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Wide field imaging technologies are now mature (optics, detectors)
Can we use wide field images for astrometry to identify and characterize exoplanets ?

Fundamental problem: 
what do you do if you are looking at this field from the bottom of a swimming pool ?



Why is imaging astrometry difficult ?

(1) Light from different stars on 
the sky travels different paths → 
small bending of optics produces 
field distortions

(2) The detector can move 
between observations (especially 
when using large mosaics)

(3) Pixels are not perfect and 
their response changes with time

+ (4) Central star is much 
brighter than background stars

With a 1.4-m telescope in the visible, 0.25 sq deg offers sufficient photons from stars at 
the galactic pole to provide an astrometric reference at the <50 nano-arcsec after 
taking into account realistic efficiency, zodi light and pixel sampling (1 day exposure)

Principle: use background stars around coronagraph target as an astrometric reference



“Long-focus photographic astrometry”, van de Kamp, 1951 “Astrometry and Photometry with Coronagraphs”, 
Sivaramakrishnan, Anand; Oppenheimer, Ben R., 2006

Precursors ...
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Optical Layout for simultaneous 
coronagraphy and astrometry

The telescope is a conventional TMA, providing a high quality diffraction-limited PSF over a 
0.5 x 0.5 deg field with no refractive corrector. The design shown here was made for a 
1.4m telescope (PECO).
Light is simultaneously collected by the coronagraph instrument (direct imaging and 
spectroscopy of exoplanet) and the wide field astrometric camera (detection and mass 
measurement of exoplanets)

M1 is 
covered 

with small 
dots



Dots on primary mirror create a series 
of diffraction spikes used to calibrate 

astrometric distortions

All astrometric distortions (due to change in optics shapes of M2, M3, and deformations 
of the focal plane array) are common to the spikes and the background stars. By 
referencing the background star positions to the spikes, the astrometric measurement 
is largely immune to large scale astrometric distortions.
Instead of requiring ~pm level stability on the optics over yrs, the stability requirement 
on M2, M3 is now at the nm-level over approximately a day on the optics surfaces, 
which is within expected stability of a coronagraphic space telescope. (Note: the 
concept does not require stability of the primary mirror).

Primary mirror is covered with small dots

Dots create spikes in the
wide field astrometric

camera

The center of the field is
missing from the astrometric

camera (central light is
sent to coronagraph)



Red points show the position of background stars at epoch #1 (first observation)



Blue points show the position of background stars at epoch #2 (second observation)
The telescope is pointed on the central star, so the spikes have not moved between 
the 2 observations, but the position of the background stars has moved due to the 
astrometric motion of the central star (green vectors).



Due to astrometic distortions between the 2 observations, the actual positions 
measured (yellow) are different from the blue point. The error is larger than the signal 
induced by a planet, which makes the astrometric measurement impossible without 
distortion calibration. 



The measured astrometric motion (blue vectors in previous slide) is the sum of the true 
astrometric signal (green vectors) and the astrometric distortion induced by change in optics 
and detector between the 2 observations.
Direct comparison of the spike images between the 2 epochs is used to measure this distortion, 
which is then subtracted from the measurement to produce a calibrated astrometric 
measurement. 



The calibration of astrometric distortions with the spikes is only accurate in the direction 
perpendicular to the spikes length. For a single background star, the measurement is made 
along this axis (1-D measurement), as shown by the green vectors. The 2-D measurement is 
obtained by combining all 1-D measurements (large green vector).  
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A slow telescope roll is used to average out
small scale distortions, which are due to 
non-uniformity in the pixel size, 
(spectral) response, and geometry

coronagraph 
field



Simulation input:
Assuming optics + detector not 

specifically designed or 
calibrated for astrometry



Target & observation parameters



Simulation description
Simulation details available on: www.naoj.org/staff/guyon/
(60 slides describing this chart + C source code)

http://www.naoj.org/staff/guyon/
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FOV = 0.03 sq 
deg

FOV = 0.1 sq deg FOV = 0.25 sq deg FOV = 0.5 sq 
deg

FOV = 1.0 sq 
deg

D = 1.4 m 0.58 μas 0.31 μas 0.20 μas 0.14 μas 0.11 μas

D = 2.0 m 0.28 μas 0.15 μas 0.10 μas 0.07 μas 0.05 μas

D = 3.0 m 0.13 μas 0.067 μas 0.044 μas 0.030 μas 0.024 μas

D = 4.0 m 0.071 μas 0.038 μas 0.025 μas 0.017 μas 0.013 μas

8 % area coverage on PM
mV = 3.7 target
Galactic pole observation
2 day per observation

Larger telescope diameter : 
- more light in spikes (D2), finer spikes (1/D) 
→ spike calibration accuracy goes as D-2

- more light in background stars (D2), and smaller PSF (1/D)
 → position measurement goes as D-2

Astrometric accuracy goes as D-2 FOV-0.5

Number of pixels goes as D-2 FOV
At fixed number of pixels, larger D is better

But: mean surface brightness of spikes gets fainter as FOV increases

D = 4.0m, FOV = 0.1 sq deg → 0.2 uas in <2hr 



Astrometry + coronagraphy:
Very powerful combination for characterizing exoplanets

Asstrometry required for mass estimation
Coronagraphy → tight constraints on orbit parameters











Astrometry testbed at UofA
E. Bendek et al. [8442-153]





Diffractive pupil + coronagraph test at 
NASA Ames 

Bendek & Belikov, see [8442-153]



Conclusions & thoughts

Wide field imaging, coronagraphy and astrometry could be done on the 
same telescope, simultaneously and without significant performance loss
… and without astrometry driving telescope requirements (other than 
putting dots on PM)

Simultaneous astrometry + coronagraphy is extremely powerful: 
improved detection, mass measurement

We should work hard to find a way to do exoplanet 
characterization on next large(ish) optical space telescope.
~Billion $ level mission for exoplanet imaging or astrometry is a hard sell 
if it only does exoplanets:
1B$ = <2-m telescope → very hard to do Earths
Detecting and characterizing giant planets for 1B$ in ~2030 is not 
compelling (competition from ground-based, transits, RV ...) 
Astrometry: we risk repeat of SIM history

The only credible option for characterization of Earth-like habitable 
planets is with ~2m telescope or larger → can be affordable if shared 
with other goals (wide field imaging)



Conclusions & thoughts
NOTE:
High contrast imaging may not require off-axis 
telescope
Example: PIAACMC offers 1e-10 contrast with 0.7 
lambda/D IWA and 100% throughput



Conclusions & thoughts

Future work:
Lab demo at UofA → NASA Ames (see poster by E. Bendek)
More detailed mission concept study
Ground-based use (See talk by S. Mark Ammons in AO session 8447-
25)

More details on 3 upcoming refereed papers under review:

- Principle, data reduction, error budget (Guyon et al. 2012)

- Scientific performance for exoplanet detection and characterization 
(Guyon et al. 2012)

- Impact on coronagraphic performance (Bendek et al. 2012)

+ PIAACMC paper (Guyon et al. 2012)



Backup slides



Combined solution derived from simultaneous coronagraphy 
and astrometry measurements

Maximum likelihood solution for 
11 free parameters to be solved for:

- star parallax (1 variable)
- proper motion (2 variables)
- star mass (1 variable)
- planet mass (1 variable)
- orbital parameters (6 variables)

Known variables:

- Star location on the sky (effect of 
parallax is known except for star 
distance, aberration of light perfectly 
known)
- observing epochs
- Stellar mass (assumed to be known 
at the 5% accuracy level)
- measurement noise levels for 
astrometry (~μas), coronagraphy 
planet position (few mas) and star 
mass (~5%)

Measurements

Astrometry: 
star position 
(nb of variables = 
2x #observations)

Coronagraphy: 
planet position 
(nb of variables = 
2x #observations)

Solution



Combined solution for simultaneous 
coronagraphy + astrometry

Required single measurement 
astrometric accuracy = 0.2 μas (1-
sigma, 1D)

Planet on a 1.2 AU orbit (1.3 yr period), e=0.2
orbit orientation on sky: planet outside the coronagraph IWA for 17 out of the 32 
observations.

Coronagraph 
IWA (130 mas 

radius)



Combined solution for simultaneous 
coronagraphy + astrometry is very accurate for 

orbital parameters measurement



Better estimate of orbital parameters -> better 
planet mass estimate

This plot shows correlation 
between semi-major axis 

and planet mass in 
astrometry measurement

smaller error in semi-major 
axis   -> better mass 

estimate



Better estimate of stellar mass -> better planet 
mass estimate

This plot shows correlation 
between stellar mass and 
planet mass in astrometry 

measurement

direct measurement of 
stellar mass -> better planet 

mass estimate



Combined solution for simultaneous 
coronagraphy + astrometry

Standard deviation

Astrometry only Astrometry + 
coronagraphy

parallax 0.037 μas 0.035 μas

x proper motion 0.017 μas/yr 0.012 μas/yr

y proper motion 0.020 μas/yr 0.013 μas/yr

Planet mass 0.132 ME 0.098 ME

Semi-major axis 0.0228 AU 0.0052 AU

orbital phase 0.653 rad 0.039 rad

orbit inclination 0.0968 rad 0.0065 rad

sma projected PA on 
sky 0.1110 rad 0.0040 rad

orbit ellipticity 0.098 0.0035

PA of perihelion on orbit 
plane (w) 0.648 rad 0.0034 rad

stellar mass 0.050 MSun 0.013 MSun

~10x better
estimate on

orbital 
parameters

Direct stellar 
mass

measurement



Benefits of simultaneous 
coronagraphy + astrometry

Solving for planet orbit and mass using the combined astrometry + coronagraphy 
measurements is scientifically very powerful:

- Reduces confusion with multiple planets. Outer massive planets (curve in 
the astrometric measurement) will be seen by the coronagraph. 

- Astrometry will separate planets from exozodi clumps. 

- Astrometric knowledge allows to extract fainter planets from the images, 
especially close to IWA, where the coronagraph detections are marginal.

- Mitigates the 1yr period problem for astrometry



Performance as a function of star 
brightness (FOV = 0.03 sq deg)

Performance limited 
by systematics and 
brightness, number 
of background stars

Diffraction spikes 
become too faint to 
accurately calibrate 
astrometric 
distortions



Astrometry + coronagraphy can precisely 
measure mass and orbital parameters of 

multiple planets systems

Astrometry+Coronagraphy, 
Coronagraphy only : 
1 observation every 2 month
 
Astrometry only: 
1 observation per month



Mass can be constrained quickly
→ firm identification of Earth-like planets 

within 1 to 2 yrs
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