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ABSTRACT

The tidal stirring model envisions the formation of dwarf spheroidal (dSph) galaxies in the Local
Group and similar environments via the tidal interaction of disky dwarf systems with a larger host
galaxy like the Milky Way. These progenitor disks are embedded in extended dark halos and during the
evolution both components suffer strong mass loss. In addition, the disks undergo the morphological
transformation into spheroids and the transition from ordered to random motion of their stars. Using
collisionless N-body simulations we construct a model for the nearby and highly elongated Sagittarius
(Sgr) dSph galaxy within the framework of the tidal stirring scenario. Constrained by the present
orbit of the dwarf, which is fairly well known, the model suggests that in order to produce the majority
of tidal debris observed as the Sgr stream, but not yet transform the core of the dwarf into a spherical
shape, Sgr must have just passed the second pericenter of its current orbit around the Milky Way.
In the model, the stellar component of Sgr is still very elongated after the second pericenter and
morphologically intermediate between the strong bar formed at the first pericenter and the almost
spherical shape existing after the third pericenter. This is thus the first model of the evolution of
the Sgr dwarf that accounts for its observed very elliptical shape. At the present time there is very
little intrinsic rotation left and the velocity gradient detected along the major axis is almost entirely
of tidal origin. We model the recently measured velocity dispersion profile for Sgr assuming that mass
traces light and estimate its current total mass within 5 kpc to be 5.2 x 108 M. To have this mass at
present, the model requires that the initial virial mass of Sgr must have been as high as 1.6 x 101°M,
comparable to that of the Large Magellanic Cloud, which may serve as a suitable analog for the

pre-interaction, Sgr progenitor.

Subject headings: galaxies: dwarf — galaxies: individual (Sagittarius) — galaxies: Local Group —
galaxies: fundamental parameters — galaxies: kinematics and dynamics — galaxies:

structure

1. INTRODUCTION

The tidal stirring scenario (Mayer et al. 2001; Kli-
mentowski et al. 2007, 2009; Kazantzidis et al. 2010)
proposes that the population of dwarf spheroidal (dSph)
satellite galaxies around the Milky Way and Andromeda
galaxies were transformed into their present morphology
via tidal interaction of late type progenitors — initially
small disks embedded in extended dark matter halos —
with their respective host. Due to tidal forces the dwarfs
are substantially stripped of their mass and their stel-
lar component undergoes strong dynamical and morpho-
logical evolution. This evolution manifests itself in the
morphological transformation of the disk into a bar and
then an ellipsoid or spheroid, with the commensurate
transition from ordered (rotation in the disk) to random
motion of the stars. In the transitory bar-like stage the
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orbits are mostly radial and become more isotropic as
the stellar shape evolves toward spherical. The effective-
ness of the tidal transformation depends crucially on the
orbital parameters (the orbital time and the pericenter
distance) and also to some extent on the initial structure
of the dwarf (Kazantzidis et al. 2010).

An interesting example of a dSph galaxy strongly af-
fected by tidal forces from the Milky Way is the Sagit-
tarius (Sgr) dwarf discovered by Ibata et al. (1994).
A convincing proof of such interaction was provided by
the identification within the 2MASS survey of the Sgr
stream, which spans a 360° great circle on the sky (Ma-
jewski et al. 2003). Until now, modeling of the Sgr sys-
tem by N-body simulations has focused on reproducing
the properties of the tidal stream, especially the veloci-
ties, velocity dispersions, positions and distances of the
stellar debris in the leading and trailing arm (Johnston
et al. 1995, 1999; Helmi & White 2001; Helmi 2004;
Martinez-Delgado et al. 2004; Johnston et al. 2005;
Law et al. 2005; Fellhauer et al. 2006; Penarrubia et
al. 2010). Ounly recently, however, have models been
developed that are able simultaneously to satisfy all an-
gular position, distance, and radial velocity constraints
on both the leading and trailing tidal streams (Law et
al. 2009; Law & Majewski 2010). Nevertheless, in most
such numerical models the dwarf was initially assumed
to be spherical and one-component, with the distribu-
tion of stars and dark matter approximated by a single
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Fic. 1.— The circular velocity curve of the simulated dwarf
galaxy in the initial state. The dotted, dashed and solid lines
correspond, respectively, to the disk, the dark halo and the sum of
the two.

Plummer sphere.

However, it has been known since the time of the dis-
covery of Sgr that the shape of the dwarf is strongly
non-spherical. Ibata et al. (1997) estimated the shape
to be bar-like with axis ratios 3:1:1 and this was later con-
firmed by observations of the distribution of Sgr M giant
stars with the 2MASS survey (Majewski et al. 2003).
The elongation of the dwarf is usually interpreted as due
to tidal deformation (e.g., Johnston et al. 1995). How-
ever, if a satellite that is initially spherical is required
to survive long enough to produce the observed amount
of tidal debris, the observed degree of elongation would
be difficult to obtain through tides. Even at pericenter,
where tidal forces are the strongest, the surface density
contours will likely be elongated only in the outer part of
the dwarf (where the transition to the tidal tails occurs)
but remain rather circular in the central parts.

In this work we demonstrate that the observed shape of
the Sgr core can be reproduced if the stellar component
was initially in the form of a disk, slightly inclined with
respect to the orbital plane. As such, the Sgr dwarf might
have previously resembled the Large Magellanic Cloud, a
conjecture that is actually consistent with other observa-
tions, such as Sgr’s chemistry (Chou et al. 2010) and star
formation history (Siegel et al. 2007). In our model, we
embed the disk in a massive dark matter halo, place it at
an apocenter of a probable orbit of Sgr, determined from
previous work, and evolve the system for a few orbital
times. The dwarf undergoes a characteristic evolution
on such a tight orbit: the stellar component forms a bar
at the first pericenter that survives until after the second.
By that time a sufficient number of stars are stripped to
reproduce most of the observed Sgr stream (although see
Correnti et al. 2010). Unlike previous studies that fo-
cused on the Sgr tidal tails, here we use constraints from
the shape of the Sgr core to estimate the time Sgr has
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F1Gc. 2.— A schematic view of the initial simulation setup. The
dwarf galaxy, indicated by the smaller, red disk on the left, is lo-
cated at the orbit apocenter and is inclined by 10° with respect
to the orbital plane. The bigger, blue disk on the right shows
the Milky Way disk. The orbit, plotted with the solid black line,
is coplanar with the XY plane of the coordinate system and is
inclined by 76° to the Galactic plane. The dwarf galaxy starts
orbiting towards the positive X coordinate and the dwarf disk is
prograde with respect to the orbit so that both the orbital motion
of the dwarf and the rotation of the stars in the dwarf are coun-
terclockwise when viewed from the top of the figure. The Milky
Way disk rotates clockwise when viewed from the right side of the
figure.
spent on its current orbit around the Milky Way and the
number of pericenters it has passed while on that orbit.

The paper is organized as follows. In Section 2 we de-
scribe the N-body simulations used in this study. In the
next section we study the evolution of the simulated Sgr
dwarf. Section 4 is devoted to the modeling of the stellar
kinematics in the simulated Sgr system and a comparison
to those in the real Sgr. The discussion of the implica-
tions of our model follows in Section 5.

2. THE SIMULATIONS

We performed collisionless N-body simulations of rota-
tionally supported, disky dwarf galaxies orbiting inside
a Milky Way-sized host. All simulations were carried
out with the multistepping, parallel, tree N-body code
PKDGRAV (Stadel 2001).

Given existing uncertainties about the exact shape of
the Milky Way halo (i.e., whether it is prolate, oblate or
triaxial; see, e.g., Helmi 2004; Law et al. 2005, 2009; Law
& Majewski 2010) and the fact that our purpose here is
not to reproduce perfectly the shape and kinematics of
the Sgr stream but rather the shape and kinematics of
the Sgr core, we decided to employ a simple Milky Way
model with a spherical dark matter halo. Because the
dominant aspect affecting the evolution of the core is
the strength of the tidal force, dictated primarily by the
perigalacticon distance of the dwarf and the radial mass
distribution of the Milky Way but not its detailed shape,
we do not expect this simplification to affect our general
results.

The adopted model is based on the dynamical mass
model A1 for the Milky Way from Klypin et al. (2002),
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which consists of a Navarro et al. (1997, hereafter
NFW) halo with a virial mass of My, = 10'2M and
concentration ¢ = 12, a stellar disk with a mass of
Mp = 4 x 101°M), scale length of Ry = 3.5 kpc, and
scale height of zq = 0.35 kpc, as well as a bulge with a
mass of My, = 0.008 M, and scale-length of ap, = 0.2Rg.
The host galaxy model is live, which allows us to take into
account the effect of dynamical friction on the satellite.
The N-body realization of the Milky Way model contains
Ny, = 108 particles in the halo and Ng = 2 x 10° in the
disk and bulge and is built using the technique developed
by Hernquist (1993). We used a fairly large gravitational
softening for the dark matter particles, e = 2 kpc, to min-
imize spurious two-body heating between massive halo
particles and those of the disk in the dwarf. The soft-
ening in the stars of the Milky Way was set to e = 100
pc.
We employ the method of Widrow & Dubinski (2005)
to construct numerical realizations of self-consistent,
multi-component dwarf galaxies built of exponential stel-
lar disks embedded in NFW dark matter halos. The
Widrow & Dubinski (2005) models represent axisym-
metric, equilibrium solutions to the coupled collisionless
Boltzmann and Poisson equations, and are thus ideal to
confirm both the tidal heating and the tidally-induced
non-axisymmetric instabilities that are required for the
transformation of the dwarf.

In the simulation described below that reproduced
best the observed properties of Sgr, the dwarf progen-
itor initially had a dark halo with a virial mass M =
1.6 x 10'°M¢ and a concentration of ¢ = 15. The mass
and radial scale length of the disk were 3.2 x 108Mg
and Ry = 2.3 kpc, respectively. According to Mo et
al. (1998), this disk scale-length corresponds to an an-

gular momentum parameter A = J/G+/|E|/M?2, = 0.08
(where J and E are the total halo angular momentum
and energy, respectively), which is typical of dwarf galax-
ies (Jimenez et al. 2003). We note that this value of
Rg is derived without considering the effect of halo adia-
batic contraction in response to the accretion of baryons.
For the disk vertical structure we assumed an isothermal
sheet with scale height of zq = 0.3 Rq, which is higher
compared to that appropriate for massive galaxies. Such
choice is motivated by the greater importance of turbu-
lent motions in dwarf galaxies which results in thicker
systems (e.g., Schombert 2006). This disk thickness pa-
rameter corresponds to the axis ratio ¢/a = 0.18 calcu-
lated from the moments of the inertia tensor for all stars
in the disk. The initial central value of the velocity dis-
persion associated with the vertical structure of the disk
was 0, = 19.5 km s~'. The decomposition of the circular
velocity curve into the different components of the dwarf
is shown in Figure 1.

We sampled the dwarf galaxy with 10° dark matter
particles and 1.2 x 108 stellar disk particles. The grav-
itational softening length was set to ¢ = 60 and 15 pc,
for the dark matter and stellar particles, respectively.
Evolution of the dwarf model in isolation confirmed its
stability against bar formation for 10 Gyr, and demon-
strated the excellent quality of the initial conditions as
well as adequate resolution of the simulations.

The dwarf galaxy was evolved on an eccentric orbit
with an initial apocenter and pericenter of r, = 58 kpc

|5|:|lllllllllll|lll|lll|l-l

E ]
=

60

£ i
.

5 10 15 a0 25

H [kpe]

Fi1G. 3.— (Upper panel) Overview of the simulated Sgr projected
onto the orbital plane. The gray dots show the dark matter parti-
cles, the black ones the stars. The solid line plots the orbit of the
galaxy during 2.5 Gyr of evolution with the starting position at
the bottom of the plot. The Milky Way disk intersects the orbital
plane at y = 0. The Sun symbol shows the position of the Sun.
(Lower panel) The magnified view of the stellar component of the
simulated Sgr.

and r, = 17 kpec, respectively. We placed the dwarf
initially at the apocenter and followed its evolution for
2.5 Gyr, which corresponds to more than three orbital
periods. The orbit was inclined by 76° to the Galactic
plane and the dwarf galaxy disk was inclined by 10° with
respect to the orbital plane. The rotation in the disk was
prograde with respect to the orbital motion. Our choice
of the orbital parameters was motivated by the study
of Law et al. (2005) for the spherical Milky Way halo
case (with small modifications due to the fact that we
use a slightly different model of the Milky Way). The
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F1G. 4.— (Top panel) The distance of the Sgr center from the
Galactic Center (GC; solid line) and from the Sun (dotted line).
(Bottom panel) The total velocity of the Sgr center with respect
to the GC (dashed line) and the radial velocities with respect to
the GC (solid line) and the Sun (dotted line). In both panels the
vertical line indicates the present position of Sgr after 1.255 Gyr
of evolution, which corresponds to the output shown in Figure 3.

inclination of the dwarf galaxy disk and the direction of
its rotation were adjusted to reproduce the inclination
of the observed Sgr image with respect to the orbit and
the observed rotation curve, respectively (see the next
sections). The initial simulation setup is illustrated in
Figure 2.

We note that for such a massive dwarf the initial dark
halo is very extended, with a virial radius of ~ 65 kpc.
Therefore, we started the simulation after imposing a
smooth Gaussian cut-off in density which sets in at ~ 7.3
kpc. The latter value corresponds to the nominal Jacobi
tidal radius of the model at the apocenter of the orbit.

The parameters of the best dwarf galaxy model were
chosen after a number of trial simulations. In those sim-
ulations we varied slightly the orbit, the initial mass and
the other halo and disk parameters but tried to keep
them as close as possible to the general trends in cold
dark matter cosmologies, such as those concerning the
relation between the virial mass and concentration of
the halo (e.g., Bullock et al. 2001) and the relations
between the different disk parameters (Mo et al. 1998).
In summary, we considered dark halo virial masses in the
range (0.8 — 1.6) x 101°M, concentrations of the dark
halo ¢ = 4 — 30, different inner slopes of the dark halo
a = 0.6—1, A parameters 0.04 —0.08, disk mass fractions
mq = 0.01 — 0.04, disk thicknesses z4/Rq = 0.2 — 0.3,
pericenter distances r, = (14 — 21) kpc and apocenters
ra = (58 — 60) kpc. We only used some combinations of
these parameters and in adjusting them we relied on the
knowledge of their effect on the evolution gained from
the systematic study by Kazantzidis et al. (2010).
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Fic. 5.— Radial velocities (upper panel) and distances from the
Sun (lower panel) of the simulated debris (gray points) compared
to the data for M giants (black points) from Majewski et al. (2003,
2004) and Law et al. (2005). The crosses in the lower panel show
the distance measurements for the stars in the leading tail from
Belokurov et al. (2006). The Ae coordinate measures the angular
distance from Sgr in the direction of the trailing tail (see Majewski
et al. 2003).

3. EVOLUTION OF THE SIMULATED DWARF

Figure 3 shows the simulation output projected onto
the orbital plane after 1.255 Gyr of evolution when the
dwarf galaxy position corresponds to the present posi-
tion of Sgr. The Sun was placed at a distance of 8 kpc
from the Galactic Center (GC) and the simulated Sgr is
then at 23 kpc from the Sun (within the range 22-28 kpc
of current best estimates, see e.g., Table 2 in Kunder &
Chaboyer 2009). The distances of the Sgr center from
the GC and from the Sun are plotted in the upper panel
of Figure 4 as a function of time. Note that our orbit
is decaying (the apocenter and pericenter distances de-
crease slightly) due to dynamical friction, because we use
a live Galaxy model. The total velocity and the radial
velocities of the dwarf measured in the Galactic Standard
of Rest frame at the Sun and at the GC are shown in the
lower panel of Figure 4.

To check if our model is consistent with the available
data on the leading and trailing Sgr debris, in Figure 5 we
compare the radial velocities (upper panel) and distances
(lower panel) of the stars in the leading and trailing tails
to the data. We can see that the simulated trailing tail
matches the observed velocities very well, while in the
leading tail the velocities are slightly too large. A similar
discrepancy is seen in the distances of the tails. This
behavior is in agreement with the expectations for the
spherical Milky Way halo model assumed here, which
cannot account perfectly for all properties of the tails
(Law et al. 2005). However, our purpose here was not
to reproduce the tails exactly, but rather to demonstrate
that at the time we chose as corresponding to the present
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Fi1a. 6.— Evolution of the simulated dwarf. The panels from top
to bottom show the following quantities as a function of time: the
axis ratios, kinematical properties (the rotation velocity around
the shortest axis Viot and 1D velocity dispersion o), and mass. All
quantities were measured on particles within a distance r < 1 kpc
from the center of the dwarf. Except for the mass, all measure-
ments refer to the stellar component of the dwarf. The vertical
solid lines indicate the presumed present state of Sgr while the
dotted lines mark the pericenter passages.

phase of Sgr evolution, the dwarf has already produced
most of the debris required to account for the observed
extent of the trailing and leading arm.

Figure 6 illustrates the evolution of the dwarf in time
up to 2.5 Gyr from the start of the simulation. All quan-
tities shown in this Figure were estimated using stars
(or dark matter particles) within a fixed radius of 1 kpc
from the center of the dwarf. By adopting this rather low
value we make sure that only particles inside the Sgr core
are included at all times — i.e., we measure the intrinsic
properties of the dwarf avoiding the contamination by
tidally stripped material (the adopted scale of 1 kpc is
dictated by late evolutionary stages when the dwarf is
heavily stripped and therefore much reduced in size; see
Figure 7).

The most interesting and relevant parameter for us
here is the evolution of the shape of the satellite, which
we quantify by the axis ratios b/a and ¢/a where a, b
and c are the longest, intermediate and the shortest axis

of the distribution of the stars. To estimate them, for
all simulation outputs (saved every 0.005 Gyr) we deter-
mine the directions of the principal axes of the stellar
component using the moments of the inertia tensor. The
evolution of the axis ratios is shown in the top panel of
Figure 6.

Other interesting aspects of the evolution of the dwarf
are related to its kinematics. To measure the kinemat-
ics we introduce a spherical coordinate system (r, 6, ¢)
centered on the dwarf so that the z-axis is along the
shortest axis of the stellar distribution and the angle ¢
is measured in the xy plane. We then calculate the ro-
tation velocity around the shortest axis Vioy = Vg and
the dispersions o,, 0s and o4 around the mean values.
We combine the dispersions into the 1D dispersion pa-
rameter o = [(02 + 02 + 035)/3]1/2, which measures the
amount of random motion in the stars. The evolution of
these two quantities is illustrated in the middle panel of
Figure 6.

The bottom panel of the figure shows the evolution of
the stellar, dark and total mass of the dwarf contained
inside a radius of 1 kpc. The strongest decrease in all
of the masses occurs around pericenters, i.e., after 0.46,
1.225 and 1.975 Gyr from the start of the simulation
(vertical dotted lines in Figure 6). We note that the
mass loss in stars follows that in dark matter.

The evolution of the shape is further illustrated in Fig-
ure 7. Here we plot the surface density distribution of
the stars selected within r < 6 kpc from the center of the
dwarf as seen along the longest (), intermediate (y) and
shortest (z) axis (from the top to the bottom row) of the
stellar distribution. In columns we show the results right
after the first, second and third pericenter. The second
column corresponds to the simulation output shown in
Figure 3 which we choose as best corresponding to the
present time.

The analysis of the evolution of different quantities in
Figure 6 and the surface density plots in Figure 7 re-
veals a clear picture of the fate of the dwarf. The shape
of the dwarf galaxy disk evolves so that after the first
pericenter a bar is formed (b/a = ¢/a). This bar soon
transforms into a triaxial, but still prolate shape. At the
second pericenter the bar becomes stronger again and at
the moment shown in Figure 3, which corresponds to the
present state of Sgr, the dwarf is still quite elongated
with b/a = 0.83 and ¢/a = 0.72 inside the inner 1 kpc.
Note that these values depend on radius and would be
b/a = 0.64 and ¢/a = 0.57 when measured within the
disk initial scalelength r < Rgq = 2.3 kpc. Right after
the second pericenter the stellar component becomes al-
most spherical with b/a and ¢/a both very close to unity.
The shape becomes a little elongated again at the third
pericenter because the tidal forces are at their maximum.

The changes of the shape of the stellar component are
accompanied by a strong mass loss and decreasing rota-
tion velocity Viot of the stars. The velocity dispersion
also decreases with time (except for peaks at pericenters
due to tidal heating) because of mass loss. However, the
ratio Viot/o drops below unity already at the first peri-
center and remains like that until the end. At the time we
chose as corresponding to the present evolutionary stage
of the dwarf, after 1.255 Gyr from the start of the sim-
ulation, the remnant rotation in the core (r < 1 kpc) is
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FiG. 7.— Surface density of stars in the simulated dwarf as seen by an observer located at infinity along its longest, intermediate and
the shortest axis (from the upper to the lower row) after the first, second and third pericenter passage (from the left to the right column).

very low, of the order of 4 km s~! with V;o /0 = 0.22 (0.4
at the scale of Rq = 2.3 kpc). Note that at the first peri-
center, when the bar forms, the rotation velocity drops
to zero. Right after this pericenter the orientation of the
bar is such that there is a strong tidal torque from the
Milky Way that speeds up the bar in the same direction
the disk was initially rotating. This phenomenon is sim-
ilar to the one discussed by Kazantzidis et al. (2010, see
their section 5.2 and figure 13) in a similar context.
During the whole evolution the shortest axis of the
stellar component of the dwarf is almost perpendicular
to the orbital plane because the initial disk was inclined
by only 10° to the orbital plane. Since the bar forms in
the plane of the disk the longest axis lies almost in the
orbital plane. Because the tidal tails also lie in this plane
we see them clearly in the bottom row of Figure 7. The
bar happens to be oriented almost perpendicular to the
line of sight of the observer at the Sun (see Figure 3)
at the present time so such an observer sees Sgr almost
along the intermediate axis (the latter as shown in the

middle row of Figure 7). This observer’s view of the
simulated dwarf is shown in the middle panel of Figure 8.
For comparison, in the upper panel we plot the surface
density of the real Sgr M giants from Majewski et al.
(2003). The inner isodensity shapes are very similar:
strongly elongated, both with ellipticity e = 1 — b/a of
the order of 0.6, where b and a are now measured along
the major and minor axis of the image from the projected
surface density contours at the radius of 5°. Note that
the outer isodensity shapes for the actually observed Sgr
are perturbed by contamination of stars from the Milky
Way disk.

The coordinate system chosen for these images mea-
sures the angles along the Ag and By coordinates as-
sociated with the orbital plane of Sgr projected on the
sky (Majewski et al. 2003). Thus the orbital plane lies
in the horizontal direction of the plots and both images
show slight inclination with respect to this plane. The
inclination of the simulated dwarf measured to be about
6° at the radius of 5° from the center agrees very well



The inner structure and kinematics of the Sagittarius dwarf galaxy 7

FiG. 8.— (Upper panel) The surface density of M giant stars
as seen by an observer at the Sun in the real Sgr (from Figure 4
of Majewski et al. 2003). The flaring overdensity of stars toward
the right part of the image is due to contamination from Milky
Way disk M giants. (Middle panel) The surface density of the
simulated dwarf at the present time, 1.255 Gyr from the start of
the simulation, right after the second pericenter. (Lower panel)
The surface density of the dwarf’s dark matter halo which was
initially spherical. The horizontal direction is the projection of the
Sgr orbital plane. The image size in all panels is 14°.

with the “canting angle” of the Sgr main body with re-
spect to its orbital plane measured for the real data by
Majewski et al. (2003). The inclination of the simulated
image was reproduced by adopting the initial inclination
of the dwarf disk of 10° with respect to the orbital plane
(by rotating the disk around the X axis of Figure 3 so
that the half of the disk closer to the Galactic center is
above the plane of Figure 3; see also Figure 2). The angle
seen at the present time is expected to be lower than the
initially adopted value because in the observed image the
intrinsic surface density contours of the core are affected
by the tidally distorted distribution of stars at larger pro-
jected radii. These tidal extensions are obviously along
the orbit and therefore decrease the observed inclination.
Note, however, that the initial inclination angle cannot
be much higher than the 10° we adopt since then the core
would be more inclined and would form a pronounced S-
shape with the tails that is not seen in the data.

In summary, since the formation of the bar can only
occur in disks, if one starts with a spherical dwarf model
the observed elongated shape of Sgr is very difficult to re-
produce. To further support this statement, in the lower
panel of Figure 8 we show the surface density distribu-
tion of dark matter as it would be seen at present by an
observer at the Sun. The dark matter halo of the dwarf
was initially spherical and, clearly, the surface density
contours remain spherical in the center at present and
are very different in shape from the contours of the dis-
tribution of the stars. This strongly suggests that the
stellar component of Sgr must have been very different
from spherical when the dwarf entered its orbit around
the Galaxy. In addition, right after the second pericen-
ter the stellar component quickly transforms into a much
more spherical shape; thus, according to this model, Sgr
could not have been a satellite for much more than 1.5
orbital times in its present orbit, in which it must have
just passed its second pericenter around the Milky Way.

4. MODELING OF THE KINEMATICS

Recently Frinchaboy et al. (2010) have measured the
radial velocities and velocity dispersions of stars in a
number of pointings in the field of the Sgr main body. We
model these data later in this section. First, we produce
similar mock kinematical data sets by probing the simu-
lated dwarf in the same way as Frinchaboy et al. Figure 9
shows the positions of a fraction of stars in the simulated
dwarf as they would be observed from the Sun. The co-
ordinate system adopted here was such that the x axis is
along the major axis of the image of the dwarf’s stellar
component and the y axis is along the minor axis (in anal-
ogy with the Ag,, and Bg,, coordinates adopted in the
real observations by Frinchaboy et al.). The black circles
indicate the model-sampled fields, which are analogous
to those applied in the real Frinchaboy et al. observa-
tions and are listed in the first column of Table 1 with the
same names as in that reference. Because there are no
multiple tidal streams in our simulation, in this direction
of the sky only the main body of Sgr is seen and there is
almost no contamination from tidal debris along the line
of sight (except for the stars presently being stripped).
By using only the stellar particles of the simulated dwarf
we also avoid the contamination from the Milky Way.
Thus there is no need to introduce any cut-off in velocity
for the model kinematical measurements, as was done in
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TABLE 1
KINEMATICS OF THE SIMULATED SGR
Field Niot Ngo R [deg] (Vesr) [km s™!] OV, [km s71]
Major+00 1577 102 0.29 171.81 +1.94 19.64 £ 1.38
Major—04 608 110 3.98 172.06 + 1.49 15.66 £+ 1.06
Major—02 930 86 1.81 170.23 +1.87 17.33 £1.33
Major+-02 931 182 1.98 172.79 + 1.45 19.60 = 1.03
Major+04 680 82 3.91 170.03 & 1.65 14.91 £ 1.17
Major+-06 433 57 6.03 166.21 + 2.07 15.62 £ 1.48
Major+08 249 45 8.00 160.51 + 2.32 15.55 4+ 1.66
Major+10 159 24 10.01 154.61 + 3.14 15.39 £ 2.27
Major+12 101 14 12.08 152.94 + 4.58 17.15 4+ 3.36
Minor—03 208 31 291 167.79 + 3.22 17.95 £ 2.32
Minor—02 533 56 1.79 166.05 & 2.32 17.36 = 1.65
Minor—01 1008 89 0.97 167.70 + 2.06 19.47 £ 1.47
Minor+01 1112 56 0.93 175.55 + 2.61 19.55 +1.86
Minor+-02 405 48 2.05 174.33 £+ 2.25 15.62 £ 1.61
Minor+-03 224 49 2.82 172.41 +2.53 17.70 £1.81
Minor+-05 6 6 4.85 167.49 + 3.15 7.71+£2.44
NW+02 671 62 1.96 167.62 4+ 2.02 15.90 +1.44
SW+02 669 60 1.83 167.69 + 2.21 17.09 £+ 1.57
SE+02 724 88 1.88 174.66 + 1.53 14.38 £1.09
NE+02 550 37 2.18 179.11 + 2.62 15.95 +1.88
NW+04 195 17 3.86 169.48 + 3.47 14.30 £ 2.53
SW+04 175 12 3.96 155.50 % 4.40 15.24 4+ 3.25
SE+04 193 34 3.86 170.95 + 2.49 14.49 £1.78
ESE+07 67 25 6.28 168.27 + 2.58 12.88 +1.86
T S — likely the one most contaminated by Milky Way stars (see
L 1 below and Frinchaboy et al. 2010). In all other fields the
L 1 number of stars in the simulated Sgr is much larger than
H 1 in the actually observed samples. To create mock data
F 1 sets as similar as possible to the real ones for all fields
51 O . (except Minor+05 where we take all 6 stars available) we
r 1 randomly select a number of stars exactly the same as
r 8 @) 1 in the real data. The numbers of selected stars N are
e B @) @) 1 listed in the third column of Table 1. The next columns
S, [ O § of the Table list the mean projected distance of the stars
N o © o O Ol ot G in a given field from the center of the dwarf and the mean
@ O % O velocity and velocity dispersion obtained in the field with
i o ®) O ®) i their respective standard errors.
| ] The velocity dispersion profile of the simulated dwarf
_5l | obtained in this way is shown in the upper panel of Fig-
L ) ure 10. We model the profile using solutions of the Jeans
L i equation (see, e.g., Lokas 2002; Lokas et al. 2005; Lokas
. 1 2009), assuming that mass follows light and that the
H 1 anisotropy parameter [ is constant with radius. The
o anisotropy parameter measures the amount of radial ver-
10 5 0 - sus circular orbits in the stellar population and we define
A'sy [deg] it in the standard way as § = 1 — (07 + 03)?/(207). By

Fic. 9.— View of the simulated Sgr core (gray dots) and the
positions of the fields analogous to those in the real observations
of Sgr kinematics by Frinchaboy et al. (2010; black circles). The
coordinate system is that of A’Sgr and B’SglM where A’Sgr is measured

along the major axis of the Sgr image, i.e. the positions of the stars
were rotated clockwise by the angle of 6° with respect to those used
in Figure 8.

Frinchaboy et al.

The total numbers of stars selected within the fields,
Niot, are listed in the second column of Table 1. Only
in the case of the field Minor+05 is the number of stars
smaller than observed (6 versus 9). This turns out to be
understandable in the light of the fact that this field is

adjusting the solutions to the measured profile we esti-
mate the total mass M and the anisotropy parameter
B. The mass-follows-light assumption is well justified
by the measurements of the density profiles of stars and
dark matter within 5 kpc (corresponding to the angular
scale of 12° in the data). The density profiles are plotted
in Figure 11, where one can see that they follow each
other. We have also verified that the anisotropy param-
eter does not strongly vary with radius and is contained
within 0 < 8 < 0.4 for radii 0 kpc < r < 5 kpc with the
average value = 0.17+0.13.

To perform this analysis we adopt the density profile
of the stars as obtained by deprojection of their surface
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F1G. 10.— The line-of-sight velocity dispersion of the simulated
dwarf (upper panel) and the real Sgr (lower panel) as a function of
radial distance from the center R. Solid lines show the best-fitting
solutions of the Jeans equation. The data points marked in gray
in the lower panel are most contaminated by the Milky Way stars
and were excluded from the fit.

number density profile. This profile measured from the
simulation is shown as gray points in Figure 12. The
measurements were done up to projected R < 12°, the
distance of the furthest kinematical measurement along
the major axis by Frinchaboy et al. (2010). Interest-
ingly, the profile does not yet flatten at these largest
distances; such flattening would signify the transition
to tidal streams. The model profile is well fitted by
the Sérsic (1968) formula N(R) = Nyexp[—(R/Rs)"/™]
with the Sérsic radius Rg = 1.7° and shape parameter
m=1.2.

The best-fitting solution of the Jeans equation is shown
in the upper panel of Figure 10 as the solid line. The
best-fitting parameters are M = (8.1 & 0.5) x 108M,
and 8 = 0.12f8:}§. Note that the quality of the fit is

quite poor, with x?/N = 46/22. The 1o errors were es-
timated from Ax? statistics. The anisotropy estimate
agrees very well (within errors) with the averaged value
B = 0.17 measured from the simulation. The mass within
R < 12° (which corresponds to 5 kpc) of this best-fitting
model is M = 7.3 x 10® M, significantly higher than the
mass actually contained within this radius in the simu-
lated dwarf, M = 4.1 x 108M. Note that for objects
observed perpendicular to the bar we actually expect to
underestimate the mass from the Jeans analysis rather
than overestimate it (Lokas et al. 2010). This is not the
case for the present state of Sgr since it is close to peri-
center and therefore departs strongly from equilibrium.
These departures manifest themselves in the strong mean
radial velocity signal (in the spherical coordinates related
to the dwarf, introduced in section 3, i.e. the dwarf is ex-

10° i

10" ¢ i
%

—Cf 10° - 1
©

=3 ~
= 100} 1
— dark matter .
10t stars N
1000 1 1 1 1 1
0.2 0.5 10 2.0 5.0
r [kpcl

Fic. 11.— The density profiles of stars (dashed line) and dark
matter (solid line) in the simulated dwarf up to r = 5 kpc, which
corresponds to the angular scale of 12° probed by the Frinchaboy
et al. (2010) kinematical measurements.

panding due to the action of strong tidal forces) and the
increasing velocity dispersion at the outer parts, which
are affected by tidally stripped material.

We proceed in an analogous way to fit the velocity dis-
persion profile obtained from the real data for Sgr, shown
in the lower panel of Figure 10. In gray we marked the
data points corresponding to the fields Minor—03, Mi-
nor+05 and NW+04 where the contamination by Milky
Way stars exceeds 50% according to the estimates by
Frinchaboy et al. (2010). The surface density profile of
the stars measured from the M giants (Majewski et al.
2003) is shown in Figure 12 as black dots. To obtain an
estimate of the profile out to circular radii of R < 12° and
yet avoid the contamination from the Milky Way disk
(seen as the flaring of the outer contours in the right side
of Figure 8, top panel) we measured the density of stars
only on one side (that at higher Galactic latitude) of the
dwarf, as illustrated in Figure 13: only the stars shown
in black were used for the measurements. The rejected
stars, shown in gray, were separated by a line parallel to
the Milky Way disk. A Sérsic profile has been fitted to
the data and the best-fitting parameters are: Rg = 1.2°
and m = 1.4. Note that in spite of the different parame-
ters (the Sérsic profile is strongly degenerate for Rg and
m) the shapes of the density profiles of the stars in the
simulated and real Sgr are very similar.

Assuming that mass follows light we fit the velocity
dispersion profile of Sgr by adjusting the total mass and
anisotropy. When performing this fit we have excluded
the data points marked in gray in the lower panel of
Figure 10. The best-fitting parameters are M = (6.1 +
0.5) x 108Mg and § = —0.68152]. The corresponding
best-fitting dispersion profile is shown with a solid line in
the lower panel of Figure 10. The mass within R < 12°
of this best-fitting model is M = 5.2 x 108M, similar
to the one of the simulated dwarf. The quality of the
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F1G. 12.— Surface density profiles of the simulated dwarf (gray
points) and the real Sgr (black points) measured within circular
projected radii. Solid lines show the best-fitting Sérsic profiles.

fit is also poor this time, with y?/N = 49/19. This
is due to the fact that the dispersion data points are
very scattered around the mean fit, which may be due
to some contamination from the Milky Way stars (still
likely present in some fields, as shown by Frinchaboy et
al., in spite of the 30 clipping applied to the velocity
measurements by those authors and our rejection of most
contaminated data points) and the tidally stripped stars,
as mentioned above. The total mass we find is about
40% lower than the early rough estimate of Ibata et al.
(1997) who found the mass to be of the order of 109 M.
Our estimate is however very close to the more precise
value M = (5.8 +£0.5) x 108 M, obtained by Majewski et
al. (2003) from a single velocity dispersion measurement
by following the Richstone & Tremaine (1986) version of
the King (1966) formalism. Our value agrees also very
well with the one recently obtained by Law & Majewski
(2010) from the dispersion of velocities in the tidal tails.
Within 4° they find M = 2.57]3x 108 M, while our mass
profile gives 2.1 x 103M.

Figure 14 compares the rotation curves of the simu-
lated and real Sgr. The points with error bars are the
measurements of the mean velocity of the stars along the
major axis in the real Sgr from Frinchaboy et al. (2010).
The solid line connects analogous values measured in the
simulation and listed in Table 1, but without the errors.
The match is very good. Note that at the stage of the
evolution selected as corresponding to the present state
of Sgr, the stellar component of the simulated dwarf had
very little remnant rotation, of the order of 4 km s~! (see
the second panel of Figure 6). This intrinsic rotation is
very much obscured in Figure 14 by the velocity gradi-
ent due to tidal tails pointed in the opposite direction.
This reversal of the intrinsic rotation is similar to the
effect seen in Leo I (Lokas et al. 2008). Note that the
observed velocity trend shown in Figure 14 could not be
reproduced by the model proposed by Penarrubia et al.

Lokas et al.
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Fic. 13.— Positions of the stars from the 2MASS survey of Sgr.

The coordinates o and ¢’ are measured along the RA and Dec
with respect to the Sgr’s center. Black dots indicate the stars used
for the calculation of the surface number density profile shown in
Figure 12. Stars marked in gray were rejected due to the contam-
ination by the Milky Way disk.
(2010) where the intrinsic rotation is still very high (of
the order of 20 km s~1). We have also verified that the
observed velocity trend cannot be reproduced by a sim-
ilar model as presented here but with the disk spinning
in a retrograde manner. In such a case the stars stripped
from the dwarf form tidal tails of similar length but with
a much wider distribution of stars in distance and veloc-
ity than observed. In addition, a disk on a retrograde
orbit does not form a bar and it is more difficult to re-
move rotation from it. Such significant remnant rotation
is then clearly seen in the velocity trend right from the
center of Sgr and has the same sign as the tidally induced
velocity shear seen in Figure 14.

5. SUMMARY AND DISCUSSION

We presented a plausible model for the inner structure
and kinematics of the Sgr dwarf galaxy. By adopting
an initial stellar distribution in the form of a disk rather
than a spheroid, this model reproduces for the first time
the present, very elongated shape of the Sgr stellar core.
The satellite orbit around the Milky Way was chosen
so that its present distance and velocity with respect to
the Sun agree well with the observed values. Our model
also has a total mass similar to that estimated from the
velocity dispersion profile of the real Sgr as well as a ve-
locity gradient along the major axis that matches that
seen in the real data. By requiring the dwarf to pro-
duce enough tidally stripped debris to match most of
the observed extent of the Sgr stream and at the same
time still preserve its highly non-spherical shape we put
constraints on the number of pericenters Sgr could have
passed until the present in its current orbit. For the
present model to work, Sgr must have had only two peri-
galacticon passages. Indeed, if there had only been one
pass not enough tidal debris would be produced, whereas
after three passages the Sgr core would have already be-
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Fic. 14.— The rotation curve measured along the major axis
of the Sgr image. The points with error bars show the kinematic
measurements for real Sgr from Frinchaboy et al. (2010). The solid
line shows the measurements in the simulated dwarf performed in
the same way as in the real observations, as shown in Figure 9.

come significantly more spherical and thus inconsistent
with observations.

Let us note that although the parameter space we ex-
plored was quite wide, we cannot absolutely exclude the
possibility that the Sgr dwarf entered its orbit around
the Milky Way with a spherical stellar component. The
numerical experiments we performed strongly suggest,
however, that it is very difficult to reproduce its present,
elongated shape through the action of tidal forces on a
spherical stellar distribution. For this to occur, the tidal
forces would have to distort the dwarf down to the very
center implying that is was weakly self-bound. When-
ever we tried to significantly lower the self-gravity of the
dwarf, e.g. by adopting a dark matter halo of low concen-
tration, we found it to be very quickly destroyed by tidal
forces; such an object would not survive long enough on
its present orbit to produce enough tidal debris.

Our model also reproduces in a satisfactory way the
density profile of the stars, the total luminosity and the
mass-to-light ratio of the Sgr core. For the real Sgr in its
present state, using our total mass estimate and adopting
the luminosity of 2 x 107 L, (Mateo et al. 1998; Majew-
ski et al. 2003), we get M/L of the order of 30 in solar
units. As in the case of the mass, this is significantly
lower than the estimate of M/L of 50 by Ibata et al.
(1997) but agrees well with the estimate by Majewski et
al. (2003) based on core-fitting. To find the correspond-
ing value for the simulated dwarf we need to translate
the mass of stars into luminosity. Since the stellar M /L
are poorly known, especially for systems containing many
stellar populations of different age, we can conservatively
adopt M/L in the range of (1 — 3)Mg /L for the stars.
The mass of stars within 5 kpc is 3.2 x 107 My so the
luminosity is in the range (1.1 — 3.2) x 10"Lg, in good
agreement with the true present luminosity of Sgr. The
mass-to-light ratio is then in the range (13 —39)My /L,
which includes our value obtained for the real Sgr.

The present shape of Sgr must be bar-like with the
bar major axis almost perpendicular to our line of sight.
If it were a disk seen almost edge on, its rotation curve
would be very different: we would see a strong rotation
signal at the very center of the dwarf which could be-
come dominated by the velocity gradient of tidal origin
only at the outer parts. What is observed is the rota-
tion velocity increasing very slowly with distance along
the major axis (Frinchaboy et al. 2010). This is almost

entirely caused by the tidally induced velocity gradient
of stripped debris, which obscures the remnant intrinsic
rotation if any is present. Such a low intrinsic rotation
is only possible in a prolate shape, where radial orbits
dominate the motion of the stars. In the case of Sgr seen
from the Sun, this motion is almost perpendicular to the
line of sight.

Recently, Pefiarrubia et al. (2010) proposed a model of
Sgr that also initially contained a disk, with the purpose
of addressing the origin of the bifurcation in the leading
Sgr arm visible in Sloan Digital Sky Survey data (e.g.,
Belokurov et al. 2006; Yanny et al. 2009). They showed
that if their initial disk was inclined by about 20° with
respect to the orbital plane then the bifurcation would be
reproduced. While an intriguing hypothesis for the ori-
gin of the enigmatic bifurcation, our work suggests that
the initial inclination of the disk was probably about a
factor of two lower since otherwise the stellar component
forms a pronounced S-shape that is not observed in the
real data. In addition, at the stage corresponding to the
present time their disk retains a significant amount of ro-
tation, of the order of 20 km s~! which does not match
the rotation curve measured by Frinchaboy et al. (2010)
along the Sgr major axis and reproduced by our model in
Figure 14. The Penarrubia et al. (2010) model also does
not include the effect of dynamical friction, which may
significantly change the structure of the leading arm. It
is therefore not obvious whether a disk model that accu-
rately reproduces the core structure of Sgr might also be
able to produce a bifurcation similar to that observed.

The orbit that we chose for the progenitor of Sgr is not
supposed to simulate its initial cosmological infall into
the Milky Way halo. It is instead meant to model the
time over which the transformation of the stellar compo-
nent has occurred. Constrained cosmological simulations
of the Local Group (Klimentowski et al. 2010) show
that the wide majority of satellites surviving to z = 0
are on orbits with apocenters exceeding 100 kpc, namely
larger than what we have assumed for the orbit of Sgr.
Likewise, most satellites, especially those accreting after
z = 1 (as is implicitly required for the case of Sgr by
the fact that our model suggests that it should have per-
formed only two pericenter passages in its current orbit
by now), have virial masses an order of magnitude below
the initial mass of the progenitor of Sgr (Klimentowski
et al. 2010). However, the apparently unusual orbit and
rather high mass are mutually explained once we try to
place Sgr in the more general context of satellite accre-
tion.

It is likely that Sgr was indeed accreted on an orbit
having an apocenter exceeding 100 kpc, but this orbit
was rapidly eroded by dynamical friction owing to Sgr’s
large mass, which enabled Sgr to acquire the apocenter
that we have assumed. During this early time tidal mass
loss occurred mostly in the halo, as shown by N-body
simulations (e.g., Mayer et al. 2001). Hence, such mass
loss would not change the results of our work concerning
the evolution of the stellar component of the core. Note
however, that some mass loss in stars and the formation
of stellar streams could take place even before the phases
of evolution we study in this paper. Thus, more pericen-
ter passages than two may have occurred in total, but
the earlier ones at large radii will have minimal effect on
the internal structure of Sgr (Kazantzidis et al. 2010).
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Figure 4 shows that the effect of dynamical friction is
moderate for our initial mass of 1.6 x 101°M,, but if the
mass of Sgr before infall was only a factor of a few times
larger (~ 3—5x 101°M,), dynamical friction could have
reduced its apocenter by at least a factor of 2 after the
first actual pericenter (see, e.g., Colpi et al. 1999; Jiang
& Binney 2000; Taffoni et al. 2003 — once the mass
ratio between primary and secondary approaches 20:1
or less the dynamical friction timescale becomes much
shorter than the Hubble time). Therefore in this scenario
Sgr would have its current, unusually tight orbit by the
present time exactly because of the rather large mass
of its progenitor, which implies much more dynamical
friction than for typical satellites.

A higher initial virial mass before infall is also strongly
suggested by the quantitative relation between stellar
mass and halo mass suggested by statistical methods,
such as halo abundance matching using stellar masses
from SDSS (Guo et al. 2009; Sawala et al. 2010), as
well as by structural analysis of individual dwarfs in the
Local Group and, more generally, in the nearby Universe
(Mayer & Moore 2004; Oh et al. 2008; McGaugh & Wolf
2010). Indeed, the first of the cited methods implies that
typical stellar masses are < 0.05 — 1% of the halo mass
for halos with virial masses close to 10'°M, while the
second line of evidence, which has less statistical power
but does not suffer from incompleteness problems due
to the low surface brightness of typical dwarfs, would
suggest ~ 1 — 2% of the halo mass to be typical (with
significant scatter present); this places our choice of the
initial condition mq = 0.02 towards the high end of al-
lowed values. For comparison, detailed mass modeling
of two of the best studied, isolated dIrr galaxies in the
Local Group, NGC 6822 and NGC 3109, with circular
velocities close to that assumed for the progenitor of Sgr
(40—60 km s~1), would also yield mq ~ 0.01 (Valenzuela
et al. 2007). This marginal discrepancy is easily resolved
if one assumes that the initial halo mass before infall was
at least a factor of 2 larger than what we have assumed
here, thus placing Sgr among the typical disky dwarfs in
terms of the initial stellar to halo mass ratio.

Although our disk mass fraction mq = 0.02 may appear
high in terms of stellar mass, the whole baryonic mass of
dIrr galaxies (including gas) is a factor of a few higher.
Since our simulation is collisionless we could not model
explicitly the gas component and our intermediate value
reflects the baryonic disk mass after it has been affected
by the tidal field. There are convincing arguments, both
observational and theoretical, that not all of the gas ini-
tially present in the dwarf was converted into stars; some
of it must have been lost soon after the dwarf had be-
come a satellite of the Milky Way. Simulations including
hydrodynamics (e.g., Mayer et al. 2006, 2007) suggest
that this gas is stripped immediately due to ram pres-
sure. The discovery of a possible neutral hydrogen com-
ponent of the Sgr stream towards the Galactic anticenter
by Putman et al. (2004) suggests that this may indeed
be the last source of star formation fuel for the dwarf
that was probably stripped at the pericenter passage that
corresponds in our model to that which occurred about
0.8 Gyr ago. Interestingly, this is also about when the
last significant star formation activity in Sgr took place
(Siegel et al. 2007).

The only significant feature of the Sgr core that our

model does not reproduce very well is the shape of its
velocity dispersion profile. Although the observed kine-
matics may still be contaminated, e.g., by Milky Way
stars or tidally stripped material, such contamination
would most probably affect the outer parts, while we also
witness some discrepancy in the very center. While the
observed velocity dispersion profile decreases towards the
center down to 10 km s™!, the simulated one increases
up to about 20 km s~!. The observed value is actu-
ally very robust and has been established in an extensive
study of the Sgr center by Bellazzini et al. (2008). The
velocity dispersion profile of the simulated dwarf is char-
acteristic of the cuspy, rather concentrated dark matter
halo that we use here in the initial conditions. It has
been recently demonstrated by Governato et al. (2010),
however, that the presence of gas and star formation
processes can modify the dark matter halos of isolated
dwarfs and cause them to produce cores. Such cores
would manifest themselves in flatter dispersion profiles
of the stars, as observed in Sgr. Mayer et al. (2007) have
also shown that the presence of gas can induce stronger
bars, which could further reduce the remnant intrinsic
rotation seen in the simulated dwarf. It seems therefore
that including gas and star formation processes may sig-
nificantly improve the agreement between the observed
and simulated properties of Sgr. However, because only
very few hydrodynamical simulations of dwarf galaxies
evolving in the tidal field of their hosts have been per-
formed until now, very little is known about the effect of
additional parameters on the tidal evolution of satellites.
We postpone this much more complex form of study for
future work.

The picture of the evolution of the Sgr dwarf we pro-
pose in this work fits well within the scenario of the
formation and evolution of dSph galaxies in the Local
Group as predicted by the tidal stirring model (Mayer
et al. 2001). This model accounts very well for the ob-
served morphology-density relation for the dwarfs (e.g.,
Grebel 1999): those closer to the Milky Way are more
affected by tidal forces and have become more spherical,
those further away are still dwarf irregulars. Sgr seems
to be in an intermediate stage between objects that have
evolved only very little, like NGC 6822, and those ob-
jects that have apparently been substantially evolved by
tidal stirring, like the classical dSph galaxies Draco or
Sculptor. The rather tight orbit of Sgr has allowed it to
significantly transform over a short timescale of 1.3 Gyr
and only two pericenter passages. Soon after the recent,
second perigalactic passage Sgr will become more spher-
ical, and more closely resemble a typical, classical dSph
galaxy.

On the other hand, the Large Magellanic Cloud
(LMC), whose mass is similar to the initial mass we esti-
mate here for Sgr, has probably just passed its first peri-
center around the Milky Way (Besla et al. 2007). Given
that its pericenter distance is rather large, of the order
50 kpc, and its orbit is eccentric, the LMC core has been
little affected by tidal forces. As shown by Kazantzidis
et al. (2010), on such an orbit a satellite disk gets dis-
torted and a bar can form, but the orbit is too extended
and the tidal force therefore too weak to transform the
disk into a spheroid, even over a Hubble time. That the
LMC does in fact presently contain a bar is consistent
with this general picture of dwarf spheroidal satellites
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being simply the end stage of tidally stirred dwarf disks.
Other evidence supports the notion of the LMC as a
viable prototype for the pre-interaction Sgr progenitor.
Both systems have very extended star formation histories
including recent star formation (e.g., Siegel et al. 2007;
Harris & Zaritsky 2009). Moreover, Chou et al. (2010)
have shown that the LMC and Sgr share very similar
chemical enrichment histories for several o and s-process
elements explored, only with Sgr slightly more advanced
in its overall chemical evolution. The primary difference
in the present appearance of these two systems may well
be driven primarily by differences in their current orbital
radii and the time they have been bound to the Milky
Way.

In this work we have not endeavored to account for the
structure and dynamics of the Sgr tidal arms. The mod-
els that have focused on the tidal arms of Sgr (e.g., Ibata
et al. 2001; Helmi 2004; Martinez-Delgado et al. 2004;
Law et al. 2005; Law & Majewski 2010) have tended
to attribute more than two perigalacticon passes to Sgr
to account for the length of the arms. The scenario we
propose here, with just two pericenter passages, does not
necessarily mean that we are in conflict with these other
models for the tails. It simply means that the number
of passes that affected the core structure of Sgr through
tidal stirring is most probably limited to two. This how-
ever does not preclude the possibility of previous passes
on an orbit of larger size where the core is unaffected but
tails can begin to be generated. It is obvious that Sgr’s
orbit must have evolved, both due to dynamical friction
and the growth in mass of the Milky Way (Penarrubia et
al. 2006). More comprehensive models that simultane-
ously account for both the evolution of the Sgr core and
the Sgr tidal debris in a more realistic, growing Milky
Way potential and with an evolving Sgr orbit from in-

fall to the present state is obviously a goal for future
efforts, and one that must be guided by more complete
and precise mapping of the phase space distribution of
the extended debris tails.
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