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ABSTRACT

We test whether the structural properties of the nearby dwarf spheroidal (dSph) galaxy Draco, a well-
studiedMilkyWay companion, can be reconciled with the suggestion that dSphs are unbound tidal remnants
with a large depth extent along the line of sight. In order to apply the observational test of this hypothesis,
suggested by Klessen & Zhao, we use public photometric data from the Sloan Digital Sky Survey (SDSS) to
explore the width of Draco’s blue horizontal branch over a range of areas covering 0.06–6.25 deg2 centered
on Draco. The SDSS database is the only currently existing database with sufficient depth and area coverage
to permit a stringent test of the tidal models. Blue horizontal branch stars were chosen as tracers of Draco’s
spatial extent and depth because of their low contamination by Galactic foreground stars and since they have
a spatially more extended distribution than the more centrally concentrated red horizontal branch stars.
Indeed, we show that blue horizontal branch stars extend beyond the previously inferred limiting radii of
Draco, consistent with the observed absence of a truncated stellar surface density profile of this dSph
(Odenkirchen et al.). Following the method of Klessen &Kroupa, we calculate newmodels for a galaxy with-
out dark matter, using Draco’s morphological properties as constraints. The resulting models are unable to
reproduce the narrow observed horizontal branch width of Draco, which stays roughly constant regardless
of the field of view. We conclude that Draco cannot be the remnant of a tidally disrupted satellite but is
probably strongly dark matter–dominated, as suggested independently by the structural analysis conducted
by Odenkirchen et al. and by the kinematic analysis of Kleyna et al.

Subject headings: galaxies: dwarf — galaxies: evolution — galaxies: kinematics and dynamics —
galaxies: structure — Local Group — stellar dynamics

1. INTRODUCTION

Dwarf spheroidal (dSph) galaxies are very unusual astro-
physical objects. Their stellar masses are comparable to
those of massive globular clusters (Harris 1996), but unlike
globular clusters, which are dense and compact, dSphs are
very extended and diffuse assemblies of stars. Their limiting
radii exceed those of globular clusters by factors of several
hundreds (Irwin & Hatzidimitriou 1995) and reach kilopar-
sec scales, while the velocity dispersion of their stars again is
comparable to what is measured in globular clusters. This
makes them unusual in the sense that if dSphs were bound
objects in virial equilibrium, then their gravitational mass as
implied by the velocity dispersion must exceed the luminous
mass observed in stars by 1–2 orders of magnitude. Dwarf
spheroidal galaxies therefore are often claimed to be com-
pletely dominated by invisible dark matter (see, e.g., the
review on that subject byMateo 1997).

The assumption of virial equilibrium, however, may be
challenged since many dSphs orbit massive L*-type galaxies
like our Milky Way and are therefore subject to strong tidal
torques. This influences their internal dynamics and may
bring them on the brink of disruption, as is claimed for the
nearby dSph Ursa Minor (Martı́nez-Delgado et al. 2001) or
even complete dissolution as observed in the case of the
Sagittarius dwarf galaxy (Ibata, Gilmore, & Irwin 1994). It
is therefore a valid approach to hypothesize that many, if

not all, dSph companions of the Milky Way may be the
remnants of tidally disrupted satellites without appreciable
amounts of dark matter.

The ‘‘ tidal scenario ’’ has received considerable attention.
In early studies, Kuhn & Miller (1989) concentrated on the
effects of resonant coupling between orbital and internal
motions, while Kuhn (1993) investigated diffusion in phase
and configuration space of assemblies of stars orbiting
various rigid potentials. Both studies concluded that indeed
tidal effects could mimic the observed large mass-to-light
ratios. The opposite conclusion was derived by Oh, Lin, &
Aarseth (1995), who included the effects of the satellites’ self-
gravity in their studies, and by Piatek & Pryor (1995), who
focused on tidal effects during the satellites’ perigalactic pas-
sage. Further discussion on tidal mass loss can be found in
Helmi & White (1999), Johnston, Sigurdsson, & Hernquist
(1999), and Bekki, Couch, &Drinkwater (2001).

The most detailed models of the long-term evolution of
low-mass satellite galaxies in the tidal field of the Milky
Way have been discussed by Kroupa (1997) and Klessen &
Kroupa (1998), who demonstrated that a remnant contain-
ing a few percent of the initial mass prevails as a long-lived
and distinguishable entity for a period of several billion
years after the initial satellite dissolves. They proposed that
what appears to be a bound dSph galaxy to a terrestrial
observer may in fact be the unbound remnant of a tidally
disrupted satellite galaxy on an eccentric orbit with two tidal
arms extending along a small angle from the line of sight of
a terrestrial observer. This model successfully demonstrates
that high velocity dispersions in dSphs may be obtained
without internal dark matter. It also accounts for the dis-
torted morphology of, e.g., the double-peaked dSph Ursa
Minor (e.g., Kleyna et al. 1998). The tidal model further-
more predicts an appreciable spread in stellar distance
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moduli as the tidal remnant will have considerable depth
along the observer’s line of sight, which is an observatio-
nally testable prediction. Another model prediction is a
radial velocity gradient during most of the evolution after
tidal disintegration. These effects have been studied in detail
by Klessen & Zhao (2002), who suggested using the width of
the horizontal branch (HB) in the color-magnitude diagram
(CMD) as a possible test for the tidal origin of the Galactic
dSphs (see also Klessen &Kroupa 1998).

In our current investigation we apply the HB test to the
nearby dSph galaxy in the constellation of Draco. Our goal
is to construct a tidal model for Draco that complies with all
observational properties of the galaxy known to date. We
will see that this attempt fails, and we thus claim that Draco
cannot be of tidal origin. This implies either that Draco is
strongly dark matter–dominated or, alternatively, that
modifications to the law of gravity are necessary (Milgrom
1983, 1995; see Sanders &McGaugh 2002 for a review). We
focus onDraco, because it is particularly well suited for test-
ing the tidal model. Draco is the only dSph to date for which
high-quality, deep, multicolor CCD imaging exists covering
both Draco and a 7 times larger region than its tidal radius.
Draco is a close satellite galaxy of our Milky Way. Its com-
pact and seemingly undistorted morphological appearance
(Odenkirchen et al. 2001a) as well as its thin HB in the
CMD can be used to define stringent constraints on tidal
models.

Our line of reasoning is as follows. First, in x 2 we discuss
morphological and kinematic properties of Draco. We use
public data from the Sloan Digital Sky Survey (SDSS) (see
York et al. 2000; Gunn et al. 1998; and Stoughton et al.
2002 for more information) to determine the width of the
HB of Draco. In x 3 we attempt to construct an appropriate
model for the tidal origin of Draco. Our finding is that this
is not possible. Finally, in x 4 we summarize and discuss our
results.

2. MORPHOLOGY AND HORIZONTAL-BRANCH
THICKNESS OF THE DRACO DWARF

SPHEROIDAL GALAXY

If dSphs are unbound tidal remnants, then nearby dSphs
provide the best test objects since here we can study the then
expected depth effects with the greatest precision. Draco is a
nearby Milky Way satellite at a distance of only �80 kpc.
With an absolute magnitude of MV ¼ �9:4 mag, a central
surface brightness of lV ¼ 24:4� 0:5 mag arcsec�2, and lack
of detectable gas (MH i < 8000 M�), it is a typical low-
luminosity Local Group dSph (see Grebel 2000 and Grebel,
Gallagher, &Harbeck 2003 for a recent compilation of Local
Group dSph properties). Draco is dominated by metal-poor
stellar populations older than 10 Gyr and possesses a well-
populated HB (e.g., Stetson, McClure, & VandenBerg 1985;
Grillmair et al. 1998; Aparicio, Carrera, &Martı́nez-Delgado
2001). Themetallicity spread observed inDraco (e.g., Carney
& Seitzer 1986; Shetrone, Côté, & Sargent 2001) shows that
its early star formation history was extended and complex,
unlike that of a globular cluster.

2.1. Morphological Properties of Draco

Draco and its surroundings have been mapped in their
entirety with deep, homogeneous five-color photometry by
the SDSS. The SDSS obtains CCD imaging in the pass-

bands u, g, r, i, and z of a contiguous region of less than 104

deg2 centered on the north Galactic cap. The public data
presented here are part of the SDSS Early Data Release
(EDR; Stoughton et al. 2002). The SDSS multicolor photo-
metric database permits one to employ optimized filtering
techniques to enhance the signal of the stellar population
associated with the target of interest versus contaminants
such as foreground stars and to remove background gal-
axies based on shape parameters (see Odenkirchen et al.
2001a, 2001b for details). The SDSS also provides correc-
tions for Galactic foreground extinction using Schlegel,
Finkbeiner, & Davis’s (1998) maps. Odenkirchen et al.
(2001a) carried out a morphological study of Draco based
on these SDSS data covering more than 27 deg2 of
the galaxy itself and its surroundings, extending earlier
photographic work by Irwin & Hatzidimitriou (1995).
Odenkirchen et al. found Draco to exhibit a flattened stellar
surface density distribution with constant ellipticity
(e ¼ 0:29� 0:02, position angle ¼ 88� � 3�). The limiting
radius of Draco is 40>1 along the major axis from an empiri-
cal King profile (King 1962) and 49>5 from a theoretical
King profile (King 1966), which is 41%–75% more extended
than found in the earlier photographic study of Irwin &
Hatzidimitriou (1995). Overdensities consistent with the
presence of extratidal stars were not detected down to a level
of 10�3 of Draco’s central surface density or to a surface
brightness of �33.5 mag arcsec�2. Odenkirchen et al. point
out that Draco’s density profile may be equally well fitted by
a Sérsic profile with an exponent of n ¼ 1:2, since there is no
detectable break in the profile, which may indicate an even
more extended distribution below the current detection
limit. The isopleths of Draco’s stellar surface density are
highly regular, nested ellipses that retain the same position
angle with increasing distance from the dSph’s center. These
properties led Odenkirchen et al. to infer that Draco is
bound and strongly dark matter–dominated.

Aparicio et al. (2001) used B and R CCD photometry
covering 1 deg2, including parts of Draco and some of its
surroundings. They also found a large tidal radius (410) and
no evidence for extratidal stars. Another structural study of
mostly noncontiguous CCD imaging in Draco and sur-
roundings covering a total area of �1.36 deg2 in V and R
was carried out by Piatek et al. (2002) and again confirmed
the lack of extratidal stars. A recent CCD study of the cen-
tral part of Draco (0.17 deg�2; Bellazzini et al. 2002) using
the V and I filters also found the smooth elliptical isopleths
presented by Odenkirchen et al. (2001a). Aparicio et al.
(2001) compared Draco’s CMD to one of the models pro-
posed by Kroupa (1997), RS1-4, according to which Draco
is extended along the line of sight. Using the width of the
HB of Draco, particularly of the red HB, they found an
upper limit of �14 kpc for Draco’s depth extent, which is at
most one-third of the extent predicted by Kroupa’s model.
Aparicio et al. conclude that their upper limit precludes the
explanation of Draco’s velocity dispersion as caused
entirely by projection effects and that dark matter is a more
likely culprit.

Finally, Kleyna et al. (2001, 2002) studied the radial
velocity dispersion of Draco’s red giants as a function of
projected distance out to a distance of �250 from Draco’s
center. From this inner region they infer that Draco has a
gradually rising rotation curve and is embedded in an
extended dark matter halo rather than a halo in which mass
follows light. Kleyna et al.’s (2001) calculations suggest that
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Draco is close to its perigalacticon and that its tidal radius
exceeds 1�.

2.2. The Horizontal Branch of Draco

Taking advantage of the large area coverage afforded by
the SDSS data, we investigate the distribution of HB stars
in Draco and surroundings. As compared to conventional
CCD imaging data, the SDSS data allow us to study the
entire projected area within which models of the kind calcu-
lated by Kroupa (1997), Klessen & Kroupa (1998), and
Klessen & Zhao (2002) and in the current paper predict stars
originating from a disrupted dSph galaxy without dark mat-
ter. Furthermore, the SDSS database allows us to exclude
objects identified as galaxies or as quasars based on their
shape parameters or location in multicolor space (see, e.g.,
Richards et al. 2001; Stoughton et al. 2002).

The red HB of Draco is heavily contaminated by Galactic
foreground stars (Fig. 1), particularly by the metal-weak
Galactic halo main sequence and, to a lesser extent, by
main-sequence stars from the thick disk (Chen et al. 2001).
While we can easily perform statistical field star subtrac-
tions in the color-luminosity range of Draco’s HB, this con-
tamination hampers our ability to determine the width of
the red HB. This problem becomes particularly severe at
larger distances from the center of Draco, where the stellar
density of Draco drops rapidly. We therefore decided not to
include red HB stars in our analysis.

Apart from a well-populated red HB, Draco contains a
sizeable number of RR Lyrae stars, which overlap with the
red HB locus and become, on average, increasingly more
luminous toward bluer colors (e.g., Bellazzini et al. 2002;
their Fig. 6). To avoid uncertainties in luminosity (and
hence width) introduced by RR Lyrae variables, we
excluded their loci from our analysis as well.

This leaves us with the blue HB.While Draco’s blue HB is
sparsely populated in comparison with the red HB, blue
stars generally have the advantage of being easily recogniz-
able even in regions where Galactic field stars dominate oth-
erwise, since Galactic field star contamination is very low at
these blue colors. The field star contribution in the area of
the red HB amounts to 62:2� 5:3 objects per square degree,
while for the blue HB it is only 1:8� 0:9 deg�2. Some of the
latter contaminants may be unidentified quasars at redshifts
between�2 and�3 (e.g., Fan 1999; Richards et al. 2001).

Many dwarf galaxies show population gradients in the
sense that younger populations are more centrally concen-
trated than older ones (see Grebel 1997, 1999, 2001a for
reviews). Gradients may even exist in the old populations of
dwarf galaxies: Harbeck et al. (2001) showed that in dwarf
galaxies blue HB stars often have a spatially more extended
distribution than red HB stars. This ‘‘ second-parameter ’’
variation may be caused by age or metallicity, or both, or
additional factors (e.g., Hurley-Keller, Mateo, & Grebel
1999; Harbeck et al. 2001). In Draco, our analysis of the
SDSS data reveals that Draco’s HB stars follow the same
trend. Beyond galactocentric distances greater than 0=5
(Fig. 2), the contribution of red HB stars decreases: the frac-
tion of blue HB stars (measured as the number of blue HB
stars [BHB] over the sum of BHB and the number of red HB
stars [RHB]) increases from less than 20% in the inner
region of Draco to�90% in its outskirts (Fig. 2). This makes
blue HB stars useful tracers of the spatial extent of Draco.

We choose the SDSS color (g*�i*) to ensure a large color
baseline in two of the most sensitive SDSS filters. (Note that
the superscripted asterisk is conventionally used to indicate
that the photometric calibration of the SDSS EDR data is
not yet final andmay be further refined in later data releases;
see also Stoughton et al. 2002.) The SDSS g filter lies between
Johnson B and V and largely overlaps with these two filters,

Fig. 1.—Color-magnitude diagrams of Draco and surroundings. The magnitudes were dereddened using the extinction maps of Schlegel et al. (1998). The
left-hand panel shows all stars within a region of 0=5� 0=5 centered on Draco, while the right-hand panel contains all stars within a 1=5� 1=5 area. In the left-
hand panel, Draco’s red giant branch, prominent red horizontal branch, and diagonal RR Lyrae strip stand out. Blue horizontal branch candidates fulfilling
our selection criteria (x 2.2) are marked by the larger dots. In the right-hand panel, the increasing contamination by Galactic foreground stars, which overlap
in particular with Draco’s red horizontal branch stars, is obvious. In comparison, the blue horizontal branch locus suffers little contamination.
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while the SDSS i filter is slightly more narrow and a bit
bluer than the Kron-Cousins I filter (see Fig. 1 in Grebel
2001b). Transformation equations between the SDSS filter
system and the conventional Johnson-Cousins system are
given in Fukugita et al. (1996); for the purposes of our study
wewill consider SDSS g* as equivalent to JohnsonV.

All SDSS magnitudes were corrected for Galactic fore-
ground extinction using the appropriate values of Schlegel
et al. (1998), which are provided by the SDSS database. We
show the distribution of Galactic reddening in the region of
Draco and surroundings in Figure 1 of Odenkirchen et al.
(2001a). We assume that there is no internal extinction in
Draco (see, e.g., Gallagher et al. 2003 and references
therein). The resulting dereddened SDSS magnitudes are
denoted g�0 and i�0 . To select blue HB stars, we considered
only objects flagged as stars in the database, which in
addition were required to fulfill the criteria

19:8 mag < g�0 < 20:3 mag

and � 0:35 mag < ðg�0 � i�0 Þ < �0:10 mag ;

19:8 mag < g�0 < 20:7 mag

and � 0:50 mag < ðg�0 � i�0 Þ < �0:35 mag

for the ‘‘ red ’’ part of the blue HB and for the extended blue
HB, respectively (Fig. 1, larger dots). We note that while
extinction properties vary with stellar temperature, these
effects are anticipated to be small within the range of colors
considered here and correspond to an uncertainty of at most
0.01 mag in g�0 [Grebel & Roberts 1995, their Fig. 6, top
left-hand panel; assuming that ðM � T2Þ � ðg�0 � i�0 Þ and
g�0 � M].

We then applied the same procedure as used in Klessen
& Zhao (2002) to calculate the luminosity width of the
HB: we calculated the average over the standard devia-
tions �ðg�0 Þ of stars in ðg�0 � i�0 Þ color bins of a width of
Dðg�0 � i�0 Þ ¼ 0:05 mag for all blue HB star candidates
within certain distances from the center of Draco. The
results are given in Table 1. Column (1) shows the selec-
tion area centered on Draco, column (2) the shows the
average of the standard deviations in g�0 , column (3)
specifies the number of ðg�0 � i�0 Þ color bins, and column
(4) gives the number of blue HB candidates that entered
into the calculations. For comparison, column (5) gives
the HB thickness, �ðVÞ, expected from the best-fit tidal
model (see x 3.5). Table 1 demonstrates that the blue HB
exhibits only a small width in the center of Draco and
that it remains narrow also when larger areas are
considered, while tidal models predict a significant HB
widening. The fractional increase in blue HB star candi-
dates in the outermost annulus (see col. [4]) is consistent
with the numbers expected from field contamination
quoted above.

Fig. 2.—Cumulative radial distribution of blue horizontal branch (BHB;
solid line) stars. The label and numbers of the left-hand side refer to the
number of stars within the radial distanceR from the galaxy center,N(�R),
normalized by the total number of stars, N(total). For comparison, the
dotted line indicates the distribution of Galactic thin-disk stars as a
homogeneously distributed, control field population unrelated to Draco
(see Chen et al. 2001 for details). Open circles indicate the fraction of BHB
stars with respect to the total number of horizontal branch stars [BHB/
(BHBþRHB)]. The fraction of BHB stars increases with increasing pro-
jected angular distance from the center of Draco. The inner three open
circles sample the BHB fraction within 1, 2, and 3 core radii, whereas the
outermost bin combines three bins of this size for improved number
statistics. The bin width is indicated by the horizontal bars. The vertical
bars show the uncertainty of [BHB/(BHBþRHB)]. The BHB stars can be
traced out to at least the limiting radius of Draco inferred from using King
(1966) models (Odenkirchen et al. 2001a). Draco’s BHB stars show a more
extended distribution than the more centrally concentrated red horizontal
branch stars. This kind of population gradient among old stars is a fairly
common feature in dwarf spheroidal galaxies (see Harbeck et al. 2001) and
underlines the suitability of blue horizontal branch stars as tracers of the
spatial extent of dwarf galaxies.

TABLE 1

Blue Horizontal BranchWidth of Draco

Area

(deg)

(1)

hDg�0 iHB

(mag)

(2)

Number

of Bins

(3)

Number

of Stars

(4)

Predicted hDViHB
a

(mag)

(5)

Acceptance

Levelb

(6)

0.25� 0.25 .............. 0.12 5 17 0.125� 0.023 48.0

0.50� 0.50 .............. 0.13 8 35 0.138� 0.023 53.8

1.00� 1.00 .............. 0.13 8 48 0.162� 0.020 81.8

1.50� 1.50 .............. 0.14 8 56 0.185� 0.018 91.5

2.00� 2.00 .............. 0.13 8 60 0.207� 0.017 99.3

2.50� 2.50 .............. 0.14 8 63 0.225� 0.016 99.5

a Predicted averageHBwidth hDViHB for the best-fit tidal model 4 obtained from bootstrapping.
b Percentage of bootstrapping attempts that delivered hDViHB in excess of the observed value in

col. (2).
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3. A TIDAL MODEL FOR THE DRACO?

With regard to its morphology and structure, Draco is
one of the best-studied dSph satellite galaxies of the Milky
Way. Its compact and seemingly undistorted morphological
appearance, together with a well-defined, thin HB in the
CMDs, sets severe constraints on tidal models. In this sec-
tion we investigate whether it is possible to construct a tidal
model for Draco that is able to reproduce all observed mor-
phological, kinematic, and photometric properties of this
satellite galaxy.

3.1. The Numerical Method

In order to construct and constrain a tidal model for the
Draco dSph galaxy, we follow the evolution and disintegra-
tion of various satellite dwarf galaxies in the tidal field of
our Galaxy until well after they have completely dissolved.
The considered model galaxies vary in mass and size, but all
follow an initial Plummer-type equilibrium density profile
with parameters as summarized in Table 2. The satellites are
placed on nearly radial orbits with eccentricity � ¼ 0:9 and

peri- and apogalactic distances 100 and 5 kpc, respectively
(see Fig. 3). The model galaxies have a fixed mass-to-light
ratioM=L ¼ 3, and there is no dark matter component. The
Milky Way, however, does contain dark matter. It domi-
nates the gravitational potential at large scales and is
described as an isothermal sphere with circular velocity of
220 km s�1 and a core radius of 5 kpc.

Each satellite galaxy consists of 131,072 particles, and
their time evolution in the Galactic tidal field is followed

TABLE 2

Initial Properties of the Model

Satellite Galaxies

Model

rc
(kpc)

rt
(kpc)

M

(M�)

1....................... 0.3 1.5 107

2....................... 0.1 0.5 106

3....................... 0.05 0.5 106

4....................... 0.02 0.2 106

Fig. 3.—Effect of projection on morphological appearance. The left-hand side shows the distribution of stars in Model 1 in the tidal field of the Milky Way
seen at t ¼ 4:5 Gyr, i.e., about 2 Gyr after the complete disruption of the satellite galaxy. The galaxy has dissolved into extended tidal tails on each side of the
maximum of the stellar density tracing the location of the former core of the satellite (dotted circle). The trajectory of the satellite is indicated by the dotted line
where the arrows indicate its location in intervals of Dt ¼ 0:5 Gyr. The orbital eccentricity is � ¼ 0:9, and the satellite starts at t ¼ 0 Gyr at the right at a
galactocentric distance dgal ¼ 100 kpc with velocity v ¼ 25 km s�1 in azimuthal direction. The axes indicate a galactocentric coordinate system with units in
kpc. The location of the hypothetical terrestrial observer at dgal ¼ 8:5 kpc is indicated by the black dot on the vertical axis. The viewing angle h under with the
tidal satellite is seen from this position is almost zero. This leads to very compact morphological appearance of the system when projected onto the observers
plane of the sky and a large depth along the line of sight leading to considerable widening of the distribution of stars on the horizontal branch in the color-
magnitude diagram. Three other positions for observing the satellite are indicated by open dots along the vertical axis, corresponding to � 	 15�, 30�, and 45�.
The right-hand side of the figure illustrates how the tidal debris appears on the sky of the hypothetical observer for the four projection angles. The first column
depicts the surface density distribution of particles. The contour lines are linearly spaced in intervals of 10% of the central value. The dashed contour indicates
the 1% level. The second column shows the azimuthally averaged radial number density profile �. The arrow gives the distance at which � has dropped by 2
orders of magnitude. The third column depicts the resulting distribution of stars in the color-magnitude diagram (using the globular cluster M3 as template;
see Klessen & Zhao 2002). The lines indicate the resulting horizontal branch thickness as determined from the full 5� � 5� field (outer pair) and the central
0=5� 0=5 (inner pair); see x 3.5 for further details. Note that model 1 is selected for illustration purposes, it is not an adequate model for Draco.
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numerically solving the equations of motion using a stan-
dard TREECODE scheme (Barnes & Hut 1986). The
Galactic tidal field hereby is treated as rigid external poten-
tial. Further details of the computational scheme are given
in Klessen &Kroupa (1998).

3.2. The Effect of Projection onMorphology

The first constraints on tidal models for Draco can be
derived from the very compact observed morphological
appearance of the dwarf galaxy and the lack of ‘‘ extratidal ’’
stars. The radial profile of stellar density of Draco is well
described by King models (King 1962, 1966) or generalized
exponentials (e.g., Sérsic 1968) with core radii of rc 	 80 and
limiting radii rt in the range 400–500 (Odenkirchen et al.
2001a; Aparicio et al. 2001). Adopting a distance to Draco
of d ¼ 80 kpc, this corresponds to a total radius of the gal-
axy of about 1 kpc. Note that the available observational
data do not imply that a clear outer ‘‘ edge ’’ in the galaxy
has been detected (x 2.1). The only firm statement that can
be made is that the stellar density drops to less than 1% of its
central value within rtd500, where the galaxy blends into
the distribution of foreground stars.

The angular size of Draco is very small compared to typi-
cal values reported from numerical simulations. The tidal
models published to date predict limiting radii considerably
in excess of 1� when the satellite galaxy is projected onto the
plane of the sky of an hypothetical observer on Earth after
its complete dissolution, i.e., in the phase when it clearly
bears morphological and kinematic resemblance to Galactic
dSphs (e.g., Fig. 2 of Klessen & Zhao 2002; see also Kroupa
1997; Klessen & Kroupa 1998). Furthermore, these model
dSphs often appear quite elongated along the orbital trajec-
tory and have no clear truncation radius, i.e., exhibit a large
number of extratidal stars. The fact that Draco is compact
(i.e., the surface density decreases by 2 orders of magnitude
within rtd500) and not very elongated (with a ratio between
minor and major axis of �0.7) therefore strongly restricts
the overall parameter space for tidal models.

Let us first consider the effect of the orbital parameters of
tidal satellite galaxies on their morphological appearance
for observers on Earth. As a dwarf galaxy orbits around the
Milky Way, it loses stars, which subsequently populate two
extended tidal tails. After complete disruption the location
of the former satellite is still discernible for 1–2 Gyr as an
enhancement of stellar density, moving along the orbital
trajectory in between the leading and trailing tidal arm. This
remnant slowly expands and decreases in density as its stars
drift apart and populate the tidal arms. If the satellite is on a
relatively circular orbit, a terrestrial observer (being much
closer to the Galactic center) would see the resulting elon-
gated structure of the tidal debris from the ‘‘ side ’’ and
would recognize a low-density feature that stretches over
many degrees on the plane of the sky along the orbital path,
bearing little resemblance to real dSph galaxies. In addition,
it would be difficult to see and distinguish this feature at all,
as it is likely to blend into the distribution of Galactic fore-
ground stars. In this case only an extensive search for kine-
matic signatures of tidal streamers can reveal its true nature
(see, e.g., Majewski et al. 2000; Helmi & Tim de Zeeuw
2000; Dohm-Palmer et al. 2001; Helmi, White, & Springel
2002; Kundu et al. 2000; Newberg et al. 2002). On the other
hand, if the satellite was originally on a very eccentric orbit
(as the model galaxies discussed here), it is likely that the

viewing angle between the orbital trajectory and the line of
sight of an observer on Earth is very small. The tidal debris
is then seen along the major axis and subsequently covers a
much smaller projected area on the observer’s plane of the
sky, with morphological and kinematic features now similar
to observed dSph galaxies (Kroupa 1997; Klessen &
Kroupa 1998). This ‘‘ piling up ’’ of stars along the line of
sight makes the tidal remnant easier to detect against the
Galactic foreground stars and leads to a large dispersion of
stellar distance moduli, which in turn results in a widening
of the distribution of stars in the CMD along the luminosity
axis. This widening can be particularly well measured using
HB stars and has been suggested as a possible observational
test for the tidal models (Klessen & Zhao 2002).

Figure 3 illustrates the effect of the orbital eccentricity �
on the projected morphological appearance. Instead of
observing satellite galaxies on different orbits (from the
same position at dgal ¼ 8:5 kpc), we equivalently select a
model with � ¼ 0:9 and vary the location of the observer,
such that the line of sight covers a range of viewing angles
0�d� � 45� with the orbital trajectory (and hence the major
axis of the tidal debris). The right-hand side of Figure 3
shows that tidal models are able to reproduce a compact
and roundish morphological appearance with azimuthally
averaged radial stellar density profiles only for eccentricities
that allow for �d5�. These profiles can be fitted by King
models or generalized exponential models and exhibit a lack
of significant numbers of extratidal stars. This limits the
parameter space for tidal models of Draco to high orbital
eccentricities. If Draco currently were near its perigalacti-
con, as indeed suggested by Kleyna et al. (2001), then tidal
models could immediately be excluded. Note that small
viewing angles favor projections where the major axis is per-
pendicular to the orbital trajectory, leading to line-of-sight
velocity gradients that run primarily along the minor axis
(although connected to very large dispersions; see x 3.4).
This is in contrast to angles � > 10�, where the elongation
always lies along the orbital path (similar to the line-of-sight
velocity gradient).

3.3. Small Angular Size and the Timescale
for Tidal Disintegration

We selected model 1 for illustration in Figure 3, because it
is the largest satellite in our suite of models and it is the one
most easily disrupted. Note that in the initial bound state, it
is already too extended to describe Draco at a distance of 80
kpc. It is therefore necessary to study the tidal evolution and
observational appearance of satellite galaxies of smaller
sizes, to see whether it is possible to find a model that better
resembles the observational data. Galaxies 2–4 are less mas-
sive than model 1 by a factor of 10 (106 instead of 107 M�)
and are increasingly more compact ranging in their initial
stage in size from rt ¼ 0:5 to rt ¼ 0:2 kpc with core radii
from rc ¼ 0:1 down to rc ¼ 0:02 kpc, respectively (see Table
2). Model 4 is therefore quite comparable to a massive glob-
ular cluster (Harris 1996). The time evolution of the Lagran-
gian radii encompassing 10%, 20%, etc., of the mass is
shown in Figure 4 as the satellite galaxies orbit around the
Milky Way. Models 1 and 2 dissolve after t 	 2:8 Gyr dur-
ing their third perigalactic passage. Model 3 needs five
(t 	 5:2 Gyr) and model 4 seven passages (t 	 7:5 Gyr) to
completely dissolve in the Galactic tidal field. Satellite gal-
axies of the same mass that are initially more compact
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would not fully dissolve over the lifetime of the Galaxy on
the orbit considered here. Similar characteristics hold for
satellites that are more massive but have a size comparable
to model 4. This limits the available parameter space of
initial satellite properties (M, rc, and rt) and motivates our
choices in Table 2.

Within the allowed parameter range smaller initial satel-
lites lead to more compact morphological appearance of the
tidal remnant after complete dissolution. In our set of four
satellite galaxies, only model 4 is able to reproduce the fact
that the stellar surface density of Draco falls off to less than
1% within d1�. Figure 5 illustrates this point by showing
the image of the satellites as seen on Earth after complete
disruption at the time when they first reach distances to the
observer of d 	 80 kpc. The upper panel shows the pro-
jected number density � of N-body particles per square
degree on the sky; the lower panel shows the resulting azi-
muthally averaged radial profile. The conversion of � into
the corresponding stellar number density �* depends on the
number of particles used in the simulation, the mass of the
galaxy, and assumptions about the initial mass function
(IMF). A prediction of the observed surface density of stars
(e.g., for comparing with star count results) furthermore
depends on the sensitivity limit of the instrument used and
the crowding (number density) of foreground stars, which

gives a constant offset. For instance, the number density of
particles in the central region of model 4 is � 	 1:7� 105

deg�2. As the number of particles is 131,072 and the total
mass is 106 M�, each particle carries�7.6M�. We assume a
standard IMF as proposed by Kroupa (2002) with average
stellar mass hMi ¼ 0:38 M� and where stars with M 
 1
M� contribute roughly 50% of the mass but only 6% in
number. If we furthermore assume a detection limit of 1
M�, then each N-body particle represents about 1.2 stars
lying above the detection threshold, �� ¼ 1:2�. For the
very inner region of Draco, model 4 thus predicts star
counts of order 105 deg�2. This is consistent with the
observed values (Irwin &Hatzidimitriou 1995; Odenkirchen
et al. 2001a; Aparicio et al. 2001).

3.4. Rapid Expansion after Complete Tidal Dissolution

The results of the previous section confirm that it is possi-
ble to construct tidal models that resemble the morphology
of the Draco dSph galaxy at least immediately after their
complete disruption. However, how long does this period of
time last? This question is addressed in Figure 6, which
shows the projected surface density of model 4 during vari-
ous phases of its dynamical evolution under the condition
that the galaxy lies at a distance of roughly 80 kpc to an

Fig. 4.—Lagrangian radii as function of time. The figure shows the radii (left axis) containing 10%, 20%, . . ., 90% of the mass as the satellite galaxy dissolves
in the tidal field of theMilkyWay. The corresponding galactocentric distances are indicated by dotted lines (right axis), and the perigalactic passage that leads
to complete dissolution is indicated by triangles.
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observer on Earth. The figure depicts all such instances in
the time interval t > 5 Gyr until the end of the simulation at
t ¼ 11:5 Gyr. Earlier times exhibit no substantial evolution
in the projected stellar density distribution and only two
snapshots are shown. Note that the satellite completely dis-
solves during the seventh perigalactic passage at t 	 7:5
Gyr. The figure illustrates how the tightly bound satellite
galaxy evolves into unbound debris in the tidal field of the
Galaxy and how this tidal stripping process influences the
observable structure. Note the variation of morphological
parameters (e.g., in the axis ratios, the position of the major
axis, or the ‘‘ smoothness ’’ of the particle distribution)
among the six snapshots with t > 7:5 Gyr. Note also that
only the first two snapshots after complete disintegration
are compact enough to describe Draco. At later times the
surface density does not drop below 1% of its central value
within radii of �2=5, largely exceeding the limiting radius of
Draco rtd500. Figure 6 therefore indicates that the time
interval during which tidal models are able to reproduce
properties of Draco is quite limited (to about 1 Gyr). This
implies that we would observe the dSph galaxy at a very spe-
cial instance in time (namely, right after its tidal disruption)
if the tidal models were correct. This result is further sup-
ported by the time evolution of the line-of-sight velocity dis-
persion �LOS, as indicated in Figure 7. For model 4, �LOS

lies within the observed margin 8 km s�1 < �LOSd10
km s�1 only for a period of about 1 Gyr following the com-
plete disruption. At earlier times �LOS is smaller, and at later
times it is larger. Similar timescales hold for the other
models.

3.5. Horizontal Branch Thickness

As discussed above, the compactness of Draco at a dis-
tance of 80 kpc, the shape of its radial surface density distri-
bution and the measured value of its line-of-sight velocity
dispersion severely limit the available parameter space for

tidal models and make their applicability to Draco very
unlikely. To fully exclude a tidal model for Draco, one needs
to consider its HB. As discussed in x 2.2, the HB of stars in
the CMD is remarkably thin with hDg�0 iHB 	 0:13 mag, and
it shows very little variation with extent of the region con-
sidered. Values range from hDg�0 iHB 	 0:12 mag for stars
within a radius of 0=25 around the center of Draco to
hDg�0 iHBd0:14 mag when considering all HB stars within
2=5� 2=5. The best-fit tidal model exhibits comparable val-
ues only in the innermost region. When considering larger
areas, it shows a HB thickness significantly larger than
observed. It is a general property of tidal models to predict a
strong correlation between the HB thickness and the angu-
lar size of the considered field. This is in sharp contrast to
the observational data of Draco, which reveal no significant
variation of HB thickness with area. As illustration,
Figure 8 shows the CMD obtained for fields of different
sizes from model 4 at time t ¼ 7:6 Gyr when it reaches a dis-
tance of 80 kpc for the first time after complete disruption.
The corresponding stellar density distribution can be seen in
the last column of Figure 5. The synthetic CMDs are
obtained using the method described by Klessen & Zhao
(2002) with the globular cluster M3 as template, and with
hDViHB computed as in x 2.2. M3 has metallicities similar to
Draco and has a very thin HB with hDViHBd0:08 mag.
Hence, any significant HB widening apparent in Figure 8
stems from stellar distance moduli variations in the pro-
jected tidal debris. The larger the considered area, the larger
is the derivedHB thickness. Stars that are farther away from
the projected center of density are likely to be farther down-
stream or upstream along the tidal arms. The inclusion of
those stars into the analysis leads to a larger range of dis-
tance moduli and subsequently to a widening of the lumi-
nosity distribution in the CMD. This is summarized in
Figure 9, which shows the time evolution of the HB thick-
ness for all four models for four different field sizes each.

Fig. 5.—Images of the model galaxies shortly after complete disruption. The upper panel shows the surface density of the model galaxies shortly after their
perigalactic passage that fully disrupts them, at a time when they reach again a distance to the observer of d 	 80 kpc. Continuous contours are overlaid onto
the projected distribution of N-body particles (gray dots). The contour spacing is linear in steps of 10% of the central value. The dashed line indicates the 1%
level. The lower panel depicts the corresponding azimuthally averaged radial profile.� is defined as the number density ofN-body particles per square degree.
The conversion into stellar surface density is discussed in the text.
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To test the statistical significance of our result we need
to address two questions. First, how does the HB
thickness of the best-fit tidal model vary within the
evolutionary window allowed from morphological and
kinematic considerations? Second, what is the effect of
the small sampling size in the observations—the HB
thickness for the innermost region of Draco is obtained
from only 17 BHB stars? In the previous section we have
demonstrated that the line-of-sight velocity dispersion in
the best-fit tidal model lies within the observed margins
only for a period of about 1 Gyr after complete disrup-
tion. Furthermore, Draco is at a distance of �80 kpc.
Inspection of the satellite trajectories in Figure 4 reveals
that model 4 complies with both requirements only twice,
at t ¼ 7:6 Gyr and at t ¼ 8:2 Gyr. When we allow for a

distance uncertainty of Draco of 5%, which corresponds
in the models to a time span of roughly 50 Myr, and
compare the HB morphology within and between these
two intervals, we see that the variations are very small.
This enables us to derive a well-defined and meaningful
average HB thickness. The second question can be ad-
dressed by bootstrapping. From the large number of HB
stars in the model we randomly select a small subset cor-
responding in number to the observed sample (e.g., 17
for the innermost 0=25� 0=25) and compute the resulting
HB width. We repeat the procedure 10,000 times for each
field size. The resulting HB thickness hDViHB, together
with its standard deviation averaged over all bootstrap-
ping attempts and averaged over all allowed snapshots
of model 4, is listed in column (5) of Table 1 for direct

Fig. 6.—Morphological appearance of model 4 as function of time. The figure describes the projected particle distribution (upper panels) and radial surface
density profile (lower panels) at times when the distance between observer and the density center of the satellite galaxy reaches d 	 80 kpc. All such instances
are shown after the satellite completely dissolves in the perigalactic passage at t 	 7:5 Gyr. At earlier times, the satellite exhibits no substantial signs of
evolution in projection and we show only two snapshots, one immediately after the start of the calculation, t ¼ 0:3, and the other before complete disruption,
t ¼ 7:0.
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comparison with the observations. The statistical error
decreases slightly with increasing field size because of the
increasing number of stars considered in the subsamples
(col. [4]). Column (6) in Table 1 indicates in addition the
percentage of the bootstrapping attempts that delivered
hDViHB values in excess of the observations. This number

increases from �50% in the inner 0=25� 0=25 to about
100% in the full field and gives a clear indication that we
must consider wide-field data to arrive at statistically
sound statements about the nature of dSph galaxies. It
should be noted that the results still hold, even if no
assumption about the intrinsic HB morphology are made,

Fig. 7.—Time evolution of the line-of-sight velocity dispersion �LOS. For all four model galaxies, �LOS vs. t is calculated for three different observational
field sizes (gray area, units on the left axis). Before complete tidal disruption, the measured velocity dispersion is lowest when considering only a small central
field, as �LOS is dominated by the stars in remaining bound core. With increasing field size also unbound stars in the tidal tails begin to contribute and �LOS

increases. At about 1 Gyr after disruption as the system becomes sufficiently dispersed, the influence of the central remnant vanishes and the variation of �LOS

obtained from different field sizes becomes negligible. To see the relation between the observable �LOS and the galactocentric distance, dgal is indicated by the
dotted lines (right axis). The perigalactic passage that leads to complete dissolution is indicated by triangles.

Fig. 8.—Influence of the field size on the horizontal branch thickness. The figure shows the color-magnitude diagram of model 4 at t ¼ 7:6 Gyr using the
globular cluster M3 as template for field sizes ranging from 0=25� 0=25 to 2=5� 2=5 centered on the maximum of the surface density of stars. The horizontal
branch thickness hDViHB is defined as the average value of the standard deviation of V for horizontal branch stars determined from bins of width
DðB�VÞ ¼ 0:05mag in the range�0.15mag � ðB�VÞ � 0:5mag (see x 2.2).
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i.e., even if we assume an intrinsic HB width of zero,
hDViHB in the outer regions would be significantly in
excess of the observed values.

In summary, Draco has a remarkably thin blue HB that
shows no signs of variation with radius. Tidal models, how-
ever, predict a strong increase of HB thickness with consid-
ered field size. While in the central regions, the HB width in
the best-fit tidal model still only marginally exceeds the
values observed in Draco, this excess is highly significant at
larger radii. The large area coverage offered by SDSS is
needed to derive this result, and taking all together, we feel
safe in concluding that even best-fit tidal models that are
able to reproduce the morphological parameters of Draco
cannot correctly predict its HB properties.

4. SUMMARY: THE FAILURE OF THE TIDAL
MODEL FOR DRACO

The dSph galaxies in the vicinity of the Milky Way are
either strongly dark matter–dominated or the remnants of
tidally disrupted satellite galaxies that are seen today by ter-
restrial observers at certain highly favorable viewing angles.
This is inferred from the observed stellar velocity disper-
sions, which are large with respect to the luminous mass of
the galaxy. A possible third alternative is a modification to
Newton’s law of gravity (Sanders &McGaugh 2002).

It was our attempt in this paper to construct an appropri-
ate tidal model for the Draco dSph galaxy. Draco is particu-
larly useful for testing tidal models, because it is one of the
best-studied satellite galaxies of the Milky Way, and its
compact and seemingly undistorted morphological appear-
ance, as well as its thin HB in the CMD, sets tight con-
straints on tidal models. Our effort to find a model for
Draco that is able to reproduce all properties of the galaxy
known to date failed.

Our line of reasoning is the following. First, we consider
the apparent lack of extratidal stars in the vicinity of Draco
to constrain the orbital trajectory of the progenitor satellite
galaxy. Indeed, tidal models without a noticeable number of
extratidal stars are possible if the viewing angle to the galaxy
is close to a tangent to the orbital trajectory (see Fig. 3),
which requires that the satellites follow very eccentric orbits.
Second, the observed compactness of Draco can be repro-
duced if the satellite galaxy itself initially is small and com-
pact. However, this galaxy cannot be too compact,
otherwise it will not be disrupted in the tidal field of the
Milky Way over a Hubble time. Third, rapid expansion of
the tidal debris after complete disruption limits the period
during which the tidal models resemble Draco to about 1
Gyr. A similar time span can be derived from looking at the
line-of-sight velocity dispersion. Together, these morpho-
logical and kinematic constraints severely limit the available

Fig. 9.—Horizontal branch thickness as function of time. Formodels 1–4 the figure shows hDViHB vs. t calculated for four different field sizes (gray area, left
axis). The galactocentric distance dgal at the corresponding times is indicated by the dotted lines (right axis). As already indicated in Fig. 8, larger field sizes lead
to larger horizontal branch thickness. The perigalactic passage that leads to complete dissolution is indicated by triangles.
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parameter space for tidal models, but they do not render
them completely implausible. Finally, large field-of-view
photometric data from the SDSS can be used to fully
exclude tidal models for Draco on the basis of its HB thick-
ness. The observed small variations in the position of stars
in the CMD of Draco are inconsistent with the predicted
wide distribution in the tidal model due to distance modulus
variations along the line of sight. These models furthermore
exhibit a strong increase of HB thickness with increasing
field size, while Draco exhibits no such variation.

In summary, we conclude that Draco cannot be the rem-
nant a tidally disrupted satellite galaxy. Instead, it most
likely is strongly dark matter–dominated, as predicted by
standard cosmological scenarios and, increasingly, by
observational evidence such as structural studies (e.g.,
Odenkirchen et al. 2001a) and the radial dependence of the
velocity dispersion (see Kleyna et al. 2001, 2002).
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