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Fig. 1.— Top Left: The source model and the lensed images of a clumpy source. The black curves show the tangential and radial
caustics for the unperturbed macro model, and the red + symbol shows the location of an additional subhalo of mass M = 108M�. Top

Right: The dirty image observed by ALMA. Bottom Left: Residuals of channel integrated dirty images between a smooth model and
noisy perturbed observation. The greyscale is in units of noise rms. Bottom Right: Color residuals of the dirty images. The 50 observed
channels are mapped to RGB colors as illustrated by the colorbar. The y-axis of the colorbar shows the intensity in units of image noise
rms in each channel.
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where x and y are coordinates oriented along the princi-
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(Kormann et al. 1994). The SIE therefore is described by
5 parameters: the centroid xc, yc, velocity dispersion v,
axis ratio q, and orientation ✓q. We simulate lenses with
Einstein radius mass M
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of 4⇥1011M� placed
at zd = 0.5 and place the source at z = 2. In addition
to this main lens, we allow for external shear, described
by an amplitude |�| and orientation ✓� . The smooth
mass model therefore has 7 parameters describing the
lens. We follow previous work and model dark matter
subhalos using the Pseudo-Ja↵e density profile (Muñoz
et al. 2001),
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where x = r/r
E

and xt = rt/rE are the radius and the

tidal truncation radius, respectively, in units of the sub-
halo’s Einstein radius, and  = ⌃(r)/⌃cr is the dimen-
sionless surface density expressed in units of the lensing
critical surface density (Schneider et al. 1992).
Figures 1 and 2 illustrate the increased sensitivity to

substructure provided by spectroscopically resolved data.
Figure 1 shows an example of ALMA observations of a
lensed DSFG, both for spectroscopically resolved visibil-
ities and channel-integrated visibilities. The greyscale
and colored panels show the residuals from the best-
fitting smooth lens models for each case, and the sub-
structure perturbation clearly stands out more readily in
velocity space. In Figure 2, we show the substructure
parameter errors derived from simulated observations of
another lensed DSFG, whose properties were chosen to
be representative of the lenses found in Hezaveh et al.
(2012). The parameter uncertainties plotted in this Fig-
ure were estimated by a Fisher matrix calculation; we
marginalize over a considerably larger number of nui-
sance parameters describing the source emission when
fitting spectroscopically resolved visibilities, compared to
fitting the channel-integrated visibilities. Despite the in-
creased number of marginalized nuisance parameters, the
parameter uncertainties are considerably reduced when
we utilize the full, velocity-resolved data cube (compare
grey vs. blue contours). This is true for the “macro
model” parameters describing the smooth lens, and for
the subhalo parameters as well.

Hezaveh etal 2012
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Disk Heating

for an isolated NFW halo has an adjustable parameter ! that can
introduce an arbitrary tidal radius akin to the tidal radius of a
King model. Satellite models can therefore be created that have
an r!1 cusp with NFW behavior at the extremities and a self-
consistent cutoff. Many previous studies used the King model
for the satellites (e.g., Benson et al. 2004; Velázquez & White
1999; Huang & Carlberg 1997) in satellite-disk interactions.
Since NFW satellites are cuspy, wemight expect them to bemore
robust to tidal interactions than King model satellites and there-
fore produce more damage to the disk. We use 15 different sat-
ellite models to cover the mass range 1:5 ; 10!4 < Msat/Mhalo <
0:02 logarithmically. This mass range corresponds to 8:75 ;
107 < Msat/M" < 1:17 ; 1010. As a comparison, the Sagittarius

dwarf and Large Magellanic Cloud, our galactic companions,
have estimated masses of (2Y5) ; 108 M" (Law et al. 2005; Ibata
et al. 1995) and 2 ; 1010 M" (Schommer et al. 1992). Note that
the mass of the LMC corresponds to the upper limit of the mass
function. M31’s satellites M32 and NGC 205 have masses of
2:1 ; 109 and 7:4 ; 108 M", respectively (Mateo 1998).Ourmass
range includesmost of the observed satellites in the Local Group.
For simplicity, the truncation of each satellite is determined

by the length of the tidal radius at the mean apocentric radius of
the satellite system (r # 50 kpc). Here we assume that the tidal
radius of the satellites rs is defined by the Jacobi approximation
(Binney & Tremaine 1987). The radial extent of the satellites is

TABLE 2

Physical Parameters of the Satellite Models

Name Msat /Mhalo

rs
( kpc)

vs
( km s!1) Cutoff M(<rtid/Msat) c

NFW1........ 1.5 ; 10!4 0.7 50 0.4 0.97 29.4

NFW2........ 2.5 ; 10!4 0.85 56 0.4 0.96 27.7

NFW3........ 3.5 ; 10!4 0.98 62 0.4 0.92 26.8

NFW4........ 4.5 ; 10!4 1.1 65 0.4 0.91 25.4

NFW5........ 5.5 ; 10!4 1.2 70 0.4 0.95 25.2

NFW6........ 6.5 ; 10!4 1.33 75 0.4 0.94 24.5

NFW7........ 7.5 ; 10!4 1.39 77 0.4 0.94 24.2

NFW8........ 8.5 ; 10!4 1.46 80 0.4 0.95 24.0

NFW9........ 9.5 ; 10!4 1.54 82 0.4 0.94 23.5

NFW10...... 1.5 ; 10!3 1.79 93 0.4 0.93 23.0

NFW11...... 2.5 ; 10!3 2.2 112 0.4 0.91 22.7

NFW12...... 3.5 ; 10!3 2.5 122 0.4 0.89 21.9

NFW13...... 5.5 ; 10!3 3.09 141 0.4 0.88 20.8

NFW14...... 6.5 ; 10!3 3.35 146 0.4 0.87 20.1

NFW15...... 2 ; 10!2 5.5 200 0.4 0.77 17.5

Fig. 5.—Snapshots of the 100-satellite simulation. From top to bottom, t # 0,
2, 4, 6, 8, and 10Gyr. One can see that a strong bar is formed between 4 and 6Gyr.
Several conspicuous shell structures are visible, especially in the first few billion
years. [This figure is available asmpeg animations video1, video2, video3, video4,
and video5 in the electronic edition of the Journal.]

Fig. 6.—Evolution of the disk velocity dispersion for the simulation with sub-
halos. Bottom to top: "z, "# $ 50 km s!1, and "r $ 100 km s!1. Between 4 and
5 Gyr, a bar forms. This explains the sudden increase of "r and "# in the inner
region of the galaxy between 3 and 5 Gyr.

Fig. 7.—Same as Fig. 2, but with satellite population. The scale height only
grows slightly during the first 4 billion years, reflecting only mild heating from
the satellite population. The rapid heating thereafter is due to the formation of
the bar.
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Globular clusters / Stellar Streams
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THE PAL 5 STAR STREAM GAPS
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ABSTRACT

Pal 5 is a low mass, low velocity dispersion, globular cluster with spectacular tidal tails. We use the
SDSS DR8 data to extend the density measurements of the trailing star stream to 23 degrees distance
from the cluster, at which point the stream runs o! the edge of the available sky coverage. The size
and the number of gaps in the stream are measured using a filter which approximates the structure
of the gaps found in stream simulations. We find 5 gaps that are at least 99% confidence detections
with about a dozen gaps at 90% confidence. The statistical significance of a gap is estimated using
bootstrap re-sampling of the control regions on either side of the stream. The density minimum closest
to the cluster is likely the result of the epicyclic orbits of the tidal outflow and has been discounted.
To create the number of 99% confidence gaps per unit length at the mean age of the stream requires
a halo population of nearly a thousand dark matter sub-halos with peak circular velocities above 1
km s!1 within 30kpc of the galactic center. These numbers are a factor of about 3 below cold stream
simulation at this sub-halo mass or velocity, but given the uncertainties in both measurement and
more realistic warm stream modeling, are in substantial agreement with the LCDM prediction.
Subject headings: dark matter; Local Group; galaxies: dwarf

1. INTRODUCTION

Abell (1955) cataloged the globular cluster Pal 5 in the
National Geographic Society - Palomar Observatory Sky
Survey, noting that Baade and Wilson (1955) had each
independently discovered the object, which Wilson listed
as the Serpens cluster. Arp (1965) assigned Pal 5 the
lowest possible Shapley & Sawyer (1927) concentration
class. The cluster also has an unusually low luminos-
ity (Sandage & Hartwick 1975). The quantitative King
model (von Hoerner 1957; King 1962, 1966) concentra-
tion parameter is a notably, but not uniquely, low 0.52
(King et al. 1968; Woltjer 1975; Harris 1996).
In the early photographic data the density profiles

became uncertain toward the tidal radius as the clus-
ter sinks into the distribution of foreground and back-
ground stars in the galaxy. Grillmair et al. (1995) ac-
quired new, multi-degree, photographic data and intro-
duced photometric selection procedures to screen out
background stars, yielding the important discovery that
near the tidal radius the stars were distributed in asym-
metric clouds with a “striking resemblance” to the ex-
pected tidal tails. The depth and photometric unifor-
mity of the Sloan Digital Sky Survey (York et al. 2000)
have provided increasingly good views of the tidal tails
of Pal 5. In the SDSS commissioning data the Pal 5
tails were detected out to a distance of about ±1.3"

from the cluster (Odenkirchen et al. 2001). Increased
sky coverage of the SDSS and the introduction of a sta-
tistically optimal matched filter technique (Rockosi et al.
2002) allowed the trailing tail to be traced to about 6.5"

from the cluster (Odenkirchen et al. 2003). Their re-
sulting detection of density variations along the stream
was a major new development. SDSS DR4 data im-

1 Department of Astronomy and Astrophysics, Univer-
sity of Toronto, Toronto, ON M5S 3H4, Canada carl-
berg,hetherington@astro.utoronto.ca

2 Spitzer Science Center, 1200 E. California Blvd., Pasadena,
CA 91125, USA, carl@ipac.caltech.edu
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Fig. 1.— The match filtered star densities in the region of the
Pal 5 stream in the SDSS ! and " co-ordinate system. The raw
image has been smoothed with a 3 pixel Gaussian. The object
above the stream is the foreground cluster M5.

proved both the sky coverage and the photometry, al-
lowing Grillmair & Dionatos (2006) to trace the trailing
tail to about 16" from the cluster and the leading tail to
about 6", where it runs o! the edge of the current survey
area.
Current data shows Pal 5 to be one of the lower

luminosity(Harris 1996) and lowest velocity disper-
sion, 1.1 ± 0.2 kms!1 (Odenkirchen et al. 2002), glob-
ular clusters known. The long, thin, cool tidal tails
(Grillmair & Dionatos 2006; Odenkirchen et al. 2009)
have significant density variations along their length.
Consequently it has become a key system for the study
of the small scale dynamics of the galactic halo with an

stellar Density

sub-structure can induce
gaps within stellar streams 

in disrupted globular clusters
such as the stream of

Palomar 5

Carlberg etal 2012
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Pal 5 Gaps 7

TABLE 1
Observed Stream Gap Statistics

Stream Gaps Length Width Age/2 RGC n/n0 R!

# kpc kpc Gyr kpc kpc"1

Gyr"1

M31 12 200 5 5 100 6 0.012
Pal 5 6 8.1 0.12 3.5 19 22 0.17
EBS 8 4.7 0.17 3.5 15 24 0.49

Orphan 2 30 1.0 1.8 30 17 0.037

Fig. 12.— The gap rate-width relationship with all quantities
scaled to 30 kpc radial distance from the galactic center. The
dashed line is a variance weighted fit to the data. The dotted line
is a model in which the number of halos varies as M"1.8 normalized
to have the same number of M > 109 M# sub-halos found for the
M"1.9 fit of simulations. The hashed region is an estimate of the
theoretical uncertainties for the cold-stream calculation.

4.1. Tidal Density Variations

Küpper et al. (2008) find that the distance from the
cluster to the first and subsequent epicyclic pileups is
xL4!!(4!2 ! "2)/"3, where xL is the distance from the
cluster center to the Lagrange point and ! and " are re-
spectively the rotational and epicyclic frequencies. The
Lagrange point is calculated as x3

L = GM/(4!2 ! "2),
where M is the cluster mass. For a locally flat rota-
tion curve " =

"
2! in which case the distance between

epicyclic pileups is 2
"
2!xL. Dehnen et al. (2004) es-

timate the tidal radius with r3t = GMR2/v2c where R
is the galactocentric radius and vc is the galactic cir-
cular velocity at the cluster location, deriving rt to be
0.054 kpc. The Lagrange point distance for a flat ro-
tation curve is x3

L = r3t /2. Consequently xL = 0.043
kpc for Pal 5. The epicyclic pileups at the base of the
cycloidal type motion are then spaced 0.38 kpc apart
which is 9.4 of our 0.1! pixels. These calculations apply

to a circular orbit, whereas Pal 5’s orbit is fairly eccen-
tric, for instance as modeled in Küpper et al. (2012) or
Mastrobuono-Battisti et al. (2012), but the same general
considerations apply. In an eccentric orbit the spacing of
the tidal stream density peaks and valleys vary as the
stream moves around in the orbit.
There are two types of tidal features worth seeking.

The easiest are the lumps expected at the cluster po-
sition, 42 pixels, plus the cycloidal distance, 9.4 pixels,
or 51 pixels. There certainly is a density excess which
peaks around 53 pixels, see Figures 2 and 6. There is a
deficiency, not excess, at 60 pixels, but a clear excess at
70 pixels. There are also deviations from the centerline
in (our) y direction, the most prominent deviation being
at about 32 pixels from Pal 5, or 1.3 kpc. There may be
a similar deviation in the same direction at half the dis-
tance, 16 pixels. These features seem su"ciently regular
and of approximately the right character to be under-
stood as the expected epicyclic pileups, but the distances
are about a factor of two larger than the simple circu-
lar orbit theory predicts, which could reflect the complex
orbital and tidal history of this unusual low concentra-
tion cluster (Küpper et al. 2012). We discount the gap
at x=58 pixels as more likely to be a cycloidal orbit gap
than a sub-halo induced gap.

4.2. Gaps and Sub-Halos

Assigning the gap at x=58 to the epicyclic motion we
remove that gap from our counts. Using the 99% con-
fidence count of gaps we find 5 gaps. We estimate the
age of the oldest part of the stream to be 7.2 Gyr, based
on a drift rate at a velocity equal to the cluster disper-
sion of 1.1 km s"1 and a length of the analyzed region of
200 pixels, or, 8.1 kpc. The average age of the stream is
therefore 3.6 Gyr. Consequently the average rate of gap
creation is 0.17 gaps kpc"1 Gyr"1 for the Pal 5 trailing
stream and we recommend a conservative error of a fac-
tor of 2 on this rate. In an earlier paper (Carlberg 2012)
we used the age of the oldest part of a set of streams to
derive the gap rate. Modifying this to the average rate
increases the gap rates a factor of two. Revised gap rates
for the available streams using the mean age are given in
Table 1.
Sub-halos in galactic halos create gaps in a stellar

streams at a rate which depends on the smallest visible
gap which depends on the width, w, of the stream, as
worked out in Carlberg (2012). The earlier calculations
were oriented towards structures further out in the halo
and were scaled to 100 kpc. For this paper we undertook
additional cold stream simulations that concentrated on
the 15-30 kpc range and doubled the sub-halo orbit sam-
pling. Since the gap width has a significant mass and
radius dependence the simple fits to the results have a
somewhat steeper slope with stream width,

R#(w, r) = 5.0# 10"4n(r)

n0
r0.4530 w"1.16 kpc"1 Gyr"1,

(1)
for w in kpc, r30 the orbital radius normalized to 30 kpc,
and the constant evaluated for a stream age of 3.5 Gyr.
For Pal 5’s galactocentric distance of 19 kpc n(r) = 22n0
from Figure 11 of Springel et al. (2008). For widths, w
greater than a few kpc, Equation 1 is similar to the result
of Carlberg (2012), but the steeper slope predicts rela-
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gap which depends on the width, w, of the stream, as
worked out in Carlberg (2012). The earlier calculations
were oriented towards structures further out in the halo
and were scaled to 100 kpc. For this paper we undertook
additional cold stream simulations that concentrated on
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radius dependence the simple fits to the results have a
somewhat steeper slope with stream width,

R#(w, r) = 5.0# 10"4n(r)
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North/South Asymmetry 
– 11 –

Fig. 1.— Number density, n as a function of distance from the Sun, zobs. Black points are
the data. The magenta curve is our model fit. The dotted blue curve is the contribution from

the thin disk; The dashed magenta curve is the contribution from the thick disks. Lower
panel shows residuals: ! ! (data-model)/model.
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N/S Asymmetry (velocity)– 14 –

Fig. 4.— Bulk velocity, !vz", and velocity dispersion, !z, as a function of z in units of
km s!1. Top panel shows the bulk velocity as a function of z for the entire spectroscopic

sample. Middle panel shows the bulge velocity profile for the “red” subsample (g # r > 1)
and “blue” subsample (g # r < 1). The peculiar motion of the Sun (vz," = 7.2 km s!1

(Dehnen & Binney 1998)) has been subtracted from !vz". The bottom panel shows the
velocity dispersion.

Also find asymmetry in Velocity

Widrow etal. 2012
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Cause:  Sagittarius?
2 F. A. Gómez et al.

the disc. W12 speculate that this perturbation could have
been excited by the passage of a satellite galaxy through
the Galactic disc. In this Letter, we explore the possibility
of Sgr being the perturber associated with both the vertical
and radial modes.

2 SIMULATIONS

In this Section we briefly describe our simulations; we re-
fer the reader to P11 and G12 for a more detailed descrip-
tion. Two simulations with di↵erent models for the Sagit-
tarius dwarf galaxy progenitor were performed. A Light
(Heavy) Sgr progenitor, with e↵ective virial mass Mvir =
1010.5 M� (1011 M�), was initialised with a NFW dark mat-
ter halo of scale length 4.9 kpc (6.5 kpc), self-consistently
with a separate stellar component. For the stellar compo-
nent, a King profile with core radius 1.5 kpc, tidal radius
4 kpc, and a central velocity dispersion of 23 km s�1 (30
km s�1) was used. The satellites were launched 80 kpc from
the Galactic centre in the plane of the MW, traveling ver-
tically at 80 km s�1 toward the North Galactic Pole. The
mass loss that would have occurred between virial radius
infall and this “initial” location is accounted for by trun-
cating the progenitor DM halo mass profile at the instanta-
neous Jacobi tidal radius, rt = 23.2 (30.6) kpc. This leaves
a total bound mass that is a factor of ⇠ 3 smaller than
the e↵ective virial mass originally assigned. The simula-
tions reach a present-day configuration after ⇡ 2.7 Gyr (2.1
Gyr) of evolution. In both cases, the host galaxy includes
a NFW dark matter halo with a scale radius rs = 14.4 kpc
and virial mass Mvir = 1012 M�; the disc has a mass of
3.59 ⇥ 1010 M�, an exponential scale length of 2.84 kpc,
and a vertical scale height of 0.43 kpc; the central bulge has
a mass of 9.52 ⇥ 109 M� and an n = 1.28 Sérsic pro-
file, with an e↵ective radius of 0.56 kpc. The initial disc in
both Sgr-infall models is completely smooth at t = 0 Gyr.
The simulations followed the evolution of 30 million particles
with masses in the range 1.1 - 1.9 ⇥ 104M�.

3 PERTURBATIONS IN LOCAL VOLUMES

Fig. 1 shows an overdensity map of the Heavy (left) and
Light (right) Sgr simulation discs at present-day configura-
tion. The maps are obtained by normalising the local stel-
lar density to the mean axysimmetric density at the cor-
responding galactocentric distance. The non-axysimmetric
energy kick imparted by the satellite as it merges with the
host induces the formation of spiral density waves. As shown
by G12, waves excited by the Heavy Sgr satellite can be
detected in SN-like volumes as peaks in the local energy
distribution. These density waves are mainly in the radial
direction. In fact, in very small local volumes (i.e., distances
6 0.2 kpc), these waves can be observed as well-defined fea-
tures in the radial (vr) and tangential (v�) velocity field (see
Minchev et al. 2009, G12). In the left panel of Fig. 2, we show
with dashed lines the normalised total energy distribution
E = f(x,v) of two SN-like cylindrical volumes extracted
from the Heavy Sgr simulation. The volumes have a 1 kpc
radius, and are located at 8 kpc from the galactic centre.
Their locations, chosen based on G12 results, are indicated

Figure 1. Overdensity map of the Heavy (left) and Light (right)
Sgr simulations at the present time. The colours and relief indicate
the ratio of the local stellar density to the mean axysimmetric disc
density at the corresponding galactocentric distance. The blue
and red dots indicate the location of the volumes explored.

!1.1 !1 !0.9 !0.8
0

0.25

0.5

0.75

1

K
H

n
o
rm

Ek [105 km2/s2]
!1.2 !1.15 !1.1 !1.05

Ez [105 km2/s2]

Figure 2. Left panel: Total (dashed lines) and in-plane (solid
lines) energy distributions of disc particles located within the blue
and red volumes shown in Fig 1. Right panel: As in the left panel,
but for the vertical energy distribution.

with a blue and a red dot in the left panel of Fig. 1. Note the
well-defined peaks in these distributions, which reveal the
presence of density waves. As expected from disc orbits, the
in-plane energy distribution Ek = f(x, vr, v�) (solid lines)
is very similar to the total energy distribution, indicating
that these peaks are associated with perturbations mainly
in the plane of the disc. Nevertheless, the stellar particles in
these volumes present non-symmetrical energy distributions
in the vertical direction Ez = f(x, vz), as shown in the right
panel of Fig 2. Furthermore, these distributions are shifted
with respect to one another.

To explore whether the asymmetries and shifts observed
in the Ez distributions are indications of vertical density
waves, we compute for both volumes the distribution of
stellar particles as a function of height with respect to the
midplane of the galactic disc, n(Z)|R,✓

, or simply n(Z). A
north-south asymmetry in this distribution could be an in-
dication of vertical modes (see W12). To compute n(Z), we
have carefully aligned the disc with the X-Y plane. This
is done by iteratively computing, and aligning with the Z-
direction, the total angular momentum of the disc particles
located within 4 kpc radius cylinders of decreasing height.
In order to identify signatures of vertical density waves, it is
desirable to compare n(Z) obtained from the perturbed disc

c� RAS, MNRAS 000, 1–6
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Figure 3. First row: The blue and red dots show the distribution
of particles as a function of height, n(Z), with respect to the
midplane of the disc, obtained from the volumes shown in Fig 1.
The black solid lines show a model of the underlying smooth
distribution nav(Z). Second row: Distribution of the residuals,
� = (n(Z)�nav(Z))/nav(Z), for both volumes. Third row: Mean
vertical velocity as a function Z. Error bars indicate Poisson noise.
The grey dots show observational data from W12. On the right-
hand panels we have shifted the obervational data with respect
to the axes Z = 0 and vz = 0 to match the phases of the waves.

with its corresponding smooth underlying distribution. For
this purpose, W12 fitted a smooth two-component model to
their stellar sample’s number density. In this work we fol-
low a di↵erent approach: we obtain a smooth distribution
of stellar particles, as a function of height, by azimuthally
averaging n(Z) i.e.,

nav(Z)|R = (2⇡)�1
Z 2⇡

0

n(Z, ✓)|R d✓.

Our assumption is that local asymmetries of this distribu-
tion are erased after averaging over all azimuthal angles. In
addition, we expect nav(Z)|R to be a better representation of
the true smooth height distribution of particles than smooth
analytic fits. The top panels of Fig. 3 show, with coloured
dots, the n(Z) distributions obtained from the “blue” and
“red” volumes in Fig. 1, whereas the black solid line cor-
responds to nav(Z). Note that nav(Z) was re-normalised to
the total number of particle in each volume. Due to finite
particle numbers, we are able to reliably track n(Z) only up
to |Z| ⇡ 1.4 kpc. These panels indicates a shift of the local
with respect to the smooth distribution, although this oc-
curs in di↵erent directions for the two cases. Note, however,
that for large |Z| (i.e. & 0.7 kpc), the shift in both distribu-
tions becomes progressively smaller, exhibiting a wave-like
pattern. As in W12, we plot the residual,

� =
n(Z)� nav(Z)

nav(Z)
,
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Figure 4. As in Fig. 4, after rescaling the amplitude and extent
of the observed � by a factor of 2. On the right-hand panel we
have shifted the obervational data with respect to the axis Z = 0
to match the phases of the waves. Note the very similar wave-like
behavior seen in the simulated and observed data sets.

to highlight these asymmetries. This is shown in the second
row of Fig. 3 with blue and red dots. In both cases, � is
an odd function of Z. The grey dots show data from Figure
1 of W12, derived from a sample of main-sequence stars in
SDSS-DR8, the Eighth Data Release of the Sloan Digital
Sky Survey (Aihara et al. 2011). To match the phases of the
waves, on the right-hand panels we have shifted the oberva-
tional data with respect to the axis Z = 0. At least within
|Z| < 1.4 kpc, the residuals associated with our volumes
present a similar wave-like behavior to that observed in the
SN. However, the amplitude and extent of the perturbations
found in this simulation are larger by a factor of ⇠ 2. This
indicates that either the Heavy Sgr model is too massive or
that we are looking at the perturbation at an earlier stage.
In addition, the lack of a gaseous disc component in these
simulations is likely to play a significant role. A fraction
of the energy imparted by the satellite should be absorbed
by the gas, thus weakening the perturbation. In Fig. 4, we
compare the observed and simulated �, after rescaling the
observational data by the aforemetioned factor. Note the
very similar behavior of � observed in these two data sets.
In the bottom row of Fig. 3, we show hvzi as a function of Z.
We note that results associated with this distribution should
be taken with caution, due to their relatively low statisti-
cal significance. As before, grey dots indicate data extracted
from the top panel of Figure 4 in W12. At large Z (⇡ 1
kpc), the “blue” (“red”) volume shows a global trend to-
wards negative (positive) values as Z decreases (increases).
As explained by W12, this suggests a coherent motion of
stellar particles away from the disc midplane.

It is important to realise that the phase-space distri-
bution of the blue SN-like volume qualitatively reproduces
not only the observed vertical structure (W12), as we just
demonstrated, but also features seen in the plane of the lo-
cal Galactic disk: As shown by G12, local samples of old
disc stars present a total energy distribution that is in good
agreement with the distribution shown in the left panel of
Fig. 2 (blue lines).

4 AZIMUTHAL AND RADIAL DEPENDANCE

We have shown that the phase-space distributions of So-
lar Neighbourhood-like volumes extracted from our Heavy
Sgr simulation exhibit wave-like perturbations in the ver-
tical direction. However, it is not clear from the analysis
shown thus far whether these are localised perturbations or
are signatures of a global mode perturbing the entire disc.

c� RAS, MNRAS 000, 1–6
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Gaia (Aug, 2013)
ESA’s next corner-stone mission 

Mapping a billion stars in the Milky Way

GAIA• Launch Date This october

• Measure proper motion and 
position of over a billion stars.

• Mission will last for at least 5 
years

• At L2
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A. Robin’s talk at MSSL, 2010

Besançon model predicts that Gaia will see

9x108 thin disk, 4.3x108 thick disk

2.1x107 spheroid, and 1.7x108 bulge stars A. Robin talk (MSSL)
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GAIA versus Hipparcos

Science and Robotic Exploration

321

4.2 Gaia

Introduction

After a detailed concept and technology study during 1998–2000, Gaia was 
selected as a confirmed mission within ESA’s scientific programme in October 
2000. It was confirmed by ESA’s Science Programme Committee following 
a re-evaluation of the science programme in June 2002, and reconfirmed 
following another re-evaluation of the programme in November 2003. The 
project entered Phase-B2/C/D in February 2006. Gaia is currently in Phase-D 
(Qualification and Production) and will be launched in the second half of 2013.

Scientific Goals

Gaia will rely on the proven principles of ESA’s Hipparcos mission to solve one 
of the most difficult yet deeply fundamental challenges in modern astronomy: 
to create an extraordinarily precise 3D map of about a billion stars throughout 
our Galaxy and beyond (see Table 4.2.1). In the process, Gaia will map their 
motions, which encode the origin and subsequent evolution of the Galaxy. 

Through comprehensive photometric classification, Gaia will provide the 
detailed physical properties of each star observed, characterising their luminosity, 
temperature, gravity and elemental composition. This massive stellar census 
will provide the basic observational data needed to tackle an enormous range of 
important problems related to the origin, structure and evolutionary history of 
our Galaxy – a kind of ‘Human Genome Project’ for astronomy. 

Gaia will achieve this by repeatedly measuring the positions of all objects 
down to V = 20 mag. Onboard object detection will ensure that variable stars, 
supernovae, burst sources, microlensing events and minor planets will all be 
detected and catalogued to this faint limit. Final accuracies of 12–25 μarcsec 
at 15  mag will provide distances accurate to 10% as far as the Galactic 
Centre, 30 000 light-years away. Stellar motions will be measured even in the 
Andromeda Galaxy. 

Table 4.2.1. Capabilities of Hipparcos and 
Gaia.

Hipparcos Gaia

Magnitude limit 12 20
Completeness 7.3–9.0 20
Bright limit 0 6
Number of objects 120 000 26 million to V = 15

250 million to V = 18
1000 million to V = 20

Effective distance limit 1 kpc 1 Mpc
Quasars None 500 000
Galaxies None 106–107

Accuracy 1 milliarcsec 7 µarcsec at V = 10
12–25 µarcsec at V = 15

100–300 µarcsec at V = 20
Photometry 2-colour Low-resolution spectra to 

V = 20
Radial velocity None 15 km s–1 to V = 16–17
Observing programme Preselected Complete and unbiased

Further information about the Gaia mission can be found at http://sci.esa.int/gaia
Launch  (in October)

Measure the proper 
motion of a Sun like star 
down to km/s percision

within a few Kpc
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Key concept: stars, through their kinematics and chemical 
composition, contain a fossil record of the Galaxy’s past evolution

Gaia’s main aim: unravel the formation, composition, and 
chemo-dynamical evolution of the Galaxy

NGC1232 courtesy ESO

Jos de Bruijine
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Back of the Envelope: Sub-Halo vs Star1.2 Collisionless stellar systems 35 

Figure 1.5 A field star approaches 
the subject star at speed v and im-
pact parameter b. We estimate the 
resulting impulse to the subject star 
by approximating the field star’s tra-
jectory as a straight line. 

and find in the notation of Figure 1.5, 

Gm2 Gm2b Gm2 ! " 
vt 
#2$!3/2 

F = cos ! = = 1 + . (1.28) " 
b2 + x2 (b2 + x2)3/2 b2 b 

But by Newton’s laws 

1 
% # 

mv̇ = F so "v = dt F", (1.29) 
m !# 

and we have 

Gm 
% # dt Gm 

% # ds 2Gm 
"v = = = . (1.30) 

b2 [1 + (vt/b)2]3/2 bv (1 + s2)3/2 bv!# !# 

In words, "v is roughly equal to the acceleration at closest approach, Gm/b2 , 
times the duration of this acceleration 2b/v. Notice that our assumption of 
a straight-line trajectory breaks down, and equation (1.30) becomes invalid, 
when "v v; from equation (1.30), this occurs if the impact parameter 
b < b90 !

"
2Gm/v2 . The subscript 90 stands for a 90-degree deflection—see #

equation (3.51) for a more precise definition. 
Now the surface density of field stars in the host galaxy is of order 

N/#R2, where N is the number of stars and R is the galaxy’s radius, so in 
crossing the galaxy once the subject star su!ers 

N 2N 
"n = 2#b db = b db (1.31) 

#R2 R2 

encounters with impact parameters in the range b to b + db. Each such en-
counter produces a perturbation "v to the subject star’s velocity, but because 
these small perturbations are randomly oriented in the plane perpendicular 
to v, their mean is zero.10 Although the mean velocity change is zero, the 
mean-square change is not: after one crossing this amounts to 

& 
"v2 " "v2"n = 

" 
2Gm

#2 2N
b db. (1.32) 

bv R2 

10 Strictly, the mean change in velocity is zero only if the distribution of perturbing 
stars is the same in all directions. A more precise statement is that the mean change 
in velocity is due to the smoothed-out mass distribution, and we ignore this because the 
goal of our calculation is to determine the di!erence between the acceleration due to the 
smoothed mass distribution and the actual stars. 
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•disk + bulge: 
•5.5 million star particles 
•particle mass ~9e3 Msun, 
•softening ~50 pc 

•DM halo (Mvir ~ 2x10^12 Msun)
•10 million DM particles 
•particle mass ~2.8e5 Msun, 
•softening ~170 pc

•subhalo (Mvir ~ 10^8 Msun)
•100'000 DM particles 
•particle mass 1.3e3 Msun, 
•softening ~50 pc

Specs:

MW like galaxy: stellar disk + stellar bulge + DM halo

 Now have better initial conditions
Wednesday, May 22, 13



Set-up of MW like Galaxy
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Set-up of MW like Galaxy
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Reasonably close to MW
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Isolated Model
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With Subhalo
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Point Mass 1010 Msun
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Density 
Bad?

Looking at contrast 
between simulation 

with sub-halo and without
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How to spot a dark subhalo Velocity!

z

yx
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Directly from the simulation

109 Msun30 Myr after impact
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Figure 1: The number density of black hole spikes in the Milky Way as a function of Galactic radius
for star formation models with Early (green), Intermediate (red), and Late (blue) zf as described
in the text. Curves have been obtained using the VL-II N-body simulation as described in the text.
The black points illustrate the total dark matter density profile at z=0 in VL-II. Also shown as a
solid grey curve is the analytical fit found in Ref. [37, 39]. Our simulations show 409, 7983, and
12416 DM spikes in the Milky Way for the Early, Intermediate, and Late scenarios, respectively,
for the case fDS = 1.

3 Dark Matter Density Spikes
The density profile of a dark matter spike surrounding a black hole is determined by adiabatic
contraction of the dark matter halo around the central mass. For concreteness, as our starting point
we take the Navarro, Frenk, and White (NFW) profiles for both the baryons (15% of the mass) and
dark matter (85% of the mass):

!(r) =
!0

r/rs(1 + r/rs)2
, (5)

where !0 is the scale density and rs is the scale radius [52]. The scale density, !0, can be re-
expressed in terms of the critical density of the universe at a given redshift, !c(z), via

!0 = !c(z)
200

3

C3

ln(1 + C)! C/(C + 1)
, (6)

where we take the value of the concentration parameter to be C " rvir/rs = 3.5, and rvir is the
virial radius of the halo. We find that decreasing the concentration parameter to C = 2 results in a
# 30% decrease in the luminosity of each spike. Sensitivity of DS properties to the concentration
parameter is discussed in Ref. [53].

7

 400~106 Msun

Sandick etal 2010

4~108 Msun

1~109  Msun passed passed 
through

the disk in the last 200 
million years
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Observing Impacts

• Will depend upon “noise of the galaxy”

• increase number of stars/reduces numerical noise and 
sampling noise.

• potentially detect down to 107 Msun minihalos

• Impact survives on the order of the Dynamical time

• can see upto a hundred impacts
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What we have done
and what to do

• Considered different sub-halo masses and different 
angles of mergering

• have only shown the most conservative merger angle

• still need to consider multiple impacts upon the disk.
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Take Away Message

• DM Sub-structure can leave impact upon the Milkyway disk.

• The DM leaves a shadow without a stellar component which 
would be a smoking gun for CDM (death of Warm dark 
matter)

• in principle will also be a way to study directly the density 
profile of the subhalo

• and potentially will make possible making a census of DM 
substructure without the need for a stellar tracer 
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