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Abstract. Ground—based photographic observations of 12 nii- Introduction
nor planets obtained at Nikolaev observatory (Ukraine) betwesn

1961-1995 were reduced to the Hipparcos catalogue system HH' recently, star catalogues were classified by means of a

processed by the least squares method (LSM) separately r&ammal frame of reference, determined by the equator and

: o . . e equinox of the epoch. This classification was first realised
in combination with the Hipparcos NDAC (the Northern Dat rough the observations of the major planets and the Sun. The

Analysis ConsorUum) and FAST (the Fundamental Astrono c%rresponding methods were developed by S.Newcomb (1895).
by Space Techniques) observations of 48 minor planets. The aim X ) . ) .
The idea of using minor planets for this purpose was first

was to estimate the accuracy of the Nikolaev observa_lt|0ns Z)rr]r_gposed by Dyson (1928). The plans for observing specially

ence System (ICRS) with respect to the DE200/LE200 dynan%%leCted minor planets (SMP) for the catalogue were elaborated

frame of reference. The Nikolaev observations proved to be | 1933-1936 (Numerov 1933, 1935a, 1935, 1935¢, 1935d,

ficiently accurate, the unit weight error being of ordefidfs”. Eﬂ 36), (Brouwer 1935). B.Numerov (1933) proposed to ob-

The results of separate processing of Nikolaev and Hipparca. 10 minor planets (1, 4, 40, 122, 124, 189, 196, 208, 214,
P P 9 bp ) within the equatorial zone= + 10° during 8 to 10 year

observations were not satisfactory for two reasons. First, t %riod The list of minor planets in (Brouwer 1935) included
Nikolaev observations only measured accurately the change fasteroids: 1,2 3 4,6, 7 12, 25, 57, 185, 216, 287, 400,

orientation parameters, and second, the Hipparcos observat In this paper preference was given 1o the minor planets
only accurately measured the values of the orientation pargni- Paper pret ) 9 : 'b
- . aving longer observation history, more noticeable brightness,
eters themselves. However by combining the observations, the . -
. . arger mean motion and small eccentricity. B. Numerov (1935d,
accuracy was greatly enhanced. The weight of the Hipparc

observations was taken to be unity and that one of the Nik%)é76)3220$ose?ﬂa\lllst of T]Lrt])?r: p(!ia;ettsrr(’rfi,n 3’t i6,n18f, ri?n 5r1’|125{
laev observations was chosen(a81, in accordance with the ’ ) t0 achieve a co eddete ation o orplane

corresponding unit weight errors. The photocentre offsets w réd Earth element corrections. These plans were approved by

taken into account and three models of these offsets were c&e- Irﬁﬁvx?;rl’tss ﬁ?n?;sqsgabﬁflsleggylljlrligggsv-\l;\r/ﬁ ;Vglgt(r)igtge
sidered. In the final processing the offset model based on I 'ember of obzer atories partici atéd in thgs ork
Lommel-Seeliger law of light scattering at the asteroid surfaté vatories p ,' b In this Work. .

The work on B.Numerov’s plan began after N.Samoilova—

was used. ) . .
The values of the orientation parameters of the ICRS aﬁaiggzuzézrsn:;% ?/gf\t(gl](i?ﬁtzsgniggsgorgﬁ;egveivlg dpgﬁg?r\ﬁ
their time changes were obtained for epoch JD 2448439.5 (in :

. . roved B.Numerov's ideas and plans and connected them with
mas for ¢ and year for w). The combined solution IOaseo'work on the Catalogue of the less bright stars. The dela
on NDAC and Nikolaev observationsds = 2.5 £ 1.3,¢, = 9 9 ) y

1927499 ¢ — 14433 w. — 04+ 03w, — —07+ of almost twenty years was caused by two factors: in 1936
0.3 w _ '_(’) 9Zi_0 6 The'cc’)rr?bi;ed. solutio7n gas_ed O'n FAS.P.Numerovwas groundlessly put under arrest and died in prison
a'm’j I\Tik_olae\} obsér\./ations is — 38417.¢, — —11.0 & In 1941; and it required some time for liquidation of the WWII
91 c. — —36+32w. —0 3i_0 3'w —.—,01/6;0 3 w —aftermath in the Soviet Union. The list of minor planets in
—'OTSZi_O.G. 'i'he véIL]eg (;Jtéined fojr a?e_of thé sam.e’oréle_r aS(SamoiIova—Yakhontova 1955) included 10 asteroids: 1, 2, 3,
their errors. The obtained estimates and those of Folkner et4al.6' 7, 11,18, 39, 49' : : -
(1994) range in accordance with-tolerances. Many observatories in the USSR and in the West partici-

pated in N.Samoilova—Yakhontova's program. The observations
Pbtained have been processed (Pierce 1971), (Orelskaya 1978,
f980) and used for improving the zero—points of the FK5 cata-
logue (Fricke 1980, 1982).
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V.Orelskaya (1975) proposed to extend the number of tBe Nikolaev ground—based observations

SMP to 20 and add to N.Samoilova—Yakhontova's list of t uring 1961-1995, 2329 photographic observations of 12 SMP

SMP the following minor planets: 25, 148, 389, 480, 532, 56 : :
55 594,704, 401 ot dea s o ersure oo coveragt 2,4 &7 11 1,38 40,65 100 weratard
theo = £30° zone by observing the minor planets for 10 years, ry 9

The idea was approved by the IAU Commissinand 20 at Ssystem. The zonal astrograph (D = 150 mm, F = 2000 mm, field:

the IAU General Assembly in 1976, and observations continu%d>< 57) was used. The ephemeris position of the observed SMP

; : in the centre of the plate. The reference stars chosen were
according to the new program. The results of this program wete~ - T
9 Wprog " 'S prog W lose to the SMP position and surrounded it uniformly. All the

not fully satisfactory because some of the newly included min%r te measuring was done using the Ascorecord machine
planets had weak brightness and their observations were Rét . g w: 9 . S . '
Some information of the observations is given in Table 1.

sufficiently accurate for processing. . ) .
Y P 9 The values of the unit weight errorsy, are obtained when

In 1991 the IAU approved the proposal of the Institut . . .
of Theoretical Astronomy of Russian Academy of Sciencggtermm!ng only the SMPOFb'tS (_the catalogue corrections were
t considered) and are given in the last column of Table 1

. . . . N
(Leningrad) to continue the observations of minor planets . .
o 2000 an 1o shoren the Ist of the S o 151, 2,3, £UAKOY ) 19980, Trese baes re nenced many by
6,7, 11, 18, 25, 39, 40, 148, 389, 532, 704 (Batrakov & Shor 9 P > .

. : . aqgurate catalogue will not lead to a drastic changeyoft is
1989); the weak brightness asteroids were dropped. The WO% . - .
interest to note that greater internal accuracy is typical for

on observing the SMP was regularly supported by issuing the

. : e brighter SMP. These observations have already been used
igg)és)phemendes of the SMP (see, for example Batrakov et(%'atrakov etal. 1998a, 1998b) to determine the orientation of the

Some fundamental results concerning the problem of usiFK5 catalogue with respect to the dynamical frame of reference

n . .
the SMP observations for improving the catalogues were O%f\?/en by the DE200/LE200 ephemeris (Standish 1990) along

tained by D.P.Duma. He showed that the accuracy ofitteero W'tr:ns?r?;igegozlrcsiggt ?;anzaéilfngoﬁ)'n of the SMP in the
point correction is better if the orbit of a minor planet is close Ppap d

to the Earth's orbit (Duma 1975). He also concluded (Dumr .ctangular.frame of reference along with the equations in vari
. . . ._ation were integrated by the 15th order Everhart method (Ev-
1995) that the non—precession motion of the equinox (Fric i )
o rhart 1985). The perturbations due to the attraction of the 9
1980, 1982) was an atrtificial effect generated by the use of the. . : .
. major planets were taken into account, and their positions were
non—correct value of the solar mean motion. ted f the DE200/LE200 eph is. As the latter i
Essential progress in solving the problem was due to fggmputed from the ephemeris. As the later in

ippatcos program (ESA 1997), whic resule ncompi o= " BTUCAL0ns Tom e i pinets (W 1. 2.7,
the Hipparcos catalogue of stars’ positions. For stars with mag- " '

. : - : o e equations of motion included the terms corresponding to the
nitudes less than 9 the median precision of their p05|t|onsc%se of motion of the probe particle in the Schwarzschild spheri-
epoch J1991.25 was equalt@’7/0.64 mas. During the period b P P

of the Hipparcos satellite activity, positional observations of 4Ellysymmetncalﬁeld ofthe Sunforthe harmonical coordinates

. : : (Brumberg 1991). To obtain the solution of the condition equa-
minor planets were obtained. Processing of these observatipns .
inor p w ' g vt ns the LSM was chosen. The rectangular coordinates and the

(Bange & Bec—Borsenberger 1997; Bange et al. 1998; Bouge P bocity components of the SMP at the epagk 1983 09 23.0

et al. 1997) determined the Hipparcos orientation paramet% )
. B (JD 2445600.5) were taken as the orbital parameters to be
with greater accuracy compared to the ground—based observa-

tion processing results. However, the accuracy of the Hippz'improved' ,
et the catalogue frame of reference be defined by angles

cos catalogue orientation parameters obtained in these paper. . X
proved to be less than the internal accuracy of the stellar poo?i_rotat.mn (counter-clockwise) around they, z—axes of the
tions. Some improvement can be reached by doing the pro§gpam|cal frame of reference,
phase correction. The reduction procedure and the systematic= ¢, + w. (t — to),
errors due to the phase effect have been discussed (_Hestrogfﬁr: ey +wy (t—to),
etal. 1995), (Hestroffer 1998). The combined processing of the
Hipparcos observations of the minor planets and the groun&it =€+ w: (t—to),
based observations of (324) Bamberga and (2) Pallas (Hestro¥fieree, ¢, €. are the initial values of the rotation angles and
et al. 1998) showed the noticeable improvement of accuracy.af, w,, w. are the initial values of the angular velocities of ro-
the determined parameters. One conclusion is clear. At presgatipn. All six are constants and are considered as parameters of
high quality ground—based observations are still necessary. rotation. ForAa = « (cat) —a (dyn), Ad = § (cat) — 6 (dyn)

In the present paper we give the results of processing the following relations can be written:
Hipparcos o_bservation_s in combination with the grou.nd—basceggéAa —  sind cosa (e + walt — o))
photographic observations made at Nikolaev to obtain the mu- , ,
tual orientation of the Hipparcos and the DE200/LE200 frames +sind sina (e, + wy(t —to))

of reference. The offsets due to the phase effect are taken into —cos0 (e + w(t — to)), 1)
account. Ad = —AD — sina (e, + w(t — tp))
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Table 1. The Nikolaev observations of selected minor planets

Asteroid  Name of Number  Number
number  asteroid of obser—  of oppo—oo
vations sitions
1 Ceres 211 21 0.15"
2 Pallas 258 25 0.17
3 Juno 243 24 0.18
4 Vesta 232 22 0.18
6 Hebe 219 22 0.18 ———
7 Iris 193 19 0.20 AS
E Ili;larlthenope 21(?; 1199 8?8 Fig. 1. Definition of values for taking into account the phase effect,
39 L € ;t)_?mene 237 o4 0’20 the picture being given as seen from the Earth. S is the Sun, AS is
40 Hae itia . 203 21 0'21 the anti—Sun, B, is the photocentre of the asteroid disk. s the
530 Hzi?u(:inr:z 68 9 0'21 geometrical centre of the disk.
704 Interamnia 65 7 0.18
3 sinl (1 + cosl
Total 2329 232 PL(I) = ( ) (4)

16" sind + (m —1I)cosI’
2 tgk[sinl + (m — I) cosl|

Feosar (e +wy(t —to)), Prsl) = 37M 1 —sinitglinctgt = ©)
2193 1

AD—correcyon.belng the constant systematic error Qf the C?tis the phase angle (angle between the Sun and the Earth as
alogue declination system not connected to the rotation angles

. . : : eén from the asteroid), andis the apparent angular radius
When the classu:_al way of determml_ng the orientation throu% the asteroid disk on the celestial sphere. The corresponding
the Euler angles is used, the correctidbd to the catalogue—

zero—point together with that of the Sun’s mean longitide corrections to the observation which reduce the latter to the

counted along the ecliptic from the equinox for the data, and tﬂgometrlcal centre of the asteroid disk are
inclination Ae of the ecliptic to the equator are introduced. Thgys §Aa = p,,, A = ps, (6)

parts of the condition equations depending on these angles are
where

cosdAa = —(AA+ AA(t —tg)) cosd

+(AL 4 AL(t — to))(cose cosd Pa = P(I)sin@, ps = P(I) cosQ. (7)
+sine sind sina) (2) For P(I) one must takePy, (I) or Prs(I) from (4) or (5) for
—(Ae+ Aé(t — to)) sind cosa, one of the mentioned laws. Anglg is the position angle of

B : . the anti-Sun centered at the photocentre of asteroid disk and
A% = —AD+ (A.L +AL( - fo)) sine cosa counted over the celestial sphere counter—clockwise from the
+(Ae+ Aé(t —to)) sina. North Pole as seen from the Earth (see Fig. 1). It is determined

Corrections of rotation parameters are connected to those ofgﬁéplanatory supplement to AENA 1961) using the formulae:

Euler angles by cosG = sindg sind + cosdg cosd cos(a — ag),
€ = —A¢, ey = AL sine, e, = AA — AL cose, sinG sinQ = cosds sin(a — as), (8)
we = —Aé,w, = AL sine,w, = AA — AL cose. ©) $inG cosQ) = —sindg cosd + cosdg sind cos(a — ag).

In (2) and (3) dots indicate the time derivatives. Here@ is the angular distance of the Sun from the asteroid as
An additional effect included into the equations of condf€€n from the Earthy,, 4, are the Sun's spherical coordinates,
tion is the correction for the photocentre offset. This effect haitde, o are the observed coordinates of the asteroid photocen-

been studied often. The most recent studies deal with Hippf: However we preferred to use relations

cos minorplanetobser\_/ations (Hestroffer etal. 1995; Hgstrofﬁr = kP(I) sinQ, ps = kP(I) cosQ, (9)
1998). The corresponding formulae for usatab—observations

are found in Sveshnikov (1985) and partly in the Explanatorgther than (7). Heré is the non—-dimensional coefficient in-
supplement for AENA (1961), and these are valid for a spheridadduced to compensate, partly, for the difference between the
asteroid having constant albedo over the surface. We give thaocepted law of scattering and the scattering of the real aster-
below. The two laws of light scattering by the surface of the asid surface. These coefficients were considered as additional
teroid are considered: those of Lambert and Lommel-Seeligemknowns or were taken apriori. The results of processing (Ba-
The corresponding distances between the photocentre andtthkov et al. 1998b) were as follows (we pgut= 0 for every of
geometric centre of the asteroid disk (offsets) respectively athe 12 minor planets)
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Table 2. Some FK5 zero—point determinations Table 3.Parameters of orientation of the Hipparcos catalogue and their
time changes for the three variants of observations’ reductiomdg
Number for oo, e andA D, maslyear for w). The number of condition equations
Author Object of observ. AA AD is 2329< 2 = 4658. The number of unknowns isx@+ 7 =79, N is the
Interval (mas)  (mas) number of excluded condition equations. The epoch is JD 2445600.5
Kolesnik Sun 15564 90 -2 Variant of TYCHO PPM ACTRC
1995 1968-1990 +10 +9 reduction
Mercury 3506 121 o4 € 232+17.9 -12.14+17.0 8.0+ 16.0
1960-1990 +67 +20
€y -135 185 -133 175 -20.0 16.0
Venus 11695 99 71
1960-1990 138 112 € 83.5 2538 39.7 244 42.0 23.0
Wa 15 06 24 06 1.3 05
Branhamand 21 minor photo:4518 186 21 wy 07 06 -0.7 06 04 06
Sanguin 1996 planets 1909-1993 +86 +16 W, 0.8 1.2 23 1.1 15 1.0
Poppe et al. Sun 9783 72 88 AD -250 41 -251 38 -200 35
1998 1974-1995 +5 +16 N 53 40 46
Yagudina 8NEA photo:1753 126 57 90 172 162 152
1998 radar:118 +57 +37
1934-1995 1. Proper motions for the Tycho stars were taken from the
Batrakov 12SMP  photo:2329 66 60 Tycho catalogue;
etal. 1998b 1961-1995 +49  +5 2. These were taken from the PPM catalogue in which they are
Mignard and Stars - ~60 by order more accurate;
Froeschle FKS and 3. These were taken from ACTRC catalogue (Urban et al.
1997 Hip.cat. 1998).

Reduction of observations to the ICRS system was realised us-
€ = 0.013+£.019", w, = 0.236 £ .062" /cy, ing dependences for the three variants. The initial rotations, their
ey, = 0.015£.020", w, = 0.004 £ .066" /cy, velocities and\ D—correction determined from observations for
e, = 0.042+.028",w, = 0.160 + .123" /ey, (10) these variants are given |n.TabIe 3. . _

” They give the orientation and motion of the ICRS with
AD = 0.059 £.004", respect to the DE200/LE200 frame of reference at the epoch
oo = 0.18". 1983 09 23.0 TDB (JD 2445600.5). N in Table 3 gives the num-

ber of condition equations excluded during LSM process ac-
ggrding to the 3—criterion. The phase effect was not accounted
for. To correct for the systematic error of the Nikolaev row of
AD = 0.060 +.005". AL = 0.039 & .048" the observations) D was included. One possible cause of this
’ ’ error could be the neglect of the quadratic terms in the reduction

When determining the classical corrections of the catalog
zero—points we pul\é = AL = 0. Then the results were

_ " A "
A4 = 0.066+ '049”’ AA = 0.068 £ .107" /ey, (11) formulae. The analogous error perhaps exists in the right ascen-
Ae = 0.004 £ .018", sions as well but its detection is impossible due to correlation
oo = 0.18". with ... The third variant of the reduction proved to be the most

. ) ) ) . accurate, and was used below.

The unit weight errors in (10) and (11) give evidence of |, the final processing we included the phase effect offsets
the good quality of the observations used. In Table 2 we giyging Lommel-Seeliger low (5) and relations (9). The offset
some results of the FK5 zero-pomt determinations. In_ the th'&efﬁcientskl (for Ceres) and:, (for Vesta) were determined
column for every entry we give the number of observations (f|r5§, the LSM along with the orbital and catalogue parameters;
line) and the interval covered by observations in years (secqg the rest of the minor planets we pit—= 1. The initial
line). Our values oA A, AD in Table 2 do not contradict the ,,mper of equations of condition was 4658, number of un-
results of othgr r.esearch(.as. knowns was 126 + 9 =81. The epoch of these parameters

After publishing the Hipparcos and Tycho catalogues (ES41991 07 20.0 TDB (JD 2448439.5). The values af AD, o
1997) we reduced the Nikolaev observations to the Hipparcgs, given inmas, the values ot are inmas/year.
system, which is coincident with the ICRS within the errors of = ~_ 1034173 w. — 1.3+ 05
measurementsH0.6 masfor each of the three axes). It has been ’ o ’ 7
proved that only about 60% of the stars required for reductiorfy = —19-8£17.9, w, = -0.4£ 0.6,
can be found in the Hipparcos catalogue; all other stars had te, = 41.8£26.0, w, = 1.6 £ 1.0, (12)
be taken from the Tycho one. Because the proper motions0f) — —20.1 + 3.5,
l']zli::grset:lrjsc;lsx:e rather big errors, we have made three varlan/%s1 — 0.8840.35 ks = 1.25+ 0.45,

oo = 152.
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Table 4. The ICRS orientation with respect to the dynamical frame @t al. 1997). In Bougeard et al. (1997) besides the classical LSM,
reference from the Hipparcos observations of minor planetsié® robust methods were used to estimate the influence of the de-

for e, masiyear for w). N is the number of excluded asteroids. flecting observations onto the results. The authors concluded
that the LSM—solution is not stable with respect to exclusion

Author Bange & Bougeard Bougeard  Bange of some minor planets from processing, and robust process-
Bec-Borsenberger 1997 etal. 1997 etal. 1997 etal. 1998 jng gives better results. Table 4 gives some results concerning

Catalogue FAST FAST NDAC NDAC the Hipparcos catalogue orientation parameters. In Bange et

Number of al. (1998) the epoch is JD 2448439.5, the masK) in Table 4

asteroids 48 46 46 48 means that the correspondiagwas obtained using 40 minor

N. (20,27) (20, 27) planets with angular diameter less than5” to exclude the

phase effectinfluence. In the remaining three mentioned papers

c=0.I" c=0.1" o . .
the epoch was not indicated and one can surmise that the ori-

‘e 3.71£2.00 15 3.9 3.42.2 entation parameters were given for the epoch of the Hipparcos
€y -11.90 2.62 -12.3 -16.6 -12.2 29 | 31991 25
e ~12.64 412 -135 5.1 129 45 Ccatalogue, 9
Wy 4,32 1.18 3.8 2.4 42 1.3
Wy -9.51 147 -82 -10.2 -9.5 17 4. Processing of the Hipparcos observations
ws 1491 3.68 13.1 16.7 16.3 3.9 _ _ _
7.2 4.9* When processing the Hipparcos observations as a model of mo-

* ¢ is the tuning constant used in the algorithms based on Huber-4on Of a minor P'a”et we f‘?”OW Batrakgv etal. (1998b). The
regression equations of motion of the minor planetsinthe rectangular frame
of reference along with the equations in variation were inte-
grated by the 15th order Everhart method (Everhart 1985). The
major planet positions were computed from the DE200/LE200

48 minor planets (their list contains 12 SMP observed in Nikephemeris. As the latter includes the perturbations from five
laev) were observed during 1989.85-1993.21 by the Hippardoiior planets (NN 1, 2, 4, 7, 324), the influence of these on
astrometric satellite. The procedure of obtaining and reducititg minor planets was accounted for in our computations. The
these observations is described in (ESA 1997). The data oglativistic terms, as described in Sect. 2, were included in the
tained during this mission were analysed by the two teamsesfuations of motion of the asteroids. The LSM was used to ob-
specialists, and two catalogues of the positional observatida# the solution of the equations of condition. The epoch is JD
of minor planets were compiled: NDAC and FAST. The tw@448439.5.

catalogue data differ due to the way of processing the modu- At the beginning the elements of every minor planet were
lated light signal received from an observed asteroid. The difaproved using the two catalogues, FAST and NDAC, sepa-
ference is nonsensible for the minor planets having an apparéiely. The erroneous observations were excluded according to
diameter of less thaf.1”, the obtained positions in this casdéhe 3o—criterion. The maximum value ofwas 35masand the
correspond to the photocentre. If the apparent diameter is mgr@imum one was 9.6nas (no phase effect corrections were
than0.7” the FAST procedure is not adequate (ESA 1997). Thsed) and 5.9nas (phase corrections were added). There
observations are reduced to the geocentre and corrected forgtegter for the minor planets with weak brightness, which agrees
stellar aberration and relativistic deflection of light due to the&ith Hestroffer results (1997). The same is true for the Nikolaev
spherical gravitation field of the Sun. In these catalogues tblservations (see the last column of the Table 1).

corrections for the phase, shape and non—uniform albedo of theAccounting for the phase effect during processing Hippar-
minor planets, were not taken into account. For every obser¢@s minor planet observations was discussed by Hestroffer et
tion the following information is given: time moment, and al. (1995) and Hestroffer (1998). The simplified model of Bu-
8o — the astrometric coordinates of the reference péintthe ratti & Veverka (1983) on the law of light scattering was used

positional angle of motion of the slit. The data allow us to forr#p account for the photocentre offset for the Hipparcos observa-
the relation (ESA 1997) tions (Hestroffer 1998). The corresponding formula is

3. Observations of minor planets by the Hipparcos satellite

As = (a, — a) cosd sind + (§, — 0.) cosb, (13) Av=-cos(0s—0)C(i)sin(i/2) ¢/2, (14)

which gives the corrections to the calculated position of thvehereg is the apparent diameter of a minor plariés,the solar
minor planet along the path of the slit motion. In short, onghase angle], is the position angle of the Sun in the tangent
observation gives one equation of condition fog only. The plane at the asteroid surfagkis the position angle of the Hip-
general number of observations for the FAST catalogue is 26%rcos scanning directiom, the functionC'(:) depends on the
and for the NDAC it is 2837. The number of observations factual brightness distribution over the visible surface and it can
the individual minor planets ranges from 12 to 123. be given with sufficient accuracy by the first terms of its series
These observations were used for determining the HippareogansionC(i) = a + bi. Because of a high correlation be-
catalogue orientation angles with respect to the dynamical dmezen the unknownsandb only a single parametdi¢’ (7)), was
(Bange & Bec—Borsenberger 1997; Bange et al. 1998; Bougedstermined (Hestroffer 1998), averaged over the phase angle.
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Table 5.The phase effect. TH& (¢) )—values in the last column were obtained for the combined processing of the NDAC and FAST observations.

Without Lambert Lommel-S. Buratti & Hestroffer
Minor Catalogue phase effect law law Veverka law 1998
planet  of obser— o k o k o (C@) o (C@) o
vations (mas) (mas) (mas) (mas) (mas)
NDAC 10.4 0.70 8.1 0.80 8.1 0.57 8.2
1 0.63 9.6
FAST 14.3 0.90 8.1 1.00 8.2 0.72 8.3
NDAC 12.0 0.65 9.3 0.75 9.3 0.57 9.3
2 0.62 9.7
FAST 12.8 0.85 9.8 0.90 9.8 0.70 9.8
NDAC 10.5 0.75 6.6  0.80 6.5 0.56 6.5
4 0.75 7.2
FAST 15.3 1.00 5.9 1.10 5.9 0.75 6.0

Table 6. Results for the NDAC observations (inas for oy ande, maslyear for w, non—dimensional fok). Number of condition equations is

2837; for variant IV: 2837-182 = 2655., is the number of unknowns. N is the number of excluded condition equations.

Variant | 1] [} v \ Vi
Number of

asteroids 48 48 48 40 48 48
Nun 48%x6+3 48x<6+6 48x<6+9 40x6+9 48x<6+9 48x6+10

[ 1.1+1.7 2.6+1.7 2.5+1.7 4.8+1.2 2.2+1.7 2.3+1.7

€y -10.82.2 -11.32.2 -11.32.2 -12.71.7 -12.22.2 -11.72.2
€, -0.83.5 0.2 3.6 -0.93.5 -2120 0.13.5 -0.33.5
Wz - 241.0 1.41.0 2.40.9 0.81.0 1.11.0

Wy - -7314 -6.41.4 -6.71.1 -2614 -4.91.6
W - 12.33.1 9.63.1 8.12.0 -0.13.1 5.83.8

k1 - - 0.78 0.17 0.76 0.18 0.790.17 0.78 0.17

ko - - 0.59 0.21 0.59 0.22 0.65 0.21 0.62 0.22

ka - - 0.730.21 0.74 0.21 0.800.21 0.76 0.21

kn - - 0.0 0.0 0.7 0.29 0.15

N 72 72 16 59 76 74

00 15.2 15.2 15.0 14.1 15.1 15.0

In an attempt to choose the proper law of light scattering t| [ :';
offsets were computed with Lambert (4), Lommel-Seeliger (| 1a
and Buratti & Veverka (1983) laws. We preferred in this sectic@& , i
not to determiné: or (C(i)) as an unknown through the LSME. ¢ | o
procedure but to take the fixed values for them. So, for every r' - 110
nor planetin Table 5 only 6 orbital parameters were determin -0 {20
for different accepted values bf The smallest—value was the ig r . 1 :E

200 400 -400 00 400

indicator for chosing the propéror (C(7)). Table 5 gives and KT

(C(z))—values for which the observations are represented w.... DAYS FROM EPDCH 24424395 JD

the leasto. The last column of Table 5 giveig’(i))-values, rig 24 and b.Residuals with no phase effect correctianand with

obtained in (Hestroffer 1998) using observations of two catghase effect corrections, for (4) Vesta (FAST catalogue).

logues, NDAC and FAST, together. Fig. 2 shows residuals with

no phase effect correction (Pajt and with this correction (Part

b) for (4) Vesta (FAST catalogue). . — The NDAC and FAST catalogues require different values
The data of Table 5 allow us to make the following remarks: ¢ . and (C(i)) for the same planet, the's being practi-

cally equal. For the planets not covered by Table 5, having

less angular diameters,is not changed if the phase effect

is accounted for according to the one law of scattering or

another.

— The three laws of light scattering used give practically the
same value of, though at different values éfand(C'(7)).
It is difficult to choose between them, and we preferred to
use Lommel-Seeliger offsets in what follows.
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Table 7. Results for the FAST observations fimas for oy ande, maslyear for w, non—dimensional fok). Number of condition equations is
2657; for variant V: 2657-167 = 2490, is the number of unknowns. N is the number of excluded condition equations.

Variant I I 1l 1\ \% Vi
Number of 48 48 48 48 40 48
asteroids (<50)

Nun 48x6+3 48<6+6 48<6+9 48x6+9 40x6+9 48x6+9

€ 0.1+19 2.3+1.9 2.1+1.9 2.1+1.9 3.6t1.3 1.941.9

€y -10.125 —-9.725 -9.625 -9.625 -13.01.6 -10.82.5
€ -4.63.9 -4.83.9 -6.43.8 -6.438 0%1.9 -5.038
We - 361.1 1911 1911 1M@9 081.1

Wy - -9.215 —-7415 -7416 -2911 -1615
W - 12.934 8.33.5 8.33.5 0519 -6.734
k1 - - 0.910.18 0.910.18 0.910.17 0.940.18

ko - - 0.750.23 0.750.23 0.800.21 0.88 0.23

ka - - 1.04 0.18 1.04 0.18 1.120.17 1.150.18

kn - - 0.0 0.0 0.0 1.0

N 48 42 43 Yis) 52 44

00 16.2 16.1 15.8 15.9 14.7 15.8

— Without accounting for the phase effect the FAST observas a common one for remaining minor planets. The data given
tions of minor planets are less accurate than those of iheTables 6 and 7 allow us to draw the following conclusions:

NDAC. — The difference of values of the parameters from one variant

to another can be fully explained by their errors.
In what follows the phase effect corrections were Computed US- The determined values of the rotation parameters depend
ing the Lommel-Seeliger law, and observations of NDAC and sensibly on the phase effect and on the way it is accounted
FAST catalogues were processed separately. As noted earlierfor, This determined dependence has been noted (Hestroffer
the observation material is not uniform. There are two cata- et al. 1995). The phase effect influences mainly the deter-
logues, the observations are grouped in series, and within thesemined values oy, w..

series the observations are apparently not independent. MO[E'kl_ andk4_ coefficients obtained from Nikolaev observa-
over, the number of observations for minor planets, the intervals tions and given in (12), are in better agreement with the

covering the observations, and the accuracy of the observationscorresponding values obtained using the FAST catalogue
of asteroids are different. (Table 7).

In the present paper we have preferred to use the classicalNumber of minor planets included in the processing influ-
LSM because the robust methods are much more complicatedences the values of the determined parameters and their er-

and require troublesome computations. In order to get an im- rors (Variants Ill and IV of Table 6, Variants Il and V of
pression of the influence of the deflecting observations, we have Taple 7).

obtained the solutions for the cases when the observations We.[qjiscrepancies can be seen between values of some parame-

excluded from processing if their deflections exceede®B  ters, especially., obtained in this paper and by other authors
5c. The results are given in Table 7 (Variants Ill, IV) and they (see Table 4) using the same Hipparcos observations and the
differ insignificantly. If there was no special notice, the-3 ~ same parameters under determination. Some discrepancies
criterion was used. The observations within the Catalogue Were grise due to different integration, Computing the differential
considered as having equal accuracy. coefficients and solving the normal equations.

Several variants of the solution were obtained for every one
of the catalogue_s. Processing was done for 48 minor planet%._a%e combined solution based
well as for 40 minor planets (6 minor planets having less than
30 observations, NN 12, 31, 51, 63, 196, 216, were excluded,;
asteroid N 27 was excluded due to abundance of deflecting tfithe accuracy of the observations varies, a problem of proper
servations; 33 observations of minor planet N 192 gave orbitakighting arises. We have accepted the standard weighting of
parameters with too big errors). The solutions for the two cateendition equations according to the apriori errors of their right—
logues are given in Tables 6 and 7. The phase coefficients forttand parts. In general, for the Nikolaev observations we ob-
minor planets NN 1, 2, 4 were included as unknowns into thainedoc = 0.15”. For Hipparcos we estimate = 0.015"—
LSM-processing. For the rest of the minor planetskhe &,  0.020”, excluding minor planet N 27 which has greater residu-
was taken. In Variants itV of Table 6 and in Variants Il - VI als. Therefore, for the weight of one Nikolaev observation we
of Table 7 k,, were taken fixed. In Variant VI of Table ,, was takep = 0.01, and for the Hipparcos ongs= 1.0. The obser-
included in the list of unknowns and its value was consideredtions of minor planet N 27 were excluded from subsequent

on Hipparcos and Nikolaev observations
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Table 8. Solutions based on the Hipparcos—NDAC and Nikolaev offable 9.Solutions based on the Hipparcos—FAST and Nikolaev obser-
servations (irmas for o9 ande, maslyear for w, non—dimensional for vations (inmasfor oo ande, mas/year for w, non—dimensional fok).

k). The number of minor planets is 47. The number of condition equBlhe number of minor planets is 47. The number of condition equations
tions is 232%2+(2837-38)=7457. |\, is the number of unknowns. is 2329 2+(2657—-35)=7280. N, is the number of unknowns. N is

N is the number of excluded condition equations. the number of excluded condition equations.
Variant I Il 1l v Variant | Il 1] \
Nun 47x6+3 47x6+6 47x6+9 47x6+9 Nun 47x6+3  47x6+6 47x6+9 47x6+9
€x 2.2+1.6 2.4+1.6 2.3+1.7 2.5+1.3 € 2.6+£1.7 2.8+1.7 3.0+1.7 3.8+1.7
€y -11.92.2 -11522 -11.722 -12722 €y -10.221 -9.821 -10.121 -11.021
€2 0.83.3 0.53.3 0.23.3 1433 €2 —-4032 -4232 -463.2 -3.63.2
We - 0.40.3 0.40.3 0.40.3 Wz - 0.30.3 0.30.3 0.30.3
Wy - -0903 -0803 -0.70.3 Wy - -0.90.3 -080.3 -0.60.3
Wz - -0406 -0606 -0.90.6 Wz - -0206 -030.6 -0.80.6
k1 - - 0.720.15 0.710.15 k1 - — 0.840.15 0.830.15
ko - - 043020 0.430.20 ko - - 0.730.19 0.730.19
ka - - 0.900.18 0.910.18 ka - - 1.160.16 1.150.16
kn - - 0.0 0.7 kn, - - 0.0 1.0
N 111 111 113 113 N 79 79 %6 %6
0o 16.3 16.3 16.2 16.2 ) 15.5 15.5 15.4 154

Table 10.ICRS orientation with respect to DE200/LE200 (imas).
considerations. The model of forces and the methods of comgpeoch 1 October 1988.
tations were the same as in Sect. 4. The combined solution based

on the Hipparcos and Nikolaev observations is given in Tableguthor This paper This paper Folkner et al.
and 9 for epoch JD 2448439.5. The following comments can be Table 8,Var.IV_ Table 9,Var.lvV 1994
made concerning these solutions: €x 1.4+1.5 3.0+1.9 -242
€y -10.82.3 -9.4 23 -12 3
— Errors of the time changes of the rotation parameters were, 3.9 3.7 -1.4 3.6 -6 3

significally reduced after including the Nikolaev observa=
tions. Therefore, widening the observation interval, even
at the expense of using ground-based observations, is in-The phase effect should be taken into account when pro-
evitable if one wants to obtain sufficiently accurate values cegsing accurate observations of minor planets, as already
for changes of the rotation parameters. observed by Hestroffer et al. (1995); Hestroffer (1998).

— The estimated.. values are sensitive to the observational at the present state of the work, accurate ground—based ob-
discrepancies between the FAST and the NDAC catalogues. seryations of minor planets are quite useful in connecting

The comparison of our estimates with that of (Folkner et al. the Hipparcos and DE200/LE200 frames of reference.

1994), obtallneq usmg the VLBI and lunar laser ranging meﬁéknowledgerrmts. The Russian authors were supported by the grants
surements is given in Table 10. The agreement of the resifthe Russian Foundation of Basic Researches (N 96-02—19806, N 99—
can be considered as satisfactory because-teues range in 0g8—16837) and of the Ministry of the Science and Technology of Russia
accordance with 3—tolerances. As the epochs of the estimatgastronomy project, 1.7.2.2, 1997). The authors would like to cordially
differ, and the velocities of the rotation angles in later paper wettenk Dr. A.Bec—Borsenberger (referee) for many useful comments
not given, we had to transfer our results to epoch JD 24474388l recommendations which contributed greatly to the improvement
(1 October 1988) which was taken from Standish et al. (1998 this paper.
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