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What you should learn from this talk

e Definitions
* Motivation
e Orders-of-magnitudes of the observables and requirements

e Types of Interferometric Astrometry
— Wide-Angle (all-sky).
— Narrow-Angle, or “Dual-Star” (separations of few 10s of arcseconds)
— Very Narrow-Angle (~0.1-1 arcsecond, “speckle”)
— Imaging (<0.1 arcsecond)
— Differential Phase (<0.1 arcsecond)
e Descriptions
e Challenges & Strategies for meeting them.

e Some Results
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What 1s astrometry and why should I care?

e Measuring the positions and motions of stars. Typical star ~ 10 parsec from Earth
Jupiter mass planet 5 AU from star
e Parallaxes - still the most fundamental & reliable //f' —
way to measure distances in astronomy. . N >
\\,E_gﬁ | &
e Gives a direct handle on object masses, even —>1 1 masre—
Mass ratio Sun/Jupiter ~ 1000:1
unseen onces. Motion of Planet ~ 1000X stellar motion
Stal;(s motion ~ 0.001 arcsec peak to
- Planets arc the ObViOU.S example F1)er:a|s (milliarcsec) is angular size of an
astronaut standing on the moon as seen
m m a AU from Earth
A6 =1000 o/™s a uasec
M* /MS D/pc

Solar Systern, d=10 pe, face on

— Gravitational microlensing
— Galactic center, black holes
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What levels of precision are needed?

* For parallaxes state-of-the-art ~1 milli-arcsecond (1 mas ~ 4.8 x 10~ rad).
— Need p-arcseconds

— This should be tied to the entire sky, or “global”, though some exceptions
exist.

— Resulting fractional precision ~ 102 - 10-12
e For planets in Galactic neighborhood (10 pc)
— Jupiters ~ 0.1 mas
— Earths ~ 1 pas
— This can be tied to a nearby reference, no need for global astrometry.

— Fractional precision depends on case:

e For a planet in a single system with a background star, the astrometric signal is ~10
uas, star/reference separation is ~10 arcsec, giving a fractional precision of 10,

 For a binary star system containing a planet, the Planet/Star mass ratio is 10-3 and
the planet/binary axis ratio is 0.1, hence the final required precision is 104,
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How to Achieve Good Astrometric I’{f;cision

.. A1
e Measurement precision is givenby ~ Z_—

— Hence we require large B 5 Sl

e Interferometry: a way to achieve high
spatial resolution without the cost of a
large telescope.

e Combine two or more smaller telescopes
with separations in the 10-1000 meter
range.

— Gives few-milliarcsecond resolution
— Then you have to get SNR ~10-1000.
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Atmospheric Delay a1

An Interferometer

*At the point of beam
combination (“focus”) of an
interferometer a fringe pattern
is formed.

*The frequency of the fringes
depends on A. For a broadband

observation, the fringes cancel

Atmospheric Delay a2

0
Star Position s

out everywhere except where

a=al-a2
Geometric Delay
B-3
_)
Baseline B
d=d1-d2
Instrumental U
Delay d1 Detector d2

the paths are matched, yielding:
d=B-s+c

Instrumental Delay
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1 I
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An Astrometric Observation

e Measure the fringe delays of
many stars across sky. Solve
the delay equation.

d=Be*5 +c

e However, B is also unknown.
The answer is to observe many
stars and solve for both
baseline and positions.

e Easy! We’re done here, it’s
Miller time!
Not so fast....

Delay (m)

Delay Residuals (um)
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Challenge #1: Measuring the Delay

* Most pathlength measurements are done
used heterodyne laser metrology. ;

STABILIZED I

* Frequency-stabilized laser (633nm, or o oworovooe| A STRGRER B ron
REF 2 MHz |
: | |
1.3 wm) ] |

» Source plate splits into two rcousto opmc]
polarizations with slightly different

FREQ SHIFTERS |
|

I
|
l
| |
| [
I
|
|
|

frequencies. H
' . ) | 1/4 WAVE PLATE
* Fraction of beams combined in a \I | KL [
N [t e l\{ | pHoTODIODE
reference detector (generates tone). 30 MHz \ PoLaRizNG \.POLARIZER
BEAMCSSEISTTER AT 45 DEG

* Measurement beam passes through path
of interest, then recombined to generate

(Shao et al. 1988)
second tone. 1

* Frequency differences in the two tones g

indicate pathlength change vs. time.

* Only measures path changes.
* nm-stability is easy, pico-meter doable.

2
N
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Metrology Reference Points

Simultaneous fringe

N

A measurement of two stars |
—T= for differential astrometry I
Beamsplitter \
/ Deam Combiner
LA A
G ﬁﬁgay #1 e 9, /
D . — D
edlmn Lompiner
\I\ delay 57 Q
A line
Medrolo ' 4
ng: " e
Metrology "ties" the S 4
two beam combiners —

together (~10 nm)
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Instrumental Path Error Examples

e Internal laser metrology fiducial is
not located at pivot points that
define the wide-angle baseline.

— Gives error term

that looks like a
correction to the

baseline. 2‘

— Need to know CC
location to high
accuracy (~50 um).

\//

e Field separator may affect
transmitted metrology differently
than reflected metrology. If this

effect is position-dependent, bad
things happen...

AN
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Challenge #2: Know your Baseline Vector

e Requires knowledge of the vector separating your two apertures with the
same fractional precision as your astrometry.
— For SIM (1 pas global, 10 m baseline) ~ 50 pico-meters (!)
— For NPOI (1 mas global, 40 m) ~ 200 nm.
— For PTI

e NAA mode (0.1 mas/20 arcsec, 110m) ~ 5 micron
e VNAA mode (10 nas/0.1 arcsec,110m) ~ 10 mm

e In almost every case, no surveying can achieve this. One must use other stars
to determine baseline geometry, and rely on various techniques to maintain
stability.

— SIM: multiple simultaneous interferometers sharing common metrology points.

— NPOI: laser metrology ties to to bedrock references ensures stability, many
sequential observations of stars to build up global solution.

— PTI: sequential all-sky observations to establish baseline. Rely on mechanical
stability in between baseline measurements.
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Strategies for Achieving Baseline Stability

SIM

External MET
Beams

Guide
Corner Cube

\ Guidle
Compressor

External MET ~ ' P D
Beam Launchers

™ Science
Compressor
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Strategies for Achieving Baseline Stability

Slide OFff Roof Laser Metrology
. e System
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Challenge #3: Know your Aperture

e One often critical issue is knowing exactly how to define the end-point of
your baseline vector, i.e. which fraction of the incoming wavefront gets
sampled, and how does that translate into a baseline?

— In Wide-Angle astrometry you move the siderostats (or telescope) to point to a
new star.

— In Narrow-Angle astrometry the telescope pointing doesn’t change but
subsequent optics move to repoint between stars.

— In VNAA neither is moved; two stars end up on slightly different parts of the
detector.

p p \/
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Challenge #4: Measuring Phase

e Fringe has to be found and tracked.
— Typically use the ABCD algorithm.

— 4 rapid intensity measurements (labeled “A”,
“B” etc) while the internal delay is swept by
1 wavelength. Let X=A-C, Y=B-D. Then:

Y 1
— _ c
¢ arctan(X) EO.GW
%o
2 2 - L T T T 1
2 o X+ ¥ —bias %{5 5 10 15 20
N Time

— Unfortunately this has fringe ambiguities (25
wraps).
e Solution is to measure phase is several

wavelength “channels” and solve for group
delay.

— Danger Will Robinson: Phase is not Delay!

e Techniques that measure phase will have to
have to know A to that same precision.

Group Delay {(Microns>

30

20

10

o |

-10

-20 |

-30

Time <UT>
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A Beam Combiner

M1 L1
M2 L3 F1 14
le 8 H [I:]detector-
M3
& 1 vojest 0
» BS B6
&
3
3 -
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Challenge #5: Atmospheric Turbulence

The atmosphere is highly turbulent, with eddies of different refractive
index blowing in front of the telescope, causing “seeing”.

The starlight wavefront is disrupted in ~10 ms, over scales of ~10 cm;
the fringe pattern is smeared out or broken up.

This usually limits interferometers to small apertures and short
exposures, limiting their sensitivity (my ~ 7).
— This has led to the use of adaptive optics (r,) and phase referencing

(Ty)-

Over narrow fields (~30-60 arcsec) atmospheric error is correlated and
can largely be subtracted out.

Differential astrometry most sensitive to high-altitude turbulence

Need to consider unusual instrument sites, 1.e. South Pole (no jet
stream).

o2 % [dnC: (v ()™ h
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Types of Ground-based Astrometry

Wide-Angle”
si¢ 10,000
— Atmospheric effects are Results from the Mark Ill
uncorrelated. 3 000 | scaled to 1 hour integration
— ~1-5 mas performance. .
Mauna Kea
— MKIII and NPOI E'L’OOO Model values
interferometers. - seeing’= 1"
13 99 c 300
e “Narrow-Angle 5
— Less than ~1 arc-minute g 100
— Atmospheric errors subtract g
il (mos tly) I.Isj 30 PTI Results (1999)
e This does not help the
sensitivity problem, [
though. . South Pole
— Very high performance
over small angles. 1 10
e 10-100 micro- 1 3 10 30 100 300 1,000 3,000

arcseconds. Separation (arcsec)
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What is Phase Referencing ?

Telescopes

&
Dual Star Feeds

* Analogous to NGS adaptive optics on a

Short Delay Line
large telescope: ,TI

— Fringe track on a bright star within the |
isokinetic patch of the target star (30-50 | —

arcsec).
— Measure fringe motion induced by l
atmosphere.
— Correct using optical delay lines. v

* Allows integration times longer than Long Delay Line
would ordinarily be possible.

. . . . . Pathlength Fluctuations, as seen by FT 1

— Gives time for high-precision 30 R R

measurement, but doesn’t improve -

limiting magnitude. ol “ﬂ J ]

* Well suited for astrometry since we’re ol Wy h e q\ w |
looking at nearby (and thus bright) stars oy \ w |

by design. oo | 1

Secondary FT
Primary FT

Microns

-100 2] 100 200 300 400 500 600

Seconds
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The Effect of Phase Referencing on V2

0.85

Visibility Raduction

05

045

1 ! 1

FI:-:a-:ad F-:-;'.'.:nd
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| |

1 1

o4

0.6 oS8 1

1.2 14

Integration Tima (s=conds)

1.8
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Challenge #4: Atmospheric Dispersion

e In a plane-parallel, perfectly calm atmosphere, and
using an evacuated delay line, observing a N
monochromatic source, there would be no net i
delay effect due to the atmosphere. T T-}:'_ :

e In other words....

— Index of refraction depends on wavelength (star
color) —=

Fig. 1. Omne-color fringe position for § Cas, 25 MNew. 1985, st

— It fluctuates with temperature, pressure. rerat

— Non-plane-parallel atmosphere 1

e Multi-color techniques have been used to find the |
fringe phase as a function of wavelength, and T TR
solve for path effect. e

— Limited by water vapor (has different index vs.
wavelength slope).

—

i
s

Fig. & Two-color fringe position for & Cas, 35 Now. 1988 st
1 sl poant.

Colavita, Shao & Staelin (1987)
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Narrow-Angle Astrometry Example: 61 Cyg

- -26.395 T T T T -26.4 T T T T
-8000 - T =00 T j 7 Night Residual rms 97 pas
£ d'll' B -
[5:] !/ * S
E Y £ 150 IJ P
-9000 + 3 L i
W P L L ] -26.4 [ 3 : o
» - " * | *.
» 3 f ll , 26402 || o
-10000 | ® TS0t M 4 ’a;\ ‘ 1_T
& i o Wy N T
E L Lol W L e i
5 a Q0 lemal L 1 S LW | -26.405 R 61 Cyg Primary Size N
=, -lL000 - d) -10 -5 0 5 10 2
=) . N .
g Delay Resicual (Um) = 26404 1 1 1 1
v 2 * 196 198 200 202 204 206
g -12000 - » 1 -26.41 ]
© L Tz
] e
-13000 } .
® ,
“ -26.415 | 99 PTI Data
Linear Model --------- .
-14000 + Calibrated P-S Data x - 1 Apg =-306 + 4 pas/night Er
A metric Sej lode o Hipparcos Apg=-315.4 £ 0.4 pas/night -
Residual rms 170 Has
-26.42 L L L
-15000 & L L
6 - 3 9 10 180 190 200 210 220 230 240 250 260
UT fhe) Day Number

e Narrow-Angle Astrometry was/is going to be used on the Keck & VLTI
Auxiliary telescopes to search or massive planets in distant orbits around

nearby stars.
e Typical precision goals are 20 pnarcseconds.
e The technique was developed and demonstrated at PTI in 1998-1999.
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Very Narrow-Angle Astrometry

. . 2 T T T T T T
e A binary star produces a double fringe 15| |
packet. g 1 »«AN«WWV\WWVW\/MWNWMNM\WW\MMH
. £ 05} J
— The delay difference between packets tells ol v
you the angle between the stars (projected T R
OntO the baseline). Angular SMA (arcsec)
. . N 10* 107 107 10" 10° 10" 10°
e Most stars are in multiples, and the R T
distribution peaks at apparent separations | °=** ]
of ~0.1 arcsec. ’ l ]
CERN 7
* A planet is stable orbiting one component < l l N
in a binary, as long as ap,,. <~ 0.1 ag; .., £ % N ]
R 100 l 1 mas 40 mas| 1.5 arcsec f i
‘_é ol ° 1c|)° 1é>1 Pli:od . 1cl>6 1<')S 10*°
g r Without Phase-referencing
With Pase-eferncing ... Calculations indicate that sufficient
£ 001 | st o «c c o
e e precision to detect planets 1s possible.
'liggup_qm-l De‘cohelence X Anisoplanatism
000t 10 100 1000 10000
Separation (milli-arcseconds)
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VNAA Experiment Layout

e VNAA has been implemented at PTI

— Light is split after main delay lines into two sets.

* One for fringe tracking to stabilize path errors

e The other is used to slowly “scan” in delay and trace out the double fringe packet.

— Metrology used to tie together the combiners.

Incoming
starlight

Acquisition
camera

Fast-steering
mirror

Primary Beam Combiner

Short delay line !

Beam compressor !

r—

/;;: .
. ringe Tracker

j & %;Angle Sensor

f

Telescope

Siderostat

7

I—l\

Beamsplitter

AV 4

Long delay line

Inputs from
| other arm

Secondary Beam Combiner
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VNAA Experiment Layout

e VNAA has been implemented at PTI

— Light is split after main delay lines into two sets.
* One for fringe tracking to stabilize path errors
e The other is used to slowly “scan” in delay and trace out the double fringe packet.

— Metrology used to tie together the combiners. Primary Beam Combiner
AN i

i ‘tﬁringe Tracker

Incoming : 1

starlight ! . E
Short d 1 & :Angle Sensor |!
Fast-steering | :

Acquisition mirror Beam compressclr rt-——-----

camera f r 1
| m—

7

Siderostat Telescope v Beamsplitter

Long delay line

Secondary Beam Combiner
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Very-Narrow Angle Astrometry Data

e Data Shown: HD 171779 6
(GOIII + KOIII binary, 192 yr

period) 5 WW""WWW%WWMM Mo

£ & et A

— 0.2 arcsecond separation.

e Half the light used
for fringe tracking, half
for scanning the fringe.

e Scan period 1.5 sec. L et il e

e 2000 scans/star/night.

Nommalized Intensity
(V5]
£

e We fit a “double-fringe”
model to the data, using

50 100

a least-squares method,
solving for the differential
delay.

Scan #

Ad = B-As

-100 -80 -60 <0 -20 0 20 40 60 80 100

Delay (microns)

OO0 Orr—

IO I Lo
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A Model Fit to VNAA Data

Fringe model is very oscillatory

— Many local minima, corresponding to one-
wavelength ambiguity.

Astrometry is constrained in one direction
only, Il to baseline.
Proper approach is to calculate %? (RA,0)
surfaces for each scan, and co-add.
— Earth-rotation, co-adding breaks ambiguity.
— Data shown: 1-0 error ellipse 8 x 144 u-
arcseconds.

Individual scans show Gaussian behavior in
the fit residuals.

8.114

8,116

0,118

Differential Declination {(arcsec)
S o
=
N =
N Y}

[~
Y
N
Y

Chi-Square Surface

S

-8,228 -8,226 -8,224 -8,222 -8,22
Differential R, A, (arcsec)
75 7 T T ]
N / |
o 65 f 4 1769 Points
g f Std. of Resid. 0.160 um
E ; Freq. Per 0.06um Bin
S 60 ; 10.16 —————
& f 0.14 -
a 0.12 |
0.1 -
55 ¢ & 1 0.08 |
0.06 +
’ 0.04 |
0.02 +
50 ) . J gt " L )
L4 L.6 L8 2 2.2 24 2.6 2.8 -l 05 0 05 1

Hour Angle Delay Residual (um)
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VNAA Short-term Noise Performance

Fit residuals are white to
at least 1000 seconds.

0.1 :
. Porf i th e 08/19/2004 ——
erformance 1s 1n the S 09/03/2004
range 3_10 micro_ h0o1 + S . 10 LLas in an hout
) o N N 3.3 uasin an hout
arcseconds in an hour. g N
=, \-’_1_.
— Correlates with y 0.001 | e
seeing as inferred 3 AN
. & ~X
from fringe tracker. = 104 |
) 5
e Systematics expected =
below ~ 10 micro- le-05
arcseconds.
_ : : le-06 . :
Dispersion 10 100 1000 10000
— Beam-walk Lag (s=c)
— Water-vapor effects
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Typical VNAA Data

HD 207652
0.09 T T — T T r
Best-fit Polynomal
0.0389 r PTI Astrometry - §
0.088 } <0_,> = 7.5 ll-arcseconds -
_. 0087 | K =12 ]
O -~
#0086 | L -
£ 0085 | ;
< oq L - P =26.1yr |
0.084 AR 0.46
0.083 f —— my =3.5 -
e ll'l\,r = 535
0.082 f F2IV+G -
008]. \.'N. 1 1 1 1 L
0.136 0.134 -0.132 -0.13 0.128 0.126 -0.124 -0.122
ARA (asec)
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Repeatability

HD 137900 HD171779
0.200 0.12 - T T
. ', ., D
0119 ., S
0.21 F -
0.1198 |
X
o | 0.197 | .
mn mn h
[« o
B o2i2f . - %
8 3 Y. A
3 8 onres | )
a a
w0213 | i ¢
& & ones |
o o
0214 F i 0.1193 | O
o
0215 | .
01191 F
_02]6 L 1 1 L 1 1 L 0] ]g L 1 L 1 L L 1
0083 0067 0088 0089 007 0071 0072 0073 0.074 0232 023 -0228 0228 -0224 0222 022 0218 0.218

dRA (arcseconds)

dRA (arcsaconds)

e Typical formal error ellipse 5 x 100 micro-arcseconds.

e Fit to linear trend yields: VX P =3

— Implied repeatability ~ 15 x 300 micro-arcseconds.
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Orbit determinations using VNAA

° V819 iS a triple System o i?reviouséstrometr)'/ ' 85 s PHAS'ES Astrovmetry '
— 5.5 yr wide pair 25 |
o @ -88 F
— 2.2 day inner E of £
system,which eclipses. g ot |
.. S ol S
e Apparent narrow orbit size g 5-%2|
is determined to be £ |
-100 p
108 = 9 unarcseconds. The
. ) ) 125 L— : ' — - 96 . : .
Wlde SeparatIOIl IS 73 i 0.6 %0 Differeit?al RightoAscensicifr\mas) %0 °0 Dif‘;grential é{ieght ASCZLI‘WSIOH (m4§13) 4
mas (limited by duration 03 PHASES Ba-Bb Orbit Declination PHASES Separation at 165 degrees
’ ! ! ' 0.15 T T T

of observations) - 3 .,

é :;'5’.), 0.05

% §-0.05 -

S 01f
03 0 550 1I80 2I70 360 019 0 9.0 1‘80 2170 360
Ba-Bb Orbit Phase (degrees) Phase (degrees)
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Binary Orbits

 We have begun to / /.-'
observe several known 02 | .0.07 —r ‘ 3 -
“speckle” binary ol /o /
systems (e.g. HD 0.085 - ] - //
202275). o1 p 009F 1 -
0.005 | > {1 7
* Results compare 5 01 F ]l /
. . 2 0105 F 7 -
favorably with previous = o Ll
data. g of  -004-003-002-001 0 / ]
| : |
* (Can determine apparent 3 /
orbital geometry to . - / 7
~ -~ Y 7
0.2 % Y b _2085.37 4/ 0.4 days
e a=0.2319 =0.0004 a=0.2319 +/-0.0004 asec
arcseconds.
0er Best it orbit ‘
PTI Astrometry
, \ Speckle lDa’ta .
-0.3 -0.2 -0.1 0 0.1 0.2

Delta R.A. (asec)
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The PHASES Survey

* A survey of ~50 binary stars: 10 NEYR ~
PHASES . ‘J\] “'l\t\'ﬁj .
— Brighter than K~4.5 . NS v ~
— Binary separation less than 1 g‘ N \,‘*‘f'. Qf SUSEE
arcsecond B * AR 3
o 5 o ~
— 36 systems with minimum % ~ 4
detectable mass < 1 M, 2 . R '
. . ~ ~J
— Average minimum detectable B ol J 1
mass 0.7 MJ g Spl:u th&
— 17 systems with maximum Plahetsin Bin. Sys. o
table period < 2 years L e LCA
stable p years. PHASES Taigets —=
001 . -
0.1 | 10
Semi-Major Axis(AU)
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Imaging Astrometry

A binary star produces a double
fringe packet.

The delay difference between
packets tells you the angle
between the stars (projected onto
the baseline).

If very close, the fringes overlap,
reducing the fringe contrast
(visibility).

The fringe visibility of a pair of
sources is given by

1+ R’ +2Rcos(2aB "5 /1)

V2
(1+ R)’

The overlap criterion is the “delay
beam”

Intensity Intensity

Intensity

o - o -
u =, o = N

(@] -t
o o= N

Delay
A A
o=="
B AL
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Interferometric Imaging: 12 Boo

100 T T T
80 - ~ ~
Fe 5 5 0 oeIC
AN AYE Measurements of fringe visibility (V?)
‘o \ % ; \ %
£ 40 \_ / PO | . 8 . .
Saol Wy are used to solve for the orbit to high
2 x| r\; AN precision.
& / » /
=40 - e \ /,/ .("x 4: \ 1
60 [ \_/ - \A
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Differential Phase Techniques

e Phase = the location of the fringe.

— If you know the baseline this gives the
location of the source.

 Differential phase techniques make use T~
of the fact that in some cases the center-
of-light for a system of interest depends
on the wavelength of observation.

T (Jansky)

— For a Hot Jupiter the contrast varies
strongly between 2 and 5 um (at 2 the T
system looks single. At 5 it looks like a

high-contrast binary)

— The expected phase difference between Q ‘ ®
the two colors is ~0.1 milliradians.
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Summary

Astrometry is the art of measuring stellar positions to high precision.
— Micro-arcseconds to milli-arcseconds
— Fractional precisions of 104 to 10-12
— Useful for planet-finding, parallaxes and mass measurement.
Astrometry comes in many flavors, depending on the field of view.
The best results are possible only from space, but science can still be done on
the ground. Preferably some form of differential technique should be used.
— Over small angles atmospheric effects cancel.
— ~20 micro-arcsec over 0.1 arcseconds is being published.
Phase referencing is crucial in astrometry, by making it possible to find close

reference stars. Also, by separating the tracking and science measurements
one can optimize each separately.
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