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ASPECTS OF HIPPARCOS

W.G, Tuohey

1. INTRODUCTION
cts of Lhe,HIPPARCUS space astrometry mission

Some aspe
The objectives of the mission

ed in this ag&icle.

are present
peration are described in Section

its broad principlﬁﬁ of o
system leve
ntributed over the past few years, are
illustration of the

and
2 In Section 3 1 analyses of the mission, to

which our compahy has €O
Finally, in Section 4, as an

gutlined.
relatively simple, problem is discussed.

work, a specific,

3. HIPPARCOS

HIPPARCOS is a space astrometry mission, sponsored by the

fFuropean Space Agency (ESA),

1988. Its objective is to measur
4positions, proper motions, trigonometric parallaxes) of about

100,000 pre-selected stars to a

which is scheduled for launch in

e the astrometric parameters

(very high) accuracy of 0.002

arcseconds.

ie of measurement is to scan, continuously

The basic princip
the entire sky with a telescope capable

and systematically,
between stars separated by

measuring the angles
It is possible, by numerically combining sev-
to derive the req-

of accurately

a large angle.

eral millions of such angular measu
The period of data collection

rements,
uired astrometric parameters.
{s to be 2% years.

The telescope is gquipped with two fields of view (FOVs)

easurement of the angles between widely separated
The angle

to enable m
Each FOV is of dimension 0.9° x 0.99
called the basic angle, is denoted by y =58°

stars.
between the FOVs,




The FOVUs scan the entire celestial sphere through a com-

bination of two motions (see Fig. 1)

(a) A short period spin about the ZG-axis (rate R = 11.25
rotations/day).

(b) A long period revolution (precession of the Zg axis)
which describes an axisymmetric cone about the line
joining the satellite and sun. The half-cone angle
is called the revolving scanning angle and is denoted
by ¢ (= 43°). The average precession rate is K (=6.4

revolutions/year).

There is a modulating grid at the focal plane of the
telescope which, together with a phqton counting detector,
encodes the movement of a star as it crosses a FOV. This
constitutes the primary instrument. In addition, there is
another detector (called a 'star mapper') placed in the focal
plane. Its purpose is to provide data for control of the sat-
ellite's attitude and to fulfil a supplementary scientific
mission (named TYCHD). (By attitude is meant the pointing

directions of the Z and X axes - see Fig. 1).

3. GENERAL SYSTEM ANALYSIS

selection of Key Parameters

The values chosen for parameters C, K and R are limited
by certain technical considerations. For example, the elec-
trical power supply (solar panels) depends an § while a louw
value of K makes for ease of manoeuvrability; the choice of

R is limited by data rates and on-board computer capability.

There are scientific constraints, also. These include
a requirement for uniform sky coverage, optimisation of global
accuracy and minimisation of interruptions (occultations) due

to earth and moon. There are similar considerations far the
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integral divisors of m are found

the data reduction process.

choice of y; for example,

to exhibit undesirable behaviour in

Accuracy Analysis
Accuracy analysis makes up a major part of systems act-
Its purpose is to assess the impact of different error

ivity.
Such assessments enable design

sources on overall accuracy.
trade-offs to be made, for example.
sources considered are photon statistica
high frequency attitude jitter and irregularities of th=

Some of the major error

1 noise, background

noise,

grid.

Photometric Calibration ;
While we have contributed to the two foregoing topics,

our main activity has con-

(Pre-

There are two prin-

mainly at a computational level,

cerned in-orbit calibration of the satellite's payload.

launch calibrations are quite distinct.)

cipal topics, photometric calibration and geometric calibration.

As an illustration of photometric calibration, consider

1 = CI (1)

o pf
s the photoelectron count rate observed by

where IO represent
The objective

the incident photon flux.

an instrument and Ipf
the instrument serfsitivity.

of the calibration is to estimate C,

In practice, C is not a simple constant. It may depend,

for example, on position in the field of view (n,€E), on star

colour (8 - V), on time (t) and on count rate (non-linear

effect). Thus a simple form for C might be

c = co+c1n+czg+ca(a-v)

+ Cun(B - V) + CsE(B - V) + Cet + C-,ID (2)

Therefore, the calibration task is to estimate parameters

Co to Cy. A weighted least squares procedure is the method

used for this estimation.

A major part of the work is to assess the performance of
the calibration method. The main results of such an assess-
ment are the accuracwlachievable for a measurement period of
‘given duration (i.e.;For a given volume of data) and the app-
ropriate forqffor function C. The assessment takes account
of measuremeht error models, of predicted instrument response

and of a priori errors on star magnitude and colour,

Geometric Calibration

Each star in a field of view is assigned a longléudinax
(n) and transverse (§) coordinate; these define the field
(sky) position of the star. This is illustrated in Fig. 2,
which distinguishes preceding (p) and following (f) fields.
For each star, there is a corresponding star image on the det-

ector grid. This image is assigned grid coordinates (G,H).

Scanning
Direction

FIGURE 2: FIELD AND GRID COORDINATES




There is a mapping between field and grid which can be

described in polynomial form. Thus, for the longitudinal grid

coordinate one has

B (a) m_n
¢ - nZDmgo Zan " :

(3)
p or f according to field of vieuw.

where a =

The various terms of (3) may be associated with such eff-

ects as grid defocusing and in-plane displacements, grid rot-
ation and tilts and telescope mirror deformations. The basic
angle (y) can be included in (3), in the terms agg), ass).

The main part of the mappingy called the nominal field to

grid transformation, is known preflaunch. However, it is an
in-orbit calibration task to estimate the additional distortior

induced post-launch.

The above polynomial form describes large scale distort-

ions. In addition, it is necessary to determine medium scale

The latter are described by a large matrix of
components ( =150 x 150).
devised takes account of the good pre-launch knowledge of these

distortions.
However, the calibration method

components and, thereby, reduces the measurement time which

would otherwise be necessary.

Among other geometric calibration tasks may be noted that
of chromaticity calibration. In the present context, chromat-
jcity refers to the displacement of a star image with respect

to the image position of a star of average colour.

4. A SPECIFIC PROBLEM

Method

The main in-orbit calibration activities are carried out

during the commissioning period. This commences some days

- 30 -

after launch and lasts
there is an initialisation phase during which attitude

this,

control of the satellite is acquired.

about one menth. However, prior to

As part of this process,

a first calibration of the basic angle (y) and of grid rotation

(8) is required;

this topic is discussed in what follows.

/
The star mapper ifs the only detector operational during

{
the initialisation phase.
form the basis. for the calibration method.

detector mea

reference

as appropriate).

gxactly Y

Therefore, its measurements must
this

sures the time at which a star crosses a particular

Essentially,

line in the field of view (preceding or following,

The distance between the reference lines is

(see Figs 2 and 3).

STAR SEPARATION

FIGURE 3:

The method is based on measurements on a set of Qtar

pairs.

reference

member crosses the following reference line (see Fig.

Hence,

Consider the ith

priori

value for their separation be Gi.

Each pair is such that one member crosses the preceding

line at approximately the same time as the other
2).

the separation between the pair is, approximately, Y.

Let the a
its longitud~

as in Fig. 3.
Thus,

such pair,

inal (along scan) component is
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§ . =

4
Ui (63 - (&, 5 - £p 1)) (4)

. . are transverse coordinates.
where &, 3’ Er,i

Let tp,i' tf,i be the transit times for the preceding and

following stars, respectively. Then, if wy is the rotation

rate, one has

6 =

Lot vty i

tp’i)q+ tan e(gp’. Ef,i)

In fact, g is small so that one may write

v+ 8(E, - Ep,5) =6

,i L,i ) reg (8)

-wglte g - by,

The: added term, €, represents error (from a number of sources).

The measurements from a number, N say, of such star pairs
are collected, each giving rise to an equation of form (5).
A weighted least squares method is applied to this set of equat-

ions to obtain estimates Y and 8. :

Assessment

In order to assess the method, a number of simplifying,

put not unrealistic, assumptions may be made . Thus, one may

assume that observations are uncorrelated and that
Var (Ei) = o? Vi . (B)

Further, one may assume that & ,i? Ef.i are both random variab-

les uniformly distributed in (-a,a) (a = 20 arcminutes for star
mapper)- It then follouws, approximately, that
a 1
Y = 'r\szi ‘ (7)
A 1, 3
2 — - . .
2Dy (8, - G, (8)
where
vio= S, ety T by (9)
- 32 -

Moreaver,

Var (;) = oz/N‘ (10)
Var (8) = (g2p) o/ (1)

and |
Jcov (3,8 = 0 (12)

Thus, the achievable’;ccuracy depends (unsurprisingly) on the
ratio .
p o= o?/N (13)
An approximate error analysis of the right-hand side of
(5) yields
g2 = a + bT;

(14)

in which estimated values are available for a and b. TS is
the average interval between transits of a suitable star palr,
(15)
Let the total number of candidate calibration stars, .
assumed uniformly distributed in the sky, be M. Then, the den-

sity per square degree is
p = Mmu/a(180%) (16)
Noting that the mean spin rate is 168.75° per hour and that tha

star mapper width is 40 arcminutes, it follows that an area

A = (168.75/3600)(40/60) = 0,03125 (17)

square degrees is swept out in 1 second. Hence, the average

rate of arrival of a candidate star in the star mapper is

" given by

A = Ap = 0.03125p (18)

- 33 -




A minimum separation time of 10 seconds, between members

of a star pair, is necessary to avoid ambiguity in identific-

ation. On imposing this constraint and on letting the maximum

separation time be tm , it can be shown that

ax

T = (19)

1[e-802 | o~2Mtmax+20) -1
P A

where Tp is the average interval between suitable star pairs.

Moreover, one may show that

il

1

_ 1 -10A
'T = 5+ [10e -

E-Atmaxl-l
max

(20)
The total number of suitable star pairs in a given period

T may then be calculated as

tot

/(7 (21)

Noo= Ttot p

+ Ts)
It is clear from the foregoing that the two elements of
In order to optimise the
it is

clear from the nature of the dependencies on Ts that there are

u (Equation (13)) depend on axe

method's performance une sceks to minimise u. However,

conflicting objectives (of minimising 0? and maximising N).
The value of t

ma
promise between these objectives defines a suitable star palr.

« (and, hence, of TS) which gives the best com-
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ERRATUM

In my paper "Capacities, Analytic and Other", INS News-
Jetter, 13, pp. 48-56, the symbol H|V¢[||L1 appearing in
line 6 of p. 54 should be replaced by |||V¢][|ﬁ . Then
in lines 10-13 of that page m1'1 should be redegined as the

space of L1 functions with H1 distributional derivatives.

A.G. 0'Fannell
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