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Theory: (Interferometric)
Narrow-Angle
Astrometry

Andy Boden
Interferometry Science Center
|PAC/Caltech
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> A Few Working Descriptions...

> Astrometry: Measurement of the Apparent Positions
and Motions of Astronomical Objects on the Celestial
Sphere

» Projection of 3-space positions and motions onto the apparent
space of astronomical angles (such asa and 0)

» To0 some approximation, inertial observers observe objectsin
linear motion

» Because near-Earth observers move non-inertialy (e.g. we
orbit the sun), objects at finite distance exhibit non-linear
motions. We call this parallax (11)...

» Parallax wasfirst observationally exploited by Bessel to
measure the distance to 61 Cyg (well before e ectricity)

» Canonical astrometric representation is two position angles
(0,0), two time rates of change (U, M), and parallax (1)
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Narrow-Angle Astrometry -

> Narrow-Angle Astrometry:
Relative astrometry over asmall

field . ©
> Operative Issue: small? O -1
> Ground-based: Tens of arcminutes to O

tens of arcseconds
» Space-based (SIM): 1-- 2deg
> To be contrasted with Wide-Angle
or Global Astrometry: Astrometry  _ev==gt
Over the 4 mCelestial Sphere 5=z
> Absolute parallax (vsrelative 4%
parallax)
> Quasi-static frame

> E.G.: FK4, NPOI, Hipparcos, FAM E
SIM, GAIA
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Narrow-Angle Astrometry T%%@e |

(cont)

> Inthe Narrow-Angle Regime:

» Unless reference objects are thought to be distant (e.g. QSOs),
narrow-angle reference frames are not stetic

> Net proper motion in reference objects results in linear drift in
the reference frame

» Drift does not effect our ability to detect/measure relative
acceleration (i.e. non-linear motions)

> S0 Can We Think of Something Interesting to do With
Non-Linear (Relative) Motions of Objects?
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Triginometric Parallax

: I “: "Elistmtnst;r; ?
> Stars at Finite Distance o "
1 hi Parall ax
Exhibit Apparent mgen

Elliptical Motions

> The Amplitude of These
Apparent Motionsis
Related to the Distance to
the Star

> Isthe Distanceto a Star
|nteresting?

i3

Apparent star motionanthe sky
duringane year

Distance £
= 1 /9 (parsecs)
= 3.2679 (light years)




RV-Only Orbit

L Mass = 3.54 Mpp /sin @ P = 1B.18 day
K =269 m g™
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Velocity (m s71)

Fischer et al 1999 Han et al 2001
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RMS = 14.% m s Lick Obs.
| L
0.0 0.5 1.0
Orbital Phase
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Binary (& Similar) Systems -
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4 . Keplerian Ellipse Projected on Sky
Rctmgmde Orbit P=05604d
a=3.42+0.03 mas ISS“” Elllpse
e=0.1931£0001
i= 083202 d .
2} n.-sst02ms 1 S0 How Does Relative Astrometry
- Assist in Determining Physical
o
g Parameters?
3 of .
E 6 !
% v I
= 12 Boo -- Boden et al 2000 o Ay
2+ |2 Boo Orbit Trace ——— - AN
, LineofNodes - o N M
¥V Phase Coverage = =
|2 Boo Primary ——— R e |
|2 Boo Secondary at Periastron ——— < i ‘
| 1 1 1 _: i’. .II".
4 2 0 -2 i
Relative RA (rnas) o \ :
Motion in Time (Kepler Equation) < -2y * -
Allows Unambiguous Euler Angle s g
Determination 4 =< ¥
. - Omi Leo -- Hummel et al 2001
=> Masses and Distances -6 | L
Right Ascen ;’-3!(:\:! offset : [ mas| J
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Astrometric Microlens ng il

> Microlensing (Unresolved
Gravitational Lensing)
Generates Astrometric
Effects (as Well as Better--
Known Photometric
Effects)

Relative Dec (Jlas)

> Differential Astrometry of
Event Breaks Mass/Range
Degeneracy, Allows
Unambiguous
Determination of Lens
Mass

100 F

&

=]
T

J""M

Tme Excursion ———-
Maode] Fii

-1 (K} =) 0 30
Relative RA (pas)

Boden, Shao, & Van Buren 1998
Paczynski 1997

Gould & Salim 1999

Safizadeh, Dalal, & Griest 1999
SIM KP (Gould PI)

10xD
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(Partial) List of NA

Techniques
» CCD Astrometry

> Monet et d
> Pravdo & Shaklin

> Speckle Astrometry

» MCcAlister, Hartkopf, &
Mason

> Ghez, Leinert, etc.

> HST FGS

> Benedict, Franz, Nelan,

Henry, McAruthur, et al.

> L-B Interferometric
Visibility
» Hummel, Armstrong,
Pan, Boden

Declination (arcsec)
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Consider Long-Baseline i%%@
Interferometry |

Chstant
O Souloe
5
> Features.
Praschonts > High Angular
o Resolution
! > Small Field of
Regard
tB . .
» |Impossible to Build
Apetore 1 S
Al
¥l A
B=x2-—x1 e
Wietology
o oy
dl e
(s * B2
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Polychromatic Fringe Position ¢
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> Polychromatic Fringes Where Delays are Equilibrated

> Proxy for Object Position in Space of Relative Delay



Science Center ~~

i .
| | | | Il,'l Wy I'u' '.q-r'.(
I\

1 I
|L| |

"

i\
~ Interferometry vy |

T

A
| I|"'.

Interferometric Astrometry ¢

[nstant

O Soulce

> Interferometers Do

Thoident

Ohischonts not Measure Angles,
e __ ) They Measure Delays
* Y S as Proxy for Angles
sy / . » Astrometric Equation
d=sB+C

> Bilas C Accountsfor
; M easurement
"’ |mperfections

L s+ BM2
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Astron. A

Potential of lo
for narrow-ang|

M. Shao amd MLM. Colavits

Jet Propulsion Laboratory, of Techno}

Recorved Febraary 19, aces , 1992

Abstract. Marrow-angle ast By
plications, from the measa
planets around nearby sta
with phetoeleciric detecio
milliarcsec in Th This a
atmnosphere, and 1< Ester]
lemce. However, appiying ©
tions with long-baseline intd
that are far smaller than
scopes. The predictions for t
narrow-angle astrometry
stellar mterferometers are
seeing at a high altitude s Mauna Kex, the
hmit for 2 1 b astrometnic ffasurement s expeg
order of 1 microarcsee for fh of intepratiog

astrophysica
xes to the sea
d keng-focus telesd
ved accuracies of
imited primarily by
idels of atmospheric ¢
lence models to ob
ers yields astrometric errors
chieved with long-focus tele-
frate accuracy of ground-based
long-baseline nfrared (2.2
promising. With the

oe of the
& two-order-of-

S s g

to two effects. One s that 2 fong-baseline infrered interferometer
can find useful reference stars very near an arbitrary target star, 5o
that the atmospherically-induced motions of both stary are highly
correlated. The second is that the haseline length can be much
farger than the scparatron of the steHlar beams in the turbulent
atmosphere, resulting in a reduction in astrometric error with

increasing baseline lensth,

Arared interferometry

NOMY
ND
PHYSICS

Shao & Colavita 92

i astrovetey, the position of &
o roiative i a number of reference stars
or feld of view, typically ~05° A detailed
meing conventional models of terbedence (Lndegren
ey, as well as empirical data {Han 1989 shows thet the
tarbabence-limited acteracy & proportienal to the 5237 separation
fe the 173 power, amd to frst ender, & independest of the wxe of
the telescope. As a result, for many yeors the interfercenetry
commanity did oot pereesve parmow-sngle SEromeiny 865 48 Gl
where ong-haseline imerfercmetry would offer a3 sipnifeam
advantage over conventional techniques,

The differential motion of stars sftribuieble fo turbufence
eecurs because the beams of beht from each star low dilffereat
paths through the stmosphere, as shown schematically in Fig §
H one traces the light feown two siars 825 apart frome the
telescope up through the atmosphere, &1 the top of the turbelent
atmosphere, ~ 10 km, the two begmsare seporated by ~ 50 m I
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i P 1 [ | i H
el | _ | L
Ve atmospheric L 8 | | e
\ lf_T / height h 1, ”“‘f
.'i l’._f' I; ii! lj ; :
i ']i f { i !! E
\ f | ¥ 4 ¥
diameter D U oy y baseline B '
Traditional Narruw-Angle Reg;me Very-Narrow-Angle Regime
©h>>D Eh<<B
error independent of D error decreases with increasing B

error weakly dependent on © error linearly dependenton ©

Fig. 1. Schematic of the atmospheric paths for narrow-angle astrometry
with short and long baselines

> Atmospheric Noise Dominated By Low-Frequency
Component

> Longer-Baselines Increase the Correlation of
Atmospheric Turbulence

> This Correlation isWhat We Exploit Differentially

T

Long-Basaline Astrometry g
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Experimental Verification

10,000

TTTTT

3,000

g 8 B

error (micro arc sec)
8
|

10

T llllll

3 ; | | I
0.01 0.1 1 10 100 1,000

separation (arc min)

Fig. 2. Narrow- and very-narrow-angle astrometric error for several
baseline lengths using measured Mauna Kea turbulence profiles and an
integration time of 1 h
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Differential Interferometric Tﬁ%@

Astrometry

Thcident
Phasefiohis

=1

> Two Simultaneous

Beam Combiners,
|ndependently
Tracking Two Stellar
Sources

Differential Delay
Mechanism

Metrology In Each
Interferometer
Measuring the
Relative Delay

Relative Delay
Differenceisthe
Observable
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Astrometry (cont) B
dz _d1 — (éz' E-l-CZ)—(él' E+C1)

=(S,-5)*B+(C,-C))
Ad =Ase B+ AC

> Delay Difference (Ad) is Observable Proxy for Sky
Separation (As)

> Differential Delay Contains Instrumental Signature
(AC) That Must Be Calibrated
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Detection Space tor EXo-

DIl Aannte

- DO01*

511

Astrometne displacement of the Sun due to Jupiter
as seen from 10 parsecs.

Scale: 1 Jupiter in a Jupiter
orbit produces an 1 mas
p-p apparent motion

N i
ﬁ'—"-'l-lLI Iuﬁlu' ) I|I||

100
GL 2298 ]
10
R
= .
g
=
a
5 o1
L
001 s |
[ PSR B1257+12 Plarets 1
5-yt FAME 36 pas Mission |
Eatth 20-yr Keck-1 30 pas seeeaees
5-yr STM | as m—
0.001 P aal |
0.01 0.1 i 0 o

Semi-Major Axis (ALD
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Astrometric Implications tor i@%@ »

Exo-Planetary Studies

> Selection Effects for Astrometry Quasi-Orthogonal to
RV Studies
» Architectural studies of Planetary Systems probably only
possible by combining the two techniques
> Co-Planarity in Multiple Planet Systems

> Currently Six Known Multiple Planet Systems

» L Andromeda -- three planets, two eccentric (e ~ 0.3) and likely
Interacting
+ Laughlin & Adams 1999 predict “stability”: non-coplanarity, non-
stationarity in v And system

» Gl 876 -- two planetsis near 2:1 mean motion resonance
+ Maybe coplanar, maybe not...
> Astrometry is (Probably) the Only Empirical Technique
With the Potential of Directly Accessing the |ssue of
Coplanarity in Exo-Planet Systems

WA v
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Interferometric Tolerances ¢+

AS=—
B

~ AAd +Ad£:@+A8§

ANS .
B B B B

> 04~0.,*B;0B/B~0s/s
» TakeB ~100 m, As~ 20" (10 rad)

» To Makeal0 pas (5*1011 rad) measurement:
» Must measure Ad to ~ 2.5*10° m (2.5 nm)
» Must measure B to 2.5 partsin 107 (25 um)
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Summary

> Narrow-Angle Astrometry Allows Detection of
(Apparent) Non-Inertial Motions of Target
» Parallax
» Dynamical (e.g. Keplerian) motions
> Atmosphere is Nice to Breathe, but Atmospheric
Turbulence Limits Ground-Based Measurements

> Go to space ($$9) -- Hipparcos, FAME, SIM, GAIA
> Try to devise strategies around the atmosphere

> Dual-Star, Long-Baseline Interferometric Astrometry
» Shao & Colavita92

» Tolerances (For Exo-Planetary Work)
» nm-class measurements of relative delay

» um-class measurements (knowledge) of interferometric
baseline



