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Typical response to the word

45&@ mem

Not anymore. 109 refereed papers with Gaia
in the title since end of April.

Adventures in Astrometry - GFB



Astrometry and orbital motion

M1/M2=3.6; e=0.4

Adventures in Astrometry - GFB



5 "plates”

different scales
different orientations

Astrometry, a simple example

Result of Overlap
Solution to
Plate #1

Precision = standard deviation of the
distribution of residuals (-) from the

model-derived positions (*)

= 0.002 arcsec

Star Positions
o Astrometry

Modeling, scale,
rotation, and
offset

Xi ax + by + ¢
eta=-bx +ay + f

The resulting six
(xi, eta) pairs are a
catalog with
associated errors.
Also get the
residuals to the fit.
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June 1944

As if to commemoratec th‘c
100th anniversary of Bessel's }

prediction that Sirius has 2

companion, Dr. Peter van de

Kamp, director of Sproul Ol{)- .
servatory, has reported . . . his 23

new discovery of unseen companions of two
nearby stars which have heretofore been

considered single. Barnard’s star, of greatest P

known motion across the face of the sky, is G,
one of the stars, and the other is Lalande SEiS

21185: they are, respectively, the second and
(probahly) third nearest stars to the sun.

e
s .,'



Now Dr. van de Kamp
points out an alternative inter.
pretation of the Ohscn'alions
The measured [PTOper m(;
lion] deviations of Bamard‘-
star may result fr S

, two unseen companions,
approximately coplanar ircular orbis "
pcn'ods of 26 and 12 _\e%rs.

The (_‘(),z_ﬁrmari(m of planets oy Ming
circling Barnard’s Star lmsnnoz yet beey, 2 Ung
Omitting the Sun, Barnards Star s the foade.
closest (after the three nzey’rnfc”{ _Of the A [unh
Centauri system); Lalande _1{553 is the S~pha
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Imestlgdtlons atobser\dtones other than proul, however, failed to con-
| firm the existence of a perturbation in the Barnard’s star path (Gatewood
and Eichhorn 1973; Fredrick and lanna 1985; Harrington and Harrington

1987). Infrared, speckle, and radial velocity searches of Barnard’s star simi- |

larly have been negative (e.g. Skrutskie, Forrest, and Shure 1989; Henry and
McCarthy 1990; Marcy and Benitz 1989).

SUEY T .-A..'_Iar.ina, 1995Ap&55 223161 .
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HST lets us measure angles with
millisecond of arc precision, a quarter
1500 miles away. -

S125E011810

Adventures in Astrometry - GFB



HUBBLE SPACE TELESCOPE FIELD OF VIEW
POST-SM3B CONFIGURATION

YI’(\\ TARG

X POS TARG

Y oer-600

rate Sl.specific i

Some Conventions & Definitions
X,

FGS1R
(ASTROMETER)

N AQ“

Xros Tara
Yros Targ Vv,
» 2
Yorr600 -0, Yorr-600 [ Yros mana

XPO,\ TARG

3 HRC & SBC




Space Astrometry with an Interferometer
on Hubble Space Telescope

The Koester’s Prism - the Interferometric Heart of a
Fine Guidance Sensor (FGS)

Dielectric Interface

Effectively, a 2.4m baseline interferometer




PARALLAX AND PROPER MOTION

TABLE 7

Parameter

Proxima Cen

HST study duration .......... 5.6 yr 33 yr
Observation setS................ ) 34

Reference stars’ (V) ...........
Reference stars’ (B—V).......
Relative parallax ...............

Correction to absolute ......
HST absolute parallax ........
Yale parallax catalog® .........
Hipparcos parallax .............
HST proper motion ...........

InPA. ..o
HST secular acceleration......

Hipparcos proper motion......
InPA. ..oeiiiiiiiiannns

Barnard’s Star

14.5

+0.87

767.7 + 0.2 mas

1.0 + 0.2 mas

768.7 + 0.3 mas

769.8 + 6.1 mas

772.3 + 2.4 mas
3851.7 + 0.1 mas yr !
78246 + 0703

38529 + 2.3 mas yr !
78250 £+ 0703

14.2

+0.85

544.2 + 0.2 mas

1.2 + 0.2 mas

545.4 + 0.3 mas

545.6 + 1.3 mas

549.3 + 1.6 mas
10370.0 + 0.3 mas yr—*
4245 + 071

12 + 4 mas yr~
10368.6 + 2.1 mas yr~*
4242 + 0707

2

® Van Altena et al. 1995.



Barnard's Star
3.3 years of HST/FGS
Astrometry
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The first principle is that you
yourself - and you are the easie

- R. Feynman




X Residuals : PrOX Cen

o0 =0.8 mas
N=419

Y Residuals
o0 = 1.0 mas
N =419

20

Residual (mas)



Semi-major Axis of Circular Orbit (A.U.)

0.009 0.043 0.201 0.932

| | | |
\1[ | | I
I Monte-Carlo simuftions indicate that 3

: an 1.0 mas amplit@le perturbation .
] would be found atg 1% false positive "

We mlssed Th'S One' ‘j level, with a 5% ngss rate. [

. . ° 1

Np shame.:: *=" - . o :
‘Would requme.l uasec | R
4 ’ﬁ’ :

measupemeht:
‘precision, hot+,
‘The 1. mas we had

1.

Companion Detectable Mass (Jupiter = 1)

*Anglada-Escude 2016 Na‘rur'e 536 437" ] _ npa
RV dé‘rechon . . A % : Detecgion Limits

—— Proximafflen (M =0.11 M_.)
“’I—T T3 isers V2 3 4 sers V3 4 HT-ITI_
1 1( 100 1000

tions indicate that a 1.0 mas
1% false-positive level, with
limits determined by the radi

plitude perturbatio.n would be found at a
5% miss rate. The dashed line presents the
elocity program of Kiirster et al. (1999).




Tasting Note by The Producer
Nose: Lots of fruit with a mixture of grapefruit peel, dried tropical fruits, wine gums and
a touch of cassis.

Palate: Orange peel, honeycomb, brandy snaps, black pepper and tobacco leaf.

'~

’rhe dr'egs of my hopes havmg 9one
up in flames BRI



Not FIND, but Measure

What We* Did

HST/FGS Exoplanetary Astrometrit Resulis

Companion M- (Mo)|[Fe/H]| Sp.T. |d(pc)| ecc | M(My, | |a(mas)| inc(®) P(d)
vAnd c 1.31 +0.15 F8 V 135 | 0.25 14+ 4 0.62 8+1 241
v And d | | | | 0.32 10+2 1.4 24+1 1282
GJ 876 b 032 | +0.17 M4V 47 | 0.1 19:05 || 025 | 8446 61
55 Cnc d 1.21 +0.32 G8 V 125 | 0.33 4.9:1.1 1.9 53+7 | 4517
g Erib 0.83 -0.03 K2 V 3.2 0.7 1.6+0.2 1.9 30+4 | 2502
HD 33636 B 1.02 -0.13 G0V 28.1 | 0.4¢ 142+11 142 | 40+01 | 2117
HD 136118 b 1.24 -0.01 FOV 52.3 | 0.3% 42+15 15 163+3 1191
HD 38529 ¢ 1.48 +0.27 G4IV | 40.0| 036 | 17.6+14 1.1 48+4 2136
HD 128311 ¢ 0.83 +0.2 KOV 165 | 0.154 | 3.8:0.7 0.5 56+14 922
HD 202206 B 1.07 +0.35 G6V 455 | 0.432 94+7 18.2 11+1 256
HD 202206 ¢ | | | | 0.22 17.9+2 52.9 8+1 1260
y Cep Ab 1.18 0 KITII-IV | 135 | 04 [, 9441 1.1 170+1 905

*Benedict, McArthur, Harrison, Martioli, Bean




A Triumph - Architecture of the v And System

(Analysis by Barbara McArthur)

~ v And like ours?
1985 |

, /1995 PR\ \
P ,f// N N\ \ C vAnd A
/ /4 \.\“ \L \ c+d Perturbation
,-"x:, / I{,.JV _—T . \‘\.\ 2
// } [ ,-"'ff ——
/ | v h:\l"n C
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Adventures in Astrometry - GFB X in mas




v And system not so much like ours

What could have
'screwed up’ the v And

system? .

The migration of this ' ¥ ot \

hot Jupiter / \ |
| ; « ’l

.. and/or this distant - \ /

companion is not always
so distant?



.Another o
System . -

Dissected *

Declination [mas]

e}

\9)

N

HD 202206 Combined B and ¢ Pertufbation

® obs locations ( Jul 2007 - Jun 2010)
—————— orbit fit
S=Start=Sep 2006; F=Finish=Jun 2011
O residual

M,=0.089M,
MC:17’9MJUP

90°B) |
0° (N) 0
| & - /F:

-4 -2 0 2

Right Ascension [mas]

4
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Benedict & Harrison
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Figure 10. Component B (inner) and ¢ (outer) orbits as observed (left to right panels) toward the —z (looking at the HD 202206 system with +y to the south and +x

pointing west), toward —x (east in R.A.), and —y (north in decl.) axes. Axes units are au.




What We* Did
Not FIND, but Measure

HST/FGS Exoplanetary Astrometric Results \
Compahion M« (M) [[Fe/H1| Sp.T. |d(pc)| ecc |M (Mg, )|al(mas)| inc(®) | P(d)
v And ¢ 1.31 +0.15 F8 V 135 | 0.25 14+4 0.62 8+1 241
vAndd | | | | 0.32 102 1.4 24+ 1282
GJ 876 b 032 | +0.17 M4 vV 47 | 01 19+05 | 0.25 8416 61
55 Cnc d 1.21 +0.32 G8 V 125 | 0.33 49+1.1 1.9 53.7 4517
e Erib 0.83 -0.03 K2 V 3.2 0.7 1.6+0.2 1.9 30:4 | 2502
HD 33636 B 1.02 -0.13 GOV 28.1 | 048 | 142+11 142 | 40:0.1 | 2117
HD 136118 b 1.24 -0.01 FOV 52.3 | 0.35 42+15 1.5 1633 1191
HD 38529 ¢ 1.48 +0.27 G4IV |400| 036 | 17.6+14 1.1 48:4 2136
HD 128311 ¢ 0.83 +0.2 KO V 165 | 0.154 | 3.840.7 0.5 56+ 4 922
HD 202206 B 1.07 +0.35 G6V 455 | 0432 94+7 18.2 11+] 256
HD 202206 ¢ | | | | 0.22 17.9+2 52.9 8+1 1260
y Cep Ab 1.18 o) KI1ITI-IV | 135 | 04 9.4+1 1.1 170+1 905

*Benedict, McArthur, Harrison, Martioli, Bean




SCARCE Astrometry
and
Discovery (and follow-up RV) tied
together through this constraint

ap sini  PKasqrt(l — e?)

T abs 2m X 4.7405

Pourbaix & Jorissen, 2000, A&A 145, 161

M Dwarf MLR - GFB 150415
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Left: 6J 831A (dots, POS orbit predicted positions) and component B (open circles, TRANS
orbit predicted positions). All observations, POS and TRANS and A and B component radial
velocities, were used to derive the final orbital elements. POS and TRANS astrometric
residuals are smaller than the symbols. The arrow indicates the direction of orbital motion.

00 02 0.4 0.6 0.8 1.0
Phase (P = 704.854")

Right: RV measurements from the CE, phased to the orbital period determined from a
combined solution including astrometry and RV. We obtain an absolute parallax = 125.3+0.3
mas, yielding M, = 0.270 + 0.004M and M, = 0.145 + 0.002M,, . Mass error ~ 1.5%




Again, Astrometry and RV tied together
through
this constraint

ap sini  PKpsqrt(l —e?)

T abs 2m X 4.7405

Pourbaix & Jorissen, 2000, A&A 145, 161

M Dwarf MLR - GFB 150415
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Where do we get most AK?
Gemini AQO.

Dieterich, S., Ph. D. Thesis 2012 GSU and
Dieterich+ 2012 AJ, 144, 64

Also Henry & McCarthy 1993 (1)
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SIM and GAIA - Exo-Planet Detection Capability

" d
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Gaia
Passes
My
Test

Benedict+ 2018 Res. Notes AAS 2, 22

Gaia DR2 Parallax (mas)

Gaia - HST residuals (mas)
o
o
¥

J—
S
-

y=a+bx
a=-0.33+0.22 mas
b=0.99 +0.02

45"

ot

7 85

02'7"
2"

2 3
10 100
HST Parallax (mas)



SIM and GAIA - Exo-Planet Detection Capability
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Earths and super-E
be detected and ch

All Super-Earths v
can be detected al
stars.

2.5

T

N
T

—
(8]

Mass detection limit in HZ (in Earth mass)

10 Ophiuchi By,

T T35 G

~ Leporis B

Cassio. By ¢ Bootis By,

T

w3 Orionis \

5 Hyd" 3Tn Aus. A

Hercu

.\J Pavonis

Cassio. A .

7 \ ¢ \ Leporls A
Prox. Cen

\:70 Ophiuchi A Indi

\E, Bootis A

\8 (¢ Tucanae '
2 G. Eridan
3 G. Librae A

3 Aquilae A

Bootis

N\ -
Eridani
\Altajl
051 = Astars (2) |
.\Procyon A * [ stars (16)
* Gstars (17)
'\2 o K stars (22)
* M stars (6)
0 | | | |
0 10 20 30 40 50

System rank



. Independent Linear Interferometers

Lesson from Gaia (and HST/FGS): monitor, monitor,
monitor

Independent linear interferometers : monitoring for corrections on ground. Inredall the independent
baselines forming laser hexapods. Retroreflectors are at M2 and M3. Microinterferometers at M1 and M4.

Funding an issue to be resolved ~December 2018



B An Astrometric Search for Planets Orbiting in the Alpha Centauri

System None Assigned

APPROVED!

Pi NAME: SCIENCE CATEGORY:

ESTIMATED 18.0 h ESTIMATED 0.0 h ESTIMATED NON-STANDARD
12M TIME: ’ ACA TIME: ' MODE TIME (12-M):
CO-Pl NAME(S):
(Large & VLBI Proposals only)

18.0 h

CO-INVESTIGATOR
NAME(S):

GFB - Sagan 2018
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Ann, my wife
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9.

Summary

ASTrome‘rry has ye’r ’ro mdependenﬂy
duscover an exoplcme’r

Asfrome‘rry has made use'ful .
con‘rmbu‘rlons exoplanet masses, sys’rem
archl’reciure hos’r star charac’remza’rlon

" The future is seemmgly bright; ah‘hou h
‘rrue Earth andlags just.out.of reach (Luke :
~fusign power"> Aiways a few year's off in ’rhe
fu’rure7) y A T e T B A A »~
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