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Abstract: The confined nature of the debris from the Sagittarius dwarf to a narrow trail on the sky has recently
prompted the suggestion that the dark matter halo of our Galaxy should be nearly spherical (Ibata et al. 2001;
Majewski et al. 2003). This would seem to be in strong contrast with predictions from cold dark matter
(CDM) simulations, where dark halos are found to have typical density axis ratios of 0.6 to 0.8. Here I present
numerical simulations of the evolution of a system like the Sagittarius dSph in a set of Galactic potentials with
varying degrees of flattening. These simulations show that the Sagittarius streams discovered so far are too
young dynamically to be sensitive to the shape of the dark halo of the Milky Way. The data presently available
are entirely consistent with a Galactic dark matter halo that could either be oblate or prolate, with density axis
ratios c/a that range from 0.6 to 1.6 within the region of the halo probed by the orbit of the Sagittarius dwarf.
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1 Introduction

The shapes of dark matter halos are sensitive to the nature
of dark matter itself. Flattened halos, more often prolate
than oblate, are generally found in cold dark matter sim-
ulations (e.g. Dubinski & Carlberg 1991); more spherical
halos are characteristic of self-interacting or hot dark mat-
ter (Yoshida et al. 2000; Davé et al. 2001; Mayer et al.
2002). If dark matter was baryonic, then the halos are
expected to be strongly flattened, with a ratio of minor
to major axis of about 0.2 (Pfenninger & Combes 1994).
If, on the other hand, the observed flat rotation curves are
due to a modified law of gravity, such as MOND, then
the ‘fictitious dark component’ ought to be equivalent to
a spherical (massless) halo (Milgrom 2001).

Some of the best probes of the shape of dark halos are
tidal streams, since they consist of stars moving on very
similar orbits (Lynden-Bell & Lynden-Bell 1995; John-
ston 1998). Essentially, the rate of divergence of their
orbits depends not only on the internal properties of the
progenitor satellite but also, and more specifically, on the
shape of the host potential.

As an application of this idea, Ibata et al. (2001) have
suggested that the recently discovered streams from the
Sagittarius dwarf, favour a spherical dark halo, g, ~ 1,
for the Milky Way. Halo-flattening values of g, <0.7 are
rejected at very high confidence levels (less than one
chance in a million). This result is particularly important,
because it would seem to be at odds with the measurements
of the shapes of dark halos in N-body CDM simulations,
where typically the density (or mass) axis ratios g, are of
the order of 0.6 — 0.8 (Frenk et al. 1988; Thomas et al.
1998; Bullock 2002).

© Astronomical Society of Australia 2004

https://doi.org/10.1071/AS04032 Published online by Cambridge University Press

I present here numerical simulations in an attempt to
model the evolution of the Sgr dwarf galaxy and of its
debris as it orbits the Milky Way. The goal is to determine
whether the presently available data on the debris from Sgr
can constrain the shape of the Galactic halo as strongly as
has been suggested in previous work.

2 The Simulations

In the numerical simulations, the Galaxy is represented by
afixed potential with three components: a dark logarithmic
halo

Phalo = Vigio IN(R” + 22/q” + d°), )
a Miyamoto—Nagai disk
GM gisk
Dgisk = — = , 2
\/RZ + @+ V72 +b%)?
and a spherical Hernquist bulge
GMbulge
Dhulge = i (3)

where d=12kpc and wvha=131.5km s7l My =
101" Mg, a=6.5kpc and b=0.26kpc; Mpyige = 3.4 x
10'° Mg, and ¢ = 0.7 kpc. The parameter ¢ is allowed to
vary from 0.8 to 1.25, that is, from an oblate to a prolate
configuration. Figure 1 shows the variation of the den-
sity flattening for the halo component in these models
(black curves), as well as for the global potential (light
grey curves). Here ¢, is defined by the ratio of the dis-
tances down the z and R axes at which a given isoden-
sity surface cuts those axes (see Binney & Tremaine
1987, p. 48).
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The orbit of Sagittarius is relatively well constrained
(Ibata et al. 1997). To set up the simulations I gener-
ated random orbits consistent with these constraints. The
Sgr galaxy was represented by a collection of 5 x 10*
particles, and their self-gravity modelled by a multipole
expansion of the internal potential to the fourth order
(White 1983; Zaritsky & White 1988). These particles
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Figure 1 The variation of the density flattening, measured by the
density axis ratio, as a function of distance from the centre of the
galaxy for our model of the Milky Way, for the halo component
(black) and for the global potential (grey).
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were initially distributed according to a King model, simi-
lar to the stellar model of Helmi & White (2001). To make
a proper comparison of the effect that the variation in the
degree of flattening of the halo component has on the evo-
lution of the debris, I imposed two strong conditions. On
the one hand, I required that the orbits of the centre of
mass in all cases have similar mean apocentric and peri-
centric distances as well as L;. On the other hand, the
initial properties of the dwarf were tuned so that, in all
cases, the system would reach a similar degree of disrup-
tion, typically 10-20% of the initial mass remains bound
after 10 Gyr of evolution.

3 Results

The panels in Figure 2 show the sky distribution in equa-
torial coordinates (RA, DEC) for all the particles in
the different experiments. The particles are colour-coded
according to when they became unbound from their par-
ent satellite. Dark grey colouring corresponds to particles
unbound in the first 3.5 Gyr of evolution (approximately
five pericentric passages), light grey to those released
between 3.5 and 7 Gyr (between approximately five and
nine passages), and black to those that have been released
in the last 3 Gyr of evolution (or less than four passages
ago). This last subset also includes particles that are still
bound, i.e. what we call the main body of Sgr.

It is immediately striking that the distribution of black
particles is very similar in all five cases. The particles
define relatively narrow structures on the sky. These
streams are so young dynamically that they have not really

a=11 T

Figure 2 The different panels show the sky distribution (RA, DEC) of particles in our numerical simulations with varying degrees of
flattening for the dark halo of the Galaxy. The different colours represent sets of particles which have become unbound more than 6.5 Gyr
ago (dark grey), more than 3 Gyr but less than 6.5 Gyr ago (light grey), and less than 3 Gyr ago (black). In the top left panel, the different
detections of debris from Sgr are shown. Here the black solid dots represent approximately the 2MASS M-giants stream (Majewski et al.
2003), while the boxes correspond to the northern and southern detections by SDSS (Ivezic et al. 2000; Yanny et al. 2000), which overlap
substantially with detections by other groups. Direct comparison of the first panel with any of our numerical experiments suggests that the
observations could be tracing only the most recently formed streams of Sgr (black dots in the different panels).
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been able to experience the flattening of the dark halo in
which they orbit.

For comparison, the first panel of Figure 2 shows the
distribution of claimed detections of debris from Sgr dis-
covered so far by the SDSS (Ivezic et al. 2000; Yanny et al.
2000) and by Majewski et al. (2003). There seems to be
a very good correspondence between the location of this
debris and that of the most recently lost particles in our
simulations (black dots in the remaining panels). These
results would seem to imply that the observed streams
could be, in fact, made up of stars lost by the Sgr dwarf in
the last 3 Gyr of evolution. If this were the case, the imme-
diate conclusion would be that such observations cannot
put meaningful constraints on the shape of the Galactic
halo.

But are the black dots in Figure 2 really tracing all
the debris that has been discovered thus far? To determine
whether this is the case, we also needed to check that
their dynamical properties (radial velocities and spatial
location) are indeed similar. To that end, Figure 3 shows
the distance and radial velocity (top and bottom panels,
respectively) versus right ascension distribution of parti-
cles for one of the experiments, that with a prolate halo of
g =1.11. We have used the same colour-coding as before,
and also overplotted the detections of the northern and
southern Sgr debris discovered by SDSS. It becomes now
clear that these detections are all tracing only the material
that has been released by the Sgr dwarf in the last 3 Gyr.
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Figure 3 The top panel shows the distance versus right ascension
distribution of particles in our numerical simulation with g =1.11.
The same colour-coding as in Figure 2 is used. The bottom panel
shows the radial velocity versus right ascension distribution for the
same simulation. The northern and southern detections of debris
from Sgr by SDSS are shown by the light grey boxes. Note that these
share the same spatial distribution (in the sky and in distance) as well
as kinematics of the most recently unbound material, indicated here
by the black solid dots. This confirms that the streams discovered
thus far are dynamically young.
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All experiments of different flattening essentially show the
same features, and are in agreement with the observational
data available about Sgr and its streams.

We also note here that the tidal streams traced by the
2MASS M-giants in Majewski et al. (2003), are also well
represented by the black dots shown in Figures 2 and 3.

4 Discussion

Our numerical experiments of the evolution of the Sgr
dwarf and its debris orbiting in Galactic potentials with
different degrees of flattening show that dynamically
young streams (younger than about 3 Gyr) on a Sgr-like
orbit remain very coherent spatially, defining great circle
arcs on the sky even when the density axis ratio of the dark
halo of our Galaxy model is as low as 0.6 or as high as
1.6 (where this is the mean halo flattening in the region
probed by the orbit of the Sgr dwarf). A straightforward
comparison to the various detections of debris material
from Sgr leads to the conclusion that this debris is dynam-
ically young. Hence its striking confinement to a great
circle arc on the sky does not imply that the dark halo of
our Galaxy is nearly spherical.

A direct comparison to Ibata et al. (2001) models is
possible, particularly for their g, =0.75 case. This mass-
density flattening is similar to our ¢ = 0.9 example (where
we find <g,> = 0.78 within the orbit). It is reassuring that
the distribution of particles is very similar in both his as
our simulation, if no distinction is made between the times
the different particles were released. It then becomes clear
that considering the dynamically young streams is crucial
for a fair comparison to the observations.

To measure the shape of the dark halo of the Galaxy
reliably dynamically old streams are required, made up of
material lost more than 5 Gyr ago in the case of the Sgr
dwarf. This, of course, implies using stars that trace old
stellar populations. Such older streams will typically have
very low surface brightness, and hence are more difficult
to detect, particularly if the dark halo of our Galaxy is not
spherical.
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