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Last Decade: Theory

• Cosmological N-body simulations reach 
below Galactic scales

• Predictions: (i) hierarchy of merging dark 
matter halos

Age of Universe



Last Decade: Theory

• Predictions: (ii) substructure

Eggen, Lynden-Bell & Sandage (1962)
Searle & Zinn (1978); 

Toomre (1977)

“Via Lactea”
Top-down

Bottom-up

Latest simulations resolve close to 100,000 individual 
self-bound dark matter clumps within the Milky Way’s 

virial volume



kpc

Bullock & Johnston (2005)

Predictions (cont.): (iii) Hierarchical merging should lead to 
relics - stellar streams

1 kpc = 3 x 10^19 m



Is “missing satellites problem” an 
observational one? Last Decade: 

Observations

SDSS:
All sky 
survey

Belokurov et al. 2006



Last Decade: 
Observations - 

streams 
discovered

near the solar circle: because no distance scaling problem
can move stars on the celestial sphere, that material is seen to
either side of !! ¼ 256# (the direction closest to the north
Galactic pole) points to the likelihood of Sgr material falling
to either side of the solar circle.

6.4. The Sagittarius Leading ArmNear the
Solar Neighborhood

In x 5.2 it has been found that the Sun lies within a kilo-
parsec of the Sgr orbital plane, a distance well within the
width of the Sgr tidal debris stream; thus the actual proxim-
ity of Sgr debris to us depends on the length of the leading
arm and where it crosses the Galactic plane on this side of
the Galactic center if it is long enough to do so. For a variety
of reasons, whether and where the northern tidal arm
crosses the Galactic plane toward the southern hemisphere
must still be considered uncertain, because the stars that
look to be nearby parts of the leading arm in Figures 8–11
might also be contributions of M giants from the Galactic
intermediate Population II/thick disk, bulge, or inner halo,
or might even be other substructure. The following sum-
mary points suggest the plausibility of Sgr debris near the
Sun, but further work is needed to confirm this scenario:
1. In the fit to the Sgr plane in x 5, we obtained an rms

residual of nearly 2 kpc. While there is a $20% distance
smearing imposed from the intrinsic spread about the

adopted color-magnitude relation, it is clear that Sgr debris
girdles the Sgr orbital midplane with a total width of 4–8
kpc or more. This is supported by the fact that the southern
arc (at a distance of about 20 kpc) is 10#–20# or more wide
on the sky (e.g., Figs. 3, 7d, and 12). Simplistically assuming
a cross-section for the tidal arms not too far from circular in
shape would then yield a depth of the Sgr arms within the
orbital plane (e.g., that projection shown in Fig. 11) of
about the same order of magnitude. Thus, should the lead-
ing stream be long enough to reach the Galactic plane on
this side of the Galactic center, and should it do so within
several kiloparsecs from the Sun, then Sgr debris will pass
through the solar neighborhood.
2. Although previous models (e.g., Ibata et al. 2001b; see,

e.g., their Fig. 3) derive an orbit for Sgr similar to that traced
by the rosette of debris seen here and predict current passage
of leading-arm debris through the Galactic plane at a mean
distance of $4 kpc outside the solar circle, our own best-fit-
ting models to the present data set (Law et al. 2003) obtain a
passage of the center of the leading Sgr within two kilopar-
secs of the Sun.
3. Figures 10 and 11 show the presence of 15–30 kpc dis-

tant M giants stretching from !! ¼ 225# to 280# or more.
An even wider angular distribution at closer distances sug-
gests the passage of leading-arm material both exterior and
interior to the solar circle at these distances (the NGP is near
!! ¼ 256#). Unfortunately, increased confusion between
Sgr debris and disk, intermediate Population II/thick disk,
inner halo, and bulge M giants in the inner Galaxy means
that the exact disposition of the nearby Sgr debris requires
spectroscopic weeding ofMilkyWay contaminants.
4. The tidal debris model shown by Ibata et al. (2001b,

their Fig. 3) shows a southern extension of the downward
moving northern debris that passes not only through the
Galactic plane, but also through the trailing debris arm and
to larger distances. Such a feature may be the origin of the
slight excess of more distant stars (with 11:5 < Ks < 13) in
the predicted longitude range (!! $ 15# 65#). The lower
right quadrant of Figure 14c (presented below), which
matches the overall appearance of the Ibata et al. model,
shows this apparent excess of more distant stars more
clearly.

Radial velocities of both very bright and faint M-giant
stars in each hemisphere would be particular useful for
checking whether the above features are consistent with a
vertical flow of Sgr stars through the nearby Galactic plane
and onward, past the trailing debris arm. We discuss recent
spectroscopic observations bearing on these subjects in
another contribution.

6.5. Density Variation Along the Tidal Arms

Both the length of and density variation along the tidal
debris arms of a disrupting satellite system are a function of
the duration, strength, and overall nature of the interaction
with the Milky Way (Johnston 1998). Figure 12 is an
attempt to unwrap the Sgr tidal material into a ribbon
around the sky to illustrate surface density variations in the
Sgr tidal arms on the plane of the sky. The top panel shows
the ribbon in celestial coordinates. Only stars lying within 7
kpc of the best-fit plane to the Sgr debris are shown. A less
distorted projection is one in a Sgr coordinate system (Fig.
12, bottom). In our analysis of density variation with posi-
tion we concentrate on the morphologically simpler, trailing

Fig. 11.—Similar to Fig. 9, but the radial dimension now shows
distances from theGalactic center derived from the photometric parallaxes,
and the plane shown is the best-fit plane from x 5.2 (the plane shown is
slightly tilted from a traditional [XGC, ZGC] projection; see Table 2). The
center of the coordinate system is actually given by ðXGC;YGC;ZGCÞ ¼
ð'8:51; '0:21; '0:05Þ kpc, and the Sun lies near ðXSgr;GC;YSgr;GCÞ ¼
ð'8:5; 0Þ kpc (see x 5.2). The stellar sample is the same as that shown in the
lower panel of Fig. 10. The nominal direction of motion of the main body
of Sgr is shown by the angled line projecting from the Sgr center. The Sgr
proper motion and radial velocity are from Ibata et al. (1997). The continu-
ity of the northern arm and southern arc, and their association with the Sgr
center, is evident in this projection, despite obscuration by the Galactic
disk. The depth of Sgr features in this plot are artificially broadened by
!d=d $ 0:2 uncertainties along the line of sight from the Sun (see x 5.2).
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Fig. 1.—Spatial density of SDSS stars with around the north Galactic cap in equatorial coordinates, binned . The color plot is an RGBg! r ! 0.4 0!.5# 0!.5
composite with blue for the most nearby stars with , green for stars with , and red for the most distant stars with20.0 ! r ≤ 20.66 20.66 ! r ≤ 21.33 21.33 ! r ≤

. Note the bifurcation in the stream starting at . Further structure that is visible includes the Monoceros Ring at and a new thin stream at22.0 a ≈ 180! a ≈ 120!
and . The color bar shows a palette of 50 representative colors labeled according to the stellar density (in units of 100 stars per150! ! a ! 160! 0! ! d ! 30!

square degree) in each of the red, green, and blue components. The displayed density ranges are 102–330 (red), 107–304 (green), and 98–267 (blue).

Fig. 2.—Panoramic view of the Sgr stream, obtained by combining the 2MASS M giants of Majewski et al. (2003) with the SDSS stars. Marked on the figure
are branches A and B of the stream, together with some of the (possibly associated) globular clusters. Shown in red and black are the on-stream fields used in
the analysis of § 3 (see main text).

Galactic pole; in what follows, we refer to the lower declination
branch as branch A and the higher declination as branch B.
Majewski et al. (2003) traced the northern stream of the Sgr

for right ascensions a between 270! and 190!. For ,a ! 190!
Majewski et al. (2003) did not see a clear continuation of the
stream. The combination of the M giants of Majewski et al.
(2003), together with the SDSS stars in Figure 2, shows for the
first time the entirety of the stream, including its continuation
through the Galactic cap and into the Galactic plane. Figure 2
also shows the locations of a number of globular clusters, some
of which are known to be associated with the Sgr stream. For
example, Bellazzini et al. (2003) used 2MASS data to conclude
that NGC 4147 was physically immersed in the stream.
Figure 1 displays such a remarkable wealth of Galactic sub-

structure that it might appropriately be called the “Field of
Streams.” Among the most visible of these is the whitish-blue
colored, and hence relatively nearby, stellar overdensity cen-
tered at ( , ), analyzed by Jurić et al. (2005) anda ≈ 185! d ≈ 0!
named the “Virgo Overdensity”; this is perhaps the same struc-
ture as the nearby 2MASS “Northern Fluff” (Majewski et al.
2003). Parts of the Monoceros Ring (Newberg et al. 2002) are
visible as the blue-colored structure at . Figure 3, ana ≈ 120!

RGB composite image of the SDSS stars in Galactic coordi-
nates (l, b), also shows the arc-like structures of the Monoceros
Ring, as predicted by the simulations of Peñarrubia et al.
(2005). Two of the globular clusters with tidal tails previously
identified in SDSS data—namely, Pal 5 (Odenkirchen et al.
2001) and NGC 5466 (Belokurov et al. 2006)—can be dis-
cerned in the figures, together with their streams. Finally, a
new stream is shown clearly, running from toa, d ≈ 160!, 0!

( and in Fig. 3). It isa, d ≈ 140!, 50! b ≈ 50! 180! ! l ! 230!
distinct from the Sgr stream, which it crosses; we discuss its
progenitor in a future contribution (V. Belokurov et al. 2006,
in preparation).

3. TOMOGRAPHY OF THE SAGITTARIUS STREAM

To analyze the three-dimensional structure of the stream, we
set up a series of fields along branches A and B, shown6! # 6!
as red (for A) and black (for B) squares in Figure 2. The first
three A fields actually probe both the A and B branches, which
are merging at these locations. The coordinates of the field
centers are listed in Table 1. For each on-stream field, there is
a companion off-stream field of size , which has the15! # 15!

Majewski et al. (2003)2MASS:

SDSS: Belokurov et al. (2006)
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•  M >> Msat: Eorb >> Etid >> Ebin

Why stellar streams are particularly interesting:

1) Good probes of the phase space structure of dark matter:
“lumpiness”  (e.g. Kesden & Kamionkowski 2006)



2) Shape: streams allow us to make a measurement 
of the shape, q,  of the dark matter halo.
Different dark matter models predict different q.

q?



How, really, do we constrain the potential of the galaxy 
from streams? (1) ‘lumpiness’

narios of strong interactions between the LMC and Sgr
(Zhao 1998).

5. CONCLUSIONS AND FUTURE PROSPECTS

In this paper, we show that it is possible to distinguish
between smooth and lumpy Milky Way halos by quantify-
ing the coldness of tidal streams. We propose a ‘‘ scattering
index,’’ based on position and radial-velocity measurements
of stars, that is sensitive to small-scale perturbations in the
debris rather than large-scale effects such as variations in
debris density or line-of-sight velocity (because of its basic
dynamical properties). We found that this statistic, when
applied to measurements of 500 stars in a single debris trail,
could distinguish between smooth, spherical Milky Way

models and those containing a level of substructure consis-
tent with s!CDM models 90% of the time. Most scattering
was due to the few largest lumps, and the degree of scatter-
ing was very sensitive to the exact orientation of lump and
debris orbits.

These results agree qualitatively with those of Mayer et
al. (2001) and Ibata et al. (2001a). Mayer et al. (2001)
present images from simulations of tidal tails evolved in
fully self-consistent s!CDM models to illustrate to what
extent the tails are disrupted. This approach has the advant-
age of being able to follow the evolution of debris within a
cosmological context, but, as noted in x 2.5, is limited by the
resolution and cost of such simulations to single realizations
of galaxies that may not be adequately resolved to conquer
intrinsic scattering due to numerical noise. Ibata et al.

Fig. 6.—Top: Components of the scattering index Bm, calculated from the final observations of 500 Sgr debris particles, plotted as a function of Fourier
number m (see eq. [4] for definition). Open squares and solid lines show results for all realizations of halos with Nlump ¼ 256 lumps on random orbits. Filled
squares and heavy lines show the result for evolution in a smooth halo. Bottom: The scattering index B (see eq. [3]) calculated for all 500 debris particles at the
end of each simulation, as a function of the number lumps in the simulation. The heavy line indicates B for a simulation containing no lumps, and the dotted
line is for one containing a single lump of mass 1010M" on an LMC-like orbit.
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Johnston, Spergel & Haydn (2002)
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Fig. 1.— Left: Simulations showing the tails of the Sagittarius dSph. Particles are color-coded according to when they were lost (gold:
< 4 Gyr ago, red: between 4 and 5.7 Gyr, green: between 5.7 and 7.4 Gyr and blue > 7.4 Gyr ago). The yellow (orange) curves show the
past (future) behavior of the Sagittarius’ orbit over 2 Gyr. The orbital period is 0.7 Gyr. The positions of the Galactic centre (GC), the
Sun, and Sagittarius (Sag) are marked. The green lines show the right ascension range 110◦ < α < 220◦, which corresponds to the SDSS
data analyzed by Belokurov et al. (2006). The 4 streams are marked A (young leading arm), B (old trailing arm), C (old leading arm) and
D (young trailing arm). The circle gives the distance cut-off at 20 kpc. Upper Right: The SDSS data from Belokurov et al. (2006), with
stars color-coded according to magnitude. Middle and Lower Right: Scatter plots in right ascension and declination of the tidal debris.
Only particles within (beyond) a heliocentric distance of 20 kpc are plotted in the middle (lower) panels. In the middle panel, streams A
and B are clearly visible. The upper arm is the old trailing material, while the lower arm is the young leading material. In the lower panel,
the old leading material is in the lower and the young trailing material in the upper branch. [The simulation uses a Miyamoto-Nagai disk
and logarithmic halo with qφ = 1.05, together with the set D of proper motions.]

B of the bifurcated stream of Belokurov et al. (2006).
These two narrow branches are at similar heliocentric
distances, as required to match the data. The material
in these branches is about two revolutions apart in or-
bital phase. For the material beyond 20 kpc, the older
leading material is in the lower declination branch, while
the younger trailing material is in the upper. The old
leading arm (C) provides the more distant and fainter
stream detected by Belokurov et al. (2006) behind the
A branch.

The Sun lies roughly in the orbital plane of the Sagit-
tarius. If the potential were exactly spherical, the debris
of the Sagittarius would lie in a single plane and no bifur-
cation would exist. Any asphericity (whether intrinsic to
the halo or produced by the bulge and disk) causes the
orbital plane to precess and therefore the planes of the
4 arms to be slightly different. The positional difference
between branches A and B is a direct measure of the
precession over two orbital revolutions and hence the as-
phericity of the potential. The facts that (i) branches A
and B are so close in projection and (ii) branch C lies
behind branch A suggest that the precession is small,
and that the potential is close to spherical. If the halo
is too oblate or prolate, then debris is scattered over a
wide range of locations and does not lie in thin, almost

overlapping streams on the sky. To back up this qualita-
tive argument, let us now describe a suite of simulations
developed to measure the properties of the bifurcation as
a function of halo flattening.

3. SIMULATIONS

The present position of the Sagittarius dSph is (α, δ) =
(283.7◦,−30.5◦), while its heliocentric distance is 25 ± 2
kpc and radial velocity is 140 ± 2 kms−1 (Ibata et al.
1997). Listed in Table 1 are two measurements of
the proper motion of the Sagittarius dSph, the first
from Irwin et al. (1996) using Schmidt plates and the
second from Ibata et al. (2001b) using HST data. Di-
nescu et al.’s (2005) recent measurement agrees with that
of Irwin et al. (1996) within the errors. Given a choice
of proper motions, we integrate back in time for 10 Gyr
adopting a potential for the Galaxy. At the final posi-
tion, we insert a Plummer sphere containing 106 parti-
cles with a total mass of 108 M# and a scalelength of
350 pc. The choice of these values is somewhat arbitrary
– for example, they are smaller than those used by Helmi
(2004a). Here, however, we are not so much interested
in modelling the dSph remnant as in the positional dis-
tribution of the tidal debris. The particles are integrated
forward using the particle-mesh N-Body code Superbox

Fellhauer et al. 2006

Sagittarius tidal stream: shape



observed for the leading debris (Ddebris, constraint 4) must be
systematically less than that of the orbit of the Sgr core,Dmax—
i.e., Dmax=Ddebris > 1. We can also find an upper limit to this
ratio, since we expect the size of this offset to scale as
!R / R(MSgr=MGal)

1=3, where MGal is the mass of the Milky
Way enclosed within the pericenter of the orbit (Johnston et al.
2001). For example, if we take this limit as Dmax=Ddebris < 1:5,
then we might expect to cover all models with MSgr=MGal <
0:125—i.e., Sgr masses up to 10% of the mass of the Milky
Way. Since the internal dispersion measured for Sgr (11 km s!1;
Ibata et al. 1995) suggests a mass far less than this, we take
1 < Dmax=Ddebris < 1:5 as a generous range for considering an
orbit apogalacticon distance acceptable. Orbits with apogalac-
tica outside this range are immediately rejected.

We next quantify the fit of orbits that are not already rejected
to the trailing and leading velocity data (constraints 5 and 6)
through the parameters !trail and !lead:

!2
A ¼ 1

NA

XNA

i¼1

½vM giant;A("$)! vorb("$)%2i
"2
A

; ð5Þ

where subscript ‘‘A’’ represents the observed data set being
considered (i.e., ‘‘lead’’ or ‘‘trail’’), NA is the number of M
giants in the data set, vM giant("$) is the velocity of anM giant at
"$, and vorb("$) is the velocity of the orbit at this "$. The data
compared in the leading portion of the debris are selected by
fitting a third-order polynomial to the full data set of velocities
as a function of "$ in the range 230( < "$ < 330(. Outliers
from the main trend are thrown out using a 2.5 " iterative re-

jection technique until convergence is reached, and the weight
"2
lead is calculated as the dispersion of the velocities of this final

set of Nlead stars about the best-fit polynomial. The process is
then repeated for stars in the region 25( < "$ < 140( that is
most sensitive to the trailing debris. The selected stars in both
regions are plotted as squares in Figure 2. Clearly, these data
sets are not intended to represent a complete sample of Sgr stars
but rather to be a guide to the general trends of velocity and
dispersion in these regions.

We also express these quantities as a single parameter to
measure the combined goodness-of-fit:

! ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!2
trail þ !2

lead

" #
=2

q
: ð6Þ

Note that since test-particle orbits only serve as an indication
of where the debris should lie, we do not simply search for the
parameters corresponding to the minima of these quantities; for
example, we do not consider a difference on the order of!! <
0:1 (corresponding to average systematic offsets of *1–2 km
s!1, very much less than the dispersion in the data) between the
fits to two different orbits to be very significant. Rather, we use
more extreme differences to rule out or favor broad regions of
parameter space.

3.1.4. Combined Constraints from Leadinggand TrailinggVelocity Data

Although the velocity trends in the leading debris (constraint
6) appear to strongly favor Galactic models with prolate (q > 1)
halo components (Helmi 2004), we have shown in Paper III that
the direction of the precession of debris orbits (as measured by
the offset in the poles of best-fit planes to leading and trailing
debris—constraint 7) strongly favors models with oblate halos,
since prolate models induce precession in the opposite sense to
that observed. Because no other adjustment to the potential can
change the fundamental sense of precession in prolate versus
oblate potentials, we restrict ourselves to askingwhether we can
resolve this contradiction between the implications of con-
straints 6 and 7 by revisiting the fit to the velocity and distance
data alone over a much wider range of parameter space than has
been considered previously. The aim is to examine whether
there are any circumstances in which an orbit in an oblate po-
tential can be found that can fit all the constraints at once.

Figure 3 plots the minimum values of !trail (solid lines), !lead

(dotted lines), and ! (dashed lines) obtained as a function of
q (left panel, logarithmic halo model) or q# (right panel, NFW
halo model) when all other parameters are allowed to vary
freely within the ranges outlined in Table 1. The solid lines

Fig. 2.—Squares show the selected velocity data in leading and trailing
arms that represent the general trend and dispersion of Sgr debris in these
regions. Solid, dashed, and dotted curves show ‘‘best’’ (as defined in x 3.1.3)
orbits selected to fit the trailing data alone in the final potentials adopted with
the specified q in x 3.1.5.3.

Fig. 3.—Minimum values of !trail (solid lines, eq. [5]), !lead (dotted lines, eq. [5]) and ! (dashed lines, eq. [6]) as a function of q (in potentials with logarithmic
halo components; left panel ) or q# (in potentials with NFW halo components; right panel ) when all other parameters are varied freely.

2MASS VIEW OF SAGITTARIUS DWARF GALAXY. IV. 811No. 2, 2005Sagittarius tidal stream:

Law et al. 2005



Observations: what’s 
missing? Transverse 

Velocities

* 1 arcsecond = 1/3600th of a degree.  

* Typical motions of tracers at these distances ~ 1-2 milli-arcsecond per 
   year (mas/yr).

* Typical resolution of detectors on modern-day telescopes ~ 100 mas/
pixel.

proper motion radial velocity

Goal of current project is to measure proper motions 
for Sagittarius stream members.



Required Proper Motion Uncertainty
!"#$%&"'()&*)"&!"#$%&"'()&*)"&++,*-%*.($./"&-0%.-1,*-%*.($./"&-0%.-1

Star cluster

dwarf galaxy

dwarf galaxy

c.f. Dana Dinescu



Our strategy: SDSS-Megacam comparison
MMT

SDSS

10.1 years
9 years
8 years
radial velocity data

SDSS data

Megacam FOV’s

c.f. Anil Seth
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 - Relative astrometry
 - SDSS gives ‘true’ x,y 
estimate, giving 
residuals:
dx = xMMT - xSDSS
dy = yMMT - ySDSS

Strategy (contd.):



Target Errors:

•RMS of the fit = 21 mas.

•This is a factor of 7 improvement over the best case 
positional accuracy in currently available proper motion 
catalogs (150 mas).

•Including the 9-year baseline gives a proper motion error per 
star of 2 mas/yr.



• We had a 3-night run in which we targeted ~3 
different portions along the Sagittarius stream.

• Large-scale surveys in the next decade will probe 
larger volume, time domain, order of magnitude 
more stars, micro-arcsecond astrometry.

• Projected errors of these surveys (SIM, Gaia) at 
these distances ~ 1-3 mas/yr. Thus we are timely 
and competitive.

• Stay tuned...

Conclusions and the Next 
Decade
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