
Remembering Hector de Vega 
a really nice person 
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Gaia & the Distance Scale 
 Stereoscopic Census of our Galaxy 

http://gaia.ac.uk 

one billion pixels for one billion stars 
one percent of the visible Milky Way 

Gerry Gilmore      UK Gaia PI 

IoA Seminar 2 
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There is an elephant in the astrophysics room: 
all distances depend on too few, inaccurate, stellar parallaxes 

Thanks to Ian for the elephant 

I gave my friend an elephant 
He said:  “thanks” 
I said:   “don’t mention it” 
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How does Gaia work?:   Sky Scanning Principle 

Observe sky with 
two telescopes 

Precision: 50pico-rad,    human hair at 1000km,   2cm on the moon...  
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Non-variable tracers will be accurately calibrated 



Gaia and dark matter 

• Precision high-statistical weight studies of 
dark matter distribution in local Milky Way 

 
• Possible: detection of dark sub-structures – 

this requires examples in high stellar-density 
environs 

• Not possible – 3-d mapping of cores in distant 
dSph 
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The value of extra information: 
 
This is the Hipparcos-based 
Hertzsprung-Russell diagram 
 
Colour code is proper motion: 
Blue=small, red=large. 
 
The Galactic age-velocity relation 
is immediately obvious. 
 
 
Spectra  add elemental 
abundances and precise radial 
velocity 
 
With 2-3-4 families of elements,  
(and sub-giant ages with Gaia) 
this increases dimensionality 
and adds statistical weight. 

V-I Colour 

HIPPARCOS mission 2007 

Why is astrometry interesting? 
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Stellar distances:  the Cambridge connection 

    1994 workshop at IoA/RGO/ESA on 
 Future Possibilities for Astrometry in space 9 



General Relativity/Metric 

• From positional displacements: 
– γ to 5×10-7 (cf. 10 -5 presently) ⇒ scalar-tensor theories 
– effect of Sun: 4 mas at 90o;  Jovian limb: 17 mas;  Earth: ~40 µas 

• From perihelion precession of minor planets: 
– β to 3×10-4 - 3×10-5 (×10-100 better than lunar laser ranging)  

– Solar J2 to 10-7 - 10-8 (cf. lunar libration and planetary motion) 

• From white dwarf cooling curves: 
– dG/dT to 10-12 - 10-13 per year (cf.  PSR 1913+16 and solar structure) 

• Gravitational wave energy: 10-12 < f < 10-9 Hz 

• Microlensing: photometric (~1000) and astrometric (few) events 

• Cosmological shear and rotation (cf. VLBI) 
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Gaia will repeat the Eddington 1919 light-bending test 100 years 
later, with 100,000 times higher precision 

Gaia will measure light bending by Jupiter to test GR 
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Monopole gravitational light deflection 

body (µas) >1µas 
Sun 1.75′′ 180 ° 
Mercury 83 9 ′ 
Venus 493 4.5 ° 
Earth 574 125 ° 
Moon 26 5 ° 
Mars 116 25 ′ 
Jupiter 16270 90 ° 
Saturn 5780 17 ° 
Uranus 2080 71 ′ 
Neptune 2533 51 ′ 

• Monopole light deflection: distribution over the sky on 25.01.2006 at 16:45 
  equatorial coordinates 

µas 
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Light deflection from the planets 

Jupiter:                            gradient- 
monopole           gravitomagnetic   quadrupole 
 

 
 
 

γ:1.1×10-3 α: 2.5×10-3 

ε:>0.1 

Anglada-Escudé, Klioner, Torra, 2006 
Crosta, Mignard, 2006 

For other planets the results are worse: 0.1-0.007 for the monopole 

Problem: rings, dust, gas, etc. in the vicinity of the giant planets 
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Schwarzschild effects due to the Sun: perihelion precession 
Preliminary results with limited number of sources and  
            with perihelion only:  

  

σβ < 10−3

σ J2
< 10−7

σ &G /G < 5×10−13 yr-1

Relativistic effects with asteroids 

Non-Schwarzschild (3-body) effects: related to the tests of  
   the Strong Equivalence Principle  

test non-standard combinations of the PPN β and γ 

                 e.g.   η = 4γ − β − 3



Gaia extends GW 
beyond pulsars 
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Pattern matching in positions/proper motions 
 
II.  Constraint on very low frequency gravitational waves:  

 
   - constraint of stochastic GW flux with  ν < 3×10-9 Hz 

         (similar study done for VLBI: Gwinn et al., ApJ, 1997) 
 
  - attempts to fit a pattern of apparent motions induced by an 

          individual GW with ν < 1.3×10-7 Hz 
    (matched filtering can be used, synergy with LISA & ground based) 

The harmonic coefficients for n>1 give the GW-flux constraints 

 

From Gaia for ν < 3×10-9 Hz (95% confidence; preliminary analysis): 

  h
2 ΩGW < 0.001÷ 0.005



• Will Gaia contribute to cosmology and fundamental physics? 

•Gaia MAY detect?/constrain very low frequency gravitational waves, 
from coherence/stability of reference frame. a la VLBI 

•Gravitational wave energy: 10-12 < f < 10-9 Hz 
•This range – well below pulsars – is a sensitive test of inflation models, 
and later neutrino effects  eg PRD 75 104009 2007 
•Need a many light-year detector – use star fields! 



Galaxies, Quasars, and the Reference Frame 

• Parallax distances, orbits, and internal dynamics of nearby galaxies 

• Galaxy survey, including large-scale structure 

• ~1,000,000 quasars: kinematic and photometric detection 

• ~10,000  supernovae  [few/day  real-time alerts] 

• ΩM, ΩΛ from multiple quasar images (4000 to 20 mag) 

• Galactocentric acceleration: 0.2 nm/s2 ⇒ ∆(aberration) = 4 µas/yr  

• Globally accurate reference frame to ~0.4 µas/yr 



• Will Gaia contribute to cosmology and fundamental physics? 

Gaia will discover 500,000 quasars, all with high-resolution imaging to quantify strong-
lensing structure (11 qso lenses known in DR3…),  
[discovery: spectrophotometry, emission lines, astrometry] 
2000 new strong-lensed QSO expected, under standard CDM 
ΩM, ΩΛ from multiple quasar images 
The separation DF is also a measure of the small-scale perturbation spectrum 
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Astrometry distance accuracy DF simulated 

All stars Cepheids 

P-L relation will be known to an accuracy < 0.01mag. 
Gaia’s Cepheid calibration will be limited by extinction uncertainties 
 - and the astrophysical variance we haven’t noticed yet 



Precision Photometry 

LMC/SMC Cepheids 

SNae, z=0.1 



Serge Brunier 

Image: NASA/Serge 
Brunier/ESA 

Alerts and the distance scale 

SNe Ia 

RR Lyrae, 
Cepheids, EBs...... 

Near Far 

http://www.sergebrunier.com/
http://www.sergebrunier.com/


What alerts? 

We want to find: 
 
Extragalactic (SNe, 
AGN flares, TDEs, 
GRB afterglows...) 
 
Galactic (CVs, M-star 
flares, Fuor's, W 
UMa's, microlensing, 
LMXBs...)   
 
The unknown... 





Gaia real-time science Alerts  
Find  10000 nearby supernovae within Cepheid overlap regime 

Precision Cosmology with Gaia 
All distance indicators will have precision calibrations 
Precision calibration from parallaxes of 9000 local Cepheids  





a few Gaia numbers 
• One billion stars = 1% of the Milky Way’s stars 
• One billion pixel camera 
• Total project cost 960Meuro 
• Project lifetime: 1993 – 2023 
• Accuracy – 10microarcsec = 10 ˉ ⁱ⁰ rad:  = thickness of a human hair at 1000km 
• Einstein light bending at the Sun’s edge is 1750000microarcsec 
• Must know Gaia’s location within 150m:  it is about 1.5Mkm away 
• Gaia will travel about 16Mkm over 5 years 
• Satellite global timing network extended to picosecs for Gaia 
• In one picosec light travels 0.3mm 
• Satellite communications link is 300W, total power use 1276W 
• 100Tb raw data collected at May 17, 25 billion transits  
• 2 telescopes, 35m focal length, rectangular mirrors 
• 3.5M hours of work to study, design & build = 300people x 7 years 
• 400 scientists working on data processing 
• Over 30,000 mission documents in archive 
• Launch burned 225 tonnes of kerosene+oxygen in 5 minutes 
• In orbit micro-propulsion system ejects 1 microgram of nitrogen per thrust 
• Gaia measures 40 million stars per day on average 
• 10^13  individual position measurements;  10^10  unknowns, 100’s of iterations 

 
PLUS: 1million galaxies; 500,000 QSOs; 10,000 Supernovae – in real-time; 250,000 asteroids; 
15,000 extra-solar planets; 200,000 white dwarfs; 50,000 brown dwarfs, the new, .... 31 
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