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Parallax measurement principle...

Problematic from Earth:
Sun

(1) obtaining absolute parallaxes
from relative measurements

Earth (2) complicated by atmosphere
[+ thermal/gravitational flexure]

(3) no all-sky visibility



Some history: the first 2000 years

200 BC (ancient Greeks):

® size and distance of Sun and Moon; motion of the planets
900—-1200: developing Islamic culture

1 500—1700: resurgence of scientific enquiry:
® FEarth moves around the Sun (Copernicus), better observations (Tycho)
® motion of the planets (Kepler); laws of gravity and motion (Newton)

® navigation at sea; understanding the Earth’s motion through space

| 718: Edmond Halley

® first to measure the movement of the stars through space

| 725: James Bradley measured stellar aberration

® Farth’s motion; finite speed of light; immensity of stellar distances
| 783: Herschel inferred Sun’s motion through space
1838—-39: Bessell/Henderson/Struve — the first parallaxes

1880—1990: photographic and meridian circle catalogues

The History of Astrometry, Perryman 2012: European Physical Journal H37, 745-792



The first star distances...

After a 250 year marathon journey,
Friedrich Bessel, Thomas Henderson, and
Wilhelm Struve measured the first star
distances around 1838-39

John Herschel:
“the sounding line in the Universe of stars
has at last touched bottom™

Struve’s refractor, Tartu

Bessel was awarded the Royal Astronomical
Society’s Gold Medal, for
“the greatest and most glorious triumph which
practical astronomy has ever witnessed”



Accuracy over time
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Over the last 100 years, bigger telescopes measure:
* fainter stars (billions)
* more star motions (millions)
* more star distances (few thousand)



The Astrographic

Catalogue
1887 — 1930/1964

...measurements made
and recorded by hand!



Yerkes refractor
~ 1900




Schmidt telescopes ~1950-1980
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European Southern Observatory, Chile ~2000



European ELT (Extremely Large Telescope) ~ 2020




...but it remains all but impossible
to measure star distances from
Earth, beneath its phase-perturbing
atmosphere...



Stellar Distances and Motions:
principles and numbers

star distances are determined trigonometrically, using

Earth’s annual orbit around the Sun as baseline
(INPOPOQ6: 149 597 870 691 m, recently defined by IAU as 149 597 870 700 m)

star distance of | pc gives a parallax of | arcsec
nearest star is ~| pc = 3.26 light years = 3x10'® m

Galactic centre = 8 kpc = 30,000 light years;
requires 10 pas at 10% accuracy

stars move through space at ~30 km/s, equivalent to
~0.] arcsec/yr at a distance of 100 pc



Accuracy of positions from the ground (1/4)

Comment: accuracies are not limited by diffraction (Rayleigh criterion):
sin 8 =1.22 A/D for D=0.3m,A =600 nm = 0.5 arcsec

The theoretical photon-noise limited positional error for a monolithic telescope is:

A 4
0' —
Ph ™ 47D SIN

..for V=15 mag, A=600 nm, D=10 m, €=0.4, t=1 hr = 0 ~ 30 pas

... Lindegren (1978)

Even the best astrometric accuracies from ground fall far short of this due to atmospheric
turbulence, usually further degraded by differential chromatic refraction

Understanding the fundamental accuracy limits has evolved greatly over past 30—40 years:
* |970s: long-focus telescopes + photographic plates gave ~ 20—30 mas (Harrington & Dahn 1980)
e |980s: CCDs eliminated the plate-specific error sources (but not atmospheric turbulence)

For small separations near the zenith (s| arcmin) errors on the time-averaged separation
between stars (0) are consistent with atmospheric (Kolmogorov-like) turbulence models:

2 1
o5 =540D" 361 2 arcsec .. Lindegren (1980)

..values of 8 = | arcmin,D=I m,t=1 hr = 05 ~3 mas (Gatewood 1987, Han 1989, Monet et al 1992)



Accuracy of positions from the ground (2/4)

With several reference stars, theoretical estimates give a further improvement, e.g.:
4 1
o5 x D103t 2 Lindegren (1980)

- 1 | 1
O x D 206 t 2 Lazorenko (2002)

... substantially confirmed experimentally (e.g. Pravdo & Shaklan 1996)

Aperture apodisation + improved treatment of reference star symmetry gives:

: k
osox D™ % +% 5l _28 t‘% Lazorenko & Lazorenko (2004)

where (k,M) depend on the number of reference stars and their magnitudes.

... for 10-m telescopes, very good seeing,and t~600s = =< |00 pas

observational results:
® narrow-field AO on Palomar and VLT = 100-300 Hlas (Neuhauser 2007, Roll 2008, Cameron 2009)

® VLI-FORS2 (R=16 mag, t=17s, seeing=0.55 arcsec) = 300 Mas (Lazorenko 2006)

Note: these promising positional results refer to narrow-angle
measurements, typically at zenith, and not to an all-sky reference system



Accuracy of positions from the ground (3/4)

Interferometers:

For larger separations, 8~0.5°, theory and data had suggested a turbulent-limited accuracy

<013, and (to first-order) independent of D (Lindegren 1980). Therefore interferometers

were not immediately considered as particularly advantageous for relative positional
measurements. But: when baselines exceed the beam separation at the top of the
(turbulent) atmosphere, a qualitative change in atmospheric behaviour occurs, and:

e =505 B2 f C3(h(ve)y~tdn Shao & Colavita (1992), eqn 2

.. baseline B, star separation O (arcmin), wind speed versus height V(h), and integration time t.
Cn(h) is complicated function describing the atmospheric refractivity power spectrum with
height, which determines the seeing

For Mauna Kea, Shao & Colavita (1992, eqn 4) found:
2 1
o5 =300B 3601t 2 arcsec
... equivalent to the single aperture form, with B replacing D (and a smaller numerical factor)
Accordingly, interferometric accuracy depends linearly on star separation, and improves with

increasing baseline. For O = 20 arcsec, B=200m, t=1 hr = o= 10 pas

... as targeted (but still to be demonstrated) by VLTI-PRIMA (Phase-Referenced Imaging and
Microarcsec Astrometry) and VLTI-Gravity (stellar motions in the Galactic centre)



Accuracy of positions from the ground (4/4)

Antarctic:

e the integrated amplitude of Cy?(h) determines the ‘seeing’, usually quantified through the Fried
parameter ro. At optical wavelengths, Antarctic seeing is not exceptional,at ~ |—3 arcsec

* but the determining factor for interferometric astrometry is ‘tilt isoplanatism’, the second
moment of the C,%(h) profile in the previous equation. The h? factor means that the accuracy is
dominated by high-altitude turbulence

e at the south pole, this high-altitude profile is less affected by the jet streams, trade winds, and
high-altitude wind shear that govern the behaviour at mid-latitude

* measurements from Dome C confirm long atmospheric coherent times, and large isoplanatic
angles (~30 arcsec) over which the paths are temporally coherent... Lloyd et al (2002) even
reported seeing Jupiter scintillate (angular diameter 30—50 arcsec)

* their studies suggest that a 100m interferometer at Dome C could reach 100 pas differential
astrometry 300 times faster than a comparable interferometer at a good mid-latitude site



ligh
)itar gt@ **) . x

Plane waves
above
atmosphere

W

N N\ Turbulent atmosphere

5

S

This is the problem...

Twinkling star
light on ground

Viewed from
Earth...

Golf ball

These are the angles...
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...it has proven impossible to
eliminate these local distortions
from small field observations
(photographic plate or CCD), even
using the method of ‘block
adjustment’ (Eichhorn 1988)

&) schematic of a distorted reference frame

Difference in declination (milli-arcsec)

200 IR R

Hipparcos — FK5

100 —

—100

—200 T T T

Declination (degrees)

Hipparcos — ground-based (FK5)
systematic errors (Schwan 2002)



* the original science case was to calibrate
the upper part of the main sequence

* humerous political hurdles in getting the
mission accepted by ESA (1978-1981)

e the work of 100 scientists,and 1000
engineers in 20 European industries

. two data analysis teams

. all conducted in an era when
correspondence was by mail (telex if
urgent) and data transferred on magnetic
tape by post

.Michael Perryman

The Making of =~
History’s Greatest -
Star Map

Springer



Measurement principle

"background’ star

21,
small angle star large angle star
measurements: measurements:
= relative parallax: — absolute parallax:
n — Ty = (A—B)/2 21, 1 = (A-B)/2 21,
A B
Earth’s reference A
orbit star
z .

ground, or HST—FGS etc Hipparcos, Gaia



The basic angle follows from the great-circle rigidity...
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* Physics underpinning positional measurements:

— the stellar distances (parallaxes): used to convert apparent
quantities (notably magnitude) to absolute values (luminosities)

— the space motions (angular, eg mas/yr), converted to linear space
velocities (km/s) for kinematics and dynamics (absence of V aq)

* Main problems in making these measurements from ground:
— the Earth’s atmosphere (+ gravitational flexure +thermal variations)
— determining an all-sky reference star grid such that:

* the proper motions are (largely) free of systematics
* the parallaxes are absolute (rather than relative)

* Justification for making these measurements from space:
— measurements above the atmosphere

— the consequent ability to make large-angle measurements

— the resulting provision of absolute parallaxes



Early discussions, Bordeaux 1965




The 30 cm diameter beam combining mirror (now in National Maritime Museum, London)




Hipparcos optical design
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Hipparcos: measurements at the focal plane
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* a high fidelity modulating grid
e 2688 grid lines

e about 2.5 cm x 2.5 cm

* star images pass behind grid

* detector with piloted field of view sampled
the modulated signal by switching rapidly
between star images several times per sec

* both fields of view are sampled
* modulation intensity — star magnitude

* relative signal phase — along-scan
separation (modulo grid period and y)

* star positions established to ~| arcsec
a priori, to allow detector piloting, and to
resolve the grid period ambiguity in the
relative separation

* signal digitised at 1200 Hz, sent to ground

e grid period = 1.208 arcsec on sky



Image dissector tube piloting

signal amplitude
— star magnitude

|

* requires star positions a priori
* dwell period o< star magnitude
* switching frequency = f(structural modes)

star image passes across

V/— modulating grid

\ ()

WY

phase difference = along-scan separation,

modulo grid period (~1.2 arcsec) and basic angle (y ~58°)

second harmonic (A,$) = binary star (Am, AB)



Star Observing Principles: Hipparcos & Gaia

x *

¥ *
F \
Scan width = 0.7°

X3 '

x x
*

1. Object matching in successive scans
2. Attitude and calibrations are updated

Sky scans AN < t upd
highest accurac . Objects positions etc. are solve
( galong scan) d 4. Higher-order terms are solved

5. More scans are added
6. System is iterated
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Data Analysis: Principles

50 T T T ] T T T T ] T T 1

N\

_ \ _

_ { }50’ _

_ A‘\‘ 7 i

-100 |— —
-150 — —
-200 ) | [ Y N N N S |
-150 -100 -50 0 50

Aot cos O (milli-arcsec)

as the satellite traces out a series of great
circles on the sky, each star is (effectively)
instantaneously stationary

each star has a 2d position (abscissa and
ordinate) projected onto that great circle

in principle one should solve for both
coordinates

in practice, only the projection along the
great circle (abscissa) dominates the ‘great-
circle solution’

least-squares adjustment gives the along-
scan position of each star at that epoch

all great circles (12 hr duration) over the
entire 3-year mission are then ‘assembled’

a star’s position at any time t is represented
by just five parameters: position (xy), proper
motion components (Mx, Hy), parallax (TT)



Some Complications...

Earth rotating
(or satellite)

S

Earth moving
around Sun o__

Sun 1S moving

Sun moves in curved orbit

Curved \\
space-time i \

Background stars
are moving

#
* &

_ ~¥ Radial motion

Background stars at
finite distance

#

Star may be multiple

hotocentric motion
(b ), g (Doppler shift)

3%5/, S
& —>

Star 1S moving

Binary may
be variable

Transverse
‘proper’ motion

...everything is moving!



Hipparcos: many detailed technical issues

* uplink of star catalogue to be observed over next hours
* gas jet thrusters to:

* keep satellite spinning uniformly

* follow the pre-determined sky-scanning law

* rigorous thermal control, including fixed angle of solar
illumination (defined by the scanning law)

* on-board data handling
* downlink: telemetry stream with star identification

* 3-year observation lifetime to give separability
positions, parallaxes, and proper motions



February 1988



Launch - transfer orbit - geostationary orbit

4 Operations in
geostationary

\orbit

Launch into

1

2 Motor
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3 Unfold
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Scientists losing
hope for satellite
trapped in orbit

SCIENTISTS are losing hope
that they can save the Hipparcos
satellite, which was to be one of

By Mary Fagan
Technology Correspondent

the most important science
projects of the century, from be-
- ing trapped forever in the wrong

ground station at Perth in Austra-
lia, but even then the satellite

Independent, |5 August 1989

HIPPARCOS

Bad day for astronomers

Kourou, French Guiana

AFTER a perfect launch in French Guiana
on 8 August, the European astronomy
satellite Hipparcos ran into trouble when
the apogee motor failed three times to
respond to commands to fire. The motor is
responsible for lifting the satellite into

aenctatinnary nrhit arnnnd the Farth  Ac

carrying a West German direct broadcast-
ing television satellite, TV-SAT 2, as well
as Hipparcos. The first launch attempt
was stopped seven seconds short of igni-
tion by an overzealous computer. But
then the mission got off to a good start
with the perfect positioning of Hipparcos
and TV-SAT 7 in their tranc<fer orhite Tnct

Nature, | 7 August 1989

Scientists battle to
revive star satellite

By Steve Connor, Technology Correspondent

By PETER B. de SELDING
Space News Staff Writer

PARIS — A faulty component supplied
by a California company was the principal

SCIENTISTS will try to
revive a satellite today which
is orbiting aimlessly around
the Earth after its booster
rocket twice failed to respond

The booster rocket, called the
apogee engine, yesterday failed
to respond to a command to fire
which shouid have moved the
satellite into a much bigger

Daily Telegraph, 12 August 1989

Hi-Shear Part Blamed
For Hipparcos Failure

There remains a possibility that the ex-
plosive transfer lines connected to the ini-
tiators might themselves have delivered a

weak charge which, when combined with
initiatare nf marainal smalitv eonld have

Space News, |6 July 1990

Space partners fall
out over British cuts
to star map project

Robin McKie and
Nicholas Booth

A BITTER conflict has broken
out between Britain and its
European space partners over
plans to halt UK funding for a
unique star-mapping probe that
is circling the Earth.

cussions beyond the country’s
involvement in the project.
Analysis of three years’ data is
required to improve our knowl-
edge of star positions. Any dis-
ruption would curtail the
project indefinitely.

The threatened cut infuriated
Esa delegates when they were

The Observer, 24 March 1991



Retrospective of major milestones

| 968: first proposals for space astrometry

| 980: acceptance by ESA’s Science Programme Committee
1981 : start of Phase B

1 989: launch by Ariane 4, flight 33 (Kourou)

1993: end of satellite operations

1 996: completion of data analysis (NDAC/FAST, TDAC)

1997: release of the Hipparcos Catalogue (118,000 stars)

release of the Tycho Catalogue (| million stars)

2000: release of Tycho 2 Catalogue (2.5 million stars)
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Numerical results

A catalogue of | 18,000 stars (published 1997):
each of the 5 parameters determined to ~| milliarcsec

5 6 / 8 9 10 11 12 -90 —60 —-30 0 +30 +60 +90
Hp [mag] ecliptic latitude [ded]




The printed catalogue...

Number | Descriptor: epoch J1991.25 Position: epoch J1991.25 Par. | Proper Motion Standard Errors Astrometric Correlations (%) Soln No. Tycho Magnitudes Colour Indices Magnitude (Hp) Variability (Hp) Multiplicity Data Misc
HIP RA Dec v o (ICRS) S B e Wy o B B3 [T S Mo Mg Mee My My Wy My (F1 F2 HIP Br o Vr I B-V o V-l o Hp o s N Max Min P CCDM Flags |AB @ p oy |AHp o | Flags
h m s = "  mag deg deg mas mas/yr mas mas mas/yr e L % mag mag mag mag mag mag mag mag mag mag mag mag mag days ° " " 'mag mag
1 2 3 4 5 67 8 9 100 11 12 13 14 15 16 17 18 | 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36| 37 38 39/ 40 41 423| 44 45 46 47 48| 49 50 51 524 55 56-7 58-61 |62 63 64 65 66 67 |6870
32301 06443745 -3826123 880 H| 101.156 050 02 -38.436 752 52 -0.45 5.30 -0.21| 075 076 091 097 119 - 3+17-9+12+0-4+2-13+13-3| 0 -2.25 32301/10.740 0.043  8.977 0.017 1469 0.037 T| 148006 L 8.9357 0.0023 0.017 109 890 896 1
32302 06443852 +1959 154 868 G| 101.160 51505 +19.987 620 00 2.28 -0.89 -2.08 | 117 069 134 145 1.02  +12+27 -32-12 -29 +31 - 3 -63 +40 +41| 6 3.43 32302| 8.578 0.013  8.641 0.017 -0.080 0.015 G| -0.06 0.02 H 8.6647 0.0018 0.019 90 862 870 1
32303 06443994 -1443424 883 H| 101.166 427 36 -14.728 444 16 8.48| -18.80 -31.95| 094 082 107 126 107 - 4+32+2-25+2-8+4-30+10-36/ 0 -1.53 32303| 9.428 0.022 8.919 0.021 0489 0.023 T| 056002 L 8.9418 0.0018 0.017 87 891 898 C 1
32304 06444119 +384641.4 956 H| 101.17161391 +38.778 176 56 5.72 -1.90 -24.34| 133 08 147 169 108 + 7+29-1-17-19+ 9 -16 -53 - 4 +15 0 -2.67 32304/10.085 0.028  9.581 0.028 0474 0.036 T| 055004 L 9.6686 0.0028 0.021 85 9.64 9.71 C 1
32305 06 444219 +5938260 969 G| 101.175777 63 +59.640 564 09 2.61 -0.75 -5.55| 122 113 158 160 115 - 2+25-26+ 6+29+ 8+28 - 4+ 5+23 0 -0.40 32305(10.121 0.044  9.676 0.046 0370 0015 G| 043002 H 9.7810 0.0046 0.032 80 971 9.84 1 s
¥32306 06444294 +2607487 920 H|101.178897 28 +26.130197 74 2.23 5.54 -2238| 155 084 151 208 130 | -20+16+ 8 +23 +20 +16 +45 -53 - 6 +18 0 0.08 32306(10.463 0.043  9.279 0.025 1.015 0.039 T| 099003 L 9.3625 0.0018 0.016 75 934 939 C 1
#32307 0644 42.89 -57 26256 855 G| 101.178 694 46 -57.440 432 20 10.93 | -52.24 56.74 | 121 118 129 137 127 - 6+12+3+4-6-6-11-21-3-28 0 32307| 9.113 0.013  8.603 0.013 0.506 0.015 G| 0.58 0.02 H 8.6639 0.0017 0.014 98 864 869 C 1X S
32308 06 44 42.97 +145437.4 1073 H| 101.179 036 65 +14.910 388 44 18.07 1245 -168.02 | 221 127 226 240 172 -10+43-12-17+ 4 - 7+11-64+ 5+ 7 0 -0.06 32308(11.700 0.106 10.794 0.079 0.804 0.098 T| 083007 L 10.8879 0.0039 0.033 86 1078 1095 1 S G
32309 06444422 -611327.3 695 H|101.18425053 -61.224 248 79 3.31 -8.59 8.03| 055 049 054 061 058 -2+11+10+8-7-7-8+5-5-16/ 0 -0.79 32309| 8.820 0.011  7.111 0.006 1427 0.010 T| 141002 L 7.0835 0.0011 0.011 107 707 7.10 1 S
32310 06444435 -1903107 732 H|101.18478068 -19.052 98112 3.00 -6.54 1.13| 042 048 074 051 060 +5-2-2+15+11-10+7-5-1-13| 0 -0.87 32310| 7.207 0.005  7.296 0.005 -0.076 0.006 T | -0.060.01 L 7.3007 0.0008 0.010 201 728 732 C 1 s
32311 06444546 +2858 156 542 H| 101.189 43633 +28.970 989 12 5.72 -8.75 -23.65| 079 043 084 096 064 +19+33 -7+ 3-13+2-4-42+22+24 0 031 32311| 7.321 0006 5.588 0.003 1.445 0.006 G| 134004 E 5.5643 0.0012 0.007 78 555 5.8 1 S
32312 H| 06444563 -0423368 855 1G|101.190 10563 -04.39355580 A| 4.10 -5.45 -1.18 | 203 200 192 1.62 142 -25+20-11-27+ 1-32-8-17 -26+14| 0 133 32312| 8.871 0013 85750014 *| 0310 0015 G| 036002 H *| 85680 0.0034 0024 91 =| 853 861 u 06448-0424 H1/2C D| AB 343 0490 0.053 3.68 0.20 D
32313 06444592 +715320.3 1092 H| 101.191327 78 +71.888 964 31 44.43 | -118.98 -549.44 | 267 356 488 294 418 + 4+11+2-5+3+9+3-13+6+7 1 32313 1364 0133 G| 1.600.25 | 11.0176 0.0041 0.047 192 1093 11.10 C 1X S G
32314 H| 06444627 -5225250 829 H|101.19279215 -52.42361821 A| 4.98 -6.12 1263 | 124 123 118 125 133 -6-4-1-21-9+19-9-18-1-22| 1 -036 32314| 8.4850.010 8.340 0.012 *| 0.140 0.015 T 0.15001 L =| 8.3396 0.0015 0.013 103 =| 832 836 D 06447-5225 | 12 C A|AB 338 0.662 0.003 099 0.02|S
32315 06 44 46.60 +443020.0 6.64 H|101.194 150 53 +44.505 542 19 253 132 -16.23| 068 051 079 089 061 - 9+11-2+2-16+8-14-25+10-11| 0 172 32315| 8.236 0.011  6.784 0.006 1224 0010 T| 1.18 001 L 6.8062 0.0008 0.008 83 679 682 d 1 s
32316 0644 46.66 -0923387 779 H|101.194436 11 -09.394 078 52 4.88 11.76 -4.50 | 086 068 096 093 080 -26+36-14-39+ 8- 4+12-50+ 7+ 0| 0 -0.04 32316| 9.232 0020 7.904 0.012 1127 0018 T| 1.09 002 L 7.9630 0.0013 0.010 72 795 798 C 1
32317 06444895 -2823398 997 H|101.203976 55 -28.394 400 35 264 -13.78 6.92| 094 114 156 115 134 -6+ 8+14+6-8+17-10-3-4-4 0 281 32317/11.100 0.045 10.072 0.029 0.884 0.042 T| 089003 L 10.1130 0.0033 0.035 161 10.06 10.18 C 1 G
32318 06 44 49.57 +034047.7 7.63 H| 101.206 552 04 +03.679 903 28 0.65 -1.82 -0.29| 089 054 105 087 068 - 5+45-4-9-6-24-11-45-11+ 1/ 0 052 32318| 7.7550.008  7.641 0.009 0.111 0011 T| 012001 L 7.6682 0.0013 0.012 79 765  7.69 06448+0341 | 11 S S
32319 06445094 -183413.6 7.07 H|101.21224121 -18.570 44570 11.21| -16.00 -18.46| 043 048 079 052 059 + 1+ 5-13+422+24-9+20-12+2-12| 0 -1.39 32319| 7.363 0.005 7.098 0.006 0.249 0.008 T| 028001 L 7.1416 0.0009 0.009 168 713 7.6 C 1 S
32320 H| 06445163 +592657.3 7.07 H|101.21513015 +59.44925274 A| 9.43 -2.67 11.42| 110 089 124 130 081  -22+51-30+12+ 5+29+16-19 +13 - 1| 2 154 32320| 7.476 0.015 7.067 0.018 = | 0387 0.021 T 045002 L =| 7.1573 0.0019 0010 67 =| 7.4 7.8 D 06449+5927 | 1/2C A|AB 130 4.019 0.006 188 0.03|S
32321 0644 51.80 +492037.1 799 G| 101.215818 18 +49.343 650 45 742 | -4140 -1485| 078 064 104 102 073 | -13+31-37 - 1-18+15+ 1-33+25+26 0 158 32321| 8.519 0011  8.032 0.010 0461 0.015 G| 053002 H 8.0945 0.0013 0.011 81 807 8.1 C 1 S
32322 06445196 -2720326 643 H|101.21648345 -27.34238072 37.60 -6.18  293.89 | 041 050 065 050 055 ~-5+2+3+7-19-8-17+3+8-10 2 091 32322| 7.067 0.004  6.499 0.004 0.550 0.021 G| 0.64 0.02 A 6.5522 0.0007 0.008 159 6.54 656 C 1 S
32323 06445208 -59 18 13.9 953 H| 101.216 98202 -59.303 87291 1.30 -2.14 7.28| 072 077 080 079 093 -3-4+2+7+0-23+1+12-2-5 0 046 32323| 9.507 0.016  9.483 0.021 0.022 0.023 T| 004002 L 9.5439 0.0026 0.028 113 9.50  9.60 C 1
32324 06445252 +193139.5 812 H| 101.218 85355 +19.527 63157 3.61 -4.73 198 | 182 143 179 211 154 +19 - 8 =18 -41 —19 +14 -22 -66 +18 +15 2 32324| 8.368 0.009 8.162 0.010 0.196 0.001 G| 0.21 0.00 H 8.1886 0.0013 0.012 94 816 821 C 1X
32325 06445337 +231340.2 885 H|101.22236282 +23.227 84336 173 -23.86 1.91| 161 070 177 179 111 +16+56 - 2+ 2 - 5 - 6 +17 =52 +37 +17| 6 0.57 32325/10.421 0.038  8.983 0.019 1213 0033 T| 117003 L 9.0170 0.0017 0.014 83 9.00 9.04 C 1
32326 06 44 5345 -6651564 871 1H|101.22270566 -66.865 662 50 16.46 | -38.05 -48.55| 069 066 072 049 070 - 2+27 +17 -68 - 1-19+ 0-19-5-10 2 -022 32326| 9.4350.016 8.765 0.014 0610 0.016 T| 0.68 001 L 8.8365 0.0015 0.016 108 880 886 u 1
32327 0644 53.81 +0037 126 924 G| 101.22422842 +00.620 163 64 1.82 1.57 0.72| 130 092 133 142 117  -53+19+ 1 -56+35- 7 +34 -69 - 6 -43 0 -0.11 32327| 9.727 0017  9.317 0.018 0.441 0.007 G| 051001 H 9.3444 0.0020 0.020 115 931 938 C 1 G
32328 06445455 -48 42287 9.18 H| 101.227 27129 -48.707 964 14 6.84 8.98 6434 076 072 081 085 101 -9+11-1-17-1+9-2-14-7-9 1 -1.03 32328| 9.8210.024 9.292 0.023 0.505 0.025 T| 0.58 0.03 L 9.2872 0.0019 0.018 107 9.26  9.32 1
32329 0644 54.86 +205138.2 720 H|101.228599 62 +20.860 622 25 21.77 93.72 12.86| 1.02 045 107 098 061 + 6+62+ 2 -2+ 0-15+16 45+ 7 +29 0 -020 32329| 7.8810.008 7.260 0.006 0.562 0.022 G| 0.64 0.02 H 7.3212 0.0008 0.006 100 731 733 C 1 S
32330 06 445561 -503420.1 9.09 G| 101.23169288 -50.572 243 64 1.94 -7.26 10.08 | 071 066 075 084 085 -8+22-13+9-8+4-9+3-5-9 3 203 32330 9.005 0.013  9.013 0.017 -0.054 0.002 G| -0.030.00 H 9.0824 0.0019 0.018 113 9.06 9.1 C 1
32331 06445562 +220201.4 863 2H| 101.23176859 +22.03372898 2.44 0.54 -1.99| 110 052 118 112 069  + 3451 - 1+ 8- 2-10+14 -43 +15+17| 0 -0.17 32331| 8.517 0.010 8.628 0.013 -0.110 0.015 G| -0.09 0.02 H 8.5997 0.0031 0.026 107 855 864 U2 1
32332 06445567 -702601.6 6.10 H| 101.23197446 -70.43377284 5.18 | -15.57 594 | 050 045 049 053 051 - 6+14-3-48+14+ 2+16-27+13-4 0 059 32332| 7.838 0.008  6.253 0.004 1335 0.003 G| 123004 E 6.2604 0.0010 0.006 108 625 627 1 S
32333 06 44 5636 +2250 146 676 H| 101.234828 69 +22.837 382 14 8.42| -15.80 -0.18 | 104 045 104 118 064 +13+43 + 4+29 + 9 - 7 +25 -36 +18 +24| 0 -0.29 32333| 6.989 0.005 6.783 0.006 0.197 0.007 T| 022001 L 6.8187 0.0007 0.006 94 681 683 C 1 S
32334 06 44 57.88 -3507 18.1 804 G| 101.241 16423 -35.121702 79 3.55 -2.34 10.74| 052 058 069 0.61 075 +2+10-14+6- 7+ 1-10+23-5+11 0 135 32334| 8.036 0.008 8.041 0.009 -0.013 0006 G| 0.01001 H 8.0478 0.0015 0.016 132 803 808 1 s
32335 06 4459.04 -271559.2 890 1H| 101.246 01557 -27.266 453 67 2.07 -3.67 417 | 068 088 115 083 102 -16-1+0+7-14-14-14+4+5-18 1 035 32335(11.147 0.054  9.085 0.016 1745 0.046 T| 190012 O 8.9956 0.0030 0.026 153 895 9.04 u 1
#32336 0644 59.18 -674933.6 857 H|101.246577 18 -67.825 994 92 144 -12.38 271| 069 067 072 068 077 -2+29+6-20-4-6+0-7+7-18 0 -1.00 32336| 9.697 0.020 8.667 0.014 0.897 0.018 T| 090001 L 8.7263 0.0018 0.013 107 870 875 C 1
%32337 H| 064459.14 +104509.6 800 H|101.24643063 +10.75267367 = | 3.05 271 -1271| 164 105 116 140 105 | -32+22-1-24+14+ 2+17 -67 + 5-25 2 -0.67 32337| 8.899 0.013 8.100 0.011 *| 0724 0.013 T 078001 L =*| 8.1479 0.0012 0010 101 =| 813 8.16 D 06450+1045 | 12 C A|AS 182 0219 0.002 022 0.06|S
32338 0644 59.76 -055633.6 806 H|101.24901003 -05.942 678 53 2.13 -0.91 040 | 081 059 102 105 085 + 3+38-12-15-24-11-14-32+13+33 0 104 32338| 7.969 0.008  8.039 0.010 -0.059 0.012 T|-0.04001 L 8.0519 0.0011 0.010 87 803 807 C 1
32339 H| 06450256 -303511.1 653 G| 101.26067592 -30.58641496 A| 3.51 -7.96 444 055 064 073 057 073 +0+1-3+16-5+8-7+4+1-7 7 -033 32339| 6.368 0.003 6.483 0.005 * | -0.111 0.003 G| -0.100.00 H *| 6.4933 0.0010 0009 142 *| 6.48 651 D 06450-3035 | 12 C A|AB 224 4545 0.020 3.66 0.12|S
32340 06 45 03.08 +0934189 1064 H 32340 T 10.7798 0.0039 0.037 97 1071 10.84 C S GG
32341 06 45 03.65 +4558353 835 H| 101.26522336 +45.976 477 62 2.02 3.59 -4.57| 094 071 116 131 098 - 2+24-18+ 5-16+15-8-30+17+ 7| 0 1.06 32341| 8.417 0015 8.333 0.018 0.083 0.022 T| 0.10002 L 8.3870 0.0019 0.014 69 836 842 C 1
¥32342 06 45 0557 -4656 09.1 7.78 H| 101.273 190 10 -46.935 862 90 3.72 -6.28 10.99 | 057 060 066 074 077 -4-3-6-10+7+13+4-34+25-14| 0 1.07 32342| 7.590 0.007 7.752 0.011 -0.134 0.007 G| -0.130.01 H 7.7308 0.0011 0.011 101 771 175 1 S
#32343 06 450554 -5221447 784 H|101.273 06289 -52.362430 36 5.02 -6.03 39.23| 064 055 064 071 063 + 7+6-7-9-10+5-10-19+21-9 0 -178 32343| 9.414 0017  7.968 0.010 1219 0015 T| 118001 L 8.0027 0.0012 0.010 106 798 802 C 1
32344 06450632 -1124478 892 H|101.276321 13 -11.413 269 09 9.32 17.23  -17.13| 112 092 126 1.58 1.18 | -35+29 -13 -22 +11 - 4 +16 -27 +18 =47 5 0.72 32344/10.206 0.032  9.051 0.021 0992 0.030 T| 097002 L 9.0899 0.0020 0.020 84 9.07 9.15 [ 1
32345 06 45 06.70 -0101155 745 H|101.277 91988 -01.020 98594 2.20 -1.14 -1.91| 077 050 098 087 068 -21+45-34-27 -11-9-5-39+5+36 0 -1.99 32345| 7.356 0.005  7.444 0.007 -0.075 0.008 T -0.05001 L 7.4325 0.0008 0.009 117 742 745 C 1 s
32346 06450679 +1345108 856 H| 101.278307 25 +13.752 999 45 3.77 -3.68 -8.37| 094 059 110 1.06 077 -17+32- 7 - 6 +18 -37 +15-47 - 1 -18| 0 -0.80 32346| 8.633 0011 8.542 0.013 0.089 0016 T| 010002 L 8.5932 0.0014 0.013 101 857 862 1
32347 06450720 -1312281 931 H|101.27999554 -13.207 795 33 6.29 | -27.11 -3.21| 120 090 138 144 108 +3+424-7-3-27-9-20-17+25-10 0 -0.41 32347| 9.788 0.028  9.341 0.028 0435 0032 T| 050003 L 9.4055 0.0025 0.022 67 937 944 C 1
32348 06 4507.23 -3139156 7.61 H| 101.280 136 83 -31.654 326 31 1.67 -7.30 513 | 048 052 066 057 057 -3+10+ 5+22-20+2-18+18+ 1-7 0 -122 32348| 7.480 0.006  7.591 0.007 -0.095 0.008 T | -0.080.01 L 7.5792 0.0012 0.012 151 7.56  7.60 C 1 S
32349 06 4509.25 -164247.3 -1.44 2G| 101.288 541 05 -16.713 14306 +(379.21 | -546.01 -1223.08 | 1.21 1.04 158 133 124 | + 5+22-30-50 +13 -31 +12-54+32-5 0 32349 0.009 0.007 G |-0.020.00 A -1.0876 0.0024 0.040 159 -1.17 -0.98 u 06451-1643 | 110 s X
32350 06 4509.73 +3922065 693 H|101.290561 19 +39.368 467 56 18.38 | -13.15 -13545| 079 050 086 099 068 +2+32+9-6-2-8-5-35-3-8 0 -069 32350 7.337 0.006  6.966 0.006 0351 0.008 T| 041001 L 7.0124 0.0010 0.009 90 7.00  7.03 C 1 s
32351 064509.93 -8253451 7.60 G| 101.29137391 -82.895 866 43 1243 | -32.71 9.80| 055 056 060 062 063 - 6+20+ 7+14+ 5413+ 0-24+7-22| 1 145 32351| 8.014 0.008  7.626 0.009 0401 0.015 G| 047002 H 7.6828 0.0012 0.012 109 766 7.70 C 1 S
32352 06 4510.01 -1816057 690 H| 101.29172167 -18.268 244 82 7.65 0.27 -27.46| 048 051 087 060 068 + 0+11 -7 +29+38 - 6+37 -14+10-8 0 -0.98 32352| 8.154 0.008  7.003 0.005 0.989 0.007 T| 097001 L 7.0649 0.0010 0.011 173 7.05 7.08 1 S
32353 H| 064510.02 +3049335 727 H|101.29175457 +30.82597301 A| 1441 -1034 -1549| 146 081 137 166 098 +15+25-27 + 0 -19 +18 - 8 -48 +40 +24| 3 1.23 32353| 7.578 0.011 7.249 0.014 *| 0312 0017 T 036002 L *| 7.3539 0.0013 0012 81 =| 733 7.38 D 06452+3050 | 1/2C A|AB 90 3.739 0.011 216 0.04|S
32354 06 451049 -47 13218 722 2H| 101.293 703 55 -47.22273354 2.69 -1.53 6.55| 054 057 062 077 076 +3-4+1-9+7+23+2-34+17-7| 0 -0.38 32354| 7.0150.006 7.200 0.009 -0.157 0.006 G| -0.14 002 A 7.1679 0.0010 0.010 100 715 7.24 U2 1 S
32355 06451121 -0002354 7.02 G| 101.29670632 -00.043 173 63 1.90 0.40 -1.71| 071 048 087 080 061 -32+25-29-41- 1+ 8+ 6-51+19+ 2| 0 -0.70 32355 7.146 0.005 0.208 0.004 G| 023001 H 7.0870 0.0010 0.009 139 707  7.10 1 s
32356 06451335 -4651 121 749 G| 101.30561409 -46.853 37141 3.29 -6.27 11.64| 055 057 062 072 073 -5+5-6-10+12+12+ 9-37+16-18 0 161 32356| 7.300 0.006 7.459 0.009 -0.138 0.001 G| -0.130.00 H 7.4423 0.0013 0.011 104 743 747 1 S
32357 06 45 13.85 +051247.7 753 H| 101.307 707 36 +05.213 263 81 4.58| -11.77 357 | 099 062 103 098 078 -17+24+ 2-43+ 4-14+10-66 -24+14 0 -1.11 32357| 7.503 0.007 7.519 0.008 -0.010 0010 T| 001001 L 7.5320 0.0014 0.009 87 752 754 1 S
32358 06 45 14.46 +53 05100 7.04 1H| 101.310233 15 +53.086 115 14 258 | -14.49 -21.48| 067 048 083 074 053 -12+31-3+24+34+ 2+30-14+12-26 0 0.3 32358| 9.1250.014  7.209 0.006 1591 0.012 T| 161001 L 7.1506 0.0020 0.014 105 713 718 M 1 S
32359 06 45 1458 +132009.4 728 1H| 101.310748 60 +13.33593334 1.44 -0.51 -0.57 | 081 045 089 085 060 - 6+49- 8- 4+ 1-21+9-48+ 6+10| 0 -3.02 32359| 7.636 0.007  7.307 0.007 0312 0.009 T| 036001 L 7.3564 0.0016 0.012 97 734 738 M 1
32360 06 45 14.66 -253824.5 840 H|101.31108282 -25.640 144 89 0.03 -3.31 3.43| 052 066 095 061 079 + 8+11+2+13-19+8-20-11-1+9| 2 -1.44 32360| 8.2120.006 8.354 0.009 -0.124 0010 T -0.11001 L 8.3614 0.0015 0.019 190 833 840 1
32361 06 4517.17 +4651528 881 H| 101.32154091 +46.864 654 84 6.97 | -24.86 0.83| 103 071 109 146 090 +12+25+ 2-7-13+ 5-12-31-4+16| 0 -0.20 32361| 9.177 0.017 8.836 0.018 0318 0.040 G| 037005 H 8.8845 0.0019 0.015 75 884 891 C 1
32362 06451743 +1253458 335 H|101.32263980 +12.896 055 13 57.02 | -115.16 -190.91| 074 043 083 067 050 -10+54-10-15+7-31+4-43-7+ 8 0 -1.42 32362| 3.879 0.003  3.393 0.002 0.443 0.008 G| 048003 C 3.4417 0.0005 0.004 86 344 345 1 S
32363 06 4517.51 +822501.4 863 H|101.32296828 +82.417 042 07 1.71 0.59 -6.14| 070 074 092 074 090 +20+31+12-15+ 0+15- 2+ 1+ 5+30| 1 -0.63 32363(10.223 0.025 8.749 0.013 1241 0022 T| 120002 L 8.7921 0.0016 0.019 133 876 882 1
32364 06 45 21.89 +353206.3 882 H|101.341217 10 +35.535 086 55 18.76 84.57 -210.32| 159 1.07 144 188 128 +39 +13 -26 -60 -40 +26 -32 -83 +28 +32| 0 -0.64 32364| 9.639 0.018 8.876 0.015 0670 0.015 G| 073001 H 8.9584 0.0018 0.015 112 893 898 16
32365 06452268 -3437412 906 H| 10134450561 -34.628 11831 3.47 -3.77 347 | 067 08 096 078 116 - 4+10-23+12- 4+17 - 2+21+ 4+10| 1 239 32365/10.668 0.034  9.166 0.016 1263 0.030 T| 122003 L 9.2222 0.0014 0018 128 920 9.26 C 1
32366 06452308 -3147345 592 G| 101.346 16795 -31.79292174 41.20 | -204.91 -304.13| 040 043 056 048 048  + 9+18+ 9+14-11+7-11+14-1+7 0 006 32366| 6.500 0.003 5.977 0.003 0491 0015 G| 057002 A 6.0286 0.0006 0.006 147 602 604 C 1 S
32367 06452328 +2338464 7.16 H| 101.346 99157 +23.646 229 46 4.02 24.18 0.04| 103 050 105 121 070  +22+37+ 1+19 - 3 - 4 +11 -36 +19 +33| 2 -0.22 32367| 8.853 0.014 7.306 0.008 1299 0013 T| 126001 L 7.3185 0.0008 0.008 82 730 733 C 1
32368 06452338 -2327450 6.04 H|101.347 40523 -23.462 488 65 6.63 | -19.70 23.38| 034 042 064 037 045 + 4+10- 7 +41 -32 +14 =22 10 +18 +22 1 -0.61 32368| 7.593 0.005 6.170 0.003 1205 0.003 G| 1.12004 E 6.2078 0.0005 0.007 246 620 622 C 1 S
32369 06 452351 +244020.9 695 1H| 101.347 94230 +24.672 478 08 0.62 -0.01 -3.17| 100 054 102 106 064 +21+41+10+ 9 -10+ 9+ 1 -40+ 9+35| 0 195 32369| 9.128 0.017  7.137 0.008 1.650 0.015 T | 1.67 001 L 7.0543 0.0025 0.019 80 7.02  7.08 U 2 C|[06454+2440 | 11 S S
32370 06452428 -0958489 845 G| 101.35115438 -09.980 25156 3.90 -0.41 -441| 094 072 102 109 087 -20+16+ 4 -38+10+ 9+10-48 + 0 -14 2 1.05 32370 8.459 0.011  8.450 0.014 0.008 0015 G| 0.03 001 H 8.4622 0.0018 0.013 72 845 849 C 1
32371 06452450 -260921.0 9.12 H|101.352066 94 -26.155 823 35 3.83 | -14.42 -3.68| 071 08 117 087 108 -12-10+3+5-11+8-10-2-3+0] 0 049 32371/10.303 0.024  9.206 0.015 0939 0022 T| 093002 L 9.2614 0.0024 0.025 170 9.21 931 1
32372 06452458 -2826160 953 H|101.35241943 -28.437789 13 4.16 10.58 369 096 113 156 120 138 -4+ 0+11+10-10+2-8-8-12+6| 0 149 32372/10.862 0.035  9.650 0.020 1.036 0.031 T| 1.01003 L 9.7023 0.0027 0.029 151 9.66 9.75 C 1 S
32373 06 45 25.15 +47 0401.5 828 1G| 101.354797 39 +47.067 091 47 3.32 894 -11.53| 177 128 196 232 144 - 4+21-13-12-7+4-3-41+0+9 0 32373| 8.867 0.013  8.347 0.012 0.505 0.015 G| 0.580.02 H 8.3575 0.0034 0.020 81 833 839 u 1X S
32374 06 452528 -650239.2 7.18 2H| 101.35534560 -65.044 225 38 2.83 -8.38 580 | 050 050 052 056 056 +2+3+9+5-13+6-14+2+12-4 0 055 32374| 9.312 0015  7.383 0.007 1635 0.014 T| 212004 O 7.2466 0.0035 0.030 121 720 7.29 U2 1 s P
32375 06 45 26.05 -521203.4 656 1G| 101.358 55546 =-52.200 93117 1.49 2.19 271| 050 046 052 058 052 +8+13+8-1-14-6-13-8+13-9 1 -064 32375| 7.9210.008 6.663 0.005 1.075 0.009 G| 1.03004 E 6.7274 0.0010 0.010 113 671 675 M 1 s
32376 06 45 26.51 +094556.9 6.65 H| 101.360465 17 +09.765 812 72 11.03 4155 -3230| 081 050 089 098 072 | + 7+27+18 - 9-12-23- 3 -65-28+27 0 144 32376| 7.039 0.004 6.688 0.004 0333 0.005 T| 039001 L 6.7303 0.0007 0.007 102 672 674 C 1 S
¥32377 06 4527.04 -175031.1 956 H| 101.362669 21 -17.841 965 95 265 4.15 550 | 092 109 176 120 140 | -15+12 -31 +13 +40 -33 +32 -38 +30 -30 0 0.67 32377(11.170 0052  9.729 0.023 1216 0.045 T | 1.18 004 L 9.7249 0.0027 0.028 149 9.67 9.79 1 S G
¥32378 H| 064527.02 +292159.8 822 G| 101.36257708 +29.36661861 A| 11.07 | -32.30 -74.61| 370 258 174 329 270 | -18+22 - 6 -28 +47 - 1 +55 -57 +20 -58 0 -0.75 32378| 8.939 0.016 8.286 0.014 *| 0560 0.015 G| 063001 H *| 83590 0.0019 0011 77 =| 834 838 D 06455+2922 | 1/2C A | AB 42 0320 0.004 049 0.03
32379 06 45 27.67 +382257.6 8.02 1H| 101.36530589 +38.382664 01 7.87 | -13.76 -3274| 093 061 109 120 075 - 9+27-28- 7 -22+24 - 3 -52+22+23 0 -052 32379| 8.3810.010 8.058 0.010 0307 0.013 T| 035002 L 8.0998 0.0021 0.019 89 807 813 u 1 s
32380 06 4527.86 -07 08 10.2 844 H| 101.366 08197 -07.136 180 22 1.63 -4.89 8.19| 092 069 113 097 081 - 9 +41-34-33-23-11-18-37+23+ 7| 0 -1.97 32380| 9.5450.021 8.550 0.015 0.870 0.019 T| 088001 L 8.5999 0.0017 0.012 85 858 863 C 1
32381 06452878 -365057.9 7.98 H| 101.369899 88 -36.849 420 81 6.04 -4.44 -7.71| 056 062 073 063 076 +15+ 3+ 5+16+ 5+21+ 4427 + 2+15| 1 0.67 32381| 8.0550.009 7.978 0.011 0.069 0.013 T| 008001 L 8.0064 0.0011 0.012 117 798 803 C 1 S
32382 06 452886 +441401.8 747 G| 101.370257 83 +44.233 847 16 22.09| 143.37 -189.41| 074 056 086 097 067 -4+ 3-4+2-24-2-22-21+13-9| 0 -043 32382| 8.198 0.008  7.554 0.009 0614 0015 G| 0.68 001 H 7.5987 0.0011 0.010 85 7.58  7.62 C 1 S
32383 06 453050 +1528480 843 H| 101.377 068 44 +15.479 993 86 275 047 -1037| 110 055 118 110 070 | -11+52-25+ 7 - 1 -16 +14 -46 +12+23 0 161 32383| 8.543 0.010  8.427 0.012 0.112 0.015 T| 0413001 L 8.4709 0.0016 0.011 90 845 849 C 1
32384 06453094 -012547.9 7.82 H|101.37890923 -01.429 984 20 1.99 -1.47 -2.74| 074 053 087 079 061 + 1+18-21-31-17-1-16-44+ 7 +14| 0 097 32384| 7.802 0.007 7.828 0.008 -0.004 0.015 G| 0.02001 H 7.8311 0.0014 0.013 112 781 785 C 1
32385 H| 064531.19 -305656.4 562 2H|101.37996161 -30.94899076 A 2.06 -3.11 420 070 078 090 078 087 + 7-23-26-14- 9 +16 -14 -37 +25 - 8 17 054 32385| 5.4150.010 5.573 0.014 = |-0.138 0.015 T -0.130.02 L =*| 55752 0.0140 0.134 146 =| 533 5.8 U 2C|[06455-3057 | 1/2C B|AB 223 498 0012|262 007|S P
32386 06453230 -145726.5 895 H|101.38457403 -14.957 37337 4.04 -6.43 3.06| 109 101 141 165 138 -16+28-34-7-10- 1-1-24+31-31| 0 143 32386(10.518 0.052  9.118 0.026 1183 0.046 T | 114004 L 9.1180 0.0032 0.023 87 9.08 9.16 C 1
32387 06453310 +0435389 7.04 H|101.38790370 +04.594 130 93 2,66 | -12.57 -4.64| 078 051 086 086 064 +7+22+2+1-10-5+1-46-13+35/ 0 0.10 32387| 7.092 0.006 7.049 0.007 0.044 0.009 T| 0.06001 L 7.0563 0.0012 0.010 91 7.04  7.08 06456+0436 | 1|1 S
32388 H| 06453395 -313003.0 893 H|101.39145239 -31.50084045 A| 6.22 1.23 -839| 106 110 129 119 123 -7+ 4+11+31-2-10- 6+ 1+12-21| 4 046 32388| 9.444 0.015 8.998 0.015 A| 0400 0.495 G| 050004 L =| 9.0247 0.0018 0.018 144 | 899 9.07 D 06456-3130 | 1/2C D| AB 16 6.133 0.058 3.77 0.25 D
32389 06453510 +274023.7 670 H| 101.396 247 38 +27.673 248 53 3.59 -5.28 -0.89| 088 052 096 117 080 - 6+19-9+ 6+16+ 5+19-50+16- 6 0 0.08 32389| 8.4450.012 6.847 0.006 1339 0011 T| 130001 L 6.8521 0.0008 0.008 76 684  6.86 1 S
32390 06453552 -204051.4 839 G| 101.397 98220 -20.680 934 26 0.38 -5.36 -0.38| 065 074 108 090 094 +2+12-10+19+12-2+11-31+6+3 1 -0.19 32390 8.310 0.012 8.360 0.016 -0.043 0011 G| -0.02 001 H 8.3857 0.0015 0.015 132 836 842 C 1
32391 06453769 -241101.2 882 H| 101.407 059 35 -24.183 665 04 3.98 6.89 10.83 | 055 071 105 066 074 + 7+ 7+ 0+19-28+13-23-12+18+11 0 -0.64 32391| 8.8950.008 8.813 0.010 0074 0012 T| 009001 L 8.8509 0.0015 0.020 225 881 889 1
32392 06 454252 -662033.4 887 H|101.427 17448 -66.342 603 95 2.3 -3.29 1633 | 076 072 079 061 08 - 1+16+13-56-4-9+1-3-5-14/ 0 0.8 32392(10.930 0.046  9.082 0.017 1569 0.040 T | 222009 O 8.9268 0.0031 0.022 105 889 896 1
32393 06 4543.01 -205109.6 7.44 H|101.429227 74 -20.852 664 23 2.18 -4.73 077 | 059 065 097 079 08 - 3+15-7+ 9+14+ 3+13-33+10-6| 0 0.09 32393| 9.072 0.015  7.561 0.008 1271 0013 T| 1.18 006 F 7.6027 0.0015 0.016 130 7.58  7.63 C 1 S
32394 06 45 46.40 +37 46414 802 H| 101.44333650 +37.778 180 12 0.61 321  -11.71| 094 060 109 116 073 - 9+26-12- 9 -15+ 8 - 3-53+ 5+15 0 -0.04 32394/10.058 0.027  8.182 0.011 1559 0.023 T| 158002 L 8.1396 0.0010 0.012 97 812 816 D 1
32395 06 454846 -4559519 9.00 H|101.45192991 -45.997737 14 11.89 77.31 -1.18 | 066 073 076 086 098 ~-11+ 0+ 0-4+20-6+14-29+7-37 0 -087 32395| 9.662 0.019  9.067 0.018 0575 0.009 G| 064002 A 9.1214 0.0019 0.012 101 9.10  9.15 C 1
32396 064549.74 -703121.6 7.60 H|101.457 23197 -70.52265279 5.91 1835 -10.66| 064 056 062 066 065 +0+19-2-51+ 9+ 1+13-27+19+ 3 0 027 32396| 9.189 0.014  7.730 0.008 1230 0013 T| 119001 L 7.7591 0.0012 0.011 103 7.74 178 1 S
32397 06 4549.98 +022957.4 722 2H| 101.458 24196 +02.499 282 46 1.11 -1.77 -2.51| 082 054 088 086 069 +12+30 -15-43 -22 -20 -24 -56 - 6 +33| 0 -1.09 32397| 7.142 0009 7.216 0.010 -0.063 0.012 T|-0.04001 L 7.2075 0.0042 0.046 91 7.6 7.44 P1A 1 S
32398 06 45 50.06 -004259.2 678 H| 101.458 57145 -00.716 448 83 4.96 -5.90 -4.20| 073 046 088 080 063 ~-14+40-19-32- 7 -11-2-43+ 2+32| 0 050 32398| 6.7350.004 6.767 0.004 -0.025 0.005 T| 0.0 001 L 6.7768 0.0007 0.005 113 677 679 1 S
32399 06 455091 +623858.5 7.56 H| 101.462 14542 +62.649 57238 4.23 -0.87 3.41| 062 059 094 092 081 | +30+13 -5+ 8-12+ 8- 4+ 5+34+19 0 -084 32399| 7.690 0.008  7.576 0.008 0.111 0011 T| 012001 L 7.5996 0.0010 0.010 100 7.58  7.61 C 1 s
32400 H| 064551.85 +0324025 886 H| 101.466 02574 +03.40069607 A -0.74 -2.70 1.82| 370 244 329 440 330 -27+19+7-25-5-33-8-51-8-5 2 079 32400 9.111 0035 8.619 0029 *| 0463 0041 T 053004 L *| 89554 00021 0016 78 =| 892 899 R 06459+0324 | 1/2C A AB 159 1.531 0.006 0.04 0.02
65195 | 00437 26087 | 07164



What'’s in the catalogue

* position (2) at mid-epoch (~1990)
* proper motion (2)
* parallax (1)
® covariance matrix (5x5)
* formulae for propagation
* flags indicating fits
* photometry (B,V)
* variability indicators
* multiplicity
e /-parameter fits (acceleration)
* full orbital solutions (235)
* intermediate astrometry
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Internal (formal) standard error versus
external (or true) error

estimating true parallax accuracies is a classical problem in fundamental
positional astronomy with, typically, Oint << Oext

true uncertainties have historically been assessed by:

— analysis/modelling of all identified error sources
— comparison with independent measurements of the same stars
— use of spectrophotometric, kinematic, or dynamical data

— statistical interpretation of the distribution of observed parallaxes

Lindegren (1995) analysed the negative parallax distribution, assuming:

— parallaxes are non-negative

— observation error and true parallax are statistically independent

result: Oext /Oint ~ 0.99 + 0.02

combined with other assessments, the final catalogue claims:
— Oext /O-int <l.2

difficult to consider this not applying to positions and proper motions



Degradation of the reference frame with time
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Some limitations of Hipparcos

a modest telescope aperture (30cm)
modulating grid leading to ~30% light loss
a low-efficiency photocathode detector (~10%)

sequential (non-multiplexed) star observations

These shortcomings are addressed by Gaia,
which uses the same principles as Hipparcos
to improve accuracies by x50



A retrospective...

Looking back, you might ask ‘what was the big deal?’

but Hipparcos pushed many simultaneous technology limits;
it provided the biggest improvement factor in history;
no other experiments have bettered it in 25 years;
and perhaps...
Bohdan Paczynski would have admired its small size!

“Hipparcos is the first time since Sputnik in 1957 that
a major new develobment in space science has come
from outside the United States”™

Freeman Dyson (Infinite in All Directions) 1988



