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A b s t r a c t . The orbits of 6807 numbered minor planets on the time interval 1975-
2010 have been integrated. The possibility of determining masses for asteroids with 
close encounters with each other has been investigated, including several kinds of 
situations. The importance of the observational time arc, as well as the distribu
tion of observations, for determining the masses are shown. The mass of asteroid 
(24) Themis from its perturbations on asteroid (2296) Kugultinov, and the mass 
of (10) Hygiea from its perturbations on (1259) Ogyalla have been determined. 

1. Introduct ion 

Masses of large asteroids are needed for improving the modern planetary 
ephemerides. Williams (1984) showed tha t over 30 asteroids produce de
tectable perturbations in Mars ' motion, but up to now the masses of only 
six asteroids have been determined. They are: (1) Ceres (Schubart, 1975; 
Standish and Hellings, 1989; Viateau and Rapaport , 1995); (2) Pallas (Schu
bart and Matson, 1979; Standish and Hellings, 1989); (4) Vesta (Schubart 
and Matson, 1979; Standish and Hellings, 1989); (10) Hygiea (Scholl et 
al, 1987); (15) Eunomia (Hilton, 1996); and (704) Interamnia (Landgraf, 
1992). Since the asteroids are so small, the best method to obtain their 
masses is through observations of individual encounters between pairs of 
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asteroids. In 1995 J. Hilton, J. Middour and P. K. Seidelmann (Hilton et 
al., 1995) proposed a program for calculating asteroids masses. In their 
work they have published the list of encounters for 4538 numbered aste
roids and investigated the possibility of determining asteroids masses from 
their encounters. In this work we extend this list up to 6807 asteroids. The 
influence of distribution of observations for the mass determination of larger 
asteroids is also investigated. 

2. List of Close Encounters 

The list of encounters which appears in Table 1 and Table 2 contains: 

1) time of encounter; 
2) number of larger and smaller asteroids; 
3) expected deflection of velocity vector for smaller asteroids; 
4) Earth-Sun-Asteroid position angle G a t the moment of encounter. 

The last value allows one to judge the possibility of observing the asteroids 
at the moment of their encounter. As will be shown below, if there are 
observations of the smaller asteroid at the time of closest approach, we 
can obtain the asteroid orbits and the mass for the larger asteroid with 
more accuracy than in the cases in which these observations are absent. To 
estimate the angle of deflection, 6, we use the following formula, 

9 r3 

tan - = 2.17 • 10~21 • -—7 
2 b-v2 

where r is the approximate diameter for the larger asteroid in km; v is the 
relative velocity of asteroids in AU/day; b is the minimum distance between 
asteroids. 

Here, we assume tha t the density of asteroids is equal to 3.5 g/cm3. To 
reduce the size of the tables we eliminate in Table 1 the close encounters 
for (1) Ceres and (4) Vesta and in Table 2 the encounters for which the 
angle G is larger than 100°. 

3 . M e t h o d for D e t e r m i n a t i o n of t h e Astero id M a s s 

In paper (Scholl et al., 1987) the method for determining the asteroid mass 
from its perturbations on the motion of the smaller asteroid has been explai
ned in detail. Here, we turn our attention to the main steps for calculating 
the asteroid mass. Everhart 's method (Everhart, 1985) is used for integra
ting the equations of motion of the asteroids. To increase the integration 
accuracy, the equations have been transformed by Encke's method (Duby-
ago, 1961). The perturbations from the Sun, nine major planets and three 
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TABLE 1. List of asteroid encounters for 1975-1997. 

date 

2445945 
2450337 

2442805 

2443865 

2444509 

2450250 

2450795 
2444322 

1st ast. 

4 
10 
107 

2nd ast. 

348 
5303 
5564 

6655 

3344 

17 
3946 

5570 

9 

6197.6 
2913.9 
1383.2 

906.4 

883.2 

726.0 

347.8 

221.2 

G 

54 
78 
46 
131 
82 
24 
2 

104 

date 

2447871 

2449755 
2442771 

2445304 

2450076 

2447694 

2443521 
2445687 

1st ast. 

10 
10 
24 
145 
10 
10 
10 
10 

2nd ast. 

2619 

6006 
2296 

6173 

465 
4619 
4407 

6143 

9 

185.9 

184.3 
155.7 

149.8 

120.0 

109.9 

106.0 
101.7 

G 

142 
127 
63 
26 
122 
8 

118 
175 

TABLE 2. List of asteroid encounters for 1997-2010. 

date 

2450902 

2451235 

2451165 

2451102 

2452363 

2451404 
2451689 

2451297 

2451214 

2452021 

2452275 

2451160 

2452795 

1st ast. 

10 
1 
4 
1 
4 
48 
4 
4 
704 
4 
28 
4 
39 

2nd ast. 

3946 

42 
2633 

631 
1652 
4220 
4789 

4773 
1467 

3212 

4056 

5058 

6770 

9 

1087.1 

105.5 

78.4 

74.3 

50.6 
45.7 
41.8 

41.6 

40.2 

37.2 

28.2 

27.5 

27.1 

G 

94 
70 
37 
35 
68 
32 
33 
61 
62 
91 
75 
41 
99 

date 

2450817 

2452275 

2451973 

2452608 

2451274 
2451272 
2451607 

2451888 

2451116 

2450928 

2451064 

2452350 

2451824 

1st ast. 

3 
28 
29 
29 
9 
10 
107 
85 
10 
92 
59 
45 
4 

2nd ast. 

5552 

4056 

5533 

6034 

548 
2061 
6254 
3487 

4094 

1569 

5163 

5809 

343 

9 

26.8 

26.4 

22.8 

22.3 

22.2 
21.2 
17.3 

16.1 

15.5 

13.5 

13.4 

12.4 

11.5 

G 

60 
75 
84 
98 
10 
38 
61 
34 
91 
48 
39 
96 
54 

largest asteroids (Ceres, Pallas and Vesta) are taken into account, as well 
as the mutual perturbation between asteroids. 

In a common case the 14 parameters - 6 components of initial vectors 
for the orbital position and velocity of the first asteroid and its mass, and 
the 7 similar parameters for the other one - must be determined when the 
asteroid masses are calculated from their mutual perturbations. But, if the 
mass of one of the asteroids is much larger than that of the other, then, as 
a rule, the perturbations of the smaller asteroid in the motion of the larger 
one are very small and only 7 parameters (6 orbital motion parameters for 
the smaller asteroid and the mass of the larger) should be determined. The 
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coefficients of conditional equations for improving the orbital motion para
meters and the mass are calculated by numerical integration. In particular, 
for the coefficients J ^ the following formula is used: 

d df = OJ^Wj d?2Wi dx d^Wj dy fl£Wi dz 

dt2 dm dm dx dm dy dm dz dm 

where r is the heliocentric position vector for the smaller asteroid, ^Wi 
is the sum of the acceleration acting on the motion of the smaller asteroid 
and m is the mass of the larger asteroid. 

4. D e t e r m i n i n g M a s s e s of As tero ids (24) T h e m i s and (10) Hyg iea 

For determining the mass of (24) Themis, its encounter with (2296) Kugul-
tinov has been chosen. Calculations have shown tha t asteroid (24) Themis 
approached (2296) Kugultinov with a minimum distance of 0.016 AU on 24 
Dec. 1975. The distribution of observations for (2296) Kugultinov is suffi
ciently uniform and, in addition, the times of observation for 8 observations 
of this asteroid are close to the moment of encounter with (24) Themis. 
Using 62 observations of the smaller asteroid, corrections to the 6 compon
ents of the initial orbital vectors of position and velocity of (2296) Kugul
tinov and the mass of (24) Themis have been determined. The results of 
these calculations appear in Table 3. 

TABLE 3. The components of the initial vectors of the orbital position 
(in AU), velocity (in AU/day) of (2296) Kugultinov and its errors at Epoch 
26 December 1977 = JD 2443480.5. The mass of (24) Themis and its error 
(in Sun masses). 

X 
y 
z 

+2.95223266 
-2.02106819 
-0.96361196 

A/24 

± 5.24 • 10-06 

± 5.13 • 10-06 

± 4.05 • 10-06 

2.89-10-11 

X 
y 
z 

+0.00503387 
+0.00589766 
+0.00258960 

± 1.26-lO-11 

± 1.15. 
± 7.57-
± 8.89 • 

io-0 8 

10-09 

10-09 

The set of parameters obtained represents the observations of (2296) Ku
gultinov with mean square errors of a = l '/63. 

Furthermore, we tried to determine the mass of asteroid (10) Hygiea. 
Seven sufficiently close encounters of Hygiea with several smaller asteroids 
have been found: 2 encounters with (1259) Ogyalla (on 21.02.1987 with a 
minimum distance equal to 0.097AU and on 10.02.1984 with 0.036AU); 
(1780) Kippes (on 14.05.1984 with 0.044AU); (2619) Skalnate Pleso (on 
14.05.1989 with 0.023 AU); (4407) Taihaku (on 13.01.1978 with 0.053 AU); 
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(4619) Polyakhova (on 10.09.1989 with 0.073AU); and (6143) 1993 JV (on 
16.12.1983 with 0.019AU). The results of the calculation of the mass of 
(10) Hygiea from its perturbations on these smaller asteroids are given in 
Table 4. 

TABLE 4. The values of mass, its errors for (10) Hygiea (in Solar mass) 
and mean square error for the observations of smaller asteroids. 

(1259) Ogyalla 
(1780) Kippes 
(2619) Skalnate Pleso 
(4407) Taihaku 
(4619) Polyakhova 
(6143) 1993 JV 

5.5 
-436 

190 
122 
295 
21.8 

i o - " 
i o - " 
i o - " 
IO"" 
IO"" 
IO"" 

±10.2-10-" 
±240 • 10~" 
±84•10 - " 
±47 -10 - " 
±170 • I O - " 
±6.1 • 1 0 - " 

l'/47 
1'.'89 
0796 
l'/47 
l'/22 
1'.'14 

In the first column appears the number of the smaller asteroid, in the next, 
the mass of (10) Hygiea and its error, and in the last column the mean 
square errors for the observations of the smaller asteroid. As can be seen, 
a wide range of values for the mass of (10) Hygiea has been obtained. The 
mass obtained from the two encounters with (1259) Ogyalla is close to the 
value obtained previously by Scholl et al. (1987): ( 4 . 7 ± 2.3) • 1O _ 1 1 M 0 , 
but our result has a larger error. The probable explanation of this result is 
the nonuniform distribution for the observation of (1259) and the lack of 
observations near the moment of encounter. For the same reason the mass 
of Hygiea could not be obtained from its encounter with asteroid (1780), 
since for this asteroid the difference between the moments of observation 
and encounter is more than 3 years. Besides, asteroid (1780) had an encoun
ter with another larger asteroid, (16) Psyche, 14 days after the moment of 
encounter with Hygiea. The large values of mass for Hygiea obtained using 
encounters with asteroids (2619) and (4619) can be explained by the short 
observation arc for these asteroids after the encounter. Therefore, new ob
servations for these asteroids are needed. The small number of observations 
and the lack of them near encounter can explain the large mass value ob
tained from the encounters with asteroids (4407) and (6143). It should be 
noted also tha t (6143) 1993 JV had an encounter with the larger asteroid 
(24) Themis at a minimum distance 0.062 AU on 20.11.1989. 

The following numerical simulation has been made in order to confirm 
the necessity of observations near the encounter. Artificial observations for 
(6143) with real distribution of epochs have been calculated. Observations 
with random errors of a = 1" and a mass for Hygiea equal to 5 • 1 0 " u MQ 
were assumed. Using these observations the initial vectors for orbital po
sition and velocity of (6143) 1993 JV and the mass of Hygiea have been 
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determined. Furthermore, the variants when 3 observations near to the 
epoch of encounter are added have been considered. The following results 
have been obtained: ( - 1 . 8 ± 5.9) • 10~nM& with the real distribution of 
observational epochs and (5.0 ± 5 . 1 ) • 1O - 1 1 M0 for the second variant. The 
numerical simulation confirms also the importance of the existence of ob
servations with epochs close to the moment of encounter. 

5 . C o n c l u s i o n 

A large quantity of asteroid encounters with each other has been discovered 
in the period 1975-2010. The mass of asteroid (24) Themis has been de
termined by assessing its perturbation effect on the smaller one (2296) Ku-
gultinov. A series of values for the mass of asteroid (10) Hygiea has been 
determined. It is shown tha t very important for the determination of the 
mass of larger asteroids is not only the observational arc length, but also 
the uniform distribution of observations, and the presence of observations 
with epochs close to the encounter moment. In this connection, we consider 
tha t the distribution of regular communications with information about fu
ture close encounters should be very interesting, in order to obtain precise 
observations in such special epochs. 
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