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Constraining ultralight bosons in dwarf spheroidal galaxies with a radially
varying anisotropy
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Axions, and axionlike particles, have come back into fashion in the last decades as a possible solution to
the galactic-scale crisis suffered by the cold dark matter model. In the framework of the wave dark matter
model, we have carried out a Jeans analysis on eight dwarf spheroidal galaxies that are orbiting around the
Milky Way, and we have constrained the boson mass. Differently to a previous analysis, we adopted an
anisotropy parameter that varies with the distance from the center of the galaxy to assess whether this
assumption would help to resolve, or at least alleviate, the well-known tension with the value of the boson
mass favored by the cosmological analysis. Our results indicate that, differently to what happens in
ultrafaint dwarf galaxies, such a tension cannot be lifted introducing a variable anisotropy parameter,
leaving as a possible solution the existence of additional axion or axionlike particles with higher masses as

naturally predicted in the axiverse.
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I. INTRODUCTION

Although the cold dark matter (CDM) model success-
fully describes the cosmological evolution of the Universe,
it faces unrelieved challenges on the scales of galaxies.
These issues are mainly related to the dark matter distri-
bution in the innermost regions of the galactic halos. For
instance, dwarf galaxies seem to prefer a cored dark matter
mass density profile in contrast to the cuspy profile
predicted by N-body simulation in the CDM context [1].
This is the well-known cusp-core problem which, to some
extent, can be alleviated by the baryonic feedback [2].
However, morphological features related to tidal disruption
of ultradiffuse dwarf galaxies in the Fornax Cluster have
been recently shown to be incompatible with expectations
from CDM at M* < 107?M, where baryonic feedback
would not play any role [3]. Additionally, the dynamical
friction of the dark matter halo should slow down the
galactic bars as predicted from cosmological simulations.
However, observed galaxies pointed out 12.6¢ tension with
the simulated ratio of bar length to the radius of corotation
with the bar pattern speed [4]. Both issues could be
alleviated if the central dark matter mass density was
reduced with respect to the one predicted in the CDM
model. One alternative that could provide such a mass
density profile is given by ultralight particles.

Firstly introduced by [5—7], ultralight bosons with masses
ranging from 107>* to 10~'7 eV have come back into fashion
in the last decades to overcome the galactic-scale issues
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pointed out in the context of CDM [2,8-15]. The most
promising candidates are axions or axionlike particles
naturally produced in the string theory landscape [8,16].
In this model, which is usually referred to as fuzzy, wave, or
dark matter (DM), when self-interaction is not taken into
account, the only free parameter is the mass of the particle
(m,,). However, there is still no unanimous agreement on its
fiducial value. Indeed, there exists a strong tension between
the boson mass of the order of 10722 eV preferred by galactic
kinematics, and the boson mass of the order of 10720 eV
preferred by the cosmological evolution of the matter in
the Universe (for a comprehensive review we refer to
[11,14,17-20]).

More in detail, a boson mass m,, ~ 1072* eV allows us to
explain in a single framework several observations on the
galactic scale. In [21], the excess in the central velocity
dispersion of stars residing in the bulge of the Milky Way can
be explained with the presence of a dark solitonic core of mass
~10° M, originated by the gravitational collapse of ultralight
bosons having a mass m,, = (0.9£0.06) x 107**eV. In [22],
the Jeans analysis carried out on eight dwarf spheroidal
(dSph) galaxies orbiting the Milky Way, allowed to fit the
velocity dispersion profiles with a common boson mass of
m, = 1.797033 x 10722 eV at the 95% of the confidence
interval. The large size galaxy with slowly moving stars,
namely Antlia II, is also explained with a boson mass of
m,, = 0.817031 x 10722 eV at the 68% of confidence inter-
val [23]. Finally, a boson mass of m,, = 2.1713 x 10722 eV
can account for the relatively flat velocity dispersion profile of
“Dragon Fly 44” [24,25], though alternative explanations
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relying on modified Newtonian dynamics and modified
gravity may also account for the observed line-of-sight
velocity dispersion profile with mass-to-light ratio in agree-
ment with stellar population synthesis models [26]. Although
probes relying on the kinematics of stars in galaxies seem to
favor a boson mass of m, ~1072? eV, some analyses
question those results. For instance, wave DM with a boson
mass of m,, =2.5138 x 102! eV might explain the observed
rotation curve of Milky Way but it would introduce a ~5¢
tensions with the previous results on dwarf galaxies [27].
Additionally, explaining the density profile of ultrafaint dwarf
galaxies would require a boson mass of >1072! eV [28]
which, however, should be ruled out by the density profile of
the classical dwarves. Even on the scale of galaxies, there is
no unanimous agreement between different datasets and
methodologies. On the other hand, the comoving cumulative
stellar mass density of massive galaxiesat7 < z < 11, which
have been measured in the James Webb Space Telescope
(JWST) early data release, would require, to be explained in
the CDM model, high star formation efficiency that, in turn,
would increase the number of ionizing photons generating
tension with cosmic microwave background and measure-
ments of cosmic reionization history. This would be partially
avoided in the wave DM scenario with a boson mass m,, ~
10722 eV [29].

On a much smaller scale, relying on the observations of the
supermassive black hole in M87 made by the Event Horizon
Telescope collaboration [30], analysis modeling the super-
radiance instability gives two allowed regions for the boson
mass: m,, < 2.9 x 10722 eVandm,, 2 4.6 x 1072 eV [31],
excluding a narrow range of masses while still leaving
untouched much of the parameter space. More recently,
astrometric and spectroscopic observations of S2 star orbit-
ing the supermassive black hole at the center of the
Milky Way have been used to set an upper limit on the
boson mass equal to m,, = 3.2 x 10719 eV at 95% confi-
dence interval [32,33]. Those results can easily agree with
the constraints on both the galactic and cosmological
scales.

Cosmological analyses can constrain the value of the
boson mass in a wide range from 107>* to 107!7 eV.
Analysis using the observations of the cosmic microwave
background and large-scale structure are not very sensitive
to the value of the boson mass which, indeed, must be
>1072* eV [34,35]. Nevertheless, analyses that use the
Lyman-a forest data got a much better constraint setting
the lower limit to the boson mass to m,, > 2 x 1072% eV at
the 95% of the confidence interval [36]. While those results
are in strong tension with the aforementioned results on the
galactic scale, interestingly, another recent result obtained
carrying out a Jeans analysis of ultrafaint galaxies that
employs a variable anisotropy parameter seems also to favor
a boson mass heavier than x1072! bringing galactic and
cosmological observations into agreement. Indeed, in such a

model, the kinematic of the star in galaxies would require
a boson mass of m,, = 1.1783 x 10717 eV to fit the veloc-
ity dispersion profile of the ultrafaint dwarf galaxy
Segue 1 [37].

Recently, high-resolution N-body simulations that have
been used to predict the dynamical heating of dwarf
galaxies in a wave DM halo with a boson mass
m,, =8 x 1072? eV, also have shown that the sizes of
the dwarf galaxies and their central velocity dispersion
increase over time, and their velocity distribution becomes
radially anisotropic in the outskirts favoring, in fact, a
variable anisotropy parameter also in dwarf galaxies [38].
Then, our main objective is to investigate whether adopting
a variable anisotropy parameter in the Jeans analysis of
dSph galaxies can help to at least alleviate, if not resolve,
the tension between this dataset and cosmological ones. In
Sec. II, we give the details of the theoretical model used to
fit the velocity dispersion profiles of the dSph galaxies.
Then, in Sec. III, we move to summarize the statistical
methodology and the dataset used to constrain the model.
Finally, in Secs. IV and V, we expose our results and the
conclusions, respectively.

II. MODELING THE VELOCITY
DISPERSION PROFILE

A. The Jeans equation

The kinematic of stars in dwarf galaxies is driven by the
gravitational potential well of the DM halo, being the latter
the primary mass component, while their velocity dispersion
canreliably be predicted from the visible mass [39,40]. dSph
galaxies can be modeled as spherically symmetric self-
gravitating systems in dynamical equilibrium, supported by
the velocity dispersion, through the spherically symmetric
Jeans equation [41-44]

AN B0 MO

dr r r

In the above equation, v, (r) is the number density profile
of the tracing stellar population, and o,.(r) is the radial
component of the velocity dispersion. The velocity
anisotropy parameter #(r) can be defined as

piry=1-20 @

where o,(r) is the tangential component of the velocity
dispersion. Usually, the velocity anisotropy parameter is
taken as constant with # < 0 (# > 0) indicating a tangen-
tially (radially) biased velocity distribution, and f = 0 an
isotropic velocity distribution. Nevertheless, it depends on
the radius by definition and, hereafter, we will retain the
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radial dependence to test its impact on the constraints of the
boson mass. Finally, M(r) is the enclosed mass of the DM
halo. The general solution to Eq. (1) is

u(r)e, = F(r) 7F s)

ds, (3)

where

pmen( [220a).
0

Nevertheless, such a solution must be projected along the
line of sight to fit the model to the data. The projection is
achieved as follows:

v(r)o,r

where R is the projected radius, X(R) is the stellar surface
density, and o7, (R) is line-of-sight velocity dispersion.

01205 (R)

B. The stellar number density profile

To trace the stellar surface density of dSph galaxies, we
follow [45] and adopt a Plummer profile:

IR) = L(xr) ™ [1 + R/R)™. (6)

Here L and r;, represent the total luminosity in a given

observational band and the radius enclosing half of the total

luminosity, respectively. The assumption of a constant

mass-to-light ratio allows us to derive the three-dimen-

sional density profile from Eq. (6) through the Abel
transform as

v(r) = 3Ly (4zry) 1 + /13|72 (7)

Finally, we adopt the luminosity in the V band (Ly), and

the half-light radius (r;,) from the observations in [45] that
are also reported, for the sake of completeness, in Table 1.

C. The wave dark matter halo

Ultralight bosons without self-interaction have been
the subject of a deep investigation as an alternative
candidate to cold dark matter. Pioneering N-body simu-
lations in this context brought to light the existence of a
solitonic stationary core in each virialized halo, which is the
ground-state solution of the coupled Schréedinger-Poisson
equations. The solitonic core is well fitted by the following
formula [9,46]

TABLE 1. Observational properties of the eight dSph galaxies
analyzed in this work. The first column lists the names of the
galaxies. The second and third columns report the total V-band
luminosity and the half-light radius, respectively.

Galaxy log 10(1%) ry (pe)

Carina 5.57 £0.20 273 £ 45
Draco 5.45 +0.08 244 +£9

Fornax 731 £0.12 792 4+ 58
Leo I 6.74 +0.12 208 +29
Leo II 5.87 +£0.12 219 +£52
Sculptor 6.36 = 0.20 311 46
Sextans 5.64 +£0.20 748 £ 66
Ursa Minor 5.45+£0.20 398 + 44

— m -2 re -
putr)~ 195 (1538 7) ()
r\2]-8
X [1 +9.1 x 1072 <—> ] Mgpc™. (8)
re

Here a is the cosmological scale factor, and r, is the radius
of the solitonic core whose size scales as a power of the
halo mass [46], and is inversely proportional to the mass of
the boson m,,, hence, lower mass implies a larger solitonic
core radius. Nevertheless, following [22], we will treat r,. as
an independent free parameter.

Such a solitonic core is surrounded by a wavelike
interference pattern modulated on the de Broglie scale
[9]. Such a modulation reflects on the amplitude of the
Compton frequency oscillation of the bosonic scalar field
whose direct detection could be achieved with the future-
generation radio telescopes (e.g., Square Kilometer Array)
[47-49]. Surprisingly, the azimuthal average of such an
extended halo region follows the Navarro-Frank-White
(NFW) density profile [1,9] and, hence, the total DM
density profile of the whole halo may be written as follows:

if r<r,

psol(x)
if r>r,~ ©)

pom(r) = {

Po .
I T
(1455

Here, the transition radius r, from one regime to the other is
set to 3r. on the basis of the N-body simulations [9], p, is
set to match the inner (solitonic) and outer (NFW-like)
profiles at r,, and finally r, is the scale radius.

D. The radial-dependent anisotropy parameter

Recent numerical simulations [38] of the dynamical
heating of dwarf galaxies embedded in a wave DM halo
have shown that the initial isotropic velocity distribution
becomes radially anisotropic over time following an
Osipkov-Merritt model [50,51]. Additionally, a Jeans
analysis that incorporates an anisotropy parameter variable
with the distance from the center of the galaxy, is capable of
both correctly predicting the velocity dispersion profiles of
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FIG. 1. The figure depicts the VADS, OM, and gOM models in the left, middle, and right panels, respectively. The values of the

parameters chosen to draw the models are listed in the legend in each panel.

ultrafaint dwarves, and relieving the tension with cosmo-
logical analysis [37]. However, a similar analysis with dSph
galaxies is missing, and it is interesting to investigate the
impact of a variable velocity anisotropy distribution on the
constrained boson mass.

To our aims, we consider three possible scenarios:
velocity anisotropy-density slope (hereafter VADS) relation
model [52-54]; the Osipkov-Merritt (hereafter OM) model
[50,51], and the generalization of the Osipkov-Merritt
(hereafter gOM) model [55]:

B 1 r dp(r)
2
OM model ﬂ(r) = m, (11)
2
gOM model ﬁ(”)zﬁ()‘i‘(ﬂoo—ﬂo)ma (12)

where r, and ry are the so-called anisotropy radius.

In Fig. 1, we depicted the trend of the VADS, OM, and
gOM models in the left, middle, and right panels, respec-
tively. In the left panel, the VADS model reflects the results
of N-body simulations that identify a universal relation
between the slope of the mass density profile of the halo, and
the velocity anisotropy distribution. It depends explicitly
only on the core radius of the wave DM halo, and it always
tends to a more radially anisotropic velocity distribution. In
the middle panel, it is shown the OM model whose velocity
distribution is built to be almost radial (e.g., o, > o,) for
r > r, and nearly isotropic (e.g., 6, ~ o,) for r < r,, which
is rather expected since self-gravitating stellar systems have
isotropic and radially anisotropic velocity distributions in
the innermost and outermost regions of the galaxy, respec-
tively. Finally, in the right panel, it is shown the gOM model
that aims to describe velocity distributions with a variable
anisotropy parameter ranging from a f; in the innermost
regions to i, in the outermost regions, without a priori
limitations on their values [38,56].

III. DATA AND METHODOLOGY

We solve the Jeans equation in (1) adopting the wave
DM halo to predict the theoretical velocity dispersion
profile and, then, we computed the projected velocity
dispersion profile along the line of sight [0}y (7)] as
shown in Eq. (5). Finally, we use the measured line-of-
sight velocity dispersion profiles [0}y qps(7)] of eight
dSph galaxies, and their observational uncertainties
[AG10s.0bs (7)1, to constrain the wave DM halo parameters
and the parameters associated with the specific model of the
velocity distribution.

To carry out our analysis, we employ an Monte Carlo
Markov Chain (MCMC) algorithm to explore the parameter
space 0. Specifically, we use the EMCEE Python package [57].
Then, on all the free parameters, we set uniform prior
distributions as reported in Table II.

Then, we run a total number of chains at least two times
larger than the number of dimensions of the parameter
spaces, and we let them run until the convergence is
reached. Two conditions must be satisfied by the chains
to ensure the convergence: the first one is that the length of
each chain must be 100 times longer than the autocorre-
lation time and, the second one is that the autocorrelation
time must change by less than 1% between two consecutive
checks (for more details we refer to Sec. 3 of [58]). Finally,
the log-likelihood distribution is computed as follows:

Olos,th (0’ Rt) — Olos,obs (R,) 2
AO'los,obs <Rl)

—21n £(f|data) « Z{ (13)

i

TABLE II. Prior distributions of the model parameters.
Parameter Prior Parameter Prior
logjo(5) U(-24,17) Bo U(-10,1)
kpe U(0.3) Beo U(-10,1)
krﬁc U(0,10)
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The kinematic data 6y, o Of the eight dSph galaxies were
obtained with the Michigan/MIKE Fiber Spectrograph in the
case of Carina, Fornax, Sculptor, and Sextans [45,59-62],
and with the Hectochelle fiber spectrograph at the MMT in
the case of Draco, Leo I, Leo II, and Ursa Minor [63].
Additionally, for each galaxy, the values of the luminosity in
the V band, and the half-light radius are taken from [45].

In the case of the dSph galaxies, the transition scale, r,,
from the solitonic to the NFW-like regime, is much larger

than the half-light radius making that all the observed stars
(used in the analysis) reside within the soliton. Therefore, for
the sake of simplicity, we will model the wave DM halo only
using the solitonic core. It has been shown in [22] that, even
in the cases where this approximation could fail, accounting
in the analysis for the outer region of the DM halo neither
improves nor changes the final constraints on the boson
mass. Therefore, the parameter space of the DM halo only

comprises the boson mass m,, and the core radius r.

TABLEIII.  The median and the 68% confidence interval of our posterior analysis for all the parameters. Regarding the boson mass m,,

(fourth row) we also derived averaged values (and its 68% confidence interval) on all the galaxies and for each model of the anisotropy
parameter taken into account. We report such averaged values below the main table.

Galax model r. (kpc) log,g m r, (kpc) o
y c p 210 W a p 0
VADS model 0.407003 —21.454+0.07 e
Carina OM model 0.43%004 -21.53%935 157508
2OM model 0.471813 -21.59191¢ 545130 0.3210)8 -4.33371
VADS model 0.68700% —21.99 £ 0.04 .
Draco OM model 0.5230 0 —-21.8%317 1.87£0.74
2OM model 058701 -21.937919 5231316 0547921 —4.85138
VADS model 0.65200; —21.75 +0.02 e
Fornax OM model 0.731072 -21.887 058 153508 o
gOM model 0.580% —21.77:058 6.087%3 0.07531 -3.04137
VADS model 0.407005 —-21.6210%
Leo I OM model 0.437939 —-21.707512 1307548 oo o
2OM model 0.4270: 1 -21.697028 5.601372 0.36:0% —4.20738
VADS model 0.1810% 2109407
Leo I OM model 0.191930 2118108 0.90753) “e S
2OM model 0.237939 213179038 555730 0.60102 4215372
VADS model 0.4310% 2164100
Sculptor OM model 0.487016 —21.7610 43 0911527 - -
gOM model 0.4129¢¢ —21.65 +0.10 536137 0.14%013 —4.42130
VADS model 0.53008 -21.39102% fee
Sextans OM model 0.657979 -21.591918 1.67708
2OM model 0.254020 —21.177019 533150 ~0.85197 —4.337366
VADS model 0.391007 -21.561913 -
UMi OM model 0.45008 -21.697058 1.61£0.94 > e
gOM model 0.35:01% -21.5570% 5.18733] -0.12:903 —-4.391370
VADS model 1.63 £+ 0.05 VADS model o
(m,,) (1072 eV) OM model 1.30 £ 0.18 (r,) (kpc) OM model 1.71 £0.32
gOM model 1.81£0.21 gOM model 530+ 1.12
VADS model 0.50 +0.01 VADS model
(re) (kpc) OM model 0.59 +0.05 (Bo) OM model e
g¢OM model 0.46 £+ 0.04 gOM model 0.12 +£0.08
VADS model
(Beo) OM model -
gOM model —4.46 + 1.33
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—— VADS Model 4
—— OM Model
—— gOM Model

0.6 1

B(r)

. r/[kpc] .

FIG. 2. The figure depicts the radial profiles of the anisotropy
parameter S(r). In blue, red, and green are represented the three
models used in our analysis (i.e., the VADS, OM, and gOM models,
respectively), and with solid lines their median profiles obtained with
the median value of the parameters listed in Table III. Finally, shaded
regions show the 68% confidence interval around the median value.

IV. RESULTS AND DISCUSSIONS

We analyzed the possibility of alleviating the tension on
the value of the boson mass estimated using the kinematic of
stars in dwarf galaxies and using cosmological datasets.
Hence, we reanalyzed the kinematics of stars in dwarf
galaxies using a more complex model than the one used
in [22]; i.e., we took into account an anisotropic velocity
distribution with the parameter f(r) that varies with the
distance from the center of the galaxy. Under this
assumption, which founds its interest in the results obtained
with ultrafaint dwarf galaxies in [37], we predicted the
velocity dispersion along the line of sight using the Eq. (5),
and we fit it to the kinematic data of eight dSph galaxies
employing an MCMC algorithm. Since we adopted three
different models for the $(r) (more information is given in
Sec. I D), the number of free parameters varies depending on
the specific model of (). For the VADS model, we have a
two-dimensional parameter space @ = [m,,, r.]. In the case of
the OM model, we have one more extra parameter
0 = [m,.r.,r,). And, finally, for the gOM model, we have

154 Carina | Draco
S 10 ]
¢ ¢ +
Iy W
> T P '
0 T T r v v T - . -
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.2 0.4 0.6 0.8
15 { Fornax | Leo I
<
S 10 . bty + t +
Pt . t ttt
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.1 0.2 0.3 0.4 0.5 0.6
15
Leo IT
104 _+
S |
; t '+ +
000 005 010 015 020 025 030 00 01 02 03 04 05 06 07
154 Sextans | Ursa Minor
£ 10; 1 ++
3 P YO 1 t T T T
5 + *+§ TETE T ] +
-4 Walker et al. (2009)
0.0 0.1 0.2 0.3 0.4 0.5 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
r (kpc) r (kpc)
FIG. 3. The figure depicts the radial velocity dispersion profile of the eight dwarf galaxies with a (r) given by the VADS model. In

green are the reported data and their error bar, while the blue solid lines represent the median profiles obtained with the averaged median
value of the parameters listed in Table III. Finally, shaded regions show the 68% confidence interval around the median value.
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five free parameters @ = [m,,, 7., 1. By, f)- The outcome of
our analyses for each model and each dSph galaxy, i.e., the
median value of each parameter and its 68% confidence
interval, is reported in Table III.

Although we ensured the convergence of each run of our
MCMC analysis, the scale radius r, in OM and gOM
models is poorly constrained. In fact, for both models, the
whole range of prior values is covered within 99% of the
confidence interval. This is a fairly expected result, mainly
because the observations only cover the innermost part of
the galaxies up to 1 kpc. Nevertheless, if we look at the
radial dependence of the anisotropy parameter constrained
in the three models we found that in all models the velocity
distribution tends to become more radially anisotropic
except for the model gOM. In Fig. 2, we depict the radial
behavior of the anisotropy parameter and we show in blue,
red, and green the VADS, OM, and gOM models, respec-
tively. Solid lines represent the median profile of the
anisotropy parameter obtained using the median values

reported in Table III, and the dashed lines represent the
1 — o confidence intervals. The trend resulting from our
analysis confirms, for the VADS and OM models, the one
that has been recently highlighted in numerical simulations
that solved the Schrodinger-Poisson equation for a boson
with mass 0.8 x 1072 eV [38]. On the contrary, the gOM
model, which was also used to fit the velocity dispersion of
ultra-faint galaxies in [37] and helped to relieve the tension
with cosmological analysis, has a preference for a velocity
distribution more tangentially anisotropic. This also con-
trasts results from numerical simulations of the dynamical
heating in [38]. Nevertheless, it is worth mentioning that a
velocity distribution more radially anisotropic is still
allowed within 68% of the confidence interval.

On the other hand, looking at each galaxy, both the
median values of boson mass m,, and of the solitonic core
radius r.. of all the anisotropic velocity distribution models
agree with each other within 1 — ¢. Interestingly, for each
model, the averaged values over different galaxies of the

151 Carina | Draco
£ 101 ]
5 + . i
T + +
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.2 0.4 0.6 0.8
151 Fornax Leo I
<
S 10 T4} % t . + +
by + + 114 +1¢
00 02 04 06 08 10 12 14 0.0 0.1 0.2 03 04 05 0.6
15
Leo I Sculptor +
< 10 4 b kot
i+ 11+
5 <+ + ¢
0.00 005 010 015 020 025 030 00 01 02 03 04 05 06 07
154 Sextans Ursa Minor
510 $ e + t4 ,_}i._'*-‘———zp—#’—
° 54—+ t e + + 4 4 e —$— LIS T + +
-4 Walker et al. (2009)
0 : : : : : : : : : : : :
0.0 0.1 0.2 0.3 0.4 0.5 0.00 0.05 010 0.15 020 025 0.30 0.35 0.40
r (kpc) r (kpc)

FIG. 4. The same as Fig. 3 but with a §(r) profile given by the OM model. Here the averaged median model and the 68% confidence

interval are depicted in red and pink colors, respectively.
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boson mass and the solitonic core radius cluster around two
values:  (m,,)(1072% = [1.63 £ 0.05;1.30 + 0.18;1.81 &
0.21] eV and (r.)(kpc) =[0.50+0.01;0.59 +0.05;0.46 +
0.04] for VADS, OM, and gOM models, respectively. In
Figs. 3-5, we show the effectiveness of such a median DM
halo to fit the velocity dispersion of the eight dSph galaxies
adopting the VADS, OM, and gOM model, respectively. In
all figures, the green points represent the observed velocity
dispersion data with their statistical uncertainties, while the
solid lines and the shaded regions depict the velocity
dispersion predicted using the averaged values reported
in Table III. The trend of the velocity dispersion is always
very well reproduced, except for the galaxy Leo II where
the average model predicts a lower velocity dispersion in
the first few hundred pc of the galaxy. However, it is rather
expected that the averaged model whose solitonic radius is
roughly two times the half-light radius of Leo II, cannot
correctly predict its inner velocity dispersion. Nevertheless,
it is important to note that, within the 95% confidence

interval, the averaged model would agree with the data of
the velocity dispersion even in the innermost part of the
galaxy. Finally, such results confirm the previous findings
in [22] that one single boson mass of ~107>2 could
effectively explain the kinematics of stars in dSph galaxies.
However, unlike what happens in ultradiffuse galaxies [37],
in our analysis, the preferred value is still ~10722 eV.
Therefore, assuming an anisotropy parameter that varies
with distance from the center of the galaxy neither
eliminates nor reduces the tension between the preferred
value of the boson mass at the galactic and at cosmological
scales.

This result points to different scenarios: (1) the simplify-
ing assumption of spherical symmetry adopted in the
kinematic model of the stars is not adequate since real
dwarfs appear elliptical on the sky [64,65]; and (2) the wave
DM model made of a single not self-interacting boson
cannot correctly describe the observations at all scales.
Hence, this scenario would be ruled out, but this would not
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s . ¢ L s
oe + +
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FIG.5. The same as Fig. 3 but with a (r) profile given by the gOM model. In green, there are reported data and their error bar, while

the magenta solid lines represent the median profiles obtained with the averaged median value of the parameters listed in Table III.
Finally, shaded regions show the 68% confidence interval around the median value.
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be the case for the wave DM model itself. Indeed, there is
still the possibility of the creation, in the primordial
Universe, of more than one ultralight particle with different
masses and, hence, capable of dominating the evolution of
matter on different astrophysical and cosmological scales.

The first scenarios should be explored. However, the
data do not allow us to investigate how the simplifying
assumptions of spherical symmetry, which we have
adopted, can affect our final results. In the future, we plan
to explore this scenario using synthetic proper motion data
mimicking next-generation astrometric missions such as
Theia [66].

The second scenario is more intriguing. In the string
axiverse [16,67-69], the existence of multiple axions or
axionlike particles with a wide mass spectrum is naturally
predicted. The different particles may simultaneously act
like wave DM candidates. In fact, there are already some
studies considering a multicomponent scenario and its
impact on the formation and evolution of the galaxies.
For instance, in [70], a Jeans analysis of four ultrafaint
galaxies, namely Segue I, Carina II, Reticulum II, and
Hydrus I, suggested the possibility of the existence of an
additional axion with mass ~10~2° eV, and of a third axion
with mass >107'% eV. Such a possibility would also agree
with the Jeans analysis of [37] that indicates Segue I is well
described by a boson with mass ~107! eV. Additionally,
in [71], cosmological data such as baryon acoustic oscil-
lation, supernovae, Lyman-a forest, and big bang nucleo-
synthesis have been used to probe the multicomponent
scenario. The results therein suggest a second boson of
mass in agreement with the aforementioned galactic studies
that would not alter the cosmological dynamics which
would be still dominated by the lighter boson.

Finally, our analysis excludes the possibility of alleviating
or removing the existing tension on the favored value of the
boson mass between constraints coming from the kinematics
of galaxies and those coming from cosmological data.
Although, following the analysis with ultrafaint galaxies
in [37], we have considered an anisotropy parameter varying
with the distance from the center of the galaxy, the favored
value of the boson mass is still of the order of ~1072% eV.
Contrary, in ultrafaint galaxies, this assumption favors a
heavier boson with a mass of the order of ~107! eV.
Therefore, if we want to retain the wave DM paradigm,
we can argue that a multiflavored axion component is needed
to resolve the tension on the boson mass.

V. CONCLUSIONS

The wave DM scenario has made a comeback in the last
decades as an alternative to the cold dark matter model. The
need arises from the problems that the latter encounters on a

galactic scale such as the cusp-core problem, the missing
satellite problem, and the too-big-to-fail problem, among
others. The wave DM model can easily and naturally explain
some of these problems. The latter foresees, on the one hand,
the existence of a solitonic core in the innermost part of each
virialized halo and, on the other hand, a cutoff in the matter
power spectrum that would prevent the formation of DM
halos that are too small to form galaxies. However, the wave
DM model is unable to explain both the kinematics of
galaxies and the formation of structures on a cosmological
scale with a single particle. While the former prefers a boson
with a mass of the order of ~10722 eV, the latter prefers one
with a mass of the order of ~1072° eV. Despite the afore-
mentioned difficulties, the comoving cumulative stellar mass
density of massive galaxies at redshift z =8 and z=9
measured by the JWST may be explained within the wave
DM framework with a boson of ~10722 ¢V, However, this
solution encounters difficulties in explaining the same data at
redshift z = 10 [29].

In ultrafaint galaxies, this tension can be alleviated by
modeling the kinematics of stars including a velocity
distribution with an anisotropy parameter that varies with
distance from the center of the galaxy. In our analysis, we
investigated the possibility that this assumption could
alleviate or eliminate the tension existing in the favored
value of the boson mass also in the case of dSph galaxies.
However, our results show that this is not the case and that,
even if we introduce this complication into the kinematic
model, the favored value of the boson mass remains of the
order of ~1072? eV. One may argue that the single flavor
axion scenario would be ruled out, but the multicomponent
scenario that naturally arises in the string axiverse, where
one may have a heavier boson explaining the dynamics of
dwarf galaxies and another boson explaining the cosmo-
logical evolution as recently suggested in [72], is still
possible and must be carefully explored. For instance, on
one hand, its predictive power can be affected by the
existence of degeneracies between the masses of the two
species. On the other hand, several mass ratios are found to
fit data as well as the standard ACDM model with no
significant changes on the CMB power spectrum for scalar
field masses higher than ~1072% eV [71], but serious
departures with respect the matter power spectrum of
CDM can appear if the less massive particle would
dominate the cosmological evolution.
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