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Astrometry	  on	  the	  host	  star:	  principle	  of	  the	  detec>on	  

	  Principle	  of	  the	  astrometric	  detec@on:	  
The	  gravita@onal	  pull	  of	  the	  planets	  causes	  
the	  stars	  to	  orbit	  around	  the	  center	  of	  mass	  
of	  the	  system	  (star	  +	  planets)	  
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	  	  	  	  	  	  	  	  	  Modelling	  
-‐	  ‘‘Double	  blind’’	  tests:	  
Traub	  et	  al.	  (2009)	  
Anglada	  et	  al.	  (2014)	  
-‐	  Stellar	  noise	  not	  an	  issue	  	  
Lagrange	  et	  al.	  (2011)	  	  
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Precision	  differen>al	  astrometry	  

Differen>al	  astrometry:	  measurement	  
of	  the	  posi@on	  of	  an	  object	  compared	  
to	  other	  ones	  located	  in	  the	  field	  

Field	  of	  view:	  approx	  0.5	  deg	  

Precision:	  0.3	  µas	  <-‐>	  ~1e-‐6	  the	  PSF	  
width	  <-‐>	  5e-‐6	  pixel	  	  

Pointed	  astrometry	  allows	  to	  increase	  
the	  exposure	  for	  faint	  objects,	  but	  
reduces	  the	  number	  of	  targets	  

Number	  of	  visits:	  ~100	  per	  target	  star	  
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Science	  targets:	  our	  close	  galac>c	  neighbourhood	  
We	  hardly	  know	  our	  neighbours	  !	  

Need	  for	  astrobiology:	  
-‐	  spectroscopic	  characteriza-on	  
-‐	  not	  only	  around	  M	  stars!	  	  
•  terrestrial	  planets	  (<10	  M⊕)	  
•  in	  habitable	  zone	  
•  around	  close	  Sun-‐like	  main	  sequence	  	  

stars	  (<10	  pc)	  
➠	  only	  ~50	  FGK	  main	  sequence	  targets	  
	  
Current	  limita@ons:	  
•  Transits:	  few	  close	  targets	  (geometric	  

probability)	  
•  RVs:	  Stellar	  noise.	  Possible	  around	  M	  

stars.	  Very	  	  hard	  for	  Solar-‐like	  stars	  
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The	  Solar	  neighbourhood:	  only	  about	  
9%	  of	  stars	  have	  known	  exoplanet(s)	  

Source:	  exoplanet.eu,	  updated:	  02/09/2014	  

We	  expect	  many	  more	  exis@ng	  planets	  
[Howard,	  2012]	  
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Image	  from	  High	  Contrast	  Imaging	  Testbed.	  Credit:	  NASA/JPL-‐Caltech	  	  
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• Astrophysical	  
sources	  of	  false	  
posi@ves:	  
-‐	  Background	  stars	  
-‐	  Zodical	  dust	  clouds	  

Planet1:	  
•  Orbit	  
•  Mass	  

Planet2:	  
•  Orbit	  
•  Mass	  

Planet3:	  
•  Orbit	  
•  Mass	  

• Ambigui@es	  
between	  planets	  
because	  of	  
projec@on	  effect	  

• Planets	  orbits	  can	  
be	  par@ally	  into	  IWA	   Ah	  !	  Here’s	  the	  

poten@ally	  habitable	  
planet	  

	  

Synergy	  with	  direct	  imaging	  (why	  not	  just	  
image	  first	  ?)	  

q  	  Precise	  mass	  
measurement	  

q Mission	  
op>miza>on	  
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NEAT	  concept	  (M3	  proposal)	  

1 fixed CCD 	
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Focal plane	


1 fixed CCD 	

(telescope axis tracker)	


8 movable CCDs 	

(reference stars)	


Telescope 	

spacecraft	


Detector 	

spacecraft	


Metrology	


Telescope axis  
beam	


Dynamical Young’s 
interference fringes	


upsilon And 
(4.6)"

TYC2 2067 
(10.4)" TYC2 2176 

(12.8)"

TYC2 1302 
(12.0)"

TYC2 2188 
(11.3)"

TYC2 478 
(11.7)"

TYC2 1396 
(12.0)"

TYC2 1969 
(12.1)"

TYC2 1474 
(11.6)"

TYC2 352 
(12.7)"TYC2 2010 

(10.0)"

TYC2 707 
(12.2)"

TYC2 454 
(9.8)"

TYC2 602 
(10.1)"

TYC2 560 
(11.6)" TYC2 286 

(11.1)"

TYC2 1424 
(12.0)"

TYC2 1182 
(12.0)"

TYC2 1246 
(11.5)"

TYC2 1542 
(10.2)"

TYC2 1867 
(10.8)"

TYC2 1880 
(11.3)"

TYC2 1716 
(10.6)"

TYC2 1668 
(10.0)"

0.3°	


N
E	


 λ/D ~ 130 mas ~ 2 pixels of 10μm	

 0.1μas ~ 10-6 pixel accuracy ~ 10 pm	


Malbet	  et	  al.	  (2014)	  



8/15	  Pathways	  2015:	  Pathways	  toward	  habitable	  planets	  –	  16/07/2015	  -‐	  Theia	  

Theia	  concept	  (M4	  proposal)	  

 λ/D ~ 160 mas ~ 2 pixels of 10μm	

 1μas ~ 6.10-6 pixel accuracy	


Metrology	  

Intermediate	  	  
focus	  

FM	  
Folding	  	  
mirror	  

M1	  

M3	  

Focal	  Plane	  
Array	  

M2	  

Young’s	  Fringes	  from	  the	  
metrology	  

Calibra@on	  
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Theia	  -‐	  mission	  parameters	  &	  ESA	  evalua>on	  

Ø Mission	  parameters:	  
•  3	  year	  mission	  
•  Ø	  0.8m	  primary	  mirror	  (Ø	  1m	  for	  NEAT)	  	  
•  L2	  orbit	  
•  M4	  cost	  envelop	  (450M€)	  
•  Mul@purpose	  ‘‘observatory’’:	  dark	  mayer	  (34%),	  nearby	  Earths	  
(17%),	  compact	  objects	  (11%),	  Gaia	  follow-‐up	  (11%),	  open	  @me	  
(15%)	  

•  Main	  science	  case:	  dark	  maWer,	  detec>on	  of	  DM	  clumps	  
-‐>	  constraining	  the	  nature	  of	  dark	  mayer	  

	  
Ø  ESA	  feedback:	  

•  Posi@ve	  progression	  NEAT	  -‐>	  Theia	  
•  Main	  ESA	  red	  flag:	  budget	  and	  programma@c	  
•  Different	  CNES	  and	  ESA	  cost	  es@ma@ons	  (420M€	  vs	  546M€)	  



Expected	  detec>on	  thresholds	  of	  Theia	  

Main	  assump@on:	  
photon	  noise	  limited	  
with	  Theia	  	  
(0.5	  FoV,	  Ø	  0.8m)	  
	  
Only	  2600	  hours,	  ie.	  
10%	  of	  3	  years	  (7%	  
used	  for	  RV	  follow-‐
up)	  
	  
Time	  distributed	  
equally	  around	  the	  50	  
easiest	  (~closest	  and	  
Sun	  like)	  stars	  
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Expected	  exoplanet	  yield	  of	  Theia	  (‘‘accoun>ng	  for	  the	  
η_earth	  factor’’)	  

•  Model	  based	  on	  Theia	  error	  budget	  &	  
extrapolated	  Kepler	  distribu@on	  	  
[Traub	  2015]	  
[Priv.	  comm.,	  Traub	  &	  Crouzier]	  

•  Sta@s@cal	  conversion	  Mass	  <-‐>	  radius	  
•  Hard	  cutoff	  @	  P	  =	  3	  years	  

•  6	  categories:	  cold/HZ/hot	  and	  
Terrestrial/Gaseous	  

•  In	  average	  6/14	  poten@ally	  habitable	  
planets	  detected	  
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DICE	  (Detector	  Interferometric	  Calibra>on	  Experiment)	  
	  	  	  	  	  Crouzier	  et	  al.	  2014	  
•  An	  experiment	  to	  demonstrate	  CCD	  calibra@on	  for	  astrometry	  at	  a	  
precision	  of	  10	  µpixel	  (~	  1µas	  with	  the	  Theia	  design)	  
	  
•  Op@cal	  	  
configura@on	  
imitates	  NEAT	  

•  Poster	  #66469	  	  
(Crouzier	  et	  al.)	  
The	  Detector	  	  
Interferometric	  
Calibra>on	  	  
Experiment	  
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DICE:	  experimental	  results	  

Calibra@ons:	  
•  Pixel	  QE	  map	  
•  Pixel	  posi@ons*	  

map	  

(goal	  :	  1e-‐5)	  

=>	  1.5e-‐5	  pixel	  precision	  

Chapter V: NEAT lab demo: results and conclusions
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Figure V.26: Procrustes residuals of the stars with respect to the mean
configuration (for 12 positions).

Table V.2: Accuracies with di↵erent types of calibrations (unit: 10�5 pixel).

- No flat flat
No metrology 3.6 ± 0.59 ⇥ 10�4 2.8 ± 0.45 ⇥ 10�4

Metrology 5.9 ± 0.94 ⇥ 10�4 4.3 ± 0.69 ⇥ 10�4

field for systematics down to a level of 5⇥ 10�5 pixels, whereas the metrology could
not be verified in the same manner because of hardware issues.

140

Regular grid

Pixels

Small	  centroid	  shi�s	  (<10-‐3	  pixel)	   Small	  centroid	  shi�s	  (<10-‐3	  pixel)	  

Stray	  light	  !	  

Improvement	  by:	  
•  Use	  of	  jiyering	  

techniques	  
•  Beyer	  stray	  light	  

control	  



Thank	  you	  for	  your	  aWen>on	  !	  

Conclusion	  

•  A	  specific	  need	  s>ll	  not	  addressed:	  measure	  the	  
masses	  of	  HZ	  planets	  around	  nearby	  Sun-‐like	  
stars	  	  

•  Evolving	  concept,	  astrometry	  with	  diverse	  
science	  cases,	  becoming	  closer	  to	  selec>on	  

•  Improved	  instrument	  concept	  and	  
performances	  

•  Ongoing	  instrumenta>on	  efforts	  for	  detector	  
calibra>on	  and	  op>cal	  stabiliza>on	  +	  
calibra>on	  (IPAG	  &	  JPL)	  

(*hopefully	  	  
soon)	  ESA APPROVED*


