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Abstract. We presenta study of the phase effect (or photocentied the centre of figure, would induce a considerable bias in
offset) on the astrometry of minor planets. Analysis of the highuch a link ($derhjelm & Lindegren 1982).
precision Hipparcos observations of the largest asteroids showsThe Hipparcos satellite launched in 1989 was the first in-
the validity of the model. Minor planets Ceres, Pallas, Vesta asttument dedicated to providing astrometric measurements from
Iris show a brightness distribution close to the lunar scatterispace. Since a few solar system objects were included in the
properties, while Juno and Hebe are found to be more uniformdipserving programme (mainly asteroids), very accurate astro-
bright objects. For general purposes, the observed astrometnigtric positions related — via the Hipparcos catalogue — to the
positions of asteroids could be corrected for the systematic psgstem of the International Celestial Reference SysteRS)
tocentre offset by assuming in a first approximation a spherice¢re obtained (Hestroffer et al. 1998). Compared to equivalent
body with a brightness distribution following the law of Burattobservations obtained with ground-based meridian circles, the
& Veverka (1983). Hipparcos astrometric measurements are, with a mean standard
error of 10-15 mas (milliarcsecond), at least 10 times more ac-
Key words: Planets and satellites: Ceres, Pallas, Vesta — Minurate than th@”15 — (/25 obtained at the La Palma or Bor-
planets, asteroids — ephemerides — astrometry deaux observatories since 1984. On the other hand, ground-
based observations with CCD chips yield, or will yield in the
near future, small-field astrometry of similar accuracy. Hence
the phase effect, which was usually neglected up to now for
1. Introduction asteroids, will have to be accounted for in the future.
Asteroids are of particular interest for dynamical studies of Itwas well knqwn, during the construction of the Hipparcos
the solar system and its long-term evolution. Sufficiently a%—ow System Objects Astrometr!q Catalogue, t.hat the observed
ition corresponds to the position of the object’'s photocen-

curate astrometric positions are, in the particular cases R . ) -
a very close encounter, of considerable value for the di€ (Festroffer & Mignard 1997a). The photocentre shows an

termination of a perturbing body’'s mass (e.g. Hilton 199‘?’;ﬁset from t.h e body's centre of figure in the direction toward
Viateau & Rapaport 1997). These small bodies can also be CH?'P— Sun’_Wh'th r(]tlepei)r?ds ”?a'”'?]’ on solgr_phasef angle, the ap-
sidered as test particles gravitating in the weak-field of the Qrent Size 0 the object, its shape anc Its surtace pr_opertles.
lar system, hence they are good candidates for tests of gen ever this offset could not be determined with sufficient ac-

relativity (e.g.Sitarski 1992; Shahid-Saless & Yeomans 199 iracy during the construction of the Catalogue to be properly
They are also important for the linking of the dynamical an counted for. Hence the published observations still refer to the
iggtocentre, while any ephemerides refer to the centre of mass.

geometrical quasi-inertial reference systems. Very accurate%? it of th te Hi i the phot
trometric measurements of these small bodies in the referentie? Fesult 0T the Very accurate Hipparcos positions, the photo-

frame of the extragalactic objects that could be achieved gentre offset on the largest asteroids becomes for the first time
interferometric means, e.@IVA (Bastian et al. 1996)GAIA observable (Hestroffer et al. 1995). We present in this paper the
(Lindegren & Perryman 1T996)JGHT (Yoshizawa et al. 1997) determination of the limb-darkening parameterization for the
SIM (Unwin et al. 1996), or from the Earth over sufficiently lon Ibparcos minor planets, and the effect_s on the Improvement
periods, would tied the two reference frames with an unpre "the ephemerides for the largest asteroids observed during the
dented precision and provide a test of Mach'’s principle to thaIsston.

micro-arcsecond level of accuracy. Nevertheless, neglecting the

photoccentre offset, i.e. the offset between the centre of light photocentre offset

* Based on data from the Hipparcos astrometry satellite Assuming that the observed object is spherical and the scat-
Present address: Osservatorio Astronomico di Torino, Str. Osservaté@ting of light on the surface follows the reciprocity principle,
20, 1-10025 Pino Torinese, Italy (e-mail: hestro@to.astro.it) the photocentre offset is along the bisector of the directions to-
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Fig. 1. Geometry of the photocentre offset. Left: for a spherical Obje%here the parametér= (i) also depends on the phase angle.

scattering light in accordance with the reciprocity principle, the ph%gﬁ.Eng the Lommel-Seeliger 1aW(js, 110) = f1o /(11-+ 1) Which

tocentre P is located on the phase angle bisector. Right: in the tanc;kz‘§ b hibit the | . . h
plane, the position angle of the sun and the Hipparcos scanning direc nown to better exhibit the lunar scattering properties than

tion w ared, andd respectively. Projected in the tangent plane and i€ law of Minnaert, we have (Lindegren 1977):
the Hipparcos scanning direction, the photocentre offsAtis 2 sini + (7 —4) cosi

ChH) = — 6

Q 37 cos(i/2) — sin?(i/2) log cot(i/4) ©)
ward the observer and the siin (Lindegren 1987). It is givendfd the approximation:
differential coordinates (Standish et al. 18992) by: .

. 2 1  logi—logd\ , .3
| . Cli)y =5 — (7 + 2B 98%) 2 4 o(®) )
Aacosd sin O N 3 4 6
As = 9 C(i) sin(i/2) ¢/2 Q) . o .
cos Us The analytical expression introduced by Buratti & Veverka

0 is the position angle in the tangent plane of the sub-solar pofthé 0f Lumme & Bowell (1981) and Hapke (1981). In this case
(see Fig1L). For a Hipparcos observation, this offset reduces #@ Prightness distribution is given by:

single correction over a great circle (ESA 1997) whose positi N = gt . 1- A 8
angle is¢, so that we have: LYY p o 7@+ ( ) Ho ®)
Av = cos (s — 0) C(i) sin (i/2) ¢/2 @) and we obtain by numerical integration:

3-A (3—A)(4/13—A) .

The functionC'(i) depends on the actual brightness distrib-(¢) = ;— + 13/8 a— A2 i+o(®)  (9)
tion over the visible surface, and it can be given with sufficient ) ]
accuracy by the first terms of its series expansion. Moreover, Following [Buratti & Veverka (1983) the zero-phase geo-
given the astrometric noise of the Hipparcos measurement &giric albedy, the parameterl and Lumme’s multiple scat-
the size of the phase effect, it is not possible to determine fi§&iNg paramete®y, are related by:

different parameters of the elaborated light-scattering modeliﬂ ) = 6p
Lumme & Bowell (1981) or Hapke (1981). On the other hand, - 3(2-3p)
we will see that applying the more simple law of Buratti & Vev- 2(2/Qrn-1)
erka (1983) is sufficient to correct the astrometric data for the
photocentre displacement. 4—6p
For a Lambertian sphere we hayve (Lindegren 1977): A= m
Ci) = 3m cos®(i/2) This yieldsA ~ 1 for the low-albedo asteroid (1) Cergs £
4 sini+ (7w — 1) cosi 0.08), andA ~ 0.9 for (4) Vesta p = 0.3). Assuming the mean

value A = 0.95 we have the approximation for the photocentre
displacement of agiven asterdifi) = 0.670+0.045i+o (i?),

. . 1 4 4 wherei is in radians.

Cli)= + 350 — = tol@) ) Comparison of the first terms obtained in Eq. (5) and[Eg. (9)
yields the relationA ~ 2(1 — k). For the Hipparcos obser-
vations occurring at larger solar phase angle, the limb dark-
ening is stronger_(French & Veverka 1983). Taking the results
obtained from the analysis of the Hipparcos modulated photom-
etry of minor planet (1) Ceres (Hestroffer & Mignard 1997b;

Cglestroffer & Mignard 1997c), we assume= 0.8 (k = 0.6).

and the expansion:

When considering a theoretical uniform brightnéég, 1.,) =
constant, we havé (Hestroffer et al. 1995):

C(i) = % sin (i/2) = % i+ o0(i%) (4)

For a normalised brightness distribution following the empiri the follow] i .
law of Minnaertl (i, 11,) = p* 1=, we find wherk > 1/2: Thus the following values were adopted:

ok 41 C(i) = 0.670 +0.045i +o0(i%) ; (i <0.2) (10)
cl) = 53 C(i) = 0.686+0.037i+0(i%) ; (0.2<1i) (11)
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However, the difference in the photocentre offset betwe¢viateau & Rapaport 1995). Next, we determine the correction
Eqg.(I0) and Eq[{11) is less than one milliarcsecond fortathe osculating elements by a fit to the Hipparcos observations
typical main-belt asteroid. Compared to the much more rgem two sets of observed minus calculated positions (O-C),
fined light scattering models of Lumme & Bowell (1981) okvhere the second set is corrected for the photocentre offset as
Hapke (1981), the Minnaert law yields a value of the phasgiven by Egs.[(2) and{11). This yield two solutions for the new
effect correction accurate t05%. Hence an expression of theosculating elements and the corresponding post-fit residuals.
formC(i) = (2k+1)/(2k+2)+0.04 i could usefully be used to
determine a limb-darkening parameterization from astrometjic
measurements over the range i < 0.5 rad.

Results

Comparison between the residuals for the two solution sets in
. . Figs[2 td® clearly shows the improvement obtained when the
3. Hipparcos observations calculated (or observed) places are corrected for the phase ef-

The observations of a solar system object by Hipparcos alwd§st: In all cases the rms of the residuals drops to approximately
occurred around the quadratures, i.e. when the solar phasé3&nas (see Tablé 2), in good agreement with the standard devi-
maximal. At the largest phase angte 80° for a ground-based ation of a single observation. Depending on the actual correla-
observation or a telescope orbiting around the earth), the phdtgD Petween the limb-darkening parameter and the corrections
centre offset can reach20% of the observed object’s apparerf© the osculating elements, neglecting the phase effect can yield
radius. For the great majority of the Hipparcos asteroids it do@$§ignificant bias in the derivation of the orbit. _
not exceed 10 mas (see Table 1). Only for the largest bodies can't!S stressed that the astrometric measurements over the time
the phase effect be of the same order as the astrometric meastifaD Of @ transit are one-dimensional. As a consequence of the
ments noise (roughly 10-15mas). A correction for the photBarticular scanning law of the Hipparcos sateﬁl_ltéle photo-
centre offset was applied for instance during the analysis of fNtre offset as seen on the sky regularly vanishes or projects
observations of the planetary satellites (Morrison et al. 199730 @ small quantity on the scanning direction. In this particular

Here we study the effect on the improvement of th€AS€ the coefficien® () is indeterminate. Moreover the obser-
ephemerides; since the phase effect is proportional to the ¥ptions are not uniformly spread over the limited range in phase
parent diameter, we restrict our study to the largest bodies. Wegle- Thus, although the Hipparcos astrometric measurements
will both validate the model established in the previous sectidi€ Sensitive to the phase effect, they are not particularly well
and derive the best value for the limb-darkening parameteri#§lapted to derive alimb-darkening parameterization for a single
tion from a least-squares fit. The Hipparcos astrometric data fRii€ct. First attempts to determine simultaneously the correc-
the asteroids result from two data reduction consortia (FAS!PNS t0 the osculating elements and a parameterization of the
and NDAC). Here, no distinction is made between the FAS®'M C(i) = a + bi from the observations were unsuccessful,
and NDAC data although they do not strictly speaking corr@ecause of a large correlation between the unknawasdb.

spond to the same point on the surface of the object; in this papléince a single parameter, averaged over the solar phase angle,
we consider that both positions are independent. (C(4)), was determined. The precision of this mean parameter

Although it is of little consequence here, a transformatidqnges between 5% for Vesta and 22% for Iris (see Table 2).

between the FK5 and the ICRS reference frames was applTélF rgs.iduals obtai.ned with this single parameter.fit,' althou.gh
for the calculation of the ephemeris. Neglecting such a trafi@t minimal, are still acceptable, and are not statistically dif-
formation would yield different solutions for the correction tderent from those obtained by applying the correction given by
the osculating elements (mainly for the perihelion and node &@S-[2) and{11). For the other asteroids, the standard deviation
guments and the inclination). This transformation is given I this determined averaged parameter is even larger, so that
considering only the time-dependent rotation between the tit9re data would be necessary to determine the limb-darkening
systems which components are of the order of 20 mas at epB@k@meterization with a better accuracy.
J1991.25/(Mignard et al. 1997).

The mutual perturbations of minor planets can yield e§. Discussion

fects of the same order as the phase effect. In order to av%'ﬁi dditi f the phot tre offset in th . b
other systematic effects as much as possible, the perturbati § addition of the photocentre OfISEt In the comparison be-

of (1) Ceres, (2) Pallas and (4) Vesta in addition to those teﬁ/eentheobserved and calculated positions yields smaller resid-

the nine major planets (whose positions and masses were takemn- T_hde bles(tj resul'; IS Oblﬁ"getd f7°; (4) Ve;sr;[a ;N?tere tk|1e rrkr;s_ of
from the DE200 solution) were accounted for in the ephemeﬁ € residuals drops from 22.910 /.2 mas, e 1atier value being
er to the mean standard deviation of a single observation

The adopted masses for the perturbing minor planets were taketr® ) - . )
from Viateau & Rapaport (1997) of this asteroid. Not surprisingly the improvement is betterer

The O-Cs are given in Figs. 2tb 5 for Ceres, Pallas Vestaafl% the largest bodies; it is nevertheless still significant for the
Iris. They lie generally in the range0”2 and sh,ow ess’entially smaller planet (7) Iris, whose apparent diameter was ranged

. ) )
the errors due to the relatively poor ephemeris. The larger Valtp‘gween 009 and 025, with a median value of0.2.

observed for Pallas arise from the fact that its osculating ele* The spin axis of the satellite precessed around the direction toward
ments were erroneously given in a hybrid (FK5, B1950) systethe sun with a constant angle 41°.




Table 1. Maximum value of the photocentre offset for the Hipparcog
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observations; estimated from:
|AUmax| < 2 cos(47°) sin(imax/2) Gmax/2

Planet nobs imin  %max Pmin  Pmax AUmax
[deg] [deg] [arcsec] [arcsec] [mas]

1 64 1419 2241 035 0.67 33

2 62 13.53 2737 0.19 041 25

3 59 1420 26.21 0.09 0.26 14

4 57 1796 26.06 0.23 0.40 23

5 80 1580 28.73 0.06 0.13 7

6 91 1494 3065 0.08 0.22 14

7 66 16.58 31.67 0.09 0.25 17

8 56 17.22 2992 0.06 0.13 8
9 38 1956 2810 0.08 0.17 10
10 50 1354 19.05 0.15 0.23 9
11 68 15.78 2492 0.07 0.12 6
12 22 16.29 29.24 0.07 0.11 7
13 33 18.48 2463 0.11 0.17 9
14 45 1404 2789 0.06 0.15 9
15 83 13,59 2589 0.11 0.20 11
16 48 14.16 2297 0.10 0.19 9
18 98 1523 2731 0.06 0.14 8
19 30 16.39 2847 0.12 0.18 11
20 60 1796 2859 0.07 0.13 8
22 61 1590 2254 0.05 0.08 4
23 65 13.72 2837 0.05 0.09 5
27 35 17.05 2942 0.05 0.11 7
28 33 19.85 24.07 0.07 0.09 4
29 74 1722 2494 0.10 0.18 10
30 48 16.44 28.29 0.06 0.11 6
31 14 1753 2400 0.13 0.19 10
37 32 1423 2283 0.06 0.10 4
39 108 13.62 2356 0.06 0.11 5
40 102 18.14 2698 0.05 0.11 6
42 50 20.67 3230 0.06 0.13 9
44 52 20.51 2834 0.04 0.07 4
51 14 1998 26.37 0.11 0.12 7
63 12 1953 26.52 0.07 0.09 5
88 36 1759 2375 0.11 0.17 9
115 33 2132 2835 0.04 0.09 5
129 40 1821 2491 0.06 0.08 4
192 32 1889 2590 0.07 0.10 5
196 14 16.59 19.24 0.07 0.08 3
216 21 17.14 2594 0.07 0.10 5
230 35 16.68 25.26 0.06 0.09 5
324 73 1746 3260 0.11 0.36 25
349 91 13.89 21.29 0.05 0.09 4
354 98 1384 2316 0.06 0.11 5
451 29 1435 20.29 0.12 0.15 6
471 112 1487 2528 0.06 0.11 6
511 62 1464 2205 0.13 0.21 10
532 38 1422 2474 0.09 0.17 9
704 81 14.05 2204 0.14 0.21 10

* Discussed in this paper
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Fig. 2. Improvement of the residuals for (1) Ceres when the correction
for the photocentre offset is applied. Upper panel: initial O-Cs where
the ephemerides are calculated from the osculating elements for the
year 1996 (Batrakov 1995). The photocentre offsetcalculated from

Egs. (2) and (11) isshown as open squares, values are given on the right-
hand label. Middle panel: residuals obtained after compensation for the
correction to the 6 osculating elements, without taking the phase effect
into account. Lower panel: same as before, but the O-Cs were corrected
for the phase effect
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Fig. 3. Same as Fig. 2 for (2) Pallas

Adopting the same procedure as in the previous sections,
the residuals obtained for (324) Bamberga are not improved al-
though the photocentre correction is of the same order of mag-
nitude as for the minor planets already considered. Moreover
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02 Fl,° T T T R Table 2. Improvement of the rms of the residuals. The diameter and
01 F o maximum apparent diameter are listed in the first two rows. The rms

g of the residuals, once the data have been correctd for the phase offset
as given by Egs. (2) and (11) and the improvement with respect to the
02 F, ] uncorrected data, are given in the third and fourth rows. The last rows
1990 1991 1992 1993 give the median value of the solar phase angle, the best-fit averaged
parameteC'(4)) (see text) and its formal error
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Fig. 4. Same as Fig. 2 for (4) Vesta in Eg. [4). Since itis unlikely that the adopted diameters are too

large by 75%, these asteroids show a more uniform brightness
distribution. Because the phase effect is considerably smaller
in this case, the residuals are only slightly improved (less than
1%). A test on the data of (15) Eunomia and (471) Papagena
‘ o o o - with both parameterized brightness distributions shows no sig-
1990 1991 1992 1993 nificant difference, either on the dispersion of the residuals or
on the correction to the osculating elements. Although a higher
01T T T T — improvement of the residuals is obtained with a photocentre
r ] correction following Eq[{#4), the correction for the photocen-
R B e TT R !'1 rrrrrrrrr T = tre offset in these cases is too small to distinguish the different
¥ ] models with the available data.
S RS R R The effect of shape or albedo spots were not taken into ac-
1990 199t 1992 1993 count in this study. These may have significant influence on the
S . . ‘ photocentre displacement of the largest bodies. Hence the poor
- Corrected 1 fit obtained for (324) Bamberga could still be the consequence
L b oy vi of the changing body’s along-scan-size during the mission. As
or * it * kL . ] seenin Sect. 4, the Hipparcos astrometry is not particularly well
i ] adapted to derive the scattering parameters of the elaborated
e T e e e models of Lumme & Bowell (1981) or Hapke (1981). The more
Date [year] simple law of Buratti & Veverka (1983) should provide a good
approximation for the photocentre offset of the Hipparcos as-
teroids. However, our knowledged of the parameteof this
law, for asteroids observed at large phase angles, is rather poor.
some unexplained systematic effects still remain. It is henb®del-predicted values would be of particular interest for fur-
more difficult to assess the validity of the applied photocenttieer analysis of the Hipparcos data, and may explain the dis-
offset correction. Unfortunately, determination of the averagedreement observed for (3) Juno and (6) Hebe.
single paramete{C(i)) = 0.09 & 0.75 is very poor because of
a high correlatlorj with the other pnknowps. Thus more data e onclusion
necessary to validate or determine the limb-darkening parame-
terization of this asteroid. A parameterization for the limb-darkening to apply to the ob-
For the smaller asteroids (3) Juné & 0.95) and (6) Hebe servations of the Hipparcos asteroids is given. When adopting
(A = 0.94), there is a slight degradation of the distribution athe simplified model of Buratti & Veverka (1983) for the av-
the residuals{4%) when we apply the a priori photocentreeraged brightness distribution, a very good fit to the Hipparcos
offset correction. On the other hand, the residuals are improwestrometric observations of the largest minor planets (1) Ceres,
when this correction is smaller and follows the expression givé®) Pallas, (4) Vesta and (7) Iris is obtained. On the other hand,
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better agreement to the Hipparcos data of (3) Juno and (6) Hefeatroffer D., Mignard F., 1997b, A&A 325, 1253

is obtained when one assumes a more uniform brightness didtéstroffer D., Mignard F., 1997c, In: Hipparcos Venice’97 Sympo-
bution. The assumption of spherical bodies and homogeneoussium. ESA SP-402, 173

brightness distribution, for these large objects, appears to be ddfestroffer D., Morando B., Mignard F., Bec-Borsenberger A., 1995,
quate. For the smallest asteroids the phase effectis small relative/\&A 304, 168 )

to the precision of the measurement. For general purposes, a fpiroffer B, Morando B., Hog E., etal., 1998, A&A (in press)

rameterization following the Law of Buratti & Veverka, givenl_.I tgggiéLﬁ,ngi;,?gJ Al éi’;70255

. . . |
in this paper by EqL{10) and E.{11), should provide a go%ﬂdegren L., 1987, In: Third FAST thinkshop, 3-6 Nov. 1986, Bari
approximation to the photocentre correction. (Italy). P.L. Bernacca and J. Kovalevsky (eds.), p. 285
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