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Why dig?



Where to dig?

“Field of Streams”
Belokurov et al. ApJ, 642, L137 (2006)
SDSS sky plot for
g - r < 0.4
B:   20.00 < r ≤ 20.66
G:  20.66 < r ≤ 21.33
R:  21.33 < r ≤ 22.00

Spatial information 
from photometry

Large scale photometric surveys 
(SDSS, 2MASS).

Majewski et al. ApJ, 599, 1082 (2003)
2MASS sky plot for.
11 < Ks < 12 1.00 < J-Ks < 1.05  (top)
12 < Ks < 13 1.05 < J-Ks < 1.15  (bottom)
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Where to dig?
Adding kinematical 
information

Helmi, et al. Nat 402, 53 (2002)
   Sample of 97 metal poor red giants   
   and RR-Lyrae stars with radial velocities    
   and Hipparcos astrometry.



Where to dig?
Adding metallicity 
information

Tolstoy, et al. ARAA 47, 371 (2009)

   α-element metallicities for 4 nearby 
   dwarf spheroidal galaxies compared 
   with our Galaxy.



How to dig?
N-body simulations as 
guides

Systematic experiments that can 
help us design search strategies.

Sky projections

Fiducial case
Effect of decreasing velocity 
dispersion  ↓
Effect of increasing central 
density ↓

Johnston, Hernquist and Bolte, ApJ, 465, 278 (1996)
Great Circle Cell Count Method
Simulations: Self-consistent field code, fixed,
                      spherical galactic potential, 
                     104 particle Plummer model satellites, 
                     10 Gyrs time span.
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How to dig?
Theoretical spaces
Searches in the space of integrals of motion.

A steady  state potential preserves E,
a spherical potential preserves L,
an axisymmetric potential preserves Lz

Helmi and de Zeeuw, MNRAS, 319, 657 (2000)
Space of conserved quantities
Simulations: Multipolar code,
                        fixed galactic potential,
                       105 particle King model satellites,
                        12 Gyr time span,
                        simulated Gaia errors.
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What would you do with 
a catalogue with 3D info 

for 109 stars?



The promise of Gaia
Launch date: August 2013
Mission span: 5 years
Orbit: Lissajous type around L2
Mission capabilities: Astrometry, Photometry, 
                                    spectroscopy
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A summary of the Gaia spacecraft design!
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7. Metrology and alignment  
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Magnitude limit:                   20-21 mag
Completeness:                      20 mag
Number of objects:               26 million to V=15
                                             250 million to V=18
                                             1,000 million to V=20
Astrometric accuracy:           7 μarcsec at V=10
                                             10 μarcsec at V=15
                                             200 μarcsec at V=20
Photometry:                          4 broad band to V=20
Radial velocities:                   1-10 km/s at V=16-17
Observing program:              On-board and unbiased



A different way of 
looking at things



Mock catalogues

Real Universe Observed Universe

Observations

Theoretical
Model

Parameters

Inferences



Mock catalogues

Real Universe Observed Universe

Theoretical
model

Simulated Universe

Simulated
observations

Inferences
Comparisons

Stellar Halo:
x,y,z

vx,vy,vz

Mv,z

Stellar halo
sample:

l,b
π,μα,μδ
vr

mv,m1,m2, ...

Observations
GAIA



General layout

Galaxy model

Satellite models

Random realization
generator

Astrometry simulator

Photometry simulator

N-Body models

Stellar population models Catalogue simulator

Accretion event
Identifiers

Substructure
quantifiers

Sources Simulators Diagnostics

A lot of work
We need to pool 
efforts



Our example
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ABSTRACT
We propose an extension of the great circle cell count streamer finding method of Johnston et al.
that can be applied to the future Gaia data base. The original method looks for streamers along
great circles in the sky, our extension adds the kinematical restriction that velocity vectors
should also be constrained to lie along these great circles, as seen by a Galactocentric observer.
We show how to use these combined criteria starting from heliocentric observables. We test it by
using the mock Gaia catalogue of Brown et al., which includes a realistic Galactic background
and observational errors, but with the addition of detailed star formation histories for the
simulated satellites. We investigate its success rate as a function of initial satellite luminosity,
star formation history and orbit. We find that the inclusion of the kinematical restriction
vastly enhances the contrast between a streamer and the background, even in the presence of
observational errors, provided we use only data with good astrometric quality (fractional errors
of 30 per cent or better). The global nature of the method diminishes the erasing effect of phase
mixing and permits the recovery of merger events of reasonable dynamical age. Satellites with
a star formation history different to that of the Galactic background are also better isolated.
We find that satellites in the range of 108–109 L! can be recovered even for events as old
as ∼10 Gyr. Even satellites with 4–5 × 107 L! can be recovered for certain combinations of
dynamical ages and orbits.

Key words: methods: numerical – Galaxy: formation – Galaxy: structure – galaxies:
interactions.

1 IN T RO D U C T I O N

The " cold dark matter ("CDM) hierarchical paradigm is the best
model we have to explain the large-scale structure of the Uni-
verse (Springel, Frenk & White 2006; Spergel et al. 2007; Klypin,
Trujillo-Gomez & Primack 2010). In recent years, it has proved
to successfully reproduce a number of observational measurements
(e.g. spatial and colour–magnitude distributions) for galaxies ob-
served in the local Universe and at higher redshift (for recent re-
views see Ávila-Reese 2006; Baugh 2006). In spite of the encour-
aging progress on the large scale, at galactic and subgalactic scales,
the success of the model has not been convincingly demonstrated
as yet, and a number of issues remain subject of a lively debate in
the astronomical community. Examples of these are the core–cusp
issue (Gentile et al. 2004; Valenzuela et al. 2007; de Blok 2010;

!E-mail: cmateu@cida.ve

Governato et al. 2010; Puglielli, Widrow & Courteau 2010), the
missing satellites problem (Klypin et al. 1999; Moore et al. 1999;
Kravtsov 2010), the angular momentum problem (Abadi et al.
2003; Governato et al. 2004, 2007; Okamoto et al. 2005) or the
downsizing–specific star formation rate relation for dwarf galax-
ies (Bauer et al. 2005; Colı́n et al. 2010; Firmani, Ávila-Reese &
Rodrı́guez-Puebla 2010).

Another powerful test for the "CDM scenario at subgalactic
scales may be provided by galaxy haloes, in particular by the Milky
Way (MW) stellar halo. If the Galaxy was assembled in a hier-
archical way, there must be fossil signatures in the phase-space
distribution of halo stars and also in the Galactic disc, although
kinematic features in the latter may have multiple origins (Antoja
et al. 2009; Minchev et al. 2009; Gómez & Helmi 2010). Theoreti-
cally, the origin and structure of the stellar halo have been studied by
several authors using a variety of techniques (for a review, see Helmi
2008). These include cosmological numerical simulations with and
without baryonic physics (Abadi et al. 2003; Diemand, Madau &

C© 2011 The Authors
Monthly Notices of the Royal Astronomical Society C© 2011 RAS

We developed:

... More in the pipeline

•Mass model of the Galaxy
•Light model of the Galaxy
•Dynamical and stellar pop. satellite models.

•Gaia mock catalogue generator
•Tool to insert N-body simulations within 

mock catalogue.

Advantages:

Disadvantages:

•Freedom to test our ideas in a realistic 
framework

•Have all tools ready before first data release.

•Lots of preparatory work
•Models not as sophisticated as some 

already available.



Some lessons 
learned



Realistic background

Adding a realistic background,
with the proper star counts is 
very important

Galaxy data
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Galaxy Satellites combined

Star counts: Satellite

Star counts: Satellite+Galaxy



Realistic background

UFGX simulation:

Lv = 103 L⊙
rh = 50 pc
σ = 5 km/s

d = 10 kpc
vcm = 100 km/s

l = 180°
b = 25°
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Insertion in mock 
catalogue

A proper way to incorporate 
an N-body simulation in a mock 
catalogue is fundamental

Sun

Simulation #1

Faintest star seen at closest distance

Faintest star seen at largest distance

Brighter

Variation in depth of probing of streamer

A dissolving satellite is spread along 
a streamer with varying distance to 
the observer.

And this results in stars that are 
always seen,
others that are seen sometimes
and other that are never seen



Adding realistic errors
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Errors depend not only on 
apparent brightness, but also on 
position in the sky, color, etc.

Radial velocity errors

         OBA                       FGKM
V             σ(vr)            V             σ(vr)

10              0.25             10             0.1
15                   4             16                1
16                 10             17                2
17                 50             18                6

Gaia scanning



Adding realistic errors
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Error free Good astrometry With errors

The E vs Lz diagram
Galaxy data
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Satellite data
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Understand the source of 
errors

Figuring out the contribution of each error source and the 
way they map onto your final diagnostics space is crucial

Radial
velocity

Parallax

Proper
motion

Galaxy data
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Tool to conduct experiments

Finding maxima in the distribution: 

What is the wavelet transform? This is an example in the µl – µb space 

What maxima are significant and not just Poisson fluctuations?  

In orange 2! 

In red 3! 

overdensities at scale:  1.2 mas/yr  0.6 mas/yr  0.3 mas/yr  0.15 mas/yr 



Tool to conduct experiments

Vt

vt

μl

ϖ



work in observable space

Model:  Plummer
rh = 20 pc,  σ=3km/s
LV = 3.5×103 L⊙

743 stars down to MV=+5,
which is the faint limit of the 
photometry random realization.

Position: l=145°, b=45°
Distances to observer:
 1, 2, 5, 10 & 15 kpc.

UFGX simulation:
Parallax vs. Position in the Sky



work in observable space

Model:  Plummer
rh = 20 pc,  σ=3km/s
LV = 3.5×103 L⊙

743 stars down to MV=+5,
which is the faint limit of the 
photometry random realization.

Position: l=145°, b=45°
Distances to observer:
 1, 2, 5, 10 & 15 kpc.

UFGX simulation:

Parallax vs. distance



work in observable space

Tangential velocities vs proper motions



Devise methods that  work 
best in observable space

L 

r 

v 

Mateu, et al., 2011, MNRAS, 415, 214.
MGC3: Modified Great Circle Cell Counts Method

We add the extra requirement that the velocity vector lies 
within the great circle band.

Now the reciprocal of the parallax is  gone!



Theoretical vs 
observable space

Theoretical 
space

Observable 
space

- Models simply defined

- Errors and survey limits 
difficult to work with

- Models have infinite 
“signal to noise” ratio

- Models difficult to work 
with

- Errors and survey limits 
easier to model

- Observations have finite 
“signal to noise” ratio

In the end, it is better to manipulate models rather than 
data



New tools for a new era

Theory:
e.g. Torus model of the Galaxy (Binney)

Data analysis:
e.g. Bayesian inference

p(P |E) =
p(E|P )
p(E)

p(P )

M
. 
W

e
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(D
u

k
e
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n
iv

.)

Hypothesis

Data

Prob. of X & ⒽProb. of X given Ⓗ

Prob. of Ⓗ
given X

S(θ, J �)
Ho −→ H





The set includes:

•Toy Hamiltonian

•Generating function

•Assorted tori.

New & improved 2012 Version.

This is the pre-Gaia release

Professor Binney’s
TORUS 

CONSTRUCTION 
SET

Professor Binney Authentic Torus Construction set
Designed in the UK, made in China

Professor Binney Authentic 
Torus Construction set

Designed in the UK, made in China

It contains:
•   Toy torus
•   Generating function
•   Assorted tori
•  Illustrated cards



Wish List
Gaia mock catalogue 
without errors

Gaia mock catalogue 
with errors

Tool to extract user-
defined subsample

Tool to add Gaia 
errors to own data

Ability to modify base 
galactic model

GUMS: Gaia Universe Model Snaphot
GOG:   Gaia Object generator
~109 stars
( ~600 GB each file)

Our mock Gaia catalogue
All stars except:  |b|<10°  &  -90° < l < +90°
3.4×108 stars
( ~50 GB)
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