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“The universe is a procession with measured and perfect motion”
 Walt Whitman, “Leaves of Grass” 1855



Schedule:Schedule:

● Why and what?Why and what?
● Detecting planets with Detecting planets with 

astrometryastrometry
● ObservationsObservations
● Problems and things to Problems and things to 

remember (AO, FOV, remember (AO, FOV, 
PSC, AR) PSC, AR) 

● Precision, stability & Precision, stability & 
mass limitsmass limits

● SummarySummary



Why?Why?

● Because we want to Because we want to 
discover planets!discover planets!

● To do that astrometrically,  To do that astrometrically,  
we need to go down to we need to go down to 
~100 ~100 µµas precisionas precision

● ... possible (and was done) ... possible (and was done) 
with interferometerswith interferometers

● ... but using a single-mirror ... but using a single-mirror 
telescope is easier, faster telescope is easier, faster 
and cheaper and cheaper 

● Visual binaries make that Visual binaries make that 
business a bit easierbusiness a bit easier



Planets detected astrometricallyPlanets detected astrometrically

DISCOVERED:



DETECTED: 
several

eps Eridani
(Benedict et al. 2006)



Planets in binariesPlanets in binaries

● P-P-, , S-S- and L-type and L-type
● Most of the planets were Most of the planets were 

found around single starsfound around single stars
● Most of planet-harboring Most of planet-harboring 

binaries are very wide binaries are very wide 
(~100 AU and much more)(~100 AU and much more)

● It is not confirmed if the It is not confirmed if the 
binarity makes planet binarity makes planet 
formation easier or not formation easier or not 
(rather not)(rather not)

● Dynamics is much more Dynamics is much more 
interesting interesting 



Aims (what):Aims (what):

● Check if the CCD astrometry Check if the CCD astrometry 
of visual binaries and of visual binaries and 
multiples with Adaptive multiples with Adaptive 
Optics (AO) can be a tool for Optics (AO) can be a tool for 
searching for exoplanets in searching for exoplanets in 
binaries.binaries.

● Estimate the precision Estimate the precision 
possible to achieve by possible to achieve by 
obtaining a random obtaining a random 
scatterscatter of the measurements  of the measurements 
(the biggest fun)(the biggest fun)

● Give the requirements Give the requirements 
needed for making precise needed for making precise 
measurementsmeasurements



So far, so good... So far, so good... 
Some precision records:Some precision records:

● Pravdo & Shaklan (1996): Pravdo & Shaklan (1996): 
~150 ~150 µµasas

● Seifhart et al. (2007):    Seifhart et al. (2007):    
~50 ~50 µµasas

● Cameron et al. (2008): Cameron et al. (2008): 
<100 <100 µµasas

● Us (2008): 38 Us (2008): 38 µµasas

(HST and interferometry not included)(HST and interferometry not included)



Detecting (S-type) planets Detecting (S-type) planets 
with astrometrywith astrometry

Θ > 3σρ

Detection limit:
a MP > 3σρ d MS

a MP [AU MJ] > 1.5625 σρ d MS [mas pc M]

Pravdo & Shaklan, 1996



ObservationsObservations

● 8 nights between Mar. and Nov. 20028 nights between Mar. and Nov. 2002

● 9 objects observed with Hale telescope + 9 objects observed with Hale telescope + 
PHARO (Mt. Palomar): GJ 195, 352, 458, 507, PHARO (Mt. Palomar): GJ 195, 352, 458, 507, 
661, 767, 860, 873, 9071 and NGC 6871661, 767, 860, 873, 9071 and NGC 6871

● 3 objects observed with Keck II telescope + 3 objects observed with Keck II telescope + 
NIRC2 (Mauna Kea):  56 Per, GJ 300, 569NIRC2 (Mauna Kea):  56 Per, GJ 300, 569

● J and K bands + AOJ and K bands + AO

● Dithering + field rotation (Keck II)Dithering + field rotation (Keck II)

● Scales: 39.91, 25.10 (Hale); 39.686 i 9.942 Scales: 39.91, 25.10 (Hale); 39.686 i 9.942 
mas/pixmas/pix (Keck II) (Keck II)

● NO DEDICATED CALIBRATION OBJECTSNO DEDICATED CALIBRATION OBJECTS





DataData

● Over 30,000 CCD framesOver 30,000 CCD frames
● Standard reduction with Standard reduction with IRAF IRAF packagepackage
● Calculating centroids and fitting Calculating centroids and fitting 

elliptical gaussoidselliptical gaussoids
● Checking the influence of systematic Checking the influence of systematic 

effects with Allan varianceeffects with Allan variance



AO correction qualityAO correction quality

GJ 352



Field of viewField of view

Problems occur when most of the star's light is collected by 1 pixel

GJ 300 B



Pixel scale calibrationPixel scale calibration

HALE:HALE:
● Complicated model of geom. Complicated model of geom. 

distortion, beam tilt and gravity distortion, beam tilt and gravity 
variations by Metchev (2006)variations by Metchev (2006)

● For 1 night average pixel scale and For 1 night average pixel scale and 
North vector from Metchev & North vector from Metchev & 
Hillenbrand (2004)Hillenbrand (2004)

● For the rest of the nights: own For the rest of the nights: own 
calibrations based on NGC 6871calibrations based on NGC 6871

KECK II:KECK II:
● Simple model of geom. distortion Simple model of geom. distortion 

from Thompson et al. (2001)from Thompson et al. (2001)
● Pixel scale the same as nominalPixel scale the same as nominal



...and the results...and the results

↓↓



Allan (not Alda) varianceAllan (not Alda) variance

Allan Alda's pictures: http://distortrait.blogspot.com



Atmospheric RefractionAtmospheric Refraction

Roe 2002



On star's position: On star's position: 
● The AO system guides in visualThe AO system guides in visual
● The observation is in IRThe observation is in IR
● Wavelength dependency leads to a Wavelength dependency leads to a 

movement of the star along the chipmovement of the star along the chip



On relative astrometry: On relative astrometry: 
● Stars at different zenithal Stars at different zenithal 

distances zdistances z11 and z and z22

● ...thus are affected by ...thus are affected by 
different refractions different refractions 

● Apparent shift by a vector Apparent shift by a vector 
RR2121 along the Z direction  along the Z direction 
(opposite to Z)(opposite to Z)

● Second star seen at Second star seen at 
position B relatively to position B relatively to 
point A, while in reality is point A, while in reality is 
at position B'at position B'

Hełminiak 2008



← ∆z = 15 as

← ∆z = 1 as
← ∆z = 5 as

In every tripletIn every triplet::

● Top: p = 1013.25 hPa = pTop: p = 1013.25 hPa = pSS

● Middle: p = 813.25 hPaMiddle: p = 813.25 hPa
● Lower: p = 613.25 hPaLower: p = 613.25 hPa

Hełminiak 2008



Weather Weather 
requirementsrequirements

● Are we reaching the Are we reaching the 
limit of ground-limit of ground-
based astrometry?based astrometry?

● It CAN be impossible It CAN be impossible 
to measure positions to measure positions 
with precision below with precision below 
10 10 µµas due to small as due to small 
variations of weather variations of weather 
conditions in the conditions in the 
telescope's vicinity telescope's vicinity 

Hełminiak 2008 (arXiv:0805.3369v2)



More encouraging –More encouraging –
– detection limits– detection limits

↑ ↑

Overnight stability

a MP > 3σρ d MS
Hełminiak & Konacki 2008  (arXiv:0807.4139v1)



StatisticsStatistics

● 76 measurements of binaries 76 measurements of binaries 
(and 50 of NGC 6871)(and 50 of NGC 6871)

● Less than 20% with precision Less than 20% with precision 
worse than 0.5 mas (due to small worse than 0.5 mas (due to small 
number of single frames or large number of single frames or large 
difference in brightness)difference in brightness)

● Almost 20% with precision better Almost 20% with precision better 
than 0.1 mas (best: GJ 661 and than 0.1 mas (best: GJ 661 and 
GJ 860)GJ 860)

● 84 calculated detection limits84 calculated detection limits

● 6% larger than 6 6% larger than 6 AU MAU MJJ

● Almost 40% smaller than 1 Almost 40% smaller than 1 AU MAU MJJ



Errata – are parallaxes Errata – are parallaxes 
really the same?really the same?

● First component at 10 pcFirst component at 10 pc
● Companion 100 AU furtherCompanion 100 AU further
● Distance to the second Distance to the second 

component:component:
● 10 pc + 100 AU = 10 pc + 100 AU = 

                                  10.000484813 pc10.000484813 pc
● Parallaxes difference: Parallaxes difference: ~5 ~5 µµasas
● For 1For 1stst star at 5 pc: star at 5 pc: ~19.4  ~19.4 µµasas

YesYes... almost... Just be careful..... almost... Just be careful..



More about stabilityMore about stability

Long-term stability 
(Hale only)

rms of a 2-nd order 
polynomial fit to results 
from at least 5 night



SummarySummary

● We obtained one of the most precise We obtained one of the most precise 
astrometric measurements from the astrometric measurements from the 
ground with a single-mirror telescope ground with a single-mirror telescope 
to dateto date

● We emphasize the need of proper AO We emphasize the need of proper AO 
correction, FOV selection, distortion correction, FOV selection, distortion 
model and AR subtractionmodel and AR subtraction

● We conclude that Hale and Keck II We conclude that Hale and Keck II 
telescopes are able to look for planets telescopes are able to look for planets 
around many nearby starsaround many nearby stars

● We are waiting for some We are waiting for some EASYEASY  
questions :)questions :)



THANK YOU FOR YOUR THANK YOU FOR YOUR 
ATTENTIONATTENTION


