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Abstract. The reference systems defined by the SAO and Hithie IAU recommendations (Bergeron 1992) on the definition of
parcos catalogues are compared using vector spherical harmtmécsystem. The origin of the system is at the barycentre of the
analysis. The differences between astrometric data in both cablar System; the principal plane is close to the mean equator at
alogues have been grouped into different data sets and sepal2@®0.0. The shift of the Earth’s mean pole at J2000.0 relative
harmonic analysis performed on them. The Fourier coefficieritsthe ICRS celestial pole is8.0 + 0.1 mas in the direction 12h

yield estimates of systematic errors in SAO catalogue. and5.3 + 0.1 mas in the direction 18h. As required by the IAU,
and for the sake of continuity with the previous conventional
Key words: astrometry — reference systems — catalogs system, the direction of the ICRS pole is consistent with that of

the FK5 system within the uncertainty of the latter; assuming
thatthe errorinthe precession rate is absorbed by the proper mo-
tions of stars, the uncertainty of the FK5 pole position relative to
the mean pole at J2000.04s550 mas. The IAU recommended
The Smithsonian Astrophysical Observatory Star Catalogth&t the origin of right ascensions of the new celestial reference
(SAO) has been largely used as the reference catalogue ingpgtem be close to the dynamical equinox at J2000.0. The lo-
reduction of astrometric plates in the past. These plates coation of the dynamical equinox in the ICRS was determined
tain relevant information on comet and asteroid positions amdthin 10 mas by Folkner et al. (Folkner et al. 1994); they
motions. conclude that the x-axis of the ICRS is offset from the mean

The International Celestial Reference System (ICRS) ésjuinox at epoch J2000.0 g + 10 mas.
nowadays the conventional IAU Celestial System, material-
ized primarily by the International Celestial Reference Frame
(ICRF). The optical realization of the ICRS is the Hipparco3. The International Celestial Reference Frame (ICRF)
Star Qatalogue. The 1AU recqmmended to perfolrm al nec he ICRS is materialized by the precise coordinates of extra-
sary ties between frames of different nature serving to various, ~ . ! .

R galactic radio sources observed with the technique of Very Long
purposes, and the present realizations of the ICRS. . . o
. . . Baseline Interferometry (VLBI). The previous realizations of

We compared the coordinate and proper motion dlfferenct%% conventional celestial reference system assumed that the

between more than 100000 stars common to SAO and Hippar-: y

. ) X : .ﬁc]aordinates of the objects were conventional, i.e., their numeri-
cos catalogues using vector spherical harmonic analysis.

results reveal distortions in the sphere defined through the Sk value_s remalne_d fixed for some tlme.. This is the philosophy
adopted in the series of FK catalogues; when a new catalogue

tar itions, the most important effect ing in lination T . .
star positions, the most important effects being in declinatio as released, the reference system implied in it changed its ori-

assouate_d _to alarge dlspla_cemem field towards the S.OUth p%r?t‘ation relative to the previous one. In the case of the ICRS, the
The coefficients of the series which represent the differencés

provide the tool to transform positions reduced with the SA es OT t.h'e system are 'conS|dered copvenUonaIIy fixed t‘? those

catalogue into the ICRS of the initial realization; source coordinates are susceptible to
' change if justified by their improvement. As the system should

not change with the different realizations, a process of mainte-

2. The International Celestial Reference System (ICRS) nance is applied. The ICRS maintenance implies a permanent
The celestial reference system of the International Earth Romc_)mtorlng of sources in ICRS to study their positional stability,

the improvement of the models adopted and the control of the

tion Service (IERS, Arias et &l. 1995) was adopted since leiHQariability of the directions of its axes.

uary 1998 by the International Astronomical Union (I1AU) as the The first realization of the ICRF (Ma et &I T997. T998) is

conventional celestial reference system under the name Inter- ; ” : . :
ased on radio positions obtained in a general solution for all

national Celestial Reference System (ICRS). The ICRS foIIovgaal frequency Mark 111 VLBI data available through the middle

Send offprint requests t&.B. Orellana of 1995. The quasi-inertial reference system is defined by the

(rorellana@fcaglp.fcaglp.unlp.edu.ar) mean J2000.0 coordinates of 212 high-astrometric-quality radio
* Member of CONICET sources; their positional accuracy is better than about 1 mas both
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in right ascension and declination. Additional 396 objects thpbsitions and proper motion for 258997 stars, having an average
either need further observation to conclude about their qualitijstribution of 6 stars per square degree. The star positions have
or being unsuitable to define an accurate reference frame, semeaverage standard deviation(?2” at their original epochs

to link ICRF to other frames. The maintenance of the axes(3.5’ at epoch 1963.5). The equinox is 1950.0 and the system
assured by the 212 defining sources of the frame. that of the FK4.

The 1984 version of the SAO contains the corrected and
extended cross identifications, all errata published up to January
1984. Clayton A. Smith of the U.S. Naval Observatory, provided
The direct access to the extragalactic objects is most preqissitions and proper motions at equinox and epoch J2000.0 and
through VLBI observations; most sources are too faint to leg the system of the FK5. These data have been added to the
successfully observed with optical instruments. Therefore, th@90 version of the machine-readable SAO Catalog (Roman &
ICRS is not widely available to all users, except if it is tied t§Varrer 1990)
other major reference frames. The I1AU decided that the Hip-
parcos stellar reference frame be the realization of the IC .SThe basic data set
in optical wavelengths (Kovalevsky et al. 1997). Furthermore,
the IAU has decided that the International Earth Rotation Séy-set of 101352 stars with SAO reference and astrometric solu-
vice and the IAU Working Group on reference frames, shoulibn were selected from the Hipparcos catalogue (ESA 1997).
assure the ties between ICRF and reference frames at otfi@sition («, §) and proper motion paramete(g,, cosd, i)
wavelengths (Andersen 1999). were read, together with the corresponding error matrices.

The data was transformed from the Hipparcos epoch
(J1991.25) to J2000 and the corresponding error matrices were
computed assuming a linear motion model:
As aresult of the Hipparcos mission two astrometric catalogues
were . S B (T —Tp)

produced, the Hipparcos Catalogue, containing aboutog.o = a1991.25 + fie COS
120000 stars, and the Tycho Catalogue with more than one mil- 0s 4
lion stars. The stellar coordinates were obtained from observa-
tions conducted by the satellite in the period 1989.85-1993.2%; o 52000 0 = e cos s1001 25 T Tore cos s (T — T0)?
the epoch of I_—Iipparcos catalogue is J199;.25. The stgllar Hip- + phe cosd c0s 6T, cos (T — To) )
parcos coordinates represent the International Celestial Refer-

ence System (ICRS) withig0.6 mas for the three axes; the and similar equations for the declination components. In these
residual rotations of the Hipparcos frame with respect to tlé%uationsTo is the initial epoch? the final epochg andp the
ICRF are at level of:0.25 mas/yr also for the three axes (ESAstandard deviations and correlation coefficients among position
1997). The IAU adopted Hipparcos Stellar Catalogue as the kg proper motion parameters. Data for the same star set was
alization of the ICRS in optical wavelengths. read from the SAO catalogue (SAO 1966) and the error ma-
The basic astrometric data in Hipparcos Catalogue iffices were computed for J2000 using a linear motion model.
cludes positions, proper motions and trigonometric parallaxegally, the differences and the respective standard deviations
of 118218 stars. For visual magnitudes up to 9 the median astfgre computed for each of the astrometric parameters. Four
metric precision for single stars at the epoch of the cataloguesgrs with gross differences in the position were eliminated, so

0.77 mas for the right ascensions and 0.64 mas for the declifigs final data set consisted in 101348 stars. Each entry in the
tions, 0.88 and 0.74 mas/yr for the proper motions inright ascejta set consisted in the following fields:

sion and declination respectively. The density of the catalogue
is of three stars per square degree with a limiting magnitude of IN-HIPP : The identification number in the Hipparcos cat-
12.4. alogue.
It is to be noted that Hipparcos Cataloglie (11997) has n@t IN-SAO : The identification number in the SAO catalogue.

been tied to the FK5 system, but only to the ICRS. Considerirg) «: Hipparcos Right ascension
that this latter is coincident with the FK5 within its uncertaintiest. §: Hipparcos declination
(Arias et al[ 1995), Hipparcos frame can be regarded as rep&e- A« cos 6: SAO-HIPP differences in cos § [mas].
senting the J2000 (FK5) system but without its regional erro& Ag: SAO-HIPP differences id. [mas]
(Mignard & Froesch[2000). 7. Oaacoss: Standard deviation of paramelér 5. [mas]

8. oas: Standard deviation of paramelér 6. [mas]

9. e cos d: o component of proper motion [mas/yr].
10. us: 6 component of proper motion [mas/yr].
The Smithsonian Astrophysical Observatory Star Catalodile Ay, cosd = Apus: SAO-HIPP differences in proper mo-
(SAOI1966) results from the combination of several earlier cat- tion, « component [mas/yr].
alogs: the FK4, FK3, GC, AGK2, AGK1, Greenwich AC, Yalel2. Aus: SAO-HIPP differences in proper motiangomponent
Cape, Cape Zone, Me3 and Me4. The new compilation gives [mas/yr].

4. Accessibility of ICRS

5. The Hipparcos Catalogue

1)

6. The SAO Catalogue
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Table 1.Initial statistics of the data set. The units for the second column
is arcsec, for all the others, milliarcse@\«) is an abbreviation for

(Aaccos §), and the same fofAuq ). 6000 - 7
Gr. Position Proper motion 5000 - n
Id. RMS (Adq) (AG) RMS  {(Apa) {(Aps) £

Gl 182 7515 -79.77 2249 024  -091 7 *00F ]
G2 1.84 -101.29 -91.36 22.84 -0.57 -1.01

G3 1.92 -125.75 -67.73 23.72 -0.72 -0.80 3000 |- 8
G4 1.89 -92.16 -85.61 23.26 -0.39 -0.97

G5 1.84 -97.62 -105.27 2258 -0.42 -1.31 2000 |- |
G6 1.97 -96.21 -94.42 22.82 -0.33 -1.11

G7 190 -100.35 -8552 2259 -0.35  -0.91 1000 L |
G8 1.94 -106.82 -79.59 24.45 -0.62 -1.04

G9 1.86 -105.13 -92.77 22.79 -0.50 -1.06 0 ‘ ‘ ‘ ‘

G10 1.89 -81.93 -95.95 21.81 -0.31 -1.20 0 500 1000 1500 2000 2500 3000
All 16.27 -101.28 -81.22 22.96 -0.44 -1.03 Error A6 [mas]

Fig. 2. Histogram of absolute values of errors in difference of position
13. 0Au, coss = Oap,: Standard deviation of paramefer] 11SAO-Hipparcos
[masl/yr]
14. oy, Standard deviation of paramefer 12. [mas/yr] (0, ¢) be the spherical angular coordinat®s, (6, ¢) the usual
spherical harmonics ang}, e, the unit vectors in thé and¢

Due to the large number of items, the data was divided in #@ections on the sphere. Then, two families of vector functions
subsets, covering the full sky. Each subset was formed takig defined through the equations:

the stars whose index end in the digits 0-9, i.e. the first subset

contains all stars whose numbers end by 0, the second sulisgt(9, ¢) = L [ i es + _1 i eg] (3
contains all stars whose numbers end by 1, and so on. [Thble 1 W(l+1) 90 sing 9¢

shows the initial statistics for full data set and the 10 subsets. 1 Y im 1 0

Fig.[d shows the covering of the sky by the G1 group of stars. T é’”(e’ ¢) = 1(1+1) [ a6 < * sinf 0¢ 64 @)

difference position errors histogram is shown in Elg. 2. They are
obviously (El)ominated by the SEO catalogue erroEr]S. y calledtoroidal andspheroidalvector harmonics. They form to-

gether a complete basis for vector functions on the sphere. They
obey the symmetry properties:
. . . . Tl7—7” = (_1)mT7m (5)

The differences in the data set (position and proper motiog) = (~1)"s; (6)

generate two vector fields on the sphere. Hig. 3 shows the fie am tm

of position differences, averaged on a suitable grid. and the orthogonality relations:

The analysis of vector fields on a sphere is better done usin
vector spherical harmonics (Mignard & Morando 1990). Lef]Tlm T d€Y = 0 O (7)

8. The adjusted model



1198 E.F. Arias et al.: A comparison of the SAO-Hipparcos reference frames

90
/Slm . S*l’m/dQ - 6ll’5rnm/ (8)
‘ e et L e
T Sy =0 (9) ! k\\'\‘

W ey RN
ﬂx,/\ ///B>\?<{ j{/j\\x/i%‘/\\\ )

iL/k 47:\\\///;12/&//’ j//

BesidesT is a solenoidal an8 an irrotational field:

v-T=20 (10) el \><>>//>U£ x‘\W S R TTRN
VxS =0 (1) w\q z//,/m ;//{7\

Any square summable fieM = Vyep+V,e4 onthe sphere
can be expanded in a Fourier series:

m=l

1 m=—I 370 mas

whose complex Fourier coefficients are: Fig. 3. SAO-Hipparcos position difference field, averaged dr2& x

12° grid

tm = / T; - VdQ (13)
9. The adjustment

Sim = / S;. - VdQ (14)

The set of coefficient$t;,,, si,,,) that define the model were
o . . found through least squares adjustment (Arley 1950, Bevington
Our model assumes a finite Fourier expansion of real sphfgeg,) Each of theV, data points provides us with two equa-
ical vector fields. The reality conditions, together with the coRpns of condition: namely, the ands components of the spher-
jugation symmetry[{5 {/6) imply that our model series has thea vector equatioi{15). The design matrix can be constructed

form: straightforwardly, although its huge size (10000 x 2950 ~
b 100Mb for I = 35 and simple precision) made necessary a care-
vV = Z [ton + Slos ful programming of the least squares routine.

The existence of large systematic errors in the SAO cata-
. logue for polar stars suggested the introduction of a weighting
+ 2 Z TR — 2 T, + 518k, — 55,5 ) | (15) scheme. For_ea(_:h dlffere_znr}eln each_observatloran effective
1 standard deviation was introduced in the form:

=1

where the superscript®, 3 denote the real and imaginary parf’QA(Z) = 0A(540) (1) + A (i) (1) (18)
of the function. The number of coefficients in the expansion éhd the weight factors were introduced as:
N, =2l(l+2). 9
One of the nice properties of the vector harmonics expansigR(i) = % (19)
is that global effects between two catalogues are neatly packed oa(?)
in the! = 1 harmonics. Indeed, leA be an infinitesimal ro- where the normalization factor is:
tation of the reference system. Then, it can be shown that the N
Cartesian components of the rotation vector are related to tHe 1 i 1 (20)
I = 1 coefficients in the form: 02 Np “~ o%(i)
3 o ER To simplify the construction of the weighted normal equa-
117 Ay = Etll’ t (16) tions, each of the conditional equations was multiplied by the
square root of the effective weiglht {19).
hereafter-otation parameters. Another important parameter to adjust is the maximum de-

A global glide between the reference systems is definggke of the Fourier serids,... This was done by a simple ex-
through and irrotational vectds, whose components are reamination of the RMS of the adjustment:

lated to thes coefficients: ZND (0-Cy)?

2 _ O'A(
3 5 3 o 3 5 RMS® = ——-—=~— (21)
=\t Gx=y s Gs =y oosi (17) IRk 0]

hereafterylide parameters. This is important, since the mainWhICh is related to the> statistic through the equation:

differences between both reference frames are global transfqr RMS2

mations. 02A

(22)



E.F. Arias et al.: A comparison of the SAO-Hipparcos reference frames 1199

=20

300 Table 2.Final statistics of the adjustment. The columns show the num-
Toroidal Soheroidal ber of retained stard’s, the RMS of the adjustment and the squared
orolidals pheroidals . . . . .
Birge ratioRg. For thel = 35 adjustment, the stars were eliminated
— 200 with a previoud = 10 adjustment
i
100 Group =20 =35
E) Ns RMS RL¥ Ns RMS R%
& G1 9482 494.6 271 9483 537.6 2.65
% 0 G2 9471 5184 2.66 9478 596.2 2.64
~ G3 9441 5114 270 9447 553.2 2.66
S G4 9462 510.6 2.66 9479 500.0 2.64
» —100 G5 9471 5125 260 9486 492.8 256
g G6 9404 564.6 2.62 9429 5764 261
00 G7 9470 551.8 2.60 9480 5358 2.56
G8 9443 536.8 2.67 9450 548.6 2.62
G9 9472 530.4 2.72 9489 4913 2.69
—-300 G10 9477 485.0 2.63 9427 5524 253
0 440 880
Ordering

] o ) ) - _Table 3. Rotation parameters for seveial.x. MP are the values ob-
Fig. 4. Coefficients of the series representation of the positional diffefsined with the soft used for check ours results

ences, averaged over 10 groups for the final adjustmentiwith =
20. The ordering indicates the position of the coefficients into the leggg; A, +o Ay to As +o

squares equations, the first 440 represent the toroidals and the follow=
ings the spheroidals ones 5—-20 -14.3t1.7 -21.3+1.8 -33.3t3.0

{10 -16.6£6.0 -30.A45.4 -17.5:3.0
120 -19.745.1 -39.4:6.0 -34.6t3.5
and to the Birge ratio 135 -23.745.4 -41.205.0 -40.4£4.5
MP -37.0£5.7 -55.5:5.7 -59.6t5.7

\/?

Rp =1/— (23)

v Table 4.Glide parameters for severdls,.. and for MP
used in the least squares process as a scale factor of the uncer-

tainties (Cohen & Tayldr 1987). Adj Gi 0 G2 0o G3 +o
For each of the groups of stars, several least squares adjyst- oy 393:1.7 -55+1.2 -70.4:1.3
ments were carried out varying the degree of the Fourier serjgs 40.5:5.6 -9.4452 -71.3k3.5
lmax from 1 to 20. It is found that the RMS stabilizes aroungbg 48.2+7.2 -7.74+5.4 -71.5:3.8
RMS ~ 500 mas forl,.x = 20 in the case of positional pa-135 545+4.7 -11.H4.8 -70.6t4.5
rameters. On the other hang,., = 10 was enough to find MP 66.4:8.3 -22.17.0 -87.6:5.7

stable values of the proper motion parameters.
As a final process, outliers were eliminated using the Tapje 5.Rotation and glide parameters for the proper motion difference

statistic of Arley (1950). These were defined as stars with g

duced residuals (as defined in reference Arley (1950)) with

3. Several fits were carried with this process Wijth, = 10,20 Adj A +o Ay *o Az +o

and 35, eliminating as many outliers as found. The numberaf_ 1o 0044003 061004 0.62+0.05

remaining stars in each group, as well as the final RMS and

Birge ratio R% are shown in TablE]2.

Ad] G1 +o G2 +o G3 +o
{4—-10 -0.01+0.03 0.13:0.03 -0.7#0.04

10. Results and conclusions

Table[3 shows our results for the rotation parameters for sev-

eral selected values &f,.., averaged over the ten groups. The Our analysis of the statistical properties of the series shows
statedlo errors reflect the dispersion between the different stératl,,,.. = 20 andi,,,,,, = 10 are enough to represent correctly
groups. The corresponding results for the glide parameters tredifference fields for position and proper motions. As a check,
shown in Tablé14. Tablel5 shows the corresponding adjusted compared the results with a vectorial analysis program by F.
parameters for the proper motions. These latter parametersMignard (Mignard1999), namedPfor us, which gives results
much better behaved and an adjustment Wjth, = 10 with-  similar to ours, with differences of about 10%. These differences
out outliers elimination was enough to represent the differencase due to the different weighting schemes. The differences in
Fig.l[4 shows the coefficients of the adjusted series, averagecomper motion are much smaller and do not show the presence
the ten star groups. These are the main results of our analysi§outliers.
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Our results reveal the existence of several large distortioBergeron J. (ed.), 1992, Transactions of the IAU XXIB. Dordrecht:
in the SAO reference system positions, evidenced by large Kluwer, p. 41
Fourier coefficients of large order. The most important effedggvington P.R., 1968, Data reduction and error analysis for the physical
are in declination, associated with a large displacement field Sciences. New York: McGraw-Hill
towards the South Pole (F[d.3). Taking into account that tfx@"en E-R., Taylor B.N., 1987, Rev. Mod. Phys. 59, 1121

. T A, 1997, The Hipparcos and Tycho Catalogues, SP-1200
HIPPARCOS reference frame, being a materialization of ﬂlliélkner WM., Charlot P., Finger M.H.. et al., 1094, A&A 287, 279

ICRS, is essentially free of these distortions, these zonal effeﬁ ?/alevskyJ., Lindegren L., Perryman M.A.C.. etal.. 1997, ARA 323,

are due to the SAO catalogue errors. The present series mayg,,
correct the main systematic effects. MaC., Arias E.F., Eubanks T.M., etal., 1997, The international celestial
reference frame realized by VLBI, in: Ma C., Feissel M. (eds.),
IERS Technical Note 23, Observatoire de Paris
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