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ABSTRACT

Aims. We use the stellar line-of-sight velocities of Antlia B (Ant B), a faint dwarf galaxy in the NGC 3109 association, to derive
constraints on the fundamental properties of scalar field dark matter (SFDM), which was originally proposed to solve the small-scale
problems faced by cold dark matter models.

Methods. We used the first spectroscopic observations of Ant B, a distant (d ~ 1.35 Mpc) faint dwarf (My = 9.7, M, ~ 8 x10° M),
from MUSE-Faint, a survey of ultra-faint dwarfs conducted using the Multi Unit Spectroscopic Explorer. By measuring the line-of-
sight velocities of stars in the 1’ X 1’ field of view, we identified 127 stars as members of Ant B, which enabled us to model its dark
matter density profile with the Jeans modelling code GRAVSPHERE. We implemented a model for SFDM into GRAVSPHERE and used
this to place constraints on the self-coupling strength of this model.

Results. We find a virial mass of May ~ 1.66*%3) x 10° M and a concentration parameter of cag0 ~ 17.38*5 for Ant B. These results
are consistent with the mass-concentration relations in the literature. We constrain the characteristic length scale of the repulsive
self-interaction Ryg of the SFDM model to Rt < 180 pc (68% confidence level), which translates to a self-coupling strength of
mZL(A < 5.2x 1072 eV~! cm®. The constraint on the characteristic length scale of the repulsive self-interaction is inconsistent with the
value required to match observations of the cores of dwarf galaxies in the Local Group, suggesting that the cored density profiles of

those galaxies are not caused by SFDM.
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1. Introduction

Since dark matter was first proposed as an additional compo-
nent to explain the masses of galaxy clusters (Zwicky 1933)
and the flat observed rotation curves of galaxies (Rubin et al.
1980; Bosma 1981), many more indications for the existence of
dark matter have been found (see Bertone & Hooper 2018 for
an extensive review of the history of dark matter). The presence
of this non-baryonic matter is required to explain the behaviour
of most structures existing in the Universe and the vast major-
ity of cosmological observations favour a cold-dark-matter-plus-
dark-energy scenario (the ACDM model), from sub-galactic
and galactic scales (dwarf galaxies, e.g. Read et al. 2019), to
the scale of galaxy clusters (e.g. Massey et al. 2018 and large-
scale structures, e.g. Springel et al. 2006; Baur et al. 2016), all
the way up to cosmological scales (anisotropies of the cosmic
microwave background, Planck Collaboration XIII 2016). The
ACDM model is even able to explain the offsets between mass

and light in weak lensing systems (e.g. Harvey et al. 2015; see
e.g. Ferreira 2021 for a review).

ACDM has been very successful at predicting and explaining
the large-scale structure of the Universe and its evolution with
time (e.g. Vogelsberger et al. 2014; Schaye et al. 2015), which
has led to it now being considered the standard model of cosmol-
ogy. However, when we look at smaller scales, with length scales
smaller than ~1 Mpc and mass scales smaller than ~10'" M, pure
dark matter structure formation simulations in the standard model
starts to face numerous challenges (Bullock & Boylan-Kolchin
2017). Some of the well-known problems associated with small
scales are: the missing satellites problem (galaxies like the
Milky Way should have significantly more bound dark mat-
ter subhaloes than the number of observed satellite galax-
ies; Klypin etal. 1999; Moore et al. 1999); the too-big-to-fail
(TBTF) problem (dwarf galaxies are expected to be hosted by
haloes that are significantly more massive than is indicated
by the measured galactic velocity; Boylan-Kolchin et al. 2011);
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and the core-cusp problem (the observed cores of many dark-
matter-dominated galaxies are both less dense and less cuspy
than predicted by the pure dark matter N-body simulations
in the standard model; Flores & Primack 1994; Moore 1994)!.
One way to resolve these discrepancies is to posit that we
need a modified gravity model (see e.g. Clifton et al. 2012 for
a review). While these offer an interesting pathway, they face
several observational challenges at all scales (e.g. Clowe et al.
2006; Natarajan & Zhao 2008; Dodelson 2011; Ibata et al. 2011;
Read et al. 2019). In this paper, we therefore choose to focus on
ways to resolve these small-scale challenges within the ACDM
model and its variants.

Three major scenarios have been proposed to solve the small-
scale problems in ACDM. The first one implies that there might
be problems with the data from the observations due to poor
resolution (e.g. de Blok 2010) or misinterpretation of the data
(e.g. Valenzuela et al. 2007; Oman et al. 2015). Another possi-
bility is the lack of modelling of baryonic physics in the simu-
lations. Adding baryons to the simulations can straightforwardly
solve the missing satellite problem by an appropriate mapping
of visible galaxies to dark subhaloes (e.g. Read & Erkal 2019).
However, the core-cusp and TBTF problems are harder as they
seem to imply that baryons need to physically move dark matter
out of the centres of galaxies. Mechanisms have been proposed
to address this, whereby repeated gas inflow-outflow and/or
dynamical friction from dense clumps of gas or stars cause
the gravitational potential to fluctuate over time. This enables
energy to be transferred to dark matter particle orbits, pushing
dark matter out of galaxy centres and making them more cored
(e.g. Navarro et al. 1996a; El-Zant et al. 2001; Nipoti & Binney
2014; Read et al. 2019). The last class of solutions, and per-
haps the most exciting, conjectures that the nature of dark mat-
ter itself is different from the current paradigm. The proposed
alternatives to CDM cover a wide range of particle masses, from
macroscopic objects (e.g. massive compact halo objects; Griest
1991, and primordial black holes; Hawking 1971) to axion-like
particles (Preskill et al. 1983), as well as a wide range of dif-
ferent interactions between the dark matter particles, such as
self-interaction (SI) through scattering (Carlson et al. 1992) or
annihilation (Kaplinghat et al. 2000). Recently, DM models that
involve ultra-light particles that have masses low enough to
exhibit wave-like behaviour on astrophysical scales have been
emerging. The free-field case of these models is called fuzzy
dark matter (FDM; Dine & Fischler 1983; Preskill et al. 1983;
Hu et al. 2000), which, with particle masses of 107>2eV, can
produce solitonic cores ~1kpc in size, and is able to repro-
duce the cores observed in the dwarfs of the Local Group
(Hui et al. 2017). FDM is comprised of ultralight bosons that
form a Bose-Einstein Condensate and is described by a com-
plex scalar field. In this model, structure formation is inhib-
ited below the de Broglie wavelength but behaves similarly to
CDM on larger scales (Hu et al. 2000). Some models of ultra-
light DM include interactions, which vary from single-field with
SIs (Peebles 2000; Rindler-Daller & Shapiro 2012) to multi-
field with non-trivial couplings (Matos et al. 2000; Bettoni et al.
2014; Berezhiani & Khoury 2015). In this paper, we explore
scalar field dark matter (SFDM; Lee & Koh 1996) as a modified
model of ACDM. By modifying the microphysics of the dark
matter, this model, just like FDM, diverges the most from CDM

' Note that the TBTF problem can also be understood as the core-cusp
problem but for satellites. That is to say, the TBTF can be solved if
(some) satellite dwarf galaxies have dark matter cores similar to those
found in isolated dwarfs (see e.g. Read et al. 2006; Read & Erkal 2019).
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on small scales but behaves similarly to it on large scales, pre-
serving the successful framework of the standard model (Li et al.
2014). However, in this case, the interactions between the par-
ticles give rise to a fluid pressure that produces halo cores.
Comparing the rotation curves of the haloes formed in this
cosmology with the ones found in dwarf galaxies in the local
Universe, SFDM-haloes are able to simultaneously address the
TBTF and core-cusp problems when a strong enough repulsive
SI is also present (Dawoodbhoy et al. 2021). A more detailed
explanation of this model is addressed later in this paper. In order
to solve the small-scale problems, Dawoodbhoy et al. (2021)
require a characteristic length scale for the model of >1 kpc.
Lietal. (2014, 2017) constrain this value to <5kpc based on
observations from the CMB temperature anisotropy power spec-
trum. These limits correspond to self-coupling strengths in the
range 1.6 x 10718 < g/m*c* < 4 x 1077 eV~! cm? and require a
particle mass larger than ~(2—10) x 10722 eV ¢~2. Shapiro et al.
(2022), however, find, by using constraints on FDM as a proxy
for SFDM, that the characteristic length scale of SFDM should
be as low as 10 pc. Hartman et al. (2022a) find this value to be
<1kpc. These are, to our knowledge, the only constraints placed
on the SFDM model described by Li et al. (2014).

To understand and solve small-scale challenges to the
ACDM paradigm, we need to study the smallest structures in the
Universe. The most encouraging class of objects for this purpose
is possibly ultra-faint dwarfs (UFDs). These galaxies are defined
with an absolute magnitude of My > —8 and have total luminosi-
ties below those of individual bright red supergiant stars. Their
sizes are intermediate between typical globular clusters and low-
luminosity dwarf spheroidal galaxies (Willman & Strader 2012).
Ultra-faint dwarfs represent the extreme limit of the galaxy for-
mation process: they have the lowest metallicities, oldest ages,
smallest sizes, and smallest stellar masses of all known galax-
ies (Simon 2019). Unlike most of the larger systems, they have
survived to the present day as relics of the early universe. These
objects therefore present us with a unique window into the condi-
tions prevalent at the time when the first galaxies were forming
(see e.g. Bovill & Ricotti 2011; Wheeler et al. 2015). Further-
more, they reside in the smallest dark matter haloes yet found
and have almost negligible baryonic masses, which means that
their dynamical mass-to-light ratios are the highest ever mea-
sured (Simon 2019). Additionally, baryonic feedback should not
significantly influence the dark matter density profiles of UFDs
(Orkney et al. 2021) since they do not have enough stars to
have significant supernovae feedback (Pefiarrubia et al. 2012).
Because of all these arguments, UFDs have attracted a lot of
attention in the last few years. The known number of these
objects has been increasing due to photometric catalogues from
imaging surveys, and most of them are Milky Way satellites.
The density profiles and measured central densities of UFDs
can thus help us to constrain the nature of dark matter and its
properties, making these objects unprecedented laboratories for
understanding the behaviour of dark matter on small scales (see
e.g. Calabrese & Spergel 2016; Errani et al. 2018; Bozek et al.
2018).

However, the faintness of UFDs makes it challenging to
obtain large numbers of stellar line-of-sight velocities and thus
high-precision density profiles. Antlia B (Ant B), a slightly
brighter dwarf galaxy (My = -9.7, M, ~ 8 x 10° M),
promises more data, while at this stellar mass it is still expected
that any star-formation-induced core would be very small
(e.g. Bullock & Boylan-Kolchin 2017; Orkney et al. 2021). This
makes Ant B well suited for testing models of dark matter. We
present here an in-depth analysis of the kinematics of Ant B
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Table 1. Properties of Antlia B.

Parameter Value Source

RA (deg) 147.2337 Sand et al. (2015)
Dec (deg) —25.9900 Sand et al. (2015)
D (Mpc) 1.35+0.06 Hargis et al. (2020)
My (mag) -9.7+0.6 Sand et al. (2015)
h (pc) 273 +29 Sand et al. (2015)

Notes. (RA, Dec) are the coordinates of the centre of the galaxy; D is
the distance; My is the absolute magnitude in the V band; and r, is the
half-light radius.

(Zoutendijk et al. 2021b) from MUSE-Faint (Zoutendijk et al.
2020), a survey of UFDs with the Multi Unit Spectroscopic
Explorer (MUSE; Bacon et al. 2010). With these data, which
cover a wide range of radii, and adopting the Jeans analysis code
GRAVSPHERE (Read & Steger 2017), we are able to derive the
dark matter density profile of Ant B and, ultimately, to place
constraints on the properties of SFDM.

In Sect. 2 we describe the observations (Sect. 2.1), sum-
marise the data reduction (Sect. 2.2), and describe the selection
of the members of our dwarf galaxy, showing the determination
of line-of-sight velocities from the spectra as well as its veloc-
ity distribution (Sect. 2.3). This is followed in Sect. 3 by the
models of dark matter used in this paper (Sect. 3.1), by a brief
description of GRAVSPHERE (Sect. 3.2), the analysis tool used,
and by the priors used for each model (Sect. 3.3). We continue
in Sect. 4 with our results for the constraints on the properties of
the studied dark matter models (Sect. 4.1) and for the recovered
dark matter density profiles (Sect. 4.2). We end with a discus-
sion in Sect. 5 and our conclusions in Sect. 6. In Appendix A we
show the numerical implementation of the SFDM model, pre-
sented in Sect. 3.1. The fitted parameters by GRAVSPHERE are
presented in Appendix B, followed by the relevant plots to dis-
cuss the robustness of the dark matter constraints obtained in
Appendix C.

2. Antlia B

Antlia B was discovered by Sand et al. (2015) as a companion to
NGC 3109 using DECam at Cerro Tololo International Observa-
tory. Deep optical Hubble Space Telescope (HST) images that
followed the ground-based discovery of this dwarf have been
presented by Hargis et al. (2020). The photometric data obtained
in both of these studies provided the measurements of the struc-
tural properties that are adopted in the present paper; these are
listed in Table 1.

Both studies agree that this dwarf has two distinct stellar
populations: an old and metal-poor red giant branch population
(>10 Gyr, [Fe/H] ~ —-2) and a younger, more metal-rich popula-
tion (=#200—400 Myr, [Fe/H] = —1). The theoretical isochrones
for both of these populations are shown by Sand et al. (2015)
and Hargis et al. (2020), and there is no evidence of recent star
formation (<10Myr). The star formation history measured by
Hargis et al. (2020) is compatible with the star formation seen in
dwarf irregular galaxies in the Local Group: there is a constant
growth in mass for the first ~10 Gyr and a rise in star formation
in the last ~2—3 Gyr.

Sand et al. (2015) obtain Ha imaging of Ant B and show
that the non-detection implies the lack of a stellar population
<100 Myr in age.

These studies focus on photometry and do not have spectro-
scopic data, thus the dynamical properties of the stellar popula-
tion have not been characterised. This is rectified by the present
work.

2.1. Observations

Ant B was observed with MUSE (Bacon et al. 2010) on Unit
Telescope 4 of the Very Large Telescope (VLT). MUSE is an
optical wide-field spectrograph that uses the image slicing tech-
nique to cover a field of view of 1’ X 1’ in wide-field mode with a
spatial sampling of 0.2” x 0.2” (Bacon et al. 2017). The moder-
ate spectral resolution (FWMH = [2.4, 3] A), broad wavelength
range ([4650, 9300] A), good stability, and relatively large field
of view permit the efficient acquisition of the spectra of very
faint stars, making MUSE an ideal instrument to study compact
UFDs (Zoutendijk et al. 2020).

The 18 exposures total 4.5h, each one with an exposure
time of 15min, and were taken during the Guaranteed Time
Observing (GTO, ESO ID 100.D-0807) runs between 11 and
15 February 2018 (9 exposures), between 14 and 18 March 2018
(6 exposures), and between 11 and 18 April 2018 (3 exposures).
The observations followed a standard pattern of small dithers
plus 90-degree rotation between each exposure.

2.2. Data reduction

The data reduction procedure used in this work follows the one
described in Zoutendijk et al. (2021a). In brief, we adopted the
standard method for reducing MUSE data with the MUSE Data
Reduction Software (Weilbacher et al. 2020), complemented
with a bad-pixel table from Bacon et al. (2017). Next, the pro-
duced data cube was post-processed with the Zurich Atmosphere
Purge (version 2.0; Soto et al. 2016) to remove residual sky
signatures.

We used the public images of Ant B from the HST (HST-GO-
14078; PI: J. Hargis) in the V band (F606W filter) and another
in the I band (F814W filter) in order to create a photometric
catalogue using SEXTRACTOR (Bertin & Arnouts 1996).

Spectra. We extracted spectra of the stellar sources in
the MUSE cube using the PAMPELMUSE code (Kamann et al.
2013). The positions and magnitudes of the stellar sources,
used as input to PampelMuse, were extracted from the HST
catalogue previously created with SEXTRACTOR. In summary,
PAMPELMUSE determines an initial point spread function (PSF)
in the MUSE data, which is modelled with an analytic Moffat
profile. After identifying in the reference catalogue the sources
for which it is feasible to extract spectra, the spectra are extracted
by simultaneously fitting a PSF to all sources that have been
identified as resolvable. Since our field of view is very crowded,
it was necessary to change the default value of apernois, the
parameter that defines the maximum fraction of contaminating
flux by nearby sources inside a PSF aperture. This parameter was
changed from 0.1 to 0.4, meaning that the maximum allowed
contamination around a PSF source from a neighbouring source
has to be smaller than this value. In total, 2514 spectra were
extracted with PAMPELMUSE.

Line-of-sight velocities. The line-of-sight velocities were
determined from the spectra collected from PAMPELMUSE using
SPEXXY (Husser 2012). This software allows the determination
of stellar properties by comparing spectra with synthetic spectra.
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Fig. 1. Histogram of the line-of-sight velocity for Ant B candidates.
Top: all the candidates for which we have spectra (131 stars), with the
velocity cut, v = u + 20, represented by the dashed lines. Bottom: after
the velocity cut (127 stars).

We adopted the same grid of synthetic PHOENIX spec-
tra (the Gottingen Spectral Library; Husser et al. 2013) used
by Husseretal. (2016) for the globular cluster NGC 6397,
by Rothetal. (2018) for the nearby galaxy NGC 300, and
Zoutendijk et al. (2020) for the UFD Eridanus II. The models are
calculated on a grid of effective temperature, T.g, logarithm of
surface gravity, log g, iron abundance, [Fe/H], and alpha-element
abundance, [a/Fe], and for each model the line broadening, o,
and line-of-sight velocity, v ps, can be fit. We fixed [a/Fe] to
zero (solar) since the quality of the spectra is not high enough
to differentiate between different values of this parameter. The
free parameters are determined by a weighted non-linear least
squares minimisation against high-resolution synthetic spectra.
The uncertainties determined by SPEXXY underestimate the scat-
ter in the velocities below a signal-to-noise ratio (S/N) of 5
(Kamann et al. 2016) so we only retain spectra with a S/N above
or equal to this for the subsequent analysis. Out of the 2514 spec-
tra extracted with PAMPELMUSE, 141 satisfied this criterion.

SPEXXY was able to determine a velocity and metallicity, as
well as their associated uncertainties, for 131 of the 141 spectra
with S /N > 5. For the other 10 spectra, the fit failed to converge,
and they were left out.

To obtain photometry for the stars, we cross-matched our cat-
alogue with the Hargis et al. (2020) catalogue. All of our sources
had counterparts in this catalogue.
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Fig. 2. Image of the final cube (all the exposures described before were
combined in the data reduction) with the 127 stars identified as Ant B
members represented by the blue circles.

2.3. Selecting member stars

We discuss the selection of member stars in greater detail in the
companion paper Brinchmann et al. (in prep.) but we summarise
it here briefly.

To clean up our list of possible members, we compared
the HST photometry against PARSEC (Bressanetal. 2012)
isochrones. We adopted the metallicities and ages estimated by
Hargis et al. (2020) and found that all 131 member stars were
consistent with at least one isochrone at the distance of Ant B.
We also inspected all spectra manually to verify that they were
all stellar spectra.

For the analysis here we also needed to exclude strong out-
liers in velocity. To do this, we calculated the mean (u =
370.5kms™!) and standard deviation of the velocities of the
131 candidate stars (o ~ 42.4kms™!) and excluded stars outside
u+ 20 (see Fig. 1). This excluded four clear outliers in velocity,
leading to a final sample of 127 member stars.

As discovered by Sand et al. (2015), Ant B has HT gas at a
velocity of vyy; = 376 +2kms~!. The good agreement in line-of-
sight velocity is encouraging and confirms that the stars and H1
are associated. We then continued our analysis with 127 mem-
ber stars of Ant B. These members are represented in Fig. 2.
The velocities of these members have previously been presented
by Zoutendijk et al. (2021b) and the resulting catalogue can be
found there.

Velocity distribution. In order to determine the intrinsic mean
value and dispersion of the velocity of Ant B, it is necessary to
take into account the associated measurement uncertainties. To
this purpose, we adopted a Markov chain Monte Carlo (MCMC)
approach (see e.g. Hargreaves et al. 1994; Martin et al. 2018)
described in detail in Zoutendijk et al. (2020), which assumes
that the velocity distribution of the stars can be modelled with a
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Fig. 3. Corner plot for the MCMC velocity fit, using the 127 member
stars of Ant B. The histograms along the diagonal represent the poste-
rior distribution for each parameter: the mean value yy; in the top panel
and the dispersion oy in the bottom right. The vertical dashed lines
indicate the median and 68% confidence interval. The bottom-left panel
represents the 2D posterior distributions of both of these parameters,
with the contours corresponding to 0.50-, 1o, 1.50, and 20~ confidence
levels, where o is the standard deviation of the 2D distribution. The
solid dark blue line in the top panel indicates the mean velocity of the
H1 gas reported by Sand et al. (2015).

Gaussian. The global likelihood of the system is then

1 1 (v —u\
swome = 1| oo 5 (522))
TTT obs,i obs,i

i

, ey

where v; is the velocity of star 7, u is the mean line-of-sight veloc-
ity of the system, and o2, . = 0 + o7} is the observed velocity
dispersion for star i. We adopted a flat prior on u between 285.7
and 455.3kms™! to be consistent with our member selection.
We also adopted a flat prior on o between 0 and 40kms~'. The
results are robust to the choice of prior.

We obtained a mean value of v os = 375.397095 kms™" and

an intrinsic velocity dispersion of o, = 7.87:1):8% kms™!. The
resulting corner plot is represented in Fig. 3. We see that there is
good agreement between the mean velocity of the stars and the

mean velocity of the HI gas reported by Sand et al. (2015).

3. Methods

We start by describing the dark matter models tested in this
paper in Sect. 3.1. This is followed in Sect. 3.2 by the presen-
tation of the analysis tool (GRAVSPHERE; Read & Steger 2017;
Read et al. 2018, 2019; Genina et al. 2020; Collins et al. 2021)
used to constrain the dark matter profiles and their microphysi-
cal properties.

3.1. Models of dark matter density profiles

Cold dark matter. We adopted the Navarro-Frenk-White
(NFW; Navarro et al. 1996b) profile as the parametric descrip-

tion of cold dark matter density profiles,

Lo
(r/r )X +r/r)? @
where the characteristic density, pg, is defined by po = Perit
A3czoogc /3, and the scale radius, r;, is defined by 7 = r00/c200-
The critical density, pit, is defined by peric = 3H' 2/87G, where H
is the Hubble constant and G the gravitational constant. Finally,
the virial radius, g0, is defined by

3 1
00 = [—Mmo

pcom(r) =

1/3
— | 3
4 7r200,0cm] ( )
where My is the virial mass enclosed in the virial radius. A ~
200 is an overdensity constant relative to the background matter
density, cpo0 @ concentration parameter, and g. is defined as

1

= C .
log(1 + c200) = T

Je “

Scalar field dark matter. Scalar field dark matter (Li et al.
2014) is comprised of ultralight bosons and is described by the
coupled Schrodinger-Poisson equations. This model is an alter-
native to ACDM and in this case it leads to a Bose-Einstein
condensate and quantum superfluid. Just like FDM, this model’s
behaviour approaches the CDM model on large scales and dif-
fers the most on small scales. The main difference between
SFDM and FDM is that SFDM also includes a repulsive SI
(Dawoodbhoy et al. 2021).

While CDM is described by the collisionless Boltzmann
equation, SFDM obeys the non-linear Schrodinger equation,
rewritten in terms of quantum hydrodynamics equations for the
conservation of mass and momentum.

In the SFDM model, there are two length scales that char-
acterise the scale below which the structure is suppressed. On
the one hand we have the de Broglie wavelength A4.5 = h/mv,
which is characteristic of the FDM model (in the case in which
SI is not present — the free field limit) and which depends on
the boson mass, m, and its characteristic velocity, v. On the other
hand, we have Agj, resulting from the presence of a repulsive SI.

In FDM, structure formation is suppressed on scales below
Aden- In the presence of the repulsive SI with self-coupling

strength g, Ag; < +/g/m2, and if the interaction is strong enough
that Asy > A4, structure is suppressed below Ag;. In this regime,
the Thomas-Fermi (TF) regime, A4ep is much smaller than the
characteristic length scale of the repulsive SI, Rtp, given by

g
Rip =7 —2—.
=T\ 42Gm? ©)

This quantity is a physical constant of SFDM since it is fixed by
the particle parameters (1, g) in their combination ¢/m?, called
the SI strength parameter. Ryr is the relevant scale below which
the Thomas-Fermi regime of SFDM differs from CDM. To avoid
the small-scale structure problems of the standard model dis-
cussed before, either A4.p for the FDM model, or Ag; for the
SFDM-TF model, should be ~1 kpc.

The density profile of the haloes formed in SFDM-TF was

fitted by Dawoodbhoy et al. (2021) and is given by
{pcsinc(nr/RTp) r < aRTgp

PSFDM =

PcoM

r > Q’RTF ’ (6)
where sinc(x) = sin(x)/x, p. is the central density, and « is a
given fraction of Rrp determined by requiring mass conserva-
tion and density continuity at r = aRrp. As is clear from this
equation, SFDM-TF behaves just like the CDM model on scales
larger than Ryp.

A38, page 5 of 17



Jdlio, M. P, et al.: A&A 678, A38 (2023)

3.2. GRAVSPHERE

To measure the dark matter density profiles of Ant B, we used
the updated version of GRAVSPHERE Jeans modelling code?.
A detailed explanation of its implementation can be found in
Read & Steger (2017) and Read et al. (2018), which we briefly
mention here for the reader’s convenience.

GRAVSPHERE solves the Jeans equation (Jeans 1922) for our
member stars while assuming that the stellar system is spherical,
non-rotating, and in a steady state, given by

10 2B(r)o? GM(<r)

ZE(* ?)+ 2 ™
where

o? = (v} — (u)* with (V") = f v fd’v, 8)

and M(<r) is the total cumulative mass as a function of the
radius, r. The tracer number density v, characterises the radial
density profile of a population of massless tracers (in our case,
stars moving in a galaxy) that move in the gravitational poten-
tial of its mass distribution M(r), modelled with three Plummer
(1911) profiles

2

3\ 3M; o3
n=3 g(1+’—2) : ©
J

= 4na; a
with masses M; and scale length a; for each individual compo-
nent. This enables the recovering of the density profile, p(), and
the velocity anisotropy profile, 5(r), of the studied stellar systems
(Read & Steger 2017). The velocity anisotropy, S8(r), is defined
as

Be = Bo
Br)=Bo+—"+

1+ (ro/r)"’ (10)

where 3 is the central value of the anisotropy, B. is the value
at infinity, ry is a transition radius, and 7 is the steepness of the
transition. To avoid infinities, a symmetrised version of 5(r) is
used,

Br) = o) —o(r) _ Br)
S o)+ o) 2-B0)

B = 0 corresponds to an isotropic velocity dispersion, 5 = 1
to a fully radial dispersion, and 8 = —1 to a fully tangential
distribution.

GRAVSPHERE relies on higher order moments of the velocity
distribution via the fourth order virial shape parameters (VSPs;
Merrifield & Kent 1990) to partially break the degeneracy that
exists between the radial velocity dispersion (and therefore the
cumulative mass distribution) and the velocity anisotropy. To bin
the data in bins of the projected radius, R, we used an algorithm
called BINULATOR (Collins et al. 2021).

After performing the BINULATOR routine, we applied our
adaptation of GRAVSPHERE?® to the Ant B data in order to get
our dark matter density profile and, consequently, the dark matter
constraints we were looking for. GRAVSPHERE solved the Jeans
equation for the projected velocity dispersion. It also fitted the

QY

2 The newest version of this code is available for download at https:
//github.com/justinread/gravsphere (Collins et al. 2021).

3 The alternative dark matter models implemented are available for
download at https://github.com/marianajulio/alternative_
models_for_gravsphere
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two VSPs, with the initial guesses being the profiles estimated
by BINULATOR.

GRAVSPHERE uses the ensemble sampler EMCEE
(Foreman-Mackey et al. 2013) to fit the model to the data.
Each individual Markov chain (walker) communicates with the
other walkers at each step, contrary to the classic Metropolis-
Hastings algorithm, and hence it allows the chains to sample
the posterior distribution more efficiently (Genina et al. 2020).
The number of walkers and steps used depends on the model
considered since some models require more time to achieve
convergence. The first half of the steps generated are always
discarded as a conservative burn-in criterion.

3.3. Priors

The standard priors that GRAVSPHERE requires were kept to their
default values, which we summarise here for convenience. We
used priors on the symmetrised velocity anisotropy of —1 < 3y <
1, -1 < B < 1, =1 < log;y(ro/kpc) < 0,and 1 < n < 3. We
used a flat prior on the stellar mass of 6 < M, /(10° M) < 10.

For the CDM model, the only quantities that we need to
know in order to calculate all the other parameters are M5y and
c200, SINCe 73 = 1200/C200 and 199 can be estimated by Eq. (3)
(which depends only on Mgy and some constants), and g. by
Eq. (4) (which only depends on cygp).

Although we do not know the exact values of these param-
eters for the systems that we aim to study, the smallest dwarf
galaxies show My = 108 M, (Bullock & Boylan-Kolchin
2017). Such a limit is also theoretically expected, since below
this mass, galaxy formation becomes extremely inefficient due
to hindered atomic cooling (e.g. Finkelstein et al. 2019). To be
considered small-scale, the maximum value that M5, can take is
approximately 10'' M, (Bullock & Boylan-Kolchin 2017). For
this reason, we used a generous flat prior on My ranging from
My = 1079 My to Magy = 10" M, that encompasses the
mass-range of all dwarf galaxies (Collins & Read 2022).

The concentration parameter cyq is related to Mogy. We used
the mass-concentration relation for cold dark matter derived by
Gilman et al. (2019), based on observations of strong lenses, to
determine a prior for the concentration parameter that was proper
for a galaxy with the mass of Ant B. Since the covered mass
range of this relation (Mo = [10°, 10'°] M) is very similar to
what we use, it seemed appropriate to use the resulting values of
the concentration parameter. They constrained the concentration
at z = 0 with a 95% confidence of ¢ = 15*1% for May = 107 M
and ¢ = 10”_’%4 for Moy = 10° M. Since we were exploring
not only CDM but also SFDM, we assumed that a generous flat
prior for the concentration parameter was then ¢ = [1, 50]. These
values are described in the two top rows of Table 2.

Since this model has a straightforward density and mass pro-
file, it does not need a high number of walkers and steps to con-
verge. It was found that using nyaikers = 250 and ngeps = 25000
was sufficient to achieve convergence, making it the fastest
model to run. Several runs were made with different values for
these parameters, and this choice did not affect the final results.

The parameters of the SFDM density profile that require pri-
ors are Moo, 200, and Rrg. For Mgy and cyg, we adopted the
same priors as for the CDM profile, but we note that it has not
been established that the mass-concentration relation established
for CDM applies to SFDM. For that reason, we kept the priors
quite broad. Rtr was chosen to take into account the possible
values of this parameter discussed by Dawoodbhoy et al. (2021).
This parameter is zero when a core is not present and the density
profile follows the CDM model and needs to be >1 kpc in order
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Table 2. Priors used for the discussed dark matter models.

Parameter Min. Max.
log,o(Maoo/Mo) 7.5 11.5
€200 1 50
Rrr (kpe) 0.001 5

Notes. CDM only uses the top two rows, while SFDM uses all the
priors.

to solve the core-cusp problem and the TBTF problem for Local
Group dwarfs. However, Rtr < 5 kpc is required based on obser-
vations from the CMB temperature anisotropy power spectrum
if we consider dark matter as SFDM (Dawoodbhoy et al. 2021),
so our flat prior on Ryg varied from 0.001 kpc to 5 kpc.

Contrary to the CDM model, the SFDM model has to obey
certain conditions to arrive at a physical solution for the density
and mass profile. The implemented numerical parametrization of
this model is discussed in detail in Appendix A. Although « and
P are easily computed, all » must be evaluated in order to choose
which calculation to perform next: either the density and mass
profile associated with the TF regime, or the ones associated
with the CDM model. Furthermore, to calculate the mass profile
associated with the TF regime, an integral must be solved. More-
over, this model needs a higher number of walkers and steps to
converge than did the CDM model; we used nyaers = 500 and
Tsteps = 10° to get robust results.

4. Results

Using GRAVSPHERE, discussed in Sect. 3.2, we sampled the
parameter spaces of our implemented dark-matter density mod-
els, examined in Sect. 3.1. To do this, we used the kinematical
measurements of Ant B, discussed in Sect. 2. Here, in Sect. 4.1,
we present the obtained dark matter constraints and, in Sect. 4.2,
the recovered density profiles as well as their comparison.

To achieve this goal, we need the kinematic and photometric
data of Ant B. BINULATOR starts by fitting the photometric data
in order to get the light profile. In our case, we made a mock pho-
tometric catalogue by drawing 10 000 sample photometric posi-
tions from the exponential distribution from Sand et al. (2015)
and used them as photometric observations in BINULATOR. Next,
the 127 member stars of Ant B were binned radially from the
centre of Ant B (listed in Table 1) into 5 bins, each of them
having ~25 sources. The binned data that GRAVSPHERE uses is
described in Table 3. Figure 4 shows the projected radii for all
the stars, their position after the binning routine, and the velocity
dispersion associated with each bin in dark blue.

Our best-fitting CDM and SFDM models are shown in Fig. 4,
compared with the stellar velocity dispersion data. Both models
fit the data reasonably well but do not reproduce all features. In
particular, both models have difficulties in fitting the low cen-
tral velocity dispersion when they are anchored at the half-light
radii. This figure also shows that, as expected, we lack con-
straining power where there is no data, both at small (~10 pc)
and large radii (>1kpc). The recovered fits from GRAVSPHERE
for the VSPs and the surface brightness profile can be seen in
Fig. B.2.

4.1. Dark matter constraints

The constraints of the physical parameters of the CDM and
SFDM models are displayed in Figs. 5 and 6, respectively. The

Table 3. Kinematic data of Ant B after the binning routine performed
by BINULATOR, as used by GRAVSPHERE.

Radius  Velocity dispersion
(kpc) (kms™h)
0.031 2.20ﬂ:(7)é
0.089 6.98*1%¢
0.140 11.417309
0.198 8.1873%
0.283 10.463:%

Notes. The bins are represented by the mean projected radius of the
stars in each bin.
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Fig. 4. Velocity dispersion of Ant B. The dark blue points represent the
binned velocity dispersion with the associated uncertainties. The best fit
from GRAVSPHERE for the CDM model is shown as a solid light blue
line, with the light blue shaded regions showing the 68% and 95% con-
fidence intervals for the CDM model. The dashed dark blue line repre-
sents the best fit for the SFDM model. Since the best fit for both models
is so similar, the confidence intervals for the SFDM model are omitted
for clarity. The half-light radius is represented by the vertical dashed
line and the bottom marks represent the projected radii of the members
of Ant B. The solid red line represents the shape that the velocity dis-
persion would have if Rrr = 1kpc, keeping the other parameters with
the same values as the best fit for the SFDM profile.

constraints in the computational parametrizations for the SFDM
are shown in Fig. A.1. To calculate the marginalised constraints,
we took the median and quartiles of the chains after discarding
samples with a y? larger than 10 times the minimum y?.

For the CDM profile we find a virial mass of My =

+0.38 .
10%10% ~ 1.48*229 x 10° My, and a concentration parameter

+0.12

of ca00 = 10127013 ~ 17.78*360. These values are summarised in
Table 4.
For the SFDM profile, we find a virial mass of My =

1022253 ~ 1.66*53) % 10° My, and a concentration parameter
of a0 = 10124512 ~ 17.38*496. Clearly, the SFDM and CDM

profile fits are in good agreement for these parameters. We can
only present the characteristic length scale of the repulsive SI
as an upper limit. The posterior distribution that we get for Ry
contains values (Ryr ~ 0.63 pc) that are smaller than the pro-
jected radii of our innermost tracer (1.84 pc), leading to a lack
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Fig. 5. Constraints on the CDM profile for Ant B. The histograms
along the diagonal represent the posterior distribution for each param-
eter: the virial mass, Mg, in M and the concentration parameter ¢gp.
Their units are omitted for clarity. The vertical dashed lines indicate the
median and 68% confidence interval. The bottom left panel represents
the 2D posterior distribution of these parameters, with the contours cor-
responding to the 0.50, 10, 1.50, and 20 confidence levels, where o is
the standard deviation of the 2D distribution.

of constraining power at the lower end of the range of Rrp. We
find Rrg (kpc) < 10774 < 0.18 at the 68% confidence level and
Rrr (kpe) < 107%1% < 0.72 at the 95% confidence level. These
values are summarised in Table 4.

4.2. Comparison between profiles

The density profiles were generated by drawing 1000 random
samples from the remaining samples after the cut was performed
on y’. In Fig. 7 we show the recovered density profiles for the
three models adopted as a function of the radius. These density
profiles are represented by the median density of the random
samples and their 68% confidence interval at every radius.

The SFDM model agrees with the CDM model within the
uncertainties and their agreement is almost perfect at large radii.
The uncertainties of the SFDM allow for the CDM model even
at the smallest radii, when Rtr — 0. Not surprisingly, the agree-
ment of the discussed models is best at the radii at which the
density of stars in our sample is highest.

The model that represents cold dark matter has the high-
est density and smallest uncertainties, while the SFDM model
seems to prefer lower densities. However, the density estimates
for SFDM are likely biased towards lower values because there
is a physical limit set by CDM and the model only allows for
that or lower values.

In Table 4 we present the Bayesian evidence, Z, for
both models and the decimal logarithm of the Bayes factor,
Alog,,(Z), computed in relation to the model with the largest
Z. This estimation follows the one described in Zoutendijk et al.
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Fig. 6. Constraints on the SFDM profile for Ant B. The histograms
along the diagonal represent the posterior distribution for each param-
eter: the virial mass, My in M, the concentration parameter c,g, and
the characteristic length scale of the repulsive SI Ryg in kpc. Their units
are omitted for clarity. The vertical dashed lines indicate the median and
68% confidence interval (without arrows) and the 68% and 95% confi-
dence limits (upper and lower arrows, respectively). The other panels
represent the 2D posterior distributions of these parameters, with the
contours corresponding to the 0.507, 1o, 1.507, and 20" confidence lev-
els, where o is the standard deviation of the 2D distribution.
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Fig. 7. Recovered DM density profiles of Ant B for the adopted models.
The solid lines represent the median density profile: the CDM model is
represented in dark blue and the SFDM model in light blue. The filled
areas represent the 68% confidence interval. The solid red line repre-
sents the shape of the same density profile if Rr = 1 kpc. The vertical
dashed line indicates the half-light radius and the bottom marks repre-
sent the projected radii of the members of Ant B.

(2021b,a), and we use MCEVIDENCE (Heavens et al. 2017) for
this purpose. We assume the prior probabilities of the models are
equal and we take into account that these models have different
degrees of freedom. We can compare the models by estimating
the ratio of Z, with the model with the largest Z being favoured.
According to the scale of Jeffreys (1961), to completely rule out



Jilio, M. P, et al.: A&A 678, A38 (2023)

Table 4. Summary of the Bayesian evidence for CDM and SFDM, as well as the marginalised posterior estimates obtained for the free parameters

of both models.

Model log,,(Z) Alog,,(Z) Parameter Median 2.5% 16% 84% 97.5%
9

CDM  —124.83 0.00 M>0/(10° M) 148 1.12 079 229 8.75

€200 1778 8.01 460 566 1242

M>00/(10° M) 1.66 128 092 251 9.82

SFDM = -12549 066 . 1738 7.60 420 606 13.52

Rt (po) <180 <720
1.00 to be representative of all tested models. The corner plots of
CDM the relevant anisotropy parameters for both models are shown

0.751 —— SFDM in Fig. B.1.
0501 Given the preference for a tangential anisotropy, we also ran
s the models with tighter priors on the anisotropy parameters, but
2 0.251 this time allowed only for negative values, with —-0.6 < By <
% 0.4 and -0.6 < B < —0.4. We get reasonable density profiles
£ 0001 for both models but the velocity dispersion does not fit properly,
EN. which suggests that Ant B does not have a constant anisotropy
78) ' profile, and therefore we need to allow for the full range of these
> ~0.501 parameters.
The anisotropy profile of this dwarf favours tangential
—0.751 anisotropy at its centre and becomes isotropic — and possibly
— - radial — after the half-right radius. As mentioned, this behaviour
~1.00 : ‘ ‘ ‘ : : . . R
=25 -2.0 -15 —ll.O ( /k;co).S 0.0 0.5 1.0  is not expected for a system like Ant B, since it is thought that
0910(/)

Fig. 8. Velocity anisotropy of Ant B. The best fit from GRAVSPHERE of
the symmetrised anisotropy, 3, for the CDM model is shown as a solid
light blue line, with the light blue shaded regions showing the 68% and
95% confidence intervals for the CDM model. The solid dark blue line
represents the best fit for the SFDM model. Since the best fit for both
models is so similar, the confidence intervals for the SFDM model are
omitted for clarity. The half-light radius is represented by the vertical
dashed line and the bottom marks represent the projected radii of the
members of Ant B.

a model, an odds ratio of 1072 is required. The CDM profile has
the largest Bayesian evidence and the Bayes factors indicate that
the preference of CDM over SFDM is substantial (Z < 10706),
However, this value is still far from significant, and we cannot
decisively rule it out.

4.3. Velocity anisotropy profile

Collins et al. (2021) argue that we can use tighter priors on the
symmetrised velocity anisotropy, B(r), since dynamical systems
in pseudo-equilibrium theoretically should have an isotropic dis-
tribution close to the centre, with radial or weak tangential
anisotropy at large radii (see e.g. Read et al. 2006; Pontzen et al.
2015; Alvey et al. 2020; Orkney et al. 2021). Accordingly, they
used B(r) > —0.1 and B(r) — O for r — 0 as default values in the
most recent version of GRAVSPHERE. However, when we first
used these priors on the anisotropy profile, the values obtained
for the density and mass profile were extremely low. For this
reason, we decided to allow the full range of values on B(r). We
then found out that Ant B prefers a negative anisotropy over all
radii, although it becomes more positive for larger radii. This
behaviour can be seen in Fig. 8. Since all models followed a
similar behaviour in the anisotropy profile, the CDM profile was
chosen for display, for it is the standard model and has proven

this galaxy is in pseudo-equilibrium. This feature could be due
to several reasons, ranging from tidal interaction with the host
galaxy, a gas disk formed before the stars, unmodelled rotation,
or even the presence of a star cluster contaminating the inner
bin. We will discuss the astrophysical implications and investi-
gate the origin of this result in a companion paper (Brinchmann
et al., in prep.). The impact that this feature has on the dark mat-
ter constraints will be discussed in Sect. 5.2.

5. Discussion

The virial mass, May ~ 10° M, and the concentration param-
eter, cppp, found for this system using both the CDM and the
SFDM models are consistent with it being a gas-rich ultra-faint
like Leo T (Vaz et al. 2023). The implications of our findings
for galaxy formation models will also be discussed in detail
(Brinchmann et al., in prep.; see also Zoutendijk et al. 2021b).

5.1. Constraints on the dark matter models

Turning now to the dark matter constraints that we were able to
obtain, to match the observations of dwarf galaxies in the Local
Group that show cores of the size ~1 kpc the SI strength param-
eter has to satisfy Rtp ~ 1kpc &= - <2x 107 8ev-!cm?.

Furthermore, Lietal. (2014, 2017) were able to place upper
limits on the values of m and g based on observational conse-
quences while assuming that dark matter is SFDM. They took
into account all the phases in the evolution of the Universe and
how the value of g/m? would influence the duration of these dif-
ferent phases. The redshift required by the observations of the
CMB temperature anisotropy power spectrum for the transition
from a radiation-dominated Universe to a matter-dominated one
places an upper limit for g/m* of —= < 4 x 1077 eV~ cm’,

corresponding to Rrg < 5kpc. Addltlonally, Dawoodbhoy et al.
(2021) were able to get an estimate of the minimum particle mass
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to ensure that for the SFDM-TF regime Rrg > A4cp, given by

mc? s Moomin ™" ( Ree |
1021 eV 10° Mg lkpc) °

where Mgomin 1S the minimum halo mass that needs to be
accommodated by the model.

Our upper limit on the characteristic length scale is Rt <
0.18kpc at the 68% confidence level and Ryr < 0.72kpc at
the 95% confidence level, which translates to # < 5.2 %

1072 eV-!cm? at the 68% confidence level and # < 8.3 %

102 eV~'cm? at the 95% confidence level. Using these val-
ues we can also determine the minimum particle mass m >
4.8 x 10721 eV c2. To give a visual illustration of the tension
between the Ryr required by Dawoodbhoy et al. (2021) and what
we find, Fig. 7 also contains a density profile for Ant B with
Rrtr = 1kpc, assuming that M»oo and ¢y have the median values
found for SFDM above. As is clear, the required density profile
is strongly inconsistent with the one we find. In Fig. 4 we also
show the shape that the velocity dispersion of Ant B would have
if Ryp = 1kpc, assuming that the free parameters of the SFDM
have the same median values previously found.

The lack of line-of-sight velocities for stars very close to the
centre limits our ability to constrain the density profile below
30 pc (check Fig. 7), and hence our ability to place stronger con-
straints on SFDM.

More recently, Shapiro et al. (2022) revisited structure for-
mation in the SFDM in the cosmological context to understand
if the requirement of Rrr 2 1kpc was consistent with the cos-
mological formation of these haloes. To do this, they applied
the equations previously derived in Dawoodbhoy et al. (2021) to
simulate individual halo formation by spherical infall and col-
lapse in a cosmologically expanding universe. Using CDM-like
initial conditions, they found that the density profiles were sim-
ilar to those found using non-cosmological initial conditions,
being consistent with the former requirement of Rrg > 1kpc.
However, the initial conditions for SFDM halo formation may
differ from those for CDM. To overcome this, they used linear
perturbation theory to estimate the range of Rrp-values that are
consistent with observational constraints on the FDM model. In
this case, a core as large as Rtp 2 1 kpc is disfavoured. To match
the FDM particle masses 1 x 1072 < m(eV ¢ 2)<30 x 10722,
a core of 10 = Ryr (pc) = 1 is required, favouring sub-kpc core
sizes. However, in this range, SFDM approaches CDM, and the
problems associated with the standard model start to arise once
again. This suggests that either the observational constraints of
FDM cannot be used to place the corresponding constraints on
the core sizes of the haloes formed in SFDM, or SFDM is an
incompatible explanation for the observed cores in the dwarfs
of the Local Group. In Hartman et al. (2022a,b), similar conclu-
sions were drawn, using large-scale observables and fully 3D
cosmological simulations, respectively.

12)

5.2. Testing the robustness of the results

The centre measured by Sand et al. (2015) might be miscalcu-
lated since there is a bright star close to it, partially overlapping
the galaxy. To test the robustness of the results, we started by
changing the centre of Ant B by (@ ~ 1”7, 6 ~ 3”) to see how
much our results would be affected. We reran BINULATOR and
GRAVSPHERE on both models for Ant B with the new centre. The
velocity dispersion for each bin, the recovered velocity disper-
sion profile, and the anisotropy profile associated with the new
centre can be seen in Figs. C.1-C.3, respectively. Figures C.4
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and C.5 show the new parameters derived for these profiles. We

find a virial mass of Mag ~ 1.29729% x 10° M, and a concen-

tration parameter of ¢y = 18.2015‘:;? for the CDM model and

My = 135:%(7)2 x 10° Mg and cygp = 1778:5‘28 for the SFDM
model. We find Rtr < 0.11 kpc at the 68% confidence level and
Rrr < 0.68kpc at the 95% confidence level. Let us notice that
this time we ran the code with half the steps to make the process
faster since we wanted solely to check whether our results were
not dramatically affected by changing the centre. These results
are very close to those previously obtained. This is as expected,
since the innermost bin after radial binning still contains 20 of
the 25 stars that we have with the nominal centre.

We find that Ant B favours tangential inner velocity
anisotropy for both the CDM and SFDM models. We will dis-
cuss the interpretation of these results and the implications for
galaxy formation models in a companion paper (Brinchmann
et al., in prep.). Since the anisotropy has its lowest value in the
centre of the galaxy, we need to test whether the constraints on
the dark matter parameters are affected when we remove the stars
that are, in principle, responsible for this behaviour. To do this,
we removed the 25 stars closest to the centre that correspond
to the first bin (represented in Fig. 4). We reran BINULATOR
and GRAVSPHERE on both models for Ant B without these
25 stars. The velocity dispersion for each bin, the recovered
velocity dispersion profile, and the anisotropy profile associated
with the new centre can be seen in Figs. C.6—C.8, respectively.

As can be seen in Fig. C.9, the parameters of the CDM
model suffer almost no changes: we find a virial mass of Mg ~
1.55432% % 10° M, and a concentration parameter of cypp =

-0.98
17.38f2:gg. In Fig. C.10 it is possible to see how the dark mat-
ter constraints for SFDM changed with the removal of the inner-
most bin. Looking at the physical constraints on Rtg, we find a
lower value at the 68% confidence level (Rtg < 0.11 kpc instead
of <0.18kpc) and a slightly higher value at the 95% confidence
level (Rrr < 0.81kpc instead of <0.72kpc). Similarly to what
was done in the previous robustness test, we ran the code with
half the steps.

The parameters associated with the anisotropy profile con-
tinue to show the same behaviour as before: the anisotropy is tan-
gential in the centre of the galaxy and becomes almost isotropic
when we approach larger radii (Fig. C.8); however, this tangen-
tial anisotropy becomes less statistically significant by removing
the innermost bin (Fig. C.11). Since we find that the recovered
SFDM model parameters do not change significantly, we con-
sider our SFDM profile results to be robust.

6. Conclusions

In this work, we present the first spectroscopic observations of
Ant B, a distant dwarf found by Sand et al. (2015). With them,
we were able to determine kinematic data, previously presented
by Zoutendijk et al. (2021b), and ensure the membership of
127 stars. These observations allowed us to determine the intrin-
sic mean line-of-sight velocity, vos = 375.3970¢5 kms™!, and
the velocity dispersion, o, ,, = 7.87:1):8% kms~!, of this galaxy.
The estimated vy og is in agreement with the velocity of HT gas
present in this galaxy (vg; ~ 375kms™).

The kinematic data of Ant B also allowed us to derive the
dark matter density profiles for this dwarf. From them we were
able to determine the virial mass, Mooy ~ 10°% M, and the con-
centration parameter, cpgp ~ 17, of Ant B. The values found for
these parameters for both dark matter models are consistent with
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the values expected from models in which the smallest dwarf
galaxies are reionization fossils.

We find that Ant B favours tangential anisotropy in its centre,
although it becomes more positive for larger radii, showing an
isotropic behaviour — and possibly radial anisotropy — after the
half-right radius.

We find substantial Bayesian evidence (Z < 107%%%) against
the SFDM model. However, it is not significant, and we cannot
completely rule out this model based solely on this result.

We constrained the characteristic length scale of the repul-
sive SI Rtr of the SFDM model of Rrr < 180 pc (68% confi-
dence level) and Rt < 720 pc (95% confidence level), which
translates to = < 5.2x 107 eV~! cm’ (68% confidence level)
and = < 83 x 107 eV~"cm? (95% confidence level). This
gives us a minimum particle mass of m > 4.8 x 1072 eV ¢2.
Though we cannot rule SFDM entirely, we find a constraint on
Rrp that rules out it being a solution to the core-cusp problem.

Tests show that the derived constraints are robust against dif-
ferent model assumptions, such as changing the location of the
centre or removing the stars closest to it, with minimal impact
on the final results.

The Rtr that we find is not large enough to solve the core-
cusp problem and therefore this model cannot explain cores in
dwarfs in the Local Group.

To further improve the constraints placed on the SFDM
model, the line-of-sight velocities of stars closer to the centre
would be required. This remains challenging since not only is
Ant B a distant and faint galaxy, but it also has a bright fore-
ground star partially overlapping it.

The dark matter density profiles of UFDs have only started
being estimated very recently. The measurements of the veloc-
ities of stars in these galaxies with the spectroscopic data from
MUSE-Faint allow us to improve the constraints on their inner
dark matter density profiles. With a larger number of UFDs anal-
ysed, we will be able to place stronger constraints on the phys-
ical properties of dark matter. Furthermore, we would also like
to explore alternative dark matter models, which will take us one
step closer to understanding this unknown form of matter.
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Appendix A: Numerical parametrization of SFDM

The estimation of the SFDM model is not trivial since, to deter-
mine « and p, for a given halo to obtain the density profile, one
has to ensure continuity in the density profile and mass conser-
vation at the switch point (Dawoodbhoy et al. 2021) described,
respectively, by

pesinc(na) = pcom(@RTF) (A1)
and
Rrr r @RTR
f pesine (—) 4rrtdr = f pepm(Panrtdr. (A.2)
0 RtF 0
Integrating both sides of Equation A.2, we get
4
pR%ch(ﬂa/ cos(ra) — sin(ra))
) + R s
+ 47rp0r§ [ln(r @ TF) + s - 1] =0. (A3
’ K} rg + aRTF

Now, we can uncouple the unknown parameters « and p.. Equa-
tion A.1 can be written as

T £o
sin(ra) aRyp/rs(1 + aR1p/ry)?

pPe = (A.4)
Thus, Equation A.3 loses its dependence in p,, allowing us to
solve it for
7T2r3 [ln(rs i aRTF) + s - 1}
Ts rs + aRTp
1 — ma cot(mar)
aRre(1 + aRre/ry)?

The solution of Equation A.5 can be found using a root solver
and then p. can be easily computed. However, this equation
admits two solutions and one of them leads to a negative p,,
which is not a physical solution. For this reason, one has to
carefully choose the interval at which « leads to positive values
of p.. After several tries and an extensive study of this equa-
tion, we find that a reasonable range to look for a solution is
0.4 < @ < 0.99. With both @ and p, determined, the mass profile
can be determined:

4mp, f r2sinc(r/Rrp)dr  r < aRyp
O .

r 2 aRtg

=0.

Ry (A.5)

Msrpm(r) = (A.6)
Mcpm

The density profile is now also easily computed through Equa-
tion 6.

logio pc = 9.30%338
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Fig. A.1. Corner plot of the computational parameters « and p, used in
the parametrization of the SFDM model.

Appendix B: GravSrHerE fits
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Fig. B.1. Corner plot of the parameters By, B, 70, and 7 of the
anisotropy profile for both models. Top: For the CDM model. Bottom:
For the SFDM model.
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Fig. B.2. GRAVSPHERE fits for the VSPs and surface brightness profile for both models. Top and centre: Virial Shape Parameters (v,; on top and
vy, in the centre, for both the CDM model (left) and the SFDM one (right). Bottom: The surface brightness profile, X, for Ant B. The blue points
show the photometric data. The best fit from GRAVSPHERE is shown as a solid black line, with the shaded grey regions showing the 68% and 95%
confidence intervals for the CDM model (right) and the SFDM model (left).
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Appendix C: Robustness of the constraints
C.1. Changing the centre

The robustness of the constraints of the SFDM model was anal-
ysed in two different tests, explained in detail in Sect. 5.2.
The first one consisted of changing the centre of Ant B by
(@ ~ 17,6 ~ 3”). The velocity dispersion for each bin after
this change, the respective recovered velocity dispersion profile,
and the anisotropy profile associated with the new centre can be
seen in Figures C.1, C.2, and C.3, respectively. The constraints
obtained for both the CDM and SFDM profiles for Ant B after
changing the coordinates of the centre are represented in Fig-
ures C.4 and C.5, respectively.
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Fig. C.1. Velocity dispersion for each bin along with associated uncer-
tainties after changing the coordinates of the centre of Ant B. The ver-
tical dashed line indicates the half-light radius and the bottom marks
represent the projected radii of the members of Ant B.
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Fig. C.2. Velocity dispersion of Ant B after changing the coordinates of
the centre. The dark blue points represent the binned velocity dispersion
previously shown. The best fit from GravSphere for the CDM model
is shown as a solid light blue line, with the light blue shaded regions
showing the 68% and 95% confidence intervals for the CDM model.
The dashed dark blue line represents the best fit for the SFDM model.
Since the best fit for both models is so similar, the confidence intervals
for the SFDM model are omitted for clarity. The half-light radius is
represented by the vertical dashed line and the bottom marks represent
the projected radii of the members of Ant B.
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Fig. C.3. Velocity anisotropy profile of Ant B after changing the coordi-
nates of the centre. The best fit from GRAVSPHERE of the symmetrised
anisotropy, 3, for the CDM model is shown as a solid light blue line,
with the light blue shaded regions showing the 68% and 95% confi-
dence intervals for the CDM model. The solid dark blue line represents
the best fit for the SFDM model. Since the best fit for both models is
so similar, the confidence intervals for the SFDM model are omitted for
clarity. The half-light radius is represented by the vertical dashed line
and the bottom marks represent the projected radii of the members of
Ant B.
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Fig. C.4. Constraints on the CDM profile for Ant B after changing the

coordinates of the centre. The histograms along the diagonal represent

the posterior distribution for each parameter: the virial mass, Mgy in

Mo, and the concentration parameter, .

C.2. Removing the innermost bin

The second robustness test was motivated by the tangential
anisotropy profile found in Ant B. The stars belonging to the
first bin were removed since the first bin seemed to be the cause
of this behaviour, as can be seen in the data points in Figure 4.
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Fig. C.5. Constraints on the SFDM profile for Ant B after changing the
coordinates of the centre. The histograms along the diagonal represent
the posterior distribution for each parameter: the virial mass, Mg in
Mo, the concentration parameter, c,g, and the characteristic length scale
of the repulsive SI, Rt in kpc.

The velocity dispersion of each bin after, without the innermost
bin, the respective recovered velocity dispersion profile, and the
associated anisotropy profile can be seen in Figures C.6, C.7,
and C.8, respectively. The constraints obtained for both the CDM
and SFDM profiles for Ant B after removing the innermost bin
are represented in Figures C.9 and C.10, respectively. The pos-
terior distributions obtained for the anisotropy parameters using
this configuration can be seen in Figure C.11.
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Fig. C.6. Velocity dispersion of each bin along with associated uncer-
tainties for the 102 stars remaining after the removal of the 25 closest
to the centre. The vertical dashed line indicates the half-light radius and
the bottom marks represent the projected radii of the members of Ant B.
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Fig. C.7. Velocity dispersion of Ant B without the 25 stars closest to
the centre. The dark blue points represent the binned velocity dispersion
previously shown. The best fit from GRAVSPHERE for the CDM model
is shown as a solid light blue line, with the light blue shaded regions
showing the 68% and 95% confidence intervals for the CDM model.
The dashed dark blue line represents the best fit for the SFDM model.
Since the best fit for both models is so similar, the confidence intervals
for the SFDM model are omitted for clarity. The half-light radius is
represented by the vertical dashed line and the bottom marks represent
the projected radii of the members of Ant B.
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Fig. C.8. Velocity anisotropy profile of Ant B without the 25 stars clos-
est to the centre. The best fit from GRAVSPHERE of the symmetrised
anisotropy, 3, for the CDM model is shown as a solid light blue line,
with the light blue shaded regions showing the 68% and 95% confi-
dence intervals for the CDM model. The solid dark blue line represents
the best fit for the SFDM model. Since the best fit for both models is
so similar, the confidence intervals for the SFDM model are omitted for
clarity. The half-light radius is represented by the vertical dashed line
and the bottom marks represent the projected radii of the members of
Ant B.
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Fig. C.9. Constraints on the CDM profile for Ant B after removing the
25 stars closest to the centre. The histograms along the diagonal repre-
sent the posterior distribution for each parameter: the virial mass, Mg
in Mg, and the concentration parameter, cg.
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Fig. C.10. Constraints on the SFDM profile for Ant B after removing
the 25 stars closest to the centre. The histograms along the diagonal
represent the posterior distribution for each parameter: the virial mass,
My in M, the concentration parameter, cyo, and the characteristic
length scale of the repulsive SI, Rrr in kpc.
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Fig. C.11. Corner plot of the parameters By, Be, 7o, and n of the
anisotropy profile without the 25 innermost stars for both models. Top:
For the CDM model. Bottom: For the SFDM model.
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