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WHERE TO DIG?

Spatial information
from photometry

Large scale photometric surveys
(SDSS, 2MASS).

Southern Arc

45

-45

45

45 |

180 90 0 270 180 90 N 0N\ 270 180

Orphan

Sagittarius Stream
Stream (of unknown  Monoceros
(with fork parentage) stream

N\

&

o
<

declination [degrees]
&

8

‘
, L. 44
!' I T

|~ Sgr Core o By

(28 ]

4+— Northern ‘ V. Balokurov, loA Cambridge / Sloan Digitdl Sky Survey

Fluff
180 160

right ascension [degrees)

“Field of Streams”
Belokurov et al. ApJ, 642, L137 (2006)

,h\‘ Northern SDSS Sky plOt fOl’

Arm

g-r<04
Rt 008 s 20566
G 066r= VR ES

Majewski et al. Ap/, 599, 1082 (2003)
2MASS sky plot for.

R (20800 < [-Ks < 1.05 (top)
12<Ks<131.05</-Ks<1.15 (bottom)

R 11 Biem e A 25010)



WHERE TO DIG?
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WHERE TO DIG?

Adding metallicity
information

® Fornax O® Sculptor ® Sagittarius O® Carina - MW
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SIN(b)=T1

HOW TO DIG?

4 1=180°

N-body simulations as
guides

SIN(B)=—1

SKY PROJECTIONS

Systematic experiments that can
help us design search strategies.

JOHNSTON, HERNQUIST AND BOLTE, Ap/, 465, 278 (1996)
GREAT CIRCLE CELL COUNT METHOD
SPHERICAL GALACTIC POTENTIAL,
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SIMULATIONS: SELF-CONSISTENT FIELD CODE, FIXED, I ] y
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o

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 L,

HELMI AND DE ZEEUW, MNRAS, 319, 657 (2000)
SPACE OF CONSERVED QUANTITIES

siMuLATIONs: Multipolar code,
fixed galactic potential,
10° particle King model satellites,
12 Gyr time span,
simulated Gaia errors.
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THE PROMISE OF GAIA

LAUNCH DATE: AUGUST 2013

MISSION SPAN: 5 YEARS

ORBIT: LISSAJOUS TYPE AROUND L2

MISSION CAPABILITIES: ASTROMETRY, PHOTOMETRY,

SPECTROSCOPY
Magnitude limit: 20-21 mag Satellte spin axis
Completeness: 20 mag X) e e
Number of objects: 26 million to V=15 R
250 million to V=18 spin axis in 63 days >N
1,000 million to V=20
Astrometric accuracy: /7 Marcsec at V=10

10 parcsec at V=15

200 parcsec at V=20
Photometry: 4 broad band to V=20 R
Radial velocities: 1-10 km/s at V=16-17 great circles
Observing program: On-board and unbiased

Line of sight 2




A DIFFERENT WAY OF
LOOKING AT THINGS



MOCK CATALOGUES

Real Universe Observed Universe
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MOCK CATALOGUES

| Observations
Stellar Halo: Stellar halo

Real Universe AL sample: Observed Universe

Vx,Vy,Vz l,b
MVIZ ﬂ’l"lo('HB A
‘ 9 Comparisons
Inferences ' T e
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model ! observations / @
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GENERAL LAYOUT

Sources Simulators Diagnostics

Galaxy model Random realization ACCI"efIO.n event
generator Identifiers
Satellite models l Photometry simulator Sstiucture
quantifiers
N-Body models | Astrometry simulator l Alororvween

WE NEED TO POOL
Stellar population models l Catalogue simulator l

EFFORTS



OUR EXAMPLE - -

Mon. Not. R. Astron. Soc. 359, 1287-1305 (2005) doi:10.1111/j.1365-2966.2005.09013.x

Detection of satellite remnants in the Galactic Halo with Gaia - 1. The

WE DEVELOPED: effect of the Galactic background, observational errors and sampling
Anthony G. A. Brown,' Hector M. Veldzquez® and Luis A. Aguilar?
L M aSS m Od e I Of th e G a I aXy ! Sterrewacht Leiden, PO Box 9513, 2300 RA Leiden, the Netherlands
1 % Instituto de Astronomia, UNAM, Apartado Postal 877, Ensenada, 22800, Baja California, Mexico

® | ight model of the Galaxy

® Dynamical and stellar pop. satellite models. ®
ROYAL ASTROI;Q}I‘\?IICAL SOCIETY ""'::T‘Z’«‘:"

Mon. Not. R. Astron. Soc. 415, 214-224 (2011) doi:10.1111/j.1365-2966.2011.18690.x

® Gaia mock catalogue generator

® Tool to insert N-bo dy simulations within Detection of satellite remnants in the Galactic Halo with Gaia - I1.

A modified great circle cell method
mock catalogue.

C. Mateu,'™™ G. Bruzual,' L. Aguilar,” A. G. A. Brown,? O. Valenzuela,* L. Carigi,*
H. Veldzquez? and F. Hernandez!
L Centro de Investigaciones de Astronomia, AP 264, Mérida 5101-A, Venezuela

A Dv A N T AG E s : 2 Instituto de Astronomia, UNAM, Apartado Postal 877, 22860 Ensenada, B.C., México

3Sterrewacht Leiden, Leiden University, PO Box 9513, 2300 RA Leiden, the Netherlands

4Instituto de Astronomia, UNAM, Apartado Postal 70-264, 04510 México, D.F,, México

® Freedom to test our ideas in a realistic
framework

® Have all tools ready before first data release. ... MORE IN THE PIPELINE

DISADVANTAGES:

® | ots of preparatory work
® Models not as sophisticated as some
already available.




SOME LESSONS
LEARNED



REALISTIC BACKGROUND

STAR COUNTS: SATELLITE

ADDING A REALISTIC BACKGROUND,
WITH THE PROPER STAR COUNTS IS
VERY IMPORTANT

—3.2 m—  —— 2.8 Log (stars/sq. degree)

STAR COUNTS: SATELLITE+GALAXY
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REALISTIC BACKGROUND

UFGX SIMULATION:
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INSERTION IN MOCK
CATALOGUE

A PROPER WAY TO INCORPORATE
AN N-BODY SIMULATION IN A MOCK
CATALOGUE IS FUNDAMENTAL

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

FAINTEST STAR SEEN AT CLOSEST DISTANCE
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ERRORS DEPEND NOT ONLY ON
APPARENT BRIGHTNESS, BUT ALSO ON
POSITION IN THE SKY, COLOR, ETC.

RADIAL VELOCITY ERRORS

GAIA
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ADDING REALISTIC ERRORS

The E vs L, diagram

Combined data Combined data Combined 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
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TOOL TO CONDUCT EXPERIMENTS

overdensities at scale:  0.15 mas/yr 0.3 mas/yr 0.6 mas/yr 1.2 mas/yr
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TOOL TO CONDUCT EXPERIMENTS
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WORK IN OBSERVABLE SPACE

UFGX SIMULATION:

MODEL: PLUMMER

R, = 20 PC, O0=3KM/S
Ly = 3.5x10°% Lo

743 STARS DOWN TO My=+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.

-4 T T T T — 37150
w
-3 {100
-2}
50
-1} o
I
= 50k IS
5 20 =
© [
E 1 8
:? 10 E{
—1 2 é
5 5
3 S
S
al
2
5 \
00 01 02 03 04 05 06 07 08 09

V-R (mag)

1200

1150

=
=
o
o

1050

1000

Parallax (muas)

o
w
o

900

850

600

w
w
o

500

Parallax (muas)

450

400

350

300

250

Parallax (muas)
N
o
o

[
w
o

100

50

Parallax vs. Position

L")
Rhel=2.0 kpc

Rhel=1.0 kpc
- P 4
ein s
L B ]
SR
130 140 150 160 170

T
Lt
g

L")

Rhel=5.0 kpc

130 135 140 145 150 155 160 165

T T

130 135 140 145 150 155
1C)

160

1200

1150

[
[
o
o

1050

1000

Parallax (muas)

950

900

850

600

w
(%)
o

500

Parallax (muas)

450

400

350

300

250

Parallax (muas)
= = N
o w o
o o o

w
o

L

Parallax Obs (muas)

38 40

48 50 52

40 42

a1 46
b (")

48 50

in the Sky

1200

==
o =
o o u
o o o

1'1000

o
w
o

o
o
o

o4}
w
o

600

w
(%)
o

Parallax Obs (muas)
& 3
o o

400
350
300
250
1200

150

Parallax Obs (muas)

100

50

Parallax_True (muas)

940 960 980 1000102010401060

Parallax_True (muas)

485 490 495 500 505 510 515

Parallax_True (muas)

107 108 199 200 201 202 203




WORK IN OBSERVABLE SPACE

Rhel=1.0 kpc
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WORK IN OBSERVABLE SPACE

Tangential velocities vs proper motions

Rhel=1.0 kpc (743/743 plotted) Rhel=5.0 kpc (722/743 plotted) Rhel=10.0 kpc (304/408 plotted)
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DEVISE METHODS THAT WORK
SIEST IN OBSERVABLE SPACE

MGC3: MODIFIED GREAT CIRCLE CELL COUNTS METHOD
MATEU, ET AL., 2011, MNRAS, 415, 214.

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

‘zf*‘g(sr ‘IAJ‘A’*|§5U

ryq = To + A, [(cosl cosb)X + (sinl cosb)y + (sin b)2]

Ee— 0 U T - AN (14 cos b)i + ,ublf)}

I = Wrgql = Wre + Ay [(cosl cosb)X 4 (sinl cosb)y + (sin b)z]

V/gal = WVg4ql|= @WVe + wu, T + A, [(,ul COS b)i == ,LLblA)}

NOwW THE RECIPROCAL OF THE PARALLAX IS GONE!



THEORETICAL VS
OBSERVABLE SPACE

THEORETICAL OBSERVABLE
SPACE SPACE

- MODELS DIFFICULT TO WORK
WITH

- ERRORS AND SURVEY LIMITS
EASIER TO MODEL

- OBSERVATIONS HAVE FINITE
“SIGNAL TO NOISE” RATIO

- MODELS SIMPLY DEFINED

- ERRORS AND SURVEY LIMITS
DIFFICULT TO WORK WITH

- MODELS HAVE INFINITE
“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)

~——y

DATA ANALYSIS:

P

E.G. BAYESIAN INFERENCE

(YET ANOTHER) HISTORY OF LIFE AS WE KNOW IT...
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M. WEST (DUKE UNIV.)
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WISH LIST

GAIA MOCK CATALOGUE GUMS: GAIA UNIVERSE MODEL SNAPHOT
WITHOUT ERRORS

GOG: GAIA OBJECT GENERATOR
~10° stars
( ~600 GB each file)

GAIA MOCK CATALOGUE

WITH ERRORS OUR MOCK GAIA CATALOGUE
All stars except: |b|<10° & -90° < [< +90°
TOOL TO EXTRACT USER-} 3.4x108 stars

DEFINED SUBSAMPLE (~50 GB)

TOOL TO ADD GAIA
ERRORS TO OWN DATA

ABILITY TO MODIFY BASE
GALACTIC MODEL




TIME IS RUNNING DOWN ...

MNS DYS HRS MNS SNDS

01 30:00

1

b, ,
E”I




