A&A 634, A10 (2020)
https://doi.org/10.1051/0004-6361/201936136
© ESO 2020

tronomy
Astrophysics

Kinematic and metallicity properties of the Aquarius dwarf galaxy
from FORS2 MXU spectroscopy™*:**

L. Hermosa Muiioz!%7, S. Taibi%?, G. Battaglia2’3, G. Torio*, M. RejkubaS, R. Leaman®, A. A. Cole’, M. Irwin®*,
P. Jablonka®?, N. Kacharov®, A. McConnachie'?, E. Starkenburg”, and E. Tolstoy]2

! Instituto de Astrofisica de Andalucia — CSIC, Glorieta de la Astronomia s/n, 18008 Granada, Spain

e-mail: lhermosa@iaa.es

oI Y . I N O )

Instituto de Astrofisica de Canarias, C/ Via Léctea s/n, 38205 La Laguna, Tenerife, Spain

Departamento de Astrofisica, Universidad de La Laguna, 38205 La Laguna, Tenerife, Spain

Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 OHA, UK

European Southern Observatory, Karl-Schwarzschild Strasse 2, 85748 Garching, Germany

Max Planck Institute for Astronomy, Konigstuhl 17, 69117 Heidelberg, Germany

School of Natural Sciences, University of Tasmania, Private Bag 37 Hobart, Tasmania 7001, Australia

Institute of Physics, Laboratory of Astrophysics, Ecole Polytechnique Fédérale de Lausanne (EPFL), 1290 Sauverny, Switzerland
GEPI, CNRS UMR 8111, Observatoire de Paris, PSL Research University, 92125 Meudon, Cedex, France

10 National Research Council, Herzberg Institute of Astrophysics, 5071 West Saanich Road, Victoria, BC VOE 2E7, Canada
1" Leibniz-Institut fiir Astrophysik Potsdam (AIP), An der Sternwarte 16, 14482 Potsdam, Germany
12" Kapteyn Astronomical Institute, University of Groningen, 9700 AV Groningen, The Netherlands

Received 19 June 2019 / Accepted 28 November 2019

ABSTRACT

Context. Dwarf galaxies found in isolation in the Local Group (LG) are unlikely to have interacted with the large LG spirals, and
therefore environmental effects such as tidal and ram-pressure stripping should not be the main drivers of their evolution.

Aims. We provide insight into the internal mechanisms shaping LG dwarf galaxies by increasing our knowledge of the internal
properties of isolated systems. Here we focus on the evolved stellar component of the Aquarius dwarf galaxy, whose kinematic and
metallicity properties have only recently started to be explored.

Methods. Spectroscopic data in the region of the near-infrared Ca II triplet lines has been obtained with FORS2 at the Very Large
Telescope for 53 red giant branch (RGB) stars. These data are used to derive line-of-sight (1.0.s.) velocities and [Fe/H] of the individual
RGB stars.

Results. We derive a systemic velocity of —142.2’:::2 kms™', in agreement with previous determinations from both the HI gas and
stars. The internal kinematics of Aquarius appears to be best modelled by a combination of random motions (1.0.s. velocity dispersion
of 10.3*]{kms™") and linear rotation (with a gradient —5.0%]-$kms™" arcmin™') along a PA = 139*)7 deg, broadly consistent with
the optical projected major axis. This rotation signal is significantly misaligned or even counter-rotating to that derived from the HI
gas. We also find the tentative presence of a mild negative metallicity gradient and indications that the metal-rich stars have a colder
velocity dispersion than the metal-poor ones.

Conclusions. This work represents a significant improvement with respect to previous measurements of the RGB stars of Aquarius as
it doubles the number of member stars already studied in the literature. We speculate that the misaligned rotation between the HI gas
and evolved stellar component might have been the result of recent accretion of HI gas, or re-accretion after gas-loss due to internal
stellar feedback.

Key words. techniques: spectroscopic — galaxies: dwarf — Local Group — galaxies: kinematics and dynamics — galaxies: abundances —

galaxies: stellar content

1. Introduction

Dwarf galaxies are objects of great interest for galaxy forma-
tion and evolution studies because they are the smallest and most
numerous galaxies in the Universe. The Local Group (LG) hosts
a large number of these systems that can be studied in great
detail; it is possible to gather information on the properties of
their stellar components over most of the lifetimes of the galaxies
by studying individual low-mass stars, such as red giant branch
(RGB) stars.

* Table A.2 and the averaged spectra are available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/634/A10
** Based on observations made with ESO telescopes at the La Silla
Paranal Observatory as part of the program 091.B-0331.

Article published by EDP Sciences

The internal kinematic and metallicity properties of the clas-
sical (pre-SDSS) dwarf galaxies orbiting around the Milky Way
(MW) have been well-studied due to the favorable combina-
tion of close distance, luminosity, and angular size that makes a
perfect match for existing wide-area multi-object spectrographs.
However, dwarf galaxies have relatively low masses and this
arguably makes their evolution susceptible both to internal and
external effects. The study of the LG dwarf galaxies found in
isolation' is therefore valuable as they offer a cleaner view than
satellite galaxies of the internal mechanisms that have shaped the
evolution of systems at the low end of the galaxy mass function.

! Here we consider as “isolated systems” those LG dwarf galaxies that
are unlikely to have had more than one pericenter passage around the
large LG spirals, as determined from their free-fall time.
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However, due to their larger distance from us, it is challenging
to obtain large spectroscopic samples of individual RGB stars
in these objects, and thus the internal kinematics and metallicity
properties of their evolved stellar component have only started
to be explored quite recently (see, e.g., Fraternali et al. 2009;
Leaman et al. 2013; Kirby et al. 2014; Kacharov et al. 2017,
Taibi et al. 2018).

Pinning down the characteristics of isolated LG dwarf galax-
ies can also inform models that try to explain what is known as
the LG morphology-density relation: isolated LG dwarf galaxies
mostly contain HI gas (late types), in stark contrast with satellite
galaxies of M31 or the MW, which are mostly devoid of neutral
gas (early types).

Historically, LG late-type dwarfs have been divided into
dwarf irregulars (dIrrs) and transition types (dTs)?. The dTs con-
tain a neutral gas component but no ongoing star formation, so
that their properties are intermediate to those of dlrrs and early
types such as dwarf spheroidals (dSphs). Because of this, it has
been suggested that they are an evolutionary link between these
two types (see, e.g., Tolstoy et al. 2009). On the other hand, dTs
have also been considered as an extension of dIrrs with low star
formation rate (Weisz et al. 2011; Koleva et al. 2013). It should
be noted that the morphological classification is generally based
on the dwarfs’ present-day properties, while it has been shown
that dwarfs of the same type may have had different evolu-
tionary pasts, as derived from their full star formation history
(Gallart et al. 2015). This underlines the importance of referring
to dwarf galaxies on the basis of their physical properties.

This work is part of a series of articles in which we make
use of spectroscopic data of individual RGB stars to improve
the observational picture of the properties of the evolved stel-
lar component of isolated LG dwarf galaxies (Kacharov et al.
2017; Taibi et al. 2018, and in prep.). Here we focus on Aquar-
ius (DDO 210; see Table 1 for a summary of its main proper-
ties). It is located near the edge of the LG, approximately 1 Mpc
from the MW and 1.1 Mpc from M31 (for studies of distance
based on RGB stars see van den Bergh et al. 1979; Lee et al.
1999; McConnachie et al. 2005), and only two galaxies are
found within a distance of 500 kpc from it (SagDIG and VV124;
Cole et al. 2014, and references therein). Its free-fall time to the
barycenter of the LG is approximately equal to one Hubble time
(McConnachie et al. 2006; McConnachie 2012), which means
that it has likely not interacted with M31 or the MW during its
lifetime. Moreover, the estimator of the tidal interactions of this
galaxy with its closer neighbors is consistent with a system in
isolation following the criteria from Karachentsev et al. (2004,
2013).

The classification of this galaxy has varied: it has been
referred to both as a dT (e.g., Mateo 1998; McConnachie et al.
2006) and as a dIrr (Cole et al. 2014, although they recognized
its transition properties). It shows a higher fraction of gas mass
to stellar mass with respect to the other systems classified as dTs,
like Pegasus or Phoenix (see, e.g., McConnachie 2012). It has a
clear UV surface brightness profile (Lee et al. 2009) that makes
it more similar to systems classified as a dIrr. On the other hand,
even though it has experienced a very prolonged star formation
history, its star formation rate was higher between 6 and 8 Gyrs
ago; it has declined over the last 2 Gyrs, and is currently almost
null (Cole et al. 2014).

2 Tt is beyond the scope of this paper to review the taxonomy of dwarf
galaxies, for which we refer the readers to other works in the literature
(e.g., Tolstoy et al. 2009; Ivkovich & McCall 2019). There are no blue
compact dwarfs in the LG, with the possible exception of IC 10.
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Table 1. Parameters adopted for the Aquarius (DDO 210) dwarf galaxy.

Parameter Value Reference
12000 20"46"51.8° €))
072000 —12°50"53"” (D

Ellipticity 0.5+0.1 3)

PA. (°) 9 +1 3)
Ry() 1.10 + 0.03 )
My -10.6 +0.3 3)

E(B-YV) 0.045 o)

(m — M), 24.95 +0.10 @)

Dg, (kpc) 977 + 45 (@)

PAq (°) 773 +15.2 (6)

Viys (km s7h —1422+1.8 @)

o, (kms™) 10.3t”3’ @)

k (kms~! arcmin™') —5.0j]1';6 (7
PA () 1300 @)
([Fe/H]) (dex) —1.59 +0.05 @)
MAD[Fe/H] (dex) 0.20 (7)

Notes. PA. is the position angle of the stellar component (measured
from north to east), while PAy; is the PA of the kinematic major axis of
the HI component; Vy, and o, are respectively the systemic velocity
and velocity dispersion of the stellar component; k and PA,, are the
velocity gradient of the stellar component and its position angle. All
measurements were performed for the preferred kinematical model
of the stellar component (see Sect. 4.2). ([Fe/H]) is the median of the
distribution of individual [Fe/H] values, while MADgey; is the MAD
of the distribution (see Sect. 5).

References. (1) vanden Bergh (1959); (2) McConnachie et al.
(2006); (3) McConnachie (2012); (4) Coleetal. (2014); (5)
Schlafly & Finkbeiner (2011); (6) Iorio et al. (2017); (7) this work.

Stars in this galaxy were resolved for the first time by
Marconi et al. (1990) reaching a magnitude of 23.5 in the V
band. The stellar component presents a well-defined position
angle and an ellipticity varying with radius, becoming more cir-
cular in the outer parts (McConnachie et al. 2006). The young
stars (main sequence and blue loop stars), which are the least
numerous, present a different surface density profile with respect
to the older population (RGB and red clump stars). This indi-
cates that the spatial distribution of star forming regions has var-
ied over time (McConnachie et al. 2006). As for spectroscopy of
the evolved stellar component, there are only two studies that
have derived line-of-sight (l.0.s.) velocities and metallicities of
individual stars (Kirby et al. 2014, 2017a).

The neutral gas properties are well-determined, showing that
the morphologies of HI gas and stars differ (e.g., Young et al.
2003; Begum & Chengalur 2004; McConnachie et al. 2006).
When overlaying the HI contours on optical images of Aquar-
ius, it is clearly seen that they are not coincident (Young et al.
2003). This is mainly caused by the position of the young stars
in the galaxy, shifted a few arcminutes to the east with respect
to the center, and coincident with a small cavity in the HI profile
as indicated by McConnachie et al. (2006). Although fewer, the
young stars are brighter than the older ones, disproportionately
impacting the surface brightness profile. This difference in the
stellar distribution is probably causing the variation of ellipticity
with radius. Both Young et al. (2003) and Begum & Chengalur
(2004) reported a small velocity gradient in the HI gas and, more
recently, this is confirmed by lorio et al. (2017), who measure
the velocity gradient along a PA = 77 deg.

Here we present results of our study of the chemical and
kinematic properties of the stellar component of the Aquarius
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Fig. 1. Spatial distribution (/eff) of the targets projected onto the tangential plane and color-magnitude diagram of the stars along the line of sight
to Aquarius (right). Shown are the stars observed with VLT/FORS2 MXU and classified as Aquarius members (red circles), the sample of stars
members from Kirby et al. (2017a) (blue squares), the stars in common between these two studies (yellow diamonds), and the VLT/FORS2 MXU
RGB stars that have been classified as probable non-members of the galaxy (black crosses). In the left panel, the ellipse has a semi-major axis
equal to 3 times the half-light radius of the galaxy, with a position angle of 99° and ellipticity of 0.5 (see Table 1). The black dot represents the
galactic center. In the right panel, gray points represent the objects classified with high confidence as stars in the Subaru/SuprimeCam photometric
data (34’ x 27"). Magnitudes have been corrected for extinction assuming a uniform Galactic screen and adopting E(B-V) from Table 1 along with

reddening law Ay = 3.1 X E(B - V).

dwarf, based on VLT/FORS2 MXU spectroscopic observations
in the region of the near-infrared Ca II triplet lines (nIR CaT)
for a sample of 53 individual RGB stars. The article is struc-
tured as follows. In Sect. 2 we present the data acquisition and
observational details. In Sect. 3 we describe the reduction pro-
cess and the determination of velocities and metallicities for the
whole sample. In Sect. 4 we apply selection criteria to identify
likely member stars, and we perform the analysis of the kine-
matic properties of Aquarius. In Sect. 5 we analyze the metal-
licity distribution ([Fe/H]) and explore the possible presence of
two different chemo-dynamical stellar populations. In Sect. 6 we
discuss the main results and compare them with the characteris-
tics of the neutral gas. The summary and our conclusions are in
Sect. 7.

2. Observations

The data were obtained in service mode between June and
September 2013 as part of the ESO Program 091.B-0331 (PI:
G. Battaglia) using the FORS2 instrument at UT 1 of the Very
Large Telescope (VLT). The targets were selected to have mag-
nitudes and colors consistent with being RGB stars at the dis-
tance of the Aquarius dwarf galaxy. To that end, we used Subaru/
SuprimeCam imaging data in the Johnson-Cousins V and I bands
by McConnachie et al. (2006) from objects classified as point
sources with high confidence. Slits to which we could not assign
likely Aquarius RGB stars were allocated to random objects?.
To ensure precise slit allocations, we used short pre-imaging
exposures obtained with FORS2 within the same program.
Figure 1 shows the spectroscopic targets’ spatial distribution
(left) and location on the Subaru/SuprimeCam color-magnitude
diagram (right). We obtained 55 spectra for 53 individual objects
distributed over two FORS2 MXU masks, each observed with
ten exposures, for a total of 25h. On average the airmass was

3 This resulted in three of the targets being classified as stellar objects
in the 7 band, but not in the V band.

around 1.1, and the seeing about 0.9” for the Aquarius O mask
and 1.1” for Aquarius 1. We refer the reader to the observing log
in Appendix A.1 for more details.

We adopted the same instrumental setup and observing strat-
egy as in Kacharov et al. (2017) and Taibi et al. (2018; hereafter
T18), where the chemo-dynamical properties of the stellar com-
ponent of the Phoenix transition-type galaxy and the Cetus dwarf
spheroidal galaxy have been studied. Mask slits were designed
to be 1" wide by 8" long (for two slits, 6" lengths were used to
avoid overlap with adjacent slits). We used the 1028z+29 holo-
graphic grism in conjunction with the OG590+32 order separa-
tion filter to cover a wavelength range between 7700-9500 A.
This encompassed the region of the nIR CaT lines. The spec-
tral dispersion was 0.84 A pix_! and the resolving power R =
Aeen/AA = 2560 at Aeen = 8600 A. Calibration data (biases, arc
lamp, dome flat-field frames) and slit acquisition images were
acquired as part of the FORS2 standard calibration plan.

3. Data reduction process and measurements

We adopted the same procedures described in Kacharov et al.
(2017) and T18 for the data reduction, and for the determination
of L.o.s. velocities and metallicities.

The optimally extracted, background-subtracted 1D spectra
for each aperture were corrected for zero-point shifts due to the
different date of observation, and possible small slit-centering
shifts. Furthermore, the wavelength calibration was refined by
exploiting the presence of numerous OH telluric emission lines.

The refinement to the wavelength calibration was obtained
with the IRAF* fxcor task, through cross-correlation between a
reference sky spectrum and the OH emission lines visible in the
scientific exposures over the wavelength range 8200—9000 A.

4 IRAF is the Image Reduction and Analysis Facility distributed by the
National Optical Astronomy Observatories (NOAO) for the reduction
and analysis of astronomical data. http://iraf.noao.edu/
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The corrections ranged from +1.2-16.9kms™' with errors

+0.7-2.9km ™!, The slit-centering correction was calculated by
comparing the position of the centroid of each slit with respect
to the centroid of the stellar flux. The flux is measured in the
through-slit images. If the target is not well centered on the
slit, this causes a velocity offset (systematic wavelength shift)
for targets that are smaller than or comparable in size to the slit
width (Irwin & Tolstoy 2002). The computed correction ranged
from +0.15-8.5kms~! with errors +0.4—4.2kms~!. The short
slit length of the two 6" slits prevented a proper calculation of
the slit-centering shift. Since the value of the slit-centering cor-
rection was found to change smoothly as a function of location
on the chip, for these two stars we adopted the slit-centering
correction of the adjacent targets. The barycentric correction
was obtained using the IRAF rvcorrect task. All the shifts were
applied to the individual spectra using the IRAF task dopcor.

3.1. Heliocentric velocity and metallicity measurements

The heliocentric velocities (vne)) and equivalent widths (EWs)
for the CaT lines were measured on the stacked spectra, obtained
from a weighted sum of the individual exposures. Table A.2 lists
the S/N per pixel for each star, measured in the CaT region from
the stacked spectra; the median S/N per pixel is 26. Figure 2
shows an example of two stacked spectra.

To calculate the heliocentric l.o.s. velocity of the stars, we
used again the IRAF task frxcor and cross-correlated the stacked
spectra with an interpolated Kurucz stellar atmosphere model
over the wavelength range 8400—8750 A. The model was con-
volved to have the same dispersion as our data, and its param-
eters were chosen to represent a low-metallicity RGB star:
log(g) = 1.0, T = 4000 K, [Fe/H] = —1.5dex.

The CaT EWs were obtained from the continuum normal-
ized stacked spectra by fitting a Voigt profile to the individ-
ual CaT lines, integrating their flux over a window of 15A
and adopting the corresponding error spectra as the flux uncer-
tainty at each pixel in the fitting process. To obtain estimates of
the stars’ metallicity ([Fe/H]) we adopted the Starkenburg et al.
(2010) relation as a function of the (V — Vyg), linearly com-
bining the EW of the two strongest CaT lines. The errors
were calculated by propagation of the EW uncertainties. As a
value for Vg we use 25.45 + 0.20, estimated with photomet-
ric data from Cole et al. (2014); we verified that adopting the
Starkenburg et al. (2010) calibration expressed as a function of
the stars absolute visual magnitude leads to the same results. We
note that CaT lines have been widely used to estimate the [Fe/H]
of RGB stars in a variety of stellar systems, from MW glob-
ular and open clusters (see, e.g., Rutledge et al. 1997; Carrera
2012) to LG dwarf galaxies (see, e.g., Tolstoy etal. 2001;
Battaglia et al. 2008), and tested and calibrated over a broad
range of metallicities and stellar ages (see, e.g., Battaglia et al.
2008; Starkenburg et al. 2010; Carrera et al. 2013). Specifically,
the validity of the Starkenburg et al. (2010) relation has been
tested over the range —4 < [Fe/H] < -0.5.

Two stars in our sample were observed with both masks. The
velocity and [Fe/H] for the two measurements were consistent
within the errors in both cases. Therefore, we combined their
velocities and [Fe/H] using a weighted mean for the final analy-
sis, leading to a total number of 53 targets.

Table A.2 reports the slit information, RA-Dec coordinates,
V- and I-band magnitudes, velocity, [Fe/H], S/N, and the mem-
bership status according to the criteria applied in Sect. 4 for each
of the targets. The median error in the velocity and [Fe/H] mea-
surements is 4.8 kms~! and 0.13 dex respectively.
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Fig. 2. Example spectra of the stars aquOclstar2 (upper panel) and
aqulic2star3 (lower panel). The CaT lines and S/N for each spectra are
indicated.

The spectra of four of our targets, labeled “C” in Table A.2,
contain strong CN bands (see also Kirby et al. 2017a). For these
we closely inspected the results from fxcor, which delivered a
well-defined cross-correlation peak. Based on this, and given
that (i) the velocities of these stars are close to the systemic
velocity of the galaxy, (ii) their magnitudes are compatible with
belonging to the RGB, and (iii) their metallicities do not stand
out from the rest, we decided to include them in the final sample
because they do not significantly bias our results.

3.2. Comparison with Kirby et al. (2017a)

Kirby et al. (2017a; hereafter K17) use Keck/DEIMOS spectro-
scopic data to measure heliocentric l.0.s. velocities (metallici-
ties) for 25 (23) stars classified as Aquarius members. A search
of matches within 2" returns five overlapping stars with our
sample. Table 2 lists the heliocentric velocities and [Fe/H] val-
ues for these stars in common: the star displaying the largest
error in l.o.s. heliocentric velocity according to the determina-
tion of Kirby was measured twice in our sample (once with each
mask), yielding measurements compatible within 1o (see previ-
ous section) and was combined in the analysis (aquOcistarll).
The velocity derived for this star is compatible within 1o in
both studies. However, the measurements for the other four stars
suggest the presence of a possible zero-point offset (~10kms™')
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Table 2. VLT/FORS?2 and Keck/DEIMOS l.o.s. velocities and [Fe/H] for the stars in common between this work and Kirby et al. (2017a).

Star vrors2 £00  vpemvos =60 [Fe/H]rors2 + 6[Fe/H]  [Fe/H]pemmos + 6[Fe/H]
[kms™!] [kms™!] [dex] [dex]

aquOclstarll —-169.9+5.0 —147.4+28.7 -1.87+0.12 —-0.91+0.16
aquOc2star3  —-119.5+39 -141.7+2.9 -1.63+0.15 —-1.56+0.12
aquOc2star7  —-124.4+3.8 -136.7+2.4 -1.32+0.12 —-1.46+0.11
aqulclstarl0 —143.2+4.8 —148.9+2.3 —-1.70+0.13 -1.42+0.11
aqulc2star3  —-137.2+4.3 —-143.2+3.2 -1.66+0.20 -1.76+0.15

between the two studies. For perfectly derived velocity errors,

we would expect the distribution of normalized velocity differ- 12 wmm Complete sample

HEl Members

ences, (VFORS2 — UDEIMOS )/ \/6§,FORSZ + 63’DEIMOS, to yield a mean 10

of (0 + 0.44) and a standard deviation of (1 + 0.34) for a sample

of five stars. In this case, the mean and standard deviation are g

1.75 and 1.8, respectively, supporting the possibility that most of & 81

the velocity differences are not due to random errors. We note, ‘g

however, that due to the small number of overlapping stars it is o 6

difficult to ascertain whether the only source of these differences -g

is a systematic offset. > 4]

Offsets between radial velocity determinations of the same <

stars from different studies are not unusual. They happen

not only when different spectrographs are used (see, e.g., 21

Gregory et al. 2019 for a comparison of FORS2 multi-slit versus ’_I-‘

the FLAMES/GIRAFFE fiber observations of the Tucana dSph), 0 H H H H H

-300 —200 -100 0 100

but sometimes even when the same instrument and configura-
tion mode are adopted (e.g., the comparison of Keck/DEIMOS
R ~ 6500 observations of the Triangulum II system; Kirby et al.
2017b). However, we have validated our data reduction and anal-
ysis procedure in multiple studies that included subsamples of
repeated exposures for the same stars, which yielded consistent
results. Since our methodology has not changed, we are confi-
dent that internally our velocity determinations are reliable.

For the metallicities, the FORS2 and DEIMOS measure-
ments agree with each other within 1-20 for four out of five
stars. Given the different methods used (CaT EWs in one case
and spectral synthesis excluding the CaT in the other), this is
very encouraging. Star aquOclstarl I, which is the one that devi-
ates the most in velocity, shows a large deviation in metallicity as
well. The S/N of the DEIMOS spectra of this star is much lower
than the typical S/N of the spectra for the rest of the sample
(6 A~ versus a mean of ~18 A~!, with a corresponding disper-
sion of 5.7 Apix’l), while its metallicity error is instead similar
to that of the rest of the sample (0.16 dex). It is possible that the
error quoted by K17 is underestimated for this star. In support
of this statement, we note that there is another star in the K17
sample with a spectrum of S/N = 6A~" and that has instead an
error in [Fe/H] of 0.45 dex.

4. Kinematic analysis
4.1. Membership

In order to determine the kinematic and metallicity properties
of the galaxy, we had to apply selection criteria to discard fore-
ground contaminant stars along the line of sight to Aquarius.
We excluded the stars in two steps. First, we eliminated one
star whose magnitude and color is not compatible with RGB
stars at the distance of Aquarius. Then we performed a selec-
tion on the basis of the heliocentric velocity of the stars. We
adopted | vhel — Dher | 3MAD(vpe) as a simple approach to

Velocity (km/s)

Fig. 3. Histogram of the heliocentric velocities of all the targets (black)
and the 45 targets that were considered as members of the galaxy (blue).

exclude the targets®. The estimation of these parameters was an
iterative process, fitting the data until convergence, and includ-
ing the possible presence of rotation (see Sect. 4.2) at the same
time. The data set was reduced from 52 to 46 targets. We double-
checked this kinematic selection by applying a Bayesian anal-
ysis (see also Sect. 4.2) that solved iteratively the systemic
velocity of the system vgys, the velocity dispersion o, and the
best-fitting model for the internal kinematics (dispersion-only
or dispersion + rotation). We used this information to calcu-
late the expected bulk velocity at the position of each given
star (vpyx) and retained those targets that fulfilled the condition
| Uhel — Ubuik |< 3 MAD(vhel — Ubuik)- This process excluded one
more star from the sample, giving us a final number of 45 mem-
bers. A histogram of the velocities for all targets and members is
shown in Fig. 3.

4.2. Internal kinematic properties

Wheeler et al. (2017) carried out a systematic analysis of the
rotational support of LG dwarf galaxies, based on l.o.s. veloc-
ities from literature studies. One of the main aims of the authors
was to understand whether the rotational support of the stel-
lar component of LG late-type dwarf galaxies is significantly
different from that of dSph satellites of the MW and M31, as
would be predicted by the “tidal stirring model” put forward to
explain the morphology-density relation of the LG (Mayer et al.
2001, 2006; Kazantzidis et al. 2011). For a full discussion of

> The median absolute deviation is defined here as an estimator of the
standard deviation: MAD(X) = 1.48 x median(]X — median(X)]).
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Fig. 4. Velocity distribution of the probable Aquarius members with
respect to their distance to the minor axis. Shown are the best weighted
linear fit to the stars’ velocities (solid blue line) and the systemic veloc-
ity derived from the fit (dashed line).

the importance of determining the internal kinematic proper-
ties of different classes of dwarf galaxies, we refer the reader
to Wheeler et al. (2017) and Ivkovich & McCall (2019), among
others. Here we explore these properties for our VLT/FORS2
sample of Aquarius stars.

Figure 4 offers a first look into this aspect by displaying the
heliocentric l.o.s. velocities of Aquarius member stars as a func-
tion of the distance from the projected optical minor axis of the
galaxy (see Table 1): a velocity gradient is clearly visible, with a
weighted linear fit yielding a slope of —3.1+1.0km s~! arcmin~".
The systemic velocity and velocity dispersion obtained are vgys =
-139.9 + 1.0kms™! and o, = 11.0kms™!, respectively. A
weighted linear fit to the vy along the minor axis instead is con-
sistent with no velocity gradient. Therefore, there are indications
of a mild amount of rotation in this system. We note that Aquar-
ius is an isolated galaxy with a small angular extent on the sky,
so that it is highly unlikely that the detected velocity gradient is
due to effects such as tidal disturbances or projection effects of
the 3D motion of the galaxy across the line of sight.

We performed a Bayesian analysis in order to search for the
presence of velocity gradients in Aquarius without fixing a pre-
ferred axis a priori (for more details on the methodology, see
T18). The corresponding results are presented in Table 3. We
compare three different models: a dispersion-only model, and a
model including both random motions and rotation, expressed
either as linear rotation or constant (flat) rotation velocity as a
function of radius. The free parameters are the systemic velocity
and velocity dispersion in the three models (v and oy, respec-
tively); the position angle (6) of the kinematic major axis for the
two models with rotation; and the slope of the velocity gradient
for the linear model (k) and the value of the rotational veloc-
ity for the flat model (v.). The results of the three models can
be compared in terms of the Bayes factor (i.e., the ratio of the
Bayesian evidence of a given model against the other: InBjip
and InByy gisp). On the Jeffrey scale when the natural logarithm
of the Bayes factor is (0-1),(1-2.5),(2.5-5), and (5+), the evi-
dence can be interpreted as inconclusive, weak, moderate, and
strong, respectively.

We find that the linear rotation model is weakly favored both
with respect to the constant rotation model (InBjj, o = 1.7)
and with respect to the dispersion-only model (InBrygisp =
1.6). The systemic velocity, dispersion and slope of the
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velocity gradient derived with this approach are, respec-
tively, vys = —142.2*8kms™, oy = 10.3*}$kms™", and
k = —5.0ﬂ'g kms~! arcmin™! (—17.6f2'3 kms~'kpc™!), con-
sistent within 1-20- from the determinations obtained with a
weighted linear fit to the velocities along the major axis. The
best-fitting position angle of the kinematic major axis is § ~
139’:% degrees, shifted with respect to that of the projected major
axis of the galaxy, although consistent with it at the 1.50" level.
In our definition, a negative velocity gradient with 8 between 0°
and 180° implies a receding velocity on the west side (and would
be equivalent to a positive gradient with 8 = 8 + 180°).

Torio et al. (2017) find a weak velocity gradient in the HI gas:
they measure a rotational velocity of ~5km s~! out to a radius of
1.5" (using the distance they assumed to convert from kilopar-
secs to arcminutes), similar to the rotational velocity we would
obtain at approximately the same radius®. However, the kine-
matic major axis of the HI gas has a PA of 77.3 + 15.2 degrees
(receding velocities on the East side), which is misaligned with
the kinematic PA of the stellar component here examined. In
Sect. 4.4 we show that this misalignment is unlikely to be a con-
sequence of the characteristics of the FORS2 data set in terms
of number statistics, spatial coverage, and velocity uncertainties,
and in Sect. 6 we discuss the possible origins of this feature,
placing it in the context of the complexities of the structure and
HI properties of Aquarius.

4.3. Comparison with other works

We have also applied our Bayesian analysis of the Aquarius
internal kinematics to the smaller sample of 25 member stars by
K17. This sample consists for the most part of re-observations
of stars in Kirby et al. (2014; with 27 members, 24 of which in
common with K17).

For the K17 data set, the comparison between the two
rotational models does not clearly favor one over the other
(InBjipfac = 0.13), and the comparison between the (slightly)
favored linear rotation model against the dispersion-only model
is InByoraisp = 0.28. Therefore, the presence of rotation cannot
be proven conclusively from the K17 sample (see also Sect. 4.4).
The lack of constraining power of the DEIMOS sample in terms
of rotation signal is also consistent with the analysis by K17,
who only placed a 95% confidence limit of a constant rotational
velocity to be <9kms™!.

The presence of rotation in Aquarius has also been stud-
ied in Wheeler et al. (2017) using the Kirby et al. (2014) data
set. The authors applied a similar Bayesian statistical analy-
sis to ours, comparing a dispersion model, a constant rotation
model, and a rotational model considering a radially varying
pseudo-isothermal sphere. They found InBy, g4 = —1.00 and
InByorgisp = 0.62. The (weakly) favored model is the flat rota-
tional model, although the Bayesian evidence on the presence of
rotation is inconclusive.

We also applied our method to the sample of Kirby et al.
(2014) and found similar results to those of Wheeler et al. (2017)
(InBiin fiar = —1.74 and InByoi gisp = 0.97), despite the difference
in one of the rotational models. We also recover closely the val-
ues of the best-fitting parameters in Wheeler et al. (2017). We
note that the K17 data set gives the same results as the Kirby et al.
(2014) sample, apart from a shift in systemic velocity.

® The authors quote the maximum circular velocity within the
observed radial range as the data for Aquarius did not reach parts of
the galaxy far enough out to include the flat part of the rotation curve.
The value for the circular velocity, after the highly dominating
asymmetric-drift correction, is Vy = 16.4 = 9.5km sl
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Table 3. Parameters and evidence resulting from the application of the Bayesian analysis to the whole FORS2/MXU sample of members, as well

as divided in metal-rich (MR) and metal-poor (MP) samples.

Sample Method Uhel o k Uc 6 Bayes factor
[kms™'] [kms™'] [kms'arcmin™'] [kms™!] [°]
Linear rotation ~ —142.2*1%  10.3*]%§ -5.0"1% 139.074  InBypfra = 1.7
All Flat rotation ~ —142.4*30  11.2*]¢ —7.1%30 13567558 InBigaisp = 1.6
: : 19 17
Dispersion-only  —141.577  12.07
Linear rotation  —141 .1’:%:(1) S.fog —3.73:? 87f23 InBiin fiat = 0.5
MR Flat rotation —140.635 8.7f%§ —4.33‘1t 761’23 InBrordgisp = —1.8
: : 21 2.
Dispersion-only 1409731 9.1*3¢
Linear rotation = — 142.93:3 13.1 f%:g —5.83:3 1453& InBiin fiar = —0.8
MP Flat rotation -144.6733  12.9%3) -14.5*%3 157*))  InBroyaisp = 0.6
Dispersion-only ~ —142.3"37  15.4%32

Notes. The systemic velocity of the HI gas is —140km ™! (Iorio et al. 2017), perfectly compatible with our values.

4.4. Mock tests

We performed a series of tests on mock catalogues in order to
understand what type of rotational properties can be detected,
given the characteristics of the data sets available. To this end,
we produced sets of mock l.o.s. velocities at the same position
as the spectroscopically observed stars, which we analyzed in the
same way as the actual data. These were extracted from Gaus-
sian distributions centered on a vy mock and with standard devia-
tion equal to the l.0.s. velocity error corresponding to that given
star. The vio mock Values at (x, y) position are obtained from the
given rotational model under consideration (linear or flat), hav-
INg Vrotmock/Omock = 7 = 1.5,1.0,0.75,0.5,0.25, 0 at twice the
half-light radius (see Table 1); the velocity dispersion ook Was
fixed to 10km s~! for all cases.

The simulated linear rotation models correspond to veloc-
ity gradients k = 6.8,4.5,3.4,2.3,1.1, and Okms~! arcmin!,
while the constant rotation models had rotational velocities v, =
15,10,7.5,5.0,2.5, and Okms~!. All the cases were simulated
for three different position angles that correspond to the P.A.
of the projected semi-major axis of the stars (99°), then adding
45 and 90 degrees (semi-minor axis). Each case was simulated
N = 1000 times. The experiments were run for the FORS2 MXU
and the K17 samples; the Bayes factors for each n value, position
angle, and model are shown in Fig. 5.

Results from the tests indicate that rotation can be detected
with at least a weak positive evidence when along the optical
major axis of the galaxy for n > 0.75 for the FORS2 data set
and n > 1 for the K17 sample. The two data sets have a similar
sensitivity to the direction of rotation and model type in terms of
ranking, with the FORS2 sample yielding greater evidence for a
given model, and therefore a better capability to detect rotation
at a given n. The data sets under consideration are not sensitive
to the presence of low levels of rotation (n < 0.5 for FORS2, n <
0.75 for K17), since these return either inconclusive evidence
or even weak evidence disfavoring the presence of rotation. In
the dispersion-only case (n = 0) both samples favor this model
versus the two models that include rotation, showing that there
is no bias toward the rotational models.

In terms of strength of the InBj;, g evidence (see Fig. 5), the
value derived for Aquarius stars observed with FORS2 appears
compatible with a linear gradient, but not with a flat rotation
model. This result could be a consequence of the fact that dwarf
galaxies typically have slowly rising rotation curves, which do

not always reach their flat part at the last measured point, as can
be appreciated from the kinematics of the HI component (e.g.,
Oh et al. 2015; Iorio et al. 2017).

The underlying rotation could have rotational support n =
1.5 along the minor axis or intermediate PA, n = 1 along the
intermediate axis or the major axis, or n = 0.75 along the major
axis. For the K17 sample, the evidence in favor of one or the
other rotational model is not so different from each other, and
therefore a distinction does not appear possible. However, in
terms of compatibility between the observed Bayes factor and
levels of n and the direction of the gradient that might induce it,
the outcome is similar to that of the FORS2 sample.

From our tests on the mock catalogues, we also extracted
information on how well the kinematic major axis PA and the
rotational velocity at a given radius are recovered for the various
n (see Fig. 6). The initial values are always retrieved within the
99% confidence interval (C.I.), with a small bias toward underes-
timating the rotation when the kinematic major axis is along the
optical minor axis. Also in terms of amplitude of the rotational
velocity, the favored models would be those with n > 0.75.

It should be noted that the PA of the kinematic major axis for
the observed RGB stars is beyond the 99% C.I. of that retrieved
for the models with kinematics similar to that exhibited by the
HI gas, indicating that the misalignment or counter-rotation of
the stellar component and HI gas is not due to number statistics,
spatial coverage, and measurement errors of our FORS?2 data set.

5. Metallicity properties

The [Fe/H] values obtained for all FORS2 targets are listed
in Table A.27. We derive the median of the metallicity distri-
bution of all members of Aquarius to be [Fe/H] = —-1.59 +
0.05 dex. This is compatible with the average value of ([Fe/H]) =
—1.50 £ 0.06 dex by K17, and places Aquarius straight onto the
luminosity-metallicity relation for Local Group dwarf galaxies
(see Fig. 7). The spread measured as the MAD is 0.20 dex, while
the intrinsic dispersion, taking into account the measurement
errors and assuming a Gaussian form for the metallicity distri-
bution function (MDF), is 0.25 dex. This value is at the low end,
but is still compatible with the [Fe/H] dispersion of other Local
Group dwarf galaxies (e.g., Leaman et al. 2013).

7 These values are meaningful only if the star is a giant at the distance
of Aquarius, and are not applicable to non-members.
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Fig. 5. Bayes factor of the mock tests performed on the FORS2/MXU (left) and K17 (right) samples. Each panel represents the results for a
different value of vrotmock/07, as given in the panel title. Squares and crosses refer to the linear and flat rotational model (LM, FM), respectively.
The color of the markers (red, green, and blue) represents a different simulated position angle (99, 144, and 189 degrees, respectively). The purple
circle indicates the Bayes factor derived for the real data sets (for the one referring to the K17 sample, see Sect. 4). Black solid lines discriminate
between the strengths of the evidence for each case (yellow: strong; pink: moderate; green: weak; gray: inconclusive).
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Fig. 6. Rotation velocity at R,,x = 3’ vs. kinematic position angle recov-
ered from the tests on mock catalogues reproducing the characteristics
of the FORS2 data set and simulating a linear rotation model. Gray cir-
cles represent input values at n = 1.5,1.0,0.75,0.5,0.25,0.; colored
circles, squares, and triangles represent recovered values at different
simulated kinematic PA; colors from blue to brown represent decreasing
values of n, while the error bars are the 99% confidence interval (C.1.);
in black the observed value from our data set with error bars at 68% C.1.

Figure 8 shows the variation of [Fe/H] as a function of the
elliptical (left) and circular (right) radius®. In this figure we also
include the points from K17 since we have verified that their
metallicity distribution function compares well with that from
our FORS2 sample, as in general do the individual [Fe/H] mea-
surements for the stars in common.

It has been shown in the literature that a linear fit does
not always fully capture the trend of spatial variations in the

8 The “elliptical radius” is the semi-major axis of the ellipse that passes
through the (x, y) location of a given star and that has center, ellipticity,
and PA as in Table 1; instead, the “circular radius” is simply (x? +y?)'/2.
Here x and y are the star’s projected celestial coordinates.
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Fig. 7. Luminosity-stellar [Fe/H] relation for Local Group dwarf galax-
ies. Blue stars represent the MW-dSph satellites; red squares are M31-
dSph satellites; green diamonds are dlrrs in the LG; the black circle is
the position of Aquarius based on the [Fe/H] derived in this work; gray
lines are the least-squares linear fit for the dIrrs and MW dSphs and the
0.16 scatter limits. All the values apart from Aquarius were taken from
Kirby et al. (2013).

metallicity properties of Local Group dwarf galaxies; for exam-
ple, in some systems a decline in the mean metallicity properties
is followed by a flattening in the outer parts (see, e.g., Sextans,
Battaglia et al. 2011; Cetus, T18). Therefore, we adopt more
flexible ways to determine the general trend as a function of
radius, such as a running median and a Gaussian-process (GP)
regression. In order to take into account the effect of measure-
ment errors (and of the intrinsic scatter), we obtain 1000 Monte
Carlo realizations of the individual metallicities, extracting them
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Fig. 8. [Fe/H] as a function of the elliptical radius (leff) and circular radius (right) for Aquarius member stars observed with FORS2 (red circles)
and with DEIMOS (blue squares; Kirby et al. 2017a). The error bars show the uncertainties on the [Fe/H] measurements for the individual stars.
The solid green line represents a running median boxcar with a kernel size of 7 points; the green band shows the 1o error for the running median
boxcar, taken as the standard deviation of 1000 Monte Carlo realizations of the running median itself, where the metallicities are extracted from
Gaussians centered on the measured [Fe/H] of each star and dispersion given by the measurement uncertainty; the light green band is the same
error band with the MDF intrinsic scatter added in quadrature. The black solid line represents the result of a Gaussian process regression analysis
using a Gaussian kernel and taking into account an intrinsic scatter; the gray band indicates the corresponding 1o confidence interval.

from Gaussians centered at the observed values and with disper-
sion given by the metallicity errors (added in quadrature to the
intrinsic scatter in the MDF). In the case of the GP regression, we
use a Gaussian kernel together with a noise component to take
into account the intrinsic scatter of the data. This method has the
advantage of not depending on a fixed boxcar, like the running
median, and the output has a probabilistic meaning. In both cases
there is a very mild negative metallicity gradient. This is also
seen when considering the run of the metallicity as a function of
circular radius (not corrected for ellipticity). There are hints of a
flattening of the slope at large radii; however, the current sample
size does not allow us to draw firm conclusion. We have verified
that considering only the FORS2 sample would lead to a very
similar trend from the running median or the GP analysis.

Since the GP analysis returns a trend similar to a very simple
linear relation, we performed a simple Bayesian linear regres-
sion, including an intrinsic scatter term, to estimate the sig-
nificance of the metallicity gradient. The resulting cumulative
posterior distribution of the slope of the metallicity gradient indi-
cates that the possibility of no gradient is within 96% (~1.750)
and 94% (~1.550) of the distribution, when considering the
elliptical radius and the circular radius, respectively. So, while
there are indications of a gradient, with this data set we cannot
exclude a flat trend within 20 in both cases.

From an observational point of view, should the pres-
ence of a metallicity gradient in an isolated dwarf galaxy
such as Aquarius be strengthened in the future with larger
data sets, it would lend further support to the hypothesis that
negative metallicity gradients in Local Group dwarf galaxies
are not to be ascribed to interactions with the large Local
Group galaxies (see, e.g., the case of VV 124 and Phoenix;
Kirby et al. 2012; Kacharov et al. 2017). Factors such as the
dwarf galaxy’s star formation history, gravitational potential,
and rotational versus dispersion support, as well as specific
accretion events, are indeed expected to contribute to producing
metallicity gradients (e.g., Marcolini et al. 2008; Schroyen et al.
2013; Benitez-Llambay et al. 2016; Revaz & Jablonka 2018).
For satellite galaxies, it is possible that effects such as tidal and

ram-pressure stripping of the gaseous component could mod-
ify the strength of such gradients, exacerbating them depend-
ing on the infall time onto the host halo versus the time when
star formation ceased, or on the contrary blurring them in the
case of strong tidal interactions (Sales et al. 2010). We defer to
a future study the analysis of the possible correlations between
rotational support and spatial variations of the metallicity prop-
erties of Local Group dwarf galaxies (Taibi et al. in prep.), along
the lines of the work by Leaman et al. (2013).

The possible presence of a metallicity gradient has led us to
look for subpopulations with different chemo-kinematic prop-
erties. We divided our data set into a metal-rich (MR) and a
metal-poor (MP) sample based on the median [Fe/H] value of
the entire set (22 and 23 stars, respectively). We then performed
a Bayesian maximum likelihood analysis on both samples (see
Sect. 4.2); the resulting parameters and evidence are reported
in Table 3. We can see, independently from the fitted kinematic
model, that the velocity dispersion values for the two samples are
at ~20 from each other. We also note that the evidence of rota-
tion has decreased, due to the low number of targets in each set.
This tentative result of a spatially concentrated metal-rich pop-
ulation with a lower velocity dispersion compared to a spatially
extended metal-poor one with a higher dispersion value, adds
to what has already been found in several other dwarf galaxies
of the LG (e.g., Tolstoy et al. 2004; Battaglia et al. 2006, 2008;
Amorisco & Evans 2012; Breddels & Helmi 2014; Taibi et al.
2018). However, in our case we would benefit from a larger sam-
ple in order to place stronger constraints on the velocity disper-
sion of the MR and MP stars.

6. Discussion

In Fig. 9 we compare the structural and kinematic properties of
the HI and stellar component of Aquarius.

Torio et al. (2017) found a weak velocity gradient in the HI
gas whose amplitude is not dissimilar to what we measure for
the stars at comparable radii, but with a kinematic major-axis of
PA = 77.3+15.2 degrees (in their definition this implies receding
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Fig. 9. Comparison between the HI (lorio et al. 2017) and stellar (this work) velocity field. Left: Voronoi-binned stellar velocity field (S/N ~ 3,
see text for details); the gray contours show the HI surface density at 0.6, 1.2, 1.8, 2.4 M pc‘z, with the lowest contour at 30~ above the noise (also
shown in the middle and right panels). Middle: HI velocity field. Right: pixel-to-pixel difference between the stellar and HI velocity field; the small
ellipse in the bottom right corner shows the beam of the HI observations. In the first two panels the circles represent the stars in our sample; the
color indicates the vy, and the size is proportional to vpe /0 vper. In each panel the dashed ellipse is the same as Fig. 1, while the solid ellipse shows
the PA and the inclination obtained through the analysis of the HI kinematics disk by Iorio et al. (2017). The cross indicates the galactic center

(see Table 1).

velocities on the east side). This velocity gradient is misaligned
and counter-rotating with the kinematic PA of the stellar compo-
nent, and with the PA of the surface density maps of the stellar
and HI components (see ellipses in Fig. 9).

It is possible that the PA of the optical component is affected
by the small fraction of bright young stars in Aquarius. On the
other hand, Iorio et al. (2017) note that the HI map is quite pecu-
liar with isodensity contours that are not elliptical. In fact, judg-
ing from Fig. 9, the density map of the HI component appears
to have a PA of ~130-140 degrees and there appears to be HI
missing in the SE quadrant around that position angle (see also
McConnachie et al. 2006). This might raise a question: If HI
were present in this region, could the kinematic PA of the HI
component be reconciled with the kinematic PA of the stars?

Nonetheless, itis clear that the HI gas and the RGB stars appear
to counter-rotate: the former have the most negative velocities on
the west side, while the latter display them on the east side. In
Sect. 4.4 it was established that if the underlying kinematic prop-
erties of Aquarius stellar component were like the HI gas, there
would be less than 1% probability of measuring the observed mis-
alignment between the HI and stellar kinematic major axes.

In Fig. 9 we compare directly the stellar (left panel) and
HI (middle panel) velocity fields. In order to make a pixel-
by-pixel comparison of the velocity fields, we binned the Aquar-
ius FORS2 members using the same pixel size of the HI
map (1.5 arcsec). Then we applied a Voronoi binning technique
increasing the Poisson S/N of each bin to 3 (=9 star per Voronoi
bin). The resultant velocity field for the stars is shown as colored
areas in the left panel of Fig. 9. The presence of a velocity gra-
dient is obvious, approximately along the stellar major axis in
agreement with the results obtained in Sect. 4. The right panel
of Fig. 9 shows the pixel-by-pixel difference between the stel-
lar (left panel) and the HI velocity field (middle panel). The
velocity difference is approximately Skms™' along the HI PA
and reaches ~10kms™! close to the east and northwest edges of
the HI disk.

This phenomenon of counter- or misaligned rotation of two
different components of a galaxy has already been observed in
the Local Group dwarf galaxy NGC 6822 (Demers et al. 2006)
and systems outside the Local Group. The first event of counter-
rotation was reported by Bettoni (1984) when studying the stel-
lar and gas kinematics of six elliptical galaxies. It could be
related to mergers with other galaxies that may have determined
the internal evolution of the systems, to internal instabilities
(Evans & Collett 1994) or to accretion of the gas, which should
have produced star formation, so two different stellar populations
can be differentiated (Pizzella et al. 2004).
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Recently Starkenburg et al. (2019) tried to understand the
origin of such counter-rotation using a large sample of low-
mass galaxies (M, ~ 10°-10'° M) from the Illustris simula-
tions. They found that only ~1% of their sample showed signs
of star—gas counter-rotation at the present time, when consider-
ing disks and spheroids together. The origin of counter-rotation
was ascribed to a significant episode of gas-loss followed
by the acquisition of new gas with misaligned angular momen-
tum. They identified two main mechanisms for the gas removal:
internally induced by a strong feedback burst or environmen-
tally induced by a fly-by passage with a large host causing the
gas stripping. On the other hand they found no significant rela-
tion between the counter-rotation and the presence of a major
merger event. Taking into account the extreme isolation at which
Aquarius is found, the hypothesis of the internally induced
counter-rotation seems appealing. In Starkenburg et al. (2019),
galaxies exhibiting counter-rotation were predominantly found
among dispersion dominated systems. Given that in general
Local Group dwarf galaxies in the Aquarius stellar mass range
are not rotation supported, it is possible that in this regime the
overall fraction of galaxies that could have experienced events
resulting in counter-rotation of gas and stars could be larger than
the 1% estimated in Starkenburg et al. (2019).

Iorio et al. (2017) find signs of a possible inflow or outflow of
gas in Aquarius, as an extended region of HI emission along the
minor axis not connected with the rotating HI disk. We postulate
that in general the kinematics of the HI component in Aquarius
might be dominated by recently accreted gas, while the RGB
stars, which according to the Cole et al. (2014) SFH are likely
to be dominated by ~8 Gyr old stars, are tracing the kinematic
properties as they were imprinted a much longer time ago along
a different kinematic axis.

7. Summary and conclusions

We present an analysis of the kinematic and metallicity proper-
ties of the isolated Local Group dwarf galaxy Aquarius. The data
set consisted of VLT/FORS2 MXU spectroscopic observations
in the region of the near-IR CaT for 53 individual targets. The
spectra have a median S/N of 26 pix~! and led to the determi-
nation of l.o.s. velocities and [Fe/H] measurements with median
uncertainties of +4.8 and 0.13 dex, respectively. Of the 53 indi-
vidual stars observed, 45 are probable RGB stars that are mem-
bers of Aquarius, which doubles the number of RGB stars with
L.o.s. velocities and [Fe/H] measurements available in the litera-
ture for this galaxy.
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The systemic velocity derived for Aquarius is —142.2 +
1.8kms™!, in agreement with prior determinations from sam-
ples of individual stars (Kirby et al. 2017a) and also fully con-
sistent with that of the HI component (Iorio et al. 2017). We
find the internal kinematics of Aquarius to be best modelled by
a combination of random motions (with l.o.s. velocity disper-
sion = 10.3*]-$kms™") and linear rotation, with a velocity gradi-
ent of —S.Of}:g kms~! arcmin™! along an axis with PA = 1393;
degrees, broadly consistent (within 20") with the optical pro-
jected major axis of the galaxy.

On the other hand, the HI gas has a weak velocity gradient of
comparable amplitude but along an axis with PA= 77.3 + 15.2
degrees (Iorio et al. 2017). According to the definitions used
in this work, this implies counter-rotation of the stellar and
HI component.

We have run a set of mock tests to better understand the rota-
tional properties that can be derived from the FORS2 data. The
results of these tests indicate that such misalignment is not the
result of the characteristics of our FORS2 data (number statis-
tics, coverage, measurement errors). A direct comparison of the
stars and HI velocity fields lends further support to the detection
of such counter-rotation.

We speculate that the kinematics of the HI is dominated by
recently accreted gas which is not tracing the kinematic proper-
ties of the RGB stars, the bulk of which are likely to have formed
~8 Gyr ago (Cole et al. 2014) (although the observed sample is
likely to be biased toward younger stars; Manning & Cole 2017).
It is possible that this HI gas could simply be gas within Aquar-
ius that was affected by particularly strong episodes of internal
stellar feedback, rather than having been recently acquired from
the intergalactic medium.

Finally, we characterized the metallicity properties of Aquar-
ius. The median metallicity ([Fe/H] = —1.59+0.05 dex) indicates
that it is a metal-poor galaxy, in agreement with the results from
Kirby et al. (2017a). We analyzed the distribution of the metal-
licities as a function of radius, characterizing them through a
running median and a Gaussian process regression; this shows
the presence of a very mild negative metallicity gradient, with
the more metal-rich stars found in the innerparts of the galaxy.
Should the presence of such a gradient be confirmed with larger
data sets, it would add to the number of isolated Local Group
dwarf galaxies that display negative metallicity gradients and
live in an environment where interactions with the large LG spi-
rals cannot be invoked to explain these properties.
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Appendix A: Output tables

Table A.1. Observing log of VLT/FORS2 MXU observations of RGB targets along the line of sight to the Aquarius dwarf galaxy.

Mask Obs. ID RA Dec Observation date Exp. time Airmass Seeing Grade®™
(J2000) (J2000) (UT) (sec) (arcsec)
AquariusO 972757  23:42:40.07 -12:51:13.32 2013-07-17/06:18:16 3400 1.06 0.85 A
972765 23:42:40.04 -12:51:13.18 2013-07-07 / 04:46:35 3400 1.08 0.87 A
972768  23:42:40.05 —12:51:13.21 2013-07-07 / 06:06:06 3400 1.03 1.04 A
972771  23:42:40.06 —12:51:13.25 2013-07-07 / 08:07:34 3400 1.20 1.20 A
972774  23:42:40.04 —12:51:13.28 2013-07-10/04:51:34 3400 1.06 1.03 A
972777  23:42:40.04 —12:51:13.28 2013-07-10/07:25:27 3400 1.12 0.85 A
972780 23:42:40.13 —-12:51:13.36  2013-07-17 / 07:30:43 3400 1.21 0.79 A
972783  23:42:40.03 -12:51:13.28 2013-08-03 / 05:12:07 3400 1.06 0.79 A
972786  23:42:40.10 —12:51:13.32  2013-08-29 /03:38:59 3400 1.07 1.27 A
972789  23:42:40.09 —-12:51:13.28 2013-08-29 / 04:50:51 3400 1.24 0.9 B
Aquariusl 972792 23:42:58.14 —12:50:53.27 2013-09-01/01:35:02 3800 1.05 1.32 B
972800 23:42:58.14 —12:50:53.27 2013-09-01 / 02:46:25 3400 1.04 1.10 B
972803  23:42:58.10 —12:50:53.30 2013-09-01 /03:52:10 3800 1.12 1.18 B
972806 23:42:58.15 —12:50:53.05 2013-06-06 / 07:41:52 3400 1.03 0.93 A
972809  23:42:57.84 —12:50:52.80 2013-06-07 / 06:36:19 3400 1.09 0.60 A
972812  23:42:57.84 —12:50:52.80 2013-06-07 / 07:37:59 3400 1.03 0.54 A
972815 23:42:58.20 —12:50:53.02 2013-06-07 / 08:49:10 3400 1.05 0.53 A
972818  23:42:58.10 —12:50:53.02 2013-09-03 /01:05:20 3900 1.07 1.59 B
972821 23:42:58.10 —12:50:53.02 2013-09-03 /02:18:48 3400 1.03 1.43 B
972824  23:42:58.10 —12:50:53.02 2013-09-03 / 03:24:23 3400 1.08 1.33 B

Notes. The columns indicate (from left to right): observation ID; coordinates of the exposure RA and Dec; observation date; total exposure time of
each observation; mean airmass during the observation; average seeing during the exposure in arcsec; and ESO Observation Block (OB) fulfillment
grades. @ESO OB fulfillment Grades: A) Fully within constraints — OB completed; B) Mostly within constraints, some constraint is 10% violated
— OB completed.
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Table A.2. Summary of the results for the 53 target stars in the line of sight of Aquarius.

Star RA (deg)  Dec (deg) Uhel % O Upel S/N I 61 V +6V [Fe/H] +6[Fe/H] Com
(J2000) (J2000) (kms™) (px17H (dex)

aquOclstarl  311.7103 —12.85993 77.6 =49 49.0 20.535 = 0.003  21.798 + 0.007 —1.88 = 0.09 N
aquOclstar2 ~ 311.7043 -12.83635 —-136.4 + 5.2 27.4 21.321 = 0.005 22.592 + 0.012 —-1.00 = 0.16
aquOclstar3  311.7062 —12.83348 -1414 + 5.4 37.4 20.977 = 0.004 22.277 + 0.010 -1.79 + 0.09
aquOclstar4  311.7089 —12.83242 —-652 £ 4.5 41.7 20.606 = 0.003 22.205 + 0.009 -2.09 + 008 N
aquOclstar5  311.7146 —12.83425 —-145.0 £ 5.2 54.4 20.612 = 0.003  21.999 + 0.008 -1.59 £ 0.0
aquOclstar6  311.7189 —12.83611 —1549 + 4.2 375 20.835 + 0.003 22.250 + 0.010 -1.26 + 008
aquOclstar7  311.7242 —-12.84258 —143.7 + 3.6 20.7 21.559 = 0.005 22.674 + 0.013 -0.99 + 0.16
aquOclstar§  311.7264 —-12.83883 —-130.9 = 8.5 22.8 21.412 + 0.005 22.685 = 0.013 —-1.24 £ 0.16
aquOclstar9  311.7368 —12.85841 —133.8 + 4.3 42.6 20.903 + 0.004 22.294 + 0.010 -1.51 £ 0.09
aquOclstar10  311.7401 -12.85359 -165.9 + 8.6 12.2 20.923 = 0.004 22.351 = 0.010 —1.44 + 0.08 C
aquOclstarll  311.7488 —-12.86734 -169.9 + 5.0 17.2 21.566 + 0.005 22.721 + 0.014 -1.87 £ 0.12 rep/K
aquOclstar12  311.7316 —-12.81242 —-148.1 + 5.1 32.5 21.226 + 0.004 22.504 + 0.011 -1.78 £ 0.10
aquOclstar13  311.7470 —12.84501 —-1549 + 49 28.5 21.297 = 0.004 22.542 = 0.012 —-1.48 + 0.13
aquOclstar14  311.7436 —12.82085 —143.8 + 4.3 29.7 21.451 = 0.005 22.655 + 0.013 -1.77 £ 0.16
aquOclstarl5  311.7558 —12.84592 —173.1 + 15.6 23.3 21.294 + 0.004 22.608 + 0.012 -2.13 £ 0.09
aquOclstarl6  311.7645 —12.85741 —148.8 + 3.4 36.2 20.696 = 0.003 22.169 + 0.009 —1.18 £ 0.05 rep
aquOclstarl7  311.7687 —12.85716 —154.8 + 8 8 223 21.495 + 0.005 22.694 + 0.013 -1.74 £ 0. 18
aquOc2starl 311.6577 —12.86324 -76.5 + 47.3 20.787 = 0.003 22.174 = 0.009 -1.96 = 0.1 N
aquOc2star2  311.6774 —-12.89136 -278.8 + 4.8 30.8 20.967 + 0.004 22.230 + 0.010 -2.17 £ 0. 12 N
aquOc2star3  311.6665 —-12.83773 -119.5 + 3.9 23.8 21.410 £ 0.005 22.623 + 0.012 -1.63 £ 0.15 K
aquOc2star4  311.6754 —-12.85405 —135.0 + 44 18.7 21.612 = 0.005 22.697 = 0.013 —-1.43 £ 0.13
aquOc2star5  311.6755 —12.84307 —138.8 + 5.4 24.8 21.241 + 0.004 22.475 + 0.011 -142 £ 0.14
aquOc2star6  311.6865 —12.85343  -140.2 + 5.1 25.9 21.436 + 0.005 22.547 + 0.012 -1.64 + 0.17
aquOc2star7  311.6910 -12.85157 1244 + 3.8 31.9 21.214 = 0.004 22.506 = 0.012 -1.32 £ 0. 12 K
aquOc2star8  311.6935 —12.84941 —144.1 = 4.5 253 21.504 + 0.005 22.560 + 0.012 -1.34 + 0.1
aquOc2star9  311.7057 -12.87361 94.0 = 4.8 33.9 21.162 + 0.004 22.575 + 0.012 -1.51 £ 0. 11 N
aqulclstarl  311.7108 —12.84064 —1499 + 4.9 22.7 21.458 + 0.005 22.829 + 0.015 -1.35 £ 0.1
aqulclstar2  311.7135 -12.82870 —138.4 + 44 23.1 21.214 = 0.004 22.462 + 0.011 —-1.44 £ 0. 18
aqulclstar3  311.7175 -12.85540 -140.2 + 44 26.9 21.376 = 0.005 22.667 = 0.013 —-1.20 = 0.16
aqulclstar4  311.7204 —12.84027 -141.8 = 19.9 6.5 20.336 = 0.003 22.411 + 0.011 -1.95 + 005 C
aqulclstar5  311.7244 -12.85543 —-153.6 = 3.8 30.7 21.165 = 0.004 22.402 + 0.011 -1.39 = 0.1
aqulclstar6  311.7270 -12.84309 -136.6 = 4.3 24.5 21.292 + 0.004 22.372 = 0.011 -1.39 £ 0.1
aqulclstar7  311.7297 -12.84016 —116.5 + 3.1 30.8 21.047 = 0.004 22.214 + 0.009 -1.99 + 009
aqulclstar§  311.7342 -12.83716 -131.6 = 2.7 26.5 21.300 = 0.004 22.600 + 0.012 -1.36 £ 0.15
aqulclstar9  311.7367 -12.84172 -1375 7.5 20.7 21.574 + 0.004 22.754 + 0.014 -1.27 £ 0.18
aqulclstarl0  311.7399 —-12.83490 1432 + 4.8 29.6 21.180 = 0.004 22.551 + 0.012 -1.70 £ 0.13 K
aqulclstarll  311.7429 -12.83229 —-141.8 + 5.8 23.9 21.442 + 0.005 22.652 + 0.013 -1.79 £ 0.17
aqulclstar12  311.7460 -12.86016 —150.0 = 3.9 24.9 21.244 + 0.004 22.485 + 0.011 -1.76 + 0.17
aqulclstarl4  311.7542 —12.88221 -160.9 = 6.2 25.9 21.042 + 0.004 22.325 + 0.010 -1.67 £ 0.12
aqulclstarl5 311.7573 -12.83783 -321.5 = 16.9 22.3 21.566 = 0.004 22.667 + 0.013 -1.96 = 0.17 N
aqulclstarl6  311.7607 —12.85800 -743 £ 52 53.1 20.385 = 0.003 20.896 = 0.004 -2.90 + 0.10 N
aqulclstar18 311.7675 —12.85755 —148.8 + 5.1 39.9 20.703 + 0.003  22.030 + 0.008 -1.75 £ 0.11
aqulc2starl  311.6636 —12.84180 —139.5 = 13.8 7.4 20.448 + 0.003  22.237 = 0.009 —1.45 + 0.06 C
aqulc2star2  311.6671 —12.86534 -92.0 + 4.7 41.2 20.668 + 0.003 22.261 + 0.010 -1.91 + 0.09 N
aqulc2star3  311.6708 —12.85654  —-137.2 + 4.3 19.3 21.666 = 0.006 22.790 = 0.014 -1.66 = 0.21 K
aqulc2star4  311.6755 —12.84781 -1219 + 43 25.5 21.338 = 0.005 22.612 = 0.012 —-1.56 £ 0.13
aqulc2starS  311.6796 —12.83744  -157.5 + 4.7 22.9 21.398 + 0.005 22.476 + 0.011 -1.75 £ 0.16
aqulc2star6  311.6843 —12.84784 —-1234 + 114 10.9 21.549 = 0.005 22.784 + 0.014 -191 £ 0.13 C
aqulc2star7  311.6869 —12.83789 —-1314 = 5.3 23.1 21.121 = 0.004 22.311 = 0.010 -2.09 £ 0.12
aqulc2star8  311.6924 —-12.83748 —-139.2 + 5.0 22.4 21.572 = 0.005 22.746 + 0.014 -1.82 £ 0.12
aqulc2star9  311.6960 -12.85198 —-151.9 = 3.5 37.0 21.012 = 0.004 22.295 + 0.010 -2.27 £ 0.10
aqulc2starl0  311.7009 —-12.84057 —-1413 £ 2.2 43.8 20.588 = 0.003 22.048 = 0.008 —1.56 + 0.08
aqulc2starll  311.7038 -12.82979 -110.6 + 3.5 26.7 21.233 = 0.004 22.499 + 0.011 -1.63 £ 0.12

Notes. The columns represent (from left to right): name, RA and Dec of the targets; derived heliocentric l.o.s. velocity and its error; S/N; V and /
magnitude of the stars and its error (obtained from McConnachie et al. 2006), and the metallicity with its error. In the last column “K” indicates
the targets in common with Kirby et al. (2017a), “rep” indicates the stars that have been measured twice (the results have been combined for the
two repeated stars, we note that aqulclstarl3 and aqulclstarl7 are missing), “C” indicates the stars containing strong CN bands; “N” indicates
the stars excluded from the analysis (non-members).
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