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ABSTRACT
We report the discovery of a Milky Way satellite in the constellation of Antlia. The
Antlia 2 dwarf galaxy is located behind the Galactic disc at a latitude of b � 11� and
spans 1:26 degrees, which corresponds to� 2:9 kpc at its distance of 130 kpc. While
similar in spatial extent to the Large Magellanic Cloud, Antlia 2 is orders of magnitude
fainter at M V = � 9 mag, making it by far the lowest surface brightness system known
(at � 31:9 mag/arcsec2), � 100 times more di�use than the so-called ultra di�use
galaxies. The satellite was identi�ed using a combination of astrometry, photometry
and variability data from Gaia Data Release 2, and its nature con�rmed with deep
archival DECam imaging, which revealed a conspicuous BHB signal. We have also
obtained follow-up spectroscopy using AAOmega on the AAT, identifying 159 member
stars, and we used them to measure the dwarf's systemic velocity,290:9� 0:5km/s, its
velocity dispersion, 5:7 � 1:1 km/s, and mean metallicity, [Fe/H]= � 1:4. From these
properties we conclude that Antlia 2 inhabits one of the least dense Dark Matter (DM)
halos probed to date. Dynamical modelling and tidal-disruption simulations suggest
that a combination of a cored DM pro�le and strong tidal stripping may exp lain the
observed properties of this satellite. The origin of this core may be consistent with
aggressive feedback, or may even require alternatives to cold dark matter (such as
ultra-light bosons).
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1 INTRODUCTION

While the population of Galactic low-luminosity dwarf
satellites may have been sculpted by a number of yet-
unconstrained physical processes such as cosmic reionisation
(see e.g. Bose et al. 2018) and stellar feedback (see e.g. Fitts
et al. 2017), the total number of bright satellites depends
strongly only on the mass of the host galaxy, and thus can

? E-mail: gtorrealba@asiaa.sinica.edu.tw

be predicted more robustly. According to, e.g., Garrison-
Kimmel et al. (2018), in the Milky Way today there may
remain between 1 and 3 undetected satellites with stellar
massesM � > 105M � . An obvious place where such a satel-
lite might reside is the so-called Zone of Avoidance (ZOA,
see e.g. Shapley 1961; Kraan-Korteweg & Lahav 2000), a
portion of the sky at low Galactic latitude, a�ected by ele-
vated dust extinction and a high density of intervening disc
stars. The paucity of Galactic dwarf satellites in this region
was already apparent in the catalogue of Mateo (1998) and
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2 G. Torrealba et al.

Table 1. Properties of the Antlia 2 Dwarf

Property Antlia 2 Dwarf Unit

� (J2000) 143:8868 � 0:05 deg
� (J2000) � 36:7673 � 0:10 deg
l 264:8955 � 0:05 deg
b 11:2479 � 0:10 deg
(m � M ) 20:6 � 0:11 mag
D � 132 � 6 kpc
r h 1:27 � 0:12 deg
r h 2920 � 311 pc
1� b/a 0 :38 � 0:08
PA 156 � 6 deg
M V � 9:03 � 0:15 mag
h� i (r < rh ) 31:9 � 0:3 mag/arcsec2

[Fe/H] � 1:36 � 0:04 dex
� [Fe =H] 0:57 � 0:03 dex
rv helio 290:7 � 0:5 km/s
rv gsr 64:3 � 0:5y km/s
� rv 5:71 � 1:08 km/s
� � cos� � 0:095 � 0:018� mas/yr
� � 0:058 � 0:024� mas/yr
M (r < r h ) 5:5 � 2:2 107 M �

M (r < 1:8r h ) 13:7 � 5:4 107 M �

M ? 8:8 � 1:2 105 M �

M=L V 315 � 130 M � =L �

� Does not consider systematic uncertainties (see text)
yDoes not consider LSR uncertainties.

has remained mostly unchanged until the present day (see
McConnachie 2012).

Until recently, little had been done to search for Galac-
tic satellites in the ZOA for obvious reasons. First, the re-
gion within jbj < 15� did not have contiguous coverage of
uniform quality. Second, the foreground disc populations at
these latitudes su�er large amounts of di�erential reddening,
thus displaying complicated and rapidly varying behaviour
in colour-magnitude space. However, today, thanks to data
from ESA's Gaia space observatory (Gaia Collaboration
et al. 2016a), both of the limiting factors above can be eas-
ily mitigated. For example, Koposov et al. (2017) used Gaia
Data Release 1 (GDR1, Gaia Collaboration et al. 2016b) to
discover two new star clusters, both with jbj < 10� . They also
highlighted Gaia 's potential to detect low-luminosity satel-
lites with surface brightness levels similar to or fainter than
those achieved by much deeper sky surveys (see also Antoja
et al. 2015). As explained in Koposov et al. (2017), what
Gaia lacks in photometric depth, it makes up in star/galaxy
separation and artefact rejection. Torrealba et al. (2018a)
continued to mine the GDR1 data to �nd an additional four
star clusters all within 10 � degrees of the Galactic plane. Im-
pressively, the two satellite searches above had to rely solely
on Gaia star counts, as no proper motion, colour or vari-
ability information was available as part of GDR1 for the
majority of sources.

In this Paper, we use Gaia Data Release 2 (GDR2, Gaia
Collaboration et al. 2018b) to discover and analyse a new
dwarf satellite galaxy orbiting the Milky Way. The discov-
ery was made at the Flatiron Gaia Sprint 2018. We are able
to exploit not only the positions of stars detected on-board
Gaia, but also their colours, proper motions and parallaxes.
Additionally, we take advantage of the large database of vari -

able stars identi�ed by Gaia and supplied as part of GDR2
(see Gaia Collaboration et al. 2018a; Holl et al. 2018), in par-
ticular, the RR Lyrae stars (see Clementini et al. 2018). Our
search represents the �rst \quick and dirty" pass through
GDR2 data in search of Galactic satellites, and relies on
the fact that all of the currently known Milky Way dwarfs
contain at least one RR Lyrae star (see Sesar et al. 2014;
Baker & Willman 2015). We also make use of GDR2 par-
allax measurements to remove the bulk of the foreground
disc population, as suggested in Antoja et al. (2015) and
implemented in e.g. Belokurov & Erkal (2019).

The combined use of Gaia 's photometric, astrometric
and variability information allows one to reach levels of sur-
face brightness below those previously attainable with pho-
tometry alone. The extension of the current Galactic dwarf
population to yet fainter systems has been expected, given
that many of the recent satellite discoveries pile up around
the edge of detectability, hovering in the size-luminosity
plane around a surface brightness of� 30 mag arcsec� 2 (see,
e.g., Torrealba et al. 2016b). In other words, it appeared to
be only a matter of time until the ultra-faint galaxy regime
would segue into \stealth" galaxies, with objects at even
lower total luminosities but comparable sizes (see Bullock
et al. 2010). Perhaps even more surprising is the recent de-
tection of a galaxy - the Crater 2 dwarf - with an extremely
low surface-brightness, but at a total luminosity close to the
classical dwarf regime, i.e. L � 105L � (see Torrealba et al.
2016a). Cra 2 occupies a poorly-explored region of struc-
tural parameter space, where ordinary stellar masses meet
extraordinarily large sizes, resulting in record-breaking low
surface brightness levels (� 30:6 mag arcsec2) - a regime
not predicted to be populated by earlier extrapolations (e.g.
Bullock et al. 2010). Stranger still, Cra 2 appears to be not
only one of the largest Milky Way dwarfs, but also one of its
coldest (in terms of the stellar velocity dispersion, see Cald-
well et al. 2017). Of the plausible mechanisms capable of
dialing down both the satellite's surface brightness and ve-
locity dispersion, tidal stripping immediately comes to mind
(see e.g. Pe~narrubia et al. 2008b). But, as shown by Sanders
et al. (2018), it is rather di�cult to produce a di�use and
cold system such as Cra 2 only via the tidal stripping of a
stellar system embedded in a cuspy (see, e.g. Dubinski &
Carlberg 1991; Navarro et al. 1996b) dark matter halo.

As Sanders et al. (2018) convincingly demonstrate, how-
ever, if Cra 2 were embedded in a cored (i.e., shallower inner
density { see, e.g. Moore 1994; Navarro et al. 1996a) dark
matter (DM) halo, reproducing its present structural and
kinematic properties would be much easier. Such cores can
naturally arise if the physics of the DM particle is altered
(see, e.g. Spergel & Steinhardt 2000; Hogan & Dalcanton
2000; Hu et al. 2000; Peebles 2000), but even within Cold
DM cosmology the inner density pro�les of galaxy-hosting
halos can be substantially attened via strong stellar feed-
back (e.g. El-Zant et al. 2001; Gnedin et al. 2004; Read &
Gilmore 2005; Mashchenko et al. 2008; Pontzen & Governato
2012). While the study of the e�ects of supernova feedback
on the structure of galaxies currently remains �rmly in the
realm of \sub-grid" physics, many simulations show that the
changes induced are not limited to the dwarf's central re-
gions. Powerful bursty gaseous outows have been shown
to be able to \drag" many of the constituent stars to much
larger radii overall, thus creating noticeably di�use dwarf
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Antlia 2 dwarf 11

to stars in 3 di�erent angular distance bins (with respect
to Antlia 2's center). The bins were selected such that they
have an approximately equal number of stars. We kept the
parameters of the foreground velocity and the proper motion
distribution �xed across those bins and only allowed the ve-
locity dispersion of the dwarf and a mixing fraction of dwarf
stars to change from bin to bin. The results of this model are
shown in Fig. 7. We can see that the velocity dispersion in
the very central bin is measured to be somewhat lower than
in the outer bins, although by only � 2 � . While the stellar
velocity dispersion in a dark matter dominated system can
change with radius, there are other possible explanations.
Apart from a random uctuation, this could be due to the
existence of a velocity gradient associated with either ro-
tation or tidal disruption, which would tend to inate the
outer velocity dispersion measurements.

3.2 Orbit

We apply the kinematics of Ant 2 obtained above to gauge
the satellite's orbital properties using galpy(Bovy 2015).
Motions are converted to the Galactic standard of rest
by correcting for the Solar rotation and the local stan-
dard of rest velocity, using vcirc = 220 km/s and vlsr =
(11:1; 12:24; 7:25) km/s (Sch•onrich et al. 2010). Figure 8
presents the orbit of Ant 2 generated using the MWPoten-
tial2014 (Bovy 2015) with the MW's halo mass increased
from 0:8� 1012 M � to 0:9� 1012 M � (see, e.g. Vasiliev 2018,
for recent mass estimates). The density map in the �gure
shows the accumulation of the orbits with initial conditions
sampled using the uncertainties in radial velocity, proper
motions, and distance. The current position of Ant 2 is
shown in cyan, and its past and future orbits are shown
in black and yellow, respectively. We then estimate the peri-
center { using all the sampled orbits { to be at 37 +20

� 15 kpc,
which is just close enough to induce some tidal disruption
in the satellite (see the discussion of the mass measurement
of Ant 2 in Section 5). A higher MW mass of 1 :8 � 1012

(e.g. Watkins et al. 2018) reduces the median pericenter to
� 25+13

� 9 kpc, which is around the lower limit of the pericen-
ter uncertainties found for the orbits in a lighter MW (see,
however, van der Marel & Guhathakurta 2008, for a possi-
ble bias toward larger pericenter values using this method).
According to the orbit computed, Ant 2 last passed through
pericentre about 1 Gyr ago. It recently crossed the plane of
the Galactic disc, but 95 kpc away from the MW centre.
The dwarf is about to reach its apocentre. For comparison,
the Figure also shows the orbit of the LMC (in grey). Both
galaxies have similar directions of motion; in fact, Ant 2 is
currently sitting very close to where the LMC is heading and
where Jethwa et al. (2016) predict a large number of low-
mass dwarfs stripped from the LMC. However, given the
signi�cantly slower orbital velocity of Ant 2 - resulting in a
signi�cantly di�erent orbital phase - any obvious associatio n
between the two objects seems somewhat unlikely. Figure 9
illustrates the di�erence in the orbital paths of the LMC and
Ant 2 more clearly.

3.3 Chemistry

We also look at the metallicity distribution of likely mem-
bers of Ant 2. We select stars within 15 km s � 1 of the sys-

temic velocity of Ant 2, small radial velocity error � v < 5
and small uncertainty on [Fe/H] < 0:5 and residual kurto-
sis and skewness on [Fe/H] less than 1. The stellar metal-
licity distribution of this sample - which we believe to be
free of contamination - is shown in Figure 10. We note that
Ant 2's metallicity peaks at [Fe =H] = � 1:4, i.e. noticeably
higher than the majority of ultra-faint dwarf galaxies. Ad-
ditionally, the [Fe/H] histogram also shows some moderate
asymmetry towards low metallicities, which has been seen in
other objects (Kirby et al. 2010). Accordingly, for compar-
ison we over-plot the metallicity distributions of a couple
of classical dwarf spheroidal galaxies ( Leo II and Fornax
) from Kirby et al. (2010), whose overall metallicities and
MDF shapes are not dissimilar to those of Ant 2. Leo II also
has a stellar mass similar to Ant 2's.

To measure the mean metallicity of the system we �t
the metallicity distribution by a Gaussian mixture with
two Gaussians (due to possible asymmetry of the MDF).
In the modeling we take into account abundance uncer-
tainties of individual stars. The resulting mean metallic-
ity is [Fe/H]= � 1:36 � 0:04, with a standard deviation of
� [Fe =H] = 0 :57 � 0:03. These measurements are provided in
the Table 1. We also note there is a possible abundance
gradient with radius, as the subset of stars within 0.5 de-
grees has a mean metallicity of [Fe=H] = � 1:29 � 0:05 and
the stars outside 0:5 degrees have a mean metallicity of
[Fe=H] = � 1:44 � 0:06. The di�erence in metallicities is only
marginal, however it is not unexpected, as similar trends
with centrally concentrated more metal-rich stellar popula-
tions have been observed in many (especially classical) dwarf
galaxies (Harbeck et al. 2001; Koch et al. 2006).

4 DISCUSSION

Figure 11 presents the physical properties of Ant 2 in com-
parison to other stellar systems in the MW and the Lo-
cal Group. The left panel shows the distribution of intrinsic
luminosities (in absolute magnitudes) as a function of the
half-light radius. Strikingly, no other object discovered to
date is as di�use as Ant 2. For example, the so-called Ultra
Di�use Galaxies (van Dokkum et al. 2015) have sizes sim-
ilar to Ant 2, but are typically � 6 mag brighter. Overall,
compared to systems of similar luminosity, the new dwarf is
several times larger, while for objects of comparable size, it
is � 3 orders of magnitude fainter. One exception to this is
And XIX (McConnachie et al. 2008), which has had its size
updated in Martin et al. (2016b) from 6.2 0to 14.20. In the
�gure, we show the old measurement connected with a line
to the new measurement. As we can see, And XIX is similar
in size to Ant 2, but � 2 magnitudes brighter. While the
half-light radius of And XIX has recently been updated to
a much larger value, the available spectroscopy only probes
the mass distribution within a much smaller aperture, cor-
responding to the earlier size measurement. We therefore
report a mass measurement for And XIX within 6.2 0but cau-
tion the reader against over-interpreting this number. The
right panel of the Figure shows the satellite's luminosity
M V as a function of the mass within the half-light radius
for systems with known velocity dispersion. Here, we have
used M dyn = 581:1 � r v2 r h , the mass estimator suggested
by Walker et al. (2009). Super�cially, Ant 2, although sit-
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Figure 17. Line-of-sight distance distribution of tidal debris at
the present day for the cored simulation in the right column o f
Fig. 15 as a function of RA (for the same extent in Dec). The
dashed line gives the tentative RR Lyrae detection limit for Gaia .
As indicated in the Figure, only 4% of the total number of RR
Lyrae in this (large) area of the sky are below the dashed line
and thus are bright enough to be detectable by Gaia . The �lled
black circles indicate the locations of the three RR Lyrae wi th
D h > 70 kpc coincident with the dwarf's location on the sky.
The horizontal stripes at D h � 120 kpc and D h � 130 kpc are
the ends of the leading and trailing debris from the penultim ate
pericentric passage.

observes all RR Lyrae out to 90 kpc { a limiting magni-
tude of G = 20 :27), whilst the cuspy simulation predicts
almost 28,000! At the representative time we have chosen
for the cuspy simulation, the tidal disruption is not signi�-
cant enough to explain the observed foreground RR Lyrae,
lending support to the cored picture.

In conclusion, we have found that the only cuspy pro-
�les that adequately explain the data have both haloes with
smaller vmax than that required to explain most other dwarf
galaxies, and stellar pro�les that extend further than the
e�ective radius of the dark halo ( Rh =rs � 2). Such an al-
ready unlikely con�guration does not survive long within the
tidal �eld of the Milky Way, as the exposed stellar pro�le
becomes heavily truncated. However, a cored dark matter
pro�le more naturally explains the data. In this scenario,
Ant 2 is embedded initially in a larger, more massive dark
matter halo which naturally produces a broader stellar dis-
tribution. The dwarf is then heavily tidally disrupted by the
Milky Way's tidal �eld such that, after a few pericentric
passages, the velocity dispersion has fallen to the observed
value while the half-light radius is unchanged. In this pic-
ture, Ant 2 has deposited a large fraction of its stellar mass
onto the Milky Way, possibly explaining the foreground RR
Lyrae, and is expected to fully disrupt during the next peri-
centric passage.

It is not wholly evident whether the formation of such
a large core is consistent with feedback. Although the slope
of the density pro�le close to the centre can be reproduced

in some feedback models (Tollet et al. 2016), it is unclear
whether such a large core size is really attainable. There re-
main other possibilities for the formation of cores in dwarf
galaxies, including the solitonic cores formed in ultralight
scalar dark matter particle theories (Schive et al. 2014; Hui
et al. 2017). This theory has had some success with re-
producing smaller, but kiloparsec-sized, cores in the classi-
cal dwarf galaxies (Schive et al. 2014, 2016).Self-interacting
dark matter (SIDM), in which the cross-section of interac-
tion of the DM particles is velocity dependent, can also pro-
duce cores. These are typically of the size of� 1 kpc (Tulin
& Yu 2018), though they need some �ne-tuning of the value
of the ratio of velocity dispersion to DM particle mass. It
is an open question whether a large core can be produced
in a low density and low velocity dispersion DM halo by
SIDM theories. Given the multiple populations seen in the
extended metallicity distribution function of Fig. 10, the ac -
quisition of further line of sight velocities will enable the DM
density to be mapped out using the methods of Walker &
Pe~narrubia (2011) and Amorisco & Evans (2012). This may
enable us to con�rm the existence of a core directly from
the data, as well as to measure its size. This should help
resolve whether Ant 2 is completely consistent with the pre-
dictions of feedback, and perhaps even constrain alternative
dark matter theories such as SIDM.

4.3 Dark matter annihilation

Like other Milky Way dwarf spheroidal galaxies, Ant 2 is a
potential target for gamma-ray searches for dark matter an-
nihilation (e.g. Bertone et al. (2005); Geringer-Sameth et al.
(2015a) and references therein). In particular, the dwarfs'
old stellar populations and lack of gas make them very un-
likely to emit gamma-rays through conventional processes.
For dark matter particles with mass in the GeV to TeV
range, searches in dwarfs with the Fermi Large Area Tele-
scope (Atwood et al. 2009) are among the most sensitive
probes of dark matter annihilation (e.g. Albert et al. 2017).

Ant 2's small velocity dispersion for its size indicates a
low density dark matter halo (see previous two sub-sections
for details), and since the gamma-ray ux from annihila-
tion is proportional to the square of the dark matter den-
sity, Ant 2 would likely have quite a low signal compared
with other dwarfs. Using the simple estimator in Eq. 8 of
Evans et al. (2016) and the properties of Ant 2 in Ta-
ble 1 we compute the total ux from dark matter anni-
hilating within 0 :5� of the centre of Ant 2. Assuming a
dark matter halo with a � / r � 1 density pro�le 5 we �nd
log10 J (0:5� )=(GeV 2cm� 5) � 16 � 0:4, where J is propor-
tional to the gamma-ray ux. This is about 3 orders of mag-
nitude below the J values of the \top tier"Milky Way dwarfs
where we expect the strongest annihilation signals (e.g. Bon-
nivard et al. 2015).

Although we do not expect a detectable annihilation
signal from Ant 2 an exploration of the Fermi data illus-
trates a number of issues that will confront future searches
in such large objects. First, Ant 2 may be signi�cantly ex-
tended as seen by Fermi. Dark matter halos are generally

5 The J value increases by no more than 0.4 dex when varying the
logarithmic slope of the density pro�le between � 0:6 and � 1:4.
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less concentrated than the stars they host and, in contrast
with other dwarfs, Ant 2's stellar half-light angle is already
much larger than Fermi's PSF. We create surface bright-
ness pro�les for dark matter emission and convolve them
with Fermi's (energy-dependent) PSF. The size of Ant 2 as
seen by Fermi can be characterized by the angle at which the
PSF-convolved surface brightness drops to half its maximum
value. We �nd the ratio between this angle and the corre-
sponding angle for a point source of gamma rays. The most
point-like situation we consider is a spherical NFW halo with
scale radius twice the half-light radius 6 and which is trun-
cated beyond the scale radius. For 1 GeV gamma rays Ant 2
is 50% more extended than a point source (80% at 10 GeV).
For less cuspy density pro�les the extension is more pro-
nounced: a modi�ed NFW pro�le with � / r � 0:5 in its inner
parts yields emission at 1 GeV that is 2.4 times more ex-
tended than a point source (4.3 times more at 10 GeV).
The shape of Ant 2's halo is quite uncertain and so a sim-
ple search for a gamma-ray point source may not be op-
timal. Nevertheless, an eventual detection of spatially ex-
tended emission is quite powerful as it would yield a direct
observation of the halo density pro�le (e.g. Geringer-Sameth
et al. 2015b).

We prepare data from 9.4 years of Fermi observations
using the procedure described by Koposov et al. (2018) ex-
cept that we include energies from 0.5 to 500 GeV and con-
sider the region within a 20 � square centred on Ant 2. As in
the above study we �t a model to the region using maximum
likelihood (the model includes isotropic and Galactic di�us e
emission and point sources from the Third Fermi Source
Catalogue, Acero et al. 2015). Fitting an additional trial
point source with a exible energy spectrum at the location
of Ant 2 does not improve the �t (2� log L = 0 :75, where
L is the Poisson probability of obtaining the data given the
model). We also examine the energy spectra of events within
various-sized apertures centred on Ant 2 as compared to the
background model and �nd no signi�cant bumps or discrep-
ancies.

As a way of checking for extended emission we rebin the
counts and model maps from the original 0:05� pixelisation
into coarser maps with 0:25� , 0:5� , 1� , and 1:5� pixels (where
the central pixel is always centred on Ant 2). In each pixel
p we construct a statistic to measure the discrepancy with
the best-�tting background model: � 2

p =
P

(cpi � mpi )2=mpi ,
where cpi and mpi are the observed and expected numbers of
counts in pixel p and energy bin i and the sum is taken over
energy bins between 1 and 10 GeV. Generating sky maps
based on� 2

p yields no \hot spots" centred on Ant 2.
One major caveat is that the Galactic di�use template

provided by the Fermi Collaboration already absorbs ex-
tended excess emission on scales larger than about 2� (Acero
et al. 2016), and so it is possible that Ant 2 has already been
included in the background model. We examine the morphol-
ogy of the di�use template and do not �nd any blob-like
emission centred on Ant 2, though this is somewhat di�-
cult due to Ant 2's proximity to the Galactic plane, a region
with numerous di�use structures and gradients. In order to
try to suppress the very bright emission from the Galactic

6 We use the \circularized" half-light radius r h
p

b=a = 2 :3 kpc.

plane we re-extract the data but keep only PSF3events7 .
This subset of data is roughly the quarter of events with
the best direction reconstruction. While this will not help
detect extended emission it does reduce the glare from the
Galactic plane. Examining the PSF3counts maps reveals two
potential point sources within the half-light ellipse of Ant 2 ,
� ` = 0 :3� ; � b = � 0:3� away from the centre of the dwarf.
Fitting point sources at these locations gives an improve-
ment of 2� log L = 17. However, this comes at the cost of
greatly increased model complexity and so the resulting sig-
ni�cance of these potential sources (p value) is only around
the 5% level. In any case a dark matter explanation would
require a density pro�le signi�cantly o�set from the stellar
distribution.

Despite the lack of a signal from Ant 2, its huge angular
size hints at a possible opportunity for gamma-ray searches
using dwarfs. The most powerful dark matter searches com-
bine observations of multiple dwarfs by assigning weights to
the gamma-ray events from each dwarf (Geringer-Sameth &
Koushiappas 2011; Geringer-Sameth et al. 2015a). For the
optimal set of weights, each dwarf contributes to the ex-
pected signal to noise in quadrature as SNR2 =

P
s2=b,

where the sum runs over energy and spatial bins, and s
and b are the expected number of dark matter photons and
background events detected in each (generally in�nitesimal)
bin (see Eq. 18 of Geringer-Sameth et al. 2015a). For dwarfs
with identical dark matter halos, as long as the spatial exten t
of the emission is smaller than the PSF, a dwarf's contribu-
tion to SNR 2 is proportional to 1 =D4 (the amplitude of s
scales as the total ux 1=D2 while the shape of s is �xed by
the PSF). For a homogeneous distribution of dwarfs (number
density / D 2dD), this scaling leads to searches dominated
by the nearest dwarfs, e.g. Ursa Major II, Coma Berenices,
and Segue 1. In contrast, for dwarfs with extended emission
SNR2 scales as 1=D2 (in this case the amplitude of s is �xed
but the shape of the surface brightness pro�le contracts by
a factor of 1=D). If Ant 2 is the �rst of many \missing gi-
ants" we may eventually �nd ourselves with an abundance
of relatively distant, spatially extended gamma-ray targets.
Since J / � 4

v =rh (Evans et al. 2016), such dwarfs will be
especially important if they have larger velocity dispersions
and/or smaller half-light radii than Ant 2 (as is perhaps sug-
gested by the isolated position of Ant 2 in Fig. 11). It may
turn out that this large population becomes as important for
constraining dark matter particles as the handful of \point
source-like" dwarfs that are currently the most informative.

5 CONCLUSIONS

We have presented the discovery of a new dwarf satellite
galaxy of the Milky Way, Antlia 2 (Ant 2). Originally de-
tected in Gaia DR2 data using a combination of RR Lyrae,
proper motions, parallaxes and shallow broad-band photom-
etry, this new satellite is also con�rmed using deeper archival
DECam imaging as well as AAT 2dF+AAOmega follow-up
spectroscopy. The CMD of the Ant 2 dwarf boasts a broad
and well-populated RGB as well as a prominent BHB se-
quence, which we use as a standard candle. The resulting

7 https://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Cicerone/Cicerone_Data/LAT_DP.html
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dwarf's distance modulus is m � M = 20 :6, which is consis-
tent with the location of the RGB, giving an independent
con�rmation of the BHB distance. In addition, there are
possibly 3 associated RRL stars, lying in front of the dwarf
along the line of sight. These likely represent the near side
of an extended cloud of tidal debris originating from Antlia
2. The angular half-light radius of the new dwarf is � 1.3 de-
grees, which translates into a gigantic physical size of � 2:8
kpc, on par with the measurements of the largest satellite
of the MW, the LMC, but with a luminosity some � 4000
times fainter.

Using � 200 spectroscopically con�rmed RGB member
stars, we have measured the dwarf's velocity dispersion to be
� 5:7 km s� 1 , which, combined with the luminosity M V =
� 9, yields a high mass-to-light ratio of � 300, typical for a
Galactic dwarf. However, given Ant 2's enormous size, the
implied e�ective DM density is much lower than that of any
other dwarf satellite studied to date. Assuming an NFW
density pro�le, Ant 2 is hosted by a relatively light DM halo
with M 200 < 109M � - close to the lowest mass inferred for
the Galactic dwarfs (see Jethwa et al. 2018) - which is not
easy to reconcile with its grotesquely bloated appearance.
Even if the DM density deviates from the canonical NFW
shape - be it either due to the e�ects of stellar feedback or
of the Milky Way's tides - bringing the object's half-light
radius in accordance with the rest of the Galactic satellite
population appears di�cult.

Nonetheless, a combination of feedback and tides work-
ing in concert may provide a plausible way to explain the
observed properties of Ant 2. This solution requires a sub-
stantially more luminous dwarf to be born in a i) relatively
massive and ii) cored DM halo, which subsequently su�ers
proli�c tidal stripping. We have shown that for such a cored
host, the half-light radius changes little during the disrup-
tion but the velocity-dispersion plummets. A strong predic-
tion of this model is a large amount of tidal debris left behind
by Ant 2, which could be tested by surveying (with either
imaging or spectroscopy) the area around the dwarf. Note
however, that even in this scenario, the structural properties
of Ant 2's progenitor remain extreme. For example, in the
size-luminosity plane shown in Figure 11, it must have oc-
cupied the empty space below and to the right of Sgr, with
r h � 3 kpc and M V � � 12.

Given that it currently appears impossible for Ant 2 to
be born with a half-light radius much smaller than currently
measured, its position on the size-luminosity plane (even ex-
trapolated back in time) may imply that dwarf galaxy for-
mation can proceed at surface brightness (and density) levels
signi�cantly lower than those so far observed. Hence Ant 2
could be the tip of an iceberg - a population of extremely
di�use Galactic dwarf galaxies even fainter than the numer-
ous satellites detected in wide-area photometric surveys over
the past two decades. Fortunately, Gaia data { as illustrated
by this work { may be the key to testing this hypothesis.

ACKNOWLEDGEMENTS

It is a pleasure to thank thank Andrey Kravtsov and Jorge
Pe~narrubia for enlightening discussions that helped to im-
prove the quality of this manuscript, and Chris Lidman for
carrying out the spectroscopic service observations on the

AAT. The authors thank Gisella Clementini and Vincenzo
Ripepi for pointing out an error in the RR Lyrae luminos-
ity calculation in an earlier version of this manuscript. The
anonymous referee is thanked for many helpful comments.

This project was developed in part at the 2018 NYC
Gaia Sprint, hosted by the Center for Computational As-
trophysics of the Flatiron Institute in New York City. The
research leading to these results has received funding from
the European Research Council under the European Union's
Seventh Framework Programme (FP/2007-2013) / ERC
Grant Agreement n. 308024. SK and MGW are supported
by National Science Foundation grant AST-1813881. GT ac-
knowledge support from the Ministry of Science and Tech-
nology grant MOST 105-2112-M-001-028-MY3, and a Ca-
reer Development Award (to YTL) from Academia Sinica.

This work presents results from the European Space
Agency (ESA) space mission Gaia. Gaia data are being pro-
cessed by the Gaia Data Processing and Analysis Consor-
tium (DPAC). Funding for the DPAC is provided by national
institutions, in particular the institutions participating in
the Gaia MultiLateral Agreement (MLA). The Gaia mis-
sion website is https://www.cosmos.esa.int/gaia. The Gai a
archive website is https://archives.esac.esa.int/gaia.

This paper includes data gathered with Anglo-
Australian Telescope at Siding Spring Observatory in Aus-
tralia. We acknowledge the traditional owners of the land on
which the AAT stands, the Gamilaraay people, and pay our
respects to elders past and present.

This project used data obtained with the Dark En-
ergy Camera (DECam), which was constructed by the Dark
Energy Survey (DES) collaboration. Funding for the DES
Projects has been provided by the U.S. Department of En-
ergy, the U.S. National Science Foundation, the Ministry of
Science and Education of Spain, the Science and Technol-
ogy Facilities Council of the United Kingdom, the Higher
Education Funding Council for England, the National Cen-
ter for Supercomputing Applications at the University of
Illinois at Urbana-Champaign, the Kavli Institute of Cos-
mological Physics at the University of Chicago, the Center
for Cosmology and Astro-Particle Physics at the Ohio State
University, the Mitchell Institute for Fundamental Physics
and Astronomy at Texas A&M University, Financiadora de
Estudos e Projetos, Funda�c~ao Carlos Chagas Filho de Am-
paro �a Pesquisa do Estado do Rio de Janeiro, Conselho Na-
cional de Desenvolvimento Cient���co e Tecnol�ogico and the
Minist�erio da Ciência, Tecnologia e Inovac~ao, the Deutsche
Forschungsgemeinschaft, and the Collaborating Institutions
in the Dark Energy Survey.

The Collaborating Institutions are Argonne National
Laboratory, the University of California at Santa Cruz, the
University of Cambridge, Centro de Investigaciones En�er-
geticas, Medioambientales y Tecnol�ogicas-Madrid, the Uni -
versity of Chicago, University College London, the DES-
Brazil Consortium, the University of Edinburgh, the Ei-
dgen•ossische Technische Hochschule (ETH) Z•urich, Fermi
National Accelerator Laboratory, the University of Illi-
nois at Urbana-Champaign, the Institut de Ci�encies de
l'Espai (IEEC/CSIC), the Institut de F��sica d'Altes Ener-
gies, Lawrence Berkeley National Laboratory, the Ludwig-
Maximilians Universit •at M •unchen and the associated Ex-
cellence Cluster Universe, the University of Michigan, the
National Optical Astronomy Observatory, the University of

MNRAS 000 , 1{24 (2018)



Antlia 2 dwarf 21

Nottingham, the Ohio State University, the University of
Pennsylvania, the University of Portsmouth, SLAC National
Accelerator Laboratory, Stanford University, the University
of Sussex, and Texas A&M University.

REFERENCES

Acero F., et al., 2015, ApJS, 218, 23
Acero F., et al., 2016, ApJS, 223, 26
Agnello A., Evans N. W., 2012, ApJ, 754, L39
Albert A., et al., 2017, ApJ, 834, 110
Amorisco N. C., Evans N. W., 2012, MNRAS, 419, 184
Antoja T., et al., 2015, MNRAS, 453, 541
Atwood W. B., et al., 2009, ApJ, 697, 1071
Baker M., Willman B., 2015, AJ, 150, 160
Balbinot E., et al., 2013, ApJ, 767, 101
Belokurov V. A., Erkal D., 2019, MNRAS, 482, L9
Belokurov V., et al., 2010, ApJ, 712, L103
Bertone G., Hooper D., Silk J., 2005, Phys. Rep., 405, 279
Bonnivard V., et al., 2015, MNRAS, 453, 849
Bose S., Deason A. J., Frenk C. S., 2018, ApJ, 863, 123
Bovy J., 2015, The Astrophysical Journal Supplement Series , 216,

29
Bressan A., Marigo P., Girardi L., Salasnich B., Dal Cero C.,

Rubele S., Nanni A., 2012, MNRAS, 427, 127
Bullock J. S., Boylan-Kolchin M., 2017, ARA&A, 55, 343
Bullock J. S., Stewart K. R., Kaplinghat M., Tollerud E. J., W olf

J., 2010, ApJ, 717, 1043
Caldwell N., et al., 2017, ApJ, 839, 20
Campbell D. J. R., et al., 2017, MNRAS, 469, 2335
Chabrier G., 2003, PASP, 115, 763
Chan T. K., Kere�s D., Wetzel A., Hopkins P. F., Faucher-Gigu �ere

C.-A., El-Badry K., Garrison-Kimmel S., Boylan-Kolchin M. ,
2018, MNRAS, 478, 906

Clementini G., et al., 2018, preprint, ( arXiv:1805.02079 )
Collins M. L. M., et al., 2014, ApJ, 783, 7
Collins M. L. M., Tollerud E. J., Sand D. J., Bonaca A., Willma n

B., Strader J., 2017, MNRAS, 467, 573
Da Costa G. S., Armandro� T. E., 1990, AJ, 100, 162
Deason A. J., Belokurov V., Evans N. W., 2011, MNRAS, 416,

2903
Di Cintio A., Brook C. B., Macci�o A. V., Stinson G. S., Knebe

A., Dutton A. A., Wadsley J., 2014, MNRAS, 437, 415
Di Cintio A., Brook C. B., Dutton A. A., Macci�o A. V., Obreja

A., Dekel A., 2017, MNRAS, 466, L1
Drlica-Wagner A., et al., 2016, ApJ, 833, L5
Dubinski J., Carlberg R. G., 1991, ApJ, 378, 496
Dutton A. A., Macci�o A. V., 2014, MNRAS, 441, 3359
El-Badry K., Wetzel A., Geha M., Hopkins P. F., Kere�s D., Cha n

T. K., Faucher-Gigu�ere C.-A., 2016, ApJ, 820, 131
El-Zant A., Shlosman I., Ho�man Y., 2001, ApJ, 560, 636
Errani R., Pe~narrubia J., Laporte C. F. P., G�omez F. A., 201 7,

MNRAS, 465, L59
Errani R., Pe~narrubia J., Walker M. G., 2018, MNRAS, 481, 50 73
Evans N. W., Sanders J. L., Geringer-Sameth A., 2016, Phys.

Rev. D, 93, 103512
Fitts A., et al., 2017, MNRAS, 471, 3547
Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013,

PASP, 125, 306
Fritz T. K., Battaglia G., Pawlowski M. S., Kallivayalil N., van

der Marel R., Sohn S. T., Brook C., Besla G., 2018, A&A,
619, A103

Gaia Collaboration et al., 2016a, A&A, 595, A1
Gaia Collaboration et al., 2016b, A&A, 595, A2
Gaia Collaboration et al., 2018a, preprint, ( arXiv:1804.09382 )

Gaia Collaboration Brown A. G. A., Vallenari A., Prusti T., d e
Bruijne J. H. J., Babusiaux C., Bailer-Jones C. A. L., 2018b,
preprint, p. arXiv:1804.09365 ( arXiv:1804.09365 )

Gaia Collaboration et al., 2018c, A&A, 616, A12
Garrison-Kimmel S., et al., 2018, preprint, ( arXiv:1806.04143 )
Geringer-Sameth A., Koushiappas S. M., 2011, Phys. Rev. Let t.,

107, 241303
Geringer-Sameth A., Koushiappas S. M., Walker M. G., 2015a,

Phys. Rev. D, 91, 083535
Geringer-Sameth A., Koushiappas S. M., Walker M., 2015b, Ap J,

801, 74
Geweke J., In F., 1995, 4
Gnedin O. Y., Kravtsov A. V., Klypin A. A., Nagai D., 2004,

ApJ, 616, 16
Gonz�alez-Samaniego A., Bullock J. S., Boylan-Kolchin M., Fitts

A., Elbert O. D., Hopkins P. F., Kere�s D., Faucher-Gigu�ere
C.-A., 2017, MNRAS, 472, 4786

Goodman J., Weare J., 2010, Comm. App. Math. Comp. Sci, 5,
65

Grillmair C. J., 2009, ApJ, 693, 1118
Harbeck D., et al., 2001, AJ, 122, 3092
Harris W. E., 2010, preprint, ( arXiv:1012.3224 )
Henden A. A., Templeton M., Terrell D., Smith T. C., Levine S. ,

Welch D., 2016, VizieR Online Data Catalog, p. II/336
Hogan C. J., Dalcanton J. J., 2000, Phys. Rev. D, 62, 063511
Holl B., et al., 2018, preprint, p. arXiv:1804.09373

(arXiv:1804.09373 )
Homma D., et al., 2016, ApJ, 832, 21
Homma D., et al., 2018, Publications of the Astronomical Soc iety

of Japan, 70, S18
Hormann K., 2014, in , Approximation Theory XIV: San Antonio

2013. Springer, pp 197{218
Hu W., Barkana R., Gruzinov A., 2000, Physical Review Letter s,

85, 1158
Hui L., Ostriker J. P., Tremaine S., Witten E., 2017, Phys. Re v. D,

95, 043541
Husser T.-O., Wende-von Berg S., Dreizler S., Homeier D., Re in-

ers A., Barman T., Hauschildt P. H., 2013, A&A, 553, A6
Iorio G., Belokurov V., 2019, MNRAS, 482, 3868
Jethwa P., Erkal D., Belokurov V., 2016, MNRAS, 461, 2212
Jethwa P., Erkal D., Belokurov V., 2018, MNRAS, 473, 2060
Joo S.-J., et al., 2018, ApJ, 861, 23
Kaplinghat M., Strigari L. E., 2008, ApJ, 682, L93
Kim D., Jerjen H., 2015, ApJ, 799, 73
Kim D., Jerjen H., Milone A. P., Mackey D., Da Costa G. S.,

2015, ApJ, 803, 63
Kim D., Jerjen H., Mackey D., Da Costa G. S., Milone A. P.,

2016a, ApJ, 820, 119
Kim D., et al., 2016b, ApJ, 833, 16
Kirby E. N., et al., 2010, ApJS, 191, 352
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., Rizzi L., Held E. V., Cohen J. G., Cole A. A., Man-

ning E. M., Skillman E. D., Weisz D. R., 2017a, ApJ, 834,
9

Kirby E. N., Cohen J. G., Simon J. D., Guhathakurta P., Thyge-
sen A. O., Duggan G. E., 2017b, ApJ, 838, 83

Koch A., Grebel E. K., Wyse R. F. G., Kleyna J. T., Wilkinson
M. I., Harbeck D. R., Gilmore G. F., Evans N. W., 2006, AJ,
131, 895

Koleva M., Prugniel P., Bouchard A., Wu Y., 2009, A&A, 501,
1269

Koposov S. E., et al., 2011, ApJ, 736, 146
Koposov S. E., Belokurov V., Torrealba G., Evans N. W., 2015a ,

ApJ, 805, 130
Koposov S. E., et al., 2015b, ApJ, 811, 62

MNRAS 000 , 1{24 (2018)



22 G. Torrealba et al.

Table 2. Results from the spectroscopic modeling

id ra dec rv h [Fe/H] log g T eff
(deg) (deg) (km/s) (dex) (dex) (K)

Antlia2 001 144.41 -36.7678 290.2 � 0.7 -1.33 � 0.17 1.19 � 0.29 4955 � 83
Antlia2 002 144.0322 -36.7156 294.0 � 0.9 -1.12 � 0.11 4.39 � 0.23 4668 � 118
Antlia2 003 144.5626 -36.8088 275.1 � 9.8 -2.39 � 0.54 4.02 � 1.37 4943 � 281
Antlia2 004 144.2164 -36.7546 289.3 � 3.4 -1.34 � 0.38 3.22 � 0.88 4958 � 221
Antlia2 005 144.6405 -36.9363 284.2 � 3.9 -1.44 � 0.38 3.75 � 0.86 4860 � 221
Antlia2 006 143.8835 -36.7709 292.9 � 0.8 -1.1 � 0.12 1.3 � 0.26 5075 � 57
Antlia2 007 144.2962 -36.8591 278.3 � 4.1 -1.62 � 0.35 2.7 � 0.93 4884 � 223
Antlia2 008 144.8393 -37.0967 8.6 � 3.1 0.23 � 0.32 5.2 � 0.64 4629 � 185
Antlia2 009 144.738 -37.0794 20.4 � 3.4 -0.48 � 0.33 4.98 � 0.68 4698 � 331
Antlia2 010 144.3932 -36.9902 288.5 � 1.4 -1.23 � 0.17 3.91 � 0.27 4428 � 125
Antlia2 011 144.0758 -36.8442 290.2 � 1.9 -1.29 � 0.26 3.88 � 0.52 4711 � 260
Antlia2 012 144.2665 -36.9975 48.4 � 3.9 -0.22 � 0.34 5.28 � 0.54 5008 � 220
Antlia2 013 144.6282 -37.1997 293.0 � 2.5 -1.2 � 0.29 3.96 � 0.7 4746 � 201
Antlia2 014 144.0369 -36.9445 288.0 � 1.7 -1.16 � 0.25 3.63 � 0.66 4960 � 218
Antlia2 015 144.0136 -36.8662 287.8 � 5.4 -1.31 � 0.28 4.81 � 0.63 5136 � 264
Antlia2 016 144.3143 -37.0689 292.8 � 1.2 -0.94 � 0.13 3.8 � 0.23 4287 � 83
Antlia2 017 144.5795 -37.2524 289.2 � 2.5 -1.16 � 0.26 2.95 � 0.74 4926 � 196
Antlia2 018 144.4075 -37.1573 293.1 � 1.3 -1.0 � 0.12 2.02 � 0.61 5115 � 138
Antlia2 019 144.256 -37.0773 291.0 � 1.8 -1.26 � 0.21 3.84 � 0.52 4701 � 202
Antlia2 020 144.2549 -37.1559 272.2 � 6.8 -1.24 � 0.54 4.58 � 1.06 4865 � 340
Antlia2 021 144.323 -37.1384 291.8 � 1.8 -1.25 � 0.25 2.42 � 0.8 4957 � 149
Antlia2 022 144.5144 -37.3139 85.6 � 2.8 -0.97 � 0.28 4.16 � 0.61 5124 � 231
Antlia2 023 144.6594 -37.4486 294.1 � 2.4 -1.07 � 0.23 4.29 � 0.5 4723 � 198
Antlia2 024 144.185 -37.1481 283.7 � 3.2 -1.4 � 0.26 4.54 � 0.6 4688 � 249
Antlia2 025 144.3197 -37.2287 289.4 � 0.9 -0.84 � 0.12 4.28 � 0.26 4827 � 136
Antlia2 026 144.013 -36.9676 300.2 � 0.6 -0.79 � 0.09 3.9 � 0.14 4408 � 73
Antlia2 027 144.2995 -37.2668 280.1 � 3.2 -1.47 � 0.41 2.55 � 1.37 4974 � 239
Antlia2 028 144.0498 -37.0218 273.0 � 6.5 -0.37 � 0.45 5.19 � 0.9 5046 � 320
Antlia2 029 144.1539 -37.1801 314.7 � 0.8 -0.14 � 0.17 2.81 � 0.37 4034 � 103
Antlia2 030 144.4285 -37.4949 297.3 � 2.6 -1.24 � 0.29 2.62 � 0.81 5024 � 196
Antlia2 031 144.2236 -37.302 281.7 � 6.3 -2.02 � 0.64 3.53 � 1.37 4799 � 385
Antlia2 032 144.3628 -37.4769 285.5 � 4.1 -1.75 � 0.44 2.63 � 0.96 4707 � 247
Antlia2 033 144.0026 -37.0409 292.1 � 0.8 -1.0 � 0.09 3.65 � 0.59 4355 � 246
Antlia2 034 144.3108 -37.4548 294.8 � 0.9 -1.67 � 0.18 1.36 � 0.4 4937 � 102
Antlia2 035 144.0247 -37.1193 85.8 � 1.5 -1.58 � 0.5 5.93 � 0.32 3834 � 216
Antlia2 036 144.1418 -37.3015 296.0 � 0.7 -1.14 � 0.1 3.96 � 0.14 4399 � 61
Antlia2 037 144.081 -37.1197 288.4 � 2.0 -0.91 � 0.25 3.51 � 0.64 4856 � 202
Antlia2 038 144.0853 -37.259 295.3 � 2.8 -1.57 � 0.31 3.45 � 0.94 4748 � 239
Antlia2 039 144.0885 -37.1639 288.3 � 5.5 -2.18 � 0.49 2.91 � 1.17 4828 � 323
Antlia2 040 144.189 -37.4559 292.4 � 1.2 -1.39 � 0.19 2.96 � 0.55 4798 � 164
Antlia2 041 144.1202 -37.3303 296.2 � 3.5 -1.44 � 0.6 2.81 � 1.14 4858 � 408
Antlia2 042 143.9548 -36.9605 284.2 � 6.5 -1.16 � 0.38 4.38 � 0.85 4985 � 312
Antlia2 043 144.1308 -37.668 292.0 � 2.6 -1.32 � 0.22 4.32 � 0.5 4589 � 226
Antlia2 044 143.8916 -37.1604 295.6 � 2.3 -1.19 � 0.42 2.09 � 1.01 4889 � 201
Antlia2 045 143.8625 -37.1026 293.8 � 1.3 -1.52 � 0.2 3.67 � 0.53 4654 � 150
Antlia2 046 143.9378 -37.3905 286.4 � 4.2 -1.42 � 0.42 3.64 � 0.93 5240 � 285
Antlia2 047 143.8282 -37.132 218.4 � 4.6 -1.3 � 0.39 2.93 � 1.31 5144 � 296
Antlia2 048 144.0119 -37.7311 291.2 � 2.3 -1.88 � 0.29 2.82 � 0.55 4634 � 245
Antlia2 049 143.9227 -37.4917 293.3 � 3.1 -1.93 � 0.72 3.83 � 1.0 5108 � 537
Antlia2 050 143.8137 -37.1636 174.1 � 3.2 -1.15 � 0.46 2.69 � 1.73 4682 � 294
Antlia2 051 143.7889 -37.101 300.4 � 0.9 -0.99 � 0.13 2.22 � 0.36 5119 � 72
Antlia2 052 143.7875 -37.2203 290.4 � 0.9 -1.25 � 0.17 1.89 � 0.37 5069 � 73
Antlia2 053 143.7774 -37.5246 303.9 � 1.0 -1.48 � 0.19 2.18 � 0.57 4739 � 148
Antlia2 054 143.7444 -37.6849 273.4 � 6.7 -2.55 � 0.57 3.84 � 1.56 4727 � 254
Antlia2 055 143.7364 -37.5761 282.0 � 4.8 -3.31 � 0.67 2.83 � 1.66 4458 � 283
Antlia2 056 143.7462 -37.1284 292.3 � 0.6 -1.06 � 0.14 1.9 � 0.33 5036 � 68
Antlia2 057 143.6452 -37.6683 57.8 � 7.2 -1.03 � 0.63 6.07 � 1.09 4881 � 372
Antlia2 058 143.5564 -37.6037 296.8 � 2.0 -1.27 � 0.24 3.42 � 0.62 4826 � 200
Antlia2 059 143.6555 -37.0654 280.9 � 2.0 -1.08 � 0.28 3.63 � 0.75 4993 � 205
Antlia2 060 143.5162 -37.3626 287.6 � 1.5 -1.26 � 0.25 2.57 � 0.45 5137 � 143
Antlia2 061 143.865 -36.8063 296.1 � 3.2 -1.68 � 0.42 1.68 � 0.96 5025 � 278
Antlia2 062 143.545 -37.2742 293.4 � 0.5 -1.71 � 0.04 1.02 � 0.08 4796 � 14
Antlia2 063 143.4109 -37.5214 51.7 � 4.6 -0.92 � 0.55 5.82 � 1.13 4574 � 344
Antlia2 064 143.4977 -37.3211 47.7 � 3.0 -1.06 � 0.36 4.88 � 0.67 4908 � 203
Antlia2 065 143.3955 -37.4922 -24.5 � 3.9 -0.24 � 0.35 5.22 � 0.65 4611 � 323
Antlia2 066 143.3652 -37.4772 294.4 � 4.9 -2.0 � 0.54 2.55 � 1.25 4821 � 331
Antlia2 067 143.4774 -37.1417 298.4 � 0.2 -0.29 � 0.03 2.49 � 0.11 3995 � 17
Antlia2 068 143.5907 -37.0158 296.2 � 7.2 -1.87 � 0.72 4.42 � 1.22 4856 � 416
Antlia2 069 143.523 -37.2347 300.2 � 4.7 -1.36 � 0.56 3.73 � 1.12 4660 � 280
Antlia2 070 143.5213 -37.1668 290.7 � 2.7 -1.75 � 0.33 3.43 � 0.98 4741 � 242
Antlia2 071 143.0966 -37.5431 289.2 � 2.2 -1.48 � 0.27 2.52 � 0.73 4824 � 171
Antlia2 072 143.7441 -36.9139 29.5 � 3.7 -1.05 � 0.41 3.71 � 1.07 4971 � 328
Antlia2 073 143.455 -37.0521 287.6 � 2.3 -2.0 � 0.29 1.71 � 0.84 4928 � 206
Antlia2 074 143.5503 -36.9872 278.5 � 2.8 -1.32 � 0.31 3.36 � 0.81 5178 � 230
Antlia2 075 143.5367 -37.0773 298.8 � 3.8 -1.81 � 0.55 1.76 � 0.96 4852 � 285
Antlia2 076 143.018 -37.4241 294.7 � 5.7 -2.44 � 0.64 4.15 � 1.48 4672 � 428
Antlia2 077 143.0292 -37.31 109.9 � 3.6 -0.83 � 0.38 5.12 � 0.84 4622 � 329
Antlia2 078 142.894 -37.3983 301.4 � 3.0 -1.98 � 0.49 3.22 � 0.72 4859 � 253
Antlia2 079 143.8168 -36.7829 292.7 � 2.2 -1.36 � 0.38 2.64 � 0.93 4793 � 212
Antlia2 080 142.9567 -37.3225 285.2 � 0.9 -2.74 � 0.15 0.67 � 0.28 4492 � 73
Antlia2 081 143.1255 -37.2181 138.6 � 3.0 -1.67 � 0.5 3.25 � 0.88 4967 � 225
Antlia2 082 142.7703 -37.3498 172.1 � 2.9 -1.07 � 0.43 3.59 � 0.79 5080 � 208
Antlia2 083 143.399 -36.9386 281.4 � 3.8 -2.45 � 0.5 2.54 � 1.17 4601 � 259
Antlia2 084 143.6257 -36.8654 293.3 � 4.1 -2.05 � 0.47 4.19 � 1.07 5064 � 385
Antlia2 085 143.4277 -36.8772 295.0 � 2.5 -0.99 � 0.45 2.39 � 0.89 4934 � 241
Antlia2 086 143.6338 -36.9415 285.3 � 4.9 -1.19 � 0.53 2.04 � 1.43 5377 � 317
Antlia2 087 143.0142 -37.1148 11.3 � 2.5 0.03 � 0.43 5.72 � 0.49 4549 � 275
Antlia2 088 142.7531 -37.2389 44.2 � 4.7 -1.97 � 0.35 5.85 � 0.33 4510 � 277
Antlia2 089 143.6367 -36.7939 286.1 � 6.3 -1.46 � 0.57 4.45 � 1.07 4908 � 321
Antlia2 090 143.1911 -36.9777 298.6 � 0.9 -1.42 � 0.22 2.16 � 0.66 4914 � 121
Antlia2 091 143.7745 -36.8622 292.6 � 1.7 -1.21 � 0.19 2.67 � 0.53 5148 � 143
Antlia2 092 143.5555 -36.7636 282.0 � 2.7 -1.58 � 0.39 2.69 � 0.83 4616 � 241
Antlia2 093 143.5135 -36.8184 298.7 � 1.2 -2.04 � 0.24 2.28 � 0.51 4754 � 133
Antlia2 094 143.3822 -36.8418 289.5 � 0.5 -0.96 � 0.08 3.69 � 0.12 4314 � 61
Antlia2 095 143.0311 -36.8743 289.2 � 1.2 -1.25 � 0.18 3.46 � 0.41 4795 � 189
Antlia2 096 143.248 -36.8216 287.8 � 1.1 -2.32 � 0.22 2.13 � 0.43 4677 � 139
Antlia2 097 143.381 -36.6321 301.7 � 3.7 -1.73 � 0.41 3.12 � 1.09 5052 � 305
Antlia2 098 143.0082 -36.8738 195.3 � 3.3 -1.59 � 0.4 3.26 � 1.02 4877 � 211
Antlia2 099 143.044 -36.8536 294.7 � 1.2 -2.28 � 0.21 2.06 � 0.37 4789 � 154
Antlia2 100 143.2149 -36.805 289.8 � 1.9 -1.28 � 0.25 2.69 � 0.7 4827 � 190
Antlia2 101 143.4385 -36.641 296.1 � 1.0 -1.07 � 0.19 2.07 � 0.39 5042 � 98
Antlia2 102 142.7956 -36.8848 31.0 � 3.6 -1.78 � 0.4 4.35 � 0.97 4470 � 300
Antlia2 103 142.984 -36.8579 3.9 � 1.3 -0.39 � 0.15 5.35 � 0.34 5123 � 196
Antlia2 104 143.0315 -36.7567 299.1 � 3.5 -2.05 � 0.51 0.01 � 1.14 4899 � 337
Antlia2 105 143.4262 -36.7238 287.9 � 1.7 -1.0 � 0.23 2.08 � 0.66 5035 � 148
Antlia2 106 143.485 -36.6694 29.4 � 3.3 0.04 � 0.3 5.58 � 1.01 4834 � 313
Antlia2 107 143.567 -36.6938 293.5 � 3.8 -1.35 � 0.76 3.04 � 1.07 5391 � 461
Antlia2 108 142.54 -36.6496 69.9 � 6.3 -1.08 � 0.58 5.89 � 0.64 3966 � 619

MNRAS 000 , 1{24 (2018)



Antlia 2 dwarf 23

Table 2 { continued

id ra dec rv h [Fe/H] log g T eff
(deg) (deg) (km/s) (dex) (dex) (K)

Antlia2 109 142.48 -36.6232 315.4 � 5.9 -0.43 � 0.54 5.47 � 0.67 5021 � 199
Antlia2 110 142.5243 -36.6079 286.2 � 9.2 -1.88 � 0.8 2.88 � 1.41 4869 � 239
Antlia2 111 143.0022 -36.6454 294.2 � 3.8 -2.09 � 0.34 3.28 � 0.71 4860 � 228
Antlia2 112 143.1721 -36.6686 97.5 � 4.2 -0.45 � 0.43 5.32 � 0.86 4399 � 315
Antlia2 113 142.8796 -36.5792 291.3 � 2.0 -1.53 � 0.29 2.66 � 0.61 4483 � 199
Antlia2 114 142.715 -36.5071 -13.1 � 4.4 -0.71 � 0.47 2.34 � 1.91 4645 � 372
Antlia2 115 143.0283 -36.5595 300.4 � 1.2 -1.52 � 0.21 2.42 � 1.01 4731 � 151
Antlia2 116 143.3247 -36.6292 298.7 � 1.2 -1.47 � 0.21 3.47 � 0.51 4887 � 156
Antlia2 117 143.0218 -36.5246 27.8 � 3.2 -0.18 � 0.32 5.46 � 0.66 4564 � 302
Antlia2 118 142.9719 -36.4776 299.6 � 0.4 0.33 � 0.21 1.14 � 0.38 3465 � 204
Antlia2 119 143.2491 -36.5633 293.0 � 0.5 -0.97 � 0.09 3.49 � 0.14 4305 � 71
Antlia2 120 143.48 -36.5207 170.4 � 3.3 -1.27 � 0.4 5.06 � 0.73 5408 � 283
Antlia2 121 143.1997 -36.5209 45.0 � 2.9 0.25 � 0.3 4.63 � 0.94 4894 � 319
Antlia2 122 143.6304 -36.5916 292.5 � 1.0 -1.21 � 0.17 2.33 � 0.68 4830 � 223
Antlia2 123 143.4508 -36.526 297.5 � 3.7 -1.83 � 0.52 4.71 � 0.9 4947 � 314
Antlia2 124 143.4412 -36.7202 288.6 � 4.8 -0.54 � 0.49 3.09 � 1.23 5324 � 337
Antlia2 125 142.679 -36.2331 289.1 � 1.4 -1.45 � 0.31 2.31 � 0.7 4687 � 187
Antlia2 126 142.9998 -36.3547 18.2 � 4.9 -0.45 � 0.69 4.44 � 1.4 4955 � 447
Antlia2 127 143.1023 -36.3311 292.8 � 3.5 -1.62 � 0.36 2.96 � 0.92 4677 � 274
Antlia2 128 143.3845 -36.536 281.1 � 1.8 -1.51 � 0.21 1.61 � 0.57 5014 � 178
Antlia2 129 142.8157 -36.2154 288.6 � 5.8 -1.18 � 0.63 0.98 � 1.21 4827 � 310
Antlia2 130 143.5783 -36.6125 287.5 � 0.9 -1.24 � 0.11 3.87 � 0.19 4392 � 85
Antlia2 131 143.0325 -36.2573 280.0 � 1.7 -1.05 � 0.26 3.39 � 0.59 4978 � 254
Antlia2 132 143.6435 -36.5501 289.6 � 1.3 -1.96 � 0.23 1.44 � 0.44 4766 � 113
Antlia2 133 143.6242 -36.4029 283.3 � 2.7 -2.17 � 0.39 2.52 � 0.74 4633 � 234
Antlia2 134 143.1325 -36.2867 77.2 � 3.7 0.1 � 0.27 5.38 � 0.52 5031 � 272
Antlia2 135 143.5472 -36.3937 295.0 � 3.9 -1.71 � 0.39 3.47 � 0.97 4684 � 270
Antlia2 136 143.029 -36.1825 430.5 � 7.3 -1.78 � 0.5 5.02 � 0.9 5020 � 322
Antlia2 137 142.9986 -36.1471 194.0 � 5.5 -1.91 � 0.55 2.76 � 1.77 5326 � 359
Antlia2 138 143.6291 -36.4992 289.2 � 3.4 -2.03 � 0.47 4.13 � 0.94 4535 � 312
Antlia2 139 143.5753 -36.4902 295.3 � 1.2 -1.93 � 0.23 1.09 � 0.44 4803 � 123
Antlia2 140 143.6256 -36.5625 295.7 � 2.7 -0.72 � 0.36 3.56 � 1.19 5032 � 260
Antlia2 141 143.0544 -36.0141 44.3 � 3.6 -0.48 � 0.25 4.88 � 0.7 4651 � 220
Antlia2 142 143.1813 -36.1775 280.8 � 3.6 -1.14 � 0.39 2.83 � 1.59 4747 � 282
Antlia2 143 142.9533 -35.9304 290.0 � 7.1 -2.72 � 0.6 5.48 � 1.54 3997 � 263
Antlia2 144 143.2108 -36.1181 29.9 � 3.0 0.11 � 0.24 5.28 � 0.58 4473 � 219
Antlia2 145 143.1267 -35.9899 288.9 � 1.3 -1.6 � 0.26 2.23 � 0.64 4791 � 135
Antlia2 146 143.0852 -35.9434 34.0 � 4.4 -1.79 � 0.6 5.74 � 0.42 4041 � 294
Antlia2 147 143.2008 -36.1824 65.4 � 10.0 -1.88 � 0.72 5.01 � 1.17 4502 � 420
Antlia2 148 143.1406 -35.979 9.7 � 3.2 -0.91 � 0.34 5.16 � 0.81 4389 � 276
Antlia2 149 143.278 -36.148 290.5 � 3.2 -1.61 � 0.41 2.66 � 0.84 5113 � 259
Antlia2 150 143.3024 -36.236 295.0 � 6.6 -2.25 � 0.66 2.05 � 1.53 4393 � 344
Antlia2 151 143.2906 -35.9939 13.2 � 4.0 -0.77 � 0.58 5.55 � 1.01 4741 � 272
Antlia2 152 143.2522 -35.967 159.2 � 1.5 -0.86 � 0.24 4.74 � 0.49 5128 � 234
Antlia2 153 143.487 -36.2642 296.8 � 2.6 -2.14 � 0.35 2.5 � 0.68 4853 � 244
Antlia2 154 143.6713 -36.3644 140.1 � 3.2 -2.11 � 0.3 3.17 � 0.94 4955 � 207
Antlia2 155 143.2321 -35.8358 286.6 � 4.1 -2.1 � 0.53 4.68 � 1.06 5106 � 246
Antlia2 156 143.3072 -35.9445 158.8 � 4.3 -0.85 � 0.65 3.85 � 1.33 5423 � 363
Antlia2 157 143.442 -36.0378 290.9 � 2.4 -1.36 � 0.31 2.83 � 0.75 4850 � 172
Antlia2 158 143.6224 -36.2775 301.7 � 0.7 -1.25 � 0.19 1.36 � 0.34 4971 � 95
Antlia2 159 143.4061 -35.957 296.2 � 2.7 -2.6 � 0.36 1.69 � 0.74 4620 � 114
Antlia2 160 143.5705 -36.0955 288.1 � 2.3 -1.72 � 0.31 3.23 � 0.72 4872 � 207
Antlia2 161 143.5017 -35.8606 274.8 � 1.9 -1.87 � 0.29 1.61 � 0.78 4633 � 173
Antlia2 162 143.5503 -35.9301 284.7 � 3.1 -2.04 � 0.42 3.4 � 0.84 5120 � 171
Antlia2 163 143.606 -36.0869 288.3 � 6.0 -2.51 � 0.94 4.93 � 1.12 4317 � 405
Antlia2 164 143.5992 -35.9915 287.0 � 0.9 -1.22 � 0.11 3.83 � 0.73 4447 � 196
Antlia2 165 143.6506 -36.2201 294.3 � 1.4 -1.39 � 0.22 2.17 � 0.6 5036 � 139
Antlia2 166 143.7377 -36.0909 185.4 � 1.6 -0.26 � 0.21 3.56 � 0.62 5084 � 168
Antlia2 167 143.6639 -36.2787 287.2 � 0.6 -0.99 � 0.16 1.73 � 0.72 4860 � 122
Antlia2 168 143.6661 -35.9863 34.9 � 4.6 -0.81 � 0.51 5.03 � 2.29 4350 � 276
Antlia2 169 143.6968 -35.7993 287.3 � 1.9 -0.94 � 0.24 2.8 � 0.6 4891 � 171
Antlia2 170 143.7152 -35.8785 285.4 � 4.9 -2.49 � 0.6 2.45 � 1.44 4596 � 339
Antlia2 171 143.762 -35.7853 284.8 � 1.7 -1.04 � 0.21 2.07 � 0.58 4882 � 155
Antlia2 172 143.7126 -36.4737 294.6 � 0.9 -1.13 � 0.16 1.79 � 0.33 5012 � 98
Antlia2 173 143.7959 -36.0037 288.7 � 0.7 -0.98 � 0.11 1.81 � 0.26 5084 � 66
Antlia2 174 143.7845 -36.1298 287.2 � 1.2 -1.07 � 0.17 3.34 � 0.65 5000 � 161
Antlia2 175 143.7935 -36.2443 27.3 � 2.4 -0.29 � 0.24 5.08 � 0.47 4873 � 180
Antlia2 176 143.6763 -36.3421 223.7 � 2.3 -1.03 � 0.32 2.69 � 0.89 5169 � 195
Antlia2 177 143.8092 -36.2361 281.9 � 3.3 -1.34 � 0.36 3.83 � 0.85 5254 � 262
Antlia2 178 143.8774 -35.9471 217.0 � 3.9 -1.69 � 0.44 3.02 � 0.83 5170 � 226
Antlia2 179 143.9661 -35.7902 295.7 � 6.2 -1.42 � 0.48 3.94 � 1.15 5203 � 288
Antlia2 180 143.6692 -36.3141 91.8 � 2.4 0.21 � 0.19 4.77 � 0.52 4967 � 189
Antlia2 181 143.9801 -35.7549 284.2 � 3.2 -1.28 � 0.58 1.51 � 1.48 4817 � 356
Antlia2 182 143.8865 -36.0804 280.7 � 2.4 -1.87 � 0.3 1.47 � 1.07 4941 � 147
Antlia2 183 143.834 -36.2541 360.4 � 3.8 -0.26 � 0.4 4.84 � 0.63 5785 � 335
Antlia2 184 143.8395 -36.3661 295.2 � 1.9 -1.45 � 0.27 1.8 � 0.56 4843 � 167
Antlia2 185 143.6866 -36.5661 281.9 � 4.2 -1.41 � 0.35 4.03 � 0.88 4867 � 286
Antlia2 186 143.942 -36.2156 66.4 � 2.8 0.1 � 0.21 5.65 � 0.38 5037 � 211
Antlia2 187 143.6558 -36.5768 297.8 � 0.6 -1.0 � 0.09 1.7 � 0.26 5098 � 50
Antlia2 188 144.1966 -35.7793 276.5 � 5.3 -1.98 � 0.54 4.07 � 1.48 4682 � 266
Antlia2 189 144.2014 -35.8191 65.2 � 6.6 -0.86 � 0.38 5.67 � 0.49 4543 � 276
Antlia2 190 144.0545 -36.2081 59.3 � 5.4 0.04 � 0.37 5.55 � 0.7 4940 � 337
Antlia2 191 144.1003 -36.0622 378.8 � 3.6 -1.75 � 0.52 2.58 � 0.85 5118 � 212
Antlia2 192 144.0123 -36.2622 295.1 � 1.5 -1.11 � 0.17 2.89 � 0.46 4998 � 136
Antlia2 193 144.254 -35.8732 169.3 � 3.4 -0.63 � 0.32 4.43 � 0.98 5160 � 215
Antlia2 194 144.1068 -36.1388 288.5 � 1.2 -1.85 � 0.16 0.97 � 0.4 4844 � 100
Antlia2 195 144.239 -36.0789 38.8 � 1.0 0.17 � 0.12 4.74 � 0.28 4553 � 98
Antlia2 196 144.2908 -36.0961 95.7 � 3.0 -0.14 � 0.23 5.06 � 0.55 4501 � 218
Antlia2 197 144.3403 -35.9994 107.3 � 2.4 -0.29 � 0.28 4.45 � 0.51 4707 � 235
Antlia2 198 144.307 -36.1008 289.2 � 1.2 -2.06 � 0.21 1.53 � 0.45 4699 � 133
Antlia2 199 144.1083 -36.2986 226.1 � 0.7 -0.68 � 0.1 4.18 � 0.18 4764 � 103
Antlia2 200 144.0819 -36.3793 275.6 � 4.6 -0.95 � 0.39 3.4 � 1.0 5128 � 241
Antlia2 201 144.3462 -36.2044 281.7 � 2.9 -1.46 � 0.3 4.38 � 0.77 4971 � 234
Antlia2 202 144.5744 -36.0101 19.0 � 4.5 -0.93 � 0.85 5.03 � 0.87 4963 � 268
Antlia2 203 144.0653 -36.4794 295.3 � 0.4 -1.16 � 0.12 1.26 � 0.24 4940 � 46
Antlia2 204 144.2034 -36.365 297.9 � 2.2 -1.33 � 0.3 3.19 � 0.85 4756 � 234
Antlia2 205 143.9453 -36.7579 320.6 � 4.6 -1.05 � 0.45 3.34 � 1.46 5112 � 243
Antlia2 206 144.3255 -36.3558 290.4 � 0.5 -1.07 � 0.06 1.12 � 0.11 4985 � 33
Antlia2 207 144.1495 -36.6055 297.7 � 6.3 -0.96 � 0.52 4.59 � 1.04 4834 � 348
Antlia2 208 144.2508 -36.4576 65.5 � 2.2 -0.24 � 0.19 5.47 � 0.43 4750 � 149
Antlia2 209 144.2995 -36.4365 279.2 � 0.6 -1.05 � 0.09 4.01 � 0.14 4397 � 76
Antlia2 210 144.2863 -36.5128 287.3 � 0.9 -0.61 � 0.12 3.77 � 0.23 4679 � 119
Antlia2 211 144.4146 -36.4728 46.9 � 1.3 0.15 � 0.12 5.49 � 0.28 4890 � 106
Antlia2 212 144.267 -36.5383 293.0 � 1.2 -1.27 � 0.17 2.95 � 0.64 4904 � 114
Antlia2 213 144.2461 -36.5839 65.3 � 6.3 -0.28 � 0.48 4.52 � 1.08 4193 � 307
Antlia2 214 144.3061 -36.5282 299.8 � 5.0 -1.49 � 0.35 3.23 � 1.06 4915 � 295
Antlia2 215 144.125 -36.7496 11.3 � 3.5 -0.04 � 0.25 5.65 � 0.37 4672 � 161
Antlia2 216 144.1626 -36.6182 -5.3 � 1.5 -0.37 � 0.18 4.16 � 0.41 4906 � 151
Antlia2 217 144.8575 -36.4593 300.9 � 1.1 -0.72 � 0.14 4.16 � 0.24 4377 � 86
Antlia2 218 144.3082 -36.6104 290.4 � 2.3 -1.02 � 0.2 0.08 � 0.43 5241 � 182
Antlia2 219 144.0521 -36.7465 293.0 � 7.7 -1.1 � 0.77 3.83 � 2.16 5198 � 386
Antlia2 220 144.4467 -36.6607 284.1 � 3.1 -2.33 � 0.76 3.73 � 1.05 5019 � 287
Antlia2 221 144.4118 -36.6823 292.8 � 0.8 -1.02 � 0.15 1.58 � 0.66 4961 � 126
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