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ABSTRACT

The dynamics of the core of the Sagittarius (Sgr) dwarf spheroidal (dSph) galaxy are explored using high-resolution
(R ∼ 22,500), H-band, near-infrared spectra of over 1000 giant stars in the central 3 deg2 of the system, of which
328 are identified as Sgr members. These data, among some of the earliest observations from the Sloan Digital
Sky Survey III/Apache Point Observatory Galactic Evolution Experiment (APOGEE) and the largest published
sample of high resolution Sgr dSph spectra to date, reveal a distinct gradient in the velocity dispersion of Sgr from
11 to 14 km s−1 for radii >0.◦8 from center to a dynamical cold point of 8 km s−1 in the Sgr center—a trend
differing from that found in previous kinematical analyses of Sgr over larger scales that suggests a more or less flat
dispersion profile at these radii. Well-fitting mass models with either cored and cusped dark matter distributions
can be found to match the kinematical results, although the cored profile succeeds with significantly more isotropic
stellar orbits than required for a cusped profile. It is unlikely that the cold point reflects an unusual mass distribution.
The dispersion gradient may arise from variations in the mixture of populations with distinct kinematics within
the dSph; this explanation is suggested (e.g., by detection of a metallicity gradient across similar radii), but not
confirmed, by the present data. Despite these remaining uncertainties about their interpretation, these early test
data (including some from instrument commissioning) demonstrate APOGEE’s usefulness for precision dynamical
studies, even for fields observed at extreme airmasses.

Key words: galaxies: dwarf – galaxies: individual (Sagittarius dSph) – galaxies: interactions – galaxies: kinematics
and dynamics – galaxies: stellar content – galaxies: structure
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1. INTRODUCTION

The Sagittarius (Sgr) dwarf spheroidal (dSph) galaxy is
a compelling Milky Way (MW) satellite for intense study,
given (1) its unusual star formation and chemical enrichment
history (e.g., Smecker-Hane & McWilliam 2002; Siegel et al.

2007; Chou et al. 2010) and other properties (e.g., its own
globular cluster system) evoking similarities to the Magellanic
Clouds (e.g., Chou et al. 2010; Łokas et al. 2010b), but
also (2) some remarkably unique physical properties. For
example, Sgr presents the most vivid example of the MW’s
hierarchical growth via satellite accretion. It is also the only
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clear example of a nucleated dwarf galaxy among MW satellites,
with a prominent metal-poor globular cluster (M54) possibly
coinciding in phase space with its nucleus (e.g., Layden &
Sarajedini 2000; Majewski et al. 2003; Monaco et al. 2005b;
Bellazzini et al. 2008, hereafter B08; but cf. Siegel et al. 2011).23

The latter fact is particularly germane to the debate over
the dark matter distribution in dSph systems: While prevailing
cold dark matter (CDM) models predict that their total density
profiles should be cusped, their luminous density profiles are
cored. Furthermore, several dynamical assessments of dSphs
favor cored mass profiles.

1. Kleyna et al. (2003) argue that the double-peaked stellar
structure of the Ursa Minor dSph (e.g., Palma et al.
2003) could only have survived a Hubble time if it lived
within a host possessing a cored mass profile, whereas the
dynamically cold, secondary clump would have been erased
in less than a Gyr within a cusped mass distribution.

2. Calculations suggest that if the Fornax dSph had a cuspy
mass profile its five globular clusters would have sunk to
the center by dynamical friction in much less than a Hubble
time (Goerdt et al. 2006; Sánchez-Salcedo et al. 2006).

3. Analysis of combined surface brightness profiles and veloc-
ity dispersions for some dSph galaxies lead to a preference
for lower density, cored mass distributions (e.g., Gilmore
et al. 2007; Battaglia et al. 2008).

If these implied cored profiles and inferred low central phase
space densities are primordial and not the result of modification
during the dynamical life of the satellite, a warm dark matter
particle is implied (e.g., gravitinos, light sterile neutrinos), rather
than one of the weakly interacting massive particle candidates
of CDM (e.g., axions, neutralinos). On the other hand, B08 use
N-body simulations to argue that the presence of M54 in the very
center of Sgr is compelling evidence for a cusped profile, which
would have spiraled M54 to the nucleus by dynamical friction
within a Hubble time if M54 had been born anywhere within
∼5 kpc of center (see also Monaco et al. 2005b). However,
isochrone fitting to precision photometry of M54 and the Sgr
core from Advanced Camera for Surveys on the Hubble Space
Telescope yields a 2 kpc distance difference, implying that
M54 may not be at the Sgr core, but merely projected upon it
(Siegel et al. 2011). Clearly further work is needed to elucidate
the true density profile shape for Sgr (and, by analogy, other
dSphs). Extensive, high accuracy velocity mapping of the dSph
is expected to provide further data needed to help discriminate
between competing mass models.

Nevertheless, despite Sgr’s proximity, this dSph has seen
surprisingly scant attention in terms of high-resolution spec-
troscopic study compared to other, more distant MW satel-
lites. Because the system is of large angular size, even with
the ∼1 deg2 fields of view (FOVs) typical of many multifiber
spectrographs, only pencil-beam samplings are possible, and
these are typically at lower resolution. The most comprehen-
sive Sgr spectroscopic studies at any resolution are those of
Ibata et al. (1997; R ∼ 5000), B08 (R ∼ 5500), Peñarrubia
et al. (2011; R ∼ 10,000), and Frinchaboy et al. (2012;
R ∼ 15,000—hereafter F12), which together probe 24 indepen-
dent directions and ∼3700 different stars. The largest survey,
F12, covers only ∼10% of the area within the isopleth corre-
sponding to Sgr’s 1800′ King limiting radius (Majewski et al.

23 That ω Centauri represents the remains of a similar, nucleated dwarf galaxy
with a superposed globular cluster is an intriguing, but as yet not fully proven,
hypothesis (B08; Carretta et al. 2010).

2003). Meanwhile, only a few dozen total stars have been ex-
plored at “echelle” resolution across the dwarf by the combined
studies of Smecker-Hane & McWilliam (2002), Monaco et al.
(2005a), Chou et al. (2010), and Sbordone et al. (2007).24 As a
result, we know comparably little about the detailed abundance
distributions and dynamics of the core of this intriguing system
compared to those of other classical MW dSphs where velocity
dispersion profiles and chemical abundance patterns are derived
with hundreds to thousands of stellar members (e.g., Walker
et al. 2007).

This situation will surely soon change if any of the several
available multiobject, high-resolution spectrographs are devoted
to large-scale surveys of this most interesting Galactic satel-
lite. In the meantime, a significant high-resolution spectroscopic
sample of spectra of Sgr has already been obtained by the Sloan
Digital Sky Survey III (SDSS-III; Eisenstein et al. 2011) as
a byproduct of commissioning and early survey observations
by the Apache Point Observatory Galactic Evolution Experi-
ment (APOGEE). These high-resolution, H-band spectra lie at
interesting positions probing Sgr between the intense central
nucleus study of B08 and the larger radii probed by most other
Sgr surveys. We use these APOGEE spectra to show, for the first
time, that within 1◦ of its center the Sgr dSph contains a strong
velocity dispersion gradient and a modest [Fe/H] gradient.

2. APOGEE SPECTRA OF SGR AND THEIR REDUCTION

The APOGEE project is described in Allende Prieto et al.
(2008), Majewski et al. (2010), and Eisenstein et al. (2011). It
uses a cryogenic, bench-mounted spectrograph recording 300
simultaneous spectra covering λλ1.51–1.70 μm for light fed
to it from the Sloan 2.5 m telescope (Gunn et al. 2006) via
40 m long optical fibers. The spectrograph, described by Wilson
et al. (2010), records three distinct spectral regions onto separate
detectors (spanning 1.51–1.58, 1.59–1.64, and 1.65–1.70 μm,
respectively) at R ∼ 22,500.

The 2′′ diameter APOGEE fibers are plugged into standard
Sloan plugplates and observed similarly to the optical Sloan
surveys (e.g., Smee et al. 2013), but with these variations
(see Zasowski et al. 2013): (1) 35 fibers in each plugplate
configuration are used to collect sky/airglow spectra, (2) another
35 fibers target bright (5 < H < 11), hot (generally [J −Ks] <
0.4) stars to monitor telluric (H2O, CO2, CH4) absorption,
and (3) because the extreme zenith distances at Apache Point
Observatory (APO) required to observe the Sgr core (63◦)
impose strong differential refraction effects, Sgr plugplates
were tested with various field sizes and magnitude limits.
Table 1 (see also Figure 1) summarizes the Sgr core plugplates
observed and when, their field centers and diameters (FOV),
H-band limit (Hlim) for stars targeted with standard APOGEE
criteria (see below) and for the faintest Sgr member, total
integration time, number of Sgr members ending up in our
final dynamical analysis (see below), total number of stars with
measured radial velocities (RVs), and their median RV error.
Observations of plate 5100 were taken before the instrument
was in its fully commissioned state and with elements in non-
optimal alignment, which led to slightly blurred line-spread
functions degrading the resolution of the 1.65–1.70 μm region
to only R ∼ 14,500; therefore, to use the highest quality
spectral regions and maintain consistency, analysis of all spectra

24 While B08’s Sgr+M54 survey did include some stars observed at
R ∼ 17,000 with FLAMES, these were primarily M54 stars and their entire
survey was concentrated within 9′ of center.
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(a) (b)

Figure 1. Sky (left) and 2MASS color–magnitude (right) distributions of observed stars in Sgr, color-coded by plugplate number (but only for stars with
90 < vGSR < 220 km s−1 in the right panel). The left panel also shows the Majewski et al. (2003) distribution of M giant stars (gray points) and fitted center
(black star) for Sgr as well as the 7.′4 tidal radius of M54 (B08). The CMD includes Padova isochrones (Bressan et al. 2012) corresponding to major Sgr populations
identified by Siegel et al. (2007) and our limit for accepting potential Sgr members (red dashed line).

(A color version of this figure is available in the online journal.)

Table 1
APOGEE Observations in the Field of the Sagittarius dSph Galaxy

Plate UT Date (l, b) FOV Hlim (plate/Sgr) Int Members RVs εRV

(deg) (s) (km s−1)

5100 2011 Jul 18 (5.2, -12.3) 1◦ 12.5/12.4 4729 24 262 0.14
5219 2011 Sep 6,7 (5.5, -14.2) 2◦ 11.0/11.7 8004 190 265 0.15
5220 2012 Jun 5,12 (5.5, -14.2) 1◦ 12.2/13.2 8004 91 218 0.30
5929 2012 Jun 6 (6.9, -12.6) 2◦ 11.0/12.2 4002 23 262 0.09

was confined to 1.51–1.64 μm, a region where, in any case,
relevant information density happens to concentrate. Targets in
plates 5219, 5220, and 5929 were selected from Sgr members
identified by F12, with leftover fibers filled by random sampling
(J − K)0 � 0.5 stars from the Two Micron All Sky Survey
(2MASS) point source catalog25 as described in Zasowski et al.
(2013); targets in plate 5100 were selected using only the latter
method (Figure 1).

An automated data reduction pipeline written specifically
for APOGEE (D. L. Nidever et al., in preparation) was used
to convert the raw APOGEE data cubes into one-dimensional,
wavelength-calibrated spectra and derive RVs previously shown
to be accurate to 0.26 ± 0.22 km s−1 (see Nidever et al. 2012).
For 46 stars in common between plugplates 5219 and 5220 the
dispersion in difference between derived RVs is 0.29 km s−1.

Metallicities ([Fe/H]) are derived using an automated method
with the APOGEE Stellar Parameters and Chemical Abun-
dances Pipeline (ASPCAP; A. E. Garcı́a Pérez et al., in prepa-
ration). The version of ASPCAP code used for the present
analysis derives stellar atmospheric parameters via χ2 fits of
the airglow-masked APOGEE spectra against spectra interpo-
lated in libraries of synthetic spectra at the observed resolu-
tion. For the K and M spectral classes of interest here the code
uses a six-dimensional library with dimensions spanning ranges:
(1) 3500 � Teff � 5000 K, (2) 0.0 � log g � 5.0, (3) −2.5 �
[Fe/H] � +0.5, (4) −1.0 � [C/Fe] � +1.0, (5) −1.0 �
[N/Fe] � +1.0, and (6) −1.0 � [α/Fe] � +1.0. The library

25 The 2MASS photometry was dereddened using the RJCE method
(Majewski et al. 2011) with WISE (Wright et al. 2010) providing the required
mid-infrared photometry.

is based on ATLAS9 model atmospheres (Castelli & Kurucz
2004) and spectral synthesis calculations with the code ASSεT
(Koesterke et al. 2008) and an atomic line list optimized to
match the solar spectrum. The microturbulence was fixed at
ξ = 2 km s−1. Tests of the [Fe/H] delivered by this version
of ASPCAP code were made via APOGEE observations of 20
open and globular clusters having high-quality metallicities in
the literature. From this assessment we find that the ASPCAP
[Fe/H] are reliable to 0.06–0.10 dex when compared to lit-
erature values at solar metallicity, and to 0.10–0.15 dex at
[Fe/H] � −1.

3. DYNAMICS OF SAGITTARIUS CORE STARS

Figures 2(a) and (b) show the distribution of Galactic Standard
of Rest (GSR) RVs (vGSR) for the APOGEE observations of
1007 stars in the Sgr fields, assuming a solar motion in right-
handed Galactic coordinates of (+10.0, +225.3, +7.2) km s−1.
The different relative strengths of the narrow “Sgr peak” in the
inner versus outer two fields (Figure 2(b)) reflects the relative
densities of Sgr to MW field stars at the two radii and the
fact that known Sgr stars were deliberately targeted only in
the center-field observations.

To determine metallicity and velocity dispersion profiles
for Sgr, we winnow the data to a more pure sample of Sgr
members by first applying a broad kinematical selection of stars
in the “Sgr peak” (90 < vGSR < 220 km s−1; colored points
in the Figure 1 color–magnitude diagram, CMD) followed
by a color–magnitude limit (Figure 1) roughly tracking an
[Fe/H] = −1 isochrone. To this sample we then apply a 3σv

iterative outlier rejection scheme to the velocities. The color
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(a) (b)

(c) (d)

(e) (f)

(g)

(i)

(h)

Figure 2. Measured parameters from APOGEE spectra of the Sgr core, with points (left panels) color-coded as in Figure 1 and the distributions of those parameters
(panels b, d, and f) in distinct histograms for the core (blue) and offset (red) fields. Panels g and i show our derived σv gradient for the entire sample and two metallicity
subsamples (defined by the Gaussian fits in panel h), respectively, compared to results from F12 and B08 (panel g).

(A color version of this figure is available in the online journal.)

and 3σv constraints actually remove a relatively small fraction
of stars in the “Sgr velocity peak,” but help reduce contamination
from M54 (defined by B08 to span −1.8 < [Fe/H] < −1.1, and
eliminating one star within 7.′4 of M54 center) and MW field
stars, at the risk of a slight, [Fe/H] � −1 bias (see isochrones
in Figure 1). All 328 stars remaining have sufficient signal-
to-noise ratio (S/N; Figures 2(c) and (d)) to have extremely
reliable RVs (precision �1 km s−1) for measuring velocity
dispersions (σv).

The resulting Sgr σv profile (Figure 2(g)) shows dramatically,
and for the first time, that the heart of Sgr is characterized by

a steady and definitive gradient from 11–14 km s−1 for stars
at >0.◦8 radius to a dynamically colder center at <8 km s−1

(and with no perceptible rotation). As summarized by F12, Sgr
velocity dispersions measured by other surveys are generally
higher than most values shown in Figure 2(g), particularly for
at least the next several degrees in radius. However, only the
studies of Ibata et al. (1997) and F12 have sufficient statistics to
derive velocity dispersions in multiple Sgr fields, with the F12
data of much better quality due to higher spectral resolution
(R = 15,000 versus 5000 in Ibata et al.). For comparison, we
include in Figure 2(g) the σv measures of those nearby fields
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Figure 3. Velocity dispersion (left panels) and kurtosis (right panels) data for the Sgr core from F12 (black circles; we exclude MW-contaminated fields discussed by
F12), and from APOGEE data (blue squares). The green solid (red dashed) line is the best fit of a two-component (stars and dark matter) model with cuspy (cored)
dark matter distribution and constant anisotropy parameter, β. The best-fitting cuspy (cored) model has a total mass of 8.1(5.6) × 108 M� and β = −0.7(−0.3).

(A color version of this figure is available in the online journal.)

with the best data from F12 and B08 (who analyzed 1152 Very
Large Telescope/FLAMES and Keck/DEMOS spectra of M54
and the inner 9′ of Sgr). The APOGEE observations seemingly
“connect” the warmer F12 and colder B08 points, though we find
a somewhat smaller central Sgr velocity dispersion than B08,
which may relate to APOGEE’s order of magnitude smaller
intrinsic velocity uncertainties. The observed gradient should
not be the result of M54 contamination, given our elimination
of [Fe/H] � −1 stars by the CMD selection and M54’s tidal
radius of ∼7.′4 (B08; Figure 1(a)).

4. EXPLAINING THE DYNAMICAL COLD POINT

That Sgr has a strong increase in velocity dispersion with
radius makes it similar to other MW dSphs with analogous
σv trends, such as Draco, Sextans, and Carina (Walker et al.
2007), although the causes for such features likely vary. For
example, Muñoz et al. (2008) have suggested that in Carina the
phenomenon is related to tidal disruption, and while Sgr is also
obviously tidally disrupting, the radii that would be affected by
this should be much farther out than the region probed here
(the Figure 2(g) gradient lies within Sgr’s innermost 0.5 kpc,
well inside its several kiloparsec tidal radius; Law & Majewski
2010).

However, the observed gradient in the velocity dispersion
profile of Sgr might naturally be explained in terms of its under-
lying mass distribution. Figure 3 shows the profiles of velocity
dispersion and a kurtosis-like variable (k = [log(3κ/f )]1/10,
where κ is the standard estimator of the RV distribution kur-
tosis, and the correction f depends on the number of stars per
bin—see Appendix of Łokas & Mamon 2003) calculated from a
combination of our data and the best data from F12. The higher

order moment of velocity dispersion represented by k offers an
additional sensitive constraint on the mass models. Together,
these data were fit by Jeans equations solutions (see Łokas
et al. 2005) assuming a two-component model with the stellar
distribution approximated by a Sérsic profile (with parameters
from Łokas et al. 2010b) and the dark matter distribution by
ρ = Cr−α exp(−r/rb). We considered two inner slopes, α = 0
(core) and α = 1 (cusp), and adjusted the total dark mass, cutoff
scale rb and stellar orbit anisotropy parameter, β, assumed to be
constant with radius.

The cuspy dark matter profile (green lines in Figure 3) fits
the data slightly better than the profile with the core (red lines
in Figure 3) with M/L within R � 600 arcmin of 40.2 versus
33.8 and reduced χ2 of 1.3 versus 1.7 (although neither model
seems to match well for R � 600′). In spite of resorting
to modeling the higher velocity moments, the degeneracy
between the parameters of the dark matter profile (inner slope
and characteristic scale) remains (see Łokas & Mamon 2003;
Agnello & Evans 2012). However, the best fit of the cored profile
is achieved with more isotropic orbits (β = −0.3) than for the
cuspy one (β = −0.7). Interestingly, isotropic, or even mildly
radial (β � 0) stellar orbits are predicted in the context of the
tidal stirring model for the formation of dSph galaxies in the
Local Group. As shown in Łokas et al. (2010a) and Kazantzidis
et al. (2011), strongly tidally affected dwarfs are dominated
by mildly radial orbits as a result of bar formation at the first
pericenter passage on their orbit around the MW. This should
also be the case for Sgr if it formed from a disky progenitor, as
proposed by Łokas et al. (2010b).

Another explanation suggested (e.g., McConnachie et al.
2007) to account for systematically smaller velocity dispersions
in dSph cores is the presence of variations in the mixing of
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distinct stellar populations with differing kinematics. MW dSph
galaxies are commonly found to have multiple populations (e.g.,
Majewski et al. 1999; Harbeck et al. 2001; Tolstoy et al. 2004;
Ibata et al. 2006), and Sgr is no exception (e.g., Siegel et al.
2007). Moreover, from the APOGEE data, we verify that, at
minimum, there is a small but identifiable metallicity gradient
within the inner few degrees of Sgr (Figure 2(e)), evident as a few
tenths of a dex drop in [Fe/H] from the center to offset APOGEE
fields (Figure 2(f)). To assess this [Fe/H] distribution we have
used only those 215 stars with the most reliable ASPCAP
data: those with Teff > 3575 K and having spectra with total
S/N > 50 pixel−1. The existence of an [Fe/H] gradient is
consistent with previous analyses of the Sgr system (e.g., Alard
2001; Chou et al. 2010) that show an overall general metallicity
increase toward the Sgr center.

Although slightly shaped by the combined effects of the
color–magnitude selection and the ASPCAP temperature limit
discussed above, the bulk of the stars in this pruned APOGEE
sample have metallicities distributed across the −0.8 <
[Fe/H] < −0.2 range identified with intermediate age and
metallicity stars (“SInt”) and exhibiting several subpopula-
tions in the population synthesis of Siegel et al. (2007).
The APOGEE metallicity distribution (Figure 2(h)) also
hints at possible subgroups, and a two-Gaussian fit suggests
[Fe/H] ∼ −0.42 as a reasonable, though approximate, division
between them. These sample subdivisions show some differ-
ences in σv profile, with the metal-poor subsample exhibiting
consistently larger σv within the central few degrees of Sgr com-
pared to the metal-rich subsample. That each metallicity sub-
sample still internally shows a dispersion gradient may belie the
fact that our simple basis for separating population subsamples
is not the cleanest. On the other hand, the Figure 3 fits find veloc-
ity distributions in each radial bin consistent (within the errors)
with Gaussian (defined as k = 0.93), whereas McConnachie
et al. (2007) suggest that dwarf galaxies having mixed stellar
populations in equilibrium should yield leptokurtic velocity dis-
tributions at radii where multiple populations make a significant
contribution.

Derivations of the abundances of additional chemical ele-
ments expressed within the APOGEE spectra will hopefully
improve our ability to sort Sgr core stars by population and
test whether the observed dynamics involves the interplay of
populations with distinct orbital characteristics. Although such
a populations-based approach may presently be insufficient to
explain the velocity dispersion gradient in a way envisioned by
McConnachie et al., ultimately unraveling this interplay may be
the best path to a definitive assessment of the underlying mass
distribution. As pointed out by Walker & Peñarrubia (2011; see
also Agnello & Evans 2012), that each subpopulation is in equi-
librium within the same gravitational potential can be used to
measure directly the slope of the density profile using simple
mass estimators—but only if the triaxial orientation of the satel-
lite can be determined (Kowalczyk et al. 2013). The latter is
a prospect, however, that is particularly promising for the Sgr
system (Łokas et al. 2010b; Kowalczyk et al. 2013).
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