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Abstract. The combination of ground-based astrometric com- There are two main reasons why ground-based observa-
pilation catalogues, such asthe FK5 orthe GC, with the resultgioihs can improve the HIPPARCOS results: (1) For many of
the ESA Astrometric Satellite HIPPARCOS produces for marilie brighter stars, the ground-based observations cover a period
thousands of stars proper motions which are significantly marétime of more than two centuries. The measuring accuracy of
accurate than the proper motions derived from the HIPPARC@fse ground-based positions is such that they allow, especially
observations alone. In the combination of the basic FK5 with tiecombination with the HIPPARCOS positions, to derive proper
HIPPARCOS Catalogue (i.e., in the FK6), the gain in accuraoyotions which have significantly smaller measuring errors than
is about a factor of two for the proper motions of single stars. Tkige HIPPARCOS proper motions. It is well-known that ground-
use of the GC still improves the accuracy of the proper motiobased observations suffer from considerable systematic errors.
by a factor of about 1.2 . We derive and describe in detail howltowever, it is just the HIPPARCOS Catalogue itself which al-
combine a ground-based compilation catalogue with HIPPARwWS us to remove these systematic errors from the ground-based
COS. Our analytic approach is helpful for understanding thiata to such a high degree that we can use with much confidence
principles of the combination method. In real applications whe corrected ground-based results for the direct combination
use a numerical approach which avoids some (minor) apprevith HIPPARCOS. (2) The HIPPARCOS proper motions are
imations made in the analytic approach. We give a numericidrived from observations which have been carried out within
example of our combination method and present an overall about three years only. Since many of the HIPPARCOS stars are
ror budget for the combination of the ground-based data fendetected astrometric binaries, these nearly ‘instantaneously’
the basic FK5 stars and for the GC stars with the HIPPARCO&asured HIPPARCOS proper motions can differ significantly
observations. from ‘time-averaged’, ‘mean’ proper motions. We have called
In the present paper we describe the ‘single-star mode’tbe difference between the instantaneous HIPPARCOS proper
our combination method. This mode is appropriate for trulypotion and the mean motion of a star the ‘cosmic error’ of
single stars or for stars which can be treated like single staitee HIPPARCOS proper motion (Wielen 1997). In many cases
The specific handling of binaries will be discussed in subsequémese cosmic errors are significantly larger than the measuring

papers. errors of the instantaneous HIPPARCOS proper motions (Wie-
len 1995a, b, Wielen etal. 1997, 1998, 1999). The ground-based
Key words: catalogs — astrometry observations, with their long observational history, are often al-

ready providing ‘mean’ proper motions. The ground-based data
allow us therefore to identify and to correct partially the cosmic
errors in the HIPPARCOS proper motions.

Having argued that a combination of ground-based obser-
The HIPPARCOS astrometric satellite has provided very agations with the HIPPARCOS data is useful for many stars, we
curate positions, proper motions, and parallaxes for more thasw provide a method for carrying out such a combination. The
118000 stars (ESA 1997). Does this mean that the long serieg@ét way would be to combine the individual observational cat-
ground-based astrometric observations of all these stars are afwgues of ground-based positions directly with HIPPARCOS.
merely of historical value ? This is certainly not the case: It caflowever, there exists more than 2000 of such observational cat-
be shown that the combination of the HIPPARCOS data withogues. While we have collected most of these catalogues in
ground-based results is providing for many thousands of stai# astrometric data base ARIGFH (described in Wielen (1998))
individual proper motions which are significantly more accuand hope to use them individually in the future, we have to
rate than the HIPPARCOS proper motions themselves (Wielgfly for the moment on a few compilation catalogues. Such a
1988, Wielen et al. 1998, 1999). compilation catalogue is usually based on a large number of
observational catalogues and provides as a ‘summary’ of these

1. Introduction
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individual catalogues a derived proper motion and a mean fRRARCOS. Later we do not use the full values of ground-based
sition at a central epoch. positions and proper motions, but only their differential values
The most accurate of the ground-based compilation cateith respect to the HIPPARCOS solution at the proper epoch. If
logues is the first part of the FK5 (Fricke et al. 1988). It corwe use these differential values only, the linear approximation
tains the 1535 basic fundamental stars. The second part ofithehen fully sufficient for our purpose.
FK5 (Fricke et al. 1991) lists 3117 additional stars in the bright We shall now present the mathematical details of our com-
and faint extension. A compilation of the remaining FK4Subination method. We offer two approaches: an approximate an-
stars (Schwan et al. 1993) provides data for further 995 staitgtic one and a rigorous numerical one. The analytic approach
with a good observational history. The combination of the bhas the advantage to show more clearly the basic principles. It
sic FK5 stars with HIPPARCOS data produces the FK6. Timeglects, however, some of the correlations which occur among
proper motions of the FK6 are of unprecedented accuracy (Wike HIPPARCOS results. In practical applications, we use the
len et al. 1998,1999, and Sect. 6). The accuracy of these Fik@imerical approach which takes all the correlation among the
proper motions rests to a high degree on the older observatiddl?PARCOS results into account. In all cases, we assume that
This is not only to be expected on theoretical grounds, but cdre HIPPARCOS data are completely uncorrelated with the
be proved empirically also (Wielen et al. 1998) by combininground-based data. This is certainly true for all of our stars,
HIPPARCOS with an older fundamental catalogue such as #iéhough the HIPPARCOS Input Catalogue, used as a first ap-
FK3 (Kopff 1937, 1938). Because the old observations campyoximation in the HIPPARCOS data reduction procedure, had
most of the weight in a combination with HIPPARCOS, the G@ rely on the ground-based observations.
(Boss et al. 1937) is also relevant for our purpose. The GC is
a careful compilation of ground-based observations from the analytic approach
18th century until about 1930. The main advantage of the GC is ] )
its large number of stars. About 29 700 of the 33342 GC staf¢ assume that two astrometric catalogues are available. They
have been observed by HIPPARCOS and can therefore be (RAgidentified by the indices 1 and 2. Examples are the FK5 and
in our method. The typical accuracy obtained for a GC star IPPARCOS. For the combined catalogue, e.g. the FK6, we
of course, lower than for an FK6 star (Wielen et al. 1998, 199¢35€ the index C. Each of the two basic catalogues (i=1, 2) pro-
Instead of using @ompilationcatalogue, we may rely on Vides for all the stars under consideration a positig(T;) and
one oldobservationatatalogue only, such as the Astrographi@ Proper motion; at a central epoctd; for two uncorrelated
Catalogue (AC). However, the formal accuracy of the prop&pOrdinate components, e.g. fer andd. In addition, both cat-
motions obtained by a combination of the AC with the Hip2logues provide mean errorsof( ;) andy.; which we denote
PARCOS data is in most cases only marginally better than tht€z.i ande, ;. .
of the HIPPARCOS proper motions alone. On the other hand, !N the case of a catalogue which has been reduced to the
a comparison of a proper motion derived from an AC positidd|PPARCOS system, the errors; ande,, ; have to take into
and a HIPPARCOS position with the quasi-instantaneous H@ecount a]so the local uncertainty of the systematic corrections,
PARCOS proper motiop; can reveal the occurence of a larg€-9- DY USINGZ. ; 1, = €3 ; ia+€7 i oys» Where the ‘individual
value of the cosmic error ipy; for the star under consideration 80T €z.i.ind IS the random measuring error given in the cata-
Before we can combine the ground-based data with HIgue. We should emphasize that; ., is not the systematic
PARCOS, the systematic errors of the ground-based positigie§rection itself but only its uncertainty. _
and proper motions have to be determined and removed. For theTne central epocii; is chosen such that the correlation
determination of these systematic errors we use methods dePgfweent;(T;) andy; is zero att = T;. Most of the ground-
oped for the construction of the FK5 (Bien et al. 1978). The$@sed catalogues give the central epdckxplicitely for each
methods do not only provide the systematic errors themsela', Separately far ands. For HIPPARCOS (index 2) we have
but also the local uncertainty of the correction, i.e. the me¥hderiveT: = Ty ing (Separately forv, andd) from the data
‘measuring’ error of the systematic correction for a given st&Hven in the catalogue:
As the reference system, we use the HIPPARCOS system. The - Py (Tr) ez (Th)
combined catalogue is therefore always on the HIPPARCA8 = TH,ind = T — ennt (Th) ) (1)
system, i.e. on the ICRS. For our purpose, we can consider t%e "

HIPPARCOS data as free from systematic errors. A possi ereTy = 1991.25is the overall reference epoch of the HIP-
slight rotation of the HIPPARCOS system with respect to RCOS Catalogues,, ; (T) the mean error ofp (T ),
o H the mean error ofiz, and p,, i (Tr) the correlation

inertial, extragalactic system does not affect our method (but . ” :
g y ( coefficient betweemn ;7 (Ty) and ugr. The positionzs(T3) is

course our results). rived from
In the following sections, we assume that the angular co&’?

dinates of a stak,. = a cos 6 andd, change linearly in time z5(T2) = 25 (Th) + pa(To — TH) . (2)
t. In practice, the non-linear motion of a stardn andé be- L

cause of spherical effects and the foreshortening effect has t(;rkf}g mean error af, (73) is given by

taken into account. We do this already in the determination ﬁ,Q(TQ) = ain(TH) + ei?H(TQ — Ty)?

the systematic errors between the ground-based data and HIP- + 20051 (Trt) €011 (Trr) €01 (T — Thr) - (3)
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The proper motion has not to be recalculatedise= iy and  The choice (8) of the central epo@h for T'..; has the conse-
eu2 = €,,5- The HIPPARCOS position and proper motionguence that;(7;) andy; are not correlated, as indicated by the
x2(T>) andps, are now uncorrelated, i.,,, 2(72) = 0. Inthe vanishing diagonal terms which leads to decoupled equations
analytic approach, we assume that the values,0f») andus  for a;(7;) andu;.

between, andé are also uncorrelated. This is not strictly true  The mean errors, ; of z;(7;) ande,, ; of i; are given by:

because our choice @ (separately forv,. andd) forces only 9

one correlation coefficient to vanish. All the other correlatios? , = £ , (11)
coefficients of the HIPPARCOS data remain finite (albeit small) ’ [pl;

in general. Practical experience shows that this approximatign _ 8 (12)
is quite good for most stars (see Sect. 5). o [p(t —T3)2],’

We are now prepa_lre_d to carry out the_combln_atlon ofthe Mvﬂwereeo is the error of unit weight. It will turn out that we do
catalogues. The basic idea of the combination is to reconstrH [have to know, or the adopted system of weights in each of
. . | 0
the normal equations of the Ieast.-square. solutions from wh basic catalogues. We rely only on the fact that mean errors
the two catalogues have.beer) derived. This can be done by UePe correctly calculated for the final results given in each of
only the data actually given in the two catalogues. These r\fﬁ)
h

; ) e catalogues.
sets of normal equations are then added together to provide herpe fogr quantities in the brackets of Egs. () and (10) are

normal equations for the combined catalogue C. Our method i . : .
- . he foll .F Egs. (11 12
a generalisation of methods described by Kopff et al. (196 c?\t/\;irr?determlned inthe following. From Egs. (11) and (12), we

Eichhorn (1974), and other authors. First partial results were

presented by Wielen (1988). D), = i (13)
The method of least squares determines the ‘best’ solution ! 63.71- ’
zso1(Trer) @andpu,, for the position of a star at a reference epoch ) €2
Ty and for its proper motion from a time series of observeb?(t -T;) ]z -2 - (14)
positions, pot
Since the catalogue values ®f(7;) andy; solve the Egs. (9)
Tobs(t) = Tsot(Tref) + psot(t — Trey) + Vobs(t) , (4) and (10), we can reconstruct the right-hand sides of the normal

by the condition that the weighted sum of the squared residugflsu"ﬂlonS with the help of Egs. (13) and (14):

vobs (t) Should be a minimum: €2
sol8) pran(®); = 20 2(T), (15)
[p vgbs} = min. (5) tz’
=0
We use here the classical convention that the brackets [...] imiﬁfobs(t)(t 1)) = 2 Hi (16)
122X4

asummation over the observatiopss the individual weight of _ ]
Zops (£). (We hope that the reader is not confused by the fact that The normal equations for the combined catalogue C have
we use the same lettgrfor two different quantities in order not the same form as Egs. (6) and (7). In order to simplify these
to change familiar notations: In this Sect. 2, we denotp tiye normal equations, we repladg. ; by the central epocic: of
weights of observations. In all the other sectignis, the stellar the combined catalogue C¢ is given by the condition:
parallax.) The condition (5) is fulfilled if we solve the normal,(; — 7)), = 0. (7)

equations forr g, (Trer) andpsor: ) N )
T can be determined from known quantities by using Egs. (8):

p(t —Tc)le = [p(t —To)l, + p(t —To)),

[p(t —T1)], + [p(T1 — Tc));

B +[p(t = T2)], + [p(T2 = Tc)l,

= e =Trer)l- (0 _ ) 1y~ T0) + ), (T — Te) = 0. (18)

We now specialize the Egs. (6) and (7) for each of the ba%'g)lving for T, and inserting Egs. (13), we find
catalogues (i=1, 2). For this purpose, we choose individua

reference epochB,. ; for each cataloguél’,..; = T;) such that

[p} xsol(Tref) + [p(t - Tr(’f” HMsol
= [p xobs(t)] ’ (6)
[p(t - Tref)} wsol<Tref) + [P(t - Tref)2] Hsol

W, T+, T eiTit+e,5Th

To = = -2 )
Pl +1p S
p(t—-T;)],=0. (8) [pl; + [pl> 1 I
w1 T w2 T 19
The index: at the right bracket indicates that the sum should — Wy + Weo (19)

be extended over all the observations which have been usechi]n ral .. is theref th iqhted f1h

catalogue. The normal equations of cataloguare then € central eépoclic IS therelore the weighted mean ot the
epochsl andTs;. As weights forT;, we have to use the weight

(T3) = [pzons(t)]; ) 1

[P]z i
[t —T)?] s = [pxans(t)(t — T)), - (10) “oi= 2 (20)
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of the positionz; (7;). UsingT¢ as the reference time, the nor- _ Ww2 (Th — To) we g x1(Th)
mal equations for the combined catalogue C are reduced to two We,1 + We,2
independent equations for the unknowns(7¢) anduc, the Yl T T wes $2(T2))
position and proper motion of the star in C: Wz,1 + Wz,2 ’
Ple 70(To) = [pran(®c - @1 = e (w0 + w2 e
2 _
[p(t =Te)] o ne = Ipwons (D)t~ To)lc - (22) 4 WelWo2 (Tz = T1)* 5(Tp) — Zl(Tl))
If we solve Eq. (21) for(T¢) and use Egs. (9), (13), and (15), We,1 + We,2 Ty =T
we find (Tr — T1)?
2 2 1
=&y lw + wy, + e
co(Te) = PT®le _ o + pran(t), § (s it )
[l ply + [ply =¢2 (Wp,1 p1 + Wy 2 2 + Wyo to) - (28)
x1(Th) + 2o (T
= ply 1(Th) + [, @2(T2) Similar to Eg. (28) we obtain for the denominator of Eq. (27)
Pl + [ply
after some algebra
_ W z1(Th) + wy 2 22 (T2) (23) , , ,
Wa 1 + Wa 2 ’ [p(t = Tc)?] o = [p(t = Tc)?], + [p(t — Tc)?],
with w,, ; given by Eq. (20). As fofl ¢, the positionz¢(T¢) is = [p((t -1+ (11 — Tc))2]
the weighted mean af; (T7) andz,(75) with w, ; as weights. ! )
In order to write. also as a weighted average, it is help- + [p((t —Ty) + (Tr — Tc)) ]2
ful to introduce a third proper motiom, as an auxiliary tool a2 2
(Wielen 1988): = [p(t = T0)*], + [QW )%, 2
T — T T — T
B Z‘Q(TQ)—l'l(Tl) i +( 1 C) [p]1+( 2 C) [p]Z
Ho= — (7 7 - (24) =g (wp1 +wy2+wuo) . (29)

T, -1

The proper motior, is based only on the central position€Ur final result foruc is therefore, using Egs. (27) - (29),
of the two basic catalogues (see also Fig. 1). Singé3) and
x2(T3) are not correlated with the catalogue proper motjons “c =
andp., the new proper motiony is also not correlated with,
andys. The mean errog,, o of pg is given by Eqg. (30) means that the combined proper motign is the
weighted average of the three proper motipnsus, (o, Where

Wy,1 1+ Wy,2 2 + Wy0 o
Wy, 1 + Wy,2 + Wyo

(30)

2 2
2, = o1t Eo . (25) We have to use Eq. (26) for the weights of the proper motions.
w0 (T = Th)? The mean errors, ¢ ande,, ¢ of the combined position
The weightsw, ; of the proper motions are zc(Te) and combined proper motiopc are derived from
’ Egs. (11), (12), and (29):
1
Wyi = 5 > (26) 2 2 1
w2 o= -0 (31)
i ] ple ol + 2]  eri+e5
where the index now runs from 0 to 2. We now solve Eq. (22) ) ' '
for pc: &2 . — €0
HC T It =T,
pe = [prbS (t)(t — TC)]C (27) 1 1
p(t-Tc)e = = - (B2

Wy, + Wy,2 + Wy,0 5;721 + E;,QQ + 6;720
For the numerator of Eq. (27) we obtain by using Egs. (15), (1(%), . )
(19), (20), (24), (25), and (26): he wgghts ofrc(Te) aanc are therefore just the sum of
the weights of the two positions,
[p Lobs (t) (t - TC)}C

T — Wy z,2 5 33
= o ()t = To)], + [prans (D)t — To)l, a0 = Yol F a2 (33)
= [pxops(t)(t —Th)]; + [P xops(t)(t — T2)], and the sum of the weights of the three proper motions,
+ (T = Tc) [pwobs (V)] + (T2 — Tc) [pTobs(t)], Wi = Wyt + Wyez + Wy - (34)
=& (wm p1 F wp pp + (T — Te) w1 21(T1) Due to the separation of the normal Egs. (21) and (22) by our
choice ofT¢, the values of(7) anduc are not correlated.
+ (T2 = To) we 2 “'2(T2)) In summary, our analytic approach to the combination of the

two basic catalogues provides a very simple rule: the resulting
=¢p (wm M1+ w2 2 combined data are weighted averages of the data in the two
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catalogues, described by Egs. (19), (23), and (30). For the proper
motions we have to include the proper motipg, based on

the two positions, into this average. The mean errors of the - x2(Tz) A
combined position and proper motion are given by Egs. (31) [ - ]
and (32). A schematic illustration of the method is shown in | x¢(Te) M "lf,a,./:
Fig. 1. While our method is pleasing because of its conceptional T R

simplicity, it is also fully justified by the use of the normall;/ . ,& T4
equations. As mentioned earlier, the only approximation used B /,.7_-;.:-"" ¢
in our analytic approach is that we have neglected the cross- ‘
correlations between the coordinate components of the positiqﬁs
and proper motions in, ands introduced by HIPPARCOS. £
As a preparation for Sect. 3, we remark (without giving the
proof here) that our analytic result is identical to the solution
of another least-square problem in which we treat the catalogue
datar, (T1), p1, 22(Ts), pe2 as ‘observations’. The new condi-
tion is

\

T
\

T
PR ‘S N,
-

\

..'. \.

Y

\;

IR R

|.-

x,(Ty) 4

T T T I T

| l ) I I | I ) D T | I | - f 111

We,1 ($1(T1) - fc(T1))2 + w2 (fﬂz(Tz) — LL‘C(TQ))Q Time t

wy (1 — pe)? + wyo (p2 — pe)? = min.  (35)  Fig. 1. Schematic illustration of the analytic approach to the combina-

. . tion of two catalogues. The basic data are the positions of aistand
The weightsw are given by Egs. (20) and (26), ang@:(73) ., atthe two epoch®, andTs, and the corresponding proper motions

follows from w1 andpus2. The dotted line connects the two positions (open circles).
The combined positionc (filled circle) at the combined central epoch
zo(Ti) = zc(Te) + pe(Ti — Tc) - (36) Tc is the weighted average afi andz. and is located therefore on

Finally we would like to point out that our analvtic method Cathis connecting line. For the positions, error bars are shown. The dot-
y P y ped line provides also the direction of the additional proper motion

be easily used for a ‘decomposition’ of a combined cataloguEO:, derived from the two positions. The combined proper mofien

If the catalogues C and 1 are available, then the catalogue 2 (&fle weighted average of the three proper motjonsyz, 1. The

be fully reconstructed. In subsequent papers we shall presentgn-dotted line illustrates the combined solutier(#) as a function
sults of this ‘inverse combination’ method by decomposing eajttime t.

lier fundamental catalogues. For example, we have decomposed

the FK5 into two parts: the published FK4 and the ‘summary

of subsequent data’ which we denote by FK5-4. The FK5-4 has

also the character of a compilation catalogue. The decompasgiea, = a cos § andjia. = e cos d. The parallax of a star

tion of the FK5 into a few ‘subcatalogues’ has the followings denoted by.

purpose: If we would like to test the motion of a fundamental As already mentioned in Sect. 1, we use in real applications

star for linearity in time or to derive a non-linear motion for thenly quantities which are differential with respect to HIPPAR-

star similar to the G solutions of HIPPARCOS, then itis helpfl@OS, e.ga. r () — a. i (t) instead ofv.. (¢). This means, of

to have as many catalogues with different, well-spaced epodatirse, that most of the quantities with the indéxare zero in

as possible at hand. our scheme. Here we keep, however, the full quantities in order
not to confuse the reader.

3. Numerical approach The HIPPARCOS Catalogue provides the 5 astrometric pa-

rameters
We now present our numerical approach to the problem of com-
bining two catalogues. In this numerical approach, the correla- i (Th)
tions between the five astrometric parameters derived by HIP- Ou(TwH)
PARCOS in a standard solution for an apparently single star &g (1x) = Heos, H (37)
fully taken into account. e, H
We change our notation slightly. As a ground-based cata- PH

logue, we envisage the FK5, and use the inAdinstead of 1).

The HIPPARCOS data receive the indBx(instead of 2). The for the overall epocl{’y = 1991.25. Furthermore, the HIP-
index C for the combined catalogue remains. Furthermore VRARCOS Catalogue gives all the data required to derive the
will use now the vector and matrix notation in most cageis corresponding variance-covariance maldiy (7). The diag-

the unit matrix with the elements,; = 6, (k,l = 1,2,3,...); onalline ofDy is occupied by the squares of the mean errors
0is a submatrix filled with zerosA” denotes the transpose ofof the components db; (T ), e.g. by

the matrixA, andA ! its inverse AA~" = U. Instead of the

right ascensiox and the corresponding proper motion, we Dp 11 = Ei*,H (Tx) - (38)
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The non-diagonal elements Bfy can be derived from the cor- The vectorv contains the residuals of the 9 observational pa-
relation coefficientgy,; i (k,1 = 1,...,5) and the mean errors, rameters. The least-square solution of Eg. (46) requires that the

e.g. by sum of the weighted squares of the residuals is minimized:
Dpi2=Du21 =canu(Tu)eo.u(Th) pas,a(Tu). (39 vIPv=min. (48)
The FKS5 provides only 4 astrometric parameters, From this condition the normal equations follow:
o F(Ta,r) ATPAc=ATPb. (49)
= Lo F ) (40) ' The solutionc of this equation gives the five astrometric pa-
m} rameters of the combined catalogue C for the ephich. The

_ o mean errors and the correlation coefficients of the elements of
since no parallax is given. In contrast to HIPPARCOS, the pogiare derived from the variance-covariance matrig ahich is
tions are given at the central epocify, » andT; ». Hence the gjven py

four FK5 astrometric parameters are not correlated. This means . )
that all the non-diagonal elements of the variance-covariadde = (A" P A)™". (50)
matrix Dz are zero. The diagonal elementddf. are given by

For example,
the squares of the mean errors, e.g. by xamp
2 _
Dpu = p (Tor) - (a1) FancTrer) = Do, D
The total vectob of ‘observations’ (9 elements) is given by or
b pas,c(Tref) = Dci2 / (Do Deag)'/?. (52)
b= , 42
<bF ) “2) The positions, their mean errors and their correlation coeffi-
and the total matrisD (9 x 9 elements) by cients can, of course, be calculated for other epochsThan
say for an epocff’, by using
p— (P © 43
=\lo b, ) 43) 0. o(T) = aw.c(Treg) + pranc (T — Tres) (53)
since the HIPPARCOS and FK5 data have no cross-correlatiodd a corresponding equation (7). A specially interest-
The total matrixP of the weights is the inverse @: ing epoch isT, ¢, min at which the mean errar,..c of a. ¢
. reaches its minimum. This epoch correspondgtdfor a., in
P=D"". (44)  our analytic approach. In generdl, ¢ min andT5 ¢ min are

As the unknowns to be determined, we use the two positiond'8f the same epochs. . .
an arbitrary reference epochi,.;, the two proper motions, and The numerical approach is well adapted for many varia-

the parallax: tions. _Fi_rstly, we can e_asily add further compilation catalogues
or individual observational catalogues. Secondly, we can re-
s, (Trey) move unknowns or add further unknowns. For example, the
dc(Trey) ‘long-term prediction mode’ of the FK6 requires that we drop
c= Hax,C . (45) the parallay as an unknown. This can be done either explicitly
Hs,c in our equations or by givingy a weight zero, corresponding
pc formally toe, x — oo. Additional unknowns, e.g. acceleration

We now write down the equations of conditions for each oferms similar to th&~ solutions of HIPPARCOS, are required if

servation’, similar to Eq. (4) of our analytic approach. In matriX’® WF’U"?' Iik? to determine non-linear sqution:% for some "’_ISUO'
form the equations of conditions are metric binaries. The use of the ‘decomposed’ FK5 mentioned

at the end of Sect. 2, demands an increase in both the number
b=Ac+v. (46) of catalogues and the number of unknowns.

The design matriA is given by
4., The effect of cosmic errors

1 0 Ty—Tmy 0 0
0 1 0 Ty —Tres 0 The combination methods presented in Sects. 2 and 3 are valid
0 0 1 0 0 for single stars only, which move linearily in time on straight
0 0 0 1 0 lines in space. We call this version of our combination method
A=10 0 0 0 1 (47) the ‘single-star mode’. Some binaries can be handled without
1 0 Tor—Trey 0 0 any significant change in this mode of our combination method
0 1 0 Tsp—Trer O if we use appropriate ‘reference points’ for the binary, e.g. the
0 0 1 0 0 center-of-mass of the double star. The specific treatment of
0 0 0 1 0 known binaries will be presented elsewhere.
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Table 1. Results of the combination method for the star HIP 9884 = FK 74 = GC 2538+

FK5 + HIPPARCOS GC + HIPPARCOS
Quantity «x  mean error 4 mean error ax  mean error 4 mean error
Input data:
Azp(Tr) or Azge(Tae) —-7.83 +£1251 +96.94 +14.78 —75.60 +39.62 +237.68 4+ 27.01
Apr or Apce +0.49 =+ 0.40 - 120 + 0.38 + 1.70 + 0.99 - 283 £ 095
Tr or Tae 1947.84 1929.73 1892.60 1890.30
Azp(TH,ind) 0.00 +0.77 0.00 +0.54 0.00 +0.77 0.00 +0.54
Apm 0.00 +1.01 0.00 +0.77 0.00 +1.01 0.00 +0.77
TH ind 1991.26 1991.51 1991.26 1991.51
pH 4948 +0.99 49.48 +0.99
Results from analytic approach:
Apo +0.18 +0.29 -157 4+0.25 +0.77 +0.40 -2.35 +0.27
Azc(Tc) -0.03 £0.77 +0.12 +0.54 -0.03 +0.77 +0.09 +0.54
Apc +0.27 +0.23 -136 +0.20 +0.79 +0.35 -2.14 +0.24
Tc 1991.10 1991.44 1991.22 1991.47
Results from numerical approach:
Azc(Tc) -0.18 £0.76 +0.14 +0.54 -0.27 +0.77 +0.15 +0.54
Apc +0.23 +0.23 -134 +0.20 +0.66 +0.35 -2.10 +0.24
Tc 1991.12 1991.47 1991.25 1991.50
Apc -057 +0.95 -0.92 +0.95

Units: mas, mas/year, or years

As mentioned in Sect. 1, undetected binaries introduce casgefficients between the HIPPARCOS data fqi(1991.25),
mic errors into the positions and proper motions, especially inf(1991.25), 1o+, ps, p (+0.20, —0.01, +0.10, +0.26, +0.00,
the ‘instantaneous’ HIPPARCOS data. In a subsequent pap€).35, —0.25, +0.33, +0.02, +0.29). The effect of the corre-
we shall discuss the modifications of our combination methéations is therefore small. This holds for most stars. The cor-
which are required if we take such cosmic errors into account.riglation coefficients for the combined data fer(1991.12),
many applications, itis only necessary toreplace the actual mé@-991.47) yo.«, us, p (+0.26, 0.00, +0.04, +0.24, +0.04, 0.00,
suring errors of some quantities by formal errors which include0.16, +0.02-0.01, +0.08) are smaller than for HIPPARCOS,
both the measuring and the cosmic errors of these quantitiebecause the ground-based data are not correlated at all if we use
the concept of central epochs.

A comparison of the mean errors of the combined quantities
with those of HIPPARCOS shows the following: (1) There is a
In order to illustrate our combination method we give in Tabledignificant gain in the accuracy of the proper motion which justi-
the results for one individual star. All the positions and propées the combination of HIPPARCOS results with ground-based
motions are given differentially to the HIPPARCOS results fatata. In our example, the mean errors of the combined proper
the given epoch. Since this is only a numerical convenience, thetions are smaller than those of the HIPPARCOS proper mo-
mean errors of the quantities given in Table 1 are those of thien by a factor of 1/4.4 inu,. and of 1/3.9 inus. (2) Since
full quantities themselves. The mean errors of the ground-baske mean measuring errors:of; are extremely small, there is
quantities, e.g. of -, ur, 1o, are ‘total’ values which contain practically no gain in the accuracy of the central positions, and
both the individual measuring errors and the uncertainty in thee havel> ~ T. However, for predicting positions at epochs
systematic corrections. The ground-based data given are alreatiich differ fromT’y; by more than a few years, the accuracy of
reduced to the HIPPARCOS system. Hence the differencedtie proper motion is governing the error of these predicted po-
Table 1 contain only the ‘individual’ differences, not anymorsitions. (3) The improvement of the HIPPARCOS paraliax
a ‘systematic’ part. In order to obtain the final result of ous here and in most other cases not very significant, since the
combination method, one should add the results with the indexrrelation ofpy with the other HIPPARCOS data ;, 1)

C to the full HIPPARCOS data. e.g¢(Tc) = Axc(Te) +  is usually small.
xg(Te) orue = Ape + py. The comparison of the combinations FK5+HIPP and

The comparison of the results of the analytic approach wiC+HIPP shows the importance of the old observations. The
those of the numerical approach shows a very good agr&&5 contains essentially all the observations compiled in the
ment. The numerical approach has made use of the correlati®@, and in addition many, more accurate, modern observa-

5. An example:« Ari
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tions. Nevertheless, the mean errors of the combined dataTable 2. Error budget for FK6 proper motions in the ‘single-star mode’
the GC+HIPP are only slightly larger than for FK5+HIPP. The
analytic approach shows the reason: The accuracy of the prop
motion pg is already very high for the GC+HIPP, mainly be

r Typical mean errors of proper motions
ﬁn one component, averaged oyer. andus; units: mas/year)

cause of the large epoch difference of the central positions. Sample of stars: 1535 FK 1202 FK
rms aver. median rmsaver. median
6. Error budget HIPPARCOS 0.82 0.63 0.68 0.61
) . FK5

In order to show the overall improvement in the accuracy of the 3ndom 0.76 0.64 0.77 0.67
proper motions obtained by using our combination method, we system 0.28 0.25 0.28 0.25
present here the statistics of the appropriate mean errors for aotal 0.81 0.70 0.83 0.72
few samples of stars.

The mean errors,, of the proper motiong, given in Ta- fo random 0.53 0.43 0.54 0.45
bles 2 and 3, refer to one ‘mean’ coordinate component.of ¢ gem 0.24 0.23 0.25 0.23
For each star, the ‘mean’ valag p is obtained as aroot-mean- gt 058 0.49 0.59 051

square (rms) average ovgJ .. ande,, 5. Then these individual
values ok, 1p are averaged over the sample of stars under 0%6 — FKE+HIP
sideration, either by taking an rms average over alkthg, or
by selecting the median value gf 1p in the sample.

In Table 2, we present the error budget for the combinggtio of HIPPARCOS 2.3 1.9 1.9 1.8
tion of the FK5 with HIPPARCOS for the basic FK5 stars. Thit2 FK6 errors
corresponds to the results of the ‘single-star mode’ of the FK6

(Wielen et al. 1998). We consider two samples of stars: (a) Blighter GC stars, represented by the FK stars in Table 3, the
the 1535 basic FKS stars, and (b) 1202 ‘apparently single’ bgain in accuracy is much larger, typically by a factor 1.5 to 2.
sic FK5 stars. The error budget of all the basic FK5 stars Ascomparison of the results for GC+HIP given in Table 3 with
slightly fictious in so far as this sample also contains binarigsose for FK6 = FK5+HIP in Table 2 for the basic FK5 stars
which cannot be safely treated by a direct combination methe@énfirms that the older ground-based observations carry a very
Nevertheless, the error budget for the 1535 stars is still a valiige weight in the combination with the HIPPARCOS data: For
indicator for the overall accuracy of our combination methoghe basic FK5 stars, the mean errors of the proper motions of the
The error budget for the 1202 stars is slightly biased in favour @mbination GC+HIP are only slightly larger (by about 20 %)
the HIPPARCOS Catalogue, since most of the stars for whigfan those of the FK6 = FK5+HIP.
especially HIPPARCOS is less accurate than usually (e.g., C The error budgets for the stars in the bright and faint ex-
solutions for visual binaries) are removed from this sample. T@&nsion of the FK5 and for the remaining FK4Sup stars are not
ble 2 shows that the FK6 proper motions, obtained from tilg/en here. For these stars the gain in accuracy of their proper
combination of the FK5 data with the HIPPARCOS observanotions by using our combination method lies inbetween the
tions, are typically by a factor of about two more accurate thgjain for the basic FK5 stars and that for the GC stars.
the proper motions in either the FK5 alone or in HIPPARCOS  we would like to warn those readers who would like to test
Catalogue alone. Already, is typically slightly more accurate our combination method with the help of the numbers given in
thanyuy. Tables 2 and 3, using the equations given in Sect. 2. The quanti-
In Table 3, the error budget for the combination GC+HlRes given in Tables 2 and 3 are ensemble averages of the mean
of the GC data with the HIPPARCOS observations are shovéirors:,,, while our combination method works individually star
The samples of stars are the following: (a) all the 29717 Gy star. Since< 1/e2 > differs in general froml/ < &2 >,
stars which we have identified in the HIPPARCOS Catalogugiich a test is not meaningful. A numerical check of our method

(b) 11773 stars in the GC which have standard solutions gn, of course, be carried out by using the numbers given in
HIPPARCOS (i.e., they do not occur in the DMS Annex ofaple 1 for the individual stas Ari.

the HIPPARCOS Catalogue, which would indicate a double or |t should be emphazised that the gain in accuracy is sig-
multiple object) and which are not known to be double fromificantly larger in the ‘long-term prediction mode’ (Wielen et
ground-based observations and which have accurate valueg|oi998) in which we take into account the ‘cosmic errors’ in
to(ccy (mean errors smaller than 2.0 mas/year in each cogie HIPPARCOS results (see Sect. 4). The error budget for the

dinate); (c) all the 1534 basic FK5 stars in the GC (one basithg-term predictions will be discussed in detail in a subsequent
FKS5 star is not in the GC); (d) 1201 ‘apparently single’ basigaper.

FK5 stars in the GC. Table 3 shows that for the 11773 ap-

parently single GC stars the combination GC+HIP produces .

proper motions which are more accurate than the HIPPARC SConcIusmns and outiook

proper motions by about 20 %. The overwhelming part of thi%e have shown that the combination of ground-based compila-
improvement stems from the proper motipg¢). For the tion catalogues with the HIPPARCOS data produces for many

0.35 0.33 0.35 0.34




1054 R. Wielen et al.: Combination of ground-based astrometric compilation catalogues with the HIPPARCOS Catalogue. |

Table 3. Error budget for GC+HIP proper motions in the ‘single-star mode’

Typical mean errors of proper motions
(in one component, averaged oyer. andus; units: mas/year)

Sample of stars: 29717 GC 11773 GC 1534 FK from GC 1201 FK from GC
Median of m,: 70 6"8 478 479
rms average median rmsaverage median rmsaverage median rmsaverage median

HIPPARCOS 1.47 0.73 0.75 0.69 0.82 0.63 0.68 0.61
GC

random 10.57 9.38 8.59 7.55 3.33 2.31 3.44 2.45

system 0.38 0.34 0.38 0.33 0.47 0.40 0.47 0.40

total 10.58 9.39 8.60 7.56 3.37 2.38 3.47 2.48
Ho

random 1.78 1.75 1.43 1.45 0.66 0.55 0.67 0.57

system 0.15 0.11 0.12 0.11 0.19 0.14 0.18 0.14

total 1.78 1.75 1.43 1.45 0.66 0.55 0.67 0.57
GC+HIP 0.72 0.63 0.62 0.58 0.42 0.39 0.41 0.39
ratio of HIPPARCOS 2.0 1.16 1.21 1.19 2.0 1.6 1.7 1.6

to GC+HIP errors

stars proper motions which are significantly more accurate thinicke W., Schwan H., Corbin T., et al., 1991, ¥#r Astron. Rechen-
the HIPPARCOS proper motions themselves. For stars which Inst. Heidelberg No. 33

are bright & 5™), well-observed and truly single, the gain iropff A., 1937, Veiff. Astron. Rechen-Inst. Berlin No. 54

accuracy is about a factor of two. For stars of intermediate maf2Pff A, 1938, Abh. PreuR. Akad. Wiss., Jahrgang 1938, Phys.-math.

: : .~ Klasse, No. 3
nitudes ™), the smaller gain of about 20 % on average ’ )

. & 7") _g . ° 9 II?opffA., Nowacki H., Strobel W., 1964, Véff. Astron. Rechen-Inst.
still valuable for many applications.

L . Heidelberg No. 14
The combination method described above has been u%%ﬂwan H. B%stian U., Bien R., et al., 1993, &férAstron. Rechen-

intensively and successfully in the construction of the FK6, |nst Heidelberg No. 34

in which the basic FK5 is combined with HIPPARCOS. Theyielen R., 1988, In: Debarbat S., Eddy J.A., Eichhorn H.K., Upgren
method described here provides the FK6 results in the ‘single- A.R. (eds.) IAU Symposium No. 133, Mapping the Sky. Kluwer
star mode’ (see Wielen et al. 1998). The first part of the FK6 Publ. Comp., Dordrecht, p. 239

will be published in the near future. The second part of the Fi@elen R., 1995a, A&A 302, 613

deals with double stars and requires a slightly modified versi¥fielen R., 1995b, In: Perryman M.A.C., van Leeuwen F. (eds.) Future
of our combination method. Possibilities for Astrometry in Space. ESA SP-379, p. 65

. . . ielen R., 1997, A&A 325, 367
In order to take into account the cosmic errors in the HIIWielen R., 1998, &tigkeitsberichtdes Astron. Rechen-Inst. Heidelberg

PARCOS results, V\_/hlc_h are caused by undetected astro_me\{\rllcfur das Jahr 1997 = Mitt. Astron. Ges. No. 81, 327
binaries, our combination method has to be changed slightjfielen R., Schwan H., Dettbarn C., JahreiR H., Lenhardt H., 1997,
The corresponding procedures, which lead to the ‘long-term’ |n: Battrick B., Perryman M.A.C., Bernacca P.L. (eds.) Hipparcos
and ‘short-term’ prediction modes (Wielen et al. 1998, 1999), Venice '97, Presentation of the Hipparcos and Tycho Catalogues
will be presented in a subsequent paper. and first astrophysical results of the Hipparcos space astrometry
mission. ESA SP-402, p. 727
Wielen R., Schwan H., Dettbarn C., Jahrei H., Lenhardt H., 1998, In:
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