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Abstract 
A 3-D shape model of the sixth largest of the main belt asteroids, (704) Interamnia, is presented. 
The model is reproduced from its two stellar occultation observations and six lightcurves between 
1969 and 2011. The first stellar occultation was the occultation of TYC 234500183 on 1996 De-
cember 17 observed from 13 sites in the USA. An elliptical cross section of (344.6 ± 9.6 km) × 
(306.2 ± 9.1 km), for position angle P = 73.4 ± 12.5˚ was fitted. The lightcurve around the occulta-
tion shows that the peak-to-peak amplitude was 0.04 mag. and the occultation phase was just be-
fore the minimum. The second stellar occultation was the occultation of HIP 036189 on 2003 
March 23 observed from 39 sites in Japan and Hawaii. An elliptical cross section of (349.8 ± 0.9 km) 
× (303.7 ± 1.7 km), for position angle P = 86.0 ± 1.1˚ was fitted. A companion of 8.5 mag. of the oc-
culted star was discovered whose separation is 12 ± 2 mas (milli-arcseconds), P = 148 ± 11˚. A 
combined analysis of rotational lightcurves and occultation chords can return more information 
than can be obtained with either technique alone. From follow-up photometric observations of the 
asteroid between 2003 and 2011, its rotation period is determined to be 8.728967167 ± 
0.00000007 hours, which is accurate enough to fix the rotation phases at other occultation events. 
The derived north pole is λ2000 = 259 ± 8˚, β2000 = −50 ± 5˚ (retrograde rotation); the lengths of the 
three principal axes are 2a = 361.8 ± 2.8 km, 2b = 324.4 ± 5.0 km, 2c = 297.3 ± 3.5 km, and the 
mean diameter is D = 326.8 ± 3.0 km. Supposing the mass of Interamnia as (3.5 ± 0.9) × 10−11 solar 
masses, the density is then ρ = 3.8 ± 1.0 g∙cm−3. 
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1. Introduction 
A stellar occultation by an asteroid offers a unique opportunity to obtain information on the accurate size and 
shape of the occulting asteroid as well as about possible duplicity of the occulted star. The first attempt to pre- 
dict this kind of event was made by G. E. Taylor [1]. The first reported visual observation was the the occul- 
tation of BD 6 808+   by (3) Juno at Malmö, Sweden on February 19, 1958 [2]. The first successful photo- 
electric observation was obtained at Uttar Pradesh State Observatory, India during the occultation of BD 

5 5863−   by (2) Pallas on October 2, 1961 [2] [3]. Since then, over 2000 events have been observed. 
A successful asteroid occultation observation gives a cross section of the occulting asteroid. Follow-up pho- 

tometric observation around the occultation observation gives a rotation phase at the time of occultation and an 
amplitude of its lightcurve. This information is significant in order to determine a pole and 3-D shape of the as- 
teroid. 

The first follow-up photometric observations were performed at the occasion of the occultation of AG 
38 303+   by (375) Ursula in 1982 [4]. Satō et al. (2000) obtained concrete expression of the constraint on the 

pole and the 3-D shape for the Trojan (1437) Diomedes from an occultation cross section and follow-up photo- 
metry in 1997 [5]. Although a strong constraint on the pole direction and the 3-D shape of Diomedes were 
obtained from these observations, they were not determined uniquely. 

Now, we have two occultation cross sections with enough chords for the 1996 December 17 and 2003 March 
23 events and lightcurves of (704) Interamnia. This paper shows an instance of unique determination of a pole 
and an ellipsoidal model of an asteroid by combination of its occultations and photometric observations. 

2. Occultation Observations 
(704) Interamnia was discovered by Vincenzo Cerulli in 1910. It has an assumed diameter of 317 km [6], and is 
the sixth largest among the main belt asteroids. It is classified by Tholen (1984) as an F-type asteroid [7]. Hiroi 
observed Interamnia’s spectrum to be a good match to that of a specific carbonaceous chondrite meteorite [8]. 
De Angelis (1995) and Michalowski (1995) showed approximate pole positions [9] [10]. 

Stellar occultations by Interamnia have been observed 11 times as of 2012 (Table 1). Six events among them 
were observed at only one site. We can obtain valid cross sections of Interamnia with enough chords from only 
the 1996 and the 2003 events as is discussed in the following subsections. Some other events are available for 
checking the derived model. 

2.1. 1996 December 17 Event 
The occultation of (TYC 234500183 2000 03h24m07s5225 12 masα = ± , 2000 33 36 '19".089 13 masδ = + ± , 

v 10.21m = ) by (704) Interamnia on 1996 December 17 was initially predicted by D. W. Dunham and E. Goffin 
in 1996 besed on a computerized search. In an effort to refine the location of the occultation track, transit circle 
measurements of the star (11 nights) and the asteroid (21 nights) were made at the U.S. Naval Observatory 
Flagstaff Station by R. Stone. The predicted occultation track is indicated by dashed lines in Figure 1. 

Based on this prediction, observing teams were deployed by Lowell Observatory and the University of 
Arizona [11] [12], and also by independent observers to some other locations. A total of 19 teams were involved. 
The event was observed at 13 sites among them. Their locations, instuments, and observation results are listed in 
Table 2. The occultation cross section is shown in Figure 2. The observed occultation track was shifted to the 
north compared with the prediction. As a result, about 70%  of the cross section is covered by the observation 
chords. Residuals of visual observations ( )#1,5,12  are large compared with video, CCD, and photoelectric 
observations. Among the visual observations, the site #12 near the southern limit reported a blink but it is not 
coincident with the photoelectric observation at the site #13. So this observation is assumed to be inaccurate and 
the observation is omitted from the reduction. An ellipse of ( ) ( )344.6 9.6 km 306.2 9.1 km± × ±  whose posi-  
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Table 1. List of observed stellar occultations by (704) interamnia.                                                 

date star mag. location observations reference 

1984 Aug. 05 UCAC2 23705490 13.5 USA 1 p.e. [22] 

1990 Dec. 09 UCAC2 35858131 11.3 USA 1 visual [23] 

1995 Dec. 06 TYC 5187 00396 11.5 Japan 1 p.e. [24] 

1996 Dec. 17 TYC 2345 00183 10.2 USA 7 video, 4 visual this paper 

2003 Mar. 23 HIP 036189 6.6 Japan, Hawaii 23 video, 1 p.e., 15 visual this paper 

2006 Jun. 01 UCAC2 31789391 11.3 Germany 1 visual [25] 

2007 Sep. 09 TYC 2410 00061 11.5 USA 2 Vis., 3 video, 1 CCD [25] 

2009 Jan. 11 UCAC2 27665145 13.3 France 3 video [25] 

2011 Apr. 11 TYC 6325 01941 11.0 Chille 1 video [25] 

2011 Jul. 02 TYC 5750 00789 10.7 Greece 1 video [25] 

2011 Nov. 5 TYC 5729 02083 10.3 USA 2 video [25] 

 

 
Figure 1. Local map of the occultation track and the locations of the observers in the USA for the 
1996 December 17 event. The time is in UT. The observer numbers correspond to Table 2. •  
indicates an occulted site (#1-13), and × indicates a no occultation site (#14-19). Solid lines indicate 
the actual occultation track, and dashed lines indicates the predicted occultation track. 

 
tion angle 73.4 12.5P = ±   is fitted by the weighted least squares method. 

2.2. 2003 March 23 Event 
The occultation of HIP 036189 (= SAO 96908 = HD 58686 = BD + 12˚1548, 2000 07h27m09s1132 12α = ±  
mas , 2000 11 57 '17".969 8 masδ = + ± , mv = 6.58) by (704) Interamnia on 2003 March 23 was predicted to be 
seen from Japan and Hawaii. Since Interamnia was nearly stationary as seen from Earth, the maximum duration 
of the extinction was over 70 seconds, very long for this kind of event. 
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Table 2. Observation data of the occultation of TYC234500183 by (704) Interamnia on 1996 December 17. Geodetic datum 
is WGS84. 

No. observer location code long.(E) lat. (N) height telescope method phen. UTC note 

1 Gary Goodman Camarillo, CA, 
USA  119 00 '36"−   34 12 '36"+   43 m 10.2 cm R visual 179x D 09h08m26.6s  

         R 09h08m52.9s  

2 L. Benner & 
W. Owen 

Wrightwood, CA, 
USA 673 117 40 '51"−   34 22 '54"+   2287 m  video D 09h08m17s  

 (Table Mountain 
Obs.)       CCD R 09h08m45s  

3 Robert Fried Flagstaff, AZ, 
USA  111 44 '44"−   35 11'25"+   2268 m 40.6 cm C video D 09h07m40.8s  

 (Braeside Obs.)        R 09h08m09.8s  

4 Nat White Table Mountain, 
AZ, USA 673 111 32 '13.5"−   35 05'57.4"+   2208 m 79 cm p.e. D 09h07m39.59s  

 (Lowell Obs.)       p.e. R 09h08m07.91s  

5 Fulton Wright Prescott, AZ, 
USA  112 23'23"−   34 33'04"+   1683 m  visual D 09h07m48.1s  

 & Fulton  
Wright Jr.        R 09h08m17.6s  

6 Ralph Nye Lake Montezuma, 
AZ, USA  111 45'54"−   34 38'16.0"+   1141 m 36 cm p.e. D 09h07m44.03s  

         R 09h08m11.83s  

7 John Sanford Orange County, 
AZ, USA 643 116 43'14"−   33 29 '02"+   1323 m 55 cm L video D 09h08m17s ± 0.5s  

 (Orange  
County A. O.)        R 09h08m43s ± 0.5s  

8 Edward  
W. Dunham, 

New River, AZ, 
USA  112 05'49.5"−   33 55'40.9"+   674 m 36 cm SC CCD D 09h07m51.1s  

 & Amanda Bosh        R 09h08m15.25s  

9 Paul D. Maley Phoenix, AZ, 
USA  112 02 '50"−   33 31'23"+   378 m 35.6 cm 

SC video D 09h07m57.5s  

 & Lynn Palmer        R 09h08m13.0s  

10 Pierre Schwaar Phoenix, AZ, 
USA  112 04 '06"−   33 28'45"+   335 m  video D 09h07m59.0s  

         R 09h08m12.8s  

11 D. Klinglesmith Soccoro, NM, 
USA 719 106 54 '54"−   34 04 '14"+   1424 m 35.6 cm 

SC video D 09h07m29.4s  

 (Etscorn Obs.)        R 09h07m41.4s  

12 Sam Herchak Mesa, AZ, USA  111 44 '42"−   33 24 '42"+   358 m    blink  

13 Robert L. Millis Apache Junction, 
AZ, USA  111 21'07.5"−   33 23'34.0"+   718 m 36 cm p.e. D 09h08m00.08s  

 & Larry A.  
Wasserman        R 09h08m04.58s  

14 Gila Obs. Globe, AZ, USA  110 48'30"−   33 24 '29"+   100 m    no occ.  

15 Bill Peters AZ, USA  111 38'02.3"−   3312 '14.5"+   448 m    no occ.  

16 Marc W. Buie Arizona City, AZ, 
USA  111 38'58".65−   32 14 '47.10+   451 m 36 cm CCD  no occ.  

17 Steward Obs. Tucson, AZ, USA  110 56 '54".0−   32 14 '00.0"+   757 m 53 cm p.e.  no occ.  

18 Hill/Spitale Sonoita, AZ,  
USA  110 40 '26".70−   31 39 '42".21+   1450 m 36 cm CCD  no occ.  

19 Marcialis/ 
Lebofsky 

Nogales, AZ, 
USA  110 56 '−   31 21'+   1168 m 36 cm p.e.  no occ.  
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Figure 2. Occultation cross section of Interamnia obtained from the 1996 December 17 event. 
Size of the fitted ellipse is (344.6 ± 9.6 km) × (306.2 ± 9.1 km), P = 73.4 ± 12.5˚. The 
observer numbers correspond to Table 2. The star immerged from the southwest side, and 
emerged to the northeast side. The time interval of the tick mark of the star trace is one second. 
A solid dot is an absolute timed event, and an empty circle is a relative timed (time-shifted) 
event. The uncertainties of the timings are indicated by the thick lines associating the dots, for 
example #5. 

 
Since Interamnia is a large asteroid, astrometric observations of this minor planet by meridian circles have 

been obtained since 1974. On the other hand, as for most faint asteroids, such high accuracy observations have 
been obtained just after 1997 when the USNO at Flagstaff, Arizona, USA, started an observation program of 
asteroids up to #2000 with CCD meridian circle instruments. This was very advantageous for Interamnia com- 
pared with other small asteroids. 

Satō’s prediction was calculated using only these astrometric observations by the meridian circles and the 
HIPPARCOS satellite observations after 1985 adopted from the Minor Planet Center’s database. As a result, the 
nominal uncertainty of the ephemeris of Interamnia was reduced to just 9 mas compared with its angular 
diameter of 160 mas. The prediction is indicated as dashed lines in Figures 3, 4. 

Fortunately, it was clear in both Japan and Hawaii on the day. Consequently, the event was observed from 24 
sites in Japan and 15 sites in Hawaii. The observed occultation track and observation sites are shown in Figures 3, 
4, and the observation results are listed in Table 3. 

Although several observers (#7-15 in Figure 3) were located near the northern limit (predicted by Steve Pres- 
ton) in Yamagata and Miyagi Prefectures (near Sendai) in Japan, the actual northern limit shifted to the south. 
So regrettably many observers saw no occultation just north of the actual northern limit. The shift of the actual 
occultation track compared to the predicted one is 18 mas south for Preston’s prediction, and 7 mas north for 
Satō’s prediction. 

Isao Ohtsuki at Marumori, Miyagi, Japan, (#20) was located just on the northern limit. He recorded a one- 
second gradual extinction by video observation. At the moment of immersion and emersion, the star light as a 
point source diffracts at the limb of the occulting body. The effect is called Fresnel diffraction. By this effect, 
the star does not disappear instantly but does so gradually. In the case of a point source, geometrical immersion 
or emersion corresponds to the time when the intensity decreses to 1/4 of the full intensity. Calculated Fresnel 
diffraction 1/4 time was 0.066 second in the case of perpendicular immersion or emersion. Also, the assumed 
angular diameter of the occulted star is 0.34 mas; hence, the partial duration in the case of perpendicular 
immersion or emersion was 0.133 second. In addition to these, a slant immersion effect along a very shallow  
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Figure 3. Local map of the occultation track and location of observers in Japan for the 2003 
March 23 event. The time is in UT. Solid lines indicate the actual occultation track, and 
dashed lines indicate prediction occultaion track by Satō. The number of observers corre- 
sponds to Table 3. •  indicates an occulteded site (#20-44), and × indicates a no occultation 
site (#1-19, 45-46). 

 

 
Figure 4. Local map of the predicted occultation track (Satō’s prediction) and location of 
observers in Hawaii on 2003 March 23. The time is in UT. Solid lines indicates the 
actual occultation track, and dashed lines indicates predicted occultaion track by Satō. 
The number of observers corresponds to Table 3. •  indicates an occulted site (#47-60).  
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Table 3. Observation data of the occultation of HIP036189 by (704) Interamnia on 2003 March 23 (Japanese observers). 
Geodetic datum is WGS84. 

No. observer location code long.(E) lat. (N) height telescope method phen. UTC note 

1 Hidetoshi  
Yoshida 

Abashiri,  
Hokkaido, Jpn  +144˚15'28.1" +44˚01'21.9" 9 m 8 × 11 mm 

Bin TEL, visual  no occ.  

2 Masaki Kouda Kitakami,  
Aomori, Jpn  +141˚16'05" +40˚43'56" 5 m visual   no occ.  

3 Hitoshi  
Sugawara, 

Ichinoseki, 
Iwate, Jpn  +141˚07'25.0" +38˚55'57.3" 33 m 50 × 70 mm 

Bin GHS, visual  no occ.  

 Toshirō 
Satō      20 cm SC,  

F = 10 80× GHS, visual  no occ.  

4 Mikio  
Yokokawa 

Motoyoshi, 
Miyagi, Jpn  +141˚33'28.6" +38˚48'56.3" 35 m 28 cm,  

F = 10 visual  no occ.  

5 Eitoshi Konno Hanaizumi, 
Iwate, Jpn  +141˚10'49.4" +38˚50'14.2" 24 m 10 × 40 mm 

Bin visual  no occ.  

6 Kazuo Sasaki Furukawa, 
Miyagi, Jpn  +140˚57'28" +38˚33'28" 30 m 40 cm C,  

F = 15 visual  no occ.  

7 Yasuhiro  
Tonomura 

Tomiya,  
Miyagi, Jpn  +140˚52'16.2" +38˚22'58.1" 80 m 7.6 cm R GHS, visual  no occ.  

8 Michiko  
Okamoto 

Rifu,  
Miyagi, Jpn  +140˚58'14.6" +38˚20'57.7" 110 m 20 cm N,  

F = 6.1 TEL, visual  no occ.  

9 Chiyoaki  
Sakaki 

Sendai,  
Miyagi, Jpn  +140˚46'59" +38˚19'42" 120 m 10 cm N, 

F = 7.2 TEL, visual  no occ.  

10 Hideo Nagai Sendai,  
Miyagi, Jpn  +140˚51'26" +38˚17'45" 70 m 8 cm R,  

F = 8 TEL, visual  no occ.  

11 Yoshiharu Itō Sendai,  
Miyagi, Jpn  +140˚52'34" +38˚16'36" 55 m  p.e.  no occ.  

12 Ryō Ikeshit, Sendai,  
Miyagi, Jpn  +140˚51'13" +38˚15'39" 50 m 8 cm R,  

F = 11 BPM, visual  no occ.  

 Tomohiro Ino      20.3 cm SC,  
F = 10 visual  no occ.  

 Yaeko Fujita      8 cm R, F = 
8 visual  no occ.  

 Asuka  
Nakamura      10.2 cm R,  

F = 8 visual  no occ.  

13 Masahiro  
Koishikawa 

Sendai, 
Miyagi, Jpn  +140˚45'54" +38˚16'19" 100 m 26 cm L, video  no occ.  

14 Akira  
Watanabe 

Sendai,  
Miyagi, Jpn  +140˚48'58" +38˚13'59" 105 m 30 cm N,  

F = 6 GHS, video  no occ.  

15 Atsushi  
Miyamoto 

Kawasaki, 
Miyagi, Jpn  +140˚39'28" +38˚13'10" 305 m 20.3 cm SC,  

F = 10 GHS, visual  no occ.  

 Naoto Tatsumi      6 cm R,  
F = 15 visual  no occ.  

 Tomoko  
Sakaniwa      20 cm N,  

F = 6 visual  no occ.  

 Nobuhiro  
Magome      7.6 cm R,  

F = 8 visual  no occ.  

16 Mitsuhiko 
Fujita 

Shiroishi, 
Miyagi, Jpn  +140˚38'15" +38˚02'16" 40 m 13 cm N,  

F = 5.5 BPM, visual  no occ.  

17 Hideo Sugai Yamagata, 
Yamagata, Jpn  +140˚19'16.0" +38˚11'16.1" 185 m 10 cm R,  

F = 6.4 TEL, visual  no occ.  

18 Hajime Nihei Nanyo,  
Yamagata, Jpn 358 +140˚08'20" +38˚04'52" 295 m 31 cm N,  

F = 4.6 TEL, video  no occ.  

19 Tsutomu  
Satō 

Marumori, 
Miyagi, Jpn  +140˚45'45" +37˚54'53" 18 m 13 cm N,  

F = 5.5 BPM, visual  no occ.  

20 Isao Ohtsuki Marumori, 
Miyagi, Jpn  +140˚40'47" +37˚53'58" 190 m 31 cm R,  

F = 5.8 GHS, video 1D 09h42m31.40s 
± 0.07s  

        video 1R 09h42m32.43s 
± 0.07s  

21 Hikaru Satō Fukushima, 
Fukushima, Jpn  +140˚29'25.3" +37˚44'35.9" 90 m 8 cm R,  

F = 11.4 BPM, visual 1D 09h42m12.5s  

        video 1R 09h42m42.0s  

22 Makoto Satō Haranomachi, 
Fukushima, Jpn  +140˚54'44.00" +37˚39'54.15" 55 m f = 300 mm 

F = 2.8 GHS, video 1D 09h42m19.6s  
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Continued 

23 Hamanowa  
A. O. 

Kōriyama, 
Fukushima, Jpn D91 +140˚25'48.41" +37˚27'37.72" 260 m 40 cm N, 

F = 4.5 BPM, video 1D 09h42m02.24s 
± 0.1s  

        video 1R 09h42m52.92s 
± 0.1s  

24 Ken-ichi 
Usuki 

Niitsuru,  
Fukushima, Jpn  +139˚50'03.2" +37˚31'39.2" 180 m 30 cm SC TEL, video 1D 09h41m50s ± 

0.5s  

 & Hiromichi 
Horigane        1R untimed  

25 Hoshinomura 
A. O. 

Takine,  
Fukushima, Jpn  +140˚40'33.69" +37˚20'30.68" 640 m 65 cm C,  

F = 12 TEL, video 1D 09h42m05.53s 
± 0.03s  

        video 1R 09h42m59.45s 
± 0.03s  

26 Hirohisa Satō Sukagawa, 
Fukushima, Jpn  +140˚23'11.2" +37˚17'44.8" 239 m 6.5 cm R,  

F = 15.4 40× TEL, visual 1D 09h42m00.6s ± 
0.2s  

         1R 09h42m57.2s ± 
0.2s  

27 Akira  
Tsuchikawa 

Yanagida,  
Ishikawa, Jpn 417 +137˚08'13.4" +37˚20'04.1" 200 m 60 cm C TEL, video 1D 09h40m52.0s ± 

0.1s  

         2R 09h42m01.4s ± 
0.1s  

         1R 09h42m03.8s ± 
0.1s  

28 Hiroyuki  
Tomioka 

Hitachi,  
Ibaraki, Jpn  +140˚41'08" +36˚38'32" 33 m 30 cm C TEL, visual 1D 09h42m01.0s ± 

0.1s  

         1R 09h43m12.7s ± 
0.1s  

29 Akira Yaeza Hitachi-ohta, 
Ibaraki, Jpn  +140˚36'11" +36˚31'30" 220 m 20 cm SC,  

F = 10  1D 09h42m00.8s  

         1R 09h43m13.3s  

30 Takurō 
Imatani 

Kitaura,  
Ibaraki, Jpn  +140˚27'30" +36˚05'19" 35 m 26 × 100 

mm Bin 
WWVH, 

visual 1D untimed  

 & Takashi 
Tachibana        1R untimed  

31 Sadaharu  
Uehara 

Tsukuba,  
Ibaraki, Jpn  +140˚07'04".2 +36˚05'11".2 30 m 20 cm N,  

F = 4 40× TEL, video 1D 09h41m51.4s ± 
0.1s  

        visual 2R 09h43m00.6s ± 
0.3s  

        video 1R 09h43m05.1s ± 
0.1s  

32 Atsushi 
Kuboniwa 

Ushiku,  
Ibaraki, Jpn  +140˚09'05" +35˚59'11"  6 cm R TEL, visual 1D 09h41m54s ± 

0.5s  

         1R 09h43m06s ± 
0.5s  

33 Nobusuke  
Kita 

Kashiwa,  
Chiba, Jpn  +140˚00'55" +35˚53'49" 10 m 16 cm N, 

F = 8 
WWVH,  

visual 1D 09h41m52.5s  

        video 2R 09h42m57.8s  

34 Hideo  
Takashima 

Kashiwa,  
Chiba, Jpn  +139˚57'10.9" +35˚50'48.3" 39.3 m 21 cm N,  

F = 12 GHS, video 1D 09h41m52.04s 
± 0.03s  

 & Fujio Ohba       video 2R 09h42m55.93s 
± 0.03s  

         1R 09h43m00.94s 
± 0.03s  

35 Masahiko 
Momose 

Shiojiri,  
Nagano, Jpn  +137˚56'27" +36˚08'07" 680 m 8.5 cm R,  

25× 
BPM, SW,  

visual 1D 09h41m15.75s 
± 0.2s  

         1R 09h42m23.61s 
± 0.2s  

36 Sakae Kaneko Sakura, Chiba, 
Jpn  +140˚11'27" +35˚44'02" 15 m 15 cm N keytapping,  

visual 1D 09h41m58.0s  

         1R 09h43m00.2s  

37 Akio  
Nakanishi 

Adachi,  
Tokyo, Jpn  +139˚41'17.94" +35˚46'48.54" 5 m 35 cm SC,  

F = 11 GHS, video 1D 09h41m48.352s 
± 0.033s  

         1R 09h42m55.421s
± 0.033s  
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38 Masayuki 
Ishida 

Kanazu, Fukui, 
Jpn  +136˚17'40.84" +36˚14'06.13" 76 m 30 cm SC,  

F = 10 GHS, video 1D 09h40m44.18s 
± 0.03s  

         1R 09h41m49.61s 
± 0.03s  

39 Katsuhiko 
Kitazaki 

Musashino, 
Tokyo, Jpn  +139˚33'41.2" +35˚42'36.9" 66 m 40 cm C,  

F = 5 GHS, video 1D 09h41m47.5s ± 
0.2s  

         1R 09h42m53.2s ± 
0.4s  

40 Miyoshi Ida Muraoka,  
Fukui, Jpn  +136˚16'43.8" +36˚08'29.0" 13 m 20 cm SC,  

F = 10 GHS, visual 1D 09h40m45.9s ± 
0.5s  

         1R 09h41m49.0s ± 
0.3s  

41 Satoshi 
Suzuki 

Yokohama, 
Kanagawa, Jpn  +139˚32'04.6" +35˚22'44.2" 30 m f = 150 mm  

F = 1.8 GHS, video 1D 09h41m57.71s 
± 0.03s  

         1R 09h42m46.54s 
± 0.03s  

42 Yōji Hirose Chigasaki,  
Kanagawa, Jpn  +139˚26'56" +35˚21'03" 40 m 25 cm SC, 

F = 6.3 TEL, video 1D 09h41m56.5s ± 
0.1s  

         2D 09h41m59.6s ± 
0.1s  

         2R 09h42m34.9s ± 
0.1s  

         1R 09h41m43.6s ± 
0.1s  

43 Yukihiro 
Sugiyama 

Hiratsuka,  
Kanagawa, Jpn D88 +139˚18'52" +35˚22'12" 10 m 25 cm N TEL, visual 1D 09h41m55.4s ± 

0.3s  

         2R 09h42m33.4s ± 
0.3s  

         1R 09h42m42.1s ± 
0.3s  

44 Takao Tanaka Zushi,  
Kanagawa, Jpn  +139˚34'50" +35˚17'54" 8 m 11 × 80 mm 

Bin TEL, visual  37 sec Dur.  

45 Seiichi 
Yoneyama 

ōgaki, Gifu, 
Jpn  +136˚37'18" +35˚23'12" 11 m 28 cm C,  

F = 10 70× TEL, visual  no occ.  

46 Takaaki Oribe Saji, Tottoti, 
Jpn 867 +134˚07'10.37" +35˚20'31.48" 397 m 103 cm C,  

F = 4.2 visual  no occ.  

 & Atsushi 
Miyamoto           

47 David Tholen Turtle Bay, 
Oahu, HI  −158˚00'00.3" +21˚41'58.2"  20 cm Dob visual 1D 10h01m18.0s ± 

0.2s  

         1R 10h01m39.4s ± 
0.2s  

48 Rebecca 
Sydney 

Honolua Bay, 
Maui, HI  −156˚38'33.6" +21˚00'39.0" 50 m 20 cm SC video 1D 10h01m28.18s  

         1R 10h02m11.38s  

49 James Bedient Foster Village, 
Oahu, HI  −157˚55'19.3" +21˚21'47.4" 16 m 20 cm SC video,  

WWVH, SW 1D 10h01m11.68s 
± 0.05s  

 & Sharon V. 
Erickson        1R 10h01m56.89s 

± 0.05s  

 & Wiphu 
Rujopakarn           

 & Chad 
Kakiuchi           

50 Lewis Roberts Haleakala, 
Maui, HI 566 −156˚15'28".16 +20˚42'30.69" 3060 m NEAT 120 

cm p.e. 2D 10h01m25.57s 
± 0.03s  

         1D 10h01m32.36s 
± 0.01s  

         1R 10h02m23.26s 
± 0.01s  

50 J. Lambert Haleakala, 
Maui, HI      CCD Dur. 61s  

51 David W. 
Dunham 

Makena, Maui, 
HI  −156˚26'38.9" +20˚38'25.4" 15 m 50 mm  

telephoto I.I. video 1D 10h01m27.28s  

         1R 10h02m24.35s  



I. Satō et al. 
 

 
100 

Continued 
52 B. Brevoort Hawaii, HI  −155˚52'15.54" +20˚14'11.88" 20 m 12.7 cm MC video 1D 10h01m34.30s  

         1R 10h02m37.04s  

         2R 10h02m38.05s  

53 B. Bus Mauna Kea, 
Hawaii, HI 568 −155˚28'19.2" +19˚49'34.39" 4170 

m 
IRTF  

300 cm C  1D 10h01m41.48s  

         1R 10h02m50.14s  

53 N. Purves Mauna Kea, 
Hawaii, HI 568    UH 60 cm C  1D unreported  

 & R. Crowe        1R untimed  
 & D. Terry           
 & T. Chun           

54 R. Savalle Mauna Kea, 
Hawaii, HI  −155˚27'22.8" +19˚45'32.4" 2832 m 20 cm SC visual 1D 10h01m43s ± 

0.7s  

         1R 10h02m49s ± 
0.7s  

 K. Franck      15 cm R visual Dur. 66s  
55 Paul D. Maley Hawaii, HI  −155˚59'36.9" +19˚49'11.76" 20 m 20 cm SC video 1D 10h01m36.38s  

 & Lynn  
Palmer        1R 10h02m43.08s  

56 E. Cleintuar Hawaii, HI  −155˚58'31.2" +19˚42'37.2" 20 m 28 cm SC video 1D 10h01m38.376s  

         1R 10h02m48.286s  

57 W. Fukunaga 
Sr. Hawaii, HI  −156˚00'50" +19˚37'41" 20 m 25 cm SC video 1D 10h01m38.51s  

 & W.  
Fukunaga Jr.        1R 10h02m49.08s  

58 S. O’Meara Mauna Loa, 
Hawaii, HI  −155˚18'48.5" +19˚26'29.5" 4173 m ? video 1D 10h01m41.62s timeshift 

       & 7 × 50 
mm Bin visual 1R 10h02m52.12s timeshift 

59 V. Fukunaga Hawaii, HI  −155˚55'26" +19˚29'58" 20 m 12.7 cm R video 1D 10h01m40.58s  

         1R 10h02m50.80s  

60 Swatek et al. Hale Hoku, 
Hawaii, HI  −155˚45'47.70" +19˚09'06.5" 1224 m 11 cm, 15 

cm, 8 cm visual 1D 10h01m47.87s  

 
angle caused a long gradual extinction. The observed maximum duration of extinction was about 72 seconds. 
This is one of the longest records of asteroid occultations ever seen. Several observers located in the southern 
part of the occultation track reported double-stepped or gradual disappearance and reappearance by visual or 
video observations. These facts indicated the occulted star has a companion. The observed brightness of the 
companion was about 1.5 mag fainter than the primary. The existance of the companion had not been known. 

The obtained cross section of Interamnia is shown in Figure 5. As the occulted star is double, two ellipses are 
displayed. The fitted ellipse is ( ) ( )349.9 1.1 km 303.5 2.2 km± × ± , position angle is 85.8 1.4P = ±   and the 
separation of the companion is 12 3 masd = ± , position angle is 218 5P = ±  . 

3. Photometric Observations 
3.1. Lightcurves before 1996 
Lightcurves of Interamnia have been published five times between 1964 and 1993. De Angelis (1995) deter- 
mined the pole solution in the ecliptic coordinates as ( ) ( ), 47 5 , 3 20λ β = ± − ±   or ( )227 4 , 1 20± + ±   using 
the data of Yang et al. (1965), Tempesti (1975), and Lustig & Hahn (1976) [9] [13]-[15]. Shevchenko et al.. 
(1992) reported photometric obsevations of Interamnia on 1990 August 1, but the coverage was just three hours 
[16]. Michalowski (1995) obtained a lightcurve of 0.11 mag amplitude from photometric observations in 1993, 
and he determined a pole solution as ( ) ( ), 51 15 , 22 10λ β = ± + ±   [10]. We adopt four light-curves of Yang et 
al. (1965), Tempesti (1975), Micha ł owski et al. (1995), and our observations in the 3-D shape analysis. The 
mathematical formulation of the 3-D analysis is described in the Appendix of this paper. 
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Figure 5. Occultation cross section of Interamnia obtained from the 2003 March 23 
event. The star immerged into the east side, and emerged from the west side. The time 
interval of the tick mark of the star trace is 10 seconds. Since the occulted star 
HIP036189 is believed to be an unknown double, two same size ellipses are displayed 
for both the primary and the secondary star. The size of the fitted ellipse is (349.9 ± 
1.1 km) × (303.5 ± 2.2 km), P = 85.8 ± 1.4˚. The separation of the binary is d = 12 ± 3 
mas, P = 218 ± 5˚. 

3.2. Lightcurve in 1996 
A lightcurve obtained at Lowell Observatory on 1996 December 13 before the stellar occultation on December 
17, is shown in Figure 6. The solid curve is a fifth order Fourier series fit assuming the rotation period 8.70 ± 
0.06 hour [15]. The open squares around the rotation phase 0.9 show the phase of the occultation. The center 
square is the nominal phase and the outer two squares are at the phase for 1σ± . The lightcurve shows peak-to- 
peak amplitude of 0.04 mag, and the ocultation occured just before the second minimum. A tertiary maximum is 
shown earlier than the 0.15 rotation aspect. This light-curve structure supports the presence of topography on the 
object as seen in the limb fitted to the occultation chords. 

3.3. Lightcurves in 2003 
After the successful observation of the stellar occultation, follow-up photometry was performed with the 40 cm 
Newtonian telescope at Hamanowa Astronomical Observatory (MPC code = D91) and with the 60 cm 
Cassegrain telescope at Yanagida Astronomical Observatory (MPC code = 417). Generally speaking, the sky 
condition from Japan is not favourable for photometric observation because of the jet stream and changable 
weather. So the accuracy of the photometric observations of Interamnia was not so good. 

Yanagida Astronomical Observatory observed Interamnia on 9 nights of 2003 March 20, 21, 22, 25, April 1, 3, 
6, 10 and 15 (Figure 7). Hamanowa Astronomical Observatory observed Interamnia on 2003 March 18, 19, 21, 
26, and April 3 (Figure 8). Each arrow in the figures indicates the time of the stellar occultation to show the 
occultation had occurred just after the lightcurve maximum. The solid sine curve in the figure shows the 
theoretical lightcurves derived from Equation (29); namely, it is proportional to the area of the cross section seen 
from the earth. The sine curve shows just the area of the cross section of the ellipsoid model, not including the 
effect of shadowing, albedo pattern, scattering property of the sunlight on the surface, and the deviation of the 
true shape of the asteroid from the ellipsoid model. So the difference between the sine curve and the observed 
lightcurve should be caused by these effects. 

From these lightcurves, it is revealed that the sidereal rotation period was determined to be 8.72 0.01±  
hours ( 0.3633 0.0004±  days), the peak-to-peak amplitude was 0.10 0.01 mag± , and the rotation phase at the  
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Figure 6. Lightcurve of Interamnia observed at Lowell Observa- 
tory on 1996 December 13. The rotational phase is relative to an 
arbitary epoch using the period derived from Lustig & Hahn 
(1976) data [14]. The solid curve is a fifth order Fourier series fit. 
The open squares show the rotational phase at the time of the 
occultation. The center is the nominal phase and the outer squares 
are at the phase for ±1σ from the best period. 

 

 
Figure 7. Lightcurve of Interamnia observed at Yanagida 
Astronomical Observatory from 2003 March 20 to April 15. 
Zero of the phase is 2003 March 18, 10h48m UT (2003 March 
18.45000). The red vertical line indicates the time of the occul- 
tation, 2003 March 23, 9h42m UT (2003 March 23.40417). The 
solid sine curve is a theoretical lightcurve of the reproduced tri- 
axial ellipsoid derived from Equation (29). 

 
occultation was 125 5±   from the minimum. 

3.4. Lightcurve in 2011 
As these lightcurves were obtained at the beginning stage of our photometric observation program, the accuracy 
of the observations was not satisfactory from the present point of view. Hence we again observed the asteroid at 
Hamanowa Astronomical Observatory. The photometric observation was performed on 2011 August 30, 
September 15, 16, 17, 18, 23, 24, and 25 (Figure 9). The accuracy of these observations is better than those in 
2003 because the observation and reduction techniques are improved. The peak to peak amplitude was 
0.08 0.003±  mag. and the sidereal rotation period is 8.729 0.0008±  hours. The total rotation period between 
2003 and 2011 is 8.728967167 0.00000007±  hours ( )8h43m44.2818s 0.0003 s±  in the sidereal period, and 
an epoch of a minimum is 2003 March 18.52917 (JD = 2452717.03002) UT in the true time. 

Interamnia rotates about 8500 times between 2003 and 2011. Therefore if the number of rotations differs, 
derived rotation period differs 1.84 s per a half rotation. In order to fix the number of rotations, we checked the  
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Figure 8. Lightcurve of Interamnia observed at Hamanowa 
Astronomical Observatory from 2003 March 18 to April 3. The 
epoch of the zero point of the rotation phase is 2003 March 18, 
10h48m UT (JD = 2452716.95000). The rotation period is 8.72 
± 0.01 hours (0.3633 ± 0.0004 days) and full amplitude is 0.10 
± 0.01 mag. The arrow indicates the time of the occultation, 
2003 March 23, 9h42m UT (2003 March 23.40417). The 
geocentric distance to Interamnia was 2.726692 AU, so the 
light time 0.01575 days should be corrected. Therefore the 
occultation occured at the rotational phase (23.40147 – 0.01575 
– 18.45000)/0.36333 = 13 + 0.59211. The phase of the occul- 
tation is just after the maximum. The solid sine wave is a theo- 
retical lightcurve of the model tri-axial ellipsoid derived from 
Equation (29). The difference between the theoretical lightcurve 
and the observed lightcurve shows the effects of the deviation 
from the ellipsoid model of the true shape of Interamnia, sha- 
dowing and albedo effect of the surface, and the backward scat- 
tering propery of the sunlight. 

 

 
Figure 9. Lightcurve of Interamnia observed at Hamanowa 
Astronomical Observatory from 2011 August 30 to September 
25. The origin of the rotation phase is 2011 August 30, 20h0m 
UT (JD = 2455803.33333). The solid sine wave is a theoretical 
lightcurve of the model tri-axial ellipsoid derived from Equ- 
ation (29) whose rotation period is 8.729 ± 0.008 hours and the 
peak-to-peak amplitude is 0.08 ± 0.003. 

 
fitness of the model to the four occultation cross sections of 1996, 2003, 2007, and 2009 events. As the result, 
only one rotation period among several cadidate rodation periods satisfies the all occultations cross sections. 
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Above rotation period is determined in this way. The rotation period is accurate enough to reproduce the 3-D 
configurations of the asteroid at the past occultations uniquely. These reproduced situations will be discussed in 
the next section. 

4. Result 
One occultation cross section gives just a weak constraint on the pole direction. Figure 10(a) shows a 
probability distribution of the spin vector derived from the occultation cross section on 2003 March 23 only. The 
density on the map indicates total likelihood of a triaxial ellipsoid model per square degree on the celestial 
sphere evaluated by the Equation (39) in the Appendix. If a spin vector is given at a grid, there are ellipsoid 
models of rotation phase between 0 to 2π  for each grid. Namely, the total volume of the phase space of 
parameters is 4π str 2π rad× . If there is no constraint on the model in a given spin vector, the density is unity. 
If there is no real solution of the model in a given spin vector, the density is zero. The density of each map is 
normalized between zero and the maximum value of each map. In general, when the constraint on the model by 
observation data is stronger, the maximum value on the map is lower. In the case of Figure 10(a), quarto 
symmetry distribution is shown [17]. This symmetry is originated from the symmetry of an ellipsoid model,  
 

 
Figure 10. Probability distributions of the spin vector of Interamnia derived from selected occultation cross sections and 
lightcurves. The map is in ecliptic coordinates. The density of the map shows the likelihood per square degree derived from 
Equation (39). The gray scale is normalized between zero and the maximum value on the map of the density. The sine curve 
is the orbital plane of Interamnia, and two × indicate the location of the occulted stars of the 1996 and 2003 events, re- 
spectively. (a) is a probability distribution derived from the occultation cross section of the 2003 event only. (b) is a pro- 
bability distribution derived from the occultation cross section and the lightcurve of the 2003 event. (c) is a probability 
distribution derived from the two occultation cross sections of the 1996 and 2003 events. (d) is a probability distribution 
derived from the two occultation cross sections and two lightcurves of the 1996 and 2003 events. 
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namely, a symmentry of rotation sense, prograde or retrograde, and a symmetry of hemispheres, the northern 
hemisphere and the southern hemisphere, or the eastern hemisphere or the western hemisphere. 

If follow-up photometry of the asteroid after the stellar occultation is obtained, it could provide a greater 
constraint on it. Figure 10(b) shows a probability distribution of the spin vector derived from the occultation 
cross section and the lightcurve of the 2003 event. The probable region of the spin vector is strongly restricted 
compared to the case of an occultation cross section only (Figure 10(a)). If two occultation cross sections are 
obtained, the pole direction is restricted into two antipodal regions if accurate enough. Figure 10(c) shows a 
probability distribution of the spin vector derived from the two occultation cross sections of the 1996 and the 
2003 events. The probable region of the spin vector is fairly different from Figure 10(b). If two occultation 
cross sections and one or more lightcurve(s) are obtained, a unique solution of the pole is determined if accurate 
enough. Figure 10(d) shows a probability distribution of the spin vector derived from the two occultation cross 
sections of the 1996 and the 2003 events, and the lightcurves in 1996 and 2003. If more observations are 
obtained, the pole and 3-D shape of the asteroid would be constrained more strongly. Figure 11 shows the final 
result of the probability distribution of the spin vector derived from two occultation cross sections of 1996 and 
2003 events, and six lightcurves. 

In Figures 10 and 11, the densities of the maps show the likelihood per square degree derived from Equation 
(39). The gray scale is normalized between zero and the maximum value on the map of the density. The 
maximum value of the density is unity; namely, the entire range of the rotation phase angle (0 to 2π ) has a real 
solution. The map is in ecliptic coordinates, and the sine curve indicates the orbital plane of Interamnia. Figure 
11 shows the most probable spin vector is at 259 8cλ = ±  , 50 5cβ = − ±  , around Triangulum Australe, 
namely retrograde rotation. 

Figure 12 shows the probability distribution of the lengths of the three principal axes. The derived values are 
( ) ( ) ( ) ( )2 2 2 361.8 2.8 km 324.4 5.0 km 297.3 3.5 kma b c× × = ± × ± × ± , and the mean diameter is 32D abc= =  
326.8 3.0 km± . The ratios of the three principal axes are 0.87 0.02b a = ±  and 0.83 0.01c a = ± . Figures 13 
and 14 show the reproduced occultation cross sections of the 1996 and 2003 events, respectively. 

In order to verify the 3-D model of Interamnia, some occultation cross sections of the past events are repro- 
 

 
Figure 11. Probability distributions of the spin vector of Interamnia derived 
from two occultation cross sections and six lightcurves. The map is in ecliptic 
coordinates. The density of the map shows the likelihood per square degree 
derived from Equation (39). The gray scale is normalized between zero and the 
maximum value on the map of the density. The sine curve is the orbital plane of 
Interamnia, and two × indicate the location of the occulted stars of 1996 and 
2003 events, respectively. The most probable spin vector is λ = 259 ± 5˚, β = 
−50 ± 5˚. This is around Triangulum Australe. 
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Figure 12. Probability distributions of the three principal axes a, b, c and the 
mean diameter D of Interamnia derived from the two occultation cross sections 
and all lightcurves. Each distribution shows a sharp peak suggesting a good 
solution. The most likely solution is 2a = 361.8 ± 2.8 km, 2b = 324.4 ± 5.0 km, 
2c = 297.3 ± 3.5 km, and D = 326.8 ± 3.0 km. 

 

 
Figure 13. Reproduced occultation cross section of Interamnia at the 1996 December 17 
event. The grid is every 10 degrees in longitude and latitude, respectively. The shaded 
area indicates the night side. The observer numbers correspond to Table 2. The star 
merged into the southwest side, and emerged from the northeast side. The time step of 
the star trace is one second. The uncertainties of the timings are indicated by the thick 
lines associating the dots, for example #4. 

 
duced. The rotation phases at the stellar occultations are assumed from our rotation period. Figures 15-16 show 
the reproduced cross sections at the stellar occultations on 2007 September 9, and 2009 January 11, respectively 
(See Table 1). 
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Figure 14. Reproduced occultation cross section of Interamnia at the 2003 
March 23 event. The grid is every 10 degrees in longitude and latitude, re- 
spectively. The shaded area indicates the night side. The star immerged from the 
east side, and emerged to the west side. The time interval of the star trace is 10 
seconds. Since the occulted star HIP036189 is an unknown double, two same 
size ellipses are displayed for both the primary and secondary star. The sepa- 
ration of the binary is d = 12 ± 3 mas, P = 218 ± 5˚. 

 
Although enough occultation chords to fit an elliptical cross section were not obtained at these events, the 

reproduced configurations from our model coincide well with the observations. Therefore we have high con- 
fident in the model. 

The mass of Interamnia has been determined as ( ) 113.5 0.9 10−± ×  solar mass [18]. From the obtained mean 
diameter, the mean density is determined to be (3.8 ± 1.0) g∙cm−3. The density is high compared with other main 
belt asteroids and near Earth asteroids,   (4) Vesta is (3.4 - 3.5) g∙cm−3, (2) Pallas is (2.6 - 3.1) g∙cm−3

 , are 
comparable, but most of other smaller asteroids are less dense [19]. 

5. Discussion 
Michalowski (1993) determined the first solution of the pole of Interamnia as ( ) ( ), 44 8 , 21 9c cλ β = ± − ±  , or 
( )224 10 , 22 10± − ±   with probable retrograde rotation [20]. De Angelis (1995) determined the new pole as  
( ) ( ), 47 5 , 3 20c cλ β = ± − ±  , or ( )227 4 , 1 20± + ±   [9]. Micha ł owski (1995) improved the pole using a new  

lightcurve in 1993 as ( ) ( ), 51 15 , 22 10c cλ β = ± + ±   with prograde rotation [10]. These previous results are 
based on the lightcurves only. Although our solution is quite different from these previous results, our result 
contains information about the absolute orientation of Interamnia through the two occultation cross sections. The 
reproduced 3-D shape of Interamnia fits the several occultation cross sections well. 

The assumed diameter 317 5 km±  was derived from 10 sighting observations made by IRAS in the period 
of from 13 July to 28 August, 1983 [6]. In order to discuss the difference of the diameters, we reproduce these 
situations from our model (Figure 17). Table 4 shows the reproduced cross sections at the 10 IRAS observa- 
tions. The total mean diameter of the 10 cross sections is 328.7 km. The value is not so biased compared with 
the mean diameter 326.8 ± 2.8 km of our model, but the assumed diamter 317 ± 5 km is significantly (3.0%) 
smaller than this value. Reanalysis of 10 IRAS observations with NEATM gives 334 ± 14 km [21]. This value is 
not significantly different from our model. Therefore NEATM is supported by our result. 

6. Conclusion 
From the combination of the two occultation cross sections and six lightcurves, a new tri-axial ellipsoid model 
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Figure 15. Reproduced occultation cross section of Interamnia at the 
2007 September 9 event observed from six sites in USA (#4 site is 
untimed). The coverage of the occultation chords was not enough to fit 
an ellipse cross section, but the reproduced profile is not discrepant with 
the observed profile. 

 

 
Figure 16. Reproduced occultation cross section of Interamnia at the 
2009 January 11 event observed from three sites in France. The coverage 
of the occultation chords was not enough to fit an elliptical cross section, 
but the reproduced cross section is not discordant with the observations. 

 
Table 4. Rotation phases of (704) Interamnia at the times of occultation observations and photometric obervations. τ is the 
light time between Interamnia and the earth in seconds which is to be corrected for the true and apparent rotation phase 
angles. The rotation phase ϕ and ϕ0 are the apparent and the true phase angle since 2003 March 23.4500 (UT) supposing the 
rotation period 8.728967167 ± 0.00000007 hours, respectively. θ is the phase angle from a lightcurve minimum. nrot is the 
times of rotation counted from the 2003 March 23, 09h42m (UT). 

date UT JD RA (J2000) Dec (J2000) dist. (au) τ (s) θ ϕ ϕ0 nrot 

1996 Dec. 06 09h08m00s 2450434.88056 03h24m07s5 +33˚36'19" 1.8610 928.7 113˚ 62˚ 72˚ −6288.0941 

2003 Mar. 23 09h42m00s 2452721.90417 07h27m09s1 +11˚57'17" 2.7253 1359.9 129˚ 178˚ 194˚ 0 

2007 Sep. 09 13h03m00s 2454353.04375 05h53m54s8 +32˚58'40" 2.7603 1377.4 20˚ 93˚ 108˚ +4484.7631 

2009 Jan. 11 03h36m00s 2454842.65000 10h54m16s2 −11˚48'28" 2.7840 1389.2 124˚ 66˚ 164˚ +5830.9189 
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Figure 17. Reproduced cross sections of Interamnia at the times of 10 IRAS observations 
on 1983 July 13, 24, August 1, and 28. The detail of the situations is shown in Table 5. The 
average of the mean diameters of the 10 cross sections is 327.2 km, compared with the 
mean diameter of 328.7 ± 2.3 km of our model. The assumed diameter of 317 ± 5 km [6] is 
significantly smaller than this value, but the new value 334 ± 14 km by NEATM [20] is 
coincident. 
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Table 5. List of the reproduced cross section of (704) Interamnia at the times of IRAS observations. The rotation phase is the 
apparent phase angle since 2003 March 23.4500 (UT) supposing the rotation period 8.728967167 hours. The Δ mag. is the 
relative brightness to the maximum cross section derived from our 3-D model. The total mean diameter at the observations is 
328.7 km. 

date UT rot. phase RA (B1950) Dec (B1950) cross section Δ mag 

1983 July 13 02h54m13s 287˚ 13h10m28.9s −24˚37'51" 351.8 × 308.5 km +0.085 

1983 July 13 06h20m39s 69˚ 13h10m34.9s −24˚37'28" 361.8 × 308.7 km +0.061 

1983 July 13 08h03m35s 140˚ 13h10m35.8s −24˚37'10" 333.1 × 314.7 km +0.123 

1983 July 24 06h55m12s 179˚ 13h18m16.9s −24˚16'26" 333.5 × 314.6 km +0.127 

1983 July 24 08h38m27s 251˚ 13h18m20.7s −24˚16'22" 361.8 × 306.7 km +0.061 

1983 Aug. 01 03h50m10s 51˚ 13h24m45.5s −24˚09'38" 359.7 × 307.2 km +0.066 

1983 Aug. 01 05h33m06s 123˚ 13h24m50.9s −24˚09'55" 341.9× 311.5 km +0.106 

1983 Aug. 01 07h16m14s 192˚ 13h24m52.5s −24˚09'39" 341.8 × 311.5 km +0.106 

1983 Aug. 28 08h38m39s 331˚ 13h52m21.8s −24˚30'27" 325.1 × 322.3 km +0.123 

1983 Aug. 28 10h21m48s 42˚ 13h52m25.6s −24˚30'27" 359.7 × 308.1 km +0.062 

mean     347.0 × 311.4 km +0.092 

 
of Interamnia has been obtained. The pole is around Triangulum Australe indicating a retrograde rotation. This 
pole is very different from previous results. The lengths of the three principal axes have been also obtained to an 
excellent level of accuracy. From the mass of Interamnia, its density has been derived. 

This is an excellent result of a 3-D shape model obtained from asteroid occultations and lightcurves. Thanks 
to efforts by many people all over the world, we have achieved a unique result, which has been a goal since G. E. 
Taylor first recognized the potential of asteroid occultations in 1952. 
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7. Appendix: Mathematical Formulation of 3-D Shape Analysis 
An occulation cross section gives a constraint to the direction of the pole and 3-D shape of the occulting asteroid. 
The first work to reconstruct a 3-D shape was made by an author for the case of the occultation of γ  
Geminorum by (381) Myrrha [16]. Follow-up photometry accompanying an occultation gives further constraint 
to the pole direction and 3-D shape [5]. 

Supposing a tri-axial ellipsoid, an occultation cross section is an ellipse defined by the projection of the ellip-
soid to a plane being perpendicular to the line connecting the center of the ellipsoid to the star and passing 
through the center of the ellipsoid. If two occultation cross sections and one lightcurve of the asteroid are ob-
tained with enough accuracy, a unique 3-D shape model of the asteroid can be determined. However, no such 
work has been done. As for Interamnia, two occultation cross sections have been obtained. Especially, one of the 
two, the 2003 event, is very excellent. Therefore a 3-D shape analysis can be performed with a lightcurve to de-
termine a unique model. 

A configuration of a tri-axial ellipsoid is described by seven parameters: half lengths of the three principal 
axes { }, ,a b c , direction of the north pole in the ecliptic coordinates { },c cλ β , rotation phase angle of the a-axis 
around the c-axis measured from the ascending node with the ecliptic plane φ , and rotation period p . If 
{ }, ,c cλ β φ  are supposed, three principal axes { }, ,a b c  are determined uniquely by an occultation cross section 
[16]. 

Since the three angle parameters { }, ,c cλ β φ  are finite, namely 0 2πcλ≤ < , π πcβ− ≤ ≤ , 0 2πφ≤ < , the 
whole volume of the phase space in the three dimensions is finite ( )4π str 2π rad× . If { }, , , ,c c a b cλ β  are given, 
we can test if the ellipsoid model can yield another occultation cross section by changing φ  from 0 to 2π . If a 
satisfactory φ  exists, it becomes a possible 3-D model for the given { },c cλ β . However, such a solution does 
not exist in general. 

Two occultation cross sections provide six constraints for six parameters except for the rotation period p. 
Therefore one set of antipodal pole directions can be determined by two occultation cross sections. In order to 
determine whether the rotation is prograde or retrograde, the rotational phase at the time of the occultation is 
required. If three or more occultation cross sections and/ or two or more lightcurves are obtained, uncertainty of 
the solution can be reduced by statistical methodology such as the least square or the most likelihood. 
A standard form of a tri-axial ellipsoid is 

( )

2
2 2 2

2
2 2 2

2

1 0 0
, , 0 1 0 1

0 0 1

t

a x
x y z x y z b y
a b c

c z

  
  + + = = =  

    

xDx                    (1) 
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 
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b
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 
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 
 

D                                      (3) 

x  is defined by the ecliptic coordinates ( ),λ β  by 

cos cos
cos sin .

sin

x
y
z

β λ
β λ
β

   
   = =   
   
   

x                                      (4) 

Namely, the x-axis is toward the vernal equinox, the y-axis is toward the summer solstice point, and the z-axis 
is toward the ecliptic north pole. 

As is illustrated in Figure 18, assuming the rotation axis being equivalent to the c-axis, in the case that the 
direction of the rotation axis is ( ),c cλ β , ( )QL , QLCc cλ β= ∠ = , and the rotation phase angle is LCA φ∠ = ,  
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Figure 18. Explanation of the definitions of the parameters used 
in the Appendix. The north pole is N, the ecliptic north pole is P, 
the Vernal equinox is Q, the c-axis of the model ellipsoid is C 
being equivalent to the rotation axis, the a-axis of the ellipsoid 
is A, the occulted star is S, the ascending node of the equator of 
the asteroid is L, the ecliptic obliquity is RQL NP ε∠ = = , the 
ecliptic longtude and the latitude of the c-axis are LQ cλ=  and 

QLC cβ=∠ , respectively, the rotation angle of the a-axis is 
ACL φ∠ = , the right ascension and the declination of the 

occulted star are QR α=   and RS δ=   respectively. 
 
at first, the ellipsoid should be rotated φ−  around the z-axis. Second, rotate ( )π 2cβ −  around the x-axis. 
Third, rotate ( )π 2cλ− −  around the new z-axis. 

Since the direction of the asteroid (and the occulted star) seen from the observer is expressed in the equatorial 
coordinates ( ),α δ   in the usual case, rotate ε−  around the new x-axis in order to convert from the ecliptic 
coordinates to the equatorial coordinates, where RQL ε∠ =  is the ecliptic obliquity. Then rotate QR = α  
around the z-axis, and rotate RS δ=   around the y-axis. Therefore the total rotation matrix R  is 

( )

( ) ( ) ( ) ( )π π ,
2 2

z

y z x z c x c z

φ

δ α ε λ β φ

= −

   = − ⋅ − − − −   
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R QR

R R R R R R 

         (5) 

where xR , yR , zR  are rotation matrices around each axis, 
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( )
cos sin 0
sin cos 0 .
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z

θ θ
θ θ θ
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The components of =Q ST  are given as follows, 

( ) ( )
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Components of R  are 
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where 13 13 cosR Q θ= = , θ  is the aspect angle, the angle between observer’s line of sight and the rotation axis 
[21]. Q  is a constant matrix with respect to the rotation of the asteroid. 

According to above result, a general form of a tri-axial ellipsoid is written as follows,  
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where the matrix M  is given as follows, 
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Also, as in Equation (1), a standard form of an ellipse is given by 
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where A and B are the observed semi-major and the semi-minor axes of the ellipse, respectively. 
An ellipse as an occultation cross section is a projection of the tri-axial ellipsoid on the plane perpendicular to 

the line connecting the center of the ellipsoid to the star and passing through the center of the ellipsoid. On the 
outline of the apparent cross section of the tri-axial ellipsoid, its tangential plane is parallel to the line of sight. 
Therefore, in the case of projection from the x-axis direction, the apparent cross section of the tri-axial ellipsoid 
is obtained by solving the Equation (12) and its partial equation following, simultaneously, 
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From the above equation, we have 

( ) ( )12 21 13 31

11

.
2

M M y M M z
x

M
+ + +

= −                              (17) 

Substituting this into Equation (12), we have 
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Substituting Equation (14) into above equations, we have  
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where ND  is 

2 2 2 2 2 2 2 2 2
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1
ND

a b R b c R c a R
=
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                                 (21) 

In the above calculation, since R  is an orthogonal matrix, its adjugate matrix R  is equal to its transpose 
matrix t R  and its inverse matrix 1−R . Namely, 
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Since the observed lengths of the major and the minor axes of the apparent cross section are 2A and 2B, they 
are given as the eigenvalues λ1, λ2 of the matrix N. Namely, 

( )2
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12 21

11 22

tan 2 .
N NP
N N

+
=

−
                                       (24) 

where P (not the rotation period p) is a position angle (measured east-ward from the north pole) of the A-axis. 
As is shown above, we obtained a cross section of the asteroid. In order to solve the inversion problem, from 
Equation (22) and Equation (23), we have  
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Above equations should be equal to Equation (20). Hence 
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Solving Equations (25) and (26), we have 
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where 2 2 2 0a b c≥ ≥ >  should be satisfied, otherwise there is no real solution. Since the process to solve the 
equations is long and complex, the Mathematica Ver. 5.1 is used for derivation. 

If there is a formal solution of the three axes for the observed cross section and the supposed configuration, 
we test its propriety by reproducing lightcurves or other occultation cross sections. If a lightcurve of the asteroid 
around the occultation is obtained, we can determine its amplitude and phase at the time of occultation. Espe-
cially, a lightcurve phase at the occultation is significant in order to determine the sense of rotation, prograde or 
retrograde. If uncertainties in the observations of the occultation cross section and the lightcurve are small 
enough, we can determine a unique 3-D model of the asteroid by two cross sections and one lightcurve at an 
occultation. In the practical case, the propriety of the model is measured by the most likely method. 

If a tri-axial ellipsoid model of the asteroid is assumed, the apparent ellipse of the cross section is given from 
Equation (18) with the components 
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           (28) 

The eigenvalues of the coefficient matrix 1 2,λ λ  are given in Equation (23). The model amplitude of the 
lightcurve (derived from the cross section area) should be given by the square root of the ratio of the maximum 
and the minimum of the product of the two eigenvalues. The area of the cross section Σ  is derived from Equ- 
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ations (23) and (28) 

( )( )2 2 2 2 2 2 2 2 2

1 2

2 cos sin cos 2π ππ π
2N

a b c a b a b
AB

D

θ θ φ

λ λ

+ + + −
Σ = = = =            (29) 

The maximum and the minimum of Σ  are at π 2φ = ±  and 0, πφ = , respectively. Therefore the 
amplitude Δm is 

2 2 2 2
max

2 2 2 2
min

cos sin2.5log 2.5log
cos sin

a b cm
b a c

θ θ
θ θ

 Σ +
 ∆ = =
 Σ + 

                          (30) 

Also, the phase angle at the minimum of the lightcurve minφ  is derived from Equations (11), (21), and (29), 

( ) ( ) ( ) ( )( )

2 2 2 2 2 2 2 2 2
13 11 12

2 2 2 2 2 2 2 2 2 2 2 2 2
11 12 13 11 12 12 11

π π

2 2 sin 2 cos 2
π

2

N

a b R b c R c a R
D

a b c Q Q a b Q a b c Q Q Q Qφ φ

Σ = = + +

+ + + + − + −
=

     (31) 

Therefore Σ  depends on sin 2φ  and cos 2φ . Hence the rotation phase angle at the lightcurve minimum 
minφ  is the derived from 

( )( )2 2
11 12 12 11

d 2 sin 2 cos 2 0
d

Q Q Q Qφ φ
φ

+ − =                        (32) 

Then we have 

11 12
min 2 2

12 11

2
tan 2

Q Q
Q Q

φ =
−

                                        (33) 

Therefore the lightcurve phase at the time of occultation measured from the minimum ψ  is related with the 
rotation phase angle φ  by 

1 11 12
min 2 2

12 11

21 tan
2

Q Q
Q Q

ψ φ φ φ −  
= − = −  

− 
                           (34) 

Next, we evaluate the likelihood of the model. As stated at the beginning of this chapter, a configuration of an 
ellipsoid is described by seven parameters: the lengths of the three pricipal axes { }, ,a b c , the direction of the 
rotation axes ( ),c cβ λ , the rotation phase angle φ , and the rotation period p . On the other hand, we have 
some observed values of the lengths of the two principal axes of the apparent cross section { },A B , and the 
position angle of that P  for each occultation cross section. Also, we have some observed values of the 
lightcurve amplitude and/or the phase at the occultations. Then the fitness of an ellipsoid model is tested by how 
well the model can reproduce the observed cross sections and lightcurves. An indicator of the fitness is the 
likelihood. 

First, if { }, ,c cλ β φ  are supposed, one set of { }, ,a b c  is determined uniquely from an occultation cross 
section by Equation (27). This is an initial ellipsoid model except for the rotation period p. Second, we test how 
well the ellipsoid model can reproduce other observed occultation cross sections and/or lightcurves. The like- 
lihood about the lightcurve ( )1 1 , , , , ,c cw w A B Pλ β φ=  and that about the cross section  

( )2 2 , , , , ,c cw w A B Pλ β φ=  are defined as follows, 

( )

( )
( )

( ) ( )

( )

2 2
o-c o-c 2 2 2
2 2

1

sin
exp 0

2 2

0 otherwise

j j

j jm j j

m
a b c

w ψ

ψ

σ σ∆

  ∆
  − − ≥ ≥ >  =    


∑ ∑                   (35) 
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( )

( )
( )

( )
( )

( ) ( )

( )

2 2 2
o-c o-c o-c 2 2 2

2 2 2
2

sin
exp 0

2 2 2

0 otherwise

j j j

j j jA B Pj j j

A B P
a b c

w σ σ σ

  
  − − − ≥ ≥ >  =    


∑ ∑ ∑         (36) 

where the suffix “ ( )o c j− ” indicates the difference of observed and calculated value of the j-th data, and mσ∆ , 
ψσ , Aσ , Bσ , Pσ  are the standard deviations of each observed parameter value. Unless 2 2 2 0a b c≥ ≥ >  is 

satisfied, there is no solution. 
Since the observed values { }, ,j j jA B P  have uncertainty, namely { 0j j A jA A σ= ± , 0j j B jB B σ= ± ,  

0j j P jP P σ= ± }, total likelihood for a set of { }, ,c cλ β φ  should be evaluated by a triple integration of these 
parameters using Gaussian weighting as follows, 

( )
( )

2 2 2

0 1 23 2

1, , exp d d d
22π

A j B j P j
c c A j B j P j

j
w w w

τ τ τ
λ β φ τ τ τ

∞ ∞ ∞

−∞ −∞ −∞

 + +
= −  

 
∑∫ ∫ ∫       (37) 

where 

( )00 0 sin
, , j jj j j j

A j B j P j
A j B j P j

P PA A B B
τ τ τ

σ σ σ

−− −
= = =                         (38) 

Hence the likelihood ( ),c cw λ β  is evaluated by the integral of 0w  on the rotation phase angle φ , 

( ) ( )2π
00

1, , , d
2πc c c cw wλ β λ β φ φ= ∫                               (39) 

Result of above equations is shown in Figures 10-11. 
The probability distributions of the lengths of the three principal axes are derived similarly. From Equation 

(27), { }, ,a b c  are functions of { }, ,A B P  of an occultation cross section and supposed { }, ,c cλ β φ  of a 
configuration of an ellipsoid model. Namely, ( ), , , , ,c ca a A B Pλ β φ= , ( ), , , , ,c cb b A B Pλ β φ= , and  

( ), , , , ,c cc c A B Pλ β φ= . Hence a probability distribution of the length of the a-axis is derived from an 
integration over cλ , cβ  and φ  of Equation (39), 

( ) ( )( )π 2 2π 2π

2 π 2 0 0

1 , , cos d d d
8π c c c c cw a w a λ β φ β φ λ β

−
= ∫ ∫ ∫                   (40) 

This is the same way for b , c , and D . The result is shown in Figure 12. 
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