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Measuring Distances

 Many techniques to determine the distance to objects
ky ... but 'Astrometrical parallax' 1s direct
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1 Parsec = 206,000 AU = ~ 3.09 x 10" km = ~ 3.26 light years
1AU =1.5x 10° km

d=1/p
d (parsec), p 1n arcsecs
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Motion of a star on the sky is complex

e (Observed motions of stars
on the sky can be complex

This example of HR6046
shows the path of its centre
of light on the plane of the
sky, a combination of °
motion due to proper =
motion, parallax and orbital
motion (it's a 6yr period
spectroscopic binary) :

mas

These measurements are
from Hipparcos, so the
units are mas (for Gaia
will be 1n pas)
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Parallaxes of stars

e A star with a parallax of 1 arcsec has a distance of
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O1Nc parscce

— Nearest star: Proxima Centauri — parallax of 0.76", thus
at a distance of 1.31 pc

Hipparcos (satellite in the 90s) measured parallaxes
to accuracies of milli arcsec — distances to 1 kpc

— Catalogue of ~120,000 stars to V=12 mag

- See: van Leeuwen, ASSL 350, 2007

HST astrometry

— Typically 0.2 milli arcsec errors

— But calibration gives relative not absolute astrometry

These just reach a few nearby Cepheids stars
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The Distance Scale

Indirect distances all based on
the fundamental measurement galaxy clusters
of nearby stars nearty galaxies %

107 |
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The Promise of Gaia
transformational science

1000 million objects
measured to | = 20 20 kpc

~ Horizon for proper rotions
accurate to 1 km/s

>20 globular clusters
Many thousands of Cepheids and RR Lyrae

-

e Dark matter in disc measured
* from distances/motions of K giants
30 open clusters TV : : _.

Mass of galaxy from - g
rotation curve at 15 kpc Sun within 500 pc-
2 \-r ':'. %_ .. t - .
P ity S e
& g = : . . 7 -
Horizon for detaction of .
Jupiter rnass_.pia.r_iets' (200 pc)

Dynamics of disc,
spiral arms, and bulge

-

Horizon for distances
accurate to 10 per cent

Proper motions in LMC/SMC /

individually to 2-3 km/s

s

| General relativistic light-bending determined to 1 part in 10° | 1 microarcsec/yr = 300 km/s at z= 0.03
e e (direct connection to inertial)




Gaia: mapping the Universe
launches May 2013

Hipparcos Gaia
Magnitude limit 12 20 mag
Completeness 7.3-9.0 20 mag
Bright limit 0 6 mag
Number of objects 120 000 26 milliontoV = 15

250 milliontoV = 18
1000 million to V = 20

Effective distance 1 kpc 1 Mpc
Quasars None 5x10° .
Galaxies None 10° - 107 Images.
Accuracy 1 milliarcsec 7 parcsec atV =10 ESA
10-25 parcsec atV =15
300 parcsec at VvV = 20
Photometry 2-colour (B and V) Low-res. spectra to V = 20
Radial velocity None 15 km/stoV = 16-17
Observing Pre-selected Complete and unbiased
104.26cm
<
N\

an|g
pay

42.35cm

Radial-
Velocity
Spectro

meter

Star ccps
Field CCDs motion in
10 s

Astrometric
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What's driving Gaia?
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Towards a more precise understanding of the

current structure and history of our galaxy:

— Dastributions of mass, energy and angular momentum
- Missing mass, dark matter?

— Signatures of mergers
- Dwart galaxies within the local group

— History of star formation and enrichment of the inter-
stellar dust and gas

In a nutshell — map the Galaxy and Local Universe
— a billion stars, p arcsec astrometry, to V=20 mag

— one parcsec : 'resolve a finger nail on the moon!'
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What's required for this mapping?

* Accurate positions and velocities of stars over a large
volume of space

— size of the galaxy implies a Radius ~10 to 20 kpc (dist.mod: 15.0
to 16.5)

e Complete survey down to a limiting magnitude
- Approximately 20® magnitude, 10° objects
e Complementary data required to 'sort' the objects
— effective temperature
— surface gravity
- metallicity
— luminosity
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Gaia: Design Considerations

Astrometry (< 20 mag):
— completeness to 20™ mag (with on-board detection) — 10? stars
— accuracy: 10-25 parcsec at 15" mag (c.f. Hipparcos: 1 mas at 9" mag)

— scanning satellite, two viewing directions — global accuracy, with
optimal use of observmg time

— principles: global astrometric reduction (as for Hipparcos)

e Photometry (< 20 mag):

— astrophysical diagnostics (low-dispersion photometry)/ chromaticity
e T~200K, log g, [Fe/H] to 0.2 dex, extinction ...

e Radial velocity (< 17 mag):
— application:
* third component of space motion, perspective acceleration

* dynamics, population studies, binaries
* spectra: chemistry, rotation

— principles: slit less spectroscopy using Ca tr1plet (847-874 nm)
« R = 11,500 with radial velocities at 15 km s™ precision
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Gaia: Complete, Faint, Accurate
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Hipparcos Gaia

Magnitude limit 12 20 mag

Completeness 7.3-9.0 20 mag

Bright limit 0 6 mag

Number of objects 120 000 26 millionto V=15

250 millionto V =18

1000 million to V =20

Effective distance limit 1 kpc 1 Mpc

Quasars None 5x10°

Galaxies None 10°— 10’

Accuracy 1 milliarcsec 7 narcsec at V=10
10-25 parcsec at V=15
300 parcsec at V =20

Photometry photometry 2-colour (B and V) Low-res. spectra to V =20

Radial velocity None 15 km/sto V=16-17

Observing programme

Pre-selected

Complete and unbiased

source: ESA

31 Aug 2011
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Gaia Accuracy: 10uas is very small!

~ 0.3 mm displacement on the Earth
Displacement of a 100 mas/yr star in one hour
Motion of a fast moving minor planet in 100 us
edge-on sheet of paper @ 2000 km
1 hair @ 1000 km 10 pas

400 000 km
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And what 10 uas gets you ...

20
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Thus Gaia will give direct distances to
Cepheid variables (a key 2" indicator)

15 d<0.5 kpc, 65 d< 1 kpc, 165 d< 2 kpc
* bright enough ( V < 14)
In the plot : 400 galactic cepheids from David Dunlap DB

+ distance and magnitude =» Gaia predicted accuracy for parallax
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F. Mignard 2002, 2009
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Gaia & other Astrometric missions
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10 10 104 1000 100 10 1 Precision (jras)
AL L | L ! L ' =
UV/X-ray
Photographic surveys = (=20 10"
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Ground based parallaxes m < 16 10
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|
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GAIA: Some Science Objectives

» Structure and kinematics of our Galaxy:
— shape and rotation of bulge, disk and halo
- 1nternal motions of star forming regions, clusters, etc
— nature of spiral arms and the stellar warp
— space motions of all Galactic satellite systems

e Stellar populations:
— physical characteristics of all Galactic components
— 1nitial mass function, binaries, chemical evolution
— star formation histories

e Tests of galaxy formation:
— dynamical determination of dark matter distribution
— reconstruction of merger and accretion history
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One Billion Stars in 3-D will Provide ...

* in our Galaxy ...
— the distance and velocity distributions of all stellar populations
— the spatial and dynamic structure of the disk and halo
— 1ts formation history
— a detailed mapping of the Galactic dark-matter distribution
— arigorous framework for stellar-structure and evolution theories
— a large-scale survey of extra-solar planets (~7,000)
— a large-scale survey of Solar-system bodies (~250,000)
* ... and beyond
— definitive distance standards out to the LMC/SMC
— rapid reaction alerts for supernovae and burst sources (~20,000)
— quasar detection, redshifts, microlensing structure (~500,000)

— fundamental quantities to unprecedented accuracy: e.g. relativistic
light bending due to gravity: PPN G ~2x10° (~2x10°present) =g
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Gaia Science: Astrometry

* 0~5-14 pas for V <12

e 6~10-25 pas for V <15

e 5~100-300 pas for V <20 : )

e 25,000 stars/deg” with ! | e f
max ~10° stars/deg’ il KN

e ~5,000 extrasolar planets e
to 200pc 1 K\ P

 3x10° minor bodies in the
solar system _ b

e 5x10° QSOs | Y
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Gaia Science: Photometry

* Two channels: 330-680 nm (BP), 640-1000nm (RP)
e Low resolution (~3-30 nm/pix) prism spectra
o Allows derivation of A , T , log g, [M/H] and [o/H] for

brighter stars
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Gaia Science: Spectroscopy

ioa

Binarity, variability
~10° spectroscopic
binaries

~10° eclipsing binaries

Long period classical
Cepheids to 20-30 kpc

31 Aug 2011

T [Fe/H] =0, [a/Fe] =0

T [Fe/H] =0, [a/Fe] =404

855
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— [Fe/H] = —15, [a/Fe] =0

™ [Fe/H] = —15, [a/Fe] = +0.4
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Gaia will also observe the transient sky
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The Gaia Spacecratt

Payload Module

Service Module

Figure courtesy EADS-Astrium
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Satellite and System

e © ESA-only mission
* Launch: May 2013
* Launcher: Soyuz—Fregat from Kourou
* Orbit: L2 Lissajous orbit
~reanuersase ® (Ground stations: Cebreros + New Norcia

~ Tikuatgs * Lifetime: 5 years (1 year potential extension)
* Downlink rate: 4 — 8 Mbps

04.110-m Fairing

T 3" Stage

2™ (Core) Stage

. 1¥ Stage Strap-on
Boosters

Nic Walton - GAIA- STFC school @ Glasgow
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Downlink

e Using Cebreros (35M)
— 3-8Mb/s downlink

- depends on encoding

- which depends on weather

- ~30GB/day — ~100TB
— so download 'windows' around objects

e occasionally New Norcia
— during Galactic plane scans

— data accumulated onboard downlinked later

e Data 1s compressed encoded and requires a lot of
processing (~10°! FLOP)
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Payload and Telescope

Rotation axis (6 h) Basic-Angle-Monitoring (BAM)

Two Sic primary mirrors A
system

1.45 & 0.50 m? at 106.5° -—
1T >

. 137; hned SiC torus
A PV Ry’ /optical bench)

Combined
Focal-Plane
Assembly
(FPA) with
106 CCD

detectors
Superposition of two

Fields of View (FoV) Radial-Velocity
Spectrometer (RVS) Figure courtesy EADS-Astrium
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Figure courtesy Alex Short

Focal Plane

104.26cm

X
(1]
| oo : (o}
| = U
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£ = i ©
8 | 2 | 3
@ 0o (1))
g 3 g
Il @ e ) ]
H 19 Radial-Velocity
» u? Spectrometer
| CCDs
ﬁ

Star motionin 10 s

Astrometric Field

Mapper CCDs
CCDs
Total field: Sky mapper: Photometry:
- active area: 0.75 deg? - detects all objects to 20 mag - spectro-photometer
-CCDs:14+62+14 +12 (+ 4) - rejects cosmic-ray events - blue and red CCDs
- 4500 x 1966 pixels (TDI) - field-of-view discrimination Spectroscopy:

ixel size =10 pm x 30 pm Astrometry: - high-resolution spectra
jioa 31 Aupddnas x 177 mas - totlwigtection noisere 6ciiol @ Glas - red CCDs



Focal Plane: multiplexing

106 CCDs , 938 million pixels, 2800 cm?

Figure courtesy Alex Short/ Wil O'Mullane
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Number of Sources per day
about 1000 deg’ scanned per day

8.6

8.4

8.2

log (num. stars/day)

45 x 10° 7

7.4

1.2

0 200 400 600 800 1000 1200 1400 1600 1800
Days in mission
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Gaia launch and. orblt

(credit; EADS Astrium)-.

Lissajous orbit about L2

~1 orbit manoeuvre every month £

~1 month
transferto L,

Soyuz/Fregat launch from
Kourou

Nic Walton - GAIA- STFC school @ Glasgow
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5 - 6 years of continuous
observations

B

i L2,a:1.01ua'

~ Earth-Moon barycenter
a=1ua
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Gaia Orbit

o\

150x108 km

-
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SKy-Scanning Principle

45°

Sun

Satellite spin axis

2

Precession of the \
spin axis in 70 days\‘

Line of sight 1

\‘ Spin axis 45° to Sun
Scan rate: 60 arcsec s
T _______ Spin period: 6 hours
) Basic/angle |

A

Consecutive 3¢
great circles

Line of sight 2
Figure courtesy Karen O’Flaherty
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Gaia: Sky Coverage

# Transits

Each point: t, t + 106 mins, t_ + 6hrs, t + 6hrs + 106 mins, repeated 10-30 days later
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What will Gaia see?

Colours correspond to density of objects

artistic top view of our galaxy (NASA/JPL-Caltech/R. Hurt) X. Luri & the DPAC-CU2. Simulations based on an adaptation
for Gaia of the Besancgon galaxy model (A. Robin et al.)
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Photometry Measurement Concept (1/2)

Astrometric
Red & blue field o
photometer
detectors Sky mapper

X

%

BAM & WFS

i\

T
A !{ig » N M4/M'4
HEISEOn 1 / beam combiner
Blue photometer: )
330 — 680 nm LA
Photometer «+ \\\ PR

<

Red photometer: prisms X
640 — 1000 nm
RVS grating
and afocal
field corrector
M5 & M6

fold mirrors

Figure courtesy EADS-Astrium
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Photometry Measurement Concept (2/2
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Radial-Velocity Measurement Concept (1/2)

Astrometric

field o

Red & blue
photometer
detectors Sky mapper
i BAM & WFS

RVS
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) e o,
/o TAmmwmm—

AY T, i,
S -
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0 >
’
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\ .
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Photometer —/

Figure courtesy EADS-Astrium prismS
Spectroscopy: RVS grating «
847 — 874 nm and afocal
(resolution 11,500) field corrector
M5 & M6
fold mirrors
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Radial-Velocity Measurement Concept (2/2)
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Data-Reduction Principles

* AL *

¥ *
b :
* Scan width = 0.7°

X 3 ]

* *

1. Object matching in successive scans
2. Attitude and calibrations are updated

Figure courtesy Michael Perryman

Sky scans 3. Objects positions etc. are solved
(highest accuracy 4. Higher-order terms are solved
along scan) 5. More scans are added

/ 6. System is iterated
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Gaia Image Gallery

http://www.rssd.esa.int/index.php?project=GAlA&page=Image_gallery

Ds - Mars 2010
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http://www.rssd.esa.int/index.php?project=GAIA&page=Image_gallery

End-of-life parallax errors

1000 _ . g . : . . . . ——{ Hipparcos

|
T ‘ ‘ | ‘ | |
=
3w '
E |
5 |
This shows the expected coverage for a 5 year ﬁ 1 e
mission. Each location of the sky will be § 1o | | — ND”'“”‘f‘:’rm'tIY |
observed in multiple blocks of four observa- & ' Dgfr the Sk;f,'
tions - these spaced at_0,t_0 + 106 mins, t_0 + 5 - 70% — 1 1Gl =
6hrs, t_0 + 6hrs + 106 mins, with these then u:% '
being repeated 10 to 30 days later. This tempo- '
ral coverage of the sky leads to opportunities to k1 ) : 3 .
discover an characterise various transient . @ f F fEoam I o R W R o\ BW =
objects. Credit: A Brown / ESA. g
1. B <G < 12: bright-star regime (calibration errors, CCD saturation)
Summary of Gaia Science Products 2. 12 < G < 20: photon-noise regime, with sky-background noise
« 10°stars and electronic noise setting in around G ~ 20 mag
- 10%at V=12, 30x106 at V=15, 250x10° at V=18
» Sigma ~10pas V<12, 22pas V=15, 220uas V=20 g i
- 25,000 stars/ deg? with max ~10° stars/ deg? _ ey / ////
. 150x10° radial velocities E L v | /
- Accurate stellar classification for all classes and types £ _j:: /
» Recalibration of the distance sécale E B / Z
- Variability analysis for over 10° stars 30 o T ,7 /
- 10,000 stellar masses with o < 1% £ el /A/
- Extrasolar planets to 200pc E Kav / /
. . e e~
« 3x10° minor bodies of the solar system E “”"/// | / %/
» ~5x1% QSOs + z + photometry, ICRF in the visible ] : %ﬁj
« PPN gamma to ~ 2x10% oK | 1 -
|} 10 1" 12 13 14 15 18 17

V [mag]
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The Gaia Project

a complex mission on budget, on time (more or less)

National
esa .
Agencies
European Space Agency MLA Steering Committee
v RMNP
ESA Project - ESA Project - PEE 2010-2015
Manager/Team Scientist .
d Diata Frocessing 4 FP7-ITH
A 2011-2014
Gaia
ASTRILIN .
Frime Contractor Science Team

Sub-contractors Scientific community
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The Data Reduction Challenge

DPAC: Data Processing & Analysis Consortium

Gaia Science Team l

CU: Coordination Unit

Steering Cummiﬂ.ee‘ ~450 people across 35+ countries

[ Gaia Project Team ]\ Gaia Project Scientist ‘
{ DPACE

cu \
System
Architecture \

™) ™y ™

cuz2 cu3 cu4 Ccus CuU& cuT cua

Simulation Core Object Photometric || Spectroscopic Varability Astrophysical
Processing Processing Processing Pracessing Processing parametess
y AN g
'T
PG DR DPC PG DPG P
ESAC Barcelona Toring Cambridge Geneva CHES
OFC: Data Processing Centre
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Overall chart of the data processing

Relativistic formulation

—| Multiple systems /—\/ Reference system/QSOs ||
/

Exo-planets Secondary stars = Astrometric solution Galactic rotation model
o radial velocity
Variability Spectroscopy Calibration athuee best instrument param.

Solar system Photometry rd orbit data

Iterative
Astrometric
Solution

Astrometry

SS ephemeris
Astrophysical
Characterisatio
L, T, Fe/H ..

«—— Intermediate catalogue

Object Matching .

I

Image param. | ¥——— pgp/ P
Figure courtesy Francois Mignard 1

on-board attitude

CCD data Daily
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GREAT ESF RNP

Scientific Community Building

* Development led by team from ESA Gaia Science
Team and Data Processing & Analysis Consortium

* Funds conferences, workshops, exchanges, schools

e Key science remit inclusive across (Gaia science
— Origin, structure, evolution of the Milky Way

— Stellar Astrophysics
- Galactic Dynamics s ey 37
— Qalactic Archaelogy fg’aldEUPO ea‘nﬁ :«threeﬁwm
— Star formation and evolution ey 3 alagmescm ~ M EResgg '
- Fundamental physics o ffgt«; g Galdst tymm AT oM s
- Extrasolar planets and non single starg; “:"¢ Bt e GRE ATygS(I%lgrlglceh
~ Solar system e :*l,ﬂh;;COmmUnl FeQ i tmel Lo
The IT data challenge addrisi:astmnomi ; explmtatmn P-——lsILllSSlOHSars
EE i UmpeES A groupss'— E‘pe()p]e s g
. Opp ortunity for students = TS F ey i S

events facilitate  jntepaction mp

pan

system
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Eg -=»  GREAT ESF Research
Network Programme

 Provides funds for the GREAT research network:
— Feb 2010 — Jan 2015 with a budget of ~€750K

e The Programme provides financial support for the
following activities:
— Science meetings (workshops, conferences or schools)

organised either by the Programme Steering Committee
or following an open call for proposals

— Grants for short and exchange visits awarded following
an open call for applications

— Publication of information brochures and leaflets,
scientific books and meeting proceedings etc
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* ESF networking programmes are 'Open'
— Encouraged to involve the wider community

— Ideal for the concept of including those that are not co-
applicants in other network activities

 Period of call 1s science over 2010 — 2015
— Thus, can factor in access to 'early' Gaia data releases
— Access to Gaia science alert streams

— Can also consider science programmes requiring
preparatory work (theory, simulations, observational)

» Calls are published at http://www.great-esf.eu

— Short visits can be proposed at any time, whilst for
workshops/ conferences/ exchanges: two calls/year
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http://www.great-esf.eu/

S GREAT-ESF Meetings 2011

range of topics to be covered

GREAT-ESF Workshop Orbiting couples: "pas de deux" in the Solar System and the Milky Way, 10 - 12 October 2011, Paris
Observatory, Paris, France

GREAT-ESF Workshop The Jnrersre{{ar Medium in Three Dimensions with Gaia, 11 - 14 July 2011, The Lorentz Centre, Leiden
University, Leiden, The Netherlands ('« workshop website)

GREAT-ESF Workshop Stellar Atmospheres in the Gaia Era: Quantitative Spectroscopy and Comparative Specr{qm Modelling, 23 -
24 June 2011, Free University Brussels (Vrije Universiteit Brussel - VUB), Campus Etterbeek, Brussels, Belgium (‘= workshop website)
GREAT PLENARY 4th Great Plenary Meeting, 21 - 23 Jun 2011, Brussels, Belgium ('i;i-' Plenary website)

GREAT-ESF Workshop QS0 Astrophysics, Fundamental physics, and Asrmmerﬂcxposmomgy in the

Gaia era, 6 - 9 June 2011, Faculty of Sciences, University of Porto, Porto, Portugal (=’ workshop website)

GHEAT—ESF Summer School and Workshop Astrostatistics and Data Mining in Astronomical Databases, 30 May - 3 June 2011, La
Palma, (‘&' school website)

GREAT-ESF Workshop Asteroid dynamic and physical studies during and after the Gaia mission, 4 - 6 May 2011, Pisa, ltaly ('i;i-'
workshop website)

GREAT-ESF CONFERENCE The Fundamental Cosmic Distance Scale: State of the Art and the Gaia Perspective, 3 — 6 May 2011,
Osservatorio Astronomico di Capodimonte, Naples, ltaly (&) conference website)

GREAT-ESF CONFERENCE Assembling the puzzle of the Milky Way, 17 — 22 April 2011, Le Grand-Bornand, France ('i;-' conference
website)

GREAT-ESF Workshop Gaia and the End States of Stellar Evolution, 11 - 14 April 2011, The University of Leicester, UK ['i;-' workshop
website)

http://great.ast.cam.ac.uk/Greatwiki/GaiaScienceMeetings
See this link also for the final reports from each meeting
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Galaxy substructure and satellite
accretion

Belokurov et al (2006 etc) — this figure is the SDSS DRY release. This shows turnoff
stars (selected by colour) — where blue is closer, red further
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Gaia-ESO Survey: Supporting Spectra

Galactic Astrophysics via VISTA Imaging,
Gaia Astrometry, and Eso SpectrOscopy

e Large scale survey — ground based spectroscopy for Gaia:
— Mass Distribution of the Galaxy
— Galaxies formation and evolution traced by chemistry
e Key aims: kinematic studies of the halo, chemistry of the disk

— Quantify thick disk and halo abundance and kinematic
gradients

— Distribution functions due to the inner bar and spiral arms
e Determine the relative importance of assembly and accretion
e Bulge-disk interface: (secular) origin of the thick disk
e Halo-disk interface: (merger) origin of the halo & thick disk
» Direct constraints on the disk and halo potential
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Gaia-ESO Survey

Open Star Clusters: the path from molecular clouds to the
MW disc population

 ioa

Large survey also includes stellar astrophysics ...
— Clusters and star formation and evolution

Key aims: kinematic and chemical studies of a large sample
of Open Clusters and cluster members — to:

— understand how clusters form; evolve, dissolve, and
populate the Milky Way

— calibrate complex physics that affect stellar evolution;

— measure the Galactic metallicity gradient at different ages
with unprecedented accuracy, thereby setting constraints
on models of disc formation

Survey VLT FLAMES/UVES — 300 nights: 2012 to 2017
See http://www.gala-eso.eu
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http://www.gaia-eso.eu/

Conclusions and Links

— More on the below in presentations at the GREAT Plenary — June 2011: ——
http://great.ast.cam.ac.uk/Greatwiki/GreatMeet-20110621

e (Gaia set to revolutionise our understanding of the
nearby Universe

* The European galactic astronomy community well
organised through the GREAT network

e Ambitious supporting survey and mstrument
programmes now underway:
- Ga1a-ESO survey
- MOONS, 4MOST, WEAVE

 ESA Gaia: http://www.rssd.esa.int/gaia

 GREAT: http://www.great-esf.eu
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