiguities arising from assumptions regarding
tangential velocities. We plan to address both of these
challenging topics in future work.

In summary, we conclude that ultralight bosonic dark
matter of mass m < 10720 eV is extremely unlikely in six
of the classical Milky Way dwarf galaxies, unless the
Milky Way has a very unusual merger history or each dwarf
contains a proportionally massive black hole. In lack of
evidence for both of these requirements, we constrain the
mass of the dark matter particle to be m > 1070 eV.
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