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ABSTRACT

Andromeda (And) XXV has previously been reported as a dwarf spheroidal galaxy (dSph) with little-to-no dark matter. However,
the uncertainties on this result were significant. In this study, we nearly double the number of member stars and re-derive the
kinematics and mass of And XXV. We find that And XXV has a systemic velocity of v, = —107.7 & 1.0 kms™! and a
velocity dispersion of o, = 3.7Jj}:f kms~!. With this updated velocity dispersion and a new literature measurement of the
radial surface brightness profile, we derive a mass contained within the half-light radius of M(r < ry) = 4.73:8 x 10° Mg.
This mass corresponds to a mass-to-light ratio of [M/L],, = 251’}2 Mg/Lg, demonstrating that And XXV is most-likely dark
matter dominated. We also measure the metallicity of And XXV to be [Fe/H] = —1.9 £ 0.1 dex, which is in agreement with
previous results. Finally, we extend the analysis of And XXV to include mass modelling using GravSphere. We find that
And XXV has a low central dark matter density, popM(150 pc) = 2.3J_r}:‘l1 x 107 Mg kpc—3, which makes And XXV a clear outlier
when compared to other local group dSphs of the similar stellar mass. In a companion paper, we will explore whether some

combination of dark matter cusp-core transformations and/or tides can explain And XXV’s low density.

Key words: galaxies: dwarf — galaxies: kinematics and dynamics — galaxies: haloes — dark matter.

1 INTRODUCTION

Dwarf galaxies are typically dark matter dominated systems, with
mass-to-light ratios in the range 10-1000s, making them ideal
systems for testing dark matter physics and cosmology (e.g. Mateo
1998; Tolstoy, Hill & Tosi 2009; Simon 2019). The most successful
cosmological model to date is Lambda Cold Dark Matter (ACDM),
which explains the cosmic microwave background radiation (e.g.
Peebles 1982; Komatsu et al. 2009; Aubourg et al. 2015; Planck
Collaboration et al. 2016, 2020), nucleosynthesis (e.g. Walker et al.
1991; Smith, Kawano & Malaney 1993; Burles et al. 1999; Cyburt
2004; Steigman 2007; Fields 2011), and structure formation on large
scales (e.g. Bond, Kofman & Pogosyan 1996; Springel et al. 2005;
Gao, Springel & White 2005a; Gao et al. 2005b; Tegmark et al.
2006; Springel, Frenk & White 2006), albeit by invoking three
mysterious components — dark matter, dark energy, and inflation
(Planck Collaboration et al. 2016, 2020). However, on galactic
scales, particularly dwarf galaxies, there have been a number of
long-standing tensions between ACDM predictions and observations
(e.g. Bullock & Boylan-Kolchin 2017; Buckley & Peter 2018; Sales,
Wetzel & Fattahi 2022). One such tension is the so-called ‘cusp-
core’ problem (Moore 1994; Flores & Primack 1994; de Blok 2010;
Navarro et al. 2010; Walker & Pefiarrubia 2011; Read et al. 2017;
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Genina et al. 2018; Read, Walker & Steger 2019), which arises when
comparing the dark matter density profiles of dwarf galaxies from
dark matter only simulations in a ACDM cosmology to observations
of dwarf galaxies. ACDM predicts that the dark matter inside dwarf
galaxies should follow a universal ‘cusped’ profile that has a highly
dense centre that steeply decreases with radius, such that ppy o< !
(Dubinski & Carlberg 1991; Navarro, Frenk & White 1996b, 1997;
Moore et al. 1999). Instead, a growing number of dwarfs have been
observed with ‘cored’ dark matter profiles described by a shallow
central density that remains roughly constant in the centre, such that
ppm ~ constant (Flores & Primack 1994; Moore 1994; de Blok et al.
2001a, b; de Blok 2010; Marchesini et al. 2002; Simon et al. 2005;
Battaglia et al. 2008; Walker et al. 2010; Agnello & Evans 2012;
Amorisco & Evans 2012; Newman et al. 2013; Read et al. 2017;
Read et al. 2019).

For many of the cored dwarfs observed, a plausible solution to
the cusp-core problem within the ACDM paradigm is dark matter
heating. This is the process of sudden gas removal due to stellar
winds, dynamical friction or supernovae feedback which results in
gravitational fluctuations, causing the dark matter halo to expand.
When this process is repeated across many cycles of star formation
the dark matter halo expands irreversibly, reducing the central dark
matter density and flattening the cusped profile into a core over
time (Navarro, Eke & Frenk 1996a; Gnedin & Zhao 2002; Read &
Gilmore 2005; Mashchenko, Wadsley & Couchman 2008; Pontzen &
Governato 2012; Zolotov et al. 2012; Brooks & Zolotov 2014;
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Ofiorbe et al. 2015; Tollet et al. 2016; Read, Agertz & Collins 2016;
Read et al. 2019). However, dark matter heating is only proposed
to be effective in galaxies with extended star formation (Read et al.
2016; Read et al. 2019) that are above a stellar-mass-to-halo-mass
ratio threshold of M, /Mag ~ 5 x 10™* (Di Cintio et al. 2014, but
see Orkney et al. (2021)).

Puzzlingly, there is a subset of dwarfs within the low surface
brightness population of the Local Group (LG) with M. /My below
this threshold with unusually low central densities that are unlikely
to be explained by dark matter heating alone. Around the Milky
Way (MW) two such dwarfs have been found, Crater Il (Torrealba
et al. 2016) and Antlia II (Torrealba et al. 2019). Similarly around
Andromeda (M31) two more have been observed, Andromeda XIX
(McConnachie et al. 2008; Collins et al. 2020) and Andromeda XXI
(Martin et al. 2009; Collins et al. 2021). These systems have a
diffuse nature, described by a large half-light radius and very low
surface brightness. Furthermore, the mass contained within the half-
light radius for these systems, determined from velocity dispersions
measurements, is less massive than other galaxies with similar size
and brightness (Caldwell et al. 2017; Fu, Simon & Alarcén Jara
2019; Torrealba et al. 2019; Collins et al. 2020, 2021), meaning
that it is likely that these systems reside in low mass and low
density dark matter halos. While detailed star formation histories
for these systems are not currently available to completely rule
out dark matter heating as the cause, even under the (unlikely)
assumption of highly efficient dark matter heating, their low densities
cannot be reproduced (Torrealba et al. 2019; Collins et al. 2021).
Instead, tidal interactions with the host (MW or M31) are the
suspected culprit causing the low density dark matter halos of
these systems (Torrealba et al. 2019; Fu et al. 2019; Collins et al.
2021).

In this paper, we investigate another potential outlier, An-
dromeda XXV (And XXV), a dSph satellite galaxy of M31 first
discovered as part of the Pan-Andromeda Archaeological Survey
(Richardson et al. 2011). And XXV was previously identified as
a potential outlier within the LG in a 2013 study (Collins et al.
(2013), hereafter known as C13) that performed a kinematic analysis
of numerous M31 dSph satellites. And XXV was found to have
a low velocity dispersion, o, = 3.0%|7 kms~', which results
in a mass-to-light ratio of [M/L], = 10.3%]9 Mg/Ly. This is
consistent with a dark matter dominated system. However, due to
the small number of member stars (26) with stellar kinematics in
their sample, the uncertainty on this value is significant. As such,
within the uncertainties the presence of dark matter is not required
and And XXV could be described by a simple stellar system with
no appreciable dark matter component. C13 point out, more stellar
velocities are needed to confirm or rule out the presence of dark
matter in this system. We present a revised kinematic analysis,
using the spectroscopic data set outlined in C13 combined with
new observations to provide a larger sample size, nearly double that
used in C13, allowing us to critically reassess if And XXV really
is a dSph with no appreciable dark matter. We will also extend the
analysis to investigate the metallicity of And XXV. Finally we use the
dynamical mass modelling tool BINULATOR + GravSphere
(Read & Steger 2017; Read, Walker & Steger 2018; Read et al.
2019; Gregory et al. 2019; Genina et al. 2020b; Collins et al. 2021;
Read et al. 2021), to gain an insight into the dark matter content of
And XXV.

The outline of the paper is as follows: in Section 2 we detail the
photometric and spectroscopic observations used in this study. We
detail the contaminant removal procedure used to remove MW and
M31 contaminant stars from our sample in Section 3 and discuss
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our kinematic analysis of And XXV in Section 4. In Section 5
we investigate the metallicity of And XXV. Next, we outline the
dynamical mass modelling results for And XXV Section 6. In
Section 7 we discuss our results and finally we conclude in Section 8.

2 OBSERVATIONS

2.1 Deep extragalactic imaging multi-object spectrograph
spectroscopy

The spectroscopic data for And XXV were obtained using the Deep
Extragalactic Imaging Multi-Object Spectrograph (DEIMOS) Faber
et al. (2003), Cooper et al. (2012) mounted on the Keck II telescope.
The observations are comprised of two masks. The first was taken
in September 2010 (previously presented in C13), and the second
mask was observed on 2018 August 18. The instrumental setup was
the same for both masks, using a 1200 line mm~' grating with a
resolution of 1.3 A. To determine the velocity and metallicity of
each member star, we use the calcium triplet (Ca(Il)) lines. The
Ca(Il) lines are present in the region around ~8500 A. As such our
observations targeted the wavelength range of ~5600-9800 A with
a central wavelength of 7800 A to resolve the Ca(Il) lines. Each
mask was split into 3 x 20 min exposures, combining to give a total
exposure time of 3600 s per mask. The average seeing was ~0.8
arcsec for both masks, which resulted in an average signal-to-noise
ratio (S/N) of ~5 per pixel (My < 21: S/IN~16, 21 < My < 24:
S/N~6, My > 24: SIN~2).

The data were reduced using a custom pipeline, described in detail
in Ibata et al. (2011) and C13. In short, the pipeline detects and
removes cosmic rays, then corrects for scattered light, slit function,
illumination, and fringing. To account for pixel-to-pixel variations
flat-fielding was performed. Next wavelength calibrations of each
pixel were conducted using arc-lamp exposures. Then, the sky was
subtracted from the two-dimensional spectra. Finally, each spectrum
was extracted (without resampling) from a small spatial region
around each target. The velocities and corresponding uncertainties
for all stars were derived using the strong Ca(Il) triplet feature found
in the spectra of the non-resampled data. A Markov Chain Monte
Carlo (MCMC) routine fit a Gaussian to the three Ca(Il) triplet lines
and determined the offset of the line compared to the known rest-
frame wavelengths. This shift was converted into a velocity. The
final value for the velocity uncertainty comprises of the uncertainty
from the MCMC posterior distribution combined with the uncertainty
inherent to DEIMOS and the reduction pipeline which was taken to
be 3.2 kms™ (Collins et al. 2020). This is similar to the uncertainty of
3.4 kms™! found in Martin et al. (2014) for the same type of targets.
The results from each mask were combined into a single catalogue.

Misalignments of the slitmasks can cause velocity shifts of up to
15 kms™'. We correct for these by comparing atmospheric models
to the telluric absorption lines in the spectrum to shift the spectra
to the correct frame as described in C13. To further confirm if any
significant misalignment had occurred we check for a velocity error
gradient across the mask. None were found in either mask. Finally,
there were a few stars present both masks which were compared to
ensure the velocity uncertainties were well measured.

2.2 Large binocular telescopelarge binocular cameras
photometry

The photometric data for And XXV were obtained using the
Large Binocular Cameras (LBC) mounted on the Large Binocular
Telescope (LBT) in the V pegsen- and isp oan-band. Observations were

20z Ateniged 91 uo 3senb AQ £6G//0./.2SE/E/LZG/I0IHE/SEIUW/WO0D dNO"0IWepED.)/:SdY WOy papeojumoq



conducted on the nights of 2011 October 28 and November 8 with a
seeing that was ranging from 0.7 arcsec to 1.2 arcsec. With its 4i say
Charge-Coupled Devices (CCDs), the cameras both cover an area of
about 23 x 25 arcmin?. In total, 29 exposures of 360's were taken
with each filter, for a total exposure time of 2.9 h per band.

The raw photometry was reduced using the Cambridge Astronom-
ical Survey Unit (CASU) pipeline where the images are debiased,
flat-fielded, trimmed, and gain-corrected (Irwin & Lewis 2001).
The reduced photometric data were made into a catalogue. Each
datum was then morphologically categorized to distinguish between
stellar, non-stellar (e.g. background galaxies) or noise-like objects.
Only stellar objects were considered for further analysis. Finally, the
data were extinction corrected using the dust maps from Schlafly &
Finkbeiner (2011), using Ay = 0.270 mag and A; = 0.171 mag.

The photometric and spectroscopic observations were combined
by cross-matching the on-sky position of each star within an allowed
tolerance of £1 arcsecond.

3 SELECTING MEMBERS OF ANDROMEDA
XXV

Before we can perform the kinematic analysis of And XXV we
must identify the most probable members of And XXV and remove
any contaminants from the MW or M31 halo. It is difficult to
differentiate between member and contaminant stars using velocity
information alone. This is especially true for foreground MW stars
as the two systems have similar systemic velocities. Instead, to
determine likely member stars, we use a ‘triple-threat’ probabilistic
approach which was first outlined in Tollerud et al. (2012) and C13,
then further developed in Collins et al. (2020), Collins et al. (2021)
and Gregory et al. (2019). The method assigns each star a probability
of membership using three probability criteria: (1) the star’s position
on the sky with relation to the centre of And XXV, Pgg; (2) the
star’s position on a colour magnitude diagram (CMD) of And XXV,
P cmp; and (3) the velocity of the star, P.e;. We discuss each of these
criteria in more detail below.

3.1 Distance probability

Pgis is determined using radial surface brightness profile modelled
as:

},2
e[~ (00| v

where r is the radial distance of the star from the centre of And XXV
(taken to be 0"30™9.9° - RA, 46°"¢51'41" - Dec Martin et al. (2016))
and ng 1s a free parameter used to scale the exponential profile to
the size of And XXV. 54 Was extensively tested for any potential
biases or dependencies and a final value of ng4 = 2.5 was used. r,
used to modify the half-light radius, r},, to account for any ellipticity,
described by:

rp _ r h(l 6) ( 2)

1 4+ e cos ()

where ri, = 2.7 arcmin (Martin et al. 2016; Savino et al. 2022), €
is the ellipticity (¢ = 0.03) and @ is the stars angular position with
respect to the dwarfs major axis (6 = —16 °) (Martin et al. 2016).

3.2 Colour-magnitude diagram probability

Pcvp is determined using the colour-magnitude diagram of
And XXV. A by-eye best-fit isochrone was overlaid onto the CMD

Andromeda XXV in a low density halo 3529

to identify the stars most likely to be red giant branch stars of
And XXV. The isochrone used was an old, metal-poor isochrone
([Fe/H] = —1.9 dex, [a/Fe] = 0.0 dex, age = 12 Gyr) obtained
from the DARTMOUTH stellar evolutionary models Dotter et al.
(2008) shifted to the distance modulus of And XXV, m — M =
24.38 (Savino et al. 2022)). The CMD of And XXV and the by-
eye best-fit isochrone are shown in the right panel of Fig. 1. The

minimum distance in colour-magnitude space, d i, of each star to
the isochrone was converted into a probability of membership using:

dminz
Pcwmp = exp {— <7277CMD2>:| 3)

where newmp is another free parameter, this time used to account for
the scatter of stars around the best-fit isochrone. Again, this free
parameter was tested for any potential biases or dependencies and a
final value of nemp = 0.2 was chosen.

3.3 Velocity probability

P, is determined by simultaneously fitting the velocities for all
of the stars in the spectroscopic observations by assuming that
these stars inhabit a profile of four dynamically distinct peaks. Four
Gaussians are used to describe the different peaks which correspond
to And XXV stars (Pang xxv), then M31 halo contaminant stars (Py3;)
and two peaks for the MW contaminant stars (Pywi, Pvw2). The
MW velocity profile is often assumed to be a single distribution
for contaminant removal purposes. However, due to the similarity
in systemic velocity for And XXV and the MW, for our study, this
assumption is not valid. Instead, we need to include this complexity
in our model by modelling the MW as two velocity distributions (e.g.
Gilbert et al. 2006). Each Gaussian is defined by a systemic velocity
(v;) and a velocity dispersion (o), such that the probability of each
star belonging to each peak (Pang xxv,> Pm31, Pmwi and Pywo) is:

2

1 1 Vpeak — Vi
Poeak = X exp ) e N
2. o2 + Verri? /lefeak + Veri?

Vpeak
“

where v; and ve; are the velocity and velocity uncertainty of a given
star respectively. The overall log-likelihood function is therefore
described by:

N
log(£) = Z(OlPAndxxv + BPwvz1 + ¥ Pmwi + 6 Pyvw2) (5)

i=1

where «, 8, y, and § are constants describing the proportion of stars
belonging to And XXV, M31, MW1, and MW2, respectively, and
are normalized, such that « + 8 + y + 6 = 1. The components
of this likelihood function were found using emcee, a python
MCMC package (Foreman-Mackey et al. 2013). The routine used
200 walkers, over 5000 iterations with a burn-in stage of 1550 and
uniform flat priors were introduced for each parameter, see Table. 1
for a summary of the priors and results for the MCMC analysis.

It is important to note that, while the velocity and velocity
dispersion values will likely resemble the final values, this is not
the final kinematic result for And XXV. It is only used to determine
Pye1. This is because it does not consider the impact of any potential
M31 or MW contamination in the wings of the And XXV Gaussian,
hence why the other two probability filters are important and the
combination of all three filters is used to weight the likelihood
function in the final kinematic analysis. The probability distribution
described by the Gaussian for each peak can then be combined to
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Figure 1. Left top: The velocity histogram from And XXV. Light grey represents non-members likely contamination from foreground MW stars or M31 halo
stars. Dark grey represents the 49 identified member stars of And XXV. The black dashed line represents the systemic velocity of And XXV determined in this
study. Left bottom: Radial distance from the centre of And XXV as a function of the line of sight velocity. The smaller light grey circles are the non-member
stars from the spectroscopic data. The larger coloured circles are the member stars, colour-coded by the probability of membership (see colour bar on the
right) and the error bars are the 1o uncertainties. The horizontal grey dashed lines represent 1x and 2x rj, from the bottom up respectively. Right: The colour
magnitude diagram for And XXV. Again the smaller light grey circles are non-member stars within 1.5x rj;, and the larger coloured circles are the member
stars colour-coded by the probability of membership. The black solid line is a by-eye best-fit isochrone ([Fe/H] = —1.9 dex, [«r/Fe] = 0.0 dex, age = 12 Gyr)
for And XXV taken from the DARTMOUTH stellar evolutionary models Dotter et al. (2008) and shifted to the distance modulus of And XXV, m — M = 24.38

(Savino et al. 2022)).

Table 1. Prior values and results for the variables used in our emcee analysis
for Pyel. [] Note: This is not the final systemic velocity and velocity dispersion
value for And XXV - it is only used to determine Pygj.

Priors:

Peak vy (kms™1) o, (kms™1)
Pand xxv —130 < v < =90 0<o, <50
Pwm3i —400 < vy < —130 0<o, <200
Pymwi —60 < v, <50 0<o, <100
Pyviwo —90 < v, < =50 0<o, <100
Results:

Peak vy (kms™!) o, (kms™!)
PAnd XXV —107.6%13 51735 [+
Pyt —272.2+308 132.153%7
Pyiwi —4531043 27.2+307
Pyiw2 ~71.1778, 38.611%

MNRAS 521, 3527-3539 (2023)

give P, using:

Py = P Andxxv ©)
Pywi + Pywz + Pyst + P anaxxv
The final probability of membership to And XXV for each star is

the product of the three probability cuts, such that:

P rnember = Paist X Pemp X Prel @)

Stars with a probability of Pyember > 0.10 were considered member
stars. The probability of membership cut-off is kept intentionally low
as we use the velocity dispersion for the kinematic analysis. Hence,
we do not want to artificially decrease the velocity dispersion by
removing potential candidates with a probability cut that is too strict.
Furthermore, all non-members have a probability of membership
significantly below this cut-off point. A total of 49 members were
identified (as shown in Fig. 1). These data contain nearly double the
number of members compared to that used in C13.
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Figure 2. A corner plot showing the results of our kinematic analysis using
EMCEE. The velocity and velocity dispersion are well resolved, giving v, =
—107.7 £ 1.0km s ! and 0, = 3.771-2 kms ™.

4 KINEMATIC ANALYSIS OF ANDROMEDA
XXV

We used another emcee routine to determine the velocity (v) and
velocity dispersion (o,) of And XXV. This time, the routine fits
a single Gaussian for the 49 member stars, with the likelihood of
each star weighted by the star’s respective probability, such that the
log-likelihood function is:

N

10g(£) =Y 108 P member, P anaxxv,) ®)
i=1

The routine used 500 walkers over 5000 iterations with a burn-in

stage of 3750. The values of v and o, for And XXV from the P

analysis were used as initial guesses and the same flat priors used for

P were implemented. The resulting posterior distribution can be
seen in Fig. 2.

4.1 Kinematic results

The velocity and velocity dispersion are well resolved, giving v =
—107.7 + 1.0 km s~! and o, = 3.77}7 km s~', the uncertainties
are the lo uncertainty intervals from the posterior distributions.
The properties derived for And XXV are listed in Table 2. The
velocity and velocity dispersion are consistent with those derived
inC13 (v=—107.8 + 1.0 km 5!, o, = 3.07}2 km s~!) although
our velocity dispersion is slightly higher. This is likely due to the
targeting of the C13 study. The first mask preferentially targeted
stars close to the centre of And XXV. As seen in Fig. 1, the central
stars are kinematically colder than those in the outskirts (velocity
dispersion of ~2.3 km s~! in the centre versus ~5.7 km s~! on the
outskirts). The outermost stars included in the new spectroscopic
data set increase the average dispersion measured in this study. It
is important to note that at the outskirts of And XXV we are more
susceptible to contamination from non-member stars, especially due

Andromeda XXV in a low density halo 3531

Table 2. The properties of And XXV. Sources a: Martin et al. (2016), b:
Savino et al. (2022), c: this work.

Property Value Source
a, § (J2000) 00:30:09.9 + 46:51:41 a
my 153703 a
0.3

My 9.1%53 b
D (kpc) 751.61% b
1, (arcmin) 27'_"8:‘3‘ a,b
th (pe) 590199 a,b
L (Lo) 3.7f8:§ x 103 b
v (kms™1) -107.7 £ 1.0 c
o, (kms™1) 3.7f81g c
M(r< 1) (Mg) 47739 x 10° c
[M/L]y, Me/Le) 25t c
[Fe/H] (dex) -1.9+0.1 c
ppm(150 pe) (Mg kpe™3) 23714 % 107 c

to the similarity in velocity between And XXV and the foreground
MW stars. We extensively tested our membership selection; however,
it is possible inclusion of contaminates could potentially contribute
to the velocity flaring at larger radii. Furthermore, due to the size of
the uncertainties on the two bins, likely arising from small number
statistics, the velocity flaring observed is statistically insignificant
within lo.

Using the now better constrained velocity dispersion, we can
measure the mass, M(r <), and mass-to-light ratio, [M /L],
contained within the half-light radius of And XXV. Assuming a
flat velocity dispersion profile, M(r < ry,) can be calculated using
Walker et al. (2009):

M(r <ry) =580r, Gf 9)

The mass of And XXV was determined to be M(r < ry) =
47739 x 10° M, which is in agreement with the C13 study within
the 1o uncertainties. Using the updated absolute magnitude value
of And XXV, My = —9.1 (Savino et al. 2022), which is equal
to a luminosity of L = 3.7:1):;‘ x 10° L, the mass-to-light ratio
contained within the half-light radius is [M /L], = 251“{; Mg/Lg.
The mass-to-light ratio agrees with the value from C13 within the
lo uncertainties and demonstrates that And XXV is dark matter
dominated. Although, assuming Gaussian uncertainties, And XXV
is still consistent with a simple stellar system of [M /L], < 5 with
~1.250 Furthermore, if we instead use the previous luminosity value
(L = 6.8 x 10° L) with the updated velocity dispersion we derive
a mass-to-light ratio of [M /L], = 151'(;0 Mg/Lg This demonstrates
that the increase in the mass-to-light ratio is due to the combination of
the slightly increased velocity dispersion and the updated luminosity
value that is almost half the previous value that was used in C13.

4.2 Comparison to kinematics of local group dSphs

Dwarf galaxies are typically dark matter dominated systems at all
radii and as such we would expect them to have mass-to-light ratios
of [M/L];, > 10 Mg/Lg. The left panel of Fig. 3 shows the mass-
to-light ratios of LG dSphs, the light grey circles and triangles are
M31 and MW dSphs, respectively, taken from Tollerud et al. (2012);
Collins et al. (2013); Collins et al. (2017); Collins et al. (2020);
Collins et al. (2021); Walker et al. (2007); Walker et al. (2009);
Simon & Geha (2007); Simon et al. (2011); Simon et al. (2015);
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Figure 3. Left: Mass-to-light ratios of dSphs in the LG. The diagonal black lines illustrate a mass-to-light ratio of 10, 100 and 1000 from right to left respectively.
Right: The mass contained within the half-light radius for the LG dSphs. The solid black line is the best-fitting NFW mass profile for the LG population (Collins
et al. 2014), with the 1o uncertainties for this relationship shown by the blue shaded region. Both: The light grey triangles are MW dSphs and the light grey
circles are M31 dSphs. The C13 result is illustrated by the pink diamond and the updated value from this study for And XXV is shown by the purple star. For

all data points, the error bars show the 1o uncertainties.

Martin et al. (2007); Martin et al. (2013a); Martin et al. (2013b);
Martin et al. (2014); Ho et al. (2012); Kirby, Simon & Cohen (2015);
Kirby et al. (2017). The pink diamond shows the C13 result. This
mass-to-light ratio was indicative of a dark matter dominated system,
but within the uncertainties did not require the presence of dark
matter. The purple star shows the mass-to-light ratio of And XXV
derived from this study. We can see that with the combination of
the slightly increased velocity dispersion and updated luminosity
used in this study, the mass-to-light ratio of And XXV is that of
a dark matter dominate system and moves in line with other LG
dSphs.

The right panel of Fig. 3 shows the mass contained within the
half-light radius as a function of the half-light radius for the LG
dSphs. Again the light grey circles and triangles are M31 and MW
dSphs, respectively, taken from the same sources. With the updated
velocity dispersion the half-light radius mass moves more in line
with what we would expect (compare the pink diamond — C13 to
the purple star — this study). Despite this, we can see that the mass
of And XXV is still significantly lower when compared to the best-
fitting NFW mass profile for the LG population (Collins et al. 2014),
illustrated by the solid black line and the light blue shaded region is
the 1o uncertainty. This extended radial behaviour with significantly
less mass than expected for its size is also shown by the other four
outliers And XXI (Collins et al. 2021), And XIX (Collins et al.
2020), Crater II (Torrealba et al. 2016), and Antlia II (Torrealba et al.
2019), as highlighted in Fig. 3. For these systems, it is suspected
that tides have caused the low masses. Furthermore, C13 noted that
tidal interactions could have acted to lower the central density of
And XXV, and the increase in velocity dispersion with radius could
indicate a tidal influence.

To investigate if we can observe the impact of tides in the
kinematics, we altered the Gaussian component of the likelihood
function described in equation (4) to include a velocity gradient
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component that would indicate the presence of tidal streams, follow-
ing the methodology outlined in Martin & Jin (2010). No statistically
significant velocity gradient was found. It is important to note that
this does not mean And XXV has not experienced tidal influences,
especially as we potentially run into the same small number statistics
issues reported by the C13 as we are trying to fit more parameters
than the simple Gaussian outlined in equation (4). We return to the
potential impact of tides on And XXV in Section 7.

5 METALLICITY OF ANDROMEDA XXV

We determined the metallicity of And XXV by measuring the
equivalent widths of the Ca(ll) triplet lines from the spectroscopic
observations. These absorption lines are a good proxy for iron
abundance [Fe/H] (Armandroff & Da Costa 1991). We focused on
the equivalent widths of the Ca(Il) triplet feature in the co-added
spectra for And XXV. We only include member stars with a good
signal-to-noise ratio (S/N), for our data set, this was determined to
be S/N > 2.5 per pixel, which resulted in a sample that comprised
of 32 stars. To calculate the equivalent widths, we followed the
methodology outlined in C13. Firstly, we apply a Doppler correction
to each star to ensure the spectra are measured in the rest frame.
The spectra were then interpolated onto a common framework
before co-adding the S/N weighted spectra. Next, the spectra were
normalized, such that the mean continuum was equal to one. Finally,
we simultaneously fit the continuum and three Gaussian peaks to
each of the three Ca(Il) triplet lines to obtain the equivalent widths,
see Fig. (4).

The metallicity was determined from the equivalent widths using
the approach described by Starkenburg et al. (2010) such that:

[Fe/H] = —2.87 4+ 0.195 M + 0.48 £Ca — 0.913 =Ca~'?
+0.00155 Ca M (10)

20z Ateniged 91 uo 3senb AQ £6G//0./.2SE/E/LZG/I0IHE/SEIUW/WO0D dNO"0IWepED.)/:SdY WOy papeojumoq


art/stad752_f3.eps

[Fe/H] = -1.940.1 dex

—_

Normalised flux
o o
D [o/e]

=
e~

0%475 8500 8525 8550 8575 8600 8625 8650 8675
Wavelength [A]

Figure 4. The S/N weighted co-added spectra for the Ca(II) triplet region in
And XXV. The purple dashed line is the fit to the Ca(II) triplet feature, the
final derived metallicity is [Fe/H] = —1.9 0.1 dex.
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Figure 5. The luminosity—metallicity relation for LG dSphs. MW dSphs are
represented by light grey triangles, whereas the M31 dSphs are the light grey
circles. The pink diamond shows the results for And XXV from the C13 study
and the purple star shows the result for And XXV from this study derived from
the coadd spectra. The black dash line is the best fit luminosity—metallicity
relation from Kirby et al. (2013) with the light blue band illustrating the 1o
scatter. And XXV is in perfect agreement with this relation.

where XCa = 0.5EW8498 + EW8542 + 0.6EW3662 and M is the
absolute magnitude of each star given by:

M =V =5 xlog,,(Dg) +5 (11)

where V is the S/N-weighted mean V-band magnitude of the 32
stars and Dy, is the heliocentric distance of the star which, for all
stars, was assumed to be the heliocentric distance of And XXV,
751.6 kpc (Savino et al. 2022). This resulted in a metallicity for
And XXV of [Fe/H] = —1.9£0.1 dex. This value is in direct
agreement with the result from the C13 study. Furthermore, this result
is in agreement with the luminosity—metallicity relation (Kirby et al.
2013) for LG dwarfs, as shown in Fig. 5 with data taken from the
sources mentioned for Fig. 3 in addition to Ho et al. (2015) and Wojno
et al. (2020). We also obtained metallicities for individual stars. To
do this we performed the same fitting procedure described above but
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this time for each of the 32 spectra separately. From the individual
metallicities, we produced a metallicity distribution function (MDF)
from which we determined the mean metallicity of And XXV MCMC
with an EMCEE routine fitting a Gaussian to the MDF. This analysis
produced a metallicity in agreement with the result derived from the
co-added spectra, albeit with a slightly larger uncertainty due to the
larger systematic errors associated with the individual spectra with
low S/N.

6 MASS MODELLING OF ANDROMEDA XXV

6.1 BINULATOR + GravSphere — mass modeling tool

GravSphere ! is the dynamical mass modelling tool we used to

measure the dark matter density profile of And XXV and is described
described in detail in Read & Steger (2017); Read et al. (2018);
Read et al. (2021); Genina et al. (2020b); Collins et al. (2021).
In this section, we briefly review the GravSphere methodology
and describe its application to And XXV. GravSphere solves the
projected spherical Jeans equations (Jeans 1922; Binney & Mamon
1982) for a set of tracers, in this instance the 53 member stars of
And XXV, to determine the dark matter density profile, assuming that
it is a spherical, non-rotating system. These equations are known to
have a mass-velocity anisotropy degeneracy for which a wide range
of solution combinations can satisfy the model (Merrifield & Kent
1990; Wilkinson et al. 2002; Lokas & Mamon 2003; de Lorenzi
et al. 2009). Several methods have been proposed to break this
degeneracy (see e.g. Read & Steger (2017). GravSphere addresses
it by fitting two higher order ‘Virial Shape Parameters’ (VSPs),
first proposed by Merrifield & Kent [1990, see also Richardson &
Fairbairn (2014)]. The velocity anisotropy profile is difficult to
constrain observationally. However, using VSPs we only need line of
sight velocities (easily obtained from spectroscopic observations) to
place meaningful constraints on the velocity anisotropy profile, hence
breaking the mass-velocity anisotropy degeneracy. GravSphere
uses a symmetric version of the velocity anisotropy profile, f, is used
to avoid issues with infinite values (Read et al. 2006), where 8 = 0
describes an isotropic velocity distribution, # = —1 a complete
tangential and = 1 a complete radial distribution. Finally, in line
with previous studies (Read et al. 2018; Collins et al. 2021), we adopt
the CORENFWTIDES model to describe the dark matter distribution.
This mass profile includes within its parametrization the cusped
Navarro-Frenk—White profile (NFW; Navarro et al. (1996b)). The
NFW profile gives a good fit to dark matter density profiles in pure
dark matter simulations and is described by two parameters: a virial
mass Myoy and concentration parameter ¢,p9. The CORENFWTIDES
model adds four new parameters to this: n, r., r, and 8. The first
two control how ‘cored’ or ‘cusped’ the dark matter profile is inside
., where n = 1 corresponds to a constant density flat core, n =
0 corresponds to an r~! cusp, as in the NFW profile, and n = —1
corresponds to an even steeper 7~ 2 cusp. The second two parameters
model the effect of tidal forces from a larger host galaxy stripping
some of the outer mass away, where r; is the tidal radius beyond
which the density falls off as 7.

! The updated GravSphere code along with the new BINULATOR binning
method, described in this paper and Collins et al. (2021), is available to
download from https://github.com/justinread/gravsphere. pyGravSphere,
a free form mass version of the GravSphere code (Genina et al. 2020b), is
available to download from https://github.com/AnnaGenina/pygravsphere.
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GravSphere has been rigorously tested on a wide variety of
mock data (Read & Steger 2017; Read et al. 2018; Read et al. 2021;
Genina et al. 2020b; Collins et al. 2021) and stands up well when
compared to other dynamical mass modeling tools (Read et al. 2021).
However, for systems with a small number of stars, and/or where
the velocity uncertainty is large, the binning method in the previous
version of GravSphere can become slightly biased towards cusped
profiles (Gregory et al. 2019; Zoutendijk et al. 2021; Collins et al.
2021). To resolve this issue GravSphere was updated to include
a new separate binning routing, BINULATOR, first introduced and
outlined in detail in Collins et al. (2021). This update reduces the
aforementioned biases by fitting a generalised Gaussian probability
distribution to each bin, providing a robust estimate of the mean,
variance, kurtosis, and corresponding uncertainties for each bin, even
for systems with an extremely small sample size, such as And XXV.
These estimates are then used as inputs to GravSphere. Detailed
tests of this updated version of BINULATOR + GravSphere can
be found in Collins et al. (2021) Appendix. A.

6.2 Implementing BINULATOR + GravSphere for
Andromeda XXV

The surface brightness profile for And XXV was constructed from
photometric data obtained through the LBT imaging described in
Section 2.2. We included point sources from the entire data set
out to ~5 x ry,. For each star the radial distance from the centre
of And XXV was measured and a probability of membership was
assigned using the Py and method outlined in equation (1), albeit
with a looser probability constraint (Pyemper > 0.01) and larger 7,
parameters to ensure arepresentative and complete surface brightness
profile. The velocity dispersion profile was constructed from the
spectroscopic data for the 49 identified members of And XXV, using
the velocity, velocity uncertainty, radial distance from the centre and
the probability of membership determined using equation (7) for
each member star. For both data sets the probability of membership
is summed to give the total number of ‘effective’ tracers:

Nmem

Negr = Z Pmem,i (12)
i=0

giving N = 2450 for the photometric data and N = 27 for the
velocity data, which were then split into 98 bins of 25 and 3 bins of
9, respectively. GravSphere fits the surface brightness profile and
radial velocity profile from the kinematic and photometric data input
using an emcee routine (see Appendix A). For the parameters in
the CORENFWTIDES profile we implemented the following priors:
7.5 < logio(Ma0/Mg) < 11.5, 7 < ca00 < 53, =2 < logo(r./kpc)
< 10, 1 < logo(r/kpe) < 20,3 <8 < 5and —1 < n < 1. For the
symmetric velocity anisotropy, f, the priors were: —0.1 < f, < 1,
—2 < logjo(ro/kpe) < 0 and 1 < g < 3. Finally, for the stellar mass
of And XXV we convert the updated luminosity value from Savino
et al. (2022) using the assumption of a stellar mass-to-light ratio of
2 for an old stellar population, in line with Simon (2019). This gives
a stellar mass of M, = 7.570% x 10° Mo,

6.3 Dark matter density profile of Andromeda XXV

The resulting dark matter density profile is shown in Fig. 6. The dark
grey and light grey shaded regions are the 1 and 2 o uncertainties,
respectively, and the purple dashed line is the half-light radius of
And XXV. Within the uncertainties, it is not possible to distinguish
between a cusped or cored profile. Instead, we turn our attention
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Figure 6. The dark matter density profile for And XXV. The dark grey and
light grey shaded regions are the 1 x and 2x ¢ uncertainties, respectively, and
the purple dashed line is the literature half-light radius of And XXV (Savino
et al. 2022). The blue dotted line corresponds to 150 pc, the radial distance
at which we determine the central dark matter density (Read et al. 2018).
And XXV has a low central dark matter density of ppm (150 pc) = 2.31‘}:‘1‘ x
107 Mg kpe 3.

to the central dark matter density, ppm(150pc), illustrated by the
blue dotted line. This value is used because this is the key region
where core formation is expected to reduce dark matter densities,
compared to CDM predictions (Read et al. 2018; Genina et al.
2020a). For And XXV, we get a central dark matter density of
oom(150 pe) = 2.3714 % 107 Mg kpc~>. This is low when compared
to other LG dSphs, as shown in Fig. 7, with data taken from Read et al.
(2019). Here dSphs are illustrated as circular data points and dlrrs
are triangles. Quiescent (non-star forming) dwarfs are purple whereas
currently star-forming dwarfs are blue. The pre-infall halo masses,
My for the dwarfs in this study and the Read et al. (2019) sample
are determined using an abundance matching method described in
Read & Erkal (2019), which uses the the mean star formation rate
averaged over the time when a galaxy was forming stars <SFR>,
rather than stellar mass. This method was chosen as it is less
susceptible to scatter associated with quenching or tidal interactions
which can alter the M,y value obtained from traditional stellar
mass abundance matching methods. This is particularly pertinent
as And XXV may show signs of tidal stripping. The sample of dSph
galaxies in Read et al. (2019) was chosen to be tidally isolated in
order to measure the impact of dark matter heating on ppym(150 pc),
independently of tidal effects. However, while the dSphs in Read
et al. (2019) are known to be tidally isolated today (based on their
orbits, measured using proper motion data from Gaia + HST (Gaia
Collaboration et al. 2016, 2018), this does not mean that they have
been tidally isolated for their whole history. As shown in Genina et al.
(2020b), some dwarfs can have past interactions with one another
and/or other infalling structure that lowers their inner densities while
leaving them on apparently benign orbits today. While it is not
possible to control for this for the dSphs in the Read et al. (2019)
sample, like Fornax, such effects cannot explain the similarly low
density of the isolated dlrrs in the Read et al. (2019) sample. Fornax
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Figure 7. Top: The central dark matter density as a function of pre-infall
mass, Mpoo. The dark grey band corresponds to the inner DM densities of
completely cuspy profiles, whereas the light grey band corresponds to a fully
cored coreNFW profile (Read et al. 2016). The width of the bands corresponds
to the lo scatter in DM halo concentrations (Dutton & Maccio 2014). Bottom:
Central dark matter density as a function of the stellar mass to halo mass ratio,
M../Maqo. The vertical grey dashed line illustrates the M,./Mpq ratio above
which cusp-core transformations should become efficient (Di Cintio et al.
2014). Both: Circular data points are dSphs, whereas triangles are dIrrs.
Dwarfs that are currently star forming are light blue whereas dwarfs that
are quiescent are purple. Fornax is illustrated by the partially filled purple
circular data point due to its unusual star formation history atypical of dSphs.
The error bars are the 1o uncertainties. And XXV and And XXI are labelled
and have thicker error bars with caps. Data for And XXI were obtained from
Collins et al. (2021) and from Read et al. (2019) for the other dwarfs.

is illustrated by the partially filled purple circular data point. Fornax
is an interesting case that has a density and star formation history

similar to dlrrs, but is a dSph. As such, its low density could owe to
star formation (SF) and/or tides (Genina et al. 2022). A SF-induced

Andromeda XXV in a low density halo 3535

dark matter core provides the best fit to the kinematic data for Fornax,
but tides could still have had a major influence even though Fornax’s
orbit looks to be tidally benign today.

When comparing And XXV to the rest of the LG dwarfs we
can see just how low And XXV’s central dark matter density is, at
approximately an order of magnitude smaller than expected for a
quiescent dSph, ppy(150pc) > 10 My kpe~>. Instead, And XXV
has a central dark matter density more in line with currently star
forming dIrrs, ppym(150pe) < 108 Mg kpc3, which are expected to
have lower central dark matter densities due to the dark matter heating
effects of their continued star formation. Even when compared to the
unusual Fornax, with even lower central density, And XXV is still a
significant outlier. Furthermore, in the top panel in Fig. 7, the dark
grey band corresponds to a fully cusped profile whereas the light grey
band corresponds to a fully cored profile. The width of the bands
corresponds to the 1o scatter in DM halo concentrations (Dutton &
Maccio 2014). Here we can see that And XXV appears to reside in
the light grey region which corresponds to a fully cored profile. This
behaviour is also reflected in And XXI, another documented M31
outlier for which we have dynamical mass modelling (Collins et al.
2021), as labelled in Fig. 7

7 DISCUSSION

Dark matter heating is one way in which dwarfs can lower the
central dark matter densities. Could the unusually low central density
observed in And XXV be due to dark matter heating caused by
extended SF? From the shallow horizontal branch SF history, we can
see that And XXV formed 50 per cent of its total stars 8.7 Gyrs ago
and formed 90 per cent of stars (and thus likely finished star forming)
5.8 Gyrs ago (Weisz et al. 2019). It is possible that And XXV
had a very short burst of SF ~1-2 Gyrs ago, although within the
uncertainties this is not significant and could be an artefact of the
method used as many of the dwarfs in their sample display this short
burst. Deeper SF data are required to confirm the nature of this burst.
Dark matter heating is more effective in galaxies with extended star
formation (Read et al. 2016; Read et al. 2019); hence, the relatively
short, isolated bursts of SF history that And XXV undergoes means
it is unlikely that SF alone could explain the extremely low central
density observed in And XXV. The same conclusion was reached for
the other outliers with low central densities (Torrealba et al. 2019;
Collins et al. 2021). However, in the bottom panel of Fig. 7 we can
see that And XXV lies below the dashed grey line which indicates
the stellar mass-halo mass ratio for which dark matter heating can
become viable (Di Cintio et al. 2014). A recent study by Orkney
et al. (2021) showed that gravitational fluctuations due to late minor
mergers can also instigate slight core formation, even in dwarfs
below this stellar mass-halo mass ratio. Therefore, it is possible that
And XXV may have undergone a slight cusp-core transformation,
although none of the simulated, isolated, dwarfs reported in Orkney
et al. (2021) reach the low density of And XXV.

Another process that can lower the central density is tidal interac-
tions. Tidal interactions lower densities at all radii, unlike dark matter
heating which only lowers the central density. Tidal interactions
can be split into two different processes, tidal stripping and tidal
shocking. Tidal stripping occurs when the gravitational force from the
host galaxy (in this case M31) exceeds the gravitational force from the
dwarf allowing matter (dark matter/stars) to become unbound from
the dwarf. Tidal stripping preferentially removes matter from the
outer radii working inwards. As such the central dark matter density
is only noticeably reduced after significant mass loss. For cusped
profiles = 99 percent of the original mass would need to be lost
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before the central dark matter density would decrease (Pefiarrubia,
Navarro & McConnachie 2008; Penarrubia et al. 2010; Errani,
Pefiarrubia & Walker 2018; Errani & Pefarrubia 2020; Errani &
Navarro 2021). However, cored profiles are less efficient at protecting
their central densities and require less extreme mass loss for a
noticeable effect (Read et al. 2006; Pefiarrubia et al. 2010; Brooks &
Zolotov 2014). Tidal shocking is another type of tidal interaction. It
occurs for satellites on highly eccentric orbits moving in and out of
the gravitational potential of the host. If the resulting gravitational
fluctuations occur on shorter time scales than the dynamical time of
the interaction, it will dynamically heat the stars and dark matter.
The effect of tidal shocking is most pronounced at the pericentre
of the orbit, as this is where the gravitational field changes most
rapidly. Furthermore, tidal shocking is only effective at lowering
central densities for cored systems (Read et al. 2006; Errani et al.
2017; Errani et al. 2018; Errani & Pefnarrubia 2020; van den Bosch &
Ogiya 2018) or for systems that reside in a low concentration dark
matter halo (Amorisco 2019).

At a three-dimensional-projected distance of 85.2 kpc (Savino
et al. 2022), And XXV is one of the closest M31 satellites, meaning
it may potentially have had a previous encounter with M31 resulting
in tidal forces. However, without proper motions, it is difficult to
place meaningful constraints on the orbital history to ascertain if
And XXV has had any close approaches with M31. Even armed with
hypothetical proper motions, it is important to remember that the
current orbital properties are not always a robust indicator of possible
past close interactions (Lux, Read & Lake 2010; Genina et al.
2020a). Without orbital history information, we turn our attention
to other potential indicators of tidal interaction. Firstly, we turn to
the photometry to see if we can find indications of tidal interactions.
No obvious tidal tails or other tidal substructure can be seen in the
photometry of And XXV. The photometry used is shallow, as such
tidal features, which tend to have low surface brightnesses, could
readily be missed. Without dedicated deep imaging out to the very
outskirts of And XXV, such tidal substructure would be difficult
to detect (e.g. Shipp et al. 2022). Recent studies have shown that
dSphs can undergo tidal interactions and show no observable tidal
substructure (Read et al. 2006; Pefiarrubia et al. 2009; Genina et al.
2020a), this is especially true for dwarfs on highly eccentric orbits,
since the episodes of shocking are restricted to only the pericentric
passages. As such, the dwarfs can relax back to equilibrium on a
dynamical timescale, quickly erasing any signs of the interaction
from the main body of the dwarf. Moreover, as the stellar component
is strongly embedded in the dark matter halo, dSphs can be exces-
sively stripped by tidal forces preferentially removing dark matter
and as such, not demonstrate any observable tidal features in the stars
until very extreme mass loss (2 90 per cent Penarrubia et al. 2008;
Pefiarrubia et al. 2010; Errani et al. 2018). Secondly, in the kinematic
analysis, we observed a kinematically colder centre in And XXV with
the velocity dispersion increasing with radial distance. This may
demonstrate that And XXV is not in dynamical equilibrium which
could be due to previous tidal interactions, although it is important
to note that within the uncertainties this flaring is not statistically
significant. Interestingly a similar kinematic profile is observed in
Antlia 2, a system for which tides are the suspected culprit (Torrealba
et al. 2019). Moreover, the unusually low mass contained within the
half-light radius measured for And XXV could be explained by tidal
stripping/shocking, which would reduce the mass of the system over
time. This is especially true for cored systems which are able to
maintain their original radius while losing mass (Pefiarrubia et al.
2010), resulting in the extended radial behaviour observed. Finally,
dwarfs undergoing strong tidal interactions, which result in stellar
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mass loss, are expected to be outliers on the luminosity—metallicity
relation (e.g. Tucana III, see Simon et al. 2017). From Fig. 5 we can
see that And XXV agrees with this relation which suggests it has
not lost significant stellar mass through tides; an order of magnitude
loss appears unlikely, but stripping ~50 per cent of the stars may
be allowed by the data. Furthermore, significant dark matter mass
loss can lower the inner density, as can tidal shocking, without any
associated stellar mass loss (e.g. Read et al. 2006).

No one piece of evidence is enough to decisively confirm or omit
the possibility of either dark matter heating or tidal interactions as the
cause of the low central density. However, the above would imply that
we may potentially explain And XXV’s extremely low central density
due to a combination of both factors. Meaning And XXV could
have undergone a slight cusp-core transformation from dark matter
heating, which made And XXV more susceptible to tidal stripping
and shocking which further reduced the central dark matter density,
with tidal interactions being the significant contributing factor. This
conclusion is in line with the results from studies investigating the
other anomalous dwarfs (Torrealba et al. 2019; Collins et al. 2021).
Although, detailed analysis in combination with additional data,
such as proper motions, is required to consolidate this conclusion.
And XXV joins the small but growing list of unusual LG ’puffy’
dwarfs with low central densities. Around M31 we now see three
such systems (And XXV, And XIX, and And XXI). A detailed
study (Charles et al, in prep) into potential formation and evolution
pathways resulting in the low central densities observed will improve
our understanding of the nature of dark matter and potentially place
constraints on different cosmological models.

8 CONCLUSIONS

We present an updated kinematic analysis for And XXV. And XXV
was previously identified as a local group outlier. Using previous
spectroscopic observations in combination with a new data set,
providing 49 member stars, nearly double that in the previous study,
we were sufficiently able to determine the presence of dark matter
within And XXV, for the first time. In addition, we dynamically mass
model And XXV using BINULATOR + GravSphere to constrain
its dark matter density profile. Our key findings are as follows:

(1) We measure the a systemic velocity for And XXV of v =
—107.74 1.0km s~" and a velocity dispersion of o, = 3.7%}% kms™!
These values are consistent with the results derived by C13, which
had a much smaller sample size.

(i) We observe that the most central stars have a low velocity dis-
persion, which increases with increasing radial distance, potentially
indicating And XXV is not in dynamical equilibrium and may have
undergone tidal interactions.

(iii) Assuming dynamical equilibrium, we determine the mass
contained within the half-light radius to be M(r < ry) = 4.713:5 x
10 Mg, which is lower than we would expect for the size of
And XXV. This mass value corresponds to a mass-to-light ratio
of [M/L], =25%] Mg/Lo, which, for the first time, indicates
And XXV is a dark matter dominated system. Although within the
uncertainties And XXV does not require dark-matter to explain the
mass-to-light ratio, in agreement with C13.

(iv) For stars with a S/N > 2.5 we measure the metallicity of
And XXV tobe [Fe/H] = —1.9 &+ 0.1 dex from the coadded spectra.
This is perfect in agreement with C13 and with the luminosity—
metallicity relation for low-mass LG dwarfs (Kirby et al. 2013).

(v) Using the dynamical mass modelling tool BINULATOR
+ GravSphere we measure a low central dark matter density
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of ppm(150 pc) = 2.3in:‘11 x 10" Mg kpc™3. From the dark matter
density profile alone we cannot distinguish between a cusped or cored
halo. However, when compared to other quiescent star forming dSphs
we find the And XXV has a central dark matter density approximately
one order of magnitude smaller than we would expect, more similar
to the central dark matter density of isolated star forming dlrrs.

(vi) In acompanion paper (Charles et al in prep.), we will consider
whether dark matter heating, tides, or some combination of these can
explain And XXV’s low density in the context of LCDM. We will
also explore its implications for alternative dark matter models.

ACKNOWLEDGEMENTS

Some of the data presented herein were obtained at the W. M.
Keck Observatory, which is operated as a scientific partnership
among the California Institute of Technology, the University of
California and the National Aeronautics and Space Administration.
The Observatory was made possible by the generous financial support
of the W. M. Keck Foundation.

The authors wish to recognize and acknowledge the very signifi-
cant cultural role and reverence that the summit of Mauna Kea has
always had within the indigenous Hawaiian community. The authors
are most fortunate to have the opportunity to conduct observations
from this mountain.

The LBT is an international collaboration among institutions in
the United States, Italy, and Germany. LBT Corporation partners
are: The University of Arizona on behalf of the Arizona Board
of Regents; Istituto Nazionale di Astrofisica, Italy; LBT Beteili-
gungsgesellschaft, Germany, representing the Max-Planck Society,
The Leibniz Institute for Astrophysics Potsdam, and Heidelberg
University; The Ohio State University, representing OSU, University
of Notre Dame, University of Minnesota and University of Virginia.

EB acknowledges financial support from a Vici grant from the
Netherlands Organisation for Scientific Research (NWO). RI and
NM acknowledge funding from the European Research Council
(ERC) under the European Unions Horizon 2020 research and
innovation programme (grant agreement No. 834148).

DATA AVAILABILITY

The raw spectra obtained with DEIMOS are available via the
Keck archive. Fully reducedone-dimensional spectra and photom-
etry will be made available upon reasonable request to the lead
author. Electronic tables with the reduced properties (coordinates,
magnitudes, velocities, and probability of membership) for all stars
and the identified member stars will be provided on the journal
website. The updated GravSphere code, along with the new
BINULATOR binning method, is available to download from https:
//github.com/justinread/gravsphere.

REFERENCES

Agnello A., Evans N. W., 2012, ApJ, 754, L39

Amorisco N. C., 2019, MNRAS, 489, L22

Amorisco N. C., Evans N. W., 2012, ApJ, 756, L2

Armandroff T. E., Da Costa G. S., 1991, AJ, 101, 1329

Aubourg E. et al., 2015, Phys. Rev. D, 92, 123516

Battaglia G., Helmi A., Tolstoy E., Irwin M., Hill V., Jablonka P., 2008, ApJ,
681,L13

Binney J., Mamon G. A., 1982, MNRAS, 200, 361

Bond J. R., Kofman L., Pogosyan D., 1996, Nature, 380, 603

Brooks A. M., Zolotov A., 2014, ApJ, 786, 87

Andromeda XXV in a low density halo ~ 3537

Buckley M. R., Peter A. H. G., 2018, Phys. Rep., 761, 1

Bullock J. S., Boylan-Kolchin M., 2017, ARA&A, 55, 343

Burles S., Nollett K. M., Truran J. W., Turner M. S., 1999, Phys. Rev. Lett.,
82,4176

Caldwell N. et al., 2017, ApJ, 839, 20

Collins M. L. M. et al., 2013, ApJ, 768, 172

Collins M. L. M. et al., 2014, ApJ, 783, 7

Collins M. L. M., Tollerud E. J., Sand D. J., Bonaca A., Willman B., Strader
J.,2017, MNRAS, 467, 573

Collins M. L. M., Tollerud E. J., Rich R. M., Ibata R. A., Martin N. F,
Chapman S. C., Gilbert K. M., Preston J., 2020, MNRAS, 491, 3496

Collins M. L. M. et al., 2021, MNRAS, 505, 5686

Cooper M. C., Newman J. A., Davis M., Finkbeiner D. P., Gerke B. F., 2012,
spec2d: DEEP2 DEIMOS Spectral Pipeline. preprint(ascl:1203.003)

Cyburt R. H., 2004, Phys. Rev. D, 70, 023505

de Blok W. J. G., 2010, Adv. Astron., 2010, 789293

de Blok W. J. G., McGaugh S. S., Bosma A., Rubin V. C., 2001a, ApJ, 552,
L23

de Blok W. J. G., McGaugh S. S., Bosma A., Rubin V. C., 2001b, ApJ, 552,
L23

de Lorenzi F. et al., 2009, MNRAS, 395, 76

Di Cintio A., Brook C. B., Maccio A. V., Stinson G. S., Knebe A., Dutton A.
A., Wadsley J., 2014, MNRAS, 437, 415

Dotter A., Chaboyer B., Jevremovi¢ D., Kostov V., Baron E., Ferguson J. W.,
2008, ApJS, 178, 89

Dubinski J., Carlberg R. G., 1991, ApJ, 378, 496

Dutton A. A., Maccio A. V., 2014, MNRAS, 441, 3359

Errani R., Navarro J. F., 2021, MNRAS, 505, 18

Errani R., Penarrubia J., 2020, MNRAS, 491, 4591

Errani R., Pefiarrubia J., Laporte C. F. P., Gomez F. A., 2017, MNRAS, 465,
L59

Errani R., Pefiarrubia J., Walker M. G., 2018, MNRAS, 481, 5073

Faber S. M. et al., 2003, in Iye M., Moorwood A. F. M., eds, Society of Photo-
Optical Instrumentation Engineers (SPIE) Conference Series, Vol. 4841,
Instrument Design and Performance for Optical/Infrared Ground-based
Telescopes. p. 1657

Fields B. D., 2011, Ann. Rev. Nucl. Part. Sci., 61, 47

Flores R. A., Primack J. R., 1994, ApJ, 427, L1

Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013, PASP, 125,
306

Fu S. W,, Simon J. D., Alarcén Jara A. G., 2019, ApJ, 883, 11

Gaia Collaboration et al., 2016, A&A, 595, A2

Gaia Collaboration et al., 2018, A&A, 616, Al

Gao L., Springel V., White S. D. M., 2005a, MNRAS, 363, L66

Gao L., White S. D. M., Jenkins A., Frenk C. S., Springel V., 2005b, MNRAS,
363, 379

Genina A. et al., 2018, MNRAS, 474, 1398

Genina A., Read J. 1., Fattahi A., Frenk C. S., 2022, MNRAS, 510, 2186

Genina A. et al., 2020b, MNRAS, 498, 144

Genina A., Read J. 1., Fattahi A., Frenk C. S., 2022, MNRAS, 510, 2186

Gilbert K. M. et al., 2006, ApJ, 652, 1188

Gnedin O. Y., Zhao H., 2002, MNRAS, 333, 299

Gregory A. L., Collins M. L. M., Read J. I, Irwin M. J., Ibata R. A., Martin
N. E,, McConnachie A. W., Weisz D. R., 2019, MNRAS, 485, 2010

Ho N. etal., 2012, ApJ, 758, 124

Ho N., Geha M., Tollerud E. J., Zinn R., Guhathakurta P., Vargas L. C., 2015,
ApJ, 798,77

Ibata R., Sollima A., Nipoti C., Bellazzini M., Chapman S. C., Dalessandro
E., 2011, ApJ, 738, 186

Irwin M., Lewis J., 2001, New A Rev., 45, 105

Jeans J. H., 1922, MNRAS, 82, 122

Kirby E. N., Cohen J. G., Guhathakurta P., Cheng L., Bullock J. S., Gallazzi
A., 2013, ApJ, 779, 102

Kirby E. N., Simon J. D., Cohen J. G., 2015, ApJ, 810, 56

Kirby E. N., Cohen J. G., Simon J. D., Guhathakurta P., Thygesen A. O.,
Duggan G. E., 2017, ApJ, 838, 83

Komatsu E. et al., 2009, ApJS, 180, 330

Lokas E. L., Mamon G. A., 2003, MNRAS, 343, 401

MNRAS 521, 3527-3539 (2023)

20z Ateniged 91 uo 3senb AQ £6G//0./.2SE/E/LZG/I0IHE/SEIUW/WO0D dNO"0IWepED.)/:SdY WOy papeojumoq


https://github.com/justinread/gravsphere
http://dx.doi.org/10.1088/2041-8205/754/2/L39
http://dx.doi.org/10.1093/mnrasl/slz121
http://dx.doi.org/10.1088/2041-8205/756/1/L2
http://dx.doi.org/10.1086/115769
http://dx.doi.org/10.1086/590179
http://dx.doi.org/10.1093/mnras/200.2.361
http://dx.doi.org/10.1038/380603a0
http://dx.doi.org/10.1088/0004-637X/786/2/87
http://dx.doi.org/10.1146/annurev-astro-091916-055313
http://dx.doi.org/10.3847/1538-4357/aa688e
http://dx.doi.org/10.1088/0004-637X/768/2/172
http://dx.doi.org/10.1088/0004-637X/783/1/7
http://dx.doi.org/10.1093/mnras/stx067
http://dx.doi.org/10.1093/mnras/stz3252
http://dx.doi.org/10.1093/mnras/stab1624
http://dx.doi.org/10.1155/2010/789293
http://dx.doi.org/10.1086/320262
http://dx.doi.org/10.1086/320262
http://dx.doi.org/10.1111/j.1365-2966.2009.14553.x
http://dx.doi.org/10.1093/mnras/stt1891
http://dx.doi.org/10.1086/589654
http://dx.doi.org/10.1086/170451
http://dx.doi.org/10.1093/mnras/stu742
http://dx.doi.org/10.1093/mnras/stab1215
http://dx.doi.org/10.1093/mnras/stz3349
http://dx.doi.org/10.1093/mnrasl/slw211
http://dx.doi.org/10.1093/mnras/sty2505
http://dx.doi.org/10.1146/annurev-nucl-102010-130445
http://dx.doi.org/10.1086/187350
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.3847/1538-4357/ab3658
http://dx.doi.org/10.1051/0004-6361/201629512
http://dx.doi.org/10.1051/0004-6361/201833051
http://dx.doi.org/10.1111/j.1745-3933.2005.00084.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09509.x
http://dx.doi.org/10.1093/mnras/stx2855
http://dx.doi.org/10.1093/mnras/staa2352
http://dx.doi.org/10.1093/mnras/stab3526
http://dx.doi.org/10.1086/508643
http://dx.doi.org/10.1046/j.1365-8711.2002.05361.x
http://dx.doi.org/10.1093/mnras/stz518
http://dx.doi.org/10.1088/0004-637X/758/2/124
http://dx.doi.org/10.1088/0004-637X/798/2/77
http://dx.doi.org/10.1088/0004-637X/738/2/186
http://dx.doi.org/10.1016/S1387-6473(00)00138-X
http://dx.doi.org/10.1093/mnras/82.3.122
http://dx.doi.org/10.1088/0004-637X/779/2/102
http://dx.doi.org/10.1088/0004-637X/810/1/56
http://dx.doi.org/10.3847/1538-4357/aa6570
http://dx.doi.org/10.1088/0067-0049/180/2/330
http://dx.doi.org/10.1046/j.1365-8711.2003.06684.x

3538 E.J. E. Charles et al.

Lux H., Read J. I, Lake G., 2010, MNRAS, 406, 2312

Marchesini D., D’Onghia E., Chincarini G., Firmani C., Conconi P., Molinari
E., Zacchei A., 2002, ApJ, 575, 801

Martin N. E, Jin S., 2010, ApJ, 721, 1333

Martin N. F, Ibata R. A., Chapman S. C., Irwin M., Lewis G. F,, 2007,
MNRAS, 380, 281

Martin N. F. et al., 2009, ApJ, 705, 758

Martin N. F. et al., 2013a, ApJ, 772, 15

Martin N. F. et al., 2013b, ApJ, 779, L10

Martin N. E. et al., 2014, ApJ, 793, L14

Martin N. F. et al., 2016, ApJ, 833, 167

Mashchenko S., Wadsley J., Couchman H. M. P., 2008, Science, 319, 174

Mateo M. L., 1998, ARA&A, 36, 435

McConnachie A. W. et al., 2008, ApJ, 688, 1009

Merrifield M. R., Kent S. M., 1990, AJ, 99, 1548

Moore B., 1994, Nature, 370, 629

Moore B., Ghigna S., Governato F., Lake G., Quinn T., Stadel J., Tozzi P.,
1999, ApJ, 524, L19

Navarro J. F., Eke V. R,, Frenk C. S., 1996a, MNRAS, 283, L72

Navarro J. F,, Frenk C. S., White S. D. M., 1996b, ApJ, 462, 563

Navarro J. F, Frenk C. S., White S. D. M., 1997, ApJ, 490, 493

Navarro J. F. et al., 2010, MNRAS, 402, 21

Newman A. B., Treu T., Ellis R. S., Sand D. J., 2013, ApJ, 765, 25

Ofiorbe J., Boylan-Kolchin M., Bullock J. S., Hopkins P. F., Keres D., Faucher-
Giguere C.-A., Quataert E., Murray N., 2015, MNRAS, 454, 2092

Orkney M. D. A. et al., 2021, MNRAS, 504, 3509

Peebles P. J. E., 1982, ApJ, 263, L1

Pefiarrubia J., Navarro J. F., McConnachie A. W., 2008, ApJ, 673, 226

Pefiarrubia J., Navarro J. F., McConnachie A. W., Martin N. E.,, 2009, ApJ,
698, 222

Penarrubia J., Benson A. J., Walker M. G., Gilmore G., McConnachie A. W.,
Mayer L., 2010, MNRAS, 406, 1290

Planck Collaboration et al., 2016, A&A, 594, A13

Planck Collaboration et al., 2020, A&A, 641, A6

Pontzen A., Governato F., 2012, MNRAS, 421, 3464

Read J. 1., Erkal D., 2019, MNRAS, 487, 5799

Read J. L., Gilmore G., 2005, MNRAS, 356, 107

Read J. I, Steger P, 2017, MNRAS, 471, 4541

Read J. I., Wilkinson M. 1., Evans N. W., Gilmore G., Kleyna J. T., 2006,
MNRAS, 367, 387

Read J. I, Agertz O., Collins M. L. M., 2016, MNRAS, 459, 2573

Read J. L, Iorio G., Agertz O., Fraternali F., 2017, MNRAS, 467, 2019

Read J. I., Walker M. G., Steger P., 2018, MNRAS, 481, 860

Read J. I., Walker M. G., Steger P., 2019, MNRAS, 484, 1401

Read J. I. et al., 2021, MNRAS, 501, 978

Richardson T., Fairbairn M., 2014, MNRAS, 441, 1584

Richardson J. C. et al., 2011, ApJ, 732,76

Sales L. V., Wetzel A., Fattahi A., 2022, Nat. Astron., 6, 897

Savino A, et al. 2022,ApJ,938,101.

Schlafly E. F., Finkbeiner D. P., 2011, ApJ, 737, 103

Shipp N. et al., 2022, ApJ, preprint(arXiv:2208.02255)

Simon J. D., 2019, ARA&A, 57, 375

Simon J. D., Geha M., 2007, ApJ, 670, 313

Simon J. D., Bolatto A. D., Leroy A., Blitz L., Gates E. L., 2005, ApJ, 621,
757

Simon J. D. et al., 2011, ApJ, 733, 46

Simon J. D. et al., 2015, ApJ, 808, 95

Simon J. D. et al., 2017, ApJ, 838, 11

Smith M. S., Kawano L. H., Malaney R. A., 1993, ApJS, 85, 219

Springel V. et al., 2005, Nature, 435, 629

Springel V., Frenk C. S., White S. D. M., 2006, Nature, 440, 1137

Starkenburg E. et al., 2010, A&A, 513, A34

Steigman G., 2007, Ann. Rev. Nucl. Part. Sci., 57, 463

Tegmark M. et al., 2006, Phys. Rev. D, 74, 123507

Tollerud E. J. et al., 2012, AplJ, 752, 45

Tollet E. et al., 2016, MNRAS, 456, 3542

Tolstoy E., Hill V., Tosi M., 2009, ARA&A, 47, 371

MNRAS 521, 3527-3539 (2023)

Torrealba G., Koposov S. E., Belokurov V., Irwin M., 2016, MNRAS, 459,
2370

Torrealba G. et al., 2019, MNRAS, 488, 2743

van den Bosch F. C., Ogiya G., 2018, MNRAS, 475, 4066

Walker M. G., Pefiarrubia J., 2011, ApJ, 742, 20

Walker T. P., Steigman G., Schramm D. N., Olive K. A., Kang H.-S., 1991,
Apl, 376, 51

Walker M. G., Mateo M., Olszewski E. W., Gnedin O. Y., Wang X., Sen B.,
Woodroofe M., 2007, ApJ, 667, L53

Walker M. G., Mateo M., Olszewski E. W., Pefarrubia J., Evans N. W.,
Gilmore G., 2009, ApJ, 704, 1274

Walker M. G., McGaugh S. S., Mateo M., Olszewski E. W., Kuzio de Naray
R., 2010, ApJ, 717, L87

Weisz D. R. et al., 2019, ApJ, 885, L8

Wilkinson M. L., Kleyna J., Evans N. W., Gilmore G., 2002, MNRAS, 330,
778

Wojno J., Gilbert K. M., Kirby E. N., Escala I., Beaton R. L., Tollerud E. J.,
Majewski S. R., Guhathakurta P., 2020, ApJ, 895, 78

Zolotov A. et al., 2012, ApJ, 761, 71

Zoutendijk S. L., Brinchmann J., Bouché N. F., den Brok M., Krajnovi¢ D.,
Kuijken K., Maseda M. V., Schaye J., 2021, A&A, 651, A80

SUPPORTING INFORMATION
Supplementary data are available at MNRAS online.

full_kinematics.txt
member_kinematics.txt

Please note: Oxford University Press is not responsible for the content
or functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.

APPENDIX A: RADIAL PROFILES FROM
GravSphere

Here, we include the radial profile fits from GravSphere, see
Fig. Al. First, the top panel shows the well-defined surface brightness
profile, ¥ .. The blue data points are the binned photometry from the
LBT imaging data out to four effective half light radii. Second,
in the bottom panel is the radial velocity dispersion, orps. The
blue data points are the binned velocity dispersion data taken from
our probability weighted member stars. For both panels, the black
line shows the fit from GravSphere with the dark and light
grey shaded regions showing the 1 and 2¢ uncertainty intervals
respectively. The vertical purple dashed line is the half-light radius
of And XXV. We see that the observed surface brightness profile is
well reproduced by GravSphere. We note that the same velocity
dispersion increasing with increasing radius behaviour is observed
in the binned kinematic data that is explained in Section 4.2
and Section 7. We reiterate that this behaviour may indicate that
And XXV is not in dynamical equilibrium and could be indicative
of And XXV having undergone tidal interactions. The velocity
dispersion profile inferred by GravSphere within the 1o uncertainties
for all bins. However, from visual inspection it seems possible
that GravSphere has artificially biased the velocity dispersion
to higher values at small radii in an attempt to fit this flaring feature.
Although, this potential bias would not affect the conclusion that
And XXV has an unusually low central dark matter density. A lower
velocity dispersion profile would result in a lower density. As such,
the value from this study can be considered an upper bound of the
density.
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Figure A1. Top: The surface brightness profile, 2,. The blue data points
are the binned photometry from the LBT imaging data. Bottom: The radial
velocity dispersion, o10s. The blue data points are the binned velocity
dispersions from our probability weighted member stars. Both: The black
line shows the fit from GravSphere. The 1 and 20 uncertainty intervals
are shown by the dark grey and light grey shaded regions, respectively. The
vertical purple dashed line is the half-light radius of And XXV.
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